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Solution-phase phosphorus substitution for
enhanced oxygen evolution reaction in Cu,WS,+
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Transition metal phosphides are among the most promising materials for achieving efficient electrocatalytic
performance without the use of rare or expensive noble metals. However, previous research into
phosphides for the hydrogen evolution reaction (HER) or oxygen evolution reaction (OER) has focused
on high-temperature vapor-phase processes, which are not practical for large-scale applications. Here,
we introduce a simple, one-step solution-phase method of phosphide synthesis by modifying Cu, WS,
using triphenylphosphine (TPP), which serves to substitute S with P and transform the normally inactive
basal plane of Cu,WS, into a defect-rich, activated basal plane. The OER activity was significantly
enhanced by phosphorus substitution, with the resulting Tafel slope of the sample with ~8 at%
phosphorus reaching 194 mV dec™, a result close to that of the best OER catalyst (RuO», 151 mV dec ™).
The sample possessed stable OER performance, showing no degradation in current density over ~24
hours (500 cycles), proving the robust and stable nature of the phosphorus substitution. These results
open the possibility for further phosphide catalyst development using this low-cost, solution-phase

rsc.li/rsc-advances method.

Introduction

In efforts to develop alternative fuels and expand the feasibility
of the “hydrogen economy”, researchers have focused on
developing new catalysts to drive water-splitting reactions. Of
the two reactions, the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER), the latter is more difficult
to achieve due to the higher kinetic barrier." Currently, the best
OER catalysts are IrO, and RuO,,” but the high cost of both
metals severely limits their commercial viability. For this
reason, the development of new catalysts requires an emphasis
on low-cost, low-temperature approaches that do not require
rare or expensive elements.

Recently, phosphides have jumped to the forefront of HER
and OER catalyst research. These include pyrite structures
based on Fe, Co, and Ni**® as well as Mo and W based phos-
phides®® and phosphosulfides.®' In both cases, remarkable
improvements in catalytic activity have been achieved by
phosphidation, with the enhancement often being attributed to
an increase in active sites and improved adsorption. For layered
transition metal chalcogenides (TMCs), this strategy could be
particularly useful because the basal planes are normally
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catalytically inactive.”™** For this reason, much of the research
into TMCs for OER or HER has focused on the formation of
defects, edge sites, or localized lattice strain in an effort to
increase the active sites.”*® In particular, heteroatom doping,
such as substituting S with Se, has proven to be an effective
strategy to increase the catalytic activity.***

However, nearly all of current research on these phosphides
involves a high-temperature, vapor-phase process, with the
most common conditions seeming to be a temperature of over
300 °C with sodium hypophosphite or red phosphorus in a tube
furnace.®**?® A notable exception is a solution-phase method
reported by McEnaney et al.*” to produce tungsten phosphide
with trioctylphosphine, but the resulting product was entirely
amorphous. The need for both high temperatures and an
additional synthesis step to create crystalline phosphides
significantly undermines the claims of low-cost and scalability
in these works, making the development of alternative routes
for phosphide synthesis crucial.

In this work, we introduce a novel solution-phase method for
P substitution by using triphenylphosphine (TPP) in the
Cu,WS, system. Unlike the aforementioned works, this method
achieves stable phosphide synthesis through a one-step, low-
temperature, solution-phase process. Through this method,
the normally inactive basal plane of Cu,WS, was transformed
into a defect-rich, highly-active structure, resulting in
a dramatic improvement in OER properties. The best compo-
sition (Cu,WS; 4P, ¢) shows a Tafel slope of 194 mV dec™ ", close
to the value of RuO, (151 mV dec ™). The result comes from the
decreased adsorption energy of -OH on Cu,WS,, which was

This journal is © The Royal Society of Chemistry 2019
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further analyzed with DFT simulations. These results show the
potential of this novel solution-phase phosphorus substitution
method for use in OER electrocatalysts.

