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The layered ternary chalcogenide, palldium phosphorous
sulphide (PdPS) and its composite with reduced graphene
oxide are shown to be efficient hydrogen evolution
electrocatalysts. The Tafel slope and the exchange current
density values associated with hydrogen evolution reaction
are determined to be 46 mVdec' and 1.4x10*Acm™
respectively.

Hydrogen as a promising fuel has generated enormous
interest in its production through various routes.'The
electrochemical route of generation of hydrogen from water using
platinum and non-Pt catalysts has received considerable
attention? and the evolution of H, can be modulated using the
applied voltage. The so-called ‘Volcano plot™™* that relates the
free energy of hydrogen adsorption on various materials with the
exchange current density leads to platinum being the best
electrocatalyst based on its thermoneutrality. There are various
electrode materials based on chalcogenides,” particularly
molybdenum and tungsten sulphides,® selenides,” phosphides,”
carbides,” borides,'® and (bi)metallic'' systems that have been
proposed as efficient hydrogen evolution catalysts. Molybdenum
sulphide has received maximum attention in recent years. It is
reported to be inactive in the bulk form towards electrochemical
hydrogen evolution'? but is found to be very active when the size
is reduced to nanoscale.'® The reason attributed to the bulk form
being inactive is the possible intercalation of hydrogen.'> The
proposed active sites in MoS, are the “sulphur’ edges that
effectively adsorb H atoms and mediates hydrogen evolution,
leading to excellent HER activity.'* The composites of
chalcogenides with graphene or reduced graphene oxide (rGO)
are shown to be very good catalysts'>'® as compared to their
individual counterparts though the interactions between the
constituents are not clear at present. The use of nickel phosphide
has recently been reported.® Metallic Pd is known to be a very
good hydrogen evolution catalyst* based on its enthalpy of
hydrogen adsorption being close to that of Pt and the consequent
electroneutrality for free energy of hydrogen adsorption. Pasti et
al.'"? have correlated the position of the d-band centers of the
catalyst with respect to the Fermi level to its affinity towards
species such as H, CO and O. Based on DFT calculations, it is
concluded that Pd or Pd overlayers on other noble metals lead to
high energy for hydrogen adsorption. Bulk Pd which is active for
hydrogen splitting is also conducive for hydrogen solubility under
appropriate conditions of pressure and temperature'® that lead to
lattice expansion and formation of hydride phases causing
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instability. Alloying of Pd or palladium-based compounds may
suppress the formation of hydride."

In the present studies, we report a novel
phosphochalcogenide containing S, P and Pd, as a catalyst for
HER. Bither et al?® and subsequently Jeitschko?' have
synthesized and studied the crystal chemistry of PdPS. The
electrical and optical properties reveal that PdPS is an indirect
band gap semiconductor with a band gap of 1.45 eV. The crystal
structure of PdPS reveals that there is no clear van der Waal’s gap
present unlike MoS,. The PdPS structure involves mixed stacking
sequence alternating between PdP, and PdS,. The Pd is present in
square planar coordination with two P and two S atoms (Fig. S1,
ESIt). The phosphorous is tetrahedrally coordinated to one S, one
P and two Pd atoms while sulphur is tetrahedrally coordinated to
one P, two Pd atoms and one lone pair of electrons. The overall
structure is reported to be ‘layered - type’ consisting of pentagons
joined to result in puckered two dimensional sheets.” Each two
adjacent sheets consisting of pentagons are connected through
weak P-P bonds. The ‘two adjacent sheets’ interact with the next
‘two adjacent sheets’ via weak interactions. Four layers are
required to complete one unit cell. The P and S atoms are
considered to form polyanions® of type [S-P-P-S]*. Recently,
Hamidani and Bennecer reported the theoretical calculations of
structural, optical and electronic properties of the PdPS.?? Folmer
et.al.?® reported the photoelectrochemical behavior of PdPS in
aqueous medium containing various redox systems and
concluded that ferrocyanide / ferricyanide system shows
improved performance.

