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Fine Size Control of Platinum on Carbon
Nanotubes: From Single Atoms to Clusters**
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Electrocatalyst design is a key factor for enhancing the
performance of a fuel cell. Since dispersity and cluster size
mainly affect the properties of the electrocatalyst, it is
necessary to devise a proper synthetic route to highly
dispersed and size-controlled clusters."?! Many studies on
dispersion and size control of Pt clusters on carbon supports
for electrocatalysts have been conducted to investigate the
effect of size on electrocatalytic activity from a fundamental
scientific viewpoint and to enhance the performance of fuel
cells with low noble-metal loadings in engineering applica-
tions.*1

Two main chemical routes have been suggested for the
preparation of highly dispersed and size-controlled Pt clusters
on carbon supports: the colloidal method and impregna-
tion.” Several outstanding studies"* ! have shown that the
colloidal method is a successful way to control the size and
shape of clusters. However, ligands or protectors should be
eliminated from the surface of the resulting electrocatalysts,
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reactions; this process is fairly difficult to perform while still
retaining the clusters’ size and shape.'’) In contrast, the
impregnation method, in which deposition of a precursor is
followed by gas- or liquid-phase reduction, is simpler and
cheaper than the colloidal method. However, with this
method it is quite difficult to control the size and dispersity
of clusters on carbon supports, especially those having inert
surfaces, since the affinity of the carbon surface for the
precursor solution exerts the dominant effect on dispersity in
the deposition step.!

Herein we suggest a new concept based on a fundamental
bottom-up approach to synthesize highly dispersed and size-
controlled Pt clusters on carbon supports beyond the limi-
tations of the above two main routes. We call this the single-
atom-to-cluster (SAC) approach. It is shown schematically in
Scheme 1 and is composed of two steps:

1) Reduction of the Pt precursor H,[PtCl¢] with NaBH, on
thiolated multiwalled carbon nanotubes (S-MWNTSs) to
form a monolayer of single Pt atoms (Pt-S-MWNT). The
characterization of the single-atom dispersion model is
summarized in the Supporting Information.

2) Elimination of the thiol groups by heat treatment at
various temperatures T}, followed by slow quenching (q) to
room temperature to form Pt clusters (Pt, /MWNT) from
single atoms.
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Scheme 1. SAC approach for the formation of size-controlled Pt
clusters.

We adopted MWNTs as support for two reasons: First,
they have a flat, smooth surface structure without any surface
pores that could hinder atoms or clusters from drifting on the
surface during the thermal cluster-formation process. Second,
MWNTs have superior physicochemical properties as an
electrocatalyst support relative to more commonly used
carbon black or active carbon.[*2"]

We characterized samples of Pt-S-MWNT, Pt;, /MWNT
(treated at various T;), and Pt/MWNT prepared by support-
ing Pt clusters on an untreated MWNT using TEM with an
accelerating voltage of 100 kV. The TEM images (Figure 1b-
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f) and size distribution (Figure 1h) of Pt, /MWNT at various
T\, show that size-controlled clusters are supported on MWNT
in Pt, /JMWNT. However, Pt-S-MWNT has an ambiguous
image attributable to dispersed single atoms (Figure 1a). It
was possible to observe the disappearance of this ambiguous
image and the appearance of clear features with increasing
irradiation time by in situ TEM observations with an accel-
erating voltage of 300 kV (a video clip showing the entire
process of cluster formation can be found in the Supporting
Information). This phenomenon is due to the formation of
clusters through aggregation of single atoms on strong
electron-beam irradiation at 300 kV. The clusters in Pt/
MWNT (Figure 1g) are considerably larger than in Pt/
MWNT and are not uniform, and this reflects the limitations
of the impregnation method when using supports with an
inert surface.

