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ABSTRACT: Engineering defects in crystalline electrocatalysts is Non-stoichiometric ratio

an effective approach to tailor the electronic structure and number giyent P PEEUEST

of active sites, which are essential for the intrinsic activity of the < _
hydrogen evolution reaction (HER). Unlike previously reported ? Vacuum asslsted %f//// v
methods, we demonstrate a confinement effect using a mesoporous __hanocasting \ ,,‘,;»;
template for in situ fabrication of cationic W vacancies in as- Gonfnement offct Py e
prepared ordered mesoporous tungsten phosphide (WP) nano- ShLma
structures by adjusting the nonstoichiometric ratio of the precursor KIT-6

elements. With a plenty of W vacancies and ordered mesoporosity,

the as-prepared catalyst WP-Mesop exhibits better catalytic performance than the catalysts without mesopores and/or vacancies. The
WP-Mesop shows an ultralow overpotential of 175 mV in acid and 229 mV in alkaline at 100 mA cm ™2 and stability of 48 h without
structural collapse in both acid and alkaline media. Meanwhile, density functional theory calculations further reveal that the
activation barrier for HER can be lowered by introducing cationic W vacancies. This strategy can be extended to generate cationic
defects in other transition metal phosphides to improve their HER activities.

KEYWORDS: tungsten phosphide, ordered mesoporous, confinement effect, cation vacancies, DFT calculations

1. INTRODUCTION potential way to alter the electronic structure of solid
electrocatalysts. Many experimental methods have been

Electrochemical water splitting represents one of the most
developed to fabricate vacancies in crystalline materials.

important solutions for mass-producing hydrogen.' > Noble

metals, for example, Pt and Pd, possess exceptional activity Postfunctionalized methods such as ball milling, plasma
with nearly zero overpotential in acid media." However, the etching, and steam etching are well established for metals,
development of nonprecious electrocatalysts is more attractive metal oxides, carbons, and transition-metal dichalcoge-
because of their costs and natural abundance. It is a critical nides.”’™** However, these methods suffer from poor
challenge to identify alternative earth-abundant catalysts for controllability, inhomogeneity, or structural collapse. As
their widespread use. compared to post-treating methods, in situ synthesis is a

Transition metal compounds such as carbides,”™” nitrides,™” more promising and attractive way to fabricate vacancies.’’
sulfides,'™"" selenides, " and phosphides'*™"* have shown Chemical leaching of substitutional dopants is regarded as a

catalytic activity in the hydrogen evolution reaction (HER)
(see comparison in Figure S1). Among them, transition metal
phosphides (TMPs) also show potential applications in HER
in both acid and alkaline media. Up to now, Fe, Co, Ni, Cu,
Mo, and W have been used to make phosphide catalysts for
electrochemical hydrogen evolution.'” Many efforts have also
been devoted to designing TMPs catalysts with enhanced HER
activity.”"~* Electronic structures and morphology engineer-
ing are the most effective strategies to develop new generations
of electrocatalysts.

Different from perfect crystals, defective sites usually present
unique electronic properties that exert a positive impact on
reactivity.zg’29 Point defects, or vacancies, have emerged as a

feasible in situ approach such as doping of Mg in FeP to form
Fe vacancies.’® However, difficulties still remain in the
selection of suitable sacrificial dopants for their widespread
use. New facile and controllable methods of vacancy
engineering must be developed.
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In addition to optimization of electronic structures,
morphology engineering is regarded as a practical strategy to
improve HER activity as catalysis takes place on the surface.
Precise control over the catalyst surface structure with suitable
morphologies may provide more active sites and facilitate mass
diffusion pathways for HER. Extensive exploration has been
devoted to developing specific architectures such as nanowires,
nanorods, nanosheets, and so on.>’

Recently, porous materials with abundant and controlled
pore sizes are of particular interest in electrocatalysis. For
instance, Sun et al. reported three-dimensional macroporous
multishelled Ni,P microspheres with specific surface area of
31.6 m?/g as an active catalyst for hydrogen evolution.*® This
unique morphology could provide more and accessible active
sites, facilitating the HER process. Hu and co-workers
developed hierarchical Ni—Co—P hollow nanobricks electro-
catalysts, which exhibited a low overpotential of 107 mV to
drive a current density of 10 mA cm™2 for HER.** Ordered
mesoporous materials have larger specific surface area than
their macroporous forms. In addition, mesopores are better
than micropores for electrolyte diffusion. Therefore, it is
believed that TMPs with ordered mesopores could perform
well in HER catalysis. However, there are few reports available
regarding ordered mesoporous TMPs.

