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Abstract: As the electron transfer to CO, is a critical step in the
activation of CO,, it is of significant importance to engineer the
electronic properties of CO, hydrogenation catalysts to
enhance their activity. Herein, we prepared Pt;Co nanocrystals
with improved catalytic performance towards CO, hydro-
genation to methanol. Pt;Co octapods, Pt;Co nanocubes, Pt
octapods, and Pt nanocubes were tested, and the Pt;Co
octapods achieved the best catalytic activity. Both the presence
of multiple sharp tips and charge transfer between Pt and Co
enabled the accumulation of negative charges on the Pt atoms
in the vertices of the Pt;Co octapods. Moreover, infrared
reflection absorption spectroscopy confirmed that the high
negative charge density at the Pt atoms in the vertices of the
Pt;Co octapods promotes the activation of CO, and accord-
ingly enhances the catalytic activity.

The reduction and fixation of CO, into useful chemicals and
fuels has attracted tremendous interest to meet current
energetic and environmental demands.'™*! Considering the
high stability of a CO, molecule with a bond length of
116.3 pm and a bond dissociation energy of 1072 kJ mol ', the
activation of CO, plays a pivotal role in the chemical
transformation of CO,. Thanks to a variety of efforts, the
electron transfer to CO,, with an associated energy of about
0.6 eV, is generally considered as the crucial step during the
activation of CO, from both theoretical and experimental
perspectives.*® This process can be realized through hetero-
geneous catalysis where the catalytic performance is largely
determined by the electronic properties of the surface. Typical
heterogeneous catalysts for the transformation of CO,
include Pt, Au, Ru, Cu, and their alloys. For example, Tsang
and co-workers discovered that the interaction of Cu and
ZnO/CdSe at heterojunctions increases the negative charge
density of Cu, facilitating the activation of CO,.’! Chen et al.
reported that the electronic polarization at the interface
between Au and a CeO,/TiO, substrate could generate active
centers for CO, adsorption.”! Another notable example is the
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interface between Cu and CeQO,, which was found to be
significantly active in the transformation of CO, into CO,",
revealing remarkable catalytic performance in CO, hydro-
genation.’ Recently, a model system was reported by Calaza
and co-workers to shuttle electrons back and forth between
Au and adsorbed CO, through a MgO film to induce the
formation of a CO, anion radial.®! Therefore, it is of
significant importance to develop approaches to engineer
the electronic properties of heterogeneous catalysts to
improve their performance in CO, hydrogenation.

One strategy to modulate the electronic properties of
catalysts is to control their shapes because of the dependence
of the charge distribution on the morphology. For example,
according to Bader charge calculations of metal nanopolyhe-
dra, electrons are preferentially accumulated at tips and
edges.’! Accordingly, highly branched nanocrystals such as
multipods and nanodendrites with multiple tips are expected
to benefit from the accumulation of electrons in their tips.
Another strategy for electronic modification is to form an
alloy by adding another metal; charge transfer will then occur
owing to the different electronegativities of the constituent
metals.'” As such, electrons tend to be donated from metal
atoms with lower electronegativity to more electronegative
metals.

Herein, we combined these two strategies to modulate the
electronic properties of Pt;Co nanocrystals for enhanced
catalytic performance in the CO, hydrogenation to methanol.
During CO, hydrogenation, Pt;Co octapods exhibited the
highest turnover frequency (TOF) of 758 h™!, which was 2.2,
6.1, and 6.6 times higher than that of Pt;Co nanocubes, Pt
octapods, and Pt nanocubes, respectively. The remarkable
activity of Pt;Co octapods is due to sharp-tip and alloy effects,
both of which contributed to the accumulation of negative
charges on the Pt atoms at the vertices. Moreover, the
activation of CO, to form a CO,’" intermediate was directly
observed by infrared reflection absorption spectroscopy
(IRRAS). The ability to activate CO, was correlated with
the negative charge densities of the Pt atoms in these
catalysts.

