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black-supported ∼1 nm platinum nanoclusters and
their oxygen reduction reactivity†

Tokuhisa Kawawaki, ‡a Nobuyuki Shimizu,‡a Kanako Funai,a Yusuke Mitomi,a

Sakiat Hossain, a Soichi Kikkawa,b D. J. Osborn,c Seiji Yamazoe, b

Gregory F. Metha c and Yuichi Negishi *a

The improvement of oxygen reduction reaction (ORR) catalysts is essential before polymer electrolyte fuel

cells can be used widely. To this end, we established a simple method for the size-selective synthesis of a

series of ligand-protected platinum nanoclusters with ∼1 nm particle size (Ptn NCs; n = ∼35, ∼51, and
∼66) and narrow size distribution (±∼4 Pt atoms) under atmospheric conditions. Using this method, each

ligand-protected ∼1 nm Pt NC was obtained in a relatively high yield (nearly 80% for Pt∼66). We succeeded

in adsorbing each ligand-protected ∼1 nm Pt NC on carbon black (CB) and then removing most of the

ligands from the surface of the Pt NCs via calcination while maintaining the original size. The obtained

Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB exhibited ORR mass activities that were 1.6, 2.1, and 1.6 times higher,

respectively, than that of commercial CB supported-Pt nanoparticles, and also display high durability.

Introduction

Effective use of energy resources and conservation of the
global environment are currently important issues for human-
kind.1 Polymer electrolyte fuel cells (PEFCs; Fig. S1†) are
power-generation devices that directly convert chemical energy
into electrical energy (Fig. S2†) with higher conversion
efficiency and improved environmental friendliness relative to
devices currently used in thermal power generation. However,
further cost reduction is essential for their widespread use. In
PEFCs, the oxygen reduction reaction (ORR; Fig. S2a†) at the
cathode is the rate-limiting step, and carbon-black (CB)-sup-
ported platinum nanoparticles (Pt NPs or PtNP) with particle
sizes of 2–3 nm (PtNP/CB) are widely used in the cathodes. As
Pt is a rare and expensive precious metal, with its use as a cata-
lyst contributing to the high cost of PEFCs, attempts have been

made to develop cathode electrocatalysts that do not contain
precious metals.2 However, currently, there are no known non-
precious-metal catalysts that offer the same activity and dura-
bility as PtNP/CB. The following facts have recently been clari-
fied for Pt nanoclusters3,4 with a particle size of ∼1 nm which
are smaller than Pt NPs; (1) ∼1 nm Pt NCs have higher mass
activity than Pt NPs5–9 and (2) the mass activity of ∼1 nm Pt
NCs varies dramatically depending on the number of constitu-
ent atoms.5–9 Accordingly, if highly active ∼1 nm Pt NCs can
be synthesized with a narrow distribution in the number of
the constituent atoms9,10 and can then be supported on CB
without aggregation, it might be possible to create a highly
active ORR catalyst, leading to the cost reduction of PEFCs.

Previous studies on ∼1 nm Pt NCs mainly used the follow-
ing synthesis/preparation methods: (1) laser vaporization11,12

or ion sputtering7 of bulk Pt under vacuum (Fig. S3a†), (2)
liquid-phase synthesis using a special dendrimer as a template
(Fig. S3b†),5,6 (3) liquid-phase synthesis using carbon monox-
ide (CO) as ligands (or as a part of ligands) (Fig. S3c†),13 (4)
liquid-phase synthesis using a metal–organic framework
(MOF) as a template (Fig. S3d†),14 or (5) particle growth on a
support via an impregnation method (Fig. S3e†).15 However,
method 1 requires expensive equipment and method 2
requires precise synthesis of special dendrimers and are thus
not suitable for the mass production of Pt NCs. Methods 3 and
4 use a Pt–CO compound that is difficult to handle as a precur-
sor in the atmosphere, thereby requiring complicated equip-
ment and synthesis processes. Finally, method 5 is simple and

