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ABSTRACT: Understanding the underlying physical chemistry governing the nanoma-
terial-based electrical gas sensing process is pivotal for the rational design of high-
performance gas sensors. Herein, using a remarkable ppb-level NO,-gated field-effect
nanosensor that is based on a reduced graphene oxide rGO/TiO, nanoparticle
heterojunction, as an exploratory platform, we have established a generic physical
chemistry model to quantitatively gain insight into the correlation between the measured
source-drain (S-D) current and the gas sorption thermodynamics in this NO, nanosensor.
Based on thin-film field-effect transistor theory, the measured S-D current leads to the
solution to the gas-induced gate voltage, which further solves the surface charge density
using the Graham surface potential vs surface charge density function. Consequently, based
on the Van’t Hoff equation, key thermodynamic information can be obtained from this
model including adsorption equilibrium constants and adsorption enthalpy of NO, on
TiO, nanoparticles. The acquisition of gas adsorption enthalpy provides a generic and
nonspecific method to identify the nature of the adsorbed molecules.

B INTRODUCTION high performance NO, sensors. Therefore, in this work, besides
developing ppb-level NO,-gated nanosensors, we also strive to
establish an analytic model to correlate the gas sorption
equilibrium and the consequent gate voltage effect on the
source-drain current in the sensing element based on
fundamental thermodynamics, surface charge function, and
field-effect transistor (FET) theory.

Typical NO, sensing elements include nanostructured

The exploration of nanosensors for highly sensitive and
selective detection of chemical species is an appealing topic
in nanoscience. ™' For example, semiconductor nanomaterial-
based biological field-effect sensors, in which the gate voltage is
modulated by biological molecules of interest and results in
depletion or accumulation of carriers within the sensor

. 1
structure, has been a very active branch of nanosensors.” The

field-effect sensors are also widely used in chemical industries semlcoﬂﬁg%@ N metal. oxides, carbon. nanotul_)es, and gra-
for detection of toxic environmental pollutants and early phene, of which graphene and its chemically modified
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automobiles and thermal power plants, there is a pressing need electron {22}3 ility (,15000 cm voos . for grap h.ene,. for
on the high performance detection of NO, at ppb (parts per example). The single atomic layer thickness that is highly
billion) level for early alarming,'® as NO, is confirmed to be sensitive to the electronic perturbations from the adsorbed gas
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in NO, is suggested to be limited to no more than 8 h in even 3 sites for the nucleation and growth of poleltglzable gas
ppm (parts per million) NO,."® docking centers, such as SnO, nanoparticles on it. > Although
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the sensing current and the gas absorption themodynamics has
been established.

As shown in Figure 1, herein, we designed and constructed
an rGO/TiO, heterojunction NO, sensor, in which both sides

Figure 1. Schematic diagram of the rGO/TiO, heterojunction NO,
field-effect sensor.

of the rGO films are homogeneously decorated with ultrasmall
TiO, nanoparticles. This rtGO/TiO, heterojunction provides us
an excellent platform to rescrutinize the underlying sensing
mechanisms of NO,-gated nanosensors. In this configuration,
NO, can immobilize free electrons in the decorated TiO,
nanoparticles such that the NO,-induced field effect can
modulate the conductivity of the rGO underneath. There are
two crucial factors in this design to be highlighted.

First, the selection of the rGO/TiO, system provides a
relatively ideal model for studying gas-gated field-effect sensor.
Explicitly, rGO, as a p-type material with high hole mobility
(80—123 cm? V™! s7!),* would dominate the overall electronic
behavior of the device. Thus, due to its ultrathin thickness, the
entire conductivity of rGO will be influenced by the electronic
perturbations from the adsorbed gas molecule.'” In addition,
because TiO, generally possesses a lower intrinsic charge
carrier concentration (2.7 X 10Y7/cm®)* than SnO, (3.6 X
10'8/cm?)*! (note: carrier concentrations of TiO, and SnO,
depend largely on synthesis and crystal structures), TiO, would
respond more “sensitively” to an external potential perturbation
in comparison to SnO,, since a certain number of adsorbed
NO, molecules immobilize a greater percentage of the free
electrons in TiO, than in SnO,.

