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Stable electrode materials with guaranteed long-term cyclability are indispensable for advanced lithium-ion
batteries. Recently, delafossite CuFeO, has received considerable attention, due to its relative structural
integrity and cycling stability. Nevertheless, the low conductivity of delafossite and its relatively low
theoretical capacity prevent its use as feasible electrodes for next-generation batteries that require
higher reversible capacities. In this work, we suggest a simple and straightforward approach to prepare
CuFeO,—-NiFe,O4 by introducing Ni precursor into Cu and Fe precursor to form NiFe,O4, which exhibits
higher capacity but suffers from capacity fading, through sol-gel process and subsequent heat
treatments. The presence of both NiFe,O,4 and CuFeO, is apparent, and the heterostructure arising from
the formation of NiFe,O4 within CuFeO, renders some synergistic effects between the two active

materials. As a result, the CuFeO,—-NiFe,O4 hybrid sample exhibits excellent cycling stability and
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Accepted 2nd August 2019 improved rate capability, and can deliver stable electrochemical performance for 800 cycles at a current

density of 5.0 A g~1 This work is an early report on introducing a foreign element into the sol—gel

DOI: 10.1039/c9ra03187a process to fabricate heterostructures as electrodes for batteries, which open up various research
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Introduction

Lithium-ion batteries (LIBs), for the last three decades, have
been researched and developed significantly among various
kinds of energy storage systems."” The applications of LIBs
include electronic devices, electric vehicles (EV), and can also be
extended to large scale public transportation and electric grids
in near future.>” To realize next-generation LIBs, it is important
to consider not only the high energy density but also the
durability of the performance, where the given electrode mate-
rial has a stable cycling upon high charge and discharge
rates.*** In this regard, high rate cyclability and stable electro-
chemical performance are both key to the successful develop-
ment of next-generation rechargeable batteries.

Recently, various Fe-based and metal oxide materials have
been sought out as alternative anodes for secondary
batteries.”®" Among a number of candidates for electrode
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materials, delafossite materials have recently garnered much
attention, as it is a ternary oxide that possesses a unique layered
crystal structure.’® Such structure provides three-dimensional
pathways, which are beneficial for facile ion insertion and de-
insertion.'®* Based on a number of previous reports,'®*>° it has
been demonstrated that CuFeO, generally exhibits quasi-stable
cycle retention characteristics. Nevertheless, the aggregation of
particles (as well as pulverization) and the low conductivity of
CuFeO, have hampered its application as feasible electrodes for
LIBs, which require more delicate material design.

So far, all approaches have been adopted to boost up the
electrochemical performance of CuFeO, by using carbonaceous
materials, including combining with reduced graphene oxide'®
and graphene.” Although using carbon can significantly
improve the electronic conductivity, it leads to the decreased
loading amount of CuFeO,, which may limit the full utilization
of CuFeO,. Moreover, some pre-steps were required to fabricate
carbonaceous materials, which may take longer time and
requires slightly more complicated process.

In this work, we have successfully fabricated predominantly
CuFeO,-NiFe,0, (delafossite-spinel) hybrid materials by
simple sol-gel process with the addition of Ni precursor. By
introducing Ni precursor into the sol-gel solution, Ni actively
reacts with Fe to form a spinel structure (NiFe,O,), while the
rest of the Cu atoms form additional delafossites (CuFeO,). The
approach suggested in this work is very simple and one-step and
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is distinct from the previous works on CuFeO, in that it not only
retains loading amount of active materials but also improves
the overall capacity, in terms of cycle retention and rate capa-
bilities. For the final product, various kinds of CuFeO,-NiFe,0,
(denoted as CFO-Ni samples) were formed, which exhibit both
the crystal structures of CuFeO,-NiFe,0,, with a slight forma-
tion of CuO, that may later act as a highly conductive electron
pathway.** Attributed to the rationally designed crystal struc-
tures of the electrodes, CFO-Ni exhibited excellent rate cycla-
bility at a current density of 5000 mA g~ ', which has yet been
reported. The work presented here serves as milestone to easily
fabricate various heterostructures using sol-gel process and
apply them to rechargeable energy storage systems, which open
up various opportunities in near future.

