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ABSTRACT

Alloy nanostructures have been extensively exploited in both thermal and electrochemical catalysis due to their beneficial
“synergetic effects” and being cost-effective. Understandings of the alloy nanostructures including phases, interfaces, and
chemical composition are prerequisites for utilizing them as efficient electrocatalysts. Here, we use carbon-supported CuAu
nanoparticles as a model catalyst to demonstrate the phase-separation induced variation of electrochemical performance for the
CO, reduction reaction. Driven by thermal oxidation, the CuO, phase gradually separates from the original CuAu nanoparticles,
and different carbon supports, i.e., graphene vs. carbon nanotube lead to a reversed trend in the selectivity towards CO
production. Through detailed structural and chemical analysis, we find the extent of phase separation holds the key to this
variation and could be used as an effective method to tune the electrochemical properties of the alloy phase.
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1 Introduction

Alloy nanostructures have been employed as heterogeneous
catalysts for both thermal [1-4] and electrochemical [5,6]
processes due to their tunable composition and electronic
structures that are vital to catalytic processes. For the
electrochemical reduction of CO,, alloy nanoparticle catalysts have
been exploited to enhance the activity, selectivity, and stability of
the electrocatalysts [7-13]. The merit of alloy nanoparticles
compared to their single-component counterparts lies in the so-
called synergetic effect [14], ie., the combination of two metal
elements largely promotes the catalytic properties of specific
products [15-20]. For instance, introducing Zn atoms into Cu
could favour the selectivity of ethanol versus ethylene production
by a factor of ~ 12.5 [21].

Alloying as an ancient metallurgy technique often brings new
physical and chemical properties by tuning the phase and
microstructure of the base metals. The alloying effect can be
exaggerated when the dimension of interest enters the nanoscale.
The structure, phase, and interface as well as the chemical
distribution are critical factors of the alloy nanoparticles that
determine their intrinsic catalytic properties, which are sensitive to
the processing method and working conditions. For instance, the
CuAu nanoparticles with a disordered phase favour hydrogen
production while its ordered phase leads to a CO production with
a Faradaic efficiency of ~ 80% [22]. Phase segregation with
concurrent composition change and surface oxidation [23, 24] of
alloy could play a vital role in determining the electrocatalytic
performance [25]. On the other hand, alloy nanoparticle

electrocatalysts are subject to significant structural and chemical
changes under electrochemical conditions, further complicating
the analysis of their structure-property relationship [26-28].
Ambiguity still exists in the varied evolved alloy nanostructures
and the correlation to their electrochemical catalytic performance.
Alloys of two elements with different tendency for oxidation, e.g.,
CuAu could lead to an evolving and complicated spatial and
temporal distribution of Cu-Au-O systems, which is critical to
understand their contribution to the overall electrochemical
process.

Herein, we use CuAu nanoparticles with the solid solution
phase anchored on two different supports, carbon nanotubes
(CNTs) vs. three-dimensional (3D) graphene (Gr) as a model
alloy catalyst system to track the structural and chemical change
upon the post-treatment and during reaction condition of CO,
electrochemical reduction. Different statuses of phase separation
have been detected for CuAu nanoparticles for two different
supports upon post-annealing and reaction. This difference caused
by carbon supports leads to the variation in product selectivity
towards CO.

2 Results and discussion

We prepared CuAu nanoparticles (NPs) with a solid-solution
phase (Cu and Au atoms are randomly mixed) and with an
average size of less than 10 nm according to a previously reported
procedure with some modifications [29]. In the presence of Au
NPs, Cu(acac), was reduced by oleylamine to Cu that diffused into
the Au seeds to form CuAu NPs at 210 °C. As shown in Scheme 1,
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as-synthesized CuAu nanoparticles are loaded on 3D-Gr (noted as
CuAu/Gr) and CNTs (noted as CuAu/CNTs) through the
impregnation method, followed by annealing in the air. How
would the CuAu nanoparticles evolve chemically and structurally
upon post-annealing and during the electrochemical reaction and
how these changes affect the CO, conversion products are the
central questions to be tackled in our scheme.

