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Aqueous rechargeable Ni—Zn batteries are considered as a new generation of safe and reliable electro-
chemical energy storage system. However, low electronic conductivity of Ni-based cathodes hinders the
practical application of Ni-Zn batteries. This problem can be overcome by compositing the Ni-based cath-
ode with highly conductive carbon substrates. A chemical oxidation pre-treatment is popularly applied
to the carbon substrates to increase their hydrophilicity and thus facilitate the growth of active materials
in aqueous systems. However, the anodic stability of the oxidized carbon substrates is greatly challenged,
which has never been addressed in previous reports. In this work, we first compared the anodic stabil-
ity of carbon fiber paper with and without oxidation treatment and find that carbon substrate with the
chemical treatment caused remarkable oxidization current in the required voltage range. To take both
anodic stability and fine growth of active materials into account, here we demonstrated a facile physical
surface-treatment method of ethanol wetting to replace the chemical treatment. The ethanol infiltration

removes gas adsorption on carbon substrates and thus promotes their hydrophilicity. This cost-effective
strategy simultaneously achieves a high anodic stability and a fine growth and uniform distribution of
nickel-cobalt hydroxide on the carbon microfibers. The resulting Ni-Zn battery provides a high discharge
capacity of 219 mAh/g with an operation cell voltage of 1.75 V.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The demand for renewable energy sources in modern society
has promoted the development of electrochemical energy storage
devices [1-4]. Lithium-ion batteries are the most widely commer-
cialized electrochemical energy storage devices at present, but lim-
ited lithium resources and the safety issue have impeded the fur-
ther applications [5,6]. Zn based aqueous rechargeable batteries
have attracted widespread attention due to their distinct advan-
tages including high abundance on Earth, low electrode potential
(=1.26 V versus standard hydrogen electrode) in alkaline solutions
and high safety [7-10]. In particular, Ni-Zn batteries have drawn
increasing research interests because of their outstanding merits
such as high output voltage (~1.75 V) and eminent theoretical spe-
cific energy density (~372 Wh/kg) [11,12].

Layer double hydroxides (LDH) can be represented by a generic
formula of [M2*_yM3*x(OH),|[A"" I, -zH,0, where M** and M3+
represent the divalent and trivalent metallic cation, A"~ refers to
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a non-framework charge compensating anion. LDH are regarded
as potential electrode materials in advanced secondary batteries
due to their abundant electrochemical active sites and efficient
mass transport path provided by unique layered structure [13,14].
Nickel-cobalt layered double hydroxides (NiCo-LDH) have more
stable framework than Ni(OH), for long-term cycling, as a result
of the presence of Co3t ions that mitigates the Jahn-Teller effect
of Ni3* jons [15]. The synergistic effect between transition metals
ions also makes NiCo-LDH deliver higher capacity and energy den-
sity than their individual transition metal counterparts [16,17]. Sev-
eral researches have been carried out to bring superiority of this
LDH into full play. Wang et al. grew NiCo-LDH nanosheets on Co-
based metal-organic framework to create 3D hierarchical architec-
tures. The resultant NiCo-LDH electrode with more active sites kept
80% retention after 20-fold current increase, which remarkably sur-
pass the performances of nickel hydroxide and cobalt hydroxide
[16]. Zhang et al. massively synthesized 3D flower-like NiCo-LDH
microspheres for supercapacitors. The positive materials could de-
liver an excellent capacitance about 2228 F/g, which reflected sig-
nificant potential of for practical application [17]. Though much
progress has been made in active material structure optimization
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Fig. 1. (a, b) EIS of HNOs-treated (a) and untreated carbon papers (b) under dif-
ferent potentials. The inset is the magnified high frequency region. (c) CV curves
of HNOs-treated and untreated carbon papers in 6 mol/L KOH at a scan rate of 5
mV/s. (d) Current vs. time curves in successive 5 cycles of CV scan.

of Ni cathodes, the intrinsic low electronic conductivity limits their
high rate performance in the demanding market nowadays [18-
20].

