Cellulose Nanocrystal-Templated Tin Dioxide

Thin Films for Gas Sensing

Alesja Ivanova®, Bruno Frka-Petesic’, Andrej Paul®, Thorsten Wagner®, Askhat N. Jumabekov®, Yury
Vilk?, Johannes Weber®, J6rn Schmedt auf der Giinne®, Silvia Vignolini®, Michael Tiemann®, Dina

Fattakhova-Rohlfing” and Thomas Bein**

*Department of Chemistry, University of Cambridge, Lensfield Road, CB2 1WE, Cambridge,
United Kingdom

®Department of Chemistry, Faculty of Science, University of Paderborn, Warburger Str. 100,
D-33098 Paderborn, Germany

‘Department of Physics, Nazarbayev University, 53 Kabanbay Batyr Avenue, Nur-Sultan
010000, Kazakhstan

Department of Chemistry and Center for NanoScience (CeNS), University of Munich
(LMU), Butenandtstrasse 5-13 (E), 81377 Munich, Germany

‘Department Chemie und Biologie, Universitdt Siegen, Adolf-Reichwein-Str. 2, 57076

Siegen, Germany

AUTHOR EMAIL ADDRESS: bein@lmu.de
KEYWORDS: cellulose nanocrystals, biotemplating, porous tin dioxide films, gas sensing

Dedicated to Dr. Klaus Romer at the occasion of his 80™ birthday

1. Abstract

Porous tin dioxide is an important low-cost semiconductor applied in electronics, gas sensors
and biosensors. Here we present a versatile template-assisted synthesis of nanostructured tin

dioxide thin films using cellulose nanocrystals (CNCs). We demonstrate that structural
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features of CNC-templated tin dioxide films strongly depend on the precursor composition.
The precursor properties were studied by using low-temperature nuclear magnetic resonance
spectroscopy of tin tetrachloride in solution. We demonstrate that it is possible to optimize
the precursor conditions to obtain homogeneous precursor mixtures and therefore highly
porous thin films with pore dimensions in the range of 10 - 20 nm (A4ggr = 46 - 64 m’ g'l,
measured on powder). Finally, by exploiting the high surface area of the material we
developed a resistive gas sensor based on CNC-templated tin dioxide. The sensor shows high
sensitivity to carbon monoxide (CO) in ppm concentrations and low cross-sensitivity to
humidity. Most importantly, the sensing kinetics is remarkably fast; both the response to the
analyte gas and the signal decay after gas exposure occur within few seconds, faster than in
standard SnO,-based CO sensors. This is attributed to the high gas accessibility of the very

thin porous film.

2. Introduction

Nanoscale tin dioxide is a widespread semiconductor with a broad range of applications,
including pigment production, chemical catalysis, exhaust gas treatment and pollution gas
sensing.' The latter applications are based on the ability of tin oxide to favor chemical
reactions at the surface and the possibility to create porous thin films with large surface areas.
Porosity in such films is generally achieved by combining sol-gel wet-chemical synthesis
routes with templates. So far template-assisted wet-chemical techniques have been exploited
to design tailorable oxide dimensions and morphologies. Polymers are common structure
directors for the synthesis of nanostructured tin dioxide with near-spherical pores and 3D
hierarchical structure.*” The porous structure is achieved by using evaporation-induced self-
assembly (EISA)® of polymeric templates and inorganic precursors followed by template

removal. Such nanomaterials are exploited to fabricate porous scaffolds for many devices



including solar cells, gas sensors, biosensors and electrocatalysis. *'*

In addition to synthetic polymers, biological materials and biopolymers offer diverse
synthesis routes for tailoring the morphology of tin dioxide nanomaterials. For example,
tubular structures' have been fabricated by coating cotton fibers with tin oxide precursor for
Li-ion storage and gas sensing. '*'® Tin tetrachloride sol-gel chemistry was combined with
lyotropic liquid crystals of ethyl-cyanoethyl cellulose.”” In other work, hydroxypropyl
cellulose (HPC) was mixed with tin tetrachloride to obtain tin-doped HPC liquid crystals."®
Regenerated cellulose was coated with a thin SnO, layer via liquid-phase deposition to create
flexible hybrid nanocomposites.” Furthermore, 3D hierarchical porous structures of tin
dioxide were prepared by templating with biological pollen coats and grapefruit exocarp.**'
D-glucose monohydrate or cellulose nanofibrils can also be used to assist in the synthesis of
tin oxide particles.”>*