†Electronic supplementary information (ESI) available: Characterization, ana-
lysis, assignment of the peaks in FT-IR, additional results for HAADF-STEM,
XPS, optical absorption spectroscopy, EXAFS, MALDI-MS, TG-MS, TEM, EDX
elemental mapping, CV, LSV, Koutecky–Levich plot, and durability test. See DOI:
10.1039/d1nr04202e
‡These authors contributed equally.

aDepartment of Applied Chemistry, Faculty of Science, Tokyo University of Science,

Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan. E-mail: negishi@rs.tus.ac.jp
bDepartment of Chemistry, Graduate School of Science, Tokyo Metropolitan

University, 1-1 Minami-Osawa, Hachioji-shi, Tokyo 192-0397, Japan
cDepartment of Chemistry, University of Adelaide, Adelaide, South Australia 5005,

Australia

This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021, 13, 14679–14687 | 14679

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
d’

ag
os

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
1/

1/
20

26
 4

:0
8:

11
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0003-3282-8964
http://orcid.org/0000-0003-4075-6980
http://orcid.org/0000-0002-8382-8078
http://orcid.org/0000-0003-1094-0947
http://orcid.org/0000-0003-3965-1399
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr04202e&domain=pdf&date_stamp=2021-09-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr04202e
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR013035


suitable for the mass production of Pt NCs; however, it is
difficult in principle to control the number of the constituent
atoms of Pt NCs with a narrow distribution in the number of
the constituent atoms using this method. Thus, to realize the
creation of highly active ORR catalysts that can be practically
used, the establishment of a new catalyst-preparation method
is indispensable.

We recently succeeded in establishing a simple method for
isolating [Pt17(PPh3)8(CO)12]

z+ (z = 1, 2; PPh3 = triphenyl-
phosphine) with atomic precision.16 This method consists of
mixing the reagents, heating the mixture, and removing the
by-products in the atmosphere. Furthermore, we succeeded in
adsorbing the obtained [Pt17(PPh3)8(CO)12]

z+ onto a support
and subsequently removing the ligands via calcination while
maintaining the original size (Fig. S3f†).17 Unfortunately,
[Pt17(PPh3)8(CO)12]

z+ could not be isolated in high yields.16

Therefore, in the present study, we have established a new
method for synthesising ∼1 nm Pt NCs. To address the pro-
blems of the other methods, we attempted to simultaneously
achieve (i) simple operation under atmospheric conditions, (ii)
narrow distribution in the number of the constituent atoms,
and (iii) high yield of product in their syntheses. We succeeded
in the size-selective synthesis of a series of ligand-protected
∼1 nm Pt NCs (Pt∼35, Pt∼51, and Pt∼66 NCs) with a narrow dis-
tribution in the number of the constituent atoms using a com-
bination of simple procedures, such as mixing the reagents,
heating the solution, and washing the by-product in air. Using
this method, each Pt NC was obtained in relatively high yields
of 21.6, 48.4, and 78.4%, respectively. The obtained series of
ligand-protected ∼1 nm Pt NCs were adsorbed onto CB mostly
retaining their original size, and then the majority of ligands
was removed from the surface of the Pt NCs by calcination
(Ptn/CB). The obtained Ptn/CB catalysts exhibited higher ORR
mass activity than commercial PtNP/CB loaded with 2–3 nm Pt
NPs. Pt∼51/CB exhibited particularly high ORR mass activity
and high durability comparable to that of PtNP/CB.

Results and discussion
Synthesis of ligand-protected Pt∼35, Pt∼51, and Pt∼66 NCs

In the synthesis, a polyol reduction method (Fig. S4†)18–23 was
used as in the case of [Pt17(CO)12(PPh3)8]

z+ (Fig. 1a and
Fig. S5†). First, an appropriate amount of sodium hydroxide
(NaOH) was dissolved in ethylene glycol, and then hexachlor-
ide platinum(IV) acid (H2PtCl6) was dissolved in this solution.
The solution was then heated at 80 °C to reduce the [Pt(IV)
Cl6]