The structure and electronic state of the size-controlled Pt
clusters were characterized by X-ray analysis (Figure 2). The
change in crystal structure was confirmed by powder XRD
(Figure 2a). Pt-S-MWNT has no peak corresponding to
Pt(111) near 20=27.5° (1=1.08 A), probably because of
the dispersed single atoms. However, the sharpening of the
XRD patterns of Pt, /MWNT with rising 7, can be under-
stood as a narrowing effect due to the increasing cluster size.
Moreover, the coexistence of sharp and broad peaks for Pt/

q
MWNT (T}, =873 K) reflects the nonuniform size distribution

shown in Figure 1h. Thus, the SAC approach more effectively
controls cluster size within a range of a few nanometers.
The electronic state of the size-controlled Pt clusters was
investigated X-ray photoelectron spectroscopy (XPS, Fig-
ure 2b). The Pt 4f binding energy (BE) in Pt-S-MWNT is
significantly shifted (by 2.8 eV) to an energy (BE=73.0eV)
higher than that of Pt foil (BE =71.2 eV). This shift is similar
to that of Pt 4f from the bulk state to isolated Pt atoms,?"
which was attributable to the final-state effect in the Pt 4f
core level.?? Accordingly, the Pt particles in Pt-S-MWNT can
probably be considered to be single Pt atoms. On the other
hand, the BE of Pt, /MWNT approaches that of the bulk state
with rising 7}, which is consistent with growing cluster size.
Since X-ray absorption fine structure (EXAFS) and near
edge structure (XANES) measurements are generally quite
sensitive to structural changes of materials, as demonstrated
by computational modeling, we conducted T;-dependent
XANES and EXAFS measurements on the Pt Ly; absorption
edge. The XANES spectra and the radial distribution function
(RDF) of the Fourier-transformed EXAFS spectra are
presented in Figure 2c and d, respectively. In accordance
with the TEM, XRD, and XPS results, we observed a clear
change of structure, from single atom to bulk state, in both
measurements with increasing 7,. Especially the clear
increase in the peak near 2.8 A, corresponding to 1NN (first
nearest neighbor) Pt-Pt distance, in the RDF of the EXAFS
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Figure 1. TEM images of a) Pt-S-MWNT, b—f) Pt, ,/MWNT, g) Pt/MWNT; h) size distribution diagram of Pt ,/MWNT treated at various T,.
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Figure 2. X-ray analyses of Pt-S-MWNT, Pt, ,/MWNT treated at various T}, and reference materials: H,[PtClgJ/MWNT as ionic state and Pt foil as
bulk state. a) Powder XRD patterns. b) Pt 4f peak shifts of XPS spectra; the arrow indicates the shift of the Pt 4f peak position. c) XANES spectra
of Pt L, absorption edge. d) RDF of Fourier-transformed EXAFS spectra; the arrows indicate the peaks corresponding to the Pt—S (around 1.9 A)

and Pt—Pt (around 2.8 A bonds.
MWNT (T, =673 K),

data (Figure 2d) indicates increasing size with increasing Tj,.
The EXAFS pattern of Pt-S-MWNT exhibits no peak near
28A and a strong peak near 1.9 A for the INN Pt-
heterogeneous atom distance, that is, only heteroatoms such
as the S atom of thiol groups are present around Pt atoms,
without any Pt—Pt bonding. Moreover, the valence state of Pt
single atoms is considered to be close to that of the bulk state,
with a similar height of the white line in the XANES spectra.
Accordingly, these results strongly support our single-atom
dispersion model.

To investigate the mechanism of the SAC approach to size
control we carried out an in situ synchrotron XRD measure-
ment with heat treatment using a large Debye-Scherrer
camera which enabled us to observe fine changes of crystal
structure with very high speed. Figure 3 shows the in situ
XRD patterns and temperature program, respectively. Note
that the peak intensity and shape in these in situ measure-
ments do not directly correspond to those of the samples
treated at the same T, in ex situ measurements (Figure 2a),
because there are several differences in measurement con-
ditions such as different furnace types, heating rates, atmos-
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H,[PCl)/MWNT, — Pt-S-MWNT, —— Pt /MWNT (T, =523 K), —— Pt,.o/MWNT (T, =573 K), — Pt,.,/
Pty.o/ MWNT (T, =773 K), —— Pt,.o/MWNT (T, =873 K), — Pt foil.

pheres, and gas flux. As can be seen in Figure 3 a, three peaks
at each T, are almost overlapping. This is attributed to the
peak-saturation phenomenon after heat treatment for
120 min (raising the temperature for 1 min and waiting for
119 min), which means that the cluster growth stops during or
after this waiting process. This phenomenon, which is
considered to be a key to understanding the dependence of
cluster size on T, could be clarified by adopting a well-known
concept: the melting point of clusters becomes lower with
decreasing size.*!