Cellulose nanocrystals (CNCs) have recently attracted substantial interest as versatile bio-
inspired templates for synthesizing functional metal oxides for energy conversion, medicine,
sensing and catalysis.”*®> The porous structures are formed by combining colloidal
dispersions of cellulose nanocrystals with metal oxide precursor followed by solvent and
template elimination via calcination. To maintain high colloidal stability of CNCs, metal
oxide precursors of low reactivity are commonly used, including stabilized pre-formed
crystalline nanoparticles or silica precursors with slow hydrolysis-condensation dynamics.**’
In contrast to silica precursors, non-silicates exhibit greater sol-gel reactivity and tend to form
precipitates in solution leading to limited control of the porosity of the final material.***'
Moreover, the overall negative charge of cellulose nanocrystals (CNCs) can be compensated
by positively charged polyvalent cations, leading to CNC aggregation.*

Here we demonstrate the fabrication of tin oxide thin films by using a facile wet-chemical

route based on templating with CNCs. By studying the colloidal properties of CNCs and tin



oxide precursor, we demonstrate different approaches toward tailoring the morphology of tin
oxide porous films. The newly developed fabrication procedure is scalable as it uses common
chemicals and solvents and it provides reproducible mesoporous films with high crystallinity.
Such films can be used as active nanomaterial in diverse applications for catalysis,
remediation systems and sensing. To further demonstrate the applicability of cellulose-
templated tin dioxide, we developed a resistive gas sensor demonstrating strong and

remarkably fast sensor response.

3. Experimental Section

3.1 Synthesis
Extraction of Cellulose Nanocrystals (CNCs)

4344 Whatman No. 1 cellulose

Cellulose nanocrystals were obtained as reported elsewhere.
filter paper (60 g) was hydrolyzed with sulfuric acid (64 wt%, 840 mL) at 60 °C for 30 min,
before being quenched with Milli-Q ice and water. Soluble cellulose residues and acid excess
were removed by centrifugation (three steps at 20,000 g for 20 min) and dialysed against
deionized water (MWCO 12—14 kDa membrane) for 6 days, and a stable viscous suspension
of 2.33 wt% CNC was obtained. Conductivity measurements revealed 860 uS/cm
conductivity of the final suspension, while conductivity titration against sodium hydroxide
indicated [H] = [<OSO;] = 240 mmol-kg ' on the CNC surface.*” The suspension was tip-
sonicated in an ice bath (Fisherbrand Ultrasonic disintegrator 500 W, amplitude 30% max
9890 J-g~' of CNC) and vacuum-filtered (8.0 um then 0.8 pm nitrocellulose, Sigma-Aldrich).
The as prepared 2.33 wt% suspension was concentrated using a PEG method. The suspension

was placed in a dialysis bag (MWCO 12-14 kDa) and covered by 35 kDa PEG

(poly(ethylene) glycol, Sigma-Aldrich) until 12.6 wt% CNC concentration was reached.



Tin tetrachloride solutions for the NMR analysis

Table S1 in the Supporting Information (SI) demonstrates the recipes of the tin tetrachloride
solutions investigated by using NMR analysis. 0.35 mL tin(IV) chloride (99.9%, Sigma
Aldrich) was dissolved under stirring in 4 mL absolute ethanol (“neutral” sample). Then 0.2
mL water, | mL concentrated HCI or 0.3 — 0.59 mL 2M aq. NH4OH were introduced to
prepare “neutral+H,O”, “acidic” and “basic” samples, respectively. The addition of base
introduced turbidity, hence the measurements were performed after 10 - 30 min stirring at
RT, when the solutions became transparent again.

