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ABSTRACT: In this work, we reported a facile approach to
prepare a uniform copper ferrite nanoparticle-attached
graphene nanosheet (CuFe,0,-GN). A one-step solvothermal
method featuring the reduction of graphene oxide and
formation of CuFe,O, nanoparticles was efficient, scalable,
green, and controllable. The composite nanosheet was fully
characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), and X-ray photoelectron spec- )
troscopy (XPS), which demonstrated that CuFe,O, nano- 0
particles with a diameter of approximately 100 nm were

densely and compactly deposited on GN. To investigate the
formation mechanism of CuFe,0,-GN, we discussed in detail the effects of a series of experimental parameters, including the
concentrations of the precursor, precipitation agent, stabilizer agent, and graphene oxide on the size and morphology of the
resulting products. Furthermore, the electrochemical properties of the CuFe,O0,-GN composite were studied by cyclic
voltammetry and galvanostatic charge—discharge measurements. The composite showed high electrochemical capacitance (576.6
F-g7' at 1 A.g!), good rate performance, and cycling stability. These results demonstrated that the composite, as a kind of
electrode materials, had a high specific capacitance and good retention. The versatile CuFe,0,-GN holds great promise for
application in a wide range of electrochemical fields because of the remarkable synergistic effects between CuFe,O, nanoparticles
and graphene.

3.0Ag" ~1.0Ag"

05F
04}
03}

02

E (V) vs. Hg/HgO

0ff

0.0}

L L s s
200 300 400 500

Time (s)

s
100

CuFe;04-GN

KEYWORDS: CuFe,0,, graphene, solvothermal procedure, supercapacitor

1. INTRODUCTION

Electrochemical capacitors have the potential to emerge as
promising energy storage devices owing to the advantages of
short charging times, a long cycle, and high power and energy
density.'~ The crucial task for constructing an electrochemical
capacitor is exploring an electrode material with high energy
and power densities. Transition metal oxides have been proved
favorable for supercapacitors.¥> For example, hydrous
ruthenium dioxide (RuO,-nH,0) has significant potential for

oxides with a general formula AB,O, have a spinel crystal
structure, which is very important for electrochemical
capacitors, because it offers a robust crystalline architecture
with three-dimensional diffusion pathways.'* Currently, a
number of spinel compounds have been investigated for
electrochemical capacitors, including Fe;O,," MnFe,0,,'¢ and
NiCo0,0,."” CuFe,0, with inverse spinel structure is one of the
most important ferrites in transition metal oxides. Transition
metal oxides have been widely used in electronics and catalysts

the fabrication of advanced electrodes owing to its excellent
properties, which include high theoretical specific capacitance
(720 F-g™") and high electrical conductivity.é’7 However, the
large-scale applications of RuO,-nH,0O for supercapacitors are
definitely hindered by its toxic nature, scarcity, and high cost.
Hence, design of a desirable, low-cost electrode material with a
longer cycling lifetime and higher energy density is imperative
for electrochemical energy storage.®

Binary metal oxides, which exhibit good electrochemical
performance, have been widely used in electrochemical
applications, such as electrochemical capacitors,” Li-ion
batteries,'® fuel cells,'"'* and solar cells.'"> Transition metal

-4 ACS Publications  © 2015 American Chemical Society
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in recent years owing to the advantages exhibited in these
materials that include environmental compatibility, high
catalytic activity, and easy separation.'®>° Sreedhar et al.
synthesized CuFe,0O, nanoparticles as a magnetically recover-
able and reusable catalyst for the synthesis of S-substituted 1H-
tetrazoles.”' Yen et al. reported a novel one-step-impregnation
method to synthesize CuFe,0, using mesoporous silica.”* This
method enabled a true replication of the mesostructure with
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high yield and phase purity, while retaining the template
morphology. As the anode for Li-ion batteries, carbon coated
hollow CuFe,O, spheres, which had a high specific capacity of
550 mA-h-g”!, were prepared using a polymer-template
hydrothermal growth method by Jin et al** CuFe,O, hollow
fibers, which had a typical pseudocapacitive capacitance, were
obtained by Zhao and his co-workers by electrospinning.**
Previously, we also reported the formation and capacitance
property of porous CuFe,0, nanospheres.”® Although
CuFe,0, has been regarded as a promising material for
electrochemical capacitors because of its hi§h theoretical
capacity (895 mAh-g™') and low cost,”****” its inherent
poor conductivity is a negative factor that impedes its
application in electrochemical capacitors.

