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ABSTRACT: Composites of graphene and CeO, nanoparticles with
high-energy {100} facets exposed are prepared by the hydrothermal
method. The percentage of high-energy {100} polar plane increases
with elevating temperature, but the proportion of Ce®" and oxygen
vacancy (O,) decreases. As a result, the sensitivity of CeO,{100}/
graphene composites toward NO, at room temperature is enhanced.
First-principles calculations are done to uncover the mechanism. The
adsorption energy of NO, on the six-coordinated Ce of the
Ce0,{100} polar plane is the most negative, indicating the most
preferred sites for the adsorption of NO,. However, if more O, are
generated, the proportion of six-coordinated Ce atoms will be
reduced, and the interaction with NO, will be reduced because of

charge recombination. Consequently, the sensing performances toward NO, are deteriorated. The results provide new information
pertaining to the design and fabrication of room-temperature sensing materials for NO,.

KEYWORDS: polar CeO,{100} plane, graphene, room-temperature gas sensing, charge recombination, oxygen vacancy,

six-coordinated Ce atoms

1. INTRODUCTION

Emission of toxic, harmful, and explosive gases poses serious
threats to the modern society and NO, is one of the harmful
atmospheric pollutants.' > Long-term exposure to NO, albeit
at the ppb level can be detrimental to the respiratory system
and acid rain is another environmental concern.'”™ Hence,
timely and accurate detection of NO, is crucial. Because of its
natural abundance and stability, CeO, is a common gas-
sensing material."~’ Barreca et al. have prepared CeO, by
chemical vapor deposition and demonstrated excellent NO,-
sensing response at 573.15 K.” Hemalatha and Rukmani have
synthesized polyvinyl alcohol-CeO, nanocomposites with
good NO, sensing properties at 423.15 K.* However, the
high operating temperature, Iarge energy consumption, safety
hazards, and poor stability have limited wider applications,”
and therefore, the development of advanced NO, sensors with
high sensitivity, high selectivity, and rapid response and
recovery for room temperature (RT) application is crucial.
The poor NO, sensing properties of metal oxides are mainly
attributed to the low electrical conductivity at RT.”~"> It has
recently been observed that the electrical conductivity can be
enhanced if the metal oxide is deposited on conductive
materials such as carbonaceous materials.””"> For example,
Molina et al. have found that NO, sensing at RT is better if the
CeO, nanoparticles were anchored on carbon nanotubes. The
response and recovery times for detection of 100 ppm NO, at
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RT were about 22.9 and 345.2 s, respectively.” Oliva et al. have
fabricated NO, sensors with high sensitivity by depositing Yb-
doped nickel oxide or hydroxide on carbon nanotubes and the
response and recovery time for 100 ppm NO, at RT were
about 16 and 252 s, respectively.'” Compared with carbon
nanotubes, graphene has a larger surface area, better carrier
mobility, and more adsorption sites besides good electrical
conductivity."'~'* Composites comprising CeO, and graphene
have been reported as NO, sensing materials at RT."*"® Fu et
al. have prepared CeO,/graphene composites showing rapid
response to NO, at RT and excellent selectivity to NO, in the
presence of O,, CO, H,, and NH;.'® The sensitivity of CeO,/
graphene composites for 100 ppm NO, gas increases by 4.6
times in comparison with the pure CeO, nanoparticles and the
lowest detection limit is down to 5 ppm. When the
concentration of NO, is increased from 5 ppm up to 300
ppm, the response time is shortened from 18.8 to 1.3 s, while
the sensitivity increases from 3.78 to 12.76%."° Su et al. have
observed that the RT sensitivity of CeO, nanoparticles/
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graphene composites for NO, can be improved by ultraviolet
light irradiation. The sensitivity enhancement is 51 times, and
the lowest detection limit is 300 ppb, although ultraviolet light
is harmful."®

The gas sensing response is related to the crystal plane of the
metal oxide and a high-energy crystal plane with more low-
coordinated atoms provides more active sites for better NO,
sensing response.'” -~ Wang et al. have observed that the
sensitivity of the {332} crystal plane of SnO, is better than that
of the {111} crystal plane and the operating temperature and
response time can be lowered.”” Xu et al. have demonstrated
that the high-energy {0001} facet of ZnO has better ethanol
sensing response compared to the {0110} facet and Yang et al.
have illustrated that the high-energy {001} facet of TiO,
exhibits enhanced sensing response toward acetone.””
However, it is difficult to expose the high-energy crystal
planes during growth, and furthermore, the sensing mechanism
on high-energy crystal planes is still not well understood.'”~**

Herein, composites of CeO, nanoparticles with high-energy
{100} polar plane exposed and graphene are prepared
hydrothermally. The proportion of Ce** and oxygen vacancy
(0,) is found to decrease with the increase in the
hydrothermal temperature. Consequently, the RT NO, sensing
response is enhanced considerably and the mechanism is
discussed.