In a typical synthesis of Pt;Co octapods, Co(acac),,
Pt(acac),, and octanethiol were dissolved in a solution con-
taining octadecene and oleylamine. The mixture was heated
in an oil bath at 170°C for 30 min. Figure 1 A and 1B show
representative transmission electron microscopy (TEM) and
high-angle annular dark-field scanning TEM (HAADF-
STEM) images of the as-obtained octapods, indicating the
formation of uniform eight-armed star-like nanocrystals with
an average size of 13 nm in high purity (Supporting Informa-
tion, Figure S1). The detailed morphological characteristics of
the octapods were fully examined by HAADF-STEM and
their corresponding fast Fourier transform (FFT) patterns
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elements without significant segre-
gation of the components. As
revealed by inductively coupled
plasma atomic emission spectrosco-
py (ICP-AES), the Pt/Co molar was
76:24, which is consistent with the
XRD result. The procedure for the
synthesis of the Pt;Co nanocubes
was similar to that for the Pt;Co
octapods except for changing the
reaction temperature from 170°C
to 230°C. As shown in Figure S3,
Pt;Co nanocubes with an average
edge length of 8 nm and a narrow
size  distribution  were  thus
obtained. For comparison, we also
prepared Pt nanocubes and octa-
pods according to reported meth-
ods."!l These Pt nanocubes and
octapods were uniform in size with
average edge lengths of 13 and
8 nm, respectively (Figure S4).

The catalytic properties of the
as-obtained Pt;Co octapods and
nanocubes in CO, hydrogenation
were evaluated, and compared with
those of Pt nanocrystals. All of the
nanocrystals were loaded onto
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active carbon at a mass loading of
5% (total metal amount), and
exposed to UV/ozone at 80°C for
30min to clean the nanocrystal
surface. After the UV/ozone treat-
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Figure 1. A,B) TEM and HAADF-STEM images of the Pt;Co octapods. C—E) HAADF-STEM images
and the corresponding FFT patterns of individual Pt;Co octapods oriented along the [111], [100], and
[110] axes, respectively. F) STEM image and STEM-EDX elemental mapping of an individual Pt;Co
octapod. Co red, Pt green. G) Compositional line profile of Pt and Co from a Pt;Co octapod recorded

along the yellow line shown in (F).

taken from an individual octapod oriented along three
different zone axes ([100], [111], and [110]). As shown in
Figure 1 C-E, the arms of the octapods were approximately
8 nm long and 3 nm thick. The composition and crystalline
structure of the as-synthesized octapods were further ana-
lyzed by X-ray diffraction (XRD). The XRD pattern of the
octapods can be indexed to a highly crystalline Pt;Co phase
with a face-centered cubic (fcc) structure (JCPDS No. 29-
0499; see the Supporting Information, Figure S2). To analyze
the structure and elemental composition of the Pt;Co
octapods, STEM energy-dispersive X-ray (EDX) elemental
mapping images of an individual nanocrystal are presented in
Figure 1F, indicating the homogeneous distribution of both Pt
and Co throughout the nanocrystal. The cross-sectional
compositional line-scanning profile of the octapod in Fig-
ure 1 G further confirmed the complete overlap of both
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ment, the residual octanethiol used
for synthesizing the Pt;Co nano-
crystals had been removed from the
catalyst surface (Figure S5). A
blank test was conducted with only
active carbon added but no product
was observed. When the reaction
was catalyzed by Pt nanocubes
(20 mg, 5 % mass loading) in a reac-
tion flask pressurized with CO,
(8 bar) and H, (24 bar) at 150°C, about 2.9 mmol of methanol
had been formed after 5h (Figure 2A). Under the same
reaction conditions, the Pt octapods exhibited a slightly
higher activity than the Pt nanocubes, with 3.1 mmol of
methanol formed. For the Pt;Co nanocubes and octapods, the
catalytic activities were significantly higher, as approximately
7.9 and 17.3 mmol of methanol were generated, respectively
(Figure 2 A). As areference, we tested a commercial 5 % Pt/C
catalyst, which yielded 3.4 mmol of methanol, which is
comparable to the amount generated by the Pt nanocubes
and octapods. To compare the catalytic activities more
accurately, we calculated the turnover frequency numbers
based on all metal atoms (denoted as TOF,,,) of these
catalysts. As shown in Figure 2B, the TOF,,, values of the
Pt;Co octapods, Pt;Co nanocubes, Pt octapods, and Pt nano-
cubes were calculated to be 568, 261, 125, and 114h7",
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negative charges in a Pt octapod are
preferentially located in the vertex
region where the accumulated charges
per Pt atom were calculated to be
—0.015 e, which corresponds to the
sharp-tip effect. After the introduction
of Co atoms, charge transfer between
Pt and Co was observed owing to the
difference in their electronegativities

