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We recently found that [Pt;7(CO)1»(PPhs)gl® (Pt = platinum; CO = carbon monoxide; PPhs = triphenyl-
phosphine; z = 1+ or 2+) is a Pt nanocluster (Pt NC) that can be synthesized with atomic precision in air.
The present study demonstrates that it is possible to prepare a Pt;7-supported carbon black (CB) catalyst
(Pt17/CB) with 2.1 times higher oxygen reduction reaction (ORR) activity than commercial Pt nano-
particles/CB by the adsorption of [Pt;7(CO)1»(PPhs)gl® onto CB and subsequent calcination of the catalyst.
Density functional theory calculation strongly suggests that the high ORR activity of Pt;;/CB originates
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from the surface Pt atoms that have an electronic structure appropriate for the progress of ORR. These
results are expected to provide design guidelines for the fabrication of highly active ORR catalysts using Pt
NCs with a diameter of about 1 nm and thereby enabling the use of reduced amounts of Pt in polymer
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Introduction

As an option to tackle the issues of the depletion of fossil
resources and global warming, our society is expected to shift
from using fossil resources to using alternative sustainable
energy sources such as hydrogen (H,) (Fig. S1f). The energy
conversion system based on H, involves a polymer electrolyte
fuel cell (PEFC; Fig. S2t), a power generation device that pro-
duces electricity from H, and oxygen (O,). However, current
PEFCs use a large amount of platinum (Pt), which makes them
expensive to manufacture and run. Though cost reduction can
be achieved by improving parts other than the Pt catalyst, the
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continuous use of large amounts of Pt would result in a short-
age of Pt. Therefore, for a sustainable hydrogen energy society,
it is essential to reduce the amount of Pt used in PEFC electro-
catalysts (Fig. S27).

In PEFCs, the oxygen reduction reaction (ORR) at the
cathode is the rate-determining reaction, and catalysts with Pt
nanoparticles (Pt NPs) of 2-3 nm in diameter supported on
carbon black (Pt NPs/CB) are widely used for such cathode cat-
alysts. However, studies by Yamamoto and co-workers,"?
Nakajima and co-workers,® and Fischer and co-workers* have
shown that Pt nanoclusters (NCs) of ~1 nm in size exhibit
higher ORR activity than Pt NPs of 2-3 nm in size. It is thus
expected that the use of precisely synthesized Pt NCs of ~1 nm
in size as ORR electrocatalysts would afford reduced amounts
of Pt to be used in PEFCs.

Pt NCs and their alloy NCs of ~1 nm in size can be syn-
thesized with atomic precision when carbon monoxide (C0O)>*
and phosphine (PR;) are used as ligands (Pt,,(CO),,(PR3); 1, m,
! = the number of Pt atom, CO ligand, and PR; ligand,
respectively).”® However, most of the Pt,(CO),,(PR3); NCs
reported to date face stability issues under atmospheric
conditions,”® and consequently few studies have been con-
ducted on their application as ORR electrocatalysts. We
recently found that [Pt;;(CO),»(PPh;)s]* (z = 1+ or 2+; PPh; =
triphenylphosphine; Fig. 1(a), S3(a) and (b)f) is a
Pt,(CO),,(PR3); NC that can be synthesized and stable in
air."®" This NC has a Pt core of ~1 nm and can be isolated
with atomic precision by a combination of simple operations:

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0003-3282-8964
http://orcid.org/0000-0002-6147-3464
http://orcid.org/0000-0003-1094-0947
http://orcid.org/0000-0003-0161-7216
http://orcid.org/0000-0003-3239-8239
http://orcid.org/0000-0003-3965-1399
https://doi.org/10.1039/d3nr01152f
https://doi.org/10.1039/d3nr01152f
https://doi.org/10.1039/d3nr01152f
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr01152f&domain=pdf&date_stamp=2023-04-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr01152f
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015016

