RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 9 RSC Advances

Graphical Abstract

; :r‘ge Capacity (mAh g™)

15 30 45 60 75

Joicio2cioaciosci16ciz2cianciolc

ZnFe,0 /graphene

L s s B B e B e
3 6 9 12 15 18 21 24
Cycle Number




o

2

2

3

3

4

4

o

0

S

=3

by

0

o

Journal Name

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX

RSC Advances

ARTICLE TYPE

Electrochemical Lithium Storage of ZnFe,0,/graphene Nanocomposite
as an Anode Material for Rechargeable Lithium Ion Batteries

Alok Kumar Rai, Sungjin Kim, Jihyeon Gim, Muhammad Hilmy Alfaruqi, Vinod Mathew and Jaekook

Kim

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

In the present work, graphene-based ZnFe,04 nanocomposite have been synthesized using urea-assisted

auto combustion synthesis followed by an annealing step. Urea synthesis is attractive, as it can rapidly

synthesize materials with a high degree of control of particle size and morphology at low cost. The

microstructure images clearly show that the ZnFe,0,4 nanoparticles are homogeneously anchored on the

surface of the graphene nanosheets. The average nanoparticle size ranges from 25—50 nm for both

samples. As anode materials for lithium ion batteries, the obtained nanocomposite electrode shows

significantly improved lithium storage properties with a high reversible capacity, excellent cycling

stability and higher rate capability compared to pure ZnFe,O, nanoparticle electrode. The enhanced

electrochemical performance of the nanocomposite sample can be attributed to the synergistic interaction

between the uniformly dispersed ZnFe,04 nanoparticles and the graphene nanosheets, which offers a

large number of accessible active sites for the fast diffusion of Li" ions, low internal resistance and more

importantly accommodates the large volume expansion/contraction during cycling.

1. Introduction

Among various types of lithium ion battery anodes, transition
metal oxides have received considerable attention, as they can
achieve high capacity in the range of ~400—1000 mAh g”', which
is higher than the theoretical capacity of commercially used
graphite anode (theoretical capacity = 372 mAh g').! Lithium
storage within these materials is based on the conversion of the
original oxide into Li,O and transition metal nanoparticles, the
catalytic activity of which enables the reversible formation of the
Li,O, into which they are embedded. Among the various
transition metal oxides, cobalt oxides exhibit excellent capacity
values in the range of 700-900 mAh g with good cyclability.
However, it has been reported that cobalt based oxides are not an
ideal choice to replace graphite because of their high working
voltage (~2.1 V versus Li/Li"), cost, and toxicity.3 4 Furthermore,
iron oxide (Fe;0,) in this transition series also offers a high
theoretical capacity of 926 mAh g, considering the complete
reversible formation of four Li,O per formula unit.® Since Fe;0,
is naturally abundant and environmentally friendly, it has
attracted increasing interest for scientific investigation. In spite of
the lower cost and better safety of Fe-based oxides, their capacity
retention remains a major drawback. This is due to the
considerable volumetric expansion/contraction that occurs during
the charging/discharging process, ultimately leading to
pulverization of the electrode from the current collector, resulting
in loss of electrical contact.®” However, nanostructured Fe-based
binary (AB,0O,) oxides, especially ferrites, have recently been
explored as anode materials in lithium ion batteries to improve
cyclability. In addition, a major advantage of the AB,O, type
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metal oxides is that the two transition elements (both A- and B-
sites) make it feasible to adjust the energy density and working
voltages by varying the transition metal content. Therefore, the
theoretical capacity of this transition metal oxide (Fe;0,4) can be
further increased by replacing an iron atom with an element
which itself can reversibly form an alloy with lithium, such as
Zinc.® This would result in an enhanced theoretical capacity of
1000.5 mAh g' with a lower working voltage of ~1.5V,
according to the reversible reaction involving nine lithium ions
per formula unit of ZnFe,O, (ZnFe,04 + 9 Li" + 9¢~ — LiZn +
2Fe’ + 4Li,0). It is interesting to observe that ZnFe,O, generates
high capacity since lithium ions form an alloy with Zn and de-
alloy, while Fe and Zn react with Li,O to absorb/release Li" ion
during lithiation/delithiation. Thus, ZnFe,O, implements both
conversion and alloy/de-alloy reaction, simultaneously.” Similar
to other high capacity transition metal oxides, ZnFe,O, also
shows rapid capacity fading during cycling and reduced capacity
at high charge/discharge rates due to the large volume change

induced electrode pulverization and its poor electrical
conductivity. Therefore, ZnFe,O,4 has been engineered into many
different  nanostructures to enhance their electrode

performances.” !> However, developing high performance
ZnFe,0, electrode material with both good cycling stability and
high rate capability remains a considerable challenge.

