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WO; Doped SnS, Gas Sensor Response to NO,: Effect of Temperature
and Humidity Using Transition State Theory Formalism

Several factors frequently affect gas sensors, including sensing material, doping, temperature, detected gas
properties, humidity, manufacturing method, etc. The present work studies WO doped SnS, gas sensor re-
sponse to NO,, considering the above factors using transition state theory formalism. The reaction rate equa-
tion in transition state theory was used to estimate the change in the number of vacancies in a 30 % WO;-
doped SnS; sensor when NO, gas passed over its surface. Temperature dependence of Gibbs energy of ad-
sorption and transition was evaluated at the effective temperatures. Effective temperatures were the tempera-
tures after which NO, gas dissociates and can no longer be detected. The effect of temperature and humidity
was evaluated using logistic functions. Response, response time, and NO, concentration were calculated and
compared with the experiment. Interestingly, the lowest Gibbs energy of transition as a function of 30 % WO;
doping percentage was very close to the highest experimental response. WO doped SnS, gas sensor is stable
for an extended period, as proved experimentally and theoretically. Transition state theory enabled the calcu-
lation of changes in the number of vacancies and various experimentally obtained quantities that cannot be
evaluated using density functional theory alone.

Keywords: WO; Doped SnS,, NO, gas sensor, Density functional theory, Transition state theory, effecting
temperature, doping, response time, Gibbs energy

Introduction

Tin disulfide (SnS,) is a semiconductor similar to SnO, in several properties. SnS; is used in gas sensors
and mosaic work. Pyramids are observed on the SnS, surface [1]. Pyramid shapes increase the gas sensitivity
by increasing the surface area of the gas sensor. SnS, detects several gases, including NHsz, NO,,
H,S, etc. [2-4].

Tungsten trioxide (WOy) is one of the oxides with the highest number of oxygen atoms. Having a large
number of oxygen atoms is beneficial in gas sensors since it can be used to exchange oxygen atoms with the
detected gas. WOs; gas sensors detect several gases, such as H,S, NO,, and H, [5-7].

Nitrogen dioxide (NO,) is one of several other nitrogen oxides. This oxide is poisonous for humans if
its concentration becomes higher than a permissible concentration. The allowed NO, concentration is
1-5 ppm [8]. As a result, the NO, gas detector should detect NO, concentrations higher than one (1) ppm.
The highest response of NO, sensors is close to its dissociation temperature but can also be detected at room
temperature [9].

Density functional theory (DFT) is the usual method used in gas sensor simulation procedures [10].
However, the simulation results are limited and cannot be compared to the findings of the experimental re-
sults, such as response, response time, and effect of temperature or humidity if only DFT is used. Recently,
methods that depend on reaction rate theories, such as the Arrhenius equation, collision theory, or transition
state theory, have been developed to account for these deficiencies [11-13]. Transition state theory (TST) is
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more sophisticated and advanced than older collision theory and the Arrhenius equation. Transition state the-
ory relates activation energy with Gibbs free energy of transition, a valid thermodynamic quantity that is
more investigated to solve current applications [12, 13].

Many materials were used previously to detect NO, gas. These materials include SnO, [14], ZnO [15],
WO; [16] etc. In most cases, doping increases the sensitivity of material toward gases, which is also the case
with NO, sensors. Mathematically, doping increases the entropy of a material and reduces Gibbs free energy
of transition or activation value for better detection, as shall be clear in the present work. Vacancies have
significant roles in gas sensing. For reducing gases such as H,, CH,, H.S, etc., vacancies increase as the sen-
sor material is exposed to the detected gas. In oxidizing gases such as present NO, gas, vacancies decrease as
the detected gas passes over the detecting material.

The present work calculates WO3; doped SnS, gas sensor response to NO, using transition state theory
formalism. Gibbs free energy of transition is calculated at different doping percentages using pristine and
WOs-doped SnS, clusters. Reaction rates are used to evaluate the change in the number of vacancies with
appropriate parameters considering previous calculations of different gases. Response and response time are
evaluated from the reaction rate and compared with experimental values as a function of temperature. Hu-
midity and NO, gas properties’ effects as a function of temperature are considered using a logistic function.
The stability of the sensor with time is compared with the experiment. The impact of gas properties, tempera-
ture, and humidity cannot be evaluated using the DFT method alone, which is the main reason for using TST.

