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ABSTRACT: Neutral aqueous zinc—air batteries (ZABs) are an emerging type of
energy devices with substantially elongated lifetime and improved recyclability
compared to conventional alkaline ZABs. However, their development is impeded
by the lack of robust bifunctional catalyst at the air-electrode for the oxygen
evolution reaction (OER) and the oxygen reduction reaction (ORR). Here, we
report the controlled synthesis of NiFe,0,/FeNi,S, heterostructured nanosheets
(HNSs) that are highly efficient in catalyzing OER and ORR, therefore enabling
neutral rechargeable ZABs. Associated with the formation of abundant oxide/
sulfide interfaces over NiFe,O,/FeNi,S, HNSs’ surfaces, the catalyst’s oxygen
binding energy can be effectively tuned to enhance the OER and ORR activities, as ¥ DTN y »
revealed by the density functional theory calculations. In 0.2 M phosphate buffer 0 10 25 26 27 120 140
solution, the optimized NiFe,0,/FeNi,S, HNSs present an excellent oxygen Time (h)
electrocatalytic activity and stability, with much lower OER and ORR over-

potentials than single-component FeNi,S, or NiFe,0, and with negligible performance decay in accelerated durability testing.
When used as an air-electrode, the NiFe,0,/FeNi,S, HNSs can deliver a power density of 44.4 mW cm > and a superior cycling
stability (only 0.6% decay after 900 cycles at 0.5 mA cm™?), making the resultant ZAB the most efficient and robust one with a
neutral aqueous electrolyte reported to date. This work highlights the essential function of the heterostructure interface in
oxygen electrocatalysis, opening a new avenue to advanced neutral metal—air batteries.

Voltage (V)

1. INTRODUCTION

Developing efficient energy storage and conversion devices

conditions, which can potentially mitigate the carbonation and
dendrite issues as well as make ZABs rechargeable.11 However,

with low environmental impact is central to our ability to
secure society’s energy and environmental sustainability.' ™
Due to their high theoretical energy density and low cost,
zinc—air batteries (ZABs) are considered to be one of the most
promising candidates to fulfill our demands for future power
devices."”® Conventional ZABs use alkaline electrolytes and
are restricted by high causticity and fast carbonation of
electrolytes as well as zinc dendrite formation during charge
and discharge cycles.”® The alkaline electrolyte carbonation
leads to a decrease in ionic conductivity, while zinc dendrites
cause short circuiting of the device;’ both are detrimental to
the lifetime and recyclability of ZABs. Using neutral-pH
electrolytes, the ZABs follow the same electrochemical
reactions as in alkaline ones (air-cathode: O, + 2H,0 + 4e”
= 40H7; zinc anode: Zn + 20H™ = ZnO + H,0 + 2¢7),"
while working in more environment-friendly and less corrosive
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the neutral media normally possess lower ionic conductivity
and extremely low OH™ concentration. As a result, the key
electrochemical reactions at the air-cathode of ZABs, the
oxygen evolution reaction (OER) during charge and the
oxygen reduction reaction (ORR) during discharge, are prone
to be kinetically more sluggish in neutral media.'”"® Break-
throughs in highly active and durable bifunctional catalysts that
operate optimally in a neutral environment for both OER and
ORR are therefore urgently needed to maximize the neutral
ZABs’ performance. Although precious metals Pt, Ir, and Ru
and their oxides are commonly studied catalysts,"*™'® electro-
catalysts based on earth abundant elements are much more

Received: September 10, 2018
Published: November 7, 2018

DOI: 10.1021/jacs.8b09805
J. Am. Chem. Soc. 2018, 140, 17624—17631


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.8b09805
http://dx.doi.org/10.1021/jacs.8b09805

Journal of the American Chemical Society

desirable and have yet to be achieved for viable applications of
rechargeable ZABs (RZABs).