Pt,Co Octapods

. 900
A3 ] Pt,Co Octapods| B YZATOF, .
E s 7504 SYTOF,
g 12+ =
@ 9 Pt,Co Nanocube: (LS 450+
= Pt Octapods [
B 64PtNanocubes 300+
o
3
1 150
g 3
& ol 0l
C D =18

9702

201  —@-Pt,Co Octapods

-
(&)
L

Produced Methanol (mmol)
>

8 10 1 2

6
Time (h)

Figure 2. A) Product yields achieved with the Pt nanocubes, Pt octapods, Pt;Co nanocubes, and
Pt;Co octapods (20 mg, 5% mass loading) in CO, hydrogenation at 150°C for 5 h. B) Compar-
ison of the TOF ., and TOF,, numbers of different catalysts. C) Time course of the CO,
hydrogenation catalyzed by Pt;Co octapods (20 mg, 5% mass loading) at 150°C. D) Product
yields achieved with Pt;Co octapods (20 mg, 5% mass loading) over six rounds of successive
reactions. Error bars represent the standard deviation from at least three independent measure-

ments.

respectively. As the Pt atoms serve as the active sites, we
further calculated the TOF numbers by solely taking the Pt
atoms into account (TOFp,). The TOFp, values of the Pt;Co
octapods and nanocubes increased to 758 and 348h’!,
respectively, whereas those of the Pt octapods and nanocubes
naturally remained unchanged. Therefore, the Pt;Co octa-
pods display the highest activity among all tested catalysts,
and the TOFy, of the Pt;Co octapods was 2.2, 6.1, and 6.6
times higher than those of the Pt;Co nanocubes, Pt octapods,
and Pt nanocubes, respectively. Accordingly, the catalytic
performance of the Pt;Co octapods was worthy of further
investigations by determining the product conversion with
time. The methanol conversion amounted to almost
19.4 mmol after 10 h (Figure 2 C). Furthermore, the stability
of the Pt;Co octapods was also studied by recycling the
catalyst, as shown in Figure 2 D. After six rounds, almost 91 %
of the original reactivity had been preserved. The high
stability of the Pt;Co octapods is of crucial importance for
potential applications in industrial processes.

To explore the origin of the remarkable activity of the
Pt;Co octapods, we conducted density functional theory
(DFT) calculations to investigate the electronic properties
of the Pt and Pt;Co nanocrystals. The Pt nanocubes, Pt
octapods, Pt;Co nanocubes, and Pt;Co octapods were mod-
eled as clusters with 172, 142, 172, and 142 atoms, respectively
(Figure S6). As shown in Figure 3A and B, charge redistrib-
ution was observed in the Pt nanocubes and octapods.
Specifically, considering an octapod as the combination of
a cubic core with eight vertices protruding along the [111]
directions from the corners of the nanocubes, we further
investigated the charge distribution by dividing a Pt octapod
into a cubic region and vertex region (Figure S7). As such, the
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(Figure 3C,D). Obviously, all Pt atoms
in the Pt;Co nanocubes and octapods
were negatively charged owing to the
electron donation from Co to Pt. The
average charges per Pt atom were
—0.134 and —0.133 ¢ for the Pt;Co
nanocubes and octapods, respectively,
indicating a similar degree of charge
transfer in the Pt;Co nanocrystals
regardless of their shapes (Table S1).
For the Pt;Co octapod, in particular,
the Pt atoms in the vertex regions were
more negatively charged with a charge
of —0.142 e per Pt atom than those in
the cubic region (—0.121e). Our
results demonstrate the favorable
accumulation of negative charges in
the vertices. It is worth noting that the
sharp-tip effect is less obvious in the Pt octapods than in the
Pt;Co octapods because the tips in Pt octapods are not as
sharp as those in the Pt;Co octapods (see Figures 1 and S4).
Therefore, the Pt atoms at the vertices in the Pt;Co octapods
are more negatively charged owing to the sharp-tip and alloy
effects.

For further analysis of the electronic properties, we
examined the Pt and Pt;Co nanocrystals by X-ray photo-
electron spectroscopy (XPS; Figure 4 A and Figure S8). The
binding energies of Pt 4f;, in the Pt nanocubes, Pt octapods,
Pt;Co nanocubes, and Pt;Co octapods were found to be 71.4,

4 5 6
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Figure 3. A-D) Bader charge analysis of the Pt nanocubes, Pt octa-
pods, Pt;Co nanocubes, and Pt;Co octapods, respectively.

