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Pt nanoclusters (Pt NCs) approximately 1 nm in size show potential as catalysts owing to their large specific
surface areas and unique electronic structures, which are influenced by quantum size effects. However,
synthesizing Pt NCs with atomic precision under ambient conditions remains challenging, with
[Pt;7(CO)12(PPh3)gl* (z = 1+ or 2+; CO = carbon monoxide; PPhs = triphenylphosphine) being the only
current example of such a NC. It exhibits extraordinary stability, and its electronic structure and catalytic
utility in a range of reactions are topics of widespread interest. In this study, we reveal its electronic
structure and explore its catalytic activity in the hydrogen evolution reaction (HER). Our findings revealed
that [Pt;7(CO)12(PPh3)gl® possesses a discrete electronic structure, with the HOMO and LUMO primarily
constituted by the s, p, and d orbitals of Pt; that a Pt;; NC-supported carbon-black catalyst (Pt;7/CB)
achieves 3.59 times the HER mass activity of a commercially available Pt/CB catalyst; and that the
optimal electronic structure of the surface Pt atoms in Pt;7/CB significantly enhances its HER activity.
These insights underscore the potential of leveraging atomically precise Pt NCs in the design and
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Introduction

The synthesis of ~1 nm-sized Pt nanoclusters (Pt NCs) and their
alloy NCs has garnered significant interest owing to their
unique properties and potential applications in catalysis. Using
carbon monoxide (CO) ligands,"* Pt NCs (Pt,(CO),, NCs; where n
and m are the numbers of Pt atoms and CO ligands, respec-
tively) can be synthesized with atomic precision.>®* Most such
NCs are not stable under atmospheric conditions, and thus few
studies have been conducted on their application. However,
a recently developed method for the synthesis of Pt NCs under
atmospheric conditions using CO and phosphines (PR;) or
thiolates (SR) as ligands (Pt,(CO),,(PR3); or Pt,(CO),,(SR), NCs,

“Department of Applied Chemistry, Faculty of Science, Tokyo University of Science, 1-3
Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan

*Institute for Catalysis, Hokkaido University, Sapporo, Hokkaido 001-0021, Japan.
E-mail: k-lida@cat. hokudai.ac.jp

‘Carbon Value Research Center, Research Institute for Science and Technology, Tokyo
University of Science, 2641 Yamazaki, Noda, Chiba, Japan

“Institute of Multidisciplinary Research for Advanced Materials, Tohoku University,
Katahira 2-1-1, Aoba-ku, Sendai 980-8577, Japan. E-mail: yuichi.negishi.a8@
tohoku.ac.jp; tokuhisa. kawawaki.d8@tohoku.ac.jp
T Electronic  supplementary  information available. See DOIL
https://doi.org/10.1039/d4ta08004a

1 These authors contributed equally to this work.

(EST)

12124 | J Mater. Chem. A, 2025, 13, 12124-12132

development of highly active electrocatalysts for water splitting.

respectively) has emerged as a simple and convenient method
to generate such NCs in large quantities.”*

In particular, [Pt;;(CO);,(PPhs)s[* (z = 1+ or 2+; PPh; = tri-
phenylphosphine; Fig. 1a) represents a unique form of Pt NC
that can be synthesized under atmospheric conditions and
exhibits remarkable stability. These NCs not only are structur-
ally distinct but also serve as highly effective precursors of
catalysts for reactions, including CO oxidation, propylene
oxidation, and oxygen reduction.®'*** Their robust catalytic
activity highlights their potential, making them invaluable in
the development of high-performance catalysts for various
fields. However, the origins of the unique electronic properties
of [Pt;7(CO);,(PPh;)s[° remain unclear. In particular, its excel-
lent catalytic activity is thought to be based on the electronic
structure of [Pt;5(CO);,(PPhs)s]?, and it is desirable to clarify
this. [Pt,,(CO),,(PPh3)s[° is composed of (i) CO, (ii) p,-CO, (iii)
PPh;, and (iv) capping Pt,(u,-CO)(PPh;3), units around an
icosahedral Pty; core," but there are few methods that can
clarify how its electronic structure is composed of each of these
parts at each energy level. Here, density functional theory (DFT)
calculations may provide valuable insights into the underlying
reasons for the high stability and catalytic activity of [Pt;(-
CO)4,(PPhy)s[ by clarifying its electronic structure. Such a study
could also help predict the geometric and electronic structures
of other potentially stable Pt,(CO),,(PR3); NCs that could be
synthesized in the future."**

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic of the work performed in this study. (a) Geometric
and (b) calculated electronic structure of [Pt;7(CO)1»(PPhs)gl® and its
catalytic application to the (c) HER for (d) water electrolysis.

