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Summary
Over the last decades, millions of tons of layered materials have been produced every year as they are

utilized in various everyday applications. However, only from 2004 onwards, following the discovery

of graphene’s exceptional properties by Geim and Novoselov, the delamination of layered materials

into nanosheets gained tremendous interest. At the beginning, mainly graphene was investigated but

with the awareness of graphene’s limitations, the focus shifted toward the exploration of other

nanosheets exhibiting complementary properties. Up to now, many nanosheets have shown

outstanding properties and hence, were utilized in proof-of-concept devices. However, these

nanosheet-based devices, despite excellent performances, are absent in our everyday life. With the

rising awareness of this contradiction, the focus of nanosheet-based research is gradually shifting from

mainly fundamental exploration of novel nanosheets toward their utilization in applications.

Therefore, major research efforts are currently carried out regarding the delamination, positioning and

modification of nanosheets in order to harvest their superior properties in impactful applications (see

Chapter 1).

In light of the ongoing developments, the current thesis is targeted to bridge the gap toward

technologically relevant applications for phosphate and oxide nanosheets by advancing and improving

their delamination, positioning and modification.

In Chapter 2 and 3 the processing of H3Sb3P2O14 and HSbP2O8 nanosheets into thin films and Bragg

stacks (BSs) as well as the extraordinary performance of these thin film vapor sensors, especially

toward humidity, was demonstrated. The fast response times and high sensitivity enabled the touchless

tracking of human finger motions and trace amounts of water detection. The acidic interlayer

environment plays a key role for the observed high selectivity toward polar protic vapors. The

difference in affinity of polar and protic vapors to the acidic interlayer environment enabled the

differentiation between various polar protic vapors.

In Chapter 4, 5 and 6 non-covalent modification of the interlayer space was utilized to modify, tune

and tailor nanosheet-based Fabry-Pérot vapor sensors. Methods for modifying the interlayer space

include counter ion exchange and vapor-phase intercalation. The modifications of the interlayer

environment result in higher sensitivities, faster response and recovery times and tunable selectivities.

Both methods define the sensor response, however, the vapor-phase amine intercalation is considered

more flexible and versatile compared to the ion exchange before spin-coating, being a post-film

fabrication modification. More importantly, as the amines were intercalated into photonic sensors,

they were distinguished based on their normalized optical shift and intercalation time. Besides amine

differentiation, intercalation into photonic structure allowed the spatially and temporally resolved

optical tracking of the intercalation process. This tracking enabled the localization of the amine vapor

source as the intercalation into thin films starts at the area facing toward the vapor source. Moreover,

the area in which intercalation takes place in the thin film was controlled by utilizing a mask-based

approach. It enabled the locally resolved chemical modification with amine vapors allowing for
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straightforward array design as well as nanostructuring. Due to the locally resolved chemical

modification with different amines, the senor array enabled us to distinguish several solvent vapors

with the naked eye.

In Chapter 5 the concept of modifying the interlayer environment beyond sensing was demonstrated

by developing a novel lithography method termed by us photocatalytic nanosheet lithography (PNL).

The photocatalytic properties of the calcium niobate nanosheets in thin films were utilized to control

the interlayer cation in a spatially resolved manner by applying a mask-based approach. UV

illumination through the mask resulted in the decomposition of tetrabutylammonium (TBA) in the

interlayer space in the exposed areas. This approach lead to a patterned thin film of

TBAxH1-xCa2Nb3O10 and (NH4)xH1-xCa2Nb3O10. As the interlayer cation is controlling the swelling

properties, areas which contain TBA could be easily removed in a selective etching step. Therefore,

TBAxH1-xCa2Nb3O10 acted as negative photoresist allowing for sub 100 µm patterning of

(NH4)xH1-xCa2Nb3O10. Lateral patterning of (NH4)xH1-xCa2Nb3O10 is of high interest, as it is a good

high k-dielectric material even at low thicknesses and efficient lateral patterning methods are missing.

As PNL is compatible with state of the art lithography processes, it paves the way for the

implementation of (NH4)xH1-xCa2Nb3O10 and related photoactive nanosheets in technical devices.

Besides the effective positioning and modification methods, the development of new exfoliation

techniques is also of high interest. In Chapter 7 a novel silver assisted exfoliation route was developed.

The silver exfoliation route relied on a silver ion exchange step prior to treatment with organic iodides

for exfoliation. The formation of highly water insoluble silver iodide was the driving force for

exfoliation. The silver assisted exfoliation route has two advantages: On the one hand, it can be

achieved with a wide range of exfoliation agents (EAs) and on the other hand, it avoids the extensive

use of concentrated acids, which can have detrimental effects on some transition metal oxides

(TMOs). On a more fundamental level, the addition of a novel exfoliation route facilitates the general

understanding of exfoliation processes.

On a broader perspective, the results obtained in the current thesis represent a significant step toward

the utilization of phosphate nanosheet-based vapor sensors and oxide nanosheets into devices for

commerical applications. Although this thesis could not completely solve the colossal challenges

relevant for transitioning towards these applications, it nevertheless triggered significant interest from

industry in this topic.
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Figure 0.1. Schematic exfoliation procedure, characterization of H3Sb3P2O14

nanosheets and their assembly. a) Schematic ion exchange and exfoliation of

K3Sb3P2O14 into H3Sb3P2O14 nanosheets. b) AFM image of the H3Sb3P2O14

nanosheets with a height profile of a single layer nanosheet. c) TEM image of

randomly overlapping nanosheets with a selected area diffraction (SAD) from an

area with two overlapping nanosheets. d) Schematic processing of H3Sb3P2O14

nanosheets into thin film resistive devices (top) and one-dimensional (1D)

photonic crystals (PC, bottom).

Implementation of H3Sb3P2O14 nanosheets in touchless positioning interfaces (Chapter 2)

“Touchless Optical Finger Motion Tracking Based on 2D Nanosheets with Giant Moisture

Responsiveness” by Katalin Szendrei,* Pirmin Ganter,* Olalla Sànchez-Sobrado, Roland Eger,

Alexander Kuhn, and Bettina V. Lotsch. Published in Adv. Mater. 2015, 27, 6341-6348.

H3Sb3P2O14 is a layered material with humidity dependent swelling and hence, also proton

conductivity. Therefore, H3Sb3P2O14 is a good candidate for humidity sensors relying either on a

change in proton conductivity or

thickness. High performance

humidity sensors can be utilized

in touchless positioning

interfaces (TPI) because a

humidity sheath surrounds the

human finger. As some of the

properties of layered bulk

materials can be improved by

delaminating them into

nanosheets, H3Sb3P2O14

nanosheets can possibly provide

the ground for high performance

humidity sensors. In Chapter 2

we utilize H3Sb3P2O14

nanosheets in two sorts of high

performance humidity sensors:

thin films relying on the change

in proton conductance as well as

BSs utilizing the optical

thickness change.

K3Sb3P2O14, which was obtained

by solid-state synthesis, was ion

exchanged to H3Sb3P2O14 and subsequently exfoliated in pure water (Figure 0.1a). H3Sb3P2O14

nanosheets were characterized by means of atomic force microscopy (AFM) (Figure 0.1b),

transmission electron microscopy (TEM) (Figure 0.1c), scanning electron microscopy (SEM) and X-

ray diffraction (XRD).
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Spin-coating was used to prepare thin films out of the nanosheets on quartz substrates as well as BSs

on glass slides (Figure 0.1d). The response of these two distinct sensor systems toward relative

humidity (RH) was analysed. The thin film sensors showed a change in proton conductance by five

orders of magnitude over the complete humidity range (Figure 0.2a) and exhibit a fast response and

recovery time (< 3s). This results was, to the best of our knowledge, the highest sensitivity for any

nanosheet-based humidity sensor and among the fastest humidity sensors reported so far. In contrast to

the H3Sb3P2O14 bulk material,

we observed a continuous

(rather than step like) response

in the change of conductance

toward humidity changes and

also an increase in sensitivity for

the nanosheet-based device

(Figure 0.2a). Both are

beneficial characteristics for

sensors and can be attributed to

the smaller particle size as well

as to the turbostratic disorder

leading to less well-defined

adsorption sites between the

layers and an increased water

uptake. This continuous

response behavior with respect

to RH was also found for the thickness changes by spectroscopic ellipsometry. The gradual but

substantial and fast thickness changes were utilized in BSs for humidity sensing. An unprecedented

Bragg peak (BP) shift of 513 nm within a few seconds over the entire humidity range was observed for

a TiO2/H3Sb3P2O14 BS, and reversible transparency switching was seen for a SiO2/H3Sb3P2O14 BS. The

combination of fast response times paired with ultralarge optical shift was superior to all BSs for

humidity sensing reported until that point of time.

Due to their extraordinary sensing performances, both the thin films as well as the BSs could be

utilized in TPI. Hereby, the large responses allowed for the detection of distances of a human finger

from the device surface up to several mm, combined with fast response times for the detection of

subsecond tapping events (Figure 0.2b, c). Moreover, a lateral finger motion could be tracked in a

touchless fashion with a BS for the first time (Figure 0.2d). This result demonstrates the suitability of

H3Sb3P2O14 nanosheets for application in touchless user interfaces, which could eliminate the current

drawbacks of touchscreens such as scratches, finger prints and hygiene issues

Figure 0.2. Humidity sensing characteristics of the thin film as well as touchless

tracking with a SiO2/H3Sb3P2O14 BS. a) Ionic conductance as a function of RH for

the thin film. b) Response to a subsecond finger tapping. c) Normalized

conductance increase as a function of finger distance from the nanosheet film. d)

Touchless optical finger motion tracking with a SiO2/H3Sb3P2O14 BS.
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Utilization of HSbP2O8 nanosheets in trace water sensing and vapor

distinction (Chapter 3)

“Towards the Nanosheet-Based Photonic Nose: Vapor Recognition and Trace

Water Sensing with Antimony Phosphate Thin Film Devices” by Pirmin Ganter,*

Katalin Szendrei,* and Bettina V. Lotsch. Published in Adv. Mater. 2016, 28,

7436-7442. Inside front cover image by Christoph Hohmann, Nanosystems

Initiative Munich (NIM).

HSbP2O8 is closely related to H3Sb3P2O14 (Chapter 2) as it contains the same elements and

fundamental building blocks as H3Sb3P2O14, but with different stoichiometry. Therefore, HSbP2O8

forms a different layered structure (see Chapter 1). This related structure results in similar fundamental

properties for the bulk material, such as humidity dependent swelling and proton conductivity, but

with altered characteristics. In contrast to

H3Sb3P2O14, the HSbP2O8 bulk material is

able to desorb all water molecules at very low

RH, which is most likely attributed to the fact

that the layer structure does not exhibit

structural pores. Due to the loss of all water

molecules, HSbP2O8 exhibits a larger change

in ionic conductivity in the low humidity

region. Therefore, combined with improved

characteristics of a nanosheet-based sensor it

is likely that trace amounts of water can be

detected. Besides the trace water detection, it

is also of high interest to understand the

fundamental sensing response toward other

vapor analytes and to evaluate the vapor

discrimination capability. In Chapter 3 we

show trace water detection with a HSbP2O8

thin film based on proton conductance. In

addition, we present the vapor distinguishing

capability of a TiO2/HSbP2O8 BS relying on

the dual readout of saturation time and optical

shift.

HSbP2O8 nanosheets, were obtained in a similar process as described for H3Sb3P2O14. The HSbP2O8

nanosheets were characterized with TEM, AFM, XRD, energy dispersive X-ray spectroscopy (EDX),

and SEM (Figure 0.3). Thin films and BSs were prepared by spin-coating. The response of both

Figure 0.3. Characterization of HSbP2O8 nanosheets. a) Rietveld

refinement of the XRD pattern of a HSbP2O8 nanosheet pellet

showing a Warren-type peak profile (experimental pattern in

black, calculated pattern in red, and difference plot in blue) with

the resulting structure ([001] viewing direction, PO4 tetrahedra

red, SbO6 octahedra blue). b) SEM image of the exfoliated and

randomly restacked nanosheet pellet, exhibiting a “silk-like”

morphology d) AFM image of overlapping HSbP2O8 single layer

nanosheets e) TEM image of randomly overlapping HSbP2O8

nanosheets with a representative SAD of a single nanosheet

(inset).
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devices toward RH was studied. The HSbP2O8 thin film exhibited a change in proton conductance by

five orders of magnitude and exhibited a higher sensitivity in the low humidity regime compared to the

H3Sb3P2O14 nanosheet device (Chapter 2, Figure 0.4a). For the TiO2/HSbP2O8 BS we observed similar

large optical shifts (> 500 nm) compared to H3Sb3P2O14 based BS over the entire humidity range. As

before, these sensitivity values are among the highest values obtained for sensing humidity with a

nanosheet-based thin film or with a BS.

The high sensitivity in the low humidity regime renders the thin film device an intriguing candidate for

trace water sensing based on ion conduction. The performance and selectivity was analyzed by testing

water-alcohol mixtures. We

were able to detect

concentrations as low as

2000 ppm of water in water-

alcohol mixtures (Figure 0.4b),

which are typical concentrations

of water traces in organic

solvents. Moreover, an

exponential increase in

conductance was observed

between 2000 and 20000 ppm,

which is highly beneficial for

sensing due to the linear readout

(Figure 0.4b). The

reproducibility was also

confirmed by repeating the

measurement with two different

devices. These characteristics

make HSbP2O8 nanosheet thin

films an attractive alternative for

determination of trace water in

the high ppm regime compared to traditional, more time consuming techniques such as the Karl-

Fischer titration.

Besides achieving a high sensitivity and selectivity toward one analyte, it is also of high interest to

distinguish between several vapor analytes. For this purpose, we exposed the TiO2/HSbP2O8 BS to

several organic vapors grouped into three categories i) water, ii) polar protic as well as iii) non-protic

(polar and non-polar) vapors (Figure 0.4c, d). Upon exposure, we recorded the optical shift and the

saturation time. Hereby, different interactions between the analytes and materials (TiO2 and HSbP2O8)

were observed. For all groups of analyte vapors a fast filling of the porous TiO2 layers was detected,

Figure 0.4. Sensitivity and selectivity features of the two devices. a) Comparison

of sensitivity for HSbP2O8 and H3Sb3P2O14 thin film devices in the low humidity

regime. b) Representative trace water sensing of a HSbP2O8 thin film (120 nm) for

ethanol. In the inset, a close-up of the region 0 and 2.5 volume percent of water is

displayed with standard deviations resulting from averaging over three thin films.

c) Logarithmic stop band shifts plotted against the response times for the different

solvent vapors (HSbP2O8/TiO2 BS). d) Schematic showing the interactions of the

HSbP2O8 nanosheet/TiO2 nanoparticle (NP) BS with the different types of solvent

vapors, which serve as a fingerprint for analyte identification.
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which led to an increase in the refractive index (RI) of the TiO2 layer. The increase of the RI of the

porous TiO2 layers resulted in a slight redshift of the BP. The filling of the TiO2 layer was the only

response observed for the non-protic (polar and non-polar) analytes as they cannot interact with the

highly acidic interlayer environment of HSbP2O8. The non-protic analytes can be distinguished mainly

on their saturation time, which is correlated to their kinetic diameter. The other two groups, namely

water and polar analytes, can interact also with polar and acidic nanosheet layers. The intercalation

into the nanosheet layer led to an increase in its thickness and a slight decrease in its RI, resulting in a

large redshift of the BP. Thereby, especially the molecular shape as well as the interaction with the

nanosheet layer, e.g. the ability to form hydrogen bonds, caused significant differences in the

saturation time. Water behaves in a distinct way as it showed very fast intercalation into the nanosheet

layers due to its superior interaction with the hydrophilic environment. In the remaining group of

protic and polar vapors, which showed a substantially longer intercalation time compared to the

intercalation time of water, the vapors can clearly be distinguished to such high degree that even

isomers can be differentiated. These findings demonstrate the feasibility of nanosheet-based sensors

for the differentiation of vapors. Especially in comparison to other photonic noses relying on an array

sensor with different functionalizations combined with sophisticated data processing, or on complex

sensing structures, the presented method is a much easier approach. Moreover, as the interlayer

environment in turbostratically restacked nanosheets can be tuned by various methods such as

intercalation, ion exchange and covalent modification, it is likely that the sensing properties can be

tuned (see Chapter 4, 5 and 6).
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Revealing the influences of the interlayer cation on the sensing characteristics of photonic

nanosheet-based sensors (Chapter 4)

“Toward Tunable Photonic Nanosheet Sensors: Strong Influence of the Interlayer Cation on the

Sensing Characteristics” by Pirmin Ganter, Leslie M. Schoop, and Bettina V. Lotsch. Published in

Adv. Mater. 2017, 29, 1604884.

Enhancing and tailoring certain sensor functions, such as their sensitivity or capability to differentiate

between vapors of various volatile organic compounds (VOCs), is of high practical interest. As

discussed in Chapters 2 and 3, nanosheets are excellent candidates for vapor sensors due to their large

surface area, small size, and good swelling capability. Current approaches to alter the characteristics of

nanosheet-based vapor sensors are mainly based on covalent modification or metal NP decoration.

Another approach, applicable for nanosheet-based sensors, relying on ion exchange has received no

attention for vapor sensing so far, although most nanosheets are carrying a layer charge, which is

compensated by exchangeable counter ions. Moreover, promising reports for the sorption

characteristics of ion exchanged

layered bulk materials are

available. In Chapter 4 we

utilize the counter-ion exchange

approach to demonstrate the

strong impact of the interlayer

cations TBA and

tetrabutylphosphonium (TBP)

on the sensing characteristics in

nanosheet-based Fabry-Pérot

thin film devices. Fabry-Pérot

devices utilize interference

effects and hence mainly operate

on thickness changes for

nanosheet-based thin films.

KTaP2O8, which was obtained

by solid state synthesis, was ion

exchanged to HTaP2O8 and

subsequently exfoliated into

nanosheets with TBAOH or TBPOH. The TBAxH1−xTaP2O8 and TBPxH1−xTaP2O8 nanosheets with x =

0.6 were characterized by several methods including TEM, AFM, elemental analysis, and XRD to

confirm their single layer nature as well as their structural integrity. Subsequently, they were spin-

coated onto Si substrates to obtain Fabry-Pérot devices and characterized by thin film out-of-plane

Figure 0.5. Thin film characterization and response toward humidity. a) Images of

TBAxH1−xTaP2O8 thin films with different thicknesses that result in different

interference colors (scale bar 400 μm). b) Out-of-plane XRD patterns of

TBPxH1−xTaP2O8 (top, black) and TBAxH1−xTaP2O8 (bottom, red). c) SEM cross-

section images of TBPxH1−xTaP2O8 (left) and TBAxH1−xTaP2O8 (right) thin films.

Humidity sensing with H3Sb3P2O14, TBAxH3−xSb3P2O14, TBPxH1−xTaP2O8, and

TBAxH1−xTaP2O8 thin films presented in terms of d) normalized optical shift, and

e) color change.
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XRD, SEM cross-section images, ellipsometry and ultraviolet-visible (UV-Vis) spectroscopy (Figure

0.5a-c). In order to clearly determine the role of the cation and as HTaP2O8 can only be exfoliated with

a bulky organic ion, H3Sb3P2O14 and TBAxH3-xSb3P2O14 thin films were fabricated as well as refrences.

To understand the impact of the interlayer cation, the thin films were first exposed toward varying RH

values. We observed an increased sensitivity, which is exemplified by the larger redshift in the high

humidity regime for all TBA or

TBP containing thin films

compared to the pristine

H3Sb3P2O14 thin film

(Figure 0.5d, e). The observation

was also confirmed by optical

isotherms obtained by

ellipsometric porosimetry. This

result is remarkable as already

pristine H3Sb3P2O14 is highly

moisture sensitive as shown in

Chapter 2. The increase in

sensitivity can be attributed to

the fact that the quaternary

ammonium ions easily hydrate.

To further investigate the impact of interlayer cations we studied the response of TBAxH1−xTaP2O8,

TBAxH3-xSb3P2O14 and H3Sb3P2O14 Fabry-Pérot devices toward vapors of varying polarity (non-polar:

cyclohexane, n-octane; moderate polar: toluene and anisole as well as polar: ethanol and humidity).

We found that H3Sb3P2O14 thin films are only able to differentiate among polar and protic analytes due

to the inability of the moderate and non-polar analytes to interact with the acidic and highly polar

interlayer environment, in agreement with Chapter 3 (Figure 0.6a, dark blue). However, exchanging

the interlayer cation to TBA dramatically alters the interlayer environment, as it widens the interlayer

space and partially hydrophobizes it. Thereby the interaction with moderately polar and non-polar

analytes is possible (Figure 0.6a, light blue and red). Consequently, TBA enables the optical

differentiation of all the mentioned vapors and hence, the interlayer cation has a profound influence on

the sensing response. To further characterize and evaluate the impact of the interlayer modification,

we recorded time dependent responses of the samples toward short pulses of alcohol (ethanol and

isopropanol) vapors. While the TBA containing samples were able to track these vapor streams in

spatio-temporal resolution with subsecond response time (Figure 0.6b, top row) and extraordinary

sensitivity (optical shifts of about 1400 nm within 322 ms), the H3Sb3P2O14 sample containing no TBA

was not able to resolve these sensing signals owing to its slower response time as well as lower

sensitivity (Figure 6b, bottom row).

Figure 0.6. Influence of the interlayer cation on the sensing response. a)

Normalized optical shifts of TBAxH1−xTaP2O8, TBAxH3−xSb3P2O14, and

H3Sb3P2O14 thin films upon exposure toward vapors with different polarity (left)

and corresponding light microscope images (right). b) Frames from two videos

showing the response of TBAxH3−xSb3P2O14 (top) and H3Sb3P2O14 (bottom)

toward a short ethanol vapor pulse illustrating the impact of the interlayer cation

TBA on the response and recovery time.
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In summary, we presented a viable route to tunable, low-cost sensors, which does not rely on covalent

modificiation of the host species, but can be easily tuned through non-covalent interactions between

the host and guest species on the one hand, and between the guest species and the solvent vapor on the

other hand. Ultimately, introducing carefully selected cations into the nanosheet interlayer gallery may

result in rationally designed sensors with tailor-made properties.
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Controlling the interlayer cations in calcium niobate nanosheets thin films for sensing and

µm-scale patterning (Chapter 5)

“Photocatalytic Nanosheet Lithography: Photolithography based on Organically Modified

Photoactive 2D Nanosheets” Pirmin Ganter and Bettina V. Lotsch. Published in Angew. Chem. Int.

Ed. 2017, 56, 8389-8392.

Calcium niobate nanosheets have a very high dielectric constant (εr > 150) and are photocatalytically

active under UV-radiation. Due to these outstanding properties and their stability (see Chapter 1.5.2),

calcium niobate nanosheets (Ca2Nb3O10
-) have

been utilized in artificial heterostructures, as

photocatalysts, and as dielectric materials in

ultrathin high-k capacitors. Their photocatalytic

activity was found to decompose TBA, which is

added in the exfoliation step. While there is a

single layer control in the thickness of

nanosheet-based structures, there is currently

rather little control over lateral dimensions in a

scalable way, despite its need for various

applications. Utilizing the inherent

photocatalytic activity of the calcium niobate

nanosheets in combination with a mask could

lead to a laterally patterned interlayer

environment. As the interlayer environment

controls the swelling properties of the nanosheet-

based films (see Chapter 4), a development step

could be used to selectively remove the areas

containing one type of the interlayer cation,

whereas the areas containing the other cation

remain on the surface. Therefore, the calcium

niobate nanosheets can act as a photoresist. In

Chapter 5, we demonstrate the transferability of

the interlayer cation based vapor sensing concept

of Chapter 4 to calcium niobate nanosheets. We

utilize this concept in combination with the inherent photocatalytic properties of the calcium niobate

nanosheets to photo-pattern thin films of the nanosheets on the sub 100 µm scale by using

TBAxH1-xCa2Nb3O10 as a negative photoresist.

Figure 0.7. PNL with TBAxH1-xCa2Nb3O10 thin films. a)

Raman spectra and c) d-spacing proving the photocatalytic

decomposition under UV-radition of TBA, which is also

directly observable in the color change of the

TBAxH1-xCa2Nb3O10 thin film, see b) and d). By applying a

mask the thin films can be patterned, e) and f), after removing

the unexposed area result in (NH4)xH1-xCa2Nb3O10 structures.

g-j) µm-scale patterning by applying a µm-scale mask. In i)

the fundamental building blocks of the structures are

observable, which are nanosheets.
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KCa2Nb3O10, which was obtained by solid state synthesis, was ion exchanged and subsequently

exfoliated into TBAxH1-xCa2Nb3O10 nanosheets with TBAOH. Spin-coating was used to construct thin

films on Si substrates leading to Fabry-Pérot type devices similar as described for TBAxH1−xTaP2O8 in

Chapter 4. We analyzed the photonic sensing response toward different vapors (n-octane,

cyclohexane, toluene, anisole and different levels of RH). We observed high sensitivity toward water

vapor in the high humidity regime and vapor discrimination capability for vapors with different

polarity. The obtained results are in close agreement with TBA modified samples discussed in Chapter

4. Consequently, the outlined concept in Chapter 4 of the interlayer cation dominating the sensing

response in nanosheet-based photonic devices can be validated and generalized. In the next step, we

combined this concept with the inherent photocatalytic activity of the calcium niobate nanosheets.

Therefore, areas of the thin films surface are exposed to UV-light through a shadow mask (Figure

0.7b, d-f). This approach leads in the illuminated areas to the decomposition of TBA in the interlayer

space and its replacement by protons ammonium cations resulting in a thickness decrease of the

exposed areas of the photonic thin film and hence color change (Figure 0.7e). The decomposition of

TBA was also confirmed by Raman spectroscopy as well as thin film out-of-plane XRD (Figure 0.7a,

c). As the non-exposed areas containing TBAxH1-xCa2Nb3O10 substantially swell and ultimately

exfoliate in polar solvents, they were washed off with an acetone-water mixture (Figure 0.7f).

On the contrary, the exposed areas consisting of (NH4)xH1-xCa2Nb3O10 do not substantially swell or

even exfoliate in water due to the change of interlayer cation. Therefore, these areas remain on the

substrate (Figure 0.7f). In essence, TBAxH1-xCa2Nb3O10 nanosheets can be used as a negative

photoresist. With a view toward potential applications of two-dimensional (2D) materials in

microelectronics, patterning on the µm-scale is key. Therefore, we applied a µm-scale mask and

obtained various µm-scale features of (NH4)xH1-xCa2Nb3O10 with high fidelity (Figure 0.7g-j). We

were able to obtain feature sizes down to 10 µm so far by this technique, which we named PNL.

As the TBAxH1-xCa2Nb3O10 nanosheets can be directly used as negative photoresist without requiring a

sacrificial photoresist, PNL is an overall resource and economic efficient new technique. Moreover,

we expect PNL to be sufficiently general to transfer it to other photoactive 2D systems and to further

reduce the features sizes accessible down to the submicron scale.
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Vapor-phase alkylamine intercalation: A smart, versatile and colorful way for sensor

modification (Chapter 6)

“Vapor-Phase Amine Intercalation for the Rational Design of Photonic Nanosheet Sensors” by

Pirmin Ganter, Leslie M. Schoop, Marie Däntl, and Bettina V. Lotsch. Published in Chem. Mater.

2018, 30, 2557-2565.

Fine-tuning of a vapor sensor’s sensitivity and selectivity over a broad analyte range is of enormous

commercial interest but also a key challenge in fundamental science. Despite making progress in

recent years by various approaches based on 2D materials including the ion exchange method

presented in Chapter 4, in their current development state all of the demonstrated methods have certain

shortcomings. In Chapter 6 we address this issue by the development of an easy, straightforward, and

versatile method based on vapor-phase amine intercalation into photonic nanosheet sensors allowing

for a tunable selectivity as well as sensitivity (Figure 0.8). Similar to the ion exchange method, the

vapor-phase amine intercalation utilizes non-covalent modification of the interlayer space and at the

same time offers several

important advantages (see Figure

0.8 and Chapter 6).

H3Sb3P2O14 thin films on a Si

substrates were synthesized as

described in Chapter 2 and 4.

The photonic thin films were

afterwards intercalated with

primary and tertiary alkylamines

and aminoalcohols over the

vapor-phase (Figure 0.8).

Thereby, the amines are protonated to ammonium ions and hence, trapped in the interlayer space. The

intercalated thin films were characterized with out-of-plane XRD and UV-Vis spectroscopy (Figure

0.9a). Hereby, a monolayer arrangement was found for the tertiary amines and a bilayer arrangement

for the primary amines. As the amines are intercalated into photonic thin films, they can be

differentiated based on their optical shift and intercalation time (Figure 0.9a, b). The optical shift and

the intercalation time depend on the alkyl chain length as well as the properties of the amine (Figure

0.9b). Besides the differentiation of amines, this can be utilized to track the intercalation process in a

time and space resolved manner (Figure 0.9b). The spatially resolved tracking makes it possible to

localize the amine vapor source and to optically study the intercalation mechanism and its kinetics.

Therefore, it is of practical as well as fundamental interest. As the amines are trapped as ammonium

ions in the interlayer space, the intercalated and hence, functionalized, thin films can be utilized in

vapor sensing (Figure 0.8, Figure 0.9c). As many amines can be intercalated over the vapor-phase, a

Figure 0.8. Schematic overview of the vapor-phase amine intercalation and its

utilization in sensing.
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gradual and widely tunable sensitivity and selectivity is expected. We demonstrated the tuneability by

analyzing the sensing response (optical shift) of thin films intercalated with primary alkylamines with

varying alkyl chain length

toward vapors of different

polarity (94% RH, toluene and

cyclohexane vapor). We were

able to show that by varying the

alkyl chain length the selectivity

and sensitivity can be gradually

tuned (Figure 0.9c). While we

observed a large response toward

polar analytes for short chained

amines, a large response toward

non-polar analytes for long

chained alkylamines was

detected. The selectivity could

be further tuned by introducing

an OH functional group. Besides

the tuning of the selectivity and

sensitivity, we were able to show

for the primary alkylamine

modified thin films subsecond

response and recovery times,

long-term stability, as well as the

ability to differentiate solvent vapor mixtures. The fast response and recovery times enabled tracking

of vapor streams in real-time.

As the amine intercalation occurs over the vapor-phase and is a post-film fabrication modification, we

were able to intercalate various amines at different locations into a single film by applying a mask

(Figure 0.9d). Compared to other approaches our work represents a significant advance, since array

fabrication as well as nanostructuring is easily possible. The array sensors obtained by intercalating

ethylamine, butylamine and decylamine into individual films could be used to differentiate between

various vapors with the naked eye, based on the characteristic color pattern for each vapor (Figure

0.9d). Compared to other optical array sensors, which require additional sophisticated read-out

methods like principal component analysis (PCA), the presented detection method is a significant

improvement. Taken together, vapor-phase amine intercalation enables not only to differentiate

between various amines, but also to tune the response toward vapors in a spatially resolved fashion.

Figure 0.9. Vapor-phase alkylamine intercalation into H3Sb3P2O14 nanosheet-

based thin films. a) Images of H3-x(NH3(CH2)n-1CH3)xSb3P2O14 intercalated thin

films and their characterization. b) Temporal resolved tracking of the intercalation

process for n-butylamine (black), N,N-dimethylbutylamine (red),

4-dimethylamino-1-butanol (orange) und 4-amino-1-butanol (light blue). c)

Impact of the alkyl chain length of intercalated primary amines on the sensitivity

and selectivity of the sensor. d) Response of an array sensor (left) obtained by

intercalating n-decylamine, n-butylamine and n-ethylamine at different locations

in a single H3Sb3P2O14 thin film. On the right averaged RGB image of the

response, which can utilized for analyte identification similar to the color coded

legend of a pH-indicator paper for pH identification.
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The silver exfoliation route (Chapter 7)

“A New Fabrication Method for Single-Layer Nanosheets by Silver-Assisted

Exfoliation” by Pirmin Ganter,* Christian Ziegler,* Anne T. Friedrichs, Viola

Duppel, Christina Scheu, and Bettina V. Lotsch. Published in ChemNanoMat

2017, 3, 411-414. Front cover image by Pirmin Ganter.

The development of novel exfoliation routes of layered materials is of immense interest due to the

broad range of possibilities ranging from fundamental physics to processing nanosheets into ultrathin

functional devices. Moreover, as every delamination method brings its own set of advantages and

limitations, the improvement of existing and the development of new exfoliation routes is highly

desirable. The currently most applied exfoliation route for oxide nanosheets is based on the proton

exchange route, which is limited by the requirement of acid stability of the layered material as well as

the limited number of usable EAs. The enlargement of the portfolio of EAs is of high interest, as the

nanosheet properties are influenced by the EA used (see Chapter 4). In addition, eliminating the

requirement of acid stability can result in the novel delamination of acid-sensitive materials. In

Chapter 7, a novel silver-assisted exfoliation

route is presented increasing the portfolio of

EAs and dropping the requirement of acid

stability (Figure 0.10a). To demonstrate the

broad applicability of the silver assisted

exfoliation, the method is applied to obtain

three types of nanosheets, each exfoliated with

three different exfoliating agents.

KLaNb2O8, KCa2Nb3O10 and KTaP2O8 were

synthesized by a solid state reaction and

characterized by powder XRD and EDX.

Subsequently, the compounds were ion

exchanged in an AgNO3 melt to obtain

AgLaNb2O8, AgCa2Nb3O10 and AgTaP2O8.

The successful exchange was verified by EDX.

The three compounds were exfoliated by

stirring or shaking in 1:1 ratio with the iodide

salts of the EAs, which were TBA, choline (Ch) or 1-allyl-3-methylimidazolium (AMI) iodide (Figure

0.10a). Treatment of the silver phases with the iodides resulted in the removal Ag+ from the interlayer

space and formation of highly insoluble silver iodide. The formation of silver iodide is the driving

force for the exchange of Ag+ with the organic cations Ch, AMI and TBA in the interlayer space. This

exchange most likely enables the compounds to undergo osmotic swelling, ultimately leading to

Figure 0.10. The silver-assisted exfoliation route. a) Scheme of

the silver-assisted exfoliation route. TEM and AFM

characterization of nanosheets obtained by exfoliating b)

AgCa2Nb3O10, c) AgLaNb2O7, and d) AgTaP2O8 with ChI.
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nanosheets by applying some weak mechanical force. The process is similar to the acid-mediated

exfoliation route as a reaction with a strongly negative reaction enthalpy is utilized for exfoliation. In

the case of the proton-assisted exfoliation route the “hard” interlayer protons react with “hard” OH- to

form H2O, whereas in the case of the silver assisted exfoliation route soft Ag+ reacts with soft I-

resulting in AgI. Therefore, this points toward a more general concept for chemically inducing

exfoliation based on Pearson’s concept of “hard and soft acids and bases” (HSAB).

To yield mainly single layer nanosheets a centrifugation step was applied to remove non-exfoliated

bulk material. The resulting nanosheets were analyzed by TEM including selected area electron

diffraction (SAED) and AFM. We were able to show by comparison with data of nanosheets obtained

from HCa2Nb3O10, HLaNb2O8 and from Chapter 4 for HTaP2O8 with TBAOH that the silver assisted

exfoliation route yields nanosheets of similar quality with various exfoliation agents (AMII, TBAI,

ChI) (Figure 0.10 b-d). Therefore, the silver exfoliation route offers an alternative to the proton

exchange exfoliation route. In addition, it has the advantages of allowing the use of exotic EAs, which

can be beneficial for tailoring the properties of the nanosheets. Moreover, it might be applied to acid

sensitive systems and it does not require the use of organic hydroxides, which are less common

compared to the iodides.
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1 Introduction
1.1 From omnipresent layered materials to superior nanosheet-based devices

Being scientifically explored for almost 200 years,[1-5] layered materials are omnipresent in our daily

life due to their utilization in various applications and devices ranging from graphite in pencils[6] and

as anode material in lithium ion batteries,[7-9] over MoS2 as lubricants[10] to clays applied as

construction materials[11,12] as well as in cat litters.[12,13] Although having very diverse properties,

layered materials have also a common characteristic defining them: the anisotropy in their bonding

situation featuring strong intralayer and weak interlayer bonds.[3,14-16]

As early as in the 1950s,[3,14,17-22] researchers succeeded in overcoming these weak interlayer forces by

several methods such as ion exchange,[22] redox-mediated[20] as well as mechanical exfoliation[21] and

successfully exfoliated the layered materials into, most likely, single and few layers of nanosheets.

The formation of nanosheets was difficult to prove at that point of time due to the lack of advanced

characterization techniques.[14,23] Further investigations up to the 1990s mainly focused on exploring

new nanosheets and to characterize them,[14,24] followed later by the development of different

assembling techniques.[25-27] Ignited by the experimental discovery of graphene’s exceptional

electronic properties in 2004 by Geim and Novoselov, intense research interest was attracted to the

properties and applications of graphene.[28-33] Along with exceptional electronic properties, graphene

features excellent mechanical, thermal and optical properties, which are significantly different from

the parent layered bulk material due to the size confinement and large anisotropy in 2D

materials.[6,17,28,29,31,33]

However, despite graphene’s unprecedented properties, graphene is limited by its chemical

composition (carbon),[16] structure and modification possibilities.[34] Therefore, graphene covers an

important but only a limited region in the property and application space.[29,32,34-38] Hence, over the past

decade the exfoliation of other layered materials ranging, for instance, from semiconducting to

insulating,[3,14,17,29,39-42] together with the study of the nanosheet properties, gained tremendous

interest.[3,14,32,34,35,37,43,44] The discoveries of new nanosheets such as MXene,[41,45-48] Xenes[5,38,49,50] and

exfoliated Zintl phases[38,51,52] constantly add uniqueness and hence new dimensions to the field of

solid state and materials chemistry.[17,43] This development is not only intriguing from a fundamental,

but also from practical perspective, as it expands the diversity of available nanosheets building blocks

for devices.[17,29,34,53,54] For the utilization in devices relevant for industrial applications, it is crucial to

develop scalable solvent-based exfoliation routes,[16,23,55-61] to position nanosheets reproducibly at

desired locations,[15,17,23,29,37,62-64] and to tailor nanosheet properties (see Figure 1.1).[30,34,54,59,65-71]
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Figure 1.1. Toward nanosheet-based devices with tailor-made properties. A key requirement is the development of efficient,

controllable, high throughput exfoliation routes (blue) providing large quantities of single layer nanosheets. Positioning

methods should aim for reproducible and up-scalable deposition of nanosheets at specific locations with precise placement

(lateral and vertical) in the sub nm range of the nanosheets (green). For industrial requirements, it is desirable to develop

methods that tailor and tune the nanosheets’ properties (red), as these provide access to application oriented optimization of

the nanosheets’ properties.

If all of these steps are successfully achieved, rationally designed devices at the molecular level with

tailored properties at the industrial scale are within reach.[15-17,29,37,42,71,72] The utilization of nanosheets

in technical applications is of high interest as nanosheets exhibit several advantages compared to their

bulk materials due to their ultrathin thickness, flexibility, good mechanical strength, higher surface

area, distinct optical and electronic properties.[17,32,41,73]

Due to the outstanding properties of the nanosheets, many potential and promising applications and

devices have been developed in the laboratory, such as field effect transistors (FETs),[63,74,75] diodes,[76-

79] capacitors,[80,81] supercapacitors,[73,82] sensors,[83,84] thermoelectrics,[85,86] membranes[87-89] and

catalysts.[90,91] However, due to lack of synchronization of all three crucial points (scalable synthesis,

highly reproducible assembly at the nanoscale, tunability), no nanosheet-based device has made large

impact on the industrial markets yet.[35,92] Therefore, these devices with improved performances are

still mainly absent in our everyday life.[44]

To overcome these challenges and to harvest the superior properties, in the last few years huge effort

has been put into application oriented research (see Figure 1.2),[23,29,32,48,63,73,74] especially into the three

above mentioned points, exfoliation,[3,39,41,55] positioning[15,17,23,62-64,93] and tuning.[66,71,87,88,94] With

many research efforts and the enormous variety of structures and composition of nanosheets

available,[3,14,16,17,34] it is considered that impactful applications are achievable in the next couple of

years.[16,35,44,55,92]
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Figure 1.2. Number of publications per year based on the search topic “Nanosheet Application” in the Scifinder® database.

Accessed: 23/02/2018. The plot shows almost an exponential increase from 2004, in which the exceptional electronic

properties of graphene were experimentally discovered.[95]

This thesis represents a little step toward the ultimate goal of achieving impactful applications with

nanosheets, as it focuses around the development of novel exfoliation techniques (Chapter 7), the

positioning (Chapter 5) and assembly of nanosheets (Chapter 2 and 3), tuning of their properties

(Chapter 4-6), together with their utilization in vapor sensors (Chapter 2-6)).

In the following subchapters state of the art solvent-based exfoliation techniques, assembly methods,

tailoring of nanosheets properties and relevant applications for the materials used in this thesis are

described.
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1.2 The many ways to nanosheets: solvent-based exfoliation methods

Nanosheets are defined as materials with monomolecular thickness and large 2D anisotropy.[17]

However, in current literature the term nanosheets is also applied for multilayer nanosheets consisting

of up to 10 layers.[3,17] Many ways exist to obtain nanosheets.[3,14,16,17,33,41,57] These methods range from

expensive vapor growth techniques,[14] over the synthesis of artificial 2D materials[96,97] to the

exfoliation of layered materials.[3,17,23,33,39,98] It is important to note that each method has its own set of

advantages and disadvantages.[3,16,23,33,41,57,58,99-101] Therefore, it is still important to develop new

methods to obtain nanosheets and to improve existing ones.[41,57,61,65,99,102-106] Solvent-based exfoliation

techniques are considered to be among the most promising ones for applications because they are

relatively inexpensive, scalable, and easily implementable within current technology. In contrast,

vapor growth or scotch tape exfoliation techniques offer low amounts of higher quality

nanosheets.[3,6,16,23,30,57,58,61,102,107,108] The three most applied solvent-based exfoliation techniques

(Figure 1.3), namely liquid-phase exfoliation,[6,13,23,39,56,57,63,65] redox-mediated delamination,[3,24,33,40,98-

100,109-113] and ion exchange,[3,16,17,114-117] are described in more detail.

