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Abstract

Anion exchange membrane fuel cells (AEMFCs) represent a promising class of clean
energy devices, with their performance being critically dependent on the efficiency of the
cathode oxygen reduction reaction (ORR) catalyst. Manganese-cobalt spinel (Mn1.5Co1.5O4,
MCS) has been demonstrated to be a highly active ORR catalyst. Herein, we report a
strategy of incorporating Cu (MCCS) and Fe (MCFS) into MCS to form ternary spinel
oxides for tuning ORR activity. Among them, MCS exhibits the best ORR performance,
with a half-wave potential (E1/2) of 0.736 V vs. RHE in 0.1 M KOH and a peak power
density (PPD) of 248.3 mW·cm−2 for the fuel cell test. In contrast, MCCS and MCFS
show divergent behaviors in a rotating disk-ring electrode (RRDE) and fuel cell tests.
X-ray diffraction (XRD) analyses and X-ray photoelectron spectroscopy (XPS) analyses
reveal that the introduction of Cu2+ and Fe3+ induces a phase transformation in the spinel
structure, leading to a reduction in oxygen vacancies and an increase in the valence state
of Mn, thereby degrading catalytic activity. However, the incorporation of these elements
also modulates the hydration capability of the catalysts, which is critical for the ion and
charge transfer in the fuel cell environment and has been validated in the distribution
of relaxation time (DRT) analysis of the fuel cell test. This study provides a valuable
strategy for designing and synthesizing low-cost, highly efficient, and stable ternary spinel
electrocatalysts for AEMFC applications, and bridges the gap between RRDE evaluation
and fuel cell testing through DRT analysis.

Keywords: spinel oxides; oxygen reduction reaction; distribution of relaxation time;
alkaline anion exchange membrane fuel cell

1. Introduction
Hydrogen fuel cells have been recognized as a critical renewable energy technology,

especially for powering electric vehicles, portable electronic devices, and stationary ap-
plications [1–3]. However, the sluggish kinetics of the oxygen reduction reaction (ORR)
at the cathode remains as one of the key challenges [4,5]. To date, Pt-based and Pd-based
electrocatalysts are still considered as the most effective commercial candidates for ORR
in acidic media, but their high cost and scarcity hinder the widespread and large-scale
application of polymer electrolyte membrane fuel cells (PEMFCs) [6,7]. Alternatively, anion
exchange membrane fuel cells (AEMFCs) have attracted tremendous attention because they
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enable the use of nonprecious metal electrocatalysts, which exhibit an improved stability
in alkaline media compared to acidic electrolytes [8,9]. To facilitate the ORR kinetics in
alkaline media, research efforts have been devoted to searching for cost-effective electro-
catalysts, including metal-containing nitrogen-doped carbons (M–N–C) [10–12], transition
metal oxides (TMOs) [13,14], transition metal nitrides [15], and non-metal catalysts [16,17].
Among them, transition metal oxides such as perovskite and spinel have received much
attention due to their tunable d-orbital filling, flexible composition, and abundant reserves,
and, most importantly, their good catalytic activity close to noble metal catalysts under
alkaline conditions [18,19]. Particularly, spinel metal oxides have been demonstrated to be
auspicious ORR electrocatalysts [20].

