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Robust and efficient platinum (Pt)-based electrocatalysts are pursued for hydrogen evolution reaction
(HER). However, the performance of Pt-based HER electrocatalysts needs to be further improved in
alkaline and neutral media due to the extra water dissociation step. Moreover, the fabrication process
and long-term stability of current Pt-based HER electrocatalysts are unsatisfactory in mild media. Herein,
a one-step facile process was developed to fabricate a phosphorus-modified Pt@Cu (Pt/P@Cu)
electrocatalyst to realize the feasibility of high-performance HER media. The HER
performance of Pt/P@Cu is further increased with the successful introduction of phosphorus. P exists as
oxides on the Pt/P@Cu surface, which was demonstrated by XPS and Raman. The P doping leads to

in neutral

Received 29th June 2022, increased surface active sites, lower charge transfer resistance, and enhanced HER performance in
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neutral media. Pt/P@Cu presents a low overpotential of 24.3 mV at the current density of —10 mA cm™=,
along with an excellent stability reaching —1000 mA cm™2 for 1000 cycles of LSV. The successful P

2

doping on the catalyst surface inspires future study on developing simple surface modifications to
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Introduction

With the increasing energy consumption and large amounts of
greenhouse gas released, considerable efforts have been made to
find clean-energy alternatives to fossil fuel resources.' Hydrogen
has been regarded as an environmentally friendly and high-energy-
density resource for renewable energy systems.*” The production,
storage and transport of hydrogen have flourished and developed
during last decades, leading to more and more hydrogen programs
and commercial applications.*” In addition to fossil fuel reform-
ing, water electrolysis has been further explored as a main hydro-
gen production method, consisting of two half-reactions, the
hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER).>™ HER consists of three different reaction pathways
according to the reaction kinetics, which include the Volmer step,
Heyrovsky step and Tafel step.™

Platinum is regarded as a top electrocatalyst for HER due to
its free energy being close to zero, as well as its fast kinetics for
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increase the electrocatalytic activity to develop advanced electrocatalysts.

both hydrogen atom adsorption and desorption.'*'® However,
the scarcity and high cost of Pt restrict its wide application.
Commercial materials include Pt nanoparticles on carbon
support with different loading amounts, which highly increase
the surface area and reduce the cost, but the stability is poor
when the Pt/C is coated on the current collector, with weak
physical interaction due to the continuous release of large
bubbles, especially under high current densities.'®'” Thus,
self-standing electrocatalysts with strong interaction for long-
term durability have been innovated accordingly. Luo’s group
reported Ni foam-supported single Pt atoms/CoP nanotubes.®
The self-standing electrocatalyst exhibited remarkable HER
performance, with an overpotential of 24 mV at the current
density of —10 mA ¢cm 2. Meanwhile, its durability was much
better than that of Pt/C under —100 mA cm ™2 for 24 h. Recently,
one representative work reported a strategy to prepare a Pt
monolayer on Ni foam." The Pt monolayer reached a similar
catalytic activity as bulk Pt film, indicating the full utilization of
the Pt monolayer on the large-surface-area Ni foam. Concur-
rently, an atomic layer deposition (ALD) strategy was used to
fabricate well-dispersed Pt nanostructures on Ni foam.*’ Dif-
ferent ALD cycles were explored in the Pt deposition process.
The Pt/Ni foam showed a low overpotential of 37 mV to reach
the current density of —10 mA cm™? and good stability.

