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The influence of material structure and dimension on the chemical sensing performance was investigated
as a function of sensor operating temperature. Polycrystalline tungsten oxides (WO3) were prepared
both as nanowires of different diameters (d~100nm, 175nm; [=4-5um) using a template-directed
electrodeposition process, and as a continuous film through thermal decomposition of peroxytungstate
solution. The WO3 materials were integrated with microscale conductometric platforms featuring mil-
lisecond dynamic temperature control up to 500 °C. The nanowires and film were assessed for efficacy

Keywo.rds". as transducers in gas-phase chemical sensors using these platforms, both in a fixed-temperature oper-
Chemiresistor . . . . - .

Microhotplate ating mode and in a dynamic pulsed-temperature operating mode. Statistical analysis of the tungsten
Nanowire oxide chemiresistor responses to analytes at varied operating temperatures revealed that orthogonal

information can be obtained from stoichiometrically similar materials; the differences were exagger-
ated by probing the sensor responses with different dynamic temperature programs. We conclude
that nanowire sensors yield non-redundant analytical information with respect to their comple-
mentary film-based sensor. These results demonstrate that as sensors move to nanoscale structures,
unique interactions will differentiate the materials and the devices’ performance from their microscale

Nanoparticle

counterparts.

Published by Elsevier B.V.

1. Introduction

How do the size, dimension and morphology of a sensing
material impact its performance? Metal- and metal-oxide-based
nanostructures have been attracting significant interest in chemi-
cal sensing applications [1-9] owing to the small size and related
characteristics (e.g., surface area, surface-to-volume ratios, quan-
tum confinement). Of particular interest to us is the emerging role
of nanomaterials as the active chemiresistor in chemical sensing
applications [8-17]. Preliminary results do suggest that there are
benefits to be gained by employing these nanostructured sensing
materials in terms of response speed and sensitivity, which may
be attributed to an increased diffusion rate of analytes through the
sensing materials and their large surface-to-bulk ratio, respectively
[5-9]. However, whether the differences in scale and structure of
sensing materials create only similar sensors with improvements in
their response speed and sensitivity, or result in quasi-unique sen-
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sors capable of generating orthogonal analytical information about
a chemical species is not clear [7,8]. One-dimensional nanomate-
rials have been recently applied as the active sensing material in
chemical sensors as reported by several groups for various sensor
configurations [4-6,17-19]. For sensing applications, the nanopar-
ticulate structure is also attractive, as it increases the number of
grain boundaries in the active material where sensing interactions
are believed to occur [20].

Here we describe a method to determine whether sensing mate-
rial morphology imparts the potential for analytical orthogonality
by probing the responses of three tungsten oxide chemiresis-
tors differing in directed structure and dimensions. As a sensor
material, tungsten oxide (WO3) nanomaterials are receiving a
significant amount of attention [21-26]. We have prepared two
chemical sensors with active materials based upon polycrystalline
nanowires of different diameters, and one sensor with a poly-
crystalline film. We determine that the three structures, while
possessing similar surface chemistry and nanoparticulate build-
ing blocks, can provide analytically different transient responses
based upon their thermal operating history and the selected target
analyte.
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2. Experimental

