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Abstract: The reduced graphene oxide (rGO) supported cobalt oxide nanocatalysts were prepared by the conventional precipitation
and hydrothermal method. The as-prepared rtGO—Co3;0, was characterized by the XRD, Raman spectrum, SEM, TEM, N,-sorption,
UV-Vis, XPS and H,-TPR measurements. The results show that the spinel cobalt oxide nanoparticles are highly fragmented on the
rGO support and possess uniform particle size, and the as-prepared catalysts possess high specific surface area and narrow pore size
distribution. The catalytic properties of the as-prepared rGO—Co;0,4 catalysts for CO oxidation were evaluated through a
continuous-flow fixed-bed microreactor—gas chromatograph system. The catalyst with 30% (mass fraction) reduced graphene oxide

exhibits the highest activity for CO complete oxidation at 100 °C.
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1 Introduction

Carbon monoxide (CO) is odorless, poisonous and
fatal. Catalytic oxidation is the better removal method
even for low concentration of CO. The oxidation of CO
is one of the simplest and the most extensively
investigated reactions in heterogeneous catalysis [1], so
it has become one of the research focuses over the past
years. At the same time, there is a growing need for
highly efficient catalysts for low temperature CO
oxidation. Up to now, many very effective noble metal
catalysts such as Au [2], Pd [3,4], Pt [5,6] and Ru [7]
have been developed for this reaction. However, the poor
stability and high cost limit the applications of these
noble metal catalysts. Thus, scientists continuously seek
non-noble metal catalysts (Cu [8,9], Co [10,11], Mn [12])

in order to reduce the price and realize high efficient CO
conversion. HU et al [10], JIA et al [11] and CAO
et al [13] reported that cobalt oxide possesses almost the
same catalytic activity to CO oxidation as the noble
metal catalysts. The previous investigation [11] showed
that the oxidant and surfactant were very important for
obtaining the high catalytic activity cobalt oxide catalyst.
However, the addition of the oxidant and surfactant may
also cause the second pollution, the complicated process
of preparation and the high cost. In addition, the
nanostructured cobalt oxides are ready to aggregate due
to the high surface energy, which may also lead to the
degradation of catalytic activity. The preparation of
supported catalysts can solve the above problem. At the
same time, the supported catalysts can show a synergistic
effect to induce properties that are different from those of
each individual component.
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Due to the unique structure, intrinsic properties and
easy surface modification, graphene has been regarded as
one of the most excellent supports for various catalysts.
Graphene-supported Pd [14], Pt [15], CeO, [16],
TiO, [17] and MnO, [18] materials have been recently
reported to possess high activities in many catalytic
reactions. Theoretically, some studies have predicted that
graphene-based catalysts maybe possess high activity for
CO oxidation [19]. However, the research on catalytic
application of graphene—Co;0,4 hybrids for CO oxidation
has been still rarely reported at present.

Therefore, in this work, we prepared a series of
rGO—Co304 catalysts with different rGO contents by the
hydrothermal method for CO oxidation, and further
investigated the interaction between Co;04 nanoparticles
and reduced graphene oxide (rGO). The as-synthesized
catalysts were characterized by various material
characterization techniques. Catalytic CO oxidation
activity tests were performed on a continuous-flow
fixed-bed microreactor—gas chromatograph system.

2 Experimental

Natural graphite powder was purchased from
Sinopharm Chemical Reagent Co., Ltd., with a mean
particle size of 33 pum (99.85% purity). Graphite oxide
was prepared from the natural graphite powder according
to the method in Ref. [20]. Firstly, 1.5 graphite powders
were added into 66 mL cold (0 °C) concentrated H,SO,
solution in a flask with three necks. Then, 1.5 g NaNO;
and 9.0 g KMnO, were added gradually under stirring at
a temperature below 4 °C, and then the mixture was
continually stirred for 90 min. Secondly, the mixture was
stirred at 35 °C for 30 min, and 132 mL distilled water
was slowly added into the mixture at 70 °C. Thirdly,
30% H,0, was added dropwise into the mixture solution
until the color of mixture turned bright yellow. The
solution was centrifugated and washed with 0.5 mol/L
HCI solution and then deionized (DI) water to remove
impurities. The precipitate was dispersed in a certain
amount of DI water by sonication for 90 min to achieve
uniform dispersion of graphene oxide (GO).