Computation Details

The Gaussian 09 molecular modeling program performed present DFT calculations [17]. Heavy atoms
such as Sn and W cannot be described using the same basis set for light elements such as O, N, and S as a
Gaussian program input. As a result, BSLYP/6-311G** is used to describe light atoms, while Sn and W are
described using SDD basis sets (Stuttgart/Dresden). Dispersion corrections are essential in gas sensor calcu-
lations since long-range interactions are inevitable. Dispersion corrections are added via the GD3BJ method
in the Gaussian 09 program.

NO; gas is known to decompose at temperatures around 200 T as in the equation [18]:

NO, — NO + %0, (AG = 0.319 eV), (1)

AG stands for the difference in Gibbs energy between reaction products and reaction reactants. The val-
ue of the Gibb free energy (AG) of this endergonic reaction (positive value of (AG)) can be supplied at tem-
peratures around 200 °C by the thermal energy of the collision of two NO, molecules [19]. As a result, many
gas sensors prefer temperatures around 200 °C to detect NO, gas [20, 21]. In fact, detecting NO, at tempera-
tures extremely higher than 200 °C becomes more difficult as the temperature increases.

SnS, compound reacts with NO, gas at the surface pyramid structures [22]. SnS, surface pyramid struc-
tures are similar to SnO,, with many vacancies [23]. The largest possible size cluster that can be handled by
theoretical calculations is used. The stable pyramid cluster with ten Sn atoms is SnyoSis [19]. The stable
SnyeSse cluster is in equilibrium with a smaller number of SnyS;s (with sulfur vacancy) and Sny,S;; (over
sulfurized) clusters depending on the energy required to remove or add S atoms to the stable SnyS;¢ clus-
ter [19]. The stable cluster SnyS;¢ cannot react with NO, gas or be further oxidized by oxygen as in the
equations (The values of AG are at standard pressure and temperature (25 °C and 1 bar) unless mentioned
otherwise):

Snlosle + N02 — Sn108160 + NO (AG =1.966 EV), (2)

Sn10815+ 10, — Sn108150 (AG =1.531 eV) (3)
The high values of endergonic reactions make these reactions unfavorable reactions. However, NO, can

still be adsorbed (by van der Waals interaction) by the Sn,S;¢ cluster as in the reaction:
Sn10815+ NO, — [Sn10816 - NOQ]a (AG =0.133 eV) (4)
In Eq. (4), [Sn1eS16 --- NO,]° represents the adsorption state. Although the Gibbs free energy of the reac-
tion is positive in the above equation, the small value of AG can be supplied by the thermal energies of col-
liding particles. Only the Sny,S;s cluster (with sulfur vacancy) can be oxidized by NO, gas (exergonic reac-

tion) as in the equation:

Snlosls + N02 - Sn108150 + NO (AG =-0.717 eV) (5)
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On the other hand, the reaction of the SnyS;5 cluster with adsorbed NO, gas is more energetically fa-
vorable, as in the equation:

[Sn1Si6 --- NO,J* + SNnyoSi5— SNyoSis+ SNipSis0 + NO (AG = -0.868 eV). (6)

After doping SnS, with WO, the reaction of NO, gas with the doped clusters takes another trend. The

nearest cluster to the available experimental doping is the W,SngS;¢,0g cluster. The W,SngS,4,0g cluster is

stable in an oxygen environment, i.e., the removing or adding oxygen atoms to the cluster is endergonic as in
the equations:

Wzsngsloog — W23n831007 + 150, (AG =3.855 eV), (7)

W,SNngS1p0g + 1205 — W,SNgS1004 (AG =0.835 eV) (8)

Comparing Eq. (8) with Eqg. (3), oxidizing the W,SngS;00g cluster needs approximately half the energy

required to oxidize the Sny,Syg cluster. The W,SngS100g cluster can adsorb NO, more efficiently than SnS,,
as in the equation:

