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Developing high-efficiency, inexpensive, and steady non-precious metal oxygen reduction reaction
(ORR) catalysts to displace Pt-based catalysts is significant for commercial applications of Al-air
battery. Here, we have prepared the Cu/Cu,0-NC catalyst with excellent ORR performance and high
stability, due to the synergistic effect of Cu and Cu,0 nanoparticles. The half-wave potential (0.8 V) and
the limiting-current density (5.20 mA/cm?) of the Cu/Cu,0-NC are very close to those of the 20% Pt/C
catalyst (0.82V, 5.10 mA/cm?). Besides, it exhibits excellent performance with a maximal power

g)/z(v:vl;)rgs: density of 250 mW/cm? and a stable continuous discharge for more than 90 h in the Al-air battery test.
Oxygezn reduction reaction Thg promoting effegts of Cu,0 towards Cu-based ORR gatalysts.are illustrated as folloyv.s:l(i) CHZO is the
Al-air battery major ORR active site by the redox of Cu(II)/Cu(l), which provides excellent ORR activities; (ii) Cu can
Stability stabilize the location of Cu,O by assisting the electron transfer to Cu(Il)/Cu(I) redox, which is conducive

Synergistic effect to the high stability of the catalyst. This work provides a useful strategy for enhancing the ORR

performance of Cu-based catalysts.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Published by Elsevier B.V. All rights reserved.

At present, the growing environmental pollution and energy
crisis have prompted people to seek new environmentally friendly
energy systems to replace fossil fuels, such as wind energy [1],
varieties of clean energy storage technologies [2-6]. Among them,
metal-air batteries are catching many eyes due to low cost,
environmental friendliness, and high energy density [7,8]. However,
their electrochemical performance is restricted by the sluggish
kinetics of oxygen reduction reaction (ORR) [9-11]. Nowadays,
Pt-based materials are known as the best commercial ORR catalysts,
whereas the high value and the low tolerance of Pt become one of
the major bottlenecks impeding their further commercial applica-
tions [12,13]. Therefore, it is vital to explore inexpensive, high
activity, and stable oxygen reduction catalyst [14].
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Transition metal-based ORR catalysts have been intensively
investigated due to abundant resources, high stability, and
outstanding catalytic activity, which may replace the popularly
commercial 20% Pt/C and become one of the desirable catalysts for
ORR [15-17]. It is known to all that metallic copper has a good
electron conductivity property, and it can effectively increase the
electron conductivity of the electrocatalysts [18-22]. Cu is often
used to form the alloy with Pt, which can further improve the
oxygen reduction catalytic performance of the catalyst while
reducing the platinum content of Pt-based materials [23,24]. Cu
oxides have the potential to become suitable oxygen reduction
catalyst due to its variable oxidation states, stronger O, adsorption
[25-27]. Shim et al. reported that silver-copper oxide (Ag@CuO)
nano-particles exhibited more ORR catalytic activity than AgNPs or
CuO and satisfactory methanol tolerance in alkaline media [28].
Zhang et al. investigated the shape dependence of Cu,0O toward
ORR activity by synthesizing three different microstructural Cu,O
(spheres, octahedrons, and truncated octahedrons) [29]. It was
found that Cu,0 with truncated octahedron shape showed better
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ORR catalytic performance than spheres and octahedron shapes. Li
group prepared an n-type Cu,0 doped activated carbon [30], which
exhibited a better exchange current density of 1.03 mA/cm?, 67%
higher than the control sample. The outstanding ORR catalytic
performance was put down to oxygen vacancies of the n-type
Cu,0, and cubic Cu,0 crystals exclusively expose (111) planes
asactive sites.

However, the ORR performances of Cu,O are limited by poor
dispersibility and low conductivity. Aimed at these disadvantages,
researchers composite Cu,0O with various carbon materials
(graphene or N-doped carbon), due to their good pore structure
and large specific surface area [31-34]. A recent report demon-
strated that proper catalyst support was critical to the electro-
chemical performance and durability of the catalyst [35]. Saianand
et al. dispersed Cu/Cu,O species onto mesoporous fullerene
uniformly, the excellent ORR activity of this compound could
benefit from rapid mass transfer and abundant active sites [35]. A
Cu@Cu,0 core-shell catalyst was derived from the reduction of
Cu(II)-MOF with sodium borohydride solution. The superior ORR
activity of it rooted in the special core-shell structure [36].