Herein, we explore a confinement effect of the mesoporous
template to in situ synthesize both cationic W vacancies and
mesoporous structures in tungsten phosphide (WP). To the
best of our knowledge, this seems to be the first successful
preparation of highly ordered mesoporous WP. We report here
the synthesis of ordered mesoporous WP with abundant W
vacancies (~10%), which was successfully prepared using
nonstoichiometric ratios of W and P (P/W = 1.1). The
formation mechanism of this unique structure was investigated.
The as-prepared mesoporous WP exhibited enhanced activity
and stability toward the HER, as compared to nonmesoporous
WP nanoparticles in both acid and alkaline solutions, showing
an ultralow overpotential of 175 mV in acid and 229 mV in
alkaline at 100 mA cm ™ and stability of 48 h for HER. Our
work proves that a combination of mesoporosity and high
density defects provides good opportunities to tailor electro-
catalytic properties.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Mesoporous, Nanostructured, and Bulk
WP Powders. Mesoporous WP was synthesized by nanocasting using
a cubic Ia(3)d mesoporous silica template KIT-6. The KIT-6 template
with a Brunauer—Emmett—Teller (BET) specific surface area of ~770
m?/g and an average pore size of ~8 nm was prepared, according to
previously reported procedures.* In a typical vacuum-assisted
nanocasting process, 0.35 mmol of phosphotungstic acid
(H304PW,,-aH,0, Alfa Aesar) and 493 mg of phosphoric acid
(H,PO,, 85 wt %, Sinopharm) were added into 6 mL of absolute
ethanol (99.8%, Sinopharm) to form a homogeneous precursor
solution. The atomic ratio of P/W in the precursor was 1.1. Then, the
precursor solution was mixed with 500 mg of mesoporous silica KIT-6
in a glass tube (20 cm long) and stirred for 1 h. After that, the air in
the glass tube and pores was evacuated for 4 h. Thereafter, the
precursor solution was successfully introduced. A further overnight
drying at 50 °C under vacuum was carried out to obtain dry powders.
The powders were then calcined at 300 °C for 4 h in air. After that,
the precursor powders were placed into a quartz boat and then
reduced in a tube furnace (OTF-1500X, MTI Corporation) at 700 °C
for 16 h in a H,/Ar atmosphere (20% H,) at a heating rate of 2 °C
min~". The calcined sample was treated in 2 M KOH aqueous
solution at 50 °C for 8 h to remove the silica template, followed by

washing with Milli-Q water three times and freeze-drying under
vacuum. The obtained sample was denoted as WP-Mesop. Another
control sample was prepared using the same nanocasting method as
mentioned above with P/W = 1.0 and labeled as WP-Mesop-A. For
comparison, WP nanoparticles (WP-Nano) were obtained following
the same procedure in the absence of KIT-6 template. The samples
with different atomic proportions of P in the precursor solution were
also prepared, denoted as WP-Nano-2 (P/W = 2) and WP-Nano-4
(P/W = 4). A bulk WP (WP-Bulk) was prepared by replacing the
phosphorous precursor with diammonium phosphate [(NH,),:
HPO,].