Graphene is an intriguing two-dimensional carbon nanoma-
terial that is widely utilized to design fascinating electrode
materials for supercapacitors because of its ultrathin nanostruc-
ture, excellent electrical conductivity, and mechanical stabil-
ity.”*73° Recently, researchers have reported on the application
of graphene-based transition metal oxide composites as
electrochemical materials.*’ ° The hybrid materials can
improve electrochemical performance with the synergistic
effect between graphene and transition metal oxides. In these
systems, graphene has offered not only a conductive backbone
to facilitate electron transport, but also a mechanical structure
that maintains the inte_grity of the electrode during the
electrochemical process.>” In addition, graphene with metal
oxide can be an economic and a promising way to achieve high
supercapacitor performance.*®

To overcome the shortcomings of CuFe,0, some
approaches have been attempted to prepare graphene/
CuFe,0, hybrid electrodes by the hydrothermal method.”>*’
The preparation of graphene/CuFe,O, hybrid materials as a
high performance supercapacitor is highly desirable, and there
are few reports on the formation mechanism of the hybrid
materials. In this work, we showed graphene nanosheets
decorated with CuFe,O, nanoparticles (CuFe,0,-GN) that
integrate both the electrically conductive property of graphene
and the high capacitance of CuFe,O,. The strategy for the
composite formation was a simple one-step reaction that
included the reduction of graphene oxide (GO) to graphene
and the in situ formation of CuFe,O, on GN. The growth
process of CuFe,O, on GN was investigated by changing
various experimental parameters, which showed the formation
mechanism of the product. Furthermore, the CuFe,0,-GN
composites possessed good electrical capacitance, which holds
great promise for a wide range of electrochemical fields.

2. EXPERIMENTAL SECTION

2.1. Reagents. CuCl,-2H,0, FeCl;-6H,0, sodium acetate (NaAc),
polyvinylpyrrolidone (PVP), ethylene glycol, and graphite (<20 ym)
were purchased from Sigma-Aldrich. All chemicals were of analytic
grade and used as received without further purification. Deionized
water was filtered by using a water-purification system (UP90 model,
Seoul, South Korea). Graphene oxide (GO) and graphene (GN) were
prepared from graphite powder by an improved Hummers
method.*>*!

2.2. Apparatus. Sample morphologies were characterized by
carrying out field emission scanning electron microscopy (SEM,
Hitachi S-4800). A Transmission electron microscopy (TEM)
instrument equipped with a field emission gun and operated at 200
kV was used for high-resolution TEM measurements (JEOL, JEM-
2010). In thermogravimetric analysis (TGA) measurements, an
analyzer (TA Instruments, Q-5000 IR) was used with a heating rate
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of § °Cmin ™" in air. The powder X-ray diffraction spectra (XRD) were
measured by X-ray diffraction (XRD, Bruker, D8-Advance) with Cu
Ka radiation, A = 1.542 A. X-ray photoelectron spectroscopy (XPS)
experiments were performed by a Sigma Probe (KRATOS, AXIS-HSi)
with a monochromatic Al Ka (1486.6 €V) X-ray source at a constant
power of 100 W (15 kV and 10 mA) and beam diameter of 400 ym.
The magnetic properties were measured using a physical property
measurement system (Quantum Design, PPMS-14). N, adsorption/
desorption isotherms were determined by using a physisorption
analyzer (Micromeritics, ASAP2020M). Electrochemical tests were
performed on an electrochemical workstation (CH Instruments,
660E), and the electrolyte used was 3 M aqueous KOH solution.

2.3. Preparation of CuFe,O, Nanosphere and CuFe,0,-GN
Composite. CuFe,0, nanospheres were obtained by a modified
method similar to a previous report.*> A mixture of 0.01 mol CuCl,:
2H,0, 0.02 mol FeCl;-6H,0, 0.2 g of NaAc, and 0.1 g of PVP was
dissolved into 10 mL of ethylene glycol by stirring at room
temperature. The mixture was added in a Teflon-lined autoclave (20
mL) at 180 °C for 20 h. Then the solid precipitates were washed with
50 mL of water three times to remove residual ions and PVP. Finally,
the product was dried in a vacuum at 60 °C for 24 h.

A CuFe,0,-GN composite was successfully fabricated through the
solvothermal method. The optimized preparation was as follows: 0.01
mol CuCl,-2H,0, 0.02 mol FeCl;-6H,0, 0.01 g of GO, 0.2 g of NaAc,
and 0.5 g of PVP were dissolved into 0.01 L of ethylene glycol by
stirring for 10 h. The mixture was sealed in a Teflon-lined autoclave
and maintained at 180 °C for 20 h. Solid precipitates were collected by
a magnet after the reaction was complete. To remove the residual
metal ions and organic moiety, we washed the products several times
using deionized water and ethanol. Finally, the product was dried in
vacuum at 60 °C for 24 h.

