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A Novel High-Energy Hybrid Supercapacitor with an
Anatase TiO,—Reduced Graphene Oxide Anode and an

Activated Carbon Cathode

Haegyeom Kim, Min-Young Cho, Mok-Hwa Kim, Kyu-Young Park, Hyeokjo Gwon,
Yunsung Lee, Kwang Chul Roh, and Kisuk Kang*

A hybrid supercapacitor with high energy and power densities is reported.

It comprises a composite anode of anatase TiO, and reduced graphene
oxide and an activated carbon cathode in a non-aqueous electrolyte. While
intercalation compounds can provide high energy typically at the expense of
power, the anatase TiO, nanoparticles are able to sustain both high energy
and power in the hybrid supercapacitor. At a voltage range from 1.0 to 3.0 V,
42 W h kg™! of energy is achieved at 800 W kg". Even at a 4-s charge/dis-
charge rate, an energy density as high as 8.9 W h kg™" can be retained. The
high energy and power of this hybrid supercapacitor bridges the gap between
conventional batteries with high energy and low power and supercapacitors

with high power and low energy.

1. Introduction

Energy-storage devices delivering high energy and power have
a wide range of applications, from renewable energy storage to
hybrid electric vehicles (HEVs).'™*l Increasing demands from
these sectors are now requiring better-performing energy-storage
concepts.'2%  Among conventional energy-storage devices,
lithium ion batteries (LIBs) can provide high energy density
(~150 W h kg™ as a result of Faradaic reactions derived from the
intercalation of large numbers of lithium ions into the electrodes.
However, intrinsically slow solid-state lithium diffusion in the bulk
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and the accompanying volumetric strain has
limited its high-power capability?'?3 On
the other hand, supercapacitors can provide
good power (2-5 kW kg!) as a result of fast
surface reactions, while they suffer from
low energy density (3-6 W h kg™!) because
charge is stored only on the surface.[21:24-20]
For emerging new applications, the cur-
rent status of energy storage using LIBs or
supercapacitors barely satisfies the demands
in terms of both energy and power; thus,
bridging the performance gap between LIBs
and supercapacitors is becoming an impor-
tant issue in the field of energy storage.

To combine the advantages of LIBs and
supercapacitors, a new concept—i.e., a
hybrid supercapacitor—was recently proposed.??4 The hybrid
supercapacitor uses a Faradaic lithium-intercalation cathode (such
as LiMn,0,) or anode (such as Li,Ti;Oy;), which are commonly
used as LIB electrodes, and combines it with a non-Faradaic
capacitive anode or cathode (typically a carbonaceous material),
which are used in supercapacitors, in a non-aqueous electrolyte
(Figure 1).7281 The hybrid supercapacitor asymmetrically and
simultaneously stores charges by surface ion adsorption/desorp-
tion on one electrode and by lithium de/intercalation in the other
electrode. The combination of the Faradaic intercalation and non-
Faradaic surface reaction provides an opportunity to effectively
improve the energy and power densities.?!

One of the major issues for hybrid supercapacitors, however,
is the imbalance in the power capability between the two elec-
trodes. Faradaic lithium-intercalation is far more sluggish than
a non-Faradaic capacitive reaction. At normal operating condi-
tions of a hybrid supercapacitor, this imbalance in the kinetics
prevents full energy utilization of the intercalation electrode
and imposes a high overpotential in the capacitive electrode,
thus deteriorating the overall efficiency. Therefore, balancing of
the kinetics—in particular, by enhancing the power capability
of the Faradaic lithium-intercalation electrode—is of utmost
importance to the performance of the hybrid supercapacitor.