With ongoing depletion of fossil resources and global
warming, the transition to a hydrogen (H,)-based energy
economy is increasingly necessary. Currently, H, is predomi-
nantly produced from methane derived from natural gas and
coal, which are fossil fuels. Thus, to reduce its environmental
impact, water electrolysis using electricity supplied by renew-
able energy sources has gained significant attention as
a method for H, production (Fig. S17).>** Water electrolysis
involves both the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER), where H, is generated through
the reduction of water in the HER. Among the various water
electrolysis systems, proton exchange membrane water elec-
trolyzers (PEMWEs) are particularly attractive owing to their
compact size, high energy efficiency, high H,-production rate,
and quick response to voltage fluctuations. However, the
widespread adoption of PEMWEs faces a major challenge: the
need of stable and active electrocatalysts that can operate
effectively under acidic conditions.

Currently, Pt metals, which are precious and expensive, are
the only materials that meet these requirements.***®* Conse-
quently, reducing the amount of Pt used in PEMWE electro-
catalysts is critical for making this technology more
economically viable and environmentally sustainable. Using
[Pt15(CO)15(PPhs)sF (Fig. 1a) as a precursor to deposit Pt;; NCs
on carbon black (CB; Pt;,/CB) is a promising strategy to enhance
the activity of HER catalysts while decreasing overall Pt usage.
Using ~1 nm-Pt NCs increases the number of active sites for the
reaction, potentially leading to catalysts that are more efficient
than typical CB catalysts loaded with larger (~2-3 nm) Pt
nanoparticles (Pt NPs) commonly used in PEMWEs. Addition-
ally, DFT calculations can provide insight into the electronic
structure, high stability, and catalytic activity of these small Pt

This journal is © The Royal Society of Chemistry 2025
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NCs, guiding the future design of highly active and stable
electrocatalysts for the HER.™

Accordingly, in the present study, we aimed to elucidate the
electronic structure of [Pt;,(CO);,(PPh3)g]® using DFT calcula-
tions (Fig. 1b); develop an HER catalyst with enhanced activity
compared with commercial Pt NPs/CB by using [Pt;;(CO);,(-
PPh;)s[ as a precursor (Fig. 1¢); and determine the origin of the
high HER activity exhibited by Pt;,/CB (Fig. 1d). Our results
revealed that the transition from the highest occupied molec-
ular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) in [Pt;5(CO),,(PPh;)s]** is forbidden and that the
orbitals neighbouring them primarily comprise the s, p, and
d orbitals of Pt. Additionally, we successfully created a Pt;;/CB
catalyst with an HER mass activity 3.59 times that of commer-
cially available Pt NPs/CB. The DFT calculations also strongly
suggested that the high HER activity of Pt,,/CB arises from the
presence of Pt atoms with an optimal electronic structure for
the HER.

Results and discussion

Elucidation of the electronic structure of atomically precise
[Pt,7(CO)12(PPh;)s

[Pt;;(CO)1(PPhy)s]® was synthesized through a polyol reduction
and ligand-exchange method,** similar to that in previous
reports."***® Briefly, the Pt precursor was heated to 120 °C in
ethylene glycol with sodium hydroxide under atmospheric
conditions. The solution was then cooled to room temperature,
and PPh; was added to form Pt,(CO),,(PPh;); NCs. From the ob-
tained products, [Pt;;(CO);5(PPhs)sf was selectively isolated
using solvent extraction. The resulting product was confirmed to
be high-purity [Pt;;(CO),,(PPh;)sf via electrospray ionization
mass spectrometry (ESI-MS; Fig. S271). Fig. 2a shows the optical
absorption spectrum of [Pt;,(CO),(PPhs)g[’, which presents
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Fig. 2 (a) Optical absorbance (blue) and diffused reflectance (green)

spectra of [Pt;7(CO)12(PPhs)gl® (z = 1+, 2+), and the calculated
absorption spectra of (b) [Pt;7(CO)12(P(CH1)5)gl?"  and  (c)
[Pty7(CO)12(PPh3)gl?*.
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prominent peaks at approximately 1.10, 1.20, 1.85, and 2.15 €V,
indicating a discrete electronic structure similar to that of
Au,5(PET); 4 (PET = 2-phenylethanethiolate) and its alloy NCs.**"**

