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Single atom platinum catalysts, characterized by isolated Pt atoms
dispersed on suitable supports, exhibit high hydrogen evolution
catalytic mass activity. The activity is usually limited by the low
density of Pt atoms on the substrate. Herein, we report on a single
step synthesis of a catalyst from organometallic precursors of Ni and
Pt which yields a high density of Pt atoms on Ni nanoparticles
dispersed on a carbon support. The spontaneous formation of Pt
single atoms on the surface of Ni has not been reported in a single
step reaction and is a unique feature of the organometallic route.
This route allowed us to increase the atomic ratio of single Pt atoms
to Ni up to 10% compared to 2% reported previously. Single Pt atoms
on Ni catalysts display a high hydrogen evolution reaction activity of
660 mA mgp; ! (8 times more than that of commercial Pt) and
stability as HER catalysts compared with commercial Pt/C catalysts.

1. Introduction

The escalating global energy demands and adverse environmental
impacts of traditional energy resources are threats to human
health and environmental protection.'” Sustainable energy calls
for the development of an alternative clean, renewable and
economical fuel.** Hydrogen is identified as one of the best
carbon-negative renewable futuristic energy sources and a promis-
ing alternative to fossil fuels. The effective production, storage
and energy conversion of hydrogen are imperative to a reliable
future.>”® However, the majority of the hydrogen produced today
is derived from steam-reformed methane, which is sourced from
fossil reserves and produces a substantial amount of CO,.”™**
Electrochemical water splitting is regarded as a green and
sustainable route to produce hydrogen, in which the hydrogen
evolution reaction (HER) is the essential step. A key aspect for
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scalable hydrogen production is developing HER catalysts with
high efficiency and low cost.'>™ Fitting of theoretically calcu-
lated exchange-current densities against the hydrogen adsorp-
tion free energy (AGy) shows a ‘“volcano plot” over different
metals, among which platinum was regarded as the best pH
universal HER catalyst. Platinum is very close to the maximum of
the volcano plot, with almost a thermo-neutral AGy; value.'®"”
However, the high cost and low abundance hamper the practical
application of Pt HER catalysts. Developing highly active and Pt-
free catalysts with earth-abundant elements (e.g., Co, Ni, and Fe)
is another approach to reduce the cost of HER catalysts.'®?*
Although much progress has been made to develop Pt-free
catalysts, their HER performance still requires improvement.
To overcome these limitations, downsizing the Pt NPs into
Pt single atoms is used to maximize the metal utilization for cost-
effective HER catalysts. Reducing the size of the Pt NPs to single
atoms could significantly decrease the noble metal usage
and increase their catalytic activity, which is highly desirable
to enhance the Pt utilization and decrease the cost of electro-
catalysts.”*® In this context, single atom catalysts (SACs) have
been shown to dramatically reduce the usage of rare and expensive
platinum group metals (PGMs) in heterogeneous catalysis, at the
same time providing the possibilities for tuning their electrocata-
lytic properties.”” SACs are a class of single site catalysts generally
composed of reactive dopants atomically isolated in a less reactive
metal host. The strong host-dopant interactions that lead to
mixing are responsible for the thermal stability of SACs in terms
of keeping the dopant site isolated.?* > Controlled and large-scale
synthesis of stable single atoms and clusters remains a consider-
able challenge due to the natural tendency of metal atoms to
diffuse and agglomerate, resulting in the formation of larger
particles. In practical applications, it is required that the single
atoms not only have a high activity but also exhibit a satisfactory
stability. Moreovet, it is also desired to produce single atoms with
high density to meet the requirements for practical applica-
tions.***® The most adopted synthetic strategies for Pt based SACs
include the wet chemistry method, spatial confinement strategy,
coordination synthetic strategy, vapor phase deposition and defect
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engineering strategy.’*** Among them, the wet chemistry method
attracted tremendous attention especially for precious metals due
to its easy operation without special equipment and potential for
large-scale production. All of the abovementioned methods need
high energy of activation leading to the formation of clusters or
nanoparticles particularly when the loading is greater than 2 wt%.
For wet chemistry methods, organometallic complexes have several
advantages compared to metal salts and metalorganic precursors.
Their low valence state results in low energy activation in the
formation of nanoparticles, and their short reaction time can
stabilize the formation of kinetically controlled particles. For
instance, the core-shell structures of two metals that would alloy
under thermodynamic control can be stabilized under kinetic
control while reacting two precursors with different decomposition
kinetics. For the synthesis of core-shell structures (which is very
similar to single atom decoration on a metallic nanoparticle), the
core organometallic precursor simply needs to display a lower
temperature of decomposition than the shell organometallic one
as shown for Fe@Rh,** Ru@Pt,*® or PA@Ni.*” Compared to metal
salts and metal-organic complexes, a zerovalent organometallic
precursor does not undergo a reduction process but the coordina-
tion bond with a ligand is activated by a reaction on the ligand
(commonly hydrogenation), a mild thermal or photo-activation.
The precursors of Pt and Ni are available and have successfully
yielded alloyed nanoparticles.”® Therefore, this approach, by
design, yields isolated metallic atoms at very low temperature
and can, in principle, be arrested before any diffusion and growth
of metallic aggregates. Despite all the promising features of orga-
nometallic precursors for single atom synthesis, to the best of our
knowledge, there was no report on isolated surface atoms synthe-
sized using an organometallic approach.