One possible solution to this challenge is to composite the ac-
tive material with a conductive substrate [21-24]. The high den-
sity of the metal foam substrate will decrease the total gravimet-
ric energy densities of the devices [25,26]. In such context, the
lightweight carbon materials are a more desirable current collec-
tors [27,28]. Carbon papers made up of micron-sized carbon fibers
have high electronic conductivity and specific surface area, which
facilitates the transport of electrons and ions [29,30]. However,
the hydrophobicity of the carbon substrate brings new challenges
on active materials growth in aqueous solutions [31]. To enhance
the hydrophilicity of carbon substrates, oxidation treatment (e.g.,
HNO3) have been adopted to increase the oxygen-containing func-
tional groups on the carbon fibers surface [32]. Nevertheless, when
used as the substrates for cathode materials, the anodic stability of
carbon is greatly challenged, which has never been addressed in
previous reports.

Herein, we present a facile method to electrochemically de-
posit NiCo-LDH on ethanol pre-wetted carbon paper substrates for
a highly anodically stable composite cathode for Ni-Zn battery.
The ethanol pre-wetting treatment distinctly increases the NiCo-
LDH precursor affinity of carbon paper substrates, benefitting the
heterogeneous nucleation. The affinity mediation effect of ethanol
treatment is ascribed to a quick removal of adsorbed gas. The ob-
tained NiCo-LDH nanosheets are vertically and uniformly anchored
on the microfibers of the carbon paper. Importantly, ethanol pre-
wetting treatment does not induce chemical defects into the car-
bon papers, avoiding impairing its anodic stability even at the po-
tential of 0.5 V vs. Hg/HgO, which is important for the capacity
exploiting of NiCo-LDH. The assembled NiCo-LDH//Zn battery de-
livers a large specific capacity of 219 mAh/g at 2 A/g and a good
capacity retention within 650 cycles at 5 A/g.

The carbon papers, consisting of carbon microfibers (Fig. S1
in Supporting information), are hydrophobic and cannot keep im-
mersed in water by itself. The effect of HNO3 treatment on the
anodic stability of carbon papers were tested by electrochemi-
cal impedance spectroscopy (EIS) under different potentials (vs.
Hg/HgO) and cyclic voltammetry (CV) scan. As shown in Figs. 1a
and b, under increasing potential, the shapes of Nyquist plots grad-
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Fig. 2. (a) Schematic of electrochemical deposition of NiCo-LDH on ethanol pre-
wetting and untreated carbon paper substrates. Contact angles of water on (b) un-
treated and (c) ethanol pre-wetting carbon paper substrates. Optical microscopic
images of (d, e) C-NiCo-LDH and (f, g) E-NiCo-LDH. The photos in the inset show
morphologies of the carbon papers after deposition. The NiCo-LDH particles detach
from C-NiCo-LDH, while they stay well on E-NiCo-LDH.

ually change from linear line (ascribed to capacitive behavior) to a
semicircle, which indicates the occurrence of charge-transfer reac-
tions. Also, the charge transfer resistance at 0.4 V and 0.45 V of the
carbon paper oxidized by HNO5 is significantly lower than that of
the untreated carbon paper, suggesting that the charge transfer re-
action for the carbon paper with HNO3 treatment is easier. Mean-
while, CV of carbon papers shows that there is negligible increase
in the current when the potential increases for the carbon papers
without HNO3 treatment, while there is a drastic current increase
in the case of HNOs-treated ones (Fig. 1c). Moreover, in the current
vs. time curves from 5 cycles of CV scan, the HNOs-treated car-
bon papers show increasing maximum anodic currents in cycles,
indicating their continuous deterioration (Fig. 1d). As seen, HNO3
treatment indeed impairs the anode stability of the carbon paper
substrates.