In this article, we present a controlled sulfidation approach
to NiFe,0,/FeNi,S, heterostructured nanosheets (HNSs) that
can efficiently catalyze OER and ORR to enable neutral
RZABs. Recent studies have indicated that Fe-based and Ni-
based nanomaterials are promising nonprecious metal catalysts
for oxygen electrochemistlry.17_20 For example, Ni—Fe mixed
oxide/hydroxide and their derivatives perform OER at a
benchmark activity of 10 mA cm™ with encouraging low
overpotentials (~0.3—0.5 V),”'~** while spinel-structured Ni—
Fe mixed oxides have been reported to exhibit ORR activities
comparable to Pt.** Despite that these achievements were
observed in alkaline conditions, we envision that further tuning
of Ni—Fe mixed oxide-based nanomaterials should allow
appealing OER and ORR performances to be reached in
neutral electrolytes.”>*® On the other hand, engineering
rational heterostructures within catalysts has been deemed as
an important strategy to enhance the catalytic properties via
interfacial electronic coupling.”’ ™’ Such an effect has been
demonstrated in Au-M,O, (M = Nj, Co, Fe, and CoFe) core—
shell nanoparticles wherein precious metal Au can substantially
improve M,O,’s OER kinetics.”> Herein, we report this
heterostructure-induced interfacial effect can be manipulated
in completely nonprecious NiFe,O,/FeNi,S, HNSs. By
creating oxide/sulfide interfaces over FeNi,S, nanoparticle-
modified NiFe,O, NS surfaces, catalyst surface binding energy
with oxygenated species can be improved to accelerate the
kinetics for both OER and ORR, as indicated by density
functional theory (DFT) calculations. The bifunctional
catalytic properties can be optimized by synthetically tuning
the oxide/sulfide interface intensities and profiles, allowing our
NiFe,0,/FeNi,S, HNSs to exhibit much higher OER and
ORR activity in a 0.2 M phosphate buffer solution at pH = 7.0
than pristine NiFe,O, and FeNi,S,. Moreover, the RZABs
based on the optimized NiFe,0,/FeNi,S, HNSs and neutral
electrolyte are constructed and can deliver a power density of
444 mW cm” and a negligible decay after 900-cycle stability
testing, making them the most robust RZABs in neutral
conditions reported to date.

2. EXPERIMENTAL SECTION

2.1. Materials. Ni(NO,),-6H,0 (98.0%), Fe(NO;);-9H,0
(99.0%), urea (99.0%), NH,F (99.0%), KOH (99.0%), Na,S-9H,0,
and Nafion (5 wt %) were purchased from Aladdin. The deionized
water was obtained from a Millipore Autopure system (18.2 MQ,
Millipore Ltd., USA). The commercial carbon fiber paper (CFP) was
purchased from Fuel Cell Store. All other materials for electro-
chemical measurements were of analytical grade and used without
further purification.

2.2. Synthesis of NiFe,0, NSs, NiFe,0,/FeNi,S, HNSs, and
FeNi,S,; NSs. Typically, 207 mg of Ni(NO;),-6H,0 and 577 mg of
Fe(NO;);-9H,0 were first dissolved in 40 mL of deionized water.
Then 216 mg of urea and 135 mg of NH,F were slowly added into the
solution under stirring. After an additional 10 min of stirring, the
above solution was transferred into a 50 mL Teflon-lined stainless
steel autoclave, with two pieces of CFP (3 X 4 cm’) immersed
vertically. The autoclave was sealed and heated at 120 °C for 12 h and
then cooled to room temperature naturally. After being rinsed with
deionized water and ethanol several times, the CFP was dried at 80
°C overnight and then annealed at 300 °C in air for 2 h to produce
NiFe,0, NSs. The NiFe,0,/FeNi,S, HNSs were obtained by heating
the NiFe,O, NSs with 100 mg of Na,S-9H,0 in 40 mL of DI water at
100 °C for a desired duration (NiFe,O,/FeNi,S, HNSs, 1 h;
NiFe,0,/FeNi,S, HNSs, 3 h; NiFe,0,/FeNi,S, HNSs, 6 h; and

NiFe,0,/FeNi,S, HNSs, 9 h). For simplicity, NiFe,0,/FeNi,S,
HNSs are used to represent NiFe,O,/FeNi,S, HNSs-3 h in this
work unless otherwise mentioned. Extending the sulfidation duration
to 12 h will yield the total vulcanized product of FeNi,S, NSs.

