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Rechargeable zinc air batteries (RZABs), which repeatedly store and release charges through the oxygen evolution reaction (OER)
and oxygen reduction reaction (ORR) using oxygen electrocatalysts, are considered a promising energy storage system owing to
their low cost and safety. Controlling the chemical structure and morphology of multifunctional electrocatalysts is crucial for
improving their electrocatalytic activities and stabilities for high performance RZABs. Herein, we report hierarchically
structured Cr-doped NiCo-layered double hydroxides (LDHs) nanoplates chemically grown on the surface of nitrogen-doped
reduced graphene oxide nanosheets (NiCoCr LDH/N-rGO) for an application into bifunctional electrocatalysts of RZABs. As
verified by the spectroscopic and electrochemical characterizations, Cr doping modulates the electronic configuration and
surface structure of both LDHs and N-rGO nanosheets, thereby improving bifunctional catalytic activity and reaction kinetics.
In particular, the electrocatalytic activity and kinetics of NiCoCr LDH/N-rGO for both ORR and OER are greatly improved
owing to the increased active sites by Cr doping and hierarchical porous structure as demonstrated by low overpotential and
Tafel’s slope. Thus, the electrochemical performance of RZAB with NiCoCr LDH/N-rGO catalyst is superior to that with Pt/C
+RuO2, as confirmed by higher power density of 97mWcm-2 and better cycling stability of 18 h for the former than
59mWcm-2 and 6 h for the latter.

1. Introduction

Among the various energy conversion and storage systems,
the rechargeable zinc air batteries (RZABs) are promising
energy storage systems, owing to their reliable safety, cost
effectiveness, high specific energy density, and easy manu-
facture [1]. RZABs can charge through the oxygen evolution
reaction (OER) and discharge via the oxygen reduction reac-
tion (ORR) in a repeated manner, delivering a high gravi-
metric energy density of 1,350Whkg-1, which is four times
higher than that of commercial LIB. Considering that
RZABs are featured with an aqueous rechargeable battery
that use an inflammable, inexpensive, and nontoxic aqueous
electrolyte, they are conducive to the manufacturing process
as it can be assembled under atmospheric environment [2].

However, there is an inherent disadvantage in the com-
mercialization of RZABs owing to their energy storage mech-
anism. RZABs are based on oxygen evolution and reduction
reactions during battery charging and discharging, respec-
tively; therefore, the high energy barrier should be overcome
through the introduction of electrocatalysts for the OER and
ORR [3]. To minimize the overpotential of OER and ORR,
noble metal-based electrocatalysts, such as Pt, Ir, and Ru, have
been used as OER and ORR catalysts because of their high
activity. Unfortunately, commercial noble metal-based elec-
trocatalysts suffer from inferior stability when used in alkaline
electrolytes of RZAB, which is attributed to nanoparticle
agglomeration and carbon corrosion [4]. Therefore, develop-
ing alternatives to noble metal-based materials is crucial for
the commercialization of RZABs. In particular, bifunctional
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electrocatalysts could be an effective way to commercialize
RZABs because of the advantages of reduced manufacturing
cost and decreased volume and weight of the device to achieve
high energy density [5].

Among the various nonnoble metal electrocatalysts, lay-
ered double hydroxides (LDH) are promising for the electro-
catalysis of OER [6]. LDH is a two-dimensional (2D) layered
structure material, which consists of a metal hydroxide layer
with a positive charge originating from the charge difference
between bivalent and trivalent metal ions and guest anions
for charge balancing and water molecules in the interlayer
space. The tunable chemical compositions and structures
of the metal hydroxide layer and exchangeable guest anions
make LDH suitable electrocatalysts for the OER [7, 8]. How-
ever, there are critical drawbacks in LDH that can be directly
applied to RZABs; these include particle aggregation and low
electrical conductivity. In addition, LDH is known as a
material with poor ORR activity, which can be a critical
problem for application to RZABs, which utilize the ORR
reaction during the discharging process. Therefore, chemical
modifications, such as introducing dopants into the metal
hydroxide layer for the enhanced catalytic activity or
compositing with conductive carbon nanomaterials for the
improved electrical conductivity, are required to overcome
the aforementioned problems [9].

Nitrogen-doped graphene oxide acts as an ORR electro-
catalyst with high electrocatalytic activity as well as a con-
ducting substrate to modify LDHs. Various nitrogen
species in nitrogen-doped carbon materials, such as pyridi-
nic and pyrrolic N, can effectively enhance the ORR catalytic
activity. Pyridinic N has a pair of electrons and electrons
donated to the conjugated π bond in carbon, which facili-
tates the adsorption of O2. In addition, the nitrogen dopant
element in carbon could enhance the ORR activity, owing to
the increased electron density of states in the vicinity of the
Fermi level of nitrogen-doped carbon materials [10].

In this study, NiCoCr LDH/N-rGO was synthesized as a
bifunctional electrocatalyst for the air cathode of RZABs.
Herein, nitrogen-doped graphene oxide (N-rGO) was
regarded as both support materials for LDH and electrocata-
lyst for the ORR [11]. Dopant element Cr was introduced to
the LDH hydroxide layer to further enhance the electrocata-
lytic activity for both OER and ORR. Benefiting from the
doping of Cr into LDH, Cr could induce additional active
sites for OER and ORR by increasing the surface disorder
and oxygen vacancies in LDH/N-rGO composite materials
and regulating the electronic configuration of transition
metal cations, thus leading to enhanced catalytic perfor-
mance. The as-prepared NiCoCr LDH/N-rGO could be a
possible bifunctional electrocatalyst for RZABs, owing to
its appropriate electrocatalytic performance for the OER,
ORR, and battery performance. The RZAB using NiCoCr
LDH/N-rGO as a bifunctional electrocatalyst exhibited
superior rate capability and cycle stability compared to Pt/
C+RuO2 and NiCo LDH/N-rGO, which is consistent with
the results of the RDE electrochemical test. Consequently,
the doping of Cr into LDH and chemical composites with
N-rGO could be an effective method to enhance the OER
and ORR electrocatalytic performance of RZAB.

