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Hydrogen is the most desirable green energy carrier and electrocatalytic hydrogen evolution reaction
(HER) from water is a promising route for hydrogen production. The search for efficient, low-cost HER
catalysts is a challenging and attracting topic. In this work, we report that inorganic fullerene-like WS,
supported Pd nanoparticles (Pd/WS,), with Pd loading of 0.76 wt%, are active for electrocatalytic HER con-
ducted in 0.5 M H,S0, solution, with overpotential at 10 mA cm~2 current density of ~130 mV and Tafel
slope of 82.4 mV dec™!, which is comparable to that of Pt/WS, (0.88 wt% Pt loading) with higher costs.
Characteristic results indicate that WOs impurities were in-situ produced on the WS, surface and the
Pd NPs are primarily located inside the WS, nanocages. Contrasting experiments suggest that the W03
impurities play a crucial role in generating H,qs intermediate and the Pd NPs are active sites of H, pro-
duction, and a reaction mechanism is proposed. The Pd/WS, catalyst also shows good long-term stability
owing to the location of Pd NPs inside the WS, cages. The high HER activity, low costs and good stability

make the Pd catalyst a potential alternative to Pt catalyst for HER.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The depletion of fossil fuels and the negative impact of environ-
mental pollution promote the rapid development and use of
renewable and sustainable alternative energy sources. As an
important and highly promising energy source, hydrogen has been
the focus of intensive research because of its renewability, abun-
dant resources and zero pollution, meeting the future energy
demands [1-3]. One of the most efficient routes to produce hydro-
gen is by hydrogen evolution reaction (HER) from water [4], which
however requires high-performance HER electrocatalysts [5-7].

Platinum is a good HER electrocatalyst, but the scarcity and high
costs hinder its wide commercial application [8,9], despite of the
achievements made in recent years on e.g. preparing monolayer
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Pt catalyst [10], constructing hybrid structure with minimal Pt
[11,12], and supporting Pt on large surface area substrates
[13,14]. Low-cost transition metals were also tried for the aim of
lowering the catalyst cost, but they encounter other problems such
as low efficiency and poor stability [15]. Consequently, compro-
mised metals such as palladium, which costs less than Pt [16]
but shows higher activity and stability than transition metals,
comes into the picture. For example, Barman et al. reported that
porous palladium nanoparticles-carbon nitride composites exhib-
ited high activity and durability towards HER in both acidic and
alkaline media [17]. A recent review [48] has also underlined the
promising prospect of applying Pd catalysts for HER.
Earth-abundant transition metal dichalcogenides are recog-
nized as promising HER electrocatalysts [18-20]. WS, is an active
electrocatalyst, and density functional theory (DFT) calculations
suggest that it is comparable to the Pt-group metal for HER with
respect to the free energy of hydrogen adsorption (AGy-) on the
WS, edges [21]. Hence, WS, is usually fabricated in nano forms
[22-25], rather than bulk [26,27], when used as catalyst for HER,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2019.10.007&domain=pdf
https://doi.org/10.1016/j.jcat.2019.10.007
mailto:jjzhu@wtu.edu.cn
https://doi.org/10.1016/j.jcat.2019.10.007
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

216 P. Xiao et al./Journal of Catalysis 380 (2019) 215-223

*:*:* . N,and H,
+
pya-—¥ t ** Treatment, 300 °C
*
Pd+PVA

Fullerene-like WS, Pd/WS,

Scheme 1. Sketch map of the loading of Pd NPs to WS, cages.

in order to expose more surface edges. Nevertheless, the activity of
WS, alone is not satisfactory as compared to that of Pt-based cat-
alyst despite of the varied nanostructures designed, due to the lim-
itation of intrinsic electronic structure, e.g., electrical conductivity.
For this, hybridization with foreign species to tune the local elec-
tronic structure of WS, is suggested [28]. One interesting case is
the hybridization of WO3 to WS,, namely, WOs/WS,, which
showed noticeably enhanced HER activity compared to the respec-
tive WO3 and WS, [29]. This is explained by the synergistic effects
originated from WO3; and WS,;, which result in not only increased
active sites to produce hydrogen, but also enhanced conductivity
to transfer electrons.

