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Abstract

Cobalt-based electrocatalysts have been considered promising materials for the oxygen
evolution reaction (OER). Herein, we now report the synthesis of vanadium doped
CoS/CogSg heterostructures embedded on carbon nanorods (V-CoS/CosSs@CNR),
which was realized through one-step sulfurization of Zeolitic Imidazolate Framework-

67 (ZIF-67) grown on V205 nanorods (V20s@ZIF-67). The results of experiment and
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theoretical calculation verified that due to the vanadium dopant and the coupled
nanointerface that can expedite the synergistic effect of CogSg and CoS, the obtained
V-CoS/Co9Ss@CNR showed an excellent OER catalytic performance (269 mV@10
mA cm2) and comparable ORR catalytic performance. The assembled rechargeable
Zn-air batteries displayed a superior performance as well as high charging-discharging
cycling stability (over 200 h) with a slight increase in the voltage gap.

KEYWORDS: CoS/CogSs; Vanadium-doped; Electronic structure; One step; OER

1 Introduction

Rechargeable Zn-air batteries (ZABs) have recently drawn ongoing interest due to their
fascinating merits, including non-toxicity, high theoretical energy density and
sustainability [1, 2]. Unfortunately, the sluggish dynamics of the oxygen reduction
reaction/oxygen evolution (ORR/OER) of the air cathode decrease the final energy
output efficiency, which limits the commercialization of rechargeable ZABs [3-5].
Besides, the low storage capacity and unaffordable price of Pt and Ru/Ir oxides catalysts
hamper their large-scale commercialization application in rechargeable ZABs [6-9].
Therefore, it is urgently required to rationally design and develop high-performance
bifunctional OER and ORR electrocatalysts to facilitate the slow kinetics for the
advanced ZABs.

Among the many noble-metal-free electrocatalysts for the OER, cobalt-based materials
have been proven to be some of the most promising candidates due to their relatively
cost-effective and reasonable activities for the OER [10-14]. The cobalt chalcogenides
(such as Coi—«S, CoS, Co3Ss, Co9Sg) have been considered as one kind of significant
potential OER electrocatalyst [15-19]. However, the traditional preparation of cobalt
sulfide includes two steps of the solvothermal reaction and calcination, which leads to
excessive energy consumption. Therefore, it is necessary to develop a method to
prepare cobalt sulfide in one step [20-24]. Recent studies have reported that the
synergistic effect between composite catalysts and the introduction of foreign dopants

can enhance the electrocatalytic performance of cobalt sulfide [25-32].



Herein, we now report a facile one-step sulfurization strategy to rationally design and
synthesize vanadium doped CoS/Cog¢Sg heterostructures embedded onto carbon
nanorods (denoted as V-CoS/CogSs@CNR) as the OER and ORR electrocatalysts for
ZABs in an alkaline medium. To the best of our knowledge, Co9Ss-based
heterostructures have been synthesized for OER research [19, 22, 27, 29], but this is the
first example using composite catalysts of CoS/CogSg in the zinc-air battery. The
synergetic effect between the two-phase interface can increase the surface area and
conductivity of the sulfide phase, thereby significantly enhancing the electrochemical
catalytic performance. Density functional theory (DFT) calculations proved that the
vanadium dopant and the interface effect enhance the electron states around the Fermi
level of V-CoS/CosSs@CNR, indicating that the carrier density increases, which is
beneficial to the electron transfer during the electrocatalytic process. As expected, when
integrating the bifunctional ORR/OER electrocatalysts into the air electrode of the zinc-
air battery, which exhibits up to 200 hours of cycle stability.

2. Experimental section

2.1 Synthesis of V20s nanowires

Typically, 0.6 gram of ammonium metavanadate and 1 gram of triblock copolymer (P-
123) were dissolved in a solution of 0.1 M HCI (30 mL) with stirring for 7 h. Then, the
mixed solution was transferred to a teflon-lined autoclave and heated at 120 <C for 24
h. After that, the yellowish product was separated by centrifugation with deionized
water for several times.

2.2 Synthesis of ZIF-67

Typically, 1 mmol Co(NOs)2 6H.0 and 4 mmol 2-methylimidazole were dissolved in
100 mL methanol. After stirring forl0 min, the mixtures were kept for 24 h at room
temperature. Then the purple product was separated by centrifugation and washed
thoroughly with methanol.