2.1. Tungsten(VI) oxide materials preparation

Polycrystalline tungsten oxide nanowires were made via
template-directed electrodeposition followed by calcination.
Briefly, one side of a track-etched polycarbonate filtration mem-
brane (dpore =50 nm or 100 nm, Ijpem =6 m) was coated by thermal
evaporation with a silver film to serve as a working electrode.
The WO3; nanowires were deposited at constant potential (-0.5V
vs. Ag/AgCl) in the template from a peroxytungstate solution
(Supplemental Fig. 1) [27]. Nanowires were isolated by first dis-
solving the Ag working electrode in 25% nitric acid, followed by
dissolution of the template in chloroform. The nanowires were
collected by centrifugation, and washed with chloroform and 2-
propanol several times. After each wash, the nanowires were
collected by centrifugation and then redispersed by sonication. The
nanowires were finally dispersed in 2-propanol. Thin films of WO3
were prepared via thermal decomposition of the peroxytungstate
solution [28] to make comparisons between nanowire-based active
sensing materials and film-based materials. To determine the effect
of sintering on nanowire morphology, an aliquot of nanowire
dispersion was allowed to dry in a small glass tube that was sub-
sequently heated in a furnace to 480°C in air for 1 h. The sintered
nanowires were then dispersed in 2-propanol and deposited onto
a TEM (transmission electron microscopy) grid for analysis. The
WOj3 materials were characterized by optical, scanning electron and
transmission electron microscopies. X-ray photoelectron spectra
(XPS) were measured using monochromatic Al K (alpha) radia-
tion. A Shirley background was applied to the W 4f spectra, which
were then fit using Voigt profiles. All spectra were referenced to the
surface oxide of the aluminum substrate at 74.4eV.

2.2. Sensor preparation and evaluation

The WO3 materials were deposited onto three individual micro-
hotplate sensor platforms in a multi-element array that facilitates
conductometric measurements with control of sensor operating
temperatures [11,29,30]. The microhotplate platforms are 100 wm
platforms suspended over a pit etched into the substrate silicon.
A poly-silicon heater, embedded in the microhotplate platform,
provides temperature control for materials processing or con-
ductometric (chemiresistive) sensor operation. Electrical contact
for simple resistive measurements is made to the sensing mate-
rial (film or nanowires) via interdigitated platinum electrodes,
which cover the surface of the microhotplate. The digits are nom-
inally 2 pm wide with 2 pm gaps. All materials were deposited
from freshly sonicated dispersions in 2-propanol (nanowires)
or water:2-propanol solution (peroxytungstate solution) using
a microcapillary pipette (idcp =75 m). After the solvent dried,
the sensing materials were calcined to 480°C in flowing zero-
grade dry air for 1h. Sensor testing was carried out using a
computer-controlled, automated gas-flow and data-collection sys-
tem. Analytes were delivered in zero-grade dry air from gas
cylinders.

The sensor response levels were calculated as (Ggas — Ggir)/Gair»
where Ggqs is the conductance of the sensor in the presence of an
analyte, and G, is the conductance of the analyte in the background
condition of dry air. The response times were calculated as the time
for the conductance to change from 10% to 90% of the total conduc-
tance change (Ggas — Ggir). All analyses of TPS data were done using
custom programs in a commercial software package. Conductance
measurements of different materials at fifteen ramp and fifteen
base temperatures were concatenated to form a multi-dimensional
sensor response that was used for all analysis.

To analyze the similarity/orthogonality of responses of any two
WO3 morphologies (M, M) at two operating temperatures (T7,
T,), we used Pearson’s correlation coefficients. If g(Mq, T;) is a
one-dimensional vector of conductance response of M; at temper-
ature T; to any of the test analytes (CH3OH or CO) during different
trials, and g(M;, T, ) a one-dimensional vector of conductance mea-
surements made using M, at temperature T, then the correlation
between responses of My at T; and M, at T, is calculated as

ny gMy, T)g(Ma, T2)=) &My, 1)y g(Mz, T2)

((n Zg(Ml, T )2—(Zg(M1, T ))2)(11 Zg(Mz, T, )’ - (Eg(Mz, Tz)>2) ) 172

where n in the number of trials. Only the absolute values of the
correlation coefficients with significance p < 0.05 (t-test) are shown.

For visualizing the sensor response, we used principal com-
ponent analysis (PCA), which is a linear dimensionality reduction
technique [31]. In PCA, the six-dimensional sensor array responses
(1 ramp and 1 base temperature per sensing element; three ele-
ments) were projected onto the first two or three dimensions,
defined by the first few eigenvectors (with largest eigenvalues) of
the response covariance matrix that captures most of the variance
in the dataset.

