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Highly dispersed Pt sub-nanoparticles supported on carbon nanotubes (CNTs) with well controlled size have been prepared
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by atomic layer deposition. Their particle size distribution was characterized by TEM. The obtained Pt sub-nanoparticles

exhibit unusual catalytic performance for styrene hydrogenation. It is revealed that the turnover frequency (TOF) of the
Pt/CNTs catalysts for this reaction is well correlated with the Pt particle size. The highest TOF was obtained with a Pt/CNTs
catalyst having an average Pt particle size around 0.5-0.7 nm.

1. Introduction

Supported Pt nanoparticles are proven catalysts for a variety of
chemical processes such as direct methanol fuel ceIIs,l’2 proton
exchange membrane fuel ceIIs,3 the selective partial
hydrogenation,4 direct hydrogenation of nitrobenzene to aniline
under mild conditions,’ visible-light-induced photocatalytic
hydrogen generation6 and oxygen reduction reaction.” The
improvement of metal dispersion will lead to higher activity and
selectivity for supported catalysts.g’9 For example, the product
selectivity and turnover rate for furfural
decarbonylation/hydrogenation reaction can be well controlled by
the size and shape of Pt nanoparticles.10 Recent study suggests that
sub-nanometer metal particles commonly exist in supported
catalysts and play an important role in catalytic activity.n'13
Downsizing of Pt nanoparticle to cluster or even single atom could
significantly increase their catalytic activity.”’15 Pt nanoclusters (0.8
nm) supported on graphene are expected as excellent electro-
oxidation catalysts.12 However, the large-scale synthesis of practical
and stable clusters and atoms remains a significant challenge
because sub-nanoparticles are prone to aggregation under reaction
conditions. Therefore, the hydrogenation performance of Pt sub-
nanoparticles is rarely reported due to the difficulty of obtaining
highly uniform sub-nanoparticles via traditional methods.

Atomic layer deposition (ALD) is proved to have the capability of
precise control over particle size from single atom, nanocluster, to
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nanoparticle. In ALD process, a substrate is alternately

exposed to different reactive precursor vapours to deposit
materials in an atomic layer-by-layer fashion. Previous studies have
revealed the controllable morphology of deposited metal and metal
oxides in atomic scale by ALD.*Y ALD has outstanding
advantages to create and modify various catalytic structures in
atomic scale, such as high surface area oxides, metal
nanoparticles,14 bimetallic nanoparticles,le’18 core-shell
nanostructures,19 and controlled microenvironments® etc.

Carbon nanotubes (CNTs) are promising materials in various
fields due to their wunique mechanical, chemical, and
electrochemical properties.ZI’22 CNTs have been widely used as
support materials for heterogeneous catalysts.23 In general,
CNTs are pre-treated with strong oxidants to create functional
surface groups (—OH,—COOH and>C=O).4’24’25 These oxygen-
containing surface groups will anchor precursors or
nanoparticles to improve their dispersion on CNTs.%% However,
the nanoparticles supported on CNTs are prone to deactivation
due to aggregation, growth of particle size and change in
shape.zs’29 It is still a big challenge to improve the durability of
metal nanoparticles supported on CNTs, in particular, sub-
nanoparticles.

In this study, we developed a simple route to prepare sub-
nanometer Pt particles with uniform dispersion supported on
CNTs by ALD. The size of Pt nanoparticles can be precisely
controlled by varying the number of ALD cycles. The sub-
nanometer size effect of Pt particles less than 1 nm was
studied in hydrogenation of styrene.

metal

2. Experimental Section

2.1. The Pretreatment of CNTs

CNTs with a special surface area of 130~160 mz/g and
diameter of 4060 nm were bought from Shenzhen Nanotech
Port Co.. Before Pt ALD, the CNTs were typically treated in
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concentrated nitric acid at 120 °C under refluxing conditions
for 6 h to remove impurities and create oxygen-containing
groups. Then the CNTs were thoroughly washed with distilled
water and ethanol three times and dried at 110 °C.

