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A statistical thermodynamics model for monolayer
gas adsorption on graphene-based materials:
implications for gas sensing applications
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Field-effect transistor-based conductance gas sensors are attracting considerable research interest
because of their miniaturized size, high sensitivity, and portability. Here, we propose statistical
thermodynamics models to analytically characterize monolayer gas molecule adsorption on crystalline
and amorphous solid surfaces in terms of adsorption density and coverage, respectively, which are
critical for gas sensing applications. By testing the monolayer adsorption of gas molecules, such as CO,
NO, NHz and NO,, on graphene and reduced graphene oxide (rGO), we found that adsorption density
and coverage can be estimated from only the binding energy of gas molecules with a high accuracy
compared with the exact values obtained by solving the Schrédinger equation. Moreover, the
experimentally observed (e.g., NO;) density on graphene is close to our theoretical prediction. The
proposed approaches to quantitatively characterize gas adsorption on solid surfaces are of great
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1 Introduction

Gas sensing has attracted significant attention across various
research communities because of its potential applications in
detecting air pollutants, toxic gas leakage in facilities, specific
gas generation during chemical reactions of interest, etc." In
principle, gas sensing can be achieved by transducing the
signals from the interactions between the gas molecules and
sensing platforms. Numerous types of gas sensors have been
designed such as the optical gas sensor,> magnetic gas sensor,*
surface acoustic wave gas sensor* and conductance (or resis-
tance) gas sensor.” Among these, field-effect transistor-based
conductance gas sensors have now been miniaturized to the
nanoscale and are attracting increased interest due to their
convenient fabrication, sensitive detection, and portability. The
sensing materials now include two-dimensional metal® or metal
oxide thin films,”® arrays of their zero-dimensional nano-
spheres or one-dimensional nanorods,”*® graphene,">
rGO,** carbon nanotubes (CNTs)**** and their hybrid struc-
tures with various nanoparticles.>**** The conductance gas
sensor works by bridging two electrodes (source and drain) with
sensing materials and applying current through them. Gas
detection can be realized by monitoring the current change
upon exposure to the target gas environment under a constant
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significance to help understand and optimize the performance of gas sensors.

voltage. A critical performance index of a gas sensor is the high
sensitivity or lower detection limit. The sensitivity of a sensing
material is directly determined by the ratio of change in
conductance before and after gas adsorption to its conductance
in the absence of target gases. However, indirectly or funda-
mentally, sensitivity is dictated by the inter-correlated quanti-
ties of interaction strength (i.e., between the gas molecules and
the sensing materials) and the adsorption density or coverage.
The stronger the interaction, more gas molecules will be
adsorbed (i.e., higher adsorption density or coverage). Conse-
quently, sensitivity can be effectively enhanced either by
increasing the target gas concentration or by strengthening the
gas-surface interactions.

In principle, gas molecules could interact with solid surfaces
via either van der Waals attraction or by a chemical reaction.
Although both would vary the conductance of the solid, the van
der Waals interaction could be used for gas sensing applica-
tions, while the chemical reaction would be more suitable for
catalysis. Upon the adsorption of gas molecules, the electronic
structure of the sensing material will be altered and its
conductance will change. For physical adsorption on a crystal-
line surface, especially at low density, electronic structure is
modified in such a manner that only the Fermi level is tuned
with the band dispersions remaining invariant,* i.e., the carrier
mobility remains unchanged. For example, graphene can be n-
type or p-type doped with the Dirac cone intact through charge
transfer, depending on whether the gas species is reducing or
oxidizing.** Considering that conductivity is linearly propor-
tional to the product of carrier concentration and mobility, its
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variation originates dominantly from the change in carrier
concentration correlated with the amount of adsorbed gas
molecules for gas sensing. However, the recovery rate would be
quite slow (ie., the adsorbed gas molecules are sluggish in
detaching from the sensing material) if sensitivity is enhanced
by increasing the interaction strength. For example, with the
surface oxidized silver-based gas sensor, the response and
recovery times toward 1% NH; and 1250 ppm NO, detections
are ~150 s and ~200 s, ~100 s and ~1200 s, respectively.** The
prominent difference in the recovery time arises from the
stronger interaction between NO, and the oxidized silver
surface by forming the NO; complex.** To overcome this barrier
and obtain high sensitivity and fast recovery simultaneously,
judicious routes include searching for new materials whose
conductivity is ultrasensitive to external perturbations, in which
case only weak gas adsorption is necessary (e.g., graphene is
ultrasensitive to NO, molecules and even a single molecule*);
and accelerating gas desorption by a gate voltage® or ultraviolet
light irradiation®* because both can effectively lower the energy
barrier for gas molecules to detach. In either case, it is desirable
to characterize gas adsorption both qualitatively and quantita-
tively at the starting point to identity potential candidates for
gas sensing and tailor their performance.

