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A B S T R A C T   

An iterative electrochemical activation process is demonstrated to maximize the interface between Ag and CuxO. 
Morphological reconstruction and phase transformation of CuxO occurs through the iterative electrochemical 
redox reaction, as indicated by energy-dispersive spectroscopy and X-ray photoelectron spectroscopy. The 
activated Ag/CuxO/C catalysts exhibits enhanced oxygen reduction reaction performance, with an onset po-
tential of 0.86 V vs. the reversible hydrogen electrode, a Tafel slope of 46 mV dec− 1, and a high stability as 
compared to Ag/C. A mechanistic study using density functional theory shows that the weakened binding energy 
of the OH intermediate, originating from the charge transfer from Ag to CuxO, improves the ORR activity at the 
interface sites of the Ag/CuxO electrocatalysts. Ag/CuxO shows a higher limiting potential of 0.14 V for interface 
sites than isolated Ag nanoparticles. The interfacial charge transfer between Ag and CuO is verified 
experimentally.   

1. Introduction 

With growing concerns about global warming and climate change, 
renewable energy conversion and storage technologies have attracted 
attention for solving numerous challenging environmental issues [1–6]. 
Alkaline exchange membrane fuel cells (AEMFCs) have emerged as a 
promising technology for sustainable energy because of the wider range 
of material choices in alkaline media as compared to acidic media [7,8]. 
The cathodic reaction of AEMFCs, the oxygen reduction reaction (ORR), 
has sluggish kinetics as compared to the hydrogen oxidation reaction 
(HOR) [8], making this reduction reaction a rate-determining step for 
the overall reaction. Thus, developing non-Pt metal electrocatalysts with 
excellent activity and durability toward the ORR, comparable to Pt- 
based electrocatalysts, is of great importance. 

Over the last decade, studies in theoretical computational materials 
science have led to the proposition of a volcano relation between the 
ORR catalytic activity and the adsorption energy of the key reaction 
intermediates, which clarifies the origin of the high catalytic activity of 

materials and suggests a strategy for catalytic activity improvement 
[9–12]. From this point of view, Ag is a promising material with 
excellent ORR activity in alkaline media due to its nearly optimal oxygen 
adsorption energy. In regard to its stability, the feasibility of using Ag in 
alkaline media has been validated from the surface Pourbaix diagram, 
which explains the pH-dependent stability of catalyst materials in ORR 
systems [13]. However, since Ag catalysts have relatively lower activity 
than commercial Pt/C, improving the catalytic activity for the ORR is 
required. 

To promote the catalytic properties of Ag-based electrocatalysts, 
several approaches have been investigated, including morphology con-
trol [14–19], alloying with other elements [20–24], and combining with 
various metal oxides [25–29]. Among these studies, the electronic 
structure modification of Ag via interactions with a metal oxide is one of 
the most promising methods to improve its catalytic activity. Boskovic 
et al. investigated the electrochemical behavior of an Ag/TiO2 com-
posite for electrocatalysts [27]. Wang et al. showed the effect of Co3O4 
as a support material for Ag catalyst [28]. Additionally, Kim et al. 
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reported the strong interactions between Ag and Mn3O4 of Ag/Mn3O4/C 
electrocatalysts in alkaline media [26]. Although the strong interaction 
between Ag and metal oxides has been extensively studied, their positive 
effects are limited to the local interfaces between them. Thus, it is very 
important to maximize the interfacial area between Ag and metal oxides. 
However, studies based upon maximizing the interfacial area between 
Ag and metal oxides have rarely been reported. 

A phase transformation of the metal oxide can increase the interfa-
cial area between Ag and metal oxides. Copper oxide is a typical tran-
sition metal oxide, showing dramatic morphological changes upon 
phase transformation [30–32]. Cuprous oxide (Cu2O, Cu+) can be 
transformed to cupric oxide (CuO, Cu2+) under thermal or electro-
chemical oxidizing conditions. During the phase transformation, the 
copper oxide undergoes a dramatic morphological change and volu-
metric expansion. For example, Al-Antaki et al. reported the morphology 
change of copper oxide during the phase transformation from cuprous 
oxide to cupric oxide [32]. Kim et al. found branched cupric oxide with a 
large active surface area from the controlled oxidation of cubic-type 
cuprous oxide [31]. Park et al. showed the conversion of cuprous 
oxide nanocubes to cupric oxide urchin-like nanostructures via a 

sequential dissolution-precipitation process during the oxidation reac-
tion [30]. Such morphological reconstructions of copper oxide have 
been broadly applied in the development of electrocatalysts. Thus, one 
can expect that the phase transformation of copper oxide can be used to 
increase the interfacial area between silver and copper oxide, maxi-
mizing the metal–metal oxide interactions. 

Herein, we developed a simple electrochemical activation method 
based on the iterative redox reaction deriving sequential dissolution/ 
redeposition of CuxO in Ag/CuxO electrocatalysts. The phase trans-
formation and the dramatic morphological changes of Ag/CuOx/C 
electrocatalysts were confirmed by scanning transmission electron mi-
croscopy (STEM), transmission electron microscopy (TEM), EDS, and X- 
ray diffraction (XRD). We also employed density functional theory 
(DFT) to identify the activity difference between the isolated Ag nano-
particles (NPs) and Ag NP/CuOx support by calculating the reaction 
energy profile for the ORR. Based on the experimental results and DFT 
calculations, we discuss the strong interactions between the Ag NPs and 
the phase-transformed CuOx layer, showing dramatically enhanced ORR 
activity and durability compared to Ag/C electrocatalysts. 

