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Highly efficient Fe—Cu dual-site nanoparticles
supported on black pearls 2000 (carbon black) as
oxygen reduction reaction catalysts for Al-air
batteries}
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Wang Zhang, Ke Hu, Xiaowu Liu @ * and Xin Chen©®*

Acquiring cost-effective, high-performance, non-precious metal catalysts is crucial for substituting precious
metal catalysts in the oxygen reduction reaction (ORR) to ensure sustainable energy conversion. Herein, we
present a preparation strategy for a high-performance Cu—-Fe—CN-3 electrocatalyst characterized via X-ray
diffraction (XRD), Raman spectroscopy, Brunauer—Emmett-Teller (BET), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS) analyses. The
results demonstrated that the incorporation of Cu and Fe into Black Pearls’ carbon black (BP2000) and the
strong synergistic effect between Fe and Cu contributed to the enhancement of active sites for the ORR.
Electrochemical characterization revealed that the Cu—Fe—CN-3 catalyst synthesized by mixing Cu and Fe
in a molar ratio of 3:1 exhibits superior catalytic activity for the ORR. The ORR performance of the Cu-
Fe—CN-3 catalyst in an alkaline electrolyte (Ey, 0.867 V vs. RHE) surpassed that of Pt/C (Ey;, 0.841 V vs.
RHE), and the assembled aluminum-—air battery demonstrated superior voltage stability compared to Pt/C
under the same current density. After 2000 cycles, the £y, of the Cu—Fe—CN-3 catalyst exhibited a slight
negative shift by 5 mV, which was better than the activity loss of the Pt/C catalyst (12 mV). At the same
current density, the average discharge platform of Al-air batteries with the Cu—Fe—-CN-3 catalyst was
better than that of the commercial Pt/C catalyst. Therefore, the prepared Cu—Fe—-CN-3 electrocatalyst
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Introduction

In the 1980s, aluminum-air batteries developed by the United
States, Canada, and Norway were mainly used in navigation
lights, deep-sea rescue boats, and unmanned underwater vehi-
cles. With significant improvements in the specific energy of Al-
air batteries, the first battery-powered car appeared in the United
States in the 1990s."* In 2015, Alcoa and Israel-based Phinergy set
the world record of 1600 kilometers for a racecar equipped with
a 100 kilogram Al-air battery at Circuit Gilles Villeneuve in
Montreal. In 2016, electric vehicles powered with the same weight
of Al-air batteries covered more than 3000 kilometers.®> Al-air
batteries have received extensive attention owing to their advan-
tages of high energy density, high energy efficiency, and low
emission.*® Despite these important advances, their commercial
applications are still hampered by the slow kinetics of the oxygen
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exhibits great potential as an efficient ORR catalyst in fuel cells.

reduction reaction (ORR) on the cathode.®” In our previous
research, we reported on the utilization of Co0;0,-CeO,/KB,?
C0304/Co-N-C,” and Fe;C@Fe/N catalysts'® as positive electrode
materials for Al-air batteries. These materials have demonstrated
significant enhancements in electrocatalytic performance for the
ORR at high current densities. Moreover, their voltage perfor-
mance surpasses that of Pt/C as current density increases. The
ORR is a critical reaction in sustainable energy conversion devices
such as fuel cells and metal-air batteries."* At present, Pt-based
materials are still the most popular ORR catalysts in terms of
their catalytic activity and stability. However, the scarcity of plat-
inum makes these catalysts expensive, thus hindering their
further application. Therefore, the development of novel non-
precious metal catalysts with excellent catalytic activity and
stability in the ORR has become mainstream.">**

In recent years, transition metal coordinated nitrogen carbon
materials (M-N-C) have been considered potential ORR electro-
catalysts to replace Pt-based catalysts owing to their good ORR
properties.’>'® Fe-N-C catalysts have attracted much attention,
particularly because of the synthesis method being simple and
cost-effective.’” The conventional approaches to enhance the
performance of Fe-N-C catalysts involve the careful selection of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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appropriate nitrogen and carbon sources, as well as the optimi-
zation of synthesis conditions.”® Despite some significant
progress, additional enhancements to the performance of Fe-N-
C are imperative. The incorporation of Cu atoms improves the
catalytic activity in the oxygen reduction reaction (ORR), and our
interest lies in the unique properties exhibited by Cu compared
to other transition metals such as Co, Ni, Mn, and Zn."*° The
positioning of Cu in close proximity to the summit of the volcano-
plot suggests a theoretically elevated level of ORR activity. In fact,
the strong complexation ability of copper with nitrogen atoms
increases the doping level of nitrogen atoms. In addition, the
presence of copper in various valence states (Cu(0), (Cu(x), Cu(u),
and even Cu(wv))) could potentially impact the efficient electron
transfer during electrocatalysis."** The incorporation of Cu atoms
as an accelerator in Fe-N-C catalysts has generated significant
interest for the aforementioned reasons.