Figure 1.3. Schematic overview of the main solvent-based exfoliation methods. In the liquid-phase exfoliation (top) a

layered material is immersed in a suitable solvent and a strong mechanical force is applied for exfoliation. Although the

approach is straightforward, it leads to a broad size and especially thickness distribution of the nanosheets. In the redox-

mediated exfoliation approach (middle), the layered material is treated with a reducing or oxidizing agent, leading to an

altered oxidation state of the layered material. Due to the change in the oxidation state of the layered material, the properties

of the interlayer gallery of the material are modified, which enables the delamination of the material. The redox-mediated

approach yields mainly single layer nanosheets, however, it is limited by the rather delicate experimental procedure as well as

the inability to recover completely the properties of the pristine nanosheets. In the ion exchange exfoliation route (bottom),

the counterions in the layered charged material are replaced with other ions, which facilitate the exfoliation of the material.

Typically, ion exchange results in weakened attractive forces between the layers and enhances the material’s swelling

properties. The ion exchange exfoliation route provides a high single layer yield, but it is rather a time-consuming procedure.
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1.2.1 Liquid-phase exfoliation

Liquid-phase exfoliation had its great breakthrough by the work of Coleman and co-workers,[39,56] who

used it for the delamination of layered van der Waals materials starting from graphene, followed by

transition metal dichalcogenides (TMDs) and charged nanosheets.[3,39,56,57,102,118,119] In the liquid-phase

exfoliation process a layered material is immersed into a suitable solvent, which can contain a

surfactant or polymer, and then some mechanical force is applied to overcome the energy barrier for

exfoliation by either ultrasonication, shear force, or ball milling.[23,57] Subsequently, several

centrifugation steps are applied to remove non-exfoliated materials and to select size and

thickness.[23,57,65] In the liquid-phase exfoliation it is crucial to reduce the net energy for exfoliation and

to prevent reaggregation.[23] Generally, Hansen solubility parameters or surface tension components of

the solvents are matched with the corresponding parameters and components of the nanosheets to

achieve good exfoliation.[6,39,102,118] The optional addition of surfactants or polymers is mainly to

prevent reaggregation either by charge or steric reasons.[119] The advantages of liquid-phase exfoliation

are the high throughput, versatility, and its inexpensiveness.[3,39,57,65] However, liquid-phase exfoliation

results in nanosheets with a broad thickness and size distribution. As the nanosheet properties can vary

drastically with increasing thickness, several time-consuming centrifugation steps are required to

narrow the size distribution.[16,23,65,99]

1.2.2 Redox-mediated exfoliation

The redox-mediated exfoliation route is another important solvent-based exfoliation method for the

delamination of layered van der Waals materials.[16,24,33,98-100,110,111,113,120-122] Prominent examples

include the exfoliation of graphite[20,33,113] or TMDs,[24,99-101] but also exotic ones such as binary

halides.[123] Usually, the exfoliation procedure is a two or three step process depending on whether the

recovery of the initial oxidation state is desired.[42,99,100,113,121,123] In the first step, the oxidation state of

the layered material is modified by a reducing or oxidizing agent or electrochemically.[24,33,99,100] This

step involves either covalent modification of the host lattice or a redox intercalation step.[99,113,123] In a

second step, the layers with modified oxidation state are exfoliated, whereas the changed oxidation

state or the introduced covalent modifications are the main driving force behind the process.[99,113] For

example, lithium intercalated reduced TMDs, and most likely binary halides as well, react with water

under hydrogen production leading to a separation of the layers.[24,99,123] On the other side, the

oxidation of graphene to water swellable graphene oxide (GO) results in negatively charged covalently

modified layers.[33,113] In a third optional step, the oxidation state can be at least partially recovered, for

instance by treatment with either reducing or oxidizing agents.[33,123] This regeneration is usually of

high interest because the exfoliated layers with changed oxidation state have significantly different

properties than the single layers with the pristine oxidation state.[23,33,42,113,121,123] For example, the

recovery of the oxidation state results in higher electronic conductivity in reduced GO (rGO)[113] or in

RuCl3 in the reappearance of magnetic ordering.[123] The advantage of this method is the yield of a
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large number of single layer nanosheets.[16,99,119] However, the method requires sensitive experimental

procedures and mostly ends up with an incomplete recovery of the oxidation state.[23,33,113,119]

Consequently, the exfoliated material has significantly modified properties compared to the

nanosheets in their pristine oxidation state.[23,33,113]

1.2.3 Ion exchange exfoliation

The ion exchange exfoliation routes are usually applied to charged (anionic or cationic) layered

materials.[3,16,17] Soft chemical methods are used to replace the interlayer ions by other ions, usually

larger ones, which enable the material to undergo swelling in an appropriate solvent.[16,17,114] Due to the

swelling, the attractive, mainly electrostatic, forces between the layers are reduced and a small

mechanical force, such as shaking or stirring is sufficient to delaminate the material into single

nanosheets.[16,17,116] For the delamination of cationic layered materials, mainly resulting in cationic

hydroxide nanosheets, the reader is referred to recent review articles.[16,17,114] For the delamination of

anionic layered materials the main exfoliation route – the proton exchange route – used in this thesis is

described in the following.[16,17,116]

The proton-based ion exchange exfoliation route can be considered as a two-step process. In the first

step the anionic layered material, which is obtained by solid state synthesis, is cation-proton

exchanged by repetitive treatment with Brønsted acids, usually 1-8 M HCl or HNO3.[16,17] In the

second step, an acid-base reaction takes place between the acidic (protonated) material and the basic

alkylammonium solution (for instance, containing TBA+ OH-).[16,17,117,124] To maintain charge

neutrality, a large number of alkylammonium ions move between the layers from the external solution

reservoir.[16,17,117,124] This movement results in a high osmotic pressure leading to a huge and fast

inflow of water molecules in between the layers, causing a high degree of swelling.[115,117,124,125]

Therefore, the overall swelling process is highly dependent on the alkylammonium concentration, but

colligative in nature.[16,117] The stability of the swollen phase is strongly influenced by the nature of the

alkylammonium ions, e.g. bulky and less polar cations like TBA+ lead to faster exfoliation compared

to TMA+ (tetramethylammonium) and DMAEH+ (protonated 2-(dimethylamino)ethanol).[16,116,117]

Moreover, the nanosheets size can be influenced by the exfoliation method and the applied

alkylammonium ions (such as TBA+ or TMA+).[16,116] Methods applying weaker forces result in larger

nanosheets, whereas the harsher methods result in smaller sheets.[16,116] The advantage of the ion

exchange exfoliation route is the very high yield in single layer nanosheets.[16] However, the time

needed for exfoliation is longer compared to the liquid-phase exfoliation.[23] Moreover, the applied

alkylammonium salts during the exfoliation procedure can also alter the properties of the nanosheets in

a desired or an undesired way.[23]
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Table 1. Comparison of the solvent-based nanosheet exfoliation techniques. All techniques have their own set of distinct

advantages and disadvantages, and hence, are complementary in their current state.

Liquid-phase exfoliation Redox-mediated

exfoliation

Ion exchange exfoliation

Applicability very broad;

layered van der Waals

and ionic layered

materials

broad;

layered van der Waals

materials

broad;

layered ionic layered

materials

Single layer nanosheet

yield

moderate to low

requires special

techniques for significant

enrichment

high yield very high yield

Retention of the pristine

properties of the

nanosheet

high

(if no surfactant is used)

moderate to low;

requires post treatment to

recover properties of the

nanosheets;

often only partial

recovery of the properties

moderate;

presence of counter ions

influence the nanosheet

properties in either a

desired or an undesired

way

Processing time /

Experimental procedure

fast, from minutes to few

days / scalable, simple in

case one has an

appropriate solvent

dependens on method

(from one day to several

days) / delicate

moderate,

depdens on method

(usually takes several

days due to prior

exchange steps) / simple

to medium difficult

Lateral size of the

nanosheet

medium to small (usually

below: 1 µm x 1 µm)

dependens on method:

usually rather large

(above: 500 nm x

500 nm)

large

(usually above: 1 µm x

1 µm)

Scalability very high moderate to low moderate
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1.3 Assembly of nanosheets: resolving the contradiction of scalability and control

The nanosheets, which are obtained by several methods, can be assembled into more complex

structures. Hereby, the ultimate goal of nanosheet assembly techniques is to place the nanosheets

precisely and reproducibly in a scalable way at a desirable location to achieve specific

functionalities.[15,17,62,74,126] Current solvent-based nanosheet assembly methods range from drop-

casting or flocculation, which are scalable, but have poor control over the positioning and alignment,

to Langmuir-Blodgett (LB) and electrostatic layer-by-layer (eLbL) assembly methods, which allow a

high degree of control, but are, in their current stage, limited in their scalability (see Figure 1.4 and

1.5).[15-17,23,72,74,127,128]

The high degree of control of LB and eLbL is due to their single layer thickness increase per cycle,

allowing precise control at the molecular level in the thickness and composition of the thin

films.[15,17,127] LB offers the higher level of control due to the monolayer compression step,[15] whereas

eLbL is the faster one of the two delicate processing techniques.[62,129,130] Further methods, such as

spin-coating and printing techniques, provide a high degree of scalability as they are compatible with

current technology, while offering, in their current state, a moderate level of control.[23,62,64,74]
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Figure 1.4. From low-control to high-control nanosheet assembly methods. a) Drop-casting of colloidal nanosheets on a

substrate. This results in the fast formation of a film with limited homogeneity; especially at the edges a much thicker film is

obtained due to the “coffee ring effect”.[23,74] b) During the flocculation process charged nanosheets are either restacked with

oppositely charged nanosheets, depicted here, or electrolytes.[17,72,127] The rapid precipitation process results in a restacked

compound, which has a poorly defined interlayer registry and disorganized microtexture.[17,72,127] c) Printing of nanosheets

with diverse methods is possible from ink jet printing to gravure printing. Crucial factors for the printing process include the

viscosity, the surface tension and concentration of the nanosheet ink.[23,74] d) In the spin-coating process a droplet of the

colloidal nanosheet suspension is placed on a substrate, which is then accelerated to annular velocities.[23,62,74] This results in

the formation of rather homogenous thin film, but with a thickness usually in the range of several nanometers.[17,23,62,74] e)

The eLbL assembly method is carried out by sequential immersion of a substrate into oppositely charged nanosheet solutions,

or in a nanosheet solution and a polyelectrolyte solution.[15-17,72,127] After placing the substrate into one nanosheet dispersion it

is intensively washed and sometimes also ultrasonicated to remove excess of nanosheets and to achieve a more homogenous

alignment of the nanosheets.[15,72,74] The eLbL method has the advantage of being a charge limiting process.[72] f) In the LB

assembly a monolayer of nanosheets is formed on the liquid-air interface in a Langmuir through, compressed and

subsequently transferred to a substrate by dip-coating.[15-17,72,127] The advantage of the technique is the achieved high lateral

packing density of the nanosheet layer.[16,72,74] With repetition of the process even a multilayer of nanosheets with the same

charge can be built up.[15,72,127,131]
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Figure 1.5. Schematic scalability against control diagram comparing different positioning techniques. While certain methods

have better control, other methods exhibit better scalability. Framed with a red square is the ideal assembling area, in which

both single nanosheet control and good scalability are achieved.

Figure 1.5 indicates that all the methods are limited when it comes to delivering both high precision

(control) and high scalability in the deposition of liquid medium processed nanosheets.[43] Therefore,

current research efforts are directed to bridge this gap,[126] for instance, by improving the control of the

feature sizes and alignment with scalable printing techniques,[23,64,65,93] the thickness control in spin-

coating techniques,[62,129,132] or by improving the speed of processing in LB derived thin films.[133,134]
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1.4 Tailoring of the nanosheets properties

Although nanosheets have, in their pristine form, many interesting and outstanding properties, it is

highly desirable to tailor these properties in a rational manner, which enables the specific tailoring of

their properties to certain applications.[15-17,23,60,65,94] Currently, several methods are applied to tune the

properties of nanosheets (see Figure 1.6). The most promising methods are covalent

functionalization,[34,38,67,68,135-143] intercalation and ion exchange,[66,144-149] morphology (size control and

thickness control) of the nanosheets,[60,65,150-152] substitution[15,17,153-158] and decoration (see Figure

1.6).[159-162] It is important to note that each of these modification possibilities offers a further degree of

freedom. Therefore, the modification possibilities can be even combined to achieve a higher degree of

control. Current examples for the different modification possibilities are control of magnetic, dielectric

and optical properties by substitution,[155-158] ion conduction, catalytic and optoelectronic properties by

morphology changes,[60,65,150-152] as well as sensing and catalytic properties by decoration with

NPs.[159,160,162-166] For covalent modification and intercalation as well as ion exchange methods more

detailed examples are given below.

Figure 1.6. Tailoring of the nanosheet properties by various methods with a representative example given in brackets in

italics. Starting from top and moving clockwise: NP decoration (decoration of black phosphorus nanosheets with Pt NPs,

utilized in sensors to increase the sensitivity toward H2 and the stability);[159] covalent modification (covalent modification of

MoS2 with methyliodide, iodoacetamide and 4-methoxybenzenediazonium to tune the optoelectronic properties);[141]

morphology thickness and size (size selection to tune the photoluminescence properties of Ti3C2 sheets);[152] substitution

(substitution with Sr and Ta to tune the dielectric properties of HCa2Nb3O10 nanosheets);[155] and intercalation and ion

exchange (intercalation of a nanobattery setup with Li to tune the optical and electrical properties of MoS2).[148] The orange

and green spheres in the intercalation step can be ions as well uncharged molecules.
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1.4.1 Covalent modification

Covalent modification is among the most promising methods for tailoring nanosheet

properties.[34,38,68,94,138-141] Organic and inorganic chemical reactions provide the researcher with an

almost unlimited toolbox to anchor desired molecules on the surface of nanosheets by covalent bond

formation. By the judicious choice of the covalently linked molecule, size and functional groups,

many properties such as electronic and optical properties, chemical stability and solubility can be

rationally tuned.[34,38,67,68,94,135,137-143,167] The rational and tunable control of these properties can be

advantageous for several applications including transistors[135,140-142] and sensors,[67,137] or for the

processing of nanosheets.[67,68] A cutting-edge research field is the covalent functionalization of TMDs

as well as Xenes. In these compounds modification possibilities range from the reactions with

thiols,[67,135,137] over electrophiles[38,138-142] toward more exotic functionalization by coordination with

metal salts.[68,94] The reaction with thiols is thought to happen at S vacancies in transition metal

disulfide nanosheets, resulting in the formation of covalently bonded molecules and hydrogen.[67,168]

This modification route was used to alter the electronic and sensing properties as well as the

solubility.[67,137] Along similar lines, the reaction of electrophiles, such diazonium salts and

alkyliodides, with nucleophilic nanosheets, which are obtained for instance by redox-mediated

exfoliation, was used to increase their chemical stability and to tailor their optical and electronic

properties.[38,138-142] Besides functionalization of TMDs and Xenes, covalent modification of oxide

nanosheets is also possible and was realized for instance by Wada and co-workers.[130,169] They used

silane coupling agents such as trimethoxysilanes to introduce thiole and ene functional groups on the

nanosheets.[130,169] These functional groups can be utilized in a thiol-ene click reaction to covalently

cross-link different oxide nanosheet layers to achieve an alternate stacking with a controlled stacking

distance.[130,169] Therefore, covalent modification cannot only be used for modification of nanosheet

properties, but also for their targeted assembly.

1.4.2 Ion exchange and intercalation

Ion exchange and intercalation have proven to be highly efficient methods for tuning the properties of

layered bulk materials.[170,171] However, only in the last couple of years the tailoring of properties by

intercalation or ion exchange in either restacked nanosheets or multilayer nanosheets gained

substantial research interest.[66] Recent work in the field focuses on tailoring the thermal,[146]

mechanical,[172] optical,[147,148,173] plasmonic,[145] magnetic,[123,174] electrochemical,[82,149,175]

electronic[144,147,148,173,176] and superconducting[144] properties by intercalating various species. In

addition, the real-time in situ studies of these intercalation processes gained tremendous interest.[144,146-

148,176] Current strategies either are based on electrochemically driven intercalation,[146-148,176] e.g. by

using a nanobattery setup and reversible intercalation/deintercalation of alkali metals into multilayer

nanosheets paired with in situ monitoring of the properties, or are based on the soft chemical ion

exchange or liquid and vapor intercalation,[145,149,172,173,175,177] which are often applied for the
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modification of restacked nanosheets, or to multilayer nanosheets.[66] Comparing the two intercalation

techniques, chemical intercalation strategies provide a broad range of applicable host and guest species

with limited level of intercalation control, whereas electrochemical methods provide a high level of

intercalation control, but are limited to rather few guests and host materials.[66] Both intercalation

methods are highly suitable to tailor or even to impart novel properties to nanosheet-based structures.
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1.5 The layered metal phosphates AnMnP2O5+3n and the Dion-Jacobson phase ACa2Nb3O10

with M = Sb (n = 1, 3), Ta (n = 1) and A = K and H

Having discussed in the previous subchapters general nanosheet-based aspects, now the material used

in this thesis are described in more detail. Therefore, in the following a summary of the literature on

the layered metal phosphates AnMnP2O5+3n and the Dion-Jacobson (DJ) phase ACa2Nb3O10 with M =

Sb (n = 1, 3), Ta (n = 1) and A = K and H, as well as their nanosheets is presented.

1.5.1 The layered metal phosphates from past to present

Beginning with the discovery of the ion exchange properties of the metal phosphate salts in the 1950s

a great amount of research was directed to understand the origin of these properties.[178,179] In 1964

Clearfield and Stynes provided a layered structural model of α-zirconium phosphate (α-

Zr(HPO4)2).[180] This model gave a profound explanation for the ion exchange properties and chemical

reactivity in these materials. By comparing with α-Zr(HPO4)2, the same connectivity was suggested

for several other layered metal (V and IV) phosphates by Winkler and Thilo.[181] Moreover, the same

authors observed that these compounds are easily hydrated and ion exchanged. Further research on

layered metal (V) phosphates unambiguously clarified their structure.[182] The properties and

applications of these phosphates were mainly investigated by Piffard and co-workers.[182-193] The first

exfoliation of α-Zr(HPO4)2 into individual layers was achieved by Alberti.[194] Delamination of other

metal phosphates like HSbP2O8 and H3Sb3P2O14 followed subsequently.[195,196] Recent research interest

in the field of layered phosphates includes their covalent modification, utilization of their ion mobility,

ion exchange as well as conductivity, and the assembly of the nanosheets by various methods.

1.5.1.1 The phosphatoantimonates and phosphatotantalate KnMnP2O5+3n with M = Sb (n =

1, 3), Ta (n = 1)

The layered potassium phosphatoantimonates (KMnP2O5+3n) and tantalate (KTaP2O8) can be obtained

by a solid state reaction of NH4H2PO4, KNO3 and Sb2O3 or Ta2O5, respectively.[182,184,191,193]

K3Sb3P2O14 · 1.3H2O, as K3Sb3P2O14 easily hydrates under ambient conditions, crystallizes in the

space group R̀3m (166),[193] KSbP2O8 in R̀3 (148)[182] and KTaP2O8 in C2/m (12).[191] Despite their

different space groups, all of the structures consist of potassium ions located in the interlayer space of

2D layers of Sb3P2O14
3- or MP2O8

- (M = Ta, Sb), which are composed of corner sharing MO6

octahedra and PO4 tetrahedra (see Figure 1.7).[182,184,193]



1. Introduction

15

Figure 1.7. Structures of the potassium phosphatoantimonates (KnSbnP2O5+3n (n = 1, 3)), potassium phosphatotantalate

(KTaP2O8), as well as potassium aluminomolybdate (KAl(MoO4)2) for comparison. In the top row the structures are viewed

along the c-axis and in the bottom row along the b-axis. For simplicity only one layer is depicted in the top row (view along

c-axis) without any interlayer species. a), b) K3Sb3P2O14 · 1.3 H2O, c), d) KSbP2O8, e), f) KTaP2O8 and g), h) KAl(MoO4)2.

PO4 tetrahedra in red, SbO6 octahedra in blue, TaO6 octahedra in dark grey, AlO6 octahedra in green, MoO4 tetrahedra in

orange and the interlayer species K in yellow and O in red. For the interlayer water molecules in K3Sb3P2O14 · 1.3H2O only

the oxygen position is shown (see b)).

However, the intralayer connectivities of the MO6 octahedra and PO4 tetrahedra in Sb3P2O14
3- and

MP2O8
- (M = Sb, Ta) layers are different (Figure 1.7a, c). In a Sb3P2O14

3- layer, each SbO6 octahedron

is corner-linked to four adjacent SbO6 octahedra building up layers similar to those composed of WO6

octahedra in microporous hexagonal tungsten bronze.[184,197,198] In addition, the two remaining vertices

of the SbO6 octahedra are corner-linked to PO4 tetrahedra in a way that a PO4 tetrahedron is linked to

three different SbO6 octahedra and the unconnected corner of the tetrahedron is pointing toward the

interlayer space (see Figure 1.7a).[184,198] In contrast, the 2D layers of MP2O8
- (M = Ta and Sb) exhibit

the same intralayer connectivity as in the well-known ZrP2O8
2- layers in α-Zr(HPO4)2 (Figure 1.7c,

e).[182,191] In the MP2O8
- layers every MO6 octahedron is corner linked to six PO4 tetrahedra and every

PO4 tetrahedron is connected to three MO6 octahedra.[191] The unconnected vertex of the PO4

tetrahedron is pointing toward the interlayer space.[182,191] Although the TaP2O8
- and the SbP2O8

- have

similar intralayer connectivity, their crystal structures are destinct from each other due to

distortions.[191] Both distortions of the MP2O8
- (M = Sb, Ta) layers can be described through a rotation

of the PO4 tetrahedra compared to the MoO4 tetrahedra in the higher symmetric layers of Al(MoO4)2
-

in KAl(MoO4)2 (P̀3m1, 164, Figure 1.7g, h).[191] For SbP2O8
- and TaP2O8

- the PO4 tetrahedra are

rotated around an axis perpendicular or parallel to the layers, respectively (see Figure 1.7c-h). Besides

X-ray analysis, other data such as nuclear magnetic resonance (NMR), infrared (IR), Raman

spectroscopy are available for the phosphatoantimonates.[185,199-201]
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1.5.1.2 The phosphatoantimonic and phosphatotantalic acids HnMnP2O5+3n with M = Sb (n

= 1, 3), Ta (n = 1)

As the potassium ions in the interlayer space of the phosphatoantimonates and tantalates are quite

mobile,[202] they can readily be exchanged with protons by treatment with nitric acid.[189,190,192] The

resulting phosphatoantimonic acids, HnSbnP2O5+3n, and tantalic acid, HTaP2O8 (also referred to as

‘antimony phosphates and tantalum phosphate’ in analogy to α-zirconium phosphate in the literature),

which have the same intralayer connectivity compared to their potassium analogue, have been

characterized by various methods, including NMR, TEM, IR, differential thermal analysis (DTA),

thermogravimetric anlysis (TGA) and Raman spectroscopy.[189,190,192,203-205]All of the acids showed

good ion exchange properties and a proton conductivity that depends on their hydration state.[186,188-

190,192,197,198,203,206,207] The humidity dependent swelling and proton conductivity of the

phosphatoantimonic acids were studied in detail by Piffard and co-workers.[188] They realized that

H3Sb3P2O14 is rather a ‘bulk ionic’ (lattice hydrate) conductor, whereas the ionic conductivity in

HSbP2O8 is rather determined by the water sorbed between the grain boundaries (particle

hydrate).[188,208,209] Both of them are good proton conductors at high relative humidities (around

1 mS cm-1 and 20 mS cm-1 for HSbP2O8 and H3Sb3P2O14, respectively).[188] Although further

investigations have been carried out,[205] the exact mechanism of the proton conduction in these

phosphatoantimonic acids is still elusive due to the complex situation, e.g. multiple proton species

contributing to the conductivity, strongly anisotropic material, and due to the fact that the exact crystal

structure of the various hydrates could not be determined due to disorder as well as the humidity

dependent and temperature dependent interlayer spacing.

Nevertheless, due to their ion exchange properties and highly humidity dependent proton

conductivities, some potential applications have been experimentally demonstrated with the

phosphatoantimonic acids. In these applications, they are applied as component in composite

membranes for fuel cells,[187,210-212] for the removal of radioactive ions (e.g. Cs, Am, Sr)[186,197,198] or in

electrochemical sensors working at elevated temperatures.[213]

1.5.1.3 Delamination of the phosphatoantimonic and phosphatotantalic acids HnMnP2O5+3n

with M = Sb (n = 1, 3), Ta (n = 1)

Initial observations by Piffard and co-workers indicated that the phosphatoantimonic acids are able to

swell and thereby, peptize in water.[188,189] However, prove for the first delamination into single layers

was provided later by Batail and co-workers by small angle X-ray scattering.[195,196] They delaminated

the phosphatoantimonic acids by swelling them in a dialysis membrane for several days and

investigated the liquid crystalline properties of the colloidal suspensions containing single layer

nanosheets.[195,196] They also found that addition of bulky organic surfactants like TBAOH increased

the stability against flocculation of the nanosheets for a large pH-range,[195] which subsequently led to

TBAOH assisted exfoliation of HSbP2O8.[214] It is to be noted that the exfoliation of a layered solid
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acid in absence of any surfactant is a rare phenomenon. However, a more detailed characterization

including TEM and AFM, of the single layer nanosheets was missing and was provided later in my

master thesis for the first time.[215] For HTaP2O8, the first exfoliation with TBAOH was reported in my

master thesis as well.[215] One of the primary objectives of this thesis was to investigate the

delaminated phosphatoantimonic and phosphatotantalic acid nanosheets for practical applications.

1.5.2 From layered perovskite to the Dion-Jacobson phase KCa2Nb3O10

In the last decades, low temperature topotactic reactions in layered perovskites for tuning their

properties gained significant interest.[216,217] The topotactic reactions applied to layered perovskites are

enormous and range from grafting over intercalation and ion exchange to exfoliation.[216,217] Among

the most well-known families of layered perovskites are the DJ phases A´[Az-1BzO3z+1], the

Ruddlesden-Popper phases A´2[Az-1BzO3z+1] and the Aurivillius phases [Bi2O2][Az-1BzO3z+1] with

usually A´ belonging to the group of alkali metals, A to alkaline earth metals, B to transition

metals.[216-218] Hereby, [Az-1BzO3z+1] is the perovskite layer and z the number of corner-sharing BO6

octahedra determining the thickness of the layers.[218,219] In the 1980s, the latest addition to the family

of layered perovskites were the DJ phases resulting from the pioneering work carried out by Dion and

Jacobson.[219-221] Dion and Tournoux were the first to synthesize KCa2Nb3O10, which is among the

most well-known examples of a DJ phase, if not the most.[220] Soon after, ion exchange and

intercalation studies as well as delamination of this compound followed.[219,221-223] Due to their easy

accessibility, handling, stability and remarkable properties calcium niobate nanosheets got into the

focus of several studies carried out, amongst others, by the group of Sasaki,[62,224-227] Mallouk[228-231]

and Osterloh.[232-235]

1.5.2.1 The Dion-Jacobson phase KCa2Nb3O10 and its diverse properties

KCa2Nb3O10 can be obtained by a solid-state synthesis reaction of K2CO3, Nb2O5 and CaCO3.[219,236]

The compound crystallizes in the space-group P21/m (11) as determined by neutron powder

diffraction.[236,237] KCa2Nb3O10 consists of perovskite layers [Az-1BzO3z+1]- with A = Ca, B = Nb and z =

3 with A  ́= K+ sitting in the interlayer space (see also Figure 1.8).[236] The cubic perovskite structure

ABX3 comprises corner sharing BX6 octahedra, which form a three-dimensional (3D) structure similar

to the structure of ReO3 (Figure 1.8a, b).[217] The remaining A-cation is located in the center of eight

BX6 octahedra, hence having a coordination number of twelve (cuboctahedron).[217] An alternate

description is that AX3 forms a face centered cubic lattice and the B-cations are occupying one quarter

of the octahedral voids.[217] Usually X is oxygen, A is a large s-,d-, or f-block cation, and B is a small

transition metal cation.[216]
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Figure 1.8. From the ReO3 structure type to the layered perovskites KCa2Nb3O10 and HCa2Nb3O10. a) ReO3. b) Idealized

cubic perovskite, ABX3. c) KCa2Nb3O10 and d) HCa2Nb3O10 0.5 H2O; the O positions in the interlayer space are only

occupied by one quarter. For a) ReO6 octahedra in green, b) BX6 octahedra in green and the tweleve fold coordinated A in

black, c) and d) NbO6 octahedra in blue, Ca in light green, oxygen in red, K in yellow.

Similar to the cubic perovskites, layered perovskites are also often distorted by tilting BO6 octahedra,

which can have tremendous impact on the properties.[238] For instance, tilting of the NbO6 octahedra

confers many interesting electronic and dielectric properties on KCa2Nb3O10. The band gap (direct 3.1-

3.2 eV) and electronic structure were investigated by EELS and DFT calculations.[237] In other studies,

doping Eu or La at the Ca site turned potassium calcium niobate luminescent.[239] Interesting dielectric

properties were also discovered in KCa2Naz-3NbzO3z+1 (z = 3-6).[240] It was observed that with

increasing slab thickness (z) the polarizability increased, which led to improved dielectric constants.

Moreover, it was found upon Li intercalation that the materials turned superconducting.[241]

KCa2Nb3O10 also showed moderate performances as photocatalysts.[242] Due to the manifold properties

and, hence, possible applications, the material holds great potential for improvement upon ion

exchange and subsequent delamination.

1.5.2.2  The proton exchanged HCa2Nb3O10 - access to the interlayer space

KCa2Nb3O10 can readily be ion exchanged with Brønsted acids yielding the solid acid HCa2Nb3O10,[219]

which contains 1.5 H2O under ambient conditions. From X-ray powder refinement it is reported that

the dried compound HCa2Nb3O10 · 0.5 H2O crystallizes in the space group P4/mbm (127).[243] The

proton exchanged form exhibited a higher photocatalytic activity compared to its potassium analogue,

which is attributed to the better accessible interlayer space.[242] Moreover, the dielectric, ion exchange

and intercalation properties as well as the ionic conductivity of the solid acid were investigated.[219,221-
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223,244,245] Initial work focused on intercalation of primary alkylamines with various alkyl chain lengths

and the back ion exchange with alkali metal ions.[221,222] The knowledge about primary alkylamine

intercalation was later on applied by Gopalakrishnan and co-workers to obtain information regarding

the acidity and structure of substituted HCa2Nb3-xMxO10-x (M = Al, Fe) and HCa2-xLaxNb3-xTixO10

compounds.[246,247] Note that tuning of the interlayer environment can have significant influence on

various properties of the layered materials. For example, the primary alkylamine intercalation was

found to have a profound influence on the ferroelectric properties of closely related HSr2Nb3O10.[248]

Besides these modifications, other modification possibilities of the interlayer space in HCa2Nb3O10

were also investigated. For instance, grafting of n-alcohols on the Nb-O vertices facing toward the

interlayer space, resulting in the formation of alkoxides, was achieved at elevated temperatures in

autoclaves.[249] Moreover, delamination was accomplished by incorporating bulky surfactants, which

contain a primary amine head group, and subsequently applying ultrasonication.[223]

1.5.2.3 The Ca2Nb3O10
- nanosheets - a lego like building block with interesting properties

In 1990 starting from their first synthesis by Treacy et al., calcium niobate nanosheets were developed

due to their easy handling, stability and accessibility into a diverse building block with manifold

possible applications.[223] Currently, the by far most applied exfoliation route for HCa2Nb3O10 belongs

to the ion exchange exfoliation route using TBAOH as described in subchapter 1.2.3. To obtain a more

profound knowledge of the nanosheets, initial and subsequent studies focused on characterizing the

material in more detail.[225,229,231,250,251] At the same time, due to their stability and easy handling, the

calcium niobate nanosheets were also developed into a role model building block for the assembly of

charged nanosheets into diverse structures.[228,229,252-254] The applied assembly methods included,

amongst others, mainly flocculation,[224,230,243,252,255] spin-coating,[62,256] LB[80,81,131,154,155,226,227,257,258] or

eLbL[228,229,253,254] (see section 1.3). Hereby, some of the assembly methods were carried out due to

fundamental interest or to improve the technique, while the others were applied to yield desired

properties or geometries for certain applications. To provide an overview over the diversity, some

examples are given. Flocculation was applied to obtain, under basic conditions, a nanotube

morphology[252] or to make intercalated materials with improved properties for catalysis.[230]

Assemblies with eLbL were carried out to provide proof of concepts experiments for novel artificial

structures.[228,254] Spin-coating with Ca2Nb3O10
- was used to improve the technique down to monolayer

thicknesses,[62] and LB to obtain densely packed mono- and multilayer heterostructures suitable for

dielectric applications[15] or as seed layers for oriented crystal growth.[257] Notably, all of these

assembly methods focused around the precise control of the thickness, whereas control of the lateral

dimensions of the structures, apart from traditional lithography processes with photoresists, is still

lacking. Currently the main research focus lies on the understanding and improvement of

photocatalytic activities[232-235,259-261] and in the application in nanoelectronics as a dielectric
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component.[15,218,262-264] Therefore, it would be favorable to develop scalable techniques for obtaining

lateral structures made of the dielectric materials, e.g. by utilizing their photocatalytic activity.

1.6 Application and devices

The materials described in the previous section have promising properties, e.g. humidity dependent

swelling and proton conductivity of layered bulk phosphates and the ultrahigh dielectric constants of

HCa2Nb3O10 nanosheets. Therefore, it is of high interest to utilize these properties in applications.

Currently, considering also this work, the most promising applications of these compounds are in the

field of vapor sensing and in electrical devices requiring high-k materials such as capacitors or

transistors. Therefore, more detailed theoretical background information is given on vapor sensors and

high-k dielectrics, with a larger focus on sensors as this is the application investigated in this thesis.

1.6.1 Chemical sensors

Chemical sensors are devices that convert an input signal caused by a chemical stimulus into a useful

and readable output signal.[265-267] Therefore, sensors fulfill two main functions, namely stimuli

recognition and signal conversion (transduction).[266,267] The component fulfilling the first function is

called receptor,[266,267] e.g. a compound that offers binding sites for molecules, and the second function

is called the transducer, which is able to convert the change introduced in the receptor into a readable

output signal.[267] An example is the presence of a fluorescent molecule in close proximity to the

receptor component. Sometimes there is no clear differentiation between a receptor and transducer

component, e.g. a fluorescent molecule offering binding sites to molecules can fulfill both functions at

once. The same applies for a compound, which changes its conductivity upon analyte sorption.[267]

Sensors are commonly classified by their method of transduction,[265,266] which also determines their

readout method. The main classes of chemical sensors are electrical & electrochemical, thermometric

and optical & photonic sensors.[265] Besides the method of transduction the sensors can also be

grouped by the function they fulfill, e.g. liquid sensors, or vapors sensors.

1.6.1.1 Types of sensors investigated in this thesis and their sensing mechanism

Among the group of chemical sensors, vapor sensors are of particular interest due to their relevance in

several important applications in various fields, including medical diagnostics, environmental

monitoring, food control and industrial production.[70,268-270] Nanosheets are ideal building blocks for

vapor sensing devices due to their small size, high surface area, modification possibility and swelling

capability.[70,268-270] The two types of vapor sensors investigated in this thesis are interference-based

Fabry-Pérot thin film sensors belonging to the group of photonic sensors, and impedance-based

sensors belonging to the group of electrochemical sensors. In the following, a description of the two

types of sensor and their working principles are given.
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Besides achieving coloration through an inherently colorful material, for instance a pigment,

coloration can also be obtained from assemblies of inherently colorless materials through reflection

and/or diffraction of light.[271-275] As the coloration arises from the arrangement of the materials, this

phenomenon is referred to as “structural color”.[271,272,274,276] Structures achieving structural coloration

range from Fabry-Pérot thin film devices, to 1D, 2D and 3D periodic assemblies of dielectric

materials, termed PCs.[271-273] For Fabry-Pérot thin film devices and 1D PCs, 1D periodic multilayer

arrangements also called Bragg stacks, the condition for constructive interference is illustrated in

Figure 1.9.[271,274] If this condition is fulfilled for wavelengths λ in the visible or close to the visible

range, color arises.

Figure 1.9. Illustrating the condition for a constructive interference in a thin film or in a simplified bilayer of a BS (bilayer

separation indicated by dotted line). On the left some additional considerations for deriving the condition for constructive

interference based on the dependence on the incident angle θ are depicted. By combining the three conditions on the left and

noticing that the optical thickness of X and X' are equal due to Snell’s law, one can obtain the Equation 1.1 for constructive

interference depending on the illumination angle (θ).

As seen from Figure 1.9, constructive interference is given by a combination of Bragg’s and Snell’s

law:[271,274,277]

ߣ݉ = 2݈ට݊
ଶ − (ߠ)ଶ݊݅ݏ (Equation 1.1)

Hereby m is the spectral order (integer value), λ are the wavelengths for which constructive

interference occurs, neff is the effective RI of the layer (Fabry-Pérot thin film) or bilayer (BS), l is the

thickness of the layer (Fabry-Pérot thin film) or bilayer (BS), respectively, and θ is the illumination

angle. Under normal incidence this equation transforms for the two cases to:

= ߣ݉  2݈݊ (Equation 1.2)
for a thin film,[278-280] and
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= ߣ݉  2(݊ଵ݈ଵ + ݊ଶ݈ଶ)  (Equation 1.3)
for a BS.[275,276]

For the latter, l1 and l2 are the layer thicknesses and n1 and n2 are the refractive indices of the

individual layers contributing to the bilayer. From Equation 1.1-3 it can be seen that a change in the

optical thickness (the product of RI times layer thickness; nl) of a layer results in a change of the

condition of constructive interference and hence color (see Figure 1.10).[275,276] Therefore, external

stimuli causing a modulation in the RI, or thickness of the layers, or both, can be optically sensed

(Figure 1.10).[271,276,281] The materials undergoing the change act as a receptor and the thin film or 1D

PC structure as a transducer of the photonic sensor. Photonic liquid and vapor sensors operating on RI

changes are mainly based on filling the textural pores of NP layers with the analyte vapor while

keeping the thickness of the layers constant.[275,276,281] In contrary, sensors operating on layer thickness

changes are mainly based on swelling of the layers by the incorporation of the analyte

molecules.[271,274,276] In the case of swelling, the RI of the analyte and of the thin film are usually not

matching and therefore slight changes in the RI are also observed during the swelling process.[274] The

slight changes of the RI during swelling can for instance be observed in a turbostratically disordered

nanosheet-based thin film. If the nanosheets are preferentially oriented parallel to the substrate,

intercalation of the analyte in the interlayer space is one of the main causes for the swelling and hence

in the color change (Figure 1.10 c).[276,282]



1. Introduction

23

Figure 1.10. Schematic sensing with a photonic thin film illustrating the influence of analyte exposure on the optical

thickness and hence, on the observed color. In the case the analyte uptake changes a) the RI of the thin film, e.g. an idealized

pore filling scenario, b) the thickness of the thin film, for instance, an idealized swelling process with an analyte of the same

RI as the thin film, and c) both, however, the layer change is much more dominant. Here, this is shown for the example of a

nanosheet-based thin film, which is the main type of sensors investigated in this thesis. d) Schematic reflectance spectra of

the thin film before and during analyte exposure, which can be obtained with an optical spectrometer.

Photonic sensors based on inorganic nanosheet swelling have rarely been studied until recently,[282-287]

whereas photonic sensors based on pore filling in nanostructures[271-276] or swelling of organic

materials[288-295] have been studied extensively.

The other type of chemical vapor sensors, investigated in the thesis are electrochemical nanosheet-

based humidity sensors relying on a change in proton conductivity. In general, the main mechanisms

of proton conductivity are the Grotthuss and the vehicle mechanism.[296-298] In the Grotthuss

mechanism protons are transferred through a hydrogen bond network relying on the interplay of

several rather stationary “binding sites” and their reorientation.[296-298] In contrast, in the vehicle

mechanism, the protons are bound to a vehicle such as H2O and NH3, which is able to diffuse through

the structure.[296-298]

In the electrochemical vapor sensors relying on a change of proton conductivity, the material can

fulfill both sensor functions, namely signal recognition and transduction, which is in contrast to the

photonic sensor discussed above.[299,300] An increase in RH leads to a take up of water molecules in

between the layers as well as grain boundaries of the sensing material (signal recognition). This water

uptake leads to altered hydrogen bonding and diffusion as well as proton conduction pathways in the

sample, which ultimately leads to a change in proton conductivity of the sample (transduction). The

proton conductivity and its change can be measured by means of impedance spectroscopy. In
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impedance spectroscopy the response (current) of the sample to an applied alternating voltage in a

certain frequency range is measured. The impedance Z is thereby given by:[301]

ܼ  =  (௧)
ூ(௧)

= ಲ  ೕೢ

ூಲೕഘషೕക 
 =  ܼ (ܿݏ ߮ + (߮ ݊݅ݏ ݆   =  ܼ  +  ݆ܼ (Equation 1.4)

Hereby, VA and IA are the voltage and current amplitudes, ω the radial frequency of the applied voltage

signal, Zreal (resistive parts) and Zim (reactive parts) the real and imaginary part of the impedance, and

φ the phase shift. The obtained frequency dependent impedance data can be plotted in a Nyquist (-Zim

against Zreal) or Bode plot (ZA and φ against frequency) and modelled with an equivalent circuit to

obtain the proton conductivity.[301,302]

1.6.1.2 Performance parameters of sensors

The performance of the different types of chemical sensors can be assessed by comparing the sensor

parameters mainly represented by the important “4S”,[70,83] which are sensitivity, selectivity, speed and

stability (see Figure 1.11).

