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Fe triad elements (Fe, Co, and Ni) are commonly used as catalysts for many
hydrogenation applications. Here, Li et al. report a highly active Co(VOx) catalyst
with disordered lattice and downsized particle size for H, evolution. The approach
can potentially be extended to treat other transition-metal-based materials for
efficient H, production.
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SUMMARY

Promoting active and stable H, evolution reaction (HER) on metallic
Fe triad materials is important yet challenging. Here, we report a
metallic Co catalyst modulated by vanadium oxide (VOx) clusters
(denoted as Co(VOx)) for active alkaline HER activity. Systematic
X-ray absorption spectroscopy (XAS) and X-ray crystallography
studies verify that VOx clusters endow Co with a highly disordered
lattice and downsized particle size. The best Co(VOx) electrode is
achieved with an optimal doping level of 3%, which delivers —100
mA cm ? at an overpotential merely of 178 mV, in contrast to
344 mV and continuous activity decay on pure Co. The lower or
higher doping level is unable either to regulate the atomic structure
and reduce the H binding or to provide fewer active sites. Density
functional theory (DFT) calculations reveal that VOx enables effi-
cient electron transfer from Co to VOx, thus decreasing the H-
adsorption on V-Co(001) for enhanced HER.

INTRODUCTION

H, is considered an ideal clean energy carrier to replace traditional fossil fuels.
Electrocatalytic H, evolution reaction (HER) from renewable energy by water
splitting is a promising technology for efficient H, production.”™® Various Earth-
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abundant metal-based catalysts with considerable HER activities have been broadly
reported to replace precious platinum group metal (PGM) electrocatalysts.”'* Un-
fortunately, a large gap still exists between non-precious metals and PGM catalysts
toward HER, owing to the lack of efficient active sites. The occurrence of too weak
(e.g., for Cu and Zn) or too strong (e.g., for Co, Ni, and W) H adsorption results in
a lower reaction rate through affecting the initial H adsorption and/or the ultimate
molecular H, desorption from the catalyst surface.’” In particular, metallic Ni and
its alloys are widely regarded as the most promising non-precious-metal electroca-
talysts alternative to PGM for industrial-scale water electrolysis; yet, the strong H
adsorption on Ni has severely affected its durability.®

The Fe triad elements (i.e., Fe, Co, and Ni) share similar chemical and physical char-
acteristics, are abundant on Earth, and have been popularly used as catalysts for
many hydrogenation applications.’”""® For example, metallic Co is the most widely
used catalyst in Fischer-Tropsch synthesis (FTS) for converting H, and carbon mon-
oxide from coal or natural gas into long-chain hydrocarbons.”*° However, metallic
Co and Fe typically show poor activity toward HER, although Co- and Fe-based chal-
cogenides,21 nitrides,?? carbides,’® and phosphides,24 and their interaction with

heteroatom-doped carbon and macrocyclic Co complexes”>® have been reported
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as having considerable activity for HER. Co can exist in two crystallographic struc-
tures: the hexagonal close packed (hcp) and the face-centered cubic (fcc) phase.
Many reports have revealed that the hcp Co is more active than fcc Co, due to the
intrinsic stacking faults that offer a greater number of active sites.”’**® Nevertheless,
the large size of nanoparticles (NPs) with limited surface area and strong H binding
over Co greatly slow down the desorption of H to evolve H; and limit the HER ki-
netics. To achieve enhanced HER catalytic performances on Co, downsizing the cat-
alysts to fine NPs and creating disordered structure to engender more exposed
active sites, along with optimized electronic structures for H binding, are critical.