Recently, graphene nanosheets have been considered as an
ideal host to support nanosized Li-storage due to their intriguing
properties such as excellent electrical conductivity, large surface
area, high mechanical strength, and chemical stability. In
addition, graphene nanosheets have also flexible porous texture,
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which could be helpful to reduce the substantial buffering against
volume expansion/contraction during Li* ion
insertion/extraction.”

However, in the present work, the ZnFe,O4/graphene
nanocomposite was synthesized using a facile and cost-effective
urea-assisted  auto-combustion synthesis combined with
subsequent annealing treatment at a low temperature of 600 °C
for 5 h under an N, atmosphere. Urea-assisted auto-combustion
synthesis is an efficient and convenient method for preparing
metal oxide nanoparticles at relatively low temperatures.> '*'8
This process produces sub-nanometer-size metal oxide
nanoparticles using the self-generated heat of the reaction with a
very short reaction time. The advantage of urea is that it can form
stable complexes with metal ions that increase the solubility and
prevent the selective precipitation of the metal ions during water
removal.> 118 In addition, the oxides that form after combustion
are generally composed of very fine particles with the desired
stoichiometry linked together in a network structure. The sub-
nanometer particles were randomly dispersed and anchored on
the reduced graphene nanosheets during combustion. The
obtained nanocomposite electrode exhibited high reversible
capacity, better cycling stability, and more improved rate
capability compared to pure ZnFe,0, nanoparticle electrode.

2. Experimental
2.1. Preparation of graphene oxide and graphene nanosheets:

In a typical synthesis method, graphene oxide (GO) is first
synthesized using the modified Hummers method" and the
obtained GO colloidal suspension is maintained at room
temperature for a long period of time. Second, the obtained GO is
reduced to graphene nanosheets using the polyol-based reduction
method. The detailed preparation procedure for the reduction of
graphene nanosheets can be found in our previous papers.?

2.2. Materials Synthesis:

All chemicals used in the experiment were of analytical grade and
used as received, without further purification. In a typical
procedure, pure ZnFe,O4 and ZnFe,0,4/graphene nanocomposite
were synthesized by urea-assisted auto-combustion synthesis

using starting materials of zinc nitrate hexahydrate

Graphene nanosheets

ss homogeneously mixed

- 3ZnFe,0, +32N, +40H,0+20CO,

Urea Solution
[CO(NHp),]

[(Zn(NO;),.6H,0, 98%, Sigma Aldrich], iron nitrate nonahydrate

40 [Fe(NO3);.9H,0; 98% Junsei], and urea [NH,CONH,; 99%

Sigma Aldrich]. The detailed synthesis procedure is shown in
scheme 1. Briefly, the molar ratio of Zn/Fe was fixed at 1:2.
Initially, both zinc nitrate and iron nitrate were dissolved in
distilled water separately under continuous stirring at room
temperature to obtain transparent solutions. Both solutions were
then mixed together with a separately prepared aqueous solution
of urea; the ratio between urea and nitrates was maintained at
25:12 to allow for controlled combustion (urea : zinc nitrate = 10
: 6 and urea : iron nitrate = 15 : 6).'8 At the same time, 10 wt% of

o

so the reduced graphene nanosheet was also added to the mixed

solution to allow the nanoparticles to anchor on the graphene
nanosheets. The obtained ternary mixed solution was evaporated
on a hot plate using a magnetic stirrer at 350 °C under continuous
stirring to remove excess water. During the evaporation, the
solution turned viscous, eventually
becoming a gel. The formed gel slowly foamed, swelled, and
finally burned on its own. In order to eliminate possible organic
residues and to stabilize the microstructure of the
ZnFe,O4/graphene nanocomposite, the as-synthesized powder

¢ was subsequently annealed at 600 °C for 5 h in an N, atmosphere.