CNC and tin tetrachloride solutions for optical imaging

A CNC stock solution of 12.6 wt% was added to 1.1 M SnCly (99.9%, Sigma Aldrich) in
water or ethanol. Then water, HCI conc. or 2.0 M NaOH were introduced to reach 0.2 M
SnCly, 2 wt% CNC (SnO,:CNC=1.5 g/g) and 1.0 M HCl or 0.5 M NaOH concentrations. The
solutions were stirred for 1 — 15 h. Afterwards, 5 pL of a solution was cast on a glass slide,
dried at room temperature and analyzed by using optical microscopy in dark field mode.
CNC-templated tin oxide thin films

The optimized precursor recipe contained 0.2 M Sn*" and 2 wt% CNC in water (SnO,:CNC
calculated ratio = 1.5 g/g). The solution was prepared by adding 0.453 g of 12.6 wt% CNC to
0.5 mL of 1.1 M aqueous SnCls (99.9%, Sigma Aldrich), followed by addition of 1.85 mL
water. For the 0.05 M and 0.3 M SnCl, solutions, the amount of cellulose was fixed at 2 wt%
and tin tetrachloride contents were adjusted accordingly. The mixture was stirred for 2 h,
afterwards 10 uL was cast on Si-substrate. The as-prepared films were calcined for 1 h at 400
°C. The calcination temperature was reached by applying a heating rate of 2 °C/min.

3.2 Characterization

Transmittance spectra of the SnCly/CNC solutions were obtained with a Lambda 950

PerkinElmer UV/Vis spectrometer in a 1 mm quartz cuvette.



For the '"”Sn static NMR measurements the sample was put into a glass container made from
a reshaped commercial 5 mm Duran™ NMR tube (Figure S1 in the SI). The ampule was
filled with the solution, immersed in liquid nitrogen for a short time and then sealed by
melting glass at its narrow end. The opposite end of the ampule with an increased amount of
glass served to correct the center of sample mass during NMR measurements. For the ''’Sn
MAS NMR experiments, the solution was placed into a commercial 4 mm Bruker MAS
probehead in a plastic tube and closed by gluing a lid on top.

NMR measurements were performed on a Bruker Avance 500 DSX spectrometer equipped
with a 11.75 T magnet at temperatures from 190 K to RT. The spectra were recorded on a
deshielding scale in the range from —850 to —400 ppm relative to neat tetramethylstannane.
Calibration of the spectrometer was performed with the aid of the = parameter with
tetramethylsilane.*

Optical characterization was performed in reflection mode on a customized Zeiss (Axio
Scope.Al Vario) microscope using a halogen lamp (Zeiss HAL100) as a light source using
Koehler illumination. Samples were observed with a 20x Zeiss Epiplan Apochromat
objective in bright field (BF) and dark field (DF).

Top views of CNC-templated tin dioxide thin films were analyzed using a JEOL JSM-6500F
scanning electron microscope equipped with a field emission gun, at 10 — 20 kV.
Transmission electron microscopy was performed using a FEI Titan 80—300 instrument
equipped with a field emission gun operated at 300 kV.

X-ray diffraction analysis was carried out in reflection mode by using a Bruker D8
diffractometer with 1.5406 A Ni-filtered Cu Ko radiation, operating at 40 kV and 40 mA.
The mean crystallite size was estimated from the broadening of the (110) cassiterite reflection

by using the Scherrer equation.*’



The nitrogen sorption isotherms were obtained at —196 °C using a Quantachrome Autosorb-1.
Before the measurements, ca. 25 mg of the sample was outgassed at 150 °C under vacuum
overnight. The specific surface area was determined with the Brunauer—Emmett—Teller
(BET) method in the range of p/py = 0.05—0.2. The pore size distribution was determined
using a slit/cylindrical pore NLDFT equilibrium model by using the Quantachrome
Instruments Autosorb-1 software.”® X-ray dilJraction and nitrogen sorption analysis was
performed on pulverized free-standing films obtained by casting and calcining precursor
solutions.