2. EXPERIMENTAL DETAILS

2.1. Preparation of CeO, and Graphene Composites.
Graphene oxide was prepared by the modified hummers technique
and then reduced with hydrazine hydrate at 353.15 K for 180 min.>
Graphene (10 mg) was placed in a solution containing 20 mL of
ethylene glycol and 20 mL of H,O and after sonication for 120 min,
0.49 mmol Ce(NO;);-6H,0, 1.48 mmol NaOH, and 300 mg of PVP
were added, stirred magnetically for 3 h, transferred to a 100 mL
autoclave with a poly(tetrafluoroethylene) lining, and heated to
433.15, 453.15, 463.1S5, 473.15, or 493.15 K for 24 h. After the
reaction, the sediment was rinsed with ethanol and H,O six times,
collected by centrifugation, and dried at 323.15 K in vacuum for 10 h
(Figure 1a). The samples were designated as CeO,/G-a, CeO,/G-b,
Ce0,/G-¢, Ce0,/G-d, and CeO,/G-e according to the synthesis
temperature.

2.2. Structural Characterization. X-ray diffraction (XRD)
patterns (Bruker D8 ADVANCE, Cu K,) and Raman scattering
(wavelength of 633 nm) were performed to analyze the samples.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were carried out on the Zeiss GeminiSEM 500
and JEOL-JEM-2100 Plus at 200 kV. The chemical states of the
CeO,/graphene composites were determined by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB Xi*).

2.3. Fabrication and Assessment. 20 mg of the CeO,/graphene
composites were dispersed in 0.5 mL of deionized water and
sonicated for 1.5 h. The dispersion (15 L) was dropped onto the Au
interdigital electrode 20 mm long, 10 mm wide, and 0.6 mm tall with
a 100 ym channel width and left at RT for 12 h (Figure 1b). The
sensing properties were determined on the CGS-4TPs system. The

R,—R
sensitivity (Sg) was determined by S = aR £ in which R, and R,

represented the resistances in air and the target gas at RT,
respectively. The response and recovery time corresponded to the
time the total resistance was changed by 90% in the presence and
absence of target gas.

2.4. Calculation Model and Method. The first-principles
calculations were performed using the Vienna ab initio simulation
package.”* % The Perdew—Burke—Ernzerhof functional was taken to
describe the electronic exchange energy with an energy cutoff of 500
eV. The 3 X 3 X 1 matrix was chosen for the Monkhorst—Pack k-
points, and 107* eV and 0.05 eV/A were set as the energy and force

Figure 1. (a) Preparation of CeO,{100}/graphene composites and
(b) schematic of the gas sensor.

convergences, respectively. The Bader charge analysis was done and
the adsorption energy (E,) of NO, on CeO, was defined as*’

E, = Eceo,+n0, ~ Eceo, — Eno, (1)

where Ec.o :n0, Eceo,y and Eyo, are the energy of NO, adsorbed on

CeO,, isolated CeO,, and NO, molecules, respectively. A more
negative adsorption energy indicated stronger adsorption.*®

3. RESULTS AND DISCUSSION

3.1. Morphology and Structure. Figure 2 presents the
XRD patterns of the CeO, and graphene composites. The 20

Figure 2. XRD patterns of the CeO,/graphene composites prepared
hydrothermally at different temperatures: (a) 433.15, (b) 453.15, (c)
463.15, (d) 473.15, and (e) 493.15 K.

peaks at 28.43, 33.03, 47.46, 56.29, 59.02, 69.47, 76.81, 79.18,
and 88.51° can be indexed to the {111}, {200}, {220}, {311},
{222}, {400}, {331}, {420}, and {422} crystal planes of cubic
CeO,, respectively. The XRD peaks become stronger and
sharper when the synthesis temperature is raised from 433.15
to 493.15 K. According to the Scherrer formula, the average
grain sizes of CeO, of samples a—e are about 8.62, 10.13,
15.51,20.27, and 31.18 nm, respectively. Figure 3 presents the
Raman scattering spectra in which the peaks at about 1324 and
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Figure 3. Raman scattering spectra of the graphene and CeO,/
graphene composites (CeO,/G-e) prepared at 493.15 K.

1585 cm™ are the D and G bands of graphene which is red-
shifted slightly compared to pure graphene.”®”” The Raman
peak at 448 cm™! is associated with the E»; mode of Ce0,.
These results confirm the successful preparation of the CeO,
and graphene composites.

