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Graphene based sensor to gas molecules should be ultrasensitive and ultrafast because of the single-
atomic thickness of graphene, while the response is not fast. Usually, the measured response time for
many molecules, such as CO, NH3, SO, and CO; and so on, is on the scale of minutes or longer. In the
present work, we found via ab initio calculations there exists a potential barrier larger than 0.7 eV for the
above molecules. It is the barrier that hinders the gas molecules to land directly at the defective sites of
graphene, which retards the response. An efficient approach to this problem is suggested as modifying
the graphene sheet with other molecules to reduce the adsorption barrier and was demonstrated by a
graphene sheet modified by Fe, 03 molecule and the calculated response time is about only 15 s, which
coincides qualitatively with the previous experimental observation.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of graphene has opened unprecedented opportu-
nity that promises ultrasensitive and ultrafast electronic sensors
due to its high surface-volume ratio, low electronic noise
and exceptional transport properties associated with its unique
high crystalline single-atom thick two-dimensional structure [1].
Indeed, the ultra-sensitivity has been proved by the graphene based
gaseous sensor (GBGS) that works by measuring the conductance
changing induced by the molecules adsorbed on the graphene sheet
[2-6]. However, the measured response rate is not fast, i.e., the
response time disperses in a large range from tens of seconds to
thousands of minutes [7]. To see what retards the response rate
and how to overcome the blocks need an extensive understanding
of the working mechanism of GBGS on atomistic level.

Very recently, we extensively calculated the rate of adsorption
and desorption of gas molecules on graphene surface and found
that the balance between the adsorption and desorption would be
reached within several microseconds under common experimen-
tal conditions [8], implying that the response time should be on
the scale of microseconds if the molecules adsorbed in the perfect
region, which occupies most area of a graphene sheet, could induce
the conductance change of graphene. Based on this fact, the mech-
anism for GBGS working was suggested as that the gas molecules
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landing on the perfect region do not contribute to the conductance,
which is in agreement with previous theoretical results [9], and
have to undergo diffusion process to arrive at the defective sites,
where they affect the conductance of graphene. That is, the dif-
fusion process is responsible for the slow response of GBGS. There
exists a query, however, why the gas molecules do not land directly
at the defective sites inducing changes of the conductance imme-
diately?

In the present work, we firstly examined if there exists a poten-
tial barrier hindering the gas molecules to land directly at the
defective sites of the graphene sheet, and found by ab initio cal-
culations it is true for CO, CO,, NH3, and SO, molecules, to which
the observed response of GBGS is slow [4,10-15]. Then we explored
the possibility to remove or reduce the potential barrier by mod-
ifying the surface of graphene sheet with other molecules. As an
example, we simulated the process of a H,S molecule approach-
ing to a Fe;03 molecule adsorbed on a graphene sheet, and show
that a barrier of only 0.14eV or smaller exists and therefore the
conductance response should be fast, which is in agreement with
the previous observations [16]. Finally, it was predicted that the
response of GBGS to the NO gas molecules would be very fast (the
response time is on the scale of about 0.01 s) if the concentration
of the gas molecules is higher than 100 ppm.

2. Theoretical method

On the atomistic level, the defective region of a graphene sheet
covered by gas molecules depends not only on a potential barrier E,,
met by a gas molecule approaching to the defective region, but also
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Fig. 1. Schematic of the potential felt by a molecule moving along the z-axis per-
pendicular to the surface of graphene.

on a barrier (desorption barrier), E4, met by a molecule escaping
from the defective region [Fig. 1], as well as on the gas concentration
n and so on. According to our kinetic model for the adsorption and
desorption of gas molecules on a surface [8], the fractional coverage
0 of a defective region of a graphene sheet is determined by
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zo+d .
mann constant and &t = /m sz dz/+/2(e — V(z)) with V(z) felt

by a molecule of mass m located at zy moving along the z direc-
tion by a distance d to escape from the potential valley [Fig. 1]. In
addition, S is the effective area of a molecule on the surface,