In order to remedy the sluggish reaction of the intercalation
electrode in the hybrid supercapacitor, in this study we employed
anatase TiO, nanoparticles embedded in reduced graphene
oxide as the anode. While the electrochemical performance of
anatase TiO, in the hybrid supercapacitor with non-aqueous
electrolyte has not previously been reported, nanosized anatase
TiO, is regarded as a promising anode for LIBs?%3% because of
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Figure 1. lllustration of a typical hybrid supercapacitor. The hybrid supercapacitor uses a non-Faradaic capacitive cathode like those used in superca-

pacitors and a Faradaic lithium-intercalation anode like those used in LIBs.

its low potential, good cycle stability, and fast lithium intercala-
tion.’1-33 Here, we demonstrate that the use of TiO, anchored
on reduced graphene oxide can substantially increase the per-
formance of hybrid supercapacitors, delivering 42 W h kg™! at
800 W kg™! and 8.9 W h kg™! even at a 4-s charge/discharge rate.
This new system based on anatase TiO, and reduced graphene
oxide may be the key to bridge the gap between high-energy
LIBs and a high-power supercapacitors.

o

——Ti0, (Commercial powder)
——TiO, (Synthesized without graphene)

——TiO, reduced graphene oxide
Anatase TiO, (PDF#: 21-1272)

Intensity (a.u.)
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2. Results and Discussion

TiO,-containing reduced graphene oxide was synthesized in a
simple process during the reduction of graphene oxide (GO),
as described in the Experimental Section. All X-ray diffraction
(XRD) peaks (Figure 2a) could be indexed with those of anatase
TiO, without any impurities (Joint Committee on Powder Dif-
fraction Standards, JCPDS card no. 21-1272). A calculation
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Figure 2. Characterization of TiO,—(reduced graphene oxide).

Binding Energy (eV)
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a) XRD plots of TiO,—(reduced graphene oxide), TiO, nanoparticles synthesized without

reduced graphene oxide, and commercial TiO, powder. b—-d) HR-TEM images of commercial TiO, powder (b), TiO, nanoparticles synthesized without

reduced graphene oxide (c), and TiO,—(reduced graphene oxide) (d).

e) XPS spectra in the Ti 2p region. f) FE-SEM image of TiO,—(reduced graphene

oxide). Inset: EDS analysis. The presence of Pt detected by EDS originated from the Pt coating of the sample for SEM analysis.
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Table 1. Full-width at half-maximum of the (101) plane and the equiva-
lent particle size calculated from Scherrer’s equation.

Full-width at half- Equivalent particle

maximum [°] size [nm]
TiO,—(reduced graphene oxide) 1.306 6.2
TiO; (Synthesized without graphene) 0.84 9.68