Open Access Article. Published on 24 March 2023. Downloaded on 4/7/2026 6:38:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper
(@) ©  [Pty(CON PRy, P (CONlPPRICB(1.0 wt
oluene
[ VN
+CB e @ ®
O P 0=PPh,
R /
T e T o] g
= T P ©
. - N L
adsorption [
7
~N
bridged CO
0) terminal CO  bridged CO  PPh, +200°C
b
= o
Nafion™ calcination )
2+ [Pt;7(CO)12(PPh3)l?* [Pt17(CO)o(PPhy)g]* <
D 7
5 ) ) Yo A O 1. Nafion™ coating e ® \ P40
< S S A0 ¥ 2. electrochemical Y — ;‘.\?
z ~Z Zi ey o . 5
‘2 - A k = | '”‘9 )\
@ exp. exp. - \_/ S Pl =4 OJ
e J z + Nafion™ - < & ‘ N
5 2870 2880 5730 5740 5750 5760 5770 / +H,0 ’,
+ 2-propanol
&
1+
T = T \ HCIO,
2000 4000 6000 8000 10000 Pt,;/CB(1.0 wt%)-EC Pt,,/CB(1.0 wt%)
m/z

Fig. 1 Preparation of Pt;;/CB. (a) Geometric structure and (b) ESI-MS spectrum of precursor [Pt;7(CO);2(PPh3)gl®. (c) Schematic of the preparation
procedure: adsorption of [Pt;7(CO)12(PPhs)gl? onto CB, calcination of the catalyst at 200 °C, and slurry preparation. In (c), the states of the ligand at
each stage are estimated based on the results of the FT-IR spectroscopy (Fig. 3 and S107), HAX-PES (Fig. S117), FT-EXAFS (Fig. 4(a)), XANES (Fig. 4(b)),

and TGA (Fig. S187) analyses.

mixing reagents in air, heating the solvent, and washing the
by-products. Furthermore, Pt;; is located in the size region
showing the highest ORR activity."> Using [Pt;5(CO)15(PPh;)s]*
as a precursor is expected to enable the preparation of highly
active ORR electrocatalysts with Pt;; (~1 nm in size) supported
on CB (Pt;,/CB). As only 17 Pt atoms are included in Pt;,/CB, it
is expected that density functional theory (DFT) calculations™®
of Pt;;/CB can be used to elucidate the origin of the high
activity of the catalyst.

In the present study, we aim to (1) engineer ORR electroca-
talysts with a higher activity than that of commercial Pt NPs/
CB loaded with Pt NPs of 2-3 nm in size using
[Pt17(CO)415(PPh;)s] as a precursor, and (2) elucidate the origin
of the high ORR shown by Pt NCs of ~1 nm in size by DFT cal-
culations. As a result, we have succeeded in fabricating Pt,,/CB
catalyst with an ORR activity 2.1 times higher than that of com-
mercial Pt NPs/CB. The DFT calculations strongly suggest the
origin of the high activity to be attributed to the surface Pt
atoms which have an electronic structure appropriate for ORR.

Results and discussion

Preparation of Pt;,/CB ORR electrocatalyst using atomically
precise [Pt;,(CO),,(PPh;)s]Cl,

The [Pt;7(CO),,(PPhs)s [ ([Pt;7(CO)12(PPh;3)g]Cl,; 1 = 1 or 2) pre-
cursor was synthesized by polyol reduction'*>° as in our pre-
vious reports.’* In the synthesis, an ethylene glycol solution

This journal is © The Royal Society of Chemistry 2023

containing Pt salts and sodium hydroxide was first heated in
air. The temperature of the solution was then cooled to room
temperature, and a mixture of Pt,(CO),,(PR3); NCs was pre-
pared by adding PPh; to the solution. From the resulting
mixture, only [Pt;;(CO);,(PPhs)g[® (z = 1+ or 2+) was separated
by solvent extraction. In the present study, [Pt;,(CO);,(PPhs)s]?
was successfully obtained with 3.8 times higher yield than that
in our previous report' by optimizing each parameter
(Fig. S4;T e.g., Pt salt concentration, stirring time, amount of
added PPh;) in a series of operations (Fig. S51). The obtained
product contained [Pt;;(CO);5(PPh;)g[F with atomic precision,
as confirmed by electrospray ionization mass spectrometry
(ESI-MS; Fig. 1(b)).