Results and discussion

Fig. 1a illustrates the crystal structure of Cu,WS, and Cu,WS,
with P substitution. Cu,WS, reference samples were synthe-
sized through a previously reported method.*** Phosphorus
substitution was achieved by adding TPP to the mixture in
amounts corresponding to 0.1, 0.15, and 0.20 molar ratios
relative to the other precursors, which were designated as
Cu,WS; 6Py 4, Cu,WS; 4Py 6, Cu,WS;3 , Py g, respectively. The XRD
results in Fig. 1b show evidence of successful defect formation
through P substitution. The major peaks correspond to Cu,WS,
(JCPDS 81-1159), but at higher concentrations the P substitu-
tion appears to add higher lattice strains, as evidenced by the
inset showing the significant fullwidth half max (FWHM)
increase. Similar XRD trends have been shown to indicate
lattice strain'® and/or defect formation®® in previous reports of
TMC catalysts. We note that no additional peaks were observed
after P-doping, indicating that P substitutes into the Cu,WS,
lattice or forms defect sites rather than forming secondary
crystalline phases.

XPS analysis (Fig. 1c) confirms the presence of phosphorus,
reaching a maximum of ~11 at% in the Cu,WS; ,P, s sample. A
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significant shift of the W 4f peaks is also observed, an expected
result due to the electronegativity difference between S and P.
Interestingly, the Cu peaks are not shifted, while the S peaks
experience a much smaller and less progressive shift, as seen in
Fig. S1.t Raman spectroscopy (Fig. 1d) also confirms the
changes in the chemical state after P substitution. The standard
A4, B,, and E modes are present in all samples, which are
characteristic of Cu,WS,, but the intensity decreases with
increasing P concentration. Meanwhile, o and  modes appear
in samples with P substitution, and increase in prominence
with increasing P concentration. The A;, B,, and E modes are
characteristic of S vibrations in TMCs**** and often broaden
and decrease in intensity with increasing defect formation.***
Therefore, this is strong evidence for both P substitution in the
lattice as well as increased defects in P-substituted sample.
The effect of P substitution was also seen in the morphology
of the samples. The SEM images indicate only minor changes in
the particle shape and size. The pristine sample (Fig. 2a, inset)
appears monodisperse and with a small (<50 nm diameter) size,
while P-substituted samples appear to have slightly larger
average particle sizes, and the Cu,WS; ,P, g develops a broader
size distribution. However, the changes in crystallinity, as
observed by HRTEM, are much more pronounced. Both the
pristine Cu,WS, and the Cu,WS;¢P,, samples appear fully
crystalline, with no significant defects or amorphous regions.
The Cu,WS; 4Py in Fig. 2c sample appears to be slightly less
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Illustration of phosphorus substitution and basal plane activation using TPP (a). (b) XRD showing increased lattice strain and decreased

crystallinity with increasing phosphorus substitution. (c) XPS showing a shift of the W 4f peaks and increase of P 2p peaks. (d) Raman spectra with

vibrational modes labeled.
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Fig. 2 False-color TEM images showing decreased crystallinity with
increasing P-substitution (left). SEM images (scale bar = 500 nm) and
FFT patterns (right) also show the changes in sample crystallinity and
morphology.
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crystalline, as indicated by the FFT pattern and false-color TEM
image, where crystalline regions are colored light blue and
amorphous regions are colored light pink. The Cu,WS;,Pg g
sample (Fig. 2d) appears even less crystalline, with large
amorphous regions observed and only very faint points
appearing in the FFT pattern. The full set of SEM and TEM
images are presented in Fig. S2.1 A uniform distribution of P
was also confirmed by Energy Dispersive X-ray Spectroscopy
(EDS), as shown in Fig. S3.1 Overall, these data agree well with
the previously discussed Raman and XRD data, with both
indicating that significant lattice strain and defect formation
takes place after P substitution.

The oxygen evolution reaction (OER) performances of as-
synthesized pristine and P-substituted Cu,WS, electrocatalysts
were measured by dropping the catalyst slurry onto a rotating
disk electrode (RDE) with a mass loading of 0.1 mg cm ™ in the
O,-saturated 0.1 M KOH at the rotation of 1600 rpm. As seen in
the linear sweep voltammetry (LSV) curves in Fig. 3a, the cata-
Iytic activity of the samples significantly improves after P
substitution. The pristine Cu,WS, sample is almost completely
inactive for OER, which is typical for TMCs with no basal plane
modification or edge structuring.*>***” After P substitution, the
material is transformed into a highly active catalyst, with the
Cu,WS; 4Py s sample showing the best performance (onset
potential 1.59 V vs. RHE at 10 mA cm 2). Furthermore, to
investigate the OER kinetics of the as-synthesized samples,
Tafel plots (Fig. 3b) are fitted according to the polarization
curves. As seen in the comparison of Tafel slopes, the value for
Cu,WS;3 4Po 6 (194 mV dec™ ) is close to that of the benchmark
RuO, catalyst (151 mV dec™ ") tested under the same conditions.
Although the phosphorus content is relatively low compared to
the other constituent elements (~8 at% P for Cu,WS; 4P, ¢), we
note that many other studies have confirmed that light doping
(<10 at%) can produce dramatic improvements in electro-
catalytic activity.>>?%%°