Recent studies reveal that compounds containing
sulphur or phosphorous are very active catalysts for HER.*® The
present study explores the use of a compound containing both
phosphorous and sulphur in the form of a layered semiconducting
phospho-chalcogenide. Since the composite of MoS, with rGO
has been shown to be very active for HER,'® we have carried out
HER studies for bulk PdPS and its composite with rGO.

The as-synthesized PdPS consists of flat-shaped,
silvery crystals with sizes ranging from few microns to several
microns and the present synthetic protocol yields uniform, pure,
single phase material. The formation of single phase crystalline
PdPS is confirmed by powder XRD technique that reveals
orthorhombic symmetry and the corresponding Rietveld
refinement data is shown in figure 1. The highest intense peak at
20 = 26.67 corresponds to the strong reflection from (400) plane.
The calculated lattice parameters (a= 13.3542 A b= 5.6747 A c=
5.6939 A) are similar to the reported *° values. The crystallite size
determined based on the (400) peak, using Scherer equation is
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~64 nm. The scanning electron micrograph shown in figure 2a
reveals the presence of highly crystalline flaky material with
layered structure. The size and shape are found to be
polydisperse. The elemental mapping (Fig. S1, ESIf) shows

s uniform distribution of the three elements and the atomic ratio is
found to be ~ 1:1:1 from the EDS analysis. The high-solution
TEM image (figure 2b) shows lattice fringes with spacing of
0.336 nm due to the high intense (400) plane of orthorhombic
PdPS particles. The selected area electron diffraction pattern

10 (figure 2¢) clearly indicates the presence of highly crystalline
PdPS. The indexed pattern along [101] zone axis clearly reveals
the orthorhombic crystal structure of PdPS.
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Fig 1. X-ray diffraction pattern of PdPS (green) with Rietveld refined

15 pattern (red). Vertical black lines indicate the Bragg reflections while the
intensity difference between the calculated and experimental patterns is
shown in pink colour. Inset shows the observed X-ray diffraction pattern
for the as-grown crystal with corresponding (hkl) values.

2 The deconvoluted XPS spectra of PdPS crystal are
shown in figure 3. Peaks observed at 335.7 eV and 336.2 eV are
due to Pd 3ds), (figure 3a) while the peaks at 340.9 eV and 341.5
eV are due to Pd 3d;,, levels. A difference of 5.2 eV due to the
spin orbit coupling is clearly observed. Palladium is bonded to P

25 as well as S in addition to weak interactions with other Pd atoms
as mentioned earlier. The Pauling electronegativity difference
between Pd and P is quite small while the difference between Pd
and S is large due to the higher electronegativity value of S than
those of P and Pd. This is expected to result in significant

30 changes in the binding energy positions of core level of Pd. The
band positions reported for Pd region of palladium sulphide are
336.6 and 341.8 eV.”® The binding energy values for pure Pd
clusters are reported to be around 335.3 eV and 340.0 eV for 3ds),
and 3dy, levels.”’” The S 2p (figure 3c) region could be

35 deconvoluted in to two peaks, present at 160.8 eV and 162.1 eV
which are due to the S 2p;, and S 2p;), levels respectively. A
difference of 1.3 eV is due to the spin orbit coupling. The binding
energy value of pure S (2p3n, 164 eV) is expected to decrease
when it interacts with Pd as has been reported previously.?® The P

40 2p peaks (figure 3b) are observed at 128.6 eV and 129.2 eV. In
all three regions, XPS data is quite complex since the bonding is
among all the three constituents as mentioned earlier. The
composite of PdPS with rGO is characterized by spectroscopic
and microscopic techniques. The XRD pattern (Fig. S2, ESIY)
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Fig 2. (a) SEM image of PdPS crystal, (b) HRTEM image shows a lattice
spacing of 3.3 A corresponding (400) plane (inset shows the distance) and
(c) SAED pattern indexed in [101] zone axis.

shows all the PdPS reflections present in the composite. The
microscopy and elemental mapping (Fig. S3 and S4, ESIt) of the
rGO-PdPS composite shows PdPS crystals are distributed fairly
uniformly over rGO sheets. The XPS data reveal the presence of
components of PdPS along with components of rGO (Fig.S5,
ESIf). Close examination reveals small shifts in the binding
energy values as given in the supporting information (Table S1,
ESIY).