For comparison, pure ZnFe,O4 nanoparticle was also synthesized
under the same condition without the addition of graphene
nanosheets. The overall combustion reactions are represented as
follows:'®

65

3Zn(NO, ), + 6Fe( NO, ), + 20NH,CONH , + Graphene —
3ZnFe,0, / graphene+ 32N, +40H,0 +20C0O, 6]

3Zn(NO, ), +6Fe( NO, ), + 20NH,CONH, —>
(i)

In the urea-assisted auto-combustion synthesis, the nitrate ions
act as the oxidizer, while the urea acts as the fuel. The reaction
products are finely divided into the metal oxide and the evolved
gases of N, CO,, and H,O. The excess urea also decomposes into
ammonia and other gases.

P

Aq. Solution of
Zn(NO;),.6H,0

Agq. Solution of
Fe(NOj3)3;.9H,0

Mixed Solutions

Combustion ZnFe,04/graphene

Scheme 1 Schematic illustration of the preparation of ZnFe,O./graphene nanocomposite

2.3. Materials Characterization:

To investigate the crystal structures of the annealed pure ZnFe,O,

and ZnFe,04/graphene powders, Synchrotron X-ray powder
diffraction data was collected at the 9B high resolution powder

ss diffraction beamline of the Pohang Light Source, Korea. Data
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was collected over the angular 26 range of 10-80°. The incident
X-rays were monochromatized to the wave length of 1.46470 A
using a double-bounce Si (111) monochromator. The surface
morphology, particles size, and microstructures of the obtained
products were observed using field-emission scanning electron
microscopy (FE-SEM, S-4700 Hitachi) and field-emission
transmission electron microscopy (FE-TEM, Philips Tecnai F20
at 200 kV, KBSI, Chonnam National University, South Korea).
The carbon contents in both the annealed pure ZnFe,O, and
ZnFe,04/graphene nanocomposite samples were determined by
CHN elemental analysis using Flash-2000 Thermo Fisher. The
Raman spectrum of the ZnFe,O,/graphene nanocomposite and as-
prepared graphene nanosheets were conducted on a LabRam
HR800 UV Raman microscope (Horiba Jobin-Yvon, France,
KBSI, Gwangju Centre), using 514 nm (10 mW) laser excitation.
The spectra was recorded in a range of 8003000 cm™ at room
temperature with accumulated scans for an enhanced resolution.

2.4. Electrochemical measurements:

The electrochemical performance of pure ZnFe,O, and
ZnFe,04/graphene nanocomposite were evaluated by using coin-
type (CR-2032) half-cell assembled in an argon-filled glove box.
The electrodes were prepared by mixing 70 wt.% active material,
20 wt.% Super P as a conducting agent, and 10 wt.% PVDF as a
binder in N-methyl-2-pyrrolidinone (Sigma Aldrich) solvent to
form a homogenous slurry. The slurry was coated on copper foil
as a current collector using the doctor blade technique and dried
at 100 °C in a vacuum oven for 12 h. Subsequently, the coating
was pressed between stainless still twin rollers to improve the
adhesion between copper foil and active materials. The electrodes
were cut into circular disks and assembled as half-cells in a glove
box. Lithium metal was used as a counter electrode, Celgard 2400
was used as the separator, and 1 M solution of LiPF¢ dissolved in
ethylene carbonate/dimethyl carbonate (EC:DMC = 1:1 by
volume) was used as the electrolyte. Cyclic voltammetry (CV)
measurement of the electrodes were performed between 0 to 3 V
(versus Li'/Li) using a Bio Logic Science instrument (VSP 1075)
at a scan rate of 0.1 mV S™'. Galvanostatic testing of the coin cells
were conducted using a programmable battery tester over the
potential range of 0.005-3.0 V vs. Li"/Li (BTS-2004H, Nagano,
Japan).  Electrochemical impedance spectroscopy (EIS)
measurement of the electrodes were also carried out on a Bio
Logic Science Instrument (VSP 1075). Before the EIS
measurements, both the electrodes were cycled for 5 cycles and
then measured in the frequency range from 1 Hz to 100 kHz. A
small ac signal of 5 mV was used to perturb the system
throughout the tests.

