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Metallic defects can improve catalysts’ intrinsic activity by regulating its electronic structure and enhancing
conductivity. However, the impact of these defects on the kinetics of the oxygen evolution reaction (OER) has not
been extensively studied. Here, a V/P codoped nanoflower-like CoS; catalyst with rich Co defects on carbon cloth
(V,P-CoS»/CC) is fabricated by feasible directional construction. The V,P-CoS;/CC validates extraordinary OER
performance with overpotentials of 227/300 mV at 10/100 mA cm 2 and robust long-term stability. The
enhanced single-electron spin resonance signal and higher lifetime strength indicate an increased number of
surface Co defects induced by V/P codoping. Density functional theory (DFT) calculations verify that Co defects
induced by V/P codoping of the surface reconstituted V-CoOOH/CoS, catalyst can optimize the adsorption/
desorption energy of oxygen-containing intermediates to accelerate OER process. Besides, the nanoflower-like
morphology with large electrochemical active surface area and good hydrophilicity facilitates electrolyte

diffusion/gas emission, thereby synergistically elevating OER performance.

1. Introduction

Due to the growing demand for renewable hydrogen energy, water
electrolyzers are set to play a vital role in future sustainable hydrogen
production systems, owing to their high energy density, zero emissions,
and high hydrogen purity [1,2]. The anodic oxygen evolution reaction
(OER), which is a pivotal half-reaction in water electrolysis, suffers from
slow kinetics, high overpotentials, and low energy efficiency owing to
the complex four-electron process (4OH —O05 + 2H30 + 4e™) [3,4].
Therefore, water electrolysis relies on highly active and stable electro-
catalysts [5]. Noble metal-based materials such as RuO2 and IrO5 have
been identified as the most advanced OER catalysts [6,7]. However,
their scarcity and high price limit their large-scale commercial appli-
cation. Consequently, researchers have been exploring inexpensive and
efficient non-noble metal catalysts.

Transition metal compounds (TMCs) have been extensively studied
as a promising candidate for water splitting due to their environmental
benignity, low cost, and high theoretical activity [8,9]. A range of
strategies has been reported to enhance the performance of TMCs, such
as morphology engineering, construction of heterogeneous interfaces,
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and doping with anions or cations [10-12]. Among these, doping het-
eroatoms with different atomic radios and electronegativity is emerging
as an effective strategy to modify electronic properties and other
chemical activities [13,14]. Cation-doping, particularly the introduction
of electron-rich metal heteroatoms, has become one of the most prom-
ising ways to design the electronic structure of electrocatalysts and
enhance their catalytic performance. This is because they can disrupt the
continuity of the local chemical field, alter the charge balance, and thus
tune the electronic structure of the interface [15,16]. The V-doping is a
well-established approach to improve catalyst performances [17].
Nevertheless, the catalyst community is rarely concerned about the
toxicity of vanadium since there is little evidence that vanadium or
vanadium compounds are reproductive toxins or teratogens (The Risk
Assessment Information System (ornl.gov). For example, Rao et al.
introduced the V into low-spin Co304 (eg) to optimize e; occupancy (=
1.010), ultimately increasing OER activity by about 10% [18]. While
anion-doping, especially non-metal heteroatom with high valence, can
not only draw into vacancies but also elevate the properties of the inert
basal plane to increase the conductivity [19,20]. Zhang et al. synthe-
sized a kind of P-doped Ni-Mo alloy aerogel, which significantly reduced
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the electron transfer resistance from 59.5 Q to 18.4 Q and showed an
ultra-low overpotential of 235 mV at a current of 10 mA em~? [21].
Aside from single-cation or anion doping, anion/cation co-doping has
demonstrated promising improvements in catalyst performance. Li et al.
reported highly active and durable OER catalyst by synergistic anionic
and cationic co-doping [22]. Additionally, metal defects located at the
top of the catalyst can effectively regulate the electronic structure of
adjacent atoms, lowering the energy barrier for the reaction interme-
diate and accelerating the adsorption and dissociation of target mole-
cules, thus enhancing catalytic performance [23]. Three-dimensional
(3D) nanoflower structures have been shown to facilitate charge and
mass transfer, further improving catalytic performance [24,25].
Furthermore, synthesizing self-supported electrocatalysts on conductive
substrates such as carbon cloth or nickel foam can form a strong bond
between the active layer and the conductive substrate, thereby
improving electronic conductivity through a unique synergistic effect,
which facilitates mass transfer at the electrode/electrolyte interface and
enhances the durability of the electrocatalyst [26]. The main goal of this
study is to combine all these aspects into one catalyst for improved OER
performance.

