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tic activity of Au core Pd shell Pt
cluster trimetallic nanorods for CO2 reduction†

Lan-qi He, Hao Yang, Jia-jun Huang, Xi-hong Lu, Gao-Ren Li, Xiao-qing Liu,*
Ping-ping Fang * and Ye-xiang Tong *

Herein, Au core Pd shell Pt cluster nanorods (Au@Pd@Pt NRs) with enhanced catalytic activity were

rationally designed for carbon dioxide (CO2) reduction. The surface composition and Pd–Pt ratios

significantly influenced the catalytic activity, and the optimized structure had only a half-monolayer

equivalent of Pt (qPt ¼ 0.5) with 2 monolayers of Pd, which could enhance the catalytic activity for CO2

reduction by 6 fold as compared to the Pt surface at �1.5 V vs. SCE. A further increase in the loading of

Pt actually reduced the catalytic activity; this inferred that a synergistic effect existed among the three

different nanostructure components. Furthermore, these Au NRs could be employed to improve the

photoelectrocatalytic activity by 30% at �1.5 V due to the surface plasmon resonance. An in situ SERS

investigation inferred that the Au@Pd@Pt NRs (qPt ¼ 0.5) were less likely to be poisoned by CO because

of the Pd–Pt bimetal edge sites; due to this reason, the proposed structure exhibited highest catalytic

activity. These results play an important role in the mechanistic studies of CO2 reduction and offer a new

way to design new materials for the conversion of CO2 to liquid fuels.
Introduction

Carbon dioxide (CO2) is a greenhouse gas released by both
natural and articial processes and causes a number of envi-
ronmental problems,1,2 which have driven extensive research
interest in CO2 reduction catalysis;3 in this regard, the electro-
chemical reduction of CO2 into useful fuels in an aqueous
solution has attracted signicant attention because it is envi-
ronmentally clean and the products obtained can be stored in
the form of chemical energy.4 The most commonly explored
electrocatalysts for CO2 reduction are transition metal
elements5 and their alloys6,7 such as bimetals8 or trimetals.9 This
is probably because these metals have vacant orbitals and active
d-electrons, which are believed to energetically facilitate the
adsorption and desorption bonding between the metal and the
CO2 forming products; however, the electrochemical CO2

reduction reaction suffers from poor efficiency due to the
requirement of a large over potential, CO poisoning and so on.10

The mechanism of this reaction is still not clearly understood,
and the intermediates and other reaction steps have also been
discussed controversially. Therefore, it is necessary to design
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new catalysts with high efficiency that are less likely to be
poisoned by CO.11

Indeed, novel heterogeneous nanocatalysts with optimized
characteristics are usually achieved by rationally tuning their
compositions and nanostructures. Several reviews have been
recently reported to address the signicance of these
designs.12,13 Interestingly, in recent years, in addition to
compositions,14 morphology adjustments,15 and structure
interface,16 surface plasmon resonance (SPR) has emerged as
another highly important factor and useful strategy to regulate
the activities of the nanocatalysts.17,18 For nanocatalysts con-
sisting of plasmonic metals (such as Au, Ag, and Cu), the
electric eld aroused by SPR can directly enhance the catalytic
activity. In addition, the light energy can be effectively coupled
with these nanocrystals because the hot-electrons induced by
illumination can function as carriers to convert the light
energy into chemical energy, and thus, enhancement in the
photocatalytic ability can be achieved.19 Compared with their
monometallic and bimetallic counterparts, trimetallic nano-
composites embedded within a plasmonic metal core exhibit
remarkable advantages as their catalytic characteristics are
better tailored. This is because their catalytic properties can be
divided into two parts: the photocatalytic activity resulting
from the SPR core and the electrocatalytic activity stemming
from the bimetal surface coating. As a consequence, by nely
tuning their nanoarchitectures, compositions, or particle
sizes, it is possible to obtain trimetallic nanocrystals with
optimal catalytic activity for various important chemical
reactions.
This journal is © The Royal Society of Chemistry 2019
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View Article Online
Herein, we report Au core Pd shell Pt cluster nanorods
(Au@Pd@Pt NRs) with enhanced electrocatalytic and photo-
catalytic activity for CO2 reduction. By subtly controlling the
atom monolayers of the Pt clusters, we obtained ideal Au core
Pd shell Pt cluster nanorods with optimized photo-
electrocatalytic ability for the reduction of CO2. As above-
mentioned, the enhancement in the photocatalytic activity
should be attributed to the SPR phenomenon resulting from the
plasmonic Au core. A synergistic effect between the Pd shell and
the Pt clusters was demonstrated by systematic investigation of
the inuence of the thickness of the Pt coverage on the elec-
troreduction of CO2. Furthermore, in situ surface enhanced
Raman spectrum (SERS) was obtained to study the mechanism
of CO2 reduction and investigate the active site.
Fig. 2 UV-Vis spectra of the 49 nm Au@Pd@Pt NRs with varied qPt
from 0.1 to 5 layers.
Results and discussion