In this work, the copper phthalocyanine (CuPc) as the copper
resource was mixed with ZIF-8 to obtained the Cu-ZIF-8
precursors. Then, the precursors were pyrolyzed to produce
Cu/Cu,0-NC catalyst. It displays excellent ORR activity with high
half-wave potential (0.80V) and limiting current density
(5.20 mA/cm?). Moreover, the Al-air battery with Cu/Cu,O-NC
catalyst shows a supreme power density of 250 mW/cm? and
excellent discharge stability (maintained 90h at 1.5V in 50
mA/cm?). These results demonstrated that Cu and Cu,O nano-
particles could synergistically promote the kinetic of ORR to
expand the application of Al-air battery.

In a typical method [37], 2.35 g of 2-methylimidazole and X mg
(X=8, 16, 20, 24, 26) of phthalocyanine copper (CuPc) were
dispersed into 40 mL methanol, denoted as A, and 40 mL methanol
dissolved 1.07 g of Zn(NOs3),-6H,0 was denoted as B. The B was
poured into the A, then the suspension was stirred at 30 °C for 24 h.
The blue powders were obtained by centrifuging and dried in a
drying oven at 80°C for 12 h. At last, they were carbonized at
900 °C for 3 h under flowing nitrogen to obtain the Cu/Cu,0-NC-X
(X =8, 16, 20, 24, 26) samples.

The synthesis of the Cu-NC sample was similar to that described
above for Cu/Cu,0-NC-X, except 10% Ar/H, instead of N,. Cu/Cu,0-
NC-S sample was obtained by dispersing Cu/Cu,0-NC into 0.5 mol/L
H,S0, solution under stirring for 24 h at 80 °C. The synthesis of the
NC sample was similar to that of Cu/Cu,0-NC-X without CuPc.

The composition of catalysts was tested by X-ray diffraction
(XRD) for crystal structure analysis. The composition and chemical
states of catalysts were characterized using X-ray photoelectron
spectroscopy (XPS, K-Alpha1063, Thermo Scientific) with mono-
chromatized Al Ka excitation. The morphology and microstructure
of materials were tested using the scanning electron microscope
(SEM, 1002789S FEI Electron Optics B.V) and transmission electron
microscope (TEM, FEI Tecnai G2 F20 S-TWLX) equipped with scan
TEM (STEM). N, adsorption — desorption isotherms were tested by
the surface area analyzer (Builder SSA-4200) to evaluate the
Brunauer-Emmett-Teller (BET) specific surface areas, pore-volume,
and pore diameter distribution.

The three-electrode system on an electrochemical workstation
(CHI 760E) was used to test the electrochemical performance of
samples. Saturated calomel electrode (SCE) and a Pt wire electrode
were used as a reference electrode and counter electrode,
respectively. Rotating disk electrode (RDE) endowed with catalyst
ink is the working electrode, which was prepared as follows: 6 mg
of the catalyst was spread into a mix solution of 950 L ethanol and
50 wL Nafion (5 wt%), which was dispersed by ultrasound into a
uniform ink. Where after 10 L of ink was dropped onto a glassy
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carbon electrode with an area of 0.196 cm? (the diameter is
5.0 mm), and the weight of the catalyst was ~0.306 mg/cm?. The
ORR performance of as-prepared samples was evaluated by linear
sweep voltammetry (LSV) and cyclic voltammetry (CV) in O,-
saturated 0.1 mol/L KOH solutions at room temperature, and all
measured potentials are converted to a reversible hydrogen
electrode (RHE).

Based on the Koutecky — Levich equation, the number of
electrons transferred (n) was calculated:

1 1 1 1 1

T B @

B = 0.62nFCqy(Dg)*?v1/6 2)

:]Xh

Ji—J
In which J is the measured current density, J, and J; are the kinetic
and diffusion-limiting current densities, w is the electrode rotation
rate, F is Faraday’s constant, Cy is the bulk concentration of O,, Dy is
the diffusion coefficient of O,, and v is the kinematic viscosity of
the electrolyte.