According to the Lindemann criterion,”! the melting
point decreases with decreasing cluster size because the larger
fraction of surface atoms increases the average atomic
displacement. This concept can be described by Equation (1),

(r)

oo ) (5)]

derived by Shi,” in which r is the cluster radius, a the ratio of
mean-square atom displacement on the surface to that inside
the cluster, 4 the height of the atom monolayer in its crystal

1)
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Figure 3. In situ XRD measurements. a) XRD patterns of Pt-S-MWNT
as starting material with simultaneous heat treatment. b) Temperature
program for in situ XRD measurement. In this program, XRD patterns
were recorded three times in a 5-min interval with a 10-min interval in-
between at each Ty. Inserting the time interval meant we could more
certainly confirm that no more change in the XRD patterns had
occurred. —— Pt-S-MWNT, — T, =523 K, — T, =573 K, —
T,=623 K, — T,=673 K.

structure, and 7,,(r) and T,,(c0) are the melting points in
Kelvin of cluster and bulk material, respectively. From
Equation (1), it is clear that T, is dependent on the cluster
radius. In other words, when T, (in this study, 7,) is fixed, the
radius (i.e., cluster size) is determined. In our heat treatment,
heated clusters (or atoms) drift and meet on a flat MWNT
surface that facilitates high drift mobility,””) and then
coincidently melt into larger clusters. After some repetition
of this process, growth stops when clusters reach the size
having a melting point equivalent to 7;. Hence, this mech-
anism enables us to control the cluster size by simply setting
T,.

To investigate the electrocatalytic activity of size-con-
trolled clusters in the methanol oxidation reaction (MOR),
cyclic voltammetry (CV) was performed with a working
electrode coated with prepared samples in 0.5M H,SO,+2M
CH,OH electrolyte with a scan rate of 50 mVs™'. Single Pt
atoms of Pt-S-MWNT (black line in Figure 4) have no MOR
activity. This result is fairly reasonable, because at least three
Pt atoms are required to act as an active site for MOR,
according to the model presented in a previous report.”!
Activity appears, however, when Pt clusters are formed by
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Figure 4. CV patterns for MOR of Pt-S-MWNT and Pt, ,/MWNT treated
at various T, and of Pt/CB. Current densities J are based on the
geometric surface area of the working electrode. —— Pt-S-MWNT, —
Pty.o/ MWNT (T, =523 K), —— Pt,.o/MWNT (T, =573 K), — Pt,./
MWNT (T, =673 K), Pty.o/ MWNT (T, =773 K), —— Pt,.o/MWNT
(T, =873 K), — Pt/CB.

—_—

heat treatment. With decreasing cluster size, electrocatalytic
activity increases, accompanied by a downward shift in the
onset potential, that is, a smaller overpotential for MOR. In
comparison to Pt/CB, prepared by supporting Pt clusters on
commercial carbon black (Vulcan XC-72), the CV patterns of
Pt, /MWNT have a sharp threshold, probably due to the
superior intrinsic conductivity of MWNTs. We consider that
the shift of the onset potential originates from the change of
electronic structure, especially the d-band structure of the
clusters, induced by increased s—d mixing attributed to the
quantum-size effect of the clusters.

In conclusion, we have confirmed the validity and
usefulness of the SAC approach to the formation of highly
dispersed and size-controlled Pt clusters on MWNTs. The
introduction of thiol groups on the MWNT surface resulted in
extreme single-atom dispersion, and fine size control of
clusters from the dispersed single atoms was achieved by
using the concepts of melting-point decrease and high drift
mobility on the flat MWNT surface. The introduction of
sufficient surface thiol groups is therefore a key factor in the
SAC approach. This unique approach is applicable not only to
Pt and MWNTs, but also to all kinds of transition metals that
form a bond with thiol groups and all kinds of supports or
substrates. Furthermore, we believe that this technique can be
adapted to all disciplines that require the formation of size-
controlled clusters (or of atoms) on supports or substrates,
such as catalysts for environmental or fine chemistry,
composite electrode materials for lithium secondary batteries
and ultracapacitors, as well as electrocatalysts for fuel cells.

