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Abstract

Highly active bifunctional electrocatalysts are crucial for improving the performance
of rechargeable metal-air batteries. However, most reported bifunctional
electrocatalysts feature poor electrocatalytic activity and stability toward oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER). Here, we have
reported the first ever study of an effective one-step reduction-assisted exfoliation
method to exfoliate bulk vanadium-doped cobalt hydroxide (V-doped Co(OH),
denoted as V-Co(OH).) into ultrathin nanosheets with abundant oxygen vacancies (V-
Co(OH)2-Oy) and simultaneously anchor them with highly dispersed ultrafine Pt
nanoparticles (NPs) with nominal size of 0.8-2.4 nm (denoted as Pt/\VV-Co(OH)2-Ov).
The Pt/VV-Co(OH)2-Oy catalyst exhibits improved catalytic performance in ORR/OER.
X-ray absorption spectroscopy analysis and theoretical calculations reveal the strong
interfacial electronic interactions between Pt NPs and V-Co(OH).-Oy, which
synergistically improves oxygen intermediates adsorption/desorption, enhancing the
ORR and OER performance. Using the Pt/\VV-Co(OH)2-Oy as a catalyst in the air cathode,
a hybrid sodium-—air battery displays a record value of ultralow charging-discharging
voltage gap of 0.07 V at a current density of 0.01 mA cm2 with remarkable stability of
up to 1000 cycles. This reduction-assisted exfoliation approach provides a new strategy
to generate oxygen vacancies in metal hydroxides, which act as anchoring sites for

deposition of sub-nano metal NPs via a strong interfacial effect.
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Introduction

With the rapid development of electric vehicles, developing low cost, high energy
density, and long cycle life batteries has drawn significant attention from researchers in
academia and industry.!”* Among rechargeable metal-air batteries, hybrid sodium-air
batteries (HSABs) have been intensely considered as promising next-generation high-
energy batteries because of low cost, high safety and environmental friendliness,
exceeding the stored energy of the-state-of-art Li-ion batteries.* In 2013, K. Hayashi
has first reported the development of an alkaline HSAB,* addressing the challenges of
conventional sodium-air and lithium-oxygen batteries, that exhibits an electrochemical
discharge capacity of 600 mAh g!, energy density of 1500 Wh kg! and a maximum
areal output power of 11 mW cm 2. In theory, an alkaline HSAB can achieve a standard
cell voltage of 3.11 V and a high specific capacity of 838 mAh g' (2600 Wh kg™).
However, ORR/OER usually involves multiple steps with one electron transfer per step,
leading to sluggish kinetics with high discharge/charge overpotentials to overcome.’™
To date, platinum (Pt) and iridium oxide (IrOz) or ruthenium oxide (RuO>) are well-
recognized electrocatalysts with favorable rates for ORR and OER, respectively.” '°
However, the high cost, scarcity, and unsatisfactory durability impede their widespread
applications in alkaline metal—air batteries. Therefore, developing efficient bifunctional

electrocatalysts to address the critical challenges of the electrocatalysts for the air

cathodes in HSABs is urgently required, but still remains challenging.
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Recently, low-cost transition metal (Co, Fe, and Ni)-based hydroxides have been
demonstrated as promising electrocatalysts for OER because their 3d electronic
structure could be modulated to weaken or strengthen the OH" adsorption energy.'!-!”
Modulating the electronic structure of the metal center by dopants can be an effective
method to enable favorable energetics for OER intermediates (*OH, *O, and *OOH)
on the active sites'® ' and lowering the energy barrier of the rate-determining step (RDS)
during OER.?’ In addition, generating oxygen vacancies in metal-doped transition metal
hydroxides remarkably enhances the OER catalytic performance,?!** owing to the
regulated electronic properties of the catalysts that facilitated high chemical reactivity
of metal atoms for fast and efficient faradaic reactions.>> However, the origin of the
observed synergy among the metal dopant, the metal center and the oxygen vacancies
as active sites for OER is yet to be further elucidated, that can provide significant

insights into the rational design of efficient electrocatalysts.

Pt coupling with metal oxides, such as CoO,?® Tip 7Moo 302" ZrO,?®, and TaB,*’,
1s a promising approach to enhance bifunctional catalytic activity and durability of the
ORR/OER catalysts, that is attributed to the electronic interfacial effects of the
heterojunction between two components.>’ Density functional theory (DFT) studies
revealed that foreign metal nanoparticles (NPs) anchored on the catalyst substrate can
effectively regulate the electron structure of active sites by taking advantage of the
strong interfacial effect and synergistic catalytic characteristics of the NPs and catalyst
substrate. As a result, the Gibbs formation energy required for active metal sites to reach

the desired high oxidation state of compounds decreases, thus improving the
4
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electrochemical activity.>® 3! These studies suggest that the rational design and
synthesis of heterogeneous bifunctional electrocatalysts by the combination of Pt NPs
and metal-doped transition metal hydroxides with oxygen vacancies can lead to a highly
active bifunctional electrocatalysts for rechargeable metal—air batteries. However, an in
situ facile growth of such bifunctional electrocatalysts is still challenging.