2. Experimental Methods

2.1. Synthesis of NiCoCr LDH/N-rGO. In this work, 98.0%
Ni(NO3)2∙6H2O (Sigma Aldrich, USA), 98.0% Co(N-
O3)2∙6H2O (Sigma Aldrich, USA), 98.0% CrCl3∙6H2O
(Sigma Aldrich, USA), methyl alcohol (Daejung, South
Korea), 0.5wt% graphene oxide (GO) aqueous dispersion
(Daejung, South Korea), and 28.0~30.0% ammonia solution
(Junsei Chemical, Japan) were used without further purifica-
tion. First, GO solution (40ml) and ammonia solution
(8ml) were dispersed in 40ml of distilled water (DIW) using
ultrasonication for 1 h. Subsequently, the above solution was
transferred to a 100ml Teflon coated autoclave and treated
at 120°C for 8 h through a hydrothermal reaction. Following
the hydrothermal treatment, the obtained solution was cen-
trifuged and washed with DIW and ethanol until neutral pH
was reached. The washed N-rGO suspension was redis-
persed in methanol and DIW solution (solution A). Thereaf-
ter, 0.5 g of 98.0% Ni(NO3)2∙6H2O (Sigma Aldrich, USA),
1.86 g of 98.0% Co(NO3)2∙6H2O (Sigma Aldrich, USA),
and 0.14 g of 98.0% CrCl3∙6H2O (Sigma Aldrich, USA) were
dissolved in 250ml of methanol and DIW solution (solution
B). Subsequently, 70ml of solution B was added dropwise to
solution A under vigorous stirring. After stirring for 30min,
the mixed solution was transferred to a 200ml Teflon coated
autoclave and treated at 180°C for 18h through a hydrother-
mal reaction. The as-obtained suspension was centrifuged
and washed with DIW and ethanol. Finally, the precipitates
were dipped into liquid nitrogen and freeze dried for 3 days
to obtain the NiCoCr LDH/N-rGO composite powders.

2.2. Materials Characterization. The size, thickness, and
morphology of the samples were examined by using field
emission scanning electron microscopy (FE-SEM, JEOL
JMS-7000F). The morphology and crystallographic struc-
tural information of materials were obtained from high-
resolution transmission electron microscopy (HR-TEM,
JEOL, ARM-200F), using Lacey carbon type A 300 mesh
copper grid. Crystal structural properties of the composite
materials were analyzed by X-ray diffraction (XRD, PANaly-
tical, Emprean) using an X-ray source of Cu Kα with a wave-
length of 1.5406Å. The micro-Raman spectrometer (Bruker,
SENTERRA) with a laser beam wavelength of 532nm was
used to measure spectroscopic information of materials.
The Brunauer-Emmett-Teller (BET) specific surface area
and N2 adsorption-desorption isotherms of the materials
were measured by a gas analyzer (Micrometics, TriStar II
3020) at 78K. The Barrett-Joyner-Halenda (BJH) analysis
was used to evaluate the distribution of pore sizes of mate-
rials. The information of chemical structure and environ-
ment of the surface of materials was obtained by using X-
ray photoelectron spectroscopy (XPS, Thermo-Scientific,
Kα) analysis with referencing the C 1 s peak of adventitious
carbon to 284.6 eV. All of the XPS peaks were well deconvo-
luted and fitted by utilizing the Gaussian fitting method in
Avantage program. Potentiostat/Galvanostat (VMP3, Bio-
Logic) was used to implement the rotating disc electrode
three electrode test and zinc air batteries cell performance
evaluation.
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2.3. Electrochemical Measurements. The three-electrode half-
cell evaluation of materials was conducted by using rotating
disc electrode (RDE) system (pine Inc.) at room tempera-
ture. In the three-electrode RDE system, the glassy carbon
RDE electrode with the diameter of 5mm as a working elec-
trode, platinum wire electrode as a counter electrode, and
Hg/HgO electrode as a reference electrode were used to
conduct electrochemical measurement. The measured
potential was corrected with respect to the reversible hydro-
gen electrode (RHE) based on the Nernst equation
(ERHE = EHg/HgO ð0:118VÞ + 0:059 × pH 13, at 25°C and
1 atm). The linear sweep voltammetry (LSV) curves were
measured using RDE system at a sweep rate of 5mVs-1,
and the cyclic voltammetry (CV) curves are measured at a
sweep rate of 20mVs-1. The catalyst ink for RDE test was
composed of 10mg of catalyst, 0.54ml of DI water, 1.34ml
of ethanol, and 0.12ml of Nafion solution (5wt%, Sigma-
Aldrich), and it was sonicated during 30min before casting.
The 8μL of catalyst ink was casted on the surface of glassy
carbon electrode, and its catalyst loading level was
37μg cm-2. For the OER and ORR measurement, O2
(99.999%) was purged in 0.1M KOH aqueous solution for
30min before conducting measurement, and slight purging
was maintained during the measurement. The CV at a scan
rate of 500mVs-1 was implemented before measurement for
the stabilization of casted electrode in the electrolyte. The
LSV curves of ORR were measured at a various rotating
speed from 400 to 1600 rpm. The Koutechy-Levich (K-L)
equation was used to determine the electron transfer num-
ber (n) of ORR.