Fig. 1. HAADF-STEM and EDS elemental maps of Ag/CuxO/C catalysts: (a) before activation and after activation for (b) 1 cycle, (c) 25 cycles, and (d) 50 cycles. Scale 
bars: (a)-(d) 40 nm. 
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2. Results and discussion 

2.1. Morphological evolution via electrochemical activation 

To investigate the interactions between Ag and CuxO, we synthesized 
Ag and Cu2O NPs with a simple OAm-based wet-chemical method. The 
method used to synthesize monodispersed spherical Ag NPs was re-
ported in our previous study [33,34]. Briefly, Ag NPs were synthesized 
using AgNO3 precursors heated in OAm for 1 h at 180 ◦C and 5 h at 
150 ◦C. The Cu2O NPs were synthesized at 230 ◦C for 30 min using an 
OAm solution in which the Cu(acac)2 precursor was dissolved at a high 
concentration [35]. Then, the synthesized Ag NPs, Cu2O NPs, and car-
bon black were mixed by sonication and stirred in toluene for 1 day. We 
used a gravimetric ratio of 1:1:3 (Ag:Cu2O:C) for the Ag/Cu2O/C cata-
lyst. To increase the interfacial area between Ag and CuxO in the Ag/ 
CuxO/C electrocatalysts, an iterative electrochemical redox process was 
conducted by CV in the range of 0.515 – 0.915 V with a scan rate of 100 
mV/s for 50 cycles. To confirm the morphological reconstruction of 
CuxO according to the number of electrochemical activation cycles, we 
conducted high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) analysis (as shown in Fig. 1) of the Ag/ 
CuxO/C catalyst: (a) before activation and after activation for (b) 1 
cycle, (c) 25 cycles, and (d) 50 cycles. Before the activation of Ag/CuxO/ 
C, Cu2O showed a nanoplate morphology with clear boundaries, as 
shown in Fig. 1(a). Notably, the Ag NPs rarely come into contact with 
the Cu2O NPs, and their interactions are limited to local interfaces. To 
increase the interfacial area between the Ag NPs and Cu2O NPs, the 
amount of oxide is important. However, as the amount of Cu2O NPs 
increases, the electronic conductivity of Ag/CuxO/C decreases [25]. 
Thus, to maximize the interaction points between the metal and metal 
oxide, we propose a facile electrochemical method that generates a high 
specific surface area of CuxO. During the phase transformation, there is a 
change in morphology and volumetric expansion of the copper oxide. 
For instance, copper oxide with a Cu2O phase is transformed to a CuO 
phase with a higher volume and surface area upon electrochemical 

oxidation [31]. Thus, we used an electrochemical activation process, 
which iteratively converts Cu2O to CuO by repeated redox reactions to 
increase the interfacial area between Ag and CuxO. After one activation 
cycle with an oxidation scan alone, a morphological reconstruction of 
copper oxide on Ag/CuxO/C was observed, as shown in Fig. 1(b). Based 
on the distribution of Cu and O, the copper oxide was slightly spread out. 
As shown in Fig. 1(c-d), as the number of activation cycles increased, the 
copper oxide spread more widely. Through 50 cycles of electrochemical 
activation, the copper oxide size increases by about 3.5 times compared 
to the initial nanoplate-shaped copper oxide. Compared with Ag/CuxO/ 
C before activation, where Ag NPs and Cu2O NPs rarely contact, Ag/ 
CuxO/C activated by 50 cycles has dramatically increased interfaces 
between Ag and CuxO in Fig. 1(d). To confirm the elemental ratio of Ag 
and Cu, we measured the composition of Ag/CuxO/C before and after 
activation by EDS. The atomic compositions of Ag and Cu remained 
almost the same (before activation = 39.0:61.0, after activation =
39.1:60.9). This composition matched well with the designed Ag and Cu 
atomic ratio of Ag/CuxO/C (Ag:Cu = 40:60). 

As shown in Fig. 2(a-b), the morphologies of Ag loaded on carbon 
with and without Cu2O were observed with TEM analysis. The small 
dark-colored particles and the large dark-colored particles represent Ag 
NPs and Cu2O NPs, respectively, whereas the light-colored particles are 
from the carbon support. The Ag NPs were uniformly dispersed on the 
supports and showed little agglomeration for both Ag/CuxO/C and Ag/ 
C. As a result, Fig. 2(c) shows the widely spread, dark-colored CuxO 
nanosheets that were formed from Cu2O NPs via the iterative electro-
chemical redox reactions. From the morphological reconstruction of Ag/ 
CuxO/C after activation in Fig. 2(c), it should be noted that the contact 
points between Ag and CuxO were increased significantly compared to 
that of Ag/CuxO/C before activation. To clarify how electrochemical 
activation affects the morphology and size of the Ag NPs, we measured 
the size of the Ag NPs and plotted the particle size distribution on Ag/C 
and before and after activation Ag/CuxO/C, as shown in the insets of 
Fig. 2(a-c). It was confirmed that the activation process, in which the 
potential region affects the redox reaction of copper-based materials, 