Currently, however, the theoretical methodology to predict
gas adsorption depends on adsorption site, binding energy, and
charge transfer. Gas molecules tend to adsorb on sites with
higher binding energies. The current consensus is that a higher
binding energy (i.e., more charge transfer/redistribution) favors
higher sensitivity. However, the binding energy only provides
qualitative evidence and cannot provide further insights into
how gas sensitivity is intimately related to binding energy in a
more specific manner that is suitable for gas sensing modeling.
Quantitatively, both Touzik et al* and Lin et al®* studied
adsorption capacity on graphitic surfaces. Their approaches
require the cumbersome procedures of fitting the gas-surface
interaction potential predicted by the ab initio calculations and
analytically solving the Schrodinger equation. Practically, it
would be encouraging to characterize the adsorption capacity
more conveniently with multiple benefits. On one hand, an easy
way facilitates the evaluation of gas adsorption capability of
various materials by circumventing the above mentioned
cumbersome procedures and helps in the performance tuning
of gas sensors in a controllable fashion. On the other hand, the
derived simple-to-use expression for gas adsorption capacity
can be integrated into the conductivity model for a specific
material (e.g., CNTs,* graphene® and its nanoribbons®) to
faithfully represent the gas-surface interactions, establishing
the model that gas sensing can be fundamentally understood in
a multifunctional manner such that even the concentration of
target gases can be detected as opposed to identifying the
presence of gas species only. Finally, the approach can also be
applied beyond gas sensing and for fields, such as gas storage,
or even surface catalytic reactions under certain conditions.

Herein, we investigate gas adsorptions on solid surfaces for
the convenient characterization of gas adsorption capabilities.
Despite various sensing materials, their surfaces can be cate-
gorized only into two types: crystalline vs. amorphous.
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Graphene and rGO are used as pilot sensing materials because
of their large surface to volume ratio and because they represent
crystalline and amorphous gas adsorption surfaces, respec-
tively. The statistical thermodynamics analysis was developed to
establish the model of gas adsorption density on graphene or
coverage on rGO with parameter inputs from density functional
theory (DFT) calculations. We found that gas adsorption density
or coverage can be quantified accurately with the only unknown
parameter of the binding energy of gas molecules that can be
determined either theoretically or experimentally. Our findings
essentially simplified the method to estimate the gas adsorption
capabilities of solid surfaces and are significant in exploring
future potential candidates for gas sensing. For proof of prin-
ciples, we focused only on the low concentration of four target
gas species, CO, NO, NH; and NO,, diluted in atmosphere air (1
ppm) with the assumption that the sensors were operated at
room temperature (300 K).

2 Methods

2.1 First principles calculations

The DFT calculations were carried out using the code
OPENMX.*® The pseudo atomic orbitals (PAOs) were used to
expand the single electron wave function and were specified by
X7.0-s>p?, where X is the elements H, C, N and O, 7.0 represents
the cutoff atomic radius in Bohr and s®p” indicates that the
basic functions are expanded by two primitive orbitals of indi-
vidual s and p orbitals, respectively. Norm conserving pseudo-
potential was used with the treatment of an exchange-
correlation functional in the formalism of generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)* for
CO and NH; without spin and for NO and NO, with spin
polarizations. The 3 x 3 supercell composed of the centered
rectangular unit cell of graphene and layer spacing larger than
20 A was used for single gas molecule adsorption such that
interactions could be ignored between the adjacent layers and
between the molecules themselves due to periodic boundary
conditions. The numerical integrations were performed with a
cut-off energy of 2720 eV in real space and a k-point density of
0.02 A~' in the reciprocal space. The structural relaxations were
terminated with a force criteria of 0.01 eV A™".