The application performances of as-prepared catalysts in the
Al-air battery made by ourselves were investigated on a Neware
battery testing system. The Al-air battery is composed of the
anode (Al alloy plate), air cathode (designed active surface area
is 3cm? per face and the load is 4.08 mg/cm?), and alkaline
aqueous electrolyte (6 mol/L KOH) with certain inhibitors
(0.01 mol/L Na,Sn0Os, 0.0005mol/L In(OH);, and 0.0075 mol/L
Zn0) [14,38-40].

The air cathode consists of a catalyst layer, a current collector,
and a gas diffusion layer. Here, the catalyst layer is made of the
catalyst powder mixed with KB, super-P (conductive carbon black),
and binder (polytetrafluoroethylene) uniformly in a weight ratio of
3:3:1:3 and was rolled until the thickness is ~ 0.02 cm [41].

ZIF-8 and their derivates/composites, such as Fc@ZIF-8 [42],
Co-N,/C NRA [43], have been investigated as ORR catalysts.
Nevertheless, ZIF-8 and Cu-based composites have rarely been
reported. In this work, both Cu/Cu,0-NC and Cu-NC composites are
fabricated by the introduction of CuPc into ZIF-8 and subsequent
pyrolysis process under N, and 10% Ar/H, protective atmosphere,
respectively, as can be seen from Scheme 1.

The morphologies of the as-prepared NC, Cu-NC and Cu/Cu,O-
NC catalysts were characterized by scanning electron microscope
(SEM) and transmission electron microscopy (TEM). In Fig. 1a, the
NC catalyst obtained by high-temperature carbonization of ZIF-8
showed the shape of a regular diamond dodecahedron. The
microstructure of the Cu-ZIF-8 precursor (Fig. 1b inset) was similar
to ZIF-8, indicating that CuPc was dispersed in the ZIF-8 uniformly
and its addition could not change the morphology of ZIF-8. The
SEM images of Cu-NC and Cu/Cu,0-NC are shown in Figs. 1b and c.
After calcination, the microstructure of Cu-NC was well main-
tained, whereas agglomerated nanoparticles were observed for Cu/
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Scheme 1. Synthesis route of the Cu/Cu,0-NC and Cu-NC catalysts.
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Fig.1. TEM images of (a) NC and (b) Cu-NC, insets are the SEM images of precursors
of corresponding samples. (c)TEM image of Cu/Cu,0-NC. HRTEM images of (d) Cu-
NC and (e) Cu/Cu,0-NC, inset is the TEM image. (f-k) HAADF-STEM and element
mapping images of Cu/Cu,0-NC.

Cu,0-NC. From the high-resolution TEM (HRTEM) image of
Cu/Cu,0-NC (Fig. 1e and Fig. S1a in Supporting information), Cu
and Cu,0 nanoparticles are neighboring and distributed in the
carbon layer, wherein the lattice distances of 0.20 nm, 0.30 nm and
0.24 nm are corresponding to (111) plane of Cu, (110) and (111)
plane of Cu,0 particles, respectively [44,45]. According to the
HAADF-STEM images (Figs. 1f-k), the Cu element is uniformly
dispersed in the carbon layer.

X-ray diffraction (XRD) was applied to characterize the
structure of the obtained catalysts. As shown in Fig. 2, only a
broad peak of 26.1°, corresponding to the (002) facet of graphite,
was observed for the NC sample, indicating that Zn ions were
completely removed after pyrolyzing. When CuPc was in-situ
introduced into ZIF-8, the as-prepared product was Cu/Cu,0-NC. It
shows that three peaks at 43.3°, 50.4° and 74.1° belong to the cubic
phase of Cu (Fm-3m; PDF#04-0836), and three peaks at 36.4°,
42.3°, 61.3° are assigned to Cu,O (Pn-3m; PDF#05-0667). This
result reveals that Cu(Il) ions could be reduced to metal Cu and
Cu,0 nanoparticles during the pyrolysis process. To study the role
of Cu-based nanoparticles in Cu/Cu,0-NC catalyst, an acid leaching
strategy was carried out to remove Cu-based nanoparticles. In the
XRD pattern of Cu/Cu,0-NC-S (Fig. S1b in Supporting information),
the peaks of Cu-based nanoparticles are disappeared, and the Cu
2p XPS peaks are very weak in Fig. 3¢, indicating the complete
removal of metal Cu and Cu,0 nanoparticles. To verify further the
role of metal Cu and Cu,0 nanoparticles, a protective atmosphere
of 10% Ar/H, was used during the pyrolysis to reduce Cu,O
nanoparticles completely. In Fig. 2, the Cu-NC only displays the
stronger peaks of metal Cu, meaning that Cu,O species are
disappeared. The HRTEM images of Cu-NC (Fig. 1d) displays the
(200) and (111) planes of metallic Cu and manifest that Cu
nanoparticles are uniformly embedded in the carbon layer.
Namely, all Cu(Il) ions in the Cu-ZIF-8 were reduced to metal Cu
nanoparticles under Ar/H,. In Fig. 3b, although the high-resolution
Cu 2p spectrum of Cu-NC shows similar results with that of
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Fig. 2. XRD patterns of Cu-NC, Cu/Cu0-NC, NC.
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Cu/Cu,0-NC, the area ratio of Cu/Cu(Il) in Cu-NC is 1.55, which is
higher than that of Cu/Cu,0-NC (0.5) in Fig. 3a. It means that the
Cu/Cu,0-NC has a higher Cu,0 content than the Cu-NC [46].