3. Results and Discussion:
3.1. Crystal Structure and Morphology:

Fig. 1 (a) and (b) shows the synchrotron XRD patterns of pure
ZnFe,0O, and ZnFe,0,/graphene nanocomposite samples,
respectively, annealed at 600 °C for 5 h under an N, atmosphere.
As shown in Fig. 1 (a), all the major diffraction peaks from the
XRD pattern of the pure ZnFe,O, sample can be indexed to a
standard cubic structure of the ZnFe,O, spinel (JCPDS No. 82-
1042). A similar XRD pattern was also obtained for the major
diffraction peaks of the ZnFe,O,/graphene nanocomposite
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sample, as shown in Fig. 1 (b). However, typical diffraction peaks
of graphene (002) were not observed in the XRD pattern of the
ZnFe,O4/graphene nanocomposite sample. The absence of
graphene peaks may be ascribed to the fact that the graphene
nanosheets are completely coated with ZnFe,O, nanoparticles
and homogenously dispersed.> On the other hand, the pure
ZnFe,0, sample shows some small impurity peaks in the pattern
(Fig. 1(a)), which are well matched with ZnO (JCPDS card no.
79-0205) and Fe,O; (JCPDS card no. 89-0599) metal oxide
peaks, whereas the
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Fig. 1 Synchrotron X-ray diffraction patterns of (a) pure ZnFe,O, and (b)
ZnFe,04/graphene nanocomposite sample

ZnFe,04/graphene nanocomposite sample displays only ZnO
peaks in the pattern as an impurity phase. The presence of the
ZnO peaks in the nanocomposite sample is due to the
decomposition of ZnFe,0,, which may have occurred due to the
consumption of the reduced graphene nanosheets at elevated
temperatures.2

The surface morphologies of the pure ZnFe,O, and the
ZnFe,04/graphene nanocomposite samples were investigated
using FE-SEM and FE-TEM. Fig. 2 (a) shows an FE-SEM image
of the pure ZnFe,O, sample. It can be seen that the ZnFe,0O,
nanoparticles exhibit a spherical shape with almost uniform size
distribution. Furthermore, the FE-TEM image shown in Fig. 2 (b)
clearly confirms that the obtained pure ZnFe,O, nanoparticles
were severely agglomerated in the current combustion synthesis
method. It is well-known that smaller primary nanoparticles
aggregate into secondary particles, which is probably due to their
extremely small dimensions and high surface energies. The large
particles could lead to poor rate capabilities of ZnFe,0, as anode
materials for lithium-ion batteries because of the long diffusion
path for both lithium—ion and electrons during the lithium-ion
insertion/extraction process. A representative HR-TEM image of
pure ZnFe,O, nanoparticle is also shown in Fig. 2 (c). The lattice
spacing measured from the fringe pattern are 2.57 A and 2.45 A,
which correspond to the (311) and (222) planes, respectively, as
observed from the XRD results. After being modified with
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graphene nanosheets, the typical structure and morphology of the
ZnFe,04/graphene nanocomposite were also studied using FE-
SEM and FE-TEM. As shown in Fig. 2 (d), the

ZnFe,O4/graphene nanocomposite consists of few nanosheets,
resembling the general structure of conventional graphene
nanosheets obtained by chemical reduction method. The image

10

clearly shows that the small ZnFe,O4 nanoparticles were
anchored on to the surface of graphene nanosheets. As depicted
in the FE-TEM image (Fig. 2 (e)), it can be seen that the ZnFe,0,
nanoparticles uniformly anchored on the surface of the graphene
nanosheets without serious aggregation.

(f)

ZnFe,0 /graphene

2D

Intensity (a.u.)

Graphene Nanosheets

800 1200 1600 2000

Raman Shift/om”

2400 2800

Fig. 2 FE-SEM and FE-TEM image of pure ZnFe,O4 nanoparticle (a and b) and ZnFe,0./graphene nanocomposite (d and e) respectively. (c) The
corresponding HR-TEM image of pure ZnFe,O, nanoparticle. (f) Raman spectrum of ZnFe,O4/graphene nanocomposite and as-prepared graphene.