using Scherrer’s equation gave an equivalent particle size of
6.2 nm for the TiO, within the reduced graphene oxide, which
is smaller than the TiO, nanoparticles synthesized in a similar
manner but without reduced graphene oxide (9.68 nm), as pre-
sented in Table 1.3 The high-resolution transmission elec-
tron microscopy (HR-TEM) analysis of the morphology and
particle size of TiO,—(reduced graphene oxide) confirmed that
the particle size of the TiO, on the reduced graphene oxide was
~5 nm, which is more than twice as small as that of TiO, without
reduced graphene oxide (~10 nm) or that of battery-grade com-
mercial TiO, (~20 nm) (Figure 2b—d). This indicated that the use
of reduced graphene oxide promoted the formation of smaller
TiO, nanoparticles. We attribute this behavior to the defects on
the reduced graphene oxide surface that may provide heteroge-
neous nucleation sites for facile TiO, formation.’*3738] Because
the heterogeneous nucleation is faster than homogeneous
nucleation, the growth of particles is comparatively suppressed.
Thus, extremely small TiO, particles formed on the reduced gra-
phene oxide. Using high-magnification field-emission scanning
electron microscopy (FE-SEM) and HR-TEM (Figure S1 in the
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Supporting Information, SI), it was found that TiO, nanoparticles
are grown on the reduced graphene oxide, specifically at the
edges and wrinkled regions of the graphene layers. Because edges
and wrinkled regions contain lots of defects and have higher sur-
face energy, TiO, nanoparticles prefer to grow at those sites to
heal defects and reduce surface energy. X-ray photoelectron spec-
troscopy (XPS) peaks in the Ti 2p region agreed well with those of
pure anatase TiO,, indicating the defect-free anatase phase on the
reduced graphene oxide (Figure 2e).3% Figure 2f is an FE-SEM
image of the TiO,—(reduced graphene oxide) sample in which the
wrinkled nature of the reduced graphene oxide is evident. The
rough surface of the reduced graphene oxide likely originated
from the presence of the TiO, nanoparticles. Energy dispersive
spectroscopic (EDS) analysis further confirmed that anatase TiO,
was present on the wrinkled reduced graphene oxide (inset in
Figure 2f). The reduction of the particle size led to higher sur-
face area. Brunauer-Emmett-Teller (BET) analysis indicated that
the surface area of the TiO,—(reduced graphene oxide) sample
was 405.9229 m? g!, whereas the surface areas of TiO, nano-
particles without reduced graphene oxide and that of the com-
mercial powder are 221.3402 and 58.0225 m? g!, respectively.
The chemical structure of reduced graphene oxide was further
analyzed by XPS (Figure S2, SI). It was confirmed that only small
amounts of functional groups such as C-O and C=0 remains
in the reduced graphene oxide, indicating that functional groups
were effectively removed by chemical reduction using NH,NH,
followed by heating at 400 °C. Before constructing a full-cell,
the lithium-storage capability of TiO,—(reduced graphene oxide)
was examined in a Li half-cell over 1.0 to 3.0 V (Figure 3a,b). The
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Figure 3. Electrochemical performance of TiO,—(reduced graphene oxide) and AC electrodes in a Li half-cell. a) Charge/discharge profiles for the
initial 10 cycles and b) the cyclability of the TiO,—(reduced graphene oxide) electrode in the voltage window of 1.0-3.0 V at a current rate of 0.2 A g™
c) Charge/discharge profiles for the initial 10 cycles and d) cyclability of the AC electrode in the voltage window of 3.0-4.5 V at a current rate of 0.2 A g7'.
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characteristic plateau around 1.7 V in Figure 3a indicates revers-
ible intercalation of Li into the anatase TiO, structure. At a current
rate of 200 mA g! (>1C, where current rate 1C = 168 mA g}),
TiO,—(reduced graphene oxide) retained a high specific capacity
of about 145 mA h g! (~88% of the theoretical capacity) after
50 cycles. During repeated battery cycling, the charge/discharge
profiles did not change significantly, indicating that the de/inter-
calation reaction was highly reversible. The charge/discharge
properties of the activated carbon (AC) electrode in a Li half-cell
system were also measured at a current rate of 200 mA g! over
3.0 to 4.5 V as shown in Figure 3¢; Figure 3d shows its cycle sta-
bility. The linear charge/discharge profiles revealed that the AC
electrode operated by a characteristic non-Faradaic capacitive
reaction, in which the charge/discharge process occurred with
the adsorption/desorption of ions on the surface.*) The AC elec-
trode had an acceptably high capacity of ~55 mA h g™! with the
reversible surface reaction on the AC electrode.

The electrochemical performance of the TiO,—(reduced gra-
phene oxide) electrode in the hybrid supercapacitors was then
investigated. The hybrid supercapacitors were constructed
using an anode of TiO,—(reduced graphene oxide) and a
cathode of AC. The cyclic voltammetry (CV) analysis was car-
ried out for the TiO,—(reduced graphene oxide)//AC hybrid
supercapacitor system from 1.0 to 3.0 V at scan rates from 2.0
to 20.0 mV s~!. While an ideal symmetric supercapacitor shows
rectangular CV profiles,*!l Figure 4a(i) shows that the CV pro-
file of the TiO,—(reduced graphene oxide)//AC hybrid super-
capacitor had two different regions. To better understand this
behavior, CV analyses of Li half-cells using the TiO,—(reduced
graphene oxide) electrode (ii) and the AC electrode (iii) were
performed at a scan rate of 2.0 mV s7!. The TiO,—(reduced
graphene oxide) electrode showed distinct peaks, which were
attributed to the redox reaction of TiO,, while the AC electrode
exhibited a rectangular CV shape. This indicated that both
capacitive and redox reactions occurred in the hybrid superca-
pacitors. In the hybrid supercapacitor system, the redox peaks
in the CV resulted from the oxidation and reduction of Ti*' ions
in the TiO,~(reduced graphene oxide) electrode.l*>*4 Notably,
the decrease in overpotential when the hybrid supercapacitor
was constructed compared to the TiO,—(reduced graphene
oxide) electrode is attributed to the kinetic difference between
the reversible surface—anion adsorption/desorption reaction
and the ionization/precipitation reaction of Li metal. The spe-
cific capacitances of TiO, nanoparticles without reduced gra-
phene oxide and commercial powder were also measured and
compared with that of TiO,—(reduced graphene oxide) using the
following relationship:**!