2.1 CuAu nanoparticles supported on 3D-Gr vs. CNTs

Figure 1 shows the morphology of as-prepared and annealed
CuAu/Gr and CuAu/CNTs electrocatalysts by high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images and corresponding particle size analysis. As shown
in Figs. 1(a) and 1(e), the CuAu nanoparticles are uniformly
distributed with a large density after being loaded on the
graphene, and the average particle size is 6.8 + 0.8 nm as shown in
the corresponding size distribution analysis of Fig. 1(i). Figures
1(b), 1(f), and 1(j) show the average size of CuAu nanoparticles
increases to 11.1 + 2.3 nm after annealing accompanying a
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decrease in particle density. This indicates a classic Oswald
ripening process happens for CuAu nanoparticles on graphene
during annealing. The CuAu nanoparticles loaded on CNTs have
a similar trend before (Figs. 1(c) and 1(g)) and after annealing
(Figs. 1(d) and 1(h)), but the size increase of CuAu nanoparticles
before and after annealing (from 6.8 + 1.0 to 8.0 + 2.0 nm) is
much less than that of CuAu/Gr, as shown in Figs. 1(k) and 1(1).
These results show the effect of carbon supports on the average
size and size distribution of CuAu nanoparticles upon the post-
annealing process.

Then, we further investigate the structural and chemical change
of CuAu nanoparticles upon the annealing process. Figure 2(a)
shows the X-ray diffraction (XRD) analysis of CuAu/Gr before
and after annealing. The original CuAu solid solution phase as
indicated by the red spectrum with broad peaks changes to the
“Au-like” phase (we will see it’s not a pure Au phase) indicated by
the blue spectrum with sharper peaks. A peak shift to the smaller
angles (larger lattice distance) when transitioning from CuAu to
Au-like phases with both face-center cubic (FCC) structures. The
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Figure1 Morphology of CuAu/Gr and CuAu/CNTs. The low-magnification HAADF-STEM images of CuAu/Gr before (a) and after (b) annealing, and
CuAu/CNTs before (c) and after (d) annealing. The high-magnification HAADF-STEM images of CuAu/Gr before (e) and after (f) annealing, and CuAu/CNTs before
(g) and after (h) annealing. The particle size analysis of CuAu/Gr before (i) and after (j) annealing, and CuAu/CNTs before (k) and after (1) annealing.
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Figure2 Phase separation of CuAu/Gr and CuAu/CNTs. (a) XRD patterns of CuAu-Gr before and after annealing as referenced by the graphite. (b) and (d)
HAADF-STEM images of CuAu/Gr before and after annealing. (c) and (e) The corresponding EDS mapping of Cu and Au in CuAu/Gr before and after annealing. (f)
XRD patterns of CuAu/CNTs before and after annealing as referenced by CNTs. (g) and (i) HAADF-STEM images of CuAu/Gr before and after annealing. (h) and (j)
The corresponding EDS mapping of Cu and Au in CuAu/Gr before and after annealing.

reference peaks of graphene indicated by the black spectrum are
found in both samples. By HAADF-STEM images and
corresponding energy-dispersive spectra (EDS) mapping, we can
see the Cu and Au elements are uniformly mixed in the CuAu/Gr
before annealing, as shown in Figs. 2(b) and 2(c), which confirms
its solid solution phase. After annealing, we can see the
partitioning of CuAu nanoparticles as shown in Fig. 2(d), where
the brighter contrast indicates the presence of an Au-rich zone
and the dark contrast (white arrows) around the Au-rich zone are
rich in Cu. This is because the HAADF-STEM image directly
reflects its atomic weight to the intensity of contrast, i.e., Au with a
higher atomic number has a brighter contrast than Cu. Hence, this
manifests a phase separation of CuAu nanoparticles, which is
further illustrated by the EDS mapping in Fig. 2(e). It is noted that
the brighter contrasted areas also have a significant amount of Cu
elements, which indicates this phase separation of CuAu is not
complete, leaving CuAu nanoparticles (enriched by Au) and the
Cu-rich zone around them. For the CuAu/CNTs, post-annealing
also leads to a size increase of CuAu nanoparticles as indicated by
the sharpening of XRD peaks in Fig. 2(f). Microscopically, the
extent of phase separation of CuAu is much less than that of
CuAu/Gr as shown in Fig.S1 in the Electronic Supplementary
Material (ESM). As shown in the STEM images of Figs. 2(g) and
2(i), no contrast difference is detected for a single CuAu
nanoparticle (Fig. 2(g)) before annealing, while a dark region
appears after the annealing as indicated by the arrow in Fig. 2(i).
The EDS mapping of Figs. 2(h) and 2(j) also clearly shows the
phase-separation happens in the interfacial region of two
nanoparticles as indicated by the arrow in Fig. 2(j). From the
above observations, we have identified a thermally driven phase
separation of CuAu nanoparticles mediated by two carbon
supports, which will be tested for their electrochemical
performance as below.