In this context, we investigated an organometallic route for
achieving high surface coverage of Pt single atoms on Ni nano-
particles supported on carbon. Noteworthily, this synthesis does
not need any surfactant, ligand or stabilizer. The overall metal
content is set to be 20 wt%, while the Pt:Ni content is set to be
5:95 wt% and 10:90 wt%. The Ni@Pt SACs synthesized on a
carbon support with two different compositions were tested for the
hydrogen evolution reaction. Pt SACs on Ni show greater activity
for the HER in comparison with conventional Pt/C catalysts.

2. Experimental section
2.1.

Ni(COD), (STREM, 98%) and Pt,(dba); (STREM, 98%) were used
without further purification. A commercial Pt/C catalyst was
purchased from PREMETEK. All chemicals were used as received.
Deionized water was distilled using a Milli-Q ultrapure-water
purification system. All glassware and Teflon-coated magnetic
stirring bars were cleaned with aqua regia, followed by copious
rinsing with deionized water before drying in an oven.

Materials

2.2. Synthesis of carbon supported Ni with Pt SACs

The carbon supported Ni with Pt SACs were prepared by the
simultaneous decomposition of Ni(COD), and Pt(dba); onto a
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carbon substrate (Vulcan-XC72). The use of organometallic
precursors allows the synthesis under mild conditions of
nanoparticles having uniform small size (<5 nm). The resulting
SAAs were characterized and electrochemically tested. According
to the literature data, deposition of resulting metal NPs onto
Vulcan XC-72 has been achieved in the last reaction stages. The
significant improvement of the method is deposition of organo-
metallic precursors onto Vulcan-XC72 through a one-pot synth-
esis. We have developed reaction conditions which make it
possible to obtain well dispersed carbon supported Ni@Pt SAAs
with two different Pt loadings (5 wt% and 10 wt%, hereafter
denoted as Ni@Pt-5 and Ni@Pt-10, respectively). The carbon
loading in both cases is maintained to be 80%.

Vulcan-XC72 (0.2 g) was dispersed in 20 ml of dry toluene
(anhydrous, 99.9%, Sigma Aldrich) at room temperature for 2 h
under a N, atmosphere and continuous stirring.