Here, we reported an one-step reduction-assisted exfoliation approach to
synthesize highly dispersed ultrafine Pt NPs (2.4 wt%) with nominal size of 0.8—2.4 nm
on the ultrathin vanadium-doped cobalt hydroxide (V-doped Co(OH),) with abundant
oxygen vacancies (denoted as Pt/V-Co(OH)2-Oy) as an electrocatalyst for ORR/OER in
alkaline solution. The Pt/V-Co(OH);-Oy catalyst exhibited a low ORR onset potential
(Monset=0.91 V), low OER overpotential at a current density of 10 mA cm™2 (3710=145
mV), and small OER Tafel slope (62.8 mV dec ') in I M KOH, which are notably better
than those of the pristine V-Co(OH), and the V-Co(OH),-Oy. The improved catalytic
activity of Pt/V-Co(OH),-Oy is attributed to the increased valence state of neighboring
Co and V atoms and the transfer of electron charge density from O to Co and V atoms,
as evidenced from the X-ray absorption spectra. A HSAB was assembled using the Pt/V-
Co(OH),-Oy as the catalyst in the air electrode in an enclosed O»-saturated 0.1 M NaOH
system, displaying an extremely low charging-discharging voltage gap of 0.07 V at a

current density of 0.01 mA cm and remarkable cycling stability of up to 1000 cycles.

Results and discussion

Exfoliation mechanism of V-Co(OH)2 materials
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In this study, V-Co(OH). bimetal hydroxides were selected as starting materials
owing to their high OER activity.'3 Figure 1 illustrates the synthesis of Pt/\V-Co(OH).-
Oy via the reduction-assisted exfoliation of V-Co(OH)2 in NaBHjs solution. The layered
structure of V-Co(OH) can be easily intercalated by H20 and BH4” molecules.!? During
stirring, H2 bubbles were generated by the reaction of H.O with NaBH4 (Eq. 1). BH4
chemically destroyed the ionic and hydrogen bonds in the interlayers of the layered
structure of V-Co(OH)., thus disturbing the normal charge balance and separating the
positively charged brucite-like host layers from each other through the generated H>
bubbles. Meanwhile, NaBH4 induced the reduction etching of covalent bonds in the V-
Co(OH)2 host layers, which facilitated the escape of surface atoms from the lattice, the
generation of multiple oxygen vacancies (Ov), and hence the subsequent formation of
V-Co(OH),-Oy (Eg. 1).*2 Simultaneously, Pt NPs were deposited on the abundant
oxygen vacancy defects, acting as anchoring sites, on V-Co(OH)2-Oy nanosheet during
stirring by the reduction with NaBH4. Exfoliating layered structure materials to their
2D ultrathin nanosheets not only enables the exposure of nearly all surfaces with
abundant catalytic active sites for lattice oxygen oxidation mechanism,!” unlike 3D
structured oxides that only allow the surface formation of O-O bonds,**: 3* but also
decreases the diffusion paths of ions.’®> Therefore, the as-exfoliated ultrathin Pt/V-
Co(OH).-Oy nanosheets featured porous ultrathin nanosheets with abundant oxygen
vacancies, promoting essential electronic properties.*® Importantly, in comparison with

hydrothermal exfoliations, a reduction-assisted exfoliation is a clean, time-saving, non-
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toxic method that requires no excess energy nor complicated manipulation with heat

treatment and plasma.

2BHy (aq) + 8OH" (aq) — B(OH)s™ (aq) + BOy (aq) + 2H0 (1) + 4Ha (g) + 8¢ (1)

Characterizations of materials

The X-ray diffraction (XRD) patterns of V-Co(OH), and V-Co(OH),-O, (Figure S1,
Supporting Information) showed two main diffraction peaks at 33.8° and 59.9°, which can
be indexed to the (012) and (110) planes of a-Co(OH), (JCPDS 46-0605, trigonal crystal
system, space group P-3ml, cell parameters a = 11.96 A, b=6.36A, ¢=25.00 A,
o=B=y=90°), respectively.>” No other peak was observed, suggesting that a similar crystal
structure was preserved before and after exfoliation. The morphology and ultrathin
structures of the as-prepared samples were investigated via scanning electron
microscopy (SEM). As shown in Figure S2 (a—f, Supporting Information), V-Co(OH)
without NaBH4 treatment possessed a bulk and thick plate, whereas V-Co(OH)-Oy
exhibited a porous structure and ultrathin nanosheet features, indicating the successful
reduction-assisted exfoliation of V-Co(OH). bulk. Atomic force microscopy (AFM)
showed that V-Co(OH),-Oy ultrathin nanosheets measured ~3 nm in thickness (Figure
2a-b), whereas a thickness of over 20 nm was observed for the pristine V-Co(OH)2 bulk
(Figure S3, Supporting Information), confirming the role of NaBH4 in the exfoliation of V-
Co(OH), bulk. The transmission electron microscopy (TEM) images of bulk V-Co(OH)
further confirmed the NP-like feature of the un-exfoliated V-Co(OH), (Figure S4a,