The Au@Pd@Pt NRs were freshly prepared according to our
previously reported method with slight modications (see the
details in the Experimental section of the ESI†). Generally, the
thickness of Pd was maintained at 2 layers on the 49 nm Au
core, and the Pt coverage on Au@2Pd was varied from 0.1 to 5
layers (hereinaer denoted as qPt) by nely tuning the amount
of H2PtCl6 used during the reduction process. The as-prepared
nanocrystals were rst characterized by a transmission elec-
tron microscope (TEM) (Fig. S1 in ESI†). The Au@Pd@Pt NRs
show a quite uniform size distribution, and the Pt clusters can
only be clearly seen on the surface when they are sufficiently
thick, with a Pt coverage of 5 layers for instance (Fig. 1); similar
structures for the Au@Pd@Pt NRs have been reported in our
previous studies.20 To verify the existence of Pt, we obtained
the cyclic voltammograms of various Au@2Pd with different Pt
coverages in 0.5 M H2SO4. With an increase in the Pt coverage
thickness, the typical oxygen desorption peak shied to more
positive values; this demonstrated that the electrochemical
properties of these NRs switched from those of Pd to those of
Pt (Fig. S2 in ESI†). Elemental analysis by ICP-AES also
conrmed the effective coating of Pt on the Au@2Pd surface
(Table S1 in ESI†).

The optical properties of Au@Pd@Pt NRs were then inves-
tigated by UV-Vis spectroscopy (Fig. 2). As observed, all
Au@Pd@Pt NRs had two absorption peaks at ca. 530 nm and ca.
Fig. 1 TEM images of (a) the 49 nm Au NRs and (b) Au@Pd@Pt NRs (qPt
¼ 5).

This journal is © The Royal Society of Chemistry 2019
700 nm. The shorter peak at 530 nm was caused by transverse
SPR absorption, whereas the longer peak at 700 nm corre-
sponded to longitudinal SPR absorption. The two absorption
peaks experienced a slight blue-shi and gradually damped
with an increase in the Pt coverage from 0.1 to 5 layers. These
spectral behaviours reasonably inferred that the total optical
properties of the core–shell–cluster nanostructures changed
from core dominant to shell cluster dominant.21

The catalytic performance of different nanocatalysts for CO2

reduction was then investigated by linear sweep voltammetry
(LSV) in 0.1 M KHCO3 saturated with CO2 gas. We found that
the introduction of Pt on the Au@Pd surface led to an improved
catalytic performance for CO2 electroreduction, and the trime-
tallic nanocatalyst exhibited higher catalytic activity as
compared to Au@Pt nanoparticles. It is thus highly probable
that a synergistic effect exists in the trimetallic nanocomposites
(Fig. S3 in the ESI†).

To verify this viewpoint, LSV was further employed to reveal
the inuence of qPt on the catalytic activity of the 49 nm
Au@Pd@Pt NRs toward CO2 electroreduction. As shown in
Fig. 3a, with a xed Au NR core and a Pd-shell thickness of about
2 monolayers, the catalytic activity of the core–shell–cluster NRs
for CO2 reduction was remarkably dependent on qPt. The
highest catalytic activity was achieved when qPt was at about 0.5,
which was about 6-fold at�1.5 V vs. saturated calomel electrode
(SCE) than that obtained at the qPt of 0.1 or 5 (Fig. 3b). A further
increase in the loading of Pt actually decreased the catalytic
activity; this conrmed that a synergistic effect existed among
the three different nanostructure components. Cai et al. also
found that the Pd–Pt bimetal surface exhibited higher catalytic
activity towards CO2 reduction than its monometallic counter-
part. However, they did not optimize the Pd and Pt composi-
tion.22 They also proved that the Pd–Pt bimetal could
signicantly reduce the production of H2 and enhance CO2

