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An atomically precise Pt17 nanocluster: their electronic structure 
and high activity for a hydrogen evolution reaction 
Kazutaka Oiwaa,†, Kaoru Ikedaa,†, Ryuki Kurosakia, Kotaro Satoa, Naoki Nishia, Haruna Tachibanaa, Md. 
Ahsanul Haquea, Tokuhisa Kawawakia,c,*, Kenji Iidab,*, and Yuichi Negishia,c,d,* 

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 [Pt17(CO)12(PPh3)8]z (z = 1+ or 2+; CO = carbon monoxide; PPh3 
= 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 
[Pt17(CO)12(PPh3)8]z possesses a discrete electronic structure, with the HOMO and LUMO primarily constituted by the s, p, 
and d orbitals of Pt; that a Pt17 NC-supported carbon-black catalyst (Pt17/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 Pt17/CB 
significantly enhances its HER activity. These insights underscore the potential of leveraging atomically precise Pt NCs in the 
design and development of highly active electrocatalysts for water splitting.

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,1,2 Pt NCs (Ptn(CO)m NCs; where n and m are 
the numbers of Pt atoms and CO ligands, respectively) can be 
synthesized with atomic precision.3-6 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 (PR3) or thiolates (SR) as ligands 
(Ptn(CO)m(PR3)l or Ptn(CO)m(SR)o NCs, respectively) has emerged as a 
simple and convenient way to generate such NCs in large quantities.7-

12 
In particular, [Pt17(CO)12(PPh3)8]z (z = 1+ or 2+; PPh3 = 

triphenylphosphine; Fig. 1a) represents a unique form of Pt NCs 
that can be synthesized under atmospheric conditions and 
exhibit remarkable stability. These NCs not only are structurally 

distinct but also serve as highly effective precursors of catalysts 
for reactions, including CO oxidation, propylene oxidation, and 
oxygen reduction.8,11,13 Their robust catalytic activity highlights 
their potential, making them invaluable in the development of 
high-performance catalysts for various fields. However, the 
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Fig. 1 Schematic of the work performed in this study. (a) Geometric and (b) 
calculated electronic structure of [Pt17(CO)12(PPh3)8]z and their catalytic application 
to the (c) HER for (d) water electrolysis. 
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origins of the unique electronic properties of 
[Pt17(CO)12(PPh3)8]z remain unclear.  

Density functional theory (DFT) calculations may provide 
valuable insights into the underlying reasons for the high 
stability and catalytic activity of [Pt17(CO)12(PPh3)8]z. Such study 
could also help predict the geometric and electronic structures 
of other potentially stable Ptn(CO)m(PR3)l NCs that could be 
synthesized in the future.14-19 

With ongoing depletion of fossil resources and global warming, 
the transition to a hydrogen (H2)-based energy economy is 
increasingly necessary. Currently, H2 is predominantly 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 renewable energy sources has gained 
significant attention as a method for H2 production (Fig. S1).20,21 
Water electrolysis involves both the hydrogen evolution reaction 
(HER) and the oxygen evolution reaction (OER), where H2 is 
generated through the reduction of water in the HER. Among the 
various water electrolysis systems, proton exchange membrane 
water electrolyzers (PEMWEs) are particularly attractive owing to 
their compact size, high energy efficiency, high H2-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.22,23 Consequently, 
reducing the amount of Pt used in PEMWE electrocatalysts is critical 
for making this technology more economically viable and 
environmentally sustainable. Using [Pt17(CO)12(PPh3)8]z (Fig. 1a) as a 
precursor to deposit Pt17 NCs on carbon black (CB; Pt17/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. Additionally, DFT calculations can provide insight into the 
electronic structure, high stability, and catalytic activity of these 
small Pt NCs, guiding the future design of highly active and stable 
electrocatalysts for the HER.13 

Accordingly, in the present study, we aimed to elucidate the 
electronic structure of [Pt17(CO)12(PPh3)8]z using DFT 
calculations (Fig. 1b); develop an HER catalyst with enhanced 
activity compared with commercial Pt NPs/CB by using 
[Pt17(CO)12(PPh3)8]z as a precursor (Fig. 1c); and determine the 
origin of the high HER activity exhibited by Pt17/CB (Fig. 1d). Our 
results revealed that the transition from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO) in [Pt17(CO)12(PPh3)8]2+ is forbidden and that the 
orbitals neighbouring them primarily comprise the s, p, and d 
orbitals of Pt. Additionally, we successfully created a Pt17/CB 
catalyst with an HER mass activity 3.59-times that of 
commercially available Pt NPs/CB. The DFT calculations also 
strongly suggested that the high HER activity of Pt17/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 
[Pt17(CO)12(PPh3)8]z 