In this work, we propose co-doping of transition metal and anion in a
single system to induce the formation of Co defects in CoSy. The
resulting V,P-CoS; was grown on a flexible carbon cloth substrate using
hydrothermal, sulfidation, and subsequent phosphating treatment,
resulting in an efficient catalyst for OER. The V,P-CoS,/CC electro-
catalyst demonstrated impressive OER activity and stability, achieving
overpotentials of 227 mV and 300 mV at currents of 10 mA cm 2 and
100 mA cm™2, respectively. Moreover, the V,P-CoS2/CC (+)| |Pt/C/CC e
electrolyzer demonstrated robust long-term durability at 10 mA cm 2
for 100 h. Through a series of characterizations, we captured dynamic
surface reconstruction of V,P-CoS,/CC, and confirmed that the recon-
structed V-CoOOH/CoS, was the real active component. DFT studies
confirm that the reconfigured V-CoOOH/CoS; achieved optimal elec-
tronic states and near-ideal binding energies, thereby further improving
the OER performance.

2. Experimental procedures
2.1. Materials

All reagents are analytical grade and were used without further pu-
rification. Cobalt nitrate hexahydrate (Co(NO3)3-6H20) and ruthenium
trichloride (RuCls) were obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. Vanadium chloride (VCls), sulfur powder (S), urea
(CO(NH3)2, >99.0%), ammonium fluoride (NH4F, >96.0%), sodium
hypophosphite monohydrate (NaHPO2-H20, 99%), ethanol absolute
(C2HsOH, >99.7%), Nafion (5% solution), and potassium hydroxide
(KOH) were purchased from Guangxi Zoey Biotechnology Co., Ltd.
Commercial Pt/C (20 wt% for platinum) was purchased from Alfa Aesar.
Sulphuric acid (H2SO4, 95.0 ~ 98.0%) was purchased from Xilong
Chemical Co., Ltd. The carbon cloth (CC) was obtained from Suzhou
Sinero Technology Co., Ltd, and as substrate was used in the experi-
ments (3 cm x 1.5 cm).

2.2. Synthesis of Co-V species on carbon cloth

The CC was ultrasonically washed with 0.5 M H2SO4, deionized
water and ethanol for 15 min to remove impurities, respectively. 1 mmol
(Co(NO3)3-6H50), 0.2 mmol VCl3, 5 mmol urea and 6 mmol NH4F were
dissolved in 25 mL deionized water and 5 mL ethanol to obtain a clear
solution. Then the resulting solution was transferred into a 50 mL
Teflon-line stainless steel autoclave. The pretreated CC (3 cm x 1.5 cm)
was placed obliquely in the autoclave and performed at 120 °C for 12 h.
After cooling to room temperature naturally, the obtained product was
washed with deionized water several times and dried at room temper-
ature for further use.
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2.3. Synthesis of V-CoS2/CC

The catalyst of V-CoS,/CC was prepared by coating 0.5 g of sulfur
powder on two pieces of Co-V species surface (1 cm x 1.5 cm) and
heating (5 °C min Dtoa specific temperature (350, 450 or 550 °C) for 2
h in Ny atmosphere. Afterwards, the resultant products were rinsed with
deionized water and dried at room temperature.

2.4. Synthesis of synthesis of V,P-CoS2/CC

To convert the V-CoS,/CC to V,P-CoS,/CC, two pieces of V-CoSy/CC
(1 cm x 1.5 cm) and 0.5 g of NaH;PO,-Hy0 were placed downstream
and upstream of a tube furnace, respectively. Subsequently, the tube
furnace was heated slowly to 300 °C (3 °C/min) under N flow for 2 h.
Afterwards, the resultant products were rinsed with deionized water and
dried at room temperature. The prepared sample was named V,P-CoSy/
CC (from XRD data). The total V,P-CoSy/CC loading was ~ 5.05 mg
em 2.