The synergistic effect of Fe and Cu significantly mitigates the
release of reductive oxygen toxicity, thereby reducing the detri-
mental effects of the Fenton reaction and enhancing the stability
of membrane electrode.”*** The selectivity of co-doped catalysts
containing Fe and Cu is significantly enhanced in ORR compared
to that of similar iron-based catalysts, and the former exhibiting
less than one-third H,0, yield of the latter.>** Can bimetallic
catalysts of Fe/Cu overcome the limitations of ORR catalysts? In
recent years, researchers have synthesized a large number of Cu
and Fe co-doped carbon materials exhibiting exceptional elec-
trocatalytic activity.>®” However, the catalytic mechanism
underlying iron and copper bimetallic catalysts remains
elusive.”®* By manipulating the active center of the metal, the
overall catalytic efficiency of the single atom electrocatalyst relies
not only on the intrinsic activity of the M-N, active site but also on
the electrochemical accessibility of individual atoms. Conse-
quently, efforts have been made to enhance the loading of metal
atoms in the precursor, which undergoes conversion into
a carbon carrier with a high-density distribution of isolated single
atoms, thereby synergistically enhancing electrochemical
activity.**** We present a highly active electrocatalyst (Cu-Fe-CN-
3) with Fe and Cu co-doped for ORR in alkaline electrolytes.
Specifically, the pre-treated Black Pearls' carbon black is mixed
with iron acetylacetone, copper acetylacetone, dimethylimidazole,
and zinc nitrate. After the reaction, the initial catalyst product was
obtained by filtration. Subsequently, the mixture undergoes
pyrolysis and pickling to eliminate unstable metal compounds.
Finally, Fe and Cu bimetal co-doped carbon-based catalysts were
obtained. The incorporation of Cu dopant into the Fe-N-C cata-
lyst leads to a significant enhancement in both ORR activity and
durability. In alkaline media, Cu-Fe-CN-3 exhibits a half-wave
potential (E;,,) of 0.867 V, surpassing the performance of refer-
ence Pt/C catalysts with E;/, values of 0.841 V.

Experimental section
Chemicals and materials

Copper acetylacetonate (Cu(CsH,0,),, 97%, Macklin), iron
acetylacetonate (Fe(CsH,0,);, 98%, Macklin), methanol
(CH30H, =99.9%, Macklin), 2-methylimidazole (C,HgN,,
=98%, Macklin), ammonium chloride (NH,Cl, 99.8%, Rhawn),
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sodium stannate trihydrate (Na,SnO;-3H,O, 98%, Heowns),
indium hydroxide (In(OH)z, 99.9%, Heowns), zinc oxide (ZnO,
99%, Macklin). The platinum/carbon (Johnson Matthey) with
a weight percentage of 20% and potassium hydroxide (KOH,
95% McLean) with analytical grade (A.R.) purity were procured
from Jiangsu Aikang Biopharmaceutical R&D Co., Ltd., China.
Nitric acid (HNOj, Xilon Technology), hydrochloric acid (HCI,
95%), and zinc nitrate hexahydrate (Zn(NOj),-6H,0, =98%)
were also analytical grade reagents purchased through unified
bidding by West Anhui university. Ketjenblack carbon (EC300])
and acetylene black (Dedka Black Li-2060) were purchased from
Tianjin Saibo Technology Co., Ltd., which were used as received
without further purification steps in the experiments conduct-
ed. However, the BP2000 (Black Pearls 2000 carbon black, Cabot
Corporation) utilized in our experiments necessitates addi-
tional processing, as detailed in the Key Materials synthesis
section provided below. The mass ratio of the Nafion solution is
5 wt%, as provided by DuPont. Al alloy plate (industrial grade),
Foam nickel (surface density 380 ¢ m™?), and waterproof
breathable membrane were provided by Changzhou You Teke
New Energy Technology Co., Ltd.

Synthesis of Cu-Fe-N-C@BP2000, Fe-N-C@BP2000, and Cu-
N-C@BP2000

In our previous study, we reported that Fe-N-C electrocatalysts
exhibit superior ORR activity compared to the commercial Pt/C
(20 wt%)."**> As a continuation of our previous research, we
have successfully synthesized highly active Fe-Cu two-site
nanoparticles loaded on Black Pearls 2000 carbon black (Cu-
Fe-N-C@BP2000) using copper acetylacetone, iron acetylace-
tone, 2-methylimidazole, and acid-treated carbon as raw mate-
rials for enhancing the reaction (ORR) in Al-air batteries
(Fig. 1). 1.0 g of BP2000 was purified based on our previous
description to eliminate other impurities and introduce func-
tional groups on the carbon surface.*” The above acid-treated
carbon (0.1 g) was dispersed in methanol (50 mL) via an ultra-
sonic cleaning machine (KQ-50 ES, Kunshan ultrasonic instru-
ments co., Ltd.) for 20 min, then 1.0421 g of 2-methylimidazole
was added to the mixed suspension, followed by vigorously
stirring for 30 min in the beaker to form uniform ink suspen-
sion, designated as A. Zinc nitrate hexahydrate (8.8789 g),
copper acetylacetonate (0.8692 g), and iron acetylacetonate
(0.2794 g) [the molar ratio of copper to iron is (3:1)] were

.......