2.2. Physical Characterizations. The as-prepared samples were
characterized by X-ray diffraction (XRD, Rigaku D/max 2550) with
Cu Ka radiation. Small-angle X-ray scattering (SAXS) patterns were
recorded by a SAXSess mc” with Cu Ka radiation for mesoporous WP
samples. Nitrogen adsorption—desorption isotherms were performed
on an automated gas sorption analyzer (Autosorb iQ, Quantachrome
Instruments). Low-resolution transmission electron microscopy
(TEM) images were obtained from FEI Tecnai G2 (120 kV).
Scanning TEM (STEM), Cs-corrected STEM, high-angle annular
dark-field STEM (HAADF-STEM), and energy dispersive X-ray
(EDX) mapping profiles were acquired by a FEI Titan Themis Cubed
G2 30—300 microscope operated at 300 kV. X-ray photoelectron
spectroscopy (XPS) was conducted using a Kratos AXIS Ultra DLD
spectrometer with monochromatic Al Ka source (1486.6 V) to
identify the surface chemical states. The XPS spectra of W 4f were
fitted into peak doublets with parameters of spin—orbit separation
AE(4f;/,—4f,,) = 2.1 £ 0.1 eV and intensity ratio 4f;/,/4f,,, = 0.75.
The fitted of P 2p were confined to AE(2p,,,—2ps,,) = 0.9 + 0.1 eV
and intensity ratio 2p,,,/2p;,, = 0.5.

2.3. Electrochemical Measurements. The as-prepared catalysts
were loaded onto a glassy carbon (GC) working electrode. Typically,
10 mg of catalyst and 20 uL of Nafion solution (S wt %, DuPont
Corporation) were mixed with 980 uL of water—ethanol solution
(volume ratio: 1:1). The suspension was sonicated for 30 min to form
a homogeneous ink. Then, 14 uL of the ink was dripped onto a 3 mm
diameter GC and dried at room temperature overnight. The mass
loading was ~2 mg cm™2 Electrochemical measurements were
performed in 0.5 M H,SO, and 1 M KOH solutions using an
electrochemical workstation (Biologic VMP3) with a three-electrode
system. A S mm diameter graphite rod (99.997%, Alfa Aesar) was
used as the counter electrode in both acid and alkaline solution. An
Ag/AgCl electrode and a Hg/HgO electrode served as reference
electrodes in 0.5 M H,SO, and 1 M KOH electrolyte, respectively.
The Ag/AgCl and Hg/HgO reference electrodes were calibrated to
reversible hydrogen electrode (RHE) in H, saturated 0.5 M H,SO,
and 1 M KOH electrolyte, respectively, using platinum for both
working and counter electrodes. The calibration results (Figure S11)
show the equations of E(RHE) = E(Ag/AgCl) + 0229 V and
E(RHE) = E(Hg/HgO) + 0.909 V. Linear sweep voltammetry (LSV)
measurements were performed at a sweep rate of 2 mV s~ at room
temperature. The onset potential here is defined as the overpotential
to drive the HER with a current density of 1 mA cm™ The
electrochemical impedance spectroscopy (EIS) was performed from
120 kHz to 0.1 Hz at a potential of —100 mV versus RHE with a
sinusoidal voltage of S mV. The stability test was carried out under
the electrochemical mode of constant current at a current density of
10 mA cm ™ for 48 h.

2.4. Computational Details and Models. Density functional
theory (DFT) calculations with van der Waals correction of DFT-D2
method were performed by using the Vienna Ab initio Simulation
Package.‘“'42 The interaction between core and valence electrons was
described by the projector augmented wave, and generalized gradient
approximation with the Perdew—Burke—Ernzerhof exchange correla-
tion functional was used within the calculations.” During the
geometric optimization, S00 eV energy cutoff for plane-wave basis was
set, while the convergence criteria for electronic and ionic relaxation
were 107* eV and 0.02 eV/A, respectively. I'-centered k-points of 5 X
10 X S was performed in bulk WP optimization, and S X § X 1 I'-
centered k-points with dipolar correction was included in the slab WP
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Figure 1. (a) Synthesis of mesoporous WP with plenty of W vacancies for HER. (b,c) Low-resolution TEM images and the inset (b;) is SAXS
profile. (d) HAADF-STEM image. (e—g) Corresponding STEM—EDX elemental mappings of WP-Mesop.

