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OER highly active encapsulants to improve the
electrochemical anticorrosion of Fe—N-C for
ultralong-lifespan and high-rate rechargeable
zinc—air batteriest

Jiale Li,? Niu Huang,*® Minghui Lv,? Na Su,” Chao Li,? Yingping Huang,®
Yongye Wang,® Yong Zheng, (2@ Wei Liu,? Tianyi Ma{ *° and Liqun Ye (2 *®

Fe—N-C has been exploited as a promising oxygen reduction reaction (ORR) electrocatalyst. However, car-
bon corrosion and corresponding coordination structure destruction inevitably happen upon exposure at
high potentials. Even under low potentials, the byproduct peroxide generated in 2-electron ORR processes
produces radicals such as *OH and *OOH with Fe-center allies via Fenton-like reactions to destroy catalyst
structures. In this work, we designed a composite, wherein each N-doped carbon nanotube with Fe
nanoparticles encapsulated in the Fe-NCNT is uniformly and tightly wrapped by vertically grown NiFe-
layered double hydroxide (LDH) nanosheets. During the charging process of Zn-air batteries (ZABs), the
external NiFe-LDH preferentially catalyzes oxygen evolution reactions (OERs), and thus the internal Fe-NCNT
could simply act as a carbon skeleton to transfer electrons. Moreover, the Fe-NCNT@NiFe-LDH displays a
strikingly high peroxide disproportionation rate and superior electrocatalytic activities towards peroxide
reduction and oxidation reactions. Thus, the radical corrosion is enormously reduced. The Fe-NCNT@NiFe-
LDH delivers a record-refresh overpotential difference of 0.52 V, surpassing that of recently reported state-
of-the-art bifunctional oxygen electrocatalysts. The composite-based ZABs demonstrate long discharging/

charging lifespans and excellent rate performances, e.g. over 5000 cycles (near 1743 h) at 50 mA cm™2.

Transition metal and nitrogen co-doped carbon (TM-N-C) catalysts have been extensively investigated, and they demonstrated desirable ORR catalytic

activities. In particular, ORR highly active Fe-N-C is a current research priority. However, this advanced non-noble metal catalyst encounters serious challenges
such as low durability, presumably stemming from electrochemical oxidation especially at high working potentials (OER-occurring potential scope) and radical
(such as *OH)-caused damage. In this work, to lessen and even avoid the irreversible carbon corrosion and corresponding coordination structure destruction,
we prepared a Fe-N-C catalyst composed of high-density, well-dispersed, and highly exposed N-doped carbon nanotubes with Fe nanoparticles embedded

within. Then, thin NiFe-LDH nanosheets were vertically grown on the surface of each nanotube to make an intimate and well-enwrapped core-shell structure.
During the charging process of Zn-air batteries (ZABs), the external NiFe-LDH preferentially catalyzes OERs. The Fe-NCNT@NiFe-LDH displays a strikingly fast
peroxide disproportionation rate and superior electrocatalytic activities towards peroxide reduction and oxidation reactions. Thus, the radical corrosion is
enormously depressed. The composite-based ZABs demonstrate long discharging/charging lifespans and excellent rate performances.
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Introduction

The increasing depletion of fossil energy and emergence of
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tion towards clean energies and corresponding advanced
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of rechargeable batteries have emerged and developed. Among
them, zinc-air batteries (ZABs), with the advantages of high
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1 Electronic supplementary information (ESI) available. See DOTI: https://doi.org/ ~ CNEIZY density (1084 W h kg™ ), low cost, and environmental
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friendliness (aqueous batteries), have been considered one of the
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most promising energy conversion and storage technologies.>™
Unfortunately, there are several limitations such as the sluggish
kinetics of oxygen evolution reactions (OERs) and oxygen
reduction reactions (ORRs) occurring at the air cathodes in cell
charging and discharging processes hampering the application
of rechargeable ZABs.®® Although benchmark Pt/C and Ir or Ru
oxides respectively possess efficient ORR and OER electrocataly-
tic activities, their poor stability, low storage capacity, and high
cost are application barriers. Clearly, nonprecious-metal-
containing electrocatalysts with excellent OER and ORR activities
and stability are highly worth pursuing for developing conven-
tional two-electrode rechargeable ZABs.’

Transition metal and nitrogen co-doped carbon (TM-N-C,
M = Fe, Mn, Co, Ni, etc.) catalysts have been extensively
investigated, and they demonstrated desirable ORR catalytic
activities, originating from TM-N, active species, N-C configura-
tions such as pyridinic-N and graphitic N, and TM-catalyzing
increased the carbon graphitization degree and N doping
level.'®™* In particular, ORR highly active Fe-N-C is a current
research priority.">™'> However, this advanced non-noble metal
catalyst encounters serious challenges such as low durability,
presumably stemming from electrochemical oxidation especially
at high working potentials (OER-occurring potential scope),'®
and radical (such as *OH)-caused damage.'” In the discharging
process of ZABs, peroxides are generated as byproducts, and
their Fenton-like reactions with Fe-center allies will produce *OH
radicals that are highly reactive.'” *OH radicals can damage
catalyst structures via two pathways. One involves the conversion
of the carbon substrate to CO,, resulting in carbon corrosion and
the stripping or leaching of metal active centers.'® Another
involves the grafting of oxygen functional groups on the catalyst
surface, critically accounting for the electrocatalytic performance
attenuation.'®"