The XPS survey spectra (Fig. S2a in Supporting information) of
Cu/Cuy0-NC, Cu-NC and Cu/Cu,0-NC-S shows obvious peaks of
C 1s, N 1s and O 1s, respectively. Atomic concentrations of
elements in catalysts is shown in Table 1. Note that the
concentration of Cu in these catalysts is very low, so the peaks
of Cu are not identified clearly. The XPS high-resolution Cu 2p
spectrum of Cu/Cu,O-NC in Fig. 3a displays the main two pairs of
peaks of 952.4eV/932.5eV and 954.7 eV/934.9 eV, which corre-
spond to the Cu 2pq;2/Cu 2ps; state of Cu and Cu(Il), respectively.
Meanwhile, the satellite peak of CuO (at 943.0 eV) comes from the
oxidation of Cu,0 on the catalyst surface [47]. The high-resolution
N 1s spectrum of Cu/Cu,0-NC, Cu-NC and Cu/Cu,0-NC-S (Figs. 3d-
f) could be divided into four types of N species: pyridinic N
(~398.4eV), pyrrolic N (~399.8 eV), graphitic N (~401.0 eV), and
oxidized N (~ 402.7 eV). Table S2 (Supporting information) lists the
corresponding contents of different N species for three catalysts,
which are calculated from N 1s spectra. Notably, the content of
pyridinic N in Cu-NC is significantly higher than other catalysts
[48,49]. Therefore, Cu-based sites (Cu and/or Cu,0) determine the
ORR activity of Cu/Cu,0-NC and Cu-NC. The BET surface area and
pore size distribution of the Cu/Cu,O-NC and other contrast
catalysts are shown in Fig. S3 (Supporting information). Obviously,
all samples display a high specific surface area, which is mainly
attributed to the N-doped carbon. Because Cu and Cu,O nano-
particles will block the pores of the N-doped carbon support, the
specific surface area of Cu/Cu,0-NC (604.14 m?/g) is inferior to
Cu-NC (971.26 m?/g) and NC (711.36 m?/g) [3].