Here, we show a hcp metallic Co catalyst modulated by vanadium oxide (VOXx) clus-
ters (denoted as Co(VOx)) with extraordinary HER activity as well as an atomic-level
understanding of the activity origins. The VOx-modulated metallic Co catalyst
((Co(VOx)-y, y is the V3*/Co?* precursor molar ratios) is prepared by a facile electro-
deposition process. Due to the strong interaction between Co and VOX, the crystal-
lographic, electronic structure, and coordination environment can be rationally
regulated at atomic scale by adjusting the doping levels during the electrodeposi-
tion process. The VOx doping plays an important role for achieving a refined Co
NPs and highly disordered Co structure. The optimal Co(VOx)-3% catalyst exhibits
extraordinarily low overpotentials and high activity and stability toward HER, which
are distinctly different from the poor HER activity and durability of metallic Co. X-ray
absorption spectroscopy (XAS), X-ray crystallography, operando Raman spectros-
copy, and density functional theory (DFT) calculations are applied to study the roles
of VOx clusters, uncovering the highly disordered structures and partial electron
transfer from Co to VOx, which dramatically decreases the H adsorption on V-
Co(001) to achieve enhanced HER.

RESULTS AND DISCUSSION

Catalyst Synthesis and Physical Characterization

The Co(VOx)-y (y = 0%, 1%, 3%, and 6%) catalysts with different doping levels are
electrodeposited directly on Ni foam (NF) substrate, and all of the electrodes after
electrodeposition show a black color. The X-ray diffraction (XRD) pattern of Co
and Co(VOx) samples electrodeposited on carbon fiber paper to remove the effect
of diffraction signals from NF were collected by using the Empyrean PANalytical
diffractometer in the grazing incidence measurement mode. As shown in Figure 1D,
for pure Co, the characteristic peaks located at 41.5°, 44.5°, and 47.3° are indexed to
the (100), (001), and (101) planes of hcp metallic Co (joint committee on powder
diffraction standards [JCPDS]: 05-0727),%° respectively. VOx doping has a remark-
able influence on the crystal structure of Co. With the increment of VOx doping,
the two characteristic peaks at 41.5° and 47.3° almost disappear, while the (001)
peak broadens and decreases sharply, indicating the formation of a poorly crystal-
lized Co structure and refined NPs, as illustrated in Figure TA.

To identify the structural transformation of Co by VOx doping, the electrodeposition
behavior of the Co(VOx)-y electrodes was analyzed. The representative Co(VOx)-3%
electrode is discussed in the following sections, unless stated otherwise, as it shows
the highest HER activity. Figure S1 shows that pure Co was electrodeposited at a
more positive potential than that for pure VOx deposition from the NH,VO3 precur-
sor. However, the deposition of VOx can significantly influence the Co crystallization,
as evidenced by a negative shift of the electrodeposition potential for Co(VOx)-3%.
This negative shift in potential indicates that VOx regulates the nucleation and
crystallization process of metallic Co. Because the formed VOx are ultrafine NPs in
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Figure 1. Sample Preparation Schematic and Morphology
(A) Schematic illustration of the VOx effect on Co for enhanced HER.
B and C) HRTEM and SAED pattern (inset) for pure Co and Co(VOx)-3% electrodes.

(
(D) XRD pattern of the prepared Co-based samples.
(E-H) TEM-EDS elemental mapping of the Co(VOx)-3% sample.
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nature (see scanning electron microscopy [SEM] information below), thus, the crys-
tallization structure and size of Co can be well regulated by VOx.