DFT calculations were conducted to elucidate the origin of
peaks observed in the optical absorption spectrum of [Pt;,(-
CO)1,(PPh;)g[° using the Gaussian 16 program,* and the B3LYP
functional®**** was adopted (basis set; the Stuttgard/Dresden
basis set with effective core potentials*® for Pt, 6-311+G* for P,
C, O, and H). This study focused on the closed-shell electronic
systems of [Pt;,(CO)1,(PPh;)s]*" owing to the computational
complexity of the open-shell systems in [Pt;,(CO);,(PPh;)g]"". To
reduce the computational burden, the phenyl groups (Ph;) were
replaced with methyl groups (CH3);.*® Geometry optimization
was performed based on the structure of [Pt;;(CO);,(PPh;)s]*"
obtained by single crystal X-ray diffraction (Fig. 3a), followed by
time-dependent (TD)-DFT calculations for the optical absorp-
tion spectrum using the optimized geometric structure of
[Pt;7(CO)12(PPhy)s .

The optimized structure [Pt;-(CO)1,(P(CH;)s)s]”" (Fig. 3b)
features an icosahedral Pt;; core surrounded by CO, p,-CO,
P(CH3)3, and capping Pt,(j1,-CO),(P(CH;);), ligands. This struc-
ture closely matches that obtained experimentally for

(@)

(b)

Fig. 3 Geometric structure of (a) [Pt;7(CO)12(PPhs)g]>" determined by
SC-XRD from ref. 11 and the calculated most stable structures of (b)
[Pt17(CO)12(P(CH3)3)8]2+ and (c) [Pt17(co)12(PPh3)8]2+. Hydrogen and
solvent atoms are omitted for clarity. Pt: grey, P: yellow, O: red, and
carbon: light grey.
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[Pt;£(CO)15(PPh3)s]*" (Fig. 3a and S31)."* The calculated spectrum
of [Pt;5(CO)4,(P(CH;)3)s]*" (Fig. 2b) shows peaks at approximately
1.40, 1.55, 1.75, and 2.10 eV, which correspond well with the
experimental spectrum of [Pt;,(CO),,(PPh;)s[* (Fig. 2a).

We also conducted calculations using the Los Alamos
(LANL2DZ) basis set with effective core potentials and the CAM-
B3LYP functional*™* to examine how the choice of basis set
affects the spectral shape. The results revealed that both the
geometric structure (Fig. S41) and optical absorption spectrum
(Fig. S5) remain largely consistent with those obtained using
other basis functions and DFT functionals. To explore the
impact on the spectral characteristics of substituting Ph; with
CH3, we performed calculations for [Pt;,(CO),(PPh;)s]** using
the LANL2DZ basis function, and obtained a geometric struc-
ture (Fig. 3c) and optical absorption spectrum (Fig. 2¢) similar
to those of [Pt;7(CO);,(P(CHs)s)s]>". The overall similarity in
both the geometric structure and the spectral shape indicates
that (1) the calculated optical absorption spectra are relatively
insensitive to the choice of basis set and functional group
substitution and (2) the calculated results are in good agree-
ment with experimental observations.

Fig. 4A shows the density of states (DOSs) for the orbitals
ranging from HOMO-20 to LUMO+10, calculated for [Pty,(-
C0)1,(P(CH;)3)s]*" (basis set; SDD for Pt, 6-311+G* for P, C, O,
and H). It was revealed that the orbitals near the HOMO and
LUMO primarily comprise the s, p, and d orbitals of Pt (Fig. 4A
and B). Owing to the high symmetry of [Pt;,(CO)1,(P(CH3),)s]*,
the transition from the HOMO to the LUMO is forbidden
(Fig. 3b), and thus it is not observed (at 0.74 eV) in the experi-
mental optical absorption spectrum (Fig. 2a). The peak around
1.40 eV is attributed to transitions from HOMO—1,2,3,4 to the
LUMO or LUMO+1, whereas the peak near 1.55 eV is due to
transitions from HOMO-5 to LUMO+1. The peak around
2.10 eV involves multiple transitions, including those from
orbitals below HOMO-10 to the LUMO, as well as transitions
from orbitals near the HOMO to LUMO+1 and the orbitals
above. Further analysis using the LANL2DZ basis set confirmed
that the DOSs of [Pt;;(CO);,(PPhs)s]*" are not significantly
influenced by the choice of basis set or by the functional group
substitutions (Fig. S67).

