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ZnO has attracted increasing attention as an anode for lithium ion batteries. However, the application of
such anode materials remains restricted by their poor conductivity and large volume changes during the
charge/discharge process. Herein, we report a simple hydrothermal method to synthesize ZnO
nanosheets with a large surface area standing on a Ni foam framework, which is applied as a binder-free
anode for lithium ion batteries. ZnO nanosheets were grown in situ on Ni foam, resulting in enhanced
conductivity and enough space to buffer the volume changes of the battery. The ZnO nanosheets@Ni
foam anode showed a high specific capacity (1507 mA h g~! at 0.2 A g%, good capacity retention

Received 6th May 2019 1 . ) .
Accepted 31st May 2019 (1292 mA h g~ after 45 cycles), and superior rate capacity, which are better than those of ZnO
nanomaterial-based anodes reported previously. Moreover, other transition metal oxides, such as Fe,Os3

DO 10.1035/c9ra03373d and NiO were also formed in situ on Ni foam with perfect standing nanosheets structures by this
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Introduction

Lithium ion batteries (LIBs) play crucial roles in energy storage
and are employed in portable electronic devices and electric
vehicles.’ With the development of electronic technology, the
components were highly integrated to obtain devices with small
volume and high power output.*® Conventional commercial
graphite anode materials (372 mA h g ') cannot meet the
demand of normal battery usage in daily life.” Thus, transition
metal oxides (TMOs) are used as promising anode materials due
to their high specific capacity, which is several times higher
than that of graphite.** Among various TMOs, ZnO is the most
common material applied in electronic devices, such as solar
cells, light emitting diodes, sensors, and photodetectors due to
its superior electrochemical performance, non-toxicity, facile
preparation, and low cost."*™* Meanwhile, ZnO has attracted
much attention as an alternative anode material of LIBs with
a high theoretical capacity of 978 mA h g~ '.2°23
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hydrothermal method, confirming the universality and efficiency of this synthetic route.

Nevertheless, ZnO is restricted by its large volume change
(221%)**** and poor conductivity during the charge and
discharge process of LIBs, leading to the low capacity, rapid
capacity fade upon cycling, and weak rate capacity. To address
these issues, various studies have been attempted to regulate
the structures of ZnO to enhance its conductivity and stability,
such as adjusting the morphology,***' coating and encapsu-
lating the surface,**” and functionalizing with other mate-
rials.*** The rational designed strategy of nanostructures and
composites relieved the large volume changes to slow the elec-
trode disintegrations.

However, these methods cannot improve the conductivity of
ZnO anode effectively because of the present macroscopic gap.
Recently, atomic layer deposition and electrospinning methods
have been used to ‘deposit’ ZnO uniformly on the surface of
good conductors directly to remove the macroscopic gap
between ZnO and the conductor and reduce the interface
resistance largely.***® However, the structures of ZnO cannot be
optimized by atomic layer deposition or electrospinning tech-
niques, and the specific capacity of LIBs was still low and
rapidly faded. Furthermore, the two techniques are too expen-
sive for practical applications.

Herein, we report a facile hydrothermal method to synthe-
size ZnO nanosheets standing on Ni foam as a binder-free
anode for LIBs. ZnO nanosheets were in situ grown uniformly
on Ni foam framework, which exposed with large surface area,
good conductivity, and large buffer space, enhancing the elec-
trochemical performance of LIBs remarkably. Tested as the
anode, ZnO nanosheets@Ni foam delivered a high specific
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capacity (1507 mA h g " at 0.2 A g~ ") as well as good capacity
retention (1292 mA h g™ ' after 45 cycles). Additionally, it
showed a superior rate capacity when the current density was
reduced to 0.2 A g~ " from 4.0 A g~ ', maintaining a rate capacity
of 1375 mA h g~ . Successfully, this hydrothermal method was
applied for in situ growth of two more TMOs nanosheets
standing on Ni foam, namely Fe,O; and NiO. The same uniform
structures and large surface area were obtained, confirming the
universality and efficiency of this strategy.

Experimental

Materials

Zn(NO;),-6H,0, Ni(NO,),-6H,0, Fe(NO;),-9H,0, NH,F,
CO(NH,), (urea) (CH,OH), (ethylene glycol), and ZnO powders
were purchased from Shanghai Macklin Biochemical Co., Ltd
(China). The electrolyte (1 M LiPF, in EC/DEC, 1 : 1 v/v), metallic
Li, and Ni foam were purchased from Canrd Co., Ltd (China).