The morphology of the CeO, and graphene composites is
examined by FE-SEM. As shown in Figure Sl(al,a2), the
CeO, nanoparticles are distributed evenly on graphene.
Graphene usually contains oxygen functional groups and
defects that promote nucleation and growth of CeO,
nanoparticles. The size of the CeO, nanoparticles prepared
at 433.15 K is about 8 nm [Figure S1(a3)]. If the temperature
is increased to 453.15 K [Figure S1(b1-b3)], 463.15 K
[Figure S1(c1—c3)], 473.15 K [Figure S1(d1—d3)], and

493.15 K [Figure S1(el—e3)], the sizes of CeO, nanoparticles
go up to 11, 15, 21, and 30 nm, respectively.

Figure 4 displays the TEM images. The irregular truncated
cubic structure is observed if the hydrothermal process is
performed at 433.15 K [Figure 4(al,a2)]. The lattice spacing
of 0.27 nm represents the {100} facet of CeO, and that of 0.32
nm at the cubic cutting corner represents the {111} facet of
CeO, [Figure 4(a3)]. If the temperature is elevated further to
453.15 K [Figure 4(b1-b3)], 463.15 K [Figure 4(c1—c3)],
473.1S K [Figure 4(d1—d3)], and 493.15 K [Figure 4(el—
e3)], the cubic cutting corner disappears gradually, and the
CeO, nanoparticles morph into regular cubes with the low-
energy {111} facets disappearing gradually and the surface area
of the high-energy {100} facets increasing (Figure S2). The
SAED patterns of CeO,/graphene composites prepared at
433.15 and 463.15 K are shown in Figure S3. The diffraction
rings of CeO,(111), (200), (220), and (222) planes were
obviously observed providing evidence that the {100} facet is
formed.

XPS is carried out to determine the chemical states. The
peaks of Ce 4d, C 1s, O 1s, Ce 3ds, and Ce 3d; were observed
from the XPS survey spectra (Figure S4a). The high-resolution
C 1s spectrum can be deconvoluted into three peaks, C—C at
284.8 eV, C—O (hydroxyl and epoxy) at 286.47 eV, as well as
C=0 (carboxyl) at 288.53 eV (Figure S4b). Figure S4c—f
shows the Ce 3d spectra in which the peaks at 885.57 (V) and
903.9 eV (V*) are the 3d;/, and 3d,, spin orbitals of Ce,O,
confirming the existence of Ce®* and O,.”'~*° Figure S5 shows
the O 1s spectra. The deconvoluted high-resolution O 1s
spectra show three peaks including lattice oxygen of CeO,

Figure 4. TEM and HR-TEM images of the CeO,/graphene composites prepared at (al—a3) 433.15, (b1—b3) 453.15, (c1—c3) 463.1S, (d1—d3)

473.15, and (el—e3) 493.15 K.
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Figure S. (a) Sensitivity of the CeO,/graphene composites prepared at a different temperature for sensing of 200, 100, S0, 25, and 10 ppm NO, at
RT; (b) real-time resistance curve of the CeO,/G-e sensors as a function of NO, concentrations (10—200 ppm) at RT; (c) response and recovery
time of the CeO,/G-e sensors as a function of NO, concentrations (10—200 ppm) at RT; (d) sensitivity of the CeO,/graphene composites for S
ppm of NO, at 298.15, 323.15, 343.15, 363.15, and 373.15 K; (e) long-term stability of the CeO,/G-e sensors at RT; and (f) sensitivity of the

CeO,/G-e sensors for different gases at RT.

(Op) at 528.7 eV, adsorbed oxygen (O,,) at $32.05 eV, and
lattice oxygen of Ce,O; (O*) at 533.23 eV.”'™% As the
synthesis temperature is increased from 433.15 to 493.15 K,
the concentration of Ce** decreases from 25.46 to 16.6% and
that of O* drops from 10.12 to 3%. The atomic ratios of C, Ce,
and O determined by XPS are listed in Table S1. The atomic
ratios of Ce and O in all the composites are not 1:2 due to
oxygen vacancies. The Ce/O ratio is closer to 1:2 at the higher
hydrothermal temperature showing that the concentration of
O, decreases with hydrothermal temperature going up.

