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ABSTRACT: Understanding how the catalyst morphology influences surface sites is crucial for
designing active and stable catalysts and electrocatalysts. We here report a new approach to this
understanding by decorating gold (Au) nanoparticles on the surface of cuprous oxides (Cu,O) with
three different shape morphologies (spheres, cubes, and petals). The Au-Cu,O particles are dispersed
onto carbon nanotube (CNT) matrix with high surface area, stability, and conductivity for oxygen
reduction reaction. A clear morphology-dependent enhancement of the electrocatalytic activity is
revealed. Oxygenated gold species (AuO~) are found to coexist with Au’ on the cube and petal
catalysts, whereas only Au” species are present on the sphere catalyst. The AuO~ species function
effectively as active sites, resulting in the improved catalytic performance by changing the reaction
mechanism. The enhanced catalytic performance of the petal-shaped catalyst in terms of onset
potential, half-wave potential, diffusion-limited current density, and stability is closely associated with
the presence of the most abundant AuO™ species on its surface. Highly active AuO~ species are
identified on the surface of the catalysts as a result of the unique structural characteristics, which is
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o

attributed to the structural origin of high activity and stability. This insight constitutes the basis for assessing the detailed correlation
between the morphology and the electrocatalytic properties of the nanocomposite catalysts, which has implications for the design of

surface-active sites on metal/metal oxide electrocatalysts.
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1. INTRODUCTION

Oxygen reduction reaction (ORR) is a key electrode process in
electrochemical devices for clean and sustainable energy
stora§e and conversion like metal—air batteries and fuel
cells. ~* The high activation barrier leads to high overpotential
and sluggish reaction kinetics for ORR, which strongly
depends on active electrocatalysts to reduce the over-
potential.*"® Pt-based alloy electrocatalysts have been widely
exploited as the most active electrocatalysts for ORR due to
their synergistic catalytic properties.”® Nevertheless, Pt is
scarce, which hinders their commercialization on a large
scale.”'” Hence the development of other alloy catalysts'"'* or
Pt-free catalysts such as transition metals/metal oxides,"*~"”
carbon-based materials,"*™2° chalcogenides,21 spinels,22 and
metal—organic frameworks™ has gained increasing interests.
Among these materials, copper and copper oxide-based
materials, especially cuprous oxide (Cu,O), have been
extensively studied in photocatalysis, solar cells, sensors, and
electrocatalysis.”*™>° One intriguing example involves Cu@
Cu,O core—shell nanocatalysts. The ORR polarization curves
of such a catalyst exhibited an enhanced limit current density
and onset potential (E, = 0.93 V vs reversible hydrogen
electrode, RHE) via a four-electron transfer pathway.”” Studies
have also demonstrated that the Cu,O nanoparticle catalysts
showed enhancement in catalytic activity and durability for
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ORR in comparison with commercial Pt/C in alkaline
electrolytes.”* " Given the impressive catalytic performance
of AuCu alloy catalysts’’ > and the propensity of copper
oxidation, the combination of Cu,O and Au has also recently
been explored for many technologically important applications,
such as environmental cleanup, solar energy conversion, and
gas sensing.”*® Although such catalysts have not been
studied for ORR, studies of the catalysts in other catalytic or
sensing systems have shown that Au-Cu,O functions as
photocatalyst for the removal of organic dyes and sensing
materials for electrochemical detection for H,0,.>”*

While the importance of the catalyst morphology in affecting
the catalytic properties of the catalysts has been recognized,
there has been little understanding of the mechanistic origin.
For example, the shape-controlled synthesis is known for
controlling the catalyst morphology, and the understanding of
how it correlates with the catalytic activity and stability remains
elusive. The shape and morphology of Cu,O have been known
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Scheme 1. Illustration of the Synthetic Processes of Au-Cu,O Nanocomposites with Three Morphologies
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to play a vital role in ORR in alkaline media. Recent results
from density functional theory (DFT) calculations reveal the
adsorption and activation of O, on the Cu,O(100) facet is
stronger than that on the Cu,O(111) facet."" Given the
possibility of synthesizing Cu,O particles with tunable lattice
planes or/and controlled morphologies, there is an increasing
interest to probe the origin of the morphology-dependent
enhancement of catalytic activity.

