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Synthesis and characterization of CeO,—graphene composite
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Abstract The synthesis and characterization of graphite
oxide (GO), graphene (GS), and the composites: GS—CeO,
and GO-CeO, are reported. This synthesis was carried out
by mixing aqueous solutions of CeCl;-7H,O and GO,
which yields the oxidized composite GO-CeO,. GO-CeO,
was hydrothermally reduced with ethylene glycol, at
120 °C, yielding the reduced composite GS—CeO,. GO, GS
,and the composites with CeO, were characterized by
CHN, TG/DTG, BET, XRD, SEM microscopy, FTIR, and
Raman spectroscopy. The estimation of crystallite size of
CeO, anchored on GO and on GS by Raman, XRD, and
SEM agreed very well showing diameters about 5 nm. The
role of particles of CeO, coating carbon sheets of GO and
GS was discussed.

Keywords Graphene - CeO, - Composites - Graphene—
CeO, - Hybrid materials - Thermal analysis

Introduction

Ce0O,-based materials have been extensively studied due to
their wide utilization in industrial catalysis [1]. In oxidation
reactions the energetic trade off between the enthalpy of
formation of CeO, and redox potential of the pair Ce(II)/

M. F. P. da Silva - E. R. Triboni - M. J. Politi -

P. C. Isolani (IX)

Instituto de Quimica, Universidade de Sdo Paulo, CP 26077, Sao
Paulo, SP 05513-970, Brazil

e-mail: pcisolan@iq.usp.br

M. F. P. da Silva - H. C. de Jesus Fraga da Costa

Instituto Educacional Oswaldo Quirino, Faculdade de Ciéncias
Farmaceéuticas e Bioquimicas, Rua Brigadeiro Galvao 540,
Barra Funda, Ltda, Sao Paulo, SP, Brazil

Ce(IV) is the key step for understanding most of redox
catalytic mechanisms.

An explorative study on morphology and crystallogra-
phy of CeO, has correlated the particle size of nanoparti-
cles to Ce(IIl) contents in the oxide. This study proposes
that a phase transition from CeO, to Ce,Oj is responsible
for diminishing the size of oxide particles. However, such
behavior is significantly observable only at scales below
10 nm [2].

In addition, recent studies have shown the morphologic
modulation of catalytic activity of CeO, in redox reactions.
The mechanism is attributed to higher amounts of Ce(III),
in crystallographic sites of CeO, and consequent oxygen
vacancies generated due to low O, pressures during crys-
tallization. Consequently, Ce(Ill) crystallographic planes
(110) and (100) are exposed to minimize the effect of
vacancies on structural stability [3—6].

Therefore, controlled synthesis yielding particles of CeO,
under 10 nm size or with controlled morphology could result
in the modulation of the oxide redox potential and in
designing specific redox catalysts based both on morphology
and particle size. In this way, supporting CeO, particles is an
appropriate substrate leads to CeO, at sub-10 nm scale,
avoiding excessive agglomeration of CeO, particles.

Graphene (GS), discovered in 2004, can be obtained by
an intercalation of HNO; in graphite in an oxidative
treatment, followed by exfoliation in ultrasound bath in
aqueous NH4OH solution, yielding graphite oxide (GO).
High contents of carboxyl groups present on GO sheets are
quite appropriate for nucleation of nanocrystals, such as
CeO,. Beyond that, GS has a high surface area, good sta-
bility and conductive character due to its resonant sp’
system, opening interesting potentialities [7]. Composites
of GSs with metal oxides have been recently reported
concerning basic and technological aspects [7—13].
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Experimental details

Synthesis of GO was carried out by chemical exfoliation of
graphite using the procedure described by Hammer [13]: 6 g
of graphite were dispersed in 400 mL of 1:2 concentrated
HNO3/H,SO,. Portions of 1 g KCIO; were added, every
hour, for 72 h (ca. 100 g total). Subsequently, pH was
adjusted to ca. 3 by addition of KHCOs3. The dark green
mixture resulting was filtered and washed with 10% HCIL.
The brown solid was suspended in ca. 4 L of aqueous
NH4OH (pH 10), under ultrasonic bath, for 3 h. This sus-
pension was centrifuged at 3,000 rpm for 10 min. The
resulting pellet was discarded and the remaining suspension
was centrifuged at 15,000 rpm for 20 min. This solid was re-
suspended under ultrasonic stirring for 30 min at pH 7.