To address the issue of the inferior OER activities of Fe-N-C-
based catalysts, it was proposed to grow NiFe-based layered
double hydroxides (NiFe-LDHs featuring exceptional OER cat-
alytic activities) on the surface of Fe-N-C-based catalysts.>**!
Furthermore, the ion and electron pathways could be recipro-
cally strengthened by hydrophilic NiFe-LDHs and conductive
TM-N-C, synergistically contributing to the bifunctionality
improvement of the TM-N-C/NiFe-LDH composite towards
ORRs and OERs, exceeding that of its corresponding pure
components.”>** Additionally, when Fe-N-C as the core is
wrapped/coated by other materials, the out-layer will protect
the under-layer physically at least, thus alleviating Fe-N-C
corrosion.>**> When ZABs are in the charging process, OH~
could be oxidized (forming O,) preferentially at the NiFe-LDH
out-layer to let the under-layer Fe-N-C to rest (the catalyzing
role of Fe-N-C on OERs is exempted). More importantly, the
introduction of a NiFe-LDH wrapper to Fe-N-C probably reg-
ulates the peroxide decomposition paths away from Fenton-like
reactions to avoid radical generation and attack. It can be
speculated that the Fe-N-C durability is remarkably enhanced
by well and tightly enwrapping OER highly active NiFe-LDHs.

Herein, to lessen and even avoid the irreversible carbon
corrosion and corresponding coordination structure destruction,
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we prepared a Fe-N-C catalyst composed of high-density, well-
dispersed, and highly exposed N-doped carbon nanotubes with
Fe nanoparticles embedded in. Then, thin NiFe-LDH nanosheets
were vertically grown on the surface of each nanotube to make
an intimate and well-enwrapped core-shell structure. The pre-
pared Fe-NCNT@NiFe-LDH exhibited exceptional electrocataly-
tic activities with an overpotential of 180 mV at 10 mA cm™ > for
OERs, exceeding the OER performance of NiFe-LDHs; and with a
half-wave potential (E;,,) of 0.89 V for ORRs, superior to the ORR
performance of Fe-NCNTs. It was found that the disproportiona-
tion of the Fe-NCNT@NiFe-LDH on H,0, was highly efficient,
more prominent than the pure Fe-NCNT with regard to the oxygen
production rate and amount. Simultaneously, the composite
exhibited electrocatalytic abilities towards peroxide reduction
and oxidation reactions. The risk of free radical production (via
consuming H,0, through Fenton-like reactions) was substantially
decreased. More importantly, due to the wrapping protective effect
of the NiFe-LDH, the Fe-NCNT@NiFe-LDH represented much
better anticorrosion performance at high potentials, which could
keep the ORR electrocatalytic activity even after the OER (as
revealed by the OER-ORR cycling hold test), while the Fe-NCNT
lost most ORR performance after the OER. As expected, the
composite assembled ZABs achieved high efficiency and robust
rechargeability, as revealed by the extremely long charging/dis-
charging cycle time and low voltage gap, e.g. 1777 h with a voltage
gap of 0.73 V at 10 mA cm ™2, 1743 h with a voltage gap of 0.96 V at

50 mA cm™ 2, and 80 h with a voltage gap of 1.39 V at 100 mA cm 2.

Results and discussion

Fig. 1(a) schematically depicts the preparation processes of the
Fe-NCNT@NiFe-LDH. First, a piece of carbon cloth (CC) was
immersed into an aqueous solution of ferrous citrate and urea
and kept at 95 °C for 3 h via chemical bath deposition (CBD) to
grow FeO,(OH), in situ, which functions as the precursor to
provide Fe for the catalytic growth of carbon nanotubes (SEM
images are shown in Fig. S1 in ESIt), and it was then coated
with polydopamine (PDA). Second, the Fe-NCNT was synthe-
sized by chemical vapor deposition (CVD) using FeO,(OH),@
PDA (SEM image is shown in Fig. S2, ESIt) as the precursor
pyrolyzed at 900 °C for 2 h with dicyandiamide as the solid N/C
source. Third, vertically aligned NiFe-LDH nanosheets were
compactly and uniformly grown on each Fe-NCNT surface via
similar CBD. Fig. 1(b) and (c) shows the low- and high-
magnification scanning electron microscopic (SEM) images of
the Fe-NCNT, respectively. As revealed in the images, the Fe-
NCNTs with a diameter of 100-400 nm are of high density and
well dispersion, which promotes the achievement of abundant
active sites (Fe-N, and N-C configurations for ORRs"®™?) with
high exposure and simultaneously facilitates the subsequent
NiFe-LDH coating (which functions as OER active site sources).
Fig. 1(d) displays the transmission electron microscopic (TEM)
image of the Fe-NCNT, intuitively suggesting that the Fe-NCNT
is of nanotube structure with nanoparticles embedded. The
high-resolution (HR) TEM image (Fig. 1(e)) demonstrates that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Preparation process and microstructure demonstration of the Fe-NCNT@NiFe-LDH. (b) Low-magnification and (c) high-magnification SEM

images of the Fe-NCNT. (d) and (e) HRTEM images of the Fe-NCNT with FT plots of the FesC nanoparticle inserted. (f) Low-magnification and (g) high-
magnification SEM images of the Fe-NCNT@NiFe-LDH. (h) and (i) HRTEM images of the Fe-NCNT@NiFe-LDH with partial enlargement of the NiFe-LDH

inserted. (j) EDS mapping of the Fe-NCNT@NiFe-LDH.