Supporting Information), whereas the reduction-assisted exfoliated V-Co(OH)2-Oy
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presented an ultrathin porous nanosheet structure (Figure S4b, Supporting Information).
High-resolution TEM (HRTEM) images showed that the NaBH4 reduction-assisted
exfoliation of V-Co(OH)>-Oy involved 3—4 monolayers of V-Co(OH); structure (Figure
S5, Supporting Information), further demonstrating the successful exfoliation of bulk V-
Co(OH); materials. The HRTEM image and the selected area electron diffraction (SAED)
pattern of V-Co(OH); presented its polycrystal nature (Figure S6, Supporting Information),
which is consistent with the XRD pattern (Figure S1, Supporting Information). The HRTEM
image of V-Co(OH),-Oy (Figure 2¢) and its SAED (inset of Figure 2c) also revealed a
polycrystal structure with two planes (102) and (110), caused by the partial etching of V-
Co(OH): by NaBH4 during reduction-assisted exfoliation.® A magnified view of the
HRTEM images (Figure 2d) showed disordered lattice stripes and atomic fluctuations in the
V-Co(OH)»-Oy that might attribute to oxygen vacancies. The high-angle annular dark-field
scanning TEM (HAADF-STEM) image and corresponding mapping images from energy-
dispersive X-ray spectroscopy (EDS) indicated the homogeneous distribution of Co, V,
and O in the whole nanosheet (Figures 2b—¢). According to the EDS analysis (Figure S7f-
g, Supporting Information), the composition ratio of Co:V was 3:1, in accordance with the
feeding ratio. The HAADF-STEM image of Pt/V-Co(OH)-Oy shows that ultrafine Pt NPs
were uniformly distributed on the surface of V-Co(OH)-Ov, whereas the inset shows the
particle size distribution plot (Figure 21). The average size of Pt NPs is ~1.7 nm, which is
smaller than that of Pt NPs synthesized via traditional impregnation—chemical reduction
methods.?® The TEM image (Figure 2j) further revealed that the deposited Pt NPs were

homogeneously dispersed on the V-Co(OH)>-Oy without evident aggregation. Notably,
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Pt NPs and V-Co(OH)-Oy were embedded with each other, suggesting the matching
nano-interfaces between the two components, which could synergistically enhance the
catalytic activity and durability of the prepared material. Furthermore, the HRTEM
image (Figure 2k) revealed that several Pt NPs were dispersed on the V-Co(OH),-
Oy nanosheets with distinct crystal lattices. A neighboring interlayer distance of 0.23
nm was assigned to the (111) plane of Pt (Zone 1), whereas the distance of 0.27 nm
corresponded to the (012) plane of V-Co(OH)>-Oy (Zone 2). Notable disordered lattice
stripes and atomic fluctuations were also observed in Pt/V-Co(OH)2-Oy, suggesting rich
defect sites in Pt/V-Co(OH)-Oy (Figure 2k). The SAED pattern of Pt/V-Co(OH);-Oy
(Figure S7a, Supporting Information) showed three diffraction rings corresponding to
the (111) plane of Pt NPs and the (012) and (110) planes of V-Co(OH)-Oy in Pt/V-
Co(OH);-Oy. Elemental mapping further demonstrated the homogenous distribution of
Pt, Co, V, and O throughout the nanosheet structure in Pt/V-Co(OH),-Oy (Figures S7b—
e, Supporting Information), verifying the uniform dispersion of Pt NPs anchored on V-
Co(OH)-Oy. Approximately 2.4 wt% Pt was determined for the synthesized Pt/V-
Co(OH),-Oy based on EDS (Figures S7f-g, Supporting Information).

X-ray photoelectron spectroscopy (XPS) measurements of the samples were
conducted to investigate the influences of surface properties of materials on catalytic
activities of ORR and OER. Figures 3(a—c) show the valence states of cations and the
existence of oxygen vacancies on V-Co(OH)2, V-Co(OH)-Ov, and Pt/V-Co(OH);-Ov
samples. Figure 3a shows the O 1s spectra of V-Co(OH)2, V-Co(OH)>-Oy, and Pt/V-

Co(OH)-Ov, which can be deconvoluted into three characteristic peaks of oxygen
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atoms bound to metals (529.86 eV for O1), defect sites with low oxygen coordination
(530.89 eV for 02), and surface-adsorbed oxygen (531.75 eV for O3). V-Co(OH)-Oy
and Pt/V-Co(OH):-Oy showed a considerably higher O2 percentage than that of V-
Co(OH)> material (Table S1, Supporting Information). The higher O2 percentage of
Pt/V-Co(OH)2-Oy (62.5%) and V-Co(OH)-Oy (54.7%) indicates the presence of more
oxygen vacancies in the samples compared with V-Co(OH)> (34.9%), which can be
explained by Eq. 1. To further demonstrate the presence of oxygen vacancies in V-
Co(OH)2-Oy and Pt/V-Co(OH)2-Oy, we studied three samples via Raman scattering
spectroscopy (Figure S8, Supporting Information). For the three samples, the peaks
located at 169, 317, and 646 can be indexed to the characteristic bending and stretching
vibrations of a-Co(OH),, whereas the peak located at 801 cm™ corresponds to V-O
vibration. Notably, the Raman spectra of the three samples are similar, confirming the
same crystal structure. The observed Raman peaks gradually broadened, and the peak
intensity decreased after exfoliation, corresponding to the formation of defects, such as
oxygen vacancies and lattice disorder, in V-Co(OH),-Oy and Pt/V-Co(OH),-Oy.*°

The fine-scanned Co 2p spectra were fitted to investigate the valence states of Co
atoms (Figure 3b). Two main peaks for Co 2p3»2 and Co 2p12 were located at 781.21
and 797.32 eV, accompanied by two shake-up satellite peaks at 786.6 and 803.1 eV,
respectively. The fitted peaks for Co 2p3.2include Co®* (~780.54 ¢V) and Co** (~781.21
eV), revealing the coexistence of Co?* and Co’", respectively. Compared to V-Co(OH)a,
the valence state of Co were shifted from Co** to Co** due to the electron transfer from

the O to Co atoms, while it was slightly shifted back to Co*" in Pt/V-Co(OH)>-Oy due