In contrast, the synthesis process of V-CoSy/CC, P-CoSy/CC and
CoSy/CC were similar to that of V,P-CoS,/CC, except that P or V sources
are not included, respectively.

2.5. Synthesis of RuO2/NF

The RuO, powder was prepared by calcining RuCls in the air at
400 °C. Subsequently, the homogeneous catalyst ink was obtained by
mixing 2 mg RuOy/NF with 400 pL of water/ethanol (V/V =1:1) and 5
pL 5% Nafion as a binder. Then, the mixture was drop-casted onto the CC
surface (1 cm x 1.5 cm) and dried in the air.

3. Results and discussion
3.1. Structural and morphological characterizations

V,P-CoS2/CC was fabricated by a three-step synthesis strategy, as
illustrated in Fig. la. Firstly, V-Co species/CC nanoflower (Fig. S2a)
were uniformly grown on CC through hydrothermal treatment. Subse-
quently, the V-Co species/CC covered with S powder was annealed at
450 °C (350, 550 °C) to form V doped CoS,/CC (V-CoSy/CC). Finally, V,
P-CoS,/CC was obtained by subsequent phosphorylation process. V-
CoS,/CC, P-CoSy/CC and CoSy/CC were synthesized by a similar method
but without V or P doping. They all showed the morphology of nano-
flower in Fig. S2(b-d). The phase chemical composition of the catalysts
was characterized by X-ray diffraction (XRD). The XRD patterns of V,P-
CoS,/CC-350, V,P-CoS,/CC-450, and V,P-CoS,/CC-550 can be well
indexed to CoSy (JCPDS: 19-0362) in Fig. 1b [27]. As displayed in
Fig. 1c, the XRD patterns of all controls were attributed to CoS, except
for the broad peak at 26.1°, which corresponds to the amorphous carbon
of the carbon cloth support [28]. Notably, the XRD patterns of V,P-CoSy/
CC, V-CoS,/CC and P-CoS,/CC showed a slight peak shift compared with
that of CoSy/CC, indicating that the V and P are successfully doped into
CoS, (Fig. 1d) [29].

The morphology of catalysts was investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM),
respectively. The SEM images of V,P-CoS,/CC-350 and V,P-CoS,/CC-
550 show that all the catalysts are agglomerated at both temperature
(Fig. S3). According to Fig. 2a, V,P-CoS;/CC maintained the nano-
flower’s original morphology, except the petals’ surface became thinner
and more transparent. As illustrated in Fig. 2c, the TEM image further
confirmed the nanoflower-like morphology. In Fig. 2b, high resolution
TEM (HR-TEM) images show that the different interplanar spacing of V,
P-CoS3/CC is 0.269 and 0.325 nm, corresponding to the (200) and
(111) of CoSs, respectively. Even more, the selective area electron
diffraction (SAED) pattern (Fig. 2d) confirmed that the diffraction ring
could be indexed to the (321), (311) and (200) planes of CoSs, which is
consistent with the XRD results. Energy dispersive X-ray spectroscopy
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Fig. 1. (a) Schematic illustration for the construction of V,P-CoS,/CC nanoflower. (b) XRD patterns of V,P-CoS,/CC at different temperatures (350, 450 and 550 °C).

(c-d) XRD patterns of V,P-CoS,/CC, P-CoS,/CC, V-CoS,/CC and CoS,/CC.
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Fig. 2. (a) SEM image, (b) HR-TEM image, (c) TEM image, (d) SAED image, (e) EDS spectrum profile, (f) HAADF-STEM image and corresponding element mappings

of V,P-C0S,/CC.

(EDS) further proved the coexistence of Co, V, S, and P elements with
low loading of V and P (Fig. 2e). In addition, the high-angle circular
dark-field scanning TEM (HAADF-STEM) image and corresponding
elemental mappings revealed the uniform distribution of Co, V, S and P
throughout V,P-CoS,/C (Fig. 2f). Furthermore, actual content of metal
elements in the prepared catalysts are detected by inductively coupled
plasma mass spectrometry (ICP-MS). The concentrations of Co and V in
V,P-CoS5/CC were 33.25 wt% and 4.72 wt%, respectively, and the Co/V
molar ratio was 6.09/1 (Table S2 and S3). The above results confirm that
V and P are uniformly incorporated into CoS; rather than forming new

phases.