Despite its significant success in predicting several proper-
ties of solids and molecules, one drawback of the Kohn-Sham
DFT is its failure in describing long range electron-electron
correlations that give rise to the van der Waals force (i.e., the
attractive dispersion force) responsible for weak interactions
among molecules and solids. In general, the common GGA
functionals would severely underestimate this long range
correlation, and this problem still exists even for the hybrid
functionals by replacing part of the local with nonlocal Hartree—
Fock exchange term.*’ For the gas adsorption systems consid-
ered here, it is significant to include this van der Waals force in
faithfully quantizing adsorption density or coverage. To realize
this, we adopted the modified version of the DFT-D method** in
the semiempirical GGA functional to incorporate this disper-
sion force using the damped atom pairwise dispersion

This journal is © The Royal Society of Chemistry 2014
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corrections in the form of C¢-R™°, which has been shown to be
very successful in describing medium to large range
interactions.*?

2.2 Statistical thermodynamics modeling

For physical adsorption, gas molecules are attracted to solid
surfaces forming the adsorption layer. Depending on gas
concentration, it could be multilayer or monolayer adsorption.
Usually, the Langmuir adsorption isotherm is used to charac-
terize gas adsorption in terms of coverage (defined as the frac-
tion of sites occupied). At low coverage, the spreading pressure
of the adsorbed gas is equal to its partial pressure before
adsorption and the coverage is linearly proportional to pressure.
Under this circumstance, the coverage could be reformulated in
terms of per unit area and rephrased as density, which is also
known as the Henry adsorption isotherm. When gas concen-
tration increases, the coverage will become nonlinear and
asymptotic to unity. Here, we develop the statistical thermody-
namics modeling to establish the Langmuir (or Henry)
adsorption constant with inputs from DFT calculations.

Considering a single gas molecule approaching the solid
surface in the free state, as illustrated in Fig. 1, it will be trapped
onto the surface due to the attractive van der Waals force. For
homogeneous solid surfaces, the potential energy between the
gas molecule and the solid surface can be considered to be
independent of adsorption sites across the surface defined in
the x-y plane. Thus, the interaction energy can be represented
by the Morse potential only in the z direction as

V(z) = D [e2r) — 2em7=)], (1)

where D, is the potential well depth, z. is the equilibrium
distance between the gas molecule and the solid surface and y
is the fitting parameter. All these three quantities can be
determined by fitting the distance-dependent interaction
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Fig.1 Schematic of the interaction between the gas molecule and the
solid surface in the approximation of Morse potential as the gas
molecule in the free state approaches the solid surface along the z
direction with the potential well depth D, and equilibrium distance Z,
illustrated. The gas molecule is considered to be adsorbed onto the
solid surface when its vibrational energy E,, is negative.
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energy with the Morse potential in eqn (1). Solving the
Schrodinger equation with the Morse potential, the eigenvalues
of states are then obtained as*

(2n+1) + 84

-2
En =~ hog 644

n=1,2,... (2)
where w, = 7(2De/mg)1/ > is the characteristic frequency of a gas
molecule with mass m, and 4 is defined as 4 = D./hw,. Here, we
assume that the gas molecules have zero energy at infinity (z =
) and are considered to be adsorbed on the surface if their
energy values are negative.