1
j
= 1

jk
+ 1

jd
= 1
nFAkCO2

−
1

0:62nFAD2/3
O2
w1/2 , ð1Þ

where j is the measured current density (A cm-2), jk is the
kinetic current density (A cm-2), jd is the diffusion limiting
current density (A cm-2), F is the Faraday’s constant
(96485 C mol-1), A is the geometric electrode surface area
(cm2), k is rate constant of the reaction, CO2

is the bulk con-
centration of O2 in 0.1M KOH at 1 atm O2 pressure
(1:26 × 10−6 mol cm−3), DO2

is diffusion coefficient of O2

(1:9 × 10−6 cm2 s−1), ν is the kinematic viscosity of the elec-
trolyte, 0.1M KOH (1:09 × 10−2 cm2 s−1), and ω is the angu-
lar velocity (rad s-1).

2.4. Assembly and Test of RZAB Cells. The RZAB cells were
utilized to evaluate the bifunctional electrocatalytic perfor-
mance of the as-synthesized materials. The RZAB cell was
composed of carbon cloth casted with catalyst as a cathode,
Zn plate (Alfa Aesar) undergoing polishing as an anode,
glassy fiber filter as a separator, and 6M KOH with 0.2M
Zn(ac)2 as an electrolyte. The catalyst ink for RZAB was
composed of 14mg of catalyst material, 0.15ml DI water,
0.25ml of Ethanol, and 0.18ml of Nafion solution (5wt%,
Sigma-Aldrich) and sonicated for 30min before casting on
Teflon treated carbon cloth (W1S1009, Fuel Cell Store).
After sonication, the catalyst ink was casted on the carbon
cloth by brushing several times and dried under 80°C for

3 h in convection oven. The mass loading of air cathode
for RZAB was about 2.9~3.0mg cm-2. RZAB cell test was
conducted by using Bio-Logic instrument without gas flow.

3. Results and Discussion

The in situ growth of NiCoCr LDH on N-rGO is carried out
through a simple hydrothermal synthesis method
(Figure S1). The hierarchical structure of the as-
synthesized NiCoCr LDH/N-rGO is constructed through
the assembly of LDH nanosheets with tens of nm thickness
grown onto the surface of N-rGO sheets as shown in
Figures 1(a)–1(c). During the growth of LDHs on N-rGO,
the nitrogen containing and oxygen terminating groups of
N-rGO contributed to anchoring transition metal cations
through the electrostatic interaction, which promotes
nucleation and growth of LDHs. Therefore, NiCoCr LDH
nanosheets were well grown on the N-rGO sheets, and the
Ni, Co, and Cr transition metals were uniformly
distributed onto the N-rGO, as indicated by the elemental
mapping of Figures 1(d)–1(i). In addition, elemental
mapping reveals that the N dopants are well distributed
onto the rGO sheets, indicating uniform doping of N
atoms. As shown in the TEM image of NiCoCr LDH/N-
rGO in Figure 1(j), the NiCoCr LDH nanosheets with the
average thickness of 30 nm were in-situ grown and well
crystallized onto the N-rGO sheets with a lattice fringe
spacing of 0.45 nm, which corresponds to (006) lattice
plane of LDH (Figure 1(k)) [12]. As displayed in the above
microscopic images, the NiCoCr LDH was successfully
grown on the N-rGO nanosheets. The morphology of
NiCoCr LDH looks like nanosheet on the N-rGO sheets
with vertical and horizontal modes. This hierarchical
structure can facilitate the mass transport of reactants and
products of OER and ORR, which would be helpful for
electrocatalytic reactions.

The XRD patterns of NiCoCr/N-rGO, NiCoCr LDH,
NiCo LDH/N-rGO, and NiCo LDH are shown in
Figure 2(a). The characteristic diffraction peaks of NiCo
LDH and NiCo LDH/N-rGO were observed at 2θ = 10:9 ° ,
22.9°, 34.5°, 59.8°, and 61.2°, which correspond to (003),
(006), (012), (110), and (113) of crystalline planes, respec-
tively, for R3m symmetry of hydrotalcite phase
(JCPDS#38-0715) [13, 14]. Even though Cr was introduced
into the NiCo LDH, those peaks were observed for NiCoCr
LDH, which implies that the hydrotalcite phase of LDH
remains intact. After the growth of NiCoCr LDH on N-
rGO sheets, most of these peaks were also preserved for
NiCoCr LDH/N-rGO. Some peaks of pristine LDH in
NiCoCr LDH/N-rGO disappeared due to the preferred
growth direction during the in situ growth of LDH onto
N-rGO. The basal spacing of NiCoCr LDH/N-rGO became
larger than that of the pure NiCoCr LDH, as evidenced by
the slight peak shift of (003) from 2θ = 10:9 ° to a lower
angle of 10.8°, in the magnification of the (003) diffraction
peak (Figure S2). The enlarged interlayer spacing is
attributed to weakened electrostatic interactions between
the LDH layers and interlayer species confined in
interlayer space, which is presumably associated with the
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driving force for in situ growth of LDHs onto N-rGO sheets
[15]. The broadened interlayer spacing is expected to
facilitate the wetting and adsorption of OH- onto the
catalyst surface and to suppress the agglomeration of
LDHs, which acts as ion buffering reservoirs of promoting
ion transport and provides abundant active sites for the
oxygen electrocatalytic reaction [16, 17].