The ORR activity of the Cu/Cu,0-NC and other contrast samples
was evaluated by rotating disk electrode (RDE) measurements
with 1600 rpm in O,-saturated 0.1 mol/L KOH at a sweep rate of
10 mV/s. As shown in Fig. 4a, the NC sample exhibits poor oxygen
reduction activity, indicating the N-doped carbon is not the major
ORR active site. When CuPc was introduced into ZIF-8, the obtained
Cu/Cu,0-NC catalyst demonstrates significantly enhanced catalyt-
ic activity towards ORR. Meanwhile, the effect of the added CuPc
amount on ORR catalytic performance was also investigated
(Fig. S4 in Supporting information). When 24 mg CuPc was added
to the ZIF-8 precursor, the resultant Cu/Cu,0-NC catalyst exhibits
the best ORR catalytic performance. The half-wave potential (Ey2)
of Cu/Cu,0-NC is about 0.80V, closing to that of commercial 20%
Pt/C catalyst, and the limiting current density is 5.20 mA/cm?, even
exceeding that of commercial 20% Pt/C catalyst (5.10 mA/cm?).
Besides, the Cu-NC catalyst contains the highest content of
pyridine N with high oxygen reduction activity, but shows inferior
ORR activities (E;/; = 0.78 V, 4.08 mA/cm?) compared to Cu/Cu,0-
NC. This fact proves that N-doped carbon is not the activity-
determining species and the presence of Cu,0 in the catalyst avails
the ORR catalytic activity due to the superior absorption to the
oxygen [50]. Furthermore, after acid pickling, a little of Cu-based
species are left in the Cu/Cu,O-NC-S catalyst, which performs
comparable ORR activities of NC catalyst. The result means that Cu
and Cu,Ospecies are equally important in boosting ORR activity
and constitute the active sites of Cu/Cu,0-NC. The CV curves of as-
prepared catalysts are shown in Fig. 4b. Clearly, the ORR peak
potential of Cu/Cu,O-NC (0.82V) is higher than that of Cu-NC
(0.80V), Cu/Cu0-NC-S (0.79V) and NC (0.75V) catalysts. This
result also supports that the superior ORR activities of Cu/Cu,0-NC
are attributed to both Cu and Cu,O nanoparticles. Besides, the
peaks of Cu-NC and Cu/Cu,O-NC in 0.6V are assigned to the
reaction process of Cu(l) and Cu(Il) [36].

The Koutecky-Levich (K-L) plots of Cu/Cu,0-NC (Fig. 4c) and Cu-
NC (Fig. S5 in Supporting information) were obtained by fitting the
LSV curves at various rotating rates. The current density of Cu/Cu,0-
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Fig. 3. Cu 2p XPS spectra of (a) Cu/Cuy0-NC, (b) Cu-NC and (c¢) Cu/Cu,0-NC-S. N 1s XPS spectra of (d) Cu/Cu,0-NC, (e) Cu-NC and (f) Cu/Cu,O-NC-S.

Table 1
Atomic concentrations proportions (at%) of elements in as-prepared catalysts
determined by XPS.

Catalysts Composition (at%)

C N (0] Cu
Cu/Cu,0-NC 87.41 5.88 6.41 0.3
Cu-NC 85.27 8.42 6.06 0.23
Cu/Cu,0-NC-S 81.6 9.34 8.92 0.14
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Fig.4. (a) LSV curves and (b) CV curves of the NC, Cu-NC, Cu/Cu,0-NC, Cu/Cu,0-NC-
S and the commercial Pt/C catalyst. (c) LSV curves of Cu/Cu,O-NC at different
rotating rates. The inset is the K-L plots of the Cu/Cu,0-NC at different potentials. (d)
Tafel plots of the Cu-NC, Cu/Cu,;0-NC, Cu/Cu,0-NC-S and the commercial Pt/C
catalyst.

NC increases proportionally to the rotation rate, and the K-L curves
(inset of Fig. 4c) exhibit an almost parallel linear relationship. LSV
curves (Fig. S5a) and K-L plots (Fig. S5b) of Cu-NC show the same
characteristics. These facts indicate that the behavior of ORR fitted
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the first-order reaction kinetics [7,31]. Numbers of electrons
transferred calculated by K-L curves of Cu-NC and Cu/Cu,0-NC are
3.9 and 4, respectively, meaning that the ORR processes of two
catalysts both perform as the four-electron transfer process. The
ORR kinetics of electrocatalysts are further evaluated by the Tafel
slope obtained from the LSV curves calculation based on the Tafel
equation. In Fig. 4d, the Tafel slope order of all samples is as
follows: 20% Pt/C (101 mV/dec) < Cu/Cu,0-NC (106 mV/dec) < Cu-
NC (141 mV/dec) < Cu/Cu0O-NC-S (157 mV/dec). This result
reveals that the ORR kinetic of Cu/Cu,O-NC is comparable to
20% Pt/C, and faster than Cu-NC and Cu/Cu,0-NC-S. Meanwhile,
the kinetic current density (ji) of Cu/Cu,0-NC (419 mA/cm?) in
Fig. 5a is superior to NC (0.55 mA/cm?), Cu-NC (2.74 mA/cm?), and
Cu/Cu,0-NC-S (1.50mA/cm?) in 0.8V, which further proves
the excellent kinetic process of Cu/Cu,0-NC.The ORR kinetics of
Cu/Cu0-NC should be attributed to the rapid conduction of
electrons and the existence of redox reactions of Cu(I) and Cu(II).