In the framework of equilibrium approach, the energies of
the adsorbed gas molecules are in the Boltzmann distribution
and the movements of molecules among the energy levels
inside the potential well are treated as the random walk process.
For monolayer gas adsorption with low coverage, the energy
levels close to the bottom of the potential well are mostly
occupied. For the mobile adsorbed phase, the gas molecules
will only vibrate in the z direction but are free to diffuse in the
xy-plane. Then, the canonical ensemble partition function for a
single adsorbed gas molecule is**

q(T) = % exp (kL:T) ;exp (— ka) (3)

where 4 is the solid surface area, A = (2mh*/mgksT)"' is the
thermal wavelength of the gas molecule and n is a positive
integer. The total number of the adsorbed gas molecules is

N = Pyq exp (I;;—OT)’ (4)

where P, is the partial pressure of the target gas and u, the
standard chemical potential. Within the approximation of ideal
gas by neglecting the interactions between the adsorbed gas
molecules at a low concentration that is reasonable for dilute
gas adsorption, w, is found to be kT In(2*/ksT). Thus, we can
obtain the gas adsorption density n, from eqn (3) and (4) as

A D. E,
kgT exp( B ) Zn:exp( kBT)
where ky (i.e., the expression in the square bracket) is a constant
in the Henry adsorption isotherm.

For nonhomogeneous surfaces with distinct adsorption
sites, gas molecules are inclined to be localized to the sites with

N
ng:Z :ngHv (5)

:Pg

the largest binding energy. Alternatively, the generalized Lang-
muir equation can be adopted to estimate the coverage 6, of the
different types of adsorption sites at equilibrium as opposed to
the adsorption density of the homogeneous surface. The total
coverage 0 is

Ke‘ng
=D wli=D ke (©)
K, 1 27k T > D,
a,c TKB 2 e,i
KQ,' = — = — | — . s 7
T K wg( my ) P <kBT> 7)

and

RSC Adv., 2014, 4, 47481-47487 | 47483


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c4ra08124b

Open Access Article. Published on 10 September 2014. Downloaded on 4/3/2026 8:59:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Py

Cp=—"t
£ Pair+Pg

Cain (8)
Here, «; is the fraction of adsorption site i with potential well
depth of D.; K.; is the equilibrium (Langmuir adsorption)
constant, P, is the air pressure and C,;, is constant with a value
of 2.9 x 10® m™* for air at room temperature. Because K. ; is
independent of the state of gas (classical vs. steady state vs.
equilibrium), we can define it as the ratio of the classical
adsorption rate constant K, . = (kBT/ZTCmg)UZ to the classical

. l)e 15 .
desorption rate constant Kq. = Wg €Xp T 271 Using
B
the definition of w,, eqn (7) can also be formulated as

_vE kBTexp(kDBe}). (9)

K.,
© 'Yi De,i

3 Results and discussions

To invoke eqn (5) for gas sensing applications, we start with gas
adsorption on graphene and relax the system using the opti-
mized molecular orientations and adsorption sites predicted by
Leenaerts et al*® Fig. 2(a) shows the predicted adsorption
density of CO, NO, NH; and NO, on graphene. As we can see, the
adsorption densities of CO (0.13 x 10° em™?), NO (0.87 x 10"°
cm %) and NH; (0.62 x 10° cm™?) are close to each other, while
that of NO, (0.99 x 10" cm™?) is strikingly greater by about 2 to
3 orders of magnitude. The substantially enhanced adsorption
density for NO, is largely attributed to its deeper potential well
depth or higher binding energy of 0.214 eV compared with 0.086
eV for CO, 0.147 eV for NO, and 0.112 eV for NH; because the
occupying number of oscillators in the Boltzmann distribution
will increase drastically with increasing energy. We could also
project the predicted adsorption densities into the primitive cell
of graphene, which are 0.25 x 10 per cell, 0.17 x 10 ° per cell,
0.12 x 10~ per cell and 0.19 x 10~* per cell for CO, NO, NH;
and NO,, respectively, suggesting dilute adsorptions. Because of
its homogeneous surface, these gas species have been shown to
possess similar binding energy on different adsorption sites
(top, bridge and hollow),**** namely, low migration energy
barriers. Thus, the use of eqn (5) to calculate adsorption
densities for these gases is reasonable.