It is known that the interaction between the oxygen containing
functional groups on the surface of graphene nanosheets and
metal ions prevents the agglomeration of metal oxide
nanoparticles to some extent.”' The typical particle size of the
pure ZnFe,0, nanoparticle and ZnFe,O,/graphene nanocomposite
samples are almost the same in the range of 25-50 nm in
diameter. Raman spectroscopy is a powerful technique to
characterize the existence and crystalline quality of graphene
nanosheets. Fig. 2 (f) shows the Raman spectra of the
ZnFe,04/graphene nanocomposite and synthesized graphene
nanosheet samples. The three typical peaks of 13484 cm’,
1608.8 cm™ and 2664.9 cm™ for ZnFe,0O4/graphene and 1354.3
em’”, 1594.0 cm” and 2701.0 cm for as-prepared graphene
nanosheets are observed, which are associated with the D band, G
band and 2D band, respectively. As reported in the literature, 2
the D band is ascribed to sp’® carbon and defects such as
topological defects, dangling bonds, and vacancies, whereas the
G band is attributed to ordered sp® carbons. The significant
increase of Ip/lg intensity ratio (1.22) of graphene nanosheets in
comparison to nanocomposite sample (1.17), indicated the
decrease of the size of the in-plane sp* domains and partially
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disordered crystal structure of graphene nanosheets.”> A broad
and weak 2D band is also observed, which is an implication of
the disorder induced D band and sensitive to the number of
layers. However, it is reasonable to suggest that the few layered
graphene nanosheets with some defect is successfully obtained,
which may be favorable towards the improvement of the
electrochemical properties.?? In addition, the observed reduction
of the intensity ratio in the nanocomposite sample may be due to
the presence of abundant defects of graphene nanosheets by
polyol reduction although the increase in the size of the in-plane
sp’ domains.?

In addition, to know the accurate percentage of carbon in both
the annealed samples, CHN analysis has been also performed.
The percentage of carbon in the pure ZnFe,O, nanoparticle and
ZnFe,04/graphene nanocomposite samples were found to be
0.13% and 9.6%, respectively.

3.2. Electrochemical performance:

Fig. 3 (a) and (b) illustrates the CV profiles of the pure ZnFe,O,
nanoparticle and the ZnFe,0,/graphene nanocomposite
electrodes, respectively from the 1% to 5™ cycles between 0 to 3.0
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V at a scan rate of 0.1 mV s™. In the 1st cathodic scan, a minor
peak and broad peak located at ~0.77 V and ~0.49 V, respectively
for pure ZnFe,0, nanoparticle electrode, whereas only one broad
peak centered at 0.55 V for ZnFe,O4/graphene nanocomposite
s electrode are observed, which can be attributed to the reduction of
Zn*" and Fe*" to Zn® and Fe, respectively and the formation of
Li-Zn alloy accompanied with solid electrolyte interphase film
(decomposition of the electrolyte).'> On the first anodic potential
sweep, a broad oxidation peak around 1.61 V is observed for both
o the samples and could be attributed to the oxidation of the
metallic Zn and Fe into Zn®** and Fe*', respectively. More
importantly, the large decrease in the integrated area between the
first cycle and the following cycles for both the samples was

1.61V

@

Current / mA

1.5
Potential / V vs. Li'/Li

2.0 2.5 3.0

15

consistent with the relatively low initial Coulombic efficiency,
indicating the capacity loss caused by electrolyte decomposition,
and SEI film formation. After the first cycle, the reduction and
oxidation peaks are slightly shifted and fixed at around 0.89 V
and 0.95 V and 1.66 V and 1.65 V for the remaining cycles of
both the electrodes, respectively, corresponding to the reversible
conversion reaction between ZnO and Fe,0;. Remarkably, it can
be seen that the peak intensity of the pure ZnFe,O, nanoparticle
electrode decreases with the subsequent scan numbers, which
may be due to the poor electrical conductivity of the sample,
whereas the higher reversibility of ZnFe,O,/graphene
nanocomposite sample can be attributed to the incorporation of
graphene nanosheets.