10
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to electron transfer from Co to Pt (as discussed in the X-ray absorption fine-structure
spectroscopy (XAFS)). Notably, the atomic ratios of Co**/Co** for V-Co(OH)>-Oy and
Pt/V-Co(OH)>-Oy are 1.90 and 1.82, respectively, whereas that for V-Co(OH)> was 1.23
(Table S2, Supporting Information). Previous studies reported that a high atomic ratio of
Co%"/Co*" may indicate relatively high oxygen vacancies.*"**? Interestingly, the atomic
ratio of Co?*/Co*" slightly decreased to 1.82 for Pt/V-Co(OH),-Oy compared with that
of V-Co(OH)»-Oy, because the Pt NPs altered the valence state and charge density of

30, as discussed in the section

the material due to the electron transfer of Co atoms to P
on XAFS. Similarly, V 2p XPS (Figure 3c) showed the same phenomenon; it displayed
binding energies of 516.78 eV and 524.0 eV with a spin-orbit splitting of 7.22 eV,
corresponding to the mixed V**/V*#"/V>* phase.

Figure S9 (Supporting Information) shows the high-resolution Pt 4f XPS spectra of
Pt/V-Co(OH),-Oy. The peaks located at 71.4 and 74.9 eV in Pt/V-Co(OH)-Oy are
assigned to Pt 4f;» and Pt 4fsp, respectively. Both peaks slightly shifted to lower
binding energies relative to those of the peaks of the commercial Pt/C,* indicating that
the interfacial electronic interactions between Pt NPs and V-Co(OH)>-Oy occurred due
to the electron transfer from Co and V to Pt atoms after decoration with Pt NPs. Notably,
the electronic modulation of V-Co(OH)>-Oy induced by Pt NPs and the interfacial
synergy between Pt NPs and the V-Co(OH),-Oy support can improve the

adsorption/desorption features of oxygen species (e.g., *OH and *OOH), thereby

boosting the electrocatalytic properties of Pt NPs (to be discussed later).
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X-ray absorption near-edge structure (XANES) spectra were analyzed to probe the
valence state of Co and V in the samples. Figure 3d-¢ shows the Co K-edge XANES
spectra for V-Co(OH)2, V-Co(OH),-Oy, and Pt/V-Co(OH);-Oy samples. All samples
showed a low-intensity pre-edge shoulder (so-called “the pre-edge peak™) at ~7711 eV,
which is attributed to the electronic transition from Co 1s orbital to the 3d orbital.** The
strong absorption peak at ~7726 eV for Co K-edge was due to the dipole transition of
Co 1s orbital to the 4p orbital.* The absorption edge of Co K-edge for the as-prepared
V-Co(OH)2, V-Co(OH),-Oy, and Pt/V-Co(OH)2-Oy samples shifted to higher energy
compared with commercial o-Co(OH),, illustrating that Co existed as
Co?"/Co®" bonded with oxygen in the three samples.*** The absorption edge of Co K-
edge for V-Co(OH),-Oy and Pt/V-Co(OH)-Oy shifted to lower energy compared with
V-Co(OH), revealing the partial electron transfer from O atoms to the Co 3d orbitals
due to oxygen vacancies.'> 3 Notably, the absorption edge of Co K-edge of Pt/V-
Co(OH),-Oy shifted to higher energy compared with V-Co(OH),-Oy, indicating a slight
electron transfer from Co to Pt*° and resulting in the shift of Co to a higher valence
state, which is in good agreement with XPS results. Figure 3f-g presents the absorption
edge of V K-edge XANES spectra of the as-prepared V-Co(OH), V-Co(OH),-Oy, and
Pt/V-Co(OH),-Oy. An evident pre-edge peak at 5465-5475 eV was observed and assigned
to dipole-forbidden transitions from V 1s core levels to 3d states due to the combination of
strong 3d—4p mixing and the overlap of metal 3d orbitals with 2p orbitals of the surrounding

O atoms,*> 4

and the peak intensity is proportional to the unoccupied density of the 3d
states.*® Hence, the oxidation state of V is V¥*/V*"/V°" in V-Co(OH),, V-Co(OH),-Oy,

12
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and Pt/V-Co(OH),-Oy, and this result is attributed to the further orbital hybridization
between the 3d orbitals of Co and 2p orbitals of oxygen,* which is in good agreement
with XPS results. In comparison with V-Co(OH)», the intensity of the pre-edge peak of
V K-edge XANES spectra slightly decreased for V-Co(OH)»-Oy and Pt/V-Co(OH)>-Oy
(Figure 3f-g). This finding suggests the partial electron transfer from O 2p to the V 3d
orbitals due to oxygen vacancies. In addition, the intensity of V K-edge peak in Pt/V-
Co(OH)2-Oy slightly increased compared with V-Co(OH)>-Oy, indicating a partial
electron transfer from V to Pt atoms.*
OER and ORR electrocatalytic activity

The electrocatalytic OER properties of V-Co(OH)2, V-Co(OH)»-Oy, and Pt/V-
Co(OH)2-Oy were examined by coating the samples on a glassy carbon (GC) electrode
in a three-electrode configuration in 1 M KOH at a scan rate of 10 mV s™'. As shown in
Figure 4a, the performance of different catalysts varied from the anodic polarization
currents recorded via linear sweep voltammetry (LSV). Remarkably, the Pt/V-
Co(OH),-Oy exhibited the highest OER catalytic activity with the lowest onset potential
of 1.41 V compared with V-Co(OH)>-Oy (1.57 V), V-Co(OH): (1.61 V), and Ir/C (1.62
V). Liu et al. reported that vanadium-doped cobalt hydroxide can significantly enhance
the OER activity at the Co sites.!*> This improvement is attributed to the changes in
OH" absorption Gibbs free energy (/A Gom) and the O*-to-OH™ absorption energy
difference (A Go —/A Gon), as rationalized by the difference in electron affinity between
Co (63.7 kJ/mol) and V (50.6 kJ/mol) ions.'* > For V-Co(OH),-O, the existence of V
atoms could also lead to changes in AGor and AGo —AGon at the Co sites and