Here, we demonstrate a new strategy for designing catalysts
by decorating Au nanoparticles on the surface of Cu,O with
different shape morphologies (e.g., spheres, cubes, and petals)
and dispersing them on a high-surface-area and conductive
carbon nanotube (CNT) matrix (Au-Cu,O/CNTSs) as nano-
composite catalysts. In contrast to traditional use of carbon
powders as support, we used CNTs as a catalyst dispersion
metric, which is known to improve the conductivity and
stability of the catalysts.”” We investigated the relationship
between the morphology and activity over the Au-Cu,O/
CNTs nanocomposite catalysts of three different shapes,
including spheres, cubes, and petals, aiming to reveal the
origin of the enhanced catalytic activity. This design strategy
allowed us to determine the surface sites, the interaction
between Au and Cu,O, and their morphological effect on the
activity. The findings on the morphology—activity relationship
will deepen the understanding of nanocomposite catalysts for
effective design of active and stable electrocatalysts for ORR.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Cu,0. The chemical reagents used in this work
are described in the Supporting Information (SI). Cu,O spheres were
synthesized according to a previously reported method with a subtle
modification.” Cu(Ac),-H,O and poly(vinylpyrrolidone) (PVP)
were mixed into ascorbic acid solution. The suspension was
centrifuged and dried at 60 °C for 12 h to obtain the CuZO spheres.

The Cu,O cubes were synthesized following a method.** Briefly,
CuCl, solution was heated to 55 °C, and then NaOH and ascorbic
acid were added to obtain a dark brown solution. The solution was
kept at 60 °C for 12 h, followed by centrifugation and washing.
Finally, the resulting Cu,O cubes were precipitated.

For the preparation of petal-shaped Cu,O, 1 mL of CuSO, solution
was added dropwise into distilled water containing 0.216 g of PVP.
Sequentially, 0.19 g of sodium citrate, 0.13 g of anhydrous sodium
carbonate, and 0.25 g of glucose were gradually added into the
solution, and then kept at 80 °C for 12 h, followed by centrifugation
and washing. Finally, the resulting Cu,O petal was precipitated.
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2.2. Synthesis of Au-Cu,O/CNTs. The Cu,O particles were
subsequently decorated with Au nanoparticles to form Au-Cu,O
particles. Au-Cu,O particles were prepared by the one-pot approach
(Scheme 1). Specifically, 98 mg of the above-prepared Cu,O and 260
mg of sodium citrate were dispersed in 65 mL of distilled water. Then,
0.72 mL of HAuCl, (1 g/100 mL) was added into the above solution.
The brownish black products were dried at 60 °C for 12 h under
vacuum to obtain Cu,O particles decorated with Au nanoparticles. In
this process, citrate reduced AuCl,” to form small Au nanoparticles
on the surface of Cu,O.

The above Au-Cu,O particles were then dispersed with high
surface area and conductive CNT matrix and underwent a
hydrothermal dispersion process to prepare the nanocomposite
catalysts. Specifically, 0.49 g of CNTs and 98 mg of the impregnated
Au-Cu,0 particles were dispersed in distilled water by sonication for
30 min. The solution was transferred into a Teflon-lined autoclave
and made to react at 180 °C for 12 h. After the hydrothermal reaction,
the precipitate was dried at 80 °C for 24 h and then calcined at 350
°C under N, for 3 h. Finally, the Au-Cu,0/CNTs nanocomposite
catalysts were obtained. Using this method, Au-Cu,O sphere/CNTs,
Au-Cu,O cube/CNTs, and Au-Cu,O petal/CNTs catalysts were
prepared.

2.3. Catalyst Characterizations. The morphologies of the as-
prepared Au-Cu,O catalysts were characterized by scanning electron
microscopy (SEM, Hitachi S-4800), energy-dispersive X-ray (EDX),
transmission electron microscopy (TEM, FEI Tecnai G2 F20 S-
Twin), and high-resolution transmission electron microscopy
(HRTEM). The structures of catalysts were obtained by power X-
ray diffraction (XRD) patterns on PANalytical X’pert PRO with Cu
Ka radiation at 100 mA and 40 kV. The surface properties of samples
were analyzed by X-ray photoelectron spectroscopy (XPS) on
Thermo ESCALAB 250XI with Al Ka.