Important parameters, including the concentration of NaAc, GO,
PVP, CuCl,, and FeCl,, were altered in a series of parallel experiments
in order to study the formation mechanism of CuFe,O, nanoparticles
attached on GN.

2.4. Electrochemical Testing. Before electrochemical testing, an
electrode was fabricated by mixing 70 wt % of active materials with 15
wt % acetylene black, 15 wt % polyvinylidene difluoride in N-methyl-2-
pyrrolidinone. The weight of active materials was 3 mg. Then, the
slurry was coated on a pretreated battery-grade polished Ni foil (area
of coating: 1 cm? and foil thickness: 0.2 mm) for electrical
conductivity and vacuum-dried at 60 °C for 24 h. A three-electrode
cell was fabricated by employing a Hg/HgO electrode as the reference
electrode, the as-prepared electrode as the working electrode, and a
platinum wire electrode as the counter electrode. Cyclic voltammetry
(CV) and charge—discharge were measured at various scan rates and
current densities, respectively

3. RESULTS AND DISCUSSION

3.1. Characterization of CuFe,0,-GN Composite. One-
step synthesis under a solvothermal condition was used to
fabricate the CuFe,O,-GN composite with the reaction of GO,
CuCl,-H, 0, FeCl;-H,0, and NaAc in the presence of PVP.

Figure 1 shows the XRD profile of the CuFe,O,-GN
composite. The position and relative intensity of diffraction
peaks matched well with standard XRD data for CuFe,O,
(JCPDS 01-077-0010), and no peaks of copper oxides (CuO or
Cu0,) were observed. The peaks at 20 = 30.0, 35.5, 37.0, 43.4,
46.4, 50.8, 57.3, 62.6, and 74.2° were ascribed to the (220),
(311), (222), (400), (331), (422), (511), (440), and (533)
crystal planes of CuFe,O, with cubic spinel structure. These
presence of these XRD peaks confirmed that CuFe,O, was
formed on GN by the solvothermal method. The relatively high
diffraction peak intensities showed the highly crystalline
structure of CuFe,0,. Moreover, a broad diffraction peak
appeared around 23°, corresponding to the C(002) reflection,
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Figure 1. XRD pattern of CuFe,O,-GN composite.

20

which originated from GN and indicated the reduction of GO
in the reaction process.42’43

The morphology of the typical CuFe,0,-GN composite was
characterized by TEM. In Figure 2a,b, it is clearly observed that

Figure 2. (a, b) TEM images of CuFe,O,-GN composite with
different magnifications. (c) Lattice-resolved HRTEM image of
CuFe,0,-GN composite. (d) Selected area electron diffraction pattern
of CuFe,0, in the composite.

narrowly distributed CuFe,O, nanoparticles densely cover the
surfaces of GN and exhibit a sphere-like structure with a 100
nm average size. No large aggregations of CuFe,O, or large
vacancies in GN were observed. An HRTEM image was used to
further understand the dimensionality of the GN-nanoparticle
morphologies. Figure 2c displays a lattice resolved HRTEM
image of CuFe,O, nanocrystal on GN. The lattice fringe
spacing (0.25 nm) observed agreed well with the spacing of the
(311) crystal planes of the CuFe,O, cubic spinel structure.”* In
addition, the selected area electron diffraction (SAED) pattern
in Figure 2d shows diffraction rings of the prepared CuFe,O,
nanoparticle on GN. The rings were attributed to the cubic
spinel CuFe,0, crystal structure. The TEM image of CuFe,0,
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without GN is presented in the Supporting Information, Figure
S1. These results were similar to our previous study.”> The
content of graphene in CuFe,0,-GN was calculated as 29 wt %
by TG measurement, which is shown in the Supporting
Information, Figure S2. Generally, a one-step simultaneous
reduction of GO and the coating nanoparticles was the best
way to achieve a GN-nanoparticle composite. This method
prevented GN aggregation during the reduction process from
GO, and easily obtained well-dispersed GN-nanoparticle
composite easily. Furthermore, the one-step synthesis was
advantageous for cost-effective production of nanomaterials.
Therefore, we designed a one-step reaction to fabricate
CuFe,0,-GN composites via a solvothermal process.