Fig. 2. TEM images of (a) Ag/C and Ag/CuxO/C: (b) before and (c) after activation. HRTEM images of (d) Ag and (e) Cu2O on Ag/CuxO/C before activation, and (f) 
Ag on Ag/CuxO/C after activation. Insets are Ag nanoparticle size distributions on (a) Ag/C and Ag/CuxO/C: (b) before and (c) after activation, respectively. Scale 
bars: (a)-(c) 20 nm, (d)-(f) 5 nm. 
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does not transform the morphology and size of the Ag NPs. From the size 
distribution of Ag particles, we focused on the interactions between Ag 
and CuxO since both cases of Ag/CuxO/C have similar average particle 
size distributions of Ag NPs. High-resolution transmission microscopy 
(HRTEM) images of CuxO in Ag/CuxO/C before and after activation (see 
Fig. 2(d-f)) were obtained. As shown in the lattice fringes in Fig. 2(d) 
before activation, Ag/CuxO/C showed lattice spacings of 0.242 and 
0.207 nm, which were assigned to the (111) and (200) planes of Ag, 
respectively [36,37]. After activation, the lattice spacing of Ag on Ag/ 
CuxO/C (Fig. 2(f)) showed values (0.242 and 0.210 nm) similar to those 
before activation. The above results indicate that the Ag phase on Ag/ 
CuxO/C did not change during the activation process. Furthermore, 
before the activation of Ag/CuxO/C, as shown in Fig. 2(e), lattice 
spacings of 0.246 and 0.214 nm were observed, corresponding to the 
(111) and (200) planes of cubic Cu2O, respectively [38]. However, 
after activation, it was difficult to find any clear lattice fringes for copper 
oxide. The low crystallinity of the activated copper oxide likely resulted 
from the activation process spreading the copper oxide in the form of a 
thin film. Therefore, we successfully controlled the morphological 
reconstruction of CuxO and optimized the interfacial area between Ag 
and CuxO via electrochemical activation. 

2.2. Phase transformation via electrochemical activation 

To reveal the effect of electrochemical activation on the phase 
transformation, the crystal structures of the bulk phase CuxO on Ag/ 

CuxO/C were investigated by XRD analysis, as shown in Fig. 3(a). For 
XRD analysis of the electrochemically activated sample, Ag/CuxO/C 
catalyst ink was dropped on the surface of a Ti foil to form a working 
electrode that was electrochemically activated. The diffraction peaks at 
40.2◦ and 38.4◦ for both samples are indexed to the (101) and (002) 
crystal facets of hexagonal Ti (JCPDS No. 44-1294). The peaks at 2 θ =
38.3◦, 44.5◦, 64.7◦, and 77.8◦ were assigned to the (111), (200), (220), 
and (311) crystal planes of face-centered cubic (FCC) Ag, respectively 
(JCPDS No. 87-0719) [39]. The crystal structure of Ag on Ag/CuxO/C 
was not changed during electrochemical activation, as shown in Fig. 3 
(a). In the case of Ag/CuxO/C before activation, the crystal structure of 
Cu2O matched that of cubic-phase Cu2O (JCPDS No. 65-3288) 
[35,40,41], whereas the Cu2O diffraction peaks vanished after activa-
tion. However, the first and second characteristic diffraction peaks of 
CuO (111) and (1 11) at 38.7◦ and 35.5◦ (monoclinic structure, JCPDS 
No. 80-1916) were not observed in Ag/CuxO/C after activation because 
the activated CuxO spread out to form an ultrathin layer with low 
crystallinity. Moreover, the primary diffraction peak of CuO overlapped 
with that of Ag (111). To confirm the phase transformation of copper 
oxide during electrochemical oxidation, activated CuxO/C loaded at 50 
wt% Cu2O on carbon black, which was higher than that of Ag/CuxO/C, 
was designed and characterized by XRD [42]. As shown in Fig. S1, the 
phase transformation from Cu2O to CuO upon electrochemical activa-
tion was clearly visible. 

XPS analysis of the Cu 2p core level was carried out to investigate the 
surface chemical state and compositional change of CuxO on Ag/CuxO/C 

Fig. 3. Phase transformation upon activation; (a) XRD of Ag/CuxO/C, (b) XPS Cu 2p3/2 peaks of Ag/CuxO/C, (c) XPS Ag 3d peaks of Ag/C and Ag/CuxO/C, and (d) in 
situ XANES Ag K-edge of Ag/CuxO/C. 
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before and after activation. Fig. 3(b) shows the Cu 2p3/2 XPS spectra of 
Ag/CuxO/C before and after activation. The Cu 2p3/2 spectrum can be 
divided into three peaks, corresponding to CuO, Cu2O, and Cu(OH)2 at 
932.6, 934, and 935.2 eV, respectively [43]. Quantitative analysis of the 
Cu2O, CuO, and Cu(OH)2 peaks revealed that before activation, the main 
phase of CuxO is Cu2O. On the other hand, the peak of CuO increased 
noticeably after electrochemical activation. In addition, the intensity of 
the Cu 2p3/2 satellite peaks, which were observed in the CuO phase [44], 
increased upon activation. These results indicate that electrochemical 
oxidation can successfully transform the Cu2O phase of CuxO into the 
CuO phase. Fig. 3(c) shows the XPS spectra of Ag 3d core levels. The 
binding energies of Ag 3d5/2 of Ag/C and Ag/CuxO/C before activation 
were 368.13 and 368.17 eV, respectively. After the activation process, 
the binding energy of Ag 3d5/2 on Ag/C (368.13 eV) remained nearly 
unchanged, while the binding energy of Ag 3d5/2 on Ag/CuxO/C 
(368.10 eV) was slightly shifted to lower energy. However, since all 
these binding energies are in a tolerance range of metallic silver (Ag0, 
368.2 eV), it is hard to clearly define the interaction between Ag and 
CuO [45]. 