2.2.1. Synthesis of Ni@Pt-10. In a glovebox, 0.680 mmol of
Ni(COD), and 0.0102 mmol Pt,(dba); were sequentially introduced
into 20 ml of the Vulcan-XC72 suspension, one after the other. The
stirring continued for 1 hour. The solution was then transferred to
a Fisher-Porter tube for the thermal decomposition of organome-
tallic precursors under 1 bar of H, atmosphere at 80 °C. The
resulting SACs were precipitated by centrifugation (11 000 rpm x
20 min) and washed 3 times with a mixture of ethanol: toluene
(1:1) (11000 rpm x 15 min) and then with ethanol (11 000 rpm X
15 min). The SAAs were dried under a vacuum of 3 x 10~> mbar to
remove the residues of organic materials.

2.2.2. Synthesis of Ni@Pt-5. For the synthesis of Ni@Pt-5,
the quantities of Ni(COD), and Pt,(dba); were adjusted to
0.717 mmol and 0.0051 mmol, respectively.

2.3. Physical characterization

The morphology and elemental compositions of carbon sup-
ported Ni@Pt reported in this work were visualized using JEOL
JEM-2100 (LaB6) at 200 kV for high resolution imaging. Fourier
transform analysis (FFT) of high-resolution images technique
was used for structural analysis. High resolution transmission
electron microscopy (HRTEM) images together with energy
dispersive X-ray spectroscopy (EDS) images were obtained using
a JEOL JEM-2100F field emission electron microscope operated
at 200 kv. The crystalline phases and crystallinity of the prepared
powders of final products were examined using a Rigaku Smar-
tlab XRD in the Bregg-Brentano (theta-two theta) mode. An X-ray
generator was operated at 40 kV and 30 mA with Cu-Ko radiation
(0.154 nm). X-ray photoelectron spectra (XPS) were recorded
using a Thermo Scientific Ko spectrometer with a monochro-
mated Al X-ray source (hv = 1486.6 €V; spot size 400 um). The
survey spectra and core-level spectra were recorded with pass
energies of 100 and 30 eV, respectively. All spectra were acquired
using an electron flood gun to compensate possible positive
charge accumulation during the measurements. The obtained
spectra were analyzed using S2 CASA XPS software. HAADF-
STEM images were taken on a FEI TITAN transmission electron
microscope operated at 300 kV. The metal content in the
electrocatalysts was determined using a SPECTRA ARCOS ICP-
OES Multi view FHX22 instrument. The Pt-L3 edge X-ray
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absorption spectra that include extended X-ray absorption fine
structure (EXAFS) and X-ray fine near edge structure (XANES)
were measured at the SESAME beamline, Jordan.

2.4. Electrochemical measurements

The electrochemical measurements were carried out using a
polypropylene cell in a three electrode configuration, with a
polished 0.196 cm” glassy carbon disk as a working electrode,
glassy carbon rod as a counter electrode and Hg/HgO as a
reference electrode. The glassy carbon electrode was polished
with the a-Al,O; powder of decreasing sizes (1.0-50 nm) and
then ultrasonically washed with deionized water and absolute
ethanol. Typically, 2 mg of the catalyst mixed with 50 pl of Nafion
(5 wt%) solution was dispersed in 950 ml of water-isopropanol
solution and sonicated for 1 h to form a homogeneous ink. A
micropipette was used to drop 5 pl of the dispersion onto the
Glassy carbon surface and then dried at ambient temperature
with a rotation rate of 600 rpm. In all cases the total metal
loading on the glassy electrode was maintained as 15 ug cm™ 2.
The alkaline aqueous solution was prepared from KOH (Sigma-
Aldrich, 99.998%) and ultrapure water. The glassy carbon was
mounted on a rotating electrode (Pine instruments) and all the
data were collected with a VMP3 potentiostat (Bio-Logic). All
gases were used with the highest purity available (99.999%).