Second, the packing density of the decorated TiO,
nanoparticles on rGO should be as high as possible to
maximize the NO,-induced charge separation that is the origin
of the gate voltage on the rGO layer. Moreover, the decorated
TiO, nanoparticle layer should be relatively uniform and thin
(comparable to the width of gas-modulated space charge layer,
typically 1—10 nm>*) in order to form a uniform and effective
electric field by gate voltage resulting from the adsorbed NO,
molecules. Therefore, a monolayer of ultrathin TiO, nano-
particles packed densely on rGO is highly preferable to
construct a simple but efficient model to study the underlying
mechanisms of NO,-gated field-effect sensor.

With all these aspects taken into consideration, our rGO/
TiO, heterojunctions-based sensors exhibits a remarkable ppb-
level sensitivity on NO, in the concentration range from 20 to
1000 ppb at 200 °C. The response time of the current NO,
sensor ranges from 60 to 175 s depending on NO,
concentrations. Furthermore, we show that an analytic model
based on the integration of Van't Hoff equation, Graham
function on surface charge density vs surface potential, and
thin-film field-effect transistor theory can provide a quantita-
tively analysis on the corelation between the gas sorption

thermodynamics and the measured source-drain current in this
NO,-gated field-effect nanosensor. Key thermodynamic param-
eters can be obtained from this model including adsorption
equilibrium constant and adsorption enthalpy of NO, on TiO,
nanoparticles.

B EXPERIMENTAL SECTION

Preparation of GO. GO was synthesized chemically by
oxidation of graphite using the modified Hummer’s method.
Briefly, 0.5 g of graphite powder (Bay Carbon, SP1), 0.55 g of
sodium nitrate (Sigma-Aldrich, >99.999%), and 23 mL of
sulfuric acid (Sigma-Aldrich, 99.999%) were mixed and stirred
for 10 min. Then, 3 g of potassium permanganate (Sigma-
Aldrich, >99.0%) was added slowly, and temperature was
maintained below 20 °C. Deionized (DI) water was added
slowly, and the temperature was raised to 90 °C. The solution
turned bright yellow when 3 mL of hydrogen peroxide (30%)
was added. The mixture was filtered while warm and washed
with warm DI water. Purification was done by centrifugation.
Graphite oxide (25 mg) was exfoliated in distilled water (7 mL)
with 10 min of ultrasonic treatment to form a colloidal
suspension.

Preparation of rGO/TiO, Heterojunction. 0.55 mL of
TiCl, kept in a refrigerator was extracted using a 1 mL syringe
and rapidly injected into the bottom of a parafilm sealed 100
mL bottle with 50 mL of DI water in the form of ice. After that,
the bottle was firmly covered with the bottle cap and shaken
continuously until the ice was dissolved. In the whole process,
no white precipitation was observed. 1.12 mL of GO solution
was injected into a 15 mL bottle with 10 mL of TiCl, solution
and then kept stirring in a water bath at 50 °C for 72 h. The
color of the solution turned from transparent to gray slowly.
The precipitate was collected by centrifugation after being
washed with deionized water and ethanol several times and
then was dried completely at 70 °C. Finally, the products were
kept in a ceramic crucible and annealed in a tubular oven at 500
°C for 30 min with nitrogen gas protection. The corresponding
hybrid products were referred to as rGO/TiO, hetrojunctions.