2.4. Catalytic Performance Measurement. A glassy carbon
(GC) electrode (0.196 cm” with geometric area) was polished with
0.05 pim alumina powder and rinsed with distilled water and ethanol.
The as-prepared nanocomposite (S mg) was added into the solution
containing 1 mL of isopropyl alcohol and 20 uL of 0.5 wt % nafion
and sonicated for 30 min to obtain a catalyst ink solution with
uniform dispersion and no visible particles. Then, 10 uL of the
suspension was dropped on the surface of GC disk (loading content ~
0.10 mg/cm?).

Electrochemical measurements were performed in a three-electrode
system using a microcomputer-controlled CH1760E electrochemical
analyzer (CH Instruments). Hg/Hg,Cl, (KCl, saturated), Pt plate
and modified GC were used as the reference, counter, and working
electrodes, respectively. The cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) measurements were carried out in 0.1 M
KOH saturated with N, and O,, respectively. The Koutecky—Levich
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Figure 1. Top-row images: SEM images of Cu,O: (a) spheres, (b) cubes, and (c) petals; bottom three-row images: SEM, TEM, and HRTEM

images of Au-Cu,O: (d, g) spheres, (e, h) cubes, and (f, i) petals.

(K—L) plots method was used to determine the number of electron
transfers (1) under specific electrode potentials.

3. RESULTS AND DISCUSSION

3.1. Morphological and Structural Characteristics.
The morphology of Au-Cu,0O nanocomposite particles and
distribution of Au nanoparticles on Cu,O were examined using
SEM, EDX elemental mapping, TEM, and HRTEM. Figure 1
(and Figure S1) shows three different distinctive morpholo-
gies, including spheres, cubes, and petals for the Au-Cu,O
nanocomposite catalysts synthesized in this work. In
comparison with the relatively smooth surface features for
Cu,O (Figure la—c), the surface of the Au-Cu,O nano-
composites (Figure 1d—f) exhibits relatively rough and uneven
morphologies, characteristic of Au nanoparticles deposited on
the surface of Cu,O.

Detailed surface morphologies were analyzed by TEM and
HRTEM (Figure 1g—i). The bright dots on Cu,O spheres
(~800 nm) in the TEM image (Figure lg) are attributed to
aggregated Cu,O nanoparticles with oriented (111) facets.*’
The HRTEM images revealed interplanar spacing distances of
0.24 and 0.25 nm, corresponding to Au(111) and Cu,O(111)

facets. On the Au-Cu,O cubes (an average edge length of 700
nm) (Figure 1h), mainly Cu,O (200) and Au(111) crystal
facets were detected, which shows lattice spaces of 0.21 and
0.24 nm, respectively.** On the Au-Cu,O petals (Figure 1i),
the detected lattice fringes of Cu,O indicate that Cu,O petals
expose, namely, two different lattice spaces of about 0.21 and
0.25 nm corresponding to (200) and (111) facets. It also
detected the Au(111) lattice fringe of 0.24 nm for the Au(111)
facet. To further understand the distribution of Cu and Au
species, the samples were also analyzed using EDX. The results
showed that Au nanoparticles were well dispersed on the Cu,O
surface (Figure S1).

CNTs were used as a matrix for dispersing the Au-Cu,O
nanocomposites, which also improve the conductivity and
stability of catalysts due to their high specific surface area and
excellent electrical conductivity. The Au-Cu,O sphere, cube,
and petal nanocomposites were shown to maintain original
morphologies and display uniform dispersion on CNTs by the
hydrothermal procedure (Figure S2). As in the Au-Cu,O
nanocomposites, the Cu,O nanoparticles in Au-Cu,O sphere/
CNTs, Au-Cu,O cube/CNTs, and Au-Cu,O petal/CNTs still
display (111), (200), and a mixture of (111) and (200) facets,
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Figure 2. (a) XRD patterns of Au-Cu,O sphere/CNTs, Au-Cu,O cube/CNTs, Au-Cu,O petal/CNTs, and Cu,0/CNTs and (b) enlarged view of

the peaks between 37 and 41°.
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Figure 3. XPS spectra of the catalysts in (a) O s, (b) Au 4f, and (c) Cu 2p regions. Spectral deconvolution is included. (d) illustration of the

surface AuO~ species on Cu,O sphere, cube, and petal.