Treatment for Ni foam

Ni foam disks (d, 13 mm) were cut from the parent Ni foam
(250 mm x 300 mm x 1 mm) using a sheet-punching machine.
Further, Ni foam disks were treated with 3 M HCI solution for
10 min to remove the surface oxide layer and organic matter and
rinsed with ethanol and deionized water, and dried thoroughly.

Synthesis of ZnO nanosheets@Ni foam

ZnO nanosheets@Ni foam was prepared by a facile hydro-
thermal reaction. In a typical synthesis procedure, 378 mg (2
mmol) Zn(NO;),-6H,0, 480 mg (8 mmol) CO(NH,),, and
222 mg (6 mmol) NH,F were dissolved in 30 mL deionized water
and 5 mL (CH,OH), to obtain a homogeneous solution. The pre-
treated Ni foam disks were placed in the solutions in Teflon-
lined stainless-steel autoclaves. After 10 h at 120 °C, the
samples were allowed to cool down to room temperature
naturally and washed with deionized water, dried thoroughly,
and annealed under air at 450 °C for 3 h at a heating rate of
1.5 °C min " to convert the intermediates to ZnO. The synthesis
of Fe,O; and NiO nanosheets@Ni foam was similar to that of
ZnO nanosheets@Ni foam, except that Zn®" precursors were
replaced by Fe** and Ni*" precursors.

Characterization

Field emission scanning electron microscopy (FESEM) images
were obtained using a SEM HITACHI SU8010 (Japan). X-ray
diffraction (XRD) patterns were obtained on Rigaku D/max
diffractometer with Cu Ko radiation. X-ray photoelectron spec-
troscopy (XPS) data were collected on XPS PHI 5000 VersaProbe
II instrument (USA). The Brunauer-Emmett-Teller (BET)
surface area measurements were conducted using a Micro-
meritics ASAP 2020 HD88 (USA).

Electrochemical measurements

For battery tests, ZnO nanosheets@Ni foam disks (d, 13 mm) were
used as anodes, which were loaded with ZnO nanosheets of 3-5 mg
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em 2 (including 0.23 mg cm 2 NiO, experimental in ESIT). As
a comparison, commercial ZnO powders were used to construct the
anode. 75% ZnO, 15% Super P, and 10% polyvinylidene difluoride
in N-methyl pyrrolidone solvent were mixed in to slurry, which were
coated slurry onto copper foils (d, 13 mm) with 4-5 mg, which were
dried in vacuum for 24 h. Electrochemical measurements were
performed using coin cells (CR2032) with metallic Li (diameter, 16
mm) as the counter electrode, and 1 M LiPF; in ethylene carbonate
and diethyl carbonate (EC/DEC, 1:1 v/v) as the electrolyte and
separator. All the batteries were assembled in an argon glovebox
with oxygen and water content lower than 0.1 ppm. The cycle life
and rate capacity were evaluated using NEWARE battery testing
systems (China) within the potential range of 0.01-3.0 V (vs. Li*/Li) at
room temperature. Cyclic voltammetry curves (CVs) were recorded
at 0.1 mV s~ in the potential window of 0.01-3.0 V on CORRTEST
CS2350 electrochemical workstations (China). Electrochemical
impedance spectroscopy (EIS) experiments were performed on CHI
760E electrochemical workstations (China) over a frequency range
from 100 kHz to 0.01 Hz at open circuit voltages (2.7 £+ 0.2 V).

Results and discussion
Synthesis and characterizations of ZnO nanosheets@Ni foam

The facile synthesis of ZnO nanosheets@Ni foam followed two
steps. First, the precursor nanosheets were grown in situ on Ni
foam via a simple hydrothermal method. Then, the interme-
diate products were converted to ZnO nanosheets by calcina-
tions at 450 °C under air. As seen in Fig. S1 and S2,T good
crystalline structures were obtained for intermediates, which
were uniform nanosheets highly standing on Ni foam substrate.
The intermediate product would be Zn>" coordination
complexes with ¥, -NH, or C=0 as the ligands, which are
similar to the structures of metal-organic framework.*® The
morphology of standing nanosheets on Ni foam was kept after
calcinations (Fig. 1). The ZnO nanosheets had the thickness of
approximate 50 nm, thus capable of increasing the reaction
active areas exposed to electrolyte and providing efficient charge
transportation pathways to obtain high specific capacities.
Further, the relatively large voids between the two nanosheets
buffer the volume change effectively, thus maintaining cycla-
bility after lithiations.