2.2. Catalyst Preparation

ALD process was carried out in a home-made, hot-wall,
closed-chamber type ALD reactor, utilizing N, as carrier gas.
The Pt sub-nanoparticles were deposited by sequential
exposure of the CNTs substrates to
(methylcyclopentadienyl)trimethylplatinum (MeCpPtMes) and
0s. The deposition temperature was 300 °C, and MeCpPtMe;
was kept at 60 °C. The pulse, exposure, and purge times for
MeCpPtMe; precursor were 0.5, 10, and 20 s, and those for O3
were 1, 10, and 20 s, respectively. Pt/CNTs catalysts with
different Pt particle sizes were obtained by varying the cycle
numbers of ALD growth. In this paper, we prepared five
different Pt/CNTs catalysts with cycle numbers of 1, 2, 5, 8 and
10 for Pt deposition (designated as PtX/CNTs with X indicating
the number of ALD cycles), respectively.

2.3. Characterization

The particle size and distribution of these catalysts were analyzed
on a JEOL-2100F microscope. The elemental composition of these
catalysts was investigated using energy dispersive X-ray
spectroscopy (EDS) under the electron microscope. Pt loading of the
samples was obtained by optical emission spectroscopy with
inductive coupling plasma (ICP-OES) using a Thermo iCAP6300
equipment. Fourier transform infrared spectroscopy (FTIR) was
carried out using a Bruker Tensor 27 instrument at a resolution of 4
cm™ with 200 scans for each sample. Raman spectra were collected
with a Labram HR800 (Horiba Jobin Yvon, Palaiseau, France)
spectrometer employing a He—Ne laser with an excitation
wavelength of 514nm. X-ray photoelectron spectra (XPS) were
recorded on an ES-300 photoelectron spectrometer (KRATOS
Analytical) with an Al Ka source (1486.6 eV). The Pt/CNTs catalysts
were pre-treated in H,/N, at 353 K for 2 h before XPS analysis.
Platinum dispersion was determined by hydrogen titration of
chemisorbed oxygen in a Xianquan TP-5080 multi-functional
automatic adsorption instrument with a thermal conductivity
detector. Before hydrogen titration, the catalysts (50-120 mg)
were pre-treated under H,-N, mixtures at 473 K for 30 min, purged
under N, for 30 min and then cooled to 393 K. Oxygen was
introduced to pre-adsorb on Pt surface at 393 K, purged under N,
for 30 min and then cooled to 323 K. Hydrogen titration of
chemisorbed oxygen (N, as carrier at 30 mL min"l) was performed
at 323 K using an injection loop of 1 mL and pulse of 10% H,/N,
mixture injected every 2 min to investigate the number of Pt
surface active sites.

2.4. Activity measurement

Catalyst performance was tested in an autoclave with a
capacity of 25 mL, which contained 5 mg catalyst, 0.9 g styrene
as reactant and 10 mL isopropanol as solvent. The
hydrogenation reactions were carried out at room
temperature under 3 MPa H, pressure with stirring. The
conversion of styrene was detected by gas chromatography
equipped with a hydrogen flame ionization detector (FID).
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3. Result and discussion

3.1 Characterization of Pt catalysts

20 nm

—

Figure 1. TEM images of the Pt/CNTs catalysts prepared by ALD: (a)
Pt2/CNTs, (b) Pt5/CNTs, (c) Pt8/CNTs and (d) Pt10/CNTs.

The morphology and particle size distribution of the
catalysts are shown in the TEM images (Figure 1). The
corresponding size distribution histograms are also presented.
Pt nanoparticles are not clearly visible for the Pt1/CNTs and
Pt2/CNTs samples (Figure 1a), possibly because the particle
size is too small (cluster) or exist in the form of single atom™®.
Pt particle size increases with the increase of cycle number of
Pt ALD. The average particle size ranges from 0.5 nm (5 cycles)
to 0.9 nm (10 cycles) with a narrow size distribution.

EDS and ICP-OES analyses were performed for all catalysts
to examine the elemental composition and Pt loading. Figure
2(a) reveals the presence of C, O and Pt elements in the
samples. The existence of O element is possibly resulted from
the oxygen-containing functional groups on the surface of
CNTs. Figure 2(b) suggests that the content of Pt increases
linearly with the number of deposition cycles. The Pt loading
increases with about 0.3 wt% and 0.23 wt% per ALD cycle from
EDS and ICP analyses, respectively. The difference between
EDS and ICP results is because EDS is a semiquantitative
analysis technique.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) EDS spectrum and (b) Pt contents as a function of the
ALD cycle number.
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Figure 3. FTIR (a) and Raman (b) spectra of different samples: (1)
HNO; treated CNTs, (2) CNTs treated with 10 ALD cycles of O3, (3)
Pt1/CNTs, and (4) Pt10/CNTs.