model optimization. For WP slab model, 1 X 2 X 1 slab supercell
including six atomic layers was separated by a 15 A thick vacuum
layer. During the calculation, the upper two layers were fully relaxed,
and the remaining four-layer atoms were fixed. We investigated the
catalytic activity for HER on the most exposed (101) surface, whose
surface energy was evaluated as y = 2.690 J/ m? in our computation.
The adsorption free energy (AGy:) of the hydrogen atom, which can
be used to reliably indicate the catalytic activi?r of the site toward
HER, can be estimated by following equations*

AE = E(slab + H) — E(slab) — 1/2E(H,)

AGy« = AE + AZPE — TAS

where the E(slab + H) and E(slab) are the total energy of slab with
one hydrogen atom on the (101) surface and the total energy of slab
without any hydrogen atom, respectively. E(H,) is the total energy of
a gas hydrogen molecule. Therefore, the AE is the absorption energy
of the hydrogen atom on the 1 X 2 WP(101) surface. AZPE and AS
are the zero-point vibrational energy and entropy change, respectively.

3. RESULTS AND DISCUSSION

Synthesis of ordered mesoporous WP by nanocasting is shown
schematically in Figure la. The ordered mesoporous structure
of KIT-6 was confirmed by TEM, SAXS profile, and N,
adsorption—desorption isotherm, as shown in Figures S2—S4.
The mesoporous structures of the obtained WP labeled as WP-
Mesop after silica removal were characterized by TEM, SAXS,
and isothermal adsorption—desorption curve. Figure 1b,c
shows low-resolution TEM images of the obtained WP-
Mesop, which reveal that WP-Mesop possesses a highly
ordered mesoporous structure. Almost all the observed WP
particles are mesoporous with average pore sizes of ~8 nm
(Figure SS). The SAXS pattern of WP-Mesop, as shown in the
inset of Figure 1b, can be assigned to Ia(3)d, giving the same
scattering pattern as the original KIT-6 templates, as shown in
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Figure S3. This further confirms the highly ordered
mesoporous structure of the obtained WP. The N,
adsorption—desorption isotherms (Figure S6) show an
obvious hysteresis loop for WP-Mesop, suggesting that the
results are consistent with TEM and SAXS. The BET-specific
surface area of WP-Mesop measured from N, adsorption is
~37 m?*/g, which is almost the same as WP-Mesop-A (~36
m?/g, Figure S7) and is twice that of WP-Nano (~18 m?/g), as
listed in Table S1. Local elemental distribution of the WP-
Mesop sample was carried out using an EDX spectrometer in
the STEM mode. The EDX mappings were acquired with an
HAADEF-STEM image, as shown in Figure 1d—g. The chemical
mappings reveal that W and P atoms are homogeneously
distributed throughout the WP-Mesop structure.

Figure 2a shows a typical Cs-corrected high-resolution
STEM (HR-STEM) image of WP-Mesop viewed along the
[221] zone axis. It can be seen that many darker spots, marked
by red arrows, are randomly distributed among the bright ones
in the nanocrystal. The zoom-in and colored image (Figure
2b) selected from Figure 2a emphasizes the intensity difference
and dark contrast. As compared to the well-established
simulated HR-STEM image (Figure 2c) of a perfect crystal,
sites with dark contrast correspond to the point defects.” It
should be noted that these point defects would be attributed to
the presence of rich P vacancies or W vacancies. The existence
of defects is also revealed by the XRD profiles. As shown in
Figure 2d,d;, all the diffraction peaks of WP-Mesop shift
significantly (~0.3° for 26) to larger angles, as compared to
WP-Nano, indicating a decrease in the lattice spacing. This
lattice contraction may be caused by the introduction of the
ionic vacancies. On the basis of the EDX results (Table S2),
the point defects should be attributed to W vacancies because
the W/P stoichiometric ratio of the sample is 90/100,
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Figure 2. (a) High-resolution Cs-corrected STEM image of WP-Mesop with the [221] zone axis. (b) Colored HR-STEM image with a profile plot
of a line of atoms. (c) Simulated HR-STEM image of WP oriented along the [221] axis using MacTempasX-2 software. (d) XRD patterns of WP-
Mesop, WP-Mesop-A, WP-Nano, WP-Nano-2, and WP-Nano-4. (d,,d,) are the enlarge selected areas of XRD. (e,f) XPS spectra of WP-Mesop

around the BE of W 4f and P 2p.

indicating a deficiency of W atoms by ~10%. XPS results
further confirm the presence of W vacancies in the WP-Mesop
(Table S2). The surface W/P of the WP-Mesop is ~71%,
which deviates from the theoretical stoichiometric proportion.
The details of the XPS results are discussed below.