respectively. XRD technique was used to confirm the structural
features and crystalline phase of all of the catalysts. Figure 2a
displays a typical set of XRD patterns for Au-Cu,O sphere/
CNTs, Au-Cu,O cube/CNTs, Au-Cu,O petal/CNTs, and
Cu,O/CNTs. The diffraction peaks identified at 36.4, 42.2,
61.4, and 73.3° well match (111), (200), (220), and (222)
facts of cubic Cu,O (JCPDS 77-0199). The broad peak at
24.9° is originated from the (002) facet of CNTs. The
diffraction peaks of CuO are observed at 32.5 and 48.7°
(JCPDS 00-045-0937) after dispersing on CNTs (Figure S3).
The hydrothermal dispersion process was shown to result in
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the oxidation of part of the Cu,O particles. As seen from the
peaks between 37 and 41° in Figure 2b, the deconvolution
reveals a peak at 38° corresponding to (111) facets of Au
(JCPDS 04-0784), which is consistent with the XRD pattern of
Au-Cu,O nanocomposites (Figure S3). In contrast to Au-
Cu,0, the peak at ~38.5° of Au-Cu,O/CNTs is identified to
be originated from the AuCu alloy structure in Au-Cu,O/
CNTs, suggesting that the hydrothermal dispersion process of
Au-Cu,O particles on CNTs also induces a certain degree of
reduction of part of Cu,O followed by alloying with Au.
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Table 1. Results of the Relative Surface Composition Ratios from XPS Analysis of the Au-Cu,O/CNTs Catalysts

ratio (%)

catalysts Oy (Cu*")/0 Ope (Cu*)/O 0,4/0 AuO~/Au
Au-Cu,O sphere/CNTs 132 45.5 413 0
Au-Cu,O cube/CNTs 13.5 454 41.1 18.9
Au-Cu,O petal/CNTs 19.4 47.9 32.7 23.1
(@) (b) 5
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Figure 4. (a) CV curves of the catalysts at a scan rate of 50 mV/s in 0.1 M KOH solution saturated with N, and (b) LSV at a scan rate of 10 mV/s
and rotation speed of 1600 rpm in 0.1 M KOH solution saturated with O,.

Table 2. Comparison of the Results from Studies of the Electrocatalytic ORR in Alkaline Solutions between This Work and

Other Works

catalysts onset potential n E,;, (V vs RHE)
Au-Cu,O sphere/CNTs 0.92 4.00 0.83
Au-Cu,O cube/CNTs 0.95 3.99 0.88
Au-Cu,O petal/CNTs 0.99 3.98 091
Cu@Cu,0 0.93 3.97 0.86
Cu,O nanocrystals 0.72 3.70 0.57
AuNi-Cu,O 0.91 4.00 0.82
Cu,O truncated octahedral 0.80 3.74 0.65
Cu,0 0.79 1.80 0.73
Co0;0,-Cu0/Cu,0/C 0.86 4.00 0.72
Cu, 0~ C/PANI 0.90 3.89 0.76

Tafel slope (mV/dec)  mass activity (mA/mgy, c,,0) at 0.80 V refs
79.6 90.2 this work
70.6 92.8 this work
68.7 138.5 this work

27
28
64.8 30
41
56
83.6 57
58

3.2. Surface and Lattice Oxygen Species. XPS analysis
was used to investigate the oxidation states and partial charges
on the Au-Cu,O sphere/CNTs, Au-Cu,O cube/CNTs, and
Au-Cu,O petal/CNTs catalysts (Figures 3 and S4). The O 1s
spectra (Figure 3a) can be deconvoluted into three peaks.
Based on the literature data,>”*” the peaks at 530.2, 531.4, and
533 eV can be attributed to the lattice oxygen of CuO (Opy
(Cu*")), lattice oxygen of Cu,O (O (Cu*)), and adsorbed
oxygen (O,4), respectively. The O, peak originates
chemisorbed and dissociated oxygen species including O,~,
0?7, or O7, and hydroxide ion (OH™), which could be used to
estimate the oxygen adsorption ability.**