Experimental

Chemicals

Copper(u) nitrate trihydrate (Cu(NOj3),-3H,0, Sigma Aldrich,
99.999%), iron(ur) nitrate nonahydrate (Fe(NOs);-9H,0, Sigma
Aldrich, 99%), nickel(u) nitrate hexahydrate (Ni(NO;),-6H,0,
Sigma Aldrich, 99.999%), citric acid (C¢HgO;, Sigma Aldrich,
=99.5%), ethylene glycol (C,Hg¢O,, Sigma Aldrich, anhydrous,
99.8%), and ethanol (C,HsOH, Sigma Aldrich, anhydrous,
99.5%) were used for the sol-gel synthesis.

Synthesis of CuFeO, and CuFeO,-NiFe,0, composites

The synthesis of CuFeO, (CFO) and CuFeO,-NiFe,0, compos-
ites (CFO-Ni) was carried out by simple sol-gel process and
subsequent heat treatment. Briefly, the synthesis of CFO was
carried out as follows: Fe(NO;);-9H,O (4 mmol), Cu(NO3),-
3H,0 (4 mmol), and C¢HgO; (8 mmol) were mixed in 20 mL of
ethanol. After stirring for 2 h, ethylene glycol (8.96 mmol) was
added to the mixture, which was further stirred for 1 h. The
resulting solution was evaporated at 120 °C overnight. The
resulting powder was grinded, and then annealed in air at
450 °C for 5 h to remove all traces of organics. The resulting
powder was then annealed under argon environment (200
mL min ") at 700 °C for 12 h. For the synthesis of CFO-Ni
heterostructures, the same procedure in the synthesis of CFO
was used except that Ni(NO3),-6H,0 and additional Fe(NOj3)s-
-9H,0 were added into the CFO solution to carefully match the
molar ratio between Ni, Cu, Fe, and O. Specifically, the amount
of Ni(NO;),-6H,0 was determined by the desired molar ratio of
Ni to Cu content. Notably, due to the facile formation of NiFe,O,
in the annealing steps, Fe deficiency can easily take place
without an additional Fe content so that the formation of the
CFO was suppressed. Thus, an additional Fe source was added
as much as Ni could consume to form NiFe,O,.

Cell assembly

The electrode material was initially slurry casted on Cu foil,
together with the binder and conductive agent. Briefly, 80 wt%
of active materials (CFO and CFO-Ni) were mixed together with
10 wt% of binder containing poly(acrylic acid)/sodium carbox-
ymethyl cellulose (Sigma Aldrich, USA, wt%/wt% = 50/50), and
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10 wt% of conductive agent (Super P carbon black) in the
presence of water. The slurry casted Cu foil was initially dried at
50 °C for 10 min and later dried under vacuum at 150 °C for 2 h
to allow suitable adhesion of binder to the active materials. The
average mass loading of the active materials was about 2 mg
cm 2. The electrochemical cells were assembled inside the
glove box in Ar atmosphere. The slurry casted Cu foil is punched
into circular shape (14¢) and assembled together with separator
(Celgard 2325), counter electrode (Li metal foil), and liquid
electrolyte (1.3 M lithium hexafluorophosphate (LiPFg) dis-
solved in the solvent mixture of ethylene carbonate/diethylene
carbonate (EC/DEC) with 10 wt% of fluoroethylene carbonate
(FEC)) (PANAX ETC.). Prior to the electrochemical cell testing,
aging process was conducted for 24 h to allow the optimal
electrochemical performance.

Characterization

The morphological characteristics of CFO and CFO-Ni were
examined by field emission scanning electron microscopy (FE-
SEM, SU5000, Hitachi). To analyze the elemental composition,
energy-dispersive X-ray (EDX) spectroscopy was conducted
using FE-SEM (XL 30 S FEG, Philips, Netherlands) with a beam
voltage of 10 kV. Both morphological and crystal properties of
CFO and CFO-Ni were examined by high resolution trans-
mission electron microscopy (HRTEM, Tecnai F20) operating at
200 kv. The crystal structures of CFO and CFO-Ni were
confirmed by X-ray diffractometer (XRD, D/MX-200, Rigaku).
The chemical states of both CuFeO, and NiFe,O, were analyzed
by X-ray photoelectron spectroscopy (XPS, K-alpha, Thermo VG
Scientific). To analyze the redox reactions with Li, cyclic vol-
tammetry (CV) analysis was conducted in the scan rate of 0.1 mV
s~ " using the battery testing device (Maccor Series 4000, KOREA
THERMO-TECH). To further investigate the internal cell resis-
tances, impedance tests were carried out using 1-channel
potentiostat (ZIVE SP1, Wonatech).