Furthermore, Cu/Cu,0-NC exhibits outstanding ORR catalytic
stability throughout i-t chronoamperometry response (Fig. 5b) and
the accelerated durability test (Fig. 5¢). After 10000 s discharging
at 0.7V, the current density of Cu/Cu,0O-NC remains at 86% of the
initial current density higher than the 20% Pt/C catalyst (76%) and
Cu-NC (71%). In Figs. 5c and d, after the accelerated durability test
(ADT), though the decrease of the E;, for Cu/Cu,0-NC is similar to
20% Pt/C, the former limiting current density maintains well,
compared to the latter. These results highlight the outstanding
electrochemical performance and excellent stability of Cu/Cu,0-
NC, which are mainly attributed to good synergistic effect Cu,0
and Cu toward ORR. Among them, Cu(I) (from Cu,0) has a strong
intermediate binding energy with O species, which can effectively
improve the O, adsorption capacity of the catalyst during the ORR
process [48,51-53]. Cu nanoparticles with high conductivity can
donate free electrons to Cu(l) easily [54]. In addition, the N-doped
carbon can provide Cu/Cu,O-NC catalyst with the high specific
surface area, which expose more active sites to the three-phase
reaction interface, effectively improving the ORR catalytic perfor-
mance.

The practical performance of the Cu/Cu;O-NC catalyst in a
home-made Al-air battery system was evaluated, and its scheme is
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shown in Fig. S6 (Supporting information). At the same time,
Figs. 6a and b show the power density and discharge voltage at
different discharge current densities of Cu/Cu,O-NC and Cu-NC,
respectively. With the discharge current density increase, the
power density curve of Cu/Cu,0-NC shows a steady upward trend
until the discharge current density exceeds 270 mA/cm? achieving
a maximal power density of 250 mW/cm?. While Cu-NC only
delivers a maximum power density of less than 200 mW/cm?
during the discharge current density of 190 mA/cm?. Compared to
Cu-NC, the better practical performance of Cu/Cu,;0-NC should be
derived from the promoting effect of Cu,O nanoparticles.

The discharge curves of Cu-NC and Cu/Cu,0-NC catalysts were
tested at 50,100 and 200 mA/cm? for 100 min, respectively. As seen
in Fig. 6¢, both samples display almost the same discharge voltages
closing to 1.5V at 50 mA/cm?. Nevertheless, with the current
density increases, the gap of discharge voltage between Cu/Cu,0-
NC and Cu-NC grows larger and larger. At 200 mA/cm?, the
discharge voltage of Cu/CuO-NC reaches 1.1V, nearly 100 mV
higher than that of Cu-NC. The excellent discharge performance of
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Fig. 6. Power density curves of (a) Cu/Cu,O-NC and (b) Cu-NC. (c) Discharge curves
of Cu-NC and Cu/Cu,0-NC at different discharge current density. (d) Long-term
discharge curves of the Cu/Cu,0-NC at 50 mA/cm?. All tests are finished in Al-air
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Cu/Cu,0-NC at a large current density benefit from the synergistic
effect of Cu and Cu,0, which provides more ORR active sites and
remarkable electron conduction capability. Hence, the perfor-
mance of the two catalysts gradually comes into being a large gap,
as the discharge current density increases.

We further evaluated the stability of the oxygen reduction
catalyst by the long-term discharge of the Al-air battery. In Fig. 6d,
the Al-air battery with Cu/Cu;O-NC catalyst has a continuous
discharge time of up to 90 h, and the average voltage is maintained
at about 1.5V at a discharge current density of 50 mA/cm?. The
fluctuation of the discharge curve only occurs when the aluminum
anode and the electrolyte are refueled. For Cu-NC, the averaged
discharge voltage is 1.48V, and the discharge time is only 70 h
(Fig. S7 in Supporting information), indicating that the stability of
Cu/Cu,0-NC catalyst is superior to Cu-NC in practical application.