Synthesis of GS was carried by the reduction of 1 g of
GO in ethylene glycol under solvothermal treatment, at
433 K, for 24 h [14].

Synthesis of CeO,/GS was carried out by mixing 1 L of
aqueous CeCl;-7H,0 (0.3 g mLfl) and a 1 L of aqueous
suspension of (2 g L") of GO in a separating funnel. After
30 min, the brown colloidal GO-CeO, was decanted and
centrifuged. The resulting pellet was washed with deion-
ized water, centrifuged three times and then dried at 333 K,
for 24 h, yielding GO—CeO,. The reduction of GO-CeO,
was carried out using a solvothermal treatment. Typically
1 g of GO—CeO, powder was dispersed in 20 mL ethylene
glycol, in an ultrasonic bath for 10 min. This dispersion
was left at 433 K, for 24 h, in an autoclave capsule, then
centrifuged and washed three times (Fig. 1).

Characterizations

The composites were characterized by using elementary
analysis (CHN), thermal analysis (TG/DTG), FTIR, and

Fig. 1 Illustration of synthetic
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RAMAN spectroscopies, scanning electronic microscopy
(SEM), X-ray diffraction (XRD), and N, adsorption iso-
therm (BET analysis). FTIR spectra were registered using a
Bomem MB 100 spectrometer. Raman spectra were
recorded on a Renishaw mod. 3000 imaging system,
equipped with an Olympus microscope, a He/Ne laser
(Spectra Physics mod. 127, 4 = 632.8 nm) and a CCD
detector. Calculations of average crystallite sizes of CeO,
using Raman spectroscopy were carried out by the phonon
confinement model approach, using the scattering peak at
469 cm™! [15]. SEM images were recorded on a JEOL
field emission scanning electron microscope, JSM 7401F
using a SEI detector. Surface areas were measured by N,
adsorption at 77 K, on a Micromeritics ASAP 2400
equipment. Prior to surface area measurements, samples
were degassed under vacuum, at 373 K, for 3 h. XRD
patterns were recorded in a Miniflex Rigaku diffractometer
using Cu Ko radiation (4 = 0.1518 nm) with Ni filter.
Crystallite size calculations through XRD were done using
the Sherer equation [16]. Experimental FWHM of dif-
fraction lorentzian-fitted peaks of CeO, in composites were
corrected by subtracting the broadening of standard CeO,,
using the relation L? = (Lgm) — (L™

Results and discussion

Synthesis of GO and GS have been already discussed in the
literature [14]. Mixing aqueous solution of CeCl; and
dispersion of GO yielded a grayish-brown solid that was
precipitated quantitatively. The reaction is attributed to the
binding of Ce(IIl) to carboxyl groups of GO forming a salt-
like aggregate in which sheets of GO are agglomerated
with consequent precipitation of colloidal brown solid. The
brown coloration, upon solvothermal reduction in ethylene
glycol, turns to deep black, suggesting the formation of GS.
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Both GO and GO-CeO, show no conductive properties
whereas, after solvothermal reduction, the respective
samples GS and GS-CeO, show good conductivity and
sheet resistance as low as ~4 Q.

