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a  b  s  t  r  a  c  t

Ruthenium  oxide  nanodots  have  been  deposited  on  reduced  graphene  oxide  (RGO)  sheets  homogeneously
by  hydrothermal  and  annealing  methods.  Adding  NaOH  solution  in  GO colloids  prevents  the  restack  and
agglomeration  of  GO sheets  when  mixed  with  ruthenium  chloride  solution.  Local  crystallization  of RuO2 in
the composites  is  revealed  by  X-ray  diffraction  and  transmission  electron  microscopy.  The  element  map-
vailable online 19 September 2011

eywords:
nergy storage materials
hemical synthesis

ping image  demonstrates  the  uniform  distribution  of  Ru on  RGO  sheets.  Unlike  the pure  crystalline  RuO2

exhibiting  poor  electrochemical  performance,  the  composites  present  superior  capacitive  properties.  The
hydrothermal  time  is  optimized  and  a maximum  of  471  F g−1 is  measured  in the  composites  at  0.5  A  g−1

when  loaded  with  45  wt%  of  RuO2. After  3000  cycles,  its  specific  capacitance  remains  92% of  the  max-
imum  capacitance.  Our  results  suggest  potential  application  of  the  reduced  graphene  oxide/ruthenium

rcapa
ransmission electron microscopy oxide  composites  to  supe

. Introduction

With higher power density than lithium ion batteries [1,2],
upercapacitors have attracted great interest in the field of energy
torage devices. Supercapacitors are ideal for applications includ-
ng electric vehicles, emergency doors, portable electronic devices
nd so on [3,4]. The electrochemical energy storage mechanisms
or supercapacitors encompass double electrical layer capacitance
separation of charges at the interface between a solid electrode
nd an electrolyte) and pseudocapacitance (fast faradaic reactions
epending on multiple oxidation states of materials) [5].  Electrode
aterials based on the former mechanism are carbon materials and

he latter are polymers and metal oxide [6].
Graphene is a 2D flat material consisting of monolayer car-

on atoms [7].  Because of its high theoretical specific surface area
nd good electrical conductivity [8],  graphene exhibits promising
otential in energy storage applications [9–11]. Since Vivekchand
t al. [12] and Stoller et al. [13] took the lead in fabricating
raphene-based supercapacitors, the capacitive properties have
een enhanced effectively by many researchers’ unremitting efforts
14]. However, graphene based supercapacitors merely possess
imited capacitance due to two main aspects. On one hand, solid

raphene which is prone to restacking decreases its specific surface
rea severely. On the other hand, graphene as a carbon mate-
ial is based on double electrical layer capacitance mechanism.

∗ Corresponding author. Tel.: +86 10 82547129; fax: +86 10 82547137.
E-mail address: ywma@mail.iee.ac.cn (Y. Ma).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.045
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© 2011 Elsevier B.V. All rights reserved.

Initially, in order to increase its specific surface area, some strate-
gies to prevent graphene sheets from aggregating were studied by
incorporating nanoparticles into graphene oxide [15–17].  Further,
as we know, materials depending on pseudocapacitance mech-
anism have higher capacitive nature than carbon materials, but
pure pseudocapacitance materials have poor life performance. For
the sake of obtaining synergistic effects between the two mecha-
nisms, graphene-based composites, such as graphene/polyaniline
and graphene/Co3O4, are synthesized to be an alternative to
bare graphene [9,18].  Up to now, hydrous ruthenium oxide nan-
odots exhibit the highest pseudocapacitance of 1580 F g−1 and
good electrical conductivity [19–21]. Subsequently, in the interest
of effective inhibition of crystallite coalescence upon anneal-
ing, a series of hydrothermal studies were conducted by Chang
et al. [22,23].  No doubt, ruthenium oxide nanodots can effectively
improve the electrochemical properties of graphene after deposit-
ing on graphene sheets. Up to now, only one literature [24] reported
hydrous ruthenium oxide anchoring on graphene by a direct sol–gel
method for supercapacitors. However, it is difficult to re-disperse
solid graphene in liquid phase with high quality. Conversely, homo-
geneous suspension can be obtained more convenient if using
graphite oxide (GO) as the precursor instead of graphene.

