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S1. Experimental Section
S1.1. Chemicals

All chemicals were commercially obtained and used without further purification. H2PtCl6∙6H2O was 
purchased from Tanaka Kikinzoku (TKK, Tokyo, Japan). Sodium hydroxide (NaOH), PPh3, Pt standard solution 
(1000 mg/L), bismuth (Bi) standard solution (1000 mg/L), ultrapure water (18.2 MΩ cm), 2-propanol, and 
NafionTM were obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Acetone, 
acetonitrile, dichloromethane, ethylene glycol, perchloric acid, methanol, nitric acid, and toluene were 
sourced from Kanto Chemical Co., Inc. (Tokyo, Japan). Ketjen black (EC300J) was from Lion Specialty 
Chemicals Co., Ltd. (Tokyo, Japan). Commercial Pt NPs/carbon black (CB; TEC10E50E) was from Tanaka 
Kikinzoku. Trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was from Tokyo 
Chemical Industry Co. Ltd. (TCI, Tokyo, Japan). Alumina paste (ALUMINA POLISHINNG SUSPENSION) was from 
Maruto Instrument Co., Ltd. (Tokyo, Japan).

S1.2. Synthesis of [Pt17(CO)12(PPh3)8]Cln (n = 1,2)
[Pt17(CO)12(PPh3)8]Cln was synthesized using the method reported in our previous study1 with slight 

modifications (Figs. S4 and S36). First, H2PtCl6∙6H2O (156 mg) and NaOH (90 mg, 2.2 mmol) were dissolved in 
ethylene glycol (25 mL). NaOH was used to control the pH of the solution and thereby suppress the particle 
size obtained by polyol reduction. Then, the mixture was heated and stirred at 120 °C for 8 min and 45 s to 
reduce Pt ions and produce CO catalyzed by Pt ions. The solution changed from yellow to dark brown. After 
cooling to room temperature (25 °C), using an ice bath, acetone (10 mL) containing PPh3 (1.26 g, 2.0 mmol) 
was promptly added. After 5 min, a mixture of water (~10 mL) and toluene (~7 mL) was added to the reaction 
solution. The resulting Pt NCs including [Pt17(CO)12(PPh3)8]Cln were transferred to the organic phase. Then, 
the organic phase was separated from the water phase and dried with a rotary evaporator. The dried product 
was washed with water and then methanol to eliminate ethylene glycol and excess PPh3. At this stage, the 
product was a mixture of clusters of several sizes and was thus washed with acetonitrile and toluene. The 
product was dried and the target [Pt17(CO)12(PPh3)8]Cln was extracted from the dried mixture with 
dichloromethane.

S1.3. Preparation of Pt17/CB(1.0 wt% Pt) and Pt NPs/CB(1.0 wt% Pt)
For these syntheses, Ketjen black, a highly conductive CB, was used as CB because it is also used in 

commercial Pt NPs/CB (TEC10E50E). To prepare Pt17/CB(1.0 wt% Pt), [Pt17(CO)12(PPh3)8]Cln was first adsorbed 
on CB by mixing a dichloromethane solution containing [Pt17(CO)12(PPh3)8]Cln (1.2 mg) with a 
dichloromethane solution containing CB (EC300J) (60 mg) for 2 h at room temperature. The total volume of 
the solution was fixed at 30 mL, and the mixing ratio of [Pt17(CO)12(PPh3)8]Cln to CB was fixed at 1.0 wt% Pt. 
The amount of Pt in the solution was confirmed by ICP-MS. After mixing for 24 h, the solution became 
colorless, which indicated that almost all the [Pt17(CO)12(PPh3)8]Cln were adsorbed on CB 
(Pt17(CO)12(PPh3)8/CB(1.0 wt% Pt)). After adsorption, the obtained Pt17(CO)12(PPh3)8/CB was calcined under 
reduced pressure (<1.0 × 10−1 Pa) to remove PPh3 ligands. The furnace temperature was increased at a rate 
of 7 C/min and then maintained at 200 °C for 80 min (Fig. S13). To prepare Pt NPs/CB(1.0 wt% Pt), 
commercial Pt NPs/CB(46.9 wt% Pt) was mixed with CB to reduce the weight percentage of Pt from 46.9 to 
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1.0 wt%.
S1.4. Preparation of Pt17/CB(20.0 wt% Pt)

Pt17/CB(20.0 wt% Pt) was prepared by the impregnation method. The Pt17 cluster dichloromethane 
solution was dropped on the Ketjen black and then the catalysts was dried. The ligands were then removed 
by calcination at 250 °C for 120 min to obtain Pt17/CB(20.0 wt% Pt)-EC.