2.49 Co(C,H;0,),4H,0 was dispersed in 50 mL DI
water and a calculated amount of GO (1.12%, GO in DI
water ) was added into 250 mL DI water under ultrasonic
treatment for 20 min. Then, Co(C,H;0,), 4H,0 solution
was slowly added into the GO solution under magnetic
stirring. Ammonia solution (26 mL, 28%) was added into
the above solution for cobalt ion precipitation and GO
reduction [21]. Finally, the mixture was transferred into a
Teflon-lined stainless steel autoclave (500 mL) and
heated at 180 °C for 12 h. The product was separated by
centrifuging and washed several times with DI water and
ethanol. The obtained composite was dried in air at 60 °C

for 8 h and labeled as xrGO—Co;04 (x=w(GO)/
[W(GO)+w(Co03;04)x100%)]. In order to remove the
residual water and improve the crystallinity of the cobalt
oxide, the prepared hybrids were heated at 160 °C for 4 h.
For comparison, pure rGO and Co;04 were prepared in
the same way in the absence of Co(C,H;0,),-4H,0 or
graphene oxide.

X-ray diffraction (XRD) analysis was performed on
a Bruker-AXS D8 advance diffractometer, with Cu K,
radiation at 40 kV and 25 mA. Raman spectra data were
obtained by an inVia Reflex Raman microscope. The
morphology of the as-prepared samples has been
measured by using scanning electron microscope (SEM,
JEOL JSM—6390LV). Transmission electron microscopy
(TEM) analysis was performed on a JEOL JEM—-2100
microscope, operating at 200 kV. N, adsorption—
desorption isotherms were collected at liquid nitrogen
temperature using a Quantachrome NOVA 2000e
sorption analyzer, and the sample was degassed at 180 °C
for 6 h. The specific surface areas of the samples were
calculated following the multi-point BET procedure. The
thermogravimetry—differential thermal analysis (TG—
DTA) was conducted on a NETZSCH STA449C
simultaneous thermal analyzer in air atmosphere (flow
rate: 90 mL/min; heat rate: 10 °C/min). UV-Vis
absorption spectroscopy measurements were carried out
on a TU-1810 spectrometer. Hydrogen temperature-
programmed reduction (H,-TPR) analysis was performed
under the mixture of 5% H, in N, flowing (30 mL/min)
over 50 mg of catalyst at a heating rate of 10 °C/min
from 0 to 800 °C. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on a Perkin-Elmer
PHI 5600 spectrophotometer with Mg K, radiation, and
the C 1s peak was fixed at a binding energy of 284.6 eV.

CO oxidation activities of the as-prepared
rGO—Co;0, catalysts were tested on a continuous-flow
fixed-bed microreactor—gas chromatograph system. The
catalytic activity test method is the same as that of our
previously published paper [22].

3 Results and discussion

3.1 Characterization of as-prepared samples

Figure 1(a) shows the XRD patters of GO and rGO.
The absence of the most intensive peak of GO for rGO
demonstrates the effective reduction of GO to rGO.
Figure 1(b) shows the XRD patterns of rGO—Co;04
hybrids with different rGO contents. The major
diffraction peaks of all the samples are well indexed with
space group Fd3m (227) (JCPDS No.43-1003),
implying the formation of single-phase spinel Co;0;.
Compared with the pure Co;04, no obvious diffraction
peak (002) of graphene appears at 26 of 23°-28°. This
could be attributed to the disorderedly stacked and less
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agglomeration of graphene sheets. The average sizes of
the Co;04 nanoparticles in the tGO—Co3;04 hybrids are
22.8,17.1,20.4,22.3,24.3 and 27.5 nm, respectively.
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Fig. 1 XRD patterns of GO and rGO (a), and rtGO—Co;04
hybrid composites with different rGO contents (b)

The Raman spectra of GO, rGO, and rGO—Co050,
hybrids with different rGO contents are shown in Fig. 2.
In Fig. 2(a), the broad peaks displayed at 1351 and
1604 cm™' could be assigned to the D and G peaks of
graphene [23]. The D peak is the defect peak, which
reflects the disorder of graphene sheets. In addition, the
D band is prominent, indicating the reduction of the
in-plane sp” domains. The G peak is the characteristic
peak of sp>-hybridized carbon, which reflects symmetry
and crystallization of C sp” atoms. Compared with GO,
an increased D/G intensity ratio in rGO suggests a
decrease in the average size of the sp’ domains upon
reduction [24]. The Raman spectra of the rGO—Co50,
hybrids with different rGO contents (Fig. 2(b))
demonstrate the existence of graphene. In addition, the
peaks at around 188, 505 and 592 cm ' could be
attributed to the F», mode of Co;04, and the peaks at
469 and 665 cm ' are ascribed to the E, and 4,, modes of
Co30y, respectively [21,25].