3. Results and discussion

3.1. Structural characterization

The carbon supported Ni@Pt nanoparticles were synthesized
from organometallic precursors (Fig. 1). The use of organometallic
compounds has several advantages when compared to the use of
metal salts and metalorganic precursors. Their low valence results
in low-energy activation for the formation of nanoparticles. The
organometallic complex bis-(cyclooctadiene)nickel(0), Ni(COD),,
undergoes thermal decomposition at 80 °C to yield Ni (0) films
and nanocrystals,*> while the organometallic compound bis-
(dibenzylideneacetone)-platinum (0), Pt(dba);, has successfully
yielded Pt(0) nanoparticles.*®>® Syntheses from organometallic

/2 )
S K/
K
——— TR
H, Gas 1. Heating at 80°C
2. Washed with ethanol:toluene
3. Dried under vacuum
% Toluene
@ Carbon
o Pt
® Ni

Fig. 1 Schematic representation of the single-step synthesis of Pt SACs
on C/Ni from organometallic precursors.
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compounds can be performed at low temperature or in a short
reaction time, which can stabilize the formation of kinetically
controlled particles without equilibrium structures. The ICP-OES
measurements show the quantitative formation of a 20 wt% metal
loading on carbon with a Pt/Ni weight ratio of 95/5 and 90/10 for
samples Ni@Pt-5/C and Ni@Pt-10/C, respectively.

Nanoparticles yielded by the organometallic precursor on
the carbon support were analyzed using transmission electron
microscopy (TEM) (Fig. 2A, B and Fig. S1 and S3, ESIt). Both the
samples Ni@Pt-5/C and Ni@Pt-10/C (10%) show polydispersity
(<10%) and the average particle size is found to be 5.8 +
0.5 nm. The elemental map of Ni@Pt-10/C in Fig. 2C shows
homogeneous dispersion of Pt single atoms on Ni nano-
particles. According to the powder X-ray diffraction (PXRD)
pattern shown in Fig. 2D, the organometallic approach yields
a very disordered phase with very broad and asymmetric peaks.
The XRD patterns of pure Ni and Ni@Pt are compared. The
characteristic XRD profile of Ni nanoparticles on carbon shows
the peaks assigned to the (111), (200) and (220) reflections of
face centered cubic (fcc) nickel. The peaks of Ni@Pt SACs with
different Pt loadings were located at similar positions to those
of Ni nanoparticles. The absence of Pt crystalline peaks in the
XRD patterns of Ni@Pt-5/C and Ni@Pt-10/C suggests that there
are no apparent Pt particles or agglomerates.

The morphology of Ni@Pt SAAs was characterized by high
angle annular diffraction (HAADF) imaging with aberration
corrected scanning transmission electron microscopy. The high
spatial resolution allowed for the precise determination of size
and distribution of the individual metal atoms, thus providing
the local structural information regarding the metal atoms on
the Ni support. Fig. 3A and Fig. S2 (ESIt) show the HAADF
image of Ni@Pt-10/C, which clearly confirms the presence of Pt
single atoms (the bright spots) on Ni nanoparticles. The
HADDF-STEM-EDS elemental map of Ni@Pt-10/C is shown in
Fig. 3B-E. The EDS elemental mapping confirms the uniform
distribution of Ni@Pt SACs on carbon.

To investigate the atomic composition and surface oxidation
states of metals, we obtained the XPS spectra (Fig. 4). In the XPS
spectrum of NiPt-10/C, the Ni 3p characteristic peak appears in
the Pt 4f region, this result indicates the simultaneous decom-
position of Ni and Pt organometallic precursors resulting in the
formation of NiPt single atoms. The Ni 3p characteristic peak
intensity decreased by the higher loading of Pt atoms on the Ni
nanoparticles in NiPt-10/C than in NiPt-5/C (a low amount of Pt
atom loading), suggesting that Pt atoms cover the surface of
Ni.>” In addition, metallic Pt binding energy shifts positively
(70.33 eV for NiPt-10/C compared to 70.09 eV for NiPt-5/C),
which is due to the formation of Pt surface atoms on Ni (Fig. 4A
and Fig. S5D, ESIt). The Ni 2p core level spectrum shows the
various oxidized forms of Ni (Ni" - 854.11 eV for NiPt-5/C and
854.52 eV for NiPt-10/C) and Ni™" - 856.14 eV for (NiPt-5/C and
856.38 eV for NiPt-10/C) as shown in Fig. 4B and Fig. S4C
(ESIT).>®7°* In the case of bare Ni/C without Pt loading on the Ni
nanoparticles, we observed Ni(0) and Ni(u) (probably a metallic
core with surface oxide) as shown in Fig. S6 (ESIt), which
confirms the formation of Ni° from the organometallic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Microscopy and diffraction analysis, (A) and (B) TEM images of Ni@Pt-10/C with different magnifications. (C) HAADF-STEM elemental map of