13
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facilitate the formation of OH™ and O intermediates on the surface Co®" neighboring
the oxygen vacancy, thus promoting the OER activity.'* °° In particular, the Pt/V-
Co(OH)2-Oy required an overpotential of 145 mV to reach a current density of 10
mA cm 2, whereas the V-Co(OH)2-Oy, V-Co(OH),, and It/C required 266, 321, and 420
mV, respectively. At a high current density of 50 mA cm 2, Pt/V-Co(OH),-Oy showed a
lower overpotential of 432 mV compared with V-Co(OH)-Oy (468 mV), V-Co(OH)
(520 mV), and Ir/C (542 mV). The electrochemical data illustrate that the Pt/V-
Co(OH)2-Ov nanosheets showed improved electrocatalytic activity that is superior to

those of most catalysts in literature (Table S4, Supporting Information).

Steady-state Tafel measurements were performed to evaluate the kinetics of
materials; the results are presented in Figure 4b. Pt/V-Co(OH).-Oy exhibited the
smallest Tafel slope of 62.8 mV decade* compared with V-Co(OH).-Oy (75.9
mV decade™), V-Co(OH)2 (90.6 mV decade ™), and Ir/C (65.3 mV decade™),
indicating superior kinetics for OER. To further study the electrode reaction kinetics,
we conducted electrochemical impedance spectroscopy analysis and measured the
electrochemical surface area (ECSA) of Pt/V-Co(OH)2-Oy, V-Co(OH)2-Oy, and V-
Co(OH): electrodes in a three-electrode configuration in 1 M KOH (Figure S10a,
Supporting Information). The equivalent circuit (inset of Figure S10a, Supporting
Information) comprised an electrolyte resistance (Rs) in series with a parallel
combination of a constant phase element and a charge-transfer resistance (Rct). The
Nyquist diagrams of the three electrodes (Figure S10a, Supporting Information) show

notable semicircles in the high-frequency range, which are mainly related to charge
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transfer resistance in the catalyst. Nyquist plots revealed a dramatic decrease
in Rt (3.5 Q) for Pt/V-Co(OH)2-Oy compared with those of V-Co(OH)2-Oy (5.3 Q) and
V-Co(OH)2 (6.4 Q). The lowest value obtained suggests the rapid hydroxide ion
transfer in the Pt/VV-Co(OH).-Oy electrode that promoted a high OER activity. This
phenomenon is also reflected in the Bode plots (Figure S10b, Supporting Information),
where Pt/V-Co(OH)2-Oy showed the smallest resistance in the tested frequency range
compared with V-Co(OH). and V-Co(OH)2-Ov. The ECSA, related to the double-layer
capacitances (Cai) of different electrodes, were determined via cyclic voltammetry (CV).
(Figure S11, Supporting Information). The Car of Pt/V-Co(OH)2-Oy (177.2 mF cm??) is
considerably higher than those of V-Co(OH)2-Oy (83.9 mF cm™) and V-Co(OH): (4.7
mF cm), indicating that Pt/V-Co(OH),-Oy possessed a higher density of catalytic
active sites. To evaluate the long-term stability of Pt/V-Co(OH).-Oy toward OER, we
recorded the LSV curves before and after 1000 accelerated CV cycles (Figure 4c). No
apparent activity degradation was observed, indicating the outstanding durability of the
electrode for OER electrocatalysis. In addition, chronoamperometric curves (Figure
S12, Supporting Information) showed that Pt/\V-Co(OH)2-Oy exhibited a substantially
higher current retention (100%, 10,000 s) than the benchmark Ir/C, indicating the

remarkable catalytic durability of Pt/\V-Co(OH).-Ow.

The ORR catalytic performances of Pt/V-Co(OH)2-Oy, V-Co(OH),-Oy, and V-
Co(OH). were investigated by coating the same mass of samples in a GC electrode in
Oz-saturated 0.1 M KOH at a scan rate of 10 mV s. As shown in Figures 4d-e, Pt/V-

Co(OH),-Oy exhibited the remarkably highest onset potential (0.91 V versus reversible
15
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hydrogen electrode [RHE]) than VV-Co(OH)2-Oy (0.70 V versus RHE) and V-Co(OH):
(0.65 V versus RHE), indicating that Pt/\VV-Co(OH).-Oy achieved the best ORR catalytic
performance. Similarly, Pt/\V-Co(OH)2-Oy showed a higher half-wave potential of 0.82
V than V-Co(OH),-Oy (0.65 V) and V-Co(OH)2 (0.6 V), and this value is comparable
to those of commonly reported catalysts (Table S5, Supporting Information). In addition,
the limited current density reveals the efficient ORR performance of Pt/VV-Co(OH),-Oy
(Figure 4e), which exhibited a current density of 5 mA cm2, which is higher than those
of V-Co(OH)2-Oy (3 mA cm2) and V-Co(OH)2 (2 mA cm™). LSV curves at different
rotation speeds were investigated the electron transfer capability of the samples (Figure
41), and the results were fitted using the Koutecky—Levich (K-L) plot. Based on the K—
L equation, the calculated electron transfer number (n) of Pt/\V-Co(OH)2-Oy is 3.81,
implying its 4e™ transfer pathway for ORR. The n for V-Co(OH)2-Oy and V-Co(OH):
are 3.2 and 2.0 (Figure S13, Supporting Information), respectively, indicating their poor

ORR performance.