On the other hand, phosphorus has been explored inten-
sively in transition metal phosphide (TMP) electrocatalysts.
Introducing P into transition metal-based electrocatalysts can
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tune the electronic properties and modify active sites.*"*?
Besides TMPs, surface phosphates are becoming attractive in
HER due to the negatively charged species, which accelerate
water dissociation in the Volmer step.”* We have reported the
P-modified CoMoO, nanosheets as an efficient electrocatalyst
for HER. The existence of P-O groups leads to increased surface
active sites for HER and accelerated water dissociation in an
alkaline medium.** Additionally, phosphate-functionalized
CoP nanowire was developed.”® The P-O group plays a critical
role in improving HER performance by accelerating water
dissociation and charge transfer kinetics. However, P doping
in noble-metal electrocatalysts is less explored. When Pt-based
electrocatalyst was optimized in different angles, shapes, sub-
strates and alloyed materials, the surface modification was
worth further exploring. As for these modifications, it is also
important to develop facile methods for performance enhance-
ment. Herein, inspired by our previous work, Cu foam was used
as substrate, and Pt was loaded directly on Cu foam as a self-
standing electrode Pt@Cu."® Then, phosphorous was doped on
the Pt@Cu surfaces (Pt/P@Cu), leading to increased HER
performance with the addition of sodium hypophosphite dur-
ing Pt growth. P exists as P-O components on the Pt/P@Cu
surface, modifying the surface chemical environment and con-
tributing to HER improvement. Our work plots an innovative
way to fabricate Pt/P@Cu materials by a facile method as self-
standing robust electrocatalyst, leading to the improvement of
HER performance in neutral medium.

Results and discussion
Phosphorus-modified Pt@Cu

Platinum nanocrystals, especially dendritic structures, are
widely applied as electrocatalysts for HER. The fabrication
process is facile, and the mass activity has increased during
recent years.>®>” In this work, we fabricated platinum nano-
crystals directly on copper foam. The process utilized a facile
solvent reduction strategy. In a typical fabrication process,
ammonium citrate dibasic and r-ascorbic acid were used as
surfactant and reduction solvent, respectively. Then, boric acid
was used to tune the pH value for growth of dendritic shapes.
Cu foam was used as substrate to load Pt. Finally, Pt*" was
reduced to Pt dendrite-like nanocrystals on the copper foam, as
Pt@Cu, as described in our previous work.'® The scanning
electron microscope (SEM) image (Fig. S1, ESIT) illustrated that
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small Pt nanocrystals dispersed uniformly on the copper foam.
To further improve HER performance, phosphorus was intro-
duced into Pt@Cu (Fig. 1). During the growth of Pt nanocrys-
tals, sodium hypophosphite hydrate was used as P source, and
the P was introduced simultaneously. P doping was realized by
an electroless contact deposition method as presented in
eqn (1).%®

3H,PO,” — H,PO;~ + H,O + 20H + 2P 1)

The detailed fabrication process is listed in the experimental
section. By adding extra P source during the synthetic process,
phosphorus-modified Pt@Cu (Pt/P@Cu) electrocatalyst was
successfully prepared.

The morphology of Pt/P@Cu is illustrated in Fig. 2. Fig. 2a
presents the porous structure of Pt/P@Cu on the Cu foam, which
is beneficial for sufficient contact with the electrolyte and efficient
bubble release. Fig. 2b shows the uniform dispersion of Pt
nanocrystals on Cu foams, which was similar to Pt@Cu, indicating
the negligible effect on shape growth of the extra P doping. The
SEM image and corresponding energy-dispersive spectroscopy
(EDS) mapping images are shown (Fig. 2c-f). Pt and P elements
were distributed uniformly on the Cu foam, indicating successful P
doping on the Pt@Cu framework.

The successful P doping is also illustrated by the photographic
images (Fig. S2, ESIt). The Pt/P@Cu electrode showed darker colour
than Pt@Cu. As for this synthetic process, P was doped on the
Pt@Cu surface with the simultaneous reduction reaction of Pt.

Surface chemical environment

To further explore the surface chemical environment of Pt/
P@Cu, X-ray powder diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and Raman microscopy were used. Fig. S3
(ESIT) shows the XRD patterns of Pt@Cu and Pt/P@Cu. Only
peaks of Cu were presented because of the ultralow loading of
Pt. The XPS survey spectra was acquired accordingly (Fig. S4,
ESIT). An obvious peak of P 2p is shown by the Pt/P@Cu sample
in the inset image (Fig. S4, ESIt).

Detailed XPS spectra of Cu 2p, Pt 4f, P 2p and O 1s are shown
in Fig. 3. The XPS spectra (Fig. 3a) illustrate the Cu surface
chemical environment. Peaks located at 932.7 eV and 952.5 eV

were assigned to Cu 2p3/2 and Cu 2p1/2, respectively, in the
deconvoluted spectra of Cu 2p.*° The peak located at 934.4 eV
stands for Cu”" species.