the encapsulated particle is of Fe;C phase, as revealed by the
inserted Fourier transform (FT). The Fe;C nanoparticle is
enwrapped by a graphitized carbon layer with a lattice spacing
of 0.32 nm, corresponding to the (002) plane of graphitic
carbon. The X-ray diffraction (XRD) pattern of the Fe-NCNT is
shown in Fig. 2(a), where a diffraction peak located at ~26° is
indexed to the 2H graphitic carbon (002) plane (PDF# 41-1487), and
other diffraction peaks correspond well to Fe;C (PDF# 35-0772).
The low- (Fig. 1(f)) and high-magnification (Fig. 1(g)) SEM images of
the Fe-NCNT@NiFe-LDH clearly demonstrate that the Fe-NCNTs
are uniformly and tightly covered by NiFe-LDH nanosheets. In
addition, the nanosheets with a thickness of 10-20 nm are vertically
aligned on the Fe-NCNT surface, as clearly illustrated by the TEM
images (Fig. 1(h) and (i)). Notably, hexadecyl trimethyl ammonium
bromide (CTAB) was introduced in the CBD process to grow
NiFe-LDH nanosheets. Without the surfactant, the NiFe-LDH
nanosheets grown are relatively nonuniform, as revealed in

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

Fig. S3 (ESIt). The inserted HRTEM image in Fig. 1(i) displays a
lattice spacing of 0.23 nm, corresponding well to the NiFe-LDH
(015) plane. (More HRTEM images of the NiFe-LDH component are
provided in Fig. S4 in ESLT) Similarly, as shown in Fig. 2(a), the
other diffraction peaks of the Fe-NCNT@NiFe-LDH catalyst
(in comparison with Fe-NCNT) correspond well to the NiFe-LDH
phase (PDF# 40-0215). Additionally, Fig. 1(j) shows the energy-
dispersive X-ray spectroscopy (EDS) elemental mappings of the
Fe-NCNT@NiFe-LDH. Its composition elements including C, N, Fe,
Ni, and O are uniformly distributed in the whole sample range.
Notably, the uniform and dense green spots (representing Ni
element) suggest that NiFe-LDH nanosheets are uniformly distrib-
uted on the Fe-NCNT core and the core is completely coated by the
NiFe-LDH shell.

The compositions and element states of the Fe-NCNT@
NiFe-LDH, Fe-NCNT and NiFe-LDH were characterized by X-
ray photoelectron spectroscopy (XPS). Fig. 2(b) shows the XPS

EES Catal., 2023,1,987-997 | 989
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survey spectrum of the Fe-NCNT@NiFe-LDH, revealing that it
contains Fe, Ni, C, N, and O elements. Fig. 2(c) exhibits its high-

Current density (mA cm?)

Overpotential (mV)

880

(a) XRD patterns of the Fe-NCNT@NiFe-LDH and Fe-NCNT. (b) XPS survey spectra, (c) C 1s spectra, and (d) N 1s spectra of the Fe-NCNT@NiFe-
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(a) OER-LSV curves, (b) corresponding Tafel slope plots, and (c) EIS spectra of the Fe-NCNT, NiFe-LDH, and Fe-NCNT@NiFe-LDH, measured in
O,-saturated 1 M KOH. Notes: except for special instructions, catalysts grown in situ or grown on CC substrates are directly used for tests without
rotation (powdery samples usually only for RRDE and RDE). (d) Summary of the OER performance of several recently reported superior OER
electrocatalysts, in terms of the overpotentials (710 and #100) corresponding to 10 and 100 mA cm™2 respectively as well as the Tafel slope.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C-N, C-0, and C-C=0O0. Fig. 2(d) shows its high-resolution N 1s
spectrum, where the peaks at 397.8, 398.6, 399.3, 401.3, and
402.7 eV are assigned to pyridinic, Fe-N, pyrrolic, graphitic, and
oxidized N. Among them, the Fe-N and pyridinic N are con-
sidered to be the most active sources for ORRs. Fig. 2(e) shows
the high-resolution Fe 2p spectra of the Fe-NCNT@NiFe-LDH,
pure Fe-NCNT and NiFe-LDH. The Fe 2p;, peaks of the Fe-
NCNT@NiFe-LDH can be separated into two peaks, separately
corresponding to the Fe species from the NiFe-LDH and Fe-
NCNT. The result is consistent with the XRD patterns. As for the
high-resolution Ni 2p spectra (Fig. 2(e)), the Fe-NCNT@NiFe-
LDH shows almost the same spectrum as that of the NiFe-LDH,
with two peaks at 855.8 (Ni 2ps/,) and 873.5 eV (Ni 2p,,) and two
satellite peaks (Sat.) at 861.9 and 879.9 eV. These results firmly
confirm the successful preparation of the Fe-NCNT@NiFe-LDH.

