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Zinc—air batteries (ZABs) are promising candidates for the next-generation energy storage systems,
however, their further development is severely hindered by kinetically sluggish oxygen evolution
reaction (OER) and oxygen reduction reaction (ORR). Facile synthesis approaches of highly active
bifunctional electrocatalysts for OER and ORR are required for their practical applications. Herein,
we develop a facile synthesis procedure for composite electrocatalysts composed of OER-active
metal oxyhydroxide and ORR-active spinel oxide containing Co, Ni and Fe from composite
precursors consisting of metal hydroxide and layered double hydroxide (LDH). Both hydroxide and
LDH are simultaneously produced by a precipitation method with a controlled molar ratio of Co?*,
Ni2* and Fe3* in the reaction solution, and calcination of the precursor at a moderate temperature
provides composite catalysts of metal oxyhydroxides and spinel oxides. The composite catalyst
shows superb bifunctional performances with a small potential difference of 0.64 V between
a potential of 1.51 V vs. RHE at 10 mA cm™2 for OER and a half-wave potential of 0.87 V vs. RHE for
ORR. The rechargeable ZAB assembled with the composite catalyst as an air-electrode exhibits
a power density of 195 mA cm™2 and excellent durability of 430 hours (1270 cycles) of a charge—
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Introduction

With the rapidly growing demands for renewable energy,
rechargeable zinc-air batteries (ZABs) have caught great atten-
tion due to their considerable energy density, low cost, safety,
and high theoretical energy storage capacity (1218 W h kg™*).*?
However, the greatest challenges for ZABs are poor cycle life and
high overpotentials due to the kinetically sluggish oxygen
evolution reaction (OER) and the oxygen reduction reaction
(ORR) at the cathode in alkaline media. The performances of
current ZABs hardly satisfy the requirements of practical
applications.®>”® Thus, tremendous efforts have been devoted to
developing highly active bifunctional OER and ORR
electrocatalysts.®™® Currently, Ru and Pt-based precious metal

“Division of Applied Chemistry, Faculty of Engineering, Hokkaido University, Sapporo,
Hokkaido 060-8628, Japan. E-mail: skitano@eng.hokudai.ac.jp; habazaki@eng.
hokudai.ac.jp; Tel: +81-92-802-6735; +81-92-802-6874

*Graduate School of Chemical Sciences and Engineering, Hokkaido University,
Sapporo, Hokkaido 060-8628, Japan

“Biological and Chemical Research Centre (CNBCh), Faculty of Chemistry, University
of Warsaw, ul. Zwirki Wigury 101, 02-089, Warsaw, Poland

(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d2ra08096f

© 2023 The Author(s). Published by the Royal Society of Chemistry

electrocatalysts have been reported as the best OER and ORR
catalysts.’*> Although Pt-based catalysts are the best ORR
catalysts, they are ineffective for OER. Likewise, the most active
catalysts for the OER do not offer the best ORR catalysis
performance. Calculation studies reported that the intrinsic
activities for OER and ORR depend on the adsorption energy of
intermediates on active sites, and the scaling relationship
between the adsorption energy of intermediates prevents any
compound with a single site from being both ORR and OER
active.”>** Thus, combining an ORR active catalyst with an OER
active catalysts have been examined to obtain bifunctional
composite catalysts as another approach.' Because scarcity and
high cost are hindered commercial applications of the noble
metal compounds, there has been a great deal of research effort
to develop inexpensive, robust, and efficient bifunctional elec-
trocatalysts for rechargeable ZABs. Abundant Co-based multi
transition metal compounds, including metal oxyhydroxides
and spinel oxides, are expected as candidates of OER and ORR
electrocatalysts*® which have shown higher performances than
those of monometallic ones."”

Metal oxyhydroxides have attracted much attention as an
electrocatalyst for OER. While the OER activities of mono-
metallic CoOOOH are very low, including other transition metals
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such as Fe and Ni has drastically enhanced the
performances.*®*?° Since the performances of multi-metal oxy-
hydroxide deeply depends on the kinds and compositions of
metals, precise control of metal composition results in
outstanding catalytic activities. A metal oxyhydroxide composed
of Co, Ni, and Fe has exhibited higher OER activates than RuO,
electrocatalyst;****** trimetallic oxyhydroxides are promising
materials for OER due to their composition versatility. Spinel
oxides are one of the most extensively studied electrocatalysts
for ORR.*” Many researchers reported that Co;0, nanoparticles
loaded on carbon materials such as nitrogen-doped reduced
graphene oxide**** and carbon nanotube showed superb
ORR activities. Furthermore, Co-based spinel oxides with
partial substitution of Ni and Fe have exhibited great potential
in enhancing ORR activities,”** indicating advantages of multi
metallic composition to improve activities for spinel oxide
electrocatalysts as well.