According to recent DFT studies,?" Pt,(CO),,(PR3); NCs can
be stabilized and isolated when the total number of valence
electrons satisfies the closed shell electronic structure. In the
case of Pt;;(CO)12(PRs)s, [Pt17(CO)12(PR;)s]® has been isolated
in anaerobic synthetic studies because it satisfies the closed
shell electronic structure (1s1p°) of the superatom at neutral
state (Fig. S3(c)f).” Our results demonstrate that (1)
[Pt;5(CO)12(PR3)s]° could be oxidized in atmosphere similarly
to other Pt,(CO),(PR;); NCs,”° and (2) unlike other
Pt,(CO),,(PR3); NCs, [Pt;7(CO)12(PR3)sf (z = 1+ or 2+), which
does not satisfy the closed shell electronic structure, was iso-
lated. [Pt;7(CO)15(PR;)s]® is also geometrically stabilized by the
inclusion of an icosahedral metal core in the framework struc-
ture, which is a common feature in stable NCs.*>* This
seems to be the reason why [Pt;,(CO);,(PPh;)s]® could main-
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tain its framework structure even when oxidized in air, unlike
the case of other Pt,(CO),,(PR3); NCs, and [Pt;,(CO);,(PPhs)g[*
(z = 1+ or 2+) selectively formed during operation in air. The
high framework stability against oxidation is similar to that of
[Au,5(SR);1s[° (Au = gold; SR = thiolate; z = 1—, 0 or 1+), which
also has an icosahedral metal core.>*

The resulting [Pt;,(CO),,(PPhs)s° NC (see Fig. 2(a) and S6+
for transmission electron microscopy (TEM) images and S77
for high-angle annular dark field scanning TEM
(HAADF-STEM) images) was used as a precursor to prepare the
Pt;,/CB catalysts. In the commercial Pt NPs/CB (TEC10E50E)
used as a comparison for activity, Ketjen black, which is
known as a highly conductive CB, is used as support.*?
Therefore, in this study, we used Ketjen black (EC300]J; here-
after described simply as CB) as a support for Pt;,, unlike our
previous report on ORR.**

In the catalyst preparation, CB was first added to a toluene
solution of [Pt;,(CO);,(PPh;)s]Cl, and the solution was stirred
for 24 h (Fig. 1(c)). The weight ratio of Pt to CB was set to
1.0 wt%. Analysis of the supernatant solution by inductively
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Fig.2 TEM images and histograms of each sample. (a)
[Pt17(CO)12(PPh3)gl?. (b) Pty7(CO)15(PPhs)g/CB. (c) Pty7/CB. In (a), the par-
allel lines are not due to the lattice fringes of Pt;7 cluster but due to the
collodion membrane on the TEM grid.
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coupled plasma (ICP)-MS confirmed that [Pt;7(CO);,(PPh3)s]®
was adsorbed on CB with an adsorption rate of 98.6%. The CB
(Ketjen black) contains hydroxyl and carboxyl groups,® and
hydrogen bonds are expected to form between these polar
functional groups and CO. This seems to be the reason why
[Pt;7(CO)15(PPh;)s]® adsorbed on CB at a high adsorption rate
when they were mixed at a weight ratio of 1.0 wt% Pt. In con-
trast, when [Pt;,(CO);,(PPhs)s]° was mixed with CB at a higher
weight ratio, such as 5.0 wt% Pt, [Pt;,(CO),,(PPh;)s]* adsorbed
on CB at a lower adsorption rate (66.6%). Under such an
adsorption condition, it is difficult to control the amount of Pt
loaded on the CB, and therefore, the obtained experimental
data are not reproducible or reliable. Accordingly, in sub-
sequent experiments, Pt;;(CO);,(PPh;)g/CB with 1.0 wt% Pt
(hereafter, Pt;,(CO);,(PPh;)s/CB(1.0 wt% Pt)) was used for cata-
lyst preparation (Fig. 2(b) and S8} for TEM images and S97 for
HAADF-STEM images).