Figures 3(a) and (b) reveal the general structure of
the 30%rGO—Co;0, hybrid composite. As shown in

Fig. 3(a), the graphene layers are exfoliated to a large
extent. The porous structure with very thin planes
indicates that the overall structure is dominated by the
graphene network. Moreover, the structure of the rGO
support can prevent the aggregation of the Co03;04
nanoparticles which can increase the effective surface
area. From Figs. 3(b) and (c), the Co;04 nanoparticles
with size about 20 nm are uniformly distributed on the
graphene plane.
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Fig. 2 Raman spectra of GO and rGO (a), and rGO—Co;0,
hybrid composites with different rGO contents (b)

Figure 4(a) shows that the rGO substrate is almost
transparent. Figure 4(b) shows the lattice image clearly.
The spaces between the lattice fringes which are
consistent with (111) and (220) planes of Co;0, are
about 0.46 and 0.285 nm, respectively. Selected-area
electron diffraction (SAED) image in this region
confirms the pattern of Co3;0,. In addition, the average
particle size of cobalt oxide is determined to be about
20 nm.

The N,-sorption analysis results of the rGO,
30%rGO—Co;04, and the 40%rGO—Co30, hybrid
composites are shown in Fig. 5. The textural properties
are listed in Table 1. The isotherms of these three
samples (Fig. 5(a)) are of type IV, characteristic of
mesoporous materials. All of these samples show
well-defined hysteresis loop of type H3, indicating the
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Fig. 4 TEM (a) and HRTEM (b) images of 30%rGO—Co3;0,4 hybrid composite
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Fig. 5 N, adsorption—desorption isotherms (a) and corresponding pore size distribution curves (b) of as-prepared samples of rGO,
30%rGO—Co;0,, and 40%rGO—Co;0, (Volumes were shifted by 50 and 180 cm3/g for curves of 30%rGO—-Co;04 and
40%rGO—Co;04 samples, and d//dD values were shifted by 0.11 and 0.21 cm*/(g-nm) for curves of 30%rGO—Cos0, and
40%rGO—Co30,, respectively)

Table 1 Textural properties and catalytic activities of investigated catalysts

Sample Surface area®/(m?> g ") Pore volume®(cm* g ") Dppr.ags/mm T50Y°C  Ty0%/°C
rGO 127 0.28 3.82 240 280
30%rGO—Co30, 202 0.24 3.82 82 100
40%rGO—Co50,4 195 0.43 3.81 92 110

* Multi-point BET surface area; ° Total pore volume at p/pg=0.994; © Maximum of DFT pore diameter as determined from adsorption branch; ¢ Temperature
when conversion of CO is 50%; © Temperature when conversion of CO is 100%



Yan WANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 2265—-2273 2269

disorderedly stacked graphene nanosheets and the
presence of slit-like pores. The pore size distributions
were determined by the DFT methods from the
adsorption branch of the isotherms. In Fig. 5(b), the

samples exhibit quite narrow pore size distribution peaks.

This porosity should come from the organized
aggregation of Co304 nanoparticles. It is noted from
Fig. 5(b) that the adsorption isotherm of the sample
exhibits a large increase at the p/p, above 0.9. This
proves the presence of the secondary large pores
(macropores) [26]. The specific surface area of rGO is
127 m%g, less than the theoretical value of graphene,
which may be caused by serious aggregation of graphene
sheets. Compared with that of rGO, the specific surface
area of the hybrid composites has a significant increase,
which could be ascribed to the introduction of Co03;04
nanoparticles.

Figure 6 shows the representative TG—DTA curves
of the 30%rGO—Co3;0,4 hybrid nanocomposite. The
process of mass loss can be divided into three steps. The
endothermic peak between 40 and 130 °C on DTA curve,
accompanied by 3% of mass loss on TG curve, is
assigned to the physical or chemical adsorption on the
interparticle surface of the sample. The second stage
from 130 to 400 °C with 5% mass loss might correspond
to the decomposition of oxygen functional groups of the
graphene. It is noted that the decomposition temperature
of the sample ranges from 400 to 700 °C with a main
mass loss of about 29%, accompanied with a strong
exothermic peak around 607 °C. This is attributed to the
decomposition and combustion of carbon skeleton [27].
The total mass loss is 37%. No crystalline phase
transformation is observed. The result of TG-DTA
demonstrates that the as-prepared catalysts are very
stable at 400 °C.
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Fig. 6 TG—DTA curves of 30%rGO—Co;04 hybrid composite