3.2. Sensing Properties. The effects of different amounts
of CeO,/graphene composites on the NO, sensing response
were studied, and the results are shown in Figure S6. The
response for 10 ppm NO, is almost the same as the amount is
increased from 20 to 50 g/L, while it deteriorates if the amount
is higher. Hence, the 20 mg CeO,/graphene composites are
dispersed in 0.5 mL of deionized water to fabricate the sensors.
Figure Sa shows the NO, sensing sensitivity of the CeO,/
graphene composites and CeO,/G-e exhibits the highest
sensitivity. The sensitivities for 200, 100, 50, 25, and 10 ppm
NO, are 63.62, 48.10, 38.82, 30.85, and 24.94% corresponding
to enhancements by 61.14, 88.54, 78.65, 97.12, and 101.1%
referenced to CeO,/G-a. As the temperature goes up, the
corner defects in cubic CeO, disappear gradually, and the high-
energy {100} facets become more abundant. Consequently,
the sensing activity is enhanced. In addition, the NO,-sensing
response of CeO,/graphene composites which were prepared
at 523.15 and 543.15 K is studied, and the result is shown in
Figure S7. The sensitivity is almost the same if the
hydrothermal temperature is further increased up to 523.15
and 543.15 K. Figure Sb shows the real-time resistance of
CeO,/G-e for 200, 100, 50, 25, and 10 ppm of NO, at RT.
The resistance declines sharply when exposed to NO, but

recovers to the initial value after exposure to air. It is because
NO, attracts electrons from CeO,, and the electron density in
the CeO,/graphene composites decreases, while the hole
density goes up.**~*° Consequently, the electrical conductivity
increases because the CeO,/graphene composites is a p-type
semiconductor. The response time increases from 250 s for
200 ppm to 618 s for 10 ppm, and the recovery time decreases
from 2590 s for 200 ppm to 723 s for 10 ppm (Figure Sc).

The lowest detection limit (LOD) is calculated, and the
results are shown in Figure S8 and Table S2. The LODs of
Ce0,/G-a, Ce0,/G-b, CeO,/G-¢c, CeO,/G-d, and CeO,/G-¢
sensor are 3.4, 3.02, 1.87, 1.51, and 1.5 ppm, respectively,
suggesting that the RT NO, sensing response can be improved
by increasing the percentage of high-energy {100} crystal
plane. As shown in Figure 5d, the sensitivity for 50 ppm NO,
decreases substantially with the increase in temperature. At
RT, oxygen physisorbed on the surface of the sensor forms O3
and NO, reacts with O3 to improve the NO, sensing
response.’®”*" At a higher operating temperature, the density
of O decreases and O~ is formed. The NO, molecules are
unable to react with O~ and the sensing response
deteriorates.”* ™ In addition, at a higher temperature,
desorption is accelerated. There is not enough long time for
the sensors to react with NO, resulting in a poorer
response.”*~*

Figure Se shows the long-term stability of CeO,/G-e, and
the sensitivity is maintained even after 30 days. Figure Sf
displays the sensitivity of CeO,/G-e toward other gases and
the sensitivity toward NO, is much higher, indicating the good
selectivity. The response is related to adsorbed oxygen. At RT,
the adsorbed oxygen is O; and NO, molecules react with O3
at RT, while the other gas molecules cannot react.*®*” The
adsorption energy of NO,, NH;, and SO, on the CeO,{100}
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facet is derived by first-principles calculation. As shown in
Figure S9, the adsorption energy of NO, on the CeO,{100}
facet is more negative than that of other gases, further
demonstrating that the CeO,{100} facet facilitates the
adsorption of NO,. The effects of humidity on the NO,
sensing performance of CeO,/graphene composites are
investigated, and the result is shown in Figure S10. The
sensitivity decreases from 26.53 to 1.82% when the relative
humidity changes from 33 to 82% at RT due to competitive
adsorption between NO, and H,O. In higher humidity,
physisorbed water molecules occupy the adsorption sites and
react with oxygen ions to form poor reactive hydroxyl groups
(OH") and the active adsorption sites for NO, is decreased,
resulting in poorer NO,-sensing response.4o

The performance of our sensor is compared to those of
recently reported ones as shown in Table S3. Although the
recovery time of SnO,,"" WO,,** Ce0,,* and Ce0,/ALO;*
are 360, 560, 438, and 27 s, respectively, and less than that of
the CeO,/graphene composites, the operating temperature is
higher (>100 °C). MoS, can be applied in RT NO, sensing,
but the resistance recovers by only 50% at RT.**® UV light
irradiation can shorten the recovery time of MoS, at RT, but it
causes health hazards. The operating temperatures of Cu/
MoS,,"” MoS,/graphene,”® SnO,/graphene,'” WO,/gra-
phene,13 NiO/ graphene,14 and SnO,/ graphene15 are 100,
160, 50, 250, and 200 °C, respectively, and higher than that of
the CeO,/graphene composites in this work. Although the
composites of graphene and CeO, nanoparticles with low-
energy {111} facet exposed show fast response and recovery to
NO, at RT, the sensitivity is lower than that of CeO,{100}/
graphene composites and UV light must be used to enhance
the response at RT.'®'® All in all, our sensor has better
comprehensive sensing properties at RT without the need for
thermal treatment or UV exposure.