The morphology of the obtained catalysts was first characterized by SEM. Figure S2
shows the SEM image of uniformly and densely distributed Co NPs on NF. At high
magnifications, itis revealed that the size of NPs is in the scale of tens of nanometers.
For the electrodeposited VOXx, the NF substrate is uniformly covered with the com-
posite constituted by a large number of NPs with sizes of merely several nanometers
(Figure S3). Figure S4 depicts the different magnified SEM morphology for Co(VOXx)-
3% with respect to the individually deposited Co or VOx. In the presence of vana-
dium, the well-ordered structure of Co NPs was transformed into an irregular nano-
cluster structure composed of fine NPs with a size of few nanometers, indicating the
crystalline refinement effect of VOx on Co. Transmission electron microscopy (TEM)
was used to learn more about the structure of Co(VOx) composites. As seen in Fig-
ures 1B and S5, the TEM morphology of pure Co shows large NPs with sizes ranging
~30-50 nm. The clear lattice patterns and diffraction rings from the selected area
electron diffraction (SAED; inset in Figure 1B) both indicate the well-crystallized
Co structure. The TEM images of the Co(VOx)-3% sample reveal the uniformly
distributed fine NPs structure with a size of ~5-10 nm (Figure 1C). The high-resolu-
tion TEM (HRTEM) image in Figure 1C shows a lattice fringe of 0.205 nm, which is
consistent with the (001) plane of Co and corresponds well with the SAED pattern
(Figure 1C, inset). However, the poorly defined rings in SAED demonstrate the
poor crystalline phases and a disordered Co structure. The elemental distribution
was confirmed by TEM-energy dispersive spectroscopy (EDS) mapping, in which
all the elements are uniformly distributed throughout the whole sample (Figures
1E-1H). In addition, the HRTEM morphologies of Co(VOx)-1% and Co(VOx)-6% sam-
ples (Figures S6 and S7) depict Co NPs with sizes between ~15-20 nm and ~5-
10 nm with good and poor lattice fringe for Co (001) plane, respectively, demon-
strating that both the morphology and crystal structure of Co NPs can be well tuned
through VOx modulation.

X-ray photoelectron spectroscopy (XPS) was used to investigate the valence states of
the as-prepared Co and Co(VOx) samples. As seen from Figure S8, in the Co2p re-
gion, the two main peaks for Co2p3/2 and Co2p1/2 are located at 781.2 eV and
797.3 eV, accompanied by two shake-up satellite peaks (786.6 eV and 803.1 eV),
demonstrating an oxidized Co surface. In addition, an enhanced oxidation degree
of Co after the increment of the doped VOx causes a slightly negative energy shift
in Co2p configuration.”” The high-resolution XPS of the V2p region shows character-
istic peaks at 517.1 eV and 516.4 eV assigned to V>* and V** species,*” and a slightly
negative shift of V2p was observed with increasing VOx doping. The energy shift on
Co2p and V2p reveals a direct interaction between Co and VOx and a charge trans-
fer from Co to VOx.>' The O1s XPS spectra show a main peak at ~531.1 eV, corre-
sponding to O in VOx and the oxidized Co-O in the composite. It is noted that the
metallic Co peaks were not observed in the XPS spectra because of the surface
oxidized layers.

Electrochemical H, Evolution Activity Investigation

The HER performance of the as-prepared Co(VOx) catalysts with different VOx con-
centrations (0%—-6%) along with the commercial 20 wt % Pt on carbon black (Pt/C)
electrodes are evaluated in 1 M KOH without ohmic potential drop (iR) correction
(Figure 2A). Linear sweep voltammetry (LSV) of all the prepared Co(VOx) electrodes
show significantly enhanced HER activity compared to the bare Co electrode. In
particular, the Co(VOx)-3% electrode shows the best HER activity, suggesting the
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Figure 2. Electrochemical Characterization of the Co(VOx) Electrodes

(A and B) The LSV polarization curves on the prepared electrodes (without iR correction) and
corresponding Tafel plots; the inset image in (A) is the prepared Co(VOx)-3% electrode.

(C) Time dependence of current densities at —100 mA cm~? on Co(VOx)-3% and pure Co
electrodes.