To evaluate the OER electrocatalytic performance, related
tests were performed using a three-electrode system in 1 M
KOH electrolyte. The OER linear sweep voltammetry (LSV)
curves display that the Fe-NCNT@NiFe-LDH possesses the
lowest overpotential of 180 mV to reach a current density of

View Article Online
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10 mA cm~? and demands only an overpotential of 230 mV for
100 mA cm? current density (Fig. 3(a)), which is much smaller
than those of the NiFe-LDH and Fe-NCNT. Fig. S5 (ESIT) shows
the CV curves (without iR compensation) of the Fe-NCNT@NiFe-
LDH, Fe-NCNT, and NiFe-LDH. The CV result is in agreement
with the LSV result, suggesting the same OER trend: the Fe-
NCNT@NiFe-LDH superior to the NiFe-LDH, and the NiFe-LDH
surpassing the Fe-NCNT. As displayed in Fig. 3(b), the Fe-
NCNT@NiFe-LDH demonstrates a Tafel slope of 37 mV dec ™,
smaller than those of the Fe-NCNT (143 mV dec ') and NiFe-LDH
(39 mV dec™'). The extremely low Tafel slope suggests that the Fe-
NCNT@NiFe-LDH possesses excellent OER kinetics. Similarly, as
shown in the electrochemical impedance spectroscopy (EIS)
Nyquist plots (Fig. 3(c)), the composite exhibits a charging-
transfer resistance (R of 0.90 Q, much lower than that of the
corresponding pure components. The lowest R, value manifests
the fastest charge-transfer rate at the catalyst/electrolyte interface,
in accordance with the Tafel result. Specifically, despite the high
intrinsic OER activity of the NiFe-LDH, its inherent insulation
property leads to a larger R, of 7.44 Q, while because of the

a b c
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Fig. 4

(@) ORR-LSV curves of the Fe-NCNT@NiFe-LDH, Fe-NCNT and NiFe-LDH, measured in O,-saturated 0.1 M KOH. (b) CV curves of the

Fe-NCNT@NiFe-LDH and Fe-NCNT, measured in N,-saturated (thin dotted lines) and O,-saturated (thick lines) 0.1 M KOH solutions. LSV curves of the
Fe-NCNT@NiFe-LDH, Fe-NCNT, and NiFe-LDH measured in O,-saturated (c) 1 M KOH and (d) 0.1 M KOH alkaline electrolytes. (€) Summary of recently