W28n881008 + N02 — [Wzsngsloog...NOZ]a (AG =0.0656 EV) (9)

The energy needed for the adsorption of NO, on the doped SnS; cluster is half of the pristine cluster.
Finally, the reaction of the (oxygen-deficient or vacancy) W,SngS;,0; cluster with NO, is more vigorous
than the pristine (with sulfur vacancy) SnS, (Egs. (5, 6)) clusters:

W28n881007 + NO, — Wzsngsloog + NO (AG =-3.420 eV), (10)

[Wzsngsloog...NOZ]a + W5SNngS1;07 — 2W,SNngS;1005 + NO (AG =-3.485 EV) (11)

Several parameters are needed to apply the TST to evaluate the reaction rate of pristine and WO;-doped

SnS;, clusters with NO, gas. The TST formula for the reaction rate of W,SngS;,0- clusters (with a vacancy)
with NO, can be given by [24]:

d [W28n881007] _

T ~[W,Sngs,,0, | [Noz]: k(T), (12)

k(T)=AT" exp{kﬁj. (13)

In Egs. (12, 13), [W,SngS;00;] and [NO,] are the concentration of doped sensor clusters and the con-
centration of NO, gas, respectively. (u and v) are concentration exponents that can be determined from ex-
perimental data. (u and v) have a value of 1, which is also the value of some previous TST sensor calcula-
tions [25]. k(T) in Egs. (12, 13) is the temperature-dependent part of the reaction rate. (A) is an experimental
parameter that considers the sensor materials properties such as morphology, crystallinity, surface structure,
and manufacturing methods. (m) The temperature exponent in Eq. (13) is a parameter that can be determined
experimentally from the response variation with gas sensor temperature. AG* is the Gibbs energy of transi-
tion (or activation), and kg is the Boltzmann constant. The subscript (€) in the NO, gas concentration is the
effect of dissociation-.on NO, concentration in Eq. (1) as given by the equation:

[NO ]
INOJ, = = (14)
_ [NO ]
[NO,]. = Noz]—m- (15)

In the above equations, [NO,]y and [NO,]. are the dissociated and effective NO, gas concentrations.
ks is the rate at which NO, dissociates, while T, is the temperature at which NO, concentration reaches half
its original concentration. Egs. (14, 15) does not take humidity effect into account. To consider humidity ef-
fects, Eq. (15) is modified to:

[NO, ] 1
14800 14 ghlih) -

In the above equation, h is the relative humidity, ki, is the rate at which NO, effective concentration de-
creases due to humidity, and hy is the humidity at which NO, concentration reaches half of its concentration
due to humidity.

[NO,], =[NO,]- (16)
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Changing Eq. (12) to a difference equation, the number of clusters with a vacancy (W,SngS;00-) that
changes to a stable cluster (W,SngS;00g) per unit of time can be given by:

A[W,Sn8,,0, | = -A[W;SN;S,,0, ] =[NO, | k(T)[W,Sn,S,,0, ]" At. (17)

The negative sign is added since the decrease of vacancies (W,SngS;005) is an increase in fully oxidized
clusters (W,SngS;40s). Using the above equation and assuming that the total number of W,SngS,,0; clusters
is nearly constant (not changing appreciably), the response can be given by:

Response theoretical) =1+ c[NO,]; k(T). (18)

In Eg. (18), (c) is an experimental factor that correlates the change in the number of vacancies to the
change in response, including the effective time (At) needed to oxidize these vacancies. The theoretical re-
sponse is compared to the measured experimental response given by the ratio (Ry/R,). Ry is the sensor re-
sistance when the NO, gas mixed with air passes over the sensor surface, and R, is the resistance when pure
air passes over the sensor surface. Both theoretical and experimental responses reduce to 1 when the NO, gas
concentration vanishes (Ry= Ra). This ratio (R¢/R,) is the reciprocal of response to reducing gases (Ra/Rg).