Current / mA

1.5

2.0 25 3.0

Potential / V vs. Li'/Li

Fig. 3 Cyclic voltammograms of (a) pure ZnFe,O4 nanoparticle and (b) ZnFe,O,/graphene nanocomposite electrodes.

Fig. 4 (a) and (b) shows the charge/discharge curves of pure
ZnFe,0O, and ZnFe,O4/graphene nanocomposite electrodes,
respectively, for the 1%, 2™ and 5™ cycles at 0.1 C [1 C = 1000.5
mA g'] in a potential range between 0.005-3.0 V vs. Li'/Li. The
specific capacity of the ZnFe,O,/graphene nanocomposite
electrode is calculated based on the mass of the ZnFe,O,4 only.
For both samples, the first discharge-curve starts from the open
circuit voltage (OCV~2.6 V) and shows a continuous decrease up
to a deep discharge limit of ~0.005 V. It can be seen that a long
discharge plateau was observed at ~0.8 V in the first discharge
cycle of both electrodes, which can be speculated as the working
voltage when crystal destruction occurs due to the conversion
reaction of ZnFe,0, into Zn, Fe, and Li,0.” ° In addition, both
the electrodes also show a short voltage plateau near ~ 0.9 V,
which may be due to the formation of Li,ZnFe,0,.** It can also
be observed that the large discharge plateau disappears in the
later cycles, indicating irreversible reactions occurred, such as
electrolyte decomposition, or the formation of an SEI layer on the
surface of the particles. For the first charge profile, a short steady
increasing voltage plateau between 1.5-2.0 V is observed, which
states that both the Zn and Fe metals can reversibly react with
Li,O to form metal oxides. The first discharge and charge
capacities of the pure ZnFe,O4 nanoparticles are 1228.5 and
878.5 mAh g'l, respectively, while those of ZnFe,O,/graphene
nanocomposite are 1445.9 and 1002.5 mAh g, respectively. For

ss both the pure ZnFe,O4 and ZnFe,O,/graphene electrodes, the
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irreversible capacity during the first discharge process can be
attributed to the incomplete conversion reaction and SEI layer
formation at the electrode/electrolyte interface caused by the
reduction of electrolyte. Since the second cycle, the
ZnFe,O4/graphene nanocomposite electrode showed a more
highly reversible behavior than the pure ZnFe,O, electrode.
Furthermore, the ZnFe,0,/graphene nanocomposite electrode
retains a high reversible charge capacity of 908.6 mAh g in the
5™ cycle. The Coulombic efficiency rapidly increases from 69%
in the first cycle to 97% in the fifth cycle, and then remains
almost the same in the subsequent cycles (Fig. 4 (¢)). In contrast,
the reversible capacity of the pure ZnFe,O, electrode rapidly
decreases to 768.4 mAh g with a low Coulombic efficiency of
94% after the fifth cycle. It is believed that the high reversibility
of the nanocomposite electrode is due to its unique structure.
Graphene nanosheets work as buffers to mitigate the large
volume change of ZnFe,0, in the charge/discharge process. It is
well known that the excellent mechanical flexibility of graphene
nanosheets can readily accommodate the large volume change
associated with a conversion reaction electrode.

Fig. 4 (c) compares the cycle performance between the pure
ZnFe,O, electrode and ZnFe,04/graphene nanocomposite
electrode at a constant current rate of 0.1 C. It is obvious that the
capacity maintaining for nanocomposite electrode is much better
than that of the nanoparticle electrode. It can be seen that the
charge capacity of pure ZnFe,O, nanoparticle electrode reduces

This journal is © The Royal Society of Chemistry [year]
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rapidly after 75 cycles and delivers only 128.2 mAh g, which is
only 15% of the reversible capacity for the first cycle, whereas
the reversible capacity of ZnFe,O,/graphene nanocomposite
electrode is stable and reaches a maximum of about 720.6 mAh g’
s | after the same number of cycles. It should be noted that the
obtained reversible capacity of the nanocomposite electrode is
much higher than the theoretical capacity of commercially used
graphite anode (372 mAh g'). Such a significant capacity fading
for the pure ZnFe,O, nanoparticle electrode may be due to its low

