Journal of Electrochemistry

Volume 28 | Issue 8

2022-08-28

Low-Crystallinity and Heterostructured AuPt-Ru@CNTs as Highly
Efficient Multifunctional Electrocatalyst

Tuan-Jie Gan
Jian-Ping Wu
Shi Liu

Wen-Jun Ou
Bin-Ling Bin-Ling

Xiong-Wu Kang
Guangdong Huihydrogen Energy Technology Co., Ltd, 808 Dongfeng East Road, Meihuacun Street,
Guangzhou 527499, Guangdong, China;, esxkang@scut.edu.cn

Recommended Citation

Tuan-Jie Gan, Jian-Ping Wu, Shi Liu, Wen-Jun Ou, Bin-Ling Bin-Ling, Xiong-Wu Kang. Low-Crystallinity and
Heterostructured AuPt-Ru@CNTs as Highly Efficient Multifunctional Electrocatalyst[J]. Journal of
Electrochemistry, 2022, 28(8): 2201241.

DOI: 10.13208/j.electrochem.2201241

Available at: https://jelectrochem.xmu.edu.cn/journal/vol28/iss8/2

This Article is brought to you for free and open access by Journal of Electrochemistry. It has been accepted for
inclusion in Journal of Electrochemistry by an authorized editor of Journal of Electrochemistry.


https://jelectrochem.xmu.edu.cn/journal
https://jelectrochem.xmu.edu.cn/journal/vol28
https://jelectrochem.xmu.edu.cn/journal/vol28/iss8
https://jelectrochem.xmu.edu.cn/journal/vol28/iss8/2

o
J. Electrochem. 2022, 28(8), 2201241 (1 of 10)

[Article] DOI: 10.13208/j.electrochem.220124 Http://electrochem.xmu.edu.cn

Low-Crystallinity and Heterostructured AuPt-Ru@CNTs as
Highly Efficient Multifunctional Electrocatalyst

Tuan-Jie Gan', Jian-Ping Wu', Shi Liu?>, Wen-Jun Ou?, Bin-Ling?, Xiong-Wu Kang”
(1. Jiangmen Power Supply Bureau of Guangdong Power Grid Co., Lid, 152, Jianshe Second Road,
Jiangmen 529030, Guangdong, China; 2. Guangdong Huihydrogen Energy Technology Co., Lid,
808 Dongfeng East Road, Meihuacun Street, Guangzhou 527499, Guangdong, China)

Abstract: The catalytic activity of the catalysts is strongly dependent on the structure of the catalysts, and the exploration of
their correlation and structure-controlled synthesis of the high-performance catalysts are always at the central. Currently, platinum
(Pt) is the optimum catalyst for hydrogen evolution reaction (HER), oxygen reduction reaction (ORR) and alcohol oxidation reaction,
while ruthenium (Ru) behaves as the champion catalyst for oxygen evolution reaction (OER) during water splitting. Preparing alloy
catalysts with these precious metals can modulate the catalytic activity of these catalysts from the perspective of strain effect, en-
semble effect and ligand effect. Here, we developed a strategy to deposit AuPt alloy as a solid solution phase on amorphous Ru sup-
ported on CNTs, thus forming AuPt-Ru heterostructures. The well-defined AuPt-Ru heterostructured catalysts were examined by
X-ray diffraction and elemental mapping in high-angle annular dark-field scanning transition electron spectroscopy (HAADF-STEM).
As compared to the high crystallinity AuPt alloy, AuPt alloy in AuPt-Ru heterostructure became amorphous, and AuPt-Ru showed
superior catalytic activity toward ethanol oxidation reaction (EOR), achieving the mass activity of Pt as high as 21.44 A -mg"' due
to the high tolerance toward the poisoning species. The intermediates species of the EOR were also examined by in-situ FTIR spec-
troscopy. The stability of the catalysts toward EOR was also excellent and the degradation in the activity of the catalysts was strong-
ly related to the loss of Ru content during the stability test. The heterostructured AuPt-Ru catalysts also exhibited the excellent alka-
line HER and OER performances, superior to those of commercial Pt/C and RuO, catalysts, ascribing to the amorphous state of
AuPt-Ru heterostructure, and the modulation by strain and ensemble effects. This work highlights the importance in the design of

the multicomponent heterostructures for the synthesis of high-performance and multifunctional electrocatalysts.