BP2000

Fig.1 Schematic of the synthesis procedure of Cu—Fe-NC-X (X =1/3,
1/2, 1, 2, 3, and 4).
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dissolved in 50 mL of methanol. Then, the above salt solution
was strongly stirred for 6.0 h to form a homogeneous solution,
designated as B. The A suspension was quickly poured into
solution B and stirred at room temperature for 24 h. Finally, the
Cu-Fe-N-C@BP2000 precursor was filtered and washed several
times with anhydrous methanol and dried for 24 h under
vacuum at 120 °C. Then, the dried Cu-Fe-N-C@BP2000
precursor and NH,CI at a mass ratio of 1: 0.3 were ground in an
agate mortar for 0.5 h, and pyrolyzed at 900 °C for 1 h in a tube
furnace in an inert gas atmosphere. After that, the product was
naturally cooled to room temperature, and the black powder
was acid-treated with 0.1 M HNO; at 80 °C for 5 h to remove
unstable nanoparticles. Next, the obtained black sample was
filtered and dried overnight at 80 °C in a vacuum oven. The
above sample was named as Cu-Fe-NC-3.

In order to optimize the electrocatalytic activity towards
ORR, a series of comparative experiments, including different
Cu/Fe molar ratios, whether to introduce iron or copper sources
simultaneously, were also designed. The molar ratio of Cu/Fe
was 4:1, 2:1,1:1, 1:2, 1:3, and other synthesis conditions
were consistent with those of Cu-Fe-NC-3, which were labeled
as Cu-Fe-NC-4, Cu-Fe-NC-2, Cu-Fe-NC-1, Cu-Fe-NC-1/2, Cu-
Fe-NC-1/3, respectively. Once the optimal molar ratio of Cu/Fe
is determined, further investigation will be conducted to
determine whether to add iron salt and copper salt separately,
which are labeled as Fe-N-C and Cu-N-C. The follow-up
procedures remain consistent with those for Cu-Fe-NC-3.

Material characterization

Crystallographic structures of the materials were investigated by
an X-ray diffractometer (XRD, D8 Advance, Germany) with Cu-
Ka radiation in a 2theta rotation range: 10° to 90°. A minimum
readable step size of 0.0001° and angle reproducibility of
0.0001° were also required during testing. The angular devia-
tion of all peaks in the full spectrum range is not more than
+0.01 degree. The microscopic size measurement, morphology
characterization, and element distribution of the powders were
detected using SEM (SU8010, Hitachi, Japan) with coupled
energy dispersive spectrometry (EDS). The acceleration voltage
was between 0.1 kV and 30 kV. High resolution transmission
electron microscopy images of samples were captured by JEOL
JEM-2100 with electron energy loss microspectroscopy. Raman
spectroscopy was carried out on JOBIN YVON HR800 with
a 532 nm laser source to detect the defects in samples. The
chemical composition and states of samples were analyzed by X-
ray photoelectron spectroscopy (XPS, ESCALAB 250 system with
an Al Ka source). The metal composition of the final sample is
accurately determined through inductively coupled plasma-
atomic emission spectroscopy (ICP, Thermo Fisher iCAP 7400)
analysis. Additionally, the surface area and pore size of the
sample were calculated from N, sorption isotherms obtained on
a Micromeritics Gemini 2380 surface analyzer.

Electrochemical measurements

The prepared catalyst (4 mg) was dispersed in 950 pL of ethanol
and 100 pL of 5 wt% Nafion solution, followed by ultrasonic
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treatment for 20 minutes to achieve a homogeneous suspen-
sion. The 10 pL mixture drops were loaded onto the polished
glass carbon electrode with a diameter of 5 mm as the working
electrode, reference electrode, [Hg/HgO (1 M KOH)], and the
counter electrode (platinum wire) to form a three-electrode
system. Before measurement, the electrolyte is bubbled with
high-purity O, for 30 minutes until saturated. The ORR
performance of the sample in 0.1 M KOH solution saturated
with O, was investigated using a rotating ring disk electrode
(RRDE) and cyclic voltammetry (CV), and the entire measure-
ment was carried out at the Ivium Electrochemical Station,
Netherlands. The tests were performed at room temperature,
and unless otherwise specified, all electrochemical tests were
carried out with a scan rate of 10 mV s~ '. Within the voltage
range of —1.0 to 0.2 V, the CV curve was scanned using the same
scanning rate. The normalized area of the catalyst used
(expressed in mA cm™?) was obtained from the current data for
direct sample comparison. The long-term durability of Cu-Fe-
NC-3 was evaluated by cycling 2000 times at a scanning rate of
50 mV s in O,- saturated 0.1 M KOH solution, within the
potential range of 0.6 to 1.2 V.