Thus, this study successfully elucidated the electronic
structure and the origin of the optical absorption spectrum of
[Pt;7(CO);,(PPhs)s]* using both experimental and theoretical
approaches. These findings align with previous research***° on
ligand-protected Au-, Ag-, and Cu NCs. Specifically, several key
findings regarding the electronic structure have been observed:
(1) a distinct peak structure appears in the optical absorption
spectrum when the metal core is refined to ~1 nm;*** (2) the
peak structure in the visible region is mainly caused by the
absorption of the metal core;* (3) differences in the structure of
the functional groups at the end of the ligands have a negligible
effect on optical absorption.>*¢

Electrocatalytic activity of Pt,,/CB for the HER

Having established the geometrical and electronic structures of
the Pt NCs, we next aimed to create highly active catalysts by

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (A) Calculated energy diagram and (B) related molecular
orbitals of [Pt;7(CO)(P(CH3)3)sl?. (@) LUMO, (b) LUMO+1, (c)
LUMO+2, (d) HOMO, (e) HOMO-1, and (f) HOMO-2 states.

increasing the number of active sites through miniaturization.
Although many highly active Pt NCs have been reported,>
most require special equipment and reagents. Accordingly,
those methods are not suitable for the preparation of a practical
Pt NC catalyst. Although simple methods have also been re-
ported for the preparation of Pt NCs, Pt NCs synthesized by
those methods typically include the variation in the number of
constituent atoms. Accordingly, they do not necessarily show
high activity specialized in the NC-size region. Therefore, in this
work, we attempted to prepare Pt NC catalysts using [Pt;,(-
CO);,(PPhj3)g[5, which can be obtained with atomic precision by
simple synthesis in air, as a precursor to establish a method for
preparing a practical NC catalyst with high HER activity. It can
be expected that using such an atomically precise Pt NC as
catalyst also helps to understand the mechanisms of the HER
which occurs over NC catalysts.®”

In the experiment, following a previously established
method with a slight modification,™ Pt;; NCs were supported
on CB (Fig. 1c) with a Pt loading of 1.0 wt% through chemi-
sorption, and the ligands were removed by calcination at 200 °©
C. Transmission electron microscopy (TEM) images of the

This journal is © The Royal Society of Chemistry 2025
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calcined Pt;; NC-supported CB catalyst (Pt;;/CB(1.0 wt% Pt))
showed that the particle size of Pt;; NC remains largely
unchanged during the adsorption and calcination processes
(Fig. 5a, b and S7t). X-ray photoelectron spectroscopy (XPS)
indicated that the Pt in Pt;;/CB(1.0 wt% Pt) is in a largely
metallic electronic state with a slight positive charge, similar to
the previously reported one (Fig. 5c and S8%).*?

To evaluate their HER activities, a catalyst slurry was
prepared using Pt,,/CB(1.0 wt% Pt) and then deposited onto
a glassy carbon electrode (GCE) to create the working electrode.
After electrochemical cleaning®® to remove residual organic
substances, the HER activity was measured and compared with
that of a catalyst made by diluting commercial Pt NPs/
CB(46.9 wt% Pt; TEC10E50E) with CB until 1.0 wt% Pt to
prepare Pt NPs/CB(1.0 wt% Pt).