It is worth pointing out that the as-prepared WP-Nano
possesses a small extra diffraction peak at around 40° (Figure
2d,), which can be assigned to the (110) diffraction of metallic
tungsten (PDF no. 89-4900). Interestingly, when we increased
the atomic proportion of P in the precursor solution to P/W =
2 for the preparation of WP-Nano-2, metallic W still forms
after reduction. Phase pure WP (WP-Nano-4) was obtained
when the P/W ratio was increased to 4. This indicates that the
precursor loses P during reduction. In the limited domain of
the mesoporous template (WP-Mesop and WP-Mesop-A),
however, no impurity diffraction peaks can be observed in the
XRD (Figure 2d,), suggesting obvious restraint of P loss.

Generally, high temperature reduction of P precursor might
result in formation of volatile P,, reducing the P content in
WP. However, motion of atoms is restrained in the limited
domain of the mesopores, hence the P is likely constrained
inside the pores and facilitates formation of WP crystals at 700
°C rather than evaporating. For WP-Mesop-A, phase pure WP
can be obtained because the P/W ratio in the precursor is 1.0.
When the P/W ratio increases to 1.1, the P-rich precursor
tends to form W vacancies in WP. Therefore, there are two key
factors for defective WP formation, one is a proper

22744

nonstoichiometric ratio of the precursor (P/W > 1). The
other is reduction in the limited domain of the mesoporous
template to prevent P loss. This strategy has not been reported
earlier. Similar defect-rich materials are usually synthesized
using structure reconstruction or confinement effect of
inhomogeneous precursor area such as W,C and Mo,C. 46,47

The mesoporous WP sample with P/W = 2 in the precursor
was also explored. However, its mesoporous structure is not as
ordered as the former one (Figure S9). This can be ascribed to
the excess P, formation and/or deficient W in the pores, which
leads to discontinuous WP crystals in the constrained porous
channels.

The nature of the catalyst surface is essential to HER
performance. XPS was used to determine the chemical states of
the WP-Mesop surface. The XPS, as shown in Figure 2e(f,
confirms the existence of W and P in the WP-Mesop sample.
The high-resolution XPS spectrum of W, (Figure 2e) can be
divided into three sets of W species. A pair of major peaks with
lower binding energy (BE) located at approximately 31.8 and
33.9 eV can be assigned to W 4f,, and W 4f;, of W* (0 <6<
4) bonded with P atoms, respectively. In addition to the two
predominant peaks, two other sets of relatively weak peaks
appear at 32.5, 34.6, 36.2, and 38.3 eV and can be attributed to
W* and W because of the trace amounts of tungsten oxides.
In the P 2p region (Figure 2f), the predominant P species at
129.7 and 130.6 eV correspond to 2p;,, and 2p, /,, respectively
and can be indexed to P°~ bonded to W atoms. The oxidation

https://dx.doi.org/10.1021/acsami.9b22761
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Figure 3. (a) LSV curves of bare GC, Pt/C, WP-Mesop, WP-Mesop-A, WP-Nano, WP-Nano-2, WP-Nano-4, and WP-Bulk in 0.5 M H,SO,
solution. (b) HER overpotential of 77,9 and 1, for each catalyst. (c) Corresponding Tafel slopes acquired from the linear section of LSV. (d)
Measured capacitive currents at 0.26 V vs RHE as a function of the scan rate for WP-Mesop and WP-Nano in 0.5 M H,SO,. (e) Nyquist plots for
WP-Mesop and WP-Nano at a potential of —100 mV vs RHE in 0.5 M H,SO,. (f) LSV curves of bare GC, Pt/C, WP-Mesop, and WP-Nano in 1 M
KOH aqueous electrolyte.