The electronic structures of NiCoCr LDH/N-rGO, NiCo
LDH/N-rGO, and N-rGO are characterized using the
Raman spectra in Figure 2(b). These spectra exhibit two
characteristic bands at 1358 and 1590 cm-1, which corre-
spond to the sp3 defect sites of C atoms (D band) and the
stretching vibration of sp2 bonded atoms (G band), respec-

tively [18]. The ID/IG ratios were estimated to compare the
degree of defects in the graphene sheets. The ID/IG value of
NiCoCr LDH/N-rGO is 1.13, which is slightly higher than
1.06 and 1.09 of pristine N-rGO and NiCo LDH/N-rGO,
due to the formation of defects by Cr doping as further sup-
ported by XRD, TEM, and BET results [19]. These structural
defects of NiCoCr LDH/N-rGO are attributed to more active
sites for the improved electrocatalytic activity [20].

The N2-adsorption/desorption measurements were con-
ducted to understand the porous structure of NiCoCr LDH/
N-rGO. The BET surface area of NiCoCr LDH/N-rGO is
40.34m2 g-1, larger than 31.57m2 g-1 of NiCo LDH/N-rGO
as depicted in Figure 2(c) [21]. Additionally, the portion of
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Figure 1: (a–c) FE-SEM images, (d) dark field TEM image, (e–i) corresponding elemental mapping images of C, N, Ni, Co, and Cr, (j) TEM
image, and (k) HR-TEM image of NiCoCr LDH/N-rGO.
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mesopores with the size of 20 nm was increased after Cr
doping into NiCo LDH/N-rGO as indicated by the BJH
method in Figure 2(d) (Figure S3). Furthermore, the
incorporation of Cr with smaller ionic radius could induce
lattice distortion in the LDH layers, which is associated
with the enlarged surface area of NiCo LDH/N-rGO. These
surface area and mesoporosity of NiCoCr LDH/N-rGO
were associated with the enlarged basal spacing of LDH
and defect generation on N-rGO sheets, as demonstrated
by the above XRD and the Raman spectra and TEM results
[17]. Consequently, the increased surface area and
mesoporosity arising from Cr doping can offer abundant
active sites and rapid ion transport channels for the
improved electrocatalytic performance [22].

XPS was tested to investigate the chemical and electronic
structure of NiCoCr LDH/N-rGO, and the wide scan spec-

trum of NiCoCr LDH/N-rGO is shown in Figure S5A. As
shown in Figure 3(a), the high-resolution Ni 2p XPS
spectrum of NiCoCr LDH/N-rGO exhibits two oxidation
states of Ni2+ at 855.1 and 872.6 eV and Ni3+ at 856.4 and
874.1 eV, respectively as well as shakeup satellite peaks at
862.4 and 880.4 eV [23]. The two oxidation states of Co in
Co 2p XPS spectrum could be also observed at 782.3 and
797.7 eV for Co2+ and 780.5 and 796.2 eV for Co3+,
respectively (Figure 3(b)) [24–26]. An oxidation state of
Cr3+ is existent in a form of Cr-OH (577.7 eV) and Cr-O
(576.5 eV) from the high-resolution Cr 2p XPS spectrum
(Figure 3(c)) [27]. As shown in the high-resolution N 1 s
XPS spectrum (Figure 3(d)), three types of N species are
assigned to pyridinic N, pyrrolic N, and graphitic N at
398.7, 399.6, and 400.6 eV, respectively [28]. Finally, four
types of O species in the high-resolution O 1 s spectrum
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Figure 2: (a) XRD pattern of NiCoCr LDH/N-rGO, NiCoCr LDH, NiCo LDH/N-rGO, and NiCo LDH. (b) Raman spectra of NiCoCr LDH/
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are ascribed to OH2O, Oads, Odefect, and Olattice at 533.8, 532.5
531, and 529.6 eV, respectively (Figure 3(e)) [29].
Additionally, the high resolution XPS spectra of Ni
(Figure S6A), Co (Figure S6B), N (Figure S6C), O
(Figure S6D), and C (Figure S6E) are shown in Figure S6.
Considering that the electron occupancy of eg orbitals is a
descriptor of the OER performance for transition metal
electrocatalysts, a transition metal cation with an electron
occupancy of eg close to unity can achieve a superior OER
performance [30]. The ratio of Co3+ (t2g

5eg
1) to Co2+

(t2g
5eg

2) increased after doping with Cr; hence, this strategy
could be effective for enhancing OER catalytic activity.
Accordingly, the increased Co3+ portion of NiCoCr LDH/
N-rGO allows OER catalytic activity to be higher than that

of NiCo LDH/N-rGO (Figure 3(b) and S6B) [31] The
negative shift in binding energy of transition metal, after
depositing the NiCoCr LDH onto the N-rGO sheets,
indicates the modulation of electron density through a
strong electronic interaction (Figure S4) [32]. In particular,
the oxygen defects of NiCoCr LDH/N-rGO are attributed
to the enhanced OER activity, lowering the energy barrier
for the adsorption of OH- toward a more kinetically
favourable reaction pathway [33]. Additionally, C 1 s
spectra support the increased oxygen defects via Cr doping
(Figure S5B and S6E). In addition to the increased Co3+,
the portion of Odefect also increased after doping with Cr,
such that, the OER catalytic activity is improved
(Figure 3(e) and S6D) [34].
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To further investigate the effect of Cr doping on the elec-
tronic structure of NiCoCr LDH/N-rGO, the valence band
maximum spectra were collected for NiCoCr LDH/N-rGO
and NiCo LDH/N-rGO, as shown in Figure 3(f). The
valence band maximum level of NiCoCr LDH/N-rGO was
higher than that of NiCo LDH/N-rGO, thus indicating that
the bandgap energy was reduced after Cr doping. This
reduced band gap of NiCoCr LDH/N-rGO, arising from
the modulated electronic structure, can improve the elec-
tronic conduction for the enhanced catalytic activity [19].
For the further confirmation of enhanced conductivity after
Cr doping, the powder resistivity measurement was con-
ducted using 4 pin probe measurement (Figure S7). The
electrical conductivity of NiCoCr LDH/N-rGO was higher
than the sample without Cr, which is consistent with
previous valence band maximum spectra results (Figure 3(f
)).