Results and Discussion

Figure 1 shows the adsorption and transition states of the NO, gas molecule on the surface of the
W,SngS190g cluster. In the adsorption case, the negative charges in NO, are attracted to positive charges in
the sensor cluster, and the positive charges in NO, are attracted to negative charges in the sensor cluster. Us-
ing NBO (natural bond order) analysis, N and O atoms in NO, have the charges 0.514 and —0.257 electronic
charges, respectively. The Sn and S atoms in the pristine sensor mostly have 1.4 and —0.8 electronic charges,
respectively. The same is true in the WOj; doped cluster in which Sn'and W have positive charges, and S and
O have negative electronic charges. In the transition state case, the positive charges of the gas are nearer to
the positive charges in the sensor, and the negative charges of the gas are closer to the negative charges in the
sensor, resulting in higher energy. The calculated bond length of Sn-S is around 2.6 A, which is in good
agreement with previous experimental and theoretical values [26]. The W-O bond length is 1.7-1.85 A,
which agrees with previous experimental and theoretical results [27]. The calculated HOMO-LUMO gap is
3.076 eV compared to experimental 2.34-2.42 eV [28]. Being larger than the experimental value is expected
because of the theoretical cluster’s SnS, cluster size (or the number of atoms). After doping with WOj3, the
HOMO-LUMO gap is 2.417 eV.

@
| 9

Ve R
L’ ¢

@ #0°

Figure 1. (a) Optimization of NO, adsorption on W,SngS,,Og cluster and
(b) the optimization of NO, transition state on W,SngS;70g surface cluster

Figure 2 shows the Gibbs free energy of transition as a function of doping (molar) percentage and tem-
perature. The experimental lowest percentage of doping at 30 % molar is near the theoretically lowest deter-
mined Gibbs free energy of transition at 25 %. The pristine SnS; (zero doping percentage) sensor has very
high Gibbs energy compared to doped clusters at all shown temperature ranges. The Gibbs free energy of
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transition for various percentages can be calculated using the modified Evans—Polanyi principle by interpola-
tion [29]:

AG* = AG! +BAG] (19)

In Eq. (19), AGy* and AG,* are known Gibbs free energy of transition values for two different percent-
ages, and P is the interpolation coefficient. The Gibbs free energy of transition is the sum of two terms, en-
thalpy (AH*) and entropy (AS*) of transition:

AG* = AH* —TAS*
After doping, transition entropy increases, leading to a lower transition energy, as in Eq. (20).

(20)

0.4

0.3
g 5052

0.3 11% W03 /SnS2

0.25 -o—25% WO3/5n52

«-43% WO3/SnS2
02

s~ Experimental {30% WO3/5n52)

Gibbs free energy (eV)

100 120 140 160 180

Temperature °C

Figure 2. Gibbs energy of transition or activation of NO, with pristine and WO; doped SnS,
as a function of temperature for different molar percentages of the doping material WO4

Table 1 shows the parameters that are used in the present calculations. The parameters are for the 30 %
WO, doped SnS, cluster reaction with NO, gas. The adsorption state is designated as [30 %WQO3/SnS, ---
NO,]*, while the transition state is designated as [30 %WO,/SnS, --- NO,]*. The experimental response for
the 30 % WO, doped SnS, to NO, gas is available [3]. The Gibbs free energy of transition (AG*) is calculat-
ed using the Gaussian 09 method (ts) as in the optimization statement (OPT=(calcfc, ts, noeigen)) to calcu-
late the transition state. The value of AG* for the 30 % WO, doped SnS; cluster is 0.0629 compared to
0.376 eV for the pristine SnS, cluster, which is six times lower.

Table 1
Reaction parameters of 30 % WOj; doped SnS, to NO, gas. AG* value is at 25 °C and 1 bar

Reaction AGTEV) [AGTLK®D T m [v,ulk (CCH[T,(°C)] Kk, hy (%) | c(s)

[30 %WO,/SnS; --- NO,J*
v 0.0629 | 2.8x10%® | 12 | 1 | 015 | 220 | 0.11 100 | 880

[30 % WO,/SnS, --- NO,J*

The (A) parameter reflects the sensor material’s manufacturing method and materials properties. The
properties of the materials include surface area, crystallinity, doping, electronic structure, etc. The units of
this parameter are affected by the temperature exponent (m) and the correlation parameter (c).