reported AE of excellent electrocatalysts, compared with the as-prepared Fe-

NCNT@NiFe-LDH. (f) ORR polarization curves of the Fe-NCNT@NiFe-LDH,

Fe-NCNT, NiFe-LDH, and Pt/C measured by the GDE. (g) Corresponding Tafel slope plots of the Fe-NCNT@NiFe-LDH and Fe-NCNT. (h) Chron-
oamperometric ORR/OER-cycle curves of the Fe-NCNT@NiFe-LDH and Fe-NCNT.
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intrinsic conductor property, the Fe-NCNT has a smaller R, value
of 4.45 Q. The OER electrocatalytic activity of the Fe-NCNT@NiFe-
LDH prepared in this work is preeminent, in terms of over-
potentials at 10 and 100 mA cm ™ > and Tafel slope, even compared
with the recently reported state-of-the-art OER electrocatalysts
(Fig. 3(d)).”**° Their detailed performance parameters are con-
cluded in Table S1 in ESL{ The long-term chronopotentiometric
response of the Fe-NCNT@NiFe-LDH is displayed in Fig. S6a
(ESIt). As revealed, the working potential of the Fe-NCNT@NiFe-
LDH could be kept at 1.46-1.47 V vs. RHE without fluctuation or
augment. Moreover, after a long-term chronopotentiometric test,
the OER-LSV curve is almost completely overlapped with its initial
curve (Fig. Séb, ESIt), disclosing its satisfactory durability for
OERs. As for the Fe-NCNT and NiFe-LDH, they exhibit inferior
stability (Fig. S7 and S8, ESIf). In particular, the Fe-NCNT
demonstrates obvious performance reduction (Fig. S8, ESIT).
The ORR activities of these electrocatalysts were assessed by
LSV measured in an O,-saturated 0.1 M KOH solution, as
shown in Fig. 4(a). The Fe-NCNT@NiFe-LDH demonstrates
excellent electrocatalytic activity towards ORRs with an onset
potential (Eopset) of 0.98 V and a half-wave potential (E,,,) of
0.89 V, in contrast to the Fe-NCNT (Eypse; Of 0.98 V and Ej ), of
0.88 V) and NiFe-LDH (Eqpee Of 0.81 V and Ey/, of 0.69 V).
Fig. 4(b) displays the cyclic voltammogram (CV) curves of Fe-
NCNT@NiFe-LDH and Fe-NCNT in O,- and N,-saturated 0.1 M
KOH solutions, respectively. Compared with CV curves col-
lected under N, saturation conditions, distinct reduction pro-
tuberances emerge in the CV curves collected under O,-
saturated conditions, indicating that ORRs occurred on the
Fe-NCNT@NiFe-LDH and Fe-NCNT. In addition, the oxygen
reduction peak of the Fe-NCNT@NiFe-LDH emerges earlier
(corresponding to higher potential) than that of the Fe-NCNT,
suggesting that the former catalyst possesses superior ORR
activity, which is in agreement with the LSV result shown in
Fig. 4(a). The OER and ORR bifunctional performances of these
electrocatalysts were evaluated using an overpotential differ-
ence, i.e. AE, which is equal to the difference between the OER
potential at 10 mA cm™> and the ORR half-wave potential (AE =
Eji—10 — Eyp). Fig. 4(c) displays the OER-ORR LSV curves of the
Fe-NCNT@NiFe-LDH, Fe-NCNT, and NiFe-LDH in O,-saturated
1 M KOH, respectively, where the Fe-NCNT@NiFe-LDH exhibits
a AE of only 0.54 V, much superior to the Fe-NCNT (0.61 V) and
NiFe-LDH (0.70 V). Similarly, when measured in O,-saturated
0.1 M KOH (Fig. 4(d)), the Fe-NCNT@NiFe-LDH also has an
excellent AE value of 0.55 V, much smaller than those of the Fe-
NCNT (0.60 V) and NiFe-LDH (0.80 V). Detailed OER-ORR
performance parameters in 0.1 and 1 M KOH are concluded
in Tables S2 and S3 (ESIt). For comparison with other electro-
catalysts, AE is calculated according to the difference between
the Ej-;, of OERs in 1 M KOH and E,;, of ORRs in 0.1 M KOH.
The AE values from the recent studies reported in the literature
are summarized in Fig. 4(e) (and Table S4, ESIt). As revealed, the
Fe-NCNT@NiFe-LDH demonstrates the lowest AE value of
0.52 V.>?>377> L ower AE suggests higher OER and ORR electro-
catalytic activities to promise better reversibility of the O,/OH™
redox couple. Importantly, high reversibility is in desperate need
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for rechargeable ZABs to improve the energy efficiency and long-
term cycling performance. Notably, the OER and ORR LSV curves
of the Fe-NCNT prepared at different CVD temperatures are
shown in Fig. S9 (ESIT). In addition, by comparing the AE values,
the CVD temperature was determined to be 900 °C the for Fe-
NCNT@NiFe-LDH. Clearly, the Fe-NCNT@NiFe-LDH possesses
excellent OER and ORR activities, stemming from the excellent
OER activity of the NiFe-LDH, the eminent ORR activity of the Fe-
NCNT, and the synergy between the two components. Notably,
the OER and ORR reproducibilities of the Fe-NCNT@NiFe-LDH
and Fe-NCNT are shown in Fig. S10 (ESIt). The enhancement in
ORR results from the improved hydrophilicity of the Fe-NCNT
after wrapping with the NiFe-LDH. As demonstrated in Fig. S11
and Movie S1 (ESIt), the Fe-NCNT exhibits strong hydrophobi-
city with a contact angle of 139°. Due to the intrinsic hydrophilic
property of the NiFe-LDH, the Fe-NCNT@NiFe-LDH becomes
strongly hydrophilic. As revealed in Movie S2 (ESIt), water
droplets quickly moisten the surface of the Fe-NCNT@NiFe-
LDH with a contact angle of ~0°. Because of improvement in
hydrophilicity, the electrochemically active surface area (ECSA) of
the Fe-NCNT@NiFe-LDH is significantly increased compared with
the Fe-NCNT (Fig. S12-S14, ESIt). Consequently, the ion pathway
is strengthened to result in favorable ORR performance.’” Simulta-
neously, the cooperative effect on the OER originates from the
strengthened electron pathway. The OER performance of the NiFe-
LDH is restricted by its inherent insulation property. However,
when grown in situ on the superior carbon nanotube network, the
highly conductive electron pathway is established for the NiFe-
LDH to electrocatalyze OERs. As verified by the EIS measurement
(Fig. 3(c)), compared with the NiFe-LDH, the charging transfer
resistance of the Fe-NCNT@NiFe-LDH is greatly reduced.

To further compare the ORR activities of these electrocata-
lysts and Pt/C, they were tested by a gas diffusion electrode
method (GDE with its structure is shown in Fig. S15, ESIt).”* As
revealed in Fig. 4(f), the Fe-NCNT@NiFe-LDH achieves a cur-
rent density of 550 mA cm ™2, larger than those of the Fe-NCNT
(455 mA cm™?), NiFe-LDH (90 mA cm %), and Pt/C
(140 mA cm™>) at 0.6 V vs. RHE. The Fe-NCNT@NiFe-LDH
represents an ORR Tafel slope of 57 mV dec™ ", superior to that
of the Fe-NCNT (63 mV dec '), as shown in Fig. 4(g). To
evaluate the ORR stability, long-term chronoamperometric
responses of the Fe-NCNT@NiFe-LDH and Fe-NCNT were mon-
itored. As displayed in Fig. S16 and S17 (ESIf), the Fe-
NCNT@NiFe-LDH and Fe-NCNT both could keep 100% current
retention after continuous working at 0.5 V vs. RHE for 24 h.
However, to simulate the alternate discharging/charging pro-
cesses in rechargeable ZABs (ORR for discharging process and
OER for charging process), chronoamperometric ORR/OER-
cycle curves are suggested to be applied to evaluate the stability
of ORR/OER-bifunctional electrocatalysts. As disclosed in
Fig. 4(h), Fe-NCNT exhibits obvious attenuation in both OER
and ORR stages. Notably, the Fe-NCNT has favorable ORR
stability when only working in the ORR potential range (as
shown in Fig. S16, ESIt), while after the OER, its ORR electro-
catalytic activity obviously decayed (as shown in Fig. 4(g)). This
suggests that working at high potentials (i.e. OER potential range)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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damage the material structure of the Fe-NCNT. In contrast, the
Fe-NCNT®@NiFe-LDH basically maintains stable current densi-
ties in these ORR-OER cycles. Their discrepancy on stability can
be attributed to the surface wrapping effects of the NiFe-LDH.
When these NCNTs are wrapped tightly and uniformly with
NiFe-LDH nanosheets, the external NiFe-LDH will preferentially
catalyze the OER (during the ZAB charging process) because of
its excellent OER electrocatalytic activity. Consequently, the
internal Fe-NCNT need not participate in reactions, and it
simply acts as a carbon skeleton to transfer electrons, thereby
avoiding electrochemical oxidation and preventing, to some
extent, structural damage and performance failure from hap-
pening. In fact, in electrochemical devices, the electrochemical
oxidation could be more serious. For example, without NiFe-
LDH encapsulation, Fe-NCNTs with a relatively poor OER
electrocatalytic activity are required to work under a higher
potential (with a larger overpotential) to reach the same OER
current density during the charging process of ZABs. While
under a higher potential, carbonaceous catalysts are more
susceptible to electrochemical oxidation, structure damage
and performance failure.'®