Similar to the carbon paper after HNO5; oxidation, the car-
bon paper wetted with ethanol sinks into precursor solution eas-
ily. In contrast, untreated carbon paper would float on the sur-
face (Fig. 2a). As shown in Figs. 2b and c, the contact angle on
the ethanol pre-wetting carbon paper substrates (14.9°) is much
smaller than that of the untreated one (125.1°). These results in-
dicate the remarkably improved hydrophilicity of the carbon sub-
strates wetted with ethanol. The untreated carbon paper, HNO3
treated carbon paper and ethanol pre-wetted carbon paper were
used to deposit NiCo-LDH in precursor solutions by pulsed current
electrochemical method. The reaction equations of electrochemical
deposition are shown below [33]:

NO;~ + 6H,0 + 8e~ = NH; + 90H~ (1)

M2+ 4+ 20H~ = M(OH), (M = Co, Ni)
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Fig. 3. (a-c) SEM images of E-NiCo-LDH at different magnifications. (d-g) EDX
mapping images of C, O, Co and Ni.

The obtained products were denoted as C-NiCo-LDH, H-NiCo-
LDH and E-NiCo-LDH, respectively. Compared with E-NiCo-LDH,
the deposition of NiCo-LDH on C-NiCo-LDH is rather non-uniform
and only deposited on the macroscopic surface of carbon paper,
meaning that the untreated carbon paper is poorly soaked with
the electrolyte and that the electrochemical deposition reaction
takes place only on the surface. The NiCo-LDH on untreated car-
bon papers are tens of micrometers in size observed (Figs. 2d
and e), so that the deposited particle would easily be detached
from the carbon paper substrates (inset in Fig. 2d). The micro-
scopic morphology was further studied by scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
(Fig. S2 in Supporting information). The NiCo-LDH on C-NiCo-LDHs
are so thick that the carbon element signals can be totally cov-
ered under EDS mapping. On the contrary, as for H-NiCo-LDH and
E-NiCo-LDH, the NiCo-LDH is well dispersed on the 3D carbon
papers, and all the carbon fibers are almost completely covered
(Fig. 3 and Fig. S3 in Supporting information). Active materials are
in the form of nanosheets instead of micrometer-sized particles in
C-NiCo-LDH, which can be ascribed to that enhanced wettability
increases the number of nucleation sites. The nanosheets grow ver-
tically on the surface of carbon fibers (Fig. 3c) and the resultant
porous nanostructure allows an easy access of electrolyte to the
entire nanosheets. EDS mapping data (Figs. 3d-g) also confirm a
uniform coating of the NiCo-LDH layer. It also ensures that elec-
trons can be transferred directly from the carbon substrate to the
active material, thus shortening the electron transport paths, which
mitigates the problem of poor intrinsic conductivity of NiCo-LDH.
The synthesized E-NiCo-LDH was characterized by X-ray diffrac-
tion (XRD) (Fig. S4 in Supporting information). The weak and broad
peaks are ascribed to the (003) and (012) crystalline plane of NiCo-
LDH, which indicates the deposited NiCo-LDH is amorphous.

How does a simple pre-wetting of ethanol increase the hy-
drophilicity of carbon papers? In order to gain in-depth under-
standing of the role of ethanol, a series of control experiments
were conducted. Untreated carbon substrates were immersed in a
mixture of precursor salt solution and ethanol of different volume
fractions. When the untreated substrate is immersed in the pre-
cursor solution without ethanol, there is no obvious change on the
surface of carbon paper (Fig. S5a in Supporting information). Un-
like in neat aqueous solution, a large number of small bubbles ap-
pear on the surface of the untreated substrate when it is immersed
in the electrolyte containing 50 vol% ethanol. With increasing the
ethanol content from 50 vol% to 90 vol%, the bubbles become less
(Figs. S5b-d in Supporting information). When the untreated car-
bon paper immersed in neat ethanol, there is no obvious bubbles
(Fig. S5e in Supporting information). When the ethanol pre-wetted
carbon paper was immersed in the precursor solution, no bubbles
emerge, either (Fig. S5f in Supporting information).

Although the addition of ethanol to the precursor solution can
also improve the wettability of the electrolyte to carbon papers
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Fig. 4. (a-c) Optical microscopic images of C-NiCo-LDH deposited in the precur-
sor solution with 50 vol% ethanol with deferent pre-immersion time: (a) C-NiCo-
LDH_M(0 h), (b) C-NiCo-LDH_M(6 h) and (c) C-NiCo-LDH_M(9 h). (d) Schematic of
improving affinity between carbon paper and electrolyte by ethanol wetting to re-
move gas adsorption.