2.3 Synthesis of V:0s@ZIF-67

An amount of 25 mg as obtained V205 nanowires and 800 mg of PVP (Mw = 40,000)
was well-dispersed in 40 mL of methanol under sonication condition; then, 291 mg of
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Co(NO3)2 6H-0 and 328 mg of 2-Meththylimidazole was added to the above solution
under continuous stirring. Two hours later, the purple solid product was separated by
centrifugation with methanol three times and then dried at room temperature, which is
called as V20s@ZIF-67.

2.4 Synthesis of V-CoS/C0sSs@CNR

The as-prepared V.Os@ZIF-67 and L-cysteine were placed in a tune furnace, then
pyrolyzed under an N, atmosphere at 500, 700, 900 <C with a heating rate of 5 T min?,
which are denoted as V-CoS@CNR, V-CoS/CosSs@CNR, and V-CosSs@CNR,
respectively. For comparison, the synthetic procedure of CoS/CogSg was similar with
that of V-CoS/CosSs@CNR, except using ZIF-67 instead of V.Os@ZIF-67.

2.5 Details of theoretical calculation
The theoretical study of the density of states (DOS) for CoS, CosSs, CoS/C09Ss,

and V-CoS/CoySs@CNR was carried out based on DFT using the CASTEP program in
the Materials Studio package. In the Geometry Optimization and Single Point
calculations, the PBE functional of GGA with Grimme method for the DFT-D
correlation was utilized to describe the electronic exchange and correlation effects.
Moreover, the plane-wave cutoff was tested and set to 500 eV. The self-consistent field

tolerance was 2 x 10°® eV with the OTFG ultrasoft pseudo-potential for core electrons.

3 Results and discussion
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Scheme 1. Schematic of the preparation process of V-CoS/CosSs@CNR.



The fabrication of V-CoS/CosSs@CNR is illustrated in Scheme 1. First of all, we
performed a facile process to obtain V20s@ZIF-67 nanorods using solid V20s as
templates in a methanol solution. The as-prepared V.Os@ZIF-67 and L-cysteine were
then placed in the tube furnace and pyrolyzed under N2 atmosphere. From the SEM
image of V20s, we can clearly see that the V20s shows a rod-like morphology and a
smooth surface with a width of 50-100 nm (Figure 1a). After ZIF-67 was successfully
assembled on the surface of V.0Os, the surface of V.Os@ZIF-67 becomes rough (Figure
1b). Moreover, the TEM image clearly showed that the surface of V20s is completely
covered by the rough ZIF-67 (Figure 1d). After thermal annealing at 700 °C, the
morphology of the product does not significantly change (Figure 1c). When changing
the thermal treatment temperature (500 and 900 <C), a similar nanorod structure can be
retained, as shown in Figure S1 in the ESM. To further observe the internal structure,
the magnified TEM image distinctly shows a distinct biphasic interface between CoS
and CogSg in V-C0S/C0eSs@CNR, denoted by the red dashed line (Figure 1e), and the
fringe spacing of 0.176 and 0.252 nm are related to the (440) plane of CogSg and (101)
plane of CoS, respectively. As shown in Figure 1f, the images of the elemental mapping
clearly show the simultaneous presence of the S, Co, V, C, O and N elements, which

are evenly distributed on the surface of the V-CoS/CogSs@CNR.
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Figure 1. SEM images of V.05 nanowire (), V20s@ZIF-67 (b) and V-CoS/CoySs@CNR (c); (d)
TEM images of V.0s@ZIF-67, (e) high resolution TEM images of V.0s@ZIF-67, (f) element
mapping of V-CoS/CoySs@CNR.

X-ray powder diffraction (XRD) was utilized to investigate the crystalline structures.