To investigate the oxidation state change of Ag during the activation 
process, we conducted in situ X-ray absorption near edge structure 
(XANES) analysis. Fig. 3(d) shows the Ag K-edge in situ XANES spectra 
for Ag/CuxO/C catalysts. We also indicate the spectra of Ag and Ag2O 
nanoparticles as reference. The XANES spectrum of as-prepared Ag/ 
CuxO/C showed almost the same with Ag reference. For in situ XANES 
analysis, we firstly checked the open circuit voltage (OCV) state of Ag/ 
CuxO/C in 0.1 M KOH. The XANES spectra showed no significant dif-
ference between the as-prepared and the electrolyte state Ag/CuxO/C. 
We proceed with an anodic scan of cyclic voltammetry (CV) to oxidize 
the Cu2O to CuO. As a result, we couldn’t find a discernible distinction 
between before oxidizing (0.515 V) and after oxidizing (1.015 V) of 

CuxO. This result is consistent with previous literature in which 8 nm Ag 
nanoparticles dispersed in CuO were confirmed to retain the metallic 
phase in XANES analysis [46]. Since XANES analysis focus on the core 
level change and bulk property, it is hard to distinguish the charge 
transfer that is occurred at the catalyst surface, especially at the local 
Ag/CuO interface. 

The following is a summary of the findings from the XRD, XPS, and in 
situ XANES investigations. First, we observed the phase transition of 
CuxO before and after the activation. Cu2O is the predominant phase of 
CuxO before activation, according to XRD and XPS studies. CuO, which 
forms as a result of the oxidation of Cu2+ species, is the most prevalent 
phase of CuxO in XPS results after activation. Second, we investigated 
the effect of CuxO phase on the chemical state of Ag. We were able to 
confirm that the chemical state of Ag is metallic silver (Ag0) by XPS even 
when the predominat phase of CuxO is changed from Cu2O to CuO. In 
situ XANES analysis showed that the chemical state of Ag was stable as 
Ag0 in the ORR working environment. As a result we felt the necessity 
for a theoretical approach to understand the interaction between Ag and 
CuxO through the study of the phase and chemical state of Ag/CuxO/C 
catalysts. 

2.3. Electrochemical behavior of Ag/CuxO/C 

To investigate the redox behavior of our electrocatalysts, we carried 
out CV (10 mVs− 1) measurements of Ag/C and Ag/CuxO/C in N2-satu-
rated 0.1 M KOH, as shown in Fig. 4(a). During the oxidation of Ag on 
Ag/C, two anodic peaks were observed at 1.23 and 1.29 V, associated 
with the formation of AgOH and Ag2O, respectively [47]. The cathodic 
peak of Ag hydroxide and oxides was located at 1.06 V. The morphology 
and peak potential in the CV curve are in good agreement with previ-
ously reported values. However, in the case of Ag/CuxO/C, the redox 

Fig. 4. Electrochemical measurements of Ag/C, CuxO/C, Pt/C and Ag/CuxO/C. (a) Cyclic voltammetry (CV) measurements in N2-saturated 0.1 M KOH; (b) ORR 
polarization curves, (c) accelerated durability test (ADT), and (d) Tafel slopes; (b) - (d) measurements were conducted in O2-saturated 0.1 M KOH. 
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peak potentials of Ag were shifted to more negative values compared 
with Ag/C, which means that the reducibility of Ag on Ag/CuxO/C is 
decreased [48]. Liu et al. reported that the negative shift of the CV peak 
potentials of Ag originated from electron donation from Ag [49]. 
Furthermore, as shown by the CV in Fig. S2, it is notable that the effect of 
CuxO redox on the CV of Ag/CuxO/C above 0.9 V is negligible. There-
fore, the redox peak shift in the negative direction is evidence of charge 
transfer from Ag to CuxO. The oxidation and reduction couples of copper 
oxide were observed at 0.8 and 0.7 V, respectively. These peak poten-
tials match well with the previously reported value. 

To investigate the ORR activity, the polarization curves of Ag/C, 
CuxO/C, and Ag/CuxO/C were recorded at 1600 rpm in O2-saturated 0.1 
M KOH, as shown in Fig. 4(b). The half-wave potential of Ag/C was 0.67 
V vs. reversible hydrogen electrode (RHE), which is in agreement with 
previously reported values [26,50]. In the case of Ag/CuxO/C before 
activation, the half-wave potential is higher than that of Ag/C, which 
corresponds to an enhancement in ORR activity (Fig. S3). However, the 
limited interface between Ag and CuxO cannot be entirely responsible 
for the performance of Ag/CuxO/C. Thus, electrochemical activation 
afforded a uniformly thin layer of CuxO on the carbon support, and the 
structure of this layer has been confirmed by other characterization 
methods. The optimized interfacial area between Ag and CuxO further 
increases the ORR activity of Ag/CuxO/C. The 100 mV shift in the onset 
potential from 0.76 V (Ag/C) to 0.86 V (Ag/CuxO/C) demonstrates that 
the interactions between Ag and the CuxO interface improved the cat-
alytic activity of Ag. Moreover, there is a 130 mV shift of the half-wave 
potential (E1/2) from the activated Ag/CuxO/C (0.80 V) to Ag/C (0.67 
V). This trend is comparable to previous results for Ag-based alkaline 
ORR catalysts shown in Fig. S4, suggesting that activated Ag/CuxO/C is 
an efficient ORR catalyst. To clarify the origin of the catalytic activity 
improvement, the ORR activity of CuxO/C was examined. CuxO/C has a 
very low diffusion-limiting current and a poor half-wave potential 
compared to those of Ag/C and Ag/CuxO/C, indicating that the 
enhancement of the catalytic activity originates from the interactions 
between Ag and CuxO, not from CuxO itself. An addition of oxide ma-
terial can possibly decrease an electrical conductivity of the 

electrocatalysts. Interestingly, Ag/CuxO/C showed a higher limiting 
current density than Ag/C. The enhanced interaction between Ag and 
CuxO is main reason for the higher limiting current density. Fig. 4(c) 
shows accelerated durability test (ADT) results to confirm the stability of 
Ag/CuxO/C. After 10,000 cycles, Ag/CuxO/C shows only a 10 mV 
decrease in the half-wave potential, which means it is more stable than 
Ag/C (23 mV). Moreover, as shown in Fig. 4(d), the smaller Tafel slope 
of Ag/CuxO/C (46 mV dec− 1) in the region of low overpotential in-
dicates better ORR kinetics for Ag/CuxO/C than for Ag/C (88 mV dec− 1) 
in alkaline media. These results confirm that the activity and stability of 
the activated Ag/CuxO/C catalysts is superior to that of Ag/C for alka-
line ORR. 