Characterization of rGO/TiO,. X-ray diffraction (XRD)
measurement was carried out using powder XRD (Bruker D8
Advance, with Cu Ko radiation operating at 40 kV and 40 mA,
scanning from 20 = 10° to 90°). Field emission scanning
electron microscopy (FESEM; JEOL JSM-7600F), transmission
electron microscopy (JEOL 2100 TEM, 200 kV), Raman
spectroscopy (LabRAM HR Evolution), and atomic force
microscopy (AFM, MultiMode 8, BRUKER) were used to
characterize the morphology of the samples. The Mott—
Schottky (MS) plot was recorded by the electrochemical
workstation (Zennium Workstation, ZAHNER, Germany),
using the ac impedance method. The measurement was
conducted in a conventional three-electrode cell, using a
ceramic/Ag electrode with rGO/TiO, on the surface, a
standard saturated Ag/AgCl, and a Pt wire as the working,
reference, and counter electrodes, respectively. To measure the
MS plot of tGO/TiO,, the amplitude of the ac potential was set
at 10 mV, the frequency was 1 kHz, and the electrolyte
contained 0.1 M Na,HPO, with solution pH adjusted to 10
(0.2 by 4 M NaOH).

Device Fabrication and Gas Sensing Testing. The as-
synthesized sample was mixed with deionized water in a weight
ratio of 100:25 and ground in a mortar for 15 min to form a
paste. The paste was then coated on a ceramic substrate by a
thin brush to form a sensing film on which silver interdigitated
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Figure 2. (a) FESEM, (b) TEM, and (c) HRTEM images of the rGO/TiO, heterojunction. (d) Size distribution of the decorated TiO,
nanoparticles. (e) AFM image of the rGO/TiO, heterojunction dispersed on Si wafer. (f) Line profiling of four rGO/TiO, heterojunction sheets.

electrodes with both finger width and interfinger spacing of
about 200 ym were previously printed. The sample was dried
naturally in air overnight. Gas sensing properties were
measured by a CGS-1TP (Chemical Gas Sensor-1 Temperature
Pressure) intelligent gas sensing analysis system (Beijing Elite
Tech Co., Ltd., China). The sensors were preheated at 200 °C
for about 3 h. The required amount of gas was injected into the
chamber (72 L) using a 1 mL syringe and was mixed with air
(relative humidity was about 25%) by two fans in the analysis
system. After the sensor resistances reached a new constant
value, dry air was purged in to recover the sensor.

B RESULTS AND DISCUSSION

Morphology Characterization of rGO/TiO, Hetrojunc-
tion Structure. For the first step, GO was synthesized
chemically by oxidation of graphite using the modified
Hummer’s method and characterized by Raman and trans-
mission electron microscope (TEM), as shown in Figures S1
and S2. It is clearly shown that GO was synthesized
successfully. The rGO/TiO, heterojunctions were synthesized
through a moderate in situ hydrothermal method at 50 °C using
GO suspension and TiCl, solution as precursors, followed by
an annealing at 500 °C for 30 min. The X-ray diffraction
(XRD) pattern of the rGO/TiO, heterojunction structures

before and after annealing confirmed that the majority of the
as-grown nanoparticles are anatase TiO, (JCPDS, 21-1272),
with only small amount of rutile TiO, (JCPDS, 01-1292)
nanoparticles presented (Figure S3). It is shown that the
annealing process could greatly improve the crystallinity of the
structure. Field emission scanning electron microscopy
(FESEM) image shows that ultrasmall TiO, nanoparticles
were homogeneously grown on rGO sheet and closely packed
with each other (Figure 2a). The nanogranular surface of the
rGO/TiO, heterojunction is fairly homogeneous, and no
aggregation of TiO, nanoparticles could be observed. To
prove the existence of rGO in the rGO/TiO, heterojunction,
the sample is characterized by Raman spectroscopy as depicted
in Figure S4. The G-band and D-band remained unaltered
compared to that of GO. The rGO/TiO, heterojunction shows
a symmetric 2D and S3 band. The inset in Figure S4 shows a
symmetric 2D-band of rGO/TiO, heterojunction at 2698 cm™’,
implying that rGO is present as a single layer graphene in the
rGO/TiO, heterojunction.** Furthermore, TEM image in
Figure 2b shows that TiO, nanoparticles were homogeneously
and densely packed on rGO. Figure 2c shows the high
resolution transmission electron microscopy (HRTEM) image
of the rectangular region in Figure 2b. The lattice fringes along
three directions (112), (200), and (112) can be well identified