Experimentally, the hole concentration induced by NO,
(1 ppm) adsorption on graphene® has been measured to be
around 0.5 x 10** em 2. Each NO, molecule can attract about
0.14e from graphene by the Mulliken charge analysis in our
calculation and about 0.099e by the Hirshfeld charge analysis.*”
Thus, the adsorption density of NO, is estimated to be around
0.42 x 10" cm™2. Although our prediction of the adsorption
density of NO, is close to the experimental value, we should be
aware that a small discrepancy could stem from the following
aspects. On one hand, the DFT calculations even with the
treatment of dispersion force can only approach the exact
adsorption energy of the adsorbates on surfaces (slight over-
estimation or underestimation cannot be avoided). On the other
hand, the calculations were carried out at 0 K, which would also
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Fig. 2 Characteristics of CO, NO, NHz and NO, adsorption on gra-
phene and rGO. (a) Exact (estimated) gas adsorption densities ng (ng)
from eqgn (5) [egn (10)] on graphene with the relative error R shown in
the inset. (b) Upper panel: the exact (estimated) gas adsorption
coverage 6 (0') from egn (6), (8) and (9) [egn (6), (8) and (11)] for ether,
carbonyl and epoxide in rGO, respectively; Lower panel: the relative
errors R for ether, carbonyl and epoxide, respectively.

result in small overestimation of gas adsorption energy
compared with the case that sensors are practically operating
around room temperature. Moreover, the effects of molecular
rotations and intramolecular vibrations on the adsorption are
neglected, leading to the increased adsorption probability of gas
molecules approaching the surface. (This effect will be
accounted for in later sections.)

Because graphene is mostly sensitive to NO, and relatively
resistant to CO, NO and NH;, as demonstrated above, it is
intriguing to structurally modify graphene and design new gas
sensors toward these three insensitive gases. rGO, as the
derivative of graphene by reducing GO thermally or chemically,
provides an opportunity for gas sensing as well with its
manipulative oxygen-containing groups via controlling the
reduction conditions. Despite the fact that the main functional
groups in GO are epoxide and hydroxyl, the remaining oxygen
atoms in rGO are in the forms of ether, carbonyl and epoxide
groups.*® Therefore, we also consider the effects of these three

This journal is © The Royal Society of Chemistry 2014
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functional groups inside the carbon plane on gas sensing.
Because rGO is structurally nonstoichiometric and amorphous
due to the random distribution of functional groups, eqn (6)-(9)
are used to characterize the gas adsorption coverage for indi-
vidual functional groups.

Fig. 2(b) shows the coverage of CO, NO, NH; and NO, on rGO
with ether, carbonyl and epoxide. For ether, the coverage is 0.17
x 107°,0.84 x 107>, 0.72 x 10 * and 0.84 x 10~ for CO, NO,
NH; and NO,, respectively, while for carbonyl, the coverage is
0.12 x 107°, 0.22 x 1072, 0.42 x 10> and 0.35 x 10~° for CO,
NO, NH; and NO,, respectively. Epoxide can only physically
attract CO, NH; and NO, with a coverage of 0.29 x 107>, 0.78 x
10" and 0.79 x 10~ °, while NO will react with epoxide-forming
NO,. Hence, ether in rGO can considerably enhance the sensi-
tivity to NH; and NO, and carbonyl in rGO can greatly enhance
the sensitivity to NO and NH;. However, epoxide is less attrac-
tive to NO,. In addition, NO will bond with the oxygen atom in
epoxide to form NO, and then adsorb on the underlying carbon
plane in a manner similar to the adsorption of NO, on gra-
phene. As the epoxide groups tend to aggregate together,*” NH;
is physically absorbed in the epoxide rich region, as considered
here. However, it has also been shown that NH; can be disso-
ciated by a single epoxide into the OH and NH, species.*® The
increased coverage of NH; on both ether and carbonyl is due to
the H bond between H atoms in NH; and O atoms in the
functional groups. Nonetheless, the enhanced coverage of NO is
because of the tendency to form an NO, complex between the
NO molecule and the carbonyl group. NO, is attracted to ether
with oxygen atoms pointing to it, unlike the NO; complex
between NO, and carbonyl on the edge of rGO** or between NO,
and metal oxide surfaces.* These results suggest that rGO can
be a good candidate for gas sensing toward NO, NH; and NO,,
which is consistent with experimental observations.*>**