The UV-Vis spectra of pure Co3;0, and the
rGO—Co3;0,4 hybrids are shown in Fig. 7. As shown in
Fig. 7, two absorption bands centered at 270 and 450 nm
correspond to the two band gaps of the sample. In the

previous investigation [28], the first band gaps can be
assigned to the ligand-to-metal charge transfer from O*
to Co*" (basic optical band gap energy, or valence to
conduction band excitation). The second band gap can be
assigned to charge transfer from O* to Co®" (Co™ level
located below the conduction band). Compared with that
of the pure Co3;0,4 the absorption edges of all the
rGO—Co030, hybrid composites shift to lower energy.
Increasing the content of rGO, the red shift of absorption
edge for the rGO—Co30, hybrid composites becomes
more obvious. Hence, the introduction of graphene fades
the band energy of Co—O bond and causes the extraction
of lattice oxygen easier from the surface of Co;0,.

40%:GO~Co50,
< 30%:GO-Co;0,
20%rGO-Co;0,

10%rGO-Co;0,

Co;0,
300 400 500 600 700 800
Wavelength/nm

Fig. 7 UV—Vis spectra of Co;0, and rGO—Co;0, hybrid
composites with different rGO contents

Figure 8 shows the H,-TPR profiles of the
30%rGO—Co3;04 hybrid composite. The reduction
profiles of the pure Co;0,4 and the rGO powders are also
presented. For the pure Co;04, two obvious reduction
peaks centered at 355 and 495 °C are detected, which can
be ascribed to the reduction of Co*" to Co*" and Co*" to
Co” [10], respectively. For the rGO support, a large
reduction peak appeared in the temperature range of
400—-800 °C.
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Fig. 8 H,-TPR profiles of Co304, rGO, and 30%rGO—Co;0,
hybrid composite
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In the H,-TPR profile of the 30%rGO—Co3;04 hybrid
composite, the reduction peak of rGO shifts to the lower
temperature. This reveals that the Co;O4 can lower the
reduction temperature of the rGO. The main temperature
reduction peak of the rGO—Co;04 sample is also much
lower than that of the pure Co;0,. There is a synergistic
effect between Co3;0,4 and rGO.

XPS analysis was performed to understand the
valence states of the elements present in the 30%rGO—
Co030,4 hybrid composite. Figure 9(a) shows the general
survey spectrum. It reveals that the surface of the hybrid
composite contains Co, C and O elements. The Co 2p
XPS spectrum of the composite shows two peaks at
780.4 and 795.6 eV, corresponding to the Co 2p"? and
Co 2p*? spin-orbit peaks of Co;04 (Fig. 9(b)) [29]. Four
peaks at 284.7, 286.1, 287.5 and 289.1 eV correspond to
C—C (Csp?), C—OH, C—0—C and O=C—OH
groups, respectively (Fig. 9(c)) [3]. Compared with the
sp> C—C peak, the peak of oxygen functional groups is
weaker, which illustrates the almost complete reduction
of GO [30]. The XPS spectrum of O 1s (Fig. 9(d)) shows
a main peak centered at 530.08 eV and a broad shoulder
at about 531.48 ¢V, which illustrate the existence of two
different oxygen species. This indicates that the first
peak in the range of 529.7-530.7eV is the “O*”
ions of the lattice oxygen, and the second peak in

the range of 531.0-532.0eV is attributed to the
chemisorbed oxygen.

3.2 Catalytic activity

Figure 10 shows the catalytic activities for CO
oxidation of the Co3;04, rGO and rGO—Co;0,4 hybrid
catalysts with different contents of rGO in the
temperature range of 50—150 °C. As shown in Fig. 10,
with the increase of the catalytic reaction temperature,
the conversion rate of CO increased, while the pure rGO
support has no activity. Besides, the sharp peak close to
T0o (the temperature at CO conversion rate of 100%) can
be attributed to the fact that O, molecule gets enough
energy. The total oxidation temperature of CO (T}g) can
be achieved at 100, 110, 130, 100, 140 and 130 °C, over
the rGO—Co;0, hybrid catalysts with the rGO contents
of 0, 10%, 20%, 30%, 40%, and 50%, respectively. The
30%rGO—Co3;04 hybrid catalyst possesses the same
catalytic activity of the pure Co;0,. However, in order to
compare the activity between the pure Co;O4 and the
rGO—Co030,, the amounts of the CO converted per
gram of the Cos;0, in unit time have been calculated,
which are 2.2 and 3.14 L/h for the pure Co3;0, and the
30%rGO—Co3;04 hybrid, respectively. This reduced
graphene oxide supported Co;O, hybrid nanocatalyst
shows much higher catalytic activity than the previous
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Fig. 9 XPS analysis of 30%rGO—Co;04 sample: (a) General scan of 30%rGO—Co3;04 sample; (b) C 1s; (c) Co 2p; (d) O 1s
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Fig. 10 Catalytic activity for CO oxidation of pure Co304, rGO,
and rGO—Co30, hybrid catalysts with different rGO contents

