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Exploration of a novel metal oxyhydroxide material provides potential candidates for lithium ion battery (LIB)
anodes. In the present work, uniform GaOOH nanorods have been successfully synthesized via a simple
hydrothermal method and employed as an anode material for LIBs for the first time. The obtained
GaOOH nanorods show a high-purity phase with an average length of ~1.4 pm and a width of ~100 nm.
As an anode, it delivers a stable capacity of ~1089 mA h g~ at a 0.5 A g~* current density upon 300
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Accepted 24th October 2019 cycles and a high rate capacity of ~639 mA h g~ at 2 A g -, where the pseudocapacitance plays
a dominant role with a capacity contribution ratio of about 83% at 2.0 mV s~. This enhanced storage
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rsc.li/rsc-advances

1. Introduction

Lithium-ion secondary batteries (LIBs) have been considered
one of the most fascinating energy storage devices for high
energy density, suitable voltage and environmental benignity."*
However, the unfavorable capacity and rate performance of
existing material blocks further practical application in electric
vehicles, thus exploring novel anode materials with high
performance is desired.*® Many reports have demonstrated that
the invoked electrochemical performance of anode materials
depends on choosing an appropriate material with optimized
morphology.®™*°

The material component is the first important factor for
advanced LIBs anodes.** Sn, Sb, Ge, Si and Ga metal candidates,
which can alloy with Li, seem to be the optimal choice. Ga
exhibits a unique liquid nature at room temperature with re-
ported self-healing ability,"”** which can repair electrode cracks
by surface tension upon lithiation reactions.'® Moreover, the
alloy reactions between Li and Ga undergo the following
reversible process: Ga < Li,Ga;, < LiGa < Li,Ga,"” thus
delivering a theoretical capacity of ~768 mA h g~ from Li,Ga,
about twice as much as commercial graphite anode.*® There-
fore, Ga-based materials including Ga,0;, Ga,Ss;, Ga,Ses, etc,
have attracted interest as LIBs anodes.">*
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strain relaxation upon multiple-cycling.

Furthermore, oxyhydroxide has been employed as material
for LIBs or supercapacitors,®*® because of their ultrafast and
reversible surface redox reactions between OOH-group and
transition metal ions for capacitive charge storage. In this
regards, gallium oxyhydroxide (GaOOH) with theoretical
capacity of ~1304 mA h g~ ' is also expected to show good
performance due to both Ga existence and capacitive behavior
from OOH group. However, to the best of our knowledge,
GaOOH as LIBs anode has not been reported yet.

On the other hand, the Li-ion storage performance highly
depends on the optimized morphology of materials.>*** It has
been demonstrated that one-dimensional (1D) nanomaterials,
such as nanorod, nanowire and nanotube exhibit excellent
performance due to short electron/ion diffusion pathway, more
active sites as well as enough space for volume expansion upon
cycling.>**” For instance, Mai and co-workers have reported
uniform manganese oxide nanorods with a length of about 2.5
um and a diameter of about 180 nm, which exhibits excellent
specific capacity of 630 mA h g~ " upon 900 cycles at the current
density of 0.1 A g™ *, and high rate performance of 595 mAhg™*
at 1 A g '.»®*® Thus, 1D morphology is rather desired in
improving the high-rate cycling performance of GaOOH.
Unfortunately, the uniform 1D GaOOH nanorods were difficult
to obtain by existed method,* which confuses the under-
standing of enhanced lithium storage properties.

Herein, for the first time, GaOOH nanorods with uniform
morphology and size have been successfully synthesized via
a simple hydrothermal route, and their electrochemical prop-
erties are investigated as LIBs anode. The GaOOH anode shows
fascinating reversible capacity and superior rate performance,
and the contribution of pseudocapacitance was also revealed by
kinetical analysis. The obtained results further demonstrate
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that combined component and morphology tuning is an effec-
tive route to further constructing advanced anode materials.

2. Experimental
2.1 Materials preparation

GaOOH nanorods was prepared via a simple hydrothermal
method: gallium nitrate hydrate (Ga(NO3);-xH,0, 99.9% purity,
Aladdin) and potassium hydroxide (KOH, AR, Sinopharm) were
dissolved in a mixture solution of ethylene glycol (C,H¢O,, 99%
purity, Sinopharm) and deionized water. The solution was then
transferred into Teflon-lined stainless steel autoclave, which
was heated at 190 °C for 52 hours in oven and cooled naturally.
The resulting precipitate was collected and washed alternately
with deionized water and ethanol for 3 times and dried at 90 °C
to obtain the final product.