N, adsorption-desorption isotherms and Barrett-Joyner-
Halenda pore-size distribution curves were used for analysing

500 nm
I

Fig. 1 SEM images of ZnO nanosheets@Ni foam at different
magnifications.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) XRD patterns of ZnO nanosheets@Ni foam and commercial

ZnO powders; (b—d) XPS patterns of ZnO nanosheets@Ni foam.

the specific surface area and porosity of ZnO nanosheets
(Fig. S37). The specific surface area of ZnO@Ni foam and
commercial ZnO powder were measured to be 26.46 and 4.08
m? g, and the corresponding total pore volume were 0.11 and
0.01 ecm® g™, respectively. The pore sizes of ZnO nanosheets
were mainly distributed around 70 nm, which was larger than
that of commercial Zn powders (around 48 nm).

XRD patterns (Fig. 2a) for ZnO nanosheets@Ni foam and
commercial ZnO powder exhibited peaks at 31.8°, 34.5°, 36.3°,
47.6°, 56.7°, 63.0°, and 68.1°, corresponding to the (100), (002),
(101), (102), (110), (103), and (112) planes of hexagonal phase of
ZnO crystals, respectively (ICSD no. 75-0576). Three peaks were
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assigned to the Ni foam substrate at 44.9°, 52.2°; and 76.8°,
corresponding to the (111), (200), and (220) planes of cubic
phase of Ni foam, respectively (ICSD no. 70-1849). Two peaks at
37.1° and 43.4° were assigned to (111) and (200) plane of NiO,
which formed after calcinations taking for 1.0% in weight of
total mass of Ni and NiO (Fig. S41).

XPS measurement of ZnO nanosheets@Ni foam was per-
formed in order to assess the chemical states of elements
(Fig. 2b). Zn 2ps/, and 2py/, peaks were found at 1044.1 and
1021.1 eV, respectively, corresponding to Zn(u) of ZnO nano-
sheets (Fig. 2c). Ni 2p3, and 2p,, XPS peaks at 853.6 and
871.6 eV along with their satellite peaks at 859.8 and 879.4 eV
were observed, respectively, corresponding to the metallic Ni
foam substrate®** (Fig. 2d). Based on the XRD and XPS analysis,
it was concluded that ZnO nanosheets crystalline were
successfully grown in situ on the Ni foam.

Electrochemical performance of ZnO nanosheets@Ni foam

The electrochemical performance of the ZnO nanosheets@Ni
foam electrodes was assessed through charge/discharge voltage
profiles and CVs (Fig. 3). The cathodic peak in the first scan at
0.43 V covered the multi-step reactions, including the reduc-
tions of ZnO, the formations of solid electrolyte interface
(SED)'*** and LiZn,Niy(y < x = 1) alloy (eqn (1) and (2))
(Fig. 3a). Trace of Ni elements is alloyed, and the reduction peak
of NiO locate around 1.4 V in the first cathodic scan and 1.7 V (a
few) in the following scans, which was further demonstrated by
CVs of commercial ZnO particles on Cu foil (Fig. S5). In the
first anodic scan, the corresponding dealloying reactions of
LiZn,Niy(y < x =< 1), the oxidations of Zn to ZnO and Ni to NiO
occur around 1.0, 1.7 and 2.3 (both for ZnO and NiO) V,
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Fig. 3 Electrochemical performance of tested materials. (a) CVs at 0.1 mV s~ and (b) galvanostatic charge—discharge curves at 0.2 A gt of ZnO
nanosheets@Ni foam at different cycles; (c) cycling performance at 0.2 A g~ and (d) rate performance at various current densities of ZnO
nanosheets@Ni foam and commercial ZnO@Cu foil; (e) galvanostatic charge—discharge curves at various current density; (f) comparisons of the
rate performance of ZnO nanosheets@Ni foam in this work with those of ZnO nanomaterials-based anodes reported by previous studies.2*39-50
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respectively, which shift negatively in the following anodic
scans and the reactions become stable after 4 cycles (eqn (3) and
(4)) (Fig. 3a). The reductions of NiO, ZnO and the alloy process
occur around 1.7 (both for ZnO and NiO), 0.9, and 0.6 V,
respectively after 4 cycles.?"?331:41-43

xZnO + yNiO + 2(x + y)e — Zn,Ni, (1.7 and 0.9 V) (1)
Zn,Ni, + Li* + ¢ — LiZn,Ni, (0-0.6 V) )
LiZnNi, — e — Li + Zn,Ni, (0-0.6 V) (3)

ZnNi,, — 2(x + y)e — xZnO + yNiO (1.5 and 2.3 V)
<x=1) (@

The representative charge/discharge voltage profiles of ZnO
nanosheets@Ni foam between 0.01 and 3.0 V (vs. Li/Li") at
a current rate of 0.2 A g~ ' also demonstrated the delithiation
and lithiation reactions. The voltage plateaus in the first and
subsequent cycles were in good agreement with the anodic and
cathodic peak positions observed in CVs (Fig. 3b). Following the
initial capacity loss which contributes to the formation of the
SEI film, ZnO nanosheets@Ni foam delivered a reversible
capacity of 1507 mA h g~ (5.45 mA h em 2, Fig. S67) for the first
charge process and maintained a stable capacity of
1292 mA h g~ at the 45th cycle.

