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Interfacial Coordinational Coupled Defect Engineering Boosted
Portable Zinc-Air Battery with Broad Work Temperature

Li An, Bolong Huang, Yu Zhang, Rui Wang, Nan Zhang, Tengyuan Dai, Pinxian Xi* and Chun-Hua
Yan*

Abstract: Atomic-thick interfacial dominated bifunctional catalyst NiO/CoO transition interfacial nanowires (TINWs) with abundant
coordinational defective sites display high electroactivities and durabilities in the oxygen evolution reaction (OER) and the oxygen reduction
reaction (ORR). Density functional theory (DFT) calculations unravel that the excellent OER/ORR performance arises from the electron-rich
interfacial region coupled with coordinational defective sites, thus endows the fast redox rate with lower activation barrier for fast electron
transfer. When assembled as air-electrode, NiO/CoO TINWs delivered the high specific capacity of 842.58 mAh gz, ", the large energy density
of 996.44 Wh kgz," with long-time stability of more than 33 h (25 °C), and also the superior performance at low (-10 °C) and high temperature
(80 °C). Transitional interface engineering open perspectives for rational design advanced oxygen-involved catalysts for wide temperature
compatible metal-air batteries.

Highly active energy storage/conversion devices are of great interest owing to their important roles in energy and environmental
sustainability. Zn-air batteries (ZABs) with the advantages of high theoretical energy density, low-cost and eco-friendliness are
regarded as promising future power devices.? However, the electrochemical performance of current ZABs is severely affected by the
lack of effective bifunctional catalysts for sluggish oxygen evolution reaction (OER)/oxygen reduction reaction (ORR) at the air-
cathode.P®! Although precious Ir/Ru-based or Pt-based materials are commonly regarded as excellent OER or ORR catalysts,
electrocatalysts based on non-noble elements are much more desirable for application due to their low-cost and earth-abundance
property.

Benefiting from intrinsic corrosion-resistance and cost-efficiency, NiCo,O4 is particularly advantageous for electrocatalysis and
batteries.[®! However, the electrocatalytic performance of NiCo,04 structure without further tuning is still inferior to our demands, thus
inspiring us to find more effective strategies for structure optimization. As well known, engineering rational interfaces has been
considered as an important method to enhance the catalytic performance.®® Compared with surface sites, stable interfaces with the
thickness of 1-2 atoms as dominant sites can avoid the direct contact of the reaction solution. Furthermore, the created interfaces can
not only introduce structural discontinuity!”? to promote electronic coupling between adjacent domains!® but also enrich high-energy
defects® to enhance catalysis. In addition, interfacial material with greater compositional and structural complexity('” can exhibit
collective properties derived from each fundamental component. However, most of the interface studies are limited to focus on the
interaction between different domains while not the interface itself. Above all, establishing an interfacial structure with special spinel
NiCo,04 as primitive model is crucial for understanding the nature of interface and further designing more ideal nanomaterials.

Herein, we introduce this interfacial effect into the nonprecious Ni-Co-O system via oxygen removing/re-doping strategy. By creating
abundant transition interfaces in NiO/CoO transition interfacial nanowires (TINWSs), these special interfaces with coordinational defects
can be deemed as dominant active sites to accelerate the OER/ORR reaction. As revealed by density functional theory (DFT)
calculations, extra high electron-transfer rate originates from the interface region, which induces strong electron-transfer overcoming
the Coulomb barrier. This effect is valid through effective d-d coupling of Ni-Ni or Co-Co coordinational defects, which further leads to
the eg-level close to the Fermi level (Er) for an active t,5-g4 electron-transfer. This preliminarily proposed a universal avenue for optimal
OER performance, and also favorable for the reversible ORR reaction. Furthermore, the portable ZABs based on atomically-thinned
transition interface dominated NiO/CoO TINWs exhibited a high specific capacity of 842.58 mAh gz,”' and large energy density of
996.44 Wh kgz,™" at room temperature (25 °C), and also outstanding property at low (-10 °C) and high (80 °C) temperature.