Reduced graphene oxide (RGO) with a certain amount of oxygen
can be obtained by a hydrothermal method [25]. The ruthenium
oxide nanodots uniformly dispersed in the graphene oxide col-

loids is the precondition to settle ruthenium oxide on RGO sheets
homogeneously. We  have deposited ruthenium oxide nanodots
homogeneously on RGO sheets by one-pot hydrothermal synthe-
sis and then investigated the electrochemical properties of the

dx.doi.org/10.1016/j.jallcom.2011.09.045
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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omposites after annealing. When loading 45% of ruthenium oxide
n the composites, a maximum capacitance of 471 F g−1 at the cur-
ent density of 0.5 A g−1 has been obtained. The outstanding results
re attributed to ruthenium oxide nanodots attached onto the sur-
ace of RGO sheets, facilitating the electron transfer from graphene
o ruthenium oxide and hence building up with synergistic effects
etween double-layer capacitance and pseudocapacitance.

. Experimental

.1. Synthesis of composites

The preparation procedure of RGO/ruthenium oxide composites consists of
ol–gel synthesis, followed with hydrothermal and annealing treatments with GO
nd  hydrous ruthenium chloride as the precursors. Concretely, GO was  prepared
ccording to the modified Hummers’ method [26]. 0.1 g of GO was sonicated in 80 mL
f  water for 2 h to form stable colloids. Next, 0.06 g of hydrous ruthenium chloride
as  dissolved in 12 mL  of water. And then 0.4 M sodium hydroxide aqueous solu-

ion was  injected into the GO colloids to adjust pH to 8. Afterwards, the alkaline
olloids were added into the ruthenium chloride solution dropwise by a constant
ressure funnel. Once mixed, 0.4 M sodium hydroxide solution was  injected into to
he  mixture to adjust pH to 7. Subsequently, the neutral mixture was  transferred to

 stainless steel autoclave and heated at 180 ◦C for several hours. RGO/ruthenium
xide composites was obtained after filtration, washing with water, desiccation and
nnealing at 150 ◦C in air for 6 h. The samples before and after annealing were des-
gnated as GR-t and GRA-t, where t refers to hydrothermal time, respectively. For
omparison, pure annealing ruthenium oxide and reduced graphene oxide whose
ydrothermal time is 6 h were prepared as control experiments in a similar proce-
ure.

.2. Characterization

X-ray diffraction (XRD) analyses were performed using an X’ Pert Pro sys-
em  with Cu K� radiation. X-ray photoelectron spectroscope (XPS) spectra were
ecorded on a PHI Quantear SXM (ULVAC-PH INC) which used Al as anode probe
n  6.7 × 10−8 Pa. Raman spectra were obtained on a RM 2000 microscopic confo-
al  Raman spectrometer (Renishaw in via Plus, England), employing a 514 nm laser
eam. The thermogravimetric analysis (TGA) was carried out by TA Q600SDT. Sur-
ace area analysis was determined with Micromeritics TriStar II 3020. The sample
as  outgassed at 150 ◦C prior to analysis. A Hitachi S4800 field emission scan elec-

ron microscope (FESEM) with energy dispersive spectroscopy (EDS) was utilized for
orphology observation and elemental mapping. The substrate of the FESEM/EDS

pecimens is a pure Al strip. Transmission electron microscopy (TEM) morphology
as  investigated by JEOL JSM 2010F. The electrical conductivities of bulk RGO after

nnealing and GRA-6 by pressing the powder at 5 MPa  in room temperature were
etected with a physical property measurement system (Quantum Design, PPMS).

.3. Electrochemical measurements

All electrochemical properties were measured with 1 M H SO as the electrolyte
2 4

n  a three-electrode configuration. The working electrode consisted of a titanium
oil as a current collector and a mixture of active materials, acetylene black and
olyvinylidene difluoride with a weight ratio of 8:1:1. A slice of platinum was used
s  the auxiliary electrode and a saturated calomel electrode (SCE) as the reference

ig. 1. XRD patterns of RuO2 (1) before and (2) after annealing, (3) GR-6 and (4)
RA-6.
Fig. 2. Raman spectra of (1) RGO and (2) RuO2 after annealing and (3) GRA-6.

electrode. The cyclic voltammetry (CV) and galvanostatic charge/discharge were
performed with CHI 660C workstation except the life test was operated with Arbin
MITS PRO 4.27.

