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Large-area Co(OH), nanosheets have been successfully coated with ionic liquid modified graphene via
a general strategy. The advantageous combination of graphene and the 2D structure of the Co(OH),
nanosheets endows the obtained heterostructures with a remarkable lithium-storage performance,
including high reversible capacity and superior cyclic and rate performance.

1. Introduction

Reversible electricity storage using rechargeable batteries has
been receiving great attention for potential applications in elec-
tric vehicles and renewable energy systems.! Among all of the
advanced battery systems, lithium-ion batteries (LIBs) have
successfully captured the portable electronic market. However,
when proposing to conquer the upcoming markets for large scale
energy storage, a great improvement in storage capacity is
urgently needed.? There is a general consensus that the break-
through for overcoming such limitations will come from moving
away from classical intercalation reactions to conversion reac-
tions.?*® However, even after decades of intensive efforts, the
very rapid decay in capacity resulting from the intrinsically large
volume variation during the lithium insertion—extraction process
still greatly limits the application of conversion-based
materials.'®?

Cobalt hydroxide, as one of the most important family of
functional inorganic materials, has numerous applications in
the field of catalysis,* magnetic materials,” and electrochemical
capacitors,®“ as well as promising conversion-based anode
materials for LIBs due to its high capacity.®* Unfortunately,
like other conversion-based anode materials, the implementa-
tion in LIBs is greatly hampered by its terribly poor cycling
performance. One of the most promising strategies to tackle
this obstacle is to construct hybrid materials with graphene,
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possessing not only high surface area and superior electrical
conductivity but also excellent mechanical flexibility and high
thermal/chemical stability.” In this regard, many types of
hybrid materials consisting of graphene and electroactive metal
oxide nanoparticles (NPs) such as Sn0,,2 CoO/Co0504,° NiO,*°
TiO,," etc., have been fabricated, wherein graphene is
employed to buffer the volume changes of the NPs. Unfortu-
nately, the electroactive NPs are still prone to aggregation upon
cycling because of non-intimate contact between graphene
layers and the electroactive NPs. This leads to a serious
decrease in the capacity of metal oxide/graphene composites.®®
To circumvent this problem, confining individual NPs within
a single graphene sheet naturally could be an effective strategy,
but is still very challenging when ensuring both high electrical
conductivity and a low weight fraction of thin graphene layers
on the surface of electroactive NPs.'? To this end, graphene-
encapsulated metal oxides NPs derived by mutual electrostatic
interactions were firstly obtained via surface grafting and
chemical reduction under acidic conditions.’> However, this
method is pretty complex and especially not applicable to metal
hydroxides due to their dissolution in acid solution. In addi-
tion, the necessary post-reducing process also excludes the
usage of some very effective reducing agents such as hydroiodic
acid®® because of the instability of metal oxides and hydroxides
under acidic or alkaline conditions. Therefore, development of
a general strategy to effectively coat metal hydroxide with
functionalized graphene for enhanced cycling stability is of
great importance.

Alternatively, the important task of tuning the electrostatic
compatibility between graphene and metal hydroxide for
successful assembly might be accomplished on functionaliza-
tion of acidic- and alkaline- resistant graphene. On the other
hand, when electroactive materials are in large area 2D
structures and successfully coated with graphene, unlike NPs,
the unique 2D structure would greatly alleviate the aggrega-
tion of electroactive materials. Although decoration of NPs
with graphene has been widely shown, it remains unexplored
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and highly desirable to synthesize active materials with
different morphologies and prepare other architectures of
metal oxide and hydroxide/graphene heterostructures to ach-
ieve higher lithium storage capacity and better cycling
performance.

Herein, we describe a general strategy for the fabrication of
graphene coated large-area Co(OH), [GC-Co(OH),] hetero-
structures by assembly between positively charged hydroxide
nanosheets and negatively charged functionalized graphene,
wherein the amine-terminated ionic liquid plays a key role in
modifying graphene to tune its electrostatic charge. The
advantageous combination of graphene and the 2D structure of
Co(OH), nanosheets greatly alleviates not only the expansion
but also the aggregation of electroactive materials, which
endows GC-Co(OH), with a high performance stable and
reversible capacity that is up to 706 mAh g~' even after 50
cycles, which is almost twice the gravimetric capacity of the
state-of-the-art graphite and thus greatly expands the range of
anode choices.