The composites of metal oxyhydroxide and spinel oxide
composed of Co, Ni and Fe are expected to be highly active
bifunctional electrocatalysts for ZABs, however, very few studies
have been reported for OER and ORR.* In addition, the
synthesis procedures should be as simple as possible without
complicated operations from the viewpoint of practical appli-
cations. It is known that hydroxides can be converted to oxy-
hydroxides and layered double hydroxides (LDHs) to spinel
oxides by calcination at moderate temperatures.*’>** On the
other hand, some studies have reported the formation of metal
hydroxides as a byproduct in the synthesis of LDH.***¢ There-
fore, we expect that composite precursors of multi-metal
hydroxides and LDHs are synthesized by the precipitation
method and that calcination of the precursors at an appropriate
temperature yields the composite of metal oxyhydroxide and
spinel oxide, providing highly active bifunctional electro-
catalysts (Scheme 1).

In this study, composite precursors of multi-metal hydrox-
ides and LDHs containing Co, Fe and Ni are synthesized by
a simple precipitation method and then calcined to synthesize
oxyhydroxide and spinel oxide composite catalysts. The crystal
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structures of the precursors and catalysts are controlled by
examining the metal composition and calcination temperature,
and the synthesized catalysts are applied to OER and ORR in
highly concentrated alkaline solutions. The catalysts are also
applied as gas diffusion electrodes in half-cell and ZAB, and
their activity and durability are investigated.

Experimental
Catalyst preparation

All of the chemicals were used as received without further puri-
fication. All precursors were prepared by a precipitation method.
The desired amounts of Co(NOs),-6H,0, Ni(NOs),-6H,O and
Fe(NO;);-9H,O (Kanto Chemical Co., Inc.), of which the total
metal concentration corresponding to 0.1 mol dm * aqueous
solution, were dissolved in 150 cm® pure water to obtain a trans-
parent homogeneous solution. A 1.0 mol dm ™~ KOH solution was
quickly added in the above solution with vigorous stirring and
then precipitation formed. The suspension was kept stirring for
1 h under the atmosphere, followed by filtration and washing with
pure water and ethanol. The precipitation was dried in vacuo at
room temperature for several hours, and then the precursors were
obtained. The precursors were calcined at 100, 150 and 200 °C for
12 h under O, gas, and then the catalysts were obtained. Here-
after, the precursors and catalysts are designated CoxNiyFe, and
CoxNiyFey (T), respectively, where X, Y and Z means metal ratio in
the samples determined by energy-dispersive X-ray spectroscopy
(EDS) measurement (X + Y + Z = 100) and T means calcination
temperature in degrees Celsius.

Characterization

The phase of samples was examined by X-ray powder diffraction
(XRD, Rigaku, Ultima IV) using Cu Ko radiation (A =
0.15418 nm, U = 40 kV, I = 20 mA). Morphology of the prepared
samples was observed using a low-voltage scanning electron
microscope (SEM, Zeiss, Sigma-500) operated at 1.5 kV. The
morphology and composition of the samples were also analyzed
using a scanning transmission electron microscope (STEM,
JEOL, JEM-ARM200F) with EDS facilities. The metal composi-
tion of catalysts was also determined by analyzing solution of
the samples dissolved in acid using the inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (Shimadzu,
ICPE-9000). The specimens of electrodes for cross-section
observation were prepared using a cross-section polisher
(JEOL, IB-19530CP).