3. Results and discussion

As GO colloids are not stable in an acid environment with low
pH value, aggregation happens when acidic ruthenium chloride
solution is mixed with GO colloids. Recently, a general strategy to
fabricate graphene/metal oxide composites proposed a new route
of adjusting pH before hydrothermal treatment [27]. Thus it is nec-
essary to inject NaOH solution to the GO colloids so that a stable
mixture of GO and ruthenium chloride is obtained. Further, the
alkaline GO colloids should be added to the ruthenium chloride
solution, otherwise sediment of ruthenium oxide could be formed
before depositing on GO sheets. After the hydrothermal reaction,
ruthenium oxide could be deposited on RGO sheets homogenously.

Fig. 1 features the structure of pure ruthenium oxide before and
after annealing, GR-6 and GRA-6. The XRD patterns of ruthenium
oxide before and after annealing show four peaks indexed in the
figure, which correspond to rutile RuO2. As for GR-6, no crystalline
diffraction peaks of GO at 2� = 11◦, graphite at 2� = 26◦ and RuO2 are
observed, revealing that GO is reduced and amorphous RuO2 nan-
odots as spacers are deposited on RGO sheets. After annealing, the
broad peaks of RuO2 emerge in GRA-6, but completely crystalline
RuO in the composites is still not formed. These results demon-
2
strate that crystal growth of RuO2 is restrained in the presence of
RGO. In order to further characterize the phase structure of RGO
and RuO2 after annealing and GRA-6, the Raman spectra of them

Fig. 3. TGA of GRA-6.
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yses. Fig. 5b shows broad size distribution below 11 nm with an
Fig. 4. The XPS (a) survey, (b) Ru3p 3/2 and (c) C 1s spectrum of GRA-6.

re shown in Fig. 2. Like other graphene materials synthesized by
hemical methods, RGO also shows its D and G bands. Three distinct
eaks of 514, 636, 690 cm−1 are observed in RuO2 after annealing.
esides these peaks, the D (1353 cm−1) and G (1598 cm−1) bands
lso are present in the composite, suggesting that the in situ inte-
ration of RGO and RuO2 could be achieved by the method.

The TGA in Fig. 3 demonstrates that the content of RuO in GRA-
2
 reaches 45%. The XPS survey spectrum (Fig. 4a) of GRA-6 exhibits
u 3p1/2 and 3/2 at 486 and 464 eV in addition to C 1s and O 1s.
ig. 4b shows the fitting Ru3p3/2 spectrum of GRA-6, where two
Fig. 5. (a) Nitrogen adsorption/desorption isotherm and (b) pore-size distribution
of  GRA-6.

peaks at 463.2 and 464.4 eV are assigned to RuO2 [28] and Ru IV. It
is confirmed that RuO2 is formed in the hydrothermal course. The
C 1s spectrum of GRA-6 overlaps its Ru3d3/2. However, as shown
in Fig. 4c, the spectrum of GRA-6 has only a main peak at 284.8 eV
corresponding to C–C bond. Assuming that Ru3d3/2 has no influ-
ence on the C 1s spectrum, the peak intensities of C–OH (286.1 eV)
[29], C–O–C (286.6 eV), C O (287.4 eV) and O–C O (288.6 eV) in
GRA-6 are very weak, in comparison with those in GO, indicative
of reducing GO in the hydrothermal reaction.

As shown in Fig. 5a, the nitrogen adsorption and desorption
isotherm of GRA-6 possesses a hysteresis loop and an inflection
point in a relatively low pressure. It consists with a type IV isotherm,
reflecting the presence of mesoporous characteristic in the sam-
ple. Its Brunauer–Emmett–Teller (BET) specific surface area reaches
76 m2 g−1. Considering that the surface area of solid aggregated
RGO cannot be detected in the same condition, the relatively large
surface area of GRA-6, combining with absence of graphite peaks in
its XRD pattern, proves that these RuO2 nanodots keep RGO sheets
individual by anchoring on them. Considering that pore size cal-
culation from the desorption branch is affected by tensile strength
effect [30], the pore size distribution curve of GRA-6 is obtained
from adsorption branch by the Barret–Joyner–Helena (BJH) anal-
average pore width of 6 nm.  Withal, the BJH adsorption cumu-
lative volume of pores between 1.7 and 300 nm width is up to
0.105 cm3 g−1 for GRA-6.
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ig. 6. Low magnification TEM images of (a) GR-6 and (c) GRA-6, high resolution TE
ith  element mapping images in its inset.