reported CeO, (T10=147 °C [31], T100=150 °C [32],
T50=135°C [33], T5¢=94 °C [34]), SiO, (T100=170 °C),
TiO, (T100=270 °C), ALO; (T19=220°C) [35] and
the mesoporous Co—Fe—O nanocatalysts (7jp0=
140 °C) [13,36].

In addition, the rGO—Co;0, composite catalysts
reveal good stability at 100 °C, as shown in Fig. 11. For
the pure Co30,, the conversion rate of CO keeps at 100%
steadily for 30 h at 100 °C. The conversion rate of CO
drops rapidly after 30 h, and becomes lower than 60%
after 48 h reaction. This is due to the aggregation of the
Co03;04 nanoparticles and the consumption of active
oxygen on the surface of Co;04 nanoparticles. For the
30%rGO—Co;0, hybrid catalyst, the CO conversion rate
can maintain at 100% during the testing time at 100 °C.
The high specific surface area and excellent electronic
transmission performance create the high stability. As
reported in the literature, some other catalysts also
showed the similar stability, such as Pd/graphene [3] and
Au/TiO, [37].

Many studies about CO oxidation reaction
mechanism on the surface of Co;0,4 nanoparticles have
been reported. However, there is no consistent
conclusion report until now. Most researchers believe
that Co®" is the active site of adsorbing CO and surface
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Fig. 11 CO conversion rates of Co;0, and 30%rGO—Co3;0,

hybrid catalysts at 100 °C as function of reaction time

lattice oxygen is directly involved in the course of
oxidation—reduction process [38,39]. In this study, we
proposed a potential pathway for CO oxidation of
rGO—Co;0, hybrid composite catalysts, as shown in
Fig. 12. Firstly, O, molecular is dissociated into reactive
oxygen species. Secondly, CO is adsorbed on the surface
as bidentate carbonate. The TPR and UV—Vis results
have confirmed that the Co—O bond of the as-prepared
composites breaks up more easily than that of the pure
C030,. It can also explain indirectly the phenomenon
that the as-prepared composite is better than the pure
Co03041n CO conversion at low temperature. Thirdly, the
first potential pathway is that the adsorbed CO reacts
with active oxygen to form CO, onthe surface of Co;04
nanoparticles. The second potential pathway is that the
adsorbed CO extracts surface lattice oxygen of Co3;04
nanoparticles to form CO, and surface oxygen vacancy.
The CO, molecular breaks away from the surface of the
Co0304 nanoparticles and the vacancy is filled by gas
phase O,. It is considered to be present possibly as O,
ion radical [40], and may combine with the neighboring
CO molecule adsorbed as bidentate carbonate, forming
CO; again and recovering from the catalyst surface. The
third potential pathway is that the oxygen vacancy is
filled by the active oxygen species transferred by the
reduced graphene oxide support.
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Fig. 12 Proposed reaction pathway for CO oxidation in the presence of as-obtained rGO—Co3;0, hybrid catalyst
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4 Conclusions

1) Reduced graphene oxide supported Co;O4 hybrid
nanocatalysts are successfully prepared via a simple
hydrothermal method. SEM and TEM images show that
the Co;04 nanoparticles are uniformly distributed on the
graphene plane. The size of Co;04 nanoparticles is about
20 nm.

2) The rGO—Co;0, hybrid catalysts show high
activity and stability for CO oxidation. The enhanced
stability can be ascribed to the graphene substrates. The
graphene substrates can prevent the aggregation of
Co;04 nanoparticles and provide more active sites. The
conversion rate of CO has been further improved at low
temperature. This is mainly due to the fact that graphene
can weaken the band energy of Co—O bond and make
the extraction of lattice oxygen easier from the surface of
C0304. The present study is helpful for the design of
graphene support transition metal catalysts with high
efficiency and stability for CO oxidation.
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