Fig. 6a and S9t show the linear sweep voltammetry (LSV)
curves for Pt,,/CB(1.0 wt% Pt) and Pt NPs/CB(1.0 wt% Pt). The

0.92
+0.13 nm
. T T T
1 2 3
Size (nm)
0.98
+0.14 nm
T T T
0 1 2 3
(C) Size (nm)
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P%/\ Pt 4f7/2 71.9
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>
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— 7T T
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Binding Energy (eV)

Fig. 5 TEM images and resulting histograms of particle-size distri-
bution for (a) [Pt;7(CO);2(PPhs)gl® and (b) Pty7/CB(1.0 wt% Pt). (c) Pt 4f;/,
XPS spectra (blue line) and their fitting results (red, green, and magenta
lines) for [Pt;7(CO)12(PPh3)gl® and Pt;7/CB(1.0 wt% Pt). In (c), grey
vertical lines indicate the position of Pt(0) and Pt(i).
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results show that Pt,;,/CB(1.0 wt% Pt) generates a larger reduc-
tion current than Pt NPs/CB(1.0 wt% Pt) starting around 0.0 V
vs. the reversible hydrogen electrode (RHE), indicating that Pt;,/
CB(1.0 wt% Pt) has superior HER activity to Pt NPs/CB(1.0 wt%
Pt). Comparison of current values at —0.055 V vs. RHE with the
appropriate Tafel slope in the HER (Fig. 6b) revealed that Pt/
CB(1.0 wt% Pt) has 1.26 times the HER activity (7.54 vs. 5.98 mA
em % Fig. 6¢) of Pt NPs/CB(1.0 wt% Pt). Additionally, Pt;,/
CB(1.0 wt% Pt) provided Tafel slopes similar to the theoretical
one for the Volmer step of 120 mV dec™" assuming that H"
adsorption on the catalyst surface serves as the rate deter-
mining step for the two-step HER. The reduction potential at
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Fig. 6 (a) Representative LSV curves. (b) Tafel slopes and (c) HER
activity of Pt;7/CB(1.0 wt% Pt) and Pt NPs/CB(1.0 wt% Pt). For (b) and
(c), data obtained at —0.050, —0.055, and —0.060 V vs. RHE are also
shown for comparison.
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which a current of —10 mA cm 2> is obtained, which is
commonly used for HER activity comparisons, is —0.075 V vs.
RHE for Pt;;/CB(1.0 wt% Pt), indicating a significantly
decreased overvoltage for the HER compared with —0.103 V vs.
RHE for Pt NPs/CB(1.0 wt% Pt). Furthermore, the obtained
mass activity of Pt;;/CB(1.0 wt% Pt) at —0.05 V vs. RHE is
significantly higher than the HER mass activities reported in
previous experimental studies using Pt NCs or single-atom Pt
catalysts (Table S17).

To evaluate the ease of proton (H') adsorption, we attempted
to calculate the electrochemical surface area (ECSA) based on
H" adsorption from cyclic voltammetry (CV) curves. Owing to
the low Pt loading (1.0 wt% Pt), the current value for H'
adsorption was insufficient for accurate ECSA calculation
(Fig. S107). Therefore, we prepared a catalyst with a higher Pt
loading (20.0 wt% Pt) for further investigation. Pt;,/
CB(20.0 wt% Pt) was prepared by loading [Pt;(CO);,(PPhs)s]
with 20.0 wt% Pt followed by calcination using a similar method
to that used to prepare Pt;;/CB(1.0 wt% Pt). The calcination
conditions were more severe (250 °C, 120 min) than for Pt;,/
CB(1.0 wt% Pt), considering that the number of ligands present
on the support also increased. For the obtained Pt;,/
CB(20.0 wt% Pt), a slight increase in average particle size based
on the aggregation of Pt;; NCs was observed (Fig. S117). This is
thought to be because Pt;; NCs were mainly loaded on CB by
physisorption, different from the case of Pt;;/CB(1.0 wt% Pt).
Because of such a weak interaction between Pt,;; NCs and CB,
a part of Pt;; NCs aggregated during the calcination process.
Electrochemical cleaning was performed on the obtained Pt;,/
CB(20.0 wt% Pt), followed by electrochemical measurements. A
commercial catalyst (TEC10E50E; Pt NPs/CB(46.9 wt% Pt)) was
used as a comparison (Fig. S12t). The HER mass activity at
different Pt loadings was also calculated and compared. As
a result, Pt;;/CB(20.0 wt% Pt) showed 3.59 times higher HER
mass activity (1.76 vs. 0.49 A mgp, ' at —0.055 V vs. RHE;
Fig. S13t and 7) than Pt NPs/CB(46.9 wt% Pt). The long-term
stability of the catalyst during the HER was also evaluated. As
no significant decrease in current density was observed in

chronoamperometry measurements (Fig. S14%), it was

Bl Pt NPs/CB(46.9 wt% Pt)
B Pt,,/CB(20.0 wt% Pt)

N
=}
]

HER Mass Activity (A mg',)
P
]

-0.050 Vvs. RHE -0.055V vs. RHE -0.060 V vs. RHE

Fig. 7 HER mass activity of Pt;7/CB(20.0 wt% Pt) and Pt NPs/
CB(46.9 wt% Pt) obtained from the LSVs in Fig. S11.1 Data obtained at
—0.050, —0.055, and —0.060 V vs. RHE are also shown for
comparison.