Mechanistic study on ORR and OER of materials

To unveil the active site of Pt/VV-Co(OH).-Oy for ORR/OER, DFT calculations
were carried out. First, we determined the optimal site for creating oxygen vacancy in
V-Co(OH)2 by calculating the oxygen vacancy formation energy in order to build the
possible V-Co(OH)2-Oy slab model. In the V-Co(OH)2 structure, two oxygen vacancy
configurations were observed due to crystal symmetry (Figure S14a, Supporting

Information). The calculation results indicated that the oxygen vacancies at site 2
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resulted in a relatively higher oxygen vacancy formation energy (0.8 eV) than that at
site 1 through the bonding of two Co atoms and one V atoms (Table S6, Supporting
Information), suggesting that the formation of oxygen vacancy is more energetically
favored in site 1. Thus, the slab model with oxygen vacancy at site 1 was selected in
this work. In the presence of oxygen vacancies, four different adsorption sites for ORR
and OER were considered (Figure S14b, Supporting Information). The adsorption
energy at the oxygen vacancies of site | was the lowest due to the direct bonding of
intermediates with exposed metal Co and V (Table S7, Supporting Information). As a
result, for the V-Co(OH)2-Oy slab model, the existence of oxygen vacancies changed
the active sites from oxygen atoms in V-Co(OH) to the metal active sites (Co and V)
in V-Co(OH).-Oy, signifying the changes in the active sites are a key factor in
improving the ORR and OER performance as discussed below. Considering that the
reaction free energy (AG) is an important parameter for describing catalytic activities,
AG was calculated to estimate the overpotential for ORR/OER. The magnitude of
overpotential refers to the discrepancy in the RDS potential (maximum AG, over the
charge e) and the standard Nernstian potential (1.23 V vs. RHE). For the V-Co(OH):
model, the oxygen intermediates cannot be adsorbed on the surface oxygen in the
vacuum layer (FigureS15, Supporting Information). This may be attributed to the
passivated dimer oxygen at the adsorption site.>% 2 Hence, it will not be considered for
further analysis. In the case of V-Co(OH).-Oy, oxygen vacancies are the active sites
(Figure S16 for the details of adsorbed structures) and the ORR limiting potential of

1.27 eV was observed at step iv (Figure 5c¢). In the Pt/V-Co(OH).-Oy structure, Pt NPs
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were anchored on the oxygen vacancies of V-Co(OH)2-Oy, (denoted as Pt1/V-Co(OH).-
Ov, Figure 5a), and Pt NPs anchored next to the oxygen vacancies of V-Co(OH).-Oy
(denoted as Pt2/V-Co(OH)2-Oy, Figure S17, Supporting Information) were further
studied to elucidate the active site for ORR/OER. The calculation results (Figure 5b)
indicated that the Pt-top site of Pt1/V-Co(OH).-Ov (-0.22 eV, step iv of Figure 5c)
resulted in lower ORR limiting potential compared to that of Pt2/V-Co(OH),-Oy (-0.20

V, step iv of Figure 5c).

The OER pathway is regarded as the reverse process of ORR. Figures 5b and 5d
show the calculated AGn for the V-Co(OH).-Oy, Pt1/V-Co(OH)>-Oy and Pt2/V-
Co(OH)2-Oy. For the V-Co(OH).-Oy model, the theoretical results indicated that the
surface vacancy site exhibited a limiting potential of 2.76 eV with the RDS of O
formation (step iv of Figure 5d and Table S8, Supporting Information). For the Pt2/V-
Co(OH)2-0y, the theoretical limiting potential of OER slightly reduced to 2.38eV with
the RDS of *OOH (step iii of Figure 5d). In the case of Pt1l/V-Co(OH),-Oy, the RDS
of *OOH (step iii of Figure 5d) further decreased to 2.20 eV. It is well-recognized that
the key to a high ORR/OER activity is related to the stability of adsorbed *OOH, *OH
and *0.%% ® Compared to the V-Co(OH).-Ov, Pt cluster anchored on the oxygen
vacancy of V-Co(OH)2-Oy can weaken the adsorption strength of the oxygen
intermediates on the Pt active site (Table S9, Supporting Information), leading toward
lower energy barrier and thus higher reaction activity. Based on the DFT results, the
Pt1/V-Co(OH)2-Oy was the preferred structure for ORR/OER activities and was

considered for further study of the density of states (DOS).