The ORR performance of the NiCoCr LDH/N-rGO was
measured in N2 and O2 saturated 0.1M KOH electrolyte and
compared with those of the NiCoCr LDH and Pt/C+RuO2 as
the reference (Figures S8). The current response of the
NiCoCr LDH in CV curve is negligible under N2 condition
due to its low electronic conductivity and electrochemical
active area. Even under O2 condition, the ORR activity of
the NiCoCr LDH was much lower than those of NiCoCr
LDH/N-rGO and Pt/C+RuO2. For the case of NiCoCr
LDH/N-rGO, the capacitive behavior was presented in N2
purged electrolyte, which indicates no side reactions in the
electrochemical window of ORR (0.2–1.0V vs. RHE). In
the CV curve, there was an obvious oxygen reduction peak
of the NiCoCr LDH/N-rGO in the O2 purged electrolyte,
which indicates an enhanced oxygen reduction activity by
means of the composite with N-rGO with ORR activity [35].

The electrocatalytic activity of the as-prepared materials
was evaluated in a three-electrode system using a rotating
disk electrode (RDE) in a 0.1M KOH solution. As shown
in the LSV of NiCoCr LDH/N-rGO, NiCoCr LDH, NiCo
LDH, N-rGO, and Pt/C+RuO2 measured at a rotating speed
of 1600 rpm, the half-wave potential (E1/2) of NiCoCr LDH/
N-rGO is 0.77V, higher than those of NiCoCr LDH (0.51V)
and N-rGO (0.68V) (Figure 4(a)). The superior ORR activ-
ity of NiCoCr LDH/N-rGO was further confirmed demon-
strating the lowest Tafel slope of 37mV/dec among the
samples (Figure 4(c)). Moreover, the limiting current density
of NiCoCr LDH/N-rGO is 4.9mA/cm2, higher than those of
other samples except for Pt/C+RuO2. The ORR activity of
NiCoCr LDH/N-rGO was further analyzed obtaining the
electron transfer number (n) for the ORR reaction from
the Koutechy–Levich equation (K–L equation) based on
the LSV curves at various rotating rates from 400 to
1600 rpm (Figure S9) [36]. In this work, the average electron
transfer number at 0.5V was 3.87, which is close to four
indicating an ideal value for ORR catalytic pathway. These
improved ORR activity and fast mass transport of NiCoCr
LDH/N-rGO are attributed to the doping of Cr and hierar-
chical structure [37].

The OER performance of NiCoCr LDH/N-rGO was also
evaluated in a 0.1M KOH solution at a rotating rate of
1600 rpm (Figure 4(a)). The overpotential of NiCoCr LDH/

N-rGO at a current density of 10mA/cm2 (Δη j=10), which
is an indicator for the evaluation of OER activity, was
340mV, lower than those of the others except for 330mV
of NiCoCr LDH. Similarly, the Tafel slope of NiCoCr
LDH/N-rGO for the OER is 62mV/dec, lower than that of
the others and slightly higher than 58mV of NiCoCr LDH
(Figure 4(d)) [38]. These results can be explained by
increased defects of NiCo LDH by Co doping, such as oxy-
gen defects, as indicated by the XPS results [39].

In order to evaluate bifunctional activity of NiCoCr
LDH/N-rGO, its composition was optimized controlling
the mass ratios from 1.5 : 1 to 4.5 : 1 in a 0.1M KOH solution
(Figure S10). The LDH/N-rGO-3.5 sample has the smallest
total overpotential for the OER and ORR among all the
samples. Accordingly, we evaluated the bifunctional
activity using NiCoCr LDH/N-rGO-3.5 sample. The
potential gaps between Ej=10 and E1/2 of the electrocatalysts
were compared in Figures 4(a) and 4(b). NiCoCr LDH/N-
rGO exhibits the lower value of 0.8V than those of
NiCoCr LDH (1.04V), NiCo LDH (1.18V), and N-rGO
(1.08V), and even comparable to that of Pt/C+RuO2 (0.8V).