In general, the presence of ligands covering the NCs on the
support prevents the approach of reactants and induces a
change in the charge state of the NCs, which leads to a
decrease in catalytic activity.”> Therefore, in many cases,
ligands have been removed from NCs by calcination®**” or
other processes during catalyst preparation. The calcination
process also plays a role in immobilizing NCs on the support.
However, based on the results of the Fourier transform infra-
red spectroscopy (FT-IR; Fig. 3, S10 and Table S1}) and P 1s
hard X-ray photoelectron spectroscopy (HAX-PES; Fig. S117)
analyses, it is assumed that in the present catalyst preparation,
part of the PPh; is oxidized to O=PPh; during adsorption,
which is then stripped from the Pt NC surface and transferred
onto CB.*®*° According to the results of the FT-IR spectroscopy
analysis (Fig. 3) and Pt L;-edge FT extended X-ray absorption
fine structure (FT-EXAFS; Fig. 4(a)) analysis, it appears that the
remaining unoxidized PPh; migrated to the interface between
Pt;; and CB (Fig. 1(c) and S127) and thereby most of the Pt
surface became bare after the adsorption of Pt;;(CO);,(PPh;)s
onto CB. Therefore, Pt;,(CO);,(PPh;)s/CB(1.0 wt% Pt) was cal-
cined under a relatively mild condition (200 °C) in this study
(Fig. 1(c) and S137).

The Pt L;-edge FT-EXAFS spectra of the catalysts after calci-
nation (Fig. 4(a) and Table S2t) displayed distinct peaks in the
Pt-Pt (~2.7 A) and Pt-C (~1.7 A) bond regions (Fig. S141), indi-
cating that the calcination conditions employed caused immo-
bilization of Pt;; on the CB (Fig. 1(a)). Calcination under the
mild condition employed caused minimal increase in the par-
ticle size of the Pt NCs (Fig. 2(c) and S15-S177). However, as
indicated by the results in Fig. 3 and 4(a), under these mild
conditions, some ligands (CO, PPh;, O=PPh;) remained in
the catalyst (interface between Pt,; and CB or on CB) (Fig. 1(c)
and S121). Nevertheless, given that a higher calcination temp-
erature of 400 °C caused a significant increase in the particle
size of the Pt NCs (Fig. S18-S207), a temperature of 200 °C was
considered to be a moderate calcination temperature to
prepare the fine Pt NCs-supported CB catalysts using
[Pt;17(CO)12(PPh;)g]” as a precursor. Pt Ls-edge X-ray absorption
near-edge structure (XANES; Fig. 4(b)) measurements showed

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 FT-IR results of each sample. (a) [Pt;7(CO)1x(PPhs)gl?. (b)

Pt;7(CO)12(PPh3)g/CB(1.0 wt% Pt). (c) Pt;7/CB(1.0 wt% Pt). In (a), the
peaks around 3000 cm™ are due to 2-methyl-2-butene, which was
included in the solvent (dichloromethane) as a stabilizer. Details of the
peak assignments are shown in Fig. S10.}

that the charge state of Pt is near to Pt(0) in the resulting Pt,,/
CB(1.0 wt% Pt).

ORR activity of Pt,,/CB

As described above, calcination at 200 °C allows Pt NCs to be
loaded on CB while maintaining the particle size of the Pt NCs
(Fig. S1671). However, it is assumed that some ligands remain
adsorbed on the Pt NC surface when calcined at such a temp-
erature. Therefore, electrochemical cleaning®®*' of Pt;,/CB
(1.0 wt% Pt) was performed after slurry preparation to remove
remaining ligands from the catalyst (Pt;,/CB(1.0 wt% Pt)-EC;
Fig. 1(c) and S21%). Only negligible aggregation of Pt;; was
observed after this operation (Fig. S227), indicating that most
of the Pt NCs in Pt;,/CB(1.0 wt% Pt)-EC were Pt;.