B q _ fiAt
T AVXxm  AVxm

¢ M
where C is the capacitance (F g7!), AV is the voltage change, m
is the mass of the active materials in both electrodes, g is the
total charge obtained by the integration of positive and nega-
tive sweeps of the CV analysis (Figure S3, SI), i is the current,
and t is time. The capacitances of the hybrid supercapacitor
containing the TiO,—(reduced graphene oxide) electrode were
89, 75, 63, and 53 F g! at scan rates of 2.0, 5.0, 10.0, and
20.0 mV s7!, respectively. These capacitances were substantially
higher than those of TiO, nanoparticles, as shown in Figure 4b.
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The higher capacitances were attributed to the higher surface
area provided by the smaller anatase TiO, particles.

The electrochemical performance was also measured by gal-
vanostatic charge/discharge at current densities from 0.4 to
4.0 A gl Figure 4c shows the charge/discharge profiles of the
samples at a current rate of 0.4 A g”'. They did not follow the
typical triangular profiles, unlike symmetric AC/AC superca-
pacitors, because they underwent the charge transfer reaction
of the battery-type lithium-intercalation. This behavior con-
firmed again that the charge storage in the hybrid supercapac-
itor combined the capacitor and battery mechanisms.*!] The
discharge specific capacitances of the hybrid supercapacitor
using the TiO,—(reduced graphene oxide) anode were about
150, 90, 70, 55, 50, and 30 F g! at current rates of 0.4, 0.8,
1.2, 1.6, 2.0, and 4.0 A g7}, respectively (Figure S4, SI). These
values were more than three times higher than those of TiO,
nanoparticles without reduced graphene oxide or those of bat-
tery-grade commercial TiO, powder. The high specific capaci-
tance was well maintained up to 10 000 cycles, except for the
initial 100 cycles (Figure 4d). The initial specific capacitance of
~150 F g! decreased to ~120 F g (80% of the initial value)
after 100 cycles at a current density of 0.4 A g~!. However, out-
standing retention of the specific capacitance was achieved after
the first 100 cycles.

In order to further evaluate the practical applicability of the
hybrid supercapacitor system, a Ragone plot was constructed
from the galvanostatic capacitance data (Figure 5). The specific
power density (P) and energy density (E) of the hybrid superca-
pacitor were calculated as follows:*0:4%]

P=AVxI/m

E = P x /3600

AV = (Emax + Emin)/2

where E,., and E.;, are the potentials at the beginning and
the end of the discharge (V), respectively, I is the charge/dis-
charge current (A), t is the discharge time (s), and m is the
mass of active materials including both the anode and cathode
in the hybrid supercapacitor. The Ragone plot demonstrated
that the hybrid supercapacitor containing TiO,—(reduced
graphene oxide) delivered one of the highest specific power
and energy densities among similar systems.[?1:274045-47]
The maximum specific energy density of this system was
42 W h kgt at a specific power of 800 W kgL It also delivered
about 8.9 W h kg™! at a specific power density of 8000 W kg,
which is three to four times higher than the control groups.
Even when comparing with previously reported high-perfor-
mance hybrid systems using lithium-intercalating electrode
materials with non-aqueous electrolytes, the superior perfor-
mance of the hybrid supercapacitor with the TiO,—(reduced
graphene oxide) anode is quite notable. For comparison, the
energy and power densities of TiO,—(B)nanowires//carbon
nanotubes (CNT),?!  LiTi,y(PO,);//AC,*>*1  V,05//CNT,*0
LisTisOq,//AC,”7) and LiCrTiO,//ACH*! are plotted together
in Figure 5; the graph clearly shows that the hybrid superca-
pacitor based on (anatase TiO,)—(reduced graphene oxide) can
deliver far higher power and energy densities. For a more real-
istic consideration, gravimetric energy and power is typically
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Figure 4. Electrochemical performance of TiO,—(reduced graphene oxide) in the hybrid supercapacitor. a) CV analysis of i) the hybrid supercapacitor

cell. b) Specific capacitance of TiO,—(reduced graphene oxide) and TiO, nanoparticles in the hybrid supercapacitor. c) Initial charge/discharge profiles
of the hybrid supercapacitor. d) Cyclability and rate capability of the hybrid supercapacitor at various current rates, from 0.4 to 4.0 A g”'.