reduction.23 The 49 nm Au@Pd@Pt NRs exhibited maximum
catalytic activity when qPt was 0.5; this implied that the ratio of
their Pt-cluster to Pd shell was optimal for the electroreduction
of CO2. This core–shell–cluster nanostructure is completely
RSC Adv., 2019, 9, 10168–10173 | 10169
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Fig. 3 Influence of qPt on the LSV curves of (a) 49 nm Au@Pd@Pt NRs
measured in 0.1 M KHCO3 (pH ¼ 6.8). Scan rate: 50 mV s�1; current
density of (b) 49 nm Au@Pd@Pt NRs at �1.5 V (vs. SCE) with different
qPt.

Fig. 4 Influence of the illumination time on the LSV curves of (a)
49 nmAu@Pd@Pt NRs and (b) Pd@Pt nanocubes in 0.1 M KHCO3 (pH¼
6.8) qPt ¼ 0.5; scan rate: 50 mV s�1.
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View Article Online
different from other bimetallic and trimetallic alloy/composite
nanostructures because the proportions of the core, shell and
cluster can be subtly tuned independently to utilize the syner-
gistic effect for maximum enhancement.

We then investigated the impact of light exposure duration
on the photocatalytic activity. As presented in Fig. 4a, the
catalytic activity of Au@Pd@Pt NRs gradually increased with an
increase in the illumination time in the rst 20 min and then
remained constant. The surface temperature of the nano-
catalysts with Au cores could reach higher than 95 �C by
constant light irradiation over 20 min, accelerating the chem-
ical reaction rate by heating, as demonstrated in our previous
study.18 Indeed, 20 min light irradiation resulted in ca. 30%
enhancement in the catalytic activity at �1.5 V vs. SCE. This
improvement in the catalytic performance might be caused by
the photoelectronic and photothermal effect induced by the
SPR of the Au core.

When the Pt coverage became thicker, the SPR of the 49 nm
Au@Pd@Pt NRs was greatly blocked due to the decreased
surface area of the Au core exposed to the illumination, and it
thus weakened the enhancement of the photocatalytic activity
(Fig. S4 in ESI†). Moreover, to verify that the SPR effect played
a vital role in the improvement of the catalytic performance,
control experiments were conducted on Pd nanocubes coated
by Pt clusters. Note that no SPR effect could be detected since Au
10170 | RSC Adv., 2019, 9, 10168–10173
was absent in this nanomaterial. By comparing the LSV curves
obtained with and without 20 min light illumination, we found
that light irradiation did not impact the electrocatalytic process
of CO2 on these Pd@Pt nanocubes (Fig. 4b). Therefore, the
enhancement of the photocatalytic activity of the Au@Pd@Pt
nanocrystals should be ascribed to the SPR effect from the Au
core, as expected.

Finally, the CO2 reduction mechanism on the 49 nm
Au@Pd@Pt NRs was studied by in situ SERS. CO is an inevitable
intermediate in the CO2 electroreduction to produce hydrocar-
bons or alcohols.24 Therefore, herein, we mainly studied the
SERS signal of CO and investigated how CO affected the cata-
lytic activity in our system.

The Raman shi between 2020 and 2090 cm�1 corre-
sponded to the on-top adsorption of CO on Pt,25 whereas the
Raman shi between 1900 and 2000 cm�1 was assigned to the
bridge adsorption of CO.26 We observed that the on-top
adsorption of CO gradually increased with a decrease in the
applied potential and nally disappeared at �1.0 V. No
bridge adsorption of CO was detected in the potential region
studied herein (Fig. 5). It has been reported that CO has high
adsorption energy on separate Pt atoms; this causes easy
poisoning of the separate Pt atoms; on the other hand, due to
the low adsorption energy at the Pd–Pt edge sites, these sites
are not easily poisoned by CO.27 We thus believe that CO2 is
reduced to CO on the Pt atoms only and not on the Pd or Pd–
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 In situ Raman spectra of Au@2Pd@0.5Pt NRs in 0.1 M KHCO3

(pH ¼ 6.8) at different potentials (vs. SCE).

Fig. 6 Product analysis of CO2RR on Au@2Pd (a) and Au@2Pd@0.5Pt
(b) by NMR.