3031 There was also a shake-up satellite

Fig. 1 Fabrication process of phosphorus-modified Pt@Cu (Pt/P@Cu).
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Fig. 2 Morphology characterization. (a) Low-resolution and (b) high-
resolution SEM images of Pt/P@Cu. (c) SEM image and corresponding
EDS mapping images of (d) Cu, (e) Pt and (f) P.

peak at 942.5 eV. The surface chemical state of Pt is illustrated
in the XPS deconvoluted spectra (Fig. 3b). The paired peaks at
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71.6 and 74.9 eV belong to metallic Pt°.*> Meanwhile, the peaks
with dashed lines located at 78.4 eV and 75.0 eV represent Cu
3p1/2 and Cu 3p3/2, which can be confirmed in the reported
work.*® The other paired peaks located at 75.5 eV and 72.1 eV
represent the Pt> species, which are ascribed to oxidation
when exposed to air. The surface chemical environment of Pt
had negligible change after P doping. The XPS spectra of P 2p is
presented in Fig. 3c. The obvious peak located at 133.3 eV was
ascribed to P-0.** The spectra confirmed that P exists as
dominant P-O components in Pt/P@Cu. Fig. 3d shows the
XPS spectra in O 1s. After deconvolution, the peak located at
531.3 eV appears, presenting the peak of P-O after P doping in
Pt/P@Cu compared with Pt@Cu.? The peak located at 532.2 eV
was ascribed to Cu-0.%°
Raman spectra were extracted (Fig. S5, ESIt). Three Raman
peaks, at 288, 335 and 626 cm !, were indexed to surface oxides
of Cu in Pt@Cu. After phosphorous doping, all three vibration
peaks weakened, indicating that CuO was reduced. The intro-
duction of phosphorus vacancies will lead to decreased vibra-
tion intensity of CuO.?” Moreover, the peak at 288 cm ™" shifted
to 278 cm™ ', reflecting the influence of P doping on the oxygen
stretching.®®

Electrocatalytic performance

The as-prepared electrocatalysts were evaluated in 1 M phos-
phate buffered saline (PBS) for HER. Pt/C, Pt@Cu and Pt/P@Cu
were examined, and the linear sweep voltammetry (LSV) curves
are illustrated in Fig. 4a. Pt/P@Cu showed better HER
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Fig. 3 XPS spectra of (a) Cu 2p, (b) Pt 4f, (c) P 2p and (d) O 1s of Pt@Cu and Pt/P@Cu surfaces.
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Fig. 4 HER performance. (a) LSV curves with iR correction and (b) Tafel slopes of commercial Pt/C, Pt@Cu and Pt/P@Cu. (c) Nyquist plots (dots) and
fitting data (solid lines) recorded at a potential of —0.7 V (vs. Ag/AgCl) with an AC potential of 5 mV over a frequency range from 100 kHz to 0.1 Hz. Inset
shows the simulated equivalent circuit. (d) Chronopotentiometry test of Pt/C and Pt/P@Cu. (e) 1000 cycles of LSV tests with iR correction of Pt/P@Cu
under a scan rate of 100 mV s%. (f) Comparison of overpotentials at a current density of —10 mA cm~2 and the Tafel slopes of Pt/P@Cu with those of

recently reported Pt-based catalysts in neutral medium.