(Fig. S6 in Supporting information), we found the immersion time
before electrochemical deposition also matters a lot for the de-
positing morphology of LDH. According to previous study, the vol-
ume of ethanol in the precursor solution affects the growth of
the active material on the surface of the carbon substrate during
the hydrothermal process. When the ethanol content is low, the
nanoflakes are not enough to cover the carbon substrate, while
when the ethanol content is too high, particles and aggregations
would be formed [34]. Therefore, we set the ethanol content to
50 vol% and immersion time before deposition of 0 h, 6 h and 9
h. The obtained samples were denoted as C-NiCo-LDH_M(0 h), C-
NiCo-LDH_M(6 h) and C-NiCo-LDH_M(9 h). Figs. 4a-c and Fig. S7
(Supporting information) display their morphologies under opti-
cal microscopy. Compared with C-NiCo-LDH (Figs. 2d and e), the
NiCo-LDH on C-NiCo-LDH_M(0 h) grows more uniformly on the
carbon fibers, but there are still some bulk crystals. The sizes of
the bulk crystals decrease as the immersion time in the mixture
increases. NiCo-LDH of C-NiCo-LDH_M(9 h) distributes as uniform
as on E-NiCo-LDH which is pre-wetted in neat ethanol for only 5
min (Figs. 2f and g). As seen, the ethanol pre-wetting method is
much time-efficient than the mixture solvent approach.

These results remind the wetting property of graphene, which
has been proved to be intrinsically hydrophilic, though graphene
always behaves hydrophobic due an adsorption of hydrocarbon
contamination [35]. Accordingly, we propose that the ethanol pre-
wetting treatment increases the hydrophilicity of carbon fibers by
removing the adsorbed gas molecules (as schematically shown in
Fig. 4d) The air cannot be removed when the carbon paper is im-
mersed in the neat precursor solutions, so no bubbles appear (Fig.
S5a). The addition of ethanol in the precursor solution drives the
air out in the form of bubbles that can be seen by naked eyes.
When it is in the case of neat ethanol pre-wetting, we propose
that the adsorbed air is removed in the form of very small bub-
bles that cannot be observed by naked eyes (Figs. S5e and f). Note
that all the carbon papers used above were pre-washed by hy-
drochloric acid, ethanol and deionized water in turn (see Experi-
ment). Therefore, we can exclude the mechanism that neat ethanol
washes away the hydrophobic oil adsorbed on the carbon fibers.

As mentioned above, the anodic instability of HNO;-treated
carbon papers is fatal to the electrochemical performance of the
composite H-NiCo-LDH, as indicated by the galvanostatic charge-
discharge curve of the first cycle. The strong parasitic reactions at
high potential leads to a voltage plateau at 0.38 V (vs. Hg/Hg0), as
shown in Fig. S8 (Supporting information). On the contrary, the E-
NiCo-LDH can be successfully charged to the set voltage of 0.45 V
(vs. Hg/HgO) and delivers a satisfying Coulombic efficiency. Since
oxygen evolution reaction (OER) starts at nearly 0.6 V (vs. Hg/HgO)
(Fig. S9 in Supporting information), the tail around 0.38V in gal-
vanostatic charging curve probably originates from carbon oxidiza-
tion rather than electrolyte decomposition. We can infer that, for
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Fig. 5. Electrochemical performance of E-NiCo-LDH. (a) CV curves at different scan rates range from 2 mV/s to 10 mV/s. (b) Galvanostatic charge/discharge profiles at different

current densities from 2 A/g to 10 A/g. (c) Rate performance.