In this work, we report the use of inorganic fullerene-like (IF)
WS, as support of Pd catalyst (Pd/WS,) for HER conducted in acidic
conditions. IF WS, has a cage structure like carbon fullerene,
[30,31] and finds applications in many fields, such as nanoparticu-
late solid lubricants [32] and shock absorbers [33]. It has been
reported that the analogue MoS, fullerene is active and shows
improved activity for HER relative to the few-layer MoS,, because
of its enhanced density of edge sites. [34,35] We therefore believe
that IF WS, can also exhibit exciting properties for HER, as it not
only has large exposed surface edges but also offers the possibility
to accommodate active metals inside the cages, improving the cat-
alyst stability, as depicted in Scheme 1. Indeed, we found that the
Pd NPs were mostly inside the WS, cages when prepared by the sol
immobilization method [36]. In particular, WO3 impurities were
in-situ produced on the surface of WS, after loading the Pd NPs,
due to the reaction between WS, and polyvinyl alcohol (PVA),
which is a protecting agent of Pd NPs used in the preparation pro-
cess. Consequently, cooperative effect between WO5 and Pd NPs is
induced, which enables the Pd/WS, catalyst exhibiting not only
excellent activity but also good stability for HER.

2. Experimental section
2.1. Preparation of Pd/WS, and Pt/WS,

The sample was prepared by sol-immobilization method as fol-
lows: 850 uL 22.1 mmol L~! PdCl, and 500 puL 2 wt% polyvinyl
alcohol (PVA) were first added to 150 mL H,0, to which 870 pL
0.1mol L' NaBH, was dropped stepwise. Then, 0.2 g quasi-
spherical IF WS, nanoparticles (from Nanomaterials Ltd., Israel)
were added to the mixture to immobilize the Pd sols on IF WS,
under stirring, till the solution became colourless. The resulting
material was then filtered, washed with distilled water 3 times
and dried at 100 °C overnight, and finally treated at 350 °C in N,
for 3h and in Hy for another 3 h under atmospheric pressure.
The obtained sample was denoted as Pd/WS,.

To change the Pd loading, different amounts of PdCl, solution
were added with otherwise identical conditions. By this way,
Pd/WS, catalysts with nominal Pd loading of 0.5 wt%, 1 wt%, and
1.5 wt% were prepared.

For comparison, four extra samples were prepared. Namely,
Pd/CNT prepared using carbon nanotubes (CNT) as support,
Pd/WOs prepared using WOs as support, Pd/WS,-WI prepared

without the addition of PVA, and Pt/WS, prepared using H,PtClg
as precursor. Pt/C (20 wt% Pt on Vulcan XC-72R) as reference mate-
rial was purchased from Sigma-Aldrich Chemical Reagent Co., Ltd.

2.2. Catalyst characterizations

Powder X-ray diffraction (XRD) patterns were measured on a
Rigaku Ultima IV X-ray instrument using Ko radiation
(»=1.5418 A). N, adsorption-desorption isotherms were measured
on a TriStar II 3020 physisorption apparatus at —196 °C and the
surface areas were calculated by multiple points using the
Brunauer-Emmett-Teller (BET) method based on the adsorption
branch. Before measurements, the samples were treated in vacuum
at 150 °C for 5 h. X-ray photoelectron spectroscopy (XPS) measure-
ments were recorded on an ESCALAB 250Xi apparatus (Thermo Sci-
entific) equipped with a monochromated Al Ko X-ray source. The
binding energies were calibrated using C 1s at binding energy of
284.8 eV. Transmission electron microscopy (TEM) analysis of the
samples was done on a FEI Tecnai G? S-Twin instrument equipped
with a field emission gun operating at 200 kV. The powder was
ultrasonically dispersed in ethanol for several seconds before being
deposited on the carbon coated copper grid for observation. Scan-
ning electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS), performed on Hitachi SUS8010 equipment, were
used for elemental analysis of the Pd/WS, catalyst. The metal load-
ings were determined on an Agilent 7900 inductively coupled
plasma mass spectrometer (ICP-MS). The sample (50 mg) was
added to 20 mL HCl and HNOs solution (1:1 in volume), sealed in
autoclave and heated at 100 °C for 6 h. After cooling down to room
temperature, the resulting solution was diluted with deionized
water to 50 mL for analysis.