S1.5. Preparation of catalyst slurry
To conduct the electrochemical measurements on Pt17/CB(1.0 wt% Pt), Pt17/CB(20.0 wt% Pt), Pt 

NPs/CB(1.0 wt% Pt), and Pt NPs/CB(46.9 wt% Pt), a catalyst slurry was prepared as follows (Fig. S37)2. First, 
the catalyst powder (10.1 mg; Pt17/CB(1.0 wt% Pt), 12.5 mg; Pt17/CB(20.0 wt% Pt), 10.1 mg; Pt NPs/CB(1.0 
wt% Pt), or 18.8 mg; Pt NPs/CB(46.9 wt% Pt)) was dispersed in a solution containing H2O (19.1 mL) and 2-
propanol (6.0 mL). Then, NafionTM solution (100 μL) was added to this solution. The vial containing this 
mixture was sealed and ultrasonicated for 60 min in an ice bath.

S1.6. Electrochemical measurements
All electrochemical measurements were performed using a CHI710D electrochemical workstation (ALS, 

Osaka, Japan) with a RRDE-3A rotating ring disk electrode apparatus (BAS, Tokyo, Japan). A rotating disk 
electrode (RDE, diameter = 5 mm) was polished with an alumina paste and then sonicated in water before 
usage. A Pt coil electrode was used as the counter electrode. A reversible hydrogen electrode (RHE) was used 
as the reference electrode.

In the experiment, first, the catalyst slurry was sonicated in an ice bath for 60 min. Then, the catalyst 
slurry (10 μL) was carefully dropped onto the RDE by the drop-cast method. The electrode was then dried by 
rotating it at 700 rpm. After the catalyst slurry was sufficiently dried, each electrode was set in an 
electrochemical measurement system containing HClO4 solution (0.10 mol/L, pH = 1.0) as electrolyte (Fig. 
S38). The electrodes were then cleaned by bubbling N2 gas for 30 min, followed by cyclic voltammetry (CV) 
50 times in the region of 0.00–1.20 V (vs. RHE) at a scanning rate of 500 mV/s. Subsequently, CV was 
performed 3 cycles at a rate of 50 mV/s in the region of 0.00–1.20 V (vs. RHE) to evaluate ECSA. After CV, LSV 
was performed at a rate of 10 mV/s in the region of 0.10–1.10 V (vs. RHE) under N2 atmosphere. Then, the 
LSV measurements were also performed at a rate of 10 mV/s in the range of 0.10–1.10 V (vs. RHE) under an 
O2 atmosphere while the RDE was rotated at 400, 900, 1600, and 2500 rpm. Finally, the background 
measured in N2-saturated solution is subtracted from the LSV measured in O2-saturated solution.

Durability was measured by degrading the catalyst through continuous cycles of load-response 
simulated potential cycles (Fig. S39). Cyclic voltammetry was measured at the end of 10,500 cycles, and the 
rate of decrease in ECSA was calculated to compare durability.

S1.7. Characterization
Matrix-assisted laser desorption/ionization (MALDI)-MS spectra were recorded on a JMS-S3000 spiral 

time-of-flight mass spectrometer (JEOL, Tokyo, Japan) equipped with a semiconductor laser (λ = 349 nm). 
DCTB was used as the MALDI matrix. To minimize NC dissociation induced by laser irradiation, the NC-to-
matrix ratio was fixed at 1:1000.

ESI-MS was performed on a micrOTOF II reflectron time-of-flight mass spectrometer (Bruker, Boston, 
MA, USA). For the measurements, a NC solution with a concentration of ~10 μg/mL in dichloromethane was 
electrosprayed at a flow rate of 180 μL/h.

ICP-MS was performed on an Agilent 7850c spectrometer (Agilent Technologies, Tokyo, Japan). Bi was 
used as the internal standard. Pt standard solution was used to obtain the calibration line. The ICP-MS 
measurements were performed on the solution before and after mixing [Pt17(CO)12(PPh3)8]Cln with CB to 
estimate the adsorbed or loaded Pt content.