Figure 1.11. Illustration of the sensor performance parameters. a) Sensitivity according to the slope definition and the

maximum sensitivity, which is shown by the dotted lines, for a sensor with a high (red) and low (yellow) sensitivity. b)

Distinguishing capability of the sensor toward different sorts of stimuli (here analytes), which provides information on the

sensor selectivity. c) Response (red) and recovery (grey) time, which are the times needed to achieve 90% of the signal

change (dotted lines at 90% and 10% signal change for determination of the response and recovery time, respectively). d)

Signal stability with cycling number providing information on the sensor stability. A cycle consists of one value of high (dark

blue) and low (dark green) analyte concentration.

As the usage of some of these parameters is not consistent in the present literature, despite

International Union of Pure and Applied Chemistry (IUPAC) guidelines from the 1990s and early

2000s,[303-305] it is indispensable to provide a definition for the parameters used in this thesis.

The sensitivity describes the amount of signal change per concentration unit of the analyte (slope

definition).[267,303] Maximum sensitivity is also referred to as the total signal change in the whole

dynamic range, which is the measurement range of analyte concentration. Sensitivity should not be
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confused with (lower) the limit of detection, which is also a useful quantity, but describes a separate

sensor characteristic, i.e. the lowest amount of analyte detectable, usually given in ppm or ppb.[267,303]

The selectivity is the distinguishing capability of the system between analytes or groups of analytes.

Note that the former is a simplified definition compared to the definition given by IUPAC, which

states “Selectivity refers to the extent to which the method can be used to determine particular analytes

in mixtures or matrices without interference from other components”.[305] The more complex IUPAC

definition would also take into account, for instance, non-additive dependence effects on the

concentration of the interfering compound. Note that the term specificity is not equivalent to

selectivity as specificity is regarded as being ultimately selective (absolute term, cannot be graded).[305]

Therefore, it is not recommended to use the term specificity with respect to sensors at all, as there is

almost no sensor that is responding only toward one single analyte.[305]

The speed of the sensor is given by the response time and recovery time.[70] The response and recovery

times for an analyser are defined as the time to achieve 90% of the signal change caused by a sudden

change (stepwise change) in the quantity to be measured.[303,304] Note that IUPAC provides also a

second definition for response and recovery time for a detector, which does not explicitly specify the

percentage of signal change,[306] and in the literature even more definitions are used.[300,307]

Sensor stability includes several important characteristics, including long term stability, chemical

stability and cyclability.[267,308] Hence, the stability, in principle, provides information on how long,

how many times (cycles) and under which conditions a sensor maintains its performance.[267]

Other important parameters not covered by the “4S” include hysteresis of the sensor, the detection

limit, cost, and the size of the sensor, whereby the latter two are mainly important with regard to

practical applications.

1.6.1.3 Comparison of current state of nanosheet-based vapors sensors

The most studied nanosheet-based vapor sensors in the present literature are by far chemiresistors and

FETs, and to a much lesser extent impedance-based sensors as well as photonic sensors.[70,136,268-

270,283,286,299,300,309] Nanosheets used in chemiresistors and FETs are usually based on van der Waals

materials and work on charge transfer processes of the analyte to the sensing material. They offer high

sensitivities in the ppm to ppb region and, hence, also a low limit of detection,[310-316] but they suffer

from limited response and recovery times in the seconds to minutes range, as well as limited

selectivity and lifetime.[161,268-270,311,313-315] Although the limited selectivity can be partially overcome

by covalent modification,[137] metal NP decoration[159,160,162] or utilizing new 2D materials,[313] the

relatively slow response and recovery times typically remain disadvantages. In contrast, impedance-

based nanosheet sensors, which, for example, work on changes in the proton conductivity and are

mainly GO-based, can offer fast response and recovery times. However, so far only little data is

available regarding their selectivity and limit of detection.[299,300] In comparison to the sensors

discussed before, photonic nanosheet-based vapor sensors widen the scope of utilizable stimuli
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responsive nanosheets as they operate on film thickness changes and hence, also non-conducting

materials can be utilized.[283,286] In addition, they offer the advantage of working without a power

supply as well as providing, in principle, a fast response and recovery time.[283,286] However, almost

nothing is known regarding the sensitivity and selectivity toward other vapor analytes than humidity.

All these approaches in their current state are lacking a widely tunable selectivity. In addition, only a

few examples of impedance and photonic nanosheet-based sensors are known. Therefore, objectives of

this thesis are to gain more fundamental knowledge about nanosheet-based impedance and photonic

sensors, as well as to develop highly tunable photonic nanosheet sensors.
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1.6.2 Transition metal oxide nanosheets: promising high-k dielectrics

Besides being good candidates for sensors some of the nanosheets investigated in this thesis are also

good dielectrics. A dielectric material is a polarizable insulator.[317,318] One of the most important

parameter describing a dielectric material is its dielectric constant, also referred to as relative

permittivity (denoted either εr, κ or k).[317-319] The dielectric constant is a macroscopic measure of the

response, a polarization, of a material to an applied stimulus, an electric field.[317,318] Therefore, the

dielectric constant can be described as the factor by how much an effective electric field is decreased

due to polarization of the dielectric material.[319]

ߝ  =  ாబ
ா

(Equation 1.5)

Hereby, E0 is the electric field without a dielectric material and E with a dielectric material.

A material with a dielectric constant greater than that of silicon dioxide (εr = 3.9) is called a high-k

dielectric.[15] In order to achieve a high dielectric constant the material needs to have a good

polarizability.[317,318] The total polarizability of a material consists of several contributions, such as

electronic, ionic, orientational and space charge polarizability, but also defects can contribute.[317] For

homogenous isotropic materials (cubic or amorphous) with only electronic and ionic contributions to

the polarizability, the polarizability can be directly related to the dielectric constant by the Clausius-

Mossotti equation.[317,319] In other cases, it is more complicated, but nevertheless the dielectric constant

can be thought to consist of similar contributions as the polarizability.[317] Note that these contributions

are frequency dependent and hence, if a varying electric field is applied, the dielectric constant is best

described by a complex number εr = εr' - i εr''.[317,318] The ratio between εr''/εr' is defined as the loss

tangent δ, which is another important characteristic of a dielectric material, and is a measure of the

energy loss, e.g. energy that gets transferred into heat.[317,318]

Dielectric materials are omnipresent in our daily life due to their utilization in diverse electronic

components.[15,218] One of the main utilization of dielectric materials is in capacitors.[15] A parallel plate

capacitor consists of two conducting parallel plates and a dielectric material between them (Figure

1.12 a).[317,319] The dielectric material has the effect of not only separating the plates at close distances

and of increasing the breakdown voltage, but also to increase the capacitance (q/U), which is the

amount of stored charges (q) per volt (U), by the factor εr.[319] It can be either understood in case of a

disconnected power supply, for example, a battery, where it lowers the electric field, thereby

decreasing the voltage between the plates, or in the case of a connected power supply, where it pumps

additional charges on the plates to maintain the voltage.[319] The capacitance is given by:[317,319]

= ܥ 


 = ߝߝ 

ௗ

(Equation 1.6)
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where ε0 is the vacuum permittivity, A the area of the plates, d the distance, and εr the dielectric

constant of the material between the plates. Hence, in order to achieve a high capacitance, the

dielectric constant εr and the area A need to be large, while the distance d should be small.

Another important application of a dielectric material is as a gate dielectric in a FET (Figure 12b).[15,74]

A high capacitance of the dielectric layer allows the FET to be operated at lower biases according

to:[74]

ௗ ܫ =  µ  ௐ


ܥ   ൫ ܸ − ௧ܸ൯ ௗܸ with  ௗܸ  ≪ ܸ − ௧ܸ (Equation 1.7)

Hereby, Id is the source-drain current, µlin the linear mobilitiy, W/L channel-width-to-length ratio, Ci

the areal capacitance of the gate dielectric, Vg the gate voltage Vt the threshold voltage and Vd the

source drain voltage. Moreover, achieving a higher Ci might allow for further downsizing, as the same

capacitance can be achieved in a smaller area.[15,262]

Figure 1.12. Application of dielectric materials in capacitors and in FETs. a) Schematic drawing of a parallel plate capacitor

including a dielectric material between the two conductive plates. b) Schematic drawing of a FET. In the FET the dielectric

material separates and insulates the gate electrode from the semiconducting channel material.

TMO nanosheets are very promising candidates for high-k dielectric materials as they inherently have

a small thickness and are mainly insulating due to their d0 configuration.[15,74,262,320] More importantly,

they can exhibit high dielectric constants (εr > 150) owing to their highly polarizable components such

as NbO6 or TaO6 octahedra.[15,218] Moreover, nanosheets derived from layered perovskites, e.g.

Ca2Nb3O10
-, have shown low dielectric losses (tan δ < 4%), leakage currents (Ileak < 10-7 A cm-2) and

high break down voltages (dielectric strength 3-4 MVcm-1).[218,264,321] More importantly, in contrast to

other currently investigated high-k materials like BaTiO3 they have a very small temperature

coefficient τ and show no “size effect”.[226,227,264,321] The “size effect” is the decrease of εr with

decreasing dielectric thickness,[154,155] which is commonly attributed to “dead layer” issues.[15,81,155,218]

They are beneficial features for their utilization in miniaturized capacitors as well as high temperature

applications.[15,226,227] In addition, there exist several ways to optimize the dielectric performance of

these perovskite-based nanosheets. One possibility is site engineering, like substitution of A or B site

with Sr or Ta in Ca2-xSrxNb3-yTayO10
-,[155] which can lead to higher dielectric constants or lower leakage

currents. Another option is tuning the structural nanosheet thickness, for instance the thickness of the
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NbO6 blocks z in Ca2Naz-3NbzO3z+1
-, which can result in dielectric constants as high as 470 in ultrathin

films (<10 nm), leading to a very good areal capacitance of 203 µF cm-2.[80]

In summary, oxide nanosheets exhibit excellent dielectric performances. However, they have not yet

been utilized in industrial applications due to the lack of re-producing identical nanostructures with

reasonable lateral sizes at larger scales.[15,264] Therefore, the development and improvement of

processing, structuring and assembly techniques of these oxide nanosheets is of high interest. In

Chapter 5 we are trying to close this gap with the development of a photolithographic structuring

technique suitable for photocatalyitcally active nanosheets, e.g. Ca2Nb3O10
-.

1.7 Objectives

Despite the extraordinary and outstanding properties of nanosheets, nanosheet-based devices are

mainly absent in our everyday life. The main reason for their absence is the inability to synchronize

the large-scale production of single layer nanosheets with the ability to reproducibly position them in a

scalable fashion with high control, as well as to modify, and hence, tailor their properties according to

industrial needs (see Chapter 1.1). To harvest the nanosheets’ superior properties in impactful

applications, it is hence indispensable to overcome this key-challenge.

Therefore, the ultimate objective of this thesis was to overcome this key challenge for phosphate and

oxide nanosheets. As outlined, this goal can be achieved by improving or developing new

delamination, positioning and tuning methods for oxide and phosphate nanosheets. Therefore,

achieving progress in these three research areas were coupled or linked subordinate objectives of this

dissertation.

As for phosphatoantimonate nanosheets a high single-layer yield and straightforward exfoliation

procedure was reported before in my master thesis and by others, the two pivotal goals were to find a

scalable assembly method as well as to identify promising areas of applications. As they were

achieved in Chapter 2 and 3, the next objective was to demonstrate the tuneability of the nanosheet-

based devices (Chapter 4 and 6).

For the other class of material, TMO nanosheets, several impressive properties combined with proof of

concept applications have been demonstrated (see Chapter 1.6.2). However, efficient methods for

controlling the lateral size of the nanosheet-based structures were lacking, thus hindering their out-of-

lab application. A further bottleneck for their real life application is the lack of very efficient

exfoliation strategies. Therefore, the additional objectives of this thesis were to develop alternative

exfoliation strategies (Chapter 7) as well as to improve their positioning and patterning (Chapter 5).

A concise schematic overview of the conducted work is given in the following (s. Figure 1.13).
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Figure 1.13. Schematic and concise overview of the work contributing to the current thesis. The nanosheets investigated in

this thesis were mainly phosphate and oxide nanosheets. Their respective relevant applications are given in italics in the

brackets. For achieving a tunable device, which is suitable for industrial applications, it is necessary to carry out research in

the areas of exfoliation (blue, left column), positioning (green, middle column) and modification (red, right column) (see also

Figure 1.1). The images shown in the central row belong to Chapter 7 (left; AFM image of exfoliated Ch-LaNb2O7

nanosheets; exfoliation), Chapter 5 (middle; SEM image of (NH4)xH1-xCa2Nb3O10 nanosheet structures obtained by PNL;

positioning) and Chapter 6 (right; optical microscope images of H3Sb3P2O14 thin films intercalated with primary alkylamines;

modification) and are representative examples of the results obtained in the current thesis in these areas. The words

highlighted in grey refer to topics already carried out before in the literature, which are hence not part of the thesis.
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Abstract

The exponential growth of digital technology has triggered the need for input devices with high spatio-

temporal fidelity. Next-generation user interfaces relying on touchless operating principles may be

realized by sensors with a high local sensitivity to a relevant external stimulus. Herein, we present a

novel optical concept for touchless positioning interfaces operating as ultrasensitive humidity sensors

based on 2D phosphatoantimonate nanosheets. First, by utilizing the remarkable moisture-induced

swelling capacity of the nanosheets, a resistive thin film device with a dynamic ionic conductance

range covering five orders of magnitude over the complete humidity range was realized,

corresponding to a 170-fold signal increase triggered by the humidity sheath of a finger. This giant

moisture response was implemented in a photonic sensing platform based on porous 1D PCs with a
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high selectivity for water vapor. The unprecedented sensitivity toward humidity is demonstrated by an

ultrafast stop band shift of the BP by 517 nm, thus translating into a full spectrum color-change under

touchless conditions. Moreover, we demonstrate reversible, complete transparency switching through

RI matching. The observed ultra-sensitive, spatially confined color-change near the fingertip provides

a unique tool enabling touchless tracking of finger movements based on a simple optical read-out.

Table of Content: A new optical touchless positioning interface-based on ultrasensitive humidity

responsive 1D PCs utilizing the giant moisture dependent swelling capacity of 2D

phosphatoantimonate nanosheets is presented. The spatially confined, full spectral color change

combined with reversible transparency switching induced by the humidity sheath of a human finger

allows for real time, true color lateral finger motion tracking under touchless conditions.

2.1.1 Introduction

One of the key challenges in the development of next-generation electronic devices such as laptops,

smartphones, or tablets is the design of powerful hardware control systems. In this context, humidity

sensors exhibiting high spatial sensitivity to the degree of environmental moisture are promising

candidates for smart TPI, which operate based on local variations in the humid atmosphere around a

pointing object, such as the human finger.[1]

Here, we introduce a novel optical TPI concept for next-generation interactive user interfaces based on

a PC humidity sensing platform, which enables contact-less tracking of finger motion with direct

optical feedback in a stand-alone fashion.

1D PCs, referred to as BSs, are periodic multilayer systems comprising two materials with different

refractive indices (RI),[2] which are capable of translating environmental stimuli into an optical read-

out, induced by a shift in their stop band position.[3-5] Besides, these periodic structures are capable of

tuning the displayed color while keeping their transparency, thus opening up the possibility to

fabricate smart windows with tunable color as a function of the environmental conditions.

Although porous BSs have been extensively used to detect organic vapors and humidity through RI

changes induced by infiltration with analytes,[6-12] the observed shifts in the BP are rarely larger than a

few tens of nanometers, and typically well below 100 nm,[9-11,13] which limits the resolution in terms of

humidity sensing.[14] An alternative mechanism to trigger changes in the structural color of a BS is to
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modify the layer thicknesses, [3,4,6,15-18] which is particularly powerful when integrating dimensionally

flexible polymer layers into a BS.[3,16,17] The demonstrated panchromatic BP shift in such systems

induced by liquid water however comes at the expense of low thermal and chemical stability, as well

as slow response times of the active organic layers to organic solvent vapors or humidity. The largest

shift for photonic humidity sensors was reported by Tian et al. using a photonic hydrogel with a stop

band shift of around 300 nm and a response time in the range of 100 s.[19] Xuan et al. reported a Fe2O3

NP-polymer hybrid sensor with a stop band shift of around 150-230 nm, depending on the polymer

cross-linking degree. Here again, due to the characteristic polymer swelling, the response time was in

the range of hours.[20] A similar sensor performance was reported by Kim et al., who observed a stop

band shift of 137 nm in a polymer-based 3D opal structure with high cycling stability of thousands of

cycles.[21] In addition, several humidity sensors were reported with smaller stopband shifts in the range

of tens of nanometers and response times on the order of a few seconds.[22,23] Recently, Steele et al.[24]

and Hawkeye and Brett[25] presented mesoporous TiO2 gratings used for humidity applications, which

show an ultrafast response time in the subsecond range, but rather small stop band shifts (and therefore

resolution) on the order of 30 nm.

Here, we replace the dimensionally flexible organic component in BS by phosphatoantimonic acid

H3Sb3P2O14 nanosheets[26,27] with giant moisture responsiveness. The protonic bulk material, which has

long been known for its remarkable swelling characteristics driven by moisture and the resulting

humidity-dependent proton conductivity,[28,29] can be readily delaminated into 2D nanosheets, giving

rise to stable liquid crystalline suspensions with anisotropic optical properties.[26,27]

The integration of other 2D nanosheets into resistive sensing devices has already led to a superior

sensing performance as compared to the corresponding bulk materials, exemplified by a VS2

nanosheet-based TPI featuring moisture-sensitive electric, rather than ionic conductance.[1] While

flexible in their design, these resistive VS2 nanosheet sensors have certain drawbacks such as low

chemical stability under ambient conditions and rather poor sensitivity. Further examples of

nanosheet-based humidity sensors include NbS2,[30] GO,[31,32] MoS2,[33] and ZnO.[34] Nearly all of these

nanosheet sensors have either slow response times (e.g., 600 s for ZnO),[34] or low sensitivity[30,32,33]

(e.g., factor 5 increase in resistance for a change from 6% RH to 74% RH for NbS2).[30] Therefore, it

still remains a major challenge to design nanosheet-based humidity sensors for real-time interaction

devices with sufficient sensitivity.

In this work, we fashion thin films of phosphatoantimonic acid nanosheets into chemically stable,

transparent, and low-cost humidity sensing devices operating either with resistive or optical read out,

both of which can be applied as TPI based on spatially resolved humidity tracking. Drawing on the

smoother (i.e., less stepwise) RH-dependent swelling behavior of the nanosheets compared to the bulk

material[28] and the fabrication of mechanically stable, yet flexible thin films, we detect a significantly

enhanced response to a humid pointer as compared to existing devices. The novel optical TPI

introduced in this work is capable of contactless finger movement tracking through a combination of
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unique features such as ultra large stop band shift (>500 nm), along with reversible transparency

switching and a fast response time.

2.1.2 Results and discussion

The layered phosphatoantimonate K3Sb3P2O14 and the proton exchanged phosphatoantimonic acid

H3Sb3P2O14 (Figure S2.1, Supporting Information) were synthesized by a conventional solid-state

reaction followed by ion exchange with 8M HNO3 (Figures S2.2, S2.3, Table S2.1).[28,35] The

protonation and exfoliation process in pure water is schematically shown in Figure 2.1a. The schlieren

texture and the Tyndall effect of the resulting aqueous suspension indicate successful delamination

and the anisotropic nature of the nanosheets (Figure S2.4), while drop-casting the suspension gives

rise to randomly overlapping, c-oriented nanosheets (Figure 2.1b, c; Figures S2.5, S2.6). The thickness

of the Sb3P2O14
3− nanosheets as determined by AFM amounts to 1.3 ± 0.1 nm on average (Figure

2.1b), which agrees well with the crystallographic thickness of 1.10 nm for a single Sb3P2O14
3−

layer.[26,35] TEM-EDX analysis and SEM-EDX analysis confirm the expected elemental composition

(Tables S2.2 and S2.3) and the d values of the SAD pattern agree well with those of the nanosheet

pellet by PXRD (Table S2.4). The XRD pattern of a turbostratically disordered nanosheet pellet

obtained by centrifugation at 18000 rpm can be indexed on the basis of a trigonal layer group (Figure

S2.7) and exhibits Warren like peak profiles of the (hk) reflections typical of 2D materials.[36,37]
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Figure 2.1. Exfoliation scheme, nanosheet characterization, and conductance-based humidity sensing. a) Schematic process

of ion exchange and exfoliation for K3Sb3P2O14, assuming that swelling takes place first, followed by exfoliation. b) AFM

image of randomly oriented Sb3P2O143− nanosheets with a corresponding height profile of a single nanosheet labeled by the

blue line. c) TEM image of overlapping exfoliated Sb3P2O143− nanosheets with a representative SAD pattern of the sample,

which here is the pattern resulting from two nanosheets rotated against each other. d) Ionic conductance as a function of RH

obtained from measurements above saturated salt solutions (salt adsorption and desorption) and with an argon flow setup

(gasflow desorption and adsorption) for a film device with a thickness of 112 nm. e) Cycling behavior of the same film

device between 0% and 47% RH, measured in a chamber with an approximate volume of 100 mL.[38]

Nanosheet thin films with thicknesses around 100 nm can directly be used as resistive humidity

sensors. The transparent thin film device is displayed in Figure S2.8 along with two SEM cross-

section images from different areas, which illustrate the ultrathin nature of the device. Drawing on the

well-known moisture-dependent proton conductivity of phosphatoantimonic acid,[28] we first measured

the RH-dependent ionic conductance between 0% and 100% RH using two methods, a gas flow setup

and saturated salt solutions (for details see Figure 2.1d; Figures S2.8, S2.9, S2.10). Remarkably, we

observed an increase in conductance of the sample with increasing RH by five orders of magnitude

over the complete humidity range, with only a small hysteresis loop (Figure 2.1d), which is at least

three orders of magnitude larger than that observed for VS2 nanosheet devices. To the best of our

knowledge, this level of sensitivity is the highest observed for any nanosheet-based conductance or

resistance humidity sensor reported to date.[1,30-34] The cycling behavior of the thin film device

between 0% and 47% RH shows good reversibility (Figure 2.1e).[38] Notably, the RH dependence of

the proton conductance of our thin film device is quite different from that of phosphatoantimonic acid
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bulk material reported in the literature.[28] While the bulk material shows distinct step like behavior,

this is not the case for the nanosheet film device. We attribute the smoother increase in conductance to

the smaller particle size, leading to an increased amount of grain boundary adsorption, and to the non-

uniform interlayer space resulting in less well-defined water adsorption sites between the randomly

oriented nanosheets. Such textural effects likely change the water uptake mechanism from that of a

lattice hydrate (bulk material) to that of a particle hydrate (nanosheets), which accommodates a large

amount of water molecules on the internal and external surfaces of the nanosheets.

To further explore the sensing capabilities of the phosphatoantimonate nanosheets, thin films with

tunable thicknesses in the range of 50-150 nm were prepared by spin-coating the colloidal suspension

of exfoliated nanosheets at different spinning speeds. Upon increasing the RH from 0-100%, the

nanosheet film swells to the double of its thickness (e.g., Figure S2.11: from 72 to 128 nm). Hereby, a

particularly pronounced change is observed in the high humidity range above 90% RH (112-128 nm)

as determined by spectroscopic ellipsometry. This effect is accompanied by a RI decrease (from 1.62

to 1.52), again with a pronounced drop in the RH range above 90%, corresponding to the water uptake

and the resulting thickness change. The continuous RI decrease in the higher RH range then is the

result of mixing the refractive indices of water (1.33) and the nanosheets. The RI increase and the

nearly unchanged layer thickness in the low humidity range up to 10% RH are rationalized by the

structural pore filling of the randomly restacked nanosheets (Figure S2.11). While the bulk material

shows distinct step like swelling behavior,[28] this is not the case for the nanosheet film device. We

attribute the smoother increase to the same morphology reasons as discussed for the conductance

changes.

Inspired by the unprecedentedly large swelling properties of the nanosheet films, BSs were assembled

from H3Sb3P2O14 nanosheets as the humidity-sensitive component and either TiO2 or SiO2 NP layers

providing the required RI contrast. At ambient air (30% RH), the nanosheet film shows a RI of 1.56 as

determined by spectroscopic ellipsometry (Figure S2.11b). While TiO2 NPs exhibit a higher RI (1.85),

SiO2 NP layers show a lower RI (1.35) Figure S2.12. The particle nature of the TiO2 and SiO2 layers

acts as a gate, ensuring the access of the water molecules to the moisture-sensitive nanosheet layers

through textural porosity.[10] Figure 2.2a, b show cross sectional SEM images of two BSs containing

12 and 11 alternating layers of H3Sb3P2O14 nanosheets and SiO2 and TiO2 NPs, respectively,

evidencing long range stacking order and lateral layer uniformity across at least several microns. The

spectral position of the first-order BP maximum and, hence, the structural color at normal incidence is

given by Equation 2.1:[39]

ߣ = 2 (݊ଵ݀ଵ +  ݊ଶ݀ଶ) (Equation 2.1)

where n1 and n2 are the RIs of the different layers and d1 and d2 their respective thicknesses.
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The BSs depicted in Figure 2.2c (H3Sb3P2O14/SiO2) and d (H3Sb3P2O14/TiO2) show pronounced

structural colors, which can be judiciously adjusted and gradually fine-tuned during the fabrication

procedure across the visible spectrum.

Figure 2.2. Optical and structural characterization of the SiO2/H3Sb3P2O14 and TiO2/H3Sb3P2O14 nanosheet-based BSs. a)

SEM cross-section images of the SiO2/H3Sb3P2O14 BS fabricated by 4000 rpm spin coating speed. The lower magnification

image was taken with the SE detector and the higher magnification inset with the in lens detector. The white arrows indicate

the nanosheet layers. b) SEM cross-section images of the TiO2/H3Sb3P2O14 BS fabricated at 4000 rpm spin coating speed.

Both images were taken with the in lens detector. c) Photographs of the SiO2/H3Sb3P2O14 BSs fabricated at different spin

coating speeds, from left to right: 2000, 3000, 4000 rpm, respectively. d) Photographs of the TiO2/H3Sb3P2O14 BSs fabricated

at different spin-coating speeds, from left to right: 2000, 3000, 4000 rpm, respectively. e) Optical spectra of the

corresponding SiO2/H3Sb3P2O14 BSs shown in the photographs (c) in the corresponding order. f) Optical spectra of the

corresponding TiO2/H3Sb3P2O14 BSs shown in the photographs (d) in the corresponding order.

In order to study the key features of our optical humidity sensors, the two BSs were introduced into a

closed chamber with a transparent upper window, and the position of the BP was measured for

different RH values controlled by saturated salt solutions at 25 °C.[40,41] The supposed sensing

mechanism of the BSs is schematically depicted in Figure 2.3a. Here, the thickness of the particle

layers is assumed invariable, so three main processes affect the humidity-dependent optical response

of the BS: i) The RI changes of the TiO2 and SiO2 NP layers with the adsorption/desorption of water

into their textural pores (i.e., interparticle voids, Figure S2.12), ii) the change of the RI of the

nanosheet layers through uptake/loss of water (Figure S2.11b), iii) the humidity-dependent thickness

of the nanosheet layers (Figure S2.11a). While for SiO2 and TiO2 the effective RI of the layers

increases with increasing water content due to the pore filling process, it decreases for the nanosheet

layers as the effective RI approaches that of pure water with increasing degree of hydration. The latter
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phenomenon is driven by the massive swelling of the nanosheet layers in contrast to the more compact

NP layers. These features can be extracted from the humidity-dependent reflectance spectrum and the

overall optical changes can also be monitored as color changes with the naked eye. The two BSs

qualitatively behave differently: In the H3Sb3P2O14/SiO2 BS, the photonic stop band red-shifts by

100 nm in the lower RH range (up to 90%) as plotted in Figure 2.3 b (solid lines). The set of

microscope images shown below corresponds to the color displayed by the BS for three different RH

values (32%, 93%, 100%). For increasing values of the RH, the BP redshifts, while its reflectance

intensity gradually decreases and finally vanishes (Figure 2.3b, black spectrum). The color displayed

by the sensor (Figure 2.3c) follows this behavior and for the highest value of humidity, the 1D PC

switches off, i.e., becomes completely transparent (Figure S2.13). This effect finds its explanation in

the elimination of the optical contrast between the layers forming the BS with increasing RH. While

the RI of the particle layer increases and its thickness roughly remains constant, the RI of the

nanosheet layer decreases while the layer thickness increases, leading to an overall redshift of the BP.

Since the RIs of the nanosheet and NP layers follow opposite trends, both values ultimately become

nearly equal at above 95% RH, leading to the disappearance of the optical contrast. As the BP is

canceled out, the optical sensor turns completely transparent and light is transmitted by the structure

throughout the visible range (Figure S2.13). Complete transparency switching through reversible RI

matching has previously been realized by rational porosity and RI tuning of the constituent layers.[42,43]

These hygrochromic multilayers however are only capable of detecting liquid water, rather than

humidity sensors.
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Figure 2.3. Optical humidity sensing features of the SiO2/H3Sb3P2O14 and TiO2/H3Sb3P2O14 BSs. a) Scheme of the suggested

humidity sensing mechanism. b) Experimental (solid spectra) and simulated (dashed spectra) reflectance spectra of the

SiO2/H3Sb3P2O14 BS at different RH values. c) Microscope images of the SiO2/H3Sb3P2O14 BS surface at RH values of 32%,

93%, and 100%, respectively. d) Experimental (solid spectra) and simulated (dashed spectra) reflectance spectra of the

TiO2/H3Sb3P2O14 BS at different RH values. e) Microscope images of the TiO2/H3Sb3P2O14 BS surface at RH values of 32%,

93%, and 100%, respectively.

The specular reflectance spectra taken for the TiO2/H3Sb3P2O14 BS are plotted in Figure 2.3d (solid

lines), along with the corresponding surfaces of the BS for different RH values (Figure 2.3e). The BP

redshifts by 100 nm in the RH range of 0-90%. Contrary to the SiO2 containing BS, the reflectance

rises with increasing RH and the stop band broadens, which can be rationalized by the increase in

optical contrast of the layers with increasing RH. We observe a total redshift of more than 517 nm,

shifting the BP out of the visible range into the IR, while the second-order BP is observed at 495 nm

(red curve of Figure 2.3d). The observed red shift at high RH is the largest ever observed for a BS for

moisture sensing applications. Note that besides these unique color changes, the fast response time,

high reproducibility, and cyclability of the BS device (Figures S2.14, S2.15) are unprecedented.

Although there have been a few systems reported in the literature, which show stop band shifts larger

than 100 nm, these systems invariably exhibit slow response times due to diffusion limitations in the

swelling of the integrated polymers.[19-21] The porous nature of the NP layers in our BS sensor and the

fast equilibration time of the nanosheet layers ensure easy access of the water molecules into the

device and a fast response time throughout the entire device. Simulations of the optical spectra were

carried out with a Matlab code [9] to confirm the optical properties observed for our BSs (Figure 2.3b,

d, dashed lines; for the input parameters used, see Figures S2.11, S2.12, Tables S2.5, S2.6). The

excellent agreement between the values obtained in both cases proves the validity of the proposed

sensing mechanism (Figure 2.3a).
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Both, the conductance of the nanosheet thin film and the optical properties of the BSs show a

reproducible, fast, and selective response to changes in RH, which are important performance

parameters for position-sensitive user control interfaces. Since the fingertip is surrounded by a

distance dependent humidity atmosphere, the read-out schemes developed above present intriguing

candidates for the development of 3D (i.e., lateral and height-sensitive) non-contact interactive

interfaces. To probe the touchless sensing capability of our nanosheet thin films and the BS, first, the

nanosheet film on a quartz substrate was studied. Hereby, an increase of the conductance by more than

a factor of 170 was observed when the distance of the finger from the sensor surface was reduced from

1.6 to 0.1 cm at 30% ambient RH (Figure 2.4a). This is notably higher than the values recently

reported for VS2 or GO thin film devices with a reported 3- or 0.35-fold signal increase.[1,32] Note also

that the fast full response (<2 s) and recovery times (3 s) toward “tapping” finger motion even allow to

resolve subsecond events as shown in Figure S2.16. The observed response times are rather fast

compared to other nanostructured humidity sensing devices with typical response times on the order of

tens to hundreds of seconds,[34,44-47] and even faster than those of state-of-the-art resistive sensors based

on GO or VS2,[1,32] or commercially available sensors.[48-50] The finger-tip induced conductance

changes monitored in a dynamic measurement (Video S2.1) also demonstrate that the thin film device

indeed has a very fast and reversible response to finger distance changes.

With the highly sensitive photonic read-out scheme presented above, the tools are at hand to go one

step further and develop a novel optical TPI based on the lateral tracking of a humid pointer with an

optical read-out visible by the naked eye. For such optical devices, no integration with an electronic

assembly is necessary to visualize the lateral finger position above a photonic surface. Our

experiments, which demonstrate the feasibility of this touchless optical sensing principle, are

summarized in Figure 2.4 and visualized by Videos S2.2, S2.3, S2.4, and S2.5. Positioning the finger

in a vertical distance of 1 mm from both presented BS surfaces leads to a color gradient along a

distance between 1.0 and 1.8 mm from the finger tip, as shown in the microscope pictures

corresponding to the two configurations proposed for TiO2/H3Sb3P2O14 and SiO2/H3Sb3P2O14 BSs,

respectively (Figure 2.4d, e). This is in perfect agreement with the conductance behavior, as in the

small distance range the sensing signal drops similarly fast (Figure 2.4 a) due to the spatially

dependent humidity gradient around the finger. Looking at the structural colors of the gradient, the

color at 1.0 mm real distance corresponds to the 100% RH sensing signal (where the optical contrast

and reflectance are lost) in the case of the SiO2/H3Sb3P2O14 BS. In both cases, the structural color for a

distance of 1.5 mm corresponds to a RH of around 90% (see Figure 2.3). In Figure S2.17, we show

that the BS can be operated as a TPI also at longer distances up to ≈ 12 mm. The stop band shift is

observed immediately (Figure 2.4f, g), and the captured reflectance spectra for the SiO2/H3Sb3P2O14

BS show a response time of 3 s (defined as the time it takes for 90% of the stopband shift before the

structural color vanishes). Further cycling experiments (Figures S2.18, S2.19, and S2.20) demonstrate

that a SiO2/H3Sb3P2O14 BS responds instantaneously to fast “tapping” finger motion, resulting in a
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subsecond time resolution (note that the “tapping” motion was also carried out under touchless

conditions). The fast response is also obvious from lateral movement of the finger across the BS

(Figure 2.4h-l, Video S2.5). An instantaneous color response precisely following the finger movement

was observed, which is equivalent to a high-accuracy tracking of the finger movement (see Figure 2.4

h-l, Video S2.5). The BS response occurs exclusively due to the local water vapor atmosphere

surrounding the finger, rather than a temperature effect, as: i) the response in the finger-on state

(Video S2.2) is completely analogous to the measurement at very high RH carried out at RT, and ii) no

color change is observed if the finger is protected by a nitrile glove (Figure 2.4c), while a fast and

pronounced color change is directly seen by approaching the naked finger (Figure 2.4b, Figure 2.4h-l).

Notably, the humidity response is fully reversible during cycling (Figure 2.4g inset, Figures S2.18,

S2.20) and the BS can be cycled for more than 1000 times without observing any signs of degradation

(Figures S2.19, S2.20) or changes in its response behavior. Finally, the BSs show long term stability

without any loss of functionality after repeated usage and storing them in air for more than 8 months

(see Figure S2.21).
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Figure 2.4. H3Sb3P2O14 nanosheet-based devices acting as a TPI. a) Sensing response characteristics as a function of the

finger distance of a thin film device obtained by spin-coating at 3000 rpm. The measurement was performed at around 30%

RH. b) Photograph of the SiO2/H3Sb3P2O14 BS with an approaching finger. Note that the finger is not in direct contact with

the BS. c) Photograph of the SiO2/H3Sb3P2O14 BS with an approaching finger covered with a nitrile glove. No response is

observed in this case. d) Real color microscope image of the TiO2/H3Sb3P2O14 BS, showing the lateral color gradient around

the finger position. The finger was positioned at the top right corner, in a vertical distance of 1 mm from the BS surface. Real

distances from the finger to the corresponding image positions are indicated. e) Real color microscope image of the

SiO2/H3Sb3P2O14 BS showing the lateral color gradient around the finger position. The scheme shows the position of the

finger in the top right image corner in a vertical distance of 1 mm. The real distances from the finger at the corresponding

image positions (calculated by the Pythagorean theorem) are indicated. f) Evolution of the reflectance spectra of the

TiO2/H3Sb3P2O14 BS upon keeping the finger at 1 mm vertical distance to the BS surface. The different colors correspond to

the different magnitudes of the response. g) Evolution of the reflectance spectra of the SiO2/H3Sb3P2O14 BS taken after 3 s

optical response time upon keeping the finger at 1 mm vertical distance to the BS surface. Inset: Intensity changes of the

SiO2/H3Sb3P2O14 BS while cycling between the finger-on and finger-off states. h - l) Photographs showing the finger

movement tracking capability of the photonic TPI. The pictures are video frames from a similar video as Video S2.5 taken at

1, 2, 3, 4, and 5 s, while the finger was continuously moved laterally along the SiO2/H3Sb3P2O14 BS without direct contact

with the photonic TPI surface.
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2.1.3 Conclusion

In summary, we have demonstrated the potential of phosphatoantimonic acid nanosheet-based

resistive and photonic humidity sensors as TPI, which represents a novel concept complementary to

the contact-based technology. Transparent nanosheet thin films can be applied as a resistive RH

sensor, since the ionic conductance of the film strongly depends on the surrounding RH, featuring high

sensitivity with a response of five orders of magnitude, good cyclability, and ultrafast response

characteristics in the subsecond range. We have demonstrated that due to these properties, the

nanosheet thin film device can be applied as a touchless axial positioning interface with a change of

ionic conductance between the finger on and finger off state by a factor of 170. Further, “smart” 1D

PCs were developed as versatile humidity sensors with a simple optical read out. The ultrahigh stop

band shift of 517 nm of the TiO2-based BSs and the switchable transparency through optical contrast

loss of the SiO2-based BSs are unique features of the proposed sensing platform. This second property,

the gradual loss of reflectance accompanied by a color change, makes these multilayers potential

candidates for privacy windows or smart window applications. Due to the straightforward optical

tunability, the extremely high sensitivity, reproducibility, ultrafast response and recovery times, a new

concept of a position-sensitive optical TPI was demonstrated for the first time. As the humidity-

responsive photonic device gives the user direct optical feedback about successful interaction, no

additional soft- and hardware, which is implemented for contact visualization in current state of the art

capacitive touch screens, is needed. Using the contactless optical read out proposed in this work, the

disadvantages of conventional touch screens such as scratches or fingerprints could be eliminated,

while touchless tracking of finger motion is achieved in a simple fashion without complex electronic

circuitry.
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2.2 Supporting Information: Touchless Optical Finger Motion Tracking Based on 2D

Nanosheets with Giant Moisture Responsiveness

2.2.1 Methods

Solid state synthesis, protonation and exfoliation of nanosheets

For the synthesis of K3Sb3P2O14 the precursors (KNO3 (99 %, Merck), Sb2O3 (99.6 %, Alfa Aesar),

NH4H2PO4 (98 %+, Acros Organics)) were thoroughly ground in a stoichiometric ratio and heated up

as described elsewhere.[1] For the proton exchange reaction, 2 g of K3Sb3P2O14 were treated with

250 mL of 8 M nitric acid (diluted 65 wt%, Merck) overnight, filtrated, washed with ethanol and dried

at room temperature. This treatment was repeated one more time to complete the exchange reaction.[2]

The success was monitored by XRD. Exfoliation was carried out by stirring the H3Sb3P2O14 vigorously

overnight in pure water with a concentration of bulk protons of 7.3 mmol L-1. The obtained colloidal

suspensions were centrifuged at 3000 rpm for 30 min to remove non-exfoliated bulk material. The

supernatant is a suspension of mainly single layer nanosheets. To obtain the nanosheet pellet, an

additional centrifugation step was applied at 18000 rpm for 30 min. The supernatant was discarded

and the gel like colorless wet aggregate was dried at 100  °C.

Synthesis of NPs

TiO2 nanoparticulate sols were synthesized using a procedure described elsewhere.[3] The colloidal

suspension of titania NPs used for spin coating was obtained by collection of the particles by repeated

centrifugation at 24000 rpm and redispersion in methanol.

SiO2 nanocolloids were purchased from Dupont (LUDOX TMA, Aldrich, 30 nm particle size, 34

wt%).