2.3. Physical Characterizations. Powder X-ray diffraction
(XRD) patterns were collected on a Rigaku D/Max-2400
diffractometer with Cu Ka radiation (4 = 1.54178 A). The
morphology of the products was analyzed by field emission scanning
electron microscopy (FE-SEM, FEI Sirion-200 SEM) at an
acceleration voltage of 5 kV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) images were collected on a Tecnai G2 F30 field emission
transmission electron microscope. X-ray photoelectron spectroscopy
(XPS) was carried out on a Phi X-tool instrument with Mg Ka (hv =
1253.6 eV) as the excitation source. The binding energies obtained in
the XPS spectral analysis were corrected for specimen charging by
referencing C 1s to 284.6 eV. Elemental mappings were performed on
the same TFM-EDS microscope. Inductively coupled plasma optical
emission spectrometry (ICP-OES) analyses were performed on a
Plasma Quant PQ9000 ICP spectrometer.

2.4. Electrochemical Analyses. All electrochemical investiga-
tions were performed at room temperature on a CHI 760e
electrochemical workstation (CHI Instruments, Shanghai Chenhua
Instrument Corporation, China) using a conventional three-electrode
setup, with a Ag/AgCl (saturated KCI) reference electrode and a Pt
wire counter electrode, while the working electrode (WE) was either
the CFP-supported NiFe,0,/FeNi,S, HNSs, FeNi,S, NSs, or
NiFe,0, NSs (geometric area = 1 cm?®) or a rotating ring-disk
electrode (RRDE) with a Pt ring and a glass carbon disk. An O,-
saturated 0.2 M phosphate buffer solution (PBS, pH = 7.0, room
temperature) was employed as the electrolyte to evaluate the
electrocatalytic performances of both OER and ORR. All potentials
were reported vs a reversible hydrogen electrode (RHE), according to
the Nernst equation (Epyg = Epg/agar + 0.0591 X pH + 0.197). It
needs to be noted that all the linear sweep voltammetry (LSV) curves
were reported with iR correction and vs an RHE.

To fabricate the RRDE electrode, the as-synthesized catalyst was
carefully scraped off from CFP. A 3 mg amount of the catalyst was
dispersed in a solvent consisting of 1470 uL of dimethylformamide
(DMF) and 30 uL of Nafion under sonication to form a uniform ink.
A 12.6 uL amount of the catalyst ink was drop-cast on the RRDE and
dried under vacuum to achieve a loading of 0.2 mg cm™>. In order to
determine the reaction pathway of OER, the ring potential was held
constant at 1.5 V (vs RHE) to oxidize intermediates in O,-saturated
0.2 M PBS. Besides, to ensure that the oxidation current originates
from oxygen evolution rather than other side reactions and to
calculate the Faradaic efficiency (FE) of the system, the ring potential
of the RRDE was held constant at 0.40 V vs RHE to reduce the O,
formed from the catalyst coated on the RRDE in N,-saturated 0.2 M
PBS. The FE is calculated as follows:

FE = I,/ (I,N)

where I; denotes the disk current, I, denotes the ring current, and N
denotes the current collection efficiency of the RRDE, which was
determined to be 0.2.°"*

The relationship between the measured currents (j) with various
electrode rotating speeds (@) under fixed potentials can be expressed
according to the Koutechky—Levich (K-L) equation as follows:**

1 1 1
i Ba'?

where jy is the kinetic current and  is the electrode rotating rate. B is
obtained from the slope of the K-L plots based on the Levich equation
below:

B = 02nF(Dy, )*"*v™/°Cq,

where n represents the transferred electron number per oxygen
molecule. F is the Faraday constant (F = 96485.3 C mol™}). Do, is the
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diffusion coefficient of O, in the electrolyte (Dp, = 1.9 X 107 cm?
s™'). v is the kinetic viscosity (v = 0.01 cm?® s™'). Co, is the bulk
concentration of Co, = 1.2 X 107 mol cm™3). The constant 0.2 is

adopted when the rotation speed is expressed in rpm.