2.3. Electrocatalytic reaction

Electrocatalytic tests were conducted on a CHI 660E (Chenhua,
Shanghai) electrochemistry workstation with standard three-
electrode cell. Saturated calomel electrode (SCE) and platinum wire
were used as the reference and the counter electrode, respectively.
A glassy carbon (GC) electrode loaded with catalyst was used as the
working electrode, which was prepared as follows: 3 mg catalyst
was dispersed in 200 pL isopropanol and sonicated for 30 min,
then 3 pL of the resulting ink was dropped onto the GC electrode,
and 2 pL 0.3 wt% Nafion-isopropanol solution was dropped on top
of the dried film, yielding a catalyst concentration of ca.
0.43 mg cm 2.

Polarization curves were obtained by linear sweep voltammetry
at a scan rate of 5mV s~! in 0.5 M H,SO,. The durability of catalyst
was assessed by accelerated linear potential sweeps conducted
repeatedly at a scan rate of 5 mV s~!. The reaction was done by
inserting the electrodes directly to the solution without purging
inert gas (e.g., N,) to remove any dissolved gases, as no appreciable
difference in the HER activity was observed when N, was purged
for one hour before the tests (see Fig. S1). Electrochemical impe-
dance spectroscopy (EIS) was carried out at 1 =0.1V from 107"
to 10® Hz with an AC voltage amplitude of 5 mV. The potentials
(E), measured against the SCE electrode, were converted to the
reversible hydrogen electrode (RHE) scale, according to equation
E (versus RHE) = E (versus sce) + Eo (sce) + 0.059pH.

3. Results and discussion

Fig. 1A displays the XRD pattern of the catalysts. The bare WS,
shows diffraction peaks at 14.3°, 32.8°, 39.3°, 43.9° and 58.4° that
are respectively assigned to the (002), (100),(103),(006) and
(110) lattice planes of hexagonal structure of WS, (JCPDS No.
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Fig. 1. The XRD patterns (A-B) and the N,-physisorption isotherms (C) of the bare WS,, Pd/WS,, Pt/WS,, Pd/WS,-WI and Pd/CNT samples. (Note: the N,-physisorption

isotherms of Pd/WS, was up-shifted to differentiate the two curves).

08-0237). After the deposition of Pd NPs, some new diffraction
peaks at 24.0° and 33.5° that are assigned to WO3 (JCPDS No. 20-
1324) appear, indicating that a low amount of WS, was in-situ con-
verted into WOs. Since no oxygen was present in the heat-
treatment process, we consider that the oxidation of WS, to WO;
is due to the presence of PVA, which contains oxygen atoms. That
is, WO5 is formed from the reaction of WS, and PVA during the
heat-treatment step. To support this, a contrasting sample Pd/
WS,-WI was prepared without adding PVA, which shows no
diffraction peak assigned to WOs (Fig. 1B), confirming our assump-
tions. It is worth noting that no diffraction peak assignable to Pd or
Pt appears for all the samples (Fig. 1A-B), this suggests that the Pd
or Pt NPs are finely dispersed on the supports. The crystalline size
of WS, calculated by the Scherrer equation using the diffraction
peak at 26 = 14°, is 14.4 and 15.7 nm for Pd/WS, and Pd/WS,-WI,
respectively, indicating that the impregnation of Pd and Pt does
not influence much on the WS, structure.