Gas sensing measurements were carried out by using a sensor substrate with interdigitated
platinum electrodes on an alumina plate (3x3 mm?; electrode distance 20 um) with integrated
platinum heater (Pt 10) to control the temperature of the sensing layer (UST
Umweltsensortechnik GmbH, Germany™). Tin dioxide films were prepared directly on the
sensor substrates: 1 uL of the aqueous precursor solution (0.2 mol L™ SnCl, and 2 wt% CNC,
corresponding to a SnO,:CNC ratio of 1.5 g/g) was drop-cast onto the plasma-cleaned
substrate and subsequently calcined for one hour at 400 °C (2 °C min™ heating rate). The gas
atmosphere under flowing conditions was provided by a custom-built, computer-controlled
setup based on mass flow controllers (Brooks Instruments). The analyte gas (CO)
concentration was varied (from 5 ppm to 90 ppm) by mixing with synthetic air. The relative
humidity (r.h.) was varied (30 %, 50%, and 70 %) by mixing dry synthetic air with water
vapor-saturated synthetic air (100 % r.h.) at room temperature. The total gas flow was 500
mL min". The change in ohmic resistance of the sensing layer (sensor response) was
measured by custom-built electronics in potentiostatic mode with a measurement voltage of
0.5 V. The sensing temperature was set by a PID-controller. For comparison, a commercial

SnO,-based reference sensor UST GGS 1330 was used.



4. Results and Discussion

To prepare porous CNC-templated films, tin tetrachloride was mixed with the templating
species, then the mixture was deposited on a substrate and heated to decompose the template.
Figure 1 shows that both the pristine solution of SnCl, and the aqueous CNC suspension are
transparent and clear, while, after mixing, the suspension becomes very turbid, indicating

aggregation and/or precipitation of the CNCs.
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Figure 1. Transmittance spectra of (1) 2 wt% CNC suspension, (2) 0.2 M SnCl,, and (3) mixture of 2
wt% CNC and 0.2 M SnCly in water. The inset shows a photograph of the corresponding solutions

taken under back light illumination.

The phase separation in a precursor solution can negatively affect the film homogeneity and
overall porous film morphology. Therefore, to better control precursor homogeneity, and
possibly prevent aggregation, we studied the sol-gel transformation of pristine tin
tetrachloride by using solid state NMR spectroscopy.

The transformation of molecular tin tetrachloride to crystalline tin dioxide is a dynamic
process, which proceeds through the formation of different intermediate species, such as
aqua-, chlorido-tin complexes.”>’ To identify these moieties, tin tetrachloride was dissolved

in water or ethanol with addition of small amounts of acid or base. Despite adding base, the



solutions remained acidic with pH < 1. Then the mixtures were sealed in a specially designed

glass ampule (Figure S1 in the SI) and studied by using solid-state ''’Sn NMR.
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Figure 2. 981 static NMR of SnCl, solution (SnCl4:EtOH:HCI =1:22.98:10.25 molar ratio). (a) Low
temperature ''’Sn static NMR spectra obtained upon cooling the sample from room temperature (RT)

to 150K. (b) '"Sn static 2D exchange NMR measured at 250 K, mixing time 1,,= 40 ms.

NMR patterns of a SnCly solution in Figure 2a reveal a broad signal at about -670 ppm at
room temperature. Upon cooling, the broad signal splits into five distinct sharp peaks. These
signals observed in the range from -608 to -721 ppm are typical for octahedral tin (IV)
complexes.” The six-fold coordination number instead of initial four-fold geometry can be
explained by the fact that when tin tetrachloride is dissolved, the coordination number
expands due to the bonding with chloride and an O-donor such as water and ethanol. Table 1
summarizes the tin-containing complexes detected in aqueous solutions containing ethanol,
water with base or acid. The aqua- and chlorido- complexes were assigned according to
previous studies (Table S2, in the SI).*® The assignment of ethanolic complexes, however,
was achieved by measuring >J (''’Sn-"H)-couplings in ''’Sn low temperature MAS NMR

(Figure S2 in the SI).



Table 1. Assignment of '"’Sn static NMR chemical shift values to the corresponding tin-containing

complexes formed when tin tetrachloride is dissolved in ethanol and water.