2.5. Fabrication of RZAB. The alkaline zinc—air batteries were
assembled with a Zn plate as the anode, as-synthesized catalysts as the
air-cathode, and 6.0 M KOH as the electrolyte. The polarization and
galvanostatic discharge measurements were performed by LSV (S mV
s7') and chronopotentiometric response (CP), respectively, using a
CHI 760E electrochemical work station. The galvanostatic charge and
discharge were performed at room temperature by a LAND testing
system at 10 min per cycle. The neutral zinc—air battery was
investigated using the same setup, while 4.0 M NH,CI + 2.0 M KClI
was used as the electrolyte. NH;-H,O was used to adjust the pH of
this solution to 7.0. The round-trip overpotential is calculated based
on the following equation: voltage overpotential = E,, - Eg;. Voltage
efficiency is determined by round-trip efficiency = %, where Eg, and

cha
Eg4; represent the potentials at the end of charge and discharge profiles
of each cycle.

2.6. Theoretical Calculations. The DFT calculations were
carried out using the Vienna ab Initio simulation package (VASP)
with the projector augmented wave (PAW) pseudopotentials® and
the function of Perdew, Burke, and Ernzerhof (PBE)*® based on the
generalized gradient approximation (GGA). A cutoff energy of 400 eV
was used for the plane-wave basis set. The Brillouin zone was sampled
on the basis of the Monkhorst—Pack scheme®® with a 3 X 3 x 1 k-
point mesh. The convergence criteria of the self-consistent field
(SCEF) for electronic relaxation and force for atomic relaxation were 1
X 107° eV and 0.02 eV A7, respectively. The surface energy (y) is
defined by y = (Egy, — nEpui)/24, where Egy, is the total energy of
the slab, E, ) is the total energy of the bulk per unit cell, n is the
number of bulk unit cells contained in the slab, and A is the exposed
area of one side of the slab. The oxygen adsorption energy E, was
defined as Eg = Egp,q — Eqp — E, where Egy.., Eq, and E, are the
total energies of catalyst substrates with the oxygen adsorbate, clean
substrates, and the isolated oxygen atom, respectively. Spin polar-
izations were considered in all the calculations.

3. RESULTS AND DISCUSSION

The NiFe,0,/FeNi,S, HNSs are synthesized by a wet-
chemical sulfidation method, as illustrated in Scheme 1. The

Scheme 1
NiFe,0,/FeNi,S, HNSs
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NiFe, O, NSs are first prepared by a hydrothermal treatment of
CFP in the presence of Fe and Ni salt solution and a
subsequent calcination in air at 300 °C for 2 h (Experimental
Section). The as-obtained NiFe,O, NSs are then aged in Na,$
solution to allow FeNi,S, nanoparticles to be formed over the
NiFe,O, NS surface. During this process, the surface oxygen
anions of NiFe,0, are exchanged with S*7, yielding FeNi,S,
nanoscale domains. We notice that the FeNi,S, nanoparticle
density is increased with the reaction time, while a 12 h

sulfidation can fully convert NiFe,O, to FeNi,S,. We prepared
a series of NiFe,O,/FeNi,S, HNSs with different reaction
times for a systematic study of the heterostructure interface
effect in electrocatalysis. The Fe/Ni molar ratios of these
samples were analyzed by ICP-OES (Table S1). We find that
the Fe/Ni molar ratios of NiFe,O, NSs and FeNi,S, NSs are
2.08:1 and 1:1.91, respectively, while that of NiFe,O,/FeNi,S,
HNSs-1 h, -3 h, -6 h, and -9 h monotonously decreases with
the sulfidation reaction time. These results indicate that a part
of Fe is gradually dissolved during the phase transformation
from NiFe,O, to FeNi,S,, probably due to the favorable
thermodynamic stability of FeNi,S, (known as a wviolarite)
under our sulfidation condition.