Electron paramagnetic resonance (EPR) spectra was conducted to
verify the existence of Co defects in the synthesized samples, which can
provide valuable information about unpaired electrons [30]. As shown
in Fig. 3a, V,P -CoS,/CC displayed enhanced EPR intensity relative to P-
CoS3/CC, V-CoS2/CC and original CoS;/CC, demonstrating the con-
struction of V,P co-doping is beneficial to induce the increase of Co
defects in CoS,. Additionally, positron annihilation lifetime spectros-
copy (PALS) is applied to study cation defects’ type and relative con-
centration [31]. The positron lifetime spectrum and the lifetime
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Fig. 3. (a) The EPR spectra, and (b) positron annihilation lifetime spectra of the different catalysts. High-resolution XPS spectra of (c) Co 2p, (d) V 2p, (e) S 2p, and (f)

P 2p in V,P-CoS,/CC. (g) Contact angle measurement of the different catalysts.

components of all samples (11, T3 and corresponding intensities I; and I)
are shown in Fig. 3b and Table S1, respectively. Among them, 71 could
be attributed to bulk lifetime and 75 should be assigned to positrons
annihilation in larger size defects [32]. Since larger defects possess a
lower average electron density than minor defects, leading to a lower
annihilation rate and increasing the positron lifetime [33]. As a conse-
quence, the 15 values of all samples are much larger than the t; values.
As a result, V,P-CoS,/CC exhibits a higher lifetime 5 intensity than the
other comparative samples, demonstrating the presence of Co defects
[33]. The formation of numerous Co defects in V,P-CoS,/CC facilitates
the rapid transfer of ions and simultaneously tune the electronic struc-
ture of the electrocatalyst, hence exhibiting excellent surface reaction

kinetics [34].

X-ray photoelectron spectroscopy (XPS) analysis revealed V,P-CoSy/
CC valence and elemental composition. As depicted in Fig. S4a, the full
survey spectrum of V,P-CoS,/CC demonstrates the existence of Co, V, S
and P elements, which is consistent with the TEM results. The high-
resolution C 1 s spectrum is deconvoluted into four peaks, including C
=0 (284.0 eV), C-C (284.8 eV), C-0 (286.0 eV) and C = O (288.0 eV).
This work uses the binding energies based on C 1 s as the standard for
correction (Fig. S4b). Depicted as Fig. 3c, the Co 2p XPS spectrum of V,P-
CoS,/CC shows two prominent peaks at 778.33 and 793.51 eV, which
are assigned to Co-S compounds. The other two peaks located at 781.38
and 797.77 eV are ascribed to the characteristic peaks of Co?" in CoS,,
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Fig. 4. OER performance of different catalysts and RuO,/CC in 1.0 M KOH. (a) LSV polarization curves, (b) overpotential comparison at 10 and 100 mA em™2, (¢)
corresponding Tafel slopes, (d) comparison with the overpotentials of recently reported catalysts for OER activity at 10 mA cm 2, (e) double layer capacitance (Cqp),

and (f) turnover frequency (TOF) value.
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and at 784.34 and 802.83 eV are satellite peaks, respectively [35].
Fig. 3d displays the high-resolution V 2p XPS spectrum. The two peaks at
516.56 and 524.08 eV can be attributed to the V 2p3/» and 2p; /» states
[36]. The core-level spectrum of S 2p (Fig. 3e) exhibits two peaks at
162.28 and 163.46 eV of S 2p3,2 and S 2p;/» belong to Co-S in the hy-
dride [37]. And Fig. 3f reveals the P 2p region of V,P-CoSy/CC. The
binding energy at 133.56 eV are assigned to POy, demonstrating the
successful doping of P [38]. The above results confirmed the successful
preparation of V,P-CoS,. Furthermore, the wettability of the electro-
catalyst is a vital parameter that influences the electrochemical perfor-
mance. The hydrophilicity of the electrocatalyst is beneficial for
promoting OER activity due to its solid-liquid interfacial activity [39].
Impressively, the contact angle on V,P-CoS,/CC is 11.8° (Fig. 3g), which
is smaller than that P-CoS,/CC (18.5°), V-CoS5/CC (20.3°) and CoS,/CC
(42.5°), confirming the better hydrophilicity of V,P-CoS5/CC, which is
conducive to the adsorption of reactant HO and promotes the oxygen
evolution process [40].