dx.doi.org/10.1021/jp505279m | J. Phys. Chem. C 2014, 118, 14703-14710



The Journal of Physical Chemistry C

that are ascribed to anatase TiO,. To statistically analyze the
size of TiO, nanocrystals, a rectangular region in Figure 2b was
further enlarged in Figure SS. The average size of the
nanocrystals was obtained by counting the size of 80
nanocrystals and by Gauss fitting (Figure 2d). The average
size of the TiO, nanocrystals was around 6 nm, which is in the
width of the gas-modulated space charge layer, implying that a
good interaction between NO,, TiO,, and rGO can be
achieved.

To further check the morphology of the rGO/TiO,
heterojunction, atomic force microscopy (AFM) study was
conducted to measure the thickness of the heterojunction
sheets (Figure 2e). From the line scan across different
heterojunction sheets (Figure 2f), one can see that some of
the heterojunction sheets are covered with one monolayer TiO,
nanoparticle with height of ~6 nm (sheets 1 and 2). It is
considered that the TiO, nanoparticles grow anisotropically on
the surface of rGO since the sizes of them are around 6 nm and
they grow on both surfaces of rGO. Some of the heterojunction
sheets show a layer stacking behavior with a two-stair height
profile from 6 to 12 nm (see sheets 3 and 4 as marked in Figure
2e). This is because that rGO/TiO, heterojunction sheets have
a tendency to aggregate when they are dried due to 7—n
stacking interactions between rGO sheets. A relatively uniform
field effect would be induced due to the monolayer structure
and the large conductance difference between TiO, and rGO
when rGO/TiO, heterojunction acts as the sensing layer of a
gas-gated field-effect sensor. As a result, this monolayer TiO,
nanoparticles distribution on rGO is very desirable to study the
sensing mechanisms of gas-gated field-effect sensor.

Gas Sensing Properties and Sensing Behavior. The
rGO/TiO, heterojunction was fabricated into a NO,-gated
field-effect sensor (Figure S6 shows the top view and Figure S7
shows the cross section) and was characterized in various low-
concentration NO, (20—1000 ppb) at elevated temperature,
such as 200 °C using air as carrier gas. It should be noted that
the sensor performance at room temperature is difficult to
measure due to the limitation of the measurement instrument
(maximum measuring resistance of 2 GQ) and the large gap
between the source and drain (200 um, Figure S6). Figure 3a
shows the typical dynamic responses of an rGO/TiO, device
for detecting NO,. Upon the injection of NO,, the drain
current (I;) increases. Upon purging with clean air, the drain
current of the device drops to the original level. This
phenomenon can be repeated within the entire measurement
range (20—1000 ppb), showing the excellent repeatability of
the device.

To calibrate the sensor performance, the normalized sensor
response (ratio of device drain current change to the initial
drain current in air) as a function of NO, concentration (C) is
plotted in Figure 3b. The responses of the sensor toward 20
and 1000 ppb NO, are 1.7% and 187%, respectively. One can
see that the present NO, sensor response is much better than
that of the corresponding TiO, nanoparticle or rGO NO,
sensor (Figures S8 and S9). Furthermore, compared to the
TiO, nanoparticle NO, sensor, the resistance is greatly reduced,
and compared to the rGO NO, sensor, a pronounced recovery
characteristic is shown. The curve can be well fitted with a
quadratic equation (eq 1), and the coefficient of determination
is 0.9979.

Figure 3. (a) Drain current (I;) as a function of time when the rGO/
TiO, heterojunction-based field-effect sensor was exposed to NO,
with different concentrations. (b) Sensor response as a function of the
concentration of NO,. (c) Mott—Schottky plot of the rGO/TiO,
heterojunction.