Key words: ruthenium; AuPt Alloy; heterostructure; ethanol oxidation; hydrogen evolution; oxygen evolution; fuel cell

1 Introduction

Fuel cells represent the most prominent energy
sources for electric vehicles and portable electric de-
vices have been attracting extensive attention from the
research communities”. However, there are still plenty
of challenges to be overcome for the high-perfor-
mance and cost-effective fuel cells devices for their
eventual commercial application®?. Among these, ra-

tional design and controlled synthesis of the high-per-
formance electrocatalysts towards fuel cell relevant
reactions are at the heart™*.

Currently, platinum (Pt) is the most commonly used
electrocatalyst for the oxygen reduction reaction
(ORR) ), hydrogen oxidation and methanol/ethanol
oxidation® of fuel cell relevant reactions, and also for

hydrogen evolution reaction (HER)™ in electrocatalyt-
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ic water splitting, while ruthenium (Ru) and iridium (Ir)
based catalysts are recognized as the best catalysts for
oxygen evolution reaction (OER)¥ during electrocata-
lytic water splitting™®. Tremendous efforts have been
devoted to the synthesis of Pt-based electrocatalysts.
For example, shape-controlled synthesis can expose
specific surface facets of metal nanocrystals, where
the surface atoms with varied coordination numbers
and environment can effectively modulate the catalyt-
ic activity of the catalysts”. In addition, surface and
interface engineering are another powerful strategies
in improving the catalytic activity of the catalyst due
to the ensemble effect!'”, surface strain effect!'”, etc.
Alloying with other metals is also considered as an
efficient strategy in decreasing the cost of precious
metal-based electrocatalyst and simultaneously im-
proving electrocatalytic activity!”. The introduction of
highly oxophilic metals (such as Ni, Co and Cu) can
decrease the CO poisoning of the electrocatalyst due

P81 and the incorpora-

to the bifunctional mechanism
tion of Au into Pt catalysts can lead to profound en-
hancement of both electrocatalytic activity and stabil-
ity of electro-oxidation of ethanol™.

Most importantly, the synthesis of multicomponent
alloy electrocatalysts may achieve multifunctional ac-
tivity toward ORR, HER, OER, etc.!™ by synthesiz-
ing Pt, Au, Pd, Co, Ni and Ru, etc. based electrocata-
lyst simultaneously achieve high-performance elec-
trocatalyst toward all these fuel cell relevant reac-
tions. As to the alloy catalyst, it could be in form of
the solid solution, core-shell and hetero-structure,
where the ensemble effect, ligand effect and strain ef-
fect could play different roles in modulating the
catalytic activity of the catalysts"®.

The catalytic activity of the metal catalyst can be
also modulated by the crystallinity. It is reported that
amorphous materials generally show enhanced cataly-
tic performance in relative to crystalline catalysts due
to their unique structures, such as abundant defects
and unsaturated coordination sites on the surface. For
example, Zhang et al. successfully prepared amor-
phization of layered crystalline Pd;P,S; that exhibited
excellent electrocatalytic activity for HER™. Sargent
et al. reported amorphous gelled FeCoW oxyhydrox-

ides displaying a remarkable performance for OER in
an alkaline electrolyte compared with those crys-
talline counterparts!",

Au, Pt and Ru composite alloys have been widely
reported due to their excellent electrochemical per-
formance. The mixed solid solution” and core-shell
structure have been deeply investigated. Atomic thin
Pt-Ru shells were deposited on Au nanowires and
used as electrocatalysts for methanol oxidation,
where the Au can induce extensive strain towards the
PtRu shells. The combination of Pt-Ru can effective-
ly suppress the CO poisoning during methanol oxida-
tion and thus promote reaction activity™. Ru@RuPt
also remarkably outperforms Pt/C for alkaline HERP".
However, the synthesis of heterostructured multi-
ple-component electrocatalyst and the exploration of
the regulation mechanism are very limited.

Herein, low crystalline and heterostructured AuPt-
Ru alloys supported on CNTs, denoted as (AuPt),s-
Ru/CNTs, were prepared by sequential ethanol reduc-
tion method, and were further subject to the charac-
terizations by XRD and high angle annular dark field
(HAADF)-transmission electron microscopy (TEM).
The catalytic activity of heterostructured (AuPt),s-Ru/
CNTs toward electrochemical EOR, alkaline HER
and OER were examined in details, and the effects on
the catalytic performance of the element component

are discussed.