(D) The LSV curves of the Co(VOx)-3% electrode before and after stability test.
(E and F) Extraction of the Cqj and the EIS spectra of the prepared electrodes.

electrodeposited VOx with optimal doping plays an important role in the activity
enhancement. Specifically, to deliver a current density of —100 mA cm 2, the
Co(VOx)-3% electrode requires an overpotential of merely 178 mV, which is much
smaller than 344 mV and 275 mV required for Co and Co(VOx)-1%, respectively,
and 203 mV for Co(VOx)-6%. The obtained performance of Co(VOx)-3% is compara-
ble or outperforms recently reported state-of-the-art noble-metal-free HER cata-
lysts, although it still shows a larger overpotential than Pt/C catalyst (93 mV) (Table
S1). The corresponding Tafel slopes were derived from the LSV curves to investigate
the reaction kinetics. As shown in Figure 2B, the Co(VOx)-3% and Co(VOx)-6% elec-
trodes have similar Tafel slopes of 40 and 36 mV dec™", respectively, which are much
smaller than those of Co(VOXx)-1% (60 mV dec™") and Co (125 mV dec™ ), suggesting
that HER follows the Volmer-Heyrovsky mechanism at the Co(VOx) electrodes. Also,
a Tafel slope of 23 mV dec ™" was obtained for the Pt/C electrode. The significantly
decreased Tafel slope of Co(VOx)-3% and Co(VOx)-6% indicate fast intrinsic kinetics
of HER due to the formation of the fine and disordered Co structure (see below).
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The long-term electrocatalytic durability is a pivotal parameter for a HER electrode.
Figure 2C shows that the Co(VOx)-3% catalyst retains a stable HER activity for over
50 h. In contrast, the bare Co electrode shows a noticeable activity decay during the
continuous HER operation. Additionally, the almost overlapped LSV curves obtained
on the Co(VOx)-3% electrode before and after stability demonstrate the robustness
of the Co(VOx)-3% electrode (Figure 2D). The stable activity of the catalyst was
further studied by the post-HER characterizations. As shown in Figure S9, the almost
unchanged morphology of the fine NPs and the retained uniform distribution of the
constituting elementals both indicate the rigid structure of the Co(VOx)-3% catalyst,
and the HRTEM also reveals the existence of the lattice fringe for metallic Co.

To understand the origin of the enhanced HER activity on Co(VOXx) catalysts, the
electrochemical active surface area (ECSA) was first determined by measuring the
double-layer capacitance (Cq) of the electrodes derived from cyclic voltammetry
(CV) curves in a non-Faraday region with different sweep rates (Figure 510).%? The
Cgqi values obtained on Co(VOx) electrodes are all larger than that on pure Co (12
mF), with the Co(VOx)-3% electrode being the largest (30 mF), followed by
Co(VOx)-6% (24 mF) and Co(VOx)-1% (17 mF) (Figure 2E). These results demonstrate
that the fine NPs and disordered structure provide more active sites for HER. More-
over, the intrinsic catalytic activity of each active site was evaluated by normalizing
current against ECSA. Figure S11 shows that the Co(VOx)-3% electrode still exhibits
a higher HER activity than Co and Co(VOx)-1%, demonstrating the profound role of
VOx in enhancing the intrinsic activity of each active site. It should be noted that the
ECSA normalized HER activity of Co(VOx)-3% and Co(VOx)-6% electrodes almost
overlapped, suggesting that the more exposed active sites are contributing in the
improved HER on Co(VOx)-3%, and this observation is consistent with the projected
DFT simulations (see below). In addition, the charge transfer process of the prepared
samples was investigated by electrochemical impedance spectroscopy (EIS), and an
equivalent resistor-capacitor circuit model (R;, resistor; R, charge transfer resis-
tance; C, capacitance) was used to fit the impedance spectra. As shown in Figure 2F,
the EIS spectra reveal a significantly smaller R, for the Co(VOx)-3% electrode (12 Q)
than that of Co(VOXx)-6% (22 Q), Co(VOx)-1% (81 Q), and Co (107 Q), verifying the fast
electron transfer kinetics of HER on Co(VOx)-3%. Furthermore, the Faradaic effi-
ciency close to unity is obtained on the Co(VOx)-3% electrode by measuring the
generated H; gas by using gas chromatography (Figure S12).