Spinel-type composite oxides (AB2O4) are typically composed of a tetrahedral coor-
dinated A-site and octahedral coordinated B-site. In AB2O4, different metal ions occupy
the A and B sites, and, due to their different valence states and radii, they have different
inclinations in the gaps between the oxygen tetrahedra and oxygen octahedra, resulting in a
structural transformation of spinel [21]. Meanwhile, the presence of a large number of void
positions makes the crystal structure very open and favors the migration of cations [22].
The charge transfer between cations in different valencies through a leap process requires
relatively low activation energy, so the inherent multivalency of spinel oxides can sig-
nificantly improve the electrical conductivity and catalytic activity. In the case of spinel,
numerous strategies have been attempted in order to optimize the reactivity and stability
of catalysts for the ORR. Recently, spinel oxides containing Mn and Co cations have been
proven to be excellent ORR electrocatalysts [23]. Chen et al. [24] reported a simple and
rapid method for preparing MxMn3-xO4 (M = divalent metals) spinel nanocrystals at room
temperature. The results showed that this method increased the specific surface area of the
catalyst from 7 cm2·g−1 to 122 cm2·g−1 compared to traditional solid-phase synthesis, and
obtained a half-wave potential (E1/2) of 0.77 V vs. RHE (Reversible Hydrogen Electrode).
In addition, Chen et al. [25] proposed a general synthesis of ultrasmall cobalt manganese
spinel with tailored structural symmetry and composition through a facile solution-based
oxidation–precipitation and insertion–crystallization process at modest condition. This
method successfully prepared six CoxMn3-xO4 spinel samples with an active phase selec-
tion. Among them, the ORR performance of cubic CoMn2O4 spinel was the best with an
E1/2 of 0.73 V vs. RHE, and the oxygen evolution reaction (OER) performance was also
relatively excellent. Due to the superior bifunctional oxygen catalytic performance of the
CoMn2O4 catalyst, the average potential of the assembled Zn-air battery decreased by
only 8.5% after 155 cycles of charge and discharge, which was only half of Pt/C (17.6%),
and the voltage platform was more stable. Wang et al. [14] further investigated the cat-
alytic synergy mechanism and membrane electrode assembly (MEA) performance of cobalt
manganese spinel. They found Mn-Co spinel exhibits activity that is inferior to that of
Pt for ORR in RDE tests, but superior performance in AEMFC tests, in particular under
low-humidity conditions. In rotating disk electrode (RDE) tests, the E1/2 for Mn1.5Co1.5O4

was about 0.85 V vs. RHE, which was about 50 mV lower than the typical E1/2 of Pt/C
(0.90 V vs. RHE), indicating that the performance of Mn-Co spinel in MEA was lower
than that of Pt/C. However, under 100% relative humidity, 60 ◦C, and H2-O2 mode, the
power density of Mn1.5Co1.5O4 was 1.1 W·cm−2, which was better than the 1.0 W·cm−2

of Pt/C. In reality, at a lower relative humidity (50%), Mn1.5Co1.5O4 could still maintain
a high level of power density of 0.92 W·cm−2, while the power density of Pt/C dropped
sharply to 0.7 W·cm−2. Through comprehensive characterizations, a synergistic effect of
the Mn-Co spinel surface was unraveled, where the Mn sites preferred O2 binding and the
Co sites favored H2O activation. Such a mechanism was pivotal in the AEMFC cathode,
where water was a reactant but usually depleted. This indicated that, in the early catalyst
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development and screening process, in addition to RDE testing, MEA testing was also
necessary. Tang et al. [26] designed a three-dimensional porous spinel NiCo2O4 that allows
electrons, ions, and oxygen to pass through continuously, enhancing the electrochemical
performance by promoting O2 mass transfer. In RDE testing, the E1/2 of NiCo2O4 was
0.79 V vs. RHE, which was close to Pt/C. At the same time, it also had OER performance,
with an overpotential of approximately 390 mV at a current of 10 mA·cm−2.

Moreover, due to the similar radius between Fe ion and Ni/Co ions, Liu et al. [27]
doped NiCo2O4 with Fe. Fe preferentially enters the tetrahedral sites, which induced a
high proportion of Ni3+ and Co2+ at the octahedral sites, acting as active sites for OER. The
improved activity was attributed to the increase in orbital hybridization between TM-3d
and O-2p. Yang et al. [7] prepared a series of AB2O4/C spinel nanoparticles with a well-
controlled octahedral morphology. Among them, MnFe2O4/C, FeMn2O4, and CuMn2O4/C
exhibited significant ORR performance, and their E1/2 were about 0.797 V vs. RHE in 1M
KOH. Meanwhile, Zhou et al. [28] reported a strategy of ORR improvement by control-
ling the crystallographic facets of ultra-small CuMn2O4 spinel nano catalysts through
a developed colloidal synthesis approach. The CuMn2O4 synthesized by this method
was exclusively {101} facet-exposed and exhibited improved electrocatalytic activity to-
ward the ORR in 1 M KOH, when compared to their spherical counterparts, exhibiting
E1/2 of 0.881 V vs. RHE and a mass activity (MA) of 37.6 A·g−1 at 0.85 V vs. RHE. Af-
ter 10,000 cycles of the ORR durability test, the nano-octahedra still retained an MA of
24.5 A·g−1, which was twice that of the CuMn2O4 spinel nanospheres.