2.2 Electrocatalytic performance for CO, reduction

reaction (CO,RR)

We evaluate the performance of CuAu/Gr and CuAu/CNTs
catalysts for the electrochemical reduction of CO, under an H-cell
configuration using 0.1 M KHCO; solution as the electrolyte.
Firstly, we compare pure CuAu nanoparticles, CuAu/CNTs, and
CuAu/Gr before and after annealing, at a potential of 0.8 V vs.
reversible hydrogen electrode (RHE) as shown in Fig. 3(a).
Compared with pure CuAu nanoparticles, CuAu/CNTs shows
similar Faradaic efficiency (FE) for both CO and H, production
(54.03% vs. 46.5% for CO, and 43.5% vs. 40.32% for H,), while the
CuAu/Gr shows an increase of CO FE from 54.03% to 71.35%.
After annealing, the CuAu/CNTs shows a strong boost of CO FE
from 46.5% to 80.36%, while the CuAu/Gr shows a sharp decrease
of CO FE from 71.35% to 47.78%. This manifests a reversed effect
of the annealing process on the electrochemical performance of
CuAu nanoparticles on different carbon supports. We can see a
similar trend in the linear sweep voltammetry (LSV) test (scan
rate = 10 mV-s™') as shown in Fig. 3(b). For instance, CuAu/CNTs-
after has the lowest onset potential of ~ 390 mV and largest
current density followed by CuAu/Gr-before, while the
CuAu/CNT-before and CuAu/Gr-after are the two worse ones.
Then, we check the CO FE of CuAu/CNTs and CuAu/Gr samples
at different potentials (=0.7 to —1.1 V) as shown in Figs. 3(c) and
3(d). The CO FE of CuAu/CNTs after annealing peaks at —0.8 V
to reach 80%, which is also the highest for CuAu nanoparticles on
CNTs as shown in Fig. 3(c). However, the highest CO FE of
~ 86% for CuAu/Gr is achieved without annealing as shown in Fig
3(d). These results show that the annealing process leads to a
distinct effect on the electrochemical performance of CuAu
nanoparticles on different carbon supports, e.g, CNTs vs. Gr,
which may be related to phase-separation phenomenon observed
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Figure 3 Electrocatalytic performance of CuAu/Gr vs. CuAu/CNTs for CO,RR. (a) Electrochemical CO, reduction activities of CuAu nanoparticles, CuAu/CNTs,
and CuAu/Gr evaluated by FE of CO and H,. Measurements were conducted at —0.8 V vs. RHE with 0.1 M KHCO; solution (pH 6.8). (b) LSV curves for
CuAu/CNTs and CuAu/Gr in CO,-saturated KHCO;. (c) Comparison of CO FE on CuAu/CNTs at various applied potentials. (d) Comparison of CO FE on

CuAu/Gr at various applied potentials.

in Fig.2. However, understanding the structural and chemical
changes induced by phase-separation of CuAu needs further
atomic-scale information on the working electro-catalysts.
Long-term stability test was conducted at the potential of —0.8
V vs. RHE on four samples (Fig.S6 in the ESM). There is no
significant decay in current density during 6 h. But the CO FE of
four samples decreases in varying degrees. The structure evolution
of catalysts after electrochemical test was characterized by
transmission electron microscope (TEM). Figure S7 in the ESM
shows the HAADF images of the morphology of CuAu/Gr and
CuAu/CNTs catalysts after CO,RR for 6 h. The CuAu supporting
on Gr after annealing changes most significantly after six hours of
reaction, agglomerating into large particles of different sizes. This
observation may be responsible for the poor CO FE, which needs
further exploration. And the remaining three catalysts are slightly
agglomerated with most particles maintaining their original size.