and E,, is introduced for considering the fact that the molecules
with kinetic energy larger than E;, will immediately escape from
the surface just after its colliding with the surface. The first term in
the right hand of Eq. (1) is the adsorption rate of the gas molecules,
while the second one is the desorption rate. According to the mech-
anism for GBGS working [8], the adsorption of gas molecules at
defective sites instead of perfect sites is responsible for the con-
ductance change of graphene, so the balance time (BT) between the
adsorption and desorption of the gas molecules at defective sites
determined by Eq. (1) with df/dt=0 should be on the same scale
as the response time defined experimentally if the BT is shorter
than the time need by the diffusion of gas molecules landing in the
perfect regions to the defective sites. Usually, GBGS works at room
temperature, so the gas temperature Tg and desorption tempera-
ture Ty, i.e. the temperature of the substrate, are set as 300K in our
calculations.

For determining the E, and E4, we fully relaxed a graphene sheet
with a single vacancy (vG) at the center region firstly, and then
put a gas molecule on (or above) the vacancy and moved it per-
pendicularly departing from (or approaching to) the vG step by
step to obtain the dependence of the total energy on the distance
between the gas molecule and the substrate. All the calculations
were performed in the Vienna ab initio simulation package (VASP)
with projected augmented-wave (PAW) potential employed to
describe the electron-ion interaction and Perdew-Burke-Ernzerhof
(PBE) of generalized gradient approximation (GGA) to consider the
exchange-correlation interaction. We used a 3 x 3 supercell for vG
with Brillouin zone k-mesh of 5 x 5 x 1. The vacuum thickness, dis-
tance between two adjacent graphene layers is 20A in all of the
calculations. During the optimization of all of the structures, the
vacuum thickness is frozen but the other two vectors are fully
relaxed. The kinetic energy cut-off is 400 eV. The electronic self-
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Fig. 2. The dependence of the Er of vG+CO system on the distance between the C
atom and surface of vG with corresponding configurations of the system, inset (a), (b)
and (c), where the dark wine and red ball represent the C and O atom, respectively.

consistency will stop when the difference of the energy is smaller
than 1 x 1076 eV and the force acted on each atom is less than

0.01ev/A
In order to compare our calculated results with others, the bind-
ing energy Ep;,q of a molecule on graphene is defined as

Ebind = Egra+molecu1e - Egra _Emolecule (2)

where Egraimolecule 1S the fully relaxed total energy of a graphene
sheet adsorbed by a molecule. Egra and Epgjecule COIrespond to the
energy of the graphene and an isolated molecule.

3. Results and discussions
3.1. Adsorption on vG

The total energy (ET) of the vG + CO (NHj3, SO, CO, or NO) sys-
tem as function of the distance between the molecule and the sheet
was obtained by moving the C atom of CO or CO,, the N atom of
NH;3 or NO, or the S atom of SO, molecule step by step (fixing the
z- coordinate with the x- and y- coordinates free) approaching to
(or departing from) the vacancy of the vG sheet fully relaxed. As
shown in Fig. 2 for a CO molecule approaching to the vG, the Er
displays a platform firstly and then increases suddenly up to a bar-
rier of 3.89 eV, corresponding to binding of the C atom of the CO
molecule with a C atom around the vacancy [inset (a) of Fig. 2].
With further approaching to the vG, the Er gradually decreases until
reaches a metastable state, corresponding to a configuration shown
in inset (b), where the CO tilts with its C atom bonded by a C atom
around the vacancy and the bond length is 1.33 A, very close to the
length of C=C double bond (1.34A). This result is in good agree-
ment with the results of ref. [9,17]. From this configuration, the CO
molecule crosses another barrier of 0.18 eV and inserts its C atom
into the vacancy with the O atom above the center of the near C—C
bridge [inset (¢)], which is similar to the optimized stable structure
due to Nacir Tit et al. [18]. Fig. 2 shows clearly that a CO molecule
approaching to the vG will meet an adsorption barrier of 3.89 eV
(E;=3.89¢eV) to land on a metastable state and has to overcome
another barrier of 0.18 eV to form the most stable configuration,
from which the CO molecule must own a kinetic energy larger than
10.1eV to escape (E4 =10.1eV) from the vG.