The electron transfer number () was evaluated based on the
eqn (S1)—(S3) in the ESL.T

Results and discussion

Structure and morphology characterization

The XRD patterns of Cu-C-N, Fe-C-N, and Cu-Fe-CN-3
samples before and after acid treatment are illustrated in
Fig. 2a. After acid treatment, the characteristic peak strengths of
Cu-C-N, Fe-C-N, and Cu-Fe-CN-3 samples become very weak,
indicating that most nanoparticles are removed. The Cu-Fe-
CN-3 catalyst exhibits additional peaks corresponding to Fe
(JCPDS no. 06-0696) and Cu (JCPDS no. 04-0836). Based on N,
adsorption-desorption experiment, BET surface areas for
BP2000-acid, Fe-C-N, Cu-C-N, and Cu-Fe-CN-3 were measured
as 713,576, 521, and 411 m*> g~ ', respectively (ESI, Fig. S11). The
significant decrease in the surface area of Cu-Fe-CN-3 can be
attributed to the agglomeration of Fe and Cu nanoparticles,
resulting from the introduction of iron and copper sources
during the pyrolysis. The Cu-C-N, Fe-C-N, and Cu-Fe-CN-3 of
the acid-washed sample exhibit two broad peaks at 26 values of
approximately 24.8° and 42.9°, which are significantly widened
due to the presence of amorphous carbon. Due to their weak
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Fig. 2 (a) XRD patterns of Fe—-C-N, Cu-C-N, and Cu-Fe—-NC-3
before and after acid treatment. (b) Raman spectra of Cu-C-N, Fe-C-
N, and Cu-Fe-CN-3.
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intensity and limited number, it is challenging to precisely
determine the specific metallic structure associated with these
diffraction peaks. We can only speculate that they may corre-
spond to iron-nitrogen, copper-nitrogen, carbide, and graphite
peaks.**** Further confirmation through additional XPS char-
acterization is necessary. Furthermore, the Raman spectra of
Cu-C-N, Fe-C-N, and Cu-Fe-CN-3 typically exhibit two broad
signals corresponding to the D-band and G-band of graphite at
approximately 1344 cm™' and 1592 c¢cm ™', respectively. The
calculated I/I5 values for Cu-C-N, Fe-C-N, and Cu-Fe-CN-3
catalyst samples were found to be 1.09, 1.11, and 1.06, respec-
tively. The aforementioned observation further demonstrates
that the sample containing both Fe and Cu (Cu-Fe-CN-3)
exhibits the highest degree of graphitization. It is worth
noting that a higher degree of graphitization promotes an
increased charge transfer, which may also account for its
superior ORR activity."*>*® These findings sufficiently support
the notion that transition metal doping facilitates the process of
carbon material graphitization, leading to a partial hybridiza-
tion of sp® to sp* carbon structure, which is in agreement with
the XRD data presented in Fig. 2a. The SEM images of the Cu-
Fe—-CN-3 electrocatalyst in Fig. 3a reveal the presence of a series
of spherical carbon particles resembling pearls. However, it is
challenging to discern the presence of iron and copper in these
low-resolution images shown in Fig. 3b. High-resolution TEM
images verified that no obvious crystalline metal nanoparticles
or clusters were formed in the carbon matrix (Fig. 3c). Fe and Cu
in the Cu-Fe-CN-3 sample are shown as black dots embedded
on the carbon surface (inside the red circle), and obvious single
Fe and Cu atoms could be observed. Cu-C-N and Fe-C-N
samples, like SEM images of the Cu-Fe-CN-3 electrocatalyst,
showed the presence of a series of pearl-like spherical carbon
particles (ESI, Fig. S2(a and b)¥). It is also difficult to discern the
presence of iron and copper in low-resolution images (ESI,
Fig. S2(c and d)f). High-resolution TEM images confirmed that
both Cu-C-N and Fe-C-N electrocatalysts, similar to the Cu-
Fe-CN-3 samples, exhibited atomic nesting on the carbon
surface (inside the red circle), allowing for individual observa-
tion of Fe and Cu atoms (ESI, Fig. S2(e and f)f). The element
mapping shows that Cu (green), Fe (red), C (blue), N (purple),
and O (yellow) are uniformly distributed in the resulting Cu-Fe-
CN-3 catalyst (Fig. 3d-i). Furthermore, no peaks corresponding
to crystalline iron or copper groups or metal carbide

Fig. 3 (a) SEM images, (b) TEM images, (c) HR-TEM images, and (d-i)
elemental mapping images of Cu—Fe—CN-3 catalyst samples.
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nanoparticles were detected in the XRD analysis of the Cu-Fe-
CN-3 samples. These findings are consistent with those ob-
tained from TEM characterization. The excellent contact
between Cu and Fe elements on BP2000 carbon enhances the
density of accessible active sites, resulting in a superior syner-
gistic promotion effect and enhanced electrocatalytic activity for
ORR.