The ORR activity of the catalyst was evaluated by linear
sweep voltammetry (LSV).**** In our previous report,> we
could not obtain the same mass activity for commercial Pt
NPs/CB(46.9 wt% Pt) (Fig. S237) as that reported in the litera-
ture (170-180 A g~ for 0.9 V vs. reversible hydrogen electrode
(RHE)).*® Therefore, in the present study, LSV was conducted
under experimental conditions that conform to the Japanese
unified standard.*® As a result, we succeeded in obtaining a

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 XAFS results of each sample. (a) Pt Ls-edge FT-EXAFS of
Pt17(CO)12(PPh3)3, Pt17(Co)12(PPh3)8/CB(1O wt% Pt), Pt17/CB(1O wt% Pt),
Pt foil, and PtO, powder. (b) Pt Lsz-edge XANES spectra of
Pt17(CO)12(PPh3)g/CB(1.0 wt% Pt), Pt;7/CB(1.0 wt% Pt), Pt foil, and PtO,
powder. In (a), the Pt Lz-edge FT-EXAFS spectrum of Pt;7(CO);2(PPhs)g,
Pt17(CO)12(PPh3)g/CB(1.0 wt% Pt) and Pt;;/CB(1.0 wt% Pt) have overall
similarity to each other although there are small shifts in the peak posi-
tions, implying that the Pt;; framework is kept during the adsorption and
calcination processes.

mass activity (182 A g~* for 0.9 V) close to that reported in the
literature for commercial Pt NPs/CB(46.9 wt% Pt) (Fig. S247).

Fig. 5 shows the LSV curves of Pt;,/CB(1.0 wt% Pt)-EC and
Pt NPs/CB(1.0 wt% Pt)-EC (prepared by mixing Pt NPs/CB
(46.9 wt% Pt) and CB). Pt;,/CB(1.0 wt% Pt)-EC begins to gene-
rate a current at a lower overvoltage than Pt NPs/CB (1.0 wt%
Pt)-EC and shows a higher current value at the same overvol-
tage (Tables S3 and S47). These results indicate that Pt;,/CB
(1.0 wt% Pt)-EC has higher ORR activity than Pt NPs/CB
(1.0 wt% Pt)-EC. A comparison of the mass activity at 0.9 V
showed that the former had 2.1 times higher mass activity
than the latter (145 vs. 68 A g™" at 0.9 V).

In the above experiment, the Pt loading was set at 1.0 wt%
to control the loading amount. This small amount of Pt on the
catalyst results in fewer contacts between Pt NPs/CB and O,,
leading to a lower mass activity when compared with those dis-

Nanoscale, 2023,15, 7272-7279 | 7275
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Pt)-EC. (b) Pt NPs/CB(1.0 wt% Pt)-EC. LSV curves were obtained for
electrode rotation speeds of 400-2500 rpm under O, gas.

Measurements under N, gas were conducted for baseline comparison.

In these measurements, Pt loading was set to 0.204 ug cm™2.

played by catalysts with higher loadings of Pt.*” Therefore, we
have also prepared the Pt;;/CB(20.0 wt% Pt)-EC on which
20.0 wt% Pt was loaded on CB (Fig. S257). The electrochemical
experiments on this catalyst confirmed that (1) the increase of
Pt loading actually leads to the increase of the mass activity
(Fig. S26(a);t 518 A g™ ' for 0.9 V), (2) 4-electron reduction
occurs in Pt;;/CB(20.0 wt% Pt)-EC (Fig. S26(b) and (c)t),
similar to the case of Pt NPs/CB(46.9 wt% Pt) (Fig. S247), and
(3) Pty7/CB(20.0 wt% Pt)-EC exhibits higher durability than
commercial Pt NPs/CB (46.9 wt% Pt) (Fig. S277).

Origin of high activity of Pt,,/CB

We also investigated the origin of the high ORR activity exhibi-
ted by Pt;,/CB(1.0 wt% Pt). In elucidating the factor respon-
sible for the increase in ORR activity due to the miniaturiza-
tion of Pt NPs, generally, the electrochemical surface area
(ECSA) is first estimated and then the specific activity (SA) is
calculated based on the value of ECSA.*® Using these two
values (ECSA and SA), the main factor causing the difference
in activity has been investigated: the increase in the percentage
of surface Pt atoms or the improvement in the activity of each
surface Pt atom. However, in such ECSA estimation, there is an
assumption that the same charge flows regardless of the
adsorption sites of H, on Pt NPs. In reality, the charge flowing
through the adsorption sites of H, depends on the surface Pt
atoms.”® In addition, the surface of the Pt NCs supported on
CB does not necessarily consist of only one type of surface
structure.” Therefore, a discussion on the factors contributing
to the differences in activity shown by the catalysts based
solely on ECSA and SA calculated on the basis of these
assumptions lead to a correct
interpretation.