2− into [Pt(II)Cl4]
2−.22 Then, Pt ions in the solution were

reduced to Pt atoms by heating the solution at 120 °C. During
this process, CO was coordinated to the generated Pt atom
along with the reduction of the Pt ion.23 Thus, the generated
Pt NCs appeared to be weakly protected by CO and OH− in the
solution.23 Since such unstable Pt NCs easily aggregate when
dried, most of the CO and OH− was replaced with 2-pheny-
lethanethiolate (PET), which forms a strong bond with Pt.
Specifically, the temperature of the solution was cooled down

to room temperature, and 2-phenylethanethiol was added to
the solution for exchange of the ligands of the Pt NCs. The
target Ptn NCs protected by PET and CO were obtained by
removing unreacted thiols, Pt ions, and by-products from the
solution. These operations include mixing of the reagents,
heating of the reaction mixture, and removal of the by-pro-
ducts in air, making this method a convenient one (Fig. 1a).
Experiments with different concentrations of H2PtCl6 salt,
NaOH, and 2-phenylethanethiol revealed that the following
conditions are the most appropriate for obtaining a product
with a narrow size distribution and high yield (Fig. S6†): (1)
concentration of H2PtCl6 salt of 13.3 mM; (2) concentration of
NaOH of 225 mM, and (3) amount of 2-phenylethanethiol of
10 times equivalent of H2PtCl6 salt.

Fig. 2a and b presents transmission electron microscopy
(TEM) and high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) images (Fig. S7†)
of samples obtained by heating the solution at 120 °C for
4 min (1), 30 min (2), and 120 min (3). Clear particle images
were observed for all the samples. The Pt L3-edge X-ray absorp-
tion near-edge structure (XANES) spectra (Fig. 2c) and Pt 4f
X-ray photoelectron spectroscopy (XPS) spectra (Fig. S8†) indi-
cated that the Pt in these samples were reduced to a charge
state similar to that of Pt(0). The optical absorption of 1–3
showed the absorption in the entire visible region, similar to
that of the Pt NPs (Fig. S9†). In the Pt L3-edge Fourier-trans-
form extended X-ray absorption fine structure (FT-EXAFS)
spectra, peaks were observed at positions attributed to Pt–Pt

Fig. 1 Schematic illustrations of experimental procedure. (a) The con-
trolled synthesis of ligand-protected ∼1 nm Pt NCs. (b) The controlled
loading of ∼1 nm Pt NCs on CB used in this study. The main role of each
procedure is (i) reduction of [Pt(IV)Cl6]

2− into [Pt(II)Cl4]
2−,22 (ii) formation

of the Pt NC core and growth of Pt NCs, (iii) stopping the growth of Pt
NCs, (iv) ligand exchange, (v) adsorption of ligand-protected Pt NCs on
CB, and (vi) partial elimination of the ligands from the surface of the Pt
NCs (EG = ethylene glycol).
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(2.2–3.0 Å), Pt–S (1.7–2.0 Å), and Pt–C (1.5–1.7 Å) bonds
(Fig. S10†). The S 2p XPS (Fig. S11†) and FT infrared spec-
troscopy (FT-IR) spectra (Fig. 2d and Table S1†) indicated that
1–3 compound contained PET. The FT-IR spectrum (Fig. 2d)
revealed that 1–3 also contained CO (Table S1†). These results
indicate that PET and CO-protected Ptn NCs were indeed syn-
thesized by the method described above. From the histogram
(inset in Fig. 2b) obtained from the HAADF-STEM image, it
was determined that 1–3 have particle sizes of 1.1 ± 0.1, 1.2 ±
0.2, and 1.3 ± 0.1 nm, respectively, namely, a narrow size distri-
bution in the ∼1 nm particle-size region.