NiO/CoO TINWSs were fabricated via oxygen removing/re-doping method using NiCo,O4 NWs as the precursor. As presented in the
X-ray powder diffraction (XRD) patterns in Figure 1a, after the reduction/re-oxidation process, NiO/CoO TINWs with the mixed cubic
crystal structure of NiO phase (Fm-3m; JCPDS: 1-1239) and CoO phase (Fm-3m; JCPDS: 1-1227) were prepared from the cubic
NiCo0,04. The XRD patterns in Figure S1 verify the complete reduction of NiCo,0O4 NWs to form NiCo alloy, endowing the possibility of
atomic coupling interface with transition state by in-situ re-oxidation. The almost identical molar ratio values (~1:2) tested by ICP-OES
demonstrate that oxygen is the most key factor during the transformation of the initial, reduced, and re-oxidized species (Figure S2).
The scanning electron microscopy (SEM) and the transmission electron microscopy (TEM) images illustrate NiO/CoO TINWs and NiCo
alloy NWs a much rougher surface with trough-crest configuration compared with the original NiCo,04, NWs (Figure S3). Owing to the
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instability under large positive potential in oxygen-involved electrocatalysis, the reduced NiCo alloy is only regarded as intermediate
species while not the investigated catalyst. Furthermore, both the Brunauer—Emmett-Teller (BET) theory and the Barrett-Joyner-
Halenda (BJH) in Figure S4 indicate NiO/CoO TINWSs with larger specific surface area and higher porosity to offer more active sites.!'!]

In addition, the high-resolution transmission electron microscopy (HRTEM) results reveal that compared with the NiCo,O4 NWs,
atomic coupling interfaces constructed by two different domains can be easily observed in the NiO/CoO TINWs (Figure S5). To further
disclose the interfacial structure of NiO/CoO NWs, atomic-resolution high-angle annular dark-field (HAADF)-aberration corrected
scanning transmission electron microscopy (STEM) image was directly performed to analyze the atom arrangements at interface
region.['d The HAADF-STEM and Fast Fourier transform (FFT) images in Figure 1b convincingly manifested the coexistence of two
clearly distinct structural domains with the constructed atomic coupling interfaces. FFT-filtered atomic resolution image was further
used to visualize the domain transformation (Figure 1¢).['® In addition, eight representative atoms marked as A1, A2, B, C, D1, E1, D2,
E2 were selected in the magnified atomic-scale HAADF image (Figure 1d). The corresponding line intensity profiles in Figure 1e directly
display the periodic atom arrangements of A1-A2 in the /eft domain and also the D1-E1-D2-E2 periodic atom arrangements in the right
domain.["l While the atoms of B and C with irregular profile intensities at the interface region suggest the presence of transition
interfacial defects with interfacial electronic coupling. Thus, all the above results verified the successful production of NiO/CoO with
abundant transition interfacial defects.

The X-ray absorption near-edge structure (XANES) spectrum at O K-edge was further performed to evaluate the significance of
oxygen during the NiCo,04-NiO/CoO transformation. As shown in figure 1f, the increased intensity of peak A and the slightly positive
shift of peak B suggest the generation of more oxygen deficiencies!'® and charge transfer from the O1s core-state to the s, p, or d hole-
states of neighboring atoms!'®l over the transition interfaces. The higher photoluminescence (PL) spectra intensityl'”! and enhanced
electron spin resonance (ESR) signall'® also suggest the much more oxygen deficiencies on NiO/CoO TINWSs, which is demonstrated
2.02 times larger than that of NiCo,O, NWs via the X-ray photoelectron spectroscopy (XPS) of O1s peak at 531.4 eV['¥ (Figure
S6&Table S2). The EXAFS spectra of NiO/CoO TINWs and NiCo,O4 NWs at Ni/Co K-edge and their corresponding fitting results
(Figure S7, S8, S9&Table S3) confirm that the reduction/re-oxidation process weakens the Ni-O and Co-O interaction. Furthermore,
the reduced coordination numbers (CNs) and increased disorder degree in the local NiO/CoO TINWs structure with plentiful transition
interfaces guarantee their higher activity.??"!