The morphology of GR-6 and GRA-6 are shown in Fig. 6. For
R-6, densely stacked RuO2 nanodots are partly present in Fig. 6a
ue to agglomeration and corrugation of RGO sheets. In the high
esolution TEM image (Fig. 6b), amorphous RuO2 nanodots with
.5 nm deposited on RGO sheets uniformly are observed before

nnealing. After annealing, the low magnification morphology of
RA-6 in Fig. 6c is similar to that of GR-6. By further observation

n the high resolution TEM image, local crystalline RuO2 nanodots
re formed on RGO sheets with lattice fringes marked by arrows
ges of (b) GR-6, (d) GRA-6 and (e) RuO2 after annealing and (f) SEM image of GRA-6

in Fig. 6d, which is in agreement with the two main broad peaks
in the XRD results. However, their sizes are not changed obvi-
ously. As for the control experiment, the diameter of the annealing
RuO2 nanodot with a very clear lattice image is still below 3 nm,
as revealed by Fig. 6e. Effective inhibition of crystallite coalescence

and maintenance of nano-scale for RuO2 nanodots, whether as a
single ingredient or in the composites, depend on the hydrother-
mal  process used before annealing [22,31]. During the initial period
of hydrothermal process, the two precursors are co-precipitated
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ig. 7. (a) CV profiles of, GR-6, GRA-6 and RGO and RuO2 after annealing at 10 m
apacitance of RGO and RuO2 after annealing, GRA-3, GRA-6 and GRA-12 as a funct

ue to condensation of hydroxyl of Ru(OH)4 anchoring on reduced
O. With prolonging hydrothermal time, continuous reduction of
xygen in RGO sheets and gradual growth of RuO2 occurs after
epositing. Electron transfer of RuO2 with high water content is

imited for mere hydrothermal synthesis, it is essential to have
he composites heated at a low temperature in air. Once through
nnealing at 150 ◦C, crystallization begins to arise for RuO2 nan-
dots on RGO sheets. When RuO2 nanodots are subjected to the
ame hydrothermal protocol without GO, condensation of hydroxyl
nd crystallization of RuO2 occurs, which is evident from the sharp
eaks of RuO2 in the XRD pattern. The TEM and XRD results of pure
uO2 are so much different from that of other hydrothermal syn-
hesis [22] because of the tiny difference in the synthesis. When
dding NaOH solution in our experiment, RuO2 forms before the
ydrothermal reaction. So the temperature, pressure and time are
ot desirable for pure RuO2 because crystallization occurs even

f at above 175 ◦C in an ambient environment [21]. But here it
s necessary to inject NaOH solution so that it can prevent from
gglomeration and restack of GO in RuCl3 solution. Moreover, it
eems that injecting NaOH solution does not decay the capaci-
ance of the composites. From the XRD results, crystallization of
he RuO2 single phase is prevented in the presence of GO in the
ydrothermal course, maybe because reduction of GO and co-
recipitation occur before crystallization of RuO2. In order to prove
he homogeneity in the composites, element mapping images are
btained in all composites by EDS. Typically, the FESEM and ele-
ent mapping images of GRA-6 are displayed in Fig. 6f and its

nset. The contents of C, O and Ru are 33, 33 and 34 wt.%. Alter-
ately, the content of RuO2 is 45 wt.%, which is totally consistent to
he TGA result. It is also observed that C, O and Ru element homo-

eneously and densely distributes in the random selected dashed
rame.

The conductivity values of GRA-6 and RGO after annealing are
0 and 0.001 S cm−1, respectively. Obviously, the relatively high
 (b) Charge/discharge plots of GRA-3, GRA-6 and GRA-12 at 0.5 A g−1, (c) specific
current densities and (d) cyclic performance of GRA-6 at 5 A g−1.

conductivity of the composite owes to the high conductivity of
RuO2 whose conductivity reaches 300 S cm−1 [21].