3.2. Electrocatalytic performance

The electrocatalytic oxygen evolution activity of the prepared cata-
lysts was investigated using linear sweep voltammetry (LSV) in 1.0 M
KOH solution. Since the sulfidation temperature significantly influences
the catalytic performance, samples obtained by sulfidation at various
temperatures were initially evaluated for OER activity, and the results
indicate the optimum temperature was 450 °C (Fig. S5). LSV curves
(Fig. 4a) show that the V,P-CoS,/CC exhibits superior OER activity,
requiring only a much lower overpotential of 227 mV at 10 mA cm ™2
than those of V-CoS,/CC (260 mV), P-CoS,/CC (332 mV), CoS,/CC (362
mV). Although, the overpotential of V,P-CoS,/CC is slightly higher than
that of RuO, at 10 mA cm ™2, V,P-CoS,/CC outperforms RuO, when the
current density exceeds 40 mA cm™2, indicating superior industrial
application potential under high current density compares to the RuOy
catalyst. Meanwhile, the overpotentials with current densities of 10 and
100 mA cm™2 was selected as the comparison parameters. The corre-
sponding results are displayed in Fig. 4b. The optimized V,P-CoS,/CC
exhibited an enhanced OER activity compared to the individual V-CoSy/
CC, P-CoS,/CC and CoS3/CC, highlighting the essential synergistic effect
of V and P co-doping. The Tafel slope of the catalyst was obtained by
fitting the polarization curve in the kinetic range (Fig. 4c). As expected,
the Tafel slope of the V,P-CoS,/CC was measured to be 66 mV dec™!,
lower than the V-CoS»/CC (117 mV dec ™), P-CoS,/CC (67 mV dec™ )
and Co0S,/CC (77 mV dec™ 1), implying the enhanced reaction kinetics of
V,P-CoSy/CC [41]. V,P-CoS2/CC also exhibits reasonably good OER
activity among the recently reported heteroatom-doped CoS; and other
transition metal OER catalysts (Fig. 4d and Tables S4-5). The electro-
chemically active surface area (ECSA) of the different catalysts were
estimated based on the double layer capacitance (Cqp) to investigate the
origin of the increased OER activity. The Cq) was also calculated from the
cyclic voltammetry (CV) curve at different scan rates (Figs. S6-7) in the
non-Faradaic range. The V,P-CoS,/CC exhibited the Cq; value of 62 mF
em ™2, higher than V-CoS,/CC (45 mF cm™~2), P-CoS,/CC (20 mF cm ™ 2)
and CoS,/CC (11mF cm’z), respectively (Fig. 4e). The ECSA value of V,
P-CoS,/CC is 1033.3 cm 2 (normalized to per cm? of electrode area),
which is 1.4-, 3.1-, and 5.6-fold higher than V-CoS,/CC, P-CoS5/CC and
CoSy/CC, manifesting that V and P co-doping effectively increased the
ECSA of CoS; (Fig. S8). Furthermore, the turnover frequency (TOF) is
considered one of the most reasonable parameters for assessing the
inherent activity of the catalysts, which represents the amount of Oy
molecules released per second per active site [42]. V,P-CoSy/CC showed
a higher TOF value than other samples (Fig. 4f), indicating that V and P
co-doping significantly enhanced the intrinsic activity of CoS, for OER.
Based on the equivalent circuit model, the electrochemical impedance
spectroscopy (EIS) of V,P-CoSy/CC (Fig. S9a) illustrated the smallest
charge transfer resistance (R.) values compared to other controls
(Fig. S9b), revealing the faster charge transfer kinetics between the V,P-
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CoSy/CC and the electrolyte [43]. In addition, the long-term stability of
V,P-CoS2/CC was tested by constant current and cyclic voltammetry
methods. The current densities of V,P-CoS,/CC can be maintained for
100 h without considerable potential increase at a current density of 10
mA cm~? (Fi g. S10a). The LSV curve after 1000 CV cycles is consistent
with the initial one (Fig. S10b), implying that V,P-CoS,/CC has excep-
tional stability.