In order to clarify the effect of Cr doping on bifunctional
catalytic activity, the ORR and OER electrocatalytic perfor-
mances of NiCoCr LDH/N-rGO were measured using RDE
and compared with NiCo LDH/N-rGO, and Pt/C+RuO2
(Figures 4(f) and 4(h)). Based on the above results, with Cr
doping, the electrocatalytic performance for both the OER
and ORR was improved primarily from the perspective of
the kinetics of the electrochemical reaction. As shown in
Figure 4(f), the redox peak about 1.33V is ascribed to the oxi-
dation of Ni(OH)2 to NiOOH during OER. During this pro-
cess, the surface reconstruction occurs in NiCoCr LDH/N-
rGO, where oxyhydroxide is formed onto the surface layer,
as confirmed by the Raman spectra of NiCoCr LDH/N-rGO
after OER in Figure S11C [40]. Furthermore, the dissolution
of Cr occurs during OER, as demonstrated by the inset EDS
results of Figures S11A and S11B. The surface reconstruction
and Cr dissolution have the positive effects on porosity and
active site, thereby enhancing electrocatalytic performances
[41]. In order to confirm these effects, the turnover
frequency (TOF) values of NiCoCr LDH/N-rGO, NiCo
LDH/N-rGO, and Pt/C+RuO2 are calculated using SEM
EDX results in Table S2. The TOF value increased after Cr
doping, originating from increased porosity and active sites
of transition metal by the Cr doping (Table S1). The
diffusion-limiting current density in the ORR increased with
Cr doping, as illustrated in Figure 4(h), thus indicating
enhanced mass transport for the reaction due to the
increased mesopore in LDHs and also N-rGO. On the other
hand, the Tafel slope of the OER is reduced with Cr doping,
as shown in Figure 4(g), thus indicating facile kinetics
originated from increased active sites and enhanced electrical
conductivity. In particular, the enhancement of OER, and
ORR performances due to Cr doping and hierarchical
structure was further investigated estimating the
electrochemical active surface area (ECSA) in Figure S12.
The ECSA value increased after Cr doping, comparing
NiCoCr LDH/N-rGO with NiCo LDH/N-rGO. When the Cr
is introduced into the NiCo LDH/N-rGO, the specific
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surface area andmesoporosity are improved, andmore defects
in N-rGO are generated, as demonstrated by the BET, BJH,
and the Raman spectra results (Figures 2(b)–2(d)). As
derived from the surface electronic structure, the portion of
Co3+ in Co species and the oxygen vacancy increased after
Cr doping as shown in the Co 2p and O 1 s XPS spectra of
NiCoCr LDH/N-rGO and NiCo LDH/N-rGO, indicating the
increased number of active sites for OER (Figure 3).
Moreover, the interlayer spacing in LDH structure is
enlarged upon Cr doping (Figure S2), which could facilitate
the wetting and adsorption of OH- on the catalyst surface
and offer easy access to active sites for oxygen
electrocatalytic reaction. These results indicate more
accessible active sites for the improved OER and ORR
performances. Therefore, the increased OER and ORR
catalytic activity due to Cr doping is ascribed to the
increased porosity, defects, and structural disorders in the
material, such as oxygen defects and structural imperfections
in the LDHs and N-rGO sheets, which play a considerable
role of enhancing the catalytic activity for the OER and ORR
[42, 43]. Eventually, Cr doping is an effective method to
further enhance the electrocatalytic performance of RZABs.
Based on these results, NiCoCr LDH/N-rGO achieved
sufficient bifunctional activity owing to the introduction of
Cr dopants and N-rGO substrates, which is comparable to
commercial precious metal-based catalysts.

Moreover, Nyquist plots fitted with the equivalent circuit
model of NiCoCr LDH/N-rGO and NiCo LDH/N-rGO are
depicted in Figure 4(e) [44]. Based on the above results,
the semicircle diameter of NiCoCr LDH/N-rGO in the
high-frequency region indicates that the charge transfer
resistance of the reaction is lower than that of NiCo LDH/
N-rGO [45]. Essentially, it implies that more facile charge
transfer occurs at the interface owing to the lower charge
transfer resistance originating from Cr doping. The reduced

charge transfer resistance is related to the increased electrical
conductivity originating from the reduced bandgap energy
after doping with Cr. Accordingly, the facile reaction kinet-
ics of the OER and ORR of NiCoCr LDH/N-rGO were
ascribed to the Cr doping, increased electrical conductivity,
large surface area, and mesoporosity in both LDHs and N-
rGO, which could help promote charge transfer and mass
transport kinetics in the reaction. Furthermore, the overall
electrocatalytic activity for OER and ORR of NiCoCr
LDH/N-rGO was compared with performance of previous
reported electrocatalysts, and the results demonstrate that
the NiCoCr LDH/N-rGO has superior electrocatalytic per-
formance for OER and ORR compared to other reports
because of Cr doping and hierarchical structure (Table S3).

Based on the above evaluation of the electrocatalytic per-
formance for the OER and ORR, NiCoCr LDH/N-rGO could
be applied for the bifunctional electrocatalyst of the RZAB,
which uses oxygen evolution and reduction reactions during
charging and discharging, respectively. For the RZAB test, a
homemade RZAB was assembled, using zinc foil as the anode,
NiCoCr LDH/N-rGO as the air cathode, glass fiber membrane
as the separator, and 6M KOH with 0.2M Zn acetate as the
electrolyte [46]. Among NiCoCr LDH/N-rGO samples, LDH/
N-rGO-3.5 was chosen as a bifunctional electrocatalyst for
RZAB, and, for the counter sample, the Pt/C+RuO2 was used.