TEM images were recorded on a H-9500 electron microscope (HITACHI, Tokyo, Japan) or JEM-2100 
electron microscope (JEOL, Tokyo, Japan) operating at 200 kV, and typically using a magnification of 600,000. 
A NP-C15 (Okenshoji, Tokyo, Japan) was used as a copper microgrid.

The high-angle annular dark field scanning TEM (HAADF-STEM) images were obtained by ultra-high-
resolution transmission electron microscope (The FEI Titan Themis 80−200) operating at 200 kV, with a beam 
convergence semi angle of 25 mrad and HAADF collection angle from 56−200 mrad.

FT-IR spectra of the product were obtained using the attenuated total reflectance (ATR) method in the 
region between 400 and 4000 cm−1 on an FT/IR-4600-ATR-PRO ONE spectrometer (JASCO, Tokyo, Japan) 
equipped with a DLATGS detector. The average number of scans and resolution used for the measurements 
were 50 and 4 cm−1, respectively.

Pt L3-edge XAFS measurements were performed at the beamline BL01B1 of the SPring-8 facility of the 
Japan Synchrotron Radiation Research Institute (proposal numbers 2020A0695, 2021A1102, 2021B1163, and 
2022A1075). The incident X-ray beam was monochromatized by a Si(111) double-crystal monochromator. As 
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references, XAFS spectra of all samples were recorded in transmission mode using ionization chambers. The 
X-ray energies for the Pt L3-edges were calibrated using Pt foil. The XANES and EXAFS spectra were analyzed 
using xTunes as follows. The χ spectra were extracted by subtracting the atomic absorption background using 
cubic spline interpolation and normalized to the edge height. The normalized data were used as the XANES 
spectra. The k3-weighted χ spectra in the k range of 3.0–14.0 Å−1 for the Pt L3-edge were Fourier-transformed 
into r space for structural analysis.

HAX-PES measurements were performed on a Scienta-Omicron R4000 HiPP-23 equipped with a 
differential pumping system installed at the undulator beamline BL36XU4 in SPring-8 that provides intense 
hard X-ray microbeam5. The X-rays were monochromatized by two sets of Si(111) channel-cut 
monochromator crystals and the photon energy employed the HAX-PES measurements was 7.94 keV using 
444 reflections. The X-ray spot size at the measurement position was reduced to 70 μm (vertical) × 28 μm 
(horizontal) by the focusing mirrors using a front cone with an aperture diameter of 50 μm.

Thermogravimetric analysis (TGA) was conducted on a TGA2000SA (Bruker, Boston, MA, USA) and at a 
heating rate of 5 C/min (from room temperature to 900 °C) under N2 atmosphere.

S2. Calculation
Spin-polarized DFT calculations were performed using the Quantum Espresso program package with the 

Perdew–Burke–Ernzerhof functional and the empirical dispersion correction (PBE-D3)6−9. In the calculations, 
the cutoff energy for the plane-wave basis was 50 Ry and a 2 × 2 × 1 k-point mesh was used. The free energy 
change (ΔG) was given by ΔG = ΔE + ΔEZPE – TΔS based on the theoretical model proposed by Nørskov et al.10 
Here, ΔE is the total energy change obtained from the DFT calculation, ΔEZPE is the change in zero-point 
energy, T is temperature (298.15 K), and ΔS is the change in entropy. The effect of a bias was added by shifting 
the free energy by −eU, where e is the elementary charge and U is the electrode potential. For OOH* and 
O2* species, we utilized the sum of O* + OH*11 and O* + O* for ΔEZPE – TΔS, respectively. The energy of the 
free O2 molecule was estimated from the experimental value of the reaction energy of 1/2O2 + 2H+ + 2e− → 
H2O because the high-spin ground state of O2 cannot be well reproduced using the conventional DFT 
method.10 We consider that the present correction is enough to describe the free energy diagram because 
the amount of the correction for ΔEZPE – TΔS is different by only less than 0.15 eV compared to that for the 
O2 reduction on the Pt13/graphene system.12

S3. Additional Tables
Table S1. Potential Assignment of the Peaks in Fourier Transform Infrared Spectroscopy (FT-IR) Spectra for 
the [Pt17(CO)12(PPh)8]z, Pt17(CO)12(PPh)8/CB, and Pt17/CB