Although numerous spinel transition metal oxides have been extensively studied as
potential materials for ORR under alkaline conditions, most of them are focused on binary
spinel. There is relatively little research on ternary spinel, and its performance is not as
good as that of binary spinel. For example, Wang et al. [29] used the more electro-negative
Mn3+ ion to partially replace Co3+ at the octahedral site of spinel ZnCo2O4, i.e., forming
ternary Zn–Mn–Co spinel oxide. They found that the synthesized ZnMn1.4Co0.6O4/NCNTs
had the highest ORR activity, with E1/2 of 0.77 V vs. RHE. Considering the physical
characterization and theoretical calculations, it demonstrated that the bond competition
played a key role in regulating the cobalt valence state and the electrocatalytic activity. The
partial replacement of octahedral-site-occupied Co3+ by Mn3+ could effectively modulate
the adjacent Co–O bond and induced the Jahn–Teller effect, thus changing the originally
stable crystal structure and optimizing the binding strength between the active center and
reaction intermediates. Chen et al. [30] developed one-dimensional Co-Mn-Ni ternary
spinel oxides using the co-precipitation method. Due to its reasonable elemental composi-
tion, mesoporous nanorod structure, strong oxygen absorption ability, and good charge
transfer ability, Co-Mn-Ni ternary spinel oxide (CMN-231) exhibited the best ORR activity
among the prepared spinel oxides, with a half-wave potential of 0.78 V vs. RHE and great
charging and discharging characteristics in Zn-air batteries. Xiong et al. [31] prepared a
family of rationally designed Mn-doped cobalt ferrite (MCF) spinel nanocrystals and found
that their optimal composition was Mn0.8(CoFe2)0.73O4 (MCF-0.8), which was an effective
electrocatalyst for ORR. The E1/2 of MCF-0.8 in 1 M NaOH was 0.89 V vs. RHE, which was
only 0.02 V lower than commercial Pt/C under the same testing conditions, and it also
had excellent durability (∆E1/2 = 0.014 V). Through characterization, it was found that the
excellent performance of MCF-0.8 was attributed to the synergistic catalytic effect of Mn
and Co, while Fe helped maintain the spinel structure during the cycling process.

Based on the above discussion, it was hypothesized that introducing Cu2+ with ORR
activity and Fe3+ with an enhanced stability into MCS could improve its overall catalytic
performance and stability. To test this hypothesis, we used the hydrothermal method to
synthesize Mn1.5Co1.5O4, Mn1.5Co0.75Cu0.75O4, and Mn1.5Co0.75Fe0.75O4 (denoted MCS,
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MCCS, and MCFS, respectively) under mild conditions (150 ◦C) through a simple solution-
based oxidation–precipitation and insertion–crystallization process, and loaded them onto
high-surface-area carbon black at a mass of 40%. Meanwhile, we constructed a porous
structure using freeze-drying technology. Subsequently, we systematically investigated
their ORR activity, selectivity, and stability, and established correlations with the structure
and local chemical environment, using a series of physical and chemical characterizations.
Then, we assembled it into a membrane electrode to test its single-cell performance, and
analyzed its electrode reaction process by the distribution of relaxation times method (DRT).