Results and discussion

Schematic illustration on the synthesis of CuFeO,-Ni compos-
ites is presented in Fig. 1a. Initially, Cu, Fe, and Ni precursor
were dissolved together in a solution, which forms an inter-
connected network of metal ions. Upon heat treatment, these
interconnected networks are crystallized into delafossites
(CuFeO,) and spinel (NiFe,0,), forming heterostructures. The
addition of Ni precursor is critical to the synthesis of NiFe,0,-Ni
ions can be easily incorporated into the spinel structure in the
presence of Fe and O, where the careful modulation in the
amount of Ni precursor is required. For the synthesis of pristine
CuFeO,, all the procedures were identical except the input of Ni
precursor, and the interconnected metal ion network was also
formed and later crystallized in a similar manner. To further
delve into morphological properties, SEM images of CFO, CFO-
Ni (0.1), CFO-Ni (0.2), and CFO-Ni (0.4) were presented (Fig. 1b-
e). All of the composites showed formation of nanograins that
were connected with one another. The morphologies did not
significantly alter due to the introduction of Ni precursor -
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Fig. 1 (a) Schematic illustration on the synthesis of CFO and CFO-Ni
samples. SEM images of (b) CFO, (c) CFO-Ni (0.1), (d) CFO-Ni (0.2), and
(e) CFO-Ni (0.4).

nevertheless, the elemental composition of CFO and CFO-Ni
(0.4) was clearly different, which can be seen by the SEM-EDS
analysis of CFO and CFO-Ni (0.4) (Fig. S17).

To further understand the overall crystal structure of bulk
materials, XRD patterns of CFO, CFO-Ni (0.1), CFO-Ni (0.2), and
CFO-Ni (0.4) samples were analyzed (Fig. 2). The CFO sample
exhibits a delafossite structure, with major crystal planes of
(006), (012), (104), (018), and (110), in accordance with JCPDS
75-2146. The addition of Ni precursor induced additional
NiFe,0, structure (JCPDS 54-0964), as evidenced by additional
crystal planes of (220) and (400) at 30° and 43°. The peak
intensity of NiFe,O, increases as the loading amount of Ni
precursor in the sol gel process increases. If the loading amount
of Ni precursor is further increased, it is expected that the
composite mainly consists of NiFe,0,, which is not applicable
to this study that investigates on the overall properties of
CuFeO,-NiFe,0, hybrid structures.

To explain more on the function of NiFe,O, and how they are
combined with CuFeO,, XPS analysis was carried out (Fig. S27).
The peak of Cu” can be clearly seen at 931.93 eV, and it indicates
distinct distributions of two Cu valence states; that is, the
signals observed at 931.93 and 933.72 eV correspond to Cu' and
Cu*" respectively.?> The deconvoluted Cu 2p spectrum shows
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Fig. 2 XRD patterns of CFO (orange), CFO-Ni (0.1) (black), CFO-Ni
(0.2) (blue), and CFO-Ni (0.4) (red).

dominant doublet peaks Cu 2p3,, and Cu 2p;,,, corresponding
to the binding energies of 931.93 and 951.80 eV with a peak
splitting difference of ~20 eV, indicative of monovalent copper
Cu'.? In addition, the binding energy (BE) separation (~13 eV)
of photoelectron peaks for Fe 2p;, and Fe 2p,,, located
respectively at 710.73 and 723.94 eV, confirms the Fe** state of
iron.”® The satellite peaks observed at 718.99 and 733.13 eV are
characteristics of 3+ oxidation state of Fe.>® The XPS spectra of
Ni show satellite peaks that appear on the high binding energy
side of both 2p;/, and 2p,,, regions. It indicates that Ni is in an
oxidation state of 2+. The de-convolution of the XPS Ni 2p3,
peak region reveals the presence of two nonequivalent bonds
due to two types of lattice sites, tetrahedral and octahedral.*
The binding energies associated with Ni 2p;/, is 854.61 and
855.61 eV.**