3. Results and discussion

For our studies, polycrystalline nanowires composed of WOs3
were prepared by the adaptation of a literature electrochemical
deposition method [27] to template-directed synthetic methodol-
ogy [32,33]. As deposited, the nanowires are largely amorphous
as demonstrated by TEM studies (Fig. 1a). However, nanocrys-
tals of WO3 with diameters of 10-15nm were also observed in
the as-deposited nanowires, and were surrounded by amorphous
material. After calcining the WO3 nanowires at 480°C in air for 1h
and examining again by TEM, it was apparent that the wires had
completely converted to crystalline material, while retaining the
nanocrystalline size of 10-15 nm (Fig. 1b-e). The nanowires them-
selves, then, are built of nanocrystals with many grain boundaries
along and within the length of the wire. To provide a dramat-
ically different assembly of nanoparticles for comparison with
the nanowire materials, WO3 films were prepared by the thermal
decomposition of a microdrop of the peroxytungstate solution [28].
The chemical states of the tungsten oxide materials were probed by
XPS (Fig. 2). Tungstenis identified from a survey scan from the 4s, 4p
1/2,4p 3/2,4d 5/2 and 4f 7/2 peaks at 596.4 eV, 493.9eV, 425.4 eV,
244.5eV and 35.4 eV, respectively. High-energy-resolution region
scans (Fig. 2, inset) for both the nanowires and the film were well fit
by Voigt profiles, indicating that a single chemical species is present
at the surface for both the film and the nanowires, each having an
energy of 35.5eV for the W 4f 7/2 peak, in good agreement with
previous reports for tungsten(VI) oxide [34].

Further characterization of the materials was conducted after
the WO3 nanowires were isolated from their template and then
integrated with temperature-controlled microsensor platforms
(“microhotplates,” see Section 2 for more information about the
National Institute of Standards and Technology (NIST) microsensor
technology) via microcapillary pipette [35]. The microhotplate plat-
form also provides a convenient method for calcining the materials.
Fig. 3 shows SEM (scanning electron microscopy) micrographs of
(a) a microhotplate and various tungsten oxide sensor materials (b
and c; see also Supplemental Fig. 2) nanowires prepared ina 100 nm
pore-diameter template deposited on a microhotplate, and subse-
quently calcined at 480°C in dry air and (d) a nanostructured film
prepared by thermal decomposition of a peroxytungstate precur-
sor. As deposited from the dispersion, the nanowires sparsely cover
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Fig. 1. TEM micrographs of WO3 nanowires (a) as prepared, and (b-e) after calcina-
tion in air at 480 °C. The high-magnification micrographs (d and e) correspond with
the boxes in the lower magnification images (b and c, respectively).
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Fig. 2. XPS analyses of the tungsten oxide materials. Shown in the main plot is a
survey scan of the nanowires on an aluminum substrate. The inset shows the W 4f
peaks of nanowires (bottom, gray) and a film (top, black). The dotted lines are Voigt
fits of the data.

the microhotplate and tend to form clusters, as shown in Fig. 3b.
However, individual, isolated nanowires are also present in signifi-
cant numbers, e.g., as shown in Fig. 3c. The length of the nanowires
is controlled by the time of the deposition, and ultimately restricted
by the thickness of the template. In the case of the nanowires used
here, the deposition time was 180 min, which results in nanowires
of ~4 wm in length, appropriate for bridging the gaps between the
interdigitated electrodes on the microsensor devices. Although the
nominal pore diameter of the template is 100 nm, the thickness of
the wires tends to be larger, with a diameter of ~125 nm near the
tips and a diameter of ~175 nm toward the middle of the nanowire
length. The same trend is observed for the nanowires deposited
in the 50 nm pore-diameter templates: nanowires on average are
~60 nm near the tips and ~100nm in the middle. The tapering
effectis due to the non-cylindrical pores present in the track-etched
polycarbonate membranes [32]. EDS analyses (not shown) confirm
the XPS analyses that the nanowires are W-based materials, and
that the silver electrode used for electrodeposition has been suc-
cessfully removed. The film has continuous coverage over the space
of the interdigitated contacts and shows nanoscale structure.