2.2 Characterizations and property measurements

Phase structure was determined by X-ray diffraction on D8-
ADVANCE Bruker. The morphology, microstructure and chem-
ical state were measured by scanning electron microscopy
(SEM, Cambridge S-360), transmission electron microscopy
(TEM, JEM-2011) and X-ray photoelectron spectrometer (XPS,
PHI5000C type), respectively. The N, sorption isotherms were
performed on QuadraSorb SIMP Station.

The electrode slurry was prepared by stirring of active
powder, polyvinylidene fluoride (PVDF) and graphene with
a weight ratio of 70 : 15 : 15 in 1-methyl-2-pyrrolidinone solvent
(NMP) (99%, Aldrich). The slurry was then applied onto copper
foil and dried under vacuum at 100 °C for 12 h, and the mass
loading of copper foil wafer (radius is 6 mm) is about 0.56-
0.59 mg. Coin-type CR2032 half-cells were assembled in glove
box with the H,0/O0, content below 0.1 ppm. Li foils was used as
counter electrodes, with porous polypropylene membrane as
separators, and 1.0 mol LiPF in a mixture of ethylene carbonate
and dimethyl carbonate with a volume ratio of 1: 1 as electro-
lyte. The constant current charge-discharge test was carried out
at room temperature by LAND test system (CT2001A) within
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voltage range of 0.01-3.0 V vs. Li'/Li. Cyclic voltammetry tests
were performed at CHI 760e electrochemical workstation.

3. Results and discussion

3.1. Characterizations of as-prepared GaOOH nanorods

3.1.1. Structural features of the GaOOH nanorods. The
crystallographic structure of as-synthesized material is charac-
terized by X-ray diffraction (XRD), as shown in Fig. 1la. All
diffraction peaks can be corresponded to (020), (110), (120),
(130), (021), (111), (121), (140), (131), (041), (211), (221), (231),
(151), (002) and (061) lattice planes of gallium oxyhydroxide
GaOOH (PDF#54-0910), without other obvious impurity peaks,
further confirming the high purity of the as-synthesized
GaOOH. The atoms arrangement of GaOOH with ortho-
rhombic crystal symmetry is inserted in Fig. 1b, in which Ga
atom is encompassed by six O atoms with a distorted GaOg
octahedron, sharing edges with four neighboring GaOg octa-
hedron to form double chains along the ¢ axis.** In addition, the
X-ray photoelectron spectroscopy (XPS) is conducted to detect
the chemical environment of GaOOH. As shown in Fig. 1b, the
characteristic peaks of O can be deconvolution into two peaks
located at 523.3 eV and 529.8 eV. The former one is assigned to
the lattice oxygen Ga**-0, while the latter is attributed to the
surface absorbed -OH. Two major peaks at 1120 and 1147 eV
can be assigned to Ga (Fig. S1f). These XPS results are in
accordance with previously reported GaOOH.*>*

3.1.2. Morphologic features of the GaOOH nanorods. The
morphology of as-synthesized GaOOH is provided in Fig. 2. The
GaOOH shows regular nanorod morphology, as exhibited in
Fig. 2a. In order to determine the specific size of GaOOH, high
magnification images are shown in Fig. 2b and c, from which we
can see that the average length of the GaOOH rod is around 1.4
um, and the width is approximately 100 nm. Such nanorod
morphology is believed to supply fast one-dimensional electron/
ion diffusion pathways and strain alleviation upon cycling, as
reported by Cui et al?** The high-resolution TEM image of
GaOOH is shown in Fig. 2d, with conspicuous lattice spacing
and crossed lattice fringes of 0.241 nm, assigned to the (111)
interplanar d-spacings. Moreover, Fig. 2e exhibits the selected
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GaOOH inserted in (b).
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(a) XRD pattern and the standard pattern of orthorhombic GaOOH; (b) O 1s XPS spectrum of GaOOH and crystallographic structure of
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Fig. 2

area electron diffraction (SAED) patterns of the GaOOH nano-
rod, in which sharp diffraction rings can be indexed to (110),
(110), (121), (221), (002) planes of orthorhombic GaOOH start-
ing from the inner to outer rings, respectively. These diffraction
rings indicate the polycrystalline nature of as-prepared GaOOH.