H-NiCo-LDH, the carbon is still oxidized before NiCo-LDH is fully
charged, even though the carbon microfibers are well covered by
NiCo-LDH. We propose that even in the case that the carbon mi-
crofibers are totally physically separated from the electrolyte by
the covered NiCo-LDH, the carbon with defects would be oxidized
by the NiCo-LDH at their charged state. Altogether, the ethanol-
pre-wet treatment in this work demonstrates its prominent advan-
tage in terms of the anodic stability, compared with the generally
used HNOj3 treatment method.

Furthermore, we investigated the electrochemical performance
of E-NiCo-LDH via a standard three-electrode setup with 6 mol/L
KOH as the electrolyte. The CV curves at scan rates from 2 mV/s to
10 mV/s all show a pair of redox peaks (Fig. 5a). According to the
charge storage mechanism of hydroxide [36,37], the redox reaction
involved can be written as follows, with M stands for Co or Ni:

M(OH), + OH~ = MOOH + H,0 + e~ (3)

The corresponding galvanostatic charge-discharge curves are
shown in Fig. 5b, displaying an obvious potential plateau at 0.2
V (vs. Hg/HgO). E-NiCo-LDH also shows a good rate performance.
The capacity is as high as 260 mAh/g at 2 A/g, and remains around
240 mAh/g as the current density increases to 10 A/g Fig. 5c¢). Cy-
cling performance was further taken with the galvanostatic charge-
discharge measurement at a current density of 5 A/g. As shown in
Fig. S10 (Supporting information), the as-obtained E-NiCo-LDH can
remain around 200 mAh/g after 500 cycles, demonstrating the sta-
bility of the electrode.

To further demonstrate the advantages of E-NiCo-LDH, we also
investigated the performance of E-NiCo-LDHs//Zn battery. The op-
erating voltage of the cells reaches 1.9 V. The CV curves show a
pair of redox peaks with the scan rate ranging from 2 mV/s to
20 mV/s (Fig. 6a). The galvanostatic discharge plots show a clear
output voltage plateau in the region of 1.4 V to 1.6 V, even at a
high current density of 10 A/g (Fig. 6b). The capacity reaches 219
mAh/g at a current density of 2 A/g, and 109 mAh/g at a current
density of 10 A/g. Moreover, it delivers fairly good cycle stability
within 650 charge/discharge cycles at 5 A/g (Fig. 6¢). The energy
density and capacity of the system were calculated with different
charge/discharge depths of the zinc anode (Fig. 6d). The energy
density maintains 89.85 Wh/kg even at a charge/discharge depth
of 10%. At a charge/discharge depth of 50%, the energy density
reaches 215 Wh/kg at a power density of 1.75 kW/kg and remains
at 126 Wh/kg even at a power density of up to 11.6 kW/kg.

In this work, we report a facile and effective method to increase
the active material precursor-affinity of carbon materials without
compromising the anodic stability of the composite electrodes. We
prove that the normally used HNO3 treatment of the carbon sub-
strates would result in an inevitable oxidation of the carbon sub-
strates when operating at high potentials, which induces electronic
network deterioration and charging difficulty of the cathodes. The
ethanol-pre-wetting treatment facilitates the defect-less carbon pa-
pers to act as effective substrates that offer abundant heteroge-
neous nucleation sites for the deposition of active materials. Based
on the control experiments results, we propose that a simple swell
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Fig. 6. Electrochemical performance of an E-NiCo-LDH//Zn battery system. (a)
CV curves at different scan rates from 2 mV/s to 20 mV/s. (b) Galvanostatic
charge/discharge profiles at different current densities from 2 A/g to 10 A/g. (c)
Cyclic stability at 5 A/g. (d) Ragone plot under different depths of zinc anode dis-
charge. The capacity and energy density were calculated based on the mass of the
active material in the cathode.

of ethanol can remove the air molecules adsorbed on the carbon
fibers, thus increasing their compatibility with aqueous precursor
solutions. The obtained three-dimensional network of E-NiCo-LDH
ensures excellent electron transport and ion accessibility, which
makes it have excellent rate performance and high capacity. An
assembled full cell consisting of a Zn anode and an E-NiCo-LDH
cathode delivers a capacity of 219 mAh/g at a current density of 2
A/g and an output voltage plateau of up to 1.5 V.
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