2. [Experimental section
Materials

Cobalt nitrate (Co(NOj3),-6H,0, Aladdin Reagent, AR),
Ammonia solution (NH4OH, 25%, Aladdin Reagent, AR),
Methanol (CH3OH, Aladdin Reagent, AR), Graphite powder
(320 mesh, Shanghai Chemicals, China), 3-bromopropylamine
hydrobromide (=98%, Aldrich), 1-methylimidazole (=98%,
Linhai Kaile Chemicals, China), Potassium hydroxide (KOH,
82%), Hydrazine monohydrate (H4N,-H>O, 98%, Tokyo
Chemical Industry), Acetylene black (Hong-xin Chemical
Works), Polyvinylidenefluoride (PVDF, DuPont Company,
99.9%), N-methyl-2-pyrrolidinone (NMP, Aladdin Reagent,
AR), Separator (polypropylene film, Celgard 2400), Electrolyte
(1 M LiPFg in ethylene carbonate (EC) : dimethyl carbonate
(DMC) with the weight ratio of 1:1, Zhangjiagang Guotai-
Huarong New Chemical Materials Co., Ltd).

Synthesis of nanosheet-shaped Co(OH),

In a typical procedure, 1 mL of stronger ammonia water (25%)
was added to 40 mL of 0.025 M Co(NO3), solution slowly (green
blue flocculent precipitate). After stirring for about 15 min, the
green blue flocculent precipitate was washed with deionized
water by centrifugation 3 times. Then the precipitate was trans-
ferred into a 50 mL Teflon-lined autoclave, which was filled with
solvents (water/methanol = 1/1, v/v) up to 80% of the total
volume. Finally, autoclave was sealed and heated at 180 °C for
12 h. The obtained precipitate was collected by centrifugation
and washed with deionized water and ethanol, then dried at 80
°C for 24 h.

Preparation of functionalized graphene sheets

Functionalized graphene sheets (GIL) were synthesized by an
epoxide ring-opening reaction between graphene oxide (GO) and
the amine-terminated ionic liquid (IL-NH,)."* This procedure
involves three steps: 1) GO was prepared by oxidizing graphite
powder based on a modified Hummers method.’s 2) the

preparation of IL-NH,: bromide 3-bromo-propylamine hydro-
bromide (1.1 g, 5 mmol) and 1-methylimidazole (0.395 mL,
5 mmol) were firstly added to 12.5 mL of ethanol, forming
a colorless solution which was refluxed under nitrogen for 24 h.
Then, the resulting mixture was purified by re-crystallization
from ethanol. Finally, the resulting white powder was dried
under vacuum at 60 °C overnight. 3) functionalization of gra-
phene (producing GIL): First, IL-NH, (10 mg) was added into
10 mL of GO transparent dispersion in water (0.5 mg mL™").
Then, KOH (10 mg) was added into the above mixture and the
mixture was subjected to ultrasonic radiation for 30 min. Finally,
the mixture was stirred at 80 °C for 24 h. The final product was
centrifuged, washed with ethanol and water, and dispersed
in water.

Preparation of GIL-coated anode materials [GC-Co(OH),]

0.12 g of Co(OH), was added to 20 mL of deionized water and
stirred for about 10 min in a beaker. Then, 75 mL of GIL
suspension (0.1 mg mL~") was added to this beaker and subjected
to ultrasonic radiation for 10 min. After the ultrasonic radiation,
the above mixture was stirred for about 30 min. Finally, the final
products were centrifuged and dried for 24 h at a temperature
of 80 °C.

Preparation of unfunctionalized chemically reduced graphene

40 mL of GO (in water, 0.05 wt%) was mixed with 40 mL of
water, 0.024 mL of hydrazine solution (50% in water) and
0.284 mL of ammonia solution (25% in water) in a 100 mL glass
vial. After being stirred for a few minutes, the GO was reduced to
graphene by refluxing the mixture for 24 h at 95 °C.