View Article Online
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Oxygen reduction can be classified into two pathways,
namely, 4-electron transfer process (OH™ as the product) and
2-electron transfer process (H,O, as the byproduct). RRDE as
a common and useful technique is utilized to distinguish the
4-electron pathway from the 2-electron pathway, simultaneously
estimating the total H,0O, generation ratio (%). As revealed in
Fig. 5(a) and (b), the powdery Fe-NCNT@NiFe-LDH catalyst also
demonstrates a more efficient ORR activity with a higher half-
wave of 0.89 V in contrast to the Fe-NCNT of 0.87 V and Pt/C of
0.88 V vs. RHE. The H,0, yields of the Fe-NCNT@NiFe-LDH and
Fe-NCNT were calculated to be 0-6% with the electron transfer
number (1) of 3.88-4.0 at a potential around 0.8 to 0.3 V vs. RHE.
The NiFe-LDH powder exhibits worse ORR performance, coher-
ent with the result illustrated in Fig. 4(a). Actually, the 4-electron
ORR could be processed via a direct 4-electron pathway and/or a
“2 + 2”-electron pathway, i.e. a 2-electron transfer process from
O, to H,0, plus a 2-electron transfer process from H,O, to OH™
(where H,0, acts as an ORR intermediator). However, the “2 +
2”-electron pathway cannot be distinguished from the direct
4-electron pathway via conventional RRDE. Here, we introduced
a peroxidase-coupled RRDE method. (More details are provided
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(a) RRDE curves of the Fe-NCNT@NiFe-LDH, Fe-NCNT, NiFe-LDH, and Pt/C powders in O,-saturated 0.1 M KOH at 1600 rpm. (b) H,O, yield and

Fe-NCNT@NiFe-LDH and (d) Fe-NCNT powdery catalysts before and after

the addition of peroxidase. (e) RDE curves of Fe-NCNT@NiFe-LDH, Fe-NCNT and NiFe-LDH powdery catalysts measured in N,-saturated 0.1 M KOH
with 10 mM H,O, added and 1600 rpm rotation. (f) Oxygen production amount and disproportionation rate of H,O, catalyzed by the Fe-NCNT@NiFe-
LDH and Fe-NCN, respectively. Fluorescence spectra obtained from the PTA solution under the conditions of (g) 30 °C for 24 h, (h) 10 mM H,O, added

for 24 h, and (i) ORRs at 0.5 V vs. RHE for 3 h.
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in ESL.T) In the presence of horseradish peroxidase, H,O, can be
embraced by the o-helixes and B-sheets and reduced by the
center heme group of the peroxidase immediately.”* As a result,
the sequenced reduction of intermediate H,O, on the disk
electrode (in “2 + 2”-electron pathway) and the collection of by
product-H,0, by the ring electrode could be both disturbed or
interfered. Fig. 5(c) and (d) demonstrate the RRDE curves of the
Fe-NCNT@NiFe-LDH and Fe-NCNT before and after horseradish
peroxidase addition. As expected, the currents in ring electrode
are obviously dropped, suggesting that an amount of H,O, is
competitively captured by the peroxidase. Interestingly, there
are almost no fluctuations in disk currents after adding the
peroxidase, revealing that the nominal 4-electron pathway is not
derived from “2 + 2” here. Clearly, the ORRs electro-catalyzed
by the Fe-NCNT@NiFe-LDH and Fe-NCNT both undergo the
direct 4-electron pathway coupled with a small part (0-6%) of
the 2-electron pathway.