According to Eq. (1) with E; =3.89 eV, the adsorption rate of the
CO molecule on the single vacancy with an area of about 10 A2 occu-
pied by a molecule is zero even if the gas concentration n is as large
as 1atm and Ej, set as infinity, indicating that the CO molecule can-
not directly land on the vacancy of vG. So the molecules landing in
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Fig. 3. The dependence of the Er of vG + NH3 system on the distance between the N
atom and the surface of vG with corresponding configurations of the system, inset
(a), (b), where the dark wine, light blue and light pink ball represent the C, N and H
atom, respectively.
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Fig. 4. The dependence of the Er of vG + SO, system on the distance between the S
atom and the surface of vG with corresponding configurations of the system, inset
(a), (b), where the dark wine, yellow and red ball represent the C, S and O atom,
respectively.

the perfect region have to undergo a diffusion process to reach the
defective sites, which retards the response of GBGS. As an exam-
ple, the response time of GBGS to CO gas with a concentration of
100 ppm under room temperature was measured to be 15 min [4].

For a NH3 molecule approaching to the vG, the Er jumps from
a platform up to a barrier of 1.76 eV, corresponding to binding of
the N atom with a C atom around the vacancy [inset (a) of Fig. 3],
and the system finally form a stable structure [inset (b)], where a
C atom drawn off the vG sheet by 1.03 A binds with the N atom
with a bond length of 1.458 A, which is in good agreement with the
result of ref. [19]. That is, there exists a barrier E; of 1.76 eV for the
NH3 molecule to land at the vacancy and the desorption barrier Eg4
is2.96eV.

Based on Eq. (1) with E; =1.76 eV, the adsorption rate of the NH;
molecule on the vacancy is slower than 2.3 x 10722/s if the con-
centration of the gas is lower than 1 atm. So, the NH3 molecule can
hardly directly land on the vacancy of a graphene sheet and the long
response time (>1 h) observed in experiments with the gas concen-
tration of 58 ppm [10] should be attributed to the diffusion process
of the molecule from the perfect regions to the defects where they
induce the conductance change.

For a SO, molecule approaching to the vG [Fig. 4], the Et crosses a
barrier of 0.75 eV from a platform, and then suddenly drops, which
corresponds to binding of the S atom with two of the three C atoms
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Fig. 5. The dependence of the Er of vG + CO, system on the distance between the C
atom and the surface of vG with corresponding configurations of the system, inset
(a), (b), where the dark wine and red ball represent the C and O atom, respectively.

around the vacancy [inset (a) of Fig. 4]. With further approaching
to the sheet, the ET decreases until the molecule arrives at a stable
state, where the S atom and an O atom bind with all the three C
atoms around the vacancy [illustration (b)] with a binding energy
of —2.26 eV, which is consistent with the results of ref. [20].

Based on the Eq. (1) with E; =0.75 eV, the adsorption rate for gas
SO, with a concentration of 1atm on the vacancy is 1.3 x 10~9/s,
i.e. covering the vacancy by a SO, molecule needs about 31.7 years.
Indeed, in an experiment due to Ren et al. [13], the response time
of GBGS to SO, gas with a concentration of 50 ppm is about 30 min,
implying that the SO, molecules responsible for the conductance
change at defective sites come from the perfect regions of vG via
diffusion rather than directly land at the defective sites.

When a CO, molecule approaches to the vG, it crosses a barrier
of 1.05eV [Fig. 5] and then the Et displays a sudden drop to a val-
ley, where the C and one of the O atoms of the CO, molecule bind
with two C atoms around the vacancy [inset (a) of Fig. 5]. From this
configuration, the molecule will meets another barrier of 0.45 eV to
arrive at a stable state [inset (b)], which is similar to the result of ref.
[21]. According to Eq. (1), covering the vacancy by a CO, molecule
needs about 3.2 x 106 years, implying that the response of GBGS
to CO, gas is slow because the molecules landing in the perfect
region have to undergo a diffusion process to reach the vacancy. So
the response rate depends on the roughness of a graphene sheet,
which significantly affects the diffusion rate. Experimentally, the
response time of CO, gas of GBGS with the graphene sheet by elec-
trochemical exfoliated method is 11 s [14], which is slightly longer
than the one (8s) with the mechanical cleaved graphene [15] for
the same gas concentration at room temperature.