XPS is one of best means of further investigating the
chemical composition and electronic structure of the CuFe,O,-
GN. The wide scan and deconvoluted XPS spectra of the
CuFe,0,-GN composite are shown in Figure 3a—d. In Figure
34, the elements Cu, Fe, C, and O were observed clearly. Figure
3b shows the C 1s XPS spectrum of CuFe,O,-GN. The strong
C 1s peak associated with C—C (284.5 eV) bonding was
assigned to the graphitic carbon of GN. The other weaker peaks
in Figure 3b were related to the oxygenated carbons, indicating
the deoxygenation process accompanying the reduction of GO.
Among the oxygen-containing groups of GN, the epoxy groups
were greatly reduced in the composite. This result proved that
GO could be reduced to GN with a small amount of residual
oxygen-containing groups, which was why ethylene glycol was
used as a reducing agent in the solvothermal reaction.'”**

The binding energy values of Cu 2p and Fe 2p observed in
the high-resolution XPS spectra in Figure 3c,d implied that
both iron and copper ions were present in the CuFe,0,-GN
composite. The results were in good agreement with published
work on CuFe,O, nanoparticles.”® Figure 3c shows that the
binding energy of Cu 2p;/, and Cu 2p, /, at 931.9 and 951.8 eV,
with a typical satellite peak of Cu®* at 943.5 eV. These results
suggested the presence of Cu** in CuFe,0,-GN, which was
conformable with the results reported elsewhere.”® In Figure
3d, the Fe 2p spectra showed two main peaks with binding
energies of 710.2 and 724.2 eV, which were assigned to Fe 2p;/,
and Fe 2p, ), respectively. The accompanying satellite peaks
visible at binding energies of around 718.4 eV were indicative of
the presence of Fe** cations. These results further confirmed
the formation of CuFe,O, in the nanocomposite.

The magnetic property of CuFe,0,-GN is shown in Figure
S3 (Supporting Information). The sample presented a typical
hysteresis loop in the field range of +1500 Oe, indicating that
the composite exhibited the behavior of soft magnetic
semiconductor material at room temperature. The saturation
magnetization, remanent magnetization, and coercivity values
of CuFe,0,-GN were 30.0 emu-g™’, 3.5 emu-g™', and 26.5 Oe,
respectively. However, the saturation magnetization of
CuFe,0,-GN was higher than that reported for CuFe,O,
(222 emu-g™!).*® The reason for the higher saturation
magnetization might be associated with the fine nanostructure
of CuFe, 0, nanoparticles on GN. It should be pointed out that
an external magnet could be easily separate the CuFe,0,-GN.

The Brunauer—Emmett—Teller (BET) specific surface area
of CuFe,0,-GN and CuFe,0, were evaluated by nitrogen
isothermal adsorption (in Figure S4, Supporting Information).
The composites had a higher specific surface area (35 m*g™")
than that of CuFe,0, (22 m*g™").

3.2. Formation Mechanism of CuFe,0,-GN Compo-
site. During the preparation of metal oxide nanostructures
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Figure 3. (a) Wide scan and (b—d) deconvoluted XPS spectra of CuFe,O,-GN.
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Figure 4. SEM images of CuFe,0,-GN at different GO concentrations (g-L™"): (a) 0.5, (b) 1.0, (c) 2.0, and (d) 4.0. Other conditions: 2 mol-L™"
FeCl, 1 mol-L™" CuCl,, 10 g-L™" NaAc, 50 gL ™! PVP, 180 °C, 20 h.
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Figure 5. SEM images of CuFe,0,-GN at different NaAc concentration (g-L™"): (a) 0, (b) 10, (c) 15, and (d) 20. Other conditions: 2 mol-L™"

FeCl;, 1 mol-L™" CuCl,, 1 gL' GO, 50 g-L™' PVP, 180 °C, 20 h.

from the solvothermal method, we found that the preparation
conditions had an important influence on the quality of the
obtained nanomaterial. For that reason, the potential
influencing factors in the process were studied to understand
the mechanism of formation of CuFe,O, nanoparticles on GN.

3.2.1. Effect of GO Concentration. To investigate the effect
of the amount of GO on the morphology of CuFe,O,
nanostructures, a number of experiments were carried out by
changing the amount of GO, when other conditions were fixed.
The SEM results are shown in Figure 4a—d. When 0.5 g-L™!
GO was in the initial solution, the CuFe,O, sample exhibited
uniform nanoparticles with an average diameter of 90 nm.
There were few GNs owing to the low concentration of GO.
When more GO (1.0 and 2.0 g-L™") was added to the initial
solution, nanorods were observed, as shown in Figure 4b,c.
Furthermore, when the concentration of GO reached 4.0 g-L ™/,
the CuFe,0, nanoparticles were hardly observable (Figure 4d).
By contrast, many smaller nanorods were modified on GN than
those in Figure 4b,c. To investigate the structure of the
nanorods in Figure 4d, an XRD experiment was conducted, as
shown in Figure S5 (Supporting Information). The peaks
located at 43.3, 50.5, and 74.0° were assigned to the (110),
(200), and (220) crystal planes of Cu, respectively, which were
consistent with the standard reported values (JCPDS File no.
04-0836). These XRD results demonstrated the formation of
Cu nanorods on GN instead of CuFe,0,.