Electrochemical measurement

The electrocatalytic activity was evaluated by the rotating disk
electrode (RDE; Pine Instrument Co. Ltd.) system using the
catalyst-loaded glassy carbon disk electrode. For the prepara-
tion of catalyst inks, 50 mg of the prepared catalysts and carbon
conductive additive (Acetylene black) with a 5 : 1 mass ratio were
dispersed ultrasonically in a mixture of 0.2 mL of 5 wt% Na'-
exchanged Nafion solution and 4.8 mL of iso-propanol. Nafion
was added as a binder and neutralized before dispersion to
prevent the catalysts from undergoing acidic dissolution due to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the lower pH of the Nafion binder.>* The ink (5 uL) was coated
on the glassy carbon disk electrode. The electrochemical
measurements were carried out using a three-electrode system
connected with VersaSTAT 4 potentiostat/galvanostat (Prince-
ton Applied Research). A platinum coil and Hg/HgO/4 mol dm >
KOH were used as counter and reference electrodes, respec-
tively. All measurements were carried out at room temperature
in a 4 mol dm—® KOH aqueous solution (pH = 14). The elec-
trocatalytic activity was evaluated using linear sweep voltam-
metry (LSV) with a potential sweep rate of 1 mV s~ . The electron
transfer number during ORR was evaluated by the RRDE
method under the ring electrode potential of 1.4 V vs. RHE.*”**
The potential was converted from the Hg/HgO/4 mol dm > KOH
reference scale to the RHE using the following equation:

E vs. RHE = E vs. Hg/HgO/4 mol dm™> KOH +0.926 (1)

Evaluation of air electrode performances

The long-term durability of the prepared catalyst was evaluated
using the gas-diffusion electrode (GDE), which consisted of the
hydrophobic gas-diffusion layer (GDL), catalyst layer (CL), and
Ni mesh current collector (Niraco). The GDE experiments were
conducted based on the previous reports.*** The hydrophobic
gas-diffusion layer (GDL) was prepared from a mixture of
70 wt% carbon black (TOKAI CARBON, #3800) and 30 wt%
polytetrafluoroethylene (PTFE). The resultant carbon/PTFE
mixture was rolled in several steps to obtain 0.3 mm-thin
sheets. After drying the prepared sheet at 60 °C, the GDL was
cut out from the sheet into a 12 mm diameter circle, followed by
heating at 334 °C for 1 h under N, flow. Catalyst layers on the
GDL were prepared by spraying the catalyst ink in circle with
8 mm diameter, which was a mixture of the prepared catalyst,
carbon additive, 5 wt% Na'-exchanged Nafion solution, water
and iso-propanol. The ratio of catalyst, carbon and Nafion was
controlled to be 45 : 45 : 10 in wt% in the resultant catalyst layer.
The catalyst was assembled with the GDL with the loading
amount of 7 mg cm ™2, followed by pressing onto the Ni mesh
current collector. The prepared GDE and PTFE gasket O-ring
were held in a Swagelok union (PFA-820-6) connected with
stainless and perfluoroalkoxy alkane (PFA) pipes. The electro-
chemical cell for the GDE test consisted of a Pt wire, a Hg/HgO
electrode, and a 4 mol dm* KOH aqueous solution as a counter
electrode, a reference electrode, and an electrolyte solution,
respectively. The charge-discharge tests were conducted at 40 °©
C in the incubator. The air electrode was exposed to ambient air
without forced flow. Charge and discharge curves were obtained
by monitoring the potential of the air electrode using a galva-
nostat (Biologic, VSP). The charge-discharge cycle test was
conducted by applying 20 mA cm ™ for 1 h with an open circuit
potential of 3 min interval for each cycle. The aqueous ZABs
were constructed by employing a 500 pm thick zinc foil as the
anode, the prepared GDE as the air cathode and 6 mol dm™*
KOH-based electrolyte containing 0.2 mol dm ™ zinc acetate.
The ZAB experiments were conducted in an atmospheric envi-
ronment at room temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Preparation of precursors

Initially, we examined to prepare composite precursors of multi-
metal hydroxide and LDH from aqueous solutions containing
more than two kinds of metal ions by the precipitation method
and investigated the effect of the molar ratio of metal ions in the
solution on the obtained precursors. Fig. 1 shows the XRD
patterns of unary, binary and ternary metal precursors prepared
by the precipitation method and CoNi-LDH as a reference
sample synthesized by a topochemical oxidation method.*' The
unary Co,¢ showed the pattern assignable to B-Co(OH),, indi-
cating that the precipitation method in the solution containing
only Co ion yielded the Co hydroxide with no other products.
The binary CogoNiyo and CogsFes precursors showed patterns
assignable to LDH in addition to B-Co(OH),. Previous studies
have reported that LDH samples are synthesized by the
precipitation method,**** in which alkaline reagents are added
to aqueous solutions containing divalent and trivalent metal
ions. The LDH can be obtained only when the ratio of trivalent
metal ions is 20-33% of total metal ions,** otherwise metal
hydroxides are simultaneously formed as by-products. Thus,
precursors in which hydroxide and LDH coexisted could be
prepared by controlling the ratio of trivalent metal ions in the
reaction solution to less than 20%. In the CogoNi,, precursor,