Fig. 1C displays the Np-physisorption isotherms of WS, and Pd/
WS,, with the textural data listed in Table 1 and pore size distribu-
tion presented in Fig. S2A. Comparing to that of the bare WS,, the
BET surface area of Pd/WS; increases by ~40%, while the pore size
decreases by ~30%. This is likely the result of the Pd NPs being
located inside the WS, cages, which provides more surfaces to
absorb N, and meanwhile decreases the actual space within the
WS, cages (i.e., smaller average pore size). Similar trend is also
observed for Pt/WS,, as depicted in Fig. S2B of the SI.

ICP-MS analysis confirms the loading of Pd and Pt NPs on WS,,
with Pd loading of 0.76 wt% for Pd/WS, and Pt loading of 0.88 wt%
for Pt/WS,.

Fig. 2 shows TEM images of the pristine WS, and Pd/WS, with
different magnifications. For WS,, individual semi-spherical

Table 1
The textural properties and Pd loading obtained for WS, and Pd/WS,.

Sample Sger/m? g ! P. V./cm? g~ 1° P. S./nm" Pd loading/%¢
WS, 105 0.065 216 (26 -
Pd/WS, 145 0.063 155(2.6) 076

@ Pore volume obtained by N, physisorption isotherms.
b Pore size obtained by N, physisorption isotherms.

¢ Pd loading determined from ICP-MS.

4 The value in the bracket is the size of the WS, cages.

nanoparticles are revealed and a multi-layered, closed-cage struc-
ture with average diameter of 80 nm is observed, in accordance to
that reported in previous works [50,51]. The high-resolution TEM
image depicts a lattice spacing of 0.62 nm, corresponding to the
(002) plane of WS,, Fig. 2C. For Pd/WS;, both the structure and
the exposed lattice planes (002) of WS, were seemingly not
destroyed after the Pd loading. Meanwhile, a new lattice spacing
of 0.39 nm, corresponding to the (0 0 1) planes of WOs3, is observed
on the shells of WS,, suggesting that part of the WS, were con-
verted into WOs;.

As for the Pd NPs, they are homogeneously dispersed on the
surface of WS,, with average diameter of ca. 10 nm. The contrast
of Pd NPs to WS, is low, which suggests that the Pd NPs are under-
neath the WS, surface. EDS mappings obtained from SEM measure-
ments (Fig. 2G-K) show that a certain amount of Pd exists, and it is
homogeneously dispersed in WS,. It is worth noting that oxygen
atoms are also detected, and their density is higher than that of
palladium atoms. This could be due to the formation of WO; spe-
cies and a higher mole amount of WO;3 than that of Pd. TEM images
of Pt/WS, show also the WS, fullerene-like structure and the WO;
(00 1) lattice plane, Fig. S3, like that of Pd/WS,.
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d=0.62 nm

Fig. 2. TEM images of the bare WS, NPs (A-C) and the Pd/WS; catalyst (D-F); EDS mapping of Pd/WS, measured by SEM measurements (G-K).

Identification of the actual location of Pd NPs, inside or outside
of the WS, cages, by EDS mappings of either SEM or TEM is not fea-
sible, since the Pd NPs are dispersed homogeneously in WS,, which
is unlike that of core-shell material. Hence, we did not make effort
to prove the actual location of Pd NPs by EDS mappings.

It is known that where the molecular layers of these nested
fullerene-like structure fold, often a kink is formed leaving a void
[37]. Previous analysis by XRD demonstrated that the experimental
diffraction intensities from the WS, NPs are substantially distorted
compared to bulk material, and line shapes and intensities were
found to be consistent with a random stacking of trigonal prismatic
layers rather than a mixture of hexagonal and rhombohedral bulk
phase. The prismatic (hk0) faces are chemically reactive due to the
abundance of dangling bonds and therefore are more prone to a

chemical degradation by an oxidation process [38]. In our study,
oxidation (specifically, the formation of WOs; impurities) was
observed when oxygen containing PVA was present in the heat-
treatment process.