Characterization methods

Powder X-ray diffraction (XRD) measurements were performed
on a Rigaku-Dmax 2500 diffractometer with Cu-Ka radiation
(A = 1.5405 /D%). Scanning electron microscopy (SEM) was per-
formed on a field emission Hitachi S-4800 instrument, operating
at an accelerating voltage of 10 kV. Samples for SEM were
prepared by dispersing the as-prepared product in ethanol by
sonicating for about 5 min, and then depositing it onto a silicon
wafer, attached to SEM brass stub. Transmission electron
microscopy (TEM) was performed using a FEI Tecnai G2
S-Twin instrument with a field emission gun operating at 200 kV.
Samples dispersed in ethanol were applied onto the Cu grid and
dried in air before TEM imaging. Zeta potential (¢, effective
surface charge) was measured by dynamic light scattering
(Malvern Nano-ZS, UK). X-ray photoelectron spectroscopy
(XPS) analysis was carried on an ESCALAB MK II X-ray
photoelectron spectrometer. TG/DTA analyses were performed
at a heating rate of 2.5 °C min~' in flowing air NETZSCHS5 STA
449F3, Germany). The Brunauer—-Emmett-Teller (BET) surface
area and porosity were determined by nitrogen sorption using
a micrometritics ASAP 2020 analyzer.

Electrochemical measurements

The electrochemical experiments were performed via CR2025
coin-type test cells assembled in a dry argon-filled glove
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box with both moisture and oxygen content below 1 ppm. The
test cell consisted of a working electrode and a lithium foil
which were separated by a Celgard 2400 membrane. The
electrolyte solution was prepared by dissolving 1 M LiPFg in
EC-DMC (1:1 w/w). The working electrodes were prepared
by casting slurry containing 80% active material, 10% acety-
lene black and 10% polyvinylidene fluoride (PVDF) onto
a copper foil. After vacuum drying at 80 °C for about 24 h,
the electrode disks (d = 12 mm) were punched and weighed.
Each electrode has approximately 1-3 mg of active material.
Galvanostatic charge—discharge cycling tests were performed
using a LAND CT2001A multi-channel battery testing system
in the voltage range between 0.01 and 3 V at room tempera-
ture. Impedance and cyclic voltammetry (CV) measurements
were performed using a VMP3 Electrochemical Workstation
(Bio-logic Inc.).

3. Results and discussions

The overall synthetic procedure of GC-Co(OH), can be illus-
trated as follows: (1) the graphene sheets are functionalized by
1-(3-aminopropyl)-3-methylimidazolium bromide (GIL) to
render positive charge. They spontaneously absorb negatively
charged hydroxide ions in deionized water, which is demon-
strated by its negative zeta potential (—9.4 mV); (2) large area
Co(OH), nanosheets are synthesized by a hydrothermal process
and, similarly, their surface is positively charged (zeta potential
= +48 mV); (3) the GIL with negative charge and Co(OH), with
positive charge can be assembled driven by the mutual electro-
static interactions (Fig. 1) in near neutral solution, which is key
to prevent Co(OH), from dissolving.

Fig. 2(a) shows photographs of fresh aqueous solutions of
unfunctionalized chemically reduced graphene (RG), GIL, and
GC-Co(OH),. It can be clearly seen that both GIL and GC—
Co(OH), can be well dispersed in water while RG can’t. After
one hour resting, as shown in Fig. 2(b), GIL is still well dispersed
in water, while, importantly, GC-Co(OH), deposits at the
bottom of the bottle, leaving an almost transparent aqueous

,/ Co(OH), coated by GL’
© e ) )
D © o <} © o
@ ® o o ©
A @ <) e o

GIL with negative charge Co(OH), with positive charge

Fig. 1 Schematic diagram of the fabrication of sandwich structured
GC-Co(OH), heterostructures driven by the mutual electrostatic inter-
actions between the two species.