The chemical composition of the Cu-Fe-CN-3 electrocatalyst
sample was analyzed using XPS. The high-resolution XPS spec-
trum (ESI, Fig. S31) shows that the contents of C (283.55 eV), N
(395.00 eV), O (529.00 eV), Fe (706.00 eV), and Cu (930.00 eV) on
the surface of the Cu-Fe-CN-3 catalyst are 84.29 at%, 5.54 at%,
7.15 at%, 1.71 at%, and 1.31 at%, respectively. High-resolution
XPS spectra (Fig. 4a) show that the C 1s peak consists of C-C
(282.1 V), C-N (282.5 eV), and C-O (283.4 eV). This indicates that
the N element is also successfully doped into the carbon material.
Fig. 4b shows the XPS spectrum of N 1s. The deconvolution N 1s
can be divided into three peaks: iron nitrides (396.1 eV),
pyridinic-N and Cu-N (397.3 eV), and pyrrolic-N (398.7 eV). Note
that pyridinic-N, Cu-N, and Fe-N components in Cu-Fe-CN-3
samples should include a contribution from N bound to Fe
(Fe-N) due to the small difference between the binding energies
of Fe-N, Cu-N, and pyridinic N."** The decrease in the inter-
mediate peak of N 1s may primarily be attributed to the defects
present in the matrix deposited by Fe and N on the carbon
surface, as well as the elution of its unstable structure.”” Among
them, pyridine-N and pyrrole-N are considered to be active N
substances with high ORR activity. The calculations based on
density functional theory (DFT), which have been previously re-
ported, indicate that carbon nanostructures containing
pyridine N exhibit Lewis basicity.*® The occupation region near
the Fermi level has also been reported to exhibit local state
densities for carbon atoms adjacent to the pyridinic N.** The
presence of electron pairs in carbon atoms allows them to exhibit
Lewis base properties, as evidenced by experimental observa-
tions.** The attachment of oxygen molecules to Lewis bases is

Intensity(a.u.)
Intensity(a.u.)

Y

Intensity(a.u.)

Intensity(a.u.)

RS s e s

e e S s e s e
Binding Energy(eV)

o s
Binding Energy(eV)

Fig. 4 XPS spectra of (a) C 1s, (b) N 1s, (c) Fe 2p, and (d) Cu 2p for Cu—-
Fe—CN-3 electrocatalysts.
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a widely recognized phenomenon.*" Since O, adsorption is the
first step of ORR, the Lewis base produced by pyridine nitrogen is
considered to be the active site of ORR.****** In the case of Fe 2p
spectra (Fig. 4c), the peaks at 708.7 eV, 721.2 eV, 712.5 eV
(726.1 eV) are assigned to metallic Fe and Fe**, Fe*" oxidation
state or Fe-N, respectively, with a satellite peak at 717.4 eV, which
are consistent with previous literature.”®****** From the relative
intensity, it is found that metallic Fe is predominant in the
sample after ORR. This means that most metallic Fe is stably
doped in N-doped Fe-incorporating BP2000. The stable metallic
Fe species are contained inside the samples. The existence of Fe
inside the samples are also observed in XPS measurements with
etched sample surfaces. These results suggest that Fe and Fe-N
inside the samples further promote ORR activity associated with
the surface Fe-N, although the detailed mechanism is not yet
clear. As shown in Fig. 4d, the Cu 2p XPS spectrum of the Cu-Fe-
CN-3 sample can be divided into Cu 2p;, (Cu® or Cu” at 932.5 eV
and Cu®" at 936.5 €V), Cu 2p;,, (Cu® at 952.6 eV), and three
satellite peaks at 941.0 eV and 949.9 eV, respectively. The
appearance of the Cu 2p satellite peak is related to the unfilled
electronic state of Cu 3d° orbit and also indicates the formation
of Cu(u) species. High-resolution Cu 2p XPS spectra further
disclose that the surficial Cu element of Cu-Fe-CN-3 exists in
multiple valences, including Cu(0), Cu(1), and Cu(u).** The
detection of Cu (0) species agrees well with the observation of
XRD peaks of metallic copper in Cu-Fe-CN-3. The Cu(i/n) species
might coordinate with the doped N atoms to generate Cu(i/u)-N,
active sites, which is also explained by high-resolution N 1s XPS
spectra. The existence of redox electron pair Cu®*/Cu” exhibited
a perfect catalytic property due to its transformation of oxidation
state and reduction state in the oxygen reduction process, which
could improve the ORR activity. This finding is consistent with
previous reports on monatomic copper catalysts.>****® It has
been discovered that unsaturated Cu-N structures effectively
catalyze ORR.