" . .o ..0072Ni6Fe22

) u

", '. CogsNiyyFe,

B CoggNigFeqy

3 e
L
L ]
u
>
B - [ 3 .Co74N[13Fe13
c
8 . .
c
= . - n
S Cog,Feq
]
[ n .
e e fo  CogNiy

Co100

J\..,_‘ u L‘

e o CoN-LDH

.
N

I I I I
10 20 30 40
2 Theta (degree)

50

Fig. 1 XRD patterns of the precursors with different metal composi-
tion ratio, Cojpp and CoNi-LDH reference (circle: LDH, square:
hydroxide).
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LDH was also formed in addition to hydroxide even though both
ions are divalent. The result was probably due to partially
oxidation of the divalent metal ions by dissolved oxygen in the
solution,” resulting in the formation of the LDH. The ternary
precursors showed different XRD patterns depending on the
metal ion ratio. Both the hydroxide and LDH formed in the
Co,4Nij3Fe 3, CogoNigFeq, and CogyNij,Fe, precursors. The
precursors with Ni ratios of 20% or higher (CoesNiyoFe;s) did
not show the pattern assignable to hydroxide, but only that to
LDH. Patterns assignable to hydroxide and LDH were also
observed for the Co,,NigFe,, precursor. However, the catalyst
obtained by calcination of the Co,,NigFe,, precursor showed
only the pattern assignable to the spinel oxide (Fig. S17), indi-
cating that the Co;,NigFe,, was not appropriate as the
precursor. Because the samples calcined at 150 °C for the
Co,4Niy3Fe;3, CogoNigFe,, and CogyNi;,Fe, showed the patterns
assignable to oxyhydroxide and spinel oxide as discussed below,
the hydroxide and LDH composite precursors can be obtained
when the composition ratio of Ni and Fe is less than 15 at%.
These results indicated that the precipitation method in the
aqueous solution containing two or three metal ions with the
appropriate molar ratio could yield precursors containing both
hydroxide and LDH. From the SEM-EDX measurements, the
composition metal ratio of the precursors showed a larger ratio
of Fe to that in the reaction solution (Table S1t). This was
probably due to the solubility of the metal ions, i.e., Fe** has
a much lower solubility than that of Ni*" and Co®". The metal
composition was also measured by analyzing solution of the
samples dissolved using ICP-AES and similar results to those
from SEM-EDX measurement were observed (Table S2+).

Effects of calcination temperature

It is known that metal hydroxides and LDHs change to metal
oxyhydroxides and spinel oxides by calcination at low temper-
ature,'®*>* respectively, and oxyhydroxides convert to spinel
oxides at high temperature.®® In this study, since the oxy-
hydroxide and spinel oxide must coexist after calcination, we
investigated the effect of calcination on the precursors to
synthesize the metal oxyhydroxide and spinel oxide composite
catalysts. Fig. 2 shows the XRD patterns of the Co,,Ni;3;Fe;s,
Co,00 and samples obtained by calcining them at 100, 150 and
200 °C. The Co¢o samples calcined at 100 and 200 °C showed
the patterns assignable to B-CoOOH and Co;0,, respectively.
The results indicated that the crystal structure of Co(OH),
changed depending on the calcination temperature, which were
consistent with the previous studies.** The pattern of the
Co,,Ni 3Fe;; (100) showed peaks assignable to oxyhydroxide,
indicating that metal hydroxide of precursor changed to oxy-
hydroxide. Moreover, the peak around 11° disappeared and no
peaks assignable to spinel oxide were observed for the Co,,-
Niy3Feq3 (100), suggesting the collapse of the structure of LDH
and formation of amorphous oxide at 100 °C. The Co,4Ni;;Fe 3
(150) showed both patterns assignable to oxyhydroxide and
spinel oxide. The results indicated that the crystalline structure
of oxyhydroxide was maintained and spinel oxide formed from
amorphous oxide at 150 °C. Previous studies have reported that
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calcination changes LDHs to spinel oxides via amorphous
oxides,* which corresponded to the results in this study. In the
Co,,4Ni 3Fe 3 (200), the peaks assignable to oxyhydroxide dis-
appeared and the pattern of spinel oxide was only observed,
suggesting that the oxyhydroxide converted and the whole
sample changed to spinel oxide at 200 °C. Therefore, calcina-
tion at 150 °C is the best condition for the synthesis of oxy-
hydroxide and spinel oxide composite catalysts. Because the
CogoNigFe;4 (150) and CogyNijpFey (150) also showed the
patterns assignable to both oxyhydroxide and spinel oxide
(Fig. S2t), we concluded that the composite catalysts of oxy-
hydroxide and spinel oxide were successfully synthesized by
calcination of the composite precursor of hydroxide and LDH at
the adequate temperature.