However, the catalytic activity decreases with further P
substitution, with the Cu,WS;,P, s sample showing an onset
potential of 1.67 V vs. RHE at 10 mA cm > with a Tafel slope of
341 mV dec™'. Although a certain degree of defect formation is
beneficial for catalytic activity, excessive defects can hinder
performance by reducing electrical conductivity.*®*' Because
Cu,WS; ,P, g was shown to have many amorphous regions and
a heavily strained lattice in the previously discussed XRD and
TEM data, we suspect that the electrical conductivity is nega-
tively impacted as a result. However, the catalytic activity of
Cu,WS; 6P, 4 (onset potential 1.70 V vs. RHE at 10 mA cm ™ with
Tafel slope 272 mV dec™ ') sample reveals that ~6 at% P is not
enough to utilize the basal planes of Cu,WS, for OER activity.

To further analyze the results, the double-layer capacitances
(Cq1) are derived from the cyclic voltammetry to evaluate the
electrochemical surface area (ECSA) of as-synthesized samples
and is shown in Fig. 3c. Here, the Cu,WS; 4P, ¢ appears to have
superior properties, with the highest Cq (3.1 mF cm™?) con-
firming the increased number of active sites after P-
substitution. Impedance spectroscopy was also performed to
gain insights into the charge transfer resistance of the samples,
as seen in Fig. 3d. All samples show a characteristic

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Electrochemical properties of Cu,WS, and P-substituted samples: LSV (a) and Tafel slopes (b) show a comparison of the P-substituted
samples vs. the reference as well as vs. RuO,. ECSA (c) and impendence spectroscopy (d) indicate decreased charge transfer resistance and
increased active sites with P-substitution. The stability test (e) as well as the comparison of LSV curves before and after the test (f) show the robust

nature of the sample.

semicircular shape, and smallest area (lowest resistance 175 Q)
is seen in the Cu,WS; 4P, ¢ sample.

Often, non-oxide OER compounds have poor stability in
alkaline solutions.*> Here, we investigated stability of the best
performing sample, Cu,WS; 4P, 6, over a period of ~24 hours.
The sample showed a slight increase in current density in the
initial stages of the test, followed by stabilization and no
significant decay over the remainder of the measured time. As
seen in the comparison of LSV curves in Fig. 3f, the catalytic
activity is fully maintained after the stability test. XPS was also
performed confirm that the phosphorus content remained after
the stability test, as see in Fig. S5.T These data indicate that this
method of P-substitution is stable and robust in the alkaline
environment.

This improved performance after P-substitution can be
attributed to increased active sites induced from defect and
strain formation in the lattice. Previous research into TMCs for
OER has shown that this disruption of the crystal structure can
improve catalytic activity by reducing OH™ adsorption
energy."*** To support our experimental findings, density
functional theory (DFT) calculations were employed to calculate
the adsorption energy required for OH™ on pristine Cu,WS, and
P-substituted Cu,WS,. To determine the adsorption energy of
the adsorbent (OH™) on pristine Cu,WS,, and P-substituted
Cu,WS,; (Cu,WS;P and Cu,WS,P,), first geometry optimiza-
tions were carried out for single molecule of Cu,WS,, Cu,WS;P,
and Cu,WS,P, using the B3PW91 functional (shown in Fig. 4).
Using long-range correlated (LC) van der Waals functional
wB97XD, the calculated adsorption energy is —6.75 eV,
—6.51 eV, —7.66 eV for Cu,WS,, Cu,WS;P, and Cu,WS,P,,
respectively. Since the adsorption process of OH™ on pristine

This journal is © The Royal Society of Chemistry 2019

Fig. 4 Illustration of the layered samples (top) with the representative
molecules used for DFT calculations and adsorbed —OH shown below.