Preparation of colloidal suspensions

The dried colorless precipitate of the water exfoliated H3Sb3P2O14 nanosheets was redispersed with a

concentration of 42 mmol L-1 in a water/ethanol mixture (60 vol% ethanol) and sonicated for 2 h. The

TiO2 suspensions had a concentration of 2.5 wt% in methanol. The commercial colloids of SiO2 were

redispersed at 3 wt% in methanol.

Fabrication of thin films and BSs

All films were made by means of spin-coating using a spin-coater (WS-650S-NPP-Lite, Laurell

Technologies Corporation) and concentrations given above. Different film thicknesses were accessed

by varying the spin-coating speed, which allowed the fine-tuning of the optical properties.[4] On

plasma cleaned microscope glass slides with the dimensions of 2.5 cm x 2.5 cm, 400 µl of the

colloidal suspensions were spin coated alternatingly for 1 min with a defined speed, and heated to

80 °C for 15 min after each layer deposition. 2000 rpm, 3000 rpm and 4000 rpm spin coating speeds
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were applied (the same speed for each layer within a BS) to tune the optical properties, while other

parameters such as colloidal concentration, spin coating time and acceleration rate (10000 rpm/s) were

kept constant. For conductance measurements, this redispersed Sb3P2O14
3- nanosheet colloid was spin-

coated at 3000 rpm or 2000 rpm for 1 min with a 10000 rpm s-1 acceleration ramp on a 1.5 cm x

1.5 cm plasma-cleaned quartz substrate. Gold contacts were sputter-coated (108auto, Cressington)

with 180 s sputtering time.

2.2.2 Characterization

Structural characterization

TEM images and SAED patterns were obtained with a Phillips CM30 ST TEM (300 kV, LaB6

cathode) equipped with a Gatan CCD camera. TEM EDX analysis was performed with a Si/Li detector

(Thermo Fisher, Noran System Seven). SEM images of the nanosheet pellet were collected with a

Vega TS 5130 MM (Tescan) equipped with Si/Li detector (Oxford). SEM cross-sectional images of

the BSs were taken with a Zeiss Merlin FE SEM. AFM measurements were done on a Veeco CP II

system in non-contact mode. XRD patterns were collected on a powder X-ray diffractometer (Stadi P,

STOE) working with Ge(111) monochromated Mo-Kα1 radiation (λ = 70.926 pm) or Cu-Kα1 radiation

(λ = 154.051 pm) in Debye Scherrer or transmission geometry with an image plate detector or a point

detector. Well ground samples were either put between two Mylar® foils or filled in a glass capillary.

Indexing was performed with the software DiffracPlus TOPAS v4.2 (Bruker AXS). The images of the

BS surfaces were obtained with an optical microscope (Olympus BX51), operating in reflection mode

with a 4x objective.

Conductance measurements

To obtain the conductance measurements, two different methodologies were used. In the first one, the

films were kept over saturated salt solutions,[5,6] at around 25 °C in a closed atmosphere at least 15 min

before the conductance measurements. In the second one, we used an argon flow set up (Figure

S2.10). A dry Ar flow and a water vapor saturated Ar stream were mixed in different ratios to define

the humidity between 0-93.5%. The setup was calibrated using the conductance values previously

measured at the RH defined by the salt solutions. The cycling experiments were performed with either

the Ar flow setup, Figure S2.10, or by a tapping motion of a human finger. The change in conductance

was monitored by impedance spectroscopy (in plane geometry, two point measurement) with an

impedance bridge (Princeton Apllied Research, VersaSTAT MC) applying an AC voltage of 500 mV

and a frequency range of 1 Hz to 1 MHz. Cycling measurements were performed with a fixed

frequency of 300 Hz.
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Optical measurements

Porosimetry measurements were carried out by the porosimetry tool of Sopra PS-1000 SAM, whereby

the sample was equilibrated at all water vapor relative pressure values for 15 min. The measurement

results were fitted with the software Sopra SAE using the model combination Cauchy and Lorentz.

The thickness of the NP layers was considered as constant and only the RI was fitted over the relative

pressure range. For the nanosheet thin films both values, the layer thickness and also the RI were

fitted. Before all measurements, the NP samples were heated for at least 30 min at 200 °C and the

nanosheet thin films for 30 min at 60 °C in vacuum to make sure that the pores are empty. To obtain

the optical isotherms, all fitted measurement results were plotted against the analyte relative pressure.

All optical spectra were measured with a fiber optic spectrometer (USB2000+, Ocean Optics) attached

to a microscope (DM2500, Leica) with normal incidence and the optical spectra were always taken at

the same spot (1×1 mm2 in area). To obtain the optical changes with RH change, the BSs were kept in

a stainless steel chamber with a transparent glass window and a total volume of 5 mL, placed above

0.7 mL of the saturated salt solutions at around 25 °C[5,6] as described above (see conductance

measurements). At each step, 20 min atmosphere equilibration time was needed. To illustrate the

reversibility, a dynamic method using a nitrogen flow setup (see below) was applied. Hereby, the

reflectance intensity changes of the BP were observed at a certain wavelength placed at the red stop

band edge. While the BP shifts in response to the analyte exposure, the reflectance intensity changes at

the observed wavelength. In these dynamic measurements, the BSs were placed into a closed chamber

with the dimensions of 2.5 x 2.5 x 0.5 cm3, where well-defined RH values were realized by connecting

the inserted pipette tip with a liquid gas flow controller (Bronkhorst) and a vaporizer (CEM) with a

massflow controlled carrier gas flow. To observe a specific RH, the carrier gas nitrogen (200 mL min-

1) and the liquid water were dosed into the CEM (controlled evaporation and mixing, W101A 130 K,

Bronkhorst High Tech),[7] where the thermal evaporation of water took place. The CEM was heated to

temperatures above the boiling point (120 °C for water). The relative vapor pressures were calculated

via the software FLUIDAT (CEM calculation), which considers the actual atmospheric pressure, the

temperature and the properties of the analyte (vapor pressure, heat capacity).[8] The spectra were

measured in the visible range with an OCEAN OPTICS QP400-2-UV-BX optical fiber interfaced with

a LEICA DM 2500 M microscope. The obtained data were analyzed with the SPECTRA SUITE

(2008) software.

Touchless positioning interface measurements

Conductance measurements were carried out by impedance spectroscopy (see above) by placing a

finger in different distances to the film surface (between 0.1 and 1.6 cm) without touching the thin

film device. For determination of the response and recovery time, a human finger was approached (ca.

1 mm distance) to the surface and removed subsequently. The response and recovery times were
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determined as the time to observe 90% of the conductance change (see Figure S2.16). The real time

conductance manipulation video was recorded using a smartphone camera.

Optical measurements were carried out similarly; a finger was approached to the BS in 1 mm distance.

Hereby, lateral optical changes were detected by the optical microscope (Olympus BX51) coupled to a

CMOS camera and an Ocean Optics USB4000-XR1-ES spectrometer. A finger cycling was carried

out by approaching and distancing the finger in regular intervals of ca. 30 s. This measurement was

used to determine the response time of the BS, which was defined as the time it takes for 90% of the

stopband shift before the structural color vanishes. To detect the stopband changes, the intensity

changes at the wavelength 475 nm were followed. The optical tracking of the finger movements close

to the BS surface were recorded by a conventional smartphone camera.
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2.2.3 Additional data

K3Sb3P2O14 and H3Sb3P2O14 bulk materials synthesis and characterization

Figure S2.1. From left to right: Structure of K3Sb3P2O14 ∙ 1.3 H2O viewed along [010] (left) and [001] (right). For a better

overview, only one layer is shown along [001] and for K3Sb3P2O14 ∙ 1.3 H2O the O positions between the layers were left out.

Figure S2.2. Experimental XRD patterns of a) K3Sb3P2O14 and b) H3Sb3P2O14 (in blue) and reference XRDs from the

literature (red) for (a) K3Sb3P2O14 ∙ 5 H2O and (b) for H3Sb3P2O14 ∙ 5 H2O, respectively. Experimental XRD patterns were

recorded with Cu-Ka1 radiation.
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Table S2.1. EDX data for K3Sb3P2O14 (measured over five points) and for H3Sb3P2O14 (measured over four points). Standard

deviations are given in the brackets.

Sample K Atom% Sb Atom% P Atom% O Atom% Calc. Formula

Theoretical

values

11.1 11.1 7.4 70.4 K3Sb3P2O14 ∙ 5 H2O

Exper. 11 (2) 11 (2) 7.2 (6) 71 (5) K3.05Sb3.08P2O19.86

Theoretical

values

- 15.8 10.5 73.6 H3Sb3P2O14

Exper. - 15 (2) 9.1(7) 76 (3) H3Sb3.28P2O16.72

Figure S2.3. Details of the evolution of the cation - proton exchange for K3Sb3P2O14 (two exchange steps required).

Experimental XRD patterns recorded with Cu-Ka1 radiation.

Characterization of the nanosheets

Figure S2.4. Schlieren texture a) and Tyndall effect b) of Sb3P2O143- nanosheet suspensions in water.
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Table S2.2. TEM-EDX data for the different samples of exfoliated Sb3P2O143- nanosheets.

Sample Sb Atom% P Atom% O Atom% Calc. Formula

Theoretical values 15.8 10.5 73.6 Sb3P2O14
3-

Exper. (I) 15.23 9.38 75.40 Sb3.25P2O16.08

Exper. (II) 15.23 10.25 74.52 Sb2.97P2O14.54

Figure S2.5. SAD pattern of Sb3P2O143- nanosheets. The concentric circular shaped pattern indicates the turbostratic disorder

along the c-axis, which indicates exfoliation and random restacking.

Figure S2.6. a) SE image and b) BSE image of a Sb3P2O143- nanosheet pellet obtained from centrifugation at 18000 rpm of

the sample exfoliated in water.
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Table S2.3. SEM-EDX analysis of a Sb3P2O143- nanosheet pellet obtained from three sample points.

Sample Sb Atom% P Atom% O Atom% Calc. Formula

Theoretical values 15.8 10.5 73.6 Sb3P2O14
3-

Exper. 13.0 (5) 8.4 (2) 78.6 (7) Sb3.10P2O18.71

Table S2.4. Comparison and indexing of d-values of SAD and XRD pattern (Figure S2.7). The value marked with an asterisk

cannot clearly be determined because of a broad maximum only slightly above the noise level in the XRD pattern.

Sb3P2O14
3-

Miller indices d-value SAD

[Å]

d value XRD

[Å]

(10) 6.02 6.12

(11) 3.55 3.41*

(20) 3.04 3.06

(21) 2.34 2.32

(30) 2.04 2.04

(22) 1.77 1.77

(40) 1.53 1.53

(23) 1.41 1.41

Figure S2.7. Experimental XRD pattern of Sb3P2O143- nanosheet pellet recorded with Mo-Kα1 radiation and indexing based

on a trigonal layer group (p̀3m1 No. 72) with a = 7.0914(3) Å. Note the Warren-type peak profile of the (hk) reflections.
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Resistive RH sensing

Figure S2.8. a) Thin transparent nanosheet film device with quartz substrate, spin-coated thin film and sputtered gold

contacts on the top. b) SEM cross-section of the region with gold contacts on the top (bottom to top: quartz substrate, thin

layer of the nanosheets, Au contacts and vacuum). Inset: scheme of the resistive thin film substrate indicating the glass

substrate (black), H3Sb3P2O14 nanosheet thin film (green) and the gold contacts (yellow). The orange rectangles indicate the

cross section areas corresponding to the SEM images b and c. c) Cross-section of the thin film region without the gold

contacts. The nanosheet film (light grey) appears thicker due to charging effects in c.

Figure S2.9. Conductance plotted against RH for the nanosheet sample (salt) and empty quartz substrate with only gold

electrodes (reference). The dashed line indicates the detection threshold of our impedance device.

It should be noted that the change in the measured conductance for the nanosheet thin film is

substrate-dependent. However, by measuring the conductance increase of an empty quartz substrate as

a reference substrate with increasing RH, it can be shown that the increase in conductance is due to the

film and film-substrate interactions, rather than due the empty substrate itself (Figure S2.9).
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Figure S2.10. Ar-stream setup for cycling and RH-dependent conductance measurements. The Ar stream splits up into 2

streams, where one is saturated with H2O by bubbling through three washing bottles. The rotameters for the stream

adjustment are shown in black, and the chamber with the film and the gas outlet is shown on the right hand side. In red, the

three valves for additional control are depicted.

Thin films characterizations

Figure S2.11. Optical isotherms of a thin film containing H3Sb3P2O14 nanosheets. a) Layer thickness and b) RI change of a

H3Sb3P2O14 nanosheet thin film measured at different relative pressures of water vapor.

Figure S2.12. Optical isotherm of the a) SiO2 NP monolayer and b) TiO2 NP monolayer monitoring the RI changes upon

increasing the relative pressure of water vapor.
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Optical humidity sensing and TPI

Table S2.5. Refractive indices and monolayer thicknesses for the SiO2/H3Sb3P2O14 BS used for the Matlab simulations at

different RH values. The layer thickness changes for the BS at different RH values were calculated from the ellipsometry

measurements (Figure S2.11a) for the actual thicknesses of the BS.

Monolayer property 11% RH 74% RH 93% RH

n(H3Sb3P2O14) 1.6090 1.5708 1.5449

n(SiO2 NP) 1.3500  1.3624 1.3980

d(H3Sb3P2O14) 52.5 nm 70.0 nm 85.0 nm

d(SiO2 NP) 90.0 nm 90.0 nm 90.0 nm

Table S2.6. Refractive indices and monolayer thicknesses for the TiO2/H3Sb3P2O14 BS used for the Matlab simulations at

different RH values. The layer thickness changes for the BS at different RH values were calculated from the ellipsometry

measurements (Figure S2.11a) for the actual thicknesses of the BS.

Monolayer property 11% RH 74% RH 93% RH

n(H3Sb3P2O14) 1.6090 1.5729 1.5449

n(TiO2 NP) 1.8400 1.8733 1.8900

d(H3Sb3P2O14) 53.0 nm 69.0 nm 85.0 nm

d(TiO2 NP) 78.0 nm 78.0 nm 78.0 nm

Figure S2.13. Transmittance (red curve) and reflectance (grey curve) spectrum of the SiO2/H3Sb3P2O14 BS at 100% RH. The

spectra show the total transmittance and the loss of reflectance, resulting in complete transparency of the RI matching

multilayer across the whole visible range.
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Figure S2.14. Cycling behavior of the TiO2/H3Sb3P2O14 BS with time. The cycling was performed using the nitrogen setup

and applying 0% and 93% relative pressures of water vapor. The spectral changes were detected by recording the reflectance

intensity at 525 nm in the original spectrum. This wavelength was carefully chosen to be at the red edge of the stop band at

0% humidity. The slight reflectance intensity changes were caused by the oscillation character of the vapor dosing system.

Figure S2.15. Cycling behavior of the SiO2/H3Sb3P2O14 BS with time. The cycling was performed using the nitrogen setup

and applying 0% and 100% relative pressures of water vapor. The spectral changes were detected by recording the

reflectance intensity at 450 nm in the original spectrum. This wavelength was carefully chosen to be at the red edge of the

stop band at 0% humidity. This chosen wavelength of 450 nm is redshifted compared to the original BP position (around

430 nm). The sudden intensity drops during the adsorption and also the desorption are observed because the BP shifts pass

the observed wavelength of 450 nm, causing a reflectance maximum at the observed point. The reflectance intensity at 100%

RH is lower than at 0% because of the RI contrast cancelling upon water vapor adsorption.
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Note that the response time cannot be extracted from the cycling behavior shown in Fig. 2.1e since the

chamber used for this measurement reaches saturation slower than the sensor itself. The response time

can be measured by excluding the dead volume, which has been done by applying a humidity stimulus

given by a finger, as demonstrated in Figure S2.16 below. The same method was used for the optical

sensor, and the response time was determined with a finger stimulus (Figure 2.4g inset, Figure S2.18).

Figure S2.16. Conductance response of a nanosheet thin film to a finger stimulus under touchless conditions. a) Response

toward a “finger-on” state under touchless conditions, with a response time of about 2 s (note that signal saturation is reached

within this time). b) and c) normalized magnifications of a) used for determination of the response and recovery time of the

sensor (defined as reaching 90% of the total signal change; response time, red line, and recovery time, black line). The

response time is around 2 s and the recovery time around 3 s for cycling between ambient conditions and close to 100% RH

(finger proximity). d) Conductance response of a nanosheet thin film toward a fast tapping motion (occurring on a timescale

of << 0.5 s) and e) magnification of the region of d) between 8 and 12 s. The data show that subsecond events can be

resolved as demonstrated by the finger motion trapping detection (the signal triples in less than 0.5 s). Therefore, due to the

fast response, the thin film can be used for real-time interactions (note that measurement a) was carried out under slightly

different ambient RH values as compared to d), as indicated by the conductance values).
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To prove the long-term stability of the optical sensor, the measurements shown in Figure S2.17-21

were carried out with an 8-months-old BS.

Figure S2.17. Distance-dependent optical response of the SiO2/H3Sb3P2O14 BS to a finger stimulus. Inset: Microscope

images of the BS surface at 5 mm finger distance and a finger-off state.

Figure S2.18. a) Optical response of a SiO2/H3Sb3P2O14 BS to a fast tapping finger motion as a function of time.

Measurements were carried out in a similar way as described in Figure S2.15, however for detection of the reflection a

wavelength of 550 nm was chosen and a finger was used as the humid pointer. a) For the tapping experiments we have

chosen a threshold value of 20 nm stop band shift, which is detectable by the naked eye (inset of c)). b) Time-resolved

response of a BS toward a fast finger tapping motion. Even subsecond events can clearly be resolved, e.g. a reflectance

change from 30% to 37%, which corresponds to 20 nm shift and is detectable with the naked eye, is observed within less than

0.5 s. c) Close-up of the region between 50-62 s, shown in b), inset: microscope images of the finger-off and tapping

structural color, indicating that the 20 nm stop band shift is detectable by the naked eye.
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Figure S2.19: The first part of the 1000 times cycling procedure. a-f) In each diagram 10 x 10 cycles are plotted. For time

and simplicity reasons, one cycle corresponds to a finger “tapping” experiment. The human finger was approached for a short

time to the BS surface, thereby only a smaller stop band shift was induced and not the whole stop band shift was reached.

This experiment was repeated 10 times in a short time range - this is one “signal package”. This 10-cycle-experiment was

repeated 10 times to reach 100 cycles in one plot. This was repeated 10 times to reach 1000 cycles. 1-600 cycles are shown in

this figure.
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Figure S2.20. The second part of the 1000 times cycling procedure. a-d) 601-1000 cycles are shown in the diagrams. Similar

to Figure S2.19, 10 x 10 cycles are shown in one diagram. e) Magnification of one “signal package” of 10 cyclings. For one

cycle, a finger “tapping” experiment was used in which a human finger was only shortly approached to the BS surface

without touching it. In such a “tapping experiment”, a reflectance intensity change of 10-20% is observed. f) Reflectance

spectra of the finger-off and finger “tapping” scenarios. A finger “tapping” corresponds to a signal change of around

20-30 nm. Inset: the corresponding microscope images indicating the structural color change upon a finger approaching.
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Figure S2.21. Optical response of a 8-months-old SiO2/H3Sb3P2O14 BS to an approaching finger. The reflectance spectra

show an unchanged optical response after 8 months. Also the microscope images indicate the structural color change with

changing RH. Finally, at high relative humidities the BP completely vanishes and optical transparency is observed (indicated

by the black color of the right microscope image).

Note

For real-time manipulations see also: Video S2.1, S2.2, S2.3, S2.4 and S2.5 available at:

http://onlinelibrary.wiley.com/doi/10.1002/adma.201503463/full#footer-support-info
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Abstract

Artificial noses, i.e. sensors with high sensitivity and selectivity for humidity as well as volatile

organic compounds, are of increasing interest in medical diagnostics, pharmaceutics and food or

beverage control. However, the optical recognition of organic vapors by photonic noses still requires

sophisticated sensor design or complex data processing. Herein, we address this issue by realizing a

single-component sensing platform based on swellable 2D antimony phosphate (HSbP₂O₈)

nanosheets, which can be operated with a resistive or an optical readout. While the resistive humidity

sensor can be utilized for tracking trace amounts of water in alcohol water mixtures, 1D PCs based on

HSbP₂O₈ nanosheets have been developed as colorimetric sensors with superior vapor recognition

capability. This new type of photonic nose can distinguish between water vapor, non-protic and protic

solvent vapors with high fidelity based on the saturation time and structural color shift as two

independent descriptors. Chemically similar solvent vapors and even isomers, which interact with the

nanosheet layers through an intercalative sensing mechansim, can be reliably distinguished based on

their diffusion characteristics and analyte-specific host-guest interactions.
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Inside Front Cover: On page 7436, B. V. Lotsch and co-workers report the fabrication of antimony

phosphate nanosheet-based thin-film devices. While a resistive thin-film device can detect trace

amounts of water, a photonic HSbP2O8/TiO2 multilayer structure is effective at optically distinguishing

between chemically similar solvent vapors through an intercalative sensing mechanism based on

analyte-specific host-guest interactions. Cover Image by Christoph Hohmann, Nanosystems Initiative

Munich (NIM).
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Table of Content: A 2D nanosheet-based photonic nose for vapor identification is presented. A

HSbP2O8 nanosheet thin-film sensor with resistive readout is developed for the tracking of trace

amounts of water, and a photonic HSbP2O8/TiO2 multilayer structure is effective at optically

distinguishing between chemically similar solvent vapors through analyte-specific host-guest

interactions.

3.1.1 Introduction

Artificial noses, mimicking the animal olfactory system, are of increasing interest in various

technologically relevant fields such as medical diagnostics, pharmaceutics, food and beverage control,

ambient monitoring, and homeland security.[1-3] Currently, the optical discrimination and classification

of organic vapors by photonic noses still requires complicated experimental procedures or

sophisticated data processing methods.[1-4]

State of the art photonic noses can be divided into three main groups: single-element sensors,[5-10]

sensing arrays,[1-3,11] and complex sensing structures, e.g., topologically complex architectures or

biological systems which are challenging to emulate in the lab.[4,12] While each system can be adapted

to specific environments, the following drawbacks remain: Current single sensor photonic noses,

which are easy to fabricate, suffer from low resolution in terms of analyte recognition and

classification into solvent vapors with different polarity.[5,7-10] Sensing arrays rely on multiple sensors

for good analyte resolution, requiring a complex mixture of materials or functionalization strategies. In

addition, they necessitate complicated data processing algorithms for pattern recognition and

discrimination.[1,3,11] Complex sensor nanostructures, such as multiple stacked, porous Si PCs,[4] or the

Morpho butterfly wing - a naturally occurring photonic nose - can show good analyte identification,

but invariably need sophisticated sample preparation or are not applicable on the large scale.[12] Due to

these reasons, there is a strong need for a smart but easy to fabricate single sensor photonic nose,

which is able to distinguish and classify different types of analytes.

Recently, we have demonstrated the successful integration of 2D phosphatoantimonate (H3Sb3P2O14)

nanosheets into 1D PC.[13] Their ultrahigh sensitivity to local humidity changes enables color-coded

touchless finger motion tracking, thus illustrating the high potential of swellable 2D materials as active

sensing components in photonic nanostructures. To demonstrate the generality of this approach and to

highlight the potential of an intercalative sensing mechanism for analyte discrimination, we here
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introduce a new type of stimuli-responsive 2D material, namely HSbP2O8 antimony phosphate

nanosheets.

Similar to H3Sb3P2O14, HSbP2O8 as a bulk material has extraordinary swelling properties,[14] which

have been used to produce nematic liquid crystalline phases in water.[15] In contrast to H3Sb3P2O14,

HSbP2O8 loses water completely at zero humidity, hence making it a superior sensor candidate owing

to its higher sensitivity in this humidity regime.[14,16] The reason for the incomplete water loss of

H3Sb3P2O14 can be rationalized by the presence of structural pores which can host water molecules,

while the layers in HSbP2O8 are dense. The highly polar and acidic interlayer environment of

HSbP2O8, its high sensitivity at low RH[14,16] and the generally higher sensitivity of nanosheets

compared to their bulk materials[13,17,18] renders HSbP2O8 nanosheet-based thin film devices promising

candidates for tracking trace amounts of water as well as for the discrimination of organic vapors.

Here, we report the first comprehensive characterization of HSbP2O8 2D nanosheets and demonstrate

their outstanding sensitivity to humidity - especially in the low humidity range. Based on these

features, we develop resistive thin film sensors that are able to detect even trace amounts of water in

alcohols. We then exploit the unique film forming capability of the 2D nanosheets to develop highly

sensitive PC sensors which can identify various organic vapors with high accuracy, which is superior

to all other single-component photonic vapor sensing structures reported to date.[5-10]

3.1.2 Results and discussion

KSbP2O8 was synthesized by a solid-state reaction starting from KNO3, Sb2O3, and NH4H2PO4 and

protonated with 8 M HNO3 (Figures S3.1 and S3.2, and Table S3.1, Supporting Information).[14,15,19,20]

The antimony phosphate and its corresponding solid acid consist of anionic 2D SbP2O8
− sheets

separated by charge compensating cations which occupy the interlayer space (Figure S3.3).[19,20] The

hexagonal crystal habit of HSbP2O8 is shown in Figure 3.1a. Upon exfoliation with pure water (Figure

S3.4), the morphology becomes “silk-like” (Figure 3.1b, Figure S3.5), indicating successful

delamination. Exfoliation into single layer nanosheets was further confirmed by various analytical

techniques (see Figure 3.1, Figures S3.6, S3.7, and S3.8, and Tables S3.2 and S3.3). The thickness of a

single nanosheet was determined to be 0.9 ± 0.1 nm by AFM (Figure 3.1d), which agrees well with the

crystallographic single layer thickness of 0.66 nm.[21] The high aspect ratio and film texture can be

clearly seen by TEM (Figure 3.1e). The SAED pattern of an individual nanosheet (Figure 3.1e inset)

exhibits d-values that are in excellent agreement with those obtained from PXRD measurements (see

Table S3.2, and Figure 3.1c), illustrating the structural in-plane integrity. Rietveld refinement of the

diffraction pattern of a precipitated nanosheet pellet, showing a characteristic Warren-type peak

profile (Figure 3.1c) evidences the turbostratically disordered nanosheet arrangement.

Large area thin films were prepared by spin-coating nanosheets from the colloidal suspension and

investigated by thin film XRD (Figure S3.9) and by ellipsometric porosimetry (Figure S3.10). Only

the 00l reflections were observed in the out-of-plane XRD pattern pointing toward a parallel
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orientation of the nanosheets to the surface of the substrate. Upon exposure to moisture, the thin film

swells to almost double its thickness. The swelling of the film is caused by intercalation of water

molecules between the turbostratically disordered nanosheets and into the resulting grain boundaries.

The RI n decreases from 1.57 to 1.50 with increasing humidity as the film becomes more “water-like”

with increasing water uptake. Water uptake was also monitored by the Raman spectra of the bulk

material as well as the nanosheet pellet (Figure S3.11). Slight changes are observed by the emergence

of a band at 482 cm−1 (Sb-O···P stretching vibration) and by narrowing of the terminal P-O stretching

vibration at 1270 cm−1. The latter band is sensitive to water uptake as the P-O bond points toward the

interlayer space in which water is intercalated.
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Figure 3.1. Characterization of HSbP2O8 nanosheets. a) SEM image of the HSbP2O8 crystallites featuring hexagonal shapes.

b) SEM image of the exfoliated and randomly restacked nanosheet pellet, exhibiting a “silk-like” morphology. c) Rietveld

refinement of the XRD pattern of a HSbP2O8 nanosheet pellet showing a Warren-type peak profile (experimental pattern in

black, calculated pattern in red, and difference plot in blue) with the resulting structure ([001] viewing direction, PO4

tetrahedra red, SbO6 octahedra blue).[32] The inset on the right in (c) shows the Tyndall effect of the nanosheet colloidal

suspension. d) AFM image of overlapping HSbP2O8 monolayer nanosheets with the corresponding height profile of a single

layer nanosheet. e) TEM image of randomly overlapping HSbP2O8 nanosheets with a representative SAD of a single

nanosheet (inset).

Inspired by the swelling capability as well as the humidity dependent proton conductivity reported for

the bulk material,[14] we developed two ultrathin sensing devices based on HSbP2O8 nanosheets

(Figure 3.2): first, we constructed a resistive thin film device by spin coating the nanosheet suspension

on quartz substrates; the contacts were obtained by sputtering gold on top of the thin film (Figure

3.2a). Second, we combined the HSbP2O8 nanosheet films with TiO2 NPs as high RI optical contrast

material to fabricate a photonic multilayer structure known as 1D PC or BS (Figure 3.2). By

combining these two robust inorganic materials in an alternating fashion, we observe the emergence of

a pronounced photonic stop band (Figure 3.2b). The band gap and, hence, structural color can be

adjusted and gradually fine-tuned across the visible spectrum (Figure 3.2b and c) by simply changing

the layer thicknesses through varying the spin-coating speed in the fabrication steps. The position of

the BP for normal incidence is given by the optical equivalent of the Bragg-equation[22]
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ߣ = 2 (݊ଵ݀ଵ +  ݊ଶ݀ଶ) (Equation 3.1)

where n1 and n2 are the RIs of the different layers and d1 and d2 their respective thicknesses.

Although BSs with up to eleven layers and good optical quality could be reproducibly made (Figure

S3.12), an average number of seven layers deposited on a reflective silicon substrate turned out to be

an optimal compromise in terms of optical quality (reflectance of 60%) and sensing performance, the

latter resulting from fast analyte uptake and short diffusion pathways. The scanning electron

microscope (SEM) cross-section images (Figure 3.2d) indicate stacking periodicity and excellent

lateral layer uniformity across several micrometers, which is crucial for high optical quality multilayer

films.

Figure 3.2. Fabrication and characterization of the nanosheets thin film devices: a) Schematic processing of HSbP2O8

nanosheets into thin film resistive devices (top) and 1D PC (bottom). b) Reflectance spectra of the HSbP2O8 nanosheet/TiO2

NP BS with seven layers, fabricated at 3000 rpm (150 nm bilayer thickness, red), 4000 rpm (135 nm bilayer thickness,

green), and 5000 rpm rotational speeds (124 nm bilayer thickness, blue) and c) the corresponding microscope images,

showing the different structural colors. d) In-lens SEM cross-section image of a HSbP2O8 nanosheet/TiO2 NP BS comprising

seven layers.

Next, we studied the humidity sensing capabilities of the resistive nanosheet thin film and the BS

(Figure 3.3a). We observe an increase in proton conductance of the thin film of five orders of

magnitude upon humidity exposure from 0% to 100% RH (Figure 3.3b), which is larger than the

change observed for the non-exfoliated bulk material[14] and comparable to the best nanosheet thin film

humidity sensing devices reported to date.[13,17] Interestingly, in comparison to H3Sb3P2O14 nanosheet

thin film sensors[13] and the HSbP2O8 bulk material,[14] the HSbP2O8 thin films show higher sensitivity
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in the low humidity regime. Comparing to the bulk material, this can be explained by the fact that the

thin film is able to desorb water molecules more easily due to its higher surface to volume ratio as well

as the smaller domain size, most likely one nanosheet, compared to the bulk material, hence resulting

in a greater water loss at low humidity values. The increased sensitivity of HSbP2O8 as compared to

H3Sb3P2O14 can be understood by the complete water loss by HSbP2O8 due to the lack of structural

adsorption sites for water. Moreover, the response of the thin film toward humidity is completely

reversible as demonstrated by cycling experiments between 0% and 93.5% RH (Figure 3.3b inset).

Inspired by this exceptional sensitivity to humidity, we tested the sensing performance of the photonic

nanostructures. To this end, the BS was introduced into a closed chamber with a transparent glass

window, whereby the humidity within the chamber was controlled by saturated binary salt solutions at

around 25 °C.[23,24] Simultaneously, reflectance spectra and microscope images were taken as shown in

Figure 3.3c and Figure S3.13. The proposed sensing mechanism is depicted in Figure 3.3a. The sensor

response is dominated by three effects: (i) the thickness of the nanosheet layers changes upon water

adsorption/desorption, (ii) the effective RI of the nanosheet layers changes, and (iii) the effective RI of

the NP layers changes upon water uptake/loss into/from the textural pores, while at the same time the

thickness of the NP layers is constant over the entire humidity range as confirmed by spectroscopic

ellipsometry. The combination of these effects gives rise to a pronounced optical response of the

multilayer structure: with increasing humidity, a significant redshift of the stop band is observed,

while the intensity of the BP increases. The main contribution to the stop band shift is caused by the

massive swelling of the nanosheet layers during humidity uptake. As depicted in Figure S3.10, the

nanosheet film swells from 85 to 132 nm between 0% and 100% RH. In the lower humidity range up

to 93% RH, a nearly linear stop band shift of 150 nm is observed, while in the high humidity range

(>93% RH) the stop band shifts dramatically by 400 nm, shifting the BP out of the visible spectral

range (the second order of the BP is observed at 500 nm, see Figure S3.13, red curve). As shown in

Figure S3.13, we simulated the reflectance spectra for different RH values using the layer thicknesses

from the SEM cross-section image combined with the swelling behavior at higher RH values and the

RIs from the porosimetry measurements (see Table S3.4).[25] The excellent agreement with the

measured spectra confirms the correctness of the proposed sensing mechanism and the water vapor

distribution in the system. The observed shift is similar to that reported previously[13] and thus larger

than those observed for all vapor sensing devices.[26-29] The microscope images displayed in Figure

3.3c convey the concomitant color changes which are easily detected by the naked eye. The second

effect - the increase in reflectance intensity - is explained by the RI changes upon water uptake: while

the RI of the NP layers increases (from 1.84 to 1.96) by filling the textural pores (Figure S3.14), the RI

of the nanosheet layer decreases (from 1.56 to 1.50) by water intercalation. These opposite trends

induce an increase in the RI contrast and, hence, in the reflectivity of the multilayer system at

increasing humidity levels (Figure S3.13).
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Figure 3.3. Humidity sensing of the HSbP2O8 nanosheet thin film and the HSbP2O8/TiO2 BS sensor. a) Schematic of the

analyte (water)-sensor interaction, shown for the resistive thin film sensor (left) and for the HSbP2O8/TiO2 BS (right). The

middle depicts a close-up of the swollen nanosheet layer. b) Humidity-dependent conductance behavior of the resistive thin

film sensor with a film thickness of ≈ 120 nm, shown for two different methods (saturated salt solutions and Ar gas flow),

and reversible cycling behavior between 0% and 93.5% RH (inset). c) Influence of humidity on the BP positions for the

HSbP2O8/TiO2 BS, and microscope images of the HSbP2O8/TiO2 BS taken at different RH values (inset).

Besides sensitivity, another important performance parameter for sensors is the response time, defined

as the time which is needed to reach 90% of the stop band shift between 0% and 100% RH. The fast

response time of 23 s (Figure S3.15), which is superior to most existing humidity sensing devices with

a large signal resolution based on a swelling mechanism,[26-29] again underlines the applicability of

these platforms for practical humidity sensing. It is important to note in this context that the time

response of the reflectance intensity change represented by its time derivative (Figure S3.15) is

instantaneous and so is the associated optical response: humidity changes cause an immediate stop

band shift, which translates into an ultrafast increase or decrease in reflectance intensity at the

observed wavelength within seconds (see inset of Figure S3.15). Other important sensor properties

such as longterm stability and cycling stability were tested by applying a 2-month-old sample in a

multiple cycling experiment (shown in Figure S3.15). As a result, the sensing performance (stop band

shift and response time) was found unchanged as compared to the freshly prepared samples.

The high sensitivity in the low humidity regime renders the resistive thin film device an intriguing

candidate for trace water sensing. Thus, we tested its selectivity toward water by analyzing alcohol-

water mixtures. The large changes in conductance in response to water enabled us to detect amounts of

water as low as 2000 ppm (Figure 3.4a), which are typical concentrations of trace water in polar

solvents. Moreover, an exponential relationship between the measured conductance (Figure 3.4a, b

inset) and the water content in the range between 2000 and 20000 ppm is overserved, which is highly

desirable for sensing applications. Moreover, the results for trace water detection are reproducible as
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shown by the insets which report data averaged over three different samples. The antimony phosphate

nanosheet sensor hence provides an attractive alternative to the more time consuming traditional

methods for water determination such as the Karl-Fischer titration in the high ppm regime, thus

pointing toward a new field of application of nanosheet thin film sensors in low-cost and high-

throughput trace water analysis.

Besides achieving high sensitivity and selectivity toward one particular analyte (such as water), it is of

major interest to optically distinguish between several different analytes. Here, we use a single 1D PC

platform as a solution to both requirements - sensitivity and vapor discrimination capability - as

demonstrated in Figure 3.4c, d. To this end, we plot the sensitivity - i.e., the magnitude of the stop

band shifts  - and saturation times of the sensor for different solvent vapors. To render the data for the

different analytes comparable, the saturation times were calculated as the full time which is needed for

the stop band to shift from 0% to 100% relative solvent vapor pressure. Similar to the water response

described above, the onset of the optical shift is significantly faster than the saturation times implies

but still differs for different solvents. As demonstrated in Figure 3.4c, the responses of the investigated

solvents differ significantly and, besides water, can be grouped into two types of analytes: non-protic

vapors (non-polar and polar) and protic vapors.

For water vapor, the sensor shows the largest stop band shift as well as the fastest saturation time, as

expected. Non-polar analytes (n-heptane and toluene) and the polar, non-protic analyte acetonitrile

show similar behavior; their saturation times are rather fast and the stop band shifts small. A

qualitatively different response is seen if the BS is exposed to polar and protic analytes, namely

alcohols: long response times are accompanied by larger stop band shifts (Table S3.5). According to

the distinct optical responses (Figures S3.16 and S3.17) as probed by spectroscopy, we derive an

interaction mechanism between analyte and sensor (Figure 3.4d), which is corroborated by optical

simulations (Figures S3.16 and S3.17, dashed lines). The selectivity is defined by the interplay of

several effects such as interlayer hydration and protonation, which determine the chemical

environment as well as the molecular size of the analyte and its chemical and dielectric properties.
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Figure 3.4. Sensitivity and selectivity features of the two devices. Representative trace water sensing of a thin film (120 nm)

for a) ethanol and b) isopropanol. In both insets, a close-up of the region 0 and 2.5 volume percent of water is displayed with

standard deviations resulting from averaging over three thin films. c) Logarithmic stop band shifts plotted against the

response times for the different solvent vapors (BS fabricated at 5000 rpm). d) Schematic showing the interactions of the

HSbP2O8 nanosheet/TiO2 NP BS with the different types of solvent vapors, which serve as a fingerprint for analyte

identification.

The non-polar analytes and aprotic acetonitrile show small stop band shifts (9, 9, and 10 nm for

heptanes, toluene, and acetonitrile, respectively) combined with relatively fast saturation times (317,

1936, and 201 s for n-heptane, toluene, and acetonitrile, respectively). These vapors do not wet the

polar and protic interlayer space of the nanosheets but only fill the textural pores of the NP layers, as

corroborated by optical simulations. As a consequence, the stop band is broadened and its reflectance

increases, while the blue edge of the stop band remains constant (Figure S3.16). This behavior is due

to the increase in RI contrast,[30] caused by the NP layer filling, while the RI and the thickness of the

nanosheet layer remains nearly constant, as confirmed by the good agreement between the measured

and simulated reflectance spectra (Figure S3.16, dashed line, and Table S3.6). As the stop band shifts

are nearly the same for all these analytes, we assume that the dielectric properties only play a minor

role regarding the extent of the stop band shift. The saturation time is determined by the interplay of
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several analyte specific parameters, such as the kinetic diameter and the dipole moment. Although

these effects are molecule specific and interrelated, we found the saturation time for the non-polar and

polar, non-protic analytes to correlate most clearly with the kinetic diameter of the molecules (Figures

S3.18 and S3.19): increasing saturation times correlate with the increasing molecular sizes and the

resulting delayed diffusion of toluene (1936 s, 6.1 Å) compared to n-heptane (317 s, 4.3 Å) and

acetonitrile (201 s, 3.4 Å).

In contrast, the optical response of the BS to protic solvent vapors - alcohols - significantly differs

from that seen for aprotic analytes. Here, rather large stop band shifts were detected across the series

methanol (33 nm) < ethanol (58 nm) < 2-propanol (120 nm) < 1-propanol (132 nm) < 2-butanol

(150 nm) < 1-butanol (170 nm), with slow response times increasing in the following order: methanol

(897 s) < ethanol (3130 s) < 1-propanol (4043 s) < 1-butanol (9320 s) < 2-propanol (12140 s) < 2-

butanol (≈ 70000 s). In all cases, larger stop band shifts are observed compared to the stop band

broadening for non-protic vapors (non-polar vapors and acetonitrile). Contrary to the non-protic

analytes, however, the color shift is dominated by changes in the nanosheet layer thickness upon

analyte infiltration, as evidenced by ellipsometric porosimetry and as exemplarily shown for ethanol

(Figure S3.20): the protic character of the analytes allows for stronger interactions with the protic

interlayer space and causes layer swelling upon intercalation. Further, we analyzed the time-dependent

stop band changes and could distinguish two different phases during vapor sorption (Figure S3.21).

Within the first ≈ 6 s, we observe a fast response expressed by a broadening of the stop band,

accompanied by an increase in reflectance, similar to the overall response observed for the non-protic

analytes. We attribute this initial behavior to the filling of the more easily accessible porous NP layers.