Characterization of oxyhydroxide and spinel oxide composite
catalyst

We investigated the morphology and composition of the
composite catalyst. Fig. 3(a)-(c) shows SEM and TEM images of
Co,4Ni;3Fe;3 (150). TEM and SEM observations revealed that
the Co,4Nij3Feq3 (150) catalyst showed an aggregated
morphology consisting of oxyhydroxide and spinel oxide
primary nanoparticles with diameters of several nanometers.
From the high-resolution TEM observation, lattice fringes of
primary nanoparticles coincided with the (003) plane of the
oxyhydroxide and the (311) plane of the spinel oxide (Fig. 3(c)).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) SEM and (b), (c)TEM images of the Coz4NijsFe;s (150) catalyst. (d) HAADF-STEM image and STEM-EDX maps for (e) Co-K, (f) Ni-K, (g)

Fe—K, (h) O-K. (i) Metal composition ratio of oxyhydroxide and spinel oxide constituting the Cos4Ni;sFe;3 (150) catalyst.

These results indicated that Co,4Ni;3Fe;; (150) was the catalyst
with the mixture of oxyhydroxide and spinel oxide. The STEM-
EDX mapping exhibited a uniform distribution of Co, Ni, Fe
and O in the catalyst, indicating that metal elements homoge-
neously existed in the nanoparticles (Fig. 3(d)-(h)). Fig. 3(i)
shows metal ratios of the oxyhydroxide and spinel oxide deter-
mined by STEM-EDX measurements from each primary particle
identified by the lattice fringes. The oxyhydroxide and spinel
oxide had almost identical average metal ratio; C0:75%, Ni:
14%, Fe: 11%, with small ranges of about +4%, which were
almost the same as the overall metal ratio obtained by SEM-
EDX. The results indicated that the catalyst had uniform
distribution of metals in both oxyhydroxide and spinel oxide
nanoparticles with similar compositions. We also confirmed
that metal ratio of catalysts coincided with that of the corre-
sponding precursors.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Effects of crystalline structure on OER and ORR performances

We applied the Co,4NijsFeq; (7) catalysts to ORR and OER to
investigate the effects of crystal structure on catalytic perfor-
mances. Fig. 4(a) shows polarization curves of the Co,,Ni;3Fe 3
(7) catalysts and a commercial Pt/C, which is the representative
ORR catalyst, for ORR in an O,-saturated 4 mol dm > KOH
solution. The Co,4Ni;3Fe;; (200) showed superior electro-
catalytic activities toward ORR with an onset potential of 0.93 V
vs. RHE and a half-wave potential (E;/,) of 0.89 V vs. RHE, much
more positive than those of Co,,Ni;;Fe;; (150) (onset potential,
0.92 V vs. RHE; E;),, 0.87 V vs. RHE) and Co,4Ni;3Fe;3 (100)
(onset potential, 0.87 V vs. RHE; Ey;,, 0.81 V vs. RHE). The
difference in half-wave potential between the Co,,Ni;3;Fe;; (200)
and the commercial Pt/C (onset potential, 1.02 V vs. RHE; E; 5,
0.94 V vs. RHE) was only about 0.05 V. The Co,,Ni;;Fe;3 (200)
exhibited smaller Tafel slope (33 mV dec™ ') than those of

RSC Adv, 2023, 13, 10681-10692 | 10685
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Fig. 4 Polarization curves of the calcined Co;4NijzFe;3 catalysts, Pt/C and RuO, for (a) ORR and (b) OER in an O,-saturated 4 mol dm~3 KOH

solution.