2. Results
2.1. Characterization of Materials

MCS, MCCS, and MCFS were prepared using a facile hydrothermal method followed
by a freeze-drying treatment. For MCS, we achieved phase selection by simply altering
the adding order of reactants in the first step. To obtain a cubic spinel, aqueous Mn2+ was
dripped into a solution containing Co2+ and NH3·H2O [25]. For MCCS and MCFS, the
introduction of Cu2+ or Fe3+ was added to the Co2+ solution. The crystal structures of the
samples were examined by powder X-ray diffraction (XRD), as presented in Figure 1a. The
broad peak at around 25◦ in the XRD profiles originate from the (002) plane of the graphite
(2H_187640-ICSD) from the carbon black Vulcan XC-72R, and the remaining diffraction
peaks of MCS match well with the standard cubic spinel MnCo2O4 (PDF 00-023-1237) [32].
With the introduction of Cu2+ and Fe3+, due to the Jahn–Teller distortion of Mn3+, the
c-axis of the crystal elongates, the symmetry decreases, and the crystalline phase changes
from cubic to tetragonal [33]. Figure 1b–d shows the scanning electron microscopy (SEM)
images of the samples. The spinel obtained by the facile freeze-drying method all presents
loose granular structures, which accelerates the oxygen diffusion and charge transfer.
Additionally, elemental analyses through energy-dispersive spectrometer (EDS) mapping
confirm that the composition of the prepared spinel oxide is consistent with the nominal
composition. The related elemental distribution maps for Mn, Co, Cu, and Fe in spinel are
displayed in Figure 1, which confirm that the Fe and Cu species are uniformly present in
the manganese cobalt spinel. No separated Fe2O3 and CuO phases are observed, and it can
be inferred that some of the Fe and Cu in the spinel occupy the original Co positions.

 
Figure 1. (a) XRD of MCS, MCCS, and MCFS and Vulcan XC-72R; SEM images and EDS mapping
images of (b) MCS, (c) MCCS, and (d) MCFS.
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2.2. Electrochemical Performance

A typical three-electrode system was used to systematically study the ORR perfor-
mance of the spinel oxides in 0.1 mol·L−1 O2-Saturated KOH solutions. Cyclic voltam-
metry (CV) was applied to MCS, MCCS, MCFS, and commercial Pt/C catalysts by using
1600 r·min−1 and 5 mV·s−1, as presented in Figure 2. It is generally believed that the
effect of the glassy carbon (GC) electrode in this process is negligible [34]. As shown in
Figure 2a,d, the electrocatalytic activity of MCFS for the ORR is superior to the MCCS,
with a more positive ORR half-wave potential of 0.726 V vs. RHE and a higher limited
current density of 4.329 mA·cm−2. But both are inferior to MCS and Pt/C. In addition, the
Tafel slope, which is a criterion used for evaluating the reaction kinetics of electrocatalysts,
is presented in Figure 2b. Compared with the Tafel slopes of MCCS and MCFS, which
are 99.9 and 81.9 mV·dec−1, respectively, the decreased Tafel slope observed for MCS
(66.0 mV·dec−1) indicates that less voltage is required for the ORR rate-limiting step with
MCS. Furthermore, MCS shows the closest Tafel slope to the commercial Pt/C catalyst
which means similar kinetics. To understand in depth the ORR kinetics for several spinel
oxides, the ring current was collected by the rotating disk-ring electrode (RRDE) test while
the electron number (n) and the yield of hydrogen peroxide (H2O2%) were calculated.
As shown in Figure 2c, MCS, MCCS, and MCFS follow an approximately four-electron
(4e−) reaction path (n > 3.83) with a low hydrogen peroxide yield (H2O2% < 8%), and
approaching the level of commercial Pt/C (n > 3.98, H2O2% < 2%). Overall, the ORR per-
formance decreases in the order Pt/C > MCS > MCFS > MCCS. Meanwhile, spinel oxides
are promising candidates for ORR. To evaluate the cycling stability, accelerated durability
tests (ADTs) were conducted on the catalysts, which involved 3000 cycles between 0.6 and
1.1 V (vs. RHE) at a scan rate of 50 mV·s−1 in an O2-saturated 0.1 M KOH solution [35].
The results shown in Figure 3 indicate a gradual negative shift in the polarization curves
for all four samples after cycling. Among them, MCCS and MCFS exhibited enhanced
stability, with ∆E1/2 values of 34 mV and 19 mV, respectively, both lower than that of
MCS (39 mV). Notably, the stability of MCFS even surpassed that of Pt/C (with a ∆E1/2 of
27 mV), suggesting that the introduction of Fe3+ contributes to the long-term stability of
the catalyst.