The SEM images in Figures 1A and S1 show that the as-
synthesized NiFe,0, are composed of NSs with a lateral size of

(B)p

Figure 1. (A, B) SEM images of (A) NiFe,O, NSs and (B) NiFe,0,/
FeNi,S, HNSs. (C, D) TEM (C) and HRTEM (D) images of
NiFe,0,/FeNi,S, HNSs. Inset of (D) displays the corresponding
FFT pattern. (E) HRTEM image showing representative interface
profiles within NiFe,0,/FeNi,S, HNSs. (F) TEM-EDS elemental
mapping images of NiFe,O,/FeNi,S, HNSs.

several micrometers and a thickness of 20—80 nm. After the
sulfidation, NiFe,0,/FeNi,S, inherit the NSs’ size and
morphology with the FeNi,S, nanodomains uniformly
distributed on the surface of NiFe,O, NSs, roughening the
NSs’ surface, as clearly seen in the SEM (Figure 1B) and TEM
images (Figures 1C and S2). The roughened surface is also
observed in the FeNi,S, sample even after a full sulfidation
(Figures S1C and S2C).

HRTEM was used to reveal the structure details and change
in the course of our controlled sulfidation. The as-synthesized
NiFe,O, NSs are a single crystal for each individual sheet
(Figure S3), with the (100) facet exposed in the basal surface,
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as indicated in HRTEM images and a lattice fringe viewed
parallel to the basal plane in Figure S4. After a 3 h sulfidation,
it is clearly seen that abundant particles around 10—20 nm
(highlighted by a yellow dashed line) are formed in the surface
of NSs and are surrounded by a low-contrast NiFe,0, matrix,
suggesting the successful construction of NiFe,O,/FeNi,S,
heterostructure interfaces (Figure 1D). Meanwhile, controlling
sulfidation time from 1 to 9 h can readily increase the density
of the heterointerfaces over our samples (Figure SS). The
corresponding fast Fourier transform (FFT) pattern based on
the HRTEM image also confirms the formation of a mixed
cubic phase of NiFe,O, (purple) and FeNi,S, (green) in the
product (Figure 1D, inset).

It is noteworthy that such a nanoparticles-over-NSs
architecture determines the variety of interface profiles within
NiFe,0,/FeNi,S, HNSs, as the curving boundary between
NiFe,0, and FeNi,S, allows both low-index and high-index
facets from each component to be possibly attached (Figures
1E and S6). For example, we find lattice fringes that well match
the (100) and (311) planes of NiFe,O, and FeNi,S,,
respectively. In addition, since FeNi,S, nanoparticles are well
dispersed over NSs, the large-scale TEM-energy-dispersive X-
ray spectroscopy (EDS, Figure S7) and TEM-EDS elemental
mapping (Figure 1F) demonstrate that Ni, Fe, O, and S are
uniformly distributed in the heterostructured product. In
addition, the XRD patterns of NiFe,0,/FeNi,S, HNSs,
NiFe,O, NSs, and FeNi,S, NSs are shown in Figure 2A.

(A) i —— NiFe,0 FeNi,s, Hnss| (B)
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Figure 2. (A) XRD patterns of NiFe,0,/FeNi,S, HNSs, NiFe,O,
NSs, and FeNi,S, NSs. (B) XPS survey spectrum of NiFe,0,/FeNi,S,
HNSs. (C, D) High-resolution XPS spectra of (C) O 1s in NiFe,0,/
FeNi,S, HNSs and NiFe,0, NSs and (D) S 2p in NiFe,0,/FeNi,S,
HNSs and FeNi,S, NSs.

The diffraction peaks of NiFe,0,/FeNi,S, HNSs confirm the
presence of both cubic trevorite NiFe,O, (PDF Card No. 10-
0325; a = b = ¢ = 8.339 A) and cubic violarite FeNi,S, (PDF
Card No. 47-1740; a = b = ¢ = 9.458 A) with the same space
group of Fd3m (Figure S8), in line with the aforementioned
HRTEM results.

XPS was also conducted to investigate the electronic states
of elements over our samples (Figure 2B). As shown in Figure