Wavenumber (cm−1) Assignment a Spectrum a
3054.7 ν(C—H) aromatic b [Pt17(CO)12(PPh)8]z

2158.0 CCO Pt17(CO)12(PPh)8/CB
Pt17/CB

2028.7 terminal CO Pt17(CO)12(PPh)8/CB
Pt17/CB

1974.8 terminal CO Pt17(CO)12(PPh)8/CB
Pt17/CB

1973.8 terminal CO [Pt17(CO)12(PPh)8]z

1941.9 terminal CO [Pt17(CO)12(PPh)8]z

1742.4 bridge CO [Pt17(CO)12(PPh)8]z

1572.7 ν(C—H) aromatic b
[Pt17(CO)12(PPh)8]z

Pt17(CO)12(PPh)8/CB
Pt17/CB

1478.2 ν(C—H) aromatic b [Pt17(CO)12(PPh)8]z

1435.7 ν(C—H) aromatic b [Pt17(CO)12(PPh)8]z

1303.5 ν(PO) Pt17(CO)12(PPh)8/CB
Pt17/CB

1095.3 δ(C—H)ip
 b [Pt17(CO)12(PPh)8]z

Pt17(CO)12(PPh)8/CB

740.5 δ(C—H) b
[Pt17(CO)12(PPh)8]z

Pt17(CO)12(PPh)8/CB
Pt17/CB

691.4 δ(C—H)oop ring b
[Pt17(CO)12(PPh)8]z

Pt17(CO)12(PPh)8/CB
Pt17/CB

a See ref. 13. b see Fig. 3 and S10. c ν: stretching, δ: deformation, ip: in-plane, oop: out-of-plane.
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Table S2. Curve Fitting Analysis of Pt L3-edge EXAFS Data for Pt17/CB(1.0 wt% Pt)
Bond C. N. a,b R(Å) a D. W. a,c

R factor (%) a

Pt−Pt 3.4(4) 2.64(8) 0.10(4)
Pt−C 2.0(3) 2.03(6) 0.07(6) 4.5

The numbers in parentheses are uncertainties; 3.4(4) and 2.64(8) represent 3.4 ± 0.4 and 2.64 ± 0.08, 
respectively. a These values were obtained by fitting with Pt−Pt and Pt−C bonds. b Coordination number. c 

Debye‒Waller factor.

Table S3. Half-Wave Potential for Pt17/CB(1.0 wt% Pt)-EC
Revolution per minute Half-wave potential (V) a

2500 0.628
1600 0.670
900 0.706
400 0.741

a See Fig. 5(a).

Table S4. Half-Wave Potential for Pt17/CB(1.0 wt% Pt)-EC
Revolution per minute Half-wave potential (V) a

2500 0.523
1600 0.589
900 0.635
400 0.686

a See Fig. 5(b).

Table S5. Results of Density Functional Theory (DFT) Calculations for O2/Pt17/graphite(X)
X site a EO2ads 

(eV) b
Pt—Pt length 

(Å)
Pt—O length 

(Å)
O—O length 

(Å) c

A −1.65 2.60 1.97 1.39
B −2.01 2.62 1.96 1.43
C −1.63 2.53 1.93 1.43
D −2.21 3.47 1.95 1.40

a See Fig. 6(a). b EO2ads = O2/Pt17/graphite − (Pt17/graphite + O2). c 1.23 Å before the adsorption.

Table S6. Results of DFT Calculations for (O + OH)/Pt17/graphite(X)
X site a EHO2ads 

(eV)
Pt—Pt length 

(Å)
Pt—OH length 

(Å)
Pt—O length 

(Å)
O—O length 

(Å)
O—H 

(Å)
A −2.76 2.62 1.98 1.83 1.39 0.992

1.88
B −4.12 2.70 1.92 1.80 1.43 0.992

1.99
C −3.54 2.55 1.94 1.77 1.42 0.977

−
D −3.85 3.83 1.93 1.77 1.40 0.979

−
a See Fig. 6(a). b EHO2ads = (O + OH)/Pt17/graphite − (Pt17/graphite + O2 + ½ H2). 
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S4. Additional Figures

S5

Fig. S1 Schematic of the energy conversion system expected for constructing a sustainable society. Note 
that sunlight also produces wind, biomass, and hydro power in addition to solar power. Reproduced with 
permission from ref. 14. Copyright 2021 The Royal Society of Chemistry.