2 Experimental Section
2.1 Materials

Chloroplatinic acid (H,PtCl,- 6H,O, 99%), gold
acid chloride trihydrate (HAuCl,-3H,0, 99%), ruthe-
nium trichloride (RuCls, 99%), potassium hydroxide
(KOH, 95%), absolute ethanol (CH;CH,OH, 99%),
and sodium hydroxide (NaOH, 97%) were purchased
from Energy Chemical Co. The support material,
multiwall carbon nanotubes (CNTs, diameter: 10 ~ 20
nm), was purchased from Shenzhen Nanotech Port
Co. Deionized (DI) water (18.2 M{)-cm) was used in
all experiments.
2.2 Preparation of Heterostructured (AuPt),s-

Ru on CNTs

A sequential ethanol reduction method was applied
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to prepare CNTs-supported heterostructured AuPt-Ru
nanoparticles. First, Ru nanoparticles were prepared
on CNTs. Briefly, 200 mg CNTs and 83 mg RuCl,
were dispersed into 130 mL absolute ethanol, heated
to 110 °C in an oil bath at a stirring rate of 300 r-min’
and refluxed for 1 h. Then, 6 mL 0.2 mol-L"' NaOH
solution was added into the above solution and
stirred for another 2 h for reduction. Finally, to en-
sure the complete reduction of Ru’*" ions, an extra 2
mL 0.2 mol L' NaOH solution was further added in-
to the above solution and stirred for another 30 min.
The products were precipitated by centrifugation,
washed three times with DI water and ethanol, re-
spectively, and finally dried in a vacuum oven at 60
°C. The obtained product is denoted as Ru/CNTs.

The heterostructured (AuPt),s-Ru/CNTs sample was
obtained by concurrent reduction of AuPt alloy at the
atomic ratio of Au:Pt = 1:1 on Ru/CNTs using the
ethanol reduction method. Firstly, 60 mg of Ru/CNTs
was dispersed in absolute ethanol (25 mL) solution,
heated to 80 °C and stirred at a rate of 300 r -min™.
Subsequently, 4 mL 0.2 mol - L NaOH solution was
added into the above solution and stirred for 30 min.
Then, H,PtCl; - 6H,O and HAuCl,-3H,O at an atomic
ratio of 1:1 in 20 mL ethanol solution were added in-
to the above solution at a rate of 5 mL-h" and main-
tained at 80 °C for 1.5 h. After cooling down to room
temperature, the catalysts were collected by centrifu-
gation, washed three times with DI water and abso-
lute ethanol, respectively, and dried in a vacuum
oven at 60 °C for 24 h. The obtained samples are de-
noted as (AuPt),s-Ru/CNTs. The RuAuPt mixed al-
loy NPs at the atomic ratio of Ru:Au:Pt = 1:0.25:0.25
were prepared by the similar process, where the
mixed precursor solution of RuCli;, H,PtCls -6H,O
and HAuCl, -3H,0O in ethanol was reduced concur-
rently at 80 °C. As the control sample, AuPt/CNTs
sample was equally prepared by following the same
procedure without using RuCl; precursors.
2.3 Characterizations

Powder X-ray diffraction (XRD, Bruker D8 Ad-
vanced, German) measurement was carried out with

a Cu K, radiation source. X-ray photoelectron spec-

troscopy (XPS, PHI X-tool, Japan) using Al K, as
X-ray source was applied to detect the chemical state
of samples. The morphology and the element distri-
bution of the products were performed in high-angle
annular dark-field scanning transition electron spec-
troscopy (HAADF-STEM).