Differently from the other molecules, a NO molecule could
directly arrive at a valley [Fig. 6], where the N atom binds with
one C atom around the vacancy [inset (a) of Fig. 6] with a binding
energy of —4.74 eV, which is same as the result of ref. [9] in the
range of error. In the realistic process of the molecule approaching
to the vG, the kinetic energy of the molecule at this metastable site
[inset (a)] transferred from the potential energy is as large as 4.7 eV,
which is large enough for the molecule to cross a barrier of 0.8 eV
to arrive at a deeper valley [Fig. 6], where the N atom is just above
the missing C atom by 0.55 A [inset (b)].

According to Eq. (1) with E;=0eV and E;j=5.84¢eV, the BT of
the adsorption and desorption on the vacancy is proportional to
the gas concentration [inset (c) of Fig. 6]. When the concentration
is 100 ppm, the balance time is about 0.01s, corresponding to a
very fast response. However, if the concentration decreases down
to 200 ppt, the BT is as long as 10* s. An experiment due to Chen
et al. [1] shows that the response time of GBGS to NO gas with a



H.-F. Zhang et al. / Sensors and Actuators A 295 (2019) 188-192 191

-159
@ °
-160 |
161 - ) 000020
r 4
-162 |- o—Mo—o ° 0'“#
% as| © ° ® \ 4
? L © W
;5 -164 b
0
=
-165 | ? iw
| o—o0—0-0=G=0-0-00 0 w
[
-166 |- OA d‘ 10
I 107
167 W (T T T T T
PSP TP v ST ST ST ST T T o i T
-10 05 00 05 10 15 20 25 30 35 40 45 50 55

Distance(A)

Fig. 6. The dependence of the Er of vG +NO system on the distance between the N
atom and the surface of vG with corresponding configurations of the system, inset
(a), (b), where the dark wine, light blue and red ball represent the C, N and O atom,
respectively.
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-

Fig. 7. The optimized configuration of a Fe,O; molecule adsorbed on perfect
graphene sheet (a) or at a vacancy of the vG (b), where the dark wine, light wine and
rz X ed ball represent the C, Fe and O atom, respectively.

concentration of 200 ppt is about 300 s, which is much shorter than
the calculated time, 10 s, implying that the NO molecules landing
in the perfect region diffuse into the defective sites to induce the
changes of the conductance.

3.2. Adsorption on modified vG

Based on the above results, a possible way to raise the response
rate of GBGS is to reduce or remove the adsorption barrier that
impedes the gas molecules landing directly at the defective sites of
graphene. Stimulated by an experiment on the response of GBGS to
H,S gas with the graphene modified by Fe; 03 molecules [16], we
examined the potential barrier for a H,S molecule approaching to
a Fe, 03 molecule adsorbed at the perfect graphene (pG) or a single
vacancy of vG. Specifically, the structure of a Fe;O3 molecule on
the graphene sheet was optimized firstly, and then a H,S molecule
was placed above or beside the Fe; 03 molecule. After fully relaxing,
the z- coordinate (perpendicular to the graphene sheet) of the S
atom was changed step by step to depart from the graphene for
calculating the Et as the function of z.