Fig. 3 shows the XPS spectra of WS, and Pd/WS,. For WS,, the
three peaks centered at 32.6, 34.7 and 38.4 eV are characteristic
peaks of w4 species associated to W 4f;,, W 4f5, and W 5p3),,
respectively (Fig. 3A) [39], and the two peaks at 162.2 and
163.4 eV are characteristic peaks of S*~ species associated to S
2p1j2 and S 2ps), respectively (Fig. 3B) [29]. Two rather weak peaks
centered at 36.0 and 38.0 eV were also deconvolved, which might
indicate the presence of W®" species (e.g., the oxidation of WS,
to W03 by the oxygen present in the air). However, the one strong
peak centered at 532.0 eV with Gaussian distribution (Fig. 3C)
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Fig. 3. The fine W 4f, S 2p and O 1s XPS spectra of the bare WS, (A-C) and the Pd/WS; catalyst (D-F), respectively. The inset in E shows the Pd 3d XPS spectrum of Pd/WS,.

Table 2
Surface elemental analyses of WS, and Pd/WS,, based on the data obtained from the
XPS spectra.

Sample Surface atomic percentage/% S/w*
01s W 4f S2p Pd 3d

WS, 16.7 21.2 50.6 - 24

Pd/WS, 324 19.9 325 1.4 1.6

@ Surface atomic ratio of S to W from XPS spectra.

suggests that no lattice oxygen is present and this peak is most
likely assigned to the binding energy of oxygen that was chemi-
cally adsorbed on the surface, e.g. O, and/or H,O [29,51]. Thus,
we assume that the peaks at 36.0 and 38.0 eV do not imply that
WOs5 is formed on the surface, but that a small amount of W** spe-
cies was surrounded by the adsorbed oxygen, leading to the pres-
ence of fake W% species (e.g., [W**-0,] - [W®*-0%7]).

For Pd/WS,, besides those associated to the W** species, the
peaks centered at 36.0 and 38.0 eV, attributed respectively to the
W 4f7, and W 4fs), of WS* species of W05 [29], are detected with
well-resolved peak intensity (Fig. 3D). This suggests that some sur-
face W** species (WS,) are converted to W%* species (WOs3) after
the Pd loading, supporting the observations from XRD and TEM
measurements. This is also confirmed from the change of the O
1s spectrum, Fig. 3F, in which a new peak centered at 530.6 eV,
assigned to 0%~ species of WO5 [53], appears, and that the surface
atomic percentage of O 1s increases from 16.7% for WS, to 32.4%
for Pd/WS,. No obvious difference in the S 2p XPS spectra is
observed between Pd/WS, and WS,, indicating that the sulfur
exists as S?~ species and no sulfate forms. However, from the
atomic ratio of S/W, we see that the ratio decreases obviously from
2.4 for WS, to 1.6 for Pd/WS,; (Table 2), suggesting the formation of
surface S defects and WOs. Possibly, some sulfur atoms were also
converted to SO, or H,S by reacting with PVA during the Pd/WS,
formation process.

The signal of the Pd 3d XPS spectrum is extremely low (see the
insert picture in Fig. 3E), which implies that only low amounts of
Pd NPs are detected and exposed on the WS, surface. Considering

the Pd loading of 0.76 wt%, which is enough to conduct XPS mea-
surements with good signal quality, we infer that most of the Pd
NPs are not located on the external surface, but inside the WS,
cages, as supported by the change in the average pore size, which
decreases from 21.6 nm for WS, to 15.5 nm for Pd/WS,, Table 1.
Even for the Pt/WS, catalyst, with a Pt loading of 0.88 wt%, it shows
an extremely low signal in the Pt 4f XPS spectrum, Fig. S4. This sug-
gests again that the Pd or Pt NPs are likely formed inside the WS,
cages.

Fig. 4A demonstrates the polarization curves (I-V plot) of the
various catalysts, showing that Pd/WS, has an onset overpotential
(M) of ~47 mV, and the overpotential at 10 mA/cm~2 current den-
sity, which is a typical reference to evaluate the electrocatalytic
performance, is 130 mV. The small n value indicates that the
Pd/WS, can be a promising catalyst for H, production by HER
route. The exchange current density (Jo) was calculated to be
0.264 mA cm 2. The I-V plot of Pd/WS, was also made by normal-
izing the electrochemical surface area (ECSA), as shown in Fig. S5.
Besides, it is worth noting that the Pd loading was set at 1 wt% in
this work, since it shows abrupt improvement in the HER activity
as compared to 0.5 wt% Pd, while comparable HER activity to
1.5 wt% Pd, Fig. S6.