Based on these structure and morphology results, the
synthesized GaOOH is orthorhombic structure without impu-
rity, and shows nanoscale one-dimension rod morphology,
which is expected to possess promising electrochemical storage
performance. Fig. S21 shows the results of N, adsorption-
desorption measurements for the weight GaOOH sample, and
its specific surface area was calculated to be ~8.999 m* ¢~ * and
the pore diameter is 16.65 nm. The intricate pore structure of
the GaOOH nanorods can offer plenty nanochannels to promote
the contact between electrolyte and surface-interface
interactions.*

3.2. Superior lithium-ion storage properties

Fig. 3a shows the cyclic voltammograms (CVs) of the GaOOH
electrode for the initial five cycles, in voltage range of 0.01-3.0 V
vs. Li/Li* at a scan rate of 0.1 mV s~ . For the first cathodic cycle,
there are three peaks located at 1.61 V, 1.18 V and 0.75 V, which
can be assigned to intercalation of Li* into GaOOH crystal,
followed by conversion reaction between GaOOH and Li*, and
finally end with alloy reaction to generate Li-Ga alloy. Upon
anodic scan, there are two peaks located at 0.81 and 1.19 V,
attributed to de-alloy process, accompanied by the oxidation
process between Ga and O or OH, respectively. The CV curves
from the 2nd Cycle onward are quite different from the first
cycle, implying that there exist irreversible structural change

34898 | RSC Adv., 2019, 9, 34896-34901

(a) SEM image, (b and c) TEM images, (d) HRTEM image and (e) corresponding SAED pattern of GaOOH nanorods.

and formation of solid electrolyte interface (SEI) film upon the
initial cathodic cycle. The CV curves are overlapped with each
other from the 2nd cycles, indicating the reversibility of GaOOH
electrode. This reaction mechanism including first intercala-
tion, conversion reaction and alloy process are similar to
previous reports in Ga,Os;, Ga,S;, CoGa,S, and NiGa,0y,
et(). 14,19,21,36

Fig. 3b shows the galvanotactic discharge-charge (GDC)
profile for the first three cycles at a current density of 0.5 A g™,
in which the GaOOH electrode shows a discharging capacity of
1343 mA h g~ " and charging capacity of 602 mA h g~ " upon the
initial cycle, with coulombic efficiency of 45%. This low
coulombic efficiency is in accordance with the observation in
above CV curves, which is attributed to irreversible structural
change and formation of solid electrolyte interface (SEI) film.
Upon the subsequent cycles, the GDC profiles are in high
coincidence, as CV curves, showing excellent reversibility. To
further confirm the consistency between GDC and CV profiles,
dQ/dV vs. potential curves derived from GDC is shown in
Fig. S3.1 Obtained from dQ/dV vs. potential curves, the peaks at
0.75 and 1.14 V represents the alloy and de-alloy process, and
are consistent well with aforementioned results of CVs.

Combining above results and previous works on Ga-based
material, the electrochemical reactions of the GaOOH with
lithium can be described with reaction equations as
follows:3”%8

GaOOH + 3Li* + 3¢~ — Ga + Li,O + LiOH (1)
2 . 2 1 .
Ga + 7Lfr + = 7Ga7L12 (2)

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) CV curves at a scan rate of 0.1 mV s~ for initial 5 cycles, (b) discharge/charge profiles for initial three cycles, (c) cycle performance at

0.5 A g%, (d) rate performance of GaOOH nanorods.

1
?Ga7Li2 + ;Li+ + ge" — GaLi (3)

GaLi + Li" + e~ — GaLi, (4)

The cycling performance of GaOOH at the current density of
0.5 A g is shown in Fig. 3c. GaOOH electrode can retain
a reversible capacity of 1089 mA h g~ " after 300 cycles. It should
be noted here that although the initial coulombic efficiency is
not so high, the coulombic efficiency of GaOOH electrode rea-
ches to 99% immediately. And the phenomenon of the revers-
ible capacities increase gradually with the increasing cycles can
be widely found in many other transition metal materials for
LIBs anode, which may due to the growth of a conductive
polymer films, thus enhancing lithium ion storage.>*3**!
Moreover, the morphology of the products after 1%, 9™ and
100" discharge/charge cycles are shown in Fig. S4,t implying
that the rod morphology can be retained very well even after 100
cycles. This cycling performance is superior to most reported
Ga-based material applied to lithium ion battery, as compared
in Table S1.7 The rate performance of GaOOH electrode are
evaluated at various currents in the range of 0.2-2 A g7, as
shown in Fig. 3d. The GaOOH electrode delivers a high
discharge capacity of 1206, 992, 849, 790 and 639 mA h g~ " at
the current density of 0.2, 0.4, 0.8, 1.0 and 2.0 A g%, respec-
tively. When the current density is shifted back to 0.2 A g™, the
discharge capacity can turn back to 1042 mA h g~ . This result
strongly indicates the superior rate performance of our
prepared GaOOH nanorods.