In Figure 5(a), the open-circuit voltage (OCV) of NiCoCr
LDH/N-rGO is shown as 1.38V, which is comparable to that
of Pt/C+RuO2 [47]. The charging and discharging polarization
curves of NiCoCr LDH/N-rGO and Pt/C+RuO2 are depicted
in Figure 5(b). The overpotential for the charging and dischar-
ging of NiCoCr LDH/N-rGO was lower than that of Pt/C
+RuO2, particularly at a high current density. The specific
capacities of RZABs with the NiCoCr LDH/N-rGO and Pt/C
+RuO2 were calculated on a basis of the mass of Zn. The RZAB
with the NiCoCr LDH/N-rGO achieved the higher specific
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Figure 4: (a) LSVs of 1600 rpm of NiCoCr LDH/N-rGO, NiCoCr LDH, NiCo LDH, N-rGO, and Pt/C+RuO2 in O2 saturated 0.1M KOH at
5mV s-1. (b) Corresponding total overpotential derived from LSV cures. (c) Corresponding Tafel’s plot of ORR. (d) Corresponding Tafel’s
plot of OER. (e) Nyquist plot with a fitted equivalent circuit (inset) of NiCoCr LDH/N-rGO and NiCo LDH/N-rGO at 0.705V (vs. Hg/HgO)
measured from EIS. (f) OER LSVs of 1600 rpm of NiCoCr LDH/N-rGO, NiCo LDH/N-rGO, and Pt/C+RuO2 in O2 saturated 0.1M KOH at
5mV s-1. (g) Corresponding Tafel’s plot of OER. (h) ORR LSVs of 1600 rpm of NiCoCr LDH/N-rGO, NiCo LDH/N-rGO, and Pt/C+RuO2
in O2 saturated 0.1M KOH at 5mV s-1.
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capacity of 559 mAh g-1Zn than 462 mAh g-1Zn with Pt/C
+RuO2 shown in Figure S13, which is beneficial for high
energy density [48]. In addition, the power density of NiCoCr
LDH/N-rGO was much higher than that of Pt/C+RuO2, as
shown in Figure 5(c), which indicates the superior kinetics of
NiCoCr LDH/N-rGO as a bifunctional electrocatalyst for
RZAB. The overall cell resistance was reduced, which is
attributed to the electrocatalytic activity and facile adsorption/
desorption of the reactant/product during the reaction.

The cycle stability of the RZAB was evaluated using
NiCoCr LDH/N-rGO and Pt/C+RuO2 as counter samples
at a current density of 10mA/cm2 with a cycling rate of
20min per cycle. As shown in Figure 5(d), the overpotential
between charging and discharging was higher for NiCoCr/
N-rGO than for Pt/C+RuO2 during the initial cycling
because of the activation of the electrochemical reaction
[49]. After the activation cycles, the voltage plateau of charg-
ing and discharging was 2.05V and 1.1V for NiCoCr LDH/
N-rGO and 2.1V and 1.1V for Pt/C+RuO2, and the overpo-
tential between charging and discharging for NiCoCr LDH/

N-rGO became lower than Pt/C+RuO2. After 60 cycles, the
voltage gap between charging and discharging exhibited no
significant change in NiCoCr LDH/N-rGO; it exhibited a
stable voltage plateau until 100 cycles. However, the voltage
gap of Pt/C+RuO2 became much larger than that of the ini-
tial state. These results indicate that the cycling stability of
NiCoCr LDH/N-rGO was superior to that of Pt/C+RuO2.
The reason for superior stability of NiCoCr LDH/N-rGO
was ascribed to its stability in an alkaline electrolyte [50].
Pt-like noble metals loaded on carbon have poor stability
in alkaline electrolytes because of their degradation mecha-
nism derived from carbonate production and nanoparticle
detachment [51]. In contrast to noble metal-based electroca-
talysts, NiCoCr LDH was grown on N-rGO nanosheets and
chemically bonded to each other to avoid particle aggrega-
tion and detachment from the conductive supports [52].
Thus, NiCoCr LDHN-rGO is a suitable bifunctional electro-
catalysts for RZAB.

In order to clarify the Cr doping effect on RZAB, NiCo
LDH/N-rGO was applied as a bifunctional electrocatalyst for
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Figure 5: (a) Open circuit potential of Zinc air batteries of NiCoCr LDH/N-rGO and Pt/C+RuO2; (b) charging and discharging polarization
curves of NiCoCr LDH/N-rGO and Pt/C+RuO2; (c) discharge polarization curve and corresponding power density of Zinc air batteries
using NiCoCr LDH/N-rGO and Pt/C+RuO2; (d) charging and discharging cycling curves of Zinc air batteries using NiCoCr LDH/N-
rGO and Pt/C+RuO2.
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RZAB under the same conditions as the above RZAB tests. In
Figure S14A, the OCV of NiCoCr LDH/N-rGO and NiCo
LDH/N-rGO were almost saturated to same value of 1.38V,
thus indicating that the dopant of Cr has a negligible effect
on the OCV of RZAB. The charging and discharging
polarization curves of NiCoCr LDH/N-rGO and NiCo LDH/
N-rGO are depicted in Figure S14B. The overpotential
between charging and discharging was much lower for
NiCoCr LDH/N-rGO than for NiCo LDH/N-rGO, thus
indicating that Cr is an effective dopant for LDH-based
electrocatalysts in RZABs. The reduced polarization of the
RZAB after Cr doping can be ascribed to the increased mass
transport kinetics related to the increased surface area,
porosity, and ion channels. The reactants and products could
adsorb and desorb from the catalytic active sites and migrate
easily when the Cr dopants were introduced in LDH/N-rGO;
thus, the kinetics became more facile. In addition, the cycle
stability of RZAB was evaluated using NiCoCr LDH/N-rGO
and NiCo LDH/N-rGO as the counter sample at a current
density of 10mA/cm2 with a cycling rate of 20min per cycle.
The results presented in Figure S14C indicate that Cr could
effectively advance the stability of the bifunctional
electrocatalyst for RZAB. The enhanced stability after doping
with Cr could be ascribed to the enlarged interlayer spacing
of LDHs and increased structural defects of N-rGO
nanosheets because these effects could mitigate the
aggregation among particles and graphene sheets, which
could maintain the active sites accessible longer than the
sample without Cr. Furthermore, Nyquist plots of NiCoCr
LDH/N-rGO and NiCo LDH/N-rGO fitted with a randle
circuit are presented in Figure S14D using RZAB. The
charge-transfer resistance of NiCoCr LDH/N-rGO was
smaller than that of NiCo LDH/N-rGO, which is consistent
with the above RDE results. Therefore, Cr doping could be an
effective way to enhance the catalytic performance of RZAB.