The electrochemical performances of CFO-Ni samples were
measured by assembling a coin cell, where various CFO-Ni
samples were used as working electrodes and Li metal foil as
the counter electrode. To understand the irreversible capacity
loss in the initial cycle, a voltage profile of CFO-Ni (0.1), CFO-Ni
(0.2), and CFO-Ni (0.4) in the formation cycle (50 mA g~ ") was
presented (Fig. 3a). An initial coulombic efficiency (I.C.E.),
marked by the ratio between the charge and discharge capacity,
was calculated as 67.0, 65.6, and 69.1%, where CFO-Ni (0.4)
showed the most reversible reaction with Li. Although not
exactly in the same pattern, the introduction of Ni eventually led
to higher I.C.E., which can be marked by the catalytic activities
that Ni possesses to decompose Li,O that was initially formed as
a result of conversion reaction.”® Additionally, the introduction
of Ni resulted in higher charge and discharge capacity in the
initial cycle, where CFO-Ni (0.4) delivered a reversible capacity
of 740.1 mA h g, whereas CFO-Ni (0.1) and CFO-Ni (0.2)
delivered only 534.8 and 572.9 mA h ¢ ' at a current density of
50 mA g~ '. During the discharge process, all three samples had
a plateau at 0.95 V, which can be assigned to the two-phase
reaction that takes place as a result of conversion reaction, in
accordance with the previous work.’ No noticeable plateau

RSC Adv., 2019, 9, 27257-27263 | 27259
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Fig.3 (a) Charge and discharge profile of CFO-Ni (0.1), CFO-Ni (0.2), and CFO-Ni (0.4) in the formation cycle. Charge and discharge profile of (b)

CFO-Ni (0.1), (c) CFO-Ni (0.2), and (d) CFO-Ni (0.4) in the 2nd, 10th, 50th, and 100th cycle. (e) Cycle retention characteristics of CFO-Ni (0.1),
CFO-Ni (0.2), and CFO-Ni (0.4) at a current density of 500 mA g~ (f) rate capabilities of CFO-Ni (0.1), CFO-Ni (0.2), and CFO-Ni (0.4) at different

current densities (expressed in A g73).

corresponding to the conversion reaction of NiFe,O, is shown
as it undergoes conversion reaction at a similar voltage.*®

To compare the trends in redox reactions with Li, the charge
and discharge profile of CFO-Ni (0.1), CFO-Ni (0.2), and CFO-Ni
(0.4) in the 2nd, 10th, 50th, and 100th cycle is further presented
(Fig. 3b-d). It is important to highlight that all the samples
show similar voltage profiles, although their reversible capacity
and the degree of capacity fading are largely different. The
charge and discharge profile of CFO-Ni (0.1) is presented in
Fig. 3b, where the capacity faded below 320 mA h g~ after 100th
cycle. Nevertheless, the voltage plateau was maintained at
0.95 V even after the 50th and 100th cycle. Secondly, the charge
and discharge profile of CFO-Ni (0.2) is presented (Fig. 3c).
Compared with CFO-Ni (0.1), it exhibits slightly improved
electrochemical performance, where the reversible capacity was
maintained to 348.6 mA h g '. The voltage profiles were
generally similar between CFO-Ni (0.1) and CFO-Ni (0.2).
However, when the concentration of Ni increased, the electro-
chemical performance was largely enhanced. For CFO-Ni (0.4),
the reversible capacity was maintained about 500 mAh g~ " even
after 100 cycles, while the voltage profiles did not change
significantly. Upon larger loading amount of Ni, which forms
NiFe,0,, the overall capacity was significantly enhanced.
Nevertheless, without the presence of CuFeO,, the pristine
NiFe,0, alone cannot sustain the good reversible capacity, in
accordance with the previous literature.”” Through this study, it
can be suggested that the considerable loading amount of
NiFe, 0, with minimal amount of CuFeO, is desirable to achieve

27260 | RSC Adv., 2019, 9, 27257-27263

enhanced reversible capacity with good cycle retention
characteristics.