This journal is © The Royal Society of Chemistry 2025
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suggested that Pt;,/CB(20.0 wt% Pt) exhibits almost the same
stability as Pt NPs/CB(46.9 wt% Pt).

In terms of the ECSAs estimated by H' adsorption, Pt/
CB(20.0 wt% Pt) has a surface area 1.07 times (101.3 vs. 94.6 m*
gpe ' Fig. $15 and S16at) that of Pt NPs/CB(46.9 wt% Pt). Thus,
the activity enhancement of Pt;,/CB(20.0 wt% Pt) compared
with Pt NPs/CB(46.9 wt% Pt) is higher than that of ECSA.
Consequently, when specific activity (SA), the activity per
surface active site, is calculated by dividing ECSA by HER mass
activity, Pt;,/CB(20.0 wt% Pt) shows 3.39 times higher SA than
that of Pt NPs/CB(46.9 wt% Pt) (Fig. S16bt). Although it is
difficult to accurately calculate the active sites from the ECSA
because, unlike Pt NPs, no specific crystalline planes are
exposed in Pt;; NCs, our estimation implies that the Pt atoms of
Pt,; NCs might have better HER properties than those of Pt NPs.
Therefore, it is reasonable to expect that further improvement
in activity can be achieved if it becomes possible to prepare
catalysts with a higher Pt loading ratio while suppressing the
aggregation of Pt;; NCs.

Mechanism of HER activity for Pt,,/CB

We examined the origins of the high HER activity of Pt;,/CB.
Recent studies have suggested that miniaturization creates
surface Pt atoms with diverse electronic states, and that high
activity occurs when these electronic states are favourable for
the progression of reactions.®””® In our previous study,'* DFT
calculations revealed that in the optimized structure of Pt;,/
graphite (Fig. 8A), Pt atoms with various charges and local DOSs
are mixed (Fig. S177). Specifically, it was revealed that (1) two Pt
atoms (I = 6 and 12) contact the graphite, (2) Pt atoms on
terraces (I = 1, 4, 7, and 17) are positively charged, and (3) Pt
atoms at steps and corners (I = 2, 3, 5, 8-11, and 13-16) are
negatively charged. These -calculations used graphite as
a support instead of CB to reduce computational costs and
employed the TEM-observed structure of Pt;;NCs as the initial
configuration, which was then optimized.™

To obtain insights into the HER mechanisms on Pt;,/
graphite, we optimized the structures of the reaction interme-
diates for the HER. In the calculation, four pairs of Pt atoms
(Fig. S18at) were selected as potential adsorption sites for
hydrogen atoms (H,gs) on the Pt;,/graphite surface, referred to
as Pt;,(X)/graphite (X = i, ii, iii, or iv). The reaction intermedi-
ates (H,qs/Pti7(X)/graphite) were then obtained by adsorbing
H,gs onto Pt;,(X)/graphite (X = i, ii, iii, or iv). In the calculation
of the intermediates, we also found another structure in which
the pair of H,q; is on the identical Pt atom (I = 11), referred to as
Pt,,(v)/graphite.

The HER generally proceeds through two main pathways.
Initially, H" is adsorbed and reduced as H,qs on the electrode
surface (the Volmer step). Subsequently, the reaction can
proceed through either: (1) the combination of two H,q4s to form
H,, which then desorbs (the Volmer-Tafel mechanism), or (2)
the incorporation of another H' and electron onto Hyg, to form
H,, which then desorbs (the Volmer-Heyrovsky mechanism).
Here, the mechanism by which the reaction proceeds depends
largely on the electrode material. In the case of the Pt(111)

This journal is © The Royal Society of Chemistry 2025
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B , H'+e +Cat Hy/Cat 2H,/Cat H,+Cat