Hydrogen evolution activity of PdPS and its composite
with rGO have been investigated using a three - electrode set-up.
Figure 4a and 4b show the voltammograms where activities for
various catalysts are compared. The particle sizes (Fig.S6, ESIT)
of MoS, and PdPS used in the present studies are very similar, 20
+ 5 pm. It is very clear that bulk PdPS shows higher activity than
that of bulk MoS, under identical conditions (Figure 4a). The
onset potential observed for PdPS is ~ -0.15 V vs RHE which is
more positive than the value observed for bulk MoS,. Few layer
MoS, (2H polytype) is reported to show an onset of - 200 mV vs.
RHE.”™ The electrocatalytic activity is found to be considerably
enhanced when PdPS is made in to a composite with tGO. The
linear sweep voltammograms observed for bulk PdPS, bulk rGO-
PdPS composite and commercial 40 wt% Pt-C catalysts are given
in figure 4b. The onset potential for rtGO-PdPSis~  -0.05V vs
RHE while it is ~ 0 V vs RHE in the case of Pt-C.

The HER mechanism is reflected in the Tafel slope
involving the following three steps,

1.  Volmer: H' +e — Hy
2. Heyrovsky: Hyt H +e > H,
3. Tafel: Hagst Hags— Hy

wherein Volmer-Heyrovsky mechanism leads to a Tafel slope of
~120 mVdec™!, while the slope is expected to be 30 mVdec™ if
the mechanism involves Volmer-Tafel steps.”>! The Tafel plots
obtained in the present studies are shown in figure 4c and it is
observed that bulk rGO-PdPS composite shows a slope is 46
mVdec! while Pt-C shows a Tafel slope at 29 mVdec™ under
identical conditions. The exchange current density is determined
from Tafel plot to be 1.4x10*Acm™ for the rtGO-PdPS. The bulk
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PdPS however, shows a Tafel slope of 124 mVdec™ revealing
that the mechanism of HER possibly shifts from Volmer-
Heyrovsky to Volmer-Tafel when PdPS is made in to a composite
with rGO. Various ratios of rGO to PdPS have been tested and it
is observed that 50:50 ratio is the optimum value (Fig S7, ESIt).
It has been reported that there is an improvement in
electrocatalytic activities in batteries, super-capacitors, fuel cells
and water electrolyzers when rGO supported catalysts are used.*
The rGO acts as two-dimensional support matrix for the catalyst
and also improves electrical conductivity. The precise mechanism
of enhancement with rGO is unclear at present but theoretical
studies®™ suggest that strong hybridization between metal d-
orbitals and m-orbital of the rGO, extend the density of states of
metal d-orbitals. Recently, Ma et al.*** reported DFT calculations
on graphene — MoS; hybrids and concluded that there is a small
band gap (2 meV) that is opened up due to the interaction of
MoS, with graphene. Hydrogen spill over from Pt on to few layer
graphene support’*®® has recently been reported. The electro-
chemical impedance spectroscopic data (Fig. S8, ESIt) shows a
charge transfer resistance, Rcr of ~300 Q for rGO-PdPS
composite while the value obtained is ~17 KQ for bulk PdPS.
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Fig 3. Deconvoluted XPS spectra of (a) Pd-3d, (b) P-2p and (c) S-2p core

level regions of bulk PdPS crystal. The experimental data points along

with the sum of the spectra are given as well.
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The effect of rGO is highly reproducible as in the case of MoS,-
rGO system.'¢ Increase in electronic conductivity of the rGO-
PdPS as compared to pure PdPS will help in the electron transfer
kinetics. The size of PdPS flakes do not change before and after
composite formation with rGO. The presence of rGO may help in
the adsorption of intermediates (spill over effect) near the
catalytic sites thus playing a role in improving the kinetics
leading to possible change in mechanism of hydrogen evolution
between pure PdPS and rGO-PdPS composite. The changes
observed in the binding energy values of the composite lead us to
speculate that there is an interaction between rGO and P / S of
PdPS thus affecting the HER activity. This aspect needs further
investigation to understand the rGO / catalyst interface.