As shown in Table 1, the relative ratio of O,y vs the total
detected O species is found to follow the order of Au-Cu,O
sphere/CNTs > Au-Cu,O cube/CNTs > Au-Cu,O petal/
CNTs. This indicates that the Au-Cu,O petal/ CNTs exhibits a
relatively weaker oxygen adsorption ability. In other words, Au-
Cu,O petal/CNTs contains a relatively larger amount of lattice
oxygen, implying a stronger interaction between Au and Cu,O
in Au-Cu,O particles by electronic effects. This assessment is
demonstrated by the analysis of Au 4f and Cu 2p peaks. For Au
4f spectra in Figure 3b, the two peaks at 84.5 and 882 eV
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suggest the existence of metallic Au particles in all of the three
catalysts. For Au-Cu,0O cube/CNTs and Au-Cu,O petal/
CNTs catalysts, the deconvoluted peak at 85.7 eV is identified
as Au” species, which can be effectively stabilized as AuO~
species by the metal oxide support and the charge transfer
process, suggestin% a strong Au—O bond from Au and lattice
oxygen in Cu,O.” ' Herein, the presence of AuO~ species
involves the charge transfer and rearrangement at the interface
between Au atom and Cu,O. As shown in Figure 3d and Table
1, Au-Cu,O petal/CNTs catalyst has the most AuO™ species
compared with Au-Cu,O sphere/CNTs and Au-Cu,O cube/
CNTs, featuring the most lattice oxygen species.

Based on the microscopic morphologies of Cu,O, Cu,O
petals are shown to expose mixed facets of (111) and (200)
and form AuO~ species. AuO~ species is usually linked to the
active species, which facilitates the insertion of oxygen atoms
during the redox reaction.*”>*>* Given this finding, the AuO™~
species is believed to be active sites for ORR. The ORR activity
is closely linked to the AuO~™ species in addition to external
0,4, species, which is substituted in the next section. As shown
by Cu 2p spectra in Figure 3¢, the peaks at 932.5 and 952.4 eV
correspond to Cu 2p;,, and Cu 2p ,, respectively; the satellite
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Figure S. (a) RDE—LSV polarization curves in O,-saturated 0.1 M KOH solution with different rotation speeds at a scan rate of 10 mV/s; (b)
corresponding K—L plots at different electrode potentials of the Au-Cu,O petal/CNTs catalyst (inset: the transferred electron number versus
potentials); (c) mass activity of all of the catalysts at 0.80, 0.85, and 0.90 V, and (d) Tafel plots of catalysts.

peaks appear at about 943.2 eV.>* This result is indicative of
the presence of CuO in the three catalysts. Interestingly, the
peaks of Au-Cu,O petal/CNTs show a subtle shift toward
lower binding energy in comparison with those of Au-Cu,O
sphere/CNTs and Au-Cu,O cube/CNTs. This shift indicates a
stronger interaction between Au nanoparticles and Cu,O petal,
which improves the ORR catalytic activity. Furthermore, the
subtle shift of the Cu 2p peaks of Au-Cu,O petal/CNTs to a
lower binding energy also demonstrates a stronger interaction
between Au and Cu,O species than those of the other two
catalysts.