10 intrinsic electrical conductivity, large volume
3.0
J (a)
2.5 —
= 204
3 J
2 15
Zz i Pure ZnFe O
[5) 274
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0.5 —
7 st
0.0 — !
T I T I T I T I T
0 300 600 900 1200 1500
Specific Capacity (mAh g'l)
1200
Ton b (©
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E
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O
9]
=y
<
=
@)

Cycle Number

expansion/contraction and the aggregation of the nanoparticles
during the cycling process.”> On the other hand, the improved
cycling stability including both capacity and coulombic
efficiency of the nanocomposite electrode is due to the existence
15 of graphene nanosheets. The graphene nanosheets provide a
highly conductive matrix for the diffusion of electrons and
lithium ions during the lithium insertion and extraction reactions
and improve the electronic conductivity, decrease the Ohmic loss,
and further provide the electronic conduction pathway of the
20 nanocomposite sample.

()

ZnFe,0 /graphene

Voltage (V vs Li'/Li)

0 300 600 900 1200 1500

Specific Capacity (mAh g'l)

Joicio2cio4acioscinecizaci4ociolc

ZnF;ezo ./ jgraphéne

Cycle Number

Fig. 4 Discharge/charge voltage profiles of (a) pure ZnFe,O4 nanoparticles and (b) ZnFe,0./graphene nanocomposite electrodes. (c) Cycling performance
at constant current rate of 0.1 C and (d) comparison of the rate capability at various current rates between 0.1 C to 4.0 C.

To further investigate the electrochemical performance of the
pure ZnFe,0,4 nanoparticle and ZnFe,0,/graphene nanocomposite
electrodes, we evaluated the rate capability as shown in Fig. 4 (d).
It can be seen that the charge capacities of the pure ZnFe,O,
nanoparticles decrease abruptly with increasing the current rates,
whereas the ZnFe,O,/graphene nanocomposite decreases much
slower at the same current rate. However, the ZnFe,O,/graphene
nanocomposite exhibited excellent rate capability and delivered
reversible charge capacities of 1002.5, 721.9, 658.8, 595.7, 516.7,
398.6, and 352.3 mAh g‘1 at the current rates of 0.1 C, 0.2 C, 0.4
C,0.8C, 1.6 C, 3.2 C, and 4.0 C, respectively. It is worth noting
that the obtained capacity of the nanocomposite electrode at the
high current rate of 4.0 C is almost closer to the theoretical
capacity of commercial graphite anode. In contrast, the capacities
of pure ZnFe,04 nanoparticle prepared under the same condition
40 were only 878.5, 589.5, 397.6, 228.7,99.4, 31.5, and 23.8 mAh g’

25

30

35

!, respectively. Hence, the result demonstrates that the structure
of the nanocomposite is very stable, and the Li" ions
insertion/extraction process is quite reversible even at the high
current rates. It is believed that the ZnFe,0,/graphene
4s nanocomposite not only suppresses the aggregation of ZnFe,O,
nanoparticles but also prevents the restacking of graphene
nanosheets, resulting in a large electrode/electrolyte interface
area. The large interface area not only provides more Li
insertion/extraction sites, but also facilitates fast Li" ion transfer
s0 between the electrode and electrolyte, thus leading to a large
reversible capacity of the nanocomposite electrode. More
importantly, the obtained electrochemical properties of designed
ZnFe,04/graphene nanocomposite electrode is comparable to
those reported for pure ZnFe,O4 nanoparticle and their
ss nanocomposite electrodes,'*'> 02® but the synthesis strategy
adopted in the present study is very cost-effective and simple
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compared to previous reports.

To further understand the enhanced electrochemical
performance of ZnFe,O4/graphene nanocomposite, EIS
measurements of pure ZnFe,0, and ZnFe,0,/graphene electrodes

s were also performed. The typical EIS plots of pure ZnFe,O, and
ZnFe,04/graphene electrodes are shown in Fig. 5. Both plots
show a depressed semicircle in the high to intermediate
frequencies region and a straight sloping line in the low
frequencies region. Generally, the depressed semicircle represents

10 charge-transfer ~ resistance ~ (Ry)  occurring at  the
electrode/electrolyte interface and the inclined line corresponds to
the lithium-ion diffusion processes (Warburg impedance, W).* As
can be seen from Fig. 5, the