Table 1. Summary of the Catalytic Performance of Each WP Catalyst

sample electrolyte onset potential (mV) 1o (mV) N0 (mV) Tafel slop (mV/dec) jo (mA cm™)
WP-Mesop 0.5 M H,80, 33 104 175 58 0.137
WP-Mesop-A 69 134 213 67 0.093
WP-Nano 111 187 275 76 0.024
WP-Bulk 172 257 370 9S 0.018
WP-Mesop 1 M KOH 70 149 229 66 0.052
‘WP-Nano 175 257 376 84 0.007
states with BEs at 134.4 and 133.5 eV can also be found in polarization curves in 0.5 M H,SO, aqueous electrolyte. The
surface P species. A slight surface oxidation would result in the commercial Pt/C catalyst shows the best HER activity with a
distorted lattice fringes, which introduces more defects to the near zero-onset overpotential, while bare GC exhibits
crystals (Figure S10). negligible activity toward HER. The performance of each
To examine the electrocatalytic HER activity, the as- catalyst is summarized in Table 1. The onset potential of WP-
prepared powders were loaded onto a GC (3 mm) electrode Mesop is as low as 33 mV in 0.5 M H,SO, solution. In
with a loading of 2 mg cm™2 For comparison, bare GC, comparison, the onset potentials increase to 69, 111, 97, 86,

commercial Pt/C (20%, Johnson Matthey), WP-Mesop-A, and 172 mV for WP-Mesop-A, WP-Nano, WP-Nano-2, WP-
WP-Nano, WP-Nano-2, WP-Nano-4, and WP-Bulk were also Nano-4, and WP-Bulk, respectively. Moreover, WP-Mesop
tested under the same conditions. Figure 3a shows the yielded the lowest overpotential (#,4,) of 175 mV at 100 mA
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Figure 4. (a) Chronopotentiometry curves of WP-Mesop and WP-Nano under j = 10 mA cm™ in 0.5 M H,SO, solution. (b) LSV curves of WP-
Mesop and WP-Nano before and after 48 h test in 0.5 M H,SO, solution. (c) TEM image of WP-Mesop after 48 h test in 0.5 M H,SO, solution.
(d—f) Corresponding chronopotentiometry curves, LSV curves, and TEM image in 1 M KOH.

cm™ among all samples. It is 38, 100, 85, 95, and 195 mV
lower than those of WP-Mesop-A, WP-Nano, WP-Nano-2,
WP-Nano-4, and WP-Bulk, respectively, as shown in Figure 3a.

The overpotential (#,,) for each sample to deliver a current
density of 10 mA cm™” is also compared. The 7,, of WP-
Mesop, WP-Mesop-A, WP-Nano, WP-Nano-2, WP-Nano-4,
and WP-Bulk are 104, 134, 187, 175, 165, and 257 mV,
respectively. Therefore, in the aspect of overpotential, WP-
Mesop has great potential to be used as a HER catalyst,
especially in the range of large current density (Figure 3b,
Table S3).

The turnover frequencies (TOFs) were calculated by using
the values of BET-specific surface areas.*® Assuming that both
W and P on the surface are active sites for WP-Mesop, while
only W atoms are active sites for WP-Mesop-A and WP-Nano,
as we discuss below. The calculated TOFs are 0.41, 0.39, and
0.15 s7! for WP-Mesop, WP-Mesop-A, and WP-Nano at 77,q,
respectively. The larger TOF demonstrates the better catalytic
activity of WP-Mesop.