may not necessarily
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Literature studies have reported that (1) miniaturization
induces the generation of surface Pt atoms with various
charge/electronic states, and (2) high ORR activity is induced
when the generated surface Pt atoms contain Pt atoms suitable
for ORR progression.>>* Based on these facts, it is essential to
clarify the charge and electronic states of each surface Pt atom
involved in the reaction to gain a deeper understanding of the
origin of the high ORR activity shown by Pt;,/CB. XANES
(Fig. 4(b)) and XPS experiments can reveal the overall charge
state of Pt NCs, but it is difficult to reveal the charge and elec-
tronic state of each surface Pt atom using these experiments.
Therefore, in the present study, we estimated the charge and
electronic states of each surface Pt atom in Pt;,/CB by DFT cal-
culations. To reduce computational cost, a graphite struc-
ture,> which is well understood, was used for the carbon
support structure instead of CB structure. We obtained the
optimized structure of Pt,,/graphite by structural optimization
using the structure of supported Pt;; observed by
HAADF-STEM in our previous study'* as the initial structure
(Fig. S281).

Fig. 6(a) shows the optimized structure obtained for Pt,,/
graphite (Fig. S297). In this geometry, 15 Pt atoms are located
on the surface and two Pt atoms (i = 6 and 12) are in contact
with graphite. Fig. 6(b) shows the charge of each Pt atom. Pt in
contact with graphite (i = 6 and 12) is positively charged. This
positive charging is slightly enhanced by the charge transfer
from Pt to graphite (Fig. $301)."> The Pt atoms located on the
terrace (i = 1, 4, 7, and 17) are also positively charged. In con-
trast, the Pt atoms (i = 2, 3, 5, 8-11 and 13-16) located at the
steps and corners are negatively charged. Thus, each Pt atom
in Pt;,/graphite has a different charge depending on its posi-
tion in Pt;;. Analysis of the local density of electronic states
(LDOS) also revealed that each Pt atom has a different LDOS
(Fig. S311). These results indicate that Pt atoms with various
charges and LDOS are present in Pt;,/carbon support.*** We
also considered the possibility of residual CO being on Pt;,
and thereby performed the same structural optimization and
charge and LDOS estimation at each Pt atom (CO/Pt,,/graph-
ite) in Pt,/graphite with one CO adsorbed on the Pt,, surface.
The results suggest that Pt atoms of various charges and LDOS
are also present in CO/Pt,,/graphite, similar to the case of Pt;,/
graphite (Fig. S32 and S337).

To gain insight into the ORR on Pt;; NC surfaces consisting
of Pt with various charges and LDOS, we performed structural
optimization for the reaction intermediates in the ORR. For
the adsorption sites of O,, four pairs of Pt atoms were selected
as shown in Fig. 6(a) (Pt,,/graphite(X); X = A, B, C, or D;
Fig. S341). The structure of the subsequent reaction intermedi-
ate was estimated by adsorbing H on the obtained structure
(Fig. S35%). The results suggest the following: (1) when O, is
adsorbed on Pt,,/graphite(X) (X = A, B, C, or D) (O,/Pt,,/graph-
ite(X)), the O-O bond of the adsorbed O, is elongated regard-
less of the adsorption sites (Fig. 6(c) and S34 and Table S57);
(2) when H is adsorbed on such structures, the O-O bond of
the adsorbed O, dissociates readily (Fig. 6(d) and S35 and
Table S67); and (3) therefore, unlike the Pt(111) surface, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Results of DFT calculations. (a) Optimized structure of each Pt atom in Pt;;/graphite. The atom index (i) of each Pt atom and site (A-D)
involved in reaction with O, are also described. (b) Electric charge of each Pt atom in Pt;,/graphite. (c) Intermediate structure optimized for O,/Pt;,/
graphite(A). (d) Intermediate structure optimized for (O + OH)/Pt;7/graphite(A). The other intermediate structures, O,/Pt;;/graphite(X) and (O + OH)/
Pt;,/graphite(X), obtained from Pt;7/graphite(X) (X = B, C, or D), are shown in Fig. S32 and S33.1

adsorption of O and OH, but not OOH, occurs on the Pt;;
surface (Fig. 6(d) and Fig. S35;1 (O + OH)/Pt;,/graphite(X); X =
A, B, C, or D). Overall, these results are in good agreement
with the results of the DFT calculations on Pt;;/graphite
reported by Lim and Wilcox."?