CHN analyses of GO, GS, GO-Ce0O,, and GS-CeO, are
shown in Table 1. As expected, GO holds high amounts of
oxygen as carboxyl, epoxides, and alcohol groups [14].
Once reduced solvothermically in ethylene glycol, a dra-
matic increase of carbon contents takes place. Calculated
contents of oxygen from analysis of CH in samples showed
20.8% for GS and 48.4% for GO. These percentages cor-
respond to 5C:10 in GS, against 1.3C:10 in GO. In
accordance to thermogravimetric analysis (discussed
below) the percentages of C in analysis of CH of GO-CeO,
are very low. This effect was attributed to the CeO, pro-
tection: carbon sheets of GO are protected against atmo-
spheric O, diffusion and subsequent burning, even at high
temperatures. GS—CeQ,, in turn, shows 46% of carbon
content. This result allowed an estimation of CeO, content
in GS—-CeO, as about 64% in weight, which agrees with the
values obtained by TG.

Thermal analysis of GO, GS, GO-CeO,, and GS—CeO,
in air, are shown in Fig. 2. Except for GO-CeO,, all
decomposition profiles could be understood as conse-
quences of the oxidation states of carbon structures (GO or
GS). GO shows one narrow decomposition process at
473 K and a little mass loss at 873 K, attributed to GS
formation, along with burning of GO by dehydration of
carboxyl and epoxide groups. GS, in turn, shows one quite
narrow decomposition event at ca. 668 K with almost
100% of mass loss. The temperature in which decompo-
sition of carbon sheets takes place is related to the integrity
of the sp® system. GO has a broken sp® system. In this
situation, the thermal stability of carbon sheets is poor and
GO decomposes totally at a quite low temperature with
little residual GS. Once solvothermally reduced, the system
recovers the integrity of the sp® system. This fact leads to
restoring the additional thermal stability; therefore, the
temperature of decomposition of GS sheets is high. It
should be emphasized that thermal decomposition of GS
happens through more than one event.

The composite GS—CeO, degrades through three events.
The first, starting at ca. 600 K, is attributed to a loss of
residual oxygen, merging neighboring sp* centers. The next

Table 1 CHN analysis of CeO,—graphene composites

Sample %C %H 90N
GS-CeO, 45.92 0.97 0.06
GO-CeO, 1.15 1.07 0.02
GS 78.55 1.11 0.21
GO 48.91 2.68 0.21

two events happen at 628 and 693 K and are attributed to
GS structure decomposition. GO—CeO,, on the other hand,
is not totally decomposed. Instead of a catalytic combus-
tion of oxidized GO sheets, a protection by CeO, occurs.
The thermal behavior of GO-CeO, makes evident this
phenomenon. Instead of the quick two-step decomposition
showed by GO, GO—CeO, shows a fast dehydration fol-
lowed by a small and gradual mass loss up to 1,500 K. It is
proposed that the coating CeO, particles prevent burning of
carboxylated sheets. This was attributed to the bond of
CeO, to carboxyl groups, which lowers the probability of
atmospheric oxygen getting in touch with carbon. During
the reduction reaction and the consequent formation of
graphenic sp” systems, sheets’ surface energy gets lower.
This fact implies a lower affinity between carbon surfaces
and CeO,. This was, therefore, attributed to leeching of
CeO, particles by ethylene glycol.

XRD diffratometry of GO, GS, and composites are
shown in Fig. 3. In GO, only one diffraction peak (002) at
ca. 12° (20) attributed to GO, could be found. After
solvothermal reduction in ethylene glycol, the XRD pattern
shows a broad diffraction peak (002), at ca. 24°, attributed
to stacking of GS sheets in a very disordered way (turbo-
static) [14]. Positions of diffraction peaks indicate that GO
presents a distance of 7.4 A between sheets, while GS
presents only 3.66 A. This shows that during solvothermal
reduction, carboxyl and epoxide groups, present in GO, are
reduced yielding sp? flat groups, which stack within a
smaller distance.