2.4. Theoretical modeling of Ag NPs and Ag/CuO (001) 

We found that the ORR activity and durability of Ag NPs can be 
increased with a CuO (001) support; however, the reason is yet unclear. 
Here, we aim to uncover the synergistic effects between Ag NP and the 
CuO (001) support by employing DFT calculations. When modeling 
both the isolated and supported Ag NPs, the cuboctahedral (COh) 
structure was used with careful consideration (see Fig. 5), even though 
COh is less stable than the icosahedron (Ih) structure by 0.03 eV/atom. 
There are several reasons for this: (1) Our main objective in this study is 
to understand the synergistic effects between the NPs and support, so we 
wanted to minimize differences such as the shape and size between the 
isolated and supported Ag NPs; (2) COh can be easily supported on the 
monoclinic CuO (001) surface because COh also has a (001) facet, 
which is well matched with CuO (001), and this is not possible in the Ih 
structure. Fundamentally, the COh structure is composed of seven (111) 
layers stacked in an ABC sequence because it is based on the FCC 
structure. To attach the Ag NPs to the CuO (001) surface, we cut the 
three bottom (111) layers off the NP, and placed them on the surface. As 
shown in Fig. 5(a-b), the Ag NPs are identical in terms of facets, shape, 
structure, and size regardless of the support, so we believe that these are 
ideal models to compare the differences between isolated and supported 
Ag NPs. 

Fig. 5. Structure of Ag NP and Ag NP/CuO models: (a) Ag147 NP with COh structure; (b) top and (c) side view of the Ag92 NP supported on monoclinic CuO (001).  
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2.5. ORR activity of Ag NPs and Ag/CuO (001) by DFT calculations 

To evaluate the ORR activity by DFT calculations, the binding en-
ergies of each intermediate (O*, OH*, and OOH*) were investigated 
using the Gibbs free energy diagram shown in Fig. S5. As expected, in the 
case of isolated Ag NPs, all of the intermediates were strongly adsorbed 
at the edge of the NP at sites with low coordination numbers (see Fig. S5 
(a)); these binding energies are given in Table S1. According to our 
previous study, the ORR intermediates were stabilized at the edge of 
isolated Au NPs having the same COh structure as the Ag NPs in this 
study [51]. As shown in Fig. S5(a), the rate-determining step (RDS) on 
the Ag NPs is the last step (ΔG4), which means that the strong OH* 
binding energy inhibits H2O formation. Therefore, it is crucial to reduce 
the OH* binding energy to enhance the ORR activity. 

For the Ag/CuO (001) calculations, two different types of reaction 
sites were considered: (1) the top of the supported Ag NP (Ag/CuO_top) 
and (2) the interface between the Ag NP and the CuO support (Ag/ 
CuO_interface). The Gibbs free energy diagram and the binding energies 
of each intermediate for Ag/CuO are given in Fig. S5 and Table S1, 
respectively. Interestingly, both reaction sites for Ag/CuO showed 
higher limiting potentials (similar to the experimental onset potential) 
by 60 (Ag/CuO_top) and 140 mV (Ag/CuO_interface) than the isolated 
Ag NPs. The RDS was ΔG4, which is the same as isolated Ag NPs, but the 
OH* binding energy is decreased. This was exactly what is needed to 
increase the ORR activity of isolated Ag NPs, as discussed in the previous 
paragraph. Thus, we focused on the OH* binding energies on isolated Ag 
and Ag/CuO by analyzing how and why the binding energies were 
decreased. 

As mentioned in the previous section, Ag/CuO is structurally quite 
similar to isolated Ag NPs except for the Ag-Ag bond length and the 
charge state. Specifically, we found that supported Ag NPs were 
expanded to match the CuO lattice by an average of 17.23 Å (width) 
compared to isolated Ag NPs by 17.13 Å (width); as discussed in 

previous reports, tensile stress on the system typically increases the 
binding energy [50,52], and this was also seen in our system (the so- 
called strain effect) [51,53]. Supported Ag NPs were oxidized (-0.07 
e/atom) by donating electrons to CuO. Furthermore, most electrons 
(-0.18 e/atom) are donated from the bottom layer, and the two topmost 
layers remain unchanged. These electron deficiencies are strongly 
related to the weak O* (OH* or OOH*) binding energy because of the 
high electronegativity of O. For OH* binding on Ag/CuO_top, the sup-
ported Ag NPs were expanded, but the charge state was unchanged; 
however, the OH* binding energy was decreased by 60 meV. This is due 
to the change in the stable binding site, as shown in Fig. S5(a-b). OH* 
was stabilized at the edge site of isolated Ag NPs, which is usually stable 
in most transition and noble metal systems; however, OH* on Ag/ 
CuO_top was stabilized on the hollow site, and we already discussed 
OH* binding site changes in different systems when there is lattice 
expansion [54]. For OH* binding on the Ag/CuO_interface shown in 
Fig. S5(c), the Ag NPs were expanded but highly oxidized, so we expect 
the two opposite effects to cancel out; however, the OH* binding energy 
was 140 meV weaker than that of the isolated Ag NPs. This is because the 
OH* binding energy is not very sensitive to strain effects [52]; thus, the 
two effects do not cancel out; rather the highly oxidized charge state 
decreases the OH* binding energy. We found that the strain effect and 
charge transfer change the binding energies of intermediates especially 
OH*, which alter the ORR activity. 