Figure 3c shows the corresponding Tafel slopes of each
electrocatalyst acquired from the linear section of LSV curves
of HER. The Tafel slope of 31 mV/dec for Pt/C is consistent
with the previous studies.”””" Here, the WP-Nano is prepared
as a control sample because the small quantity of the W phase
in WP-Nano has a small influence on HER activity, as shown
in Figure 3a. The Tafel slope of WP-Mesop is 58 mV/dec in
acid, which is much lower than that for WP-Nano (76 mV/
dec) and WP-Bulk (95 mV/dec). The relatively low Tafel
slope for WP-Mesop implies that HER proceeds via a Volmer—
Heyrovsky mechanism, and electrochemical recombination
with an additional proton is the rate-limiting step.’’ The lower
Tafel slope observed in acid solution reveals faster charge-
transfer kinetic for the WP-Mesop catalyst.

By extrapolating the linear part of the Tafel plots to an
overpotential of 0 V, the intercept on the X-axis of the plot is
the exchange current density j,, as shown in Table 1. The jj,
value represents an intrinsic property of the catalyst materials,
and a larger j, represents a faster electrochemical reaction rate
of the electrodes at equilibrium.>” The j, value of WP-Mesop is
calculated to be 0.137 mA cm™? in 0.5 M H,SO,, which is
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higher than that of WP-Mesop-A (0.093 mA cm™2), WP-Nano
(0.024 mA cm™), and WP-Bulk (0.018 mA cm™>). As
compared with WP-Nano, the increase in j, is ~6 times for
WP-Mesop and ~4 times for WP-Mesop-A, while the increase
in BET-specific surface area is the same (~2 times) for both.
This indicates that both the mesoporosity and defect effects
enhance HER activity. In particular, the mesoporosity
contributes a bit more than the W vacancies do.

The electrochemical surface areas (ECSA) of WP-Mesop
and WP-Nano were estimated from the cyclic voltammetry
(CV) curves in 0.5 M H,SO, to determine the real active areas.
As shown in Figures 3d and S12, the electrochemical double-
layer capacitance (Cy) is normally used to estimate the ECSA.
The calculated Cy values of WP-Mesop and WP-Nano are 20
and 4 mF cm ™, respectively. The larger ECSA of WP-Mesop,
caused by the unique mesoporous structure and the W
vacancies, can provide more active sites and facilitates gas
diffusion, thus enhancing catalytic activity. Moreover, Figure
S13 shows the replotted polarization curves of WP-Mesop and
WP-Nano with current density normalized by ECSA. The WP-
Mesop still exhibits better activity than WP-Nano, indicating
superior intrinsic activity of the WP-Mesop.

EIS was conducted to investigate the HER kinetics of WP-
Mesop and WP-Nano catalysts, as shown in Figure 3e. The
Nyquist plots were fitted to the equivalent circuit, as shown in
the inset of Figure 3e. The Ry component of the equivalent
circuit represents the series resistance associated with the
electrolyte and a series of contact resistances. The entire
complex plane plots showed two semicircles. The smaller one
in the high-frequency domain (inset of Figure 3e) could be
attributed to the resistance of proton exchange membrane
(Rine); and the larger one at a lower frequency can be attributed
to the charge-transfer resistance (R,,) of the HER.*”*® The R
values of the two catalysts differ greatly. The WP-Mesop
displays much smaller resistance (131 Q) than the WP-Nano
(540 Q). This suggests faster HER kinetics for the WP-Mesop
catalyst, which is consistent with the Tafel slope.

Furthermore, we also tested HER performance of WP-
Mesop, WP-Nano, and 20% Pt/C in 1 M KOH solution. The
110 and 17,99 of WP-Mesop (149 and 229 mV) are much lower
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than those of WP-Nano (257 and 376 mV), exhibiting the
same trend as in acid solution. The Tafel slope of WP-Mesop is
66 mV/dec, lower than 84 mV/dec of WP-Nano, as listed in
Table 1. The small Tafel slope of WP-Mesop in alkaline media
indicates the same fast Volmer—Heyrovsky HER pathway as in
acid media. These results demonstrate that the WP-Mesop
possesses superior HER activity in both acid and alkaline
solutions. Moreover, the overpotential is lower than the
reported defect-rich WP and is comparable to the recently
reported state-of-art MoS, quantum dots (acid: 7, & 92 mV,
Moo > 300 mV), N-doped WC (acid: 7,y ~ 89 mV, 77,0 > 160
mV), and P—Co,0, (alkaline: 77,y &~ 120 mV) non-noble metal
catalysts.”' 5%