FTIR and Raman analyses are performed to detect the
overall change of functional groups and defects of CNTs
surface before and after ALD process. For comparison, FTIR
analysis was also conducted for CNTs treated with 10 cycles of
O; (without Pt precursor). As shown in Figure 3(a), the acid
treated CNTs exhibits two prominent adsorption bands
centred around 1647.5 and 3440.7 cm™, which can be assigned
to the stretching vibration of C=0 and -OH , respectively.31'34
The ratio of —OH to —COOH contents increases after O;
treatment. It also increases with the cycle number of Pt ALD.
This may be due to the generation of —OH group and/or the
oxidation of -COOH group during Pt ALD. The intensities of the

This journal is © The Royal Society of Chemistry 20xx

C=0 and -OH are dramatically decreased for Pt10/CNTs,
suggesting the consumption of surface groups of CNTs during
Pt ALD. The weak peaks at 2930 em™ and 2860 cm™ are
attributed to the C-H stretching vibration on the surface of
CNTs. The C-H species are obviously weakened for Os-treated
CNTs and Pt/CNTs, suggesting the oxidation of C-H species on
CNTs surface. The Raman spectra of CNTs and Pt10/CNTs were
shown in Figure 3(b). The two bands around 1340 cm™ (D
band) and 1580 em™ (G band) are the main features of the
CNTs structure for both samples. The small shoulder peak at
around 1620 cm™ is described as the D’ band which can be
observed obviously in Pt10/CNTs sample. The G band peak of
Pt10/CNTs shifts by 11 em? to a higher wavenumber
compared with that of CNTs. The specific value of D/G
calculated from peak area increase from 1.15 to 1.83,
indicating that a large amount of defects are produced on the
CNTs surface after Pt ALD. This can be attributed to the
oxidation of surface of CNTs by O3 during the ALD deposition,
and the catalytic effect of Pt nanoparticles deposited on CNTs
to promote the oxidation process.35

Pt10/CNTs

Pt8/CNTs

Pt5/CNTs

XPS intensity / a.u.

68 70 72 74 76 78 80 82
Binding Energy / eV

Figure 4. X-ray photoelectron spectra of Pt4f levels for the prepared
Pt/CNTs catalysts.
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Table 1. Summary of XPS results for Pt4f.

Catalyst Binding energy FWHM % relative  Assignment
(eV) (eV) intensities
Pt1/CNTs 72.4 1.5 64.1 pt*
74.6 1.5 35.9 pt*
Pt2/CNTs 72.4 2.1 78.9 pt**
74.6 1.5 21.1 pt**
Pt5/CNTs 71.4 1.5 7.4 Metallic Pt
72.4 1.5 56.4 Pt
74.2 2.0 36.2 pt*
Pt8/CNTs 71.4 1.5 23.1 Metallic Pt
72.4 1.5 55.6 pt**
74.2 1.5 16.9 pt*
Pt10/CNTs 71.5 1.1 32.7 Metallic Pt
72.4 1.4 50.4 Pt
74.6 1.5 16.9 pt**

3.3 XPS analysis of Pt/CNTs catalysts

The electronic state of Pt for Pt/CNTs catalysts was
investigated by XPS (Figure 4). It is well established that
particle morphology and size have significant impact on the
electronic properties of nanoparticles. The Pt4f binding energy
in Pt/CNTs significantly shifts (by 0.7 eV) to a lower energy
with the increase of ALD cycle number. This shift value is
similar to that of Pt4f from bulk state to isolated Pt atoms,
which was attributable to the final-state effect in the Pt4f core
level.*® Table 1 summarizes the BE, FWHM and the relative
intensities of all the Pt species and their assignment. The
existence of the peak at 71.4-71.5 eV is attributed to metallic
pt° species, and the other two peaks at 72.4-72.6 eV and at
74.2-74.6 eV are attributed to platinum atoms in the 2+ and
4+ oxidation states, respectively.37'39 The XPS analysis shows
that Pt1/CNTs and Pt2/CNTs catalysts consist only oxidized Pt
species (such as Pt**, Pt*) while Pt5/CNTs, Pt8/CNTs and
Pt10/CNTs catalysts comprise metallic pt° species. The relative
intensity of metallic Pt® on Pt/CNTs increases with the increase
of Pt particle size.