A comparison of sensor efficacy was made between the three
WO3 nanoparticle materials: nanowires of different diameters
(50 nm and 100 nm pores: “nw50” and “nw100”, respectively) and
a film. To establish the viability of these WO3 nanowires as conduc-
tometric sensors, in comparison with the film, we first examined
their performance at a single operating temperature. Fig. 4 shows
the responses at 375 °C (fixed-temperature sensing, FTS) of three
sensors based upon the three different structural building blocks.
As expected the baseline conductances for the nanowire materi-
als are much lower than for the film, owing to the significantly
lower coverage of the nanowires (estimated at several hundred
nanowiresona 100 pm x 100 wm platform from SEM imaging) over
the interdigitated contacts. The FTS study does, however, demon-
strate the efficacy of the nanowire materials as chemical sensors
(see Table 1 for an example of CH30H FTS results). Despite the
small amount of active material, the nw50 sensor demonstrates
good signal-to-noise (S/N ~ 32 for 2 pmol/mol methanol). The gen-
erally good sensitivity and S/N ratio of the nw50 sensor may be
attributed to the enhanced surface roughness of the calcined WO;
nanowires, as shown in the TEM studies (Fig. 1). The nanocrys-
talline domains also offer many active sensing sites at the grain
boundaries, which may contribute to the generally strong sensor
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Fig. 3. SEM micrographs of (a) a clean microhotplate (b) a microhotplate sparsely covered with WO3 nanowires (c) an isolated WO3 nanowire across two contacts on a
microhotplate, and (d) a WO3 film on a microhotplate produced via the thermal decomposition of a peroxytungstate precursor.

response [20,36]. Notably, the response times are quicker for the
nw50 sensor versus the film-based sensor by a factor of ~2. The
relatively quick response time of the nanowire sensor is attributed
to the readily accessible surface of the materials with respect to a
comparatively dense film sensor [8].

From the FTS experiments, there are no readily apparent distin-
guishing features between the responses of the three structures.

4+ —8— film
-8~ nwso
—&— nw100
1 [CH,0H] - right axis

L-J

-
(=]
&
1

-

- 30

L-J

- 20

o

0
3600

T=375°C

Conductance (S)
~

-
°w
PP Y |

(1owyjowrl) uonejuasuoa jouea

T
1800 2400
Time (s)

Fig. 4. The responses of WO3; materials at a fixed temperature of 375 °C to presen-
tations of methanol with an emphasis on differences in WOz morphology: thin film
(red, filled circles); WO3 nanowires, nw50 (green, open squares); WO3 nanowires,
nw100 (blue, filled squares). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

However, because of the small thermal time constant of the micro-
hotplate platforms, it is possible (and beneficial) to rapidly change
the temperature to sample a large temperature range yielding a
high data density per unit time [30]. Fig. 5 shows the dynamic
temperature program used to collect the responses of sensors.
The base temperature between two pulsed-temperature measure-
ments is always 140 °C. Measurements are made both at the end
of the ramp temperature pulses (ramp measurements) and at
the end of the base temperature pulses (base measurements).
The baseline temperature between two temperature pulses allows
“relaxation” (including chemically and thermally induced charge
carriers) toward some base state prior to each ramp pulse. We then
applied a general method to evaluate the differences in the complex
and analytically rich sensor data in order to compare and contrast
more thoroughly the responses from the three structurally different
sensors to analytes and to operating temperature.