18



10

11

12

13

14

15

16

17

18

19

20

21

22

To further explore the influence of Pt NPs and oxygen vacancies on the ORR/OER
activity, we calculated the DOS of V-Co(OH)2, V-Co(OH)2-Oy, and Pt1/VV-Co(OH)>-
Ov (Figure S19, Supporting Information). The calculated DOS plots show the valence
bands of both the up-spin and down-spin channels for V-Co(OH)>, V-Co(OH).-O., and
Pt1/V-Co(OH)2-Oy near the Fermi level, indicating the metallic character of materials.
However, V-Co(OH)2-Oy and Pt1/V-Co(OH).-Oy showed relatively low DOS at the
Fermi level, indicating an efficient modulation of the electrical conductivity induced by
oxygen vacancies. This condition occurred because delocalized electrons near the
oxygen vacancies were easily excited into the conduction band, thus enhancing the
conductivity and electrocatalytic activity of the catalyst.>® As layered double
hydroxides suffer from low electrical conductivity, in this study, the high electrical
conductivity of Pt/V-Co(OH).-Oy enhanced the charge transfer (Figure S11,
Supporting Information), which is in good agreement with the low Tafel slope in
Figure 4b. Compared to V-Co(OH)., oxygen vacancies in V-Co(OH).-Oy lead to the
lower valence state of metal atoms (Table S10, Supporting Information) due to
delocalization of electrons near Co and V atoms. Thus, for V-Co(OH)2-Oy, it is
anticipated that the transfer of active sites from O atoms to metal atoms dominated the
OER, improving the OER activity. Charge density difference (Figure S20, Supporting
Information) shows that there is obvious charge accumulation around the Pt atoms
neighboring Co and V atoms, indicating electron transfer from Co and V to Pt. The
charge transfer from Co and V atoms to Pt atoms is further revealed by the increase of

the valence state of Co and V atoms (Table S10, Supporting Information), which is
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consistent with XPS and XANES results. The results further demonstrate the interfacial
electronic interactions between Pt NPs and V-Co(OH)2-Oy. Figure 5e shows the
calculated electrostatic potential (ESP) of the Pt/V-Co(OH).-Oy structures. The Pt
clusters of Pt1/V-Co(OH).-Oy and Pt2/V-Co(OH).-Oy are blue, while the V-Co(OH):
substrates are yellow. The bluer the place, the higher the ESP (absence of electrons); it
is easier to be attacked by nucleophilic reagent such as OH" ion, while the reddish place
has a lower ESP (abundance of electrons) and is more susceptible to attack by
electrophilic reagent such as H* ion. The DFT results are in agreement with the
experimental study that Pt metal is the active site for ORR and OER. > °* We speculate
that the interfacial electronic interaction between Pt NPs active sites and V-Co(OH)»-
Ov could effectively accelerate electron transfer rate, which not only facilitates the
oxygen intermediates adsorption/desorption behaviors on Pt NPs active sites but also
effectively reduces the energy barrier of rate-limiting step during the electrocatalytic
process, thereby improving ORR and OER performance (Figure S20, Supporting

information).

Fabrication of HSAB based on the liquid anode and Pt/V-Co(OH)2-Ov as catalysts

in air cathode

To demonstrate the potential of the Pt/\V-Co(OH).-Oy electrocatalyst for actual
applications, we fabricated a HSAB. The battery consisted of a liquid anode, a
NASICON solid electrolyte as a separator, an O-saturated NaOH aqueous electrolyte,

and the Pt/VV-Co(OH).-Oy catalysts in the air cathode (Figure 6a). During discharge,
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Na* migrated to the catholyte, and O2 was reduced to OH"; this process differs from that

of traditional sodium-air batteries.

-1‘" ) 7w -/" R A + _

Anode:Na (¢ Y~ % o [/ < Y + Na +e )
e/ N/ RV

Cathode: 4OH™ < 2H>O + Oz +4e” (3)

The charge—discharge curves of HSABs based on the different cathodes are shown
in Figure 6b, where AV denotes the gap between charge and discharge voltages. Pt/V-
Co(OH)2-Oy exhibited the best performance with the lowest AV of 0.07 V at a current
density of 0.01 mA cm2 compared with V-Co(OH)2-Oy (0.12 V) and V-Co(OH) (0.29
V). The charge/discharge experiments verified the superiority of Pt/VV-Co(OH)2-Oy
among the prepared catalysts in the full-cell configuration. The round-trip efficiency
(charge-to-discharge voltage ratio) of HSABs using Pt/V-Co(OH)2-Oy reached 97.3%
compared with V-Co(OH),-Oy (93.2%) and V-Co(OH). (89.3%). The air cathode
stability was examined by performing constant-current charge—discharge with up to 300
cycles. This process is crucial for the confirmation of the air cathode’s potential for
practical applications in rechargeable batteries. Figure 6¢ shows the charge—discharge
profiles of the HSAB with Pt/VV-Co(OH)2-Oy catalyst. No significant drop in potential
was observed under continuous charge—discharge of the battery. No significant change
nor decrease was observed in the discharge voltage for up to 1000 cycles (Figure 6d),
indicating the reversibility of the battery. The roundtrip efficiency slightly dropped by
2.2% after 1000 cycles, which is a desirable value compared with those of other
reported HSABs (Table S10, Supporting Information). This closed-system HSAB

displayed significantly durable device performance in terms of voltage gap, roundtrip
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efficiency, and cycling performances compared with previously reported HSABs.
Furthermore, the power density of the HSAB delivered a maximum specific power
density of 407 mW g (Figure 6e), which is the highest among the reported values for

HSABs.