3.2 Catalytic performance
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Figure 5. Conversion of styrene hydrogenation with Pt/CNTs
prepared using different ALD cycle numbers for Pt deposition.
Reaction conditions: 5 mg of catalyst, 0.9 g of substrate, 3 MPa H,,
and 298 K.
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Figure 6. TOF of styrene hydrogenation with Pt/CNTs prepared
using different ALD cycle numbers for Pt deposition.
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Figure 7. Reusability of Pt5/CNTs for styrene hydrogenation.
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The conversion of styrene hydrogenation over Pt/CNTs
catalysts with different ALD cycle numbers was plotted as a
function of reaction time. As shown in Figure 5, the conversion
increases with the increase of reaction time and ALD cycle
numbers. There is a noticeable improvement in the
hydrogenation rate with the increase of Pt content. To further
confirm the intrinsic activity of Pt sub-nanoparticles on CNTs,
the initial turnover frequency (TOF) value (0.5 h) of the
catalysts with different Pt ALD cycle numbers is calculated and
(Figure 6). The initial TOF values of Pt5/CNTs, Pt8/CNTs and
Pt10/CNTs catalysts are apparently higher than those of
Pt1/CNTs and Pt2/CNTs. It is clear that the Pt5/CNTs catalyst
exhibits the highest TOF value. Pt8/CNTs catalysts exhibit
nearly the same TOF in styrene hydrogenation. Further
increasing the ALD cycle number induces a decline of the TOF
value. TEM results show that the particle size of Pt supported
on CNTs becomes larger with the increase of the ALD cycle
numbers. Therefore, the TOF has a strong dependence on the
Pt particle size. XPS results suggest that the increase of particle
size induces the change of Pt surface electron density. The
Pt1/CNTs and Pt2/CNTs only have the electropositive Pt
species (Pt2+ and Pt4+). Metal Pt species appeared for over five
ALD cycles, and its content increases with the increase of Pt
particle size. Thus, metal pt° species is the main active site in
styrene hydrogenation, because Pt1/CNTs and Pt2/CNTs show
lower TOF than Pt5/CNTs, Pt8/CNTs and Pt10/CNTs. However,
the TOF does not further increase with the content of metal
pt° species. Therefore, the electropositive Pt species can also
influence the catalytic activity. The synergy of metallic and
oxidized Pt species highly dispersed on the surface of CNTs has
a particular electronic state, which is more effective for
catalytic oxidation-reduction reaction and results in the
highest activity for Pt5/CNTs and Pt8/CNTs catalysts.

The reusability of Pt5/CNTs for styrene hydrogenation was
tested (Figure 7). A slightly increase in the catalytic activity was
observed for Pt5/CNTs catalyst after the first experiment due
to the reduction and activation of Pt particles by H,. The
styrene conversion of Pt5/CNTs still remains 100% even after
five repeating experiments. FTIR spectra reveal that the
content of surface —OH and C=0 bond are decreased after ALD
deposition. Raman spectra reveal that the ALD process
introduces more surface defects on CNTs. These surface
defects can improve the interaction between the sub-
nanoparticles and the CNTs.*o% Therefore, Pt
nanoparticles with high surface energy can stay stably on the
surface of CNTs. This research on styrene hydrogenation using
Pt sub-nanoparticles will promote the design of high efficiency
Pt catalysts.

sub-

Conclusion

ALD was used to control the size of Pt sub-nanoparticles
supported on CNTs. Pt particle size is closely related to the
platinum loading which increase linearly with the ALD cycle
number. It is a promising model system for evaluation of the
effect of sub-nanometer particle and surface structure in

This journal is © The Royal Society of Chemistry 20xx

styrene hydrogenation. The Pt5/CNTs and Pt8/CNTs with a
particle diameter around 0.5-0.7 nm exhibit the highest TOF
compared to other catalysts. XPS measurement reveals that
Pt/CNTs contain surface atoms in Pt°, Pt*" and Pt*, while only
the samples with a particle size larger than 0.5 nm contain
metallic Pt species.
properties may be responsible for the enhanced catalytic

The modification of the electronic

performance. g FTIR and Raman analyses reveal the strong
interaction between the Pt particles and the surface defects,
which results in good stability. ALD has the potential to study
the relation between the catalyst performance and the
catalyst structure in a sub-nanometer scale.
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Text: one sentence, of maximum 20 words, highlighting the novelty of the work.
Colour graphic: maximum size 8cm x 4cm.
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Pt sub-nanoparticles supported on carbon nanotubes prepared by atomic layer deposition exhibit
unusual catalytic performance for styrene hydrogenation.