Fig. 2 (a) Photographs of fresh aqueous solutions of unfunctionalized
chemically reduced graphene (RG), GIL, and GC-Co(OH), in water, (b)
Photographs of RG, GIL, and GC-Co(OH), after one hour.

solution which indicates that almost all the Co(OH), and GIL
are fully assembled.

The obtained GC-Co(OH), heterostructures were charac-
terized by X-ray diffraction (XRD) pattern (Fig. 3). Almost all
the strong diffraction peaks of the as-prepared GC-Co(OH),
can be indexed to a hexagonal structure of Co(OH), (JCPDS
card, No. 30-0443). Moreover, it is obvious that the XRD
pattern of the GC-Co(OH), exhibits an intense and sharp
diffraction peak corresponding to (001) orientation (20 =
19.1°), indicating a sheet-shaped morphology. Meanwhile,
some small amount of Co304 with cubic structure (JCPDS
card, No. 43-1003) can also be found in the sample. Remark-
ably, no conventional stacking peak for graphene sheets at
26 = 26.68° is detected.

The morphology and structure of the Co(OH), and
GC-Co(OH), were elucidated by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Fig. 4(a)
and 4(b) show that the synthesized Co(OH), is in 2D sheet
morphology and irregularly stacked together. The size of each
Co(OH), sheet is ca. 1-3 pm, and its thickness is less than
30 nm. Note that the smooth surface of the Co(OH), sheets is
randomly decorated by a small amount of small NPs which
could be assigned to an impurity consisting of Co3;04 NPs
(Fig. 3). After assembling with GIL, the surface of Co(OH),
displays a typical crinkly and rippled structure (Fig. 4(c) and
4(d)), which is quite different from that of as-obtained
Co(OH), (Fig. 4(b)). The element distribution in the

V Co(OH)2
¢ Co304

Intensity

10 20 30 40 50 60 70 80
2 theta

Fig. 3 XRD pattern for GIL-coated Co(OH), nanosheets.
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Fig. 4 (a) SEM image of Co(OH),, (b) TEM image of Co(OH),, (c)
TEM image of GC-Co(OH),, and (d) magnified TEM image of GC-
Co(OH)s.

Fig. 5 Elemental mapping images of GC-Co(OH),. (a) Typical scan-
ning transmission electron microscopy (STEM) image and corresponding
elemental mapping images of (b) cobalt, (c) oxygen, (d) carbon, and (e)
nitrogen in the selected area (blue rectangle in (a)).

GC-Co(OH), was analyzed by energy dispersive X-ray (EDX)
spectroscopy mapping (Fig. 5). It was found that elements C,
Co, O were all present, which is consistent with the intended
composite of GC-Co(OH),. In addition the element nitrogen is
also found on the surface of GC-Co(OH), due to graphene
sheets with amine-terminated ionic liquid. The advantageous
combination of functionalized graphene and Co(OH), nano-
sheets would then effectively buffer the volume change and
avoid the aggregation of active materials during the cycle
processes (vide infra).

To confirm the content of Co3;04 NPs, XPS spectrum was
measured. However, the high-resolution Co 2p;, spectra of
Co(OH), and Co0304 can’t be distinguished between 784 and
795 eV due to significant overlaps in binding energy. Therefore,
in this study, only the main peaks of Co(OH), and Co;04 are
curve-fitted, including the shake-up satellites of the Co(OH),
(782.7 €V) in Fig. 6(a).’® The principle of component analysis
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Fig. 6 (a) XPS spectrum of as-obtained Co(OH),, (b) TG and DTA
curves of the GC-Co(OH),, (c) N, adsorption—desorption isotherm of
the GC-Co(OH),, and (d) BJH pore size distribution.