In a second stage, a slower, analyte-specific response is observed, corresponding to a distinct stop

band shift and giving rise to the analyte-specific saturation time, which is due to the intercalation of

the analyte into the nanosheet layer. According to this time-dependent behavior, we clearly see that the

rate-limiting step is associated with the intercalation of the analytes between the nanosheet layers,

while the infiltration of the NP layers is rather fast, as shown also for the non-protic solvents as well as

for water vapor. This interpretation is in line with rather weak interactions of the NP layer and the

analytes, which is expected since no surface functionalization was carried out and the diffusion

through a mesoporous layer is generally rather fast.[31] To understand the sensing mechanism, which

for the alcohols is dominated by the nanosheet layer-analyte interaction, we investigate the influence

of several parameters on the stop band shift, such as the analyte’s kinetic diameter, dipole moment,

dielectric constant, and the RI. These parameters give rise to the analyte’s dielectric, optical, and

physicochemical properties such as its polarity and ability to form hydrogen bonds. The stop band

shift and the saturation times most obviously correlate with the analyte’s kinetic diameter, whereby we

could confirm by optical simulations that the layer thickness swelling is increasing with increasing

molecular sizes (Table S3.6). However, empirical correlations can be found as well for the dielectric

constant and the RI of the analytes (Figures S3.18 and S3.19). In summary, although the above
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parameters are interrelated and most likely their complex interplay determines the stop band shift, it is

this interplay that is distinct for each individual analyte, hence giving rise to an analyte-specific

response.

It is of note that even constitutional isomers, e.g., those of propanol and butanol, can be distinguished

by our nanosheet-based photonic nose. The saturation time is increased for 2-propanol compared to 1-

propanol by a factor of 3 (12140 s vs 4043 s), and for 2-butanol compared to 1-butanol by a factor > 7

(≈70000 s vs 9320 s), whereby the stop band shifts are comparable for both isomers (132 nm vs

120 nm and 170 nm vs 150 nm). Although the kinetic diameters for both isomers are similar, subtle

differences in the molecular shape and polarity may have a significant effect on the analyte’s

interaction with the nanosheet layers and, hence, its diffusivity, which is reflected in the significantly

different saturation times. Overall, while the degree of swelling caused by the two isomers is similar, a

differentiation of both constitutional isomers is clearly possible through the saturation times. Note that

the reproducibility of the sensor response was verified by measuring each solvent vapor three times.

The error bars in Figure 3.4c are testament to the high reproducibility and the ability of our system to

reliably discriminate between different solvent vapors.

In addition, we studied the sensor performance for analyzing multiple component mixtures. For water-

ethanol mixtures Figure S3.22) we find that with increasing water amount in the mixture the stop band

shifts also increase. With this, the relative amount of water in a water-ethanol mixture can be reliably

determined by evaluating the stop band shift, which is as large as 80 nm for water contents between

0% and 90% (Figure S3.22b-e).

3.1.3 Conclusion

In summary, we have introduced a new type of HSbP2O8 nanosheet-based humidity sensor which can

operate in two different modes, i.e., with a resistive and an optical readout. The resistive humidity

sensor shows superior sensitivity for water in the low humidity regime, which we utilize for tracking

trace amounts of water in alcohol-water mixtures. The photonic humidity sensor, while exhibiting high

sensitivity for humidity, shows also an exceptionally high selectivity toward water vapor. Further, this

new type of photonic nose, based on swellable nanosheets embedded in a BS, presents a single-

component sensor, which can clearly distinguish between water vapor, non-protic (non-polar and

polar), and protic solvent vapors (alcohols) based on the saturation time and color shift as two

independent descriptors. In particular, we find that even chemically similar solvent vapors, such as

homologous alcohols, or even isomers, which interact with both the nanosheet and NP layers, can be

reliably distinguished based on their sorption and diffusion characteristics. This single-component

sensor adds to a new generation of nanosheet sensing devices which operate based on an interaction-

driven, intercalative sensing mechanism that uniquely exploits both thermodynamic and kinetic

properties of the host-guest system, namely dispersive analyte-nanosheet interactions and the diffusion

properties of the analyte within the nanosheet layers. The rapidly increasing library of accessible and
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chemically distinct nanosheet systems bodes well for the development of highly analyte-specific

colorimetric artificial noses, which opens up new possibilities in environmental monitoring, trace

water analysis, and biosensing.
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3.2 Supporting Information: Towards the Nanosheet-Based Photonic Nose: Vapor

Recognition and Trace Water Sensing with Antimony Phosphate Thin Film Devices

3.2.1 Methods

Synthesis of the bulk, protonation and exfoliation

KNO3 (99%, Merck), Sb2O3 (99.6%, Alfa Aesar) and NH4H2PO4 (98%+, Acros Organics) were

ground in a stoichiometric ratio and heated up in a corundum crucible as previously described to yield

KSbP2O8.[1] To obtain HSbP2O8, KSbP2O8 was treated with 8 M HNO3 (250 mL, diluted 65 wt%,

Merck) overnight, filtrated, washed with ethanol and dried at room temperature. This treatment was

repeated at least two more times to complete the ion exchange reaction. The exchange reaction was

followed by XRD (Figure S3.2). For exfoliation HSbP2O8 was vigorously stirred overnight in water

(7.3 mmol L-1). The resulting colloidal suspension was then centrifuged at 3000 rpm for 30 min to

remove non-exfoliated bulk material. The supernatant, consisting mainly of single layer nanosheets,

was collected and centrifuged at 18000 rpm for 30 min to yield a nanosheet pellet. The gel-like

colorless wet aggregate was dried at 100 °C.

Preparation of colloidal suspensions

The dried HSbP2O8 nanosheets were suspended in a mixture of water : ethanol (60 : 40 wt%) with a

concentration of 41 mmol L-1. To avoid agglomerates, the suspension was sonicated for 2 h. This

suspension was directly used for thin film formation without any further treatment. TiO2

nanoparticulate sols were synthesized using a procedure described elsewhere.[2] Briefly, 12.4 mL

Ti(OEt)4 (Sigma Aldrich) was added dropwise under vigorous stirring to 75 mL 0.1 M HNO3. This

mixture was heated to 80 °C for 8 h. After collection of the particles by repeated centrifugation at

20000 rpm and redispersion in methanol, the suspension with 3wt% was directly used in the BS

fabrication.

Fabrication of thin films and BSs

All thin films and BSs were fabricated by means of spin-coating using a spin coater (WS-650S-NPP-

Lite, Laurell Technologies Corporation) and colloidal suspensions of the nanosheets and NPs,

respectively, with the colloidal concentrations given above, in the previous section.

For conductance measurements, the redispersed nanosheet colloid was spin-coated at 3000 rpm or

2000 rpm for 1 min with a 10000 rpm s-1 acceleration ramp on a 1.5 cm x 1.5 cm plasma-cleaned

quartz glass substrate. To achieve a sufficient film thickness (around 100 nm) for the conductance

measurements, this deposition step was repeated once. Gold contacts were sputter-coated (108auto,

Cressington) with 180 s sputtering time.

For the BS fabrication, different film thicknesses were accessed by varying the spin coating speed,

which allowed for fine-tuning of the optical properties.[3] On plasma cleaned silicon substrates (1.5 cm
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x 1.5 cm) 150 µl of the colloidal suspensions were spin coated alternatingly for 1 min with a defined

speed and heated to 80 °C for 15 min after each layer deposition. 3000 rpm, 4000 rpm and 5000 rpm

spin coating speeds were applied (the same speed for each layer within a BS) to tune the optical

properties. To create a single nanosheet layer within the BS, two deposition steps were applied, both

with the same speed, as given above, and further an acceleration rate of 500 rpm s-1 was used. After

both deposition steps, the sample was heated to 80 °C for 20 min before the deposition of the next

layer. For the TiO2 NPs, an acceleration rate of 5000 rpm s-1 was applied. The starting and also the last

layers are composed of the high RI NPs (TiO2), in order to ensure the adhesion to the substrate and to

increase the RI contrast with the surrounding air.

3.2.2 Characterization

Structural characterization

SEM images of the HSbP2O8 crystals and the nanosheet pellet were acquired with a Vega TS 5130

MM (Tescan) equipped with Si/Li detector (Oxford). Cross-section images of the BSs were taken with

a Zeiss Merlin FE SEM. TEM images and SAED patterns were obtained with a Phillips CM30 ST

TEM (300 kV, LaB6 cathode) equipped with a Gatan CCD camera. TEM-EDX analysis was

performed with a Si/Li detector (Thermo Fisher, Noran System Seven). XRD patterns were recorded

on a powder X-ray diffractometer (Stadi P, STOE) working with Ge(111) monochromated Mo-Kα1

radiation (λ = 70.926 pm) or Cu-Kα1 radiation (λ = 154.051 pm). Rietveld refinement of the nanosheet

pellet measured in transmission geometry was performed with the software DiffracPlus TOPAS v4.2

(Bruker AXS). A quasi single layer approach similar to the one described in the literature was used to

approximate the turbostratic disorder.[4,5] The sample showed preferred orientation effects such that

almost exclusively the hk0 reflections were observed, which allows us to use a simplified model

compared to the models as described in the literature, which in addition include modeling of the 00l

reflections. AFM images were acquired on a Veeco CP II system in non-contact mode. The images of

the surfaces of the BS were obtained with an optical microscope (Olympus BX51), operating in

reflection mode with a 4x objective.

Conductance measurements

To obtain the conductance measurements for RH, two different methodologies were used. In the first

one, the films were kept over saturated salt solutions at around 25 °C[6,7] in a closed atmosphere at

least 20 min before the conductance measurements. In the second one we used an argon flow set up. A

dry Ar flow and a water vapor saturated Ar stream were mixed in different ratios to define the

humidity between 0-93.5%. The setup was calibrated using the conductance values previously

measured at the RH defined by the salt solutions. The cycling experiments were performed with the Ar

flow setup. For sensing trace amounts of water in alcohol (ethanol 99.8%, water ≤ 0.2%, Roth; 2-

propanol 99.8%,water ≤ 0.05%, Merck) water mixtures, an Ar stream at a constant rate of 8.4 L min-1



3. Utilization of HSbP2O8 nanosheets in trace water sensing and vapor distinction

90

was passed through 100 mL of solution. By passing an Ar stream through the solution the stream takes

up certain amounts of moisture and ethanol, which leads to a change in the conductance of the thin

film sensor.

The change in conductance was monitored by impedance spectroscopy (in-plane geometry, two point

measurement) with an impedance bridge (Princeton Applied Research, VersaSTAT MC) applying an

AC voltage of 500 mV and a frequency range of 1 Hz to 1 MHz. Cycling measurements were

performed with a fixed frequency of 300 Hz.

Optical characterization

Porosimetry measurements were carried out by the porosimetry tool of Sopra PS-1000 SAM, whereby

the sample was equilibrated at all water vapor relative pressure values for 15 min. The measurement

results were fitted with the software Sopra SAE using the model combination Cauchy and Lorentz.

The thickness of the NP layers was confirmed by ellipsometry to be constant with changing vapor

relative pressure and only the RI was fitted. For the nanosheet thin films, both the layer thickness and

the RI were fitted over the relative pressure range simultaneously. Prior to all measurements, the NP

samples were heated for at least 30 min at 200 °C and the nanosheets thin films for 30 min at 60 °C in

vacuum to make sure that the pores are empty. To obtain the optical isotherms, all fitted measurement

results were plotted against the analyte relative pressure.

All optical spectra were measured with a fiber optic spectrometer (USB2000+, Ocean Optics) attached

to a microscope (DM2500, Leica) with normal incidence and the optical spectra were always taken at

the same spot (1×1 mm2 in area).

To obtain the optical changes with changes in RH, the BSs were kept in a stainless steel chamber with

a total volume of 5 mL and with a transparent glass window. In the chamber, 0.7 mL of saturated salt

solutions[6,7] were filled without touching the sample surface, and kept at around 25 °C to define the

humidity in the closed atmosphere. At each step, 20 min equilibration time was needed.

To measure the response to solvent vapors and the saturation times for all analytes (including the

cycling experiments), a mass flow controller with a controlled evaporation mixer (CEM) (see below)

was applied. To measure the saturation time, the reflectance intensity changes of the BP were

observed at a certain wavelength placed at the red stop band edge. While the BP shifts as a response to

the analyte exposure, the reflectance intensity changes at the observed wavelength. The full response

from 0% to 100% vapor relative pressure was taken defined as the saturation time. In these dynamic

measurements, the BSs were placed into a closed chamber with the dimensions of 2.5x2.5x0.5 cm3,

where well-defined vapor relative pressure values were realized by connecting the inserted pipette tip

with a liquid gas flow controller (Bronkhorst) and a vaporizer (CEM) with a massflow controlled

carrier gas flow. To observe a specific solvent vapor relative pressure, the carrier gas nitrogen

(200 mL min-1) and the liquid solvent were dosed into the CEM (controlled evaporation and mixing,

W101A 130 K, Bronkhorst High Tech), where the thermal evaporation of the solvent took place. The
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CEM was heated to temperatures slightly above the boiling point. The relative vapor pressures were

calculated via the software FLUIDAT (CEM calculation), which considers the actual atmospheric

pressure, the temperature and the properties of the analyte (vapor pressure, heat capacity).[8] The

obtained data were analyzed with the SPECTRA SUITE (2008) software.

Simulations

Simulations of the reflectance spectra were carried out using a Matlab code based on a full vector

calculation using the transfer matrix method.[9] The layer thicknesses at 0% RH and 0% analyte

relative pressure were taken from the SEM cross section images. The refractive indices were taken

from the porosimetry measurements. For the simulations of the selectivity measurements, the layer

thicknesses at 100% were fitted according to the measured reflectance spectra. The refractive indices

in the optical isotherms are given at 623 nm.



3. Utilization of HSbP2O8 nanosheets in trace water sensing and vapor distinction

92

3.2.3 Additional data

Figure S3.1. Experimental XRD patterns of a) KSbP2O8 b) HSbP2O8 (in blue) and reference XRD patterns (red) from the

literature for (a) KSbP2O8 obtained from single crystal data and (b) for HSbP2O8 ∙ 2 H2O. Both XRD patterns were recorded

with Cu-Ka1 radiation.

Figure S3.2. Cation-proton exchange for KSbP2O8 monitored by XRD. Three exchange steps are necessary for complete

cation-proton exchange as illustrated. All XRD patterns were recorded with Cu-Ka1 radiation.
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Figure S3.3. Structure of KSbP2O8 viewed along a) [010] and b) [001]. K atoms in yellow, Sb atoms in blue, P atoms in red

and O atoms in black. For a better overview only one layer is shown along [001].

Table S3.1. EDX data of KSbP2O8 and HSbP2O8 ∙ H2O. The given data are averaged over four points; standard deviation in

brackets. The small amount of Al found is due to the synthesis in corundum crucibles.

K Atom% Sb Atom% P Atom% O Atom% Al Atom% Calc. Formula

Theo. values 8.3 8.3 16.6 66.6 KSbP2O8

Exp. values 8.4 (1.8) 8.4 (1.8) 15.5 (1.9) 66 (5) 0.6 (4) KSb1.01P1.85O7.95

Theo. values 8.3 16.7 75 HSbP2O8 ∙ H2O

Exp. values 8.4 (1.4) 15.5 (1.1) 76 (2) HSbP1.83O9.03

Figure S3.4. Schematic exfoliation of HSbP2O8 assuming that first swelling takes place, followed by exfoliation.



3. Utilization of HSbP2O8 nanosheets in trace water sensing and vapor distinction

94

Figure S3.5. Additional SEM pictures. a) BSE image of HSbP2O8 bulk phase and b) SE image of a HSbP2O8 nanosheet

pellet.

Figure S3.6. Schlieren texture of the exfoliated nanosheets in suspension.
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Figure S3.7. Indexed and magnified SAD pattern from Figure 3.1e).

Figure S3.8. Indexed SAD pattern of HSbP2O8 nanosheets. The concentric rings are due to randomly overlapping (e.g.

rotated along [001]) nanosheets.
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Table S3.2. Comparison and indexing of d-values of SAD (Figure S3.7 and S3.8) and XRD patterns (Figure 3.1c). Note that

as the nanosheet has a layer group (p̀3 (66)) only (hk) indices are used for indexing.

HSbP2O8 nanosheets

Miller indices d value SAD [Å] (Figure S3.7) d value SAD [Å] (Figure S3.8) d value XRD [Å]

(10) 4.24 4.16 4.17

(11) 2.46 2.43 2.41

(20) 2.11 2.09 2.08

(21) 1.59 1.58 1.57

(30) 1.41 1.40 1.39

(22) 1.21 1.20

(31) 1.16 1.16

Table S3.3. EDX data of the nanosheet pellet at two measured points.

Sb Atom% P Atom% O Atom% Calc. Formula

Theo. values 7.7 15.4 76.9 HSbP2O8 ∙ 2 H2O

Exp. values (I) 7.7 15.1 77.3 HSbP1.96O10.04

Exp. values (II) 7.2 14.6 78.2 HSbP2.02O10.86

Figure S3.9. Out-of-plane XRD-pattern of a 120 nm thick HSbP2O8 nanosheet film deposited by spin-coating on a Si-

substrate. Note that we only observe the (00l) reflections while (hk0) reflections are absent, indicating a strongly preferred

sample orientation (i.e. most of the sheets are lying parallel to the surface of the substrate).
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Figure S3.10. Optical isotherms of a thin film of HSbP2O8 nanosheets measured by ellipsometric porosimetry. a) Layer

thickness and b) RI (at 623 nm) change of a HSbP2O8 nanosheet thin film measured at different relative pressures of water

vapor.

Figure S3.11. Raman spectra of the bulk material HSbP2O8 and the turbostratically disordered nanosheet pellet under

ambient conditions (ca 30% RH) and Ar atmosphere, respectively. Note that due to luminescence we were unable to extract

data for the region where the O-H stretching vibrations are expected (3600-2900 cm-1). The spectra are in good agreement

with the ones reported in the literature.[10,11] A minor impurity band is present in bulk HSbP2O8 at around 1049 cm-1, but can

be removed by the exfoliation - centrifugation procedure to obtain the nanosheet pellet. The most significant changes are

highlighted in green. One small band appears at 482 cm-1 for the samples measured under ambient conditions compared to

the dried samples. This observation is consistent with the literature, in which a similar band is reported for HSbP2O8 ∙ 2H2O

in contrast to KSbP2O8, which does not have any crystal water. The band is most likely assigned to the Sb-O∙∙∙P stretching

vibrations.[10] Another difference is observed at 1270 cm-1: The band broadens when the sample is dried and becomes sharper

under humid conditions. The band is assigned to the P-O terminal stretching vibration, which is largely influenced by the

interlayer environment and, thus, hydration state.[10,11] Note, that all these change are reproducible and reversible.
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Figure S3.12. a) In-lens and b) backscattered SEM cross-section images of a HSbP2O8 nanosheet/TiO2 NP BS comprised of

11 layers showing the two different materials and the different morphologies.

Figure S3.13. Reflectance spectra and simulated spectra (dashed lines) of the HSbP2O8 nanosheet/TiO2 NP BS taken at

different RH values.

Figure S3.14. Optical isotherm of the TiO2 NP monolayer monitoring the RI changes (at 623 nm) upon increasing the

relative pressure of water vapor measured by ellipsometric porosimetry.
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Table S3.4. Refractive indices and monolayer thicknesses for the TiO2/HSbP2O8 BS used for the Matlab simulations at

different RH values. The layer thickness changes for the BS at different RH values were calculated from the ellipsometry

measurements (Figure S3.10a) for the actual thicknesses of the BS.

RH TiO2 HSbP2O8

Layer thickness RI Layer thickness RI
8% 58 nm 1.840 78 nm 1.560
43% 58 nm 1.870 91 nm 1.539
74% 58 nm 1.93 97 nm 1.533
85% 60 nm 1.934 103 nm 1.525
93% 61 nm 1.940 115 nm 1.520

Figure S3.15. Time-dependent optical response of the HSbP2O8 nanosheet/TiO2 NP BS showing a) the reflectance intensity

changes at 575 nm and b) the derivative of the reflectance intensity changes. Note that the oscillations after analyte exposure

are due to oscillations of the vapor dosing setup. Inset: Magnification of the derivative curve of the time-dependent

reflectance intensity changes between 580 and 660 s.
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Figure S3.16. Reflectance spectra and simulated spectra (dashed lines) of the HSbP2O8 nanosheet/TiO2 NP BS containing 7

layers, demonstrating the stop band shifts upon adsorption of the non-polar and polar, non-protic solvent vapors: a) heptane,

b) toluene, c) acetonitrile.
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Figure S3.17. Reflectance spectra and simulated spectra (dashed lines) of the HSbP2O8 nanosheet/TiO2 NP BS containing 7

layers, demonstrating the stop band shifts upon adsorption of the polar solvent vapors: a) methanol, b) ethanol, c) 1-propanol,

d) 1-butanol, e) 2-propanol, f) 2-butanol.
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Figure S3.18. Kinetic diameter, dielectric constant, dipole moment and RI of the analyte molecules plotted against the stop

band shift.
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Figure S3.19. Kinetic diameter, dielectric constant, dipole moment and RI of the analyte molecules plotted against the

saturation time.

Figure S3.20. Layer thickness change of a HSbP2O8 nanosheet thin film measured at different relative pressures of ethanol

vapor by ellipsometric porosimetry.
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Table S5.5. Stop band shifts and saturation times of the HSbP2O8 nanosheet/TiO2 NP BS to different analytes.[12-14]

Analyte Stop band
shift (nm)

Saturation
time (s)

RI Dielectric
constant (ε0)

Dipole
moment
(D)

Kinetic
diameter
(Å)

Water 550 166 1.3330 80.1 1.82 2.68
Acetonitrile 10 201 1.3441 37.5 3.45 3.4
Heptane 9 317 1.3876 1.92 0 4.3
Toluene 9 1937 1.4969 2.38 0.43 6.1
Methanol 33 897 1.3284 32.7 1.7 3.8
Ethanol 58 3130 1.3614 24.5 1.69 4.3
1-Propanol 132 4043 1.3856 20.1 1.68 4.7
2-Propanol 120 12140 1.3772 17.9 1.66 4.6
1-Butanol 170 9320 1.3993 17.8 1.66 5.0
2-Butanol 150 ~70000 1.3978 17.3 1.41 5.0

Table S5.6. Refractive indices and monolayer thicknesses for the TiO2/HSbP2O8 BS used for the Matlab simulations for

different analytes. The layer thicknesses and refractive indices at 100% analyte relative pressures were fitted to the measured

reflectance spectra. Note that for experimental reasons, a different sample was used for the 2-butanol measurements, which is

the reason for slightly different TiO2 NP layer thicknesses.

Analyte Relative
pressure

TiO2 HSbP2O8

Layer thickness RI Layer thickness RI
Acetonitrile 0% 55 nm 1.880 65 nm 1.540

100% 55 nm 1.980 65 nm 1.540
Heptane 0% 55 nm 1.920 67 nm 1.537

100% 55 nm 1.990 67 nm 1.537
Toluene 0% 56 nm 1.900 67 nm 1.537

100% 56 nm 1.990 67 nm 1.537
Methanol 0% 56 nm 1.880 65 nm 1.540

100% 56 nm 1.980 72 nm 1.530
Ethanol 0% 57 nm 1.880 67 nm 1.540

100% 57 nm 1.980 78 nm 1.530
1-Propanol 0% 55 nm 1.880 65 nm 1.540

100% 55 nm 1.980 108 nm 1.530
1-Butanol 0% 55 nm 1.900 64 nm 1.540

100% 55 nm 1.960 119 nm 1.530
2-Propanol 0% 55 nm 1.900 66 nm 1.540

100% 55 nm 1.970 104 nm 1.530
2-Butanol 0% 60 nm 1.900 65 nm 1.540

100% 60 nm 1.960 114 nm 1.530
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Figure S3.21. Time-dependent changes of the TiO2/HSbP2O8 BS upon ethanol adsorption. a) Reflectance spectra at 0%

ethanol vapor pressure (black), after 30 s adsorption (green), and at 100% ethanol relative pressure (red), the blue line

indicates at which wavelength the intensity changes were reported in b. b) Time dependent reflectance intensity changes of

the spectra from a) at 550 nm. Hereby the different ranges are marked with different colors. Black is the intensity at 0%

ethanol relative vapor pressure, green is the evolution in the first 6 s of the adsorption. Here, we attribute this initial fast

intensity increase to the pore filling of the TiO2 NP layer. The area marked with red indicates the saturation time of the BS.

Figure S3.22. Optical response of the HSbP2O8 nanosheet / TiO2 NP-based PC to water-ethanol vapor mixtures. a) The stop

band shifts against the water amount in the investigated mixtures and the corresponding microscope images showing the

structural color of the BSs in b) dry atmosphere with only N2 c) at 10:90, d) 50:50 and e) 90:10 water : ethanol mixtures.
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Abstract

Tailoring a sensor's sensitivity and capability to differentiate between different types of volatiles is still

very challenging. Current approaches mainly rely on the search for new sensing materials or on the

covalent modification of existing compounds. In this work, we present an alternative approach based

on exploiting non-covalent host-guest interactions through cation exchange in nanosheet-based Fabry-

Pérot devices. We find that the sensitivity of photonic thin film sensors toward volatile organic

compounds (VOCs) is greatly enhanced if TBA cations are hosted in the interlayer space of phosphate

nanosheets, enabling the colorimetric differentiation between polar, moderately polar and non-polar

vapors. We find that even very similar vapors such as anisole and toluene can be distinguished by a

color change visible with the naked-eye. In addition, we observe a significant decrease in response

time, paired with an ultra-large optical shift for alcohols vapors by more than 1400 nm, thus enabling

the tracking of subsecond vapors pulses. Our approach therefore enables the scalable design of cheap,

yet highly solvent-selective colorimetric sensors without the use of luminescent host-guest systems or

complex sensing arrays.
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Table of Content: An approach toward intercalant tunable nanosheet-based Fabry-Pérot sensors is

presented. The intercalant tetrabutylammonium significantly increases the sensitivity of the photonic

nose sensor to volatile organic compounds with increasing polarity, enabling polarity-driven color-

coded vapor differentiation. Paired with the improved millisecond response times for polar vapors,

vapor imaging with spatio-temporal resolution is within reach.

4.1.1 Introduction

Enhancing certain functions of sensors, such as their sensitivity or capability to differentiate between

vapors of various VOCs, is of high interest for numerous applications including medical diagnostics,

industrial processing, and environmental monitoring.[1-5] Current approaches rely mostly on the

introduction of new materials or on their covalent modification.[1-14] Approaches that introduce

functionality through intercalants have received far less attention for applications in vapor sensing,

despite showing very promising results in other sensing fields.[15-17] For example, crystalline, layered

polydiacetylene obtained from polymerization of 10,12-pentacosadiyonic acid can be cation

exchanged, which enhances its performance for temperature sensing.[17]

2D materials have recently been shown to provide a fruitful foundation as a new class of sensing

materials due to their large surface area, small size, and good swelling capability, which are all

properties that are inherent to or derived from being 2D.[3,5,8,10,11,18-24] The diverse library of available

2D nanosheets is steadily growing[25-30] and in combination with the progress made in processing

nanosheets to make thin films, devices based on nanosheets are on the rise.[5,10,11,21,23,31-34] Several

nanosheet-based sensors for detecting and distinguishing vapors have recently been studied, showing

very promising results.[3,5,20,21,35] For example, we showed that by integrating swellable antimony

phosphate nanosheets into 1D PCs, stimuli-responsive sensors can be built that are able to distinguish

vapors of both chemically similar and dissimilar alcohols, and water and non-polar solvents

optically.[5] Additionally, Jung and co-workers demonstrated vapor differentiation with black

phosphorous nanosheet-based chemiresistors.[21]

Nanosheets can be covalently modified by various organic groups,[3,36-40] a general concept which has

recently been applied in MoS2 nanosheet-based chemiresistive sensors for tuning their response to

VOCs.[3] Covalent modifications are also employed for other materials, such as silica NPs or etched

porous silicon wafers, in order to tune their response to VOCs.[1,2,41,42] The resulting sensors are
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typically used in photonic sensing, a more well-studied field in terms of covalent modifications as

compared to chemiresistive sensing.[6,12,43] However, the impact of these modifications on the

sensitivity and therefore, vapor discrimination capability is rather moderate, being intrinsically limited

by the change of RI, whereas nanosheet-based photonic sensors which predominantly operate on

changes of film thickness can show much larger responses due to nearly unrestricted swelling

capability of the 2D materials.[44-47]

In addition to introducing new materials or covalent modifications, another very interesting way to

tune the response of a sensor is by exchanging intercalating species, such as counter ions that

intercalate into nanosheet stacks to compensate the layer charge.[15-17,48] This has been demonstrated

for nanocellulose-based sensors to differentiate liquids[15] and in bulk layered materials, mainly clays,

with luminescent intercalants used to detect liquids or vapors.[48] For developing such tunable optical

sensors based on the choice of counter ions, nanosheet-based sensors are ideal candidates, as most

nanosheet materials carry a layer charge, which is compensated by exchangeable counter ions. In

addition, exfoliation of the layered bulk material is often surfactant assisted,[25,31,44] resulting in

surfactant-modified interlayer spaces upon re-stacking. Like PCs, nanosheet-based Fabry-Pérot

devices are label-free sensors that utilize interference effects producing inherent structural color

(Figure S4.1, Supporting Information). Hence, the need for specific luminescent guest molecules is

eliminated, which significantly enlarges the number of possible intercalants. The first Fabry-Pérot

device based on nanosheets was published by Kleinfeld and Ferguson.[49] In this study, the authors

demonstrated the application of Laponite thin films fabricated via layer-by-layer assembly as fast

humidity sensors. (Laponite is a synthetic smectite clay and a trademark of the company BYK

Additives Ltd.) This approach was extended by Lotsch and Ozin to Laponite-based Fabry-Pérot

devices obtained by spincoating, which were deployed for sensing alkylammonium surfactants.[50,51]

While taking advantage of the cation exchange properties of clays, none of these studies investigated

the role and impact of the interlayer cation on the sensing characteristics of the modified nanosheet

thin films to other types of analytes. As new surfactants for exfoliating 2D materials are being

explored, the role of the intercalant becomes pivotal in that it adds a new toolbox for tuning the sensor

response.[44,47]

In this work, we present the synthesis and characterization of novel tantalum phosphate nanosheets by

exfoliating HTaP2O8 ∙ 2H2O with TBAOH and TBPOH. The nanosheets are spin-coated to create

optically homogenous thin films containing the respective counter ions. The impact of the counter ion

for distinguishing VOCs is then evaluated and compared to H3Sb3P2O14 and TBAxH3−xSb3P2O14

nanosheet thin film devices. We find a clear improvement on the sensitivity toward several solvent

vapors with varying polarity, resulting in a better vapor differentiation capability if organic counter

ions are present. Moreover, the presence of the counter ions significantly reduces the response and the

recovery time for alcohol vapors.
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4.1.2 Results and discussion

Synthesis of TBAxH1−xTaP2O8 and TBPxH1−xTaP2O8 nanosheets was performed in three steps (Figure

4.1a). First, KTaP2O8 was synthesized by mixing Ta2O5, KNO3, and NH4H2PO4 in a stoichiometric

ratio and heating it to 850 °C for 48 h.[52,53] KTaP2O8 crystallizes in the KFe(SO4)2 structure type,

which is closely related to that of KSbP2O8. It has the same intralayer connectivity - MO6 octahedra

are corner-linked by PO4 tetrahedra, with one P-O vertex pointing toward the interlayer space.[52]

KTaP2O8 can be proton exchanged with 8  M HNO3 to yield HTaP2O8 · 2H2O (Figure S4.2 and Table

S4.1).[53] Exfoliation of HTaP2O8 ∙ 2H2O was achieved by stirring the powder in an aqueous solution

of TBAOH or TBPOH (1:1 molecular ratio) (Figure 4.1a); note that exfoliation of HTaP2O8 into

nanosheets has not been reported as yet. The single layer height of TBAxH1−xTaP2O8 and

TBPxH1−xTaP2O8 nanosheets was measured with AFM and amounts to 1.31 ± 0.16 nm and 1.61 ±

0.12 nm, respectively (Figure 4.1b and Figure S4.3), and is consistent with the presence of TBA or

TBP, which adds to the crystallographic layer thickness of the TaP2O8
- layers of 0.8 nm. Since TBP is

larger than TBA the increased thickness of the TBP exfoliated nanosheets is not surprising.

Exfoliation with TBP results in nanosheets with slightly smaller lateral sizes, as similarly seen before

for TBP exfoliated nanosheets of [Ti1.2Fe0.8]O4
0.8−.[47] We also investigated the nanosheets by TEM,

and SAED patterns were obtained from overlapping nanosheet regions (Figure 4.1b, Figure S4.3). The

d-values for the intralayer (hk) reflections from SAD patterns are in good agreement with the ones

from PXRD (Figure 4.1c, Table S4.2). No significant changes for the different cations were observed.

In comparison to HSbP2O8 nanosheets, a slightly larger lattice parameter is observed for Ta-based

compounds, in agreement with the parent bulk compounds.[5,53,54] The composition of the nanosheet

pellet was also verified by EDX spectroscopy (Table S4.3). The TBAxH1−xTaP2O8 and

TBPxH1−xTaP2O8 nanosheets, both with x = 0.6 (Table S4.4), were spin-coated on silicon substrates to

create thin films (Figure 4.1d, Figures S4.4 and S4.5). By altering the spin-coating speed, the film

thickness and hence the structural color of the resulting Fabry-Pérot device can be tuned (Figure 4.1d,

Figures S4.4 and S4.5) in line with the condition for constructive interference under normal

incidence:[7,41,55]

ߣ݉ = 2݈݊ (Equation 4.1)

where m is the spectral order (integer value), λ the wavelengths that allow constructive interference,

neff the effective RI and l the layer thickness (Figure S4.1; note that a layer is composed of several

unilamellar nanosheets). The product neffl is also known as the optical thickness. By changing the

optical thickness, either through material choice, film porosity or thickness, the condition for

constructive interference changes (Equation 4.1), which also changes the displayed color. Besides

such static ways to tune the color, the optical thickness can also be influenced dynamically through

external stimuli, enabling optical sensing.
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To illustrate the large lateral homogeneity of our Fabry-Pérot devices, images of the thin films are

displayed in Figure 4.1d. SEM cross-section images (Figure 4.1e) show the uniformity of the thin

films on the sub micrometer scale. Out-of-plane XRD patterns (Figure 4.1e) show a stacking distance

of 17.98 Å for TBAxH1−xTaP2O8 and 19.25 Å for TBPxH1−xTaP2O8, which is consistent with the

crystallographic thickness of 0.8 nm for a TaP2O8
- layer and the height of ≈1 nm for a TBA

monolayer[45] and slightly larger for a TBP monolayer (see also Figure S4.6 for Le Bail fits).
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Figure 4.1. Schematic of the exfoliation and the characterization of TBAx/TBPxH1−xTaP2O8 nanosheets and thin films. a)

Schematic of the exfoliation starting from KTaP2O8 (TaO6 octahedra dark blue, PO4 tetrahedra green, potassium yellow).

First, the material is ion exchanged by repeated treatment with 8 M HNO3 leading to HTaP2O8 ∙ 2H2O. This is followed by

treating the protonic phase with either TBA or TBP hydroxide in an aqueous solution, leading to a highly swollen phase.

Exfoliation into single layer nanosheets is achieved by applying a weak mechanical force such as stirring. b) AFM image

with corresponding height profile (inset) of TBAxH1−xTaP2O8 nanosheets (left) and TEM image of TBAxH1−xTaP2O8

nanosheets with a representative SAD pattern (right). For AFM and TEM images of TBPxH1−xTaP2O8 see the Supporting

Information. c) Powder diffraction patterns and Rietveld refinements of TBAxH1−xTaP2O8 (bottom) and TBPxH1−xTaP2O8

(top) nanosheets. Experimental patterns are shown in black, calculated patterns in red and difference curves in blue. d)

Images of TBAxH1−xTaP2O8 thin films with different thicknesses that result in different interference colors (scale bar 400 μm;

for UV-Vis spectra see the Supporting Information). e) Out-of-plane XRD patterns of TBPxH1−xTaP2O8 (top, black) and

TBAxH1−xTaP2O8 (bottom, red), and in the inset SEM cross-section images of TBPxH1−xTaP2O8 (top) andTBAxH1−xTaP2O8

(bottom) thin films. The broad reflection at around 7° marked with an asterisk stems from the sample chamber window

material, inherent to the diffractometer.

Next, we investigated the optical response of the thin films toward different solvent vapors. To

understand the effect of the intercalant, a protonated control sample without organic surfactant would

be desirable. Since protonated tantalum phosphate nanosheets can only be exfoliated by means of ion
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exchange with a bulky organic surfactant, H3Sb3P2O14 nanosheets, which can be exfoliated with and

without surfactants,[56,57] were used for this purpose. H3Sb3P2O14 thin films were obtained as described

earlier;[11] to obtain TBAxH3−xSb3P2O14 thin films with x = 1.8 (Table S4.4), TBA was added to the

spin-coating solution (see the Supporting Information). Thin film out-of-plane XRD confirmed the

presence of TBA in the interlayer space (Figure S4.7).

All TBA and TBP intercalated tantalum and antimony phosphate samples show an increase in

sensitivity toward water vapor in the high humidity regime (>80% RH) in comparison to the regular

H3Sb3P2O14 films (Figure 4.2 and Figure S4.8). As seen in Figure S4.8, upon exposure to moisture the

first order Fabry-Pérot fringe shifts out of the visible regime and the second order Fabry-Pérot fringe

appears in the region of the visible spectrum. This results in a significant color change for the TBA

and TBP modified samples in contrast to the unexchanged H3Sb3P2O14 films, as visible in Figure 4.2.

This is remarkable since H3Sb3P2O14 already is highly hydrophilic and ultrasensitive to moisture,

which previously had been exploited for realizing TPI driven by the moist atmosphere around a humid

pointer.[11] The interlayer cation thus further enhances the intercalative swelling process, likely due to

the pronounced hydration capability of the TBA and TBP cations. Compared to TBAxH1−xTaP2O8, the

overall response to humidity is very similar in TBPxH1−xTaP2O8. Only in the very high humidity range

the response is slightly weaker for the TBPxH1−xTaP2O8 sample (Figure 4.2), which is likely caused by

the smaller polarity of the TBP ion. Optical isotherms for the TBA treated thin films in comparison to

H3Sb3P2O14 thin films are shown in Figure S4.9 (data for pristine H3Sb3P2O14 are taken from ref. [11]).

Distinct changes in the optical isotherms are visible: First, the effective RI is significantly lowered due

to the contribution of TBA (nTBAOH 40 wt% in water = 1.405). Second, no pore filling for the structural pores

of H3Sb3P2O14 (Figure S4.10) is observed in the low partial pressure regime in the case of the

TBAxH3−xSb3P2O14 thin film, as evidenced by the changes in RI. This is most likely caused by TBA

occupying or blocking access of water molecules to this position (Figure S4.10). Finally, a higher

degree of swelling is observed for both TBA containing samples in the high H2O partial pressure

regime (also visible in the UV-Vis spectra). Both TBA treated samples show very similar optical

isotherms; therefore, we conclude that the response to moisture is dominated by the interlayer cation

rather than the host material.
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Figure 4.2. Humidity sensing with H3Sb3P2O14, TBAxH3−xSb3P2O14, TBPxH1−xTaP2O8, and TBAxH1−xTaP2O8 thin films. a)

Normalized spectral response (λ - λ8)/λ8 of the films plotted against different RH values (8, 43, 74, 88 and 95%). For single

UV-Vis spectra see Figure S4.8. b) Corresponding optical microscope images for H3Sb3P2O14, TBAxH3−xSb3P2O14,

TBPxH1−xTaP2O8, and TBAxH1−xTaP2O8 thin films at 8, 43, 74, 88 and 95% RH. The scale bar is 300 μm for all images. Note

that for 95% RH the first order Fabry-Pérot fringe shifts into the IR region for TBAxH3−xSb3P2O14, TBPxH1−xTaP2O8, and

TBAxH1−xTaP2O8, and the second order peak appears in the visible spectral range.