estimated for a practical cell construction by dividing the
values of the energy and power densities of the electrode by
a factor of ~2.184% The Ragone plot for such a realistic cell is
shown in Figure S5 (SI); it reveals that both the energy and
power levels of our system approached the requirements for
an HEV application.””
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The high energy and power characteristics of the TiO,—
(reduced graphene oxide)//AC hybrid supercapacitor were
attributed to the following aspects. i) The reasonably low flat
potential at ~1.7 V increased the cell voltage compared to AC/
AC symmetric supercapacitors, enhancing the energy density
of the system (Figure S6, SI). ii) The unique TiO,—(reduced

Adv. Energy Mater. 2013, 3, 1500-1506



ADVANCED
ENERGY
MATERIALS

Mk

www.MaterialsViews.com

< 100 S— R R
(2] i 12 min

= _3'min '

é A——.A\A\ .\ v.45'sec

< I?#D\Dé\% ,.&'. 12'sec
> N e S T
o) \WM 4 ey, E_ 4sec
- 10| L ~] 7 \\ \ -

c SN A\ This work
Q g ’ AN

= Qe

- A

B

'; 1 a1 1 1

[ 10 100 1000 10000
[

G

Gravimetric Power (W kg'1)

Figure 5. Ragone plots of various hybrid supercapacitors. The hybrid
supercapacitor based on the TiO,—(reduced graphene oxide) anode
delivered dramatically improved energy and power densities. Hybrid
supercapacitors based on TiO,—(reduced graphene oxide)//AC (M),
TiO, nanoparticles without reduced graphene oxide (®), and commer-
cial TiO, powder (A) are compared with other hybrid supercapacitor
systems using TiO,—(B)nanowires//carbon nanotubes (CNT) (<]);2"
LiTio(PO4)s//AC (©),#1 ()61 V,05/ JCNT (7):140) LiyTisO1,//AC (1)
and LiCrTiO,//AC (O).17

graphene oxide)nanostructure substantially improved the elec-
trochemical kinetics. Reduced graphene oxide promoted the
facile synthesis of extremely small anatase TiO, particles with
their high electrical conductivity and high surface area. Also,
a conductive network was provided throughout the electrode,
thereby enhancing the electrochemical reaction.3*37:38 The
conductive framework effectively decreased the internal resist-
ance of TiO, electrode, as evidenced from the electrochemical
impedance spectroscopic measurements (Figure S7, SI). In
this way, the comparatively inferior rate capability of TiO, to
the non-Faradaic AC cathode at high current rates could be
significantly overcome. In general, we believe that the suitable
design of the electrode architecture providing networked elec-
tron pathways is one of the promising approaches to improve
electrochemical performance of electrode materials.P>%
Finally, iii) nanosized TiO, particles shortened the ion diffusion
length and so reduced the ionic diffusion resistance and charge
transfer resistance.l>’]

3. Conclusion

A new hybrid supercapacitor comprising an anatase TiO,—
(reduced graphene oxide) anode and an AC cathode exhibited
a promising energy-storage capability that could bridge the gap
between conventional LIBs and supercapacitors. The energy
density of the new system (42 W h kg™!) was one of the highest
among hybrid supercapacitor systems based on intercalation
compounds. The energy and power densities could satisfy the
requirements of an HEV application. With optimization, this
new system could be a strong competitor for energy storage in
HEVs.
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4. Experimental Section