Note that two parameters D, and E,, in eqn (5) and D, and y
in eqn (9) are required to obtain adsorption density and
coverage, respectively. Potential well depth D,, equivalent to the
binding energy of a single gas molecule on a solid surface, can
be determined experimentally*® or theoretically.**** However,
energy level E,, and the fitting parameter vy can only be obtained
by fitting the Morse potential and then solving the Schrodinger
equation with it. For practical purposes, it is convenient to
estimate the gas adsorption density or coverage without the
need of fitting the Morse potential and solving the Schrodinger
equation.** To this end, we found that eqn (5) and (9) can be
reformulated by removing E, and v as.

n, 3 Bt exp (-2 ’ (10)
2 2k T | TP\l T
and
, 6 [kgT D.; _10
K~ 5 / Do, exp (kBT) x 107" m. (11)

Accordingly, the estimated adsorption densities from eqn
(10) are presented in Fig. 2(a). Compared with the exact values
from eqn (5), we can see that the absolute discrepancies are less

This journal is © The Royal Society of Chemistry 2014
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than 26%. It can also be seen from Fig. 2(b) that the estimated
coverage values by inserting eqn (11) into eqn (7) are very close
to the exact values for NO adsorbed on carbonyl and NO, on
both ether and carbonyl. Although CO and NH; have the largest
relative error (<15%), the errors are within +8% for all the other
gas species. Thus, we can conclude that the potential well depth
D, (binding energy) can solely be used to determine the
adsorption density and coverage with a high accuracy.

In general, as stated above, a gas molecule is adsorbed to
the surface with negative energy values. For low concentration
of gas molecules and abundant adsorption sites, the mutual
interactions between the adsorbed molecules can be ignored
because the molecular distance is quite large. Thus, adsorp-
tion density should be governed by gas concentration for the
same type of solid surface, e.g., graphene as we considered
here, and is irrespective of the magnitude of the potential well
depth. However, this is clearly not the case as expected and
shown above for the four target gases. In essence, this partial
adsorption originates from the fact that not every individual
incoming gas molecule can be attracted to the solid surface,
taking into account the thermal fluctuations of both gas
molecules and the solid surface, as shown in the Boltzmann
factor in eqn (5), (9), (10) and (11). Alternatively, we could also
understand this effect in terms of the thermally averaged
sticking coefficient of gas molecules approaching the solid
surface, which is derived as the implicit function of adsorption
energy &>

26[1— erf(8)]— L B2\
(5)r = erf(B) 1—( [ ereif()}ti) — ) (12
where ﬁ:% ln(%) G—;E) and

= exp(f ﬁ), Ae €0, De].

1Graphene

Sticking coefficient <s>

0.32
De (eV)

Fig. 3 Color coded regions of sticking coefficient (s) with respect to
the potential well depth D, from our calculations for CO, NO, NHz and
NO, adsorption on graphene and ether and carbonyl in rGO. The
vertical line in each region indicates the upper bound of the potential
well depth De.
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The resultant room temperature sticking coefficients with
respect to adsorption energy for gas molecules, CO, NO, NH;
and NO,, on both graphene and rGO are also illustrated in
Fig. 3. We can see that the sticking coefficient increases and
becomes saturated to unity when the adsorption energy is
sufficiently high. Saturation can be anticipated because the
higher the adsorption energy is, its less likely that the gas
molecule would be bounced off the surface due to the thermal
vibrations of the surface atoms. Classically, the adsorption rate
constant is the arriving rate of gas molecules of (kgT/27my)""
regardless of the adsorption energy. Pagni and Keck® have
shown that both the steady state and the equilibrium adsorp-
tion rate constant increases with respect to adsorption energy
and are greater than their classical counterparts at higher
adsorption energy, although the critical energy depends on the
masses and the characteristic frequencies of both the gas
molecules and the surface atoms of the adsorption sites. When
the upper limit is specified for each gas with the potential well
depth D. from our calculations, in contrast with the NO,
adsorption on graphene, CO, NO and NH; have smaller coeffi-
cients due to their weaker physical binding to graphene.
However, situations are quite different for adsorptions on ether
and carbonyl in rGO. While NO and NH; have an enhanced
sticking coefficient when attracted toward both of them, CO
(NO,) is only more (less) attractive to ether (carbonyl). These
results are coherently consistent with the analysis from the
perspectives of adsorption density and coverage.