XAS and Operando Raman Spectroscopy for Structure Analysis

To obtain further information on the elemental oxidation states and in particular to
determine the influence of VOx on the atomic structure of Co and eventually the HER
performance, the Co K-edge X-ray absorption near edge structure (XANES) was
studied in detail. As seen from Figure 3A, the XANES spectra of Co and Co(VOx)-
1% contain similar pre-edge characteristic features, referring to an oxidation state
close to metallic Co for Co in these catalysts. With increasing the VOx amount,
both the positively shifted pre-edge peak and higher white line intensity demon-
strate a higher oxidation degree of Co (Figure 3B). In other words, the Co(VOx)-
3% and Co(VOx)-6% catalysts are oxidized and disordered more at higher VOx
doping levels. Figure 3C shows the resulting Fourier-transformed extended X-ray
absorption fine structure (FT-EXAFS) for all prepared samples. There are fewer scat-
tering contributions from the Co-O bond for Co and Co(VOx)-1%, but the other
three nearest-neighbor (NN; 2nd-4th) shells show strong intensity, which indicates
the formation of metallic Co with highly ordered atomic structure.® It should be
noted that from XPS spectra, we observed that these two samples are oxidized,
but the XAS spectra reveal a metallic phase structure. This is because XPS is a
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Figure 3. XAS and Operando Raman Spectra

(A and B) Co K-edge XANES spectra; (B) is an enlarged image of (A).

(C) Co K-edge FT-EXAFS of the prepared samples.

(D and E) Operando Raman spectra on Co(VOx)-3% and Co electrodes; the background schematic
in (D) is the operando Raman feature by using screen-printed electrode (SPE) electrode. OCP, open
circuit potential.

(F) The first 5 LSV polarization curves on the Co(VOx)-3% electrode.

surface-sensitive technique, whereas XAS is designed for bulk-averaged atom-atom
correlation information. With the increment in VOx doping, the significantly reduced
intensity amplitude for Co(VOx)-3% and Co(VOx)-6% demonstrates the existence of
an abundant disordered structure. Furthermore, the increased 1st NN shell intensity
reveals the higher oxidation degree, whereas the decreased 2nd-4th NN shell inten-
sity indicates a much less efficient atomic packing and a greater structural disorder of
metallic Co due to the regulation effect of VOx, which corresponds well to the XRD
and XPS results.

Ex situ experiments yield valuable information on the chemical nature of Co(VOx);
yet, the origin of catalytic activity in these NPs remains largely unknown. To address
this issue, operando Raman spectroscopic experiments were performed to detect
structural changes during HER conditions. To conduct operando experiments, the
catalyst was held at the applying potential for 10 min before acquiring the spectrum
on Co(VOx)-3% and Co electrodes. As shown in Figure 3D, several intense peaks are
observed at 518 cm™', 679 cm™", and 806 cm ™" on Co(VOx)-3% under open circuit
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potential (OCP). The detected bands at 518 cm " and 679 cm ™ are assigned to Co
oxide, which correspond to F'5 and A4 vibrations, respectively.” The Raman peak
at 806 cm™' is attributed to O-V-O stretching vibrations. As the potential was
increased to more negative values, e.g., —1.1 V, the vibration band peak at
679 cm™" almost disappeared, whereas the characteristic peak at 518 cm™'
ened, which is attributed to the reduction of the Co oxide layer. The intensity of

weak-

the VOx peak at 806 cm ™" was also decreased, which is mainly due to the dissolution
of loosely bonded or physically adsorbed VOx in KOH. It should be noted that the

=1 remains with

Co-O-V features cannot be totally removed, as the peak at 806 cm
increasing the overpotential. This is further evidenced by the inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis (V/Co = 2.7% for fresh
sample versus V/Co = 1.4% after stability) as well as the V/Co atomic ratio of 1.2%
from TEM-elemental spectra (Figure S9F) after long-term stability test. In addition,
the operando Raman spectra of the pure Co electrode shows two well-defined
Raman peaks at 523 cm™" and 691 cm ™" for Co oxide under the OCP condition (Fig-
ure 3E). However, the peak intensities are much lower than those of the Co(VOx)-3%
NPs, and a similar trend for the reduction of the Co oxides can be found when higher
negative potentials are applied.