[Pt17(CO)12(PPh3)8]z was synthesized through a polyol 
reduction and ligand-exchange method,24-29 similar to that in 
previous reports.11,13,30 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 PPh3 was added to form Ptn(CO)m(PPh3)l NCs. 
From the obtained products, [Pt17(CO)12(PPh3)8]z was selectively 
isolated using solvent extraction. The resulting product was 
confirmed to be high-purity [Pt17(CO)12(PPh3)8]z via electrospray 
ionization mass spectrometry (ESI-MS; Fig. S2). Figure 2a shows 
the optical absorption spectrum of [Pt17(CO)12(PPh3)8]z, which 
presents prominent peaks at approximately 1.10, 1.20, 1.85, 
and 2.15 eV, indicating a discrete electronic structure similar to 
that of Au25(PET)18 (PET = 2-phenylethanethiolate) and its alloy 
NCs.31-34 

DFT calculations were conducted to elucidate the origin of peaks 
observed in the optical absorption spectrum of [Pt17(CO)12(PPh3)8]z 
by the Gaussian 16 program35, and B3LYP functional36-38 was adopted 
(basis set; the Stuttgard/Dresden basis set with effective core 
potentials39 for Pt, 6-311+G* for P, C, O, and H). This study focused 
on the closed-shell electronic systems of [Pt17(CO)12(PPh3)8]2+ owing 
to the computational complexity of the open-shell systems in 
[Pt17(CO)12(PPh3)8]1+. To reduce computational burden, the phenyl 
groups (Ph3) were replaced with methyl groups (CH3)3.40 Geometry 
optimization was performed based on the structure of 
[Pt17(CO)12(PPh3)8]2+ obtained by single crystal X-ray diffraction (Fig. 
3a), followed by time-dependent (TD)-DFT calculations for the optical 
absorption spectrum using the optimized geometric structure of 
[Pt17(CO)12(PPh3)8]2+.  

 
Fig. 2 Optical absorbance spectrum of (a) [Pt17(CO)12(PPh3)8]z (z = 1+, 2+) and the 
calculated absorption spectra of (b) Pt17(CO)12(P(CH3)3)8]2+ and (c) 
[Pt17(CO)12(PPh3)8]2+. 
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The optimized structure [Pt17(CO)12(P(CH3)3)8]2+ (Fig. 3b) features 
an icosahedral Pt13 core surrounded by CO, μ2−CO, P(CH3)3, and 
capping Pt2(μ2−CO)2(P(CH3)3)2 ligands. This structure closely matches 
that obtained experimentally for [Pt17(CO)12(PPh3)8]2+ (Fig. 3a and Fig. 
S3).11 The calculated spectrum of [Pt17(CO)12(P(CH3)3)8]2+ (Fig. 2b) 
shows peaks at approximately 1.40, 1.55, 1.75, and 2.10 eV, which 
correspond well with the experimental spectrum of 
[Pt17(CO)12(PPh3)8]z (Fig. 2a).  

We also conducted calculations using the Los Alamos (LANL2DZ) 
basis set with effective core potentials41,42 to examine how the 
choice of basis set affects the spectral shape. The results revealed 
that both the geometric structure (Fig. S4) and optical absorption 
spectrum (Fig. S5) remain largely consistent with those obtained 
using other basis functions. To explore the impact on the spectral 
characteristics of substituting Ph3 with CH3, we performed 
calculations for [Pt17(CO)12(PPh3)8]2+ using the LANL2DZ basis 
function, and obtained a geometric structure (Fig. 3c) and optical 
absorption spectrum (Fig. 2c) similar to those of 
[Pt17(CO)12(P(CH3)3)8]2+. 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 agreement with experimental observations.  