Electrocatalytic performance

The catalytic activity of bimetallic catalysts is critically influ-
enced by the ratio between the two metals, thereby determining
the structure and composition of the catalytic active site. By
adjusting the Cu to Fe molar ratio in the raw material (as shown
in ESI, Fig. S41), we investigated the impact of this molar ratio
on catalytic activity for the linear sweeping voltammograms
(LSVs) at 1600 rpm in O,-saturated 0.1 M KOH recorded on
RRDE. The catalyst Cu-Fe-CN-3 with a Cu to Fe molar ratio of
3:1 demonstrates the highest peak ORR current potential
among other proportional catalysts. The half-wave potential of
the catalyst is approximately 0.692 V, 0.867 V, 0.688 V, 0.698 V,
0.722 V, and 0.745 V when the molar ratio of Cu to Fe in the
precursor material is adjusted to4:1,3:1,2:1,1:1,1:2, and
1: 3, respectively. It should be noted that the half-wave potential
of Cu-Fe-CN-3 is 0.867 V, which is higher than others due to Fe—-
N in Fe-N-doped BP2000. However, BP2000 alone does not
exhibit significant ORR activity. Thus, it is suggested that Fe or
metallic Fe inside the samples promotes the ORR activity due to
Fe-N on the surface. Namely, metallic Fe inside the samples
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gives rise to a synergy effect for the ORR activity with Fe-N on
the surface. At the same time, the optimal synergy between
Cu and Fe binding is observed when the atomic number ratio is
3:1. The effect of varying molar ratios of Cu and Fe on ORR was
further investigated through the utilization of cyclic voltam-
metry in 0.1 M KOH solution saturated with O, at 10 mV s LIt
is evident that Cu-Fe-CN-3, Cu-Fe-CN-1/3, Cu-Fe-CN-1/2, Cu-
Fe-CN-1, Cu-Fe-CN-4, and Cu-Fe-CN-2 exhibit distinct oxygen
reduction peaks (as depicted in ESI, Fig. S5t), which are
measured to be 0.896 V, 0.795V, 0.779 V, 0.771V, 0.763 V, and
0.752 V, respectively. The results obtained from LSVs and CVs
are consistent, thereby optimizing the most suitable Cu to Fe
molar ratio of raw materials. In order to further elucidate the
advantages of bimetallic catalyst composites, comparative
experiments using different materials were conducted, with the
corresponding results presented in Fig. 5a. The LSV curve
demonstrates the significant electrocatalytic activity of Cu-Fe-
CN-3, exhibiting half-wave potential (E;,) of 0.867 V and
diffusion-limited current density of —5.79 mA cm™>, surpassing
that of commercial Pt/C (0.841 V, —5.21 mA cm™?). Further-
more, we investigated the impact of different materials on the
properties by incorporating Cu(CsH;0,),, Fe(CsH,0,)s, or
BP2000-acid. The absence of metal in the catalyst results in low
activity for ORR, whereas the incorporation of Cu and/or Fe
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Fig. 5 (a) ORR polarization curves of different catalysts at 1600 rpm.

(b) The electron transfer number and percentage of peroxide of
different catalysts at different potentials, the RDE in O,-saturated 0.1 M
KOH solution at different rotation rates, and the corresponding Kou-
tecky—Levich plots at different potentials of (c) and (d) Cu-Fe—-CN-3,
the ORR LSV curves of Cu—Fe—-CN-3 and commercial Pt/C before and
after 2000 cycles are represented by (e) and (f), respectively.
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metals significantly enhances the catalytic performance. Among
all samples examined, Cu-Fe-CN-3 exhibited more positive
half-wave potential for ORR in O,-saturated 0.1 M KOH,
surpassing that of Cu-C-N (0.777 V), Fe-C-N (0.767 V), C-N
(0.701 V), and BP2000-acid (0.658 V). We have adopted
a previous pickling purification method to pre-treat the BP2000
carbon (Cabot Corporation),>**** which differs from the treat-
ment method reported in the current literature.>®** Specifically,
this method introduces oxygen-containing functional groups on
the surface of BP2000-acid while eliminating impurities,
thereby enhancing its potential for application in oxygen
reduction reactions and providing a higher potential for the
final bimetallic catalyst. The cyclic voltammetry (CV) curves of
different synthesized catalysts (ESI, Fig. S6T) were evaluated
in O,-saturated 0.1 M KOH solution at a scanning rate of
10 mV s~ ', respectively. The results demonstrate that all cata-
lysts exhibit distinct cathodic peaks associated with ORR,
indicating their significant electrocatalytic activity towards
ORR. Notably, the Cu-Fe-CN-3 catalyst displays a significantly
higher peak potential compared to other catalysts, suggesting
a remarkable enhancement in ORR performance attributed to
the co-introduction of Cu and Fe. The Fe-C-N and Cu-C-N
materials exhibit favorable surface areas (as indicated by the
BET data above) and possess high electrocatalytic activity
towards ORR, suggesting that the Fe-N, and Cu-N, structures
serve as the primary active sites.'** Although Fe-C-N and Cu-
C-N materials possess higher specific surface area than Cu-Fe-
CN-3, their ORR activity is inferior to the latter. This implies that
the introduction of both Cu and Fe into the composite material
leads to an increased exposure of active sites, resulting in an
effective synergistic effect between Fe and Cu.””** The final
sample of Cu-Fe-NC-3 underwent additional elemental analysis
using ICP, revealing a Fe content of 2.6 wt% and Cu content of
3.68 wt%. Furthermore, Raman data indicate that Cu-Fe-CN-3
exhibits a higher degree of graphitization with a relatively
complete formation of catalytic active sites, thereby further
confirming its superior ORR activity and providing a highly
favorable four-electron pathway for efficient ORR.