This journal is © The Royal Society of Chemistry 2019

3.3. Mechanistic understanding of the capacitance
contribution on rate performance

To understand the underlying mechanism responsible for the
high-rate performance, the cyclic voltammograms (CVs) curves
are employed at different scan rates, as shown in Fig. 4a. The
typical alloy and de-alloy reaction peaks are picked, labeled as
peak 1 and 2, respectively, from which we can see that the
intensity of these peaks both increase with the scan rate
increasing from 0.1 mV s~ ' to 2 mV- s~ . Moreover, the position
of two peaks shows little variation, implying the ultra-fast
charge transfer in the process. Specifically, based on previous
reports, the relationship between current density (i) and scan
rate (v) can be expressed as follow:**

i=a’

(5)

log(i) = b x log(v) + log(a) (6)

where the 7 is the current intensity, and v represents the scan
rate, while a and b are the adjustment parameters. Among
which, the b-value is always employed to determine the kinetics
of the lithium ion storage: if the b-value reaches 1.0, the
capacitive process is the main kinetics mechanism, while on the
other hand, if the b-value reaches 0.5, the storage mechanism is
diffusion-controlled; if the b-value is between the above two
values, synergic mechanism of diffusion and capacitive are both
involved in it.

Fig. 4b shows the plots of log(i) and log(v) of GaOOH elec-
trode, where the b-value is linear fitted. The b-value of the peak 1

RSC Adv., 2019, 9, 34896-34901 | 34899
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pseudocapacitive contribution by red region at a scan rate of 1.0 mV s%; (d) normalized contribution ratio at different scan rates.

Fig. 4

and 2 are calculated to be 0.94 and 0.84, respectively. Based on
above analysis, these calculated values mean that large capaci-
tance contribution is involved in GaOOH electrode. The quan-
titative analysis is used to determine the specific diffusion-
controlled and capacitive capacity contribution. The Li* capac-
itive contribution ratios are calculated by separating the current
response i at a fixed potential V, which can be translated into
diffusion-controlled reactions (k,'"?) and capacitive effects
proportional to the scan rate v, according to following
equation:*?

i= kv + k' (7)
where the k; and k, are corresponded to the proportion of
pseudocapacitance and diffusion behavior, respectively. Fig. 4c
shows the typical pseudocapacitance contribution ratio of
GaOOH at scan rate of 1.0 mV s '. The pseudocapacitance
contribution ratios of GaOOH at varied scan rate are shown in
Fig. S5.f And as shown in Fig. 4d, the calculated contribution
ratios of the pseudocapacitance of GaOOH are 56%, 63%, 68%,
72%, 73% and 83% at different scan rate ranged from 0.1 to
2.0 mV s, respectively. Such high capacitance contribution is
benefited from the nanorod morphology, ensuring efficient one-
dimensional electron/ion transformation and strain relaxation
upon cycling. Moreover, OOH group introduces pseudo-
capacitance effect for charge storage as previously expected.
Moreover, to better identify the role of graphene playing in the
capacity contribution of graphene, the electrochemical

34900 | RSC Adv., 2019, 9, 34896-34901
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performance of GaOOH electrodes using super P (mark as
GaOOH-super P) rather than graphene as conductive agent has
been carried out. Compared with the data from Fig. S6-S8,T the
pseudocapacitive contribution for GaOOH which using graphene
as conductive is slightly higher than the GaOOH-super P, which
implying that the total capacitance is originated from the co-
contribution of GaOOH and graphene, and graphene is not
playing the major role in the contribution for pseudocapacitance.
The rate performance of GaOOH-super P has been tested. As
shown in Fig. S9,f GaOOH-super P shows a high discharge
capacity of 1186 mA h g~ ' while a poor charge capacity of
304 mAh g 'atthe 1st cycle at 0.2 Ag™ ", and even in the next few
cycles, the discharge capacity drastically dropped to 46 mA h g~*
at 0.2 Ah g~ . The significant reduction in capacity may seriously
affect subsequent capacity recovery, leading to a poor discharge/
charge capacity of GaOOH. After all, the comparation of the rate
performance for GaOOH-super P with GaOOH-graphene suggests
that graphene plays a more significant role in cycle stability
rather than the in the contribute some capacity.

4. Conclusions

In summary, the lithium storage performance of uniform
GaOOH nanorods has been revealed for the first time. The as-
prepared GaOOH anodes show a highly stable capacity of
about 1089 mA h g™ ' at current density of 0.5 A g~' upon 300
cycles with better rate performance, being superior to most re-
ported Ga-based anode materials. This is attributed to the

This journal is © The Royal Society of Chemistry 2019
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boosted pseudocapacitance contribution as high as approxi-
mately 83% at scan rate of 2.0 mV s~ '. These findings may
stimulate more interest in designing novel oxyhydroxide-based
anodes for the applications in the new-generation LIBs.
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