Figure 4A shows the density of states (DOSs) for the orbitals 
ranging from HOMO−20 to LUMO+10, calculated for 
[Pt17(CO)12(P(CH3)3)8]2+ (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. 4AB). Owing to 
the high symmetry of [Pt17(CO)12(P(CH3)3)8]2+, the transition from 
HOMO to LUMO is forbidden (Fig. 3b), and thus it is not observed (at 
0.74 eV) in the experimental optical absorption spectrum (Fig. 2a). 
The peak around 1.40 eV is attributed to transitions from 
HOMO−1,2,3,4 to 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 LUMO, as well as transitions from orbitals near 
HOMO to LUMO+1 and the orbitals above. Further analysis using the 
LANL2DZ basis set confirmed that the DOSs of [Pt17(CO)12(PPh3)8]2+ 
are not significantly influenced by the choice of basis set nor 
functional group substitutions (Fig. S6). 

 
Fig. 2 Geometric structure of (a) [Pt17(CO)12(PPh3)8]2+ 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. 

 

Fig. 4 (A) Calculated energy diagram and (B) related molecular orbitals of 
Pt17(CO)12(P(CH3)3)8]2+. (a) LUMO, (b) LUMO+1, (c) LUMO+2, (d) HOMO, (e) 
HOMO−1, and (f) HOMO−2 states. 

https://doi.org/10.26434/chemrxiv-2024-trrzk ORCID: https://orcid.org/0000-0003-3965-1399 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-trrzk
https://orcid.org/0000-0003-3965-1399
https://creativecommons.org/licenses/by/4.0/


ARTICLE Journal Name 

 

Please do not adjust margins 

Please do not adjust margins 

Thus, this study successfully elucidated the electronic structure 
and the origin of the optical absorption spectrum of 
[Pt17(CO)12(PPh3)8]z using both experimental and theoretical 
approaches. These findings align with previous research43-48 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;49-52 2) the peak structure in 
the visible region is mainly caused by the absorption of the metal 
core;31 3) differences in the structure of the functional groups at the 
end of the ligands have negligible effect on optical absorption.53-55  

 
Electrocatalytic activity of Pt17/CB for the HER  

Having established the geometrical and electronic structures of 
the Pt NCs, we next aimed to create highly active catalysts by 
increasing the number of active sites through miniaturization. 
Although many highly active Pt NCs have been reported,56-66 most 
require special equipment and reagents. Accordingly, those methods 
are not suitable for the preparation of the practical Pt NC catalyst. 
Although simple methods have also been reported for the 
preparation of Pt NCs, Pt NCs synthesized by those methods typically 
includes 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 
the Pt NC catalysts using [Pt17(CO)12(PPh3)8]z, which can be obtained 
with atomic precision by simple synthesis in air,  as a precursor to 
establish a method for preparing the practical NC catalyst with high 
HER activity. It can be expected that using such an atomically precise 
Pt NC as catalyst also help to understand the mechanisms of the HER 
which occurs over NC catalysts.66 

In the experiment, following a previously established method 
with a slight modification,13 Pt17 NCs were supported on CB (Fig. 1c) 
with a Pt loading of 1.0 wt% through chemisorption, and the ligands 
were removed by calcination at 200 °C. Transmission electron 
microscopy (TEM) images of the calcined Pt17 NC-supported CB 
catalyst (Pt17/CB(1.0 wt% Pt)) showed that the particle size of Pt17 NC 
remains largely unchanged during the adsorption and calcination 
processes (Figs. 5ab and S7). X-ray photoelectron spectroscopy (XPS) 
indicated that the Pt in Pt17/CB(1.0 wt% Pt) is in a largely metallic 
electronic state with a slight positive charge, similar to the previously 
reported one (Figs. 5c and S8).13 

To evaluate their HER activities, a catalyst slurry was prepared 
using Pt17/CB(1.0 wt% Pt) and then deposited onto a glassy carbon 
electrode (GCE) to create the working electrode. After 
electrochemical cleaning67 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. shows the linear sweep voltammetry (LSV) curves for 
Pt17/CB(1.0 wt% Pt) and Pt NPs/CB(1.0 wt% Pt). The results 
show that Pt17/CB(1.0 wt% Pt) generates a larger reduction 
current than Pt NPs/CB(1.0 wt% Pt) starting around 0.0 V vs. 
reversible hydrogen electrode (RHE), indicating that Pt17/CB(1.0 
wt% Pt) has superior HER activity than 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 
Pt17/CB(1.0 wt% Pt) has 1.26-times the HER activity (7.54 vs. 