2.3. Fuel Cell Test

To further explore the application of the as-prepared ORR catalysts for practical
AEMFC, MCS, MCCS, and MCFS were used as cathodic oxygen reduction catalysts
to construct MEA, and the commercial Pt/C catalyst was also used for comparison.
Figure 4a shows the polarization and power density curves of AEMFC by capitalizing
on MCS, MCCS, MCFS, and Pt/C as cathodic oxygen reduction catalysts, with Pt/C
as anodic catalyst. A divergence from the expectations based on RRDE measurements
is observed in the actual single-cell fuel cell tests, where the peak power density
(PPD) follows the order Pt/C > MCS > MCCS > MCFS, at 443.4, 248.3, 189.6, and
127.6 mW·cm−2 , respectively, and the open-circuit potential (OCP) follows the order
Pt/C > MCCS > MCS > MCFS, at 1.08, 0.995, 0.986, and 0.984 V, respectively.

In order to further understand the reasons why the AEMFC performances of
ternary spinel differ from the RRDE test, we collected the Electrochemical Impedance
Spectroscopy (EIS) data at different applied potentials. The Nyquist diagrams in
Figure 4b was obtained at OCP, illustrating the equilibrium scenario for all cell config-
urations. Only a kinetic loop is expected in this zero-current system, as the concentra-
tion profile development for electroactive species has not been reached. Consequently,
the interfacial kinetics represent the primary loss in the system. However, an ad-
ditional loop is observed in the high-frequency region (enlarged area in Figure 4b)
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attributed to the contact capacitance within the structure of the MEA and its ohmic
internal resistance, as explained by Refs. [36,37]; therefore, this impedance is associ-
ated with the ion transport in the MEA ionomer [38]. From the EIS data, it can obtain
the order of the ohmic impedance of the four cells is Pt/C > MCS > MCCS > MCFS,
at 0.16, 0.18, 0.29, and 0.31 Ω·cm2 , respectively. The resistance spectrum is analyzed
using DRT tools, and the peak position and height in the fitting results are used to
analyze the reaction process. As shown in Figure 4d, according to the position of each
peak, it can be divided into Rcta , Rctc , RMEA1 , and RMEA2 , from low to high frequency.
Among them, Rcta and Rctc represent the charge transfer resistances of the anode and
cathode, respectively. These resistances originate from the activation energy barriers
of the respective half-reactions and are manifest as the kinetic overpotential which
is directly related to the concentration of oxygen vacancies in spinel. RMEA1 and
RMEA2 represent the ohmic losses at the cathode and anode, respectively. These losses
arise from the ionic and electronic resistances of various cell components, including
the bipolar plates, gas diffusion layers, catalyst layers, and membrane. Specifically,
the ionic resistance is closely linked to the catalyst’s hydration capability, as it gov-
erns proton transport and the mobility of hydroxide ions within the membrane and
ionomer. Consequently, RMEA1 is directly influenced by the quantity of adsorbed
water [39–41]. Notably, the ternary spinel, especially the MCFS, has a higher peak than
MCS and Pt/C, indicating a poor charge and ion transfer processes. In addition, under
the polarized steady-state conditions with an applied potential of 0.6 V, new Nyquist
and DRT diagrams were generated which were shown in Figure 4c,e. According to
the polarization curve, the fuel cells are in the mixed transport limited regions. The
order of the Polarization impedance of the four cells is also Pt/C > MCS > MCCS >
MCFS, at 0.23, 0.64, 0.90, and 1.33 Ω·cm2, respectively. Compared to OCP, when a
potential of 0.6 V is applied, the Rcta and Rctc peaks shift towards higher frequencies
and lower their polarization resistance concerning the equilibrium cell state, while
the RMEA1 and RMEA2 do not have a change in their characteristic frequency. Simulta-
neously, the Rcta and Rctc peaks disappear in the Pt/C spectrum. This disappearance
can be attributed to the cell operating near the limiting current density region at
0.6 V, where the charge transfer resistance becomes significantly lower than the ion
transport resistance [40]. Moreover, a new peak appears at a low-frequency region (0.5
≤ f ≤ 1 Hz). This process is associated with a mass transport limitation (Rdiff) which
typically arises from the limited diffusion rates of the reactants and products through
the porous medium at high current densities, coinciding with the polarization curve
which means the system is changing to a limiting current condition (mixed control).
Compared to MCS, the Rdiff of MCCS has a larger peak area, indicating that it may
be due to the total conversion of water or oxygen on the cathode or by the lack of
hydrogen over the anode caused by clogging pores with liquid water [38]. Specifically,
this peak is absent from the DRT diagram of the MCFS-based cell because, at 0.6 V, the
system operates primarily within the charge-transport limitation region, where ohmic
and charge transfer processes dominate. Overall, compared to MCS, MCCS and MCFS
exhibit higher Rctc and RMEA1 peaks, indicating that both cathodic charge transfer and
ion transfer processes are suppressed and the activity of ternary spinel is not as good
as that of binary spinel.
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Figure 2. (a) ORR at 1600 r·min−1 and 5 mV·s−1 in 0.1 mol·L−1 O2-Saturated KOH, and the curve for
a commercial Pt/C catalyst is also shown for comparison; (b) Tafel plots for MCS, MCCS, MCFS, and
Pt/C; (c) electron transfer numbers (n) and yield of hydrogen peroxide (H2O2%) for MCS, MCCS,
MCFS, and Pt/C; and (d) half-wave potential (E1/2) for MCS, MCCS, MCFS, and Pt/C.