Composites between GO and Ce(III) were idealized as a
kind of salt in a first approach. Thus, Ce(II) should be
bonded to the carbon structure through carboxyl groups.
Moreover, it is thought that, after reduction, carboxyl
groups should remain as Ce(III)-OOCR groups. XRD
pattern shows, however, that after drying at 330 °C for
24 h, only broad peaks characteristic of fluorite structure of
CeOQ, appear. This fact points out the strong driving force
for the spontaneous formation of fluorite CeO, at quite low
temperatures. After solvothermal reduction, XRD of GS-
CeO, shows the diffraction peaks of fluorite structure and
new peaks due to the formation of cerium hydroxycar-
bonate CeOH(CO3) [17]. CeO, XRD peaks become shar-
per after solvothermal treatment, suggesting the merging of
initial CeO, particles. Average crystallite size calculated
by Sherer equation (D = 0.9 A/f cos ) on (111) (HKL)
peaks [18] was 4.2 nm for CeO, in GO-CeO, and 5.5 nm
for CeO, in GS—CeO,. The (002) diffraction peak of both
GS and GO could not be found, probably due to stacking
impediment caused by intercalation of CeO, particles, as
already pointed in the literature for GS anchored Mn;0O,
[19]. BET surface area analysis for GO, GS, GO—CeO,,
and GS—CeO, agree with XRD analysis. Bare GO and GS
have surface areas of, respectively, 7 and 5 m%/g. GS—CeO,
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and GO-CeO, have surface areas of, respectively, 90 and
117 mz/g. It is clear, therefore, the effect of CeO, particles
as an impediment for stacking GO and GS sheets in the
composites.

Raman spectra of GO, GS, GO-CeO,, and GS—CeO, are
shown in Fig. 3. The bands G, D, 2G, 2D, and S; of GS
could be identified, as shown in Table 2. The presence of a
D band in all registered spectra suggests that GS obtained
from reduction of GO by ethylene glycol, in solvothermal
treatment, holds considerable amounts of defects. GO is
considered as a small cluster of sp? carbons surrounded by

Table 2 Relative intensity of bands D and G of Raman spectrum of
synthesized materials

Sample IDYIG)
GO 1.64
GS 2.14
GS-Ce0O2 2.08
GO-Ce0O2 2.14

@ Springer

sp> carbons. Upon reduction under thermal treatment, sp*
clusters start to merge and form larger clusters. Despite the
restoration of the sp” system in GS sheets, the intensity of
the D relative to G band grows, indicating that no addi-
tional organization was gained by reduction of GO on the
carbon sheets.

The presence of CeO, is evidenced in GO—CeO, by a
band at 466 cm™', corresponding to a symmetrical
stretching mode of the vibrational unit Ce—-Og [4]. The
FWHM, ca. 53 cm™ !, of this peak fitted with a Lorentzian
function was correlated to crystallite size of the oxide
through the phonon confinement model [15], yielding a
value of 4 nm. In GS-CeO, besides GS and CeO,,
[CeOH(CO3)] could be identified. In the composite, how-
ever, a clear peak of CeO, could not be observed, in
contrast to results by XRD. This was attributed to the
formation of [CeOH(CO3)] on the surface of particles
during reduction. The exciting radiation at 633 nm has not
enough penetration power for overcoming the thin layer of
cerium hydroxycarbonate that is proposed to be coating the
oxide surface.
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Fig. 4 FTIR spectra of GO
> GO - CeO
GS, GO-Ce0,, and GS-CeO, Go €0,
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Wavenumber/cm™! Wavenumber/cm™!
GS GS - CeO,
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Wavenumber/cm™!
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FTIR spectra of all prepared materials are shown in
Fig. 4. They were interpreted according to the literature
[20-22]. GO spectrum presents a strong band in the region
of 3,500 cm™' attributed to asymmetric and symmetric
stretching of water. Carboxyl groups were identified as a
strong and sharp peak in 1,730 cm™'. A peak attributed to
symmetric stretching of conjugated alkenes is present in at
1,609 cm ™. Alcohol C-O stretching is identified by a peak
at 1,056 cm™' and the epoxide group is identified at
1,080 cm ™.

Wavenumber/cm™!