Species 8('”Sn)/ppm
[SnCle]* =720
[SnCls(H,0)]" -677
[SnCls(EtOH)] -657
[SnCl4(Hzo)z] -647
[SnCly(H,0)3]" -631

[SnCly(H,0)(EtOH)]  -629

The tin complexes above exchange ligands with each other as the peaks lying on the main
diagonal in the 2D NMR spectrum in Figure 2b have corresponding off-diagonal satellite
peaks. These cross signals prove the exchange dynamics between the corresponding species
and confirm the coalescence phenomena observed in room temperature measurements. Based
on the '"”Sn static NMR data of the SnCl, solution shown in Figure 2, we propose that the

tin-containing complexes undergo the following ligand exchange reactions:

[SnCle]* + H,0 —  [SnCls(H,0)] + CI )
[SnCls(H,0)] + EtOH === [SnCIs(EtOH)] + H,0 3)
[SnCIS(EtOH)] + CIT === [SnCls]* + EtOH (4)
[SnCly(H,0),] + EtOH === [SnCl,(EtOH)(H,0)] + H,0 (5)

In the above sample, we did not detect any polymeric species with multiple metal atoms and
oxygen bridging characteristic for condensation reactions. To increase the hydrolysis rate and
to promote condensation, base was added to SnCly solutions. In this case, additional signals in
the less negative chemical shift region > -645 ppm appeared (Figure S3 in the SI). The signal
shift towards higher chemical shifts indicates the formation of deeply hydrolyzed tin
tetrachloride complexes, where more chloride ligands were exchanged by oxygen-containing
ligands.*” A broad signal at around -600 ppm observed for a base-containing tin tetrachloride

solution (Figure S4 in the SI) can be attributed to the formation of OH-bridged structures.
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However, the detailed characterization of this signal is challenging, due to a range of
condensation products with similar spectral signature, the high sensitivity to aggregation and

the precipitation of tin oxide.”®’

In general, any signal in the range -629 to -608 ppm can be
attributed to condensation products, such as oligomeric -Sn-O-Sn- structures.

To summarize, we have identified six tin chloride complexes that undergo dynamic ligand
exchange when tin (IV) chloride is dissolved in ethanol and water (Table 1). We note that we
did not consider isomerism of complexes, though the existence of cis/trans isomers has been
previously discussed.”® Our NMR study allows us to formulate Scheme 1, which reveals some
of the intermediate moieties formed in the solution prior to condensation, polymerization and

SnO; crystallization. The suggested mechanism is in line with the previous studies on tin

. . 51-60 .. . .
oxide formation, however it includes also the assignment of ethanolic complexes.

+HZO
£20 - renc] (H.O o secCl,_(H0),, 1" “Fon
+2EtOH [Sn 4( 2 )2] -Cl n ( ) :Hzo
SnCl, === [SnCI(EtOH)] = [snCl (EtOH) — SnOz
[SnCl(H,0)(EtOH)] [SnCl,_(H,0),, (EtOH)

Scheme 1. Key elements of the mechanism of tin oxide formation via sol-gel processes when tin

tetrachloride is dissolved in ethanol and water.

The results of the above NMR investigations suggest that when SnCly is dissolved in aqueous
CNC suspension, it reacts immediately with water forming different complexes and releasing
HCI as a reaction byproduct. CNC suspensions are usually stable in aqueous media due to the
negative -OSOs-groups grafted on the crystal surfaces during hydrolysis.” However, their
colloidal stability can be disturbed at high ionic strength conditions. It has been shown that
CNCs aggregate when the ionic strength is above 25-40 mM.®' The excessive acidity in tin
tetrachloride aqueous solutions leads to an ionic strength higher than that threshold, causing

poor colloidal stability of CNCs. Additionally, an increasing concentration of charged
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moieties can change the overall ionic strength of the solution, and hence may negatively
affect the colloidal stability of CNC. All the species in Table 1 have different charges; at
early hydrolysis, negatively charged complexes dominate, whereas positively charged species
are formed during prolonged hydrolysis and condensation.

To study the homogeneity of precursor solutions, we prepared different CNC and tin
tetrachloride suspensions, containing small amounts of acid, base or ethanol. The as-prepared
solutions were drop-cast on microscope slides and analyzed by using an optical microscope
in dark field mode. Figure 3 shows that the solutions contain aggregates in the case of
ethanol, concentrated acid or when the stirring time was too short (Figures 3a, b and c,
respectively). However, a mixed colloid prepared without ethanol or acid and stirred
overnight was homogeneous without visible macroscopic aggregates (Figure 3d). The only
defects observed in this sample arise from cracks formed during the drying process (Figure

S5 and S6 in the SI).