80

60 —

7" (@)

© Pure ZnFe,0,

@ ZnF ¢,0,/graphene
I T I T I T
0 20 40 60 80

Z(©Q

15 Fig. 5 Nyquist plots of pure ZnFe,O4 nanoparticle and ZnFe,O4/graphene
nanocomposite electrodes.

impedance fitting was performed using EC-lab software and the

50

As shown in Fig. 6 (a), pure ZnFe,O, nanoparticle electrode
cracks severely and it seems that the nanoparticles are pulverized
after 75 cycles. The structure destruction of ZnFe,O4 nanoparticle
ss due to the cycling is responsible for its gradually decrease
capacity. On the contrary, ZnFe,0,/graphene nanocomposite
electrode preserves good geometric integrity without cracking.
Therefore, it can be speculated that the active materials remain
intact during cycling and thereby an excellent cycling stability of

corresponding equivalent circuit is also shown in the inset of the

figure. The parameters R;, R, and Z,, in the circuit correspond to
20 the ohmic resistances of the electrolyte, Li" ion charge transfer

and the Warburg impedance, respectively. However, the smaller
the charge transfer resistance, the smaller the diameter of the
semicircle. The results of fitting analysis clearly indicate that the

R, value (14.39 Q) for the ZnFe,O,/graphene nanocomposite
25 electrode is smaller than the value of pure ZnFe,0, nanoparticle

electrode (25.76 Q), indicating that the graphene nanosheets

improve the electrical conductivity of nanocomposite electrode.

Hence, author’s believed that the high electrical conductivity of

the graphene nanosheets could be maintained in the
30 nanocomposite sample and holds the ZnFe,O, nanoparticle

tightly in the pores. This action prevents the ZnFe,0,

nanoparticle from aggregation and thereby enlarges the contact

area between electrode and electrolyte. The high contact area

makes it easy for much more Li" ions insertion/extraction at the
3s same time, which eventually decreased the charge transfer
resistances.

Additionally, post-cycling characterization of both the
electrodes were performed to understand the volumetric
expansion/contraction of ZnFe,O4 nanoparticles during
charge/discharge cycling. Fig. 6 (a) and (b) shows the ex-situ FE-
SEM images of pure ZnFe,O4; and ZnFe,0,/graphene
nanocomposite electrodes, respectively, after 75 cycles. For doing
ex-situ FE-SEM studies, the cycled electrode was initially
dissociated from the cell in an argon filled glove box. The
ss electrodes were then washed thoroughly with the solvent,

dimethyl carbonate to remove the electrolyte. Then, they were

dried at 80 °C in a vacuum oven for overnight. For ex-situ FE-

SEM studies, the electrode material is scraped off from the Cu-

substrate and the powder is recovered inside the glove box.

IS
S

Fig. 6 Ex-situ FE-SEM images of cycled electrodes (a) pure ZnFe,0,4 and (b) ZnFe,04/graphene nanocomposite.

¢ nanocomposite electrode. In addition, it is also reasonable to
suggest that the introduction of graphene nanosheets provides
buffer for the volume change of ZnFe,O4 nanoparticles and
enhances its structure stability.

4. Conclusions

es In  conclusion, a ZnFe,0,/graphene nanocomposite was

successfully synthesized by a rapid and facile urea-assisted auto-

This journal is © The Royal Society of Chemistry [year]
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combustion synthesis and annealed at 600 °C for 5 h under an N,
atmosphere. The resultant nanocomposite reveals a unique
morphology, in which the ZnFe,0, nanoparticles with a range of
25-50 nm are homogeneously anchored on the surface of the
s graphene  nanosheets. Furthermore, the electrochemical
evaluation indicates that the ZnFe,O,/graphene nanocomposite is
a promising candidate for lithium storage and shows a high
reversible capacity, excellent cycling stability, and improved rate
capability in comparison to the pure ZnFe,O, nanoparticle
10 electrode.  The  significantly improved electrochemical
performance of nanocomposite electrode can be attributed to the
fact that the ZnFe,O, nanoparticles were bonded to the graphene
nanosheets, which could greatly improve the intrinsic
conductivity of ZnFe,O,4 and effectively buffer the strain induced
15 by lithiation.
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