2.3 Surface and interface of CuAu/C catalysts

We use high-resolution TEM (HRTEM) imaging to investigate
the atomic structure of CuAu nanoparticles as shown in Fig. 4.
The pristine CuAu nanoparticles possess a typical faceted
polyhedron morphology, which shows a “round” shape from a
specific projection view as shown in Figs. 4(a) and 4(b). This is the
thermodynamically preferred morphology of nanoparticles with
the smallest surface energy adopted by a solid-solution phase.
Figure 4(c) shows the corresponding fast Fourier transformation
(FFT) pattern in Fig. 4(b), which shows a multi-twined diffraction
pattern with CuAu (220) and (200) indexed. Besides, we can
measure the lattice distance and estimate the composition of Cu or
Au through the empirical Vegard’s Law, which has been detailed
in the Methods, and Figs. S2 and S3 in the ESM. It is noted that
most of the CuAu nanoparticles before annealing have a typical
five-fold twinning structure. However, the atomic structure of
CuAu nanoparticles after the annealing changes significantly,
leading to the phase separation as we observed above. Figure 4(d)

shows the HRTEM image of typical CuAu nanoparticles on CNTs
after annealing. Figure 4(d) shows an AuCu nanoparticle (circled
by the yellow dashed line) with a clear five-fold twin structure
surrounded by another crystalline phase possibly Cu,O as
measured by a plane distance of ~ 2.45 A corresponding to the
lattice distance of Cu,O (111). This is a “core-shell” like structure
but there is no oxide between the intimate interface between CNT
and Au. Figure 4(e) shows the same trend of the phase-separation
happening for a single CuAu nanoparticle, but the spatial
distribution of Au and oxide phase is different from that in Fig.
4(d). Two Au grains are placed side-by-side with intimate contact
with both the CNT surface and Cu,O phase. We can label the Au
and Cu,O phases by the corresponding FFT pattern (Fig. 4(f)).

Distinct from this type of partial phase-separation, ie., two
separated phases still reside in the same nanoparticle, the phase-
separation is rather complete for CuAu nanoparticles on
graphene. As shown in Fig. 4(g), the typical morphology of
nanoparticles on graphene is separated large or small
nanoparticles with faceted surfaces as well as a typical twinning
structure. Detailed structural analysis by the combination of
HRTEM and FFT reveals that most of the larger nanoparticles are
of the Au phase as shown in Fig. S4 in the ESM. Comparatively,
the Cu phase is rather complicated in terms of its spatial
distribution and the exact phase. As shown in Fig.4(h) (an
enlarged region of Fig.4(g)), adjacent to two small Au
nanoparticles (yellow dashed lines), we find several regions with
clear lattice fringes but with which phases could not be easily
identified. Similarly, these regions also exist sparsely on the
graphene but are clearly separated from the segregated Au
nanoparticles as indicated by white dashed lines in Fig. 4(i).

Then, we use X-ray photoelectron spectroscopy (XPS) to check
the chemical status of Cu on the surface of the CuAu/C catalyst.
As shown in Figs. 5(a) and 5(b), for both CuAu/Gr and
CuAu/CNTs samples, the annealing leads to the surface oxidation
of Cu’ and Cu' to Cu" as evidenced by peak shifting towards
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Figure4 Atomic-scale phase analysis of CuAu nanoparticles. (a) and (b) The HRTEM images of pristine CuAu nanoparticles. (c) The corresponding FFT pattern in
(b). (d) and (e) HRTEM images of typical CuAu nanoparticles on CNTs after annealing. (f) The corresponding FFT pattern in (e). (g)—(i) HRTEM images of typical