Fig. S2 Schematic of a polymer electrolyte fuel cell (PEFC) and the reaction at the electrode: Reproduced 
with permission from ref. 2. Copyright 2021 The Royal Society of Chemistry.
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Fig. S3 Geometry of Pt17 NCs: (a) [Pt17(CO)12(PPh3)8][SbF6].1 (b) [Pt17(CO)12(PPh3)8][(SbF6)2].1 (c) 
[Pt17(CO)12(PEt3)8]0 (PEt3 = triethylphosphine)15. A red circle highlights an icosahedral Pt13 core in Pt17 NCs. 
Reproduced with permission from ref. 1 and 15. Copyright 1989 Elsevier.
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Fig. S4 Exploration of the best condition for the selective synthesis of Pt17 NCs: (a) Heat map analysis for 
understanding of the effect of each experimental condition (amounts of H2PtCl6, stirring time, amounts 
of PPh3 and the number of the washings) on the relative intensity of the byproduct with m/z = ~2800 or 
10000 to the target products with m/z = ~4200 (Pt17 NCs) in the matrix-assisted laser 
desorption/ionization (MALDI) mass spectrum. In this heat map, the color of the panel in the green square 
is important. The result indicates that 1) the stirring time is most strongly correlate with the relative 
intensity of the Pt17 NCs in the MALDI, namely, delicate parameter, and 2) the longer the stirring time, 
the weaker the intensity of the byproduct peaks around m/z = ~2800 and the stronger the intensity of 
the byproduct peaks around m/z = ~10000. (b) Relation between the stirring time and the relative 
intensity of the byproducts (m/z = ~2800 or 10000) to the Pt17 NCs (m/z = ~4200). These results guided 
us to select the stirring time of 8 minutes and 45 seconds for the selective synthesis of the objective Pt17 
NCs. The other parameters (amounts of H2PtCl6, amounts of PPh3 and the number of the washings) are 
also optimized, similarly to the stirring time.
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Fig. S5 Comparison of MALDI mass spectra between our previous and present studies: (a) MALDI mass 
spectrum obtained in our previous study (0.10 mmol for the amounts of H2PtCl6, 9 minutes for stirring 
time and 2.0 mmol for amounts of PPh3). (b) MALDI mass spectrum obtained in our present study (0.30 
mmol for the amounts of H2PtCl6, 8.75 minutes (8 minutes and 45 seconds) for stirring time and 4.8 mmol 
for amounts of PPh3). The present study increased 3.8 folds the yield of the objective Pt17 NCs.

Fig. S6 Transmission electron microscope (TEM) images of [Pt17(CO)12(PPh3)8]z (z = 1+ or 2+): (a−d) 
Different views from Fig. 2(a). In this TEM images, the parallel line is not due to the lattice fringes of Pt17 
cluster but due to the collodion membrane on the TEM grid. 
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Fig. S7 High-angle annular dark field scanning TEM (HAADF-STEM) images and the histogram of 
[Pt17(CO)12(PPh3)8]z (z = 1+ or 2+). Overall, the particle sizes are similar to those in Figure S6.

Fig. S8 TEM images of Pt17(CO)12(PPh3)8/CB. (a−d) Different views from Fig. 2(b). 
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Fig. S9 HAADF-STEM images and the histogram of Pt17(CO)12(PPh3)8/CB. Overall, the particle sizes are 
similar to those in Figure S8.

Fig. S10 Details of the assignments of FT-IR spectra. (a) [Pt17(CO)12(PPh3)8]z. (b) Pt17(CO)12(PPh3)8/CB(1.0 
wt% Pt). (c) Pt17/CB(1.0 wt% Pt).
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Fig. S11 Hard X-ray Photoelectron Spectroscopy (HAX-PES) spectra of P 1s. (a) Pt17(CO)12(PPh3)8/CB(1.0 
wt% Pt). (b) Pt17/CB(1.0 wt% Pt). The spectrum of Pt17(CO)12(PPh3)8/CB(1.0 wt% Pt) (a) indicate that a part 
of PPh3 was oxidized when Pt17(CO)12(PPh3)8 was adsorbed onto CB. The oxidized product (OPPh3) is 
likely to move from the surface of Pt17 to that of CB. The spectrum of Pt17/CB(1.0 wt% Pt) (b) demonstrates 
that 1) the oxidation of PPh3 became more prominent after the calcination at 200 °C and 2) PPh3 still exist 
in the catalysts even after the calcination at 200 °C although the amounts were not so large when 
considering the electron intensity. On the basis of the result of TGA (Fig. S18), the dissociation of P—C 
bond in PPh3 seems to occur at the calcination of 200 °C. The resulting OP is readily oxidized under the 
reduced pressure to produce P4O6 (boiling point = 173 ℃)16, etc. and those phosphorus oxides seems to 
be vaporized at the 200 °C. This seems to be the reason why the electron intensity of P 1s spectrum of 
Pt17/CB(1.0 wt% Pt) was weak.