The diffraction pattern of VV.Os matched the literature results [33] (Figure S3a in the



ESM). The diffraction pattern of V2Os@ZIF-67 in Figure S3a in the ESM matches the
simulated XRD pattern of the ZIF-67 crystal. As shown in Figure 2(a), after thermal
annealing at 700 °C, its diffraction peaks match well with the standard patterns of CoS
and CogSg. As shown in Figure 2b and Figure S4, the diffraction peaks of V-CoS/Co9Ss
shifted slightly negatively to CoS/CogSg, indicating that the unit cell structure of
CoS/Co9Sg remained unchanged and an increased lattice distance after vanadium
doping, which can be attributed to that Co3* (0.545 A, LS) is partially replaced by V**
(0.580 A). However, when the pyrolysis temperature is 500 or 900 °C, the diffraction
peaks only match well with the standard pattern of CoS or CogeSs. The Raman peaks at
around 463 and 665 cm™* could be attributed to the characteristic peaks of CoSs [34,
35] (Figure 2c). The peaks at 1363 and 1588 cm™ corresponded to the graphitic carbon
structure (Figure S3c in the ESM). The vanadium oxide or nitride phase does not appear
in XRD, which indicates that V was successfully doped instead of forming the V-based
phase. These results are in well good great agreement with the XRD observation, further
confirming the successful fabrication of the cobalt sulfide compound. Figure S5 shows
that V-CoS/Co9Ss@CNR has a typical mesoporous and microporous structure,
indicating a typical mesoporous and microporous structure, which could provide more
accessible catalytic sites and facilitate mass transport during the catalytic process.
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Figure 2. (a) XRD patterns of V-CoS@CNR, V-C0S/C0sSs@CNR and V-CogSs@CNR; (b) Raman

spectra of V-CoS/CoySs@CNR and CoS/CogSs, (c) Raman spectroscopy of V-CoS/CogSs@CNR
and CoS/CogSs.

X-ray photoelectron spectroscopy (XPS) was used to further analyze the valence states
and element compositions. As shown in Figure 3a, all elements (Co, O, V, N, C, S) are
on the surface of V-CoS/C0sSs@CNR. Compared to the pure CoS/Co9Sg, the XPS of

Co 2p for V-CoS/CogSs@CNR is positively shifted (Figure 3b), indicating that
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vanadium effectively modulates its electronic state [20, 36]. The peak of S 2p of V-
CoS/Co9Ss@CNR s negatively shifted (Figure 3c), indicating that the S species in V-
C0S/CosSs@CNR have more partial negative charge of S° than that in CoS/C0Ss [20,
37-39]. The fitted peaks of V in V-CoS/CosSs@CNR are high-valence V#*and V°*
(Figure S6), which could provide plenty of vacant d-orbitals rendering a strong
electrostatic attraction, as evidenced by the positive shifting of the Co 2p peaks

compared to that of CoS/CogSs (Figure 3b).
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Figure 3. (a) XPS survey spectra, (b) Co 2p XPS spectra and (c) S 2p XPS spectra of V-
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CoS/CoySs@CNR and CoS/CogSs.

We then evaluated the OER activities of the obtained catalysts in a 1.0 M KOH solution
by uniformly loading the homogenous ink on the hydrophobic carbon paper. The total
catalyst loading is calculated to be about 2 mg cm™2, close to the values in previous
studies [25, 28, 40-43], the grid on the carbon paper in favor of stripping a generated
bubble away from the electrode surface. As shown in Fig. 4(a), the OER performance
of V-CoS/CogSs@CNR is superior to RuO.. Meanwhile, the Tafel plot value of V-
C0S/C09Ss@CNR (67.2 mV dec?) is smaller than CoS/CosSs (98.1 mV dec™t), and
RuO; (85.3 mV dec?) (Fig. 4b, c). The smaller Tafel slope indicates a rapid increase
in the Oz generation rate with the applied overpotential, following the polarization
curves. Moreover, the polarization curve of V-CoS/CosSs@CNR after 1000 CV cycles
(Fig. 4d) verified the high OER stability, indicating the apparent advantage of V-
Co0S/C09Ss@CNR as a high-performance OER electrocatalyst. In order to understand
the high OER performance of V-CoS/CosSs@CNR, we tested the Nyquist curve of
different samples (Figure S7), V-CoS/CosSs@CNR has a lower charge transfer than
other samples, suggesting its faster charge transport Kinetics. Besides, the

electrochemically active surface area (ECSA) of all samples was evaluated by
.