Id_Io

response = X 100%

0
= (=51 + 0.16C + 2.85 X 107°C*)% (1)

To further prove the reliability of the as-fabricated and
calibrated rGO/TiO, NO, nanosensor, NO, with a concen-
tration of 150 ppb was injected into the chamber three times.
All three responses are between 18.5% and 21%, which are in
good agreement with the fitted value of 19.1% (Figure S10),
showing the repeatable responses and well-calibrated device
performance. The response time (corresponds to the time it
takes to cause 90% drain current change) of the sensor is
between 80 and 175 s depending on the concentration of NO,,
and the recovery time is less than 220 s in the whole measuring
range (Figure S11). These data show that the present rGO/
TiO, sensor has a fast response toward ppb level NO, and can
fully recover in a short period of time at 200 °C. The estimated
limit of detection (defined as LOD = 3Sp,/m, where m is the
slope of the linear part of the calibration curve (0.0016) and Sy,
is the standard deviation of noise (7.9 X 107*) in the response
curve) of the rGO/TiO, NO, nanosensor is determined to be
1.5 ppb.

To further understand the sensing mechanisms of the current
rGO/TiO, sensor, the semiconducting behavior of the rGO/
TiO, heterojunction film was characterized by the Mott—
Schottky (MS) plot according to the literature,*’ as shown in
Figure 3c. The experiment was measured at the interface
between rGO/TiO, in liquid electrolyte of Na,HPO,. The 1/
C* vs potential plot exhibits a negative slope, suggesting rGO/
TiO, is p-type semiconducting, which is ascribed to the high
electrical conductivity of rGO in the rGO/TiO, system. In
contrast, the conductivity of TiO, is much lower than that of
rGO at 200 °C; for example, the resistance value in air of the
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pure electrospun TiO, nanofibers is around 20 G, and the
resistance value of rGO is around 1 MQ* and that for
chemically modified graphene is around 100 MQ.** Thus, the
overall charge transport in rGO/TiO, nanosensors is
dominated by the charge transport in the rGO layer. This
can be confirmed by the sensing behavior comparison in dark
condition and under UV light illumination at 150 °C when the
rGO/TiO, heterojunction-based field-effect sensor was exposed
to 100 ppb NO, gas, as shown in Figure S12. One can see that
the drain current (I;) increases once NO, gas was injected in
dark condition (Figure S12a), indicating a p-type behavior.
However, the drain current (I) decreases once NO, gas was
injected under 367 nm UV light illumination (0.8 mW/cm?)
due to light absorption in TiO, (Figure S12b), indicating a n-
type behavior. As a result, the sensor behavior can be
dominated by the TiO, layer through light excitation. This
result strongly confirmed that the present sensor behavior is p-
type in dark condition. From Figure S12b, one can also get that
there is charge redistribution in TiO, once NO, is adsorbed
under light illumination condition.

Electrical Performance Modeling and Gas Adsorption
Thermodynamics. The concept of field-effect nanosensor has
been well established recently, such as in molecular gating of
silicon nanowire FET with nonpolar analytes.** In the present
study, the n-type TiO, ultrasmall nanoparticle layer undergoes
a charge redistribution due to the high electron affinity of the
surface adsorbed NO, gas, as schematically shown in Figure 1.
Consequently, a negative gate voltage can be established in the
proximity of the rGO layer that leads to the drain current
increase in the p-type rGO."”** The drain current (I)
characteristics of an rGO/TiO, nanosensor under different
concentrations of NO, are shown in Figure S13. It is clearly
shown that with the increase of the NO, concentration Iy
increases, indicating a negative voltage gated field effect induced
by NO, gas. To quantitatively correlate the gas adsorption
thermodynamics and the drain current, the analytic model of
field-effect transistor is first illustrated as follows.