Conclusion

In conclusion, a low-cost and effective one-step reduction-assisted exfoliation
method was developed for exfoliating 3D bulk V-Co(OH)2 into ultrathin nanosheets
with numerous oxygen vacancies for anchoring of ultrafine Pt NPs. In comparison with
the traditional liquid exfoliation, this method is a clean, time-saving, non-toxic, low-
cost procedure that requires no additional energy. For the Pt/VV-Co(OH).-Oy sample, Pt
NPs are the active sites for ORR/OER. A closed-system HASB was fabricated using
the Pt/V-Co(OH),-Oy catalyst in the air cathode, displaying an extremely low voltage
gap of 0.07 V at a current density of 0.01 mA cm, a remarkable cycling performance
of up to 1000 cycles, and superior energy efficiency of 97.3%, which are better than
those HSABs reported in literature. The reduction-assisted exfoliation approach
provides a strategy for exfoliating 3D bulk materials to 2D materials with enhanced
electrocatalytic properties, thus enabling the development of highly active

heterogeneous electrocatalysts for energy storage and conversion applications.
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Figure 1. Schematic of the synthesis of Pt/V-Co(OH);-Oy via reduction-assisted

exfoliation of V-Co(OH). by using NaBHj solution.
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Figure 2. (a) AFM images of V-Co(OH)2-Oy. (b) Corresponding height profiles of V-
Co(OH)2-Oy. (c) HRTEM images of V-Co(OH)-Oy (inset shows the corresponding SAED
images). (d) HRTEM images of V-Co(OH)2-Ov. (e-h) HAADF-STEM images with the
corresponding element distribution images of V-Co(OH),-Oy. (i) HAADF-STEM images
of Pt/V-Co(OH):-Oy (inset shows the size distribution of decorated Pt counted from the
HAADF-STEM images). (j) TEM images of Pt/V-Co(OH);-Oy. (k) HRTEM images of
Pt/V-Co(OH),-Oy (inset shows the HRTEM images of Pt NPs (Zone 1) and V-Co(OH)»-

Oy (Zone 2)).
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Figure 3. XPS spectra of (a) O 1s, (b) Co 2p, (¢) V 2p of V-Co(OH), V-Co(OH)>-Oy,
and Pt/V-Co(OH),-Oy. (d-e) Co K-edge XANES spectra for V-Co(OH)2, V-Co(OH):-
Oy, and Pt/V-Co(OH)»-Oy. (f-g) V K-edge XANES spectra for V-Co(OH), V-Co(OH);-

Oy, and Pt/V-Co(OH)>-O.
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Figure 4. (a) OER polarization curves of V-Co(OH),, V-Co(OH),-Oy, and Pt/V-

Co(OH)2-Oy in 1 M KOH. (b) Corresponding Tafel plots of V-Co(OH), V-Co(OH);-

Oy, and Pt/V-Co(OH)>-Oy in 1 M KOH. (c) Polarization curves of Pt/V-Co(OH);-Oy

before and after 1000 cycling tests. (d) ORR polarization curves of V-Co(OH),, V-

Co(OH),-Oy, and Pt/V-Co(OH)»-Oy in O;-saturated 0.1 M KOH. (e) Onset potentials

and current densities of V-Co(OH), V-Co(OH)»-Oy, and Pt/V-Co(OH),-Oy. (f) ORR

polarization curves of Pt/V-Co(OH),-Oy at different rotating rates in O»-saturated 0.1

M KOH.
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Figure 5. (a) Crystal structures of Pt1/V-Co(OH);-Oy materials where Pt is anchored on
the oxygen vacancy of the (102) plane of V-doped a-Co(OH),. The lattice parameters
for the structure studied in this work is: a=11.96 A, b=6.36A, c=25.00 A; a=B=y=90°.
Large blue and red balls represent the Co and V atoms, respectively. Small white and
red balls represent the H and O atoms, respectively; gray balls represent the Pt NPs. (b)
Primitive steps of the OER and ORR processes on the surface of V-Co(OH),-Oy, Pt2/V-
Co(OH)2-Oy and Pt1/V-Co(OH);-Oy (blue bar indicates ORR rate-determining step,

green bar indicates OER rate-determining step). Standard free-energy diagram of (c)
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ORR and (d) OER on the surface of Pt1/V-Co(OH);-Oy. The adsorbed oxygen and
hydrogen are green and yellow balls, respectively. (¢) Calculated electrostatic potential
of Pt1/V-Co(OH)-Oy and Pt2/V-Co(OH);-Oy. The reddish place has a lower
electrostatic potential and is more susceptible to be attacked by electrophilic reagents.
The bluer the place, the higher the electrostatic potential, and the easier it is to be

attacked by nucleophilic reagents. The electron-density isosurfaces are plotted at 0.25

¢ bohr?.
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Figure 6. (a) Schematic of HSAB. (b) Charge—discharge voltage curves of the HSAB
using different catalysts at the current density of 0.01 mA cm. (c) Charge—discharge
curves up to 300 cycles of the HSAB using Pt/VV-Co(OH).-Oy catalyst (20 min per-
charge-discharge). (d) Roundtrip efficiency and cycling performance of the HSAB with
Pt/V-Co(OH),-Oy catalyst at the current density of 0.01 mA cm™. (e) Power density

polarization of the HSAB with Pt/V-Co(OH),-Oy catalyst.



Well-dispersed ultrafine platinum nanoparticles decorated on the oxygen vacancies of
vanadium-doped cobalt hydroxide are fabricated by a facile and efficient method. Using
the Pt/V-Co(OH).-Oy as catalysts in the air cathode, a hybrid sodium-air battery
displays a record value of ultralow voltage gap of 0.07 V at a current density of 0.01

mA cm2 with remarkable stability of up to 1000 cycles.

Unveil the Origin of Catalytic Sites of Pt Nanoparticles Decorated on Oxygen
Deficient Vanadium doped Cobalt Hydroxide Nanosheet for Hybrid Sodium-air
Battery

Yao Kang®*, Shuo Wang?*, Yanyu Liu®#, Kwan San Hui®*, Kar Wei Ng?, Feng Liang®*,

Jianxin Geng®, Xiaoting Hong’, Wei Zhou?*, Kwun Nam Hui®*
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