Stability of the electrocatalyst is an issue when gas
evolution occurs on the electrode surface. It has been pointed out
that Ni-Mo nanopowder which is one of the best HER catalysts

reported so far, degrades during continuous operation.’> The
ss rGO-PdPS catalyst is cycled between +0.25 V and -0.45 V (vs
RHE) at a scan rate of 100 mVs™ for a large number of cycles.
The stability of the catalyst is shown in figure 4d where the
voltammograms almost overlay with each other in the 1% and
1000™ cycles. The XRD patterns of the electrode material
60 examined before and after 1000 cycles (Fig. S9, ESIY) reveals no
structural change during operation. The morphology and
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Fig 4. a) Linear sweep voltammograms of bulk MoS, and bulk PdPS in
0.5 M H,SO; solution. Insets show the sizes of the flakes used are very
similar. (b) Linear sweep voltammograms of rGO, bulk PdPS, rGO-PdPS
composite and 40 wt% Pt-C in 0.5 M H,SO; solution (pH 0.8); Scan rate
g0 used is | mVs™ and the catalyst loading is 2.5 mgem™ except in the case
of Pt-C (0.285 mgem™). Please note that the scale on the y-axis are
different in figures a and b. (c) Tafel plots for PdPS, rGO, rGO-PdPS and
40 wt% Pt-C in 0.5 M H,SO,. (d) Linear sweep voltammograms of rGO-
PdPS composite on GC electrode before and after 1000 cycles, at 100
g5 mVs™ scan rate. Stability of rGO-PdPS catalyst at overpotential of -0.43
V is shown as currents observed as a function of no. of cycles.

atomic ratio of the constituents of the catalyst are retained as well
(Fig. S10, ESIt), implying excellent stability of the rGO-PdPS
composite in the acidic medium during HER. The amount of
90 hydrogen gas evolved is quantified with respect to the faradaic
efficiency using a H-shaped electrochemical cell where the
working and counter electrodes are separated. The quantity of
hydrogen gas evolved is measured with time and as shown in the
supporting information (Fig. S11, ESIY), the amount of hydrogen
os evolved is close to that of the theoretical value based on the
charge passed.
The overpotential required for the rGO-PdPS
catalyst to achieve 10 mAcm™ cathodic current density is ~ 90
mV vs. RHE, relative to the geometric area of the electrode. This
100 value is small as compared to other non - Pt based HER electro-
catalysts in aqueous acidic medium. The comparison with the
literature data is difficult since the mass loadings are not the
same. The bulk Mo,C and Mo,C nanoparticles on CNTs,” MoB,!°
nanosized MoS, on rGO,'® unsupported Ni-Mo-N nanosheets,>
10s Ni-Mo nanopowder®® and NiP, nanoparticles.® exhibit over-
potentials in the range of 140- 240 mV to produce 10 — 20
mAcm cathodic current densities (Table S2, ESIT). The number

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3



w

2

S

25

30

35

40

45

60

ChemComm

of catalytically active sites and turn over frequency (TOF) have
been determined based on a reported procedure.’’ The TOF
obtained is 0.3 s for rGO-PdPS at 1 = 0.1 V versus RHE. The
value of TOF reported for NiP, at 0.015 s at n=0.1 V vs. RHE®
while for MoS, / CNT hybrid, the TOF value reported is 0.06 s
atn=0.0V."’

In summary, the present studies reveal that PdPS acts as
a good catalyst for HER and the efficiency is enhanced by the
presence of rGO. The participation of S edges is well
understood'® based on MoS, systems. It has been indicated in the
case of Pd-P alloys®® that P possibly plays a role in hydrogen
adsorption. The bulk PdPS being active for HER for large
number of cycles also reveals that intercalation of hydrogen
proposed in the case of bulk MoS, does not occur in the case of
PdPS. In addition, preliminary studies indicate that the
characteristics for under potential deposition of hydrogen are
different on PdPS and bulk Pd and this is being investigated. Use
of few layer PdPS may improve the HER activity further and is
currently studied.
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