To investigate the chemical compositions of the obtained
1–3, matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS), thermogravimetric analysis (TGA), and
TG mass spectrometry (TG-MS) were performed. Fig. 3a shows
the MALDI-MS spectra of 1–3. In each MS spectrum, a series of
narrowly distributed peaks appear near m/z = 8000, 11 000,
and 14 000, respectively. There is little overlap in these mass
distributions, indicating that each sample contained
Ptn(PET)m(CO)l NCs with different chemical compositions. The
peak spacing observed in each spectrum corresponds to the
atomic weight of Pt (195.1) or S (32.1) (insets of Fig. 3a and
Fig. S12†), implying that S–C dissociation occurred
(Fig. S13†)24–26 upon laser irradiation. Fig. 3b presents the
TGA curves of 1–3. For all the samples, the first weight loss
occurred in the temperature range of 160–300 °C and the

second weight loss started at 750 °C. The TG-MS results
(Fig. S14†) indicate that the first weight loss was caused by the
S–C dissociation of PET and that the second weight loss was
caused by the desorption of S and CO (Table S2†). On the
basis of all these results, it can be considered that (1) 1–3 have
the chemical compositions shown in Tables S3–5† and, there-
fore, (2) 1–3 contain approximately 35, 51, and 66 Pt atoms,
respectively, and (3) the distribution of the number of the Pt
atoms is only ±∼4 in 1–3. These interpretations are consistent
with the TEM (Fig. 2a) and HAADF-STEM (Fig. 2b) results. For
example, if we calculate the particle size of Pt∼35, Pt∼51, and
Pt∼66 using the density of bulk Pt (21.45 g cm−3),27 they are
estimated to be 1.00, 1.14, and 1.24 nm, respectively. These
particle sizes are close to the particle sizes of 1–3 observed in
Fig. 2a. From the Pt weight in each Pt NC estimated from TGA
(Fig. 3b), it was found that 1–3 were synthesized in relatively
high yields (21.6%, 48.4%, and 78.4%, respectively), when the
yield was calculated for the amount of used Pt.

As demonstrated above, we have succeeded in obtaining a
series of ∼1 nm Pt NCs with a narrow distribution in a rela-
tively high yield using a simple operation in air. Although PET
was the main ligand in the Pt NCs obtained in this study, such
synthesis of controlled ∼1 nm Pt NCs is difficult using the
Brust method,28 which has been widely used in the precise
synthesis29–42 of thiolate-protected gold NCs.43,44 In this study,
first, Pt NCs that were weakly coordinated by CO and OH− were

Fig. 2 Characterization of 1–3. (a) TEM images, (b) HAADF-STEM images (Fig. S7†) and resulting histograms of particle-size distribution, (c) Pt L3-
edge XANES spectra, and (d) FT-IR spectra. In (c), Pt L3-edge XANES spectra of Pt foil and PtO2 are also shown for comparison. In (d), the peak
assignable to S–H stretching (∼2570 cm−1) was not observed, indicating that PET is coordinated to Pt NCs via Pt–S bonds. Details of the assignments
of the peaks in FT-IR are shown in Table S1.†
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synthesized by polyol reduction.18–23 For such Pt NCs, the par-
ticle size can be gradually increased with the reduction
time.19,45 In addition, size convergence to the stable size is
expected to occur46,47 when the ligands of the obtained Pt NCs
are replaced by PET. These two factors are presumed to be
largely related to the success of the isolation of a series of Pt
NCs with narrow distribution (Fig. 4). In this study, the syn-
thetic conditions were optimized to obtain 3, the largest Pt
NCs among the three Pt NCs, with high yield. Consequently,
lower yields were obtained for 1 and 2 whose metal cores are
intermediates in the growth of the metal core of 3. In addition,
under these experimental conditions, the number of Pt atoms

is considered insufficient for the formation of Ptn(PET)m(CO)l
NCs larger than 3. In fact, Ptn(PET)m(CO)l NCs larger than 3
could not be synthesized with good reproducibility. However,
on the basis of the proposed mechanism shown in Fig. 4, it is
expected that other Ptn(PET)m(CO)l NCs including 1 and 2 can
be also synthesized in high yields if the synthetic conditions
are optimized for those Pt NCs. The three differently-sized Pt
NCs, 1, 2 and 3, were then used to investigate the relationship
between the number of the constituent Pt atoms and the ORR
activity.