4. Conclusion

In this study, we have demonstrated NiCoCr LDH/N-rGO
as a novel bifunctional electrocatalyst material for RZAB.
The incorporation of Cr into LDH enhanced the OER and
ORR performance of the electrocatalyst owing to the
increased specific surface area and defect concentration.
From evaluation of OER and ORR catalytic performance,
the NiCoCr LDH/N-rGO exhibits an attractive performance
of OER with Δηj=10 of 340mV for the performance descrip-
tor of OER and E1/2 of 0.77V for that of ORR, such that the
integrated overpotential of NiCoCr LDH/N-rGO is 0.8V,
which is smaller than NiCo LDH/N-rGO, NiCoCr LDH,
NiCo LDH, N-rGO, and comparable to Pt/C+RuO2. Addi-
tionally, the RZAB test was also conducted using NiCoCr
LDH/N-rGO as a bifunctional electrocatalyst for air cath-
odes. NiCoCr LDH/N-rGO exhibited superior rate capabil-
ity, power density (97mWcm-2 for NiCoCr/N-rGO vs.
59mWcm-2 for Pt/C+RuO2), and stability (stable cycling
during 18h for NiCoCr LDH/N-rGO vs. 6 h for Pt/C
+RuO2) compared to Pt/C+RuO2 and NiCo LDH/N-rGO
because of its superior stability in alkaline electrolytes.
Finally, the doping of Cr into LDH and composites with

nitrogen-doped reduced graphene oxide can be considered
an appropriate method for rendering the electrocatalytic
performance affordable for RZAB based on LDH catalysts.
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Figure S1: schematic illustration of synthesizing process of
NiCoCr LDH/N-rGO. Figure S2: magnification of (0 0 3)
diffraction peak of XRD pattern of NiCoCr LDH/N-rGO
and NiCoCr LDH. Figure S3: TEM images of (A) NiCo
LDH/N-rGO; (B)-(C) NiCoCr LDH/N-rGO. Figure S4: high
resolutions Co 2p spectra of NiCoCr LDH/N-rGO and
NiCoCr LDH. Figure S5: (A) XPS wide scan of NiCoCr
LDH/N-rGO. (B) High resolutions C 1 s spectra of NiCoCr
LDH/N-rGO. Figure S6: XPS of high resolutions (A) Ni
2p; (B) Co 2p; (C) N 1 s; (D) O 1 s; (E) C 1 s spectra of NiCo
LDH/N-rGO. Figure S7: powder resistivity measurement of
NiCoCr LDH/N-rGO and NiCo LDH/N-rGO. Figure S8:
CVs in N2 and O2 Saturated 0.1M KOH for (A) Pt/C
+RuO2; (B) NiCoCr LDH; (C) NiCoCr LDH/N-rGO at
20mVs-1. Figure S9: (A) RDE voltammograms of NiCoCr
LDH/N-rGO in O2 saturated 0.1M KOH at scan rate of
5mV s-1. (B) Corresponding K-L plot of NiCoCr LDH/N-
rGO. Figure S10: (A) OER LSVs of 1600 rpm of different
mass ratios of composites of NiCoCr LDH/N-rGO in O2 sat-
urated 0.1M KOH at 5mVs-1. (B) Corresponding overpo-
tential plot of OER. (C) ORR LSVs of 1600 rpm of
different mass ratio of composites of NiCoCr LDH/N-rGO
in O2 saturated 0.1M KOH at 5mVs-1. (D) Corresponding
overpotential plot of ORR. Figure S11: FE-SEM images with
EDS analysis (inset) of (A) NiCoCr LDH/N-rGO before
OER; (B) NiCoCr LDH/N-rGO after OER 300 cycles in
0.1M KOH at 5mVs-1; (C) Raman spectra of NiCoCr
LDH/N-rGO before and after OER 300cycles in 0.1M
KOH at 5mVs-1. Figure S12: CV curves of NiCoCr LDH/
N-rGO, NiCo LDH/N-rGO, physical mixing of NiCoCr
LDH, and N-rGO in the nonfaradaic potential region at
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different scan rates of 10, 20, 30, 40, and 50mVs-1 for (A)
NiCoCr LDH/N-rGO; (B) NiCo LDH/N-rGO; (C) physical
mixing; (E) corresponding plot of average current density
of anodic and catholic sweep at -0.65V vs. SCE as a function
of scan rate. Figure S13: plot of voltage vs. specific capacity
(based on the mass of Zn plate) at 5mAcm-2 of NiCoCr
LDH/N-rGO and Pt/C+RuO2. Figure S14: (A) open circuit
potential of Zinc air batteries of NiCoCr LDH/N-rGO and
NiCo LDH/N-rGO. (B) Charging and discharging polariza-
tion curves of NiCoCr LDH/N-rGO and NiCo LDH/N-
rGO. (C) Charging and discharging cycling curves of Zinc
air batteries using NiCoCr LDH/N-rGO and NiCo LDH/
N-rGO. (D) Nyquist plots with a fitted equivalent circuit
(inset) of Zinc air batteries using NiCoCr LDH/N-rGO and
NiCo LDH/N-rGO. Table S1: calculation of turnover fre-
quency (TOF) of NiCoCr LDH/N-rGO, NiCo LDH/N-
rGO, and Pt/C+RuO2. Table S2: SEM elemental distribution
analysis (EDX) of NiCoCr LDH/N-rGO and NiCo LDH/N-
rGO. Table S3: Comparison table of ORR and OER bifunc-
tional electrocatalyst performance of reported transition
metal compound and carbon composite-based electrocata-
lysts in 0.1M KOH electrolyte. (Supplementary Materials)
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