The cycling stability performance of ZnO nanosheets@Ni foam
under the current density of 0.2 A g~ was compared with that of
commercial ZnO@Cu foil under the same conditions (Fig. 3c).
ZnO nanosheets@Ni foam exhibited a high capacity and retention
of 85.7%, along with a nearly 100% coulombic efficiency after 45
cycles. The high capacity and good retention values should be
attributed to the formation of LiO as well as LiZn,Ni,(y < x =< 1)
alloy and interfacial lithium storage.**>* The extra capacity that
offered by theoretical value is ascribed to interfacial lithium ion
storages mechanism, which is due to ZnO@Ni foam electrode's
special structure (large surface area, pore size and pore volume)
and good conductivity to provide more active sites to store inter-
facial lithium ion. These results were in obvious contrast to those
of commercial ZnO electrode, where the capacity underwent fast
fading from 996 mA h ¢~ " to 106 mA h g~ after 45 cycles with the
capacity retention of 14.6%. The poor electrochemical perfor-
mance was probably caused by the aggregations of ZnO particles
(Fig. S71), and a part of ZnO cannot participate in the alloying
reactions. The low capacity retention was mainly due to the volume
change by the exfoliations of active materials.

The rate performance of ZnO nanosheets@Ni foam was
investigated by charging and discharging at various current
rates within the range of 0.2 to 4.0 A g~ (Fig. 3d and e). The
electrodes were able to deliver average reversible specific
capacities of 1542, 1498, 1427, 1325, 826, 362, 219 and
158 mA h g™ ' at the current densities of 0.2, 0.3, 0.4, 0.5, 1.0, 2.0,
3.0 and 4.0 A g™, respectively. Even under the high current
density of 4.0 A g, ZnO nanosheets@Ni foam still retained
a high specific capacity of 158 mA h g™ after 45 cycles. When
the current density returned to 0.2 A g, a reversible capacity of
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1375 mA h g ' was recorded, revealing the good cycling
reversibility. In sharp contrast, the discharge capacity of the
commercial ZnO@Cu foil faded fast as the current rate
increased and the capacity dropped to almost zero at the high
current density from 2.0 to 4.0 A g~ (Fig. 3d). The results
demonstrated the good cycling stability of ZnO nanosheets@Ni
foam electrode. Compared with the previously reported ZnO
nanomaterials-based anode in LIBs, ZnO nanosheets@Ni foam
prepared in this work exhibited better electrochemical perfor-
mance with regards to rate capacity and specific capacity, which
should be attributed to the standing ZnO nanosheet structures
and binder free to conductive Ni foam (Fig. 3f).2**-°

EIS measurements were performed to further explore the
electrochemical properties of the prepared materials. The
Nyquist plots are composed of a semicircle corresponding to
charge-transfer resistance (R.) at high frequency region and
an inclined line at the low frequency region.**** R., of ZnO
nanosheets@Ni foam was much lower than that of the
commercial ZnO@Cu foil, confirming that the charge trans-
fer on ZnO nanosheets@Ni foam occurs rapidly (Fig. 4a). It
was attributed to the Ni foam skeleton with porous structures
being an excellent conductor as well as the nanosheet
structures of ZnO, which possessed large surface areas
enabling the rapid Li" diffusions compared to the commer-
cial ZnO powders. EIS spectra at various cycles were carried
out with one cell after charging to 3 V for different cycling
(Fig. 4b).

After the initial cycle, R, increased rapidly due to the forma-
tion of SEI film hindering the transportation of Li" (Fig. 4b). As
the cycle progressed, R.. increased slowly and was stabilized
gradually after 20 cycles with a relatively low resistance.