Shown in Fig. 6a are the averaged responses of the sensors to
the presence of the three analytes using the temperature program
of Fig. 5 (FTS and TPS data vs. time plots are shown in Supplemental
Fig. 2). The three analytes are easily separable based on the con-
ductometric measurements made using the three WO3 sensors
(Fig. 6a). The sensors were also exposed to varied concentrations of
the three analytes (Supplemental Fig. 4a). However, the three con-
centrations are distinguishable only in the case of CH30H. Notice
that for the three WO3 sensors, the conductance decreases as the
operating temperature increases from 60 °C to 210 °C for all three
analytes, and then subsequently increases as the ramp tempera-
ture increases from 210 °C to 480°C. Also, we note that the ramp
and the base measurements are qualitatively similar to each other
(Supplemental Fig. 4).
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Table 1

Response strengths and times (+standard deviation of four trials) of WO3 microsensors for varied concentrations of methanol in 1slm dry air and with a sensor operating

temperature of 425°C.

[Methanol] (wmol/mol) Response strength (AG/Go)

Response time (s)

Nanowire sensor (nw50) Film sensor Nanowire sensor (nw50) Film sensor
2 0.41 + 0.05 1.9 + 0.1 51 £19 88 +3
4 0.58 + 0.08 3.0+0.1 36 £ 10 86 +3
8 0.86 + 0.04 49 +03 47 + 8 109 £5
16 1.28 £ 0.09 83+ 0.5 61+9 120+ 5
20 1.52 + 0.04 9.8 £ 0.5 60 + 24 122+ 5

In order to determine the effect of thermal history on the sensor
response, the sensors were operated with a temperature program
that covered the same range (ramp temperature varied from 60 °C
to 480°C, base temperature held at 140°C), but with 1°C tem-
perature steps for the ramp (421 total ramp temperatures, rather
than 15). For clarity, and for direct comparison with the larger tem-
perature increments, only the data corresponding to the 15 ramp
temperatures of the TPS program shown in Fig. 5 are used. Only the
highest concentration of CH30H (red) and CO (green) were used
in this study. The mean sensor responses to the two analytes are
shown in Fig. 6b. It can be clearly seen that unlike the previous
case with 30°Cincrements (Fig. 6a), here the conductance is almost
monotonic with temperature. There is only a decrease in conduc-
tance from 60 °C to 2100 °C, showing that the thermal history does
have an effect on raw sensor operations.

To visualize the high-dimensional sensor response obtained by
concatenating the base and ramp temperature responses of the
three WO3 sensors, we use principal component analysis (see Sec-
tion 2). Fig. 6¢c shows the six-dimensional sensor array response
for the data in Fig. 6a (1 ramp and 1 base measurement per tem-
perature step per sensing element; three elements) after linear
projection along the first three principal components (accounts for
97.41% variance in the data) [31]. A similar plot (Fig. 6d) shows the
six-dimensional sensor array response for 421 ramp temperatures
after linear projection along the first two principal components
(accounts for 93.64% variance in the data) for the data in Fig. 6b.
It can be seen that for the 30 °C temperature steps, the identity of
the analyte introduces variance along one direction (color: CH3OH,
red; NO,, blue; CO, green), that the analyte concentration causes
additional variance within the analyte cluster (shading from dark
to light), and that the temperature introduces variance along a dif-
ferent direction (arrows indicating sensor temperature from low to
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Fig. 5. The temperature program used to obtain TPS data with 30°C increments
between ramp steps. Conductance measurements are made at each open circle
(ramp) and filled square (base).

high). Furthermore, the separability between the analytes varies
with the operating temperature (Fig. 6a), suggesting the impor-
tance of thermal history in sensor responses. Thus, by choosing
an appropriate temperature program, we may be able to enhance
differences in the responses of the three sensors here.