In contrast, the bare WS, shows extremely poor HER activity,
with the 1 value exceeding 550 mV. This suggests that the activity
of Pd/WS, is mostly contributed by the Pd NPs and the WS, acts
merely as a support. However, a very poor HER activity is also
observed for Pd/CNT, which indicates that the HER activity
depends not solely on the Pd NPs. This is further supported by
the Tafel slope obtained based on the equation: n =a+b *loglj|,
using the data in Fig. 4A, where the constant “b” represents the
Tafel slope and is calculated from the slope of the above function.
Fig. 4B shows the Tafel slope of Pd/WS, is 82.4 mV dec!, which is
lower than that of bare WS, (1243 mVdec ') and Pd/CNT
(112.4 mV dec™!). It is thus inferred that a synergistic effect must
be induced in the Pd/WS, catalyst, which accounts for the good
HER activity.

To support the assumption that a synergistic effect was induced
in the presence of W03 impurities, two contrasting experiments
were conducted. First, we tested the catalytic performances of a
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WOs-free Pd/WS,-WI catalyst, which showed very poor HER activ-
ity (curve d of Fig. 4), suggesting that the absence of WO5 impuri-
ties deactivates the catalyst. Second, we tested and compared the
activity of WS,, W03, Pd/WO5 and Pd/WS; (see Fig. S7), finding that
although the pure WO3 shows far better activity than the pure
WS,, Pd/WOs3 exhibited lower activity than Pd/WS, that contains
a few amount of W03 impurities, indicating that the presence of
WOs3 impurities can promote significantly the activity of Pd/WS,.
These results confirm that the presence of WO5 impurities is cru-
cial for the reaction and a synergistic effect between W03 and
WS, is induced in Pd/WS,.

The role of W03 impurities in the reaction can be that it pro-
vides a route for the transformation of H" ions to molecular H, or
adsorbed H,q4s, by forming H,WO; intermediate [30,40,41], as
described by reactions (1) and (2):

XH* +xe™ + W05 — H,WO0; (1)

2H,WO0; — xH, + 2WO, 2)

where x is a stoichiometric parameter and varies from O to 1. The
active H atoms of HyWOs can also diffuse to the nearby Pd or
WS, NPs and adsorb on their surface, by reactions (3) and (4)
[30,52]:

HyWO; + Pd — XH,gs-Pd + WO; (3)

HWO;3 + WS, — xH,4s-WS; + WO; (4)

where H,q4s represents the H atom adsorbed at an active site.

Besides the WO impurities, the sulfur deficiency may also play
an important role in the reaction. As observed in Table 2, the molar
ratio of S/W decreases significantly after the deposition of Pd NPs,
which indicates the formation of sulfur deficiency. These deficien-
cies can act as the adsorption sites of H atoms and promote the
production of H, molecules, improving the HER activity, in accor-
dance to that observed in previous literature [42-44].

According to the classical theory in acidic electrolyte, two
mechanisms can be applied for HER, described as Volmer-
Heyrovsky and Volmer-Tafel reactions (5)-(7) [45,46]:

Volmer reaction: H;0" + e~ — H,4s + H,0 (5)
Heyrovsky reaction: H,4s + H30* + e~ — H;, + H,0 (6)
Tafel reaction: H,qs + Hags — Ho (7)

The rate-limiting step of HER has a close relation to the Tafel
slope [46]. Generally, it is considered that the Tafel slope of 40—
120 mV dec™! is the threshold to judge the rate-limiting step. For

reaction with Tafel slope above 120 mV dec™! the rate-limiting
step is determined by the Volmer reaction, and below 40 mV dec !
it is determined by the Tafel reaction, while at intermediate values
40-120 mV dec™! it is determined by the Heyrovsky reaction. It is
known that the HER on Pt/C catalyst with Tafel slope of 30 mV
dec™! follows the Volmer-Tafel route [45].