5.98 mA cm−2; Fig. 6c) of Pt NPs/CB(1.0 wt% Pt). Additionally, 
Pt17/CB(1.0 wt% Pt) provided Tafel slopes similar with 
theoretical one for the Volmer step of 120 mV/dec assuming 
that H+ adsorption on the catalyst surface serves as the rate 
determining step for the two-step HER. The reduction potential 
at 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 Pt17/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 
Pt17/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 S1).  

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. 

 

Fig. 5 TEM images and resulting histograms of particle-size distribution for 
(a) [Pt17(CO)12(PPh3)8]z and (b) Pt17/CB(1.0 wt% Pt). (c) Pt 4f7/2 XPS spectra 
(blue line) and their fitting results (red, green, and magenta lines) for 
[Pt17(CO)12(PPh3)8]z and Pt17/CB(1.0 wt% Pt). In (c), grey vertical lines indicate 
the position of Pt(0) and Pt(II). 
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Owing to the low Pt loading (1.0 wt% Pt), the current value for 
H+ adsorption was insufficient for accurate ECSA calculation. 
Therefore, we prepared a catalyst with a higher Pt loading (20.0 
wt% Pt) for further investigation. Pt17/CB(20.0 wt% Pt) was 
prepared by loading [Pt17(CO)12(PPh3)8]z at 20.0 wt% Pt followed 
by calcination using a similar method to that used to prepare 
Pt17/CB(1.0 wt% Pt). The calcination conditions were more 
severe (250 °C, 120 min) than for Pt17/CB(1.0 wt% Pt), 
considering that the number of ligands present on the support 
also increased. For the obtained Pt17/CB(20.0 wt% Pt), a slight 
increase in average particle size based on the aggregation of Pt17 

NCs was observed (Fig. S9). This is thought to be because Pt17 

NCs were mainly loaded on CB by physisorption, different from 
the case of Pt17/CB(1.0 wt% Pt). Because of such a weak 
interaction between Pt17 NCs and CB, a part of Pt17 NCs 
aggregated during the calcination process. Electrochemical 
cleaning was performed on the obtained Pt17/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. S10). HER mass activity at different Pt loadings 
was also calculated and compared. As a result, Pt17/CB(20.0 wt% 
Pt) showed 3.59-times the HER mass activity (1.76 vs. 0.49 A mg–

1Pt at −0.055 V vs. RHE; Fig. S11 and Fig. 7) than Pt NPs/CB(46.9 
wt% Pt).  

In terms of the ECSAs estimated by H+ adsorption, 
Pt17/CB(20.0 wt% Pt) has 1.07-times (101.3 vs. 94.6 m2 g−1Pt; Fig. 
S12a) that of Pt NPs/CB(46.9 wt% Pt). Thus, the activity 
enhancement of Pt17/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, Pt17/CB(20.0 
wt% Pt) shows 3.39-times the SA than that of Pt NPs/CB(46.9 
wt% Pt) (Fig. S12b). Although it is difficult to accurately calculate 
the active site by ECSA because, unlike Pt NPs, no specific 
crystalline planes are exposed in Pt17NCs, our estimation implies 
that the Pt atoms of Pt17 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 Pt17NCs. 

 
Mechanism of HER activity for Pt17/CB  

We examined the origins of the high HER activity of Pt17/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.68,69 In our previous study,13 DFT calculations revealed that 
in the optimized structure of Pt17/graphite (Fig. 8A), Pt atoms with 
various charges and local DOSs are mixed (Fig. S13). 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 

 

Fig. 6 (a) Representative LSV curves. (b) Tafel slopes and (c) HER activity of 
Pt17/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. 

 

Fig. 7 HER mass activity of Pt17/CB(20.0 wt% Pt) and Pt NPs/CB(46.9 wt% Pt) 
obtained from the LSVs in Fig. S11. Data obtained at −0.050, −0.055, and 
−0.060 V vs. RHE are also shown for comparison. 
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negatively charged. These calculations used graphite as a support 
instead of CB to reduce computational costs and employed the TEM-
observed structure of Pt17NCs as the initial configuration, which was 
then optimized.13 

To obtain insights into the HER mechanisms on Pt17/graphite, we 
optimized the structures of reaction intermediates for the HER. In the 
calculation, four pairs of Pt atoms (Fig. S13) were selected as 
potential adsorption sites for hydrogen atoms (Hads) on the 
Pt17/graphite surface, referred to as Pt17(X)/graphite (X = i, ii, iii, or 
iv). The reaction intermediates (Hads/Pt17(X)/graphite) were then 
obtained by adsorbing Hads onto Pt17(X)/graphite (X = i, ii, iii, or iv). In 
the calculation of the intermediates, we also found another structure 

in which the pair of Hads is on the identical Pt atom (I = 11), referred 
to as Pt17(v)/graphite. 