We assessed the orthogonality/similarity between the three
WO3 sensors’ conductometric transient responses at the fifteen
different temperature steps with 30°C increments. For this pur-
pose, we used a measure based upon correlation coefficients (see
Section 2) to compare the information content of the transients
as a function of both material morphology and the analyte tar-
geted: the greater the correlation, the more related or redundant
is the information available. Fig. 7a shows a color-coded repre-
sentation of the correlation coefficients for the ramp data across
all the three morphologies at various temperatures for air sam-
ples (background) and the three analytes studied (Supplemental
Fig. 4a shows the correlation coefficients for the base-temperature
data). Each pixel shows the absolute value of significant correlation
(p<0.05) between responses of a WO3 morphology at one tem-
perature (T;) to each condition (background or analyte) versus its
response at a second temperature (T, ). Only the highest concentra-
tions of the analytes were included for this analysis. The red pixels
indicate higher correlations and the blue pixels represent lower
correlations. Diagonal blocks provide self-correlation patterns and
off-diagonal blocks present cross-correlation across WO3-material
morphologies.

It can be observed from Fig. 7a that, in the case of the air sam-
ples, the low-temperature and high-temperature transients create
separate correlation bands. Interestingly, for some conditions these
bands are conserved across different WO3 morphologies, while
for others, the bands are different. For CH30H, for example, the
responses of the three WO3 sensors are highly correlated at each of
the fifteen different temperatures. Cross-correlations (off-diagonal
blocks) between the sensing materials also reveal high degrees
of correlation, indicating that the three morphologically different
WO3 sensors generate only redundant information about CH30H.
However, in the cases of NO, and CO, the correlation between the
transients of the three WO3 sensors decreases suggesting genera-
tion of non-redundant information. We note that the correlation
between transients of the nanowire-based sensors is high for NO,,
while between the film and either of the nanowire sensors the cor-
relation is much lower. That is, the nanowire-based sensors provide
similar information with respect to each other, but non-redundant
with respect to the film-based sensor for NO, using this tempera-
ture program. These results clearly show that dissimilar analytical
information is obtained from these nanowire WO3 sensors by
cycling through temperatures for certain chemical species. To fur-
ther corroborate our findings and to show that these correlation
patterns across the WOs3 sensors are truly a function of the analyte
present and not the age of the sensors, we repeated this analysis
for air samples collected on three different days (Supplemental Fig.
5b).

The capability to perform rapid temperature changes during
sensor operation enables elucidation of the differences between
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Fig. 6. Results from the statistical analysis of the conductometric measurements made using a temperature program with 30°C increments (a and c) and 1°C increments
(b and d). (a) Mean ramp measurements of the three different WO3 sensors to three analytes: methanol (CH3OH; dark red—40 pumol/mol), carbon monoxide (CO; dark
green—200 pwmol/mol), and nitrogen dioxide (NO;; dark blue—1 wmol/mol). The error bars represent the standard deviations. (b) Mean ramp measurements of the three
different WO3 sensors to the highest concentration of methanol and carbon monoxide at the 15 ramp temperatures shown in Fig. 5 (other ramp-temperature data not
shown for clarity). (c) Projection of the six-dimensional sensor response for the data shown in Fig. 6a, with varied analyte concentrations included, (one ramp and one
base measurement per temperature step per sensor type; three sensor elements) along the first three principal components (variance captured =97.12%), color-coded by the
chemical identity. The arrows show the trend with increasing ramp temperature (the different patterning is to aid in tracing their paths). (d) Projection of the six-dimensional
sensor response for the data shown in Fig. 6b (one ramp and one base measurement per temperature per sensor type; three sensor elements) along the first two principal
components (variance captured =93.64%), color-coded by the chemical identity. The arrows show the trend with increasing ramp temperature. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

their responses. This is shown by the banding patterns in Fig. 7
for the correlation between the film and nanowire sensors (most
apparent for NO,). While the film produces similar information
regardless of the sensor temperature, the nanowire-based sensors
(with respect to the film) are yielding non-redundant information
of varied degrees at the low-range, mid-range and high-range tem-
peratures, primarily due to different thermal transients from these
sensor-material morphologies. These results are in agreement with
the expectation that different physical phenomena tend to occur
at different temperatures ranges (adsorption at low temperatures,
desorption and reaction at higher temperatures).