Co74Ni;3Feq; (150) (44 mV dec™ ') and Co,4Ni;;Feq; (100) (56 mV
dec™) (Fig. S37). All Co,4NijzFe 5 (T) catalysts showed high
electron transfer numbers (n > 3.5) (Fig. S41). For ORR activity,
the order of activity was Co,,Ni;3Fe;5 (200) > Co,4Ni 3Fe 3 (150)
> Co,4Ni 3Fe 3 (100). Fig. 4(b) shows polarization curves of the
catalysts and a commercial RuO, for OER in a 4 mol dm* KOH
solution. The Co,,Nij;Fe 3 (100) exhibited the lowest over-
potential (0.25 V) at 10 mA cm ™ > among the catalysts, followed
by Co,,4Nij;Fe;; (150) (0.28 V) and Co,,Nij;Fe;; (200) (0.33 V).
The Co,,4Ni;3Fe; 3 (100) and Co,4NijsFe 3 (150) showed higher
activity than that of even RuO,. Moreover, the Tafel slope of
Co,4Ni;3Feq; (100) (38 mV dec™ ') and Co,4Ni;Feq; (150) (41 mV
dec ') were smaller than those of the Co,,Ni;;Fe;5 (200) (62 mV
dec ') and RuO, (61 mV dec ') (Fig. S57), also indicating higher
activities of the Co,4Ni;3Fe 3 (100) and Co,4Ni;3Feq; (150). For
OER activity, the order of activity was Co,,Ni;3Fe;3 (100) >
Co,,4Ni;3Fe; 3 (150) > Co,4NijsFe; 5 (200). Therefore, the higher
the calcination temperature, the higher the activity for ORR,
and the lower the activity for OER.

It has been reported that multi-metal oxyhydroxides con-
taining Co and Fe or Ni and Fe show high OER activities, but low
ORR activities,** while spinel oxides show high ORR activities.*
Some spinel oxides have exhibited high OER activity; however,
multi-metal oxyhydroxides have exhibited higher OER activities
than spinel oxides in many reports.***” Since the Co,,Ni;s;Fe;;
(100) and (150) containing the oxyhydroxide showed lower
overpotential and Tafel slopes than the Co,4NijzFe;; (200)
composed only of spinel oxide, OER activities of the oxy-
hydroxides were higher than those of spinel oxides in this
catalyst system. The unary Co oxyhydroxide, Co49o (100), showed
higher OER and lower ORR activity than the unary Co spinel
oxide, Co1¢o (200) (Fig. S61). Therefore, the results indicated
that the composite catalysts calcined at lower temperature with
larger part of oxyhydroxide showed higher OER and lower ORR
activity, and the catalysts calcined at higher temperature with
larger part of spinel oxide showed higher ORR and relatively
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lower OER activity. The catalytic performances of a physically
mixed sample of spinel oxide and oxyhydroxide was evaluated to
compare with the activities of composite catalyst (Fig. S71). The
Co,,4Ni;3Fe;; (150) showed higher ORR and OER activities than
those of the physically mixed sample. The results were probably
attributed to the difference in dispersion of spinel oxide and
oxyhydroxide in the catalysts. The Co,,Ni;;Fe 5 (150) was the
composite of well-dispersed primary nanoparticles of spinel
oxide and oxyhydroxide (Fig. 3), while the simply mixed sample
would be composed of their secondary particles. Therefore, the
spinel oxide and oxyhydroxide composite catalysts formed from
the composite precursors provided superior bifunctional ORR
and OER performances.

The overall oxygen electrode activities are often evaluated by
the value of AE, which is defined as a potential difference
between an OER potential at 10 mA cm > (Ej—10) and E;, for
ORR. A lower AE value indicates better bifunctional catalytic
performances. The Co,4Ni;;Fe;; (150) showed the smaller AE of
0.64 V than those of the Co;,Ni;3Fe;; (100) (AE = 0.67 V) and
Co,,4Ni 3Fe 3 (200) (AE = 0.67 V). Therefore, the Co,,4Ni;3Fe;3
(150) showed both high ORR and OER activities due to coex-
isting of the oxyhydroxide and spinel oxide.

Effects of metal composition on OER and ORR activities

Because the composite catalysts with oxyhydroxide and spinel
oxide showed high bifunctional activities for OER and ORR, we
investigated the influences of metal composition on catalytic
activities. Fig. 5 shows polarization curves of the composite
catalysts with different metal compositions for ORR and OER in
a 4 mol dm—® KOH aqueous solution. The composite catalysts
showed different ORR and OER activities depending on the
metal composition. Comparing Co,4Ni;3Fe 3 (150) and Cog,-
NigFeq4 (150), of which the Fe content was almost the same and
the Ni content was different, the Co,,Ni;3Fe;; (150) showed
higher ORR and OER activities (E;/, = 0.87 V, Ej_;o = 1.51 V vs.
RHE) than those of CogoNigFe 4 (150) (Eq, = 0.84 V, Ej_jo =