As we discussed in the last paragraph, the RDS for both isolated Ag 
NP and Ag/CuO catalyst was the last hydrogenation step (ΔG4), which 
means the surface of catalysts could be poisoned by OH* species due to 
strong OH* binding. Thus, we made the surface Pourbaix energy dia-
gram to find the stable OH*-coverage in the actual ORR working po-
tential range (Fig. 6(a-b)). We sequentially increased the number of 
adsorbed OH* species until we obtained a clear diagram. In the case of 
the isolated Ag NP, 24OH* (0.15–0.30 V), 48OH* (0.30–0.67 V), and 
60OH* (0.67 V~) coverages were the most stable in the specific 

Fig. 6. Surface Pourbaix energy diagram for OH* coverage on the (a) isolated Ag NP and (b) Ag/CuO (001). Gibbs free energy diagram for ORR on (c) an OH*- 
covered isolated Ag NP and (d) interface site of Ag/CuO (001). 
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potential ranges. In the Ag/CuO catalyst system, 12OH* (0.18–0.40 V), 
27OH* (0.40–0.56 V), 45OH* (0.56–0.75 V), and 51OH* (0.75 V~) 
coverages were also the most stable in the specific potential range. Ac-
cording to the experimental analysis in Fig. 4(b), ORR started at around 
0.8 V for Ag/C (or 0.9 V for Ag/CuO), and the current density saturated 
at around 0.6 V (or 0.7 V), so the actual OH*-coverage could be 48 or 
60OH* for Ag NP and 45 or 51OH* for Ag/CuO based on the stable 
potential range. Furthermore, we checked the OH* adsorption energy 
for each coverage and found that 48OH* for Ag and 45OH* for Ag/CuO 
is the most stable coverage; OH* adsorption energies including ΔZPE 
and TΔS for the Gibbs free energy calculation showed that 48OH* and 
60OH* had 0.44 and 0.57 eV binding energies, respectively. Those 
values were in the range of stable 48OH* coverage by 0.30–0.67 V. In 
the same manner, OH* adsorption energies in 45OH* and 51OH* for 
Ag/CuO showed 0.58 and 0.68 eV, respectively, which are also in the 
45OH* stable potential range of 0.56–0.75 V. Therefore, we used 48OH* 
coverage for isolated Ag NP and 45OH* coverage for Ag/CuO catalyst to 
calculate the ORR activity in actual working conditions. 

We also separated two different reaction sites for Ag/CuO: top and 
interface site to see which reaction site is more active. We carefully 
tested all possible binding sites and calculated the binding energies at 
the most stable binding sites, as shown in Table S1. Finally, we made a 
reaction energy diagram for ORR on the OH* pre-covered Ag and Ag/ 
CuO catalysts in Fig. 6(c-d). As we discussed before, we tested top and 
interface sites for 45OH* covered Ag/CuO. The interface sites showed a 
higher limiting potential (650 mV) than that of 48OH* covered Ag NP 
(510 mV), but the top site did not show any activity improvement 
(Fig. S6). From these results, we concluded that maximizing the in-
terfaces between Ag and CuO could lead to high catalytic activity. We 
also found that the limiting potential differences (140 mV) were well 
matched with the experimental observation by 130 mV (half-wave 
potential). 

2.6. Experimental verification of interfacial charge transfer 

By employing DFT calculations, we could determine the synergetic 
effect between Ag and CuO that enhances the ORR catalytic activity. The 
charge transfer from Ag to CuO regulates the OH* binding energy, which 
is the most important intermediate determining the catalytic activity. 
However, in the XPS and in situ XANES spectra of Ag/CuxO/C, the 
charge transfer was ambiguous. As we confirmed in our DFT calcula-
tions, the limitation of experimental observation for charge transfer 
exists since the charge transfer occurs locally at the interface between Ag 
and CuO. Therefore, we designed a simple thin-film experiment to 
confirm the interfacial charge transfer between Ag and CuO. 

For investigating the interfacial charge transfer, we prepared Ag/ 
CuO thin film on Si wafer using physical vapor deposition (PVD) with 
different Ag deposition times (from 1s to 15 m). To exclude the inter-
action between CuO and Si, the CuO film is deposited thick enough for 4 

hrs with 150 W of radio-frequency (RF) power and 5 mTorr of a pressure 
condition. We performed ex-situ XPS analysis on Ag/CuO thin film with 
different Ag deposition times Fig. 7(a)). As shown in Fig. 7(b), we 
observed a sequential redshift of the Ag 3d binding energy peaks as the 
deposition time decreased. This phenomenon supported the local charge 
transfer at the interface between Ag and CuO. As the deposition time 
increases to more than 1 min, the Ag 3d5/2 binding energy peak of Ag/ 
CuO tends to be almost identical to that of metallic Ag (Ag0, 368.2 eV). 
However, in short deposition times (1–3s), where the effect of the 
interaction between Ag and CuO is strong, the binding energy of Ag 3d5/ 

2 is located near the Ag+ binding energy (367.5 eV). As a result of the 
Ag/CuO thin film experiment, we validate the interfacial charge transfer 
between Ag and CuO. 