The temperature exponent (m) has a value of 12. This high value is also found in other materials’ re-
sponse to NO, gas [30]. The range of m for the reaction of investigated gases with sensor materials is (1 to
12). The high value of m is a sign of a vigorous reaction between NO, gas and doped sensor material.
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The concentration exponents (u, v) are equal to one (1). These values are the values in the original tran-
sition state theory. The u exponent is always taken as one, while the v exponent (gas concentration exponent)
can take the range '2 to 2 depending on the kind of gas or sensor material.

The temperature-dependent logistic function parameters of Eq. (14) are ks and T,. These parameters
have values of 0.15 °C* and 220 °C, respectively, as in Table 1. The dissociation rate is higher than the dis-
sociation of NO, over other materials [30]. The half concentration temperature T, is near the NO, dissocia-
tion temperature at 200 °C.

The parameters of the humidity-dependent logistic function of Eq. (16) show the usual humidity-
dependent NO, decrease rate (k,) value [29]. The humidity at which the effective NO, concentration is half
its original concentration (Ty) is high at 100 %, reflecting minimal humidity effects on the sensor material.
These results show that the sensor material is perfect for decreasing the effect of humidity.

The last parameter is the response correlation parameter (c). The high value of this parameter indicates
the high sensitivity and response of the doped material. Comparing the value of this parameter with previous
studies for various materials and doping reveals that the present 30 % WO; doped SnS; is one of the best ma-
terials to detect NO, gas [30].

Figure 3 shows a schematic diagram of Gibbs energy of adsorption and transition state of NO, with
pristine and WO; doped SnS; at room temperature. The Gibbs energy of the transition state is the highest
energy barrier needed to be overcome for the reaction to proceed. As shown in Figure 3, doping SnS, with
WO; can reduce this barrier to more than six times. As a result, the reaction rate increases dramatically after
doping.

0.7

0.6

0.4 [Sn40S16—NO,J*

0.3

0.2 Transition state

Adsorption state

Gibbs free energy (eV)

0.1

[SnygS;5-—NO, ]
0 [W35045,504...NO, *
[W;5n,5450,...NO,]*

Reaction path

0.2

Figure 3. Schematic diagram of Gibbs energy of adsorption and transition state of NO, with pristine
and 30 % WO; doped SnS, at room temperature. All energies are taken with reference to adsorption state energy

Figure 4 compares the theoretical response of 30 % WO; doped SnS; as a function of temperature and
experimental results (Ry/R,) [3] to 20 ppm of NO, at low humidity. The comparison shows acceptable results
for temperatures higher than 210 °C and less matching for temperatures lower than 210 °C. Both theoretical
and experimental results peak at 210 °C; however, experimental results have relatively sharper peak that are
less pronounced theoretically.

Figure 5 shows the theoretical response of 30 % WO; doped SnS; as a function of NO, concentration at
temperature 210 °C compared with experimental results (Rg/R,). The linear theoretical response, as estab-
lished by Eq. (18) (v =1), is close and generally lower than the experimental values. As the introduction
mentions, the detected concentration can be lower than the allowed NO, concentration in the range 1-5 ppm
range.

Figure 6 shows the 90 % response time to 20 ppm NO, of 30 % WO; doped SnS, as a function of tem-
perature in comparison with experiment [3] at low humidity. The 90 % response time can be obtained by in-
tegrating Eq. (12), resulting in the equation:
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) _ In(10) 1)

res(90 %) [—AGi]
[NO,]Y AT™ exp' '