3.3. Electrocatalytic Properties. The electrocatalytic
properties of the catalysts were assessed by cyclic voltammetry
(CV) and liner sweep voltammetry (LSV) using the rotating
disc electrode (RDE). The data were recorded after SO cycles
to gain stable performance of the catalysts. Figure 4 displays
CV and LSV curves in 0.1 M KOH solution saturated with N,
and O,, respectively. There are two pairs of redox peaks for the
Au-Cu,0/CNTs and Cu,O/CNTs catalysts (Figure 4a). O1
and R1 represent the formation and reduction of Cu-OH,.
02 stands for further oxidation of Cu,O to Cu®*, which can be
represented by Cu,O + H,0O — 2Cu** + 2e” + 20H", whereas
R2 corresponds to the reduction of Cu®* species to Cu*>® In
contrast, the CV curve of CNTs displays only the featureless
double-layer charging current, which is similar to those for
typical CNTs. Furthermore, the electrocatalytic activity was
analyzed at a rotation rate of 1600 rpm and the half-wave
potentials were evaluated, as shown in Figure 4b and Table 2.
Clearly, LSV curves demonstrate that the ORR catalytic
activity strongly depends on the morphology of the catalysts.
As seen from Figure SS, the introduction of CNTs as a matrix
for dispersing the Au-Cu,O nanocomposites is an effective way
to improve the catalytic activity for ORR. The Au-Cu,O petal/
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CNTs nanocomposite catalyst exhibits superior performance
among the three catalysts. In comparison with the exposed
(111) facet Au-Cu,O sphere/CNTs and (200) facet for Au-
Cu,O cube/CNTs, the Au-Cu,O petal/CNTs catalyst is
dominated by exposure of (111) and (200) facets. This
catalyst shows the highest onset potential, half-wave potential
(Ei1j2), and diffusion-limited current density. The half-wave
potential is in the order of Au-Cu,O petal/CNTs (0.91 V) >
commercial Pt/C (0.90 V) > Au-Cu,O cube/CNTs (0.88 V) >
Au-Cu,O sphere/CNTs (0.83 V) > Cu,O/CNTs (0.76 V) >
CNTs (0.64 V) (see Table 2). Considering the fact that this
catalyst is also mostly enriched with AuO~, AuO~ species has
more positive influence on the electrocatalytic performance
toward ORR.

To further elucidate the catalytic mechanism and kinetics, a
series of LSV curves were obtained at different rotation speeds
shown in Figures Sa and S6. At the same time, the
corresponding Koutecky—Levich (K—L) plots at various
potentials were also analyzed as shown in Figure Sb. The
diffusion current density was shown to gradually increase with
the rotation speed from 400 to 2400 rpm. The corresponding
K-L plots exhibit a good linearity in the range from 0.4 to 0.6
V, displaying a first-order reaction characteristic. The average
number of exchanged electrons (n) was extracted from the
slope of K—L plot. The value of n for ORR on Au-Cu,O petal/
CNTs, Au-Cu,O cube/CNTs, and Au-Cu,O sphere/CNTs is
about 4, whereas the value of n for Cu,O/CNTs is 2.84,
demonstrating that ORR on Au-Cu,O/CNTs involves a four-
electron pathway. The magnitude of kinetic current density
(jx) at various potentials is in the order of Au-Cu,O petal/
CNTs > Au-Cu,O cube/CNTs > Au-Cu,O sphere/CNTs
(Figure S7), indicating that Au-Cu,O petal/CNTs shows the
highest enhancement in the kinetic rate.
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Figure Sc shows the mass activity at 0.75, 0.80, 0.85, and
0.90 V. The mass activities were given in terms of the kinetic
current per unit weight of Au-Cu,O rather than the Au only
content considering the substantial contribution of the
catalytic activity of Cu,O species. It is important to note that
the catalysts were prepared by the same procedure in terms of
loading Au nanoparticles on Cu,O with different shapes. As
shown in Table S1, by comparing Au loading of Au-Cu,O
sphere/CNTs vs the synthetic feeding ratio, the close
agreement between the Au loading and the feeding value
indicates that the content of Au in Au-Cu,O/CNTs catalysts
can be controlled well by controlling the feeding ratio of the
Au precursors in the catalyst preparation. The mass activity of
Au-Cu,O petal/CNTs is the greatest, as evidenced by the mass
activity at 0.80 V (V vs RHE) in the order of Au-Cu,O petal/
CNTs (138.5 mA/mgy, cy,0) > Au-Cu,O cube/CNTs (92.8

mA/mgy, cu,0) > Au-Cu,O sphere/CNTs (90.2 mA/
mgx, cu,0) (Table 2). Furthermore, as shown by the Tafel

plots, the Tafel slopes for Au-Cu,O petal/CNTs, Au-Cu,O
cube/CNTs, and Au-Cu,O sphere/CNTs are 68.7, 70.6, and
79.6 mV/dec, respectively. All of the values are lower than that
for a commercial Pt/C (80.4 mV/dec) (see Figure Sd and
Table 2).*° To further evaluate the electron transfer properties
of the catalysts, Nyquist plots were obtained from electro-
chemical impedance spectroscopy (EIS) analysis. As shown in
Figure S8, the charge transfer resistances of Au-Cu,O/CNTs
catalysts are all lower than that of Au-Cu,O, indicating that
CNTs contribute to improve the electrochemical conductivity.
In comparison with the results from others as shown in Table
2, the Au-Cu,O/CNTs catalyst with a petal shape is clearly
shown to exhibit a superior catalytic performance at a similar
level with the catalyst,””>%30#56758