Ex situ characterizations of Zn nanosheets@Ni foam
structures in charge/discharge process

In order to explore the underlying electrochemical reaction
mechanism inducing the excellent battery performance of ZnO
nanosheets@Ni foam, the crystal phase, structure, and
morphology were monitored ex situ by XRD, XPS, and SEM
measurements in the discharge and charge process. XRD
patterns of ZnO nanosheets@sheets exhibited good reversibility
as the same as those of the specific capacity at different
potentials (Fig. 5). During lithiation (from pristine discharge to
different potential at 1.5, 0.6, and 0.01 V), the XRD peaks of ZnO

@), 00 ®) .
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- ' _
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Fig. 4 Nyquist plots for EIS analysis of (a) ZnO@Ni foam and
commercial ZnO and (b) ZnO@Ni foam after various cycles.
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Fig. 5 (a) Specific capacities and (b) ex situ XRD patterns of Zn nanosheets@Ni foam in discharge and charge processes of LIBs.

nanosheets@Ni foam electrode for ZnO and NiO phase
decreased gradually and eventually disappeared (Fig. 5b, curve
a to d), demonstrating the consumption of ZnO during lith-
iation (eqn (1) and (2)). Upon charging from 0.01 V to 0.2, 1.1,
2.0, and 3.0 V, XRD peaks for ZnO and NiO were recovered, thus
indicating good reversibility of ZnO nanosheets@Ni foam
(Fig. 5b, curve d to h).

Ex situ XPS and SEM characterizations provided detailed
information on the structures of ZnO nanosheets@Ni foam

during lithiation and delithiation (Fig. 6). Similar changes in
the XPS signals for Zn 2p;/, (1044.1 eV) and 2py/, (1021.1 eV)
peaks, which diminished and vanished in the discharging
process for the formations of LiZn,Ni,(y < x = 1) alloy (eqn
(1) and (2)) and recovered in the charging process for the
formations of ZnO (eqn (3) and (4), Fig. 6a and b). More
importantly, the state changes of O, were observed obviously
during the reactions. In the discharging reactions, the
signals for O, of Zn-O bond (529.5 eV) and Ni-O bond (531.2
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Fig. 6 Ex situ (a—c) XPS data and (d and e) SEM images of Zn nanosheets@Ni foam in discharge and charge processes of LIBs.
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eV) diminished and disappeared completely at 0.01 V
(Fig. 6¢). On the contrary, the signals for O,5 of Li-O bond
(531.8 eV) appeared and increased distinctly, providing
evidence for the formation of Li,O and LiZn,Ni,(y < x = 1)
alloy in the discharging process (eqn (1) and (2)). When the
potential was back to 1.1 V in the charging process, the
signals of O44 for Zn-0O, Ni-O, and Li-O bond recovered to the
former values, respectively, confirming the reversible lith-
iation and delithiation processes of ZnO nanosheets@Ni
foam.

The morphology of ZnO nanosheet@Ni foam provided us
the evident information about the reactions. Three cells for
every process (total 24 cells) were used to investigate the
changes in morphology for every potential (experimental in
ESIT). As shown in Fig. 6d, the structures of the electrode
were changed and the blurry surface was formed in the
discharge process. As we note, the needle-shaped crystals
were grown on the nanosheets at 1.5 V, suggesting the
formation process of LiZn,Niy(y < x = 1) alloy. When the
potential was increased to 0.2, 1.1, 2.0, and 3.0 V in the
charging process, the electrode surface recovered to the
former state, demonstrating the stability of the ZnO nano-
sheets@Ni foam (Fig. 6e).

Finally, the hydrothermal in situ growth method was
extended to synthesize Fe,0; and NiO nanosheets on Ni foam
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(a and b) XRD patterns and (c and d) SEM images of Fe,Oz nanosheets (a and c) and NiO nanosheets (b and d) in situ grown on Ni foam.

successfully. Both of the two TMO nanosheets were formed on
Ni foam with good crystalline and uniform morphology (Fig. 7).
It is expected that the good electrochemical performance of
Fe,O; and NiO nanosheets on Ni foam are exhibited in the
applications of LIBs and other electronic devices.

Conclusions

The work presents a facile hydrothermal method for in situ
growth of ZnO nanosheets on Ni foam applied as a high-
performance LIB anode. The obtained structures have
several advantages, (1) uniform nanosheet structures standing
on Ni foam provide large surface areas and highly efficient
charge transportation pathway; (2) large voids between the two
adjacent nanosheets buffer the volume changes during
lithiation/delithiation process; (3) the use of conductor, Ni
foam framework as substrate to grow the binder-free Zn
nanosheets directly decreases the interface resistance and
increases the electrode conductivity dramatically. The advan-
tages of the structures make ZnO nanosheets@Ni foam
possess high specific capacity and excellent rate performance,
which are superior to other ZnO based nanomaterials reported
in previous literatures. The synthetic strategy is universal,
effective and economic for constructing good binder-free
anodes applied in LIBs practically.

This journal is © The Royal Society of Chemistry 2019
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