Figure 3. Polarization profiles at 1600 r·min−1 and 5 mV·s−1 in 0.1 mol·L−1 O2-Saturated KOH of
(a) MCS, (b) MCCS, (c) MCFS, and (d) Pt/C after 3000 cycles of stability testing.
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Figure 4. (a) Polarization and power density plots of AEMFC with MCS, MCCS, MCFS, and Pt/C
as cathode catalysts; Nyquist plots of AEMFC at (b) open-circuit potential (OCP) and (c) 0.6 V;
comparison diagram of DRT curves of AEMFC at (d) OCP, and (e) 0.6 V. Regularization parameter
λ = 1 × 10−4.

2.4. Mechanism Analysis

The electrochemical properties and fuel cell performances discussed above indicate
that the introduction of Cu2+ and Fe3+ has a detrimental effect on MCS, and MCCS and
MCFS perform differently in the RRDE and fuel cell test. In the RRDE test, the adverse
impact is primarily reflected in a reduction in catalytic activity, whereas, in the fuel cell test,
it mainly manifests as a hindered charge and ion transfer processes. The main drawback
of using RRDE is the difference in the electrochemical environment between the fuel cell
and the RRDE system. The former develops an electrode–solid electrolyte interface, where
accessible catalyst active sites are limited to the triple-phase boundary where the reactant
gas, charge carriers, and catalyst intersect [38,42]. In contrast, the latter, the electrode–liquid
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electrolyte interface, allows full access of the electrolyte to the active sites for the charge
carrier. However, the reactant gas concentration is limited by its solubility in the liquid
medium. In addition, the electrodes are supplied with humidified gas in AEMFC, exposing
the catalyst surfaces to a humid atmosphere rather than a liquid aqueous electrolyte, as is
typical in RRDE system. Thus, it is not surprising that good-performing electrocatalysts in
RRDE tests can often exhibit poor performance under fuel cell operation. To elucidate the
inferior performance of ternary spinel catalysts relative to their binary counterparts and the
discrepancies between the fuel cell and RDE test results, the structure, morphology, and
valence state of catalysts were analyzed.

The pore size distribution and specific surface area are important parameters that affect
the catalytic performance of catalysts [43]. In this sense, nitrogen adsorption–desorption
studies and the corresponding pore size distribution analysis for MCS, MCCS, and MCFS
were performed and the data were displayed in Figure 5a–d. The catalysts show a typical
type-IV isotherm, suggesting that the catalyst structure is mesoporous [44]. The derived
Brunauer–Emmett–Teller (BET) surface areas of MCS, MCCS, and MCFS are 86.61, 127.95,
and 120.78 m2·g−1, respectively, with a pore volume of 0.32, 0.35, and 0.35 cm3·g−1, respec-
tively. Moreover, the pore size distribution shown in the inset indicates that the apertures
of the three samples are mainly concentrated between 20–60 nm and there is no significant
difference among the three. Such large pores are desirable for fuel cell operation as they
provide high accessibility to the active centers and play an important role in mass transfer
because large pores are less likely to be blocked by liquid water. Combined with SEM,
which is shown in Figure 1, it indicates that the catalyst particles prepared by freeze-drying
have a high porosity and similar pore size distribution, which is beneficial for the fuel cell
environment. In addition, it is also demonstrated that the introduction of Cu2+ and Fe3+