Fig. 7 Atomic view of four different sites for adsorption/reaction: (A)
a Pt cluster on-top site, (B) an isolated Pd hollow site, (C) a one Pt atom
and two Pd-atom mixed hollow site, and (D) a two Pd-atom between
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Pt bridge atoms. Namely, the Pd–Pt edge sites that were not
easily poisoned by CO were the active sites for CO2 reduction,
whereas the separated Pt atoms were easily poisoned by CO.
Therefore, the increase in the Pd–Pt edge site density could
greatly increase the catalytic activity. When qPt was about 0.5,
the Pd–Pt edge site density was maximum, and therefore, the
electrocatalytic activity became highest with qPt at about 0.5,
as shown in Fig. 3; moreover, when the potential decreased to
�1.0 V, the CO peak disappeared, and the peak intensity
representing the C–H stretching (at 2800–2970 cm�1)
increased immediately;28 this suggested that CO was further
reduced to the hydrocarbon products aer �1.0 V.

We further analysed the products of CO2 reduction by the
Au@Pd@Pt NRs using nuclear magnetic resonance (NMR). To
be specic, chronoamperometry was rst conducted under
a constant potential at �0.6 V for 2 h, and the content of the
electrolyte solution was then tested by NMR. Interestingly, we
found that the trimetallic Au@Pd@Pt NRs were prone to
converting CO2 into liquid products including methanol and
ethanol (Fig. 6); this was in accordance with our Raman results
(C–H stretching at 2800–2970 cm�1). Moreover, a larger
amount of the liquid products was detected using
Au@2Pd@0.5Pt NRs as compared to that obtained using
Au@2Pd NRs under the same experimental conditions.
Furthermore, the reduction velocity for the Au@2Pd@0.5Pt
NRs is three times that for the Au@2Pd NRs. There was also
some ethanol among the products. Indeed, the transformation
of CO2 to alcohols, especially ethanol, by noble metals has
This journal is © The Royal Society of Chemistry 2019
been seldom reported, and the interesting results reported in
this study indicate that the trimetallic nanostructure is
favourable to the electrocatalytic transformation of CO2 to
alcohols due to the synergistic effect of the trimetallic
nanocrystals.
two Pt clusters mixed hollow site.

RSC Adv., 2019, 9, 10168–10173 | 10171
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In our previous study, we found 4 possible reactive sites
(Fig. 7) on the Pd–Pt bimetal surface on the Au core by DFT
calculation.27 Indeed, the A, B and C sites could adsorb CO
strongly, whereas the CO adsorption on the D site was quite
weak.29 Therefore, the D site could not be poisoned by CO,
whereas the A, B and C sites could be easily poisoned by CO.
From the specic Raman shi of CO2 reduction by the
Au@Pd@Pt NRs in our experiments (Fig. 5), we only observed an
on-top adsorption of CO on the Au@Pd@Pt NPs; this suggested
that only the A site was easily poisoned by CO during CO2

reduction, whereas the B, C and D sites were possible active sites
for CO2 reduction on the Au@Pd@Pt NR surface. According to
the literature, CO2 was not easily reduced to CO on the separate
Pd sites.30 As a result, the B and C Pd–Pt bridge sites were the
possible active centres for CO2 reduction. The B and C sites
reached their maximum density when the Pt coverage was about
0.5, which caused the highest catalytic activity. Wang et al. found
that the Pd–Pt edges/ridges in the catalyst exhibited optimal
catalytic activity.31 The catalytic performance was thus closely
related to the number of Pd–Pt edge sites; this indicated that the
ratio of Pd to Pt greatly inuenced the CO2 reduction activity.
Experimental
Chemicals and materials

Water puried with a Milli-Q system (resistivity of 18.2 MU cm
at 25 �C) was used throughout the study. PdCl2 (99%), HAuCl4
(99%) and H2PtCl6 (99%) were purchased from Alfa Aesar.
Unless stated, all the other chemicals were of analytical grade
and obtained from Shanghai Reagent Co. of Chinese Medicine.
The F-doped tin oxide (FTO) glass was bought from the NSG
Group. FTO glass slides (20 mm � 10 mm � 0.22 mm) were
selected for working electrode fabrication to afford the low
electrical resistance of 14 ohm and high transparency ($90%).
Synthesis of the Au@Pd@Pt NRs