Fabrication of Graphene Oxide: Graphite oxide was synthesized
using a modified Hummers method.’* Graphite (1 g), NaNO; (1 g),
and H,SO, (46 mL) were stirred together in an ice bath for 30 min,
followed by slow addition of KMnO, (5 g). The mixture was stirred for
2 h at 50 °C. Deionized (DI) water (100 mL) and H,0, (30%, 8 mL)
were then added to the mixture. Filtering and washing with HCI (30%,
50 mL) and DI water (200 mL) allowed isolation of the graphite oxide.
To obtain graphene oxide (GO), the graphite oxide was dissolved
in DI water (1 mg/mL, 400 mL) and sonicated for 100 min. During
this process, graphene oxide layers were exfoliated from the graphite
oxide.

Fabrication of TiO ,~(Reduced Graphene Oxide): Titanium tetrachloride
(TiCl,) was used as a precursor to synthesize the TiO,—graphene. TiCl,
(2 M, 4 mL) was slowly added to a graphene oxide solution (1 mg/mL,
400 mL). NH,OH (4 mL) and NH,NH, (35 wt%, 0.4 mL) were then
added to reduce the graphene oxide. The solution was stirred for 6 h at
80 °C and filtered. The resultant powder was heated to 400 °C to obtain
the final product, TiO,—(reduced graphene oxide).

Characterization of TiO,~(Reduced Graphene Oxide): TiO,—(reduced
graphene oxide) was analyzed by XRD (D2 PHASER) with Cu Ko
radiation and by XPS (PHI 5000 VersaProbe). The morphology of
the samples was studied by FE-SEM (SUPRA 55VP) and by HR-TEM
(JEM-3000F). The surface area of the prepared TiO,—(reduced graphene
oxide) was quantified by the BET method. The graphene content of the
TiO,—(reduced graphene oxide) was analyzed by an element analyzer
(EA, Fisions EA-1110), which established 5.32 wt% of carbon in the
composite.

Electrochemical ~ Testing of TiO,—(Reduced Graphene Oxide):
Electrodes were prepared by mixing the TiO,—(reduced graphene
oxide) (80 wt%) with conductive carbon (10 wt%) and polyvinylidene
fluoride (PVDF) (10 wt%) in N-methyl-2-pyrrolidone (NMP) for
electrochemical characterization. The resultant slurries were uniformly
applied to Al foil. The electrodes were dried at 120 °C for 2 h and
roll-pressed. An AC electrode was prepared by mixing AC (MSP-20,
90 wt%) with conductive carbon (5 wt%) and polytetrafluoroethylene
(PTFE, 5 wt%). For half-cell tests, cells were assembled into two-
electrode cells with a Li metal counter electrode, a separator
(Celgard 2400), and an electrolyte of lithium hexafluorophosphate
(1 ™) in a 1:1 mixture of ethylene carbonate and dimethyl carbonate
(Techno Semichem) in a glove box. For full-cell tests of the hybrid
supercapacitors, test cells were assembled into two-electrode cells with
a TiO,—(reduced graphene oxide) anode, an AC cathode, a separator
(Celgard 2400), and an electrolyte of lithium hexafluorophosphate
(1 ™) in a 1:1 mixture of ethylene carbonate and dimethyl carbonate
(Techno Semichem) in a glove box. As control groups for the TiO,—
(reduced graphene oxide) anode, electrodes were prepared with a
mixture of battery-grade commercial TiO, powder (Sigma Aldrich,
<25 nm) or TiO, nanoparticles synthesized without reduced graphene
oxide (80 wt%), conductive carbon (10 wt%), and PVDF (10 wt%).
Galvanostatic charge—discharge data and CV data at different scan
rates were obtained from 1.0 to 3.0 V using a multichannel potentio-
galvanostat (WonATech). Electrochemical impedance spectroscopy
(EIS) was performed using a ZIVE SP2 electrochemical workstation
(WonATech). The cell-discharge capacitance (C) was calculated using
the relationship C. = (i t/AV), and the specific discharge capacitance
(Csp) was calculated from Cg, = (4C.ei/m),B%*! where i is the applied
current (A), t is the discharge time (s), m is the total mass (g) of active
materials in both the anode and cathode, and AV is the potential
difference (V).

Supporting Information
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