These results, based on the addition of GO, suggestted that
GO strongly affected the formation of CuFe,O, and Cu
nanomaterials. As the GO concentration increased, it was easy
to generate Cu nanorods instead of CuFe,O, nanoparticles.
Usually, the absence of GO in the Cu/Fe system would yield
irregular copper, because some of Cu®* was reduced to copper
metal by ethylene glycol."***® It was known that GO was a
type of carbon nanomaterial covered with hydroxyl groups on
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the hexagonal basal plane*” and could serve as a mild reducing
agent, which confirmed that it was the key to the formation of
Cu nanorods in a NaOH environment.*® Therefore, the
synergistic effect between GO and ethylene glycol promoted
the growth of Cu nanorods, and NaAc, acting as the
precipitation agent, was consumed resulting in the decline of
CuFe,0, nanoparticle formation on GN. Thus, the concen-
tration of GO should be controlled during preparation of
CuFe,0,-GN composites.

3.2.2. Effect of NaAc Concentration. NaAc was widely used
as a precipitation agent in the preparation of metal oxide
nanomaterials.*”** Figure S shows CuFe,0,-GN composite
prepared with a mixture of 2 mol-L™" FeCl;, 1 mol-L™" CuCl,, 1
g'L™! GO, and 50 g-L™" PVP at 180 °C for 20 h with different
amount of NaAc (0, 10, 15, 20 g'L™"). When no NaAc was
added, no particles formed on GN. As the concentration of
NaAc was added, the composite was mainly composed of Cu
nanorods on GN, as shown in Figure 5b; however, CuFe,O,
small nanoparticles (90 nm) began to form. In Figure Sc, the
amount of CuFe,O, nanoparticles increased with the decrease
of Cu nanorods. Moreover, the size of CuFe,O, nanoparticles
was larger than that prepared by 10 g-'L™' NaAc. When the
concentration of NaAc was further increased to 20 gL/,
uniform CuFe,O, nanoparticles formed on GN without Cu
nanorods, as see in Figure 5d. These results showed that NaAc
was necessary for the formation of CuFe,O, nanoparticles in
the system.

The effect of the amount of NaAc on the morphology of the
nanoparticles could be explained by the formation of metal
oxides in the solvothermal system. Typically, the formation of
metal oxide nanoparticles on GNs by the solvothermal method
involves three steps including the nucleation, growth, and
assembly of nanocrystals. The morphology of nanomaterials
was also strongly dependent on the pH of the solution system.
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In the preparation of CuFe,O,-GN, the three steps might occur
simultaneously. When the amount of NaAc was low, the
nucleation step for the formation of CuFe,O, could be
prevented while instead of Cu nanorods, indicating that the
nucleation rate of a CuFe,0, nanocrystal was slower than that
of Cu. Meanwhile, the self-assembly step for the Cu nanocrystal
had no limitation to form the Cu nanorod while consuming
NaAc. Under higher concentrations of NaAc, the nucleation
rate of CuFe,O, nanocrystal might be faster than that of Cu,
because NaAc could act as a mineralizer between Fe and Cu
precursors and increase the chemical potential of the solution.
This leads to a dissolution—recrystallization process of
CuFe,0, into the stable phase,25 by contrast, a lack of Cu
nanocrystals ressulted in preventing the formation of Cu
nanorod on GN.

In addition to the SEM investigation, the evolution of
CuFe,0,-GN crystal structure was studied. Figure 6 shows the

&, M
Py
2
- C
20 0 . 50 ' i

26(°)

Figure 6. XRD patterns of CuFe,O,-GN composite prepared at
different NaAc concentrations (g'L™"): (a) 10, (b) 15, and (c) 20.
Other conditions: 2 mol-L ™" FeCly, 1 mol-L™" CuCl,, 1 gL™" GO, 50
g'L™! PVP, 180 °C, 20 h.

XRD patterns of the products prepared by different NaAc
concentrations. When 10 mg'mL™' NaAc was added, several
broad peaks from 20° to 40° were observed in the XRD
patterns, indicating that the precursors began to transform into
amorphous CuFe,0, at the low NaAc concentration. In Figure
6b, new diffraction peaks associated with planes of (220),
(400), (107), (422), (511), (440), and (533) appeared. The
intensity of the peak corresponding to the (311) crystal planes
of CuFe,0, increased remarkably, suggesting that the growth of
CuFe,0, nanoparticles on GN was oriented with (311) crystal
plane. When the concentration of NaAc was increased to 20
mg-mL~", the intensities of the diffraction peaks of CuFe,O,
further increased, indicating enhanced crystallinity. Moreover,
no diffraction peak was attributed to iron oxide or copper oxide,
which proved that pure CuFe,O, was prepared at a high
concentration of NaAc.