From the above results, it can be concluded that under HER conditions, Co oxides
are first reduced to expose Co-O-V active sites to electrolyte for H, evolution. This
is further proven by applying a negative potential at different LSV cycles on the
Co(VOx)-3% electrode, for which a profound Co oxide reduction peak was observed
during the first 3 cycles (Figure 3F), demonstrating the fast reduction of Co oxide for
the exposure of Co-O-V active sites toward HER. It is noted that the developed elec-
trodeposition approach can be easily extended to other conductive substrates, such
as carbon fiber paper and copper foam. As seen from Figure S13, similar perfor-
mances were achieved as those on the NF substrate, where the Co(VOx) electrode
always shows a significantly enhanced HER activity compared with the electrodepos-
ited bare Co electrode, demonstrating this is a general synthetic approach to fabri-
cate active Co(VOXx) electrodes on conductive substrates.

DFT Calculations

Understanding the doping effect of the oxidized V (VO, cluster) on the HER activity on
Co(001) catalysts as the determined structure of the catalysts was followed by a series of
DFT calculations to elucidate the HER on Co(001) and V-doped Co(001) (V-Co(001)) cat-
alysts under different VO, coverage levels (6 = 0.25, 0.50, and 0.75). The structural
model of bare Co(001) was constructed as a 4 X 4 periodic supercell (Figure S14). We
considered the key reaction steps in alkaline HER, including the water dissociation reac-
tion and the adsorption/combination of reaction H intermediates (H*). Figure S15 shows
the calculated reaction energy diagram of water dissociation on Co(001) and V-Co(001)
(6 = 0.25). The energy barriers for water dissociation are similar on these two surfaces
(0.90 eV and 1.01 eV on Co(001) and V-Co(001) (6 = 0.25), respectively), which are quite
smaller than those for other active catalysts for alkaline HER, such as Ni,P/NiTe,.” These
results indicate that the water can be efficiently dissociated on both Co(001) and V-
Co(001) surfaces with similar energy barriers.

Then, we considered all possible adsorption sites for H* closed to the VO, cluster
(Figure S16) and all possible stable structures of V-Co(001) with 8 > 0.50 (Figures
S17 and S19). Figure 4D shows the calculated free energy diagram for HER on
bare Co(001), V-Co(001) (6 = 0.25-0.75), and V-Co(001) (8 = 0.50) with the highest
HER activities, which are shown in Figures 4A, 4B, S18, and S20. For the bare
Co(001), the AGy is highly negative (—0.32 eV), which indicates a strong interaction
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Figure 4. DFT Simulation on the Origin of the Enhanced HER Activity

(A and B) Top (top) and side (bottom) views of the optimized structures of H* adsorbed on V-
Co(001) (6 = 0.50) with the highest HER activity. The corresponding AGy are listed below the
panels.

(C) The deformation electronic density of V-Co(001) (6 = 0.25). Yellow and cyan refer to electron-rich
and -deficient areas, respectively. The isosurface value is 0.004 e A3,

(D) The calculated AGy: diagram of the HER at the equilibrium potential for various Co(001)-based
catalysts. The values for Pt(111) are also shown for comparison.