Experimental Section

MWNTs prepared by a conventional CVD method were purchased
from Helix Material Solutions. Raw soot containing MWNTs was
heated for 2 h at 400°C in static air and subsequently treated with 6M
hydrochloric acid at 70°C for 12 h. Thiolation of the MWNTSs was
conducted by a method based on the formation of amide bonds, as
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reported previously.””! Purified MWNTSs were stirred in concentrated

H,SO,/HNO; (3/1, 98 and 70% respectively, Kanto Chemical) for
15 min to prepare carboxylated MWNTs, and then chlorinated by
refluxing for 12 h with SOCI, (Wako) at 70°C. After evaporating any
remaining SOCI,, thiolated MWNTs (S-MWNTs) were subsequently
obtained by reaction with NH,(CH,),SH (Wako) in dehydrated
toluene (Aldrich) for 24 h at 70°C. A suspension of 20 mg of carbon
support (MWNT, S-MWNT, or carbon black (CB, Vulcan XC-72))
and 3.125mL of 10 mm H,[PtCly] (Aldrich), equivalent to 20%
weight ratio of Pt to carbon, was prepared by sonication in 40 mL of
deionized water. Subsequently, the Pt precursor was simultaneously
reduced and supported on the carbon support by using NaBH, (Kanto
chemical) and then washed with deionized water and ethanol several
times. After evaporation and drying, we obtained 20 % Pt supported
on carbon supports, such as MWNT, S-MWNT, and CB, referred to as
PUMWNT, Pt-S-MWNT, and Pt/CB, respectively. The 20% Pt
precursor supported on MWNT (H,[PtCli]/MWNT) was prepared
by simple evaporation of solvent from a solution of 20 mg of MWNT
and 3.125 mL of 10 mm H,[PtCl¢]. Heat treatment of Pt-S-MWNT
was performed for 10 min at 523, 573, and 673 K, and for 60 min at 773
and 873 K, in an H, gas flow of 100 sccm (standard cubic centimeter
per minute). The samples obtained by heat treatment followed by
slow quenching of Pt-S-MWNT are denoted by Pt, /MWNT (T,).

The TEM (H-7100 (100 kV) and H-9000NAR (300 kV), Hitachi)
images in Figure 1 and those of the in situ measurements in the video
clip were obtained with accelerating voltages of 100 and 300 kV,
respectively. X-ray diffraction (XRD) analysis was carried out with
synchrotron radiation of BL02B2, SPring-8, equipped with a large
Debye-Scherrer cameral® adjusted to a wavelength of 1.08 A by an
Si(111) plane monochromator. In situ XRD patterns were obtained
by raising 7, of the H,-filled sample capillary with the temperature
program shown in Figure 3b. XPS (PHI 5600, ULVAC-PHI) was used
to confirm the electronic state of Pt clusters and for elemental
analysis. The X-ray source was Alg, with an energy of 1486.6 eV
operating at 15 kVand 300 W, and the obtained binding energies were
referred to C1s (284.5eV) of the carbon supports. XANES and
EXAFS data for Pt L;; and L;; absorption edges were obtained in
transmission mode with the synchrotron radiation of BLO1B1, SPring-
8, at room temperature. X-rays were monochromated with two
Si(111) plane gratings and detected by two ion chambers, which were
continuously purged with a gas mixture of 15% Ar and 85% N, in
and 100% Ar gas in [;. Data reduction was carried out with the
computer software REX2000 (Rigaku). The XANES spectrum was
normalized by the Victoreen function and the RDF of EXAFS was
obtained by a Fourier transform, in the range from 3 to 14 A~'in k
space, on k’>-weighted EXAFS oscillations. The electrocatalytic
activity in the MOR was evaluated by CV (608A, ALS). The
voltammograms were recorded at a scan rate of 50 mVs™' from —0.24
to 0.96 V (vs SCE) in a 0.5m H,SO,+2m CH;O0H electrolyte after
purging with N, gas for 1 min and electrochemical cleaning with a fast
scan rate. The working electrode was a glassy carbon electrode, 3 mm
in diameter, coated with the electrocatalyst layer. Three milligrams of
20% Pt supported on carbon powder and 6 pL of ethanol containing
5 wt% Nafion solution were placed in 150 pL of isopropyl alcohol
and suspended with sonication for 1 h. A 6-uL portion of this slurry
was dropped onto a glassy carbon electrode and dried in an oven at
60°C for 1 h. The counter- and reference electrodes were a Pt wire
and a saturated calomel electrode (SCE), respectively.
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