Based on the Tafel slopes of WS, and Pd/WS; shown in Fig. 4B, it
is inferred that the rate-limiting step of HER changes from Volmer
reaction for WS, to Heyrovsky reaction for Pd/WS,. That is, the pro-
duction of Ha,qs species is facilitated after the deposition of Pd NPs
on WS,. This is reasonable as WO impurities are generated in Pd/
WS,, which provide additional route to produce H,qs, by reactions
(3) and (4), increasing the rate of H,4s production. Therefore, we
consider that the crucial step of reaction (6) is that the H;0" spe-
cies cannot be supplied efficiently enough, limiting the overall
reaction by local depletion. The importance of supplying H" to
the reaction is verified by the results that both Pd/WS, and WS,,
show poor HER activity when conducted in neutral conditions,
Fig. S8. Barman et al. also reported that the HER activity of Pd cat-
alysts depends intimately on the solution pH, and that when con-
ducted at higher pH values exhibit lower HER activity, supporting
our findings [17].

Accordingly, a new mechanism for HER conducted on Pd/WS; is
proposed based on the role of WO3 impurities, Fig. 5. We suppose
that the Pd NPs are located inside the WS, cages, and the WO;
impurities, formed from the reaction of WS, and PVA, exist both
on the external and internal surfaces of WS, cages, since the PVA

Fig. 5. Proposed mechanism for HER conducted on Pd/WS; in acidic conditions.
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in solution can diffuse anywhere and reaction can thus take place
at the defects within the WS, or at the outermost layer. During the
HER tests, the H,q4s Species can be produced by reactions (3) and (4)
through the formation of HyWO; intermediate, reaction (1). Along
with reaction (5), the H,q4s Species can thus be facilely produced.
However, this would lead to the fast consumption of H" ions, espe-
cially those inside the WS, cages, making the local supply of H;0"
to reaction (6) problematic. In order to enable the reaction (6) to
occur, the H30" species in solution need to penetrate the pores of
WS,. This takes some time and the Heyrovsky reaction becomes
the rate-limiting step. This also implies that the HER occurs mainly
inside the WS, cages, and that the Pd NPs are the active sites of
reaction.

For comparison, the HER activities of Pt/WS, were also mea-
sured and are presented in Fig. 4, showing an n value of 100 mV
and a Tafel slope of 52.8 mV dec™', which is better than that
obtained from Pd/WS,, and suggests that Pt is better than Pd for
HER. However, the Pt loading measured by ICP-MS is 0.88 wt%,
which is higher than that of Pd (0.76 wt%). Therefore, when consid-
ering the metal loading, the difference in the HER activities of
Pd/WS,; and Pt/WS, becomes only marginal. In addition, we found
that the commercial Pt/C (20 wt%, Sigma-Aldrich Chemical Reagent
Co., Ltd.), which is a frequently used standard HER catalyst, exhi-
bits an M value of 30 mV and a Tafel slope of 44.3 mV/dec, which
is certainly better than that of Pd/WS, and Pt/WS,, but its Pt load-
ing is 23 times higher than that of Pd/WS, or Pt/WS,. Hence, even
compared to the commercial Pt/C (20 wt% Pt loading-), the Pd/WS,
electrocatalyst prepared in this study has certain superiorities if
the metal loading, and especially the metal costs, are considered.