© 2023 The Author(s). Published by the Royal Society of Chemistry
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1.53 V vs. RHE). The results suggested that inclusion of Ni
enhanced activities for both ORR and OER. Comparing Co,,4-
NiyzFeq3 (150) and CogyNi;,Fey (150), of which the Ni content
was almost the same and the Fe content was different, the
Co,,4Ni;3Fe; 3 (150) catalysts showed lower ORR activities and
higher OER activities than those of CogyNigFe;, (150) (Eq1n =
0.89 V, Ej_;, = 1.54 V vs. RHE). The activity trends suggested
that inclusion of Fe increased OER activities but decreased ORR
activities. Comparing the bifunctional activities based on AE,
the Co,4Ni3Fe 3 (150) catalyst showed higher bifunctional
performances (AE = 0.64 V) than those of CogoNigFe 4 (150) (AE
= 0.69 V) and Cog,Ni;,Fe, (150) (AE = 0.65 V). The Co,4Ni 3Fe 3
(150) catalyst showed the highest bifunctional performances
among the catalysts in this study, which was even comparable to
the state-of-the-art bifunctional catalysts (Table S3t). Therefore,
control of metal composition achieved the excellent bifunc-
tional OER and ORR performances of the oxyhydroxide and
spinel oxide composite catalyst.

Air-electrode performances

For practical application of bifunctional OER and ORR catalysts
to ZABs, gas diffusion air-electrodes were fabricated to achieve
high reaction rates using O, in the atmosphere. We applied the
Co,,4Ni 3Fe 3 (150) catalyst to the air-electrode and examined
the bifunctional performances and durability of the catalyst.
Fig. 6(a) shows the charge-discharge cycle performance of
Co,4NijzFe;; (150) in a 4 mol dm ™ KOH aqueous electrolyte at
40 °C. The durability of the Co,,Ni;sFe;5 (150) catalyst was
evaluated by chronopotentiometry approaches at the constant
anodic and cathodic current density of 20 mA cm™> The
fabricated air-electrode exhibited initial charge (OER) and
discharge (ORR) potentials of 1.48 and 0.76 V vs. RHE, respec-
tively, demonstrating a small total overpotential of 0.72 V. The
total overpotential was maintained without any obvious dete-
rioration even after more than 550 hours (260 cycles), showing
excellent durability of the electrode for OER and ORR. Table S4F
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summarizes the comparison of the air-electrode performances
with other recently reported results, indicating the superior
activity and durability of the Co,,4Ni;3Fe;; (150) catalyst.