Notably, the electrocatalysts that only lead a direct 4-electron
pathway ORR can completely eliminate H,O, production,
which is extremely favorable to elevate their longevity to avoid
any Fenton or Fenton-like corrosion reactions on their struc-
tures. Nevertheless, the byproduct H,O, is always inevitably
generated in ORRs (in the discharging process of ZABs). As
revealed in Fig. S18 and S19 (ESIf), H,0, was accumulated
along with the discharging time in the simulated Zn-air
discharging battery. Then, H,0, could be decomposed to *OH
and *OOH radicals via Fenton or Fenton-like reactions,'” and
the highly reactive *OH radicals pose huge threats to the activity
and long-term stability of catalysts (especially for Fe-containing
carbons). As revealed in Fig. S20 (ESIt), once H,0, encounters
with the Fe species, *OH and *OOH will be generated even in an
alkaline environment. In addition, structure destruction caused
by the radical has been widely verified in proton exchange
membrane fuel cells (PEMFCs)”® and pollutant degradation.”®
As revealed here in Fig. S21 (ESIt), the molecular structure of
RhB could be degraded in the alkaline solution with H,0, and
traces of Fe species. Analogously, if the radicals are generated
via Fenton or Fenton-like reactions, they will pose huge threats
to the ZABs. However, there are no reports on the effects and
mechanisms of radicals on ZABs at present.

Based on the above-mentioned considerations, the explora-
tion of the consumption pathways of H,0, should be highly
valued. In electrochemical batteries, H,0, can be consumed via
electrochemical and non-electrochemical pathways without
forming *OH. In addition, there are two types of electrochemical
pathways to consume H,0,, including peroxide reduction and
oxidation reactions (PRR: H,O, to OH ; POR: H,0, to oxygen;
the detail reaction formulas are shown in ESIt).”” The PRR and
POR performances of the as-prepared catalysts were evaluated.
In comparison with the NiFe-LDH, the Fe-NCNT@NiFe-LDH and
Fe-NCNT both display high PRR and POR activities, suggesting
that H,0, could be electrochemically consumed conveniently
(Fig. 5(e)). When comparing Fig. S22 with Fig. S18 (ESIY), it is
revealed that almost two-thirds of H,O, generated in the
ORR process could be consumed via the POR (accompanied
by the OER in the charging process of ZABs). In addition, the
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disproportionation reaction is another favorable way (also with-
out forming *OH) to decompose H,0,. The Fe-NCNT@NiFe-LDH
and Fe-NCNT both exhibit obvious catalytic ability to induce
disproportionation of H,O, to produce O, (measured by gas
chromatography; more details are provided in Fig. S23 and
Movies S3-S6, ESIT). As shown in Fig. 5(f), the oxygen production
rate of the Fe-NCNT@NiFe-LDH is about twice that of the Fe-
NCNT (in the first 25 min). After about half an hour, the Fe-
NCNT@NiFe-LDH could produce 65.2 pmol of oxygen with a
conversion of 22.5%, higher than those of the Fe-NCNT
(47.5 pmol and 16.4%). The gas chromatography (GC) results
indicate that the disproportionation effect of the Fe-NCNT is
much enhanced by the NiFe-LDH via construction of wrapping
structures, probably also resulting from the promotion of hydro-
philicity, which thus facilitates the transportation of H,O, to the
catalyst surface. Finally, to probe whether H,0, is decomposed
via Fenton and Fenton-like reactions, the fluorescence method is
introduced here, wherein terephthalic acid (PTA) is used to
capture *OH radicals to form 2-hydroxy terephthalic acid (a
fluorescent material with a strong emission at ~425 nm).”®
Commonly, at around room temperature (30 °C is applied here),
*OH radicals cannot be formed from water without H,O,. As
revealed in Fig. 5(g), there are no fluorescence peaks at around
425 nm. When 10 mM H,0, was introduced (Fig. 5(h)), fluores-
cence peaks emerged. Notably, the fluorescence intensities are
much weaker than those of the traditional Fenton reagent, i.e.
Fe" ions + H,0,, suggesting that there are only a small number
of *OH radicals produced in these systems containing catalyst
and H,0, via Fenton or Fenton-like reactions (most Fe are
embedded in nanotubes). Furthermore, to resemble the actual
application, the as-prepared catalysts are undergoing ORRs
continuously for 3 h (as revealed by RRDE, byproduct H,0, is
generated). As demonstrated in Fig. 5(i), there are a negligible
number of *OH radicals generated by these catalysts. Meanwhile,
ESR was taken for the solution after ORR test (using Fe-
NCNT@NiFe-LDH as the catalyst) for 3 h. It is revealed that
the amounts of *OH and *OOH are below the detection limit.
Notably, the fluorescent intensity shown in Fig. 5(h) and (i)
follows the trend NiFe-LDH > Fe-NCNT > Fe-NCNT@NiFe-
LDH, which is in accordance with the PRR/POR electrochemical
test results and GC measurements. Taken together, due to
excellent chemical and electrochemical catalytic abilities of the
Fe-NCNT@NiFe-LDH (Fe-NCNT is next.) on H,0,, a considerable
part of H,O, is depleted via disproportionation and reduced
electrochemically, thereby the amount of H,O, involved in
Fenton or Fenton-like reactions is substantially cut down.
Zn-air batteries (ZABs) were assembled using zinc plates as
anodes and Pt/C + IrO,, Fe-NCNT@NiFe-LDH, and Fe-NCNT
respectively as air cathodes. The ZAB construction and working
principle are schematically shown in Fig. 6(a). The ZAB based
on the Fe-NCNT@NiFe-LDH, Fe-NCNT, and Pt/C + IrO, exhibits
open-circuit voltages of 1.42 V, 1.36 V, and 1.43 V, respectively
(Fig. S24, ESIt). The charging-discharging polarization curves
of these ZABs were measured to preliminarily evaluate their
application potential. As revealed in Fig. S25 (ESIt), the Fe-
NCNT@NiFe-LDH-based device possesses a smaller voltage gap