Ni@Pt-10/C, and (D) XRD patterns of Ni/C, Ni@Pt-10/C and Ni@Pt-5/C.

Fig. 3

precursor without further high temperature heat treatment like
that used for other metallic or metalorganic precursors. These
XPS findings, together with the TEM and HAADF images, suggest
that the formation of NiPt (core) and Pt-incorporated Ni oxide/
hydroxide (surface). Other than the Pt 4f and Ni 2p spectra, high
resolution C1s and O1s spectra of Ni/C, NiPt-5/C and NiPt-10/C are
deconvoluted and are shown in Fig. S4-S6 (ESIt). The precise
atomic ratio between Ni and Pt in the NiPt-5/C and NiPt-10C
electrocatalysts was determined using ICP-AES, involving

© 2024 The Author(s). Published by the Royal Society of Chemistry

(A) HAADF image of NiPt-10/C and (B—E) STEM-EDS map of different elements in NiPt-10/C.

complete sample dissolution with 8% HNO;. The ICP-AES analy-
sis indicates an atomic ratio of Ni:Pt 95:5 in NiPt-5/C, while
90:10 in NiPt-10/C. These results confirm the quantitative reac-
tion mechanism and the presence of a high density of Pt atoms on
the surface of Ni nanoparticles.

Furthermore, the Pt XANES spectrum (Fig. S7A, ESIt)
showed a strong white line peak, indicating that Pt is exposed
on the surface. The EXAFS spectrum (Fig. S7B, ESI{) showed no
apparent peak at 2.57 A like that of the Pt foil and there is clear
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Fig. 4 (A) XPS spectrum of Pt 4f, and (B) Ni 2p for Ni@Pt-10/C.

strong peak at 2.25 A, suggesting the bond formation of Ni
core-Pt surface atoms.

3.2. Electrochemical measurements

The cyclic voltammograms (CVs) of Ni/C and NiPt/C are pre-
sented in Fig. 5A. The NiPt SAAs demonstrate superior HER
activity compared to Ni/C. Notably, NiPt exhibits reduced Ni
oxidation compared to Ni/C and shows a lower onset potential

(A) 12
——Ni/C
0.94 NiPt-10/C
S 0.6
o0
&
£ 034
]
E 0.0 4
= 7
-0.3 4
-0.6 4
T T T T T T T T
00 02 04 06 08 10 12 14 16
E/V (vs RHE)
©
700 - 660
614
Z 6004
S
Il
L 500
®
~ 400
_H-
0 300 4
£
<
£ 200
£
=
100 86
0 . T .
Pt/C NiPt-5/C NiPt-10/C

Fig. 5
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for the oxygen evolution reaction (OER). This behavior suggests
that the addition of Pt significantly alters the electronic proper-
ties of Ni, which can be effectively tuned by incorporating
minimal amounts of Pt, providing a promising strategy to
improve water oxidation in alkaline media. The HER perfor-
mance of NiPt-5/C and NiPt-10/C SAAs was measured in com-
parison with that of Ni/C and commercial Pt/C (20 wt%)
in 0.1 M KOH at room temperature. The Ni nanoparticles on
carbon without Pt single atoms exhibited a poor HER