Loading of Ptn on CB support

In PEFCs, PtNP/CB is used as a catalyst (Fig. S1†)1 for ORR.5–9

In this study, the obtained Pt NCs were loaded onto CB sup-
ports to clarify the ORR activity of ∼1 nm Pt NCs under con-
ditions close to those of practical catalysts.

First, 1–3 was adsorbed onto CB by adding CB to the
toluene solution in which 1–3 was dissolved (Fig. 1b).
Inductively coupled plasma mass spectrometry confirmed that
all of the 1–3 material was adsorbed onto the CB with an
almost 100% adsorption rate when mixed at a weight ratio of
1.0 wt% Pt (Table S6†). The CB includes 6-membered carbon
rings in the framework structure;48 thus, a π–π interaction was
expected to occur between these functional groups and the
phenyl group of PET. In addition, CB also contains hydroxyl
groups and carboxyl groups;48 thus, hydrogen bonds were
expected to form between these polar functional groups and
CO. It can be interpreted that 1–3 was adsorbed on the CB
with a high adsorption rate when mixed at a weight ratio of
1.0 wt% Pt because of these two interactions. However, the
presence of the NC ligand generally hinders the approach of
the reactants and induces a change of the charge state of NCs,
which often leads to a decrease of the catalytic activity.49–52

Thus, most of the ligands were removed from 1–3 by heating
the obtained sample in an electric furnace under reduced
pressure at 200 °C (Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB; Fig. 1b).

TEM images of the samples adsorbed by 1–3 reveal that
there was almost no aggregation of 1–3 on CB during adsorp-
tion (Fig. S15†). Fig. 5a and b presents TEM and HAADF-STEM
images (Fig. S16 and S17†) of Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB

Fig. 3 Characterization of 1–3. (a) MALDI mass spectra and (b) TGA curves. In (a), the insets show the expanded spectra. Detail of the assignments
are shown in Fig. S12.†

Fig. 4 Proposed mechanism for the synthesis of 1–3 and the prepa-
ration of Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB in the case of loading with
1.0 wt% Pt.
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prepared by calcination at 200 °C, respectively. From the histo-
gram (Fig. 5b) obtained from the HAADF-STEM image, Pt NCs
with particle sizes of 1.1 ± 0.2, 1.2 ± 0.2, and 1.4 ± 0.3 nm were
found to be supported for Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB,
respectively. These particle sizes are slightly larger than those
of 1–3 (Fig. 2b). It is presumed that 1–3 have a metal core with
spherical structure, whereas the Pt NCs in Pt∼35/CB, Pt∼51/CB,
and Pt∼66/CB have a hemispherical structure.53 This difference
in geometrical structure appears to lead to the slight increase in
particle size by calcination. These results indicate that the Pt
NCs barely aggregated on the CB even when the sample was cal-
cined at 200 °C under reduced pressure. However, some aggre-
gation of Pt NCs was observed when the sample was calcined at
higher temperatures (250 and 300 °C) (Fig. S18†). Based on the
TGA curve shown in Fig. 3b, it is presumed that some ligands
remained on the surfaces of Pt NC after calcination at 200 °C
(Fig. S16 and S17†). It can be considered that the aggregation of
Pt NCs was significantly suppressed during the calcination at
200 °C, probably due to such remaining ligands.

We investigated the charge state of the supported Pt NCs
using XANES analysis. Fig. 5c presents the Pt L3-edge XANES
spectra of Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB. The intensities of
the adsorption edge (white line) in Pt∼35/CB, Pt∼51/CB, and
Pt∼66/CB are slightly higher than those of 1–3 (Fig. 2c). This
result indicates that the Pt NCs in Pt∼35/CB, Pt∼51/CB, and
Pt∼66/CB were a little more oxidized than the Pt NCs in 1–3.
However, upon comparison with the charge state of commer-

cial PtNP/CB (TEM image is shown in Fig. S19†), Pt in Ptn/CB is
more metallic than Pt in PtNP/CB (Fig. 5c). Considering the
peak intensity of PtNP/CB, the surface Pt atoms in commercial
PtNP/CB are considered to be a slightly oxidized. On the other
hand, in Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB, some of the ligands
remain on the surface of the Ptn/CB prepared in this study, as
mentioned above, which seems to suppress the oxidation of Pt
in Ptn/CB.