3.4. Catalyst Durability. The determination of long-term
durability is a vital factor for evaluating the performance of
catalysts. The durability of the catalysts was evaluated by
chronoamperometric measurements (i—t) over a period of 10
h under a constant potential of 0.7 V vs RHE (working voltage
of the fuel cell) at a rotation rate of 1600 in O,-saturated 0.1 M
KOH solution. As shown in Figure 6, the Au-Cu,O petal/
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Figure 6. Chronoamperometric curves for the catalysts at 0.7 V in O,-
saturated 0.1 M KOH solution.

CNTs nanocomposite retains 89% of its original current
density or shows a decrease by 11%, after about 10 h, while the
Au-Cu,0 cube/CNTs and Au-Cu,O sphere/CNTs retain only
about 74 and 43% of their original current densities,
respectively. Moreover, Au-Cu,O petal only retains about
32% of the original current densities, while Au-Cu,O petal/

CNTs can maintain 89% of its original current density, clearly
confirming that CNTs as a catalyst dispersion matrix can
improve the stability of the catalysts. The improved ORR
stability of the Au-Cu,O catalyst with the petal morphology
may be attributed to its polycrystal structure (a mixture of
Cu,0(111) and (200) facets), which is in contrast to the cube
and sphere morphologies where single-crystal Cu,O (200) and
(111) facets are detected, respectively. Mechanistically, the
higher stability of Au-Cu,O petal/CNTs could be explained on
the basis of a weaker interaction of oxygen with the mixed
surface facets of Cu,O, resulting in a higher resistance toward
self-oxidation to CuO during ORR. Overall, it is clear that the
Au-Cu,O petal/CNTs nanocomposite exhibits not only
superior electrocatalytic performance but also remarkable
electrochemical stability.

To understand the origin of the superior stability and
stability of Au-Cu,O petal/CNTs in comparison with the other
catalysts, we systematically investigated the morphology,
structure, and composition of Au-Cu,O petal/CNTs and Au-
Cu,O cube/CNTs after the 10 h test. Figure 7a shows that the
Au-Cu,O petal/CNTs largely maintain the original morphol-
ogy, while the surface layer was oxidized to CuO(110)
compared with the fresh Au-Cu,O petal/CNTs catalyst. This
indicates Au-Cu,O petal/CNTs is stable under ORR
conditions. In contrast, the morphology of Au-Cu,O cube/
CNTs was changed, as shown in Figure 7b, in comparison with
the fresh catalyst. Importantly, the change of the morphology
led to the exposure of CuO(002) and Cu,O(111), indicating
that Au-Cu,O cube/CNTs is unstable and easily oxidized to
CuO under ORR conditions. As shown in Figure S10, by
analyzing the data, the Au-Cu,O sphere/CNTSs nanocomposite
catalyst is apparently unstable due to the propensity of
oxidation. Both activity and stability strongly depend on the
morphology of the catalysts.

To substantiate the above findings, XRD and XPS were used
to probe the structural changes of the Au-Cu,O petal/CNTs
and Au-Cu,O cube/CNTs after the 10 h test. As shown from
XRD in Figure 7¢, Au-Cu,O petal/CNTs catalyst’s diffraction
peaks are characteristic of Cu,O and CuO, whereas the Au-
Cu,O cube/CNTs catalyst’s diffraction pattern largely matches
that of CuO. This finding is consistent with the results of TEM
analysis. In comparison with the XPS spectra of fresh Au-Cu,O
petal/CNTs and Au-Cu,O cube/CNTs (Figure 3), the Cu 2p
peaks for the nanocomposite catalysts are shown to undergo
subtle changes in which the peaks of Cu®* are increased due to
the appearance of oxidation, especially for Au-Cu,O cube/
CNTs (Figure 7d). In view of this change, the Cu,O species in
the catalysts is likely oxidized to form Cu®** in which the
electrons are transferred to the ORR. The degree of oxidation
can be reduced to a certain extent by designing Au-Cu,O
nanocomposite catalysts with stable morphology and structure.
These findings clearly indicate that the Au-Cu,O petal/CNTs
catalyst is both active and stable in the alkaline environment,
promising for use in alkaline fuel cells.