3.3. Sensing Mechanism. In general, upon exposure to
air, O, absorbs and captures electrons from the composites to
produce O3 at RT. When the sensor is exposed to NO,, NO,
molecules react with adsorbed oxygen to capture electrons, and
the hole density increases.””~>* Since the electron affinity to
NO, (227 €V) is higher than that to O, (0.45 €V)," the
CeO,/graphene composites behave as a p-type semiconductor
with the decrease in resistance.*’~

Oygas) + ¢ = Oxagy) @)
NOz(gaS) + O;(ads) + 2e — NO;(adS) + ZO@dS) (3)
NOy(gus) + Olags) = NO3(aa )
NOy(gs) T ¢ = NOyy) (s)

Because the Fermi level of the CeO,{100} plane is higher
than that of graphene,” electrons are transferred from CeO, to
graphene, resulting in an electron depletion layer and negative
charge region in CeO, and graphene, respectively (Figure
6a,b). A built-in electric field forms in equilibrium. Upon
exposure to NO,, NO, captures electrons from the CeO,
nanoparticles, and the built-in electric field is broken, so that
extra holes diffuse into graphene until a new balance is
reached.** ™ Therefore, the resistance of the CeO,/graphene
composites decreases.

The graphene plays an important role in enhancing the NO,
response. First, the oxygen-containing functional groups on
graphene have negative charges so that positively charged Ce®"

Figure 6. (a) Work functions of CeO,{100} facet and graphene and
(b) schematic showing the sensing mechanisms of CeO,{100}/
graphene composites for NO,.

adsorbs onto graphene and is oxidized to suppress agglomer-
ation and recrystallization of CeO, nanoparticles."*~"* Second,
graphene as a conductive network improves the electrical
conductivity of CeO, nanoparticles."> Third, the large specific
surface area of graphene benefits the adsorption of NO,, and
fourth, the heterojunction formed between CeO, and graphene
inhibits the recombination of electrons and holes to enhance
the NO, response.'*~"*

The mechanism of the enhancement rendered by the high-
energy {100} facet is studied. Structurally, the CeO,{111}
plane is stacked with the repeating O—Ce—O sandwiched
structure, in which each Ce atom is bonded with seven O
atoms with one dangling bond and each O atom is bonded
with three Ce atoms with one dangling bond. The CeO,{100}
plane is composed of alternating O and Ce layers, in which
each Ce atom is bonded with six O atoms with two dangling
bonds, and each O atom is bonded with two Ce atoms with
two dangling bonds.”* Hence, there are more dangling bonds
on the {100} facets than the {111} facets. The composites of
graphene and CeO, nanoparticles with more exposed {100}
facets have better NO, response at RT. In addition, Ce atoms
are positively charged, but O atoms are negatively charged on
the CeO,{100} facet (Figure 7a) and therefore, the positive

Figure 7. (a) Atomic charge distribution and (b) space charge
distribution of the CeO,{100} polar plane.

and negative charge centers do not coincide and polarization
occurs spontaneously on the CeO,{100} facet (Figure 7b).>">*
Since NO, is a polar molecule, an electrostatic force is induced
when NO, adsorbs on the CeO,{100} facet to boost the
interactions between NO, and the {100} polar plane.
Generally, a higher concentration of O, gives rise to better
NO, response. However, the response at RT decreases with
the increase in proportion of Ce** and O,. To understand this
inconsistency, the adsorption energy (E,) of NO, on the
Ce0,{100} facet is calculated. As shown in Figure S11a, the E,
value of NO, on Ce atoms is bigger than that of NO, on O,.
Hence, the six-coordinated Ce atoms on the {100} polar plane
constitute the optimal adsorption sites for NO, (Figure S11b).
If O, exists on the CeO,{100} polar plane, two Ce*" ions are
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converted into Ce** to achieve charge neutrality (2Ce*" + O*~
—2Ce* + 0, + 0.50,)." When the hydrothermal temperature
is elevated, the concentrations of O, and Ce>* decrease and the
six-coordinated Ce atoms increase. Consequently, the polarity
and interactions between NO, and the {100} facet is
enhanced, showing the better NO,-sensing response.”