To further investigate the impact of the intercalant on the sensing performance, we studied the

response of TBAxH3−xSb3P2O14, TBAxH1−xTaP2O8, and H3Sb3P2O14 thin films to vapors with different

polarity, in particular non-polar n-octane and cyclohexane, moderately polar toluene and anisole, and

polar ethanol, and compared it to the response to 95% RH (Figure 4.3a,b and Figures S4.11 and

S4.12). We focus on the TBA containing samples in the following. The TBA modified thin films show

a significant difference in their optical response toward solvent vapors of varying polarity (Figure

S4.12). Even within a group of non-polar or moderately polar solvents, the different solvent vapors are

distinguishable with TBA containing sensors. For example, the color difference between films that

have been exposed to toluene and anisole is visible with the naked eye (Figure 4.3b). In contrast, in the

case of H3Sb3P2O14 thin films, no clear difference can be observed between non-polar and moderately

polar vapors, hence solvents within one group of polarity (non-polar or moderately polar) remain

indistinguishable (Figure 4.3b and Figure S4.11 for anisole vs toluene). Through the addition of TBA

we are now able to distinguish between toluene and cyclohexane or n-octane vapors based on their
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optical shift, in contrast to previous devices.[5] In addition, the TBA containing samples show a much

higher sensitivity compared to the unmodified system toward moderately polar and polar vapors such

as anisole and ethanol, respectively. Compared to the optical shifts reported for RI-based sensing the

shifts observed here are much larger for moderately polar and polar vapors as they are dominated by

layer thickness changes that significantly outweigh the blueshift due to the decreasing effective RI,

resulting in an overall large redshift (Figures S4.9 and S4.13).[7] Therefore, the addition of TBA results

in a better differentiation between several types of vapors across a broad range of polarities; this points

to a general concept for the development of photonic nose applications based on intercalant-modified

sensors. The observation that quaternary amines increase the affinity toward aromatic molecules and

show a better discrimination capability for non-polar solvent vapors, thus resulting in a better overall

vapor differentiation, is in line with previous publications.[58-64] This can be explained by the interplay

of different effects caused by TBA: First, the TBA ions widen the interlayer space, which allows

larger vapor molecules to diffuse into that space, and secondly, they partially hydrophobize the

interlayer environment, rendering the intercalation of less polar molecules more favorable as

compared to the non-modified system. At the same time, TBA easily hydrates, thus enhancing the

response to humidity as compared to the unmodified nanosheets, see above.
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Figure 4.3. Influences of the interlayer cation TBA on the sensitivity. a) Response of TBAxH1−xTaP2O8, TBAxH3−xSb3P2O14,

and H3Sb3P2O14 thin films toward vapors with different polarity given as (λx − λ43)/λ43, where λx is the peak position of the

first order peak in the UV-Vis reflectance spectra (Figure S11) under the saturated atmosphere of each solvent and λ43 is the

first order peak at 43% RH. b) Corresponding optical microscope images (scale bar 200 μm) depicting the response of

TBAxH1−xTaP2O8, TBAxH3−xSb3P2O14, and H3Sb3P2O14 nanosheet thin films toward different solvent vapors: n-octane,

cyclohexane, toluene, anisole. For H3Sb3P2O14 almost no difference is observed, whereas for the samples intercalated with

TBA a clear difference is observed between groups of different polarity (e.g., non-polar and moderately polar solvents) as

well as within these groups.

To investigate the response time of TBA-based sensors toward different solvent vapors, we recorded

time dependent UV-Vis spectra as well as videos showing the sensor’s response to a vapor pulse

(Figure 4.4, Figures S4.14-18, Videos S4.1-S4.4). For TBAxH1−xTaP2O8 films exposed to a short pulse

of ethanol vapor, we observe a large optical shift of 1429 nm within only 322 ms (Figure 4.4a, Figure

S4.14). To our knowledge, this is the largest optical shift toward ethanol vapor and among the fastest

response and recovery times (276 and 219 ms, respectively, see Figure S4.15a) to ethanol vapor

reported to date (for a typical measurement see Video S4.1 and Figure S4.16).[65-71] We primarily
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attribute the fast response time to the large surface area of the unilamellar nanosheets, augmented by

their small size, their turbostratic disorder, and the fact that TBA+ widens the interlayer space, all of

which create a large number of grain boundaries acting as conduits for the diffusion of small

molecules. If we take into account that the average time for the human eye to detect a different frame

is about 13 ms,[72] this ultralarge and fast optical shift gains some perspective. In 13 ms our sensor

shifts by ≈ 58 nm, which is equivalent to a shift from blue to green or from yellow to red (Calculation

S4.1). In terms of film thickness, this means that within 13 ms the sensor increases its thickness by

about 15%, assuming an average rate of change and fixed RI of 1.5 (Calculation S4.2). The response

of TBAxH3−xSb3P2O14 and H3Sb3P2O14 thin films toward short ethanol pulses is also shown in Video

S4.2 to visualize the stark effect of the TBA intercalant. For TBAxH3−xSb3P2O14, a distinct response is

visible whereas for H3Sb3P2O14 no response is observed, owing to the slow response time of the latter.

For both sensors, a few frames from this video are shown in Figure 4.4b; the complete frame series of

one ethanol pulse for the TBAxH3−xSb3P2O14 sensor is shown in Figure S4.17. For ethanol, we also

tested the minimum detectable concentration. Both the TBAxH1−xTaP2O8 as well as the

TBAxH3−xSb3P2O14 sensors detect ethanol amounts as low as 200 ppm (Figure S4.19). This is

competitive with other state-of-the-art photonic sensors where detection limits in the range of 100-900

ppm were reported.[2,7,73] Note, however, that the detection limit to low amounts of ethanol is not

improved compared to H3Sb3P2O14 without TBA (Figure S4.19c). Besides ethanol, other vapors such

as isopropanol can also be tracked with similarly fast response and recovery times (296 and 427 ms,

respectively, for isopropanol, see Figure S4.15b, c), and sensitivities (Figure 4.4c, Video S4.3 and

Figure S4.18). The same fast response holds for water vapor (Video S4.4) as demonstrated with

TBAxH1−xTaP2O8 thin films. The very fast response times bode well for the direct spatio-temporally

resolved optical imaging of vapor streams (Videos S4.2-S4.4). Besides demonstrating fast and

reversible switching (Videos S4.1-S4.4), we also measured the cycling stability of a

TBAxH3−xSb3P2O14 thin film toward H2O vapor over five cycles and found no signs of degradation

(Figure S4.20).
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Figure 4.4. Influences of the interlayer cation TBA on the response and recovery time. a) Time resolved UV-Vis spectra

monitoring the response and hence, the redshift of a TBAxH1−xTaP2O8 thin film toward a short ethanol vapor pulse. The first

to fifth order peaks are tracked throughout the visible region. Note that we clearly observe the third and fourth order Fabry-

Pérot fringe in the visible region, even parts of the fifth order fringe are visible (see also Figure S4.14). b) Frames from two

videos showing the response of TBAxH3−xSb3P2O14 (top) and H3Sb3P2O14 (bottom) toward a short ethanol vapor pulse. c)

Frames from Video S4.3 showing the response of TBAxH1−xTaP2O8 thin film toward a short isopropanol vapor pulse.

4.1.3 Conclusion

In summary, we report the successful exfoliation of HTaP2O8 ∙ 2H2O with TBA and TBP into single

layer nanosheets for the first time. The resulting sheets were spin-coated into optically homogeneous

thin films to create Fabry-Pérot sensors. By comparing the response of TBAxH1−xTaP2O8 with those of

TBAxH3−xSb3P2O14 and H3Sb3P2O14 toward vapors featuring different polarities, we demonstrate the

strong impact of the intercalant on the sensor performance. In particular, we find that the presence of

TBA substantially increases the sensitivity toward vapors of all polarities, with the largest effects seen

for moderately polar and polar vapors. Therefore, solvent vapors with varying polarity and even

solvent vapors with very similar polarities - such as n-octane, cyclohexane and toluene - can be

distinguished optically with a single thin film device. Furthermore, the widened and chemically

modified interlayer space of the nanosheets provides extremely fast response times for polar vapors on

the millisecond timescale. Taken together, we present a versatile label-free optical sensing platform

which shows potential as an alternative to optical sensors based on luminescent guest species or

complex hybrid architectures. In particular, our approach provides a viable route to low-cost sensors,

which do not rely on covalent modification of the host species, but can be easily tuned through non-

covalent interactions between the host and guest species on the one hand, and between the guest

species and the solvent vapor on the other hand. Ultimately, introducing suitably selected interlayer

cations into nanosheet sensors may open new avenues to design single component sensors with unique

selectivities for organic vapors, thus replacing or improving the currently used and more complex

sensor arrays.
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4.2 Supporting Information: Toward Tunable Photonic Nanosheet Sensors: Strong Influence

of the Interlayer Cation on the Sensing Characteristics

4.2.1 Methods

Nanosheet synthesis

Nanosheets were synthesized in three steps: First, to obtain KTaP2O8, Ta2O5 (99.85% Alfa Aesar),

KNO3 (99%, Merck), NH4H2PO4 (98%+, Acros Organics) were ground in a stoichiometric ratio and

heated up in a first step overnight at 250 °C and subsequently at 850 °C for two days with an

intermediate grinding step after the first 24 h.[1,2] For protonation 2 g of KTaP2O8 were treated with

250 mL 8 M HNO3 (diluted 65 wt%, Merck), filtrated, washed with ethanol and dried at room

temperature. To complete protonation, this step was repeated at least once to yield HTaP2O8 ∙ 2 H2O.[2]

For exfoliation, 1.02 mmol HTaP2O8 ∙ 2 H2O were stirred either with TBAOH (tetrabutylammonium

hydroxide 30-hydrate 98% , Sigma-Aldrich) or with TBPOH (tetrabutylphosphonium hydroxide,

40%wt, Sigma-Aldrich)  (molar ratio 1:1) in an aqueous solution (concentration of 7.3 mmol L-1). The

resulting suspension was centrifuged at 3000 rpm to separate larger unexfoliated particles including

the minor impurity phase, and later the nanosheet pellet was obtained by centrifugation at 24000 rpm

for 25 min and subsequently dried at room temperature.

H3Sb3P2O14 nanosheets were obtained as described previously.[3]

Colloidal suspensions preparation

Colloidal suspensions of H3Sb3P2O14 were obtained in a way similar to that described previously.[3]

H3Sb3P2O14 nanosheets were added to a mixture of water and ethanol (ratio 2:3, 40 mmol L-1) and

sonicated for 3.5 h.

Colloidal suspensions of TBAxH3-xSb3P2O14 were obtained by suspending H3Sb3P2O14 in aqueous

ethanol (28.8 mmol L-1). After sonicating for 2 h, 0.16  mmol TBAOH was added (ratio H+ : TBA

4:3). This mixture was then stirred for 1 h and sonicated for 2 h.

Colloidal suspensions of TBAxH1-xTaP2O8 and TBPxH1-xTaP2O8 were prepared by suspending

TBAxH1-xTaP2O8 and TBPxH1-xTaP2O8 in aqueous ethanol. 39.5 mg of TBAxH1-xTaP2O8 or TBPxH1-

xTaP2O8 were added to 2.6 mL of a water ethanol mixture (ratio 35:65), and subsequently either

TBAOH (77.5 mg) or TBPOH (67.6 µL, 40%wt solution) were added. The suspension was then

stirred for 1 h and sonicated for 2 h.

Thin film fabrication

All thin films were fabricated from the colloidal suspensions on silicon wafers (1.5 cm x 1.5 cm, 100

orientation) by spin-coating (WS-650S-NPP-Lite, Laurell Technologies Corporation). For all thin

films an acceleration ramp of 10000  rpm s-1, a spinning duration of 1 min, and 200 µL of the

respective suspension was used. Thin films of H3Sb3P2O14 were spin-coated twice at 3500 rpm. Thin
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films of TBAxH3-xSb3P2O14 were spin-coated at 1500-2000 rpm, TBAxH1-xTaP2O8 and TBPxH1-xTaP2O8

were spin coated between 1500-4000 rpm and 1500-3000 rpm, respectively.

4.2.2 Characterization

Morphology and structural characterization

PXRD pattern were collected in transmission geometry on a Stadi P diffractometer (STOE) working

with Ge(111) monochromated Mo-Ka1 radiation (λ = 70.926 pm) or Cu-Ka1 radiation

(λ = 154.059 pm).

Rietveld refinements of the nanosheet pellets were performed with the DiffracPlus TOPAS v4.2

software (Bruker AXS). A quasi single layer approach, similar as described in the literature, was used

to approximate the turbostratic disorder. Due to preferred orientation, only hk0 reflections were

observed, which allows for using a simplified model compared to the models described in the

literature that also include modeling of the 00l reflections.[4,5]

Thin film XRD patterns were recorded on a D8-Advance (Bruker) working with with Ge(111)

monochromated Cu-Ka1 radiation (λ = 154.059 pm) radiation or on a Empyrean (PANalytical)

working with Cu-Ka1,2 radiation (λ = 154.059 pm, λ = 154.442 pm). Le Bail fits were performend with

the DiffracPlus TOPAS v4.2 software (Bruker AXS).

EDX analysis of the bulk materials and nanosheet pellets were obtained with a Vega TS 5130 MM

(Tescan) equipped with Si/Li detector (Oxford). TEM images and SAD patterns were acquired with a

Phillips CM30 ST TEM (300 kV, LaB6 cathode) equipped with a Gatan CCD camera.

AFM images were recorded with a MFP-3D (Oxford Instruments) working in non-contact mode under

ambient conditions.

Cross-section images of the thin films were acquired with a Zeiss Merlin FE-SEM.
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Optical characterization

Images of the thin film surface were acquired with an optical microscope (Olympus BX51), operating

in reflection mode. Videos were recorded with a conventional smartphone camera.

Ellipsometric porosimetry measurements were carried out on a Sopra PS-1000 SAM (Semilab). The

samples were equilibrated 15 minutes prior to measurements at all relative water vapor pressures. To

obtain the RI and the layer thickness the obtained data were fitted with the software Sopra SEA (V.

1.4.12) using the model combination Cauchy and Lorentz.

For recording optical changes of the thin films toward humidity or organic vapors, the thin films were

placed in a stainless steel chamber (ca. 6 mL residual volume) that has two basins with a volume of

approximately 0.3 mL each, equipped with a transparent glass window. The basins were filled with

saturated salt solutions (NaOH 8%, 43% K2CO3, 74% NaCl, 88% Sr(NO3)2, 95% KNO3)[6,7] or organic

solvents at 20 °C. After a minimum equilibration time of 30 mins, UV-Vis spectra were recorded in

the closed chamber. All UV-Vis spectra were acquired with a fiber optic spectrometer (USB4000-

XR1-ES, Ocean Optics) attached to a microscope (BX51, Olympus) with normal incidence. The

optical spectra were taken at the same spot for all thin films (1×1 mm2 in area).

Short vapor pulses for dynamic measurements were created with a wash bottle (500 mL), which was

filled with 15 mL of the respective solvent.

For cycling measurements a homebuilt setup was used, as described in ref [3] equipped with a

Sensirion SHT 31 sensor for determination of the RH inside the chamber.
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4.2.3 Additional data

Figure S4.1. a) Schematic illustration of a Fabry-Pérot device based on nanosheets. l is the layer thickness, which consists of

several nanosheets in our case, and n is the effective RI. b) Schematic illustration depicting constructive interference for the

two outgoing beams for a wavelength λ1 and c) destructive interference for a different wavelength λ2. The color of the Fabry-

Pérot thin film device will depend on the wavelengths for which constructive interference are observed (see Equation 4.1 for

more details).

Figure S4.2. Experimental XRD patterns (in black) of KTaP2O8 (left) and HTaP2O8 ∙ 2 H2O (right) and reference XRD

patterns from the literature (in red). Both compounds contain a minor impurity phase. The minor impurity phase is separated

during the exfoliation step.
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Table S4.1. EDX analysis of bulk compounds KTaP2O8 and HTaP2O8 ∙ 2 H2O. For both compounds the theoretical values lie

within the standard deviations of the experimental measurements.

K Atom% Ta Atom% P Atom% O Atom% Calc. Formula

Theo. values 8.3 8.3 16.6 66.6 KTaP2O8

Exp. values 8.0 (4) 8.0 (6) 17.2 (9) 67 (2) KTaP2.16O8.37

Theo. values 7.7 15.4 76.9 HTaP2O8 ∙ 2 H2O

Exp. values 7.6(9) 16.2 (1.4) 76 (2) HTaP2.12O9.97

Figure S4.3. AFM image of TBPxH1-xTaP2O8 nanosheets with a corresponding height profile (left), and TEM image of

TBPxH1-xTaP2O8 nanosheets with a representative SAD pattern (inset, right).

Table S4.2. Comparison of d-values obtained from XRD and SAD patterns for TBA and TBP exfoliated TaP2O8- nanosheets.

Reflections marked with an asterisk are only weakly visible.

TaP2O8
- nanosheets

Miller

indices

d value TBA SAD [Å]

(Figure 4.1)

d value TBA XRD [Å]

(Figure 4.1)

d value TBP SAD [Å]

(Figure S4.3)

d value TBP XRD [Å]

(Figure 4.1)

(10) 4.45 4.45 4.35 4.43

(11) 2.58 2.57 2.50 2.56

(20) 2.21* 2.22 2.16* 2.21

(21) 1.68 1.68 1.64 1.67

(30) 1.48 1.48 1.46 1.48

(22) 1.28 1.28 1.25 1.28

(31) 1.23 1.23
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Table S4.3. EDX analysis of exfoliated TBAxH1-xTaP2O8 and TBPxH1-xTaP2O8 nanosheet pellets.

Ta Atom% P Atom% O Atom% Calc. Formula

Theo. values 9.1 18.2 72.7 TBAxH1-xTaP2O8

Exp. values 9.0 (1) 19.4 (5) 71.6 (5) HTaP2.15O7.97

Theo. values 8.6 22.4 69.0 H0.4TBP0.6TaP2O8

Exp. values 8.4(5) 21.9(1.2) 69(2)

Theo. values 8.8 21.0 70.2 H0.6TBP0.4TaP2O8

Table S4.4. Combustion and ICP analysis of TBAxH3-xSb3P2O14, TBAxH1-xTaP2O8 and TBPxH1-xTaP2O8. For the

determination of x the relative ratio of every element in TBA (C16H36N) or TBP (C16H36P, except P) to Ta or Sb3 was

calculated. The slightly higher ratio of nitrogen compared to carbon through all the samples might be attributed to residual

HNO3 from the proton exchange step prior to exfoliation.

C N H Sb/Ta

wt% TBAxH3-xSb3P2O14 26.42 1.98 5.90 28.11

Determination of x for

the different elements

(C16H36N)

1.79 1.84 2.06 3

wt%

TBAxH1-xTaP2O8

22.26 1.94 4.94 34.37

Determination of x for

the different elements

(C16H36N)

0.61 0.73 0.70 1

wt% 21.48 0.54 4.77 34.33

TBPxH1-xTaP2O8

Determination of x for

the different elements

(C16H36P)

0.59 - 0.67 1
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Figure S4.4. Corresponding UV-Vis spectra for the TBAxH1-xTaP2O8 thin film displayed in Figure 4.1. The film thicknesses

given in the legend are related to film thicknesses determined by ellipsometry.

Figure S4.5. Tuning of TBPxH1-xTaP2O8 film thickness and thus the displayed color by varying the spin-coating speed. The

legend displays the thicknesses obtained by ellipsometry.
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Figure S4.6. Le Bail fits of the thin film out-of-plane XRD pattern of Figure 4.1e (TBAxH1-xTaP2O8 and TBPxH1-xTaP2O8).

The green line marks the reflection arising from the sample chamber window material.

Figure S4.7. Indexed thin film out-of-plane XRD pattern of a H3Sb3P2O14 (dark blue, bottom) and a TBAxH3-xSb3P2O14 (light

blue, top) thin film. The effect of the TBA intercalation is clearly visible as a shift in d-spacing of approximately 1.1 nm for

the 001 reflection.
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Figure S4.8. Humidity dependent UV-Vis spectra of a) H3Sb3P2O14, b) TBAxH3-xSb3P2O14, c) TBAxH1-xTaP2O8 and d)

TBPxH1-xTaP2O8 thin films. A large difference in the optical shift is observed at 88% and 95% RH for samples with and

without TBA or TBP. For corresponding optical microscope images see Figure 4.2, and for optical isotherms see Figure S4.9.
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Figure S4.9. Optical isotherms of TBAxH1-xTaP2O8, TBAxH3-xSb3P2O14 and H3Sb3P2O14 nanosheets thin films measured by

ellipsometric porosimetry. a) Normalized layer thickness change ((l-l0)/l0; note, that an offset of 0.5 was applied for each

isotherm) and b) RI (at λ=623 nm) of the different nanosheet thin films measured at different relative pressures of water

vapor. The measurements are in good agreement with Figure 4.2 and Figure S4.8. The optical isotherm of H3Sb3P2O14 has

been reproduced from our previous publication, ref. [3].

Figure S4.10. Structural pore of a Sb3P2O143- nanosheet. SbO6 octahedra in blue, PO4 terahedra in red.
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Figure S4.11. Optical response of a) TBAxH1-xTaP2O8, b) TBAxH3-xSb3P2O14 and c) H3Sb3P2O14 nanosheet thin films to

saturated solvent vapors of n-octane, cyclohexane, toluene, anisole and ethanol. For comparison, the UV-Vis spectra obtained

at 43% RH are shown as well. Note that for H3Sb3P2O14 only a very small difference in the spectra between n-octane,

cyclohexane, toluene, and anisole is observed, whereas for the sample treated with TBA a clear difference between solvents

of different polarity is seen.
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Figure S4.12. Normalized optical shift plotted as a function of solvent polarity. a) Optical shift plotted against the

normalized Reichardt polarity scale  ܧ
 and b) against the relative permittivity, which is a good indicator of the solvent

polarity. For the relative permittivity the points for water were not included in the plot, due to the very high relative

permittivity.
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Figure S4.13. Schematic illustration describing the sensing principle of a nanosheet-based Fabry-Pérot device. For clarity,

TBA is not depicted in the interlayer space. Upon intercalation of the analyte (here H2O) into the interlayer space the

interlayer distances (id) expands and the layer thickness changes from l1 to l2. The layer thickness is expressed by: l = k ∙

(lnano+ id) - id. Here, k is the total number of single nanosheet layers that are stacked horizontally on the substrate, the sum of

the single nanosheet thickness and the interlayer distance lnano + id corresponds to the (001) d-spacing. The change in layer

thickness can be described as: l2 - l1 = (k-1) ∙ (id2-id1). Upon intercalation the effective RI can change. As the analytes have a

lower RI compared to the nanosheet materials, the redshift is caused by the change in layer thickness (see Equation 4.1, mλ =

2neffl) rather than the RI (for the moderately polar and polar vapors). To specify, neff decreases upon adsorption of moderately

polar and polar vapors, resulting in a decrease of λ (blueshift), whereas l increases, resulting in an increase of λ (redshift). But

since l2/l1 >> n1/n2 the net result is an increase in λ (redshift).

Figure S4.14. Single UV-Vis spectra of Figure 4.4a at 0 ms and after 322 ms. For 322 ms the maximum shift occurs, and the

4th and 3rd order Fabry-Pérot fringe are visible at 456 nm and 608 nm, respectively.
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Figure S4.15: Determination of response and recovery time of a TBAxH1-xTaP2O8 Fabry-Pérot device toward ethanol and

isopropanol (Figure 4.4a, Figure S4.18). a) Response and recovery time for ethanol. The upper lines indicate when 90% of

the change in optical shift is reached, which is the response time, and the lower line indicates when 90% of the change in

optical shift is reached for desorption, which is the recovery time. Determination of the response time (b) and of the recovery

time (c) of isopropanol.
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Figure S4.16. Frame series from Video S4.1. Time resolved response of a TBAxH1-xTaP2O8 thin film toward a short ethanol

vapor pulse. Please see Video S4.1 for actual time resolution. The total shift and relaxation from a) to e) appears in less than

1 s.
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Figure S4.17. Response of TBAxH3-xSb3P2O14 thin film toward an ethanol vapor pulse from a wash bottle. Images are single

frames from 29 fps video (Video S4.2). Note that the images of Figure 4.4b) top are from this consecutive image series (see

also Video S4.2).

Figure S4.18. Time resolved response of a TBAxH1-xTaP2O8 thin film toward a short isopropanol vapor pulse. Note that we

clearly observe the 2nd and 3rd order Fabry-Pérot fringe in the visible spectral region. The response also occurs in less than

500 ms.
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Figure S4.19. Minimum detectable concentration of ethanol for a) TBAxH1-xTaP2O8, b) TBAxH3-xSb3P2O14 and c)

H3Sb3P2O14. For all of the sensors we can detect down to 200 ppm (p/p0) ethanol, which is the lowest value reachable with

our ellipsometer setup. Note that these measurements are ellipsometric raw data.

Figure S4.20. Cycling of a TBAxH3-xSb3P2O14 thin film between 0% and 50±1% RH.

Please, see Video S4.1-S4.4, which is available online.

http://onlinelibrary.wiley.com/doi/10.1002/adma.201604884/abstract#footer-support-info
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Calculation S4.1:

Total optical shift in 322ms for a TBAxH1-xTaP2O8 thin film under ethanol vapor (see Figure 4.4a, Figure S4.14):

1824 ݊݉ − 395  ݊݉ = 1429 ݊݉

Optical Shift in nm ms-1:

1429 ݊݉
ݏ݉ 322 = ଵିݏ݉ ݉݊ 4.44

Average time for human eye to detect two consecutive images 13 ms.[8]

Optical shift in 13 ms:

ݏ݉ ଵ 13ିݏ݉ ݉݊ 4.44 =  57.72 ݊݉

Even shifts way below 57.72 nm can be detected with the naked eye without any problem.

Calculation S4.2:

Conservative estimation* of the percentage of film thickness change per ms with respect to starting thickness, assuming an

average rate of change (Figure 4.4a):

Estimation of the thickness change caused by ethanol:

= ߣ߂݉ (݈݊)߂2 

with conservative estimation: ݊ଵ  =  ݊ଶ  =  1.5

1824 ݊݉ –  395 ݊݉ =  2((݈ଶ  ∙  1.5) − (݈ଵ  ∙  1.5))

1429 ݊݉  3ିଵ =  ݈ଶ − ݈ଵ

476.33 ݊݉ = ݈ଶ − ݈ଵ

Estimation of film thickness prior to treatment:

ଵܺ = 2݊ଵ݈ଵ =>  ݈ଵ = భ
ଶభ

=> 395 ݊݉ 3ିଵ =  131.67 nm

Film thickness change per nm ms-1 and % ms-1:

476.33 ݊݉
ݏ݉ 322 = ଵିݏ݉ ݉݊ 1.48 

ଵିݏ݉ ݉݊ 1.48 100%

131.67 ݊݉ = ଵିݏ݉ 1.12%

% change within 13 ms:

ଵିݏ݉ 1.12%  ∙ = ݏ݉ 13   14.56%

*negative effect (blue shift) on the position of the Fabry-Pérot fringes for the change in RI due to decreasing effective RI by

analyte intercalation and swelling is not included. Instead, the RI is set to 1.5. Since the RI decrease is not considered here,

the percentage of thickness increase of the thin film is likely to be much higher.
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Abstract

Harvesting the properties of nanosheets is not only crucial from a fundamental perspective, but also

for the development of novel functional devices based on 2D nanosheets. Herein, we demonstrate the

processing of organically modified TBAxH1−xCa2Nb3O10 nanosheets into photonic thin films and study

their colorimetric sensing properties in response to various aqueous and organic solvent vapors.

Building on the enhanced solvent accessibility of TBA-containing nanosheets and their photocatalytic

activity under UV irradiation, we develop a new concept for photocatalytic lithography using

TBAxH1−xCa2Nb3O10 nanosheets as a negative photoresist to obtain high-fidelity micron-scale patterns

of robust inorganic nanosheets. Photocatalytic nanosheet lithography (PNL) therefore adds a new

resist-free, resource efficient direct patterning technique to the toolbox of photolithography.
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Table of Content: The pattern of little sheets: Combining the solvent-uptake capacity of organically

modified TBAxH1−xCa2Nb3O10 nanosheets with their inherent photocatalytic activity imparts both

vapor-sensing properties and enables their use as negative photoresists for micron-scale patterning.

5.1.1 Introduction

Recently, calcium niobate nanosheets derived from the DJ-type perovskite HCa2Nb3O10 have

developed into an ubiquitous building block for nanoarchitectonics,[1-4] nanoelectronics,[5-10] and

beyond[11-14] owing to their high structural definition and aspect ratio as well as their easy accessibility

and handling.[7, 15] Amongst others, calcium niobate nanosheets have been deployed as 2D building

blocks in artificial heterostructures,[15-17] as electron transport materials in solar cells[14] and

photocatalysts,[11-13] or as ultrathin high-κ capacitors or gate insulators.[5-10]

Following pioneering work by Sasaki and Mallouk on the exfoliation and utilization of 2D oxide

nanosheets,[1-3,18] Osterloh and co-workers demonstrated the vast potential of calcium niobate

nanosheet suspensions in photocatalytic water splitting.[11,12] While the large-band gap Ca2Nb3O10
-

semiconductor nanosheets (Eg = 3.5-3.6 eV)[11,19] produce hydrogen from pure water, the

decomposition of TBA, which is commonly used as an EA, is another fingerprint of the photoactivity

of calcium niobate under UV-illumination in air.[12] Similar observations for titania nanosheets

modified with organic cations were reported by Sasaki and co-workers earlier.[20-22] This

photodegradation of organic counterions was later used to pattern GO/PDDA/titania multilayer or

titania thin films on the millimeter or hundreds of micron scale, respectively, using a shadow mask.[23-

25] However, being able to precisely sculpture nanosheet architectures with feature sizes smaller than

100 microns is highly desired for applications in integrated microelectronic circuits due to the ever

increasing need for miniaturization.[6,26] Recent attempts to pattern nanosheet thin films on the µm-

scale were based on MoS2,[26] rGO,[27] or GO.[28] In these approaches the patterns are either obtained by

laser patterning or by electrochemical microstamping.[26-28] However, none of these latter methods

utilizes the intrinsic properties of the nanosheets for pattern creation, and all of them rely on complex

instrumentation for direct writing or stamping, which puts limitations on resolution, parallelization,

and scale-up.
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Apart from their known photocatalytic activity, calcium niobate nanosheets are promising candidates

for ultrathin sensor devices and for high-κ-capacitors and gate devices owing to their molecularly thin

thickness paired with high capacitance and large band gap.[5-10] Therefore, the development of a

straightforward, low-cost, and scalable patterning method for calcium niobate nanosheets is in high

demand.

Herein, we exploit the colloidal nature of calcium niobate nanosheets to construct photonic thin films

by spin-coating and study their response toward RH as well as saturated organic vapors. We then

combine the enhanced solvent-accessibility of the organically modified sheets with their

photocatalytic properties to photo-pattern thin films objects on the micrometer scale by using

TBAxH1-xCa2Nb3O10 as a negative photoresist. To our knowledge, this is the first time that the inherent

photoactivity of exfoliated inorganic nanosheets is used to mediate sub 100 micrometer pattern

formation under UV irradiation with high fidelity, thus adding a new resist-free and direct patterning

technique to the toolbox of photolithography.

5.1.2 Results and discussion

TBAxH1-xCa2Nb3O10 nanosheets were obtained from KCa2Nb3O10 in a two-step process as described

previously (see Experimental Details, and Table S5.1 and Figure S5.1 in the Supporting

Information).[19] The organically modified nanosheets exhibit a height of 2.6 nm (Figure 5.1a), which

is in agreement with the XRD measurements (see below) and other data from the literature.[19] The

nanosheets were spincoated into optically homogenous films on silicon substrates as depicted in

Figure 5.1b. Note that the color of the Fabry-Pérot thin films originates from interference, because the

film has an optical thickness in the range of half of the wavelength of visible light,[29] according to

Equation 5.1:

2݈݊ cos(ߠ) = ߣ݉ (Equation 5.1)

where n is the RI, l is the layer thickness, θ the angle of the refracted beam, m the spectral order and l

the wavelength.

The high degree of order perpendicular to the substrate is also illustrated by the fact that reflections up

to the 11th order (0011) are observed in the out-of-plane XRD pattern (Figure 5.1c). A d-spacing of

2.74 nm can be extracted by a Pawley fit of the data (Figure S5.2 and Table S5.2), which is in good

agreement with the combined Ca2Nb3O10
- nanosheet thickness of 1.5-1.6 nm[6] and the height of a

TBA+ layer of around 1-1.1 nm.[30] The inset in Figure 5.1c depicts a SEM cross-section image of the

photonic thin film, highlighting the lateral homogeneity of the film on the micron-scale.
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Figure 5.1. Characterization of TBAxH1-xCa2Nb3O10 nanosheets and thin films. a) AFM image of a single-layer

TBAxH1-xCa2Nb3O10 nanosheet. Inset: height profile. b) Spin-coated thin film of TBAxH1-xCa2Nb3O10 nanosheets on a silicon

substrate, showing the blue interference color. c) Out-of-plane XRD pattern of a TBAxH1-xCa2Nb3O10 thin film recorded with

Cu-Kα1 radiation. The broad reflection marked with an asterisk at around 7° stems from the sample chamber window

material. Inset: a SEM cross-section of the TBAxH1-xCa2Nb3O10 thin film (middle, in blue; thickness ca. 100 nm).

The Fabry-Pérot films were exposed to vapors of varying RH or saturated organic solvent vapors in a

closed system under static conditions (Figure 5.2 and Figure S5.3). Distinct color changes for varying

RHs as well as organic vapors with different polarities are observed as shown by the microscope

images in Figure 5.2 (bottom row). The shape of the normalized optical sensing response toward

varying levels of RH (see Figure 5.2a) largely resembles the sensing behavior of the TBAxH1-xTaP2O8

and TBAxH3-xSb3P2O14, nanosheet films reported by us previously.[29] This similarity points to the

important role of the interlayer cation TBA+, which dominates the overall sensing behavior, rather

than the host material itself: TBA acts as a gatekeeper for the swelling process in that it increases the

interlayer distance, rendering the diffusion of larger molecules into the interlayer gallery space more

facile. In addition, it slightly hydrophobizes the interlayer space, making the intercalation of

moderately polar or unpolar molecules more favorable. At the same time, the TBA cations easily

hydrate, thus extending the sensitivity range toward both polar and non-polar solvents and enhancing

the overall swellability of the system (Figure 5.2b).[29] Tuning the intrinsic polarity of the nanosheets

by partial ion exchange of protons with TBA+ therefore enables color-coded polarity differentiation of

organic vapors in a fashion similar to the phosphate-based sensors developed by us previously.[29,31,32]

Figure 5.2. Colorimetric sensing of a) RH and b) organic vapors with TBAxH1-xCa2Nb3O10 thin films. Displayed is the

normalized optical shift against the RH or the saturated vapor pressure of various solvents. Bottom row in (a) and (b) optical

microscope images. The scale bar for the optical images is 200 µm. For the corresponding UV-Vis spectra see Figure S5.3.
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In the next step we combine the enhanced solvent accessibility of the TBA-modified nanosheets with

their inherent photoactivity to establish a new 2D platform for photocatalytic patterning.

Photodegradation of TBA+ by calcium niobate under UV irradiation is ascribed to the light-induced

generation of reactive oxygen species, especially superoxide radicals, which react with TBA under H

abstraction to form H2O2.[12] The degradation of the organic interlayer species will result in a decrease

in the stacking distance as well as in the disappearance of characteristic C-H vibrations in the

vibrational spectra. A decrease in the d-spacing and, hence, film thickness, is then expected to directly

result in a color change of the thin film interference color according to Equation 5.1. Indeed, Figure

5.3b, d demonstrate the clearly visible color change upon irradiation of the film with a xenon lamp.

The Xe lamp has a significant spectral contribution in the region below 380 nm, which is required for

TBA decomposition. In addition, Raman measurements reveal decomposition of the TBA cations by

the disappearance of the diagnostic C-H stretching vibration in the range between 2880 cm-1 and

3050 cm-1, which are clearly present in the TBAxH1-xCa2Nb3O10 bulk material as well as in the thin

films before illumination (Figure 5.3a). Moreover, the d-spacing decreases by 1 nm (Figure 5.3c and

Figure S5.4), confirming the loss of TBA in the interlayer space and its replacement by protons and

NH4
+.[5,6,9] Note that the final d-spacing of 1.7 nm is in good agreement with the stacking distances

reported for UV-treated TBA-containing calcium niobate thin films (1.5-1.7 nm).[6,9] Taking advantage

of the local character of the light-induced TBA degradation, we use this novel photocatalytic

lithography concept to pattern the thin films by illuminating only parts of the film surface through a

shadow mask (Figure 5.3e). Exposure to UV light (Xe lamp, λ < 380 nm) results in thinner areas

(golden, TBA-free) and thicker areas still containing TBA. Drawing on the sensing results (see Figure

5.2) from which swelling of the TBA intercalated samples in polar solvents is expected, we use

washing with toluene or an actone-water mixture to remove the non-exposed (i.e. TBAxH1-xCa2Nb3O10

containing) areas. The remaining patterns consist of regions of (NH4)xH1-xCa2Nb3O10 nanosheet film

(see Figure 5.3f). In essence, this process demonstrates that TBAxH1-xCa2Nb3O10 nanosheets can be

used as a negative photoresist by combining the swellability of the organically modified nanosheets

with their inherent photocatalytic activity under UV-light.
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Figure 5.3. Photolithographic patterning of TBAxH1-xCa2Nb3O10 thin films. a) Raman measurements mapping the

photodecomposition of TBA+ under UV-illumination. The C-H stretching vibrations of the TBA is the dominant feature in

the range between 2880 cm-1 and 3050 cm-1. b) Image of the thin film before illumination. c) Change of the d-spacing with

increasing illumination time. d) Thin film after illumination without a mask, e) after illumination with a shadow mask, and f)

after removal of the unexposed area containing TBA ions (MPI FKF: Max-Planck-Institut für Festkörperforschung).

With a view toward potential applications of 2D materials in microelectronics, patterning on the µm-

scale is key. To explore the potential of this technique for micron scale patterning, we applied a µm-

scale mask to obtain high-fidelity micron-scale (NH4)xH1-xCa2Nb3O10 features on a Si substrate (Figure

5.4, Figure S5.5 and S5.6). The oxide nanosheet patterns show a rather low line-edge roughness,

considering the large lateral size of the nanosheets (see Figure 5.4d, e). Using this easy-to-implement

and economical procedure under ambient conditions, we were able to obtain features with sizes

smaller than 15 x 10 µm in lateral size, again demonstrating the ample potential of using

TBAxH1-xCa2Nb3O10 as a negative photoresist for photolithographic patterning on the micron scale,

and possibly beyond.

Figure 5.4. SEM images of micrometer scale patterns of (NH4)xH1-xCa2Nb3O10. a)-e) magnification series of arbitrary

nanosheet features and f) patterned electrode configuration. Note that the contours of individual nanosheets, the fundamental

building block of the thin film structures, can clearly be observed in (e).
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5.1.3 Conclusion

In conclusion, we have prepared photonic thin films based on exfoliated, organically modified

TBAxH1-xCa2Nb3O10 nanosheets. The interaction of the films with various solvent vapors, resulting in

swelling of the intergallery space during solvent uptake, was utilized to develop colorimetric sensors

for humidity and organic-vapor detection based on Fabry-Pérot thin film interference. By combining

the swellability of the organically modified nanosheets with their intrinsic photocatalytic activity, we

further developed a new photolithographic concept for patterning photoresponsive nanosheets. In

particular, we demonstrated the use of TBAxH1-xCa2Nb3O10 as a negative photoresist to create sub 100

micrometer scale patterns of (NH4)xH1-xCa2Nb3O10 with low line-edge roughness in a straightforward

and scalable development step. Since the calcium niobate nanosheets thus act both as the active

component and a negative photoresist, this technique circumvents the use of sacrificial photoresists,

which makes the overall process economical and resource efficient. While this is the first

demonstration using exfoliated inorganic nanosheets as a photoresist, we expect this concept to be

sufficiently general to transfer it to other photoactive 2D systems and to further reduce the feature

sizes accessible by PNL to the submicron scale.

5.1.4 Acknowledgement

Financial support was granted by the Max Planck Society and the University of Munich (LMU). We

thank Christine Stefani and Frank Adams for thin film XRD measurements, Armin Schulz for Raman

spectroscopy and Viola Duppel for SEM and SEM cross-section measurements.

5.1.5 Bibliography
[1] M. Fang, C. H. Kim, G. B. Saupe, H.-N. Kim, C. C. Waraksa, T. Miwa, A. Fujishima, T. E. Mallouk, Chem. Mater.

1999, 11, 1526-1532.

[2] R. E. Schaak, T. E. Mallouk, Chem. Mater. 2000, 12, 2513-2516.

[3] Y. Ebina, T. Sasaki, M. Harada, M. Watanabe, Chem. Mater. 2002, 14, 4390-4395.

[4] T. Shibata, K. Fukuda, Y. Ebina, T. Kogure, T. Sasaki, Adv. Mater. 2008, 20, 231-235.

[5] B.-W. Li, M. Osada, T. C. Ozawa, Y. Ebina, K. Akatsuka, R. Ma, H. Funakubo, T. Sasaki, ACS Nano 2010, 4,

6673-6680.

[6] M. Osada, K. Akatsuka, Y. Ebina, H. Funakubo, K. Ono, K. Takada, T. Sasaki, ACS Nano 2010, 4, 5225-5232.

[7] M. Osada, T. Sasaki, Adv. Mater. 2012, 24, 210-228.

[8] Y.-H. Kim, H.-J. Kim, M. Osada, B.-W. Li, Y. Ebina, T. Sasaki, ACS Appl. Mater. Interfaces 2014, 6, 19510-

19514.

[9]  C. Wang, M. Osada, Y. Ebina, B.-W. Li, K. Akatsuka, K. Fukuda, W. Sugimoto, R. Ma, T. Sasaki, ACS Nano

2014, 8, 2658-2666.

[10] B.-W. Li, M. Osada, Y. Ebina, K. Akatsuka, K. Fukuda, T. Sasaki, ACS Nano 2014, 8, 5449-5461.

[11] O. C. Compton, E. C. Carroll, J. Y. Kim, D. S. Larsen, F. E. Osterloh, J. Phys. Chem. C 2007, 111, 14589-14592.

[12] O. C. Compton, F. E. Osterloh, J. Phys. Chem. C 2009, 113, 479-485.

[13] E. M. Sabio, R. L. Chamousis, N. D. Browning, F. E. Osterloh, J. Phys. Chem. C 2012, 116, 3161-3170.

[14] L. Chang, M. A. Holmes, M. Waller, F. E. Osterloh, A. J. Moule, J. Mater. Chem. 2012, 22, 20443-20450.

[15] R. Ma, T. Sasaki, Adv. Mater. 2010, 22, 5082-5104.