The most stable structure of a Fe,03 molecule adsorbed on a
perfect graphene sheet is shown in Fig.7a, where the flat Fe;03
molecule is perpendicular to the surface with one of the Fe atoms
just above the center of the six-ring, which is significantly different
from the one of the Fe;03 molecule curved at the vacancy of vG
with one of the Fe atom bonded with the three C atoms around
the vacancy [Fig.7b]. The binding energy (—5.997 eV) of the Fe,03

2095
A
2006 |- }f\
209.7 | @ ° f 939-0-3-9-0-0-0
@

g 7 ® °
B 2099 - °/°
2 ' /
M 2100 | d o

2101 | / 9°/ i

o%°
2102 99020209009%
1 1 1 1 1 1 'l 1 1

4,0 45 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
Distance(A)

Fig.8. The dependence of the Er of pG + Fe, 03 + H,S system on the distance between
the S atom and the surface of vG with corresponding configurations of the sys-
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represent the C, Fe, H, S and O atom, respectively.
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Fig.9. The dependence of the Er of vG + Fe, O3 + H, S system on the distance between
the S atom and the surface of vG with corresponding configurations of the system,
inset, where the dark wine, light wine, light pink, yellow and red ball represent the
C, Fe, H, S and O atom, respectively.

molecule on the vacancy is much larger than the one (—1.25eV) of
the molecule on perfect graphene.

When a H,S molecule approaches to the Fe;03 molecule at the
perfectsite, it crosses over a barrier of 0.14 eV into a potential valley
[Fig. 8] with the configuration transferred from inset (b) to inset (a)
of Fig. 8. When the molecule approaches to the Fe; O3 at the vacancy,
however, it directly arrives at the most stable state without energy
barrier [Fig. 9] and the corresponding configuration [the inset of
Fig. 9] is obviously different from the one shown in inset (a) of
Fig. 8.

Based on the Eq. (1), the BT for H,S molecules adsorbed by a
Fe,03 molecule on perfect graphene (E;=0.14eV, E;=0.67eV) is
15 ps, and the corresponding fractional coverage s is 2.1 x 106, If
the Fe, 03 molecule locates at the vacancy of the vG, the BT reduces
t03.9 x 1072 s because E, =0 eV and the corresponding 05 decreases
down to 3.7 x 10" because the desorption energy (Eq=0.31eV) is
small. In the realistic process for modifying a graphene sheet with
Fe,03 molecules [16], the defects can trap the molecules, so do
the perfect sites because the binding energy (Ep;,q) of the Fe;03
molecule with the pG is —1.25eV. Considering that the fractional
coverage 65 of Fe, 03 molecules at the vacancy by the H,S molecules
is two orders smaller than the one for the Fe, 03 at the perfect sites,
the response time of the GBGS should be on the scale of 15 s, which
coincides qualitatively with the measured one, 500 s [16].
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Table 1

The adsorption barrier E,, desorption energy E4 and the balance time of adsorption
and desorption (BT) for the concerned molecule on a graphene sheet with a single
vacancy (vG) or modified by Fe;03; molecule (vG +Fe,03).

Gas co NH3 SO, CO, NO H,S
Substrate vG vG vG vG vG vG+Fe,03
E, (eV) 3.89 1.76 0.75 1.05 0 <0.14

Eq4 (eV) 10.1 2.96 2.26 29 5.84 0.67

BT infinity 102! years 31.7 years 10%years 0.01s 15us

4. Summary

Based on the mechanism for GBGS working, the response time
equals to the balance time of adsorption and desorption (BT) if the
adsorption barrier for the gaseous molecule is small enough so that
the molecule can directly land at the defective sites of graphene.
As shown in Table 1, there exists a barrier of 3.89, 1.76, 0.75, 1.05
and 1.06 eV for CO, NH3, SO, and CO, molecule approaching to the
defective sites, which results in longer than 30 years for the gas
molecule to directly land at the defective sites, so the molecules
must undergo diffusion process from the perfect region to the
defects of graphene, which retards the response of GBGS. However,
no adsorption barrier exists for NO molecule and the correspond-
ing BT is only 0.01s with the gas concentration of 100 ppm and
indicates a fast response, which may be verified by future exper-
iment. When the graphene sheet is modified by Fe,03 molecules,
the adsorption barrier for H,S molecule is smaller than 0.14eV
and the calculated BT is only 15 ws, which coincides qualitatively
with a previous experiment that the response time of Fe;03 modi-
fied GBGS is about 500 ps. So reducing or removing the adsorption
barrier is the effective way to raise the response rate.
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