applied to analyze the results quantitatively from the curve-
fitted spectra was the ratio of the main peak area of Co(OH),
and Co304. This can provide quantitative results for the
amounts of Co(OH), and Co30, despite significant overlaps in
binding energy. The intense main peaks are at 780.7 eV and
779.9 eV for Co(OH), and Co030,, respectively.'® Their area
ratio is about 1 : 0.19. Therefore, the content of Co30, is about
13 wt% in as-obtained Co(OH),. Thermogravimetric (TG)
analysis and differential thermal analysis (DTA) of the
GC-Co(OH), were performed in flowing air (Fig. 6(b)). Clearly,
TG analysis indicates approximately 16.5 wt% percentage loss
of GC-Co(OH), during calcination in air from 80 to 700 °C.
The large exothermic peak between 200 and 350 °C in the DTA
profile can be assigned to the formation of Co3;04 and the
combustion of the graphene. Therefore, the weight change
between 80 and 350 °C is due to both the oxidation of Co(OH),
and the combustion of graphene. The theoretical value of the
weight decrease from Co(OH), to Cos04 is about 14.6 wt%.
Thus, the graphene content in GC—Co(OH), hybrid is evaluated
to be about 4.4 wt%. The porosity of the GC-Co(OH), heter-
ostructures was evaluated using their N, adsorption isotherms
(Fig. 6(c) and 6(d)). The Barrett-Joyner—Halenda (BJH) anal-
ysis shows that the main pore size is 20 to 160 nm due to
decorated Co3;04 NPs. The as-prepared GC-Co(OH), hetero-
structures have a specific surface area (BET) of 70 m? g~! and
a pore volume of 0.24 cm® g~'. The advantage of such decorated
NPs is that NPs can embed between two layers of large area
Co(OH),, which then leads to the formation of paths for ion
transport between the electrolyte and active material.

The electrochemical activity of GC-Co(OH), was evaluated
using cyclic voltammetry (Fig. 7(a)). For comparison, as-
obtained Co(OH), was also tested under the same electro-
chemical conditions (Fig. 7(b)). In the case of Co(OH),, two
reduction and three oxidation peaks can be clearly observed in
the first scanning curve. The first dominant reduction peak is at
around 0.85 V, which can be attributed to the reduction reac-
tion of Co(OH), and Co304 with Li and the formation of solid

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 Cyclic voltammetry of (a) GC-Co(OH), and (b) Co(OH), at
a scan rate of 0.1 mV s,

electrolyte interphase (SEI) films.'” A small reduction peak at
0.15 V might be attributed to the formation of lithium
dendrites. Three anodic peaks at 1.25, 1.74 and 2.10 V reveal the
oxidation of Co from Co° to Co*'. These processes are very
similar to those of Co030,4.'7 It should be noted that the oxida-
tion peaks become much weaker even after only 3 cycles, indi-
cating that the cyclic stability of as-obtained Co(OH), is rather
poor. After coating with GIL, it can be found that the first
reduction peak shifts to 0.62 V, which might be attributed to
functionalized graphene nanosheets on the surface of Co(OH),.
In the following cycles, the reduction peak shifts to 0.80-0.88 V,
which is quite similar to that of the as-obtained Co(OH),. Most
importantly, it should be noted that both the reduction and
oxidation peaks become more and more stable from the third to
the 20th cycle, which is in good agreement with its superior
cyclic performance (vide infra), highlighting again the power of
our proposed strategy.

The electrochemical impedance spectra of the GC—Co(OH),
and as-obtained Co(OH), are shown in Fig. 8. The typical
characteristics of the Nyquist plots are one semicircle in the
high frequency range and a sloping straight line in the
low frequency range. The radius of the semicircle for the
GC-Co(OH), is smaller than that for the as-obtained
Co(OH), electrode, indicating that GC-Co(OH), electrode
possesses lower contact and charge-transfer impedances. This

600
= GC-Co(OH),
e Co(OH), .
£ 400- ) ’
c - 5
5 : :
N 2004 & .
o-‘A/. .
0 100 200 300
Z'/0hm

Fig. 8 Nyquist plots of GC-Co(OH), and as-obtained Co(OH), by
applying an AC voltage of 5 mV amplitude at 100 mHz to 700 kHz.

result confirmed that the coated functionalized graphene
largely improves the electrochemical activity of as-obtained
Co(OH),.