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic structure of liquid rechargeable ZABs. (b) Discharging polarization and corresponding power density curves of Fe-NCNT@NiFe-

LDH-based, Fe-NCNT-based and Pt/C + IrO,-based ZABs. (c) Discharging voltages at current densities of 2, 5, 10, 20, 50 and 100 mA cm—2 for these

ZABs, respectively. (d) Long charging and discharging cycle performance of Fe-NCNT@NiFe-LDH-based ZABs at a current density of 50 mA cm™<.

in the whole applied voltage. Corresponding to 50 and 100 mA cm ™2,

the voltage gaps are 0.62 and 0.93 V for the Fe-NCNT@NiFe-LDH,
0.73 and 1.04 V for the Fe-NCNT, and 0.74 and 1.10 V for Pt/C + IrO,-
based devices. Fig. 6(b) displays the discharging polarization
and calculated power-density curves of these ZABs. The max-
imum output power density of the Fe-NCNT@NiFe-LDH-
based ZAB is 204 mW cm™>, outperforming Fe-NCNT ZABs
(200 mW cm?) and Pt/C + IrO, ZABs (124 mW cm ?). Fig. 6(c)
displays the discharging rate performances of these ZABs. In
comparison with Pt/C + IrO, and Fe-NCNT, Fe-NCNT@NiFe-
LDH-assembled ZABs can well maintain the discharging vol-
tage even cycling at a high current density ranging from 2 to
100 mA cm ™2 for three times. Specifically, in the three cycles,
the Fe-NCNT@NiFe-LDH-assembled ZAB exhibits stable voltage
platforms of 1.23, 1.22,1.19, 1.12, and 1.03 V at 5, 10, 20, 50 and
100 mA cm>. The discharging rate performance test clearly
suggests that the Fe-NCNT@NiFe-LDH possesses extraordinary
rate performance. Furthermore, long-term discharging/
charging cycling tests were carried out. As represented in
Fig. 6(d), the battery with the Fe-NCNT@NiFe-LDH cathode
exhibits an extremely long lifespan of 1743 h (5229 cycles), an
average voltage gap of only 0.96 V, and a high average round-trip
efficiency of 52.3% at 50 mA cm ™2 Specifically, the cell demon-
strates an initial round-trip efficiency of 56% with a discharging
voltage of 1.95 V and a charging voltage of 1.08 V. After 870 h
(2610 cycles) of continuous discharging/charging cycling, the
round-trip efficiency decreases to 50%. After 1530 h (4590 cycles),
the round-trip efficiency increases slightly to 52%, probably
because upon entering into spring, the room temperature is
raised. When the current density is raised up to 100 mA ¢m™ >
(Fig. S26, ESIt), the Fe-NCNT@NiFe-LDH ZAB could withstand the
continuous discharging/charging cycles for nearly 80 hours with
an average voltage gap of 1.39 V. For comparing, the charging/

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

2

discharging cycling performances of Fe-NCNT@NiFe-LDH and
Fe-NCNT ZABs were measured at 10 mA cm™ > As revealed in
Fig. S27 (ESIt), the Fe-NCNT@NiFe-LDH preserves a long lifespan
of 1777 h and maintains an average voltage gap of 0.73 V and an
energy efficiency of 0.62; in contrast, Fe-NCNT ZABs (Fig. S28,
ESIY) exhibit an enlarged average voltage gap of 0.95 V with an
energy efficiency of 0.51 and an obviously short working period of
about 800 h. The remarkable durability and low charging-dis-
charging voltage gap of Fe-NCNT@NiFe-LDH-based ZABs are
attributed to the unique NiFe-LDH encapsulation structure with
extremely improved electrocatalytic OER and ORR bifunction and
enhanced material stability.

Conclusion

In summary, a composite has been constructed with the
structure of NiFe-LDH nanosheets tightly and uniformly
wrapped on N-doped carbon nanotubes embedded with Fe
NPs. The NiFe-LDH wrapper significantly enhances the OER
electrocatalytic activity of the Fe-NCNT@NiFe-LDH composite
and simultaneously promotes its ORR performance especially
at large current density. As a result, the Fe-NCNT@NiFe-LDH
exhibits an exceedingly small AE of 0.52 V. Furthermore, the
electrochemical oxidation and corrosion of Fe-NCNTs can be
alleviated to a large extent during the charging process of Zn-
air batteries (ZABs), because of protection by OER highly active
NiFe-LDH nanosheets via preferentially taking the OER catalyzing
role and, meanwhile, decreasing the charging potential. Addition-
ally, it was found that the Fe-NCNT@NiFe-LDH is highly effective
in consuming peroxides via disproportionation and electrochemi-
cal oxidation and reduction (PRR and POR) reactions. These
consuming processes unavoidably depress the radical-formation
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paths, which protects the catalyst from radical (such as *OH)
attacks and, thus, enormously enhance the catalyst durability. The
Fe-NCNT@NiFe-LDH-based conventional two-electrode ZAB
achieved an extremely high lifespan of 1777 hours and a low
voltage gap of 0.73 V at a current density of 10 mA cm ™2, and a
lifespan of 1743 hours and a voltage gap of 0.96 V at a current

density of 50 mA cm™ >,
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