S9, both the Ni 2p and Fe 2p high-resolution XPS spectra of
NiFe,0,/FeNi,S, HNSs are best fitted with double spin—orbit
doublets (2+, 3+) and two shakeup satellites.’”** The relative
intensity of Ni**/Ni** for NiFe,0,/FeNi,S, HNSs after a 3 h
sulfidation (1.45:1) is lower than that of pristine NiFe,O, NSs
(2.13:1) while higher than FeNi,S, NSs (0.83:1) (Table S2).
Meanwhile, the majority of Fe in the surface of NiFe,O,/
FeNi,S, HNSs exists in the +3 oxidation state. The atomic
ratio of Fe**/Fe** for NiFe,0,/FeNi,S, HNSs (1:1.18) also
falls in the middle of NiFe,O, NSs (1:1.87) and FeNi,S, NSs
(1:0.60) (Table S3), suggesting the strong cation interactions
after the formation of NiFe,0,/FeNi,S, interfaces.””*" More
interesting, the peaks of O1, 02, and O3 in Figure 2B appear
at 531.44, 532.85, and 533.62 eV for pristine NiFe,O, NSs and
then negatively shift to 530.93, 531.97, and 533.21 eV for
NiFe,0,/FeNi,S, HNSs, respectively (Figure 2C). Corre-
spondingly, the electron binding energies of S 2p,/, and S 2p5,
have a positive shift of about 0.04 eV after the formation of
NiFe,0,/FeNi,S, HNSs (Figure 2D), confirming the charge
transfer from S to O. The cation interaction and charge
transfer are anticipated to play an important role in tuning the
electronic structure of metal centers in NiFe,O,/FeNi,S,
interfaces and thus influencing the OER/ORR electrocatalysis
kinetics.

To further understand the interface—catalysis correlation, we
constructed two NiFe,0,/FeNi,S, heterostructure models
with NiFe,O, and FeNi,S, clusters attached through their
(311) or (100) planes (to represent high-index interface and
low-index interface, denoted as NiFe,0,/FeNi,S,-(311) and
NiFe,0,/FeNi,S,-(100)) and implemented the DFT calcu-
lations (Figure 3A and B) to evaluate their surface energetics.
Differential charge density of the interfacial model (Figure 3C)
shows that oxygen prefers to adsorb on surface Ni at the

Figure 3. (A, B) Optimized geometry of oxygen adsorption over the
NiFe,0,/FeNi,S, (311) interface model (A) and the NiFe,0,/
FeNi,S, (100) interface model (B). (C) Differential charge density of
the cross-sectional view of the NiFe,O,/FeNi,S, (311) interface
model. The red/light (blue/dark) areas mark an increase (decrease)
of the electron density. (D) Computational surface E, comparison of
NiFe,0,/FeNi,S,-(311), NiFe,0,/FeNi,S,-(100), FeNi,S,, and
NiFe,0,.
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interface and indicates that the electron is transferred from
FeNi,S, to the NiFe,O, domain, driven by the higher
electronic affinity of O. These further imply the strong
electronic interaction between NiFe,0, and FeNi,S, domains.
Previously, Nerskov et al. performed a series of theoretical
calculations on the ORR and OER kinetics based on metals*'
and metal oxide** catalysts. Their calculations demonstrated
linear scaling relations between *O, *OH, and *OOH
intermediates, which allows the use of oxygen adsorption
energy (Eg) as a general descriptor to predict/evaluate the
ORR and OER activities.””** The calculated E, follows the
order NiFe,0,/FeNi,S,-(311) (2.91 eV) < NiFe,0,/FeNi,S,-
(100) (3.68 eV) < FeNi,S, (4.60 eV) < NiFe,0, (5.09 V)
(Figure 3D and Table S4), clearly demonstrating that
interfaces can effectively decrease Ej regardless of interface
profiles (NiFe,0,/FeNi,S,-(311) or NiFe,0,/FeNi,S,-(100)).
It is widely known that metal oxide catalysts are subject to an
overstrong oxygen adsorption, which makes reaction kinetics
sluggish.*~** Therefore, the substantially decreased E, at the
NiFe,0,/FeNi,S, interface is crucial for enhancing our
catalysts’ oxygen electrocatalytic properties.