In a typical metal—insulator—semiconductor field-effect
transistor (MISFET), the drain current in the saturation
regime is given by eq 2

w 2
L= ZL,“Ci(Vg V) @)
where W is the channel width, L is the channel length, y is the
charge mobility, C; is the insulator (TiO, nanoparticle)
capacitance (per unit area), Vg is the source-gate voltage, and
V, is the threshold voltage. In a field-effect gas sensor, V, is
provided by the surface potential (y).* v is related to the
surface charge density (o), and the relationship between y and
o can be calculated by using the Grahame equation (eq 3)*

eV
= ./8ee,kTc, sinh] ——
o = /8eg,kTc, sin (sz) )

where k is the Boltzmann constant, T is absolute temperature, e
is elementary charge, & is the permittivity of free space, € is the
dielectric constant of TiO,, and ¢, is the buffer ionic strength.
In our case, TiO, nanoparticles could be considered as the
buffer. According to the definition of ionic strength, ¢, equals to
¢*ny/2, where ny is the carrier concentration in TiO,.**

Since the concentration of NO, gas is in ppb level, the
surface potential changes induced by the adsorbed gas
molecules is very little; as a result, the Grahame equation

could be simplified as eq 4 (a detailed derivation is shown in
the Supporting Information)

1
o = egge¥—
Ly (4)

where Ly, is the Debye length*” and is defined as eq 5
_|eggkT

D — 2 = Aﬁ
eny (5)
where A is a constant. It is assumed that the surface charge
density is proportional to the concentration of the surface-
adsorbed NO, molecules, denoted as [NO,],*” and can be
typically expressed as eq 6

o= g[N02]s (6)

where g is a constant and [NO,], is the concentration of the
adsorbed NO, molecules on the surface of the sensing material.
According to the definition of equilibrium constant (eq 7)

[NO, ],
C (7)

where C is the concentration of NO, in bulk gas phase. Thus,
by combining eqs 2, 4, 6, and 7, the relationship between drain
current and the concentration of gas phase NO, could be
deduced as eq 8.

2

w L

L= —uG g DKC_V;
2L £gye

K=

(8)

Equation 8 can be normalized by the initial drain current (I,),
as shown in eq 9.

2
I Lp 1
R e
I, egpe V,

©)

When the concentration of NO, gas is very high, such as at the
ppm level, eq 3 could not be simplified as eq 4, as detailed
derived in the Supporting Information. This is evidenced by the
sensing performance of an independent ppm level NO,-gated
rGO/TiO, heterojunction field-effect sensor (Figure S14a)b). It
is shown that there is a saturation phenomenon with the
increase of the concentration of NO,. In this condition, there is
a quadratic relationship between I;/I; and In C, as shown in
Figure Sl4c.

In the present study, the rGO/TiO,-based NO, field-effect
sensors are tested toward NO, under different concentrations
at 150, 180, 200, and 220 °C, as shown in Figure S15. The
relationship between I/I;, and the concentration of NO, at
different temperatures is shown in Figure 4a and can be well fit
with quadratic equations (Table S1). The importance of the
quadratic term is further confirmed in Table S2. As a result, the
square root of I4/I, has a linear relationship versus the
concentration of NO,, as expressed by eq 10. The details of the
linear fitting are shown in Figure S16 and Table S3.

I4
IO

Ly 1
Q—KC -1
eegpe V,

(10)

According to the indefinite integral form of Van’'t Hoff equation
( eq 1 1)5 ,51
AH 1

IhK=-—=+¢
R T (11)
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Figure 4. (a) I3/I, versus concentration of NO, (C) at 150, 180, 200,
and 220 °C and (b) logarithmic value of the NO, adsorption
equilibrium constant (In K) vs 1/T.

where AH is standard molar enthalpy of adsorption, R is ideal
gas constant, and ¢’ is a constant, the equilibrium constant K
can be expressed as eq 12

AH 1

k= -221)

R T (12)

where B is a constant. By combining egs S5, 10, and 12, the
relationship between (1/I,)"%, AH, T, and C could be
expressed as eq 10-a

i AB
L _ (4B o exp(_A_Hi)C _1
I, R

egge V,
AH 1
= T o221 e -1
R T

(10-a)

where b is a constant. As a result, the relationship between the
logarithmic value of bT"* exp(—AH/(RT)) and the equili-
brium constant K can be obtained eq 13