After 1000 hours, there was a performance deterioration,
especially, the ORR performance significantly decreased
(Fig. S8f). We conducted the XRD measurement and SEM
observation for the electrode after the cycle test to clarify the
cause of performance deterioration. The catalyst layer of air-
electrode showed similar patterns assignable to the oxy-
hydroxide, spinel oxide and carbon conductive additive before
and after the cycle test, indicating negligible change in crys-
talline structures of the catalyst (Fig. S9t1). On the other hand,
the intensity of the peak assignable to carbon at 26° was
decreased. Fig. 6(b)-(g) shows surface and cross-section SEM
images of the electrode before and after the cycle test. A large
amount of carbon black disappeared, and more catalysts were
exposed on the surface after the cycle test. The cross-section
SEM observation after the cycle test revealed that more voids
were formed in the catalyst layer of the electrode than before the
test. Moreover, the morphology of carbon black in the gas
diffusion layer was changed from a dense spherical to a hollow
irregularly shape. The results clearly suggested that the carbon
black was decomposed during the cycle test. Because carbon
materials are thermodynamically decomposed under anodic
conditions above 0.207 V vs. NHE,* the carbon black in the
catalyst and gas diffusion layers corroded during the reaction.
On the other hand, the change in the Co,4Ni;3Fe;; (150) catalyst
was negligible before and after the cycle test. The STEM
observation clarified that oxyhydroxide and spinel oxide nano-
particles with corroded carbon conductive additives existed and
no other compounds were observed after the cycle test
(Fig. S107t). The ratio of metals in the oxyhydroxide and spinel
oxide nanoparticles measured by STEM-EDX analysis was
consistent with those before the reaction (Fig. S11t), and
homogenous metal distribution in the nanoparticles was
observed in the elemental mapping after the cycle test as well
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(Fig. S12t). We analyzed residual metals in the electrolyte after
durability test by ICP-AES and only a trace amount of dissolved
metals, up to approximately 0.21% of the total catalyst, was
detected even after long-term test of 1000 h (Table S57). The
results indicated that the effect of metal dissolution on the
performance deterioration was negligible and the Co,4Ni;3Fe;;
(150) catalyst has high stability in the long-term test. Based on
the results, the decrease in ORR performances was attributed to
not the deterioration of the catalyst but corrosion of carbons in
the catalyst and gas-diffusion layers. The corrosion of the
carbon black in the catalyst and gas-diffusion layers caused the
electrolyte solution to gradually penetrate through the air
electrode to the gas phase during the cycle test, resulting in
insufficient O, diffusion and a considerable decrease of ORR
performances due to immersion of active sites at the three-
phase boundary.*® For OER process, OH™ is the substrate and
the O, produced in the reaction was released not only to the gas
side but also to the solution. Thus, the OER performances were
not decreased as significantly as the ORR performances. The
Co,,4Ni 3Fe;; (150) catalyst did not show significant change in
the structure and composition after the cycle test, indicating
excellent stability for OER and ORR. Therefore, the composite
catalysts of oxyhydroxide and spinel oxide exhibited superb
bifunctional activities and durability for OER and ORR, and
fabrication with anti-corrosive conductive materials instead of
carbons will achieve a longer lifetime for air-electrode
performances.
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Furthermore, we assembled an aqueous ZAB with Zn foil as
the anode and Co,4Ni;3Fe;3 (150) as the air cathode in a solu-
tion containing 6 mol dm™> KOH and 0.2 mol dm™ zinc
acetate. Fig. 7(a) shows the charge-discharge polarization
curves of the Co,,4Ni;;Fe;; (150) and a physical mixture sample
of Pt/C and RuO, (Pt-RuO,). The ZAB with Co,,4Ni;;Fe;; (150)
exhibited superior charge and discharge curves compared to
those of the ZAB with Pt-RuO,. The peak power density of
Co54NijsFe 5 (150) and Pt-RuO, were 195 and 31.7 mW cm 2,
respectively, indicating that the Co,,Nij;Fe;; (150) electrode
showed higher performances compared to the Pt-RuO, sample
(Fig. 7(b)). The long-term durability of the rechargeable ZABs
was evaluated through galvanostatic charge-discharge cycling
(Fig. 7(c)). The total charge-discharge overpotential of Co,4-
Niy3Feq3 (150) upon cycling was only 0.65 V, which was much
smaller than that of Pt-RuO, (0.89 V). The charge-discharge
profile of Co,4Nij3Fe;; (150) was retained after 430 h (1270
cycles) while the performance of Pt-RuO, was rapidly deterio-
rated within 8 h. The performance of the ZAB with Co,,Ni;s;Fe;;
(150) was comparable to that with state-of-the-art catalysts
(Table S6t1), demonstrating that the Co,4NijsFe; (150) was
highly suitable for rechargeable ZABs as a bifunctional elec-
trocatalyst. The excellent bifunctional ORR and OER perfor-
mances of the composite catalyst of oxyhydroxide and spinel
oxide may be due to synergistic effects of the combination of
materials. Elucidation of the synergistic effects would be a next
challenge.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In summary, we synthesized bifunctional OER and ORR
composite electrocatalysts of metal oxyhydroxide and spinel
oxide containing Co, Ni and Fe by calcination of hydroxide and
LDH composite precursors prepared by a precipitation method.
The composite precursors of metal hydroxide and LDH were
prepared when both the Ni and Fe metal composition ratio was
below 15 at%, and then calcination of the precursors at 150 °C
yielded the composite catalysts of multi-metal oxyhydroxide and
spinel oxide. The activities of composite catalysts depended on
the metal composition; the inclusion of Ni enhanced activities
for both ORR and OER and the inclusion of Fe increased OER
activities but decreased ORR activities. The Co,4Ni;3;Fe 3 (150)
showed superb bifunctional performances with a small poten-
tial difference of 0.64 V due to high OER and ORR activities
originating from the oxyhydroxide and spinel oxide, respec-
tively. The Co,4Ni;3Fey3 (150) also exhibited excellent durability
of more than 550 h (260 cycles) for the air-electrode charge-
discharge cycle evaluation with negligible change in crystalline
structure and composition. The ZAB with Co,,Ni;3Fe 5 (150)
demonstrated the power density of 195 mA cm ™ and excellent
durability of 430 hours (1270 cycles) for the charge-discharge
cycle test. The synthetic procedure of composite catalyst will
contribute to opening up new opportunities for the develop-
ment of air-electrodes for ZABs.
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