Fig. 5d presents the Pt L3-edge FT-EXAFS spectra of Pt∼35/
CB, Pt∼51/CB, and Pt∼66/CB. In the spectrum of each sample, a
peak appeared at the position attributable to Pt–S
(1.7–2.0 Å).54 This result strongly supports the above interpret-
ation that some of the ligands remain in Ptn/CB. The peak
observed at 1.5–1.7 Å (Pt–O or Pt–C) is thought to be associated
with the formation of Pt–C bonds between Pt NCs and CB and/
or small amounts of residual CO.54 In all the spectra, the peak
from the Pt–Pt bond (2.2–3.0 Å)54 was observed at low inten-
sity. It is expected that a variation in the geometrical structure
(i.e. different morphologies) of the supported metal NCs exists
even if the number of Pt atoms is well controlled. Indeed, par-
ticles with various shapes were observed in the HAADF-STEM
images (Fig. S20–S22†). This seems to be the reason why the
peaks attributable to Pt–Pt bonds were not clearly observed for
Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB.

In this way, we succeeded in adsorbing 1–3 onto the CB
with a high adsorption rate with almost the same size that
they were prepared in solution.

Fig. 5 Characterization of Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB. (a) TEM images, (b) HAADF-STEM images and resulting histograms of particle-size dis-
tribution, (c) Pt L3-edge XANES spectra, and (d) Pt L3-edge FT-EXAFS spectra. In (c) and (d), Pt L3-edge FT-EXAFS spectra of Pt foil and PtO2 are also
shown for comparison. In (d), the peak at ∼2.3 Å in the spectrum of Pt foil is attributed to the satellite peak of the Pt–Pt bond.
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ORR activity of Ptn NCs/CB

The ORR activity5–8,55–57 was examined for the obtained Pt∼35/
CB, Pt∼51/CB, and Pt∼66/CB to clarify the activity under con-
ditions as close as possible to those of a practical material.
The activity was examined in the presence of Nafion® (solid
polymer membrane; Fig. S1 and S23†). Before the measure-
ment, cyclic voltammetry (CV) was repeated 100 times in a
nitrogen (N2) atmosphere to clean the electrodes (Fig. S24 and
S25†). It is expected that a part of the residual ligands were
removed by this operation.58,59

In the CV curves of Ptn/CB after the cleaning operation, a
peak was observed at a position attributed to hydrogen adsorp-
tion (Fig. S26†).60 The electrochemically active area (ECSA)60,61

at each Ptn NCs/CB was estimated based on the peaks in the
range of 0.03–0.3 V (vs. reversible hydrogen electrode; RHE).
The top of Fig. 6 shows the ECSA of Pt∼35/CB, Pt∼51/CB, and

Pt∼66/CB. The ECSA of each catalyst was estimated to be 97.2,
110.9, and 85.6 m2 gPt

−1, respectively, which are larger than
the ECSA of commercial PtNP/CB (65.5 m2 gPt

−1; Fig. S27†); the
ECSAs of Pt∼35/CB, Pt∼51/CB, and Pt∼66/CB are 1.48, 1.69, and
1.31 times higher than that of PtNP/CB, respectively. It can be
interpreted that Ptn/CB showed a larger ECSA because the ratio
of surface atoms increased with decreasing particle size of the
NCs. Interestingly, among the three catalysts, Pt∼51/CB showed
the highest ECSA. This finding suggests that Pt∼51/CB has a
geometrical structure containing a large number of Pt atoms
that are easily adsorbed by protons, although we could not
confirm such a geometrical structure only from HAADF-STEM
images (Fig. S21†).