For the WO;3; sensors, we observed that, as a function of
ramp temperature, the sensor conductance initially decreases with
increasing temperature, and then increases with higher tempera-
ture steps. However, the inflection point is different for the different
temperature-step increments: for the smaller step size (AT=1°C),
the inflection point is at ~100°C, while for the larger step size
(AT=30°C), the inflection point is at 210°C. To further study the
effect of thermal history on the sensor response we compared the
transients for these two temperature steps as shown in Fig. 7b. We
found that the temperature step size had little effect on the tran-
sient response to background air. However, in the case of CH3;0H

and CO, differences in temperature-step size produced dissimilar
transient responses in both the nanowire sensors. Interestingly,
the differences observed between the transient CO responses for
the morphologically different WO3 sensors for larger temperature
steps were not observed for the smaller step size. Together with
the temperature banding in the correlation plots, these results sug-
gest that by designing a temperature program that probes a range
of interactions between the sensor and its environment, and by
altering the thermal history of the sensor, non-redundant, ana-
lytically rich information can be extracted from a nanostructured
metal-oxide chemiresistor. Furthermore, subtle differences in sen-
sor performance may be enhanced, as shown by the low correlation
between nanowire- and film-based sensors for the detection of
NO,.

We note that as a result of the structural differences, the three
sensors will have different mass loads on the microhotplates, espe-
cially with respect to the film versus the nanowires, which can
contribute to the differences in their performance. We expect that
the films, which completely cover the microhotplates, to respond
somewhat less quickly to changes in operating temperature than
do the nanowire-based sensors (relatively small amount of mate-
rial on the microhotplate). This may be supported by the relative
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Fig. 7. Results from the statistical analysis of the conductometric measurements made using temperature programs (60°C to 480°C) with 30°C and 1°C increments. (a)
Correlation coefficients (p <0.05) between the three WO3 sensors’ responses at the 15 ramp-temperature measurements using 30°C increments as shown in Fig. 5 for air
(background), CH3OH, NO; and CO. (b) Comparison of correlation coefficients (p < 0.05) between the three W03 sensors responses’ at the 15 ramp temperatures corresponding
to the ramp temperatures in Fig. 5 with 30°C and 1 °C increments (other temperature data not included in the analysis).

response times of the film versus the nanowire-based sensor, which
suggest that the film responds more slowly to changes in its envi-
ronment. We also note that the varied responses may be attributed
to differences in the ratios between bulk and surface structures (i.e.,
the nanowires are almost exclusively surface material, while the
film will have substantial bulk material that does not interact with
analyte gas) [18]. Furthermore, the particles that form the basis of
nanowires may also be changing with increasing time at the high-
est temperatures of the temperature program (Supplemental Fig.
2), although we do not believe that this greatly impacts the results
of this study, based upon the similar correlation patterns for each
of the air backgrounds in the three experiments (Supplemental Fig.
5). The similar correlation patterns indicate that the sensors are
not fundamentally changing during the lifetime of our studies. The
differences between the sensors is enhanced and clearly shown by
use of the dynamic temperature control.

Ultimately, the different responses to the analytes for the three
sensors do not come from induced differences in materials stoi-
chiometry or surface composition (all are tungsten(VI) oxide after
thermal processing in air as shown by XPS); rather, it is the
result of induced changes in sensor material structure from film
to nanowires of different diameter. We have shown that these
differences can be exaggerated by probing their responses using
temperature programs that sample a range of temperatures with
larger steps. That is, dynamic temperature control provides a
means of probing the role of nanoscale structure and dimension
in chemical sensor operation. While we did not examine sensor
reproducibility in this study (expected to be low because of the
uncontrolled orientation and number of nanowires), we also note

that this technique has the potential to reveal subtle differences in
film performance for nominally identical sensors, thus providing
a tool for assessing the reproducibility of mass-produced sensors.
More generally, these results demonstrate the influence of material
structure on sensing properties and that morphological manipula-
tion produces sensors of different capabilities.
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