3.2.3. Effect of Precursor Concentration. In the process of
preparing CuFe,0,-GN, the initial concentration of the
precursor was one of the most important factors because it
could affect formation of CuFe,O, nanoparticles including the
nucleation, growth of the primary crystal, and self-assembly of
the nanoparticle. Figure 7 shows the SEM images of the
CuFe,0,-GN composite under different initial precursor

2409

concentrations between FeCl; and CuCl,. At a low
concentration of precursor, only a few irregular CuFe,0O,
nanoparticles began to grow on the surface of GN. When a
higher concentration of precursor was added, a more regular
morphology of porous CuFe,O, formed on GN. The diameter
of CuFe,0, nanoparticles increased with the increase of the
precursor concentration. In Figure 7d, when the concentrations
of FeCl; and CuCl, were 6 and 3 mol-L ™", uniform and regular
CuFe,0, nanoparticles (~150 nm) were obtained in the
CuFe,0,-GN composite. These results showed that the
concentration of Fe/ Cu precursors was a determining factor
that affected the regularity and the morphology of the
CuFe,0,-GN composite, following the theory of Von
Weimarn.>' At a low Fe/Cu precursor concentration, although
the rates of both nucleation and growth were slow, the
precursors could nucleate because there was enough precip-
itation agent, which resulted in a lack of precursors for the self-
assembly step, and thus uniform CuFe,O, nanoparticle were
hardly generated on GN. When the concentration of the
precursors increased, the rate of nucleation could not sustain an
increase due to the limitation of the precipitation agent.
However, the growth and self-assembly steps were ongoing, so
CuFe,0, nanoparticles became large. Therefore, keeping a
defined concentration of GO and precipitation agent, the size
of the CuFe,0, nanoparticles on GN was completely
dependent on the precursor concentration.

3.2.4. Effect of the Stabilization Agent. The effect of the
stabilization agent PVP on the morphology of CuFe,O,-GN
was also studied. SEM images of CuFe,0,-GN prepared with
different amounts of PVP at 180 °C for 20 h are shown in
Figure 8. When no PVP was used, CuFe,0, nanoparticles were
generated on GN with uniform size (~150 nm), which differed
from CuFe,0, without GN. This indicated that GN might
adopt particular crystallographic facets of the growing crystal as
well as some capping agents. With the increase of PVP, the size
of the CuFe,O, nanoparticles decreased. If the PVP
concentration was increased, it could adsorb on the crystals
of CuFe,0,, which would prevent the aggregation of CuFe,O,
for either a stereo-barrier or an electrostatic repulsive
interaction, > leading to small nanospheres. In Figure 8d,
CuFe,0, nanoparticles were smaller, and their size distribution
widened. It was suggested that high concentrations of PVP
provided a strong capping effect, which impeded the growth of
CuFe,0,. Moreover, PVP as a surfactant in high concentrations
could self-assemble to form micelles or reverse micelles, which
could weaken the size-control effect.

3.3. Electrochemical Tests. It was well-known that metal
oxide—carbon nanomaterials have been found to be remarkably
advantageous as supercapacitors because carbon nanomaterials,
such as carbon nanotube and graphene, provided a high surface
area and conductivity leading to the deposition of nano-
structured metal oxides with high specific capacitance.>*
Recently, it was reported that CuFe,O, nanomaterials
possessed good electrochemical properties. However, studies
of CuFe,0, on GN have revealed little about high performance
supercapacitors. In this work, the electrochemical performance
of CuFe,0,-GN composites was investigated by CV and
galvanostatic charge/discharge measurements.

Figure 9 illustrates the CV curves of the as-prepared
CuFe,0,-GN and CuFe,0, composites from —0.2 to +0.7 V
vs Hg/HgO at a scan rate of 50 mV-s™". A pair of well redox
peaks in the CV curves appeared for CuFe,0,-GN was clearly
found as well as that of CuFe,0,, indicating the fast redox
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KANC 10.0kV 8.7mm x100k SE{(M)

s

500nm

Figure 7. SEM images of CuFe,0,-GN at different precursor concentrations (FeCl; and CuCl,, mol-L™"): (a) 1, 0.5, (b) 2,1 (c) 4, 2, and (d) 6, 3.
Other conditions: 20 gL ™" NaAc, 1 gL' GO, 50 g'L™! PVP, 180 °C, 20 h.