Cu,WS,, and P-substituted molecules is physisorption caused
by intermolecular van der Waals forces, it is expected the values
calculated by functional wB97XD is in nice agreement.

These DFT data agree well with the experimental results
regarding OER activity. Because the ~OH adsorption is lowered
for the representative Cu,WS;P molecule, it is further evidence
of the beneficial effects of P-substitution. However, the
increased adsorption energy for the Cu,WS,P, molecule could
indicate an additional reason why the heavily P-substituted
sample (Cu,WS;4Py¢) showed decreased catalytic activity
compared to Cu,WS;,P,g. It is possible that while light P-
substitution decreases adsorption energy, adjacent are closely
spaced P atoms interact to produce the opposite effect.

Conclusions

In summary, we have developed a low-temperature, solution-
phase method to successfully substitute S with P in Cu,WS,.

RSC Adv., 2019, 9, 234-239 | 237
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In contrast to the standard high-temperature, vapor-phase
methods, this technique allows for the production of phos-
phides in a simple, one-step process. It was shown that P
substitution creates a highly defective, active basal plane in the
samples, which is beneficial for catalytic properties. As a result,
the P-substituted samples showed significantly improved OER
performance, a result which was attributed to the increased
number of active sites and decreased charge transfer resistance
compared to the reference sample. These results are of interest
for further development of low-cost phosphides for electro-
chemical catalysts.

Experimental procedures

Pristine Cu,WS, was synthesized using a solvothermal
method.?®* In a typical reaction, 1.56 mmol of [Cu(MeCN)|BF,
is added to 20 ml acetonitrile and 0.78 mmol of (NH,)WS, is
added to 20 ml dimethylformamide (DMF). The solutions were
then mixed together in an N, atmosphere and refluxed at 160 °C
for 12 hours. The product was then collected using vacuum
filtration over a PVDF membrane, rinsed with ethanol and
deionized (DI) water, and dried in air at 65 °C overnight. For P
substitution, triphenylphosphine (TPP) was added to the
mixture prior to refluxing in molar ratios of 0.10, 0.15, and 0.20.

X-ray diffraction (XRD) patterns were obtained using Cu Kol
radiation (Rigaku, D/MAX-2500) with a scan rate of 2° min .
Chemical analysis was performed using X-ray photoelectron
spectroscopy (Thermo VG Scientific, K-alpha) and Raman
spectroscopy using a 532 nm laser source (Bruker, Senterra).
Scanning electron microscopy (SEM) images were obtained
using a Hitachi SU5000, and high-resolution transmission
electron microscopy (HRTEM) was performed by drying the
solutions over a carbon grid and imaging using an FEI Titan
cubed G2.

Electrodes were fabricated by first sonicating 30 mg of the
active material with 8 ml of DI water, 2 ml ethanol, and 100 ul
Nafion® 117 solution (5%) for 1 h. Then, 1 pl of the prepared
homogenous suspension was drop-cast onto a rotating glassy
carbon electrode disc (d = 3 mm). The samples were then dried
at 60 °C overnight before use. Electrochemical analyses were
performed using a VersaSTAT 3 electrochemical workstation
with rotating disc electrode system (AMETEK, 616B). A three
electrode system was used, where the working electrode is the
active material/glassy carbon disc, the reference electrode is Ag/
AgClin 3 M KCl, and the counter electrode is a Pt mesh in 0.1 M
KOH (pH = 11). All of the potentials were calibrated to a RHE,
Erng = Eagiagal + 0.196 + 0.0591pH V.

The Gaussian 09 and GaussView 5.0 package was used for
density functional theory (DFT) based calculation. To determine
the adsorption energy of the adsorbent (OH ) on pristine
Cu,WS,, and P-doped Cu,WS, (Cu,WS;P, Cu,WS,P,, and
Cu,WS,P3), first geometry optimizations were carried out for
single molecule of Cu,WS,, Cu,WS;P, and Cu,WS,P,, using the
B3PW91 functional. The 6-311G(d,p) basis set was used for S, P,
0O, H atoms and LANL2DZ basis set was used for metals Cu, W.
After geometry optimization, the adsorption energy was calcu-
lated using functionals B3PW91 and wB97XD with counterpoise
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corrections to correct for basis set superposition error (BSSE).
The functionals B3PW91 and wB97XD are local density func-
tional and long-range correlated (LC) van der Waals functionals,
respectively.
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