The calculation reveals that the Tafel slope of Cu-Fe-CN-3
is 69 mV dec™ ', which is comparatively lower than Fe-C-N
(91 mV dec™ '), Cu-C-N (99 mV dec ™), and Pt/C (94 mV dec %),
indicating a higher kinetic efficiency of the Cu-Fe-CN-3 catalyst
(ESI, Fig. S71). To comprehend the electron transfer pathway of
diverse catalysts, pertinent data were gathered and computed by
employing the rotating ring disk electrode (RRDE) (Fig. 5b). The
average yield of H,O, from carbon remains at 70%, while the
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average number of electron transfers is determined to be 2.3,
indicating that the ORR process follows a two-electron pathway.
The H,O0, yield of other materials except Cu-Fe-CN-3 remains
approximately at 10%, while the electron transfer number
ranges between 3.6 and 3.9. The Cu-Fe-CN-3 catalyst exhibited
a H,0, yield below 10% and an electron transfer number of 3.9,
indicating it is beneficial to the 4e” pathway during ORR. In
order to further validate the electron transfer mechanism, the
reaction pathways of each catalyst were investigated by collect-
ing LSV curves on the RDE at various rotational speeds.
Subsequently, the corresponding K-L diagram and electron
transfer number (1) were obtained (as shown in ESI, Fig. S8(a-
f1), and Fig. 5(c, and d)). The electron transfer numbers of Cu-
Fe-CN-3, Fe-C-N, Cu-C-N, and BP2000-acid are 3.9, 3.8, 3.7,
and 2.1, respectively. This indicates that the prepared Cu-Fe-
CN-3 target material promotes a four-electron transfer process
in the overall reaction and exhibits high catalytic efficiency for
ORR. The performance of the catalyst was also compared with
that reported in recent literature, demonstrating a certain level
of competitiveness (Table 1). More importantly, considering
practical applications, the long-term stability of Cu-Fe-CN-3
and the Pt/C catalysts is a crucial factor influencing ORR. The
electrochemical durability of the catalysts was assessed through
an accelerated polarization cycling durability test conducted in
an O,-saturated 0.1 M KOH solution within the potential range
of 0-1.1 V (vs. RHE), as depicted in Fig. 5e and f. After 2000
cycles, E;, of the Cu-Fe-CN-3 catalyst exhibits a slight negative
shift by 5 mV, which is better than the activity loss of Cu-C-N (8
mvV) (ESI, Fig. S91), Fe-C-N (10 mV) (ESI, Fig. S10t), and Pt/C
catalyst (12 mV), thereby indicating superior long-term
stability for ORR. The binding mode of Pt nanoparticles with
carbon is an important factor affecting the decline in activity of
the Pt/C catalyst. In the case of Cu-Fe-CN-3, the strong syner-
gistic interactions between stable Cu-N, and Fe-N, groups and
carbon carriers contribute significantly to the structural
stability of Cu-Fe-CN-3.

The ORR process typically comprises the following four
fundamental electronic steps:***’

0, + H+e” —>OO0OH*
OOH*+ H' +e¢~ — O* + H,O
O*+ H" +e¢~ — OH*

OH* + H' + ¢~ — H,0*

Table 1 The comparative evaluation of ORR properties of various non-noble metal catalysts in alkaline media

Sample EonsedV Eq1pp/V Ju/mA cm ™2 H,0,/% n Ref.
FeCu@C-N 0.987 0.864 ~6.2 <5 ~4.0 1
CuNDs/Fe,05;-NPCs 0.98 0.85 6.5 8.9 3.78 43

FeCu SACs/NC 1.03 0.89 7.63 2.6 3.95 52
FeCo-NC-3 0.982 0.842 — — ~A4 53
Col|Cu/NC 0.83 5.8 10.3 3.9 54
Feg.25C00.75/NC 0.99 V 0.86 6.01 <5 3.9 55
Cu-Fe-CN-3 1.01 0.867 5.79 <10 3.9 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where * indicates the reaction site; OOH*, O*, and OH* are
adsorption intermediates. The adsorption of O, is a non-
electrochemical process.