DFT calculation reveals that the transition interface (Tl) models of NiO(100) and CoO(111) contains high and low CNs of
coordinational defects with (111) and (100) lattice symmetry maintained (Figure 2a). The strain within the CoO TI region leads to an
obvious lattice distortion (Figure 2b). The bonding and anti-bonding orbitals near Er denote the electronically active character within
the Tl region (Figure 2a&b). For the NiO (Tl) model, the projected partial density of states (PDOSs) shows the broadened bands of
both Ni-3d and O-2p, compared to the original surfaces. The t,g-g, splitting effects have been substantially narrowed within the Tl region
(Figure 2c). The Tl contributes similarly to modulating the 3d-bands of Ni- and Co-sites from NiO (Tl) and CoO (Tl) systems, respectively.
The electron-rich Co-3d bands display wider p-d overlapping for better site-to-site electron-transfer (Figure 2d). The IF induces strong
electron-transfer overcoming the Coulomb barrier that is valid through effective d-d coupling of Ni-Ni or Co-Co coordinational defects,
which further leads to an active f,-e4 electron-transfer (Figure 2e). Detailed site-dependent analysis of Tl region in NiO (TI) system
from (100) and (111) shows that, compared to the regions with distance from TI, the Ni-3d bands near Tl region exhibit high electronic
activities staying close to Er with nearly diminished eg-feature (Figure S10a&b). Moreover, further closer viewing of Ni-bands also
presents a finely modulated peak positions for better selectivity of electron-transfer from the site-to-site perspective (Figure S10c).
Meanwhile, a similar electronic trend of site-dependent Co-3d band in the CoO (Tl) system is noted. In addition, the Tl region broadens
the Co-3d bands to be an electron-rich character. Such trend further exhibits higher activities for electron-transfer as the tx-e4gap is
minimized as ey state obviously across Er (Figure S10d).

The OER and ORR properties of these catalysts were further evaluated in 1.0 M KOH solution. NiO/CoO TINWs possess the best
OER property with the low overpotential (7 = 255 mV at j = 10 mA cm™) and excellent ORR ability with the onset potential of 0.908 V
and half-wave potential (E4;2) of 0.818 V (Figure S11). In addition, after surface area normalization via BET, the superiority of NiO/CoO
TINWs is still remarkable, which further demonstrates their enhanced intrinsic activity owing to the formation of transition coupling
interfaces (Figure S12).2" Furthermore, NiO/CoO TINWSs show high stability with a slight current attenuation of 0.3% after 20 h OER
running (Figure S13) and only 2.6% current density loss after 20 h ORR testing (Figure S14). Importantly, NiO/CoO TINWSs exhibit an
outstanding overall electrode performance with the lowest AE (0.682 V) (Figure 3a&Table S4). As shown in Figure 3b, NiO/CoO TINWs
was further used as air-cathode of primary ZABs with 6.0 M KOH aqueous as the electrolyte.?? This primary ZAB with large open-
circuit voltage (OCV = 1.492 V, Figure S15) deliver the maximum power density of about 151 mW cm?, larger than NiCo,O4 NWs (67
mW cm) and Pt/C + IrO; (112 mW cm2). After further adding 0.2 M zinc acetate into electrolyte, the corresponding rechargeable ZAB
was constructed, which can continuously keep working for about 332 h via mechanically replenishing Zn plate for four times (Figure
S16) without obvious change on the morphology and structure of NiO/CoO TINWSs (Figure S17), indicating its structural stability in the
long cycling life ZABs configuration.