5. Controlling the interlayer cations in calcium niobate nanosheets thin films for sensing and µm scale patterning

148

[16] B. V. Lotsch, Annu. Rev. Mater. Res. 2015, 45, 85-109.

[17] C. Ziegler, S. Werner, M. Bugnet, M. Wörsching, V. Duppel, G. A. Botton, C. Scheu, B. V. Lotsch, Chem. Mater.

2013, 25, 4892-4900.

[18] Y. Ebina, T. Sasaki, M. Watanabe, Solid State Ionics 2002, 151, 177-182.

[19] K. S. Virdi, Y. Kauffmann, C. Ziegler, P. Ganter, P. Blaha, B. V. Lotsch, W. D. Kaplan, C. Scheu, J. Phys. Chem.

C 2016, 120, 11170-11179.

[20] T. Sasaki, Y. Ebina, K. Fukuda, T. Tanaka, M. Harada, M. Watanabe, Chem. Mater. 2002, 14, 3524-3530.

[21] Y. Umemura, E. Shinohara, A. Koura, T. Nishioka, T. Sasaki, Langmuir 2006, 22, 3870-387.

[22] M. Harada, T. Sasaki, Y. Ebina, M. Watanabe, J. Photochem. Photobiol. A 2002, 148, 273-276.

[23] H.-B. Yao, L.-H. Wu, C.-H. Cui, H.-Y. Fang, S.-H. Yu, J. Mater. Chem. 2010, 20, 5190-5195.

[24] G. Perotto, A. Antonello, D. Ferraro, G. Mattei, A. Martucci, Mater. Chem. Phys. 2013, 142, 712-716.

[25] G. Perotto, M. Cittadini, H. Tao, S. Kim, M. Yang, D. L. Kaplan, A. Martucci, F. G. Omenetto, Adv. Mater. 2015,

27, 6728-6732.

[26] L. Cao, S. Yang, W. Gao, Z. Liu, Y. Gong, L. Ma, G. Shi, S. Lei, Y. Zhang, S. Zhang, R. Vajtai, P. M. Ajayan,

Small 2013, 9, 2905-2910.

[27] L. Zhi-Bo, L. Li, X. Yan-Fei, L. Jia-Jie, Z. Xin, C. Shu-Qi, C. Yong-Sheng, T. Jian-Guo, J. Opt. 2011, 13, 085601.

[28] K. Hu, L. S. Tolentino, D. D. Kulkarni, C. Ye, S. Kumar, V. V. Tsukruk, Angew. Chem. Int. Ed. 2013, 52, 13784-

13788; Angew. Chem. 2013, 125, 14029-14033.

[29] P. Ganter, L. M. Schoop, B. V. Lotsch, Adv. Mater. 2017, 29, 1604884.

[30] Y. Song, N. Iyi, T. Hoshide, T. C. Ozawa, Y. Ebina, R. Ma, N. Miyamoto, T. Sasaki, Chem. Commun. 2015, 51,

17068-17071.

[31] K. Szendrei, P. Ganter, O. Sànchez-Sobrado, R. Eger, A. Kuhn, B. V. Lotsch, Adv. Mater. 2015, 27, 6341-6348.

[32] P. Ganter, K. Szendrei, B. V. Lotsch, Adv. Mater. 2016, 28, 7436-7442.



5. Controlling the interlayer cations in calcium niobate nanosheets thin films for sensing and µm scale patterning

149

5.2 Supporting Information: Photocatalytic Nanosheet Lithography: Photolithography based

on Organically Modified Photoactive 2D Nanosheets

5.2.1 Methods

KCa2Nb3O10 was synthesized in a way similar to that described previously. In brief, K2CO3 (300 mg,

99%, Merck), Nb2O5 (1574 mg, 99.5%, Alfa Aesar), and CaCO3 (798 mg, 99%, Grüssing) were heated

to 1250 °C for 60 h. The product (1.2 g) was ion exchanged by stirring with 5 M HNO3 (430 mL) for

4 days with daily renewal of the acid. The resulting powder HCa2Nb3O10 · 1.5 H2O was dried at

100 °C to yield HCa2Nb3O10 · 0.5 H2O. For exfoliation the solid acid (788 mg) was stirred with tetra-

n-butylammonium hydroxide 30-hydrate (TBAOH, 1200 mg 98%, Sigma-Aldrich) in water (206 mL).

To remove unexfoliated material, the suspension was first centrifuged at 3000 rpm for 30 min and

subsequently the supernatant solution was centrifuged at 24000 rpm for 25 min to yield the nanosheet

pellet. The nanosheet pellet was dried overnight at room temperature.

The TBAxH1-xCa2Nb3O10 nanosheet pellet (50.4 mg) was dissolved with TBAOH 30-hydrate (77.5 mg)

in a water-ethanol mixture (944 mL and 1680 mL, respectively). Subsequently, the sample was

ultrasonicated for 4 h before spin-coating it (200 mL or 500 mL) on silicon substrates (1.5 x 1.5 cm or

2.5 x 2.5 cm, 100 orientation).

For recording optical changes of the thin films toward humidity or organic vapors, the films were

placed in a stainless steel chamber (ca. 6 mL residual volume) that has two basins with a volume of

approximately 0.3 mL each, equipped with a transparent glass window. The basins were filled with

saturated salt solutions (NaOH 8%, 43% K2CO3, 74% NaCl, 88% Sr(NO3)2, 95% KNO3) or organic

solvents at 20 °C. After a minimum equilibration time of 30 mins, UV-Vis spectra were recorded in

the closed chamber.[1]

For lithographic patterning thin films were placed either with or without a mask for at least 16 h under

a xenon lamp (Newport, 300 W, 120 mW cm-2). For removal of the TBAxH1-xCa2Nb3O10 regions the

illuminated films were immersed in water acetone (1:3 volume ratio) mixture for 15 min.
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5.2.2 Additional data
Table S5.1. EDX analysis of the bulk compounds KCa2Nb3O10 and HCa2Nb3O10 ∙ 1.5 H2O as well as the nanosheet pellet

TBAxH1-xCa2Nb3O10. Standard deviations in brackets. For all compounds the experimental data is very close to the theoretical

composition.

K Atom% Ca Atom% Nb Atom% O Atom% Calc. Formula

Theo. values 6.3 12.5 18.8 62.5 KCa2Nb3O10

Exp. values 6.2 (3) 12.0(5) 18.8(1.3) 63(2) KCa1.9Nb3O10.2

Theo. values 12.1 18.2 69.7 HCa2Nb3O10 ∙ 1.5 H2O

Exp. values 11.8 (1.3) 18.3 (1.7) 70(3) HCa2Nb3.1O10 1.8 H2O

Theo. values 13.3 20.0 66.7 TBAxH1-xCa2Nb3O10

Exp. values 13.3(1) 21.1(1) 65.53(12) TBAxH1-xCa2Nb3.2O9.8

Figure S5.1. Experimental XRD patterns (in red) of KCa2Nb3O10 (left) and HCa2Nb3O10 ∙ 0.5 H2O (right) and reference XRD

patterns from the literature (in black). Both XRD patterns were recorded with Cu-Kα1 radiation.
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Figure S5.2. Pawley fit of the XRD out-of-plane pattern of the TBAxH1-xCa2Nb3O10 thin film displayed Figure 1c). The

additional reflection marked with a black scatter at 7° 2θ stems from the sample chamber window material and was fitted as a

single peak phase.

Table S5.2. Information on the Pawley fit of TBAxH1-xCa2Nb3O10 displayed in Figure S2.

Spacegroup P4/mbm

a = b / Å # 0.2

c / Å 27.363(3)

R-exp / %*

R-p / %*

1.45

3.78

R-wp / %* 5.43

2θ range / ° 3 - 38

Total parameters / thereof background including the single peak phase 25 / 9

# Note as the diffraction pattern consists only of 00l reflections due to strongly preferred orientation of the nanosheets on the

substrate, we used a very small a-axis to only obtain 00l reflection in the displayed 2θ range. The other option for fitting is to

use the original cell parameters along with a strongly preferred sample orientation, which would only add additional

parameters to the refinement.

*R-exp, R-p, R-wp as defined in TOPAS 4.2 (Bruker AXS).
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Figure S5.3. UV-Vis spectra of the TBAxH1-xCa2Nb3O10 thin films for a) exposure toward different RH levels and b) toward

saturated vapors of organic solvents. For the normalized values and changes in color of the thin films see Figure 5.2.

Figure S5.4. Thin film out-of-plane XRD pattern after 25 h (black), 52 h (blue) and 73 h (red) illumination time. The inset is

a zoom of the range between 3.6° and 6.5° 2θ to illustrate the change over time more clearly (see also Figure 5.3c). The

reflections marked with asterisks at 32.94° and 69.12° 2θ are due to the Si substrate and were used for pattern alignment. All

XRD patterns were recorded with Cu-Kα1 radiation.
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Figure S5.5. Additional SEM images of photolithographic patterns of (NH4)xH1-xCa2Nb3O10 obtained through PNL. a)

Magnification of Figure 5.4a) (main text), b) SEM image of a square pattern and c) magnification of a single square. Scale

bar in a) 40 µm, b) 100 µm and c) 10 µm.

Figure S5.6. Optical microscope images of arbitrary structures obtained by PNL. The scale bar is 200 µm. Note that the large

circle consisting of three crosses and several rectangles is equivalent to the mask shape, i.e. the mask also contained three

crosses rather than four.
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Abstract

The development of vapor sensors with tunable sensitivity and selectivity is highly desirable because

of the manifold applications ranging from air quality monitoring to food control. The design of such

sensors remains, however, a great challenge. Here, we address this challenge by intercalating primary

and tertiary alkylamines with varying alkyl chain lengths into H3Sb3P2O14 nanosheet-based Fabry-

Pérot interference sensors. As the sensors are photonic in nature, the different amines can be

distinguished based on their intercalation time and optical shift. Since the amines are protonated

during intercalation and therefore trapped, this allows us to use amine modification as the basis for

creating optical sensors. Intercalation of different amines gradually and widely tunes the sensor’s

sensitivity and selectivity to various analytes. This adjustment of sensing properties allows us to

construct a sensor array on a single chip, which can distinguish different VOCs. The color change of

this sensor array upon exposure to solvent vapors can be tracked with the naked eye, making this

system a promising platform for the high-fidelity identification of volatile compounds. The sensor

design protocol presented herein is straightforward and robust and can be transferred to other

nanosheet-based devices for the rational tuning of their vapor-sensing properties and beyond.
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Table of Content: An approach toward rationally designed nanosheet-based Fabry-Pérot sensors by

vapor-phase amine intercalation is presented. Amine intercalation into photonic nanostructures was

used for the spatio-temporal monitoring of the intercalation process and to fabricate tunable photonic

vapor sensors. Pairing the latter with spatially confined intercalation, an array sensor for the high-

fidelity optical differentiation of various vapors is demonstrated.

6.1.1 Introduction

Fine-tuning of a vapor sensor’s sensitivity and selectivity over a broad analyte range is a key challenge

in fundamental science, and at the same time, of enormous commercial interest.[1-14] To date, vapor

sensors derived from layered materials have shown first promising performances, but their rational

development is still in its infancy.[5,12-18] Among the techniques that can be used to tune the properties

of layered materials, ion exchange and intercalation have stood out as efficient, yet simple means of

chemical modification of the host material.[19-39] For example, thermal,[19,20] magnetic,[21]

superconducting,[22-24] optical,[25] electrochemical,[26,27] sensing,[28-32] catalytic,[33] and many other

properties have previously been altered by intercalation methods. Additionally, intercalating ions into

layered materials or exchange for bulky interlayer ions can also be used to delaminate layered systems

into single layer nanosheets.[40-42]

Apart from studying the fundamental properties of nanosheets, their assembly into novel functional

architectures, and the modification of their properties by introducing intercalants into such 2D

nanosheet-based structures, has triggered significant research interest.[40,43-58] Toward this end, the real

time, in situ monitoring of such intercalation processesis of particular interest.[47,48,56,58] So far, little is

known about the tunability of nanosheet-based vapor sensors by intercalation or ion exchange,[6,59]

despite promising studies on intercalated layered bulk oxide materials.[28-31] Moreover, fundamental

work emphasizes the pivotal role of intercalated cations for swelling and delamination.[60,61] For

instance, Sasaki and co-workers were able to show how intercalated ions affect the crystal stability of

H0.8[Ti1.2Fe0.8]O4 · H2O and demonstrated that intercalated short primary and tertiary amines can cause

a 100-fold, reversible swelling of the material, ultimately leading to delamination of the layered

material in water.[60,61] Furthermore, Imai and co-workers used ion exchange methods with long-

chained alkylamines to achieve exfoliation of different layered oxides in non-polar solvents.[62,63]
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With respect to ion exchange and intercalation effects on vapor sensing, we recently reported on the

strong influence of the interlayer cation TBA on the sensing characteristics of nanosheet-based Fabry-

Pérot sensors.[6,59] We were able to show that their sensitivity, selectivity and response time is

significantly improved by the presence of TBA, suggesting that the interlayer cation dominates the

sensing response.[6,59] However, this approach has certain limitations, for example, little sensitivity and

selectivity toward non-polar analytes due to the restricted number of ammonium and phosphonium

ions that can be introduced by ion exchange.[6,59] Nevertheless, modification of the active sensing

material by ion exchange and intercalation is complementary to other approaches aiming to tune the

sensitivity and selectivity of electrical, electrochemical and photonic sensors based on 2D materials

and photonic vapor sensors in general;[2-5,64-70] these mainly focus on the introduction of completely

new materials[65,66] or on the covalent modification of known ones,[2-5] their decoration with metal

NPs,[67-69] or the design of complex hierarchical structures.[9,70] Although the de novo synthesis of

stimuli-responsive materials suffers from multiple optimization steps, the others strategies are limited

by complex fabrication procedures or low levels of tunability or both. In contrast, covalently modified

photonic vapor sensors typically exhibit tunable selectivity but show limited sensitivity since they

operate based on RI changes,[2-4] rendering additional statistical readout methods, such as PCA,

necessary for the differentiation of vapors.[2,4] Because at their current development state all of the

above methods have certain shortcomings, it is highly desirable to develop generic techniques that

allow for the straightforward adjustment and modification of a sensor’s selectivity and sensitivity

while allowing for easy scale-up.

In this work, we show that many primary and tertiary alkylamines as well as aminoalcohols can be

intercalated into H3Sb3P2O14 photonic thin films swiftly via the vapor-phase. Each amine leads to

distinct optical shifts and intercalation times, thus providing a color-coded fingerprint characteristic of

each chemical modification of the photonic thin film. A convenient feature of our photonic device is

therefore the possibility to optically track the intercalation process in real time and locally resolved

through changes in the interference color occurring upon intercalation. Since the amines are trapped as

ammonium ions in the interlayer space, the amine-modified photonic films are robust and reusable,

which are important ingredients for their use as sensors. By varying the alkyl chain length or adding

functional groups, we demonstrate that we can rationally tailor the sensor’s selectivity and sensitivity

toward various analytes. Finally, by combining vapor-phase intercalation with the amine-specific local

modification of the sensing properties, we create a single-chip array sensor, which because of its high

selectivity and sensitivity allows for both naked eye readout of analyte detection and readout with a

commercial webcam.
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6.1.2 Results and discussion

An overview of the experimental procedures is displayed in Scheme S6.1 (Supporting Information)

and Figure 6.1. H3Sb3P2O14 nanosheets were prepared and spin-coated to form Fabry-Pérot thin films

as described previously (Scheme S6.1).[6,15] Building on our results on the strong influence of the

interlayer cation TBA on the sensing characteristics[6,59] and inspired by the feasibility of intercalating

various amines into layered bulk materials,[71-75] we decided to intercalate primary and tertiary

alkylamines into photonic H3Sb3P2O14 nanosheet-based thin films to study their sensing characteristics

(Figure 6.1). As evident from Figure 6.1, the vapor-phase amine intercalation into H3Sb3P2O14 thin

films is a post-film fabrication modification approach which is efficient and at the same time allows

for additional sensor design capabilities. It also increases the possibilities for applications compared to

our previous approach relying on solution-based ion exchange methods which were applied before

film fabrication.[6,59]

Figure 6.1. Schematic overview of the amine intercalation process and optical sensing. The amine intercalation process into

photonic thin films occurs via an acid-base reaction, which causes a change in the film thickness and, hence, structural color.

Note that the last image on the right shows a simplified picture of the interlayer gallery upon analyte intercalation.

During the vapor phase intercalation process of primary and tertiary alkylamines into the solid acid,

that is, the proton-bearing nanosheets, an acid-base reaction occurs where the alkylamines are

protonated to form ammonium ions and are therefore trapped in the interlayer space:[61,73,74]

H3Sb3P2O14 + NR3          H3-x(NHR3)xSb3P2O14
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The intercalation is accompanied by an increase of the interlayer distance,[29,74] which in turn results in

an increase in the overall film thickness. According to Equation 6.1, this should result in a change of

the structural color according to the interference condition under perpendicular illumination:[6]

ߣ݉ = 2݈݊ = 2݊ܿ݃ (Equation 6.1)

Here, m is the spectral order, λ the wavelengths that allow for constructive interference, neff the

effective RI, and l the film thickness, which is given by the stacking distance c times the number of

nanosheet layers g.

As expected, upon amine intercalation we clearly observe distinct color changes in the photonic films

(Figure 6.2a). XRD shows a linear shift of the 00l stacking reflection and thus the interlayer distance

with increasing chain length of the primary alkyl amines (Figure 6.2b, Figure S6.1). Similarly, the

normalized first order interference band in the UV-Vis spectra shifts linearly with alkyl chain length

between ethylamine and tetradecylamine (Figure 6.2c, Figure S6.2). Note that, for the photonic thin

films displayed in Figure 6.2a, the color is determined only by the first order band for short alkyl

chains (up to n=4), whereas for longer chain lengths, the colors are determined by interference of

higher order bands. The range of color modulation shown here is among the widest reported so far for

a photonic material.[76,77]

From the slope of the stacking distance versus alkyl chain length relation, we can extract the increase

in the interlayer distance per carbon atom. For the primary alkylamines, we find an increase in layer

distance of 2.03 ± 0.02 Å per carbon atom. This is similar to other reported values for layered bulk

materials intercalated with primary alkylamines, which are in the range of 1.9-2.3 Å per carbon atom

and are assigned to a tilted bilayer arrangement of the amines in the interlayer space.[74] Therefore, by

comparison to literature values, we can deduce that bilayers of amines are present in the interlayer

space. This is also supported by the elemental analysis results (see Table S6.1), which indicate a value

of three primary amines per H3Sb3P2O14 formula unit. The area of at least 55.8 Å2 covered by three

primary amines[74] is thereby too large to match the area of 44.2 Å2 provided by the H3Sb3P2O14

formula unit if a monolayer arrangement is assumed and, hence, bilayers are formed. Moreover, we

can calculate the tilting angle of the primary amines in the interlayer space, which is 53.1° (for

calculation of the tilting angle see Figure S6.3).[74] Amine intercalation is thus a straightforward and

easy method to modify nanosheet-based photonic thin films and to distinguish between different

primary alkylamines.
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Figure 6.2. Characterization of H3-x(NH3(CH2)n-1CH3)xSb3P2O14 thin films. a) Optical image of spin-coated, primary

alkylamine-intercalated Fabry-Pérot thin films (UV-Vis spectra before and after intercalation are shown in Figure S6.2). Note

that the circular color gradient visible in several films is due to the gradient in film thickness resulting from the spin-coating

process, which translates into the amine-intercalated system. b) 001 reflection of the out-of-plane XRD patterns. For

complete XRD patterns see Figure S6.1. c) Correlation plot of the stacking distance and the normalized optical shift which is

extracted from the UV-Vis spectra versus the number of carbon atoms in the alkyl chain.

The technical relevance of differentiating and identifying amine vapors,[78,79] along with the peculiar

swelling behavior of (tertiary) dimethylalkylamines[61] prompted us to study the intercalation behavior

of these amines and to compare them to that of the primary amines. We again observe a linear trend in

the optical shift, as well as the 00l reflection, with increasing alkyl chain lengths (Figure S6.4, S6.5

and S6.6). Thus, dimethylalkylamines, just as alkylamines, can also be distinguished based on their

optical shift. In this case, we obtain an increase of 1.05 ± 0.03 Å per carbon atom, which points to a

monolayer arrangement with a tilting angle of 55.8°. The monolayer arrangement is also supported by

the results of the elemental analysis (Table S6.1). Two tertiary amines are found per formula unit

H3Sb3P2O14. As the area provided by a H3Sb3P2O14 formula unit is sufficient to accommodate two

tertiary amines, monolayer formation seems likely. The different arrangement of the tertiary amines

compared to the primary amines could stem from altered interactions between the amine groups and

the P-O groups of the nanosheets since the two additional methyl groups weaken the hydrogen bonds

and favor interactions between the alkyl chains.

However, since the optical shifts and stacking distances are rather similar for the tertiary and primary

amines with n = 4, it is practical to identify another parameter to clearly differentiate between all

primary and tertiary amines. Since the color of the film changes upon intercalation, this allows us to

monitor the intercalation process in real time by tracking the color change over time (Video S6.1).

Thus, as displayed in Figure 6.3a) and b), n-butylamine (BA) and N,N-dimethylbutylamine (DMBA)
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can be clearly distinguished based on the time needed for the intercalation process of the respective

amines to be completed.

Figure 6.3. Time resolved amine intercalation into photonic thin films. Intercalation of a) n-butylamine, b) N,N-

dimethylbutylamine, c) 4-(dimethylamino)-1-butanol, and d) 4-amino-1-butanol into two thin films per amine to visualize the

spatial extent of amine intercalation (see Video S6.1, Figure S6.7). Ammonium cations are sketched on the left because the

amines get protonated in the interlayer space. e) Detailed time-resolved intercalation of 4-(dimethylamino)-1-butanol

illustrating the spatially resolved progression of the structural color change. The area of the evaporating aqueous amine

solution is highlighted in light orange and the propagation of the amine intercalation front with orange arrows.

To demonstrate the scope of amine vapor differentiation, we additionally intercalated 4-amino-1-

butanol (BAOH) as well as 4-(dimethylamino)-1-butanol (DMBAOH) and recorded the optical

changes (Figure 6.3c, d). For these hydroxyl-group bearing compounds, we found considerably longer

intercalation times, which are on the order of several hours (DMBAOH) or even days (BAOH). The

boiling points of the different intercalants, which can be viewed as an approximation of the vapor

pressure, correlate with the increasing intercalation times (see Table S6.2). This does not only

demonstrate that a large range of chemically different amines carrying functional groups can be

intercalated but also that it is possible to differentiate such amines based on their optical shift and the

time scale of the intercalation process, which can be followed optically.

Analyzing the intercalation process displayed in Figure 6.3, Figure S6.7, and Video S6.1 in more

detail, some further observations can be made: We can localize the exact area where the amines are

vaporizing (Figure 6.3e, Video S6.1), as the intercalation commences in the area of the thin film facing

toward the spot where the liquid amines were deposited. Because of this locally resolved, large

response of the film to the amine vapor, nanosheet thin film devices can potentially be used to quickly

and reliably find leaks of amine-containing gases. On a more fundamental level, tracking amine

intercalation optically with high spatial resolution is the first step to the direct macroscopic

visualization of intercalation processes occurring at the atomic level.

Having developed an easy method for the differentiation of various amines based on the irreversible

intercalation into photonic thin films, we can now proceed to use these permanent modifications for

the development of functional, that is, chemically selective sensors. Using different amines, we are
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able to modify the host (intercalated H3Sb3P2O14) - guest (analytes) interactions and to tune the

selectivity, defined as the discrimination capability of the sensor toward analytes.[67,80,81] To

demonstrate the gradual tunability of the photonic nanosheet sensors, we analyzed the effect of the

increasing alkyl chain length (n = 1 - 16) of intercalated primary alkylamines on the reversible sensing

response toward vapors of 94% RH, saturated toluene and saturated cyclohexane (Figure 6.4a, Figure

S6.8-6.10, Video S6.2-6.4). For hosts intercalated with short alkylamine chain lengths, we observe a

strong response toward saturated polar vapors, and a weak response toward saturated non-polar and

moderately polar vapors, as would be expected. With increasing alkyl chain lengths, especially for n ≥

4, this property gradually reverses and stronger responses toward non-polar and moderately polar

vapors are observed. This can be easily explained by the effect of the increasing alkyl chain lengths,

rendering the interlayer space more hydrophobic and, therefore, gradually enhancing the selectivity

toward more non-polar analytes. This is also in agreement with observations made for the exfoliation

of amine-intercalated bulk materials, where intercalated short-chained amines can lead to exfoliation

in water, whereas long-chained amines can lead to exfoliation in moderately polar solvents.[61-63] To

further illustrate the potential of amine-intercalated nanosheet sensors, we additionally exposed the

dodecylamine- and hexadecylamine-intercalated thin films toward ethanol, anisole, and n-octane vapor

(Figure S6.11), as well as the hexadecylamine-intercalated sample toward mixtures of anisole and

toluene vapor (Figure S6.12). All of the pure solvent vapors as well as anisole and toluene mixtures

can be clearly distinguished. Remarkably, the optical shift is nearly linear for the mixture series of

anisole and toluene. To verify the fast response (defined as the time to reach 90% of the signal

change)[82] and recovery times, and also the cyclability, we recorded time-dependent UV-Vis spectra

for representative samples intercalated with ethylamine and decylamine (Figure S6.10, Video S6.2-

S6.4). We observe subsecond response and recovery times toward saturated vapor streams of

cylcohexane (response time: 840 ms, recovery time: 510 ms), toluene (response time, 510 ms;

recovery time, 720 ms) for the decylamine-intercalated sample and water (response time, 600 ms;

recovery time, 930 ms) for the ethylamine-intercalated sample (see Figure S6.10, Video S6.2-6.4).

These response and recovery times are faster compared to most other nanosheet-based or other

photonic sensors, which exhibit response times on the order of several seconds.[2,4,12-14]
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Figure 6.4. Gradual tuning of the properties of photonic nanosheet sensors. Influence of the alkyl chain length as well as the

hydroxy functional group on the sensitivity and selectivity of photonic nanosheet sensors toward vapors of varying polarity.

a) Influence of the alkyl chain length of primary alkylamines, displayed in terms of the normalized optical shift, which is

expressed here by (λend-λ43)/λ43 with λend and λ43 being the first order band maximum position of the saturated vapor

atmosphere and that of 43% RH, respectively, toward polar (94% RH), moderately polar (saturated toluene), and non-polar

vapor (saturated cyclohexane). b) Impact of the introduction of an OH functional group on n-butylamine and N,N-

dimethylbutylamine toward the same vapors as in a). The bottom part in b) displays optical images of the thin film surface

capturing the color change under exposure to the different vapors. c) Possible mechanism for toluene vapor intercalation,

assuming an intercalated bimolecular amine layer for rationalizing the differences caused by introducing a hydroxyl

functional group on the amines. The polar region is drawn in black, the non-polar region in red, and the Sb3P2O143- layers in

green. The labels 1-3 are further explained in the text.

To demonstrate the long-term stability of the intercalation modification, we recorded videos of the

responses of ethylamine-, butylamine-, and decylamine-intercalated sensors toward different vapors,

including H2O, toluene, and cyclohexane, after storing the sensors in ambient air for 10 months (see

Video S6.5-S6.7). Notably, the responses are still fast enough to track lateral movement of the vapor

streams in real time without any delay. In addition, the response and selectivity shown in the videos

(Videos S6.5-S6.7) closely resemble the data shown in Figure 6.4a: Ethylamine- and butylamine-

modified thin films show a pronounced response toward H2O vapor and no response toward toluene

and cyclohexane, whereas the decylamine-modified films exhibit a large response toward cyclohexane

and a medium one to toluene, but no response toward humidity.

To demonstrate the additional degrees of freedom in tailoring the vapor response, we analyzed the

sensing response of BA-, BAOH-, DMBA- and DMBAOH-modified nanosheets toward vapors of
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varying polarity (Figure 6.4b, Figure S6.13). We observe that the introduction of a hydroxyl group has

a pronounced effect on the selectivity of the sensing response, for primary and tertiary amines alike.

While without the functional group, responses toward moderately polar vapors such as toluene are

observable for BA and DMBA (See Figure 6.4b), introducing a hydroxyl group almost entirely

suppresses the sensing response toward toluene vapor. Figure 6.4c shows a plausible mechanism for

the interaction of toluene vapor with an alkanolamine-modified film, assuming a bimolecular amine

layer in the interlayer space. When entering the interlayer space, the analyte encounters three regions

for interaction with the host lattice: 1) The region close to the ammonium group and the inorganic

layers, which is hydrophilic; 2) the central part close to the functional hydroxyl groups facing each

other, which is hydrophilic as well, and 3) the area in which the alkyl chains interact, which is

hydrophobic. Since 1) and 2) are polar regions while toluene is only moderately polar, it is rather

unlikely that intercalation will take place in these regions. Therefore, only area 3) remains as valid

option. However, the presence of this region depends on the alkyl chain length and is essentially

absent in short-chain amines. For amines with sufficiently large chain lengths, however, the sensor is

not able to swell along the c-axis as the hydrophilic areas are fixed by hydrogen bonding along the

stacking distance. Thus, in addition to the alkyl chain length as tunable parameter, the deliberate

introduction of a functionalized amine can be used to tailor the properties of photonic thin film

sensors.

Using the concepts outlined above, we proceeded to design an array sensor that responds differently to

various solvent vapors. To keep the setup as simple as possible, we intercalated different amines into a

single nanosheet thin film by using a mask (see Scheme S6.2). This is a significant advance compared

to other approaches6,59 since this approach allows us to locally tune the chemical properties in single

thin films, and therefore array design and nanostructuring becomes possible.
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Figure 6.5. Response of the array sensor fabricated by local amine modification of H3Sb3P2O14 nanosheets toward saturated

organic vapors as well as humidity. The sensor array consists of decylamine (DA), butylamine (BA) and ethylamine (EA)

intercalated into H3Sb3P2O14 and the pristine H3Sb3P2O14 as background. On the left the actual sensing response is displayed,

whereas on the right the corresponding averaged RGB images for each analyte are displayed. Once obtained, the averaged

RGB images can be utilized for analyte identification similar to the color coded legend of a pH-indicator paper for pH

identification.

As can be seen in Figure 6.5, we were able to intercalate three different primary alkylamines, each at

different locations, into a H3Sb3P2O14 thin film on a Si substrate. The choice of the three alkylamines is

based on their chemical properties, using ethylamine (EA) as a short-chained hydrophilic intercalant,

butylamine (BA) as an intermediate intercalant, and decylamine (DA) as long-chained hydrophobic

intercalant. Exposing the array sensor toward different solvent vapors results in clear, distinct, and

reversible color changes and in a characteristic color pattern for each vapor (Figure 6.5). More

generally, each vapor analyte can clearly be grouped into either hydrophilic or non-hydrophilic

analytes as judged by the response of the pristine or butylamine-intercalated spots. Because of the

selection of amines with a large enough sensitivity, our sensor array can be readout with the naked eye

or with a cheap, commercial webcam, circumventing further data processing such as PCA. This is a

significant improvement with respect to other photonic vapor sensors.[2,4] Taking the characteristic

color pattern and the naked eye readout into account, the sensor array can be viewed as test strip for

detecting solvents vapors. This utility might be applied for example in laboratories to identify

unlabeled solvents.

In contrast to previous approaches based on 2D materials,[6,12-14,16,67-69] we are now able to rationally

design sensors that can be tuned to maximize the response to a certain solvent vapor. Therefore, our

approach to locally modify the sensing response of the photonic nanosheets based on amine

intercalation provides a viable alternative to other optical sensors that for example are based on

metallophorphyrins or other chemical sensors with an optical readout.[1,10,78]

6.1.3 Conclusion

In summary, we showed that amines can be intercalated into photonic thin films consisting of

H3Sb3P2O14 nanosheets via the gas phase. Because of the photonic nature of the thin films, the

intercalation process can be tracked in real time by monitoring the color changes, and different amines
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can be distinguished based on the dual readout of optical shift and intercalation time. The locally

resolved, color-coded amine intercalation observed through thin film interference presents a new route

toward studying microscopic diffusion processes by a straightforward optical readout, which

ultimately may be used to visually address questions concerning the interaction and intercalation

mechanisms of analytes in nanostructures. In addition, the thin film devices can be used to spot

sources of amine vapors, which may be a convenient tool, for example, for finding leakages of amines

in amine-treating processes for contaminant removal.

Putting the chemical modifications introduced by the amine vapors to use, the amine-modified thin

films can also be applied as extremely fast solvent vapor sensors with a large dynamic range. Since

many different amines can be intercalated, it is possible to gradually fine-tune the sensor’s sensitivity

and selectivity. Combining the advantage of vapor-phase intercalation with the option to choose from

various amines with gradually different properties, we constructed an easy-to-implement, low-cost

array sensor that shows a high-fidelity visual color readout for analytes of different polarity. Since the

color response can be read out with the bare eye, it can thus be used as a test strip for easy

identification of VOCs. Since the same and similar amines can be intercalated into various other

layered materials,[73] the concept developed herein is sufficiently generic to be transferred to other

nanosheet-based systems. Amine intercalation in nanosheet-based systems can further be utilized as a

tool to tune and diversify the chemical properties of other thin film systems beyond sensing, including

porous thin films for catalysis or molecular sieve adsorbents, where amine intercalation is a crucial

step for synthesizing such materials.[32,33,72,83,84]
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6.2 Supporting Information: Vapor-Phase Amine Intercalation for the Rational Design of

Photonic Nanosheet Sensors

6.2.1 Methods

Nanosheet synthesis and spin coating

KNO3 (99 %, Merck), Sb2O3 (99.6%, Alfa Aesar), and NH4H2PO4 (98%+, Acros Organics) were used

to synthesize K3Sb3P2O14 as described elsewhere.[1,2] K3Sb3P2O14 was protonated, exfoliated, dried,

dissolved in a water-ethanol mixture, ultrasonicated, and spin-coated on Si wafers (1.5 cm x 1.5 cm up

to 5 cm x 5 cm) into thin films as reported previously (Scheme S6.1).[1,2]

Amine intercalation

The H3Sb3P2O14 nanosheet-based thin films with thicknesses in the range of 130-160 nm were

subsequently intercalated with various amines (Figure 6.1). For this procedure the films were exposed

to the amine vapors. The amines with n ≤ 4 (methylamine, 40 wt% solution in water, Acros Organics;

ethylamine, 70% in water, Acros Organics; n-propylamine, 99%, Merck; n-butylamine, 99+%, Alfa

Aesar; N,N-dimethylbutylamine, 99%, Sigma-Aldrich; 4-amino-1-butanol, 98%, Sigma-Aldrich; 4-

(dimethylamino)-1-butanol, 97%, Sigma-Aldrich) were diluted to 1 mol L-1 aqueous solutions, and the

amines with n > 4 (n-hexylamine, 99%, Acros Organics; n-octylamine, 99+%, Acros Organics; n-

decylamine, 99%, Acros Organics; dodecylamine, 98%, Sigma-Aldrich; tetradecylamine, 98%, Acros

Organics; hexadecylamine, 90%, Sigma-Aldrich; N,N-dimethylhexylamine, 99%, Acros Organics;

N,N-dimethyloctylamine, 97%, Acros Organics; N,N-dimethyldecylamine, 98%, Sigma-Aldrich) were

used without further dilution. For intercalation, the thin films were placed in a plastic or glass Petri

dish together with a small amount of amine (ca. 800 µL in the case of liquid amine and ca. 100 mg in

the case of a solid amine). In the case of long-chained amines (dodecylamine, tetradecylamine,

hexadecylamine, and N,N-dimethyldecylamine) the glass Petri dishes were heated up to 80 °C to

promote intercalation. Note that the intercalation of tetradecylamine as well as hexadecylamine takes

up to 72 h. In all cases, the end of the intercalation process is indicated by a uniformly colored film.

For tracking the intercalation of amines with n = 4, n-butylamine, N,N-dimethylbutylamine, 4-amino-

1-butanol, and 4-(dimethylamino)-1-butanol, in real time (Figure 6.3), 800 µL of the 1 mol L-1

solution of the respective amine was placed inside a Petri dish (diameter 5.5 cm) together with two

H3Sb3P2O14 thin films. The real-time videos capturing the intercalation process (see Video S6.1) were

acquired with a commercial webcam (Logitech, C920).

To determine how much amine intercalates per formula unit H3Sb3P2O14, nanosheet pellets were

exposed to amine (ethylamine, n-butylamine, n-octylamine, N,N-dimethylbutylamine, N,N-

dimethylhexylamine, and N,N-dimethyloctylamine) vapors for 14 days and subsequently their

composition was analyzed.

Note that most of the amines used in this work are irritating and corrosive and some are even toxic.
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Sensing with amine modified thin films

For recording optical changes of the amine-modified thin films toward vapors of varying polarity, the

thin films were placed in a stainless steel chamber (ca. 6 mL residual volume) that has two basins with

a volume of approximately 0.3 mL each, equipped with a transparent glass window. The basins were

filled with saturated salt solutions (43% RH K2CO3; 94% RH KNO3) or pure organic solvents

(toluene, 99.5%, Merck; cyclohexane, 99.98%, Acros Organics; anisole, 99%, Acros Organics; n-

octane, 98%+, Alfa Aesar) or their mixtures at 20 °C. After a minimum equilibration time of 30  min,

UV-Vis spectra were recorded in the closed chamber.

Dynamic vapor pulses were created with the help of wash bottles. About 25 mL of the respective

liquid analyte (toluene, 99.5%, Merck; cyclohexane, 99.98%, Acros Organics; ethanol, 99.8%, Carl

Roth; deionized water) was placed in a 500 mL wash bottle. The inside nozzle was placed in the vapor

phase above the liquid, making sure that only vapor is transferred outside. The response of the thin

films to these vapor pulses were recorded with a UV-Vis spectrometer or webcam.

Array sensor fabrication and sensing

For the creation of the array (see also Scheme S6.2), a H3Sb3P2O14 thin film of 2 cm x 2 cm size was

covered with a mask having three holes. Sequentially, one area (hole in the mask) of the thin film after

the other was exposed to one of the amine vapors (ethylamine, n-butylamine, and n-decylamine). To

control the area that is exposed through the mask by an amine Scotch tape was used (s. Scheme S6.2).

For ethylamine and n-butylamine, a 1 mol L-1 aqueous solution was used and in the case of n-

decylamine the pure amine was used. Additionally, the amines were heated up to 40 °C for ethylamine

and n-butylamine, and to 70 °C for n-decylamine to promote intercalation. The array containing the

three amines was placed in the stainless steel chamber described earlier. The basins were filled with

saturated salt solutions (43% RH K2CO3; 94% RH KNO3) or organic solvents (toluene, 99.5%, Merck;

cyclohexane, 99.98%, Acros Organics; ethanol, 99.8%, Carl Roth) at 20 °C. After a minimum

equilibration time of 30 min, images were recorded with a webcam (Logitech, C920).
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6.2.2 Characterization

X-ray

XRD patterns of the thin films were recorded on a D8-Advance (Bruker) working with Ge(111)

monochromated Cu-Kα1 radiation (λ = 154.059 pm), equipped with a Våntec detector.

UV-Vis

All UV-Vis spectra were acquired with a fiber optic spectrometer (USB4000-XR1-ES, Ocean Optics)

attached to a microscope (BX51, Olympus) with normal incidence. The optical spectra were taken at

the same spot for all thin films (1×1 mm2 in area).[1-3]

UV-Vis spectra were acquired for every primary and tertiary alkylamine before and after intercalation

for at least four spots on two thin films in total. The presented data in Figure 6.2c) and Figure S6.6 is

the average optical shift from these measurements. Representative spectra before and after

intercalation for the alkylamines are shown in Figure S6.2 and S6.5.
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6.2.3 Additional data

Scheme S6.1. From bulk material to thin films. Solid state synthesis of K3Sb3P2O14, followed by ion exchange with nitric

acid and subsequent exfoliation in water and spin-coating into photonic thin films on a Si substrate.

Figure S6.1. Complete out-of-plane XRD patterns of the thin films H3-x(NH3(CH2)n-1CH3)xSb3P2O14 with n = 1-16 and, for

reference, H3Sb3P2O14. The reflections marked with asterisks at 32.94 and 69.12 2θ are due to the Si substrate and were used

for pattern alignment.
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Figure S6.2. UV-Vis spectra and corresponding microscope images of H3-x(NH3(CH2)n-1CH3)xSb3P2O14 with n = 1-16 thin

films. UV-Vis spectra before and after intercalation for n = 1-6 a) and n = 8-16 b). In c) the corresponding light microscope

images before and after intercalation are displayed. All images have the same dimensions.
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Table S6.1. Results of the elemental analysis for H3-x(NH3(CH2)n-1CH3)xSb3P2O14 (n = 2, 4, 8) and

H3-x((CH3)2NH(CH2)n-1CH3)xSb3P2O14 (n = 4, 6, 8) in order to determine the number of amine molecules per formula unit of

antimony phosphate, x. A value of x ≈ 3 for primary and x ≈ 2 for tertiary amines is found, pointing toward a bilayer and a

monolayer arrangement, respectively. The increasing x values (higher density of amines in the interlayer space) with

increasing alkyl chain length might be a consequence of the increasing attractive hydrophobic interactions with increasing

alkyl chain length, leading to a filling of the remaining available interlayer space.