The redox coupling exerts an influence on the electronic
properties of the catalyst surface, primarily evidenced by alter-
ations in binding energy and electrocatalytic activity at the active
site.”>*® The partial electron density of states of Fe and Cu is
distributed throughout the Cu-Fe-CN-3 structure, thereby
providing ample active sites for catalyzing oxygen reduction.*
According to the latest reports, the density of states of the Fe (d-
orbital) near the Fermi level is higher than that of Cu.***** The
significantly elevated electron density on Fe hampers the
adsorption of intermediate substances in oxygen reduction. The
oxygen adsorption capacity of Cu is superior to that of Fe,
whereas the interaction between Fe and reactive oxygen species
exhibits greater strength. The strong electron transfer from Cu to
Fe facilitates the alignment of the d-band center with the Fermi
level, thereby promoting the dynamic splitting of the O-O band
on the Cu surface and enhancing dissociation activity. Moreover,
the electron-enriched state resulting from strong electron trans-
fer facilitates the adsorption of Fe, thereby promoting the
generation of excessive reactive oxygen species on the Cu
surface.”® The catalytic reduction of oxygen by different single-
atom Cu and Fe species can be observed to proceed via a four-
electron reaction.” The strong electron transfer from Cu to Fe
facilitates the rapid dissociation of O-O on the Cu surface,
leading to the generation of reactive oxygen species that promptly
bind with Fe upon splitting.*® The findings imply that this
distinctive electronic interaction in bimetallic site catalysts
presents novel prospects for enhancing the efficiency of catalysts
devoid of precious metals, particularly in fuel cells, metal-air
batteries, and other renewable energy systems.

Catalytic performance for Al-air battery

The outstanding ORR performance prompted us to evaluate the
actual performance of Cu-Fe-CN-3 and 20% Pt/C catalysts in
a laboratory-made Al-air battery. The aforementioned two
catalysts are loaded onto the Ni foam as an air cathode, Al plate
as an anode, 6 M KOH as an electrolyte, and additional additives
are incorporated to mitigate accelerated corrosion of the
aluminum plate. As can be seen from Fig. 6a-c, the discharge
voltage of all batteries initially exhibited a gradual increase over
time. This can be attributed to the progressive dissolution of the
passivation film on the surface of the aluminum anode, which
is caused by the early activation process. The devices equipped
with Cu-Fe-CN-3 catalyst were tested at current densities of
20 mA cm ™2, 50 mA cm ™2, and 100 mA cm ™2, and the corre-
sponding average voltages are 1.56 V, 1.37 V, and 1.12 V,
respectively. In comparison, the average voltage recorded for
commercial Pt/C at the corresponding current density is 1.48 V,
1.25 V, and 0.96 V, respectively. It can be seen from the above
data that the difference between Cu-Fe-CN-3 and commercial
Pt/C becomes larger with the increasing current density. The
Cu-Fe-CN-3 catalyst exhibits exceptional catalytic performance,
suggesting its potential to replace the costly precious metal Pt/C
as an ORR catalyst for Al-air batteries.
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Fig. 6 Full-cell test of catalysts. Discharge profiles (a, b, and c) of Cu—
Fe—CN-3 electrocatalyst and the commercial Pt/C at various current
densities in Al-air batteries.

Conclusions

In summary, the focus of this study lies in the development of
a straightforward and efficient strategy for synthesizing high-
performance Cu-Fe-CN-3 electrocatalysts. After the incorpora-
tion of Cu and Fe elements into Black Pearls’ carbon black, the
synergistic effect between Fe and Cu enhances the exposure of
active sites for ORR and facilitates the electron transfer of
substances related to ORR. In addition, the structural stability
of Cu-Fe-CN-3 is enhanced by the strong interaction between
stable Cu-N, and Fe-N, groups with carbon carriers. The
synthesized catalyst demonstrates a four-electron transfer
pathway in ORR equivalent to that of commercially available Pt/
C. The Cu-Fe-CN-3 catalyst exhibits exceptional performance in
metal fuel cells, surpassing that of commercial platinum carbon
when tested under identical current density conditions. The
Cu-Fe-CN-3 electrocatalysts, serving as a promising cathode
catalyst, exhibit significant potential for the development of
cost-effective and highly efficient electrocatalysts in proton
exchange membrane fuel cells, aluminum-air cells, zinc-air
cells, and magnesium-air cells. However, during the discharge
process of alkaline aluminum-air batteries, the aluminum alloy
anode initially undergoes a reaction with OH™ to form a soluble

© 2024 The Author(s). Published by the Royal Society of Chemistry
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compound, which subsequently transforms into a gel-like
Al(OH); precipitate over time. The accumulation of this
hydrated Al(OH); colloidal product on the electrode leads to
anode passivation. As it continues to accumulate, resistance
increases significantly, and polarization becomes severe,
resulting in a drop in working voltage and promoting further
precipitation of Al(OH);. To address this issue, additional
additives can be introduced in subsequent studies to enhance
performance.
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