between H* and Co(001),%° manifesting poor HER reaction kinetics. Introducing a
low coverage of the VO, cluster on Co(001), namely V-Co(001) (6 = 0.25), signifi-
cantly increased the value of AGy to —0.25 eV, suggesting an enhanced HER activity
compared to bare Co(001). The deformation electronic density calculation (Figures
4C and S21) and Bader analysis show that the VO, cluster has led to an increase in
electronic charge density on VO, and a loss of electron charge density on the sur-
rounding six Co atoms, and there are 0.23 electrons transferred from each Co to
VO, based on the Bader analysis. Fewer electrons localized on Co sites closest to
VO, results in the weak H adsorption on V-Co(001) and thus the enhanced HER ac-
tivity. Moreover, we found that a further increase of the coverage of VO, clusters on
the Co(001) surface can further increase the values of AGy:. For example, the AGy:
for V-Co(001) (6 = 0.50) and V-Co(001) (6 = 0.75) are —0.12 eV and 0.14 eV, respec-
tively. These results indicate that the HER activities of V-Co(001) with a high VO,
coverage (0 > 0.50) are much higher than those with low VO, coverage (6 <
0.25). In addition, considering that the number of active sites for V-Co(001) (6 =
0.75) (Figure S20) are fewer than those of V-Co(001) (6 = 0.50) (Figure S18), we
conclude the HER activity follows the order of V-Co(001) (6 = 0.50) > V-Co(001)
(6 = 0.75) > V-Co(001) (6 = 0.25) > Co(001), which is consistent with experimental
results. It has to be noted that the binding of reaction intermediates on
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low-coordinated metal atoms is stronger than that on high-coordinated metal
sites.”® The small particle size of Co can significantly increase the proportion of
low-coordinated metal atoms, such as step atoms, kink atoms, and vacancies, which
can increase the binding strength of H*. Hence, the absolute value of adsorption en-
ergy of H* should be decreased as Co particle size increases. In other words, the
downsized Co NPs should have a stronger H* adsorption and decrease HER activity.
Although the downsized Co particle itself has a strong H* adsorption energy, for our
developed Co(VOx) catalyst, the VOx modification can significantly decrease the H*
adsorption energy compared with that of bare Co, thus leading to the excellent HER
performances.

In summary, a Co(VOXx) catalyst was developed with a refined NP size, disordered
structure, and a significantly enhanced alkaline H, evolution activity. The best
Co(VOx) electrode can only be achieved at appropriate VOx doping levels to offer
suitable H binding as well as abundant active sites during HER. This study provides
a promising approach for achieving notable HER performance with metallic Co,
which is known to be a poor catalyst for HER, and sheds light on the crucial role of
atomic structure modification through a facile VOx engineering strategy. The devel-
opment of highly active metallic Co-based catalysts for HER would find applications
in the water electrolysis industry and also potentially provide a multifunctional cata-
lyst for the FTS industry for which metallic Co is currently most widely used for the
synthesis of valuable long-chain hydrocarbons from H, and carbon monoxide. The
proposed approach can also be potentially extended to other non-active metallic
Fe triad materials for developing efficient low-cost electrocatalysts for H,
production.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to the Lead Con-
tact, Prof. Chuan Zhao (chuan.zhao@unsw.edu.au).

Materials Availability
This study did not generate new unique materials.

Data and Code Availability

The authors declare that data supporting the findings of this study are available
within the article and the Supplemental Experimental Procedures. All other data
are available from the lead contact upon reasonable request.

Preparation of the Co(VOx) Electrode

The Co(VOx) electrodes were prepared by a direct electrodeposition approach in
a three-electrode system with the NF as the working electrode, graphite plate as
the counter electrode, and a double junction saturated calomel electrode (SCE) as
the reference electrode. The NF was cleaned in a 5 M HCl solution for 10 min and
rinsed Milli-Q water before use. The electrodeposition was carried out in an
electrolyte consisting of 0.45 M CoCl,-6H;0, 4.5 to 27 mM (V/Co = 0%-6%)
NH;VOs3, and 0.35 M H3BOj3, by dissolving the chemicals in 50 mL Milli-Q water un-
der sonication. The electrodeposition was performed on a CHI 760D electrochemi-
cal workstation at—1.9 V (versus SCE) for 600 s. The Co(VOx) mass loading on NF was
2.3 4 0.4 mg cm 2. The preparation of other control samples can be found in detail
in the Supplemental Experimental Procedures.
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Electrochemical Measurement