Then, we performed linear sweep voltammetry (LSV;
Fig. S28†) and thereby obtained Koutecky–Levich plot62

(Fig. S29†). The result confirmed that 4-electron reduction
(Fig. S2a†) occurred in these catalysts (Table S7†). In addition,
the value of the kinetically limited current was calculated from
the Koutecky–Levich equation, and the mass activity was esti-
mated from this value. Middle of Fig. 6 shows the estimated
mass activity for each catalyst. The mass activities of Pt∼35/CB,
Pt∼51/CB, and Pt∼66/CB were 1.43, 1.91, and 1.41 A mgPt

−1,
respectively. These mass activities are 1.6, 2.1, and 1.6 times
higher than that of commercial PtNP/CB (0.90 A mgPt

−1;
Fig. S30†). This result indicates that the reduction of Pt par-
ticle size down to ∼1 nm induces an increase in mass activity.

Bottom of Fig. 6 shows the specific activity estimated for
each catalyst. The specific activities of Pt∼35/CB, Pt∼51/CB, and
Pt∼66/CB were 1.67, 1.73, and 1.72 mA cmPt

−2, respectively,
which are larger than that of commercial PtNP/CB (1.38 mA
cmPt

−2). Previous studies reported the following results for the
specific activity of Pt catalysts. (1) When the particle size of the
Pt catalyst is reduced to 2 nm or less, a rise of the d-band
center is induced,63 and the ratio of the surface Pt atoms
increases.64 These changes strengthen the bond between Pt
and O, leading to a decrease of the specific activity of the Pt
catalyst.63,64 (2) High activity is induced when Pt atoms with
the generalized coordination number (GCN) of 7.7–8.3 exist in
the Pt NCs.65,66 Here, GCN is the coordination number calcu-
lated by taking into account the second-nearest-neighbor
atoms in addition to the nearest-neighbor atoms, and Pt
atoms with GCN of 7.7–8.3 are generated when the concave
cavity is generated at the surface.65,66 It can be considered that
Ptn NCs/CB showed a larger specific activity than the commer-
cial PtNP/CB because the latter effect was greater in the Ptn/CB
prepared in this study. In addition, the enriched electron state
of Ptn/CB (Fig. 5c) would also contribute to their larger specific
activities.

Based on the above results, Ptn/CB is considered to exhibit
higher ORR mass activity than commercial PtNP/CB because
both the ECSA and specific activity are higher in Ptn/CB than
in commercial PtNP/CB. In addition, Pt∼51/CB is considered to
show the highest ORR mass activity because the surface atom
ratio is highest in Pt∼51/CB among the three Ptn/CB. Overall,
the results obtained in this study are consistent with the
results recently reported by other groups:9,14 the density func-

Fig. 6 Results of ORR catalytic activity. Comparison of (top) ECSA,
(middle) ORR mass activity at 0.6 V vs. RHE, and (bottom) ORR specific
activity for Pt∼34/CB, Pt∼51/CB, Pt∼66/CB, and commercial PtNP/CB. For
ECSA and ORR mass activity, the results obtained for Pt∼34/CB, Pt∼51/CB,
and Pt∼66/CB without calcination are also shown. In the calculation of
ECSA, the value of 210 μC cm−2 observed for Pt(111) was used as the
electrical charge associated with the monolayer adsorption of hydrogen
on Pt. The ORR mass activity of each catalyst was compared using the
current at 0.6 V in this study, since the loading amount of Pt was
reduced to 1 wt% Pt to avoid the aggregation of the Pt NCs, resulting in
little current at a potential of 0.9 V, the current at which is often used
for the comparison of mass activity. In these figures, the average values,
obtained by performing the experiments 3 times, are presented.
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tional theory (DFT) calculation in ref. 9 predicted that Pt NCs
with particle size of 1.0 ± 0.1 nm exhibit 1.5 times higher mass
activity than Pt NPs with particle sizes of 2–4 nm, and the DFT
calculation in ref. 14 predicted that Pt NCs with a particle size
of 1.1 ± 0.17 nm exhibit 2.36 times higher mass activity than
commercial PtNP/CB. Although our results described above
were obtained at a loading amount of 1.0 wt% Pt to suppress
the aggregation of Ptn NCs, similar results were also obtained
at a loading amount of ∼5 wt% Pt (Table S6, Fig. S31 and
S32†).