4. CONCLUSIONS

Composites of cubic CeO, nanoparticles with the exposed
{100} facet and graphene are prepared hydrothermally. As the
hydrothermal temperature goes up, the percentage of the high-
energy {100} polar plane of CeO, increases, but those of Ce®*
and O, decrease. Consequently, the six-coordination Ce atoms
on the polar plane increase. First-principles calculation reveals
that the adsorption energy of NO, on the six-coordination Ce
atoms is more negative, and hence, adsorption of NO, is more
favorable on the {100} polar plane of CeO,. Moreover, when
the proportion of O, is reduced, the polarity of the CeO,{100}
facet improves, and the interactions between NO, and the
{100} facet are enhanced. As a result, the NO, sensing
response on the CeQ,{100} facet is improved at RT. The
results provide insights into the design and fabrication of high-
performance sensing materials for NO, at RT.
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The process of calculation of noise level (RMSyise) and limit of detection (LOD):St

(1) Execute linear fit for the response curve versus NO, concentration of the sensor
and then extract the slope value (sensitivity) and standard error in the linear regime, as
shown in Figure S8.

(2) Take N = 50 data points at the baseline before NO, exposure and then plot the
data (AR/R (%) versus Time (sec)) and then execute Polynomial fit (5th order) .

(3) Take regular residual of polynomial fit and calculate the root-mean squared
deviation (RMSyyise) and LOD with Equation 1 and 2.

RMS,o.(ppm )= V2 /N where V2= (v, -V ) L)

RMS Noise

Limit of detection (ppm)=3
(ppm)=3x Siope

)

[S1] Duy, L. T.; Kim, D. J.;; Trung, T. Q.; Dang, V. Q.; Kim, B. Y.; Moon, H. K.; Lee, N. E. High
Performance Three-Dimensional Chemical Sensor Platform Using Reduced Graphene Oxide

Formed on High Aspect-Ratio Micro-Pillars. Adv. Funct. Mater. 2015, 25, 883-890.
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Figure S1. SEM images and grain size distributions of the CeO,/graphene composites prepared at

(al'ag) 433.15 K, (bl'bg) 453.15 K, (Cl'C3) 463.15 K, (dl-dg) 473.15 K, and (61-93) 493.15 K.
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Figure S2. Schematic illustrations of the CeO,{100} polar plane with increasing hydrothermal

temperature
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Figure S3. The SAED patterns of CeO,/graphene composites prepared at (a) 433.15 K and (b)

463.15 K, respectivity.
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Figure S4. (a) XPS survey spectra of the CeO,/graphene composites prepared hydrothermally at a

different temperature; (b) C 1s XPS spectra of the CeO,/G-e samples; Ce 3d XPS spectra of the

CeO,/graphene composites prepared at a different temperature: (c) 433.15 K, (d) 453.15 K, (e)

463.15 K, and (f) 493.15 K.
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Figure S5. O 1s XPS spectra of the CeO,/graphene composites prepared hydrothermally at a

different temperature: (a) 433.15 K, (b) 453.15 K, (c) 463.15 K and (d) 493.15 K.
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Figure S6. The sensitivity of the sensor toward 10 ppm NO, at RT with increasing the amount of
CeO,/graphene composites from 10 mg to 50 mg.

To study the role of amount of CeO,/graphene composites on NO, sensing response,
the 10 mg (20 g/L), 15 mg (30 g¢/L), 20 mg (40 g/L), 25 mg (50 g/L) and 50 mg (100
g/L) of CeO,/graphene composites were dispersed into 0.5 mL of deionized water,
respectively and the homogeneous solution was formed by sonicated for 1.5 h. 15 uL
dispersion was dropped onto the Au interdigital electrode with 20 mm length, 10 mm
width, 0.6 mm height as well as 100 um channel width, and heated at RT for 12 h. The
area of prepared samples onto the Au interdigital electrode was about 96 mm?2. In this
paper, the thickness of prepared samples onto the Au interdigital electrode was

controlled by changing the amount of CeO,/graphene composites.
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Figure S7. The room-temperature sensitivity of CeO,/graphene composites toward 10 ppm NO, at

different hydrothermal temperature.
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Figure S8. (a) The sensitivity of CeO,/graphene composites toward 200 ppm, 100 ppm, 50 ppm,

25 ppm and 10 ppm NO, at RT. Fitting plots of CeO,/G-a, CeO,/G-h, CeO,/G-c, CeO,/G-d and

CeO,/G-e sensors.
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Figure S9. The adsorption energy of NO,, SO, and NH; on the surface of CeO,{100} facet.
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Figure S10. The room-temperature responses of the CeO,/graphene composites toward 10 ppm of

NO, at different humidity.
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Figure S11. (a) Adsorption energy of NO, on the CeO,{100} crystal plane and (b) Schematic

illustration of NO, adsorption on the CeO,{100} polar plane.
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Table S1. The atomic ration of Ce, O and C elements.