To explore the feasibility of its application in real life, we further assemble all-solid-state portable ZAB configuration (Figures S18).
As shown in Figure S19, the high OCV of 1.354 V for a single NiO/CoO TINWSs-based portable ZAB was obtained at 25 °C, with two
portable ZABs integrated in-series can successfully illuminate a green LED under ambient conditions (Figures S20). More interestingly,
even at the severe environment, such as -10 °C or 80 °C, the OCV of this portable ZAB with NiO/CoO TINWs as air-electrode displays
little fluctuate and keep in the region of 1.33-1.37 V (Figure 3c). Figure 3d&e exhibit the specific capacities and energy densities trend
of this NiO/CoO TINWSs-driven portable ZAB with different temperature (-10 °C, -5 °C, 0 °C, 10 °C, 25 °C, 35 °C, 50 °C, 65 °C and 80
°C), respectively. With 25 °C as the best condition (specific capacity: 842.58 mAh gz, and energy density: 996.44 Wh kgz,™"), this
portable ZAB still possess high value of specific capacity (328.57 mAh gz,"')/energy density (364.45 Wh kgz,") at subzero temperature
(-10 °C) and also high value of specific capacity (313.28 mAh gz, ")energy density (341.35 Wh kgz,™') at corresponding-high
temperature (80 °C) (Figure S21&Table S5). Furthermore, this portable ZAB exhibits extremely long cycle life of more than 33 h, and



also the excellent stability even decreasing the temperature to -10 °C or elevating to 80 °C, which can still smoothly work at least 14 or
12 h, respectively (Figure 3f&Figure S22). All these data demonstrate this NiO/CoO TINWSs-based portable battery possess excellent
anti-freezing and heat-resistant property, further ensuring its potential for the practical application in a large temperature range.

Furthermore, we compare the free energy pathway among NiO (100), NiO (111), NiO (TI) and CoO (Tl) to understand the OER
reactivity (Figure 4a-c). At the U=0 V, the initial [*OH]-adsorption favours at the NiO (111) with an almost energetically adiabatic trend
boosting the formation towards O*. All four systems demonstrate the potential determining step (PDS) at the formation of
[HOO*+H,O+0OH"]. The energetic difference to form [O; (g)+*+2H,0] at the last step is diversified (Figure 4a). For the U=1.23 V, the
over-binding effect is noticed in NiO (111) systems rather than the Tl region, which is consistent with electronic activity analysis (Figure
4b). We benchmarked the overpotentials as 0.58 V, 0.69 V, 1.07 V, and 1.28 V for CoO (TI), NiO (TI), NiO (111), and NiO (100),
respectively (Figure 4c). The Tl alleviates the barrier for both stabilizing HOO* and electron-transfer to achieve high reactivities. Further
structural evolution displays that the electron-rich Tl region can not only facilitate the initial facile O-H bond cleavage of H20 but also
enhance the enhanced electron-negative O to further oxidize the HOO* (Figure 4d). The electronically active (111) surface regions will
locally stabilize the H to prevent active sites covering. Meanwhile, the interfacial short-range disorder further minimizes the
intermediating energetic cost with lattice relaxation, illustrating the vital function of TI region for optimal OER performance and
energetically favourable ORR process.

In summary, well-defined NiO/CoO TINWSs were fabricated via an oxygen removing/re-doping method. The as-synthesized NiO/CoO
TINWs featured with abundant atomically-thinned transition interface were demonstrated as highly effective and stable air-cathode for
OER and ORR. DFT calculations reveal that the interface system coordinational defects with high and low CNs with (111) and (100)
lattice symmetry were maintained. Such a scenario uniquely preserves the co-existence of the high and low valence of Co-sites for fast
redox rate with lower activation barrier. The interface not only possesses an electron-rich character but also contributes an effective
electron-transfer site for stabilizing *OOH, which is the key element for optimally minimizing overall OER barriers, as well as the ORR
process. The assembled portable ZABs with NiO/CoO TINWs as air-cathode exhibited high specific capacity of 842.58 mAh gz,", large
energy density of 996.44 Wh kgz,"! and long stability of 33 h at 25 °C, which can also work at severe condition, such as subzero -10 °C
and high temperature of 80 °C, rendering the portable ZABs operate properly in a wide temperature window.
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Figure 1. a) XRD patterns of NiO/CoO TINWs and NiCo204 NWs. b) Atomic-resolution HAADF-STEM image of NiO/CoO TINWSs, along with their respective Fast
Fourier Transforms (inset). c) FFT-filtered atomic resolution image using two sets of diffraction spots. d) The magnified atomic-resolution HAADF-STEM image of
NiO/CoO TINWs. e) Intensity profile across the interface, corresponding to the white line in (d). f) The O-K edge XANES spectra of NiO/CoO TINWs and NiCo204
NWs.
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Figure 2. a) The top-views of NiO (Tl) (left-panel) and the real-spatial contour plots for the bonding and anti-bonding orbitals near the Er of the bonding-form Tl
model (right-panel). b) The top-views of CoO (TI) (/eft-panel) and the real-spatial contour plots for the bonding and anti-bonding orbitals near the Er of the bonding-
form Tl model (right-panel). c) The comparison of the PDOSs for NiO (TI), NiO (111) and NiO (100) systems. d) The PDOSs comparisons between NiO (Tl) and
CoO (TI) systems. e) The summarized t2y and eg splitting trends for NiO (100), NiO (111), NiO (TI) and CoO (TI), respectively