S12

Fig. S12 Proposed ligand-elimination process. Regarding the adsorption process, FT-IR spectra (Fig. 3 and 
S10) indicate that: 1) bridged CO are desorbed from the surface of Pt17 (disappearance of the peak at 
1742.4 cm−1) and the detached CO forms the bond with the surface of CB (appearance of the peak at 
2158.0 cm−1); 2) part of PPh3 are oxidized to OPPh3 (appearance of the peak at 1303.5 cm−1), which 
remains in the catalysts. The oxidation of part of PPh3 to OPPh3 is also supported by HA-XPS P 1s spectra 
(a peak at 2149 eV; Fig. S11). Pt L3-edge FT-EXAFS spectrum indicates that the unoxidized PPh3 is still 
attached on the surface of Pt17 (peak at ~2.25 Å; Fig. 4(a)). Since the peaks assigned to the ν(C—C) 
aromatic shifted in FT-IR spectrum of the sample after the adsorption (Fig. 3 and S10), it can be considered 
that the position of PPh3 on Pt17 shifted from the original position in the precursor NCs to probably the 
periphery of Pt17, where PPh3 can interact with both Pt17 and CB and thereby PPh3 can be more stabilized. 
Considering these facts, the upper left schematic is proposed as a model for the catalysts after adsorption. 
Regarding the calcination process, FT-IR spectra (Fig. 3 and S10) indicate that the total quantities of PPh3 
and OPPh3 in the catalysts decreased by the calcination. According to the thermogravimetric analysis 
(Fig. S18), P—C dissociation should occur by the calcination at 200 °C. The resulting OP is readily oxidized 
under the reduced pressure to produce P4O6 (boiling point = 173 °C)16, etc. and those phosphorus oxides 
seems to be vaporized at the 200 °C as described in the caption of Fig. S11. These chemical reactions are 
considered the reasons why the total quantities of PPh3 and OPPh3 decreased by the calcination. Based 
on the Pt L3-edge FT-EXAFS spectra (Fig. 4a), the calcination caused the formation of Pt—C bond 
(appearance of clear peak at ~1.7 Å) between Pt17 and CB, resulting in the immobilization of Pt17 on CB 
(appearance of clear peak at ~2.7 Å). On the other hand, FT-IR (Fig. 3 and S10) and HAX-PES P 1s spectra 
(Fig. S11) also imply that PPh3 and O=PPh3 could not be eliminated by the calcination at 200 °C. According 
to Pt L3-edge FT-EXAFS spectrum (peak at ~2.25 Å; Fig. 4a), part of PPh3 existed also on the surface of Pt17 
after calcination (probably, part of PPh3 is immobilized at the periphery of Pt17 by interacting with both 
Pt17 and CB; Fig. 3 and S10). Considering these facts, the lower left schematic is proposed as a model for 
the catalysts after calcination. However, the further experiments are needed to confirm the proposed 
ligand elimination process at molecular level17, which exceeds the purpose of the present study.
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Fig. S15 TEM images of Pt17/CB. (a−d) Different views from Fig. 2(c).

Fig. S14 Extended X-ray absorption fine structure (EXAFS) spectra of Pt17(CO)12(PPh3)8/CB(1.0 wt% Pt) 
and Pt17/CB(1.0 wt% Pt). For Pt foil and PtO2 powder, see Fig. S20.
 

Fig. S13 Calcination program used in this work.
 



S14

Fig. S16 HAADF-STEM images of Pt17/CB and the histogram of Pt17/CB. Overall, the particle sizes are 
similar to those in Figure S15.