B) o+
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£
o
£ s
=
—-
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(A) Comparison of CVs of Ni/C and NiPt-10/C, (B) LSVs for HER activity of Pt/C, Ni/C, NiPt-5/C and NiPt-10/C, and (C) mass activity comparison of

different catalysts used in this study. (D) LSVs of NiPt-Pt-10/C before and after 5000 cycles.
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performance, which is consistent with the reported literature.
The specific activity of each catalyst was calculated from the
polarization curves by normalizing the current with the geo-
metric area of the electrode as shown in Fig. 5(B). NiPt-10/C
exhibits a more favorable onset potential for the HER compared
to standard Pt/C. However, the overpotential required to reach a
current density of 10 mA cm ™2 is 0.159 V for NiPt-10/C and
0.147 V for Pt/C. Although there are fewer Pt active sites
available on the NiPt SAAs, alloying Ni with Pt enhances the
HER kinetics in alkaline media. This improvement is attributed
to the modification of the Pt’s electronic structure, which fine-
tunes the binding energies of hydroxyl ions (OH*) and hydro-
gen (H*). The optimized ratio of Pt to Ni shifts the d-band
center between two metals, assisting in modulating the adsorp-
tion energy of H intermediates on the surface of NiPt SAA. As a
result, the onset potential of NiPt-10/C surpasses that of Pt/C.

At higher negative potential, the adsorption of OH™ on the
Ni active sites becomes excessively strong, resulting in chal-
lenges in OH™ desorption. However, the LSV results indicate
that Pt/C outperforms NiPt-10/C, with a difference of just
12 mV. Notably, NiPt-10/C demonstrates a significantly better
performance than NiPt-5C (0.228 V), Ni/C (0.314 V) and many
other Pt-based electrocatalysts reported for the HER.

Furthermore, normalizing the Pt loading, the HER mass
activity of NiPt-10/C at an overpotential of 0.1 V reaches
660 mA mgp, ', which is remarkably 8 times greater than that
of a commercial Pt/C catalyst. The normalized mass activity of
different catalysts is shown in Fig. 5C. These findings suggest
that the presence of single Pt atoms significantly enhances the
Pt utilization compared to nanoparticle’s counterparts, while
also offering the advantage of reduced cost. A comparison of
the electrocatalytic activity of NiPt-based catalysts with that of
other reported catalysts is presented in Table S1 (ESIt). The role
of the carbon support is critical in this enhancement. The high-
surface-area carbon facilitates optimal dispersion of the Pt
single atoms on the Ni nanoparticles, promoting better
metal-support interactions and maximizing active site avail-
ability. This synergy not only improves catalytic performance
but also contributes to the overall stability of the catalyst.

The long-term catalytic stability of NiPt-10/C was measured
by cycling the electrocatalyst in the potential window of 0.1 V to
—0.25 V 5000 times. Notably, there was no appreciable change
in overpotential after the durability test, confirming the stabi-
lity of Pt single atoms on nickel nanoparticles as shown in
Fig. 5D. These results open up a new avenue for the synthesis of
stable and active PGM based single atom catalysts on top of
metal substrates.

4. Conclusion

In conclusion, NiPt SAA catalysts synthesized via a novel one-step
organometallic approach on a carbon support demonstrate
significant catalytic activity for the HER. The spontaneous
segregation of Pt to the surface of Ni at low temperatures allows
for precise tuning of the Pt atom density by varying the precursor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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composition. The precise control over Pt atom dispersion on
Ni nanoparticles, combined with a high-surface-area carbon
support, optimize the metal-support interaction and increase
active site availability, enhancing overall catalytic performance.
The NiPt-10/C catalyst exhibits an exceptionally high mass
activity of 660 mA mgp, ', which is 8 times greater than that
of commercial Pt/C, alongside remarkable stability. The remark-
able performance of these Pt SACs is attributed to their high
density and unique electronic structure on the surface of Ni
nanoparticles. Our work provides a promising strategy for
designing highly active and stable next-generation catalysts
based on PGM single atoms. Future work should focus on
optimizing the metal-support interface and refining the alloy
structure to further improve both activity and durability.
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