Angew. Chem. 2016, 128, 9700—-9704


http://www.angewandte.de

A o ptoctapods
o PtNanocubes
—~ | ©° PtCoNanocubes
S | o PtCoOctapods
\(-‘; 0o
>
o —
[
|
o}
2
=
[ 76 - - s 68
Binding Energy (eV)
B
—— Pt Nanocubes

A —— Pt Octapods
S —— Pt,Co Nanocubes
s
2| A
b —
2 — 7

2 A A
9 WY /
£ "

/\ / AV /J

1600 1800 2000 2200 2400
Wavenumber (cm™)

1400

Figure 4. A) XPS and B) IRRAS spectra of the Pt nanocubes, Pt
octapods, Pt;Co nanocubes, and Pt;Co octapods. The IRRAS spectra
were obtained after the treatment of CO, gas at 150°C.

71.3,70.6, and 70.4 eV, respectively (Figure 4 A). The binding
energy of the Pt nanocubes is very similar to that of the Pt
octapods. Notably, the decrease in the Pt 4f;, energy in the
Pt;Co nanocrystals relative to that of the Pt nanocrystals
implies that a charge transfer between Pt and Co has occurred
in the Pt;Co octapods and nanocubes, leading to negatively
charged Pt atoms in these two alloy nanocrystals. Obviously,
compared with the Pt;Co nanocubes, more negative charges
were accumulated on the surface Pt atoms in the Pt;Co
octapods owing to the greater Pt 4f;, binding energy. The
large number of tips for the Pt;Co octapods leads to a large
proportion of surface area being in the vertex region where
electrons are preferentially deposited. Collectively, the XPS
results were in good agreement with the DFT calculations.

To investigate the role played by the negative charges in
the activation of CO,, the adsorption and activation of CO,
molecules on these catalysts was analyzed by IRRAS. In the
absence of catalyst, the spectrum of CO, exhibited two
distinct peaks at 667 and 2350 cm !, which correspond to the
bending and asymmetric stretching vibration modes of CO,,
respectively (Figure S9). In the presence of Pt-based catalysts,
the bending mode (667 cm™') disappeared, along with the
occurrence of a new band at approximately 1400-1700 cm ™,
indicating the presence of a carboxylate (CO,’") species
(Figure 4B and Figure S10).'”) The generation of CO,>"
species is considered as the bottleneck in the activation of
CO, as well as the chemical transformation of CO,.*! To
compare the abilities of different catalysts to activate CO,, we
normalized the intensity of the band corresponding to the
asymmetric stretching vibration of CO,. The band intensity
for CO,"” increased on going from the Pt nanocubes to the Pt
octapods, Pt;Co nanocubes, and Pt;Co octapods, which is
consistent with the order of the negative charge densities of
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the Pt atoms in these catalysts (Figure 4B). This order also
corresponds to the sequence of the catalytic activities of the
Pt;Co and Pt nanocrystals. It is generally believed that
a negatively charged surface is able to enhance the adsorption
of CO, and therefore promote the activation of CO,
molecules by forming CO,*" intermediates.[*!*! Therefore,
the higher negative charge density at the vertices of the Pt;Co
octapods promotes the activation of CO,, which leads to an
increase in the CO, hydrogenation activity.

In summary, we have combined sharp-tip and alloy effects
to modulate the electronic properties of heterogeneous CO,
hydrogenation catalysts and found that Pt;Co octapods
indeed display from superior catalytic activity. The highest
TOF number of 758 h™! was achieved using the Pt;Co
octapods, and is 2.2, 6.1, and 6.6 times higher than those of
Pt;Co nanocubes, Pt octapods, and Pt nanocubes, respectively.
Both the branched morphology of the Pt;Co octapods and the
charge transfer between Pt and Co enabled the accumulation
of negative charges in the vertices of the nanocrystals. IRRAS
analysis confirmed that the high negative charge density of
the Pt atoms in the vertices of the Pt;Co octapods promoted
the activation of CO, and accordingly enhanced the catalytic
activity towards CO, hydrogenation to methanol. This work
not only opens up new possibilities for designing efficient
catalysts for CO, hydrogenation by electronic modulation,
but also provides insights into strategies for modifying
electronic properties.
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