The Au NRs were synthesized according to a procedure reported
in the literature18,32 with slight modication, whereas the Pd
and Pt coverage layers were coated above the Au core based on
our previous study.27 Briey, to coat a Pd shell of about 2
monolayers on the Au NRs, 1 ml of 1 mM H2PdCl4 and 0.5 ml of
10 mM ascorbic acid were mixed with the Au core solution and
stirring was continued at 30 �C for 30 min. To coat Au@Pd with
Pt clusters of different thicknesses, various volumes of 10 mM
ascorbic acid and 1mMH2PtCl6 were subsequently added to the
as-prepared solution at 80 �C, and stirring was continued for
30 min. However, we added 25% additional H2PtCl6 to the
solution during each synthesis to ensure the corresponding Pt
coverage according to the literature.27 The nanocrystal solution
was centrifuged and washed 3 times with water before use (see
the synthetic details in the ESI†).

It was necessary to mention that Pt grew on Pd as a set of
clusters and not as consecutive monolayers; however, we used
monolayer-equivalents as a convenient way to describe the
amount of Pt added to the Au@Pd nanocomposite.
10172 | RSC Adv., 2019, 9, 10168–10173
Preparation of the working electrode

The FTO glass substrates were thoroughly cleaned with ethanol
and acetone, washed with water, and then used to afford the
nanocatalysts. A certain amount of the trimetallic nanocatalyst
solution that ensured coverage of about a monolayer of the NPs
on the 20 mm � 10 mm FTO pieces (20% loss occurred during
centrifugation) was centrifuged three times, dropped onto the
FTO substrate and dried to act as the working electrode. The
electrochemical active surface area (ECSA) of the working elec-
trode was calculated according to the hydrogen adsorption/
desorption peaks and conrmed by the oxygen adsorption/
desorption peaks for the Au@Pd@Pt NRs in 0.5 M H2SO4

(Fig. S2 in ESI†).33 The measured currents were normalized by
the ECSA values to evaluate the catalytic performance of
different nanocatalysts.

Electrochemical measurements and spectroelectrochemical
studies

Electrochemical measurements were performed using the CHI
760E electrochemical workstation (CH Instruments, China).
The CO2 reduction reaction was studied in a three-electrode
photoelectrochemical cell with a Pt wire and a SCE as the
counter and the reference electrodes, respectively. The catalytic
activity of CO2 reduction was investigated by linear sweep vol-
tammetry (LSV), and 0.1 M KHCO3 (pH ¼ 6.8) was used as the
electrolyte solution. The investigation of the light inuence was
achieved using a xenon lamp as the light source (LCS-100,
ORIEL, Newport). The intensity of the incident light was
always maintained at 100 mW cm�2 during the photo-
electrochemical test. Raman spectra were obtained using a laser
micro-Raman spectrometer (Renishaw in Via) with an excitation
wavelength at 632.8 nm from a He–Ne laser, and in situ EC-SERS
measurements were performed in the photoelectrochemical
cell.

Characterization

TEM images were acquired using Tecnai T12 (FEI, The Neth-
erlands) with an operation voltage of 120 kV, and the UV-Vis
absorption spectra were obtained by the Shimadzu UV-2450
Spectrophotometer.

Conclusions

We designed Au core Pd shell Pt cluster NRs with enhanced
catalytic activity and photocatalytic activity for CO2 reduction.
The improvement in the catalytic activity was obtained by
tuning the Pt coverage on Pd, and the highest catalytic activity
was achieved when qPt was about 0.5. In situ SERS further
conrmed that CO2 was reduced to CO only on the Pt top sites
and not on the Pd–Pt edge sites. Therefore, the Pd–Pt edge sites
were the electroactive centres of the Au@Pd@Pt NRs for the
transformation of CO2 to liquid products. These Pd–Pt edge
sites reached highest density when qPt was about 0.5, leading to
optimal catalytic activity. Moreover, owing to the SPR from the
Au core, the catalytic activity could be further enhanced by 30%
with light illumination. In summary, the Au core Pd shell Pt
This journal is © The Royal Society of Chemistry 2019
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cluster NR structure not only takes advantage of the Pd–Pt
bimetal surface to improve the electrocatalytic ability, but also
utilizes the Au core with SPR to improve the photocatalytic
activity. This study sheds light on the CO2 reduction mecha-
nism on the trimetallic nanocrystals and offers an innovative
idea to design a series of new catalysts with better catalytic
properties to convert CO2 to liquid fuels such as methanol and
ethanol.
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