KANC 10.0kV 8.6mm x100k SE{U)

KANC 10.0kV 8.6mm x100k SE(U) " 500nm

R )
500nm

Figure 8. SEM images of CuFe,0,-GN at different PVP concentrations (g-L™"): (a) 0, (b) 50, (c) 100, and (d) 150. Other conditions: 2 mol-L™"

FeCl;, 1 mol-L™" CuCl,, 20 g-L™' NaAc, 1 g'L™" GO, 180 °C, 20 h.

reaction of CuFe,O, in the composites. Therefore, the
capacitances of CuFe,0,-GN mainly originated from pseudo-
capacitance. Compared with CuFe,O,, the higher response of
the peak current of CuFe,0,-GN meant higher specific
capacitance. Moreover, the redox potential peaks of CuFe,O,-
GN shifted negatively due to the excellent conductivity of GN.
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To evaluate the relationship between the scan rate and
supercapacitive performance of CuFe,0,-GN, the CV studies
were performed at different scan rates (10—100 mV-s™') in 3 M
KOH. In Figure 10a, the redox process at different scan rates
showed that the peak potential and current were affected by
scan rate. The obvious increase of current peaks by scan rate
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Figure 9. At 25 °C, scan rate 50 mV s71, CV curves of the electrodes
of CuFe,0, (a) and CuFe,0,-GN (b) in 3 M KOH.

indicated a good rate capability of the composites.>®
Furthermore, the peak current showed a well linear relationship
to the square root of the scanning rate in Figure 10b, suggesting
that the electrochemical process of CuFe,0,-GN occurring on
the electrode surface was a diffusion-controlled process.

The specific capacitance of CuFe,O,-GN with increasing
discharge current density (1.0, 1.5, 2.0, 2.5, and 3.0 A-g™") is
shown in Figure 11. The experimental results showed that the
galvanostatic discharge time for CuFe,0,-GN was significantly
greater than CuFe,O, and GN (Figures S6 and S7, Supporting
Information). This data assuredly suggested that CuFe,0,-GN
had the larger charge capacity, which was consistent with the
CV results. The specific capacitance of the composite could be
calculated by the following equation:*°

Cs = iAt/(mAE)

Where i (A) referred to the charge (or discharge) current, At
(s) was the discharge time, m (g) represented the mass of
supercapacitive material, and AE (V) was the potential window.

The relation between the specific capacitance and current
density was plotted as in Figure 12b. It was noted that the
largest specific capacitance could be reached up to 576.6 F-g™!
when the current density was 1 A-g~". For the same sample,
decreasing the discharge current density resulted in higher
specific capacitances, because the diffusing rate of electrolyte
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Figure 11. Charge—discharge curves of CuFe,0,-GN electrode at
different current densities.
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Figure 12. Relationship between the specific capacitance and the
current density: (a) CuFe,0,, (b) CuFe,0,-GN.

density, leading to enhance the capacitance. The composite
kept 79.1% of its capacitance (576.6—456.0 F-g™!) as current
density was increased from 1.0 to 3.0 A-g~', whereas CuFe,O,
lost 48.2% (81.5—39.3 F-g™') of its capacitance in the same
conditions. The results showed a greatly improved capacitance
of CuFe,0,-GN and enhanced rate capability compared to
CuFe,0,.

Although the theoretical capacitance of a single-layer GN was

anions into the electrode increased with the decreasing current 550 F-g_l,56 currently, the specific capacitances of GN was
021}
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Figure 10. (a) At 25 °C, CV curves of the CuFe,0,-GN electrode in 3 M KOH with various scan rates. (b) Plot of i and v'/2.
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Table 1. Comparison of the Specific Capacitance of Some Related Materials in the Literature

sample specific capacitance (F-g™") potential range (V) electrolyte mass (mg) current density reference

CuFe,0,-GN 576.6 0-0.5 3 M KOH 3 1.0 Ag™! our work
CuFe,0, film 5.7 —0.2—+0.7 1 M NaOH 0.3 yA-cm™ 60
CuFe,0, fiber 28 —0.1—+0.4 1 M KOH 5 0.5 Ag! 24
CuFe,0, nanowires/CNT 267 -0.3—+1.0 1 M KCl 0.12 61
CuFe,0, nanosphere 334 0-0.4 1 M KOH 3 0.6 Ag! 25

61.7—22.3 F-g”! as current density was increased from 1.0 to 100 g

3.0 A-g”" in Figure S8 (Supporting Information). It was similar f,

to other GN-based supercapacitors in many reports®” ~>° due to — [ = "0, d

the GN aggregation of z—x interaction. In Figure S9 é 80F "