The HER generally proceeds through two main pathways. Initially, 
H+ is adsorbed and reduced as Hads on the electrode surface (the 
Volmer step). Subsequently, the reaction can proceed through 
either: 1) the combination of two Hads to form H2, which then desorbs 
(the Volmer–Tafel mechanism), or 2) the incorporation of another H+ 
and electron onto Hads to form H2, 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) surface, which is considered to be present in Pt NPs/CB, 
the HER is likely to proceed by the Volmer–Tafel mechanism with 
Tafel step being the rate-limiting step.70,71 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 Pt17(iii)/graphite 
and Pt17(v)/graphite was smaller than that of Pt(111). From the slope 
of the current-potential curve obtained in the experiment (Fig. 6b), 
the rate-limiting step of Pt17/CB was found to be Volmer step, 
different from the case of Pt(111). Probably, there are reaction 
pathways with a low Tafel barrier (such as site iii and v) in 
Pt17/graphite, and these reaction sites are presumed to have 
changed the rate-limiting step to Volmer step.72,73 This HER energy 
diagram implies that the smaller H adsorption energy on 
Pt17(X)/graphite comparted to that on a large Pt nanoparticle causes 
the high HER activity of Pt17/CB(20.0 wt% Pt), although it is difficult 
to demonstrate this computationally. Note that the rate-limiting step 
of Pt NPs/CB was also Volmer step in our experiment (Fig. 6b). It is 
presumed that in the Pt NPs/CB, small and highly active NCs also exist 
and they mainly contribute to the activity of Pt NPs/CB shown in 
Figure 6(a).  

Finally, we discuss about the reason why H adsorption energy on 
Pt17(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 positions in sites i and 
iv results in the large stabilization of Hads than the ontop positions. 
The second is the low coordination-number site in Pt17(X)/graphite. 
The pair of Hads on the identical Pt atom (I = 11) at the site v results 
in the small adsorption energy. The last is variety in the electronic 
property among the Pt atoms of Pt17(X)/graphite. In the case of site 
iii (I = 9, 11), both Hads are bounded to Pt in the ontop manner. In 
addition, in this structure, both Pt atoms are negatively charged 
(Table S13). Accordingly, both Hads on site iii are negatively charged 
(Table S2). Although the higher electronegativity of Pt compared 
with H (2.28 for Pt cf. 2.20 for H, respectively) could promote the 
electron transfer from H to Pt, a negatively charged Pt atom is less 
likely to facilitate electron transfer from H to Pt, causing the less 
stabilization. Accordingly, the adsorption of Hads is weak at site iii, and 
thereby HER progression occurs easier than at other reaction sites. 
This is in contrast to site ii where both Hads are on the ontop position 
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 [Pt17(CO)12(PPh3)8]z with atomic precision. 

 

Fig. 8 Results of DFT calculations. (A) Intermediate structure optimized for (a) 
(H + H)/Pt17(i)/graphite, (b) (H + H)/Pt17(ii)/graphite, (c) (H + 
H)/Pt17(iii)/graphite (d) (H + H)/Pt17(iv)/graphite and (e) (H + 
H)/Pt17(v)/graphite. (B) Free-energy diagram for Volmer-Tafel mechanism in 
HER on Pt17(X)/graphite (X = i, ii, iii or iv) or Pt(111) under an applied potential 
of 0.0 V vs. SHE. In this figure, Pt17(X)/graphite and Pt(111) are abbreviated 
as Cat. In (A), the red arrows indicate adsorbed H. 
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Furthermore, the HER activity of Pt17/CB catalysts using 
[Pt17(CO)12(PPh3)8]z as a precursor was evaluated. The origin of the 
high HER activity of the Pt17/CB catalyst was also investigated using 
DFT calculations. As a result, the following conclusions were 
obtained: 
1) The HOMO-to-LUMO transition in [Pt17(CO)12(PPh3)8]2+ is 

forbidden, with nearby orbitals primarily comprising the s, p, and 
d orbitals of Pt. 

2) Pt17/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) Pt17/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 understanding 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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