measuring the electrical double-layer capacitance (Ca). Figure S8 shows that V-
C0S/CoySs@CNR has the highest value (60.5 mF cm™2), much larger than CoS/C0gSs
(28.1 mF cm™2), V-C0sSs@CNR (16.5 mF cm2), V-CoS@CNR (10.5 mF cm2) and
RuO; (5.4 mF cm™2), confirming the largest ECSA of V-CoS/C0sSs@CNR. We also
explored the effect of different calcination temperatures on the material. Figure S9a-c
shows that changing the pyrolysis temperature will obtain different catalysts, and V-
CoS/CosSg@CNR shows the best catalytic performance. In addition to testing OER
performance, we also the tested ORR performance (Figure S9d), Figure S9e shows that
the electron transfer number of V-CoS/CosSs@CNR is above 3.76, close to 4, proving
that the ORR process is mainly four-electron pathway. Moreover, V-CoS/C0sSs@CNR
shows good stability for ORR performance (Figure S9f). The above test results prove
that the V-CoS/CogSs@CNR catalyst we prepared has the promising potential for
application in apply ZABs.
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Figure 4. (a) Linear sweep voltammetry (LSV) curves for the OER of the V-CoS/CosSs@CNR,
C0S/CoySs, and RuO, measured in O saturated 1.0 M KOH solution at a scan rate of 5 mV/s. (b)
Tafel plots. (c) Comparison of potentials required to reach j = 10 mA/cm? and Tafel slopes for all
as-obtained catalysts. (d) The stability measurements of the V-CoS/CosSs@CNR in 1 M KOH

solution before and after 1000 cycles. All these results were collected with a 95% iR correction.



Theoretical study based on DFT calculation was employed to elucidate the performance
of as-prepared catalysts with the introduction of vanadium for V-CoS/C0sSs@CNR. As
DOS of these catalysts displayed in Figure 5f, with the continuous distribution of DOS
near the Fermi level, the CoS, CogSg, C0oS/C0sSg and V-CoS/CosSs@CNR are all in
metallic states with excellent electrical conductivity, the increased electronic properties
of Co0S/CogSg and V-CoS/CoeSs@CNR represented the interfacial effect of
heterojunctions, facilitating the electron transfer during the reactions. Higher electrical
conductivity and faster electron transport arise from the formation of V-

CoS/CosSs@CNR heterojunction are advantageous for the catalytic performance of
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Figure 5. (a) Schematic illustration of the rechargeable Zn-air batteries. (b) Charging-discharging
polarization curves. (c) cycling performance of rechargeable Zn-air batteries assembled with V-
CoS/CoySs@CNR electrocatalysts at 10 mA cm2 (10 min/cycle). (d) Schematic illustration and
photographs of the all-solid-state Zn-air battery. (e) Cycling performance of the all-solid-state ZAB
using V-CoS/CosSs@CNR at 1 mA cm2, where each cycle lasted 200 s. (f) DOS curves.

As a proof-of-concept, we assembled primary Zn-air batteries with V-
CoS/C09Ss@CNR as the air-cathode catalyst (Figure 5a). Figure S11a shows that there
is almost no loss in open-circuit voltage (OCV). Figure S11b shows that there is a peak
power density of 121.5 mW cm™2. Furthermore, the assembled rechargeable Zn-air
batteries display that the battery has a charge current density of 136.8 mA cm™2, higher

than that of Pt/C+RuO3, showing its good charge performance (Figure 5b). The battery
9



assembled with V-CoS/CosSs@CNR exhibits excellent charge-discharge cycle
stability up to 200 h (Figure 5c). Figure 5d shows a schematic of the all-solid-state ZAB.
Figure Se shows that there was a slight attenuation in round-trip efficiency, indicating
a better recharge ability.

4 Conclusions

In summary, V-CoS/CosSs@CNR was synthesized by a one-step calcination. It only
requires 269 mV to reach 10 mA cm2, and exhibits a good ORR performance. Using
V-CoS/CogSs@CNR as the bifunctional ORR/OER electrocatalysts for the air electrode
of a zinc-air battery, which exhibits up to 200 hours of cycle stability. Significantly, the
results of experimental studies and DFT theoretical calculation further elucidated that
higher electrical conductivity and faster electron transport arising from the formation
of V-CoS/CosSs@CNR heterojunction are advantageous for the catalytic performance
of OER. The exceptional electrocatalytic performance benefits from the unusual
synergistic charge-transfer coupling effects between the C and vanadium species,
which promotes H>O adsorption and then be converted to the O radical on the Co site
by proton transfer, and the oxygen evolution on the Co®" site with a higher electron
cloud density by vanadium tuning. Moreover, this strategy can be readily extended to

synthesize other sulfides by simply changing the metal sources.
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