Durability is another important factor in evaluating electro-
catalyst performance. A constant current density of 10 mA
cm™* was applied to investigate the long-term stability both in
0.5 M H,SO, and 1 M KOH solutions. As shown in Figure
4a,b, WP-Mesop shows stability superior to WP-Nano after 48
h. The WP-Mesop catalyst constantly produces H, under the
constant current density for 48 h with only 18 and 9 mV
increase in the applied bias in acid and in alkaline media,
respectively. However, the increments in overpotential are 62
mV (acid) and 80 mV (alkaline) for WP-Nano under the same
conditions.

Figure 4c,d shows the polarization curves of each catalyst
before and after a 48 h test. The polarization curves of the
spent WP-Mesop are almost the same as the fresh catalyst with
only a small positive shift (~14 mV) of #,, in both acid and
alkaline media after HER for 48 h. In comparison, WP-Nano
exhibits inferior stability. Its surface may gradually deactivate
by corrosion during the process. After 48 h, the WP-Mesop
catalyst was scraped off the GC electrode and washed. Figure
4e,f shows TEM images of WP-Mesop after 48 h test in 0.5 M
H,SO, and 1 M KOH solutions. The TEM images show that
the mesoporous structure is maintained after 48 h in both acid
and alkaline media, as well as its crystallinity (Figure S14),
indicating good corrosion resistance and structure stability of
the mesoporous catalyst. In general, the dissolution of
transitional metals is thermodynamically less favorable for
phosphides.”® The abundant W vacancies mean higher P
content at the solid—liquid interface, which can prevent
corrosion.

DFT calculations suggest that the W vacancies have great
impact on enhancing HER activity (details in the Supporting
Information). The Gibbs free energy of the adsorbed state H*
(AGy+) has been used to describe the HER activity of
electrocatalysts. The optimal value of AGyx for an electro-
catalyst should be close to zero.’*™*® The calculated free
energies for (101) surfaces of pristine WP and defective WP
are shown in Figure 5. The AGys+ value of the most active sites
for pristine WP are —0.087 eV for W site and 0.899 eV for P
site. However, for defective WP (WP-Mesop), the most active
sites possess especially small AGy« of —0.034 eV (W site) and
0.051 eV (P site), closer to the ideal value (AGy+ = 0 eV). The
near-zero AGy: for WP-Mesop suggests that H atoms react
easily on defect surfaces, facilitating HER. Moreover, our
calculations indicate that hydrogen atoms are more inclined to
be adsorbed on W (IAGy«l < 0.182 eV) sites rather than P
(AGy+ = 0.899 eV) for pristine WP (Table S4). However, in
addition to the lower activation barrier of W sites, the P sites
may become new active sites (IAGy«l < 0.145 V) when there
is @ W vacancy nearby. These more active sites would further

1.0

P site

0.8 {— Pristine WP
0.64 —Defective WP
0.4

0.2

AG,, (eV)

00— A== ___=

-0.2 W site

-0.4
Reaction coordination

Figure S. Free-energy diagrams for most active sites on the (101)
surface of pristine and defective WP.

enhance the HER activity, which is consistent with the
experimental results.

4. CONCLUSIONS

In summary, we propose a new strategy to in situ synthesize
cation vacancies using a vacuum-assisted nanocasting method.
The results have demonstrated that the W vacancies in WP can
be introduced by preventing P loss during the reduction
process in the limited mesopores. The mesoporous structure of
the catalyst with higher specific surface area provides more
active sites for HER. The W vacancies further enhance the
intrinsic activity and corrosion resistance. The combination of
the unique mesoporous structure and abundant W vacancies
endows WP-Mesop with excellent activity and enhanced
stability for HER in both acid and alkaline media. Our present
study not only offers an inexpensive catalyst with high activity
for HER but also provides a facile route to introduce abundant
cation vacancies in TMPs by the confinement effect of
mesopores.
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