performance, with an overpotential of 24.3 mV to reach the
current density of —10 mA cm > The other two Pt/C and
Pt@Cu samples showed overpotentials of 45.6 mV and
36.1 mV, respectively. The successful P doping enhanced the
HER performance based on the Pt@Cu interface, with the
overpotential of 36.1 mV decreasing to 24.3 mV. Tafel slopes
of Pt/C, Pt@Cu, and Pt/P@Cu are 87.1 mV dev *, 53.7 mV dev '
and 50.2 mV dev ', respectively (Fig. 4b). The Tafel slopes
reflect the same dominant Tafel-Heyrovsky process. To further
explore the electrochemical surface area (ECSA), double-layer
capacitances of Pt@Cu and Pt/P@Cu were extracted from CV
curves (Fig. S6, ESIT). The double-layer capacitances of Pt@Cu
and Pt/P@Cu were 96.2 mF cm™~> and 118.2 mF ¢cm ™2, respec-
tively, illustrating the increased HER active sites due to the
extra P doping. Electrochemical impedance spectroscopy (EIS)
was explored (Fig. 4c). Nyquist plots (dots) and fitting data
(solid lines) recorded at the potential of —0.7 V (vs. Ag/AgCl)
with an AC potential of 5 mV over the frequency range from
100 kHz to 0.1 Hz are shown. The inset shows the simulated
equivalent circuit. The Nyquist plots of Pt@Cu and Pt/P@Cu
were acquired at the voltage of —0.7 V (vs. Ag/AgCl), corres-
ponding to their respective HER onset potentials. From these
plots, the measured charge transfer resistances (R.) of Pt@Cu
and Pt/P@Cu are 0.45 and 0.31 Q, respectively. The smaller
charge transfer resistance of Pt/P@Cu has a positive influence
on accelerating the HER kinetics.

To evaluate the stability of the electrocatalysts, chronopo-
tentiometry test was applied for 20 h under a constant current
density of —20 mA cm™? (Fig. 4d). The potential (V vs. Ag/AgCl)
of Pt/C decreased from —734 mV to —771 mV after 20 h, while
the potential (V vs. Ag/AgCl) of Pt/P@Cu decreased from

7670 | Mater. Adv, 2022, 3, 7667-7672

—730 mV to —738 mV, which was much more stable. The
1000 cycles of LSV reaching a high current density of
—1000 mA cm™” illustrates the obvious advantages of Pt/
P@Cu as a self-standing electrocatalyst compared to Pt/C
(Fig. 4e). After 1000 LSV cycles under 100 mV s~ ', the over-
potential of Pt/P@Cu required to reach a current density of
—1000 mA cm > decreased from —412 mV to —435 mV (only
23 mvV shift), indicating its robust physical and chemical
stability. Pt/C showed a fragile performance after 1000 LSV
cycles (Fig. S7, ESIt). The overpotential at a current density of
—1000 mA cm 2 increased from —749 mV to —1128 mV,
indicating the fragile physical stability under fierce bubble
release. A comparison of overpotential at the current density
of —10 mA cm ™2 and the Tafel slope of Pt/P@Cu with those of
recently reported Pt-based catalysts in neutral medium is illu-
strated in Fig. 4f. The as-prepared Pt/P@Cu electrode shows
remarkable HER performance in neutral medium among pro-
mising Pt-based electrocatalysts. Detailed information is listed
in Table S1, ESL.{

The experimental results illustrated the successful P doping
on Pt@Cu surface and enhanced electrocatalytic activity. The
phosphorus-modified Pt@Cu electrocatalyst showed remark-
able HER performance and stability under high current
densities.

Conclusion

In summary, phosphorus-modified Pt@Cu electrocatalyst was
fabricated through a facile, one-step method. The chemical
state of P was studied by XPS and Raman spectra, illustrating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the P-O oxides as the dominating component on the Pt/P@Cu
surface. The successful introduction of P modified the surface
chemical environment of Pt/P@Cu, leading to increased num-
bers of surface active sites, reduced charge transfer resistance
and enhanced HER performance in neutral medium. The over-
potential further lowered to 24.3 mV to reach a current
density of —10 mA cm 2. The 1000 cycles of LSV test reaching
—1000 mA em~ > also confirmed its structural and chemical
stability as self-standing electrocatalyst. This work plots an
innovative way to modify the surface environment of Pt-based
electrocatalysts with phosphorus, showing promising potential
as highly efficient HER electrocatalysts with a facile surface
modification.