2.4 Electrochemical Measurements

The catalysts were dispersed and sonicated in
ethanol for 1 h to make a 1 mg-L" homogeneous cat-
alyst ink. Then, 15 L of catalyst ink was dropped on
the glassy carbon electrode (6 mm in diameter). After
evaporating the solvent naturally in air, 10 pL of
2wt% Nafion solution was drop cast on top of the
catalyst and dried naturally in air. The electrochemi-
cal performance was investigated on a CHI-660E
electrochemical workstation by using a standard
three-electrode cell. The catalyst-covered glassy car-
bon electrode served as the working electrode and the
platinum-wire electrode was used as the counter elec-
trode. The electrocatalytic performance toward ethanol
oxidation was carried out in 1.0 mol -L"' ethanol and
1.0 mol -L'" KOH aqueous solution in a potential
window from -0.85 to 0.2 V (vs. Hg/HgO) through
cyclic voltammetry at a scanning rate of 50 mV « s
and mercury/mercurous oxide electrode (Hg/HgO) was
employed as the reference electrode. The electro-
catalytic activity toward alkaline hydrogen evolution
and oxygen evolution was performed in 1.0 mol - L™
KOH aqueous solution by linear sweep voltammetry
at a scan rate of 10 mV -s™. The stability of the electro-
catalyst was evaluated by chronoamperometry (CA)
for 1200 s at 0.7 V (vs. RHE). The electrochemical
surface area (ECSA) of the catalysts was determined
by CO stripping, which was acquired in 0.1 mol - L
HCIO, aqueous solution by following the procedures
below. The 0.1 mol -L"' HCIO, aqueous solution was
first degassed with N, for 30 min. Then CA data were
acquired at 0.1 V (vs. RHE) with the solution purged
with CO for 5 min and then N, for another 20 min.
The two CV scans were measured with a scan rate of
5 mV +s”. The mass activity for all the catalysts to-
ward ethanol oxidation was evaluated by normalizing
the current to the Pt loading. IR compensation was
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performed for all the electrochemical measurements.

3 Results and Discussion

The XRD patterns of the as-prepared Ru/CNTs,
AuPt/CNTs, (AuPt),s-Ru/CNTs and RuPtAu/CNTs
are shown in Figure 1. The Ru/CNTs displayed a
broad peak of Ru(101) at 43.7° due to the presence
of amorphous Ru nanoparticles (NPs), which was
well observed for (AuPt),s-Ru/CNTs ™!, while the
(AuPt),s-Ru/CNTs displayed a peak at 38.89° corre-
sponding to AuPt (111). The peak associated to AuPt
(111) and observed from the (AuPt),s-Ru/CNTs was
located between Au (111) and Pt (111), and closer to
that of Pt (111), indicating the formation of Au-Pt al-
loy. The smaller Bragg angle shift of the AuPt(111)
peak for the (AuPt),s-Ru/CNTs to that of Pt (111) in-
dicates that the formation of Au-Pt alloy on the amor-
phous Ru NPs induces expansive strain on Pt. The in-
terplanar spacing of the AuPt (111) reflection for the
(AuPt),s-Ru alloy NPs was calculated to be 2.314 AP .
Interestingly, the AuPt/CNTs displayed a sharper
AuPt (111) peak than the (AuPt)ys-Ru. This suggests
that the deposition of AuPt on the amorphous Ru NPs
resulted in more amorphous AuPt nanocrystallites
than AuPt NPs. The AuPt (111) peak in the pristine
AuPt/CNTs was closer to Au (111), indicating a more
expansive strain imposed on Pt.

Figure 2(a-b) shows the typical transmission elec-
tron microscopic (TEM) images of the (AuPt),s-Ru/
CNTs, which display spherical shapes with a diame-

AuPt/CNTs
(AuPt), .-Ru/CNTs
AuPtRu/CNTs
Ru/CNTs
=
=N
~§ Mm. " e Ay
2 i
£
S
” . " L N B
|Au |Ru Pt
| P N T Y
30 40 50 60 70 80 90

20 /(degree)

Figure 1 XRD profiles of Ru/CNTs, AuPt/CNTs, (AuPt),s-Ru/
CNTs and RuPtAu/CNTs. (color on line)

ter of 5.3 + 0.2 nm and are evenly loaded on CNTs.
The distance of the adjacent fringes was measured to
be 2.32 A in the HRTEM image (Figure 2(b)), con-
sistent with the XRD result. This interplanar distance
of AuPt (111) for the (AuPt),s-Ru is larger than that
of Pt(111) (2.27A), further confirming the expansive
strain induced on Pt by the heterostructured (AuPt),s-
Ru NPs. Moreover, a faded diffuse ring in the select-
ed area electron diffraction (SAED) pattern (the inset
in Figure 2(b)) was attributed to the amorphous char-
acter of Ru NPs. The energy dispersive X-ray (EDX)
elemental mapping images (Figure 2 (c-e)) revealed
that Au and Pt elements overlapped with each other
very well, indicating that the two elements are homo-
geneously mixed and form AuPt solid solution alloy.
However, Ru, Au and Pt were observed on the same
NPs, but did not overlap very well with each other
(Figure 2(f)). This indicates that heterostructured
(AuPt)-Ru, instead of Ru@AuPt core-shell structure
or evenly mixed RuAuPt alloy were formed.