The NiFe,0,/FeNi,S, HNSs grown on CFP were directly
used as working electrodes in O,-saturated 0.2 M PBS (pH =
7.0) to assess their electrocatalytic performance toward OER.
As illustrated in Figure 4A, the NiFe,0,/FeNi,S, HNSs show
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Figure 4. (A, B) OER (A) and ORR (B) polarization curves of
NiFe,0,/FeNi,S, HNSs, FeNi,S, NSs, and NiFe,O, NSs in O,-
saturated PBS. (C) Koutechy—Levich plots of all catalysts for ORR.
(D) LSV curves of NiFe,0,/FeNi,S, HNSs, FeNi,S, NSs, and
NiFe,0, NSs for both OER and ORR measurements. (scan rate: 2
mV s7', rotation speed: 1600 rpm, catalyst loading: 0.3 mg cm™
normalized to the surface area of a 3 mm diameter GC electrode).

an overpotential (17) of 253 mV at a current density of 1 mA
cm™?, which is the best among catalysts for OER in this
condition reported to date (Table SS). To reach the current
density of 10 mA cm™?, NiFe,0,/FeNi,S, HNSs require an 7
of 429 mV, superior to FeNi,S, NSs (478 mV) and NiFe,0,
NSs (553 mV). Figure S10 displays the corresponding rotating
ring disk electrode results. Due to the almost negligible ring
current, the OER process occurring on the NiFe,0,/FeNi,S,
HNSs is dominated by the four-electron pathway 4OH™ — O,
+ 2H,0 + 4e”. Furthermore, the OER FE is measured to be
around 99.0% on NiFe,0,/FeNi,S, HNSs, which confirms

that the observed oxidation current is almost fully attributed to
water oxidation.*>*’

On the other hand, NiFe,O,/FeNi,S, HNSs obtained after a
3 h sulfidation present a clear oxygen reduction peak and
current in the CV plot in O,-saturated PBS, while no apparent
signal is observed in a N, atmosphere (Figure S11). The onset
potential for ORR is 0.715 V on NiFe,0,/FeNi,S, HNSs,
which is more positive than those on FeNi,S,; NSs (0.648 V)
and NiFe,0, NSs (0.503 V) (Figure 4B). Remarkably,
NiFe,0,/FeNi,S, HNSs exhibit a half-wave potential (E,,)
at 0.507 V, confirming their much higher activity than FeNi,S,
NSs (E;/, at 0.361 V) and NiFe,0, NSs (E,,, at 0.273 V)
(Figure S12). Figure 4C shows the K-L plots on different
catalysts, derived from their relevant ORR linear polarization
curves (LSVs) (Figure S13). The calculated number of
transferred electrons (n) on NiFe,0,/FeNi,S, HNSs,
FeNi,S, NSs, and NiFe,O, NSs in 0.2 M PBS are 3.70, 3.62,
and 2.91, respectively, indicating a quasi-four-electron process
for ORR occurring on NiFe,0,/FeNi,S, HNSs.*’

The NiFe,0,/FeNi,S, HNSs with different sulfidation times
were also carefully investigated to identify the optimal
heterostructured catalyst. As clearly seen in Figure S14, a 3 h
sulfidation can endow the catalyst with much lower over-
potentials for both OER and ORR than 1, 6, or 9 h treatments.
It is possibly because NiFe,0,/FeNi,S, HNSs obtained after a
3 h sulfidation possess a suitable heterointerface density and a
more favorable interface profile than from 1, 6, or 9 h
treatment. According to our DFT calculation, different
interfacial configurations can significantly vary Eq. Specifically,
a high-index (311) interface can lead to a much lower E, (2.91
eV) compared with a (100) interface (3.68 eV). We theorize
that a 3 h sulfidation might equip NiFe,O,/FeNi,S, HNSs
with a more desirable interface configuration. Based on the
best sulfidation condition (3 h), as summarized in Figure 4D
and Table S6, the NiFe,O,/FeNi,S, HNSs-3 h have an
excellent bifunctional activity for both OER and ORR in
neutral electrolyte, with a much improved AE of 1.152 V (AE
=B — E,),) compared with FeNi,S, HNSs (1.347 V) and
NiFe,O, NSs (1.510 V).*?

Our NiFe,0,/FeNi,S, HNSs also exhibit an excellent
stability for OER and ORR. As shown in Figure S15A, the
NiFe,0,/FeNi,S, HNSs display almost no decay of ORR
activity after 5000 CV cycles through an accelerated durability
test (ADT). Meanwhile, only a slight Ej_, attenuation of 7 mV
was observed after the ADT testing for OER, confirming
NiFe,0,/FeNi,S, HNSs" high stability for OER (Figure
S1SB). After the ADT test, there is no obvious change in
the structure and morphology of NiFe,0,/FeNi,S, HNSs, as
evident from the XRD patterns and TEM images in Figure
S16.