Fig. 7 shows the energy diagram® of the ORR when a
voltage of 0.9 V is applied. For comparison, Fig. 7 also shows
the energy diagram of ORR on Pt(111) surface, which is
included in Pt NPs/CB(46.9 wt% Pt)*® (each intermediate is O,/
Pt(111), OOH/Pt(111), and (O + OH)/Pt(111)). All O,/Pt,,/graph-
ite(X) are more energetically stable than O,/Pt(111) because Pt
in the Pt NCs forms stronger bonds with O than Pt on the Pt
(111) surface.”> However, comparison of the four O,/Pt;;/
graphite(X) reveals that such stabilization is not so large for
0,/Pt;,/graphite(X) (X = A or C). The (O + OH)/Pt,,/graphite(A)
generated upon reaction at site A had the same potential as (O
+ OH)/Pt(111)/graphite(A). These results imply that the ORR
proceeds at site A under an applied voltage of 0.9 V, similarly
to Pt(111).

Further investigation of the results also revealed some
differences between Pt,,/graphite(A) and Pt(111). The most
striking difference is that the process from O,/Pt;,/graphite(A)
to (O + OH)/Pt;,/graphite(A) involves a moderate uphill reac-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Free-energy diagram for ORR through a direct four-electron
pathway on Ptj;/graphite(X) (X = A, B, C, or D) or Pt(111) under an
applied potential of 0.9 V. In this figure, Pt;;/graphite(X) (X = A or B) and
Pt(111) are abbreviated as Cat.

tion, whereas the process from O,/Pt(111) to (O + OH)/Pt(111)
involves sharp uphill reactions (O,/Pt(111) — OOH/Pt(111)).
This means that ORR progresses more readily on Pt;,/graphite
(A) than on Pt(111) surface. This is considered to be a reason
why Pt;,/CB(1.0 wt% Pt) shows higher ORR activity than Pt
NPs/CB(1.0 wt% Pt).
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Conclusions

In this study, we reported the fabrication of highly active Pt;,/
CB ORR catalysts using atomically precise [Pt;;(CO);,(PPh;)s]
as a precursor and determined the origin of the high ORR
activity shown by Pt NCs of ~1 nm in size. Specifically, the
highlights of the study are as follows:

(1) Pt;,/CB with 2.1 times higher ORR activity than com-
mercial Pt NPs/CB can be obtained by the adsorption of
[Pt;17(CO)12(PPh3)g° onto CB and subsequent calcination of the
catalyst.

(2) Pty on the carbon support is composed of Pt atoms of
various charges and LDOS.

(3) Dissociation into O and OH occurs on Pty surface in
Pt;,/CB without forming OOH, which is different from the
case of Pt NPs/CB.

(4) Pt,;/CB(1.0 wt% Pt) shows higher mass activity than Pt
NPs/CB(1.0 wt% Pt) because Pt;,/CB can generate surface Pt
atoms that are more suitable for ORR than the Pt atoms gener-
ated on Pt(111) surface, which is included in Pt NPs/CB, due
to (3) and (4).

These findings are expected to provide design guidelines
for the engineering of highly active practical ORR catalysts
using fine Pt NCs and thereby reducing Pt usage in PEFCs. At
present, the Pt loading weight in Pt;;/CB is not sufficiently
controlled except the Pt,,/CB(1.0 wt% Pt). Therefore, in future
work, we will conduct ligand exchange®” of the precursor Pt;,
NC from hydrophobic PR; to hydrophilic PR;*® to obtain Pt;,/
CB with higher loading amounts of Pt.
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