EOR activities of all the catalysts were evaluated
in 1 mol-L"' KOH containing 1 mol-L" ethanol, using
cyclic voltammetry (CV), sweeping from 0.072 V to
1.12 V (vs. RHE) at a scan rate of 50 mV -s™. As shown
in Figure 3(a), all these catalysts displayed the similar
forward peak potential around 0.85 V. As shown in
Figure 3(b), the peak current density of (AuPt),s-Ru/
CNTs was 21.4 A -mg'y, which is much higher than
those of AuPt/CNTs (2.69 A -mg'y), RuPtAu/CNTs
(0.92 A -mg'y) and Pt/C (0.51 A -mg"y), indicating
the excellent electrocatalytic activity toward EOR. In
the backward scan, the highest peak current density
was also observed on the (AuPt),s-Ru/CNTs (4.44
A -mg'y), which is 16.7 times to that of the RuP-
tAu/CNTs. As shown in Figure 3 (a), the onset poten-
tial of the (AuPt);s-Ru/CNTs was much lower than
that of the RuPtAu/CNTs, indicating the enhanced
kinetics of EOR for the (AuPt),s-Ru/CNTs. Moreover,
the (AuPt),s-Ru/CNTs exhibited a much higher JiJ,
(Jr and J, represent the forward and backward peak
current densities, respectively) ratio as compared with
that of the RuPtAu/CNTs alloy catalysts (Table 1). This

indicates that Ru-doping can sufficiently suppress the
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Figure 2 (a-b) TEM and (c-¢) EDX-mapping images of Au, Pt, Ru, and (f) overlap of Au, Pt and Ru of (AuPt),s-Ru/CNTs. (color
on line)
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Figure 3 (a) EOR CV curves and (b) EOR peak currents in 1 mol-L"' KOH with 1 mol-L" ethanol at a scan rate of 50 mV-s™. (c)

chronoamperometric i-¢ curves of Pt/CNTs, AuPt/CNTs, (AuPt),s-Ru/CNTs and RuPtAu/CNTs catalysts. (d) repeated chronoamper-

ometric i-¢ curves at 0.7 V versus RHE and (e) CV curves after each it measurement of (AuPt),s-Ru/CNTs. (color on line)
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Table 1 Comparison in the activity of ethanol oxidation for
the AuPt/CNTs, (AuPt),s-Ru/CNTs and RuPtAuw/CNTs
catalysts, as well as Pt/C catalyst.

Catalyst Jpeac A - gy Ji/J, ratio
RuAuPt/CNTs 0.92 3.47
AuPt/CNTs 2.69 3.02
(AusPts),s-RU/CNTs 214 4.82
Pt/C 0.51 1.25

poisoning effect for EOR and the heterostructured
AuPt-Ru amorphous NPs are more efficient in the
(AuPt)os-Ru/CNTs,

In order to investigate the stability of the prepared
catalysts toward electro-oxidation of ethanol, chrono-
amperometric (CA) tests were carried out at 0.7 V
(vs. RHE) for 4000 s. As shown in Figure 3(c), there
was a sharp decline in the current density during the
first 500 s, which has been ascribed to the adsorption
of poisoning intermediates formed at the beginning of
the EOR. In comparison with Pt/C, AuPt/CNTs and
RuPtAu/CNTs, the (AuPt),s-Ru/CNTs displayed the
highest stability and prolonged duration. The high ac-
tivity of (AuPt),s-Ru toward EOR might be strongly

related to the amorphous-like state of AuPt in the
heterostructured (AuPt)ys-Ru.

We have further studied the catalytic activity and
durability of the (AuPt),s-Ru/CNTs by CA experiments
at 0.7 V (vs. RHE), and the results are presented in
Figure 3(d). After each chronoamperometric test for
1200 s, the (AuPt)ys-Ru/CNTs catalyst was reactivat-
ed by five consecutive CV cycles in 1 mol-L"' KOH
solution, and followed by another CA test in a fresh 1
mol-L"' KOH electrolyte containing 1 mol-L" ethanol.
More impressively, after reactivation, the (AuPt),s-Ru/
CNTs could recover its original EOR activity. After
11 consecutive cycles (13200 s), the drop of the EOR
activity was less than 20%, indicating the outstanding
durability. Figure 4 displays the elemental mapping
at the atomic scale of the (AuPt),s-Ru/CNTs after the
repeated chronoamperometric and CV tests for EOR,
only minor amount of Ru was observed as compared
to those of Au and Pt. This could indicate that the
loss of the EOR activity of this catalyst might come
from the loss of Ru during the test.