1n(bﬁ eXP(—A—Hi)) - I“TT = Inlbl — ATH% =K

RT
(13)

The logarithmic value of the equilibrium constant (In K)
versus 1/T is shown in Figure 4b. The standard molar enthalpy
of adsorption is calculated to be —25.51 kJ/mol or 0.265 eV,
which is in excellent agreement with the reported value
(—23.56 kJ/mol).>* This value indicates chemisorptions of NO,
on TiO,, likely in the surface defective sites such as oxygen
vacancy. The absolute value of constant b can also be obtained
and the value is 5.956 X 107%. Thus, eq 10-a can be transformed
to eq 10-b

I
2 =5956 x 10°°JT exp(aoés.si)c +1
I, T (10-b)

where the unit of C is ppb.

To evaluate the accuracy of eq 10-b, an independently
measured (I;/I,)"? at 200 °C of the rGO/TiO,-based NO,
field-effect sensor (data shown in Figure 3a) was used to
compare with the calculated (I/I,)"/? at 200 °C according to
eq 10-b, as shown in Figure S. The difference between the

Figure 5. Comparison of the measured (Iy/I,)"/* at 200 °C of an
independent measurement of the rGO/TiO,-based NO, field-effect
sensor (blue) and the calculated (I,/I,)"/? at 200 °C (red); the inset is
the error between the measured value and the calculated value.

measured values and the calculated values are less than 4.5%
when the concentration of NO, is below 500 ppb and only
slightly increases to 8.6% as the NO, concentration increases to
1000 ppb. This result manifests a good agreement between the
theoretical predicted sensor signals and the experimental values.

According to eq 10-a, there is an exponential relation
between the sensor sensitivity and AH, and this relation has
been well confirmed by the sensitivities of metallophthalocya-
nine chemiresistors to vapor phase electron donors.”® An
analyte with a high binding enthalpy would lead to a strong
sensor response, which exponentially depends on AH.*® Thus,
it is suggested to compare AH in different systems first in order
to optimize the sensing materials (such as the morphology, the
exposed facets). If the standard molar enthalpy of adsorption of
a system (determined by both the sensing material and the
target gas) is obtained, the sensor signal (I/I,)"* should be
solely determined by the operating temperature of the device
and the concentration of the target gas. With the increase of the
temperature, the sensor signal decreases. As a result, the
sensitivity of a gas-modulated field-effect sensor can be
theoretically predicted in our analytical model. However, to
compare the sensor signal from device to device, the
contribution from the threshold voltage should also be
considered.

From eqs 4, 6, and 7 and the calculated standard molar
enthalpy of adsorption, the equilavent gate voltage induced by
different concentrations of NO, at a working temperature of
200 °C can also be approximately estimated, as shown in Part 4
of the Supporting Information. The gate voltage values versus
NO, concentrations is shown in Figure S17. At a NO,
concentration of 100 ppb, the equivalent gate voltage value is
4712 mV, and at a NO, concentration of 1000 ppb, the
equivalent gate voltage value is 47.12 mV.

B CONCLUSIONS

A NO,-gated rGO/TiO, heterojunction field-effect NO, sensor
was fabricated to understand the underlying sensing mecha-
nisms of nanomaterial-based electrical gas sensors. The drain
currents at different temperatures under 20—1000 ppb NO,
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were tested and fitted with quadratic equations. The standard
molar enthalpy of adsorption of the present sensing system was
obtained to be —25.51 kJ/mol. A quantitative relation between
the sensor signal, the concentration of the target gas, and the
operating temperature was established. The obtained formula
can describe well the response characteristics of the NO,-gated
rGO/TiO, heterojunction field-effect sensor. In perspective,
this work provides the fundamental understanding of the
underlying physics and chemistry for designing high-perform-
ance gas-modulated field-effect sensor. Particularly, the
capability of acquiring the gas adsorption enthalpy via this
model provides an alternative way for developing nonspecific
gas sensors that can identify the nature of various adsorbed
molecules because the adsorption enthalpy is highly molecule
dependent.
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