Considering the superior OER performance of V,P-CoS5/CC, a two-
electrode overall water splitting device was assembled by employing
the V,P-CoS/CC as anode and 20 wt% Pt/C/CC as cathode, respectively,
and schematically presented in Fig. 5a. As expected, the V,P-CoS,/CC
||pt/c/CC ) acquired a cell voltage of 1.87 V to deliver a current
density of 500 mA cm ™2, which is lower than that of the RuO,/CC (||
Pt/C/CC ) (1.95 V) in Fig. 5b. Importantly, during the electrochemical
test, O, and H, bubbles can be observed on the anode and cathode
surfaces during electrochemical testing (inset in Fig. 5b). Encouragingly,
the required voltage of the V,P-CoS,/CC ™|[Pt/C/CC 7 to afford the
current density of 10 mA cm 2 also surpasses the state-of-the-art re-
ported other electrocatalysts for alkaline overall water splitting (Fig. 5¢
and Table $6). Moreover, the V,P-CoSy/CC ||Pt/C/CC ) revealed
robust long-term durability at 10 mA cm™2 for 100 h, suggesting the
superior stability of the V,P-CoS,/CC P||Pt/C/CC O device (Fig. 5d).

3.3. Structural evolution analysis and DFT calculation

In situ surface reconfiguration inevitably occurs in the highly
oxidative environment of the catalyst in the OER progress [44].
Consequently, further investigation of the reconstructed catalyst’s
structure is essential. Interestingly, from the SEM image, the catalyst
morphology was changed from a thin nanoflower to a rough surface
litchi shape after stability testing, which is consistent with the results of
the TEM image (Fig. S11a-b). According to the XRD results (Fig. 6a), the
peak of CoS; (JCPDS: 02-0214) completely disappeared, signifying that
V,P-CoS; is reconstructed as CoOOH with low crystallinity on the
catalyst surface [45]. Moreover, HR-TEM showed relatively few crystal
fringes corresponding to the (012) plane of CoOOH (Fig. S11c), while
SAED also confirmed that it somewhat lost the crystallinity after the
stability test (Fig. S11d). Compared to the initial EDS and corresponding
element mappings, the O content dramatically increased while V, P and
S all decreased (Fig. S11e-f). The XPS results (Fig. S12) showed that the
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Fig. 5. (a) Schematic diagram of overall water splitting electrolyzer using V,P-
CoS,/CC and Pt/C/CC as anode and cathode, respectively. (b) Comparison of
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Fig. 6. (a) XRD pattern of V,P-CoS,/CC after OER stability test. (b) In-situ Raman spectra of V,P-CoS,/CC catalyst under OER condition. (c) Differential charge
density diagram of V-CoOOH/CoS,, where Co, V, O, H, and S are represented by violet, red, gray, pink and yellow spheres, respectively. (d) Density of states (DOS) of
V-CoOOH/CoS;. (e) Free energy diagrams of the OER processed on different catalysts. (f) OER mechanism illustration of V-CoOOH/CoS,.

Co-S disappeared for the Co 2p region, and the binding energy located at
779.1 eV was attributed to the Co>* configurations [46]. Furthermore, V
2p spectrum displayed a decrease in the peak intensity. The O 1 s
spectrum appear at 530.0, 530.8 and 531.8 eV assigned to M—O, OH",
and HyO4qs, respectively, implying that the surface layer of the catalyst
was oxidized. As illustrated in S 2p spectrum, the intensity of Co-S
characteristic peaks decreased, indicating that a significant amount of
S leaching occurred, while the peaks at 167.5 and 168.6 eV corre-
sponded to the S-O bond [47]. As for the P 2p spectrum, the almost
negligible variation may be attributed to the low P content. To further
confirm the change of V,P-CoS; during OER, in-situ Raman was used to
observe structural evolution during the electrochemical test (Fig. 6b).
Surprisingly, four characteristic peaks of CoS; were observed in three
consecutive potentials between OCP and 1.1 V at ~ 192, 482, 619 and
688 cm ! [48]. The peaks of CoS, gradually weaken when the potential
increased, and the characteristic peaks that well match with CoOOH
appeared at 290, 391 and 586 cm ™! [49]. These facts indicated the
collapse of the V,P-CoS; and the in-situ redeposition of CoOOH on the
catalyst surface during OER, suggesting that leaching of S species can
lead to the transformation of a genuinely active site from V,P-CoSy
catalyst to V-CoOOH/CoSs.