To gain deep insight into the high catalytic activity
of the (AuPt),s-Ru/CNTs catalyst, in-situ FTIR spec-
troscopy was applied to identify the intermediates
and products of ethanol oxidation. Figure 5 shows the

— AulRa

Figure 4 (a-b) TEM images and (c-f) EDX-mapping images of Au, Pt, Ru and (g) overlap profile of Au, Pt and Ru elements of

(AuPt),s-Ru/CNTs after EOR test. (color on line)
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Figure 5 In-situ FTIR spectra of EOR on the (AuPt),s-Ru/CNTs catalyst at the 1st run in 1 mol-L" KOH containing 1 mol-L"' EtOH

in-situ FTIR spectra of ethanol oxidation in 1.0
mol-L" ethanol and 1.0 mol-L"' KOH solution record-
ed at different potentials. Two major IR bands at
1550 cm™ and 1415 cm™ were attributed to the asym-
metric and symmetric C-O bonds stretching vibra-
tions, respectively, which are characteristic of acetate
ions (CH;COO)™. Note that at high pH environment,
the main soluble product (CO,) from the complete
ethanol oxidation existed in the form of carbonate
(CO;%), which displays a band at 1390 cm™ and over-
laps with the band of 1418 ¢cm™ from acetate®!. The

COO stretching vibrations corresponding to formate
species (HCOO) were observed at 1340 cm™™. The
IR band at 1044 cm™ belonged to C,H;OH, which can
be applied to monitor the adsorbed ethanol.
Furthermore, the electrocatalytic performances of
(AuPt)s-Ru/CNTs toward alkaline HER and OER
were evaluated by LSV in 1 mol -L"' KOH solution,
and compared with those of the AuPtRu/CNTs,
AuPt/CNTs and Pt/C, as shown in Figure 6(a-c). It is
clearly observed that the (AuPt),s-Ru/CNTs exhibited
the best HER performance among these samples. The

a b c
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Figure 6 HER (a-c) and OER (d-f) performances. (a, d) LSV curves, (b, €) overpotential (1)) plots @10 mA -cm?, and (c, f) Tafel
plots for (AuPt),s-Ru/CNTs, AuPtRu/CNTs, AuPt/CNTs, and Pt/C. (color on line)
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(AuPt),s-Ru/CNTs only required an overpotential
(m10) of 30 mV, which is 80, 110 and 10 mV lower
than those of the AuPtRu/CNTs, AuPt/CNTs, and
Pt/C, respectively. The (AuPt),s-Ru/CNTs catalyst
exhibited the fastest alkaline HER kinetics, as demon-
strated by the smallest Tafel slope in Figure 6 (c),
namely, 45 mV -dec” for the (AuPt),s-Ru/CNTs, 163
mV -dec™ for the AuPtRu/CNTs, 203 mV -dec™ for the
AuPt/CNTs and 81 mV -dec” for Pt/C. These Tafel
slopes indicate that the rate determining step is Hey-
rovsky step for the (AuPt),s-Ru/CNTs and Pt/C, while
Volmer step for the AuPtRu/CNTs and AuPt/CNTs.

It is usually believed that water dissociation kinet-
ics is slower on Pt than the transition metals with
more deficient d-electrons®?”, such as Ru, Co and Ni.
Thus, the introduction of Ru into AuPt alloy could
promote water dissociation on the Ru site, while hy-
drogen desorption through the Heyrovsky step could
occur on the Pt site™, It was found that the RuAuPt/
CNTs exhibited better alkaline HER performance
than the AuPt/CNTs. This suggests that the water dis-
sociation dynamics are sufficiently improved upon
the formation of the AuPt-Ru heterostructure. Usual-
ly, the doping of Ru into AuPt lattice could induce
compressive strain and downshift of the d-band of Pt.
While the formation of heterostructured AuPt with
amorphous Ru can well maintain the original d-band
of AuPt and its strong adsorption of water molecules.
Most importantly, the amorphous Ru may behave as
excellent water dissociation sites and the formation
of the AuPt-Ru heterostructure may simultaneously
promote alkaline HER.