In order to optimize the capacitive behaviours of the compos-
ites, the electrochemical properties of the samples with different
parameters are compared. The CV profiles of GR-6, GRA-6 and RuO2
and RGO after annealing measured at 10 mV s−1 are described in
Fig. 7a. A featureless curve is observed for GRA-6 but a nonrectan-
gular shape for GR-6, suggesting that the annealing material has a
more ideal capacitive behaviour. The current response of GRA-6 is
higher than that of GR-6 at both high and low potential regions. The
improvement of 44 F g−1 for GRA-6 mainly originates from the for-
mation of rutile-like RuO2 chains in three dimensions [32], which
promotes the electrical conductivity of the composites. On the con-
trary, pure RuO2 after annealing shows poorer performance even
than RGO after annealing, which is a result of decreasing in mean
electron transfer number due to the undesirable hydrothermal
treatments in such condition. So far, it can be concluded that only
the capacitive nature of annealing composites is worth studying. As
shown in Fig. 7b, the electrochemical properties of GRA-3, GRA-6
and GRA-12 are compared by the charge/discharge curves at the
current density of 0.5 A g−1. Remarkably, GRA-6 possesses a maxi-
mum specific capacitance of 471 F g−1 when only 45 wt% of RuO2 is
loaded, while the capacitance values of GRA-3 and GRA-12 are 402
and 340 F g−1. As mentioned above, the hydrothermal and anneal-
ing treatments can render gradual growth and even crystallization
of RuO2, apart from reduction of oxygen on RGO sheets. As revealed
by the previous work, RGO with relatively low oxygen content will
show optimal electrochemical performance [11,33]. Yet crystalliza-
tion leads to the formation of inactive bridging oxo bonds within
RuO2 with low water content. Although the original mesoporosity

of RuO2 nanodots is maintained by the hydrothermal method to
favor the penetration of electrolytes into the electrode matrix, the
increased inactive sites decrease the mean electron transfer num-
ber and the crystals with low water content still degrade the proton
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iffusion. So the highest capacitance obtained with hydrothermal
ime of 6 h is a result of compromised effects between RGO and
uO2 based on the two electrochemical mechanisms [34]. Note that
he potential below point of zero charge could reverse the polarity
f the electrode, the specific capacitance of RuO2 after annealing is
alculated in the range from 0 to 0.9 V. As shown in Fig. 7c, the high-
st capacitance of RuO2 is only 189 F g−1 at 0.5 A g−1, much lower
han that in other reports [35–37].  Additionally, 229 F g−1 of the
apacitance is obtained by RGO after annealing at the same con-
ition. The sum capacitance of 45% of RuO2 and 55% of RGO after
nnealing reaches only 211 F g−1, much smaller than that of GRA-6,
nferring that synergistic effects between RGO and RuO2 contribute
n the extra capacitance. Fig. 7c also presents the retention trend
f GRA-3, GRA-6, GRA-12 and RuO2 and RGO after annealing. When
he capacitance at 0.5 A g−1 is a reference, the best retention of 84%
t 10 A g−1 is viewed in GRA-12. The retention ratios of the other
hree samples are all above 71%, suggesting that good retention and
apacitance can be obtained in GRA-6 simultaneously. The cycling
urability of GRA-6 at 5 A g−1 is displayed in Fig. 7d. Its capaci-
ive retention still reaches 92% of the max  capacitance after 3000
ycles.

. Conclusions

We firstly have employed GO as the precursor to synthesize
GO/RuO2 composites by hydrothermal and annealing treat-
ents. The usage of NaOH solution to adjust pH of GO colloids

eads to homogeneous ruthenium oxide deposited on reduced
raphene oxide sheets. EDS analysis describes the excellent dis-
ribution of Ru on RGO sheets. High degree of crystallization
n RuO2 is disclosed by XRD and the pure RuO2 shows poor
apacitance. Composites with 40 wt% RuO2 exhibit good elec-
rochemical properties. The optimal hydrothermal time of 6 h
s established by comparing their capacitance. The best sample
xhibits a maximum capacitance of 471 F g−1 at 0.5 A g−1. More-
ver, its rate capability is comparable to pure crystalline RuO2
nd its life-time retention is 92% even if after 3000 cycles. The
utstanding integrative capacitive nature is attributed to the uni-
ormity of RuO2 on RGO and the synergistic effects between
hem.
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