30 1 ' 1.5 -
a |— NioICoo TINWS! & | b 150 E
[ Nico,0,NWs  {© [ 2] =
" 12 - —= Ni0ICoO TINWs| 100 E.
G o NiCo,0, NWs -
o 1 294
E 8 08 ——PYC + IO, E
= o
b : 50 o
S ® o] 391 8
Iy -} | A 3
j’_” 0.3 , : . . 0 3
03 06 09 13141516 100 200 300 400 , 500 o
E (V) vs. RHE ol Current Density (mA cm™)
1.50 §
c Y 3 P 21000
1459 2 4 < s00] °
s 3 E 0
o 1.40] oH- .Q. < Hydrogel 2> 6004 °
= ———————— ] § ®
£ 4. < 3
° 1.359 —————— % 400 3 ° "
> qap]— 0 —we T ——s'c| §
s —a2c —esc| o 200
p2slmee  ——ssc —s0’c £
2 4 6 8 10 g 10 -5 0 10 25 35 50 65 80
— Time (h) 7] Temperature (°C)
1200 § o0 =%
£ 900 ° R 25y e
g = 20
2 s00 ° o
7] a 5
c ® 15
[ ] -
3 300 O ('] g
- 1.0
5§ o
0.5+
& 40 -5 0 10 25 35 50 65 80 0 5 10 15 20 25 30
Temperature (°C) Time (h)

Figure 3. a) The overall polarization curves of these catalysts within the OER and ORR potential window. d) The polarization and power density curves of primary
ZABs with these catalysts as air-cathodes. c) The open-circuit plot of NiO/CoO TINWs at different temperature tested in portable ZABs. d) The specific capacities
and e) energy densities trend with temperature. f) Long-term charge/discharge cycling tests of the portable ZABs with NiO/CoO TINWs as air-cathode at the current
density of 1 mA cm? under different temperature.

6 1.5 1.6 -
a — NiO(100) b = NiO(100) = NiO(100)
5= NiO(111) L — NiO(111) — 1.41 — NiO(111)
= NiO(100)||NiO(111) 1.0]— NiO(100)||NiO(111) / 1.2 = NiO(100)||NiO(111)

—— C00(100)[|CoO(111)

1— co0(100)||C00(111) —— C00(100)||CoO(111)

Overpotential (eV) ©
e o9
+P29

e e
o N
b

Figure 4. a) Reaction energetic pathways for catalytic OER among NiO (100), NiO (111), NiO (TI) and CoO (Tl) systems at U=0 V electrode potential. b) OER
pathways under U=1.23 V potential. ¢) Overpotential benchmarks among NiO (100), NiO (111), NiO (TI) and CoO (TI) systems. d) The evolutions of local structural
configurations for illustrating the OER process from Tl region within the NiO (TI) system, where the red ball denotes for O and white ball denotes for H.
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The NiO/CoO transition interfacial
nanowires (TINWs) with abundant
interfacial  coordinational  coupled
defects were obtained during the
oxygen removing and re-doping
process. The atomic-thick transition
interface renders NiO/CoO TINWs as
highly efficient and stable bifunctional
OER/ORR catalyst, and also enable
the wide operation temperature
working range (-10 °C~80 °C) for
portable ZABs.
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