With the excellent bifunctional oxygen electrocatalytic
property, NiFe,O,/FeNi,S, HNSs can serve as the air-
electrode to enable high-performance RZABs. To demonstrate
the advantage of using a neutral electrolyte, we first
constructed a ZAB with 6 M KOH as the electrolyte.”" This
alkaline ZAB shows a high open-circuit voltage (OCV) of 1.49
V and a high peak power density of 187 mW cm™ (Figure
S17), outperforming the state-of-the-art ZABs (Table S7).
However, as expected for an alkaline ZAB, the cell voltage
overpotential rapidly increases from 0.89 V to 1.24 V after 190
cycles, and the corresponding round-trip efficiency decreases
from 55.8% to 39.2% (Figure SA and B). The stability of
RZAB with NiFe,0,/FeNi,S, HNSs as the air-electrode is
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Figure 5. (A, B) Galvanostatic discharge—charge cycling curves (A)
of the liquid RZABs at 0.5 mA cm™ with NiFe,0,/FeNi,S, HNSs as
the catalyst in the different electrolytes and (B) the corresponding
magnified view. (C) Open-circuit plots of a single and two-series
neutral RZABs built by NiFe,0,/FeNi,S, HNSs. (D) Polarization
and power density curves of neutral RZABs with NiFe,O,/FeNi,S,
HNSs, FeNi,S, NSs, and NiFe,O, NSs as air-cathodes.

substantially improved in the more electrode-friendly neutral
media. When 4.0 M NH,ClI and 2.0 M KCI (pH = 7.0) is used
as the electrolyte, the ZAB shows almost no decrease in round-
trip efficiency (from 47.3% to 46.7%, only 0.6% decay) after
900 discharge/charge cycles, at a constant current density of
0.5 mA cm ™. Even at a higher current density of 2 mA cm™ it
still presents an appealing stability (Figure S18) and thus can
be recognized as an efficient RZAB. We note that by using the
neutral electrolyte, the as-described RZAB still maintains
charge/discharge voltages (2.10/0.98 V) similar to the alkaline
ZAB (1.97/1.08 V, Figure SA and B), allowing it to be used as
an environment-friendly energy device for equipment with a
low current/power density requirement. Figure SC illustrates
that, at open circuit status, the RZAB can maintain a stable
voltage for more than 12 h (1.22 V for single battery, 2.37 V
for two-series batteries), indicating zinc corrosion is minimized
in the neutral electrolyte. The polarization and power density
curves of all the batteries are presented in Figure 5D, showing
that the RZAB based on NiFe,0,/FeNi,S, HNSs displays the
highest power density of 44.4 mW cm?, significantly superior
to FeNi,S, NSs (27.2 mW cm?) or NiFe,0, NSs (15.3 mW
cm?). This neutral RZAB with high discharging voltages and
long-time stability is also the most robust one among RZABs
reported to date.”'*

4. CONCLUSION

In summary, well-defined NiFe,0,/FeNi,S, HNSs are
prepared via a facile wet-chemical sulfidation route and are
demonstrated as an efficient and durable low-cost air-electrode
catalyst for neutral RZABs. The as-synthesized NiFe,0,/
FeNi,S, HNSs feature a unique nanoparticle—overnanosheet
architecture that exposes abundant oxide/sulfide interfaces,
which lowers the oxygen adsorption energy and thus improves
both OER and ORR kinetics. In 0.2 M PBS, the NiFe,0,/
FeNi,S, HNSs present much lower overpotentials for OER
and ORR than FeNiS, and NiFe,O,. More importantly, the
NiFe,0,/FeNi,S, HNSs can be used to deliver the most
robust RZAB with a neutral aqueous electrolyte reported to

date, with a power density of 444 mW cm™2, while
maintaining a superior cycling stability (only 0.6% decay
after 900 cycles at 0.5 mA cm™2). This work provides a new
strategy to improve the oxygen electrocatalysis for more
efficient and environmentally friendly rechargeable metal—air
batteries.
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