All the electrochemical measurements were carried out on a CHI 760D electrochem-
ical workstation by using the prepared Co(VOx) and Co electrodes on NF as the
working electrode and graphite plate and double junction SCE (saturated KCI) as
the counter and reference electrode, respectively. All potentials measured were cali-
brated to the reversible H; electrode (RHE) through the following equation: Egpe =
Esce + 0.241V + 0.059 pH. The linear sweep voltammetry (LSV) polarization curves
were recorded at a scan rate of 3mV s ™" in 1 M KOH without iR compensation. Chro-
noamperometric measurements were obtained under the same experimental setup.
EIS spectra were measured at 150 mV overpotential in the frequency range of 0.1-
100000 Hz with an amplitude of 10 mV in 1 M KOH electrolyte.

DFT Calculations

All of the spin-polarized DFT calculations were performed using the vienna Ab initio
simulation package (VASP) program,”’~*” which uses a plane-wave basis set and a
projector augmented wave method (PAW) for the treatment of core electrons. The
Perdew, Burke, and Ernzerhof exchange-correlation functional within a generalized
gradient approximation (GGA-PBE)*® was used in our calculations. For the expan-
sion of wave functions over the plane-wave basis set, a converged cutoff was set
to 450 eV. Spin-polarization effect and dipole correction were considered in all
cases.

The structural model of bare Co(001) was constructed as a 4 X 4 periodic supercell
(Figure ST14A), which contains four atomic layers with the bottom two layers fixed in
their respective bulk positions and all the other atoms fully relaxed. Experimental
observations show that V-dopant atoms are oxidized and adsorb on the Co(001) sur-
face. In order to simulate V-doped Co(001) catalysts, VO, clusters are added to the
Co(001) surface to model V-doped Co(001) catalysts with different VO, coverages
(V-Co(001) (6 = 0.25, 0.50 and 0.75)). For example, Figure S14B shows the simulation
model of V-Co(001) (6 = 0.25). The vacuum space was set to larger than 18 Ainthe z
direction to avoid interactions between periodic images. In geometry optimizations,
all the structures were relaxed up to the residual atomic forces smaller than 0.005 eV/
A, and the total energy was converged to 10~* eV. The Brillouin zone was sampled
using 3 X 3 x 1 I'-centered mesh. The deformation electronic density of the V-
Co(001) was defined as Ap(r) = p(r)y_copor) = P(Neoory = P(Mvo,, where
P(r)v_co(o1) represent the charge density of the V-Co(001) system, and p(r)cooo1)
and p(r)yo, represent the charge density of the bare Co(001) and the VO, cluster
at the same coordinates as those in the V-Co(001) system, respectively.

The overall HER mechanism was evaluated with a three-state diagram consisting of
an initial H™ state, an intermediate H* state, and 1/2 H; as the final product. The free
energy of H* (AGy) is proven to be a key descriptor to characterize the HER activity
of the electrocatalyst. A electrocatalyst with a positive value leads to low kinetics of
adsorption of H, whereas a catalyst with a negative value leads to low kinetics of
release of H, molecules.” The optimum value of |[AGy-| should be zero; for
instance, this value for the well-known highly efficient Pt catalyst is near zero as
|AGy: | =0.09 eV.° The AGy: is calculated as®®

AGH* = AEH* +AEZPE — TASH (Equation 1)

where AEy; is the binding energy of adsorbed H and AEzpg and ASy, are the difference
in zero point energy (ZPE) and entropy between the adsorbed H and H; in the gas
phase, respectively. As the contribution from the vibrational entropy of H in the
adsorbed state is negligibly small, the entropy of H adsorption is ASy= — 1/2Sy,,
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where Sy, is the entropy of H; in the gas phase at the standard conditions. Therefore,
the AGyy- value for the Co(001) surface should be AEy + 0.24 eV.*®

Other Characterizations

More details of the characterization methods followed, XAS data collection, and op-
erando Raman measurements are provided in Supplemental Experimental
Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100275.
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