Fig. S17 Analysis of TEM images of Pt17/CB. (A) Proposed geometrical structures and calculated diameters 
of the loaded metal clusters: (a) Pt17, (b) Pt34 which could be produced by the fusion of two Pt17, and (c) 
Pt51 which could be produced by the fusion of three Pt17. (B) The results of curve fitting for the histograms 
(a) Pt17(CO)12(PPh3)8/CB (Fig. 2(b)) and (b) Pt17/CB (Fig. 2(c)). In (b), the median value of peak 1, 2, and 3 
correspond to the size of Pt17 (Fig. S17(a)), Pt34 (Fig. S17(b)), and Pt51 (Fig. S17(c)), respectively. These 
results imply that Pt17, Pt34, and Pt51 are included in Pt17/CB at the ratio of 55.8, 37.9 and 6.3%, 
respectively, namely, the major NCs are Pt17.
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Fig. S18 Thermogravimetric analysis data for [Pt17(CO)12(PPh3)8]Cln (n = 1 or 2). The weight of 
[Pt17(CO)12(PPh3)8]Cln was decreased by two steps. The first decrease seems to be due to the vaporization 
of Cl and Ph3 caused by the P—C dissociation (calculated weight loss is 33%), whereas the second decrease 
the vaporization of the remaining P and CO (calculated weight loss is 10%), although TG-MS is needed for 
the conformation of this assignments.

Fig. S19 TEM images and the histogram of Pt17/CB(1.0 wt% Pt) prepared by the calcination at 400 ℃. 
(a−c) TEM images. (d) histogram. The remarkable aggregation of Pt17 NCs occurred by the calcination at 
400 ℃.
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Fig. S20 EXAFS results for Pt17/CB(1.0 wt% Pt) calcined at 400 °C. (a) EXAFS data. (b) FT-EXAFS spectra. 
In (a) and (b), the results obtained for Pt17/CB(1.0 wt% Pt) calcined at 400 °C, Pt foil and PtO2 are also 
shown for the comparison. In EXAFS spectra of Pt17/CB(1.0 wt% Pt) calcined at 400 °C, the peak attributed 
to Pt—P was almost nonexistent, indicating that P was perfectly removed from the surface of Pt NCs, 
different from the case of the calcination at 400 °C. However, as shown in Fig. S19, the remarkable 
aggregation of Pt17 NCs occurred by the calcination at 400 °C, which is consistent with the result on the 
FT-EXAFS that the peaks attributed to Pt—Pt appeared in the FT-EXAFS spectrum of Pt17/CB(1.0 wt% Pt) 
calcined at 400 °C clearly than in that of Pt17/CB(1.0 wt% Pt) calcined at 200 °C. Therefore, it can be judged 
that the calcination temperature suitable for the loading of Pt17 while keeping their particle size is 200 °C.
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Fig. S23 TEM images and the histogram of commercial Pt NPs/CB(46.9 wt% Pt). (a) TEM images. (b) 
histogram. The observed particle sizes are well consistent with the reported ones18.

Fig. S22 TEM images of Pt17/CB(1.0 wt% Pt)-EC. (a−d) Different views. Only negligible agglomeration 
occurred by the electrochemical cleaning.