GS spectra shows, at first approach, small amounts of
water, as can be noted by the medium intensity band at ca.
3,500 cm™'. Methylene groups yield strong peaks in the
region of 2,880-2,940 cm™~'. Knowing that methylene (—
CH,-) has intense bands in that region, the observed low
intensities of these peaks suggest a low concentration in the
sample. Alcohol groups, as consequence of oxidative
treatment of graphite, remain in GS after solvothermal
reduction and are identified by the strong peaks at ca.
1,080 cm™'. Aromatic groups are identified by the out-of-
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plane C—H vibration, a strong peak at 877 cm™'. Skeletal
vibration gives rise to peaks in the region of 1,500 cm™".

GO-CeO, shows interesting features. The most promi-
nent peaks are water at ~ 3,400 cm™! and the U3 mode of
carbonate ion in the region 1,150-1,800 cm~ ! as a reaction
product of CeO, and atmospheric CO,. A discrete shoulder
in 1,730 cm™! and a peak in 1,375 cm™! are attributed to
carboxyl groups; the stretching of conjugated double bonds
of carbon sheets is present at 1,730 cm™ . Five other peaks
attributed to vibrational modes of carbonate ion, at 630,
683, 752, 853, and 875 cm~! could be identified.

The spectrum of GS—-CeQ,, in turn, shows the Uj; car-
bonate mode of vibration in the range 1,260-1,720 cm ™,
as well as carboxyl peaks at 1,730 and 1,375 cm™!. Car-
boxyl peaks are less intense, suggesting low carboxyl
group amounts due to reduction of material in the EG
solvothermal treatment. The peak intensity of conjugated
dienes are also low, suggesting that the reduction treatment
decreases these species in the GS sheets. Other five peaks
attributed to carbonate were also identified at 630, 683,
752, 853, and 875 cm ™.

SEM analysis of GS and GS-CeO, composites are
shown in Fig. 5. The quality of obtained images depends
on the conductivity of materials, thus, SEM analysis of GO
and GO—CeO, did not yield good images (not shown), due
to the low conductivity of these materials, caused by its
broken sp” system. GS and GS—CeQ,, on the other hand,
have their sp system whole, yielding good images by SEM
analysis.

SEM analysis shows that the composite is an aggregate
of particles of CeO, anchored on GS sheets. Aggregates
have ca. 100 nm and individual particles ca. 6 nm diame-
ters, as shown in Fig. 5, in good agreement with XRD and
Raman particle size calculations.

Conclusions

The synthesis method here reported produced particles of
CeO, lower than 10 nm in size coating carbon sheets in both
the oxidized and reduced forms of the composites. The
agglomeration of carbon sheets is inhibited, thus causing a
large surface area of these composites in the solid state.

In an alternate method reported in the literature for GS—
CeO, GS [23], the synthesis was carried out through
addition of solid GO to solution to solution of Ce(IIl)-
polypyrrolidone. Then the mixture was submitted to
solvothermal treatment. The XRD pattern presented,
however, shows the peak (002) at ca. 12°, which suggests
staking of GS sheets at some extent.

The synthesis adopted in this study was carried out by a
two-step route. As first, GO was added to Ce(IlI) solution
through aqueous solutions, which ensures large extent of
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reaction due to high dispersed state of carbon sheets. After
isolated, this product’s X-ray diffraction patterns did not
show evidences of staked carbon sheets. This fact indicates
a more intimate interaction between the oxide phase and
carbon phase in both GO-CeO, and GS—-CeO, composites.
It is important to note that, by adding GO as a solid to
CeCl;-7H,0 aqueous solutions, in an ultrasonic bath, the
product does not show the same thermal stability as shown
by the GO-CeO, obtained in this study.

These new materials (both oxidized and reduced com-
posites) have shown remarkable unexpected properties that
can be used for technological purposes, such as the thermal
stability up to 1,400 °C, in synthetic air, presented by GO—
CeO,. The high surface area presented by composites and
conductive character of GS—CeO, with can be applied in
the construction of electrochemistry sensors.
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