Recall that eqn (5) and (10) are only valid for monolayer gas
adsorption with low density within the ideal gas approximation,
it is essential to estimate the dynamic range of target gas
concentration within which our model is valid. Assuming that
the predicted gas adsorption density is no greater than the area
density of air at room temperature (0.85 x 10"* cm™?), the upper
limit of target gas concentration can be estimated. For example,
the upper bound concentrations for CO, NO and NH; diluted in
air are estimated to be ~6.5%, 977 ppm and 1.4%, respectively.
For NO,, however, it is extrapolated to be ~8.5 ppm (and ~20.2
ppm according to the experimentally observed adsorption
density*'). Beyond these upper bounds, multilayer adsorption
occurs, in which the adsorbed gas could be in the compressed
phase with a higher pressure than its partial pressure in the free
state, and cannot be treated as the ideal gas any more. Ther-
modynamically obtaining the gas pressure for an imperfect gas
in the adsorption layer is a prerequisite to determine adsorption
density. For localized adsorptions on nonhomogeneous
surfaces, multilayer adsorption occurs until all the types of
adsorption sites are fully occupied and the critical concentra-
tion is dependent on the fractions of each type of site. The
adsorbed gas pressure also needs to be determined thermody-
namically. Then, the Brunauer-Emmett-Teller (BET) equation
should be used instead of eqn (6) to estimate coverage. In
addition, it should be noted if the diffusion energy barriers are
high on the crystalline surface, which is common on metal or
metal oxide surfaces, the adsorbed gas molecules cannot be
treated as mobile phase anymore. In that case, the Henry
adsorption constant would involve the partition functions along
both perpendicular and parallel directions to the surface. While
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the former can still be treated using the procedure stated in the
Methods section, the latter has to be identified by harmonic
oscillator approximation (details will be presented elsewhere).

4 Conclusions

The interactions between monolayer gas molecules and solid
surfaces have been investigated for gas sensing applications.
Depending on whether gas molecules can be mobile on
homogeneous surfaces or localized to certain adsorption sites
on nonhomogeneous surfaces (that are usually located at
imperfections, such as the defects and edges, along the material
or the micropores within it), statistical thermodynamic models
are developed to characterize the monolayer gas adsorption
density and coverage, respectively. With inputs from the first-
principles calculations, the adsorptions of four target gas
species, CO, NO, NH; and NO,, are studied on homogeneous
graphene and nonhomogeneous rGO surfaces. Our results show
that graphene is more sensitive to NO,, while NO (NO,) prefers
to be attached to carbonyl (ether) in rGO. In addition, NH; can
be moderately attracted to both graphene and rGO, whereas CO
shows a very weak attraction for both the surfaces. Although the
derived analytical expressions require fitting the Morse poten-
tial and solving the Schrodinger equation in the first place, we
found that adsorption density and coverage can be effectively
estimated by only the binding energy of a gas molecule with
high accuracy. This is desirable and significant because binding
energy can be determined either experimentally or theoretically.
Within our knowledge of a literature survey on experimental
data, we could only obtain the experimentally extracted
adsorption density for NO, on graphene (0.42 x 10" cm ),
close to our prediction (0.99 x 10" e¢cm™?). Our proposed
approaches to quantify the monolayer gas adsorption in terms
of density on a homogeneous surface and coverage on a
nonhomogeneous surface present solid evidence to qualita-
tively assess the performance of gas sensing. They also provide a
means to understand and determine the gate voltage required
to enhance gas sensitivity (or recovery rate but with the sign of
the voltage reversed), which varies the gas surface interaction
strength. Moreover, they help to identify the contributions from
distinctive types of adsorption sites that are important in
manipulating gas sensing performance through structural
modification; for example, the contributions of functional
groups in rGO can be obtained by their individual species
weight determined from microscopic techniques and the
calculated gas adsorption coverage toward specific gas.
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