Figure 3. Dark field optical microscopy images of precursors cast on glass slides (from 2 wt% CNC
suspensions in 0.2 M SnCl, in ethanol or water): (a) ethanolic suspension SnCl/EtOH/CNC, (b)
aqueous suspension containing acid: SnCly/H,O/CNC/IM HCI, (c) aqueous suspension

SnCly/H,O/CNC after 1 h stirring and (d) aqueous suspension SnCly/CNC/H,O after overnight
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stirring. The image (d) does not show any contrast, which indicates film homogeneity and absence of

macroscopic aggregates. Scale bars: 0.2 mm.

These results suggest that despite the excess of H', which is known to decrease the colloidal
stability of the CNCs, the aggregation of the suspension can be reversible to a certain extent
and that large aggregates were removed by stirring overnight.

Prolonged stirring is beneficial for several reasons. First, large initial aggregates can
mechanically disintegrate into smaller clusters. Second, during aging the precursor solution
keeps changing on a molecular level. These changes also include the charge of the molecular
precursors, their interactions with the negatively charged CNCs and the resulting change in
electrostatic stabilization of the CNCs.

To prepare tin oxide films, we mixed colloidal CNCs with tin tetrachloride in water
according to the optimized protocol that provides homogeneous aggregate-free
nanocomposites. After stirring for at least 2 h, the solution was coated on substrates and then
calcined at 400 °C to 600°C. Figures 4a-d show the SEM images of CNC-templated tin oxide
films after calcination at 400 °C. The top-view image in Figure 4a reveals the film
homogeneity and nanoscale porosity. Furthermore, the pore pattern resembles the features of
pristine CNCs. Differently oriented anisotropic domains can be attributed to the self-
assembly of the rod-like cellulose nanocrystals.”” One such domain with pronounced
anisotropic pore organization is shown in Figure 4c. Such domain formation was not
observed for the films prepared from precursor solutions with lower or higher tin
concentration compared to the latter sample (Figure 4b, d and Figures S7). Hence, the
concentration of tin tetrachloride strongly affects the film morphology, in particular, the
dimensions and the shape of pores and pore walls.

The average crystallite/domain size revealed by TEM and XRD for the CNC-templated tin

dioxide is in the range from 9 to 20 nm, depending on calcination temperature, with larger
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crystallite sizes characteristic for increasing calcination temperatures up to 600 °C (Figures
S8, S9a and S11 in the SI). The specific surface area of CNC-templated films measured with
nitrogen sorption experiments is in the range of 46 to 64 m’/g, depending on precursor
composition and calcination procedure (Figure S9b and Table S3 in the SI). The optimized
protocol using 0.2 M SnCl, and 2 %wt. CNCs in water provided a crystal domain size of tin
dioxide of about 9 nm and a specific surface area of 46 m*/g. The pore diameters in these

films range from 10 to 20 nm, with a maximum at 14 nm (Figure S9b in the SI).

Figure 4. SEM top-view images of tin oxide thin films prepared from 0.2 M (a, c), 0.05 M (b) and 0.3
M (d) tin chloride in 2 wt% aqueous suspension of cellulose nanocrystals. The suspensions were
coated on silicon wafers and calcined at 400 °C. (b-1, c-1, d-1) Fourier transformation (FFT) images
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of (b), (c) and (d) patterns, respectively, obtained by using ImageJ software. Scale bars: 500 nm (a)

and 100 nm (b — d).

Tin dioxide is an n-type semiconductor and one of the most important materials for the
fabrication of resistive gas sensors. Its electronic conductivity is strongly affected by surface-
chemical reactions with reducing or oxidizing gas molecules. Hence, measuring the ohmic
resistance allows monitoring the presence of such gases at low ppm concentrations.®

For the device fabrication, we deposited CNC-templated SnO, on pre-fabricated sensor
substrates that feature a platinum electrode structure for electrical contact and integrated
heating for controlling the operating temperature. The colloidal mixture of tin tetrachloride
and cellulose nanocrystals was deposited directly on the sensor substrates. Calcination, i.e.
formation of SnO, and combustion of the CNC template was performed in-situ on the sensor

at 400 °C (Figure 5d and Figure S10 in the SI).
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Figure 5. Performance of the CNC-templated tin dioxide CO sensor. (a) Sensor response to CO gas
measured at 350 °C and 50 % relative humidity compared to a reference SnO;-based commercial
sensor UST GGS 1330; (b) blow-up of the two response peaks for 5 ppm (left) and 90 ppm (right);