The cycle retention tests in terms of capacity (mA h g~') and
coulombic efficiency (%) were further presented to clearly
investigate the difference in electrochemical performance of
three respective CFO-Ni samples (Fig. 3e). As evidenced by the
charge and discharge profiles above (Fig. 3b-d), CFO-Ni (0.4)
showed extremely outstanding electrochemical performance,
compared with two other CFO-Ni samples (CFO-Ni (0.1) and
CFO-Ni (0.2)). CFO-Ni (0.4) exhibits stable electrochemical
performance up to 100 cycles at a current density of 500 mA g™,
with good reversibility. CFO-Ni (0.2) exhibits slightly enhanced
electrochemical performance compared with CFO-Ni (0.1), but
shows less coulombic efficiency, which means that its redox
reaction with Li is not reversible. Finally, rate capabilities tests
(Fig. 3f) were conducted to examine the electrochemical
performance of CFO-Ni samples at different current densities
(expressed in A g ). Just like in the cycle retention tests
(Fig. 3e), CFO-Ni (0.4) exhibits superior electrochemical
performance at all current densities (from 0.1 to 5.0 A g 1),
compared with CFO-Ni (0.1) and CFO-Ni (0.2). Even at a current
density of 5000 mA g~', CFO-Ni (0.4) has an average reversible
capacity above 150 mA h g ', whereas other two CFO-Ni
samples showed a capacity below 100 mA h g™ at the given
current density. The capacity of CFO-Ni (0.4) also relapses well
to >600 mA h g when the current density was changed from
5000 to 100 mA g~ .

To clearly compare the effect of Ni introduction in enhancing
the electrochemical performances, the electrochemical

This journal is © The Royal Society of Chemistry 2019
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properties and performances of CFO-Ni (0.4) were compared
with pristine CFO synthesized by the same procedure. To probe
into the redox reactions with Li, cyclic voltammetry (CV) anal-
ysis was conducted for both pristine CFO (Fig. 4a) and CFO-Ni
(0.4) (Fig. 4b). In the cathodic scan in the 1st cycle for CV
curve of CFO (Fig. 4a), the one major broad peak appears at
0.6 V, which can be ascribed to the conversion reaction of
CuFeO, (eqn (1)), which can be written as below:*®

CuFeO, + 4Li* + 4~ — Cu” + Fe’ + 2Li,O (1)

In the anodic scan in the 1st cycle, one major peak at 1.7 V is
ascribed to the oxidation of Cu® and Fe® (eqn (2) and (3)), which
can be written below:"

2Cu° + Li,0 — Cu,O + 2Li* + 2e” (2)
2Fe’ + 3Li,0 — Fe,O3 + 6LiT + 6¢~ 3)

In the 2nd and 3rd cycle, the major peak in the cathodic scan
was shifted from 0.6 to 1.0 V, where conversion reaction
continued to take place. Based on the previous literature,*® such
shift in the major CV peaks in the cathodic scan suggests some
degree of irreversibility, which is apparent in many different
kinds of metal oxides.’®*"** Nevertheless, in the anodic scan,
such shift in the major peaks is not apparent, where the
reversible charge reaction took place from the 1st cycle.
Surprisingly, based on the CV curves of CFO-Ni (0.4) (Fig. 4b),
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Fig. 4 CV curves of (a) CFO and (b) CFO-Ni (0.4). Comparison of
electrochemical performance in terms of (c) cycle retention charac-
teristics (at 500 mA g~ and (d) rate capabilities (expressed in A g~?) for
CFO and CFO-Ni (0.4). (e) High-rate cyclability tests of CFO-Ni (0.4) at
a ultra-high current density (5000 mA g~?) for 800 cycles.
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the overall redox reactions with Li are not significantly different.
Although the introduction of Ni resulted in the formation of
new phase (NiFe,0,), the major peak in the cathodic scan was at
0.6 V, similar to CFO. This is attributed to the fact that the
conversion of NiFe,0, (eqn (4)) also takes place in the similar
voltage. According to the previous literature,® the major
cathodic peak in the 1st cycle was located at around 0.54 V, near
the voltage peak at which cathodic peak for CFO was also
located. Similarly, anodic peak at 1.7 V was present for CFO-Ni
(0.4) in the 1st, 2nd, and 3rd cycle, which can be ascribed to the
oxidation of not only Cu® and Fe® but also Ni’, where additional
oxidation of Fe® and Ni° takes place as a result of the formation
of NiFe,0, (eqn (5)), as shown below:

NiFe,0, + 8Li* + 8¢~ — 2Fe’ + Ni’ + 4Li,0 (4)
Ni” + 2Fe” + 4Li,0 — Fe,05 + NiO + 8Li* + 8¢~ (5)

Based on the comparison of CV curves for CFO and CFO-Ni
(0.4), it is clear that the introduction of Ni to form a spinel
structure (NiFe,O,) does not result in significantly different
voltage profiles and/or redox reaction mechanisms with Li. This
also highlights the synergistic effects that Ni atom can bring
together with Fe and Cu.