Consequently, to further elucidate the role of Co defects and in-situ
reconstruction from V,P-CoS; to V-CoOOH/CoS; heterojunctions
(assuming the metal as the active center) on improving catalytic per-
formance for OER in atomic level. Three different theoretical compu-
tational models, CoOOH, V-doped CoOOH (V-CoOOH) and V-doped
CoOOH/CoS, heterostructure with Co defects (V-CoOOH/CoS,) were
constructed based on the (012) and (31 1) lattice planes of CoOOH and
CoSy, as illustrated in Fig. S14. Notably, the charge density differences
result in significant charge accumulation at the interface of COOOH and
CoS; (Fig. 6¢), which can effectively adjust the adsorption energy of the
reaction sites to the intermediates and accelerate the OER reaction ki-
netics [50]. The density of states (DOS) and d-band center (gq) for
CoOOH, V-CoOOH and V-CoOOH/CoS; are displayed in Fig. S13 and
Fig. 6d. Obviously, the CoOOH, V-CoOOH and V-CoOOH/CoS, all
manifest different intrinsic metallicity, attesting high conductivity and
fast electron transfer, favoring the OER kinetics [10]. The introduction
of V in CoOOH shifts ¢4 toward the Fermi level. Meanwhile, V-CoOOH/
CoS; causes g4 to shift away from the Fermi level, leading to suitable
intermediates adsorption/desorption performance during the OER

process [51]. Remarkably, the Gibbs free energy diagram of the OER
process for the intermediates adsorbed on different samples is depicted
in Fig. 6e. Impressively, it shows that when U = 0V, all reaction steps of
the three catalysts undergo an uphill (internal heat) process. For V-
CoOOH/CoSy, the step from *OOH to O; presents the smallest energy
barrier of 1.36 eV (] AGy+|), indicating that it is the rate-determining step
(RDS). However, the RDS for COOOH is from *O to *OOH (|AGy+| =1.79
eV), while the RDS for V-CoOOH is the first step from OH™ to *OH (|A
Gp+| =1.53 eV). This result implies that the Co defects in V-CoOOH/
CoS; allow for weak *OOH adsorption, which drives easier release of the
generated O from the catalyst surface. Significantly, the energy barrier
of V-CoOOH/CoS; decreased dramatically compared with CoOOH and
V-CoOOH, confirming that V-CoOOH/CoS; can optimize the adsorption
and desorption properties of the reaction intermediates, significantly
reduce the reaction energy barrier, and accelerate the reaction kinetics
to improve the OER activity [52]. The corresponding OER mechanism of
V-CoOOH/CoS2, CoOOH and V-CoOOH are showed in Fig. 6f and
Figs. §15-16. We proposed a four-step OER mechanism as the following:

* + OH — *OH + e~ M
*OH + OH™ — *O + H,0 + ¢~ )
*O + OH™ —»*OOH + e~ 3
*O0H + OH = Oy + H)0 + ¢~ 4

Foremost, OH™ is oxidized to obtain *OH and loses an electron by
attaching it to the V-CoOOH/CoS; surface. Then, *OH undergoes
proton-coupled electron transfer with OH™ to form *O. Subsequently,
another OH™ attacks a proton and deprotonates to form the intermediate
*OOH. Eventually, the proton-coupled electron transfer leads to the
release of O [53].

4. Conclusions

In summary, a simple hydrothermal and two-step calcination process
of preparing a novel V,P-CoS;/CC with abundant Co defects was re-
ported. The nanoflower-like structure supports the exposure of more
reaction sites, ensuring electrolyte accessibility and available bubble
release. Significantly, the V,P-CoS,/CC exhibits enhanced OER catalytic
performance with overpotentials of 227,/300 mV@10,/100 mA cm ™2 in
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1.0 M KOH. The assembled water-splitting electrolyzer requires only
1.87 V to deliver 500 mA cm~2 and achieve robust stability over 100 h.
DFT calculations confirm that V-CoOOH/CoS, interface with Co defects
can optimize adsorption/desorption of the intermediates and thus pro-
mote the OER reaction kinetics. This work achieves in-situ surface
reconstruction and reveals that anion/cation double doping induces
metal defects to enhance OER performance.
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