(c) CO concentration-dependent response values for variable different operating temperatures and

relative humidity; (d) photograph of the sensor substrate (left) and schematic of the fabrication

procedure of for the CNC-templated porous tin dioxide

self-assembly.
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Carbon monoxide (CO) was chosen as the analyte gas in concentrations between 5 ppm and
90 ppm. This is the relevant concentration range for hazard prevention; for example, the
work-place threshold value for CO is 35 ppm in Germany.** The relative humidity was varied
between 30 % and 70 % to assess the sensor's cross-sensitivity to water. The operating
temperature was varied between 200 °C and 350 °C.

Figure 5a shows the CNC-templated SnO, sensor response to CO at 350 °C and 50 % relative
humidity (r.h.). The 'response' is the change in ohmic resistance defined here as Ro/R, where
R is the measured resistance and R is the initial resistance before the analyte gas is offered
(in synthetic air; 80 % Na, 20 % O;). During the measurements CO was dosed in pulses of 5
minutes each; the interval between pulses was 10 minutes. The response of a commercially
available reference sensor was measured simultaneously for comparison (see Experimental
section). The reference sensor works based on the same resistive principle, i.e. its response is
based on a change in the ohmic resistance upon interaction with the CO analyte molecules.
Both sensors show an approximately linear response to the CO concentration. Moreover, the
response of the CNC templated tin oxide sensor in terms of relative resistance is weaker than
that of the reference sensor, it is however substantially faster. Figure 5b shows a blow-up of
two response peaks (5 ppm and 90 ppm, respectively), demonstrating the remarkably fast
response. The 99 value (time until 90 % of maximum signal) is only 3 seconds and the signal
decay after the CO pulse is similarly fast. These findings may be explained by the small
thickness (<0.5 um) of the porous SnO; layer, enabling fast diffusion of gas molecules, and
by the large surface-to-volume ratio (Ager = 46 m* g, Figure S9 in the SI). The foo value of
the reference sensor is much higher; it cannot be assessed quantitatively, since signal
saturation is not reached within the 5 minutes of the CO pulses, i.e. the maximum signal

strength is unknown. Other mesoporous SnO»-based sensors reported in the literature exhibit
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too values in their CO response between 10 seconds and several minutes under similar
conditions.*>’

Figure 5c shows the response values for CO measurements at relative humidities of 30 %, 50
%, and 70 %, each at operating temperatures of 200 °C, 275 °C, and 350 °C. The humidity
has only little impact on the response at low operating temperature; a slightly higher humidity
dependence is observed at high temperature. All in all, the sensor turns out to be fairly robust
against changes in humidity. It is also obvious from Figure 5c that the strongest response is
obtained at 350 °C, while only little difference is observed between 200 °C and 275 °C. Such
temperature-dependent behavior is frequently observed for resistive gas sensors.®®
Additionally, the in-situ preparation of the porous film yields a sensor device with a
mechanically stable connection between active layer and substrate and a strong electrical
contact to the electrodes. The resulting SnO, porous layer exhibits nano-crystallinity (average

. . . . . 69.70
grain size: 9 nm), which is favorable for high sensor performance.*”’

5. Conclusions

In summary, we successfully developed a scalable, straightforward and economically
valuable, highly reproducible method to fabricate porous CNC-templated SnO, films with
high crystallinity. By investigating the molecular composition of precursor solutions we
optimized the colloidal stability of CNCs in the presence of tin tetrachloride. As a result, we
report an optimized precursor preparation protocol that provides homogeneous porous thin
films with nanoscale morphological features, high porosity and pore sizes of around 10 nm.
This method was then successfully exploited to produce CO gas sensors with fast response in

the ppm range and low cross-sensitivity to humidity.
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tetrachloride solutins; optical images of CNC-tin tetrachloride nanocomposites; electron
microscopy, XRD and nitrogen sorption measurements of CNC-templated tin dioxide.

This material is available free of charge via the Internet at http://pubs.acs.org.
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