3. Conclusion 

In summary, using a simple electrochemical activation method, we 
developed a Ag/CuxO/C catalyst with an optimized interface between 
Ag and CuxO for significantly enhanced ORR catalytic activity compared 
to Ag/C. Moreover, we investigated the role of electronic effects be-
tween Ag and CuxO in the catalytic activity of Ag in the ORR under 
alkaline conditions. The activated Ag/CuxO/C exhibits a 130 mV of half- 
wave potential shift compared to Ag NPs and a 46 mV dec− 1 Tafel plot 
slope for the alkaline ORR. To confirm the effects of electrochemical 
activation, we studied the morphological evolution and phase trans-
formation of the Ag/CuxO/C catalyst. The iterative redox reaction on 
Ag/CuxO/C effectively spread out the copper oxide by dissolution and 
redeposition mechanisms. The HAADF-STEM, EDS maps, and HRTEM 
analysis clearly showed the morphological reconstruction in which the 
copper oxide gradually spread out as the number of electrochemical 
activation cycles increased. XRD and XPS analysis confirmed that the 
phase of copper oxide was successfully controlled by the sequential 
activation process. Furthermore, to understand the effects of CuxO on 
the electronic structure of Ag, we conducted both experimental and 
theoretical investigations. It is hard to determine the charge transfer 
between Ag and CuO through in situ XANES and XPS analysis, which 
represent bulk and surface properties, respectively. For exploring the 
synergy between Ag and CuO, we used DFT calculations to determine 
the atomic-scale interactions between Ag and CuO. Moreover, we could 
clarify the relation between charge transfer and the ORR activity 
enhancement. Especially due to the local charge transfer occurring at the 
interface between Ag and CuO, the weakened OH* binding energy of 
Ag/CuO resulted in improved catalytic activity, and the difference in the 
onset potential between the Ag NPs and Ag/CuO is in good agreement 
with the experimental value (100 mV). We demonstrate the interfacial 
charge transfer between Ag and CuO through the thin film experiment. 
As a result, using the electrochemical activation method, we have ob-
tained a multifaceted understanding of the behavior and the electronic 
effects of CuxO, which provides new avenues for designing metal- 

Fig. 7. (a) Scheme of Ag/CuO film on Si wafer (b) XPS Ag 3d peaks of Ag/CuO on Si wafer at different Ag deposition times.  
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reducible oxide systems with the increased interfacial area for ORR 
catalysts. 

4. Experimental section 

4.1. Materials 

Copper(II) acetylacetonate (Cu(acac)2, >99.9 %), silver nitrate 
(AgNO3, >99.0 %), oleylamine (OAm, 70 %), toluene (C6H5CH3, >99.5 
%), potassium hydroxide (KOH, >99.99 %), and Nafion solution (5 wt% 
Nafion dissolved in alcohol) were purchased from Sigma Aldrich. Hex-
ane (C6H14, 95 %) was purchased from Junsei Chemical Co., Ltd. A 
commercial Pt/C catalyst (nominally 20 wt% on carbon black) was 
purchased from Etek Company. Milli-Q ultrapure water (>18 MΩ⋅cm) 
was used in all experiments. 

4.2. Synthesis of the Ag NPs 

The Ag NPs were synthesized following the procedure reported in 
our previous work [33,34]. First, 2.5 g of AgNO3 and 100 mL of OAm 
were added to a 250-mL three-neck flask under high purity Ar gas (99.99 
%) with constant stirring. Then, for Ag nanoparticles with a narrow size 
distribution, we conducted a two-step synthesis involving a high- 
temperature (180 ◦C) ripening stage for 1 h and a low-temperature 
(150 ◦C) incubation stage for 5 h. Then, the reaction mixture was 
cooled and washed once with a mixture of ethanol and hexane. After 
washing, the Ag NPs were dried in a vacuum oven at 45 ◦C for 4 h. 

4.3. Synthesis of the Cu2O NPs 

Cu2O was synthesized via a simple wet-chemical method. First, 15 g 
of Cu(acac)2 and 100 mL of OAm were added to a 250-mL three-neck 
flask under ambient conditions with constant stirring. To synthesize 
the Cu2O NPs, we heated the solution at 230 ◦C for 30 min. Then, the 
reaction mixture was cooled and washed once with a mixture of ethanol 
and hexane. After washing, the Cu2O NPs were dried in a vacuum oven 
at 45 ◦C for 4 h. 

4.4. Preparation of the carbon-supported catalysts 

To explore the interactions between Ag and CuOx, we prepared three 
types of catalysts: Ag/C, CuxO/C, and Ag/CuxO/C. To load nanoparticles 
onto carbon, carbon black (Vulcan XC 72R) was dispersed in toluene by 
ultrasonication for 1 h. Ag and Cu2O NPs were also dispersed in toluene 
and then added to the above dispersion containing carbon black. The 
gravimetric ratios of Ag/C, CuxO/C, and Ag/CuxO/C were set to 1:4, 1:4, 
and 1:1:3, respectively. After that, the final mixture was ultrasonicated 
for 1 h and stirred for 1 d. The mixtures were centrifuged at 8,000 rpm 
for 20 min and washed three times with a mixture of hexane and 
ethanol. The catalysts were dried in a vacuum oven at 45 ◦C for 12 h. 