Li et al. reported that the HER activities of Pd/Mo,C depend inti-
mately on the Pd loading (3-12 wt%), with the lowest Pd loading
(3 wt%) showing the lowest activity and an m value of 135 mV

[47]. The Pd/WS, prepared in this work with much lower Pd load-
ing (0.76 wt%) shows comparable electrocatalytic activity (n value
of 130 mV) to that of Pd/Mo,C (3 wt%), for example, indicating that
itis possible to lower the Pd loading (or catalyst cost) while achiev-
ing comparable activity. It is expected that higher HER activity
could be achieved when increasing the Pd loading of Pd/WS,. A
comparison to other Pd or Pt based catalysts also demonstrates
that the Pd/WS,; catalyst in our work has comparable activity for
HER (see Table S1), especially if the catalyst cost is considered.
Finally, electrochemical impedance spectroscopy (EIS) of
Pd/WS, and Pt/WS, was conducted to illuminate the natural differ-
ence between them and relate to their catalytic behaviors, Fig. 6A.
It shows that the solution resistance (Rs) of Pd/WS, and Pt/WS; is
similar, with a value of 8 and 11 Q, respectively. This indicates that
the source resistance of both catalysts is close, and the activity dif-
ference caused by the electrode fabrication process can be
neglected. On the other hand, the charge transfer resistance (R¢)
that is reflected by the diameter of the semicircle, exhibits a larger
value for Pd/WS, (ca. 90 Q) than for Pt/WS, (ca. 60 Q). This means
that the electron transfer at the electrode-electrolyte interface is
slower on Pd/WS, than that on Pt/WS,, or the H* reduction is more
difficult when Pd/WS, is used as the electrode. The reason could be
attributed to the better electronic conductivity of Pt (vs. Pd) and its
higher loadings (0.88 wt% for Pt/WS, and 0.76 wt% for Pd/WS,).
Therefore, the lower HER activity of Pd/WS; is not attributed to
the external factor (e.g., the contact between the electrode and
the catalyst), but to the intrinsic properties of Pd/WS,.
Nevertheless, the Pd/WS; has good long-term HER stability and
is comparable to that of Pt/WS,, with no appreciable loss in the
activity after 1000 cycles, Fig. 6B-C, indicating that Pd/WS; could
meet the standard of commercial catalyst with respect to reusabil-
ity. For comparison, the stability of a referenced Pt/C catalyst was
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Fig. 6. Nyquist plots of Pd/WS, and Pt/WS; acquired by EIS measurements (A); HER polarization curves of Pd/WS; (B) and Pt/WS, (C) before and after 1000 cycles conducted
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also tested, and the result is presented in Fig. S9. (Note that
because many bubbles were produced on the electrode’s surface,
making the polarization curves hard to measure, we plotted a
time-dependent curve instead for this sample). Therefore, we
believe that Pd/WS; could be a promising alternative to Pt catalyst
for HER for industrial use, if the metal loading and catalyst costs
are considered. A challenging technology is to regulate the syner-
gistic effect between Pd and WS, to decrease the charge transfer
impedance, which will be our future research directions.

4. Conclusions

Inorganic fullerene-like WS, supported Pd catalysts (Pd/WS;)
were synthesized by the sol immobilization method and their cat-
alytic performances for hydrogen evolution reaction (HER) from
water were investigated. The Pd nanoparticles (NPs) were seem-
ingly formed inside the WS, cages and a small amount of surface
WS, was oxidized to W03 by reacting with the protecting agent
(i.e., PVA) of the Pd NPs. The Pd/WS, electrocatalyst was highly
active for HER with comparable performance to the Pt based cata-
lyst. The presence of WO3 species, which provide an additional
route to produce adsorbed hydrogen (H.qs) was found to be at
the origin of the high HER activity. In reaction conditions of
0.5 M H,SO4 solution, the Tafel slope of Pd/WS, for HER was
82.4 mV dec ! and the reaction obeyed Volmer-Heyrovsky mecha-
nism. This suggests that the supply of H30" species, from solution
to the WS, cages, is crucial to the reaction, and that the HER
occurred mainly inside the WS, cages, where the Pd NPs active
sites are located. Because of the confinement of Pd NPs in the
WS, cages, the Pd/WS; catalyst shows good long-term stability
for HER, with no appreciable loss of activity observable after run-
ning for 1000 cycles. The efficient and stable HER activity, together
with the low costs, make the Pd/WS, catalyst promising for HER in
future.
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