In a proof-of-concept experiment, coin cells (2025) with
a metallic Li counter electrode were used to evaluate the elec-
trochemical performance of the GC-Co(OH), heterostructure.
Its capacity and cycle performance were evaluated by galva-
nostatic charge-discharge measurements between 0.01 and 3 V
vs. Li*/Li at a current density of 58 mA g~' (Fig. 9). Typically,
it is striking that a large specific capacity of about 1146 mA h
g~ ! is achieved, and the reversible capacity is 786 mAh g! for
the first cycle. The reversible capacity of the GC-Co(OH),
electrodes is 774 mA h g~! in the initial 20 cycles and 706 mA h
g ' after 50 cycles. A large irreversible capacity of 360 mA h g~!
is observed for the GC-Co(OH), electrode during the first
discharge—charge process (Fig. 9(a)). This can be attributed to
the formation of the solid electrolyte interphase (SEI) film
at the electrode—electrolyte interface and the reaction of
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Fig. 9 (a) Charge-discharge curves of GC-Co(OH), and (b) Co(OH),,
(c) galvanostatic discharge profiles of GC-Co(OH), and Co(OH), at a
current density of 58 mA g!, and (d) coulombic efficiency of
GC-Co(OH), and Co(OH)s.
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oxygen-containing functionalized groups on graphene with
lithium ions. It should be pointed out that the coulombic
efficiencies (Fig. 9(d)) increase to almost unity at successive
cycles, indicating that the SEI formed during the first cycle is
favourable and stable. For comparison, bare Co(OH), nano-
sheets were also tested under the same electrochemical condi-
tions (Fig. 9(b)). It exhibits a capacity of 912 mA h g~! in the
first discharge process, and the capacity is 223 mA h g~' after
20 cycles (Fig. 9(b)). After 50 cycles, the reversible capacity
decreases to only 63 mA h g~!, which is eleven times lower than
that of the devices fabricated using the GC-Co(OH), electrode.
In addition, the reversible retention capacity (90%) of the
GC-Co(OH), electrodes after 50 cycles is much higher than
that (9%) of the Co(OH), electrode. The rate performance of
GC-Co(OH), and Co(OH), electrodes were evaluated at
different charge/discharge rates. As shown in Fig. 10,
when compared to bare Co(OH),, the rate performance of
GC-Co(OH); is greatly enhanced. Firstly, the LIBs were cycled
at 58 mA g! for 10 cycles, and then the current density was
increased in a stepwise manner to 1160 mA g~' for every 10
charge—discharge cycles. Finally, the LIBs were cycled at
58 mA g' once again. The variation of the specific capacity
as a function of cycle number can be clearly observed. The
GC-Co(OH), electrode retains a capacity of 220 mA h g=! at
a current density of 1160 mA g~!, which is much higher to that
of the Co(OH), electrode (30 mA h g'). Furthermore, when
the current density returns to 58 mA g!, the initial capacity of
the GC-Co(OH), can be recovered, while that of the bare
Co(OH), electrode can’t. The poor electrochemical perfor-
mance of as-obtained Co(OH), as the anode is caused by its
large volume changes, poor electrical conductivity (Fig. 8), and
the aggregation of the active material. On the contrary, in the
GC-Co(OH), heterostructures, the excellent flexibility of GIL
can not only buffer volume changes but also prevents the
aggregation of active materials from detaching from the current
collector, highlighting again the effectiveness and value of our
proposed protocol. These results demonstrate that the prepared
GC-Co(OH), has a great potential as a candidate for anode
materials for LIBs with high reversible capacity, good cyclic
performance and good rate performance.

1200
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Fig. 10 Rate-capability performance of GC-Co(OH), and Co(OH),.

Conclusions

In summary, we have demonstrated a general strategy to
successfully coat large-area Co(OH), nanosheets with ionic
liquid modified graphene. The obtained heterostructures could
effectively limit and buffer the volume change and provide good
conducting pathways during cycling, thus leading to remarkably
enhanced lithium-storage performance including highly revers-
ible capacity and superior cyclic and rate performance. The
successes in Co(OH), would certainly assist the long-term
endeavours to develop high capacity anodes for rechargeable
LIBs. We believe that the proposed scalable assembly strategy
may be extended to other transition metal oxide and hydroxide
materials, which can be used in broad fields including electro-
chemical capacitors and sensors.
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