-0.2
site i

04 site ii

site iii

-0.6
site iv

08 site v
—Pt(111)

Free Energy (eV)

Fig. 8 Results of DFT calculations. (A) Intermediate structure opti-
mized for (a) (H + H)/Pty,(i)/graphite, (b) (H + H)/Pty,(ii)/graphite, (c) (H
+ H)/Pty,(iii)/graphite (d) (H + H)/Pty,(iv)/graphite and (e) (H + H)/
Ptiz(v)/graphite. (B) Free-energy diagram for the Volmer—Tafel
mechanism in the HER on Pty(X)/graphite (X = i, ii, iii or iv) or Pt(111)
under an applied potential of 0.0 V vs. SHE. In this figure, Pt;7(X)/
graphite and Pt(111) are abbreviated as Cat. In (A), the red arrows
indicate adsorbed H.

surface, which is considered to be present in Pt NPs/CB, the
HER is likely to proceed by the Volmer-Tafel mechanism.”7*
Thus, we have calculated the reaction when it proceeds by the
Volmer-Tafel mechanism (Fig. 8B). The free-energy change in
the Tafel process in Pty,(iii)/graphite and Pt;,(v)/graphite was
smaller than that of Pt(111). This HER energy diagram implies
that the smaller H adsorption energy on Pt;,(X)/graphite
compared to that on a large Pt nanoparticle causes the high
HER activity of Pt;,/CB(20.0 wt% Pt).

Finally, we discuss the reason why H adsorption energy on
Pt,,(X)/graphite is smaller than that on a large Pt NP. The
variation in the H adsorption energy is attributed to three
factors. The first factor is the H adsorption structure. The bridge

J. Mater. Chem. A, 2025, 13, 12124-12132 | 12129


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta08004a

Open Access Article. Published on 03 March 2025. Downloaded on 10/29/2025 5:48:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

positions in sites i and iv result in the large stabilization of H,qg
compared to the on-top positions. The second is the low
coordination-number site in Pt;,(X)/graphite. The pair of Hags
on the identical Pt atom (I = 11) at site v results in the small
adsorption energy. The last is the variety in the electronic
properties among the Pt atoms of Pt;,(X)/graphite. In the case of
site iii (I = 9, 11), both H.gs are bound to Pt in the on-top
manner. In addition, in this structure, both Pt atoms are
negatively charged (Fig. S17bt). Accordingly, both H,4s on site
iii are negatively charged (Table S2t). Although the higher
electronegativity of Pt compared with H (2.28 for Pt ¢f. 2.20 for
H, respectively) could promote the electron transfer from H to
Pt, a negatively charged Pt atom is less likely to facilitate elec-
tron transfer from H to Pt, causing less stabilization. Accord-
ingly, the adsorption of H,qs is weak at site iii, and thereby HER
progression occurs more easily than at other reaction sites. This
is in contrast to site ii where both H,q4s are on the on-top posi-
tion in a similar manner to the case of site iii. In this case, the
pair of Pt atoms at site ii are positively charged, resulting in the
strong adsorption of H via the electron transfer from H to Pt.

Conclusion

In this study, we used DFT calculations to elucidate the origin of
the electronic structure of [Pt;;(CO);,(PPhs)g]° with atomic
precision. Furthermore, the HER activity of Pt;,/CB catalysts
using [Pt;;(CO)1,(PPh;)s[F as a precursor was evaluated. The
origin of the high HER activity of the Pt;,/CB catalyst was also
investigated using DFT calculations. As a result, the following
conclusions were obtained:

(1) The HOMO-to-LUMO transition in [Pt;,(CO);,(PPh;)s]*" is
forbidden, with nearby orbitals primarily comprising the s, p,
and d orbitals of Pt.

(2) Pt;7/CB(20.0 wt% Pt) exhibits 3.59 times the HER mass
activity of the commercial Pt NPs/CB(46.9 wt% Pt) catalyst.

(3) Pty /graphite generates surface Pt atoms more favourable
for the HER than the Pt(111) surface in Pt NPs/CB, leading to
higher HER activity.

These findings offer clear design guidelines for under-
standing the electronic structure of atomically precise Pt NCs,
developing highly active HER catalysts using Pt NCs, and
reducing Pt usage in PEMWE applications. It is also expected
that alloying these NCs will lead to the creation of even more
active catalysts.”>””
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