To better compare the electrochemical performance of CFO
and CFO-Ni (0.4), the cycle retention characteristics (Fig. 4c)
and rate capabilities (Fig. 4d) were further compared for both
samples. Before comparison, the charge and discharge profile
of CFO in the formation cycle was presented (Fig. S31), where
the I.C.E. was calculated as 69.6%. Contrary to what was ex-
pected, introduction of Ni did not significantly contribute to the
higher reversible reaction with Li. Nevertheless, in terms of
cycle retention, a clear difference was extant. The charge and
discharge profile of CFO in the 2nd, 10th, 50th, and 100th cycle
is also shown in Fig. S4,f where it shows significantly lower
reversible capacity compared with CFO-Ni (0.4). At a current
density of 500 mA g~ !, CFO-Ni (0.4) exhibits a reversible capacity
of ~500 mA h g~ * after 100 cycles, whereas pristine CFO exhibits
a reversible capacity of ~390 mA h g after cycling. Similarly,
introduction of Ni also resulted in superior rate capabilities
(Fig. 4d). At high current densities (3000 and 5000 mA g~ '),
lower reversible capacity is observed for CFO, which shows the
limited electrochemical performance of CFO under the condi-
tion where fast electron transport is required. Lastly, to inves-
tigate the high-rate cyclability, the cycle retention
characteristics of CFO-Ni (0.4) were tested (Fig. 4e) at a current
density of 5000 mA g~'. CFO-Ni (0.4) maintains a reversible
capacity of 147.1 mA h g " at a current density of 5000 mA g~
even after 800 cycles, with an excellent coulombic efficiency of
99.8%. The initial capacity fading in the initial 100 cycles can be
related to limited capacity arising from the diffusion barrier
that stems from the fast electron transport, where CFO-Ni (0.4)
possesses a capacity in the range of 150-160 mA h g~ " based on
the rate capabilities tests at the identical current density
(5000 mA g~ ) (referred from Fig. 3f). Eventually, after the 200th
cycle, CFO-Ni (0.4) shows very outstanding cycle retention
characteristics, which are difficult to achieve for so-far reported
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CuFeO,-based electrode materials. The high-rate cyclability
shown in this work far surpasses the electrochemical perfor-
mance of previously reported literatures (Table S17), although
very simple, feasible approach was adopted to fabricate various
CFO-Ni samples.

A number of parameters need to be considered to delve into
the reasons for improved electrochemical performance of CFO-
Ni (0.4). To account for the electronic conductivity of electrodes,
impedance tests were further conducted for CFO-Ni (0.4) and
CFO after the 1st cycle (Fig. 5a) and 100th cycle (Fig. 5b). In both
cases, the charge transfer resistance (Rcr) of CFO-Ni (0.4) was
significantly smaller than that of CFO, which can be attributed
to the introduction of Ni precursor that forms NiFe,O, that
renders additional electron pathway. Rcy of both CFO-Ni (0.4)
and CFO increases after the 100th cycle, which is apparent due
to partial agglomeration that takes place for both samples.
Based on impedance tests, formation of heterostructure with
NiFe,0, resulted in smaller internal cell resistance, which led to
enhanced electrochemical performance of CFO-Ni (0.4).