(Supporting Information), the SEM image of GN clearly o i’y

shows that the GN, as the aggregation form, was instead of a © "l..- b

GN single layer. The aggregation was unavoidable and c 60 |- .

dramatically degraded the specific capacitances due to intense =

n—r interaction. However, in this solvothermal method, Fe®* S ol

and Cu?" ions were coordinated to the surfaces of GO and then ©

transformed into CuFe,0,, giving rise to CuFe,0,-GN hybrid o

nanosheets. The uniform dispersion of CuFe,O, NP growing 20

on the GN surfaces could weaken the effect of GN z—=x ) 1 N T T

0 200 400 600 800 1000

interaction, thus avoiding the aggregation of graphene.
Therefore, the result of CuFe,O,-GN showed much better
electrochemical capacity.

The specific capacitance values of CuFe,O, materials are
presented in Table 1. It was found that CuFe,0,-GN had a
high capacitance compared to CuFe,O, and other related
materials.”**%%! To evaluate the key parameters of the
supercapacitor, the energy density (E) and power density (P)
were calculated from galvanostatic charge/discharge curves by
the following equations:®

E=Llcav?
2

P =E/At

where E is the average energy density (W-h-kg™'), C is the
specific capacitance based on the mass of the electroactive
material (F-g™"), Vis the potential window of discharge (V), P
is the power density (W-kg™"), and At is the discharge time (s).
In Figure S10 (Supporting Information), the Ragone plots of
CuFe,0, and CuFe,0,-GN also showed that the CuFe,0,-GN
has higher power capability than CuFe,0,. The CuFe,0,-GN
composite delivers a high energy density of 15.8 W-h-kg™" at a
power density of 1.1 kW-kg™", which is about 11 times larger
than that of CuFe,0,.

Figure 13 displays the stability of CuFe,0,-GN and CuFe,0,
by continuous charge—discharge measurements at 1 A-g~' for
1000 cycles. CuFe,0,-GN exhibited higher stability than
CuFe,0,. After 300 cycles, the capacitance retention of the
composites was 85%, while that of the pristine CuFe,O, was
only 58%, revealing that the CuFe,O,-GN electrode had good
recycle properties for electrochemical capacitors. As a result, the
good stability of CuFe,0,-GN arose from the synergistic effect
between CuFe,O, nanoparticles and GN. However, CuFe,O,
nanoparticles decorated on GN sheets could effectively reduce
the diffusion and migration distance of the electrolyte ions
during the fast electrochemical process. On the other hand, GN
had high conductivity for CuFe,O0,-GN composites inside the
electrode, resulting in the enhanced electrochemical stability.
The electrode morphology including CuFe,0,-GN, acetylene
black, and PVDF before and after cyclic test was observed in
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Cycle number

Figure 13. Cycle stability of (a) CuFe,0,-GN and (b) CuFe,0,
specific capacitance at a constant current of 1.0 A-g™".

Figure S11 (Supporting Information). The SEM images in
Figure S11 (Supporting Information) show that the surface
morphology of the composite was retained, which suggested
the cyclic test hardly affect the composite nanostructure. It
seemed that GN was helpful to maintain the initial structure of
CuFe,0,-GN.

Although the three-electrode system test was useful to
investigate the electrochemical behavior of the electrode
material, obviously, for practical application of supercapacitors,
the two-electrode system could get the reliable data, The
electrochemical charge—discharge test at 1 A-g™" of CuFe,0,-
GN was studied in a two-electrode system, as shown in Figure
S12 (Supporting Information). The specific capacitance was
calculated as 125.7 F-g™". The result was smaller than that of
the three-electrode system. It will be taken into full account in
future research that the two-electrode system improved the
property of CuFe,O,-GN for a supercapacitor material.

4. CONCLUSIONS

In summary, we developed a facile, scalable, and cost-effective
solvothermal approach to prepare multifunctional CuFe,O4
GN as a high performance supercapacitor material. Also, the
possible formation mechanisms of CuFe,0,-GN were
presented by investigating the effects of various experimental
parameters. Graphene in the composites played a considerable
role in obtaining uniform CuFe,O, nanoparticles and
enhancing the electrochemical property of CuFe,O,-GN.
Because of good electrical conductivity and hierarchical
structure, the composite had significantly enhanced electro-
chemical capacitance (576.6 F-g™' at 1 A-g”"), rate perform-
ance, and cycling stability (85% capacitance retention after
1000 cycles) compared to pure CuFe,O, nanoparticles.
Accordingly, the results suggested that the composites are
very promising candidates for supercapacitor materials.
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