The excellent ORR performances of the Cu/Cu,O-NC catalyst
benefited from the synergistic effect of the Cu and Cu,O nano-
particles. To determine the mechanism of synergistic effect, DFT
calculations was applied to carry out the thermodynamics of ORR
process for Cu site and Cu,O site, the calculation details was
described in Supporting information. According to the HRTEM of
Cu/Cuy0-NC catalyst, Cu (111) facet and Cu,O (110) facet were
chosen as the objects for all calculations. Fig. S8 (Supporting
information) provides the models of the O, adsorption at Cu (111)
facet and Cu,O (110) facet. The calculation results (Table S3 in
Supporting information) prove that the O, adsorption energy of
Cu,0 (110) facet (-1.62 eV) is lower than that of Cu (111) facet
(-1.21 eV), meaning that the O, molecules prefer to adsorbing on
the Cu,O0 sites. Figs. 7a and b display the free energy plots of ORR
process for Cup0 (110) facet and Cu (111) facet. Note that the
calculated onset potential of Cu,0 (110) facet (0.85V) is higher
than that of Cu (111) facet (0.51 V). Such phenomena demonstrate
that Cu,0 is the major active sites for ORR. Thus, in the LSV curve of
Cu/Cu,0-NC catalyst, the high onset potential is attributed to Cu,O
site, and the high limited current density is attributed to Cu site
due to the high intrinsic electric conductivity of it [55,56].

According to these facts, the possible ORR mechanism on the
Cu/Cu,0 composite is presented in Figs. 7c and d, which shows a
typical four-electron process in the following: (i) Cu,O on the
surface of Cu/Cu,0-NC catalyst can easily absorb oxygen in the air
to obtain Cu,0- - -0, (Eq. 4) [53]; (ii) the Cu,0- - -0, reacts with H,0
molecules and simultaneously receives an electron to generate
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Fig. 7. The free energy plots of ORR process for (a) Cu,0 (110) facet and (b) Cu (111)
facet. (¢, d) ORR mechanism schematic diagram of the Cu/Cu,0-NC catalyst.
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Cu,0-00H in an alkaline environment (Eq. 5); (iii) The Cu,0-OOH
is unstable and easily loses OH™ to form CuO when it captures an
electron (Eq. 6); (iv) CuO is reduced to Cu,0 by the electrons from
the catalyst (Eq. 7). Thus, Cu,0 is regarded as the major active site,
in which the efficient Cu(Il)/Cu(I) redox for ORR can provide high
ORR activity for Cu/Cu,0O-NC catalyst [46,57].

Cuy0 + 02 — Cuy0--- 0, (4)
Cuy0---0y + Hy0 + e~ — Cuy0 — OOH + OH™ (5)
Cu,0 — OOH + e~ — 2Cu0 + OH™ (6)
2Cu0 + H,0 + 2e~ — Cu,0 + 20H" 7)

Meanwhile, Cu nanoparticles on Cu/Cu,0O-NC catalyst act as a
good conductor of electrons, and maintain the electron support for
Cu,0 [54]. More importantly, the reduction reaction of Cu(Il)
prefers to occur at the surface of Cu, indicating that the Cu
nanoparticles can catch the Cu,0 active sites and decrease the loss
of Cu,0 during the ORR process. Benefited by the synergistic effect
of Cu and Cu,0, Cu/Cu,0-NC could catalyze the ORR like other
excellent catalysts. Up to now, the Cu/Cu,O-NC catalyst is one of
the best Cu-based ORR catalysts under both electrochemical and
practical tests, as summarized in Table S4. This study furnishes an
innovative strategy for promoting the ORR activities of Cu-based
catalysts.

In summary, we prepared Cu/Cu,0-NC catalyst with the E;, of
0.8V and ], of 520mA/cm?, which are close to the Pt/C.
Interestingly, the durability of Cu/Cu,O-NC is superior to the
Pt/C catalyst. After a comparative study with the Cu-NC catalyst, it
is found that the Cu,O active site plays a major role in enhancing
the ORR activity in Cu/Cu;0O-NC due to the efficient Cu(Il)/Cu(I)
redox. And the Cu nanoparticles can catch the active Cu,0 during
the ORR process, facilitating the high stability of Cu/Cu,0-NC
catalyst. Besides, the excellent ORR performances are also
presented in the Al-air battery application with a high power
density (250 mW/cm?) and high discharge stability (maintained
90 h at 1.5V in 50 mA/cm?). This work provides a high-activity and
practical Cu/Cu,O-NC catalyst and reports a useful strategy to
improve the ORR performances for Cu-based catalysts.
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