3.5. Mechanistic Considerations. We further performed
density functional theory (DFT) calculations to understand
mechanistic details involved in the adsorption of O, molecules
on the Au-Cu,O surface and the role of Cu,O(111) slab as the
predominant facet in the enhanced activity mechanism. Au
clusters with seven atoms supported on the Cu,O(111) surface
were used as a model of the Au-Cu,O system in interaction
with the O, molecule (see SI). There are three stable
adsorption configurations as shown in Figure 8a. It is found
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that the most probable adsorption mode of O, adsorbed on
Au-Cu,0 is the bridge mode between Cu and Au atoms with
an optimal compromise adsorption energy of —0.235 eV. The
lengths of O—Cu, O—Au, and O—O are 2.286, 2.398, and
1.334 A, respectively. Predictably, the optimal compromise of
the adsorption or bond lengths is beneficial to activate and
accelerate the kinetics of O—O bond splitting. It has been
proven that molecular oxygen mainly prefers to adsorb on the
pure Cu,O surface by bridge mode.”"”” Thus, the addition of
Au clusters could regulate the adsorption configuration of the
O, molecule and then influence the ORR.

Taken together, the improved ORR activity for Au-Cu,O/
CNTs catalysts is believed to originate from the change of the
catalytic mechanism compared with Cu,O/CNTs, as illus-
trated in Figure 8b. ORR over the Cu,O/CNTs catalyst may
proceed through the two-electron pathway. Namely, the O,
molecule adsorbs on Cu atoms by bridge sites and is activated
to form HOO¥* intermediate, and finally H,O, is produced by
a two-electron transfer reaction. However, Au nanoparticle-
modified Cu,O nanocomposites provide a four-electron
pathway. Briefly, the addition of Au atoms generates an
electronic effect between Au nanoparticles and Cu,O on the
formation of AuO~ species as efficiently active sites. AuO~
species accelerate the kinetics of O—O bond splitting, further
facilitating the direct reduction of O, to OH™ though a four-
electron process. Consequently, the faster dissociation rate of
O—0 bonds on the interface of Au and Cu,O enhances the
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ORR. As shown earlier, Au-Cu,O/CNTs with the petal
morphology possesses a maximum amount of AuO™ species,
which exhibits the superior activity and stability for ORR. This
mechanistic finding presents an intriguing pathway for
understanding of the design parameters not only for copper-
based alloy catalysts but also for other metal/metal oxide
catalysts.

4. CONCLUSIONS

In conclusion, we have designed and synthesized new Au-
Cu,0O/CNTs nanocomposite catalysts with three different
controllable structures and morphologies. The Au-Cu,O petal/
CNTs catalyst is shown to feature (111) and (200) facets of
Cu,0O on the surface, whereas the Au-Cu,O cube/CNTs and
Au-Cu,O sphere/CNTs catalysts display the (200) and (111)
facets, respectively. AuO™ species are shown to form as a result
of the charge transfer and rearrangement between Au and
lattice oxygen in the Cu,O. The AuO~ species function as
active sites in the improved catalytic performance for ORR by
converting the two-electron pathway over the Cu,O/CNTs
catalyst to the four-electron pathway over Au-Cu,O/CNTs
catalyst. The Au-Cu,O petal/CNTSs exhibits a maximum ORR
activity and stability with a half-wave potential of 0.91 V,
outperforming the Au-Cu,O cube/CNTs and Au-Cu,O
sphere/CNTs catalysts. The Au-Cu,O petal/CNTs catalyst
also shows superior stability due to its stability of morphology
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and structure under ORR conditions. These findings
demonstrate that the nanocomposite catalysts can be
manipulated by controlling the surface sites and catalytic
mechanism of the catalysts, which provides a fresh insight into
the rational morphological design of active and stable metal/
metal oxide catalysts and electrocatalysts.
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