To further compare the overall morphologies, ex situ SEM
analyses of CFO and CFO-Ni (0.4) after 100 cycles were further
compared (Fig. 6). Overall, both CFO and CFO-Ni still main-
tained their structural integrity, which account for the stable
electrochemical performance shown in Fig. 4. Nevertheless, in
terms of microstructures, slight difference can be observed.
When both CFO-Ni (0.4) and CFO were viewed in high magni-
fication (Fig. 6b and d), the results suggest that less degree of
pulverization takes place for CFO-Ni (0.4), which can be attrib-
uted to the formation of heterostructures between NiFe,O, and
CuFeO,. When viewed in low magnification (Fig. 6a and c),
similar trends were observed, where pulverization took place
more actively for CFO, compared with CFO-Ni (0.4). This
accounts for decreased Ry for CFO-Ni (0.4) compared with that
for CFO (Fig. 5) - although both CFO-Ni (0.4) and CFO exhibit
similar I.C.E. (~69%), less degree of pulverization takes place
for CFO-Ni (0.4) as both CuFeO, and NiFe,0, continuously
prevent each other from pulverization. To understand the effect
of crystallinity, ex situ XRD patterns were carried out (Fig. S57).
Both CFO and CFO-Ni (0.4) exhibit amorphous state, where the
amorphization process took place after cycling. Based on these
results, introduction of Ni not only brought stable redox
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Fig.5 Nyquist plots of CFO and CFO-Ni (0.4) after the (a) 1st cycle and
(b) 100th cycle.
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Fig. 6 (a) Ex situ SEM images and (b) magnified image of red box in (a)
for CFO-Ni (0.4) and (c) ex situ SEM images and (d) magnified image of
red box in (c) for CFO after 100th cycle.

reactions with Li, but also minimized cell resistance as well as
prevented further pulverization of electrode materials.

Conclusions

We have successfully synthesized hybrid electrode (Ni-CFO) by
simple sol-gel process and subsequent heat treatments,
demonstrating outstanding electrochemical performance.
Through the introduction of Ni precursor, CuFeO,-NiFe,0,
heterostructure was fabricated, where NiFe,0, is expected to
improve the low theoretical capacity of CuFeO,. Various CFO-Ni
samples with different concentration of Ni precursor were
fabricated, and CFO-Ni (0.4) in particular exhibited highly
reversible reaction with Li, stable high-rate cyclability, and
improved rate capabilities. Such outstanding electrochemical
performance can be attributed to minimal cell resistance by
introducing Ni precursor, and less degree of pulverization upon
the synthesis of heterostructures. This work paves a milestone
for easily synthesizing heterostructure using sol-gel process
and subsequent heat treatments, which is expected to be
extended various electrode materials for alternative energy
storage system.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Research Foundation
of Korea (NRF), grant no. 2014R1A4A1003712 (BRL Program),
the funding from Korea CCS R&D Center (KCRC) grant by the

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03187a

Open Access Article. Published on 02 September 2019. Downloaded on 7/16/2025 11:19:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Korea government (Ministry of Science, ICT & Future Planning)
(No. NRF-2014M1A8A1049303), Wearable Platform Materials
Technology Center (WMC) (NR-2016R1A5A1009926), and NRF
(National Research Foundation of Korea) Grant funded by
Korean Government (NRF-2017H1A2A1042006-Global Ph.D.
Fellowship Program).

References

1 L. Zhou, K. Zhang, Z. Hu, Z. Tao, L. Mai, Y.-M. Kang,
S.-L. Chou and J. Chen, Adv. Energy Mater., 2018, 8, 1701415.

2 J. W. Fergus, J. Power Sources, 2010, 195, 939-954.

3 L. Lu, X. Han, J. Li, J. Hua and M. Ouyang, J. Power Sources,
2013, 226, 272-288.

4 A. Poullikkas, Renewable Sustainable Energy Rev., 2011, 111,
778-788.

5 M. M. Thackeray, C. Wolverton and E. D. Isaacs, Energy
Environ. Sci., 2012, 5, 7854-7863.

6 W.-T. Koo, H.-Y. Jang, C. Kim, J.-W. Jung, J. Y. Cheong and
1.-D. Kim, J. Mater. Chem. A, 2017, 5, 22717-22725.

7 J. W. Choi and D. Aurbach, Nat. Rev. Mater., 2016, 1, 16013.

8 C. Kim, G. Song, L. Luo, ]J. Y. Cheong, S.-H. Cho, D. Kwon,
S. Choi, J.-W. Jung, C.-M. Wang, L.-D. Kim and S. Park, ACS
Nano, 2018, 12, 8169-8176.

9 J. Y. Cheong, C. Kim, J.-W. Jung, K. R. Yoon, S.-H. Cho,
D.-Y. Youn, H.-Y. Jang and I.-D. Kim, Small, 2017, 13,
1603610.