The atomic ration Ce @) C
Ce0,/G-a 1 1.86 33.43
Ce0,/G-b 1 1.88 32.94
Ce0,/G-c 1 1.89 32.07
Ce0,/G-e 1 1.91 29.28
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Table S2. Calculation of RMS noise and LOD for CeO,/graphene composites

Sensors.

Standard Error

LOD

Sample Slope (ppm™1) (opm?) RMS (bpm)
Ce0O,/G-a 0.13919 0.0092 0.158007 3.4
CeO,/G-b 0.14205 0.01521 0.143051 3.02
CeO,/G-c 0.17704 0.00572 0.1108656 1.87
CeO,/G-d 0.1607 0.01049 0.081295 151
CeO,/G-e 0.19634 0.01869 0.098693 15

In fact, the room-temperature sensing response is closely related to the external
environmental factors, especially the environmental humidity. The H,O molecule could
react with oxygen ions on the surface of sensor and the less reactive hydroxyl groups
(OH) is formed, decreasing the density of adsorption sites for NO, and behaving the
poor gas sensing response. The concentration of water vapor in ambient air (25 °C) is
6280 ppm at the relative humidity of 20%. In addition, the water vapor concentration

dynamically vary with change of the climate (wind, clouds, rainfall and so on), region,

and season. Hence, the lower limit of detection can’t be reached.
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Table S3. Comparison of our proposed NO, sensor with recently reported other NO,

Sensor.
Work
Concentration o Response
. temperature Sensitivity .
Materials /recovery time Reference
. (Ppm ) (%0)
(°C) (s)
SnO; nanobelt 400 0.5 15.5 120/360 [41]
WO;3 300 0.1 5.25 185/560 [42]
CeO; nanoparticles 100 40 54.54 240/438 [43]
CEOZ'Alzog
200 40 25 36/27 [44]
nanocomposite
245/
MoS, RT 5 15.2 [46]
unrecoverable
RT with UV
Multilayer MoS, 5 17.9 29/260 [46]
light
Cu-MoS,
100 20 30 54/82 [47]
composites
MoS,-RGO
160 3 129 8/20 [48]
composites
SnO,/graphene
50 5 69.78 135/200 [12]
composites
WO3/RGO
250 5 132 -I- [13]
Composites
NiO/RGO
200 5 82 -/- [14]
Composites
CeO,{111}/graphen
RT 100 10.39 7.33/150 [16]
e composites
CeOy/graphene RT with LED
0.1 6 500/1 [18]
composites light
CeOy/graphene
RT 5 63.63 320/1150 This work
composites
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(1) The sensing curves (reported for only one sample and one temperature Fig 8b are
not good. They do not saturate and also the baseline is not fully recovered before the
next pulse. I do think that these measurements do not support the conclusions of the
authors.

Answer: Thanks for the reviewer’s good suggestion. The sensing curves was
measured again. The resistance is also not fully recovered to the original level before
the next pulse. In fact, the gas sensing response is closely related to the external
environmental factors (temperature, humidity, pressure and so on).The resistance
would vary with the changes of external environment. Hence, the resistance is not fully
recovered before the next pulse at some times. In addditon, except for the
CeO,/graphene composites in this paper, the MoS,/graphene composites,3®
SnO,/graphene composites,®® CeO,/graphene composites ¥ and SnO,/TisC,
composites %! in the prevous work, the resistance is also not fully recovered to the
original level before the next pulse (Figure S12). The thermal treatment and UV light
irradiation were always used to enhance the rate of recovery.185! Although, the baseline
is not fully recovered before the next pulse, the NO,-sensing response of all the samples
were measured at the same external environmental factors. Hence, these measurements

could support the conclusions in this paper.
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Figure S12. The response and recovery curves of (a) MoS,/graphene composites,® (b)

SnO,/graphene composites,>® (c) CeO,/graphene composites 18 and (d) SnO,/TisC, composites 51

at RT, respectivily.
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(2) Another aspect that has not been taken into consideration is the density of
particles (i.e. the coverage) onto the reduced graphene oxide. Following the
mechanistic studies of G. Neri and coworkers on CNTs and reduced graphene oxide
coated with metal oxides, a continuous or almost continuous coating is required to
create a transduction mechanism involving the metal oxide grain boundaries. In the
present work the coating is not continuous (so RGO-RGO contacts can not be
excluded) and it is also dependent on the particle size.