Sb / wt% P / wt% C / wt% N / wt% H / wt% x

H3-x(NH3(CH2)CH3)xSb3P2O14 45.15 7.78 8.06 5.25 3.23 2.8

H3-x(NH3(CH2)3CH3)xSb3P2O14 40.60 7.01 15.32 4.59 4.22 2.9

H3-x(NH3(CH2)7CH3)xSb3P2O14 31.38 5.55 31.46 4.70 6.64 3.7

H3-x((CH3)2NH(CH2)3CH3)xSb3P2O14 42.72 7.30 14.63 3.27 4.24 1.9

H3-x((CH3)2NH(CH2)5CH3)xSb3P2O14 38.56 6.60 19.80 3.39 4.92 2.1

H3-x((CH3)2NH(CH2)7CH3)xSb3P2O14 33.75 5.84 26.54 3.55 5.96 2.5

Figure S6.3. Considerations for tilting angle calculation in a bilayer (see also ref. 1 in the SI). The value of 1.27 Å per carbon

atom in a trans-trans chain conformation were obtained from the literature.[4]
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Figure S6.4. Out-of-plane XRD patterns of H3-x((CH3)2NH(CH2)n-1CH3)xSb3P2O14 thin films for n = 4-10. The reflections

marked with asterisks at 32.94 and 69.12 2θ are due to the Si substrate and were used for pattern alignment.
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Figure S6.5. Representative UV-Vis spectra and corresponding microscope images of the

H3-x((CH3)2NH(CH2)n-1CH3)xSb3P2O14 films with n = 4-10 before (bef. int.) and after intercalation (int. n). All optical

microscope images have the same dimensions.



6. Vapor-phase alkylamine intercalation: A smart, versatile and colorful way for sensor modification

177

Figure S6.6. Correlation plot of the stacking distance (Figure S6.4) as well as the normalized optical shift, which is extracted

from the UV-Vis spectra (Figure S6.5), versus the number of carbon atoms in the alkyl chain for

H3-x((CH3)2NH(CH2)n-1CH3)xSb3P2O14 thin films.
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Figure S6.7. Additional data of the time resolved amine intercalation into photonic thin films compared to Figure 6.3a)-d).

Intercalation of a) n-butylamine, b) N,N-dimethylbutylamine, c) 4-(dimethylamino)-1-butanol, and d) 4-amino-1-butanol into

two thin films per amine (see Video S6.1). Ammonium cations are sketched on the left because the amines get protonated in

the interlayer space.

Table S2. Boiling points of BA, DMBA, DMBAOH and BAOH.

Amine Boiling point / °C

BA 78[5]

DMBA 95[6]

DMBAOH 177-179[7]

BAOH 204-206[8]
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Figure S6.8. UV-Vis spectra illustrating the influence of the alkyl chain length in H3-x(NH3(CH2)n-1CH3)xSb3P2O14 n = 1-16

thin films on the response toward polar 94% RH, saturated moderately polar toluene vapor as well as unpolar cyclohexane

vapor. For reference the response toward 43% RH is also displayed. See also Figure 6.4a for data analysis.

Figure S6.9. Optical response of H3-x(NH3(CH2)n-1CH3)xSb3P2O14 (n = 10, 12, 14, 16) thin films toward toluene,

cyclohexane, 43% and 94% RH. The images correspond to the spectra and data shown in Figures 6.4a and S6.8. The scale

bar is 50 µm.
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Figure S6.10. Time resolved UV-Vis spectra for the determination of the response and recovery times (see dashed lines) for

H3-x(NH3(CH2)n-1CH3)xSb3P2O14 n = 4, 10. The response and recovery times are defined as the time to reach 90% of the

signal change. The horizontal line indicates the position to reach 90% of the signal change and the first vertical line indicates

the start of the stimuli change, while the second vertical line indicates the time at which 90% of the signal change is

completed. Therefore, the response and recovery times are given as the difference between the two vertical lines.

Determination of the response and recovery times toward almost saturated a) water vapor for the ethylamine intercalated

sample, b) and c) toluene and cyclohexane, respectively, for the decylamine intercalated sample. As in a) the first order

interference band shifts out of the detectable region the second order was additionally used to determine the response and

recovery times. See also Video S6.2-6.4 for the cycling experiments.
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Figure S11. Response of the H3-x(NH3(CH2)n-1CH3)xSb3P2O14 (n = 12, 16) thin films toward 43% RH, 94% RH, ethanol,

anisole, toluene, n-octane and cyclohexane vapor. a) Summary plot showing the normalized optical shift toward different

analytes for the dodecylamine (n = 12, triangles) and hexadecylamine (n = 16, squares) intercalated samples. In b) for n = 12

and c) for n = 16 the corresponding UV-Vis spectra are depicted. In d) the corresponding light microscope images are shown.

The scale bar is 50 µm. Note that for ethanol vapor and n = 12 pronounced condensation occurred, which lead to data that

cannot be interpreted unambiguously (light gray, marked with an asterisk).
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Figure S6.12. Response of a hexadecylamine intercalated H3Sb3P2O14 thin film toward vapor mixtures of anisole and

toluene. a) UV-Vis spectra upon exposure toward mixtures of toluene (T) and anisole (A) vapor (100% A (bottom), 80% A +

20% T, 60% A + 40% T, 40% A + 60% T, 20% A + 80% T, 100% T (top)). The dashed line indicates the redshift of the third

order interference band with increasing amount of toluene. b) Normalized optical shift summarizing the spectral data given in

a). c) Corresponding light microscope images illustrating the gradual color change of the thin film upon exposure to mixtures

with a varying anisole to toluene ratio. The scale bar is 200 µm.
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Figure S6.13. UV-Vis spectra corresponding to Figure 6.4b, showing the response of BA, BAOH, DMBA and DMBAOH

intercalated H3Sb3P2O14 thin films, toward 94% RH and saturated vapors of toluene and cyclohexane. For reference also the

spectra for 43% RH are depicted. Note that the difference for cyclohexane (red curves) and toluene (blue curves) can clearly

be seen for films intercalated with BA and DMBA, whereas there is almost no difference for BAOH and DMBAOH

intercalated films between the responses toward these vapors.



6. Vapor-phase alkylamine intercalation: A smart, versatile and colorful way for sensor modification

184

Scheme S6.2. Sequential preparation of the array sensor with a viewing direction toward the surface of the thin film. In a first

step, a mask is applied to the H3Sb3P2O14 thin film. Subsequently certain holes in the mask are covered with scotch tape, and

then the thin film is exposed to vapor of an amine and afterwards the scotch tape is removed. The last three steps can be

repeated with other amines as depicted. By intercalating various amines in different areas in the same H3Sb3P2O14 thin film

this procedure yields an array sensor.

See also Video S6.1-6.7 available at https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b04828

Video S6.1 is shown at four times the original speed, whereas Video S6.2-S6.7 are shown in real-time.
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Abstract

The discovery of 2D forms of matter, pioneered by graphene, has not only triggered new insights into

fundamental physics but also pushed the limits of miniaturization. To process nanosheets into ultrathin

functional devices, the development of scalable exfoliation routes is of key interest. Here, we

demonstrate for the first time a mild, yet highly effective silver-ion-based exfoliation route for layered

transition metal oxides. Single layer transition metal oxide nanosheets were obtained by applying

silver ion exchange and subsequent treatment of the silver-intercalated phases with an aqueous

suspension containing organic iodides. This generic exfoliation route can be widely applied also to

acid-sensitive materials and allows the modification of the nanosheets with non-conventional organic

ligands, which owing to their chemical functionality may be used to tailor the optoelectronic and

surface properties of the nanosheet-ligand hybrid.
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Front Cover: A new way toward single-layer nanosheets: The novel silver-assisted exfoliation route

described in this work utilizes the formation of highly insoluble silver iodide as driving force for the

exfoliation of silver transition metal oxides with organic iodides. This method not only broadens the

scope of organic exfoliation agents but allows for the judicious introduction of functional ligands

which can be used to tailor the properties of the nanosheets. Moreover, the silver-assisted route is

exceptionally mild and hence may be used to exfoliate acid-sensitive systems, which are not accessible

by conventional acid-assisted exfoliation protocols, thus enlarging the portfolio of existing nanosheets.

More information can be found in the Communication by B. V. Lotsch et al. on page 411 in Issue 6,

2017 (DOI: 10.1002/cnma.201700067). Cover design by P. Ganter.
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Table of Content: A generic silver-based exfoliation route for layered transition metal oxides is

demonstrated. Single layer oxide nanosheets were obtained by ion exchange and exfoliation of Ag-

intercalated layered oxides with organic iodides. The mild conditions and functional-group tolerance

of this method significantly expand the scope of accessible hybrid 2D materials.

7.1.1 Introduction

The development of novel exfoliation routes for layered materials is of immense interest due to the

broad range of applications ranging from fundamental physics to processing nanosheets into ultrathin

functional devices.[1-15] Current solvent-based exfoliation can be grouped into either chemical or

mechanical exfoliation methods (see Figure S7.1 in the Supporting Information).[8] As every

exfoliation method brings its own set of distinct advantages, but also limitations in terms of the

compounds it can be used for,[2,4,8,10,16,17] the improvement of existing and the development of new

exfoliation routes is highly desirable to expand the scope of accessible nanosheet systems.[7,9,11,12,14,18-

23]

Current solvent-based approaches allowing for a high yield of single nanosheets largely rely on

chemical exfoliation strategies.[16,24] The most common wet chemical exfoliation routes can be

classified as either redox-mediated or ion exchange delamination methods.[8,16] The group of redox-

mediated exfoliation includes[25] for example the alkali metal redox-mediated intercalation into layered

dichalcogenides with subsequent delamination in an appropriate solvent.[22] For TMOs the most often

applied delamination strategies utilize interlayer ion exchange to render the interlayer gallery more

accessible to solvents and, ultimately, osmotic swelling. Examples include the alkylamine exchange

and exfoliation in non-polar solvents[20,26] or the cation-proton exchange upon acid treatment with

subsequent reaction of the protons with quaternary ammonium hydroxides, most commonly

TBAOH.[2,16,24] The driving force behind the exfoliation with TBAOH and other bulky hydroxides is

the acid-base reaction (i.e., neutralization) in the interlayer space followed by osmotic swelling in

water due to the higher concentration of TBA ions in the interlayer space.[2,16,24] However, a strong

acid in a rather high concentration (5M-8M) is required for a successful ion exchange, limiting this

exfoliation process to acid-stable compounds.

Nanosheets exfoliated with an organic EA such as TBA can be considered as a “hybrid” material, the

properties of which are determined by both the inorganic nanosheet “core” and by the outer organic
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“shell”.[20,26] The profound influence of the organic EA was illustrated by Imai and co-workers who

showed that the band gap of Ti1-xO2
4x- nanosheets can be shifted by 0.2 eV using a long chain primary

alkylamine EA.[20] Along similar lines, we recently showed that the EA TBAOH has significant impact

on the swelling properties and hence, sensing characteristics, of antimony phosphate nanosheet-based

Fabry-Pérot sensors.[27] The impact of the EA on the properties of the nanosheets motivates our

attempt to enlarge the portfolio of suitable EAs, as they can ultimately be used for the direct

modification of the properties of the nanosheets.[19,20,26,27]

In this work, we present the first silver-ion based exfoliation route for TMOs, which significantly

expands the scope of EA to unconventional organic surfactants. The broad range of applicability to

different types of oxide and phosphate nanosheets is demonstrated by delaminating AgLaNb2O7,

AgCa2Nb3O10 and AgTaP2O8 with Ch, AMI or TBA iodide into single-layer nanosheets of similar

quality compared to the conventional proton exchange exfoliation route.

7.1.2 Results and discussion

The exfoliation was carried out in three steps and is shown in Scheme 7.1. First, the starting materials

KLaNb2O7, KCa2Nb3O10 and KTaP2O8 were synthesized as described previously[27-29] and their

identity was confirmed by PXRD and EDX spectroscopy (see Table S7.1 and Figure S7.2). The silver-

exchanged compounds AgLaNb2O7, AgCa2Nb3O10 and AgTaP2O8 were obtained by treatment of the

potassium compounds in an AgNO3 melt at 260 °C as described in the literature.[30,31] The

completeness of the ion exchange was verified by EDX and PXRD (see Supporting Information). Note

that from EDX analysis of AgCa2Nb3O10 we can exclude the formation of Ag1.1Ca0.9[Ca0.6Ag0.9Nb3O10]

during the Ag exchange, in contrast to what was suggested by Boltersdorf and Maggard.[31]

For exfoliation the compounds were stirred or shaken in a 1:1 molar ratio with the iodide salts of the

respective EAs (EAIs) in water (7-12 mmol L-1).

Upon treatment with the iodide salts ChI, AMII and TBAI, the onset of AgI formation is indicated by

precipitation of yellow colored particles. AgI is almost insoluble in water (solubility product

8.5 x 10-17),[32] hence Ag+ is removed from the interlayer space according to the following Equation

7.1:

(Equation 7.1)

This reaction provides the driving force for the exchange of Ag for the organic cations Ch, AMI and

TBA in the interlayer space, which likely leads to osmotic swelling with water and, ultimately,

delamination by applying some weak mechanical force, for instance stirring or shaking. Since the Ag-

exfoliation route is similar to conventional acid-mediated exfoliation in that it takes advantage of a

chemical reaction between the interlayer cation (Ag+ or H+) and the anion of the EA (I- or OH-) with

high thermodynamic driving force,[2,16,24] this points toward a more general concept for chemically
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inducing exfoliation based on Pearson’s concept of HSAB: Here, the soft Ag+ reacts with soft I- to

form the highly insoluble precipitate AgI, while in the acid-mediated case the hard H+ and hard OH-

combination yields H2O, likewise with a strongly negative reaction enthalpy.[33,34]

Scheme 7.1. Schematic of the exfoliation process via the silver exfoliation route. Example of the delamination of KLaNb2O7

(NbO6 octahedra in blue, La in purple, K in orange, Ag in black, I in yellow). In the first step, the bulk potassium compounds

are ion exchanged in an AgNO3 melt and are exfoliated with an EA - AMI, Ch or TBA iodide - in the second step. During the

exfoliationstep insoluble AgI is formed, which is the main driving force for exfoliation.

To yield mainly single layer nanosheets, the unexfoliated material as well as the AgI particles were

removed by centrifugation at 3000-6000 rpm. Note that a similar centrifugation step is applied in the

acid route. The supernatant containing the nanosheets was collected and analyzed by TEM and AFM.

We also exfoliated HLaNb2O7 and HCa2Nb3O10 with TBAOH (see details in Supporting Information)

and compared it to AgLaNb2O7 and AgCa2Nb3O10 nanosheets exfoliated with TBAI (see Figure 7.1,

Figure S7.3) to ensure that the Ag-exfoliation route yields nanosheets of similar quality compared to

the H-route. Both methods indeed furnish nanosheets of similar size and thickness. The thickness

determined by AFM amounts to 1.7-1.9 nm and 2.8-2.9 nm for TBALaNb2O7 and TBACa2Nb3O10

nanosheets, respectively. These thicknesses are expectedly larger than the respective crystallographic

thicknesses (1.05 nm and 1.44 nm, respectively) owing to the TBA and water molecules surrounding

the nanosheets. The d-values extracted from the SAED patterns are within the range of experimental

errors for the different exfoliation methods (see Table S7.2). For the SAED pattern, TEM and AFM

images of TBAI exfoliated TaP2O8
- see Figure S7.4.
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Figure 7.1. Comparison of TEM images and representative SAED patterns taken along the [001] zone axis of

TBACa2Nb3O10 and TBALaNb2O7 nanosheets. The nanosheets were obtained from a) AgCa2Nb3O10, b) HCa2Nb3O10, c)

AgLaNb2O7 and d) HLaNb2O7 by exfoliation with TBAI for the silver phases and TBAOH for the solid acids.

For exfoliation of AgLaNb2O7, AgCa2Nb3O10 and AgTaP2O8 with ChI and AMII we also observe the

formation of single layer nanosheets as confirmed by AFM and TEM (Figure 7.2). The d-values

obtained from the SAED patterns are in agreement with the ones obtained from the TBA-exfoliated

samples (see Table S7.2, S7.4 and S7.5). The height measured by AFM is around 1.9-2.2 nm for

LaNb2O7
-, 2.2-2.4 nm for Ca2Nb3O10

- and 1.2-1.5 nm for TaP2O8
-, which is in agreement with the

height measured for the TBA-exfoliated samples (see Table S7.3).

Up to now both AMI[35] and Ch[36] have only been used in very specialized exfoliation procedures

limited either by the range of applicable compounds or the complicated exfoliation process resulting

mainly in multilayer nanosheets. The Ag-route therefore allows the easy introduction of exotic EAs as

a ligand shell. At the same time, the Ag-route avoids the extensive use of strong acids which is

necessary using conventional methods to obtain the intermediate, protonated solid acid and, hence,

might be applied to acid-sensitive systems. Moreover, it does not require the use of organic

hydroxides, which are less common as compared to the iodides.
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Figure 7.2. AFM, TEM images and SAED patterns of AgCa2Nb3O10, AgLaNb2O7 and AgTaP2O8 exfoliated with ChI (a), b)

and c), respectively) and AMI (d), e) and f), respectively).

7.1.3 Outlook

In summary, we have introduced a novel silver-ion based exfoliation route for TMOs to obtain single-

layer nanosheets. The silver-ion delamination route is an alternative to the conventional H-route using

strong acids to generate the protonated oxides as intermediates. However, in contrast to the H-route it

allows the use of exotic EAs, which owing to their chemical functionality may be beneficial for

introducing functional groups into the ligand shell of the nanosheets. This in turn bodes well for the

development of a new generation of versatile nanosheet building blocks for nanoarchitectonics[37] as

well as for various other applications.
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7.2 Supporting Information: A New Fabrication Method for Single-Layer Nanosheets by

Silver-Assisted Exfoliation

7.2.1 Methods

Bulk material

KCa2Nb3O10 was synthesized by heating K2CO3 (99 %, Merck), CaCO3 (99 %, Grüssing) and Nb2O5

(99.5 %, Alfa Aesar) in a 0.6:2:1.5 molar ratio at 1200 °C for 60 h.[1] KLaNb2O7 was obtained by

heating K2CO3 (99 %, Merck), La(OH)3 (99.95%, Alfa Aesar) and Nb2O5 (99.5%, Alfa Aesar) in

0.6:1:1 molar ratio at 1200 °C for 60 h.[2] The excess of 20% K2CO3 is used to compensate for the loss

due to volatilization. KTaP2O8 was synthesized by heating Ta2O5 (99.85% Alfa Aesar), KNO3 (99%,

Merck), NH4H2PO4 (98%+, Acros Organics) in a first step overnight at 250 °C and subsequently at

850 °C for 48 h.[3]

Cation exchange

For the silver exchange KCa2Nb3O10, KLaNb2O7 and KTaP2O8 were treated in excess of molten

AgNO3 at 260 °C for 12-24 h.[4,5] In the case of KTaP2O8 a 16-fold excess and for the other

compounds a 4-fold molar excess of AgNO3 was used. After the reaction, the cation-silver exchanged

materials were washed with distilled water and dried at 60 °C.

For the proton exchange 2 g of KCa2Nb3O10 or KLaNb2O7 were treated with 5M HNO3 for 5-7 days

with daily renewal of the acid. After the exchange the two materials were filtered, washed with water

and dried at 60 °C over night.[1]

Exfoliation

The silver phases (AgLaNb2O7, AgCa2Nb3O10 and AgTaP2O8) were exfoliated with tetra-n-

butylammonium iodide (TBAI, C16H36IN, 99%, Sigma-Aldrich), 1-allyl-3-methylimidazolium iodide

(AMII, C7H11IN2, 98%, Sigma-Aldrich) or choline iodide (ChI, C5H14INO, 98%, Alfa Aesar) in a 1:1

molar ratio (concentration 7-12 mmol L-1). Exfoliation was achieved by either stirring, in the case of

AgTaP2O8, or shaking, for AgLaNb2O7 and AgCa2Nb3O10, for several days in the dark. The solid acid

phases HCa2Nb3O10 and HLaNb2O7 were exfoliated with tetra-n-butylammonium hydroxide (TBAOH,

98%, Sigma-Aldrich) in a 1:1 molar ratio (concentration 7.3 mmol L-1).[1] For further characterization

the suspensions were centrifuged between 3000-6000 rpm for 30 min to remove non-exfoliated

material.
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7.2.2 Characterization

XRD:

PXRD patterns of the bulk materials, cation- or silver-exchanged were recorded on a Huber G670

Guinier imaging plate diffractometer (Cu Kα1-radiation, λ = 154.059 pm, Ge(111)-monochromator) or

on a D8-Advance (Bruker) working with Ge(111) monochromated Cu-Kα1 radiation (λ = 154.059 pm).

EDX:

Composition of bulk materials, cation-, or silver-exchange materials was determined by SEM coupled

with EDX spectroscopy. Either a JSM-6500F electron microscope (JOEL Ltd) or a Vega TS 5130 MM

(Tescan) both equipped with an EDX detector (Oxford) were used.

AFM:

AFM topography measurements of the nanosheetes were performed with a MFP-3D Standalone AFM

(Asylum Research) operated in tapping mode.

TEM:

TEM samples were prepared by dropping a diluted (1:100-200) colloidal nanosheet suspension onto

copper or gold grids coated with a lacey or holey carbon film, respectively. A Philips CM30 ST

microscope (300 kV, LaB6 cathode, Royal Philips Electronics) was used for imaging and obtaining

SAED pattern of the nanosheets.
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7.2.3 Additional data

Figure S7.1. Schematic overview of the two main groups of solvent-based exfoliation. The asterisk marks the exfoliation

route added in this work.

Figure S7.2. PXRD pattern of a) KLaNb2O7 (bottom) and AgLaNb2O7 (top). In both cases the reference is in red and the

measured experimental XRD pattern in black. b) PXRD pattern of bottom KCa2Nb3O10 (black) with its reference pattern

(red) as well as the pattern of AgCa2Nb3O10 (light gray). c) PXRD pattern of KTaP2O8 (black) with its reference pattern (red)

as well as the pattern of AgTaP2O8 (light gray). Note that KTaP2O8 as well as AgTaP2O8 contain a minor impurity phase of

TaPO5, which is separated during the centrifugation step. The broad reflections in a) and b) at around 18° 2θ and 23° 2θ are

due to the polyester mounting foil in the XRD setup and the broad reflection in c) at around 13° 2θ from the sample holder

material.
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Table S7.1. SEM-EDX quantification data of bulk, cation-proton and cation-silver exchanged lanthanum niobates, calcium

niobates or tantalum phosphate, respectively. The theoretical formula is compared to the experimental formula determined by

the element specific signals given in atomic%. Note that the higher oxygen content for the Ag-exchanged and H-exchanged

phases most likely results from the presences of additional water molecules.

Theoretical formula Experimental formula

K Ag La Nb O

KLaNb2O7 8.6 - 8.0 16.6 66.8 KLaNb2O8

HLaNb2O7 0.3 - 7.2 14.9 77.6 (H)LaNb2O10.4

AgLaNb2O7 - 6.2 6.0 13.4 74.4 Ag0.9La0.9Nb2O11.1

K Ag Ca Nb O

KCa2Nb3O10 5.6 - 10.9 16.9 66.6 KCa2Nb3O10.7

HCa2Nb3O10 - - 11.9 18.2 69.9 (H)Ca2Nb3O11.5

AgCa2Nb3O10 - 5.3 11.0 17.1 66.6 Ag0.9Ca1.9Nb3O11.7

K Ag Ta P O

KTaP2O8 7.6 8.1 16.2 68.2 KTa0.9P2O8.4

AgTaP2O8 6.7 7.4 14.3 71.7 Ag0.9TaP2O10

Table S7.2. Most prominent d-spacings and corresponding (hkl) values observed by SAED of TBALaNb2O7 and

TBACa2Nb3O10 nanosheets after exfoliation via the silver or proton route. The SAED patterns of the exfoliated nanosheets

were indexed by assuming a tetragonal unit cell for LaNb2O7- based on the tetragonal unit cell of the parent material

AgLaNb2O7. Likewise, a monoclinic unit cell was assumed for the Ca2Nb3O10- nanosheets due to the monoclinic symmetry

of the parent material KCa2Nb3O10.

(200) (220) (420)

Ag: TBALaNb2O7 3.88 2.73 1.72

H: TBALaNb2O7 3.92 2.75 1.74

(200) (220) (420)

Ag: TBACa2Nb3O10 3.88 2.76 1.73

H: TBACa2Nb3O10 3.85 2.72 1.73
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Figure S7.3. Comparison of the AFM images of TBACa2Nb3O10 and TBALaNb2O7 nanosheets. The nanosheets were

obtained from a) AgCa2Nb3O10, b) HCa2Nb3O10, c) AgLaNb2O7 and d) HLaNb2O7 by exfoliation with TBAI for the silver

phases and TBAOH for the solid acid compounds. The scale bar is 5 µm in a), b) and c) and 1 µm in d).

Figure S7.4. a) TEM image as well as SAED pattern in [001] zone axis and b) AFM image of TBATaP2O8 nanosheets

exfoliated by the silver route.
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Table S7.3. Comparison of measured AFM thicknesses with their standard deviation in brackets. Each value was obtained by

at least measuring over three different nanosheets. For comparison, the value of HTaP2O8 exfoliated with TBAOH is taken

from the literature.[3] Note that the thicknesses can slightly deviate due to the different sizes of the EAs and their arrangement

around the nanosheets. The sample marked with an asterisk was cleaned with water to remove the excess of the EA prior to

AFM measurement.

Compounds / EAs TBAOH TBAI ChI AMI

HCa2Nb3O10 & AgCa2Nb3O10 2.79(11) 2.94(16) 2.31(11)* 2.31(13)

HLaNb2O7 & AgLaNb2O7 1.71(9) 1.81(1) 2.16(16) 1.97(4)

HTaP2O8 & AgTaP2O8 1.31(16) 1.37(16) 1.46(9) 1.22(11)

Table S7.4. Most prominent d-spacings and corresponding (hkl) values of the TBATaP2O8 nanosheets observed by SAED

after exfoliation via the silver route as compared to the proton route from the literature.[3] Note that the SAED patterns were

indexed based on a trigonal unit cell.[3]

(100) (110) (210)

Ag: TBATaP2O8 4.35 2.53 1.65

H: TBATaP2O8 4.45 2.58 1.68

Table S7.5. Most prominent distances and corresponding (hkl) values observed by SAED of ChLaNb2O7, AMILaNb2O7,

ChCa2Nb3O10, AMICa2Nb3O10, ChTaP2O8 and AMITaP2O8 nanosheets after exfoliation via the silver route.

(200) (220) (420)

ChLaNb2O7 3.92 2.73 1.73

AMILaNb2O7 3.90 2.74 1.74

(200) (220) (420)

ChCa2Nb3O10 3.85 2.71 1.73

AMICa2Nb3O10 3.87 2.73 1.73

(100) (110) (210)

ChTaP2O8 4.37 2.54 1.66

AMITaP2O8 4.37 2.53 1.65
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8 Conclusion and outlook
8.1 Conclusion

Despite the outstanding properties of nanosheets, nanosheet-based devices are absent in our everyday

life. This circumstance is due to the lack of synchronizing efficient delamination methods with high

control, scalable positioning methods and versatile modification strategies. By advancing and

improving delamination, positioning and modification of oxide and phosphate nanosheets and by

identifying potential areas of applications, this thesis was targeted to bridge the gap for these

nanosheets toward practical applications.

In Chapter 2 and 3 H3Sb3P2O14 and HSbP2O8 nanosheets were successfully processed into thin films

and Bragg stacks. These thin films devices were identified as high performance photonic and

electrochemical vapors sensors showing extraordinary performances, such as high sensitivities and fast

response times. These outstanding sensor characteristics enabled their utilization as sensors for trace

amounts of water and TPI. Moreover, the highly acidic interlayer space of the nanosheets enabled the

differentiation of various protic vapors.

Realizing that the interlayer environment in the nanosheet-based thin film sensors controls the sensor

characteristics, the interlayer environment was modified (Chapter 4, 5 and 6). The interlayer

environment was tuned and tailored with ion exchange as well as vapor-phase intercalation. Both non-

covalent strategies resulted in faster response times, tunable selectivities and enhanced sensitivities of

the sensors. While both strategies are effective, the vapor-phase amine intercalation approach is more

versatile and straightforward being a post film fabrication modification. The post film fabrication

intercalation method allowed the intercalation of various amines into photonic nanosheet-based

sensors and their differentiation based on their intercalation time and optical shift. In addition, it

enabled the area-resolved tracking of the intercalation process in real-time, which is beneficial for

locating the amine vapor source and study fundamental intercalation kinetics and mechanisms.

Furthermore, the vapor-phase amine intercalation in combination with a mask allowed selective area

resolved intercalation of amines into the thin film. This area-resolved intercalation of amines was

utilized for the straightforward construction of an array sensor, which enabled the distinction of

various vapors with the naked eye.

Besides spatially controlling the interlayer environment, photodecomposition of interlayer species was

utilized to tune the interlayer space in an area resolved manner (see Chapter 5). The locally controlled

photodecomposition was achieved by UV-light illumination of TBAxH1-xCa2Nb3O10 thin films through

a mask, leading to (NH4)xH1-xCa2Nb3O10 in the exposed areas. As the swelling and delaminating

properties of the thin film strongly depend on the intercalated cations, the TBAxH1-xCa2Nb3O10

(masked areas) of the thin film could be easily washed off while the (NH4)xH1-xCa2Nb3O10 areas

remained on the substrate. Therefore, TBAxH1-xCa2Nb3O10 acted as negative photoresists. Due to the

described characteristics, we named this method photocatalytic nanosheet lithography (PNL). With

PNL we were able to obtain features with lateral sizes as small as ~10 µm. The control of lateral sizes
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of (NH4)xH1-xCa2Nb3O10 structures is of high interest as the material is a good high-k dielectric with

potential applications in capacitors and transistors.

Besides effective positioning and modification of nanosheets, the development of new solvent-based

exfoliation routes and improving of existing ones is highly desirable. In Chapter 7, the development of

a silver-assisted exfoliation route is reported. This new exfoliation method is utilizing the formation of

highly water insoluble AgI as the driving force for delamination. This exfoliation route has the

advantages of allowing the use of various exfoliation agents (EAs) and avoiding the use of strong

acids for delamination. The applicability of a wide range of EAs is desirable as the nanosheet

properties can be tremendously altered by the used EA. The avoidance of strong acids can lead to the

delamination of acid-sensitive materials. In addition, from a fundamental perspective the development

of new exfoliation routes helps to identify general exfoliation principles.

In summary, the results obtained in the current thesis in the field of delamination, positioning and

modification of oxide and phosphate nanosheets represent a significant step toward the utilization of

these nanosheets in devices for practical applications, especially in the field of vapor sensing.

Although this thesis could not completely resolve all of the grand challenges on the way towards

commercial application, it nevertheless triggered significant interest from industry in the nanosheet

topic.

8.2 Outlook

The results and advancements in the field of nanosheet synthesis, positioning and modification

achieved in this thesis provide a sound and solid foundation for further investigations. These further

investigations, inspired by or directly evolving from this thesis, have the capability, on the one hand,

to bridge the gap toward industrial applications and on the other hand, to gain an even deeper

fundamental understanding of the properties and processes of nanosheet-based structures.

In the following, an overview of the most promising approaches are presented.

The vapor-phase amine intercalation presented in Chapter 6 opens up new opportunities in the field of

nanosheet-based sensing. Intercalation of biogenic and other amines into photonic structures enables

their optical detection. Detection of such analytes is relevant for various applications. These include

the detection of trace amounts of isobutylamine, o-toluidine and aniline in medical diagnostics (Figure

8.1a),[1] cadaverine and putrescine in food freshness monitoring (Figure 8.1b),[1-4] or amphetamine[5,6]

and methylhexanamine[7,8] to verify abuse of performance enhancing drugs (see Figure 8.1c). First

steps toward the detection of these amines are underway. The results obtained so far are promising as

they can be intercalated in high concentrations, and micromolar and nanomolar concentrations of other

amines can also be detected. Besides the detection of amines by intercalation, amine intercalation can

also be used to modify the sensing properties (see Chapter 6).
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Figure 8.1. Overview of promising amines to be detected, a) - c), and useable compounds for sensor modification, d), e).

In addition to the amines shown in Chapter 6, also chiral amines and polyamines can be intercalated,

offering further tailoring of the nanosheet-based sensor toward analytes. The intercalation of chiral

amines, such as (S)-(−)-α-ethylbenzylamine and (R)-(+)-α-ethylbenzylamine, might allow to

distinguish enantiomers of analyte molecules (Figure 8.1d). Instead, intercalation of polyamines might

be utilized for CO2 sensing. Possible candidates of polyamines for CO2 sensing are diethylenetriamine,

triethylenetetramine, and tetraethylenepentamine (Figure 8.1e).

Besides modification by ion exchange and intercalation (Chapter 4 and 6), nanosheet properties can be

also tailored by covalent modification. There are several ways for example of modifying α-Zr(HPO4)2

bulk material and some of the corresponding nanosheets reported in the literature.[9] Modification can

be achieved with alkoxy and chlorosilanes,[10,11] epoxides[12,13] and isocyanates,[14] as well as grafting

with poly N-isopropylacrylamide (PNIPAM)[15,16] by a radical mechanism (Figure 8.2). Another way

to yield covalently modified α-Zr(HPO4)2 is by using phosphonic acid or phosphoric acid esters during

the synthesis instead of phosphoric acid.[9] As the phosphate nanosheets investigated in this thesis are

closely related to α-Zr(HPO4)2, it might be possible to transfer these modifications to HSbP2O8,
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H3Sb3P2O14 and HTaP2O8 nanosheets (s. Chapter 1). Even the functionalization by phosphonic acid or

phosphoric acid esters might be transferred, as a similar reaction pathway exists also for obtaining

HSbP2O8.[17]

Figure 8.2. Covalent modification strategies for α-Zr(HPO4)2. Modification with a) chloro or alkoxysilanes, b) epoxides, c)

isocyanates, and d) by a radical mechanism. Note that by the reaction with epoxides two different products can be obtained.

In addition to their application in gas and vapor sensing devices, nanosheet-based photonic sensors can

be utilized for temperature sensing. Therefore, they have to be stored in sealed containers with defined

humidity conditions. Upon heating, water deintercalates from the interlayer space. This deintercalation

causes an overall decrease in thin film thickness and hence, color change. Promising first results

indicate that these color changes are reversible, showing only a small hysteresis and almost linear d-

spacing change up to temperature of 60 or 90 °C, depending on the type of nanosheets. Further in-

depth studies including temperature dependent XRD studies under defined RH conditions, as well as

temperature dependent AFM and UV-Vis studies, are considered.

As shown in Chapter 5, the concept of controlling the interlayer environment can be extended also to

control the positioning of nanosheets. Inspired by the PNL project and mask-based vapor-phase amine

intercalation approach, it should be possible to create isolated amine intercalated nanosheet-based

structures on a substrate. Indeed, preliminary experiments show that if we start from a H3Sb3P2O14 thin

film intercalated with long chain alkylamine in certain areas, we are able to remove the non

intercalated areas of H3Sb3P2O14 simply by washing the sample with water, leaving only the primary
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alkylamine intercalated areas on the substrates (Figure 8.4a). Even a lift-off resulting in a freestanding

amine intercalated H3Sb3P2O14 thin film should be feasible by spin-coating the H3Sb3P2O14 layer on a

water soluble layer on a substrate with subsequent vapor-phase amine intercalation (Figure 8.4c). The

water soluble layer can, for instance, be based on Li2Sn2S5 nanosheets as these nanosheets are not

intercalating amines over the vapor-phase.

Figure 8.3. Influence of the sample morphology on the 001 d-spacing response toward humidity. d-spacing response toward

5% RH steps from 5%-95%-5% for a) the H3Sb3P2O14 bulk material and b) the H3Sb3P2O14 nanosheet-based thin film

measured with in situ XRD. In the insets, images of the sample morphologies are shown. The H3Sb3P2O14 nanosheet-based

thin film shows a continuous, higher sensitivity, smaller hysteresis compared to H3Sb3P2O14 bulk material. Moreover, for the

thin film morphology also the 5% RH steps are resolved. c) Tracking of exhaled human breath by out-of-plane XRD with the

H3Sb3P2O14 nanosheet-based thin film. To the best of my knowledge, for the first time human breathing events are clearly

resolved by XRD.[18]

The described properties of the photonic nanosheet-based thin films are also interesting for

fundamental studies. Fundamental studies currently conducted by us investigate the impact of the

morphology change, bulk material versus nanosheet thin film, and amine modification on the analyte
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uptake at the atomic scale by in situ XRD measurements. Our observations so far indicate that, if a

bulk material is delaminated into small sized nanosheets and subsequently assembled into a thin film,

the swelling properties change from a stepwise to a continuous response with an increased sensitivity,

which is highly beneficial for sensing (Figure 8.3a, b). Besides the continuous d-spacing response, the

observed d-spacing changes are very fast (Figure 8.3c). The tracking of human breath with XRD in

real time illustrates the rapid d-spacing changes caused by intercalation and deintercalation of analyte

molecules in the interlayer space (Figure 8.3c). Moreover, amine modification does not alter the

continuous and fast swelling, but enhances the sensitivity, i.e. percentage of d-spacing change, toward

analytes. The combination of fast continuous d-value changes paired with the tunability of these

systems makes them superior candidates for sensors compared to, for example, breathing metal

organic frameworks (MOFs).[19]

In addition, to study the interaction of analytes with functionalized structures, analyzing the

functionalization step of photonic nanosheet-based structures itself can deliver fundamental insights.

The H3Sb3P2O14 nanosheet-based photonic thin films enable direct optical tracking of the intercalation

process. Optical studies in combination with in situ XRD measurements can provide useful area

resolved information on the mechanism of the intercalation process as well as its kinetics. The

obtained results so far indicate that the intercalation mechanism is different for long and short chained

alkylamines. In addition, it depends on the type of alkylamine, for instance, primary or tertiary amines

(Figure 8.4d).

Besides functionalization with one amine at one area and studying its intercalation process, also the

understanding of more complex intercalation processes are of fundamental interest. For example, the

question remains, what is happening if two amines are subsequently intercalated at the same area? Is a

co-intercalation taking place or a replacement reaction? Besides being of fundamental interest this

question is also of practical interest as area resolved intercalation allows the creation of complex

nanostructures with area tunable properties. Our results so far strongly indicate that a replacement is

taking place. A replacement allows, for instance, the straightforward construction of complex

structures like “nanopyramids” or “nanoamphitheaters” (s. Figure 8.4a, b).
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Figure 8.4. Schematic illustration of step-wise amine intercalation strategies and the distinct intercalation mechanism

observed. a) Utilization of vapor-phase amine intercalation to create hydrophobic areas (red) in the thin film, followed by

developing with water and subsequent replacement with other amines. This leads to isolated tunable amine intercalated

nanosheet-based structures on a substrate. b) Utilization of amine replacement and area resolved intercalation to create

complex structures, here a nanopyramide. c) Utilization of amine intercalation with a water-soluble layer (orange). Upon

amine intercalation in the H3Sb3P2O14 layer the water-soluble layer can be dissolved, leading to a freestanding nanosheet-

based thin film. Note that it is possible to combine a) and b) with c) and therefore, freestanding complex nanosheet-based

structures are within reach. d) Highlighting the different intercalation mechanisms observed. Small amines intercalate evenly

over the whole film (top), whereas large amines start to intercalate at one area (bottom). In the latter case, one can see an

intercalation front moving through the thin film. Grey, Si substrate, orange, water soluble layer (e.g. Li2Sn2S5), blue, pristine

H3Sb3P2O14 nanosheet-based thin film, green, yellow and red, H3Sb3P2O14 nanosheet-based thin film intercalated with

different amines.

Looking forward, the huge efforts around the world in nanosheet research and the outstanding

properties of nanosheets will most likely result in nanosheet-based technology becoming part of our

everyday life within years.
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9 Appendix

9.1 Table of Abbreviations

Abbreviation Description
1D one-dimensional

2D two-dimensional

3D three-dimensional

α-Zr(HPO4)2 α-zirconium phosphate

A anisole

AFM atomic force microscopy

AMI 1-allyl-3-methylimidazolium

BA n-butylamine

BAOH 4-amino-1-butanol

BP Bragg peak

BS Bragg stack

Ch choline

DA decylamine

DJ Dion-Jacobson

DMAE 2-(dimethylamino)ethanol

DMBA N,N-dimethylbutylamine

DMBAOH 4-(dimethylamino)-1-butanol

DTA differential thermal analysis

EA (Chapter 6) ethylamine

EA (except of Chapter 6) exfoliation agent

EDX energy dispersive X-ray

eLbL electrostatic layer-by-layer

FET field effect transistor

GO graphene oxide

HSAB hard and soft acids and bases

IR infrared

IUPAC International Union of Pure and Applied Chemistry

LB Langmuir-Blodgett

MPI FKF Max-Planck-Institut für Festkörperforschung

MOF metal organic framework

NMR nuclear magnetic resonance

NP nanoparticle

PC photonic crystal

PCA principal component analysis

PNIPAM poly N-isopropylacrylamide

PNL photocatalytic nanosheet lithography

PXRD powder X-ray diffraction

rGO reduced graphene oxide

RH relative humidity
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RI refractive index

SAD selected area diffraction

SAED selected area electron diffraction

SEM scanning electron microscopy

T toluene

TBA tetrabutylammonium

TBP tetrabutylphosphonium

TEM transmission electron microscopy

TGA thermogravimetric anlysis

TMA tetramethylammonium

TMD transition metal dichalcogenide

TMO transition metal oxide

TPI touchless positioning interfaces

UV ultraviolet

Vis visible

VOCs volatile organic compounds

wt weight

XRD X-ray diffraction
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