10 T.-F. Yi, S.-Y. Yang and Y. Xie, J. Mater. Chem. A, 2015, 3,
5750-5777.

11 J. Y. Cheong, J.-W. Jung, D.-Y. Youn, C. Kim, S. Yu, S.-H. Cho
and K. R. Yoon, J. Power Sources, 2017, 360, 434-442.

12 J. Y. Cheong, C. Kim, J.-W. Jung, T.-G. Yun, D. Y. Youn,
S.-H. Cho, K. R. Yoon, H.Y. Jang, S. W. Song and
I.-D. Kim, J. Power Sources, 2018, 400, 485-492.

13 B.-H. Hou, Y.-Y. Wang, J.-Z. Guo, Y. Zhang, Q.-L. Ning,
Y. Yang, W.-H. Li, ]J.-P. Zhang, X.-L. Wang and X.-L. Wu,
ACS Appl. Mater. Interfaces, 2018, 10, 3581-3589.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

14 B.-H. Hou, Y.-Y. Wang, Q.-L. Ning, H.-J. Liang, X. Yang,
J. Wang, M. Liu, J.-P. Zhang, X. Wang and X.-L. Wu, Adv.
Electron. Mater., 2019, 5, 1900006.

15 D.-S. Liu, D.-H. Liu, B.-H. Hou, Y.Y. Wang, J.-Z. Guo,
Q.-L. Ning and X.-L. Wu, Electrochim. Acta, 2018, 264, 292
300.

16 B.Li, Y. Yan, C. Shen, Y. Yu, Q. Wang and M. Liu, Nanoscale,
2018, 10, 16217-16230.

17 B.-H. Hou, Y.-Y. Wang, J.-Z. Guo, Q.-L. Ning, X.-T. Xi,
W.-L. Pang, A.-M. Cao, X. Wang, J.-P. Zhang and X.-L. Wu,
Nanoscale, 2018, 10, 9218-9225.

18 J. Wang, Q. Deng, M. Lj, K. Jiang, J. Zhang, Z. Hu and J. Chu,
Sci. Rep., 2017, 7, 8903.

19 Y. Dong, C. Cao, Y.-S. Chui and J. A. Zapien, Chem. Commun.,
2014, 50, 10151-10154.

20 L. Lu, J.-Z. Wang, X.-B. Zhu, X.-W. Gao and H.-K. Liu, J. Power
Sources, 2011, 196, 7025-7029.

21 J. Y. Cheong, C. Kim, J.-W. Jung, K. R. Yoon and L.-D. Kim, /.
Power Sources, 2018, 373, 11-19.

22 H. Liu, J. Xie, P. Liu and B. B. Dai, Catalysts, 2016, 6, 120.

23 A. Yengantiwar, P. S. Shinde, S. Pan and A. Gupta, J.
Electrochem. Soc., 2018, 165, H831-H837.

24 R. S. Yadav, J. Havlica, J. Masilko, L. Kalina, ]J. Wasserbauer,
M. Hajduchova, V. Enev, 1. Kufitka and Z. Kozakova, J. Magn.
Magn. Mater., 2015, 394, 439-447.

25 C. Hua, X. Fang, Z. Wang and L. Chen, Chem.-Eur. J., 2014,
20, 5487-5491.

26 N. Wang, H. Xu, L. Chen, X. Gu, J. Yang and Y. Qian, J. Power
Sources, 2014, 247, 163-169.

27 Y. Xiao, J. Zai, B. Tian and X. Qian, Nano-Micro Lett., 2017, 9,
34.

28 Y. Dong, M. Hu, R. Ma, H. Cheng, S. Yang, Y. Y. Li and
J. A. Zapien, CrystEngComm, 2013, 15, 1324-1331.

29 Z.-g. Wu, Y.-j. Zhong, ]. Liu, J.-h. Wu, X.-d. Guo, B.-h. Zhong
and Z.-y. Zhang, J. Mater. Chem. A, 2015, 3, 10002-10009.

30 H. Guo, T. Li, W. Chen, L. Liu, J. Qiao and J. Zhang, Sci. Rep.,
2015, 5, 13310.

RSC Adv., 2019, 9, 27257-27263 | 27263


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03187a

	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a

	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a
	CuFeO2tnqh_x2013NiFe2O4 hybrid electrode for lithium-ion batteries with ultra-stable electrochemical performanceElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03187a