We also examined the durability of Ptn/CB (Fig. S33 and
S34†). Fig. 7 shows the ECSA values obtained after the aging
test for Pt∼51/CB, which exhibited the highest mass activity,
and commercial PtNP/CB. For the commercial PtNP/CB, 45 000
CV rotations were required before the value of ECSA fell below
50% of the initial value. Similarly, the ECSA of Pt∼51/CB also
fell below 50% of the initial value after 45 000 CV rotations.
These results indicate that the durability of Pt∼51/CB is similar
to that of commercial PtNP/CB; that is, its level of durability
allows its use as a practical material. According to Fig. 7, the
ECSA of Pt∼51/CB after ∼35 000 CV rotations was the same as
that of the fresh PtNP/CB. Similar high durability was also
observed for Pt∼66/CB (Fig. S35†).

Finally, we discuss the necessity of calcination for prepa-
ration of the catalyst. In this study, to suppress the aggregation
of Pt NCs on CB, some ligands were left on the surface of the
Pt NCs (Fig. 1b). Because such Ptn/CB exhibited high ORR
mass activity, one may question the necessity of the calcina-
tion for preparing the active catalyst. To verify its necessity, we
also measured the ECSA and ORR mass activity of the samples
before calcination. All the uncalcined samples exhibited lower
ECSA and ORR mass activity than the Ptn/CB obtained by calci-
nation at 200 °C (top and middle of Fig. 6). These results indi-
cate that the partial removal of ligands by the calcination at
moderate temperature (pre-treatment) is very important to

obtain highly active and stable Ptn/CB catalysts. However, it
has been known that CO also works as a poison in Pt catalysis.
Thus, in future, it is expected that the calcination condition to
eliminate all CO while leaving a little quantity of S would be
found and thereby the creation of further highly active Ptn/CB
catalysts could be achieved.

Conclusions

In this study, we attempted to establish a method to simul-
taneously realize “simple operation in air”, “narrow distri-
bution in the number of constituent atoms”, and “high yield
of products” for the synthesis of ∼1 nm Pt NCs and prepared
ORR catalysts using the obtained ligand-protected Pt NCs. The
results are summarized as follows:

(1) We succeeded in establishing a size-selective and sys-
tematic synthesis method for a series of ∼1 nm Pt NCs with a
distribution of only ±∼4 Pt atoms. This method enabled us to
obtain Pt∼35, Pt∼51, and Pt∼66 in relatively high yields of 21.6%,
48.4%, and 78.4%, respectively.

(2) We succeeded in adsorbing Pt∼35, Pt∼51, and Pt∼66 onto
CB with high adsorption rates, and loading them onto CB
whilst maintaining the NC size.

(3) The ORR mass activities of the obtained Pt∼35/CB, Pt∼51/
CB, and Pt∼66/CB were determined to be 1.6, 2.1, and 1.6 times
higher than that of commercial PtNP/CB catalyst, respectively.

(4) We elucidated that Ptn/CB exhibits higher ORR mass
activity than commercial PtNP/CB as both the ECSA and
specific activity increase in Ptn/CB.

(5) Pt∼51/CB and Pt∼66/CB exhibited high durability compar-
able to that of commercial PtNP/CB.

(6) We elucidated that partial removal of the ligand by calci-
nation at moderate temperature is very important to obtain
highly active and stable Ptn/CB.

These results are expected to advance design guidelines for
the creation of highly functional ORR catalysts and therefore
improvement of PEFCs. In the future, it is expected that the
loading amount of Pt will be improved by including a ligand
that more readily adsorbs onto CB.53
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Fig. 7 Normalized ECSA of Pt∼51/CB and commercial PtNP/CB during
accelerated durability test. This figure was obtained by plotting the nor-
malised ECSA against the number of cycles. In this experiment, Pt∼51/CB
with a high loading of 5.1 wt% Pt (green) was used and compared with
PtNP/CB with 6.5 wt% Pt (black), as a large difference in loading weight
may affect the durability of the catalysts. The red circle indicates the
position where the ECSA of Pt∼51/CB is expected to coincide with that of
the fresh PtNP/CB (58.8 m2 gPt

−1).
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