90 % response time is the duration for a sensor to reach 90 % of its final, stable reading after exposure
to the detected gas. A good agreement between theory and experiment is obtained in Figure 6.
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Figure 4. Theoretical response of 30 % WO; doped SnS, as a function of temperature
compared with experimental results (Ry/R,) [3] to 20 ppm of NO, at low humidity
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Figure 5. Theoretical response of 30 % WO; doped SnS, as a function of NO, concentration
at temperature 210 °C compared with experimental results (Ry/R.) [3] at low humidity
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Figure 6. 90 % response time to 20 ppm NO, of 30 % WO; doped SnS, as a function of temperature
in comparison with experiment [3] at low humidity

Figure 7 shows the effect of relative humidity on 30 % WO; doped SnS; response to 20 ppm of NO, gas
at 210 °C temperature compared with the experiment [3]. Relative humidity affects response mainly in high
humidity only, which can also be deduced from humidity parameters in Table 1. This indicates good re-
sponse at relatively low to medium humidity.

Figure 8 shows the response stability after 30 days of 20 ppm NO, of 30 % WO; doped SnS; at 210 °C
temperature compared to the experiment [3]. The theoretical response is equal to or lower than the experi-
mental response, as shown in Figure 5 for higher NO, concentrations. As time passes (several months), it is
expected for the detected response to be reduced further, and the experimental response becomes nearer to
the theoretical response in Figure 8. Material degradation that includes changes in material crystallinity, dop-
ing, and electronic structure can all decrease the sensitivity. Dust, temperature fluctuations, and even pres-
sure fluctuations affect sensor readings.
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Figure 7. The effect of relative humidity on 30 % WO; doped SnS, response to 20 ppm of NO, gas
at 210 °C temperature compared with experiment [3]
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Figure 8. The stability of response after 30 days of 20 ppm NO, of 30 % WOj3; doped SnS,
at 210 °C temperature compared to experiment [3]

Figure 9 summarizes the NO, dissociation in air and reaction with the sensor material.

As the NO, molecule approaches the sensor material, its temperature rises to reach the sensor tempera-
ture (210 °C for the present sensor). NO, begins to dissociate as it passes its dissociation temperature. Other
NO, molecules that reach the sensor material might get adsorbed. Some of the NO,-adsorbed molecules
might oxidize an oxygen vacancy in the sensor material, increasing the sensor’s resistance and getting de-
tected by the electronic circuit connected to the sensor material.

The present theoretical method adds new methods to distinguish between detected gases and response
values at a given temperature [3]. The distinguishing method depends on the temperature at which the de-
tected gas dissociates (such as NO, in the present work at 200 °C) or reaches its autoignition temperature
such as ethanol at 368 °C [24]. After the dissociation or autoignition temperatures, the gas concentration and
response drop rapidly. Scanning the temperature-response profile of a detected gas can add information that
differentiates between several gases.

NO,
NO, concentration -
decreases towards WO, "
doped SnS, surface due| <
to dissociation and
oxidation depending on
temperature, humidity
and scnsor material

NO,

Input gas

NO+%0,

.
e Dissociation In alr

NO, Oxidation reaction with WO, doped SaS, surface

o -NO
#‘ .\ \p » 9 Output gases

f‘{xda

Figure 9. Summarizing the NO, dissociation in air and reactions with the sensor material
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Conclusions

The reaction rate equation in transition state theory was used to evaluate the change in the number of
vacancies in a 30 % WO; doped SnS, sensor as NO, gas passes over its surface. The change in number of
vacancies was correlated to the change in response and response time. The Gibbs free energy of transition
was evaluated to calculate the change of response with temperature and gas concentration. Gibbs free energy
of transition showed low values of activation barrier near the highest response of experimentally determined
doping ratio, indicating the quality of the used theory. The calculated response variation with temperature
and NO, concentration agrees with the experimental response (R¢/R,) variation. The response time is also in
good agreement with the experiment. The effect of humidity was also considered and compared to the exper-
iment. The sensor material shows good stability for long-term use and nearly stays around a specific value
with some fluctuations for a month. The present theory can distinguish different gases by the gas properties,
such as dissociation temperature for NO, gas or autoignition temperature for other gases. The use of reaction
rate methods such as the TST in the present work is the only available method in literature to simultaneously
calculate response, response time, temperature effect, and humidity effect.
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