Fig. S21 Cyclic voltammetry (CV) curves of Pt17/CB(1.0 wt% Pt) after 2 or 50-time cycling. CV curve 
changes slightly after 2 or 50-time cycling, implying that the residual organic molecules were removed 
from the surface of Pt17 NCs by the electrochemical cleaning. In these curves, the intensities of peaks 
attributed to the electrochemically active surface area (ECSA; 0.1−0.4 V; Fig. S24(b)) were quite weak 
since the loading amounts of Pt was quite low (1.0 wt% Pt). Accordingly, the ECSA could not be estimated 
for Pt17/CB(1.0 wt% Pt).
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Fig. S24 Electrochemical results for Pt NPs/CB(46.9 wt% Pt)-EC. In these measurements, Pt loading was 
set to 17.8 μg/cm2. (a) LSV curves obtained for electrode rotation speeds of 400−2500 rpm under O2 gas. 
The measurements under N2 gas were conducted for baseline comparison. (b) CV curve. The shadow area 
originates from the hydrogen adsorption19. Electrochemically active surface area (ECSA) of catalyst was 
estimated based on this area. (c) Koutecky-Levich plots20. The number of the transferred electrons and 
the mass activity (~182 A/g for 0.9 V) were calculated on the basis of these results. 
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Fig. S25 TEM images of Pt17/CB(20.0 wt% Pt). (a−c) TEM images. (d) histogram. In (d), the results of curve 
fitting for the histograms is also shown. In (d), the median value of peak 1, 2, and 3 correspond to the size 
of Pt17 (Fig. S17(a)), Pt34 (Fig. S17(b)), and Pt51 (Fig. S17(c)), respectively. These results imply that Pt17, Pt34, 
and Pt51 are included in Pt17/CB at the ratio of 57.2, 33.2 and 9.59%, respectively, namely, the major NCs 
are Pt17.
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Fig. S26 Electrochemical results for Pt17/CB(20.0 wt% Pt)-EC. In these measurements, Pt loading was set 
to 5.05 μg/cm2. (a) LSV curves obtained for electrode rotation speeds of 400−2500 rpm under O2 gas. The 
measurements under N2 gas were conducted for baseline comparison. (b) CV curve. The shadow area 
originates from the hydrogen adsorption19. Electrochemically active surface area (ECSA) of catalyst was 
estimated based on this area. (c) Koutecky-Levich plots20. The number of the transferred electrons (~4e) 
and the mass activity (518 A/g for 0.9 V) were calculated on the basis of these results.

Fig. S27 Normalized ECSA of Pt17/CB(20.0 wt% Pt)-EC and commercial Pt NPs/CB (46.9 wt% Pt) during 
accelerated durability test. This result demonstrates that Pt17/CB(20.0 wt% Pt)-EC exhibits higher durability 
than commercial Pt NPs/CB (46.9 wt% Pt).



S21

Fig. S28 HAADF-STEM images and model structure of Pt17 on the substrate. HAADF-STEM images of (a-
c) Pt17/CB(1.0 wt% Pt) and (d) Pt17/γ-alumina (0.15 wt% Pt)21. (e,f) Model structure predicted from the 
HAADF-STEM image of Pt17/γ-alumina (0.15 wt% Pt)21. Unfortunately, each Pt atom could not be observed 
even in the enlarged views for Pt17/CB(1.0 wt% Pt) . However, the overall morphology of Pt17 in Pt17/CB(1.0 
wt% Pt) was similar to that in Pt17/γ-alumina (0.15 wt% Pt). In addition, the geometry of Pt17/graphite was 
optimized in this study. Accordingly, it can be considered that the theoretical cluster model is reasonable. 
 

Fig. S29 Optimized structure for Pt17/graphite. (a−c) Different views from Fig. 6(a).
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Fig. S30 Electric charge of each Pt atom in isolated Pt17 and Pt17/graphite. (blue) isolated Pt17 and (red) 
Pt17 moiety on graphite. The atom index (i) of each Pt atom is described in Fig. 6(a). This comparison 
indicates that the graphene plays a minor role in the present ORR due to the weak chemical bonds 
between graphite and Pt cluster.

Fig. S31 Local density of states (LDOS) of each Pt atom for Pt17/graphite. The atom index (i) of each Pt 
atom is shown in Fig. 6(a) and S29.
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Fig. S33 Electronic structure of each Pt atom for CO/Pt17/graphite. (a) Electric charge of each Pt atom. 
(b) LDOS for the several Pt atoms. The atom index (i) of each Pt atom is shown in Fig. S32.

Fig. S34 Optimized structure for O2/Pt17/graphite. (a−c) Different views from Fig. 6(c).

Fig. S32 Optimized structure for CO/Pt17/graphite. (a−c) Different views, respectively.



S24

Fig. S36 Synthesis protocol of [Pt17(CO)12(PPh3)8]z (z = 1+ or 2+). The amounts of the reagents modified 
from our previous study are highlighted in red color. 

Fig. S37 Schematic of preparation of Ptn/CB catalyst slurry and their loading on RDE. The experimental 
conditions modified from our previous study are highlighted in red color.

Fig. S35 Optimized structure for (O + OH)Pt17/graphite. (a−c) Different views from Fig. 6(d).
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Fig. S38 Photographs of the apparatus used in this work for electrochemical experiments. The setup 
modified from our previous study (reference electrode) is highlighted in red color.

Fig. S39 Flow of the durability test used in this work.22
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