The electrocatalytic performance of the (AuPt), s-
Ru/CNTs toward alkaline OER was examined and
is compared with those of the AuPtRu/CNTs, AuPt/
CNTs, and RuO, in 1 mol -L!' KOH. As shown in
Figure 6(d-f), the (AuPt)ys-Ru/CNTs exhibited higher
OER performance than the AuPtRu/CNTs and AuPt/
CNTs. The required 1, values were 295 mV, 320
mV, 365 mV, and 290 mV for the (AuPt),s-Ru/CNTs,
AuPtRu/CNTs, AuPt/CNTs, and Pt/C, respectively,
as shown in Figure 6(e). It cannot be ignored that the
(AuPt),s-Ru/CNTs had better OER performance than

the RuO, at the low current density (< 5 mA -cm™) and
high current density (> 60 mA -cm?). Tafel slope of
the (AuPt)ys-Ru/CNTs (114 mV -dec™) was also much
lower than those of the other catalysts (Figure 6(f)),
suggesting a very rapid OER reaction rate.

4 Conclusions

In summary, this work has demonstrated the suc-
cessful synthesis of less crystallized and heterostruc-
tured (AuPt),s-Ru nanomaterials supported on CNTs
by sequential ethanol reduction method. The reduced
crystalline state of AuPt alloy and formation of het-
erostructure were confirmed by XRD data and ele-
mental mapping in HAADF-TEM. The (AuPt),s-Ru/
CNTs showed superior EOR performance, and the
mass activity of Pt toward EOR was as high as 21.4
A-mg’, extremely higher than those of the previously
reported catalysts in the literature, as well as those of
the uniformly mixed AuPt and RuAuPt nanoparticles.
The in-situ FTIR spectroscopic study identified the
two IR bands at 1550 cm™ and 1415 cm™, ascribing to
the asymmetric and symmetric C-O bonds of acetate
ions (CH;COO), respectively, and the IR band at 1390
cm™ from carbonate (CO;”). The (AuPt),s-Ru/CNTs
also exhibited the excellent electrochemical stability
and long-term durability in ethanol oxidation. The
deactivation of the catalysts was accompanied by the
loss of Ru contents, implying that Ru plays a crucial
role in EOR activity. Concurrently, the (AuPt),s-Ru/
CNTs also displayed the excellent HER and OER ac-
tivities in alkaline media, which was ascribed to the
ensemble and strain effects of the amorphous and
heterostructured metal alloy.
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K& E AuPt-Ru/CNTs & RERE1EN
S & IeE R ELF

HAAL REP, X 62, RIAR2, 5 #2, BAERY
(1. AR A BRFRA G TR R, 77 1007 529030, 2. I REAGRERHATRAE], 74 7 527499)

FE: AR TG TS A A OE, WFFT AR A MIAE 2R LA BT 15 45 s B AL, 15T LA AL L
il , —EURRREIFIE AL 5 & R AR O S 0 F AR K AT SR AR, TR R B A} e sl AR 2L A b Y R
AR, T B4R AT R BT AL, XS SRR L K R RE AT DG A B S LA, PTaE e A
Pt Au } Ru YA S AL, kR R0 | P30 & RN, A SR R &R A s b, JF B2
REL AP RE . A SCHGE T A4 UIRSS Y AuPt-Ru 44 5G24I TR 4T M2 X SR 56 43 i
NELEEHY i R B T AR E LS A i AL Sl 2 BETE M, T — 4k B Pe YR TR RSB T O 21.4
A-mg'y, TEIERE T IRALRE S AuPt S RuAuPt A AHAE AR B SCIRARE AR & AR RIRE R THER 4 &
F A A Ae e b, PR TR PR A Sl 5 Ru 4120 M2k ARG o FRATT IR SE 2o i A2 A 2T i WS T
TR B AT R =, A3 AT T HLSOSEAILER  IZ AR R T 0 S (o i Fh it AR T S AT S AT
HATEHT 10 mA -cm? X Ry (33 AR 30 mV, Tafel £ 45 mV-dec”, T AuPt & RuPtAu Xf HRZHAE §
TZAEALTRIE S 0 A2 P R S DR 45 T ARG B R S i 48 B A B 1 17 80y S PRy, Al Bt 17—
FiaT a5 CEAT SRS 5 R0 4 8 A A AR, 80 T - Sel 2T | st R & 4l kR i B
KR 47, SRS, AuPt A4, CBERAL; KT MUK
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