CuAu nanoparticles on graphene after annealing.

higher binding energy as well as the appearance of the satellite
peaks as indicated by the arrows. The Cu LMM Auger electron
spectroscopy (AES) analysis also shows the mixed-valence status
of Cu in the annealed samples as shown in Fig. S5 in the ESM.
These chemical analyses reveal that the Cu oxide on either Au
surface or carbon supports is of mixed Cu’ and Cu' species with a
non-stoichiometric atomic structure as noted as CuO,. This is
further illustrated in the HRTEM image of Fig.5(c), where the
surface CuOQ, is segmented with a lattice distance of ~ 2.45 A
corresponding to the plane distance of Cu,O (111) in some
regions. This highly defected CuO, overlayer has a “Cu,O-like”
phase with only the first diffraction ring appearing in the
corresponding FFT pattern (Fig. 5(d)). The other region (the
dashed box on the right side of Fig. 5(c)) shows a semi-coherent
interface between Au and Cu,O phase, as evidenced by the FFT
pattern in Fig. 5(e). All the above observations, chemically and
structurally, manifest the separation of the Cu phase is not
intuitively as the classic dealloying process, where a one-to-two
phase transition proceeds by forming a sharp interface. We
suggest an atom-by-atom process of Cu segregation from the
CuAu alloy nanoparticles driven by thermal oxidation. As
illustrated in Fig. 5(f), the phase separation takes place in general
and different types of carbon support lead to varied final products.
The CuAu NPs on CNTs form an intimate Au/Cu,O interface,
which resembles a “Schottky junction” between metal and oxide,
leading to a boost of CO production. On the other side, the CuAu
NPs on graphene completely segregated to discrete Cu and Au
NPs (following the oxidation of Cu to CuO,), where Au and CuO,,

separately contribute to the CO, conversion, leading to a decrease
of CO FE. Although the mechanisms Au/Cu,O interface have
been mentioned by previous work [29], further comprehensive
understanding through detailed theoretical work is necessary.

The dependence of phase-separation behavior of CuAu on
different carbon supports could stem from the interaction between
C and CuAu NPs that evolves during the heat-treatment.
Experimentally, the CuAu NPs on Gr are more mobile than those
supported on CNTs, indicating they have a strong interaction with
the CNT surface. During the thermal treatment in the air, the Au
atoms in CuAu NPs on Gr can diffuse easily to form separated Au
NPs, while the Cu is oxidized adjacently. Since the oxidation
reaction is the driving force for the phase separation, the degree of
oxidation, how many Cu atoms can be extracted from the original
CuAu NPs holds the key for the phase-separation process.
Obviously, the strong interaction between CuAu and CNT
inhibits such an oxidation-induced phase-separation.

3 Conclusions

In summary, we use CuAu nanoparticles supported on graphene
and CNT as the model electrocatalysts to evaluate the effect of
phase-separation of CuAu on their catalytic performance for
CO,RR. We find that the Cu atoms are segregated from CuAu
nanoparticles to form CuO, driven by surface oxidation of Cu
under thermal annealing conditions. This process leads to reversed
trend in the selectivity change toward CO for CuAu/CNT and
CuAu/Gr, respectively. Through the detailed structural and
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Figure5 Surface analysis of CuAu nanoparticles. XPS spectra of CuAu/Gr (a) and CuAu/CNT (b). (c) HRTEM image of CuAu/CNT after annealing. (d) and (e) The
corresponding FFT pattern on the dashed box on the left side (d) and on the right side (e) in (c). (f) The schematic of phase separation of CuAu NPs in different types

of the carbon support leading to different CO FE. The scale bar in (c) is 1 nm.

chemical analyses, we reveal the intimate contact between the
segregated CuO, and CuAu nanoparticles during a moderate
phase separation can boost the CO production, while complete
spatial separation of CuO, and Au leads to a poorer CO
production. These results provide insights into the fine-tuning of
the phase of multi-element nanostructures for electrochemical
reduction of CO,.
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