Answer: Thanks for the reviewer’s good suggestion.The influence of density of
CeO; particles onto the graphene on the room-temperature NO, sensing response was
studied and the result was shown in the Figure S13. In this paper, the density of CeO,
nanoparticles onto graphene was controlled by changeing the concentration of
Ce(NO)3-6H,0. The sensitivity of sensor toward 10 ppm NO, at RT is increased from
6.3% to 16.3% as the concentration of Ce(NO);-6H,0 was increased from 1.25 g/L to
3.75 g/L, After that value, the sensitivity was decreased. When introduction of low
concentration of Ce(NO);:6H,0, tiny density of CeO, nanoparticles formed onto
graphene. The higher quantity of graphene-graphene junctions are present and the
electrical conduction flows mainly through the carbon-carbon contact. The adsorption
energy of NO, on graphene was much lower than that on CeO,2. Hence, the sensor
behaves the poor NO,-sensing response at RT. With increasing the concentration of
Ce(NO)3'6H,0, the density of CeO, particles on the graphene is increased. More CeO,-
graphene heterojunction is formed, behaving the better NO,-sensing response. If further

increasing the concentration of Ce(NO)3;-6H,0, the heterojunction are restricted mainly
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to the interaction between CeO, nanoparticles and all the current flows through this
pathway with high resistance, behaving the poor NO,-sensing response.

In fact, the gas-sensing response of metal oxides are also affected by size of
nanoparticles. The effect of size of CeO, nanoparticles on room-temperature NO,
sensing response of CeO,/graphene composites was studied in my previous work. The
sensitivity of CeO,/graphene composites toward 100 ppm NO, was increased from
16.83% to 32.7% as the size of CeO, nanoparticles was decreased from 20 nm to 3 nm.
In essential, as the particle size is reduced, the fraction of surface atoms is increased
and, the surface energy and surface tension increase resulting in more active surface
atoms and more oxygen vacancies, accompanied by lattice strain, which is benefical to

adsorption of NO, gas and thus displays the better NO,-sensing response.

Figure S13. The sensitivity of CeO,/graphene composites toward 10 ppm NO, at RT as the

concentration of Ce(NO3)s-6H,0 is increased from 1.25 g/L to 6.25 g/L.
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(3) How does the resistance of the CeO,-graphene composites change when exposed
to NO, NH3, and CO?

Answer: Thanks for the review’s good suggestion. The CeO,/graphene composites
are p-type semiconductors.1® NO is the oxidizing gas, while NHz and CO is the reducing
gas. Hence, the resistance is reduced when exposed to NO, but is increased when

exposed to NH3 and CO.16
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(4) Where are the lattice stripes of GO in Figure 5?

Answer: As suggested by the reviewer, the TEM images of CeO,/graphene
composites were measured again. The lattice stripes of CeO, was obviously observed,
while that of graphene was not observed for the CeO,/graphene composites. To further
characterize the graphene, the TEM images of prepared graphene were measured and

the results were shown in Figure S14. It’s obviously shown that the graphene displayed
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the layer structure and contained fold. While, the lattice fringes of graphene was not
obviously observed. In addition, for the SnO,/graphene compositesSd and
ZnO/graphene composites [531 in the previous work, the lattice stripes of graphene was

also not observed.

Figure S14. The (a, b) TEM and (c) HR-TEM images of graphene

[S2] Wang, Z. Y.; Han, T. Y.; Fei, T.; Liu, S.; Zhang T. Investigation of microstructure effect on
NO; sensors based on SnO, nanoparticles/reduced graphene oxide hybrids. ACS Appl. Mater.
Interfaces 2018, 10, 41773—41783.

[S3] Saranya, M.; Ramachandran, R.; Wang, F. Graphene-zinc oxide (G-ZnQO) nanocomposite for

electrochemical supercapacitor applications. J. Sci.-Adv. Mater. Dev. 2016, 1, 454—460.

(5) The sensing mechanism is too vague.

Answer: Thanks for the reviewer’s good suggestion. We carefully read the section
of sensing mechanism. In this paper, the composites of graphene and cubic CeO,
nanoparticles with the exposed {100} facet are prepared hydrothermally. The
percentage of high-energy {100} polar plane increases as the synthesis temperature is

increased, while the those of Ce3* and oxygen vacancy (O,) decrease. As a result, the
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room-temperature sensitivity of CeO,{100}/graphene composites towards NO, is
enhanced. According to the results of first-principles calculation, the adsorption energy
of NO, on the 6-coordination Ce atoms is more negative and hence, adsorption of NO,
is more favorable on the {100} polar plane of CeO,. Moreover, when the proportion of
O, is reduced, the density of 6-coordination Ce atoms is improved. At the same time,
the polarity of CeO,{100} facet improves, and the interactions between NO, and the
{100} facet are enhanced. As a result, the NO, sensing response on the CeO,{100}
facet is improved at room temperature. Hence, the mechanism of NO,-sensing
enhancement is clearly revealed by combining the experimental and theoretical studies

in this paper. The sensing mechanism is not vague.
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