4.5. Material characterization 

The morphologies of the catalysts were observed by TEM (Technai 
G2 F30 S-Twin, FEI). High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and EDS measurements 
were carried out on a 200 kV Talos F200X instrument. The crystal 
structures of the catalysts were characterized using high-resolution X- 
ray diffractometry (HRXRD) (SmartLab, RIGAKU). The X-ray radiation 
was Cu K α operated at 45 kV and 200 mA. The chemical state of the 
elements was verified using XPS (K-Alpha+, Thermo Fisher Scientific) 
with Al Kα radiation (1486.6 eV). The binding energy data was cali-
brated using carbon 1s as a reference (binding energy of C 1s = 284.8 
eV). The X-ray absorption near-edge structure spectroscopy (XANES) 
measurements were conducted at Ag K-edge (25,514 eV) on the beam-
lines of the Pohang Light Source (PLS) (8C and 10C), which has a flux of 

5 × 1012 photons s− 1 at 300 mA and 2.5 GeV. A customized cell was used 
in the fluorescence mode for in situ XANES measurements. The ink- 
deposited carbon paper (1.5 × 1.5 cm2) was used as a working elec-
trode in the in situ cell, which was filled with 0.1 M KOH, as seen in 
Fig. S7. The counter and reference electrodes were a Pt coil and a Hg/ 
HgO electrode, respectively. Ex situ XANES spectra for Ag and Ag2O 
reference samples were also obtained. The Winxas 3.1 program was used 
to remove the background and normalize the XANES spectra. 

4.6. Electrochemical measurements 

The electrochemical measurements of the electrocatalysts were car-
ried out using a conventional three-electrode cell and a potentiostat 
(interface 1010E, Gamry). A graphite rod and Hg/HgO (filled with 20 wt 
% KOH) were used as the counter and reference electrodes, respectively. 
The potentials measured in this work were converted to a reversible 
hydrogen electrode (RHE) scale by standard calibration in an H2-purged 
0.1 M KOH solution prior to measurement. All the electrochemical 
measurements were iR-corrected using the CI method implemented in 
Gamry software. Ten milligrams of the catalyst were dispersed in a 
mixture of 1.0 mL of IPA, 1.0 mL of DI water, and 50 μ L of 5 % Nafion® 
117 solution under ultrasonication for 30 min. The catalyst ink (10 μ L) 
was dropped onto a glassy carbon electrode with a diameter of 5 mm 
(geometrical area = 0.196 cm2, Pine Instruments) and dried under an IR 
lamp for 15 min. All catalysts were activated by repeated cyclic vol-
tammetry (CV) in the range of 0.515 – 0.915 V with a scan rate of 100 
mV/s for 50 cycles before electrochemical measurements. CV curves 
were obtained by cycling the potential between 0.515 and 1.465 V in an 
N2-saturated 0.1 M KOH solution at a scan rate of 50 mV/s. The ORR 
polarization curves were measured by sweeping the potential between 
0.334 and 1.084 V in an O2-saturated 0.1 M KOH solution with a scan 
rate of 10 mV/s and a rotating speed of 1600 rpm. The accelerated 
durability test (ADT) was performed by CV between 0.415 and 1.015 V 
for 10,000 cycles in an O2-saturated 0.1 M KOH solution with a scan rate 
of 500 mV/s. 

4.7. Computational details 

GGA-level, spin-polarized DFT calculations were performed with the 
Vienna ab-initio simulation package using a plane-wave basis set with a 
cut-off energy of 400 eV. The Perdew-Burke-Ernzerhof functional was 
used to describe electron exchange and correlation [55,56]. The DFT +
U method was employed to treat localized Cu 3d orbitals with an 
effective U value of 7.0 eV, as reported in a previous paper [57]. The 
Brillouin zone was sampled at the gamma point in both the NP and NP/ 
support calculations, which was found to be sufficient given the large 
system size. The convergence criteria for the electronic and geometric 
optimizations were 10− 5 eV and 10− 2 eV/Å, respectively. 

The monoclinic CuO (001) structure was modeled based on exper-
imental observations of the phase transformation from Cu2O to CuO 
(which will be discussed later in the results section) and previous reports 
that the CuO (001) facet has the highest activity among the low-index 
facets [50,58]. The cuboctahedral structure (COh) of Ag NPs with 147 
atoms was modeled and isolated with a 10 Å vacuum gap in all di-
rections to avoid self-interaction. All atoms were fully relaxed in the 
calculations. The same COh structure was also used to model Ag NPs 
supported on a CuO (001) slab (Ag/CuO (001)), which had a 20 Å 
vacuum gap in the z-direction; the bottom CuO layer was fixed in the 
bulk positions. To calculate the ORR activity, the following four asso-
ciative reaction steps were considered. 

ΔG1 : O2(g)+H+ + e− + * ↔ OOH* (1)  

ΔG2 : OOH* +H+ + e− ↔ O* +H2O(l) (2)  

ΔG3 : O* +H+ + e− ↔ OH* (3) 
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ΔG4 : OH* +H+ + e− ↔ H2O(l)+ * (4) 

The ORR overpotential (η) was found from the reaction energy dia-
gram drawn with the following equations (Eq. (5) and Eq. (6)) [10]. 

ΔG(U) = ΔE +ΔZPE − TΔS+ neU (5)  

η = 1.23 − UL (6)  

where ΔE is the reaction energy, ΔZPE is the zero-point energy correc-
tion, ΔS is the change in entropy, U is the applied potential, and UL is the 
limiting potential. The chemical potential of the solvated proton and 
electron pair (H+ + e− ) under standard conditions (pH2 = 1 bar, aH+= 1, 
T = 298.15 K) was calculated as 0.5 μ0

H2(g) − eU by assuming equilibrium 
at the standard hydrogen electrode [59,60]. Solvation effects, modeled 
by surrounding the adsorbed species with water molecules, were 
included in the calculated reaction energy diagrams [61]. 
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