Experimental section
Materials

Sodium hypophosphite monohydrate (NaH,PO,-H,0), chloropla-
tinic acid hexahydrate (H,PtClg-H,0, 8 wt% Pt) and ammonium
citrate dibasic (HOC(CO,H)(CH,CO,NH,),) were purchased from
Sigma Aldrich (UK) Co., Ltd. r-Ascorbic acid (C¢HgOg) was pur-
chased from Merck (USA) Co., Ltd. Boric acid (H3;BO;) was
purchased from Alfa Aesar (UK) Co., Ltd. Potassium dihydrogen
phosphate (KH,PO,) and potassium phosphate dibasic (K,HPO,)
were purchased from Alfa Aesar (UK) Co., Ltd. Nafion solution
was purchased from Sigma-Aldrich (UK) Co., Ltd. All chemicals
were used as received without further purification.

Preparation of Pt/C electrode

Commercial 20% Pt/C powder (10 mg) was dispersed in a
solution with 400 puL DI water, 100 pL ethanol, and 20 pL
Nafion solution to form the ink solution. The electrode was
prepared by dropping 260 uL of the ink solution on 1 cm? of the
carbon paper as the Pt/C electrode.

Preparation of Pt/P@Cu and Pt@Cu electrodes

To prepare Pt/P@Cu, 0.678 g of ammonium citrate dibasic and
0.529 g of L-ascorbic acid were dissolved in 30 mL of deionized
(DI) water. Then, 0.123 g of boric acid was dissolved in 20 mL of
DI water. Commercial Cu foams (2 cm x 1 cm) were used as the
substrates for preparing the working electrodes. Cu foams were
placed in 0.5 M hydrochloric acid solution for ~10 min under
ultrasonication to remove surface oxides. Next, Cu foams were
washed by DI water and dried in a vacuum oven at 60 °C for 2 h.
In a typical process, Cu foams were placed in a 100 mL beaker
under magnetic stirring with 10 mL of DI water, 10 mL of
ammonium citrate dibasic solution and 75 pL of chloroplatinic
acid hexahydrate solution. Then, 100 mg of sodium hypopho-
sphite monohydrate was added to the solution. Boric acid was
added to adjust the pH value, and the solution was stirred for
10 min at room temperature. Finally, the solution was heated to
50 °C, then 10 mL of L-ascorbic acid solution was added
immediately. The whole synthetic process lasted for 1 h, then,
the as-prepared electrocatalyst Pt/P@Cu electrodes were
washed with DI water three times and dried in a vacuum oven

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at 60 °C for 12 h. The fabrication of Pt@Cu used the same
process except with the addition of 100 mg sodium hypopho-
sphite monohydrate.

Characterization

The surface morphology and elemental distribution of the
working electrodes were characterized by SEM (Carl Zeiss
EVO MA10). XRD patterns were obtained using a STOE SEIFERT
diffractometer with a detection angular range of 2° < 20 < 40°
and a Mo X-ray radiation source. The surface chemical environ-
ments of different elements were evaluated by XPS (Thermo
Scientific K-alpha photoelectron spectrometer) analysis. Data
analysis of XPS results was achieved using CasaXPS with the
calibration of C 1s 284.8 eV. Raman spectra were recorded by a
Bruker Senterra Raman Spectrometer. The pH value was
acquired using an HI2550 Meter.

Electrochemical measurements

Electrochemical measurements of working electrodes were
conducted in a three-electrode cell. A volumetric ratio of 1:1
between K,HPO, and KH,PO, were mixed to prepare 1 M PBS
solution, which was used as the electrolyte. A graphite rod, an
Ag/AgCl electrode (filled with 3 m KCI) and the as-prepared
electrodes were used as counter electrode, reference electrode
and working electrode, respectively. 1 cm® of the metal foam
was controlled to immerse in the electrolyte during the test.
LSV and CV measurements were carried out using a Gamry
Interface 1000 potentiostat. All the potentials were converted to
the reversible hydrogen electrode (RHE) according to the equa-
tion Erpyp = Eagagcl T 0.197 + 0.059 pH. Tafel slopes were
determined by fitting the linear regions of the Tafel plots
according to the Tafel equation (y = blog(j) + a) and replotted
polarization curves. EIS was performed with frequencies from
0.1 to 100 000 Hz with an amplitude of 10 mV. All LSV measure-
ments were calculated with 100% iR compensation except LSV
curves reaching —1000 mA cm > (90% iR compensation).
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