can increase the specific surface area, which may be related to their larger atomic radius.
In addition to BET gas adsorption, the electrochemical active surface area (ECSA) is

commonly evaluated by determining the double-layer capacitance (Cdl) of the catalysts.
It is widely accepted that the ECSA of a catalyst is proportional to its Cdl, meaning that a
larger Cdl corresponds to a greater ECSA. As shown in Figure 5e–g, the Cdl of MCS, MCCS,
and MCFS are obtained by fitting the CV curves at different scan rates within the potential
range near OCP. According to the formula, the calculated Cdl of the synthesized catalysts
follows the trend of MCCS (3.67 mF·cm−2) > MCFS (3.03 mF·cm−2) > MCS (2.98 mF·cm−2),
which is consistent with the trend of the specific surface area measured by BET. The ECSA
is calculated using a reference capacitance value of 40 µF·cm−2 [45] and is presented in
Figure 5e. The results demonstrate that the MCCS catalyst exhibits the largest ECSA of
approximately 45.36 m2·g−1, followed by MCFS (37.45 m2·g−1) and MCS (36.83 m2·g−1).
Combined with the half-wave potential, it can be explained that, although MCCS has the
worst ORR intrinsic activity, it can provide more reaction sites and a greater contact area,
which benefits it in the fuel cell test.

In addition to factors such as morphology and structure, the electrochemical behaviors
of spinel are closely related to the valence states and oxygen vacancies. To identify the
valence states of Mn, Co, Cu, Fe, and O and the surface composition of these spinel catalysts
supported on carbon, X-ray photoelectron spectroscopy (XPS) measurements were carried
out. As revealed in Figure 6a, XPS was used to obtain relative information on element
contents and valence states, which provided the indicated BEs for the following elements:
C 1s, 284.8 eV; O 1s, 530.08 eV; Mn 2p, 642.08 eV; Co 2p, 781.08 eV; Cu 2p, 934.08 eV; and Fe
2p, 711.08 eV. The typical two peaks of Cu 2p and Fe 2p represent the introduction of Cu
and Fe. The O 1s single peak in Figure 6b is assigned to three subpeaks involving lattice
oxygen (O2−, 530.18 eV) that comprises the spinel and hydroxyl groups (OHads, 531.78 eV)
and physiosorbed or chemisorbed water molecules (H2Oads, 533.38 eV) [31,34]. The ORR



Catalysts 2025, 15, 1031 10 of 19

process in alkaline media on cobalt manganese-based spinel catalysts can be broken down
into several stages: (1) the initial adsorption of oxygen and the first electron transfer to
form an intermediate oxygen species: O2 + * → O2*; O2* + e− → OOH*; (2) the cleavage
of the O–O bond and a subsequent electron transfer to generate adsorbed oxygen atoms
and hydroxide ions: OOH* + e− → O* + OH− ; (3) the reduction in the adsorbed oxygen
atoms via the reaction with a water molecule and the acceptance of another electron to
form adsorbed hydroxide: O* + H2O + e− → OH* + OH− ; (4) and, finally, the desorption
of the adsorbed hydroxide, releasing the hydroxide ion and regenerating the active site:
OH* + e− → OH− + * [46,47]. Among them, O2*, OOH*, O*, and OH* represent the
reaction intermediates generated and consumed along the oxygen reduction reaction
pathway. These transient species exist only during the dynamic process of the reaction,
and their surface coverage is governed by both reaction kinetics and thermodynamics.
In contrast, OHads refers to the stably adsorbed hydroxyl species detected by XPS on the
pristine catalyst surface prior to the electrochemical reaction. These OHads species are
predominantly stabilized at surface defect sites, such as oxygen vacancies. Although they
are distinct concepts, there is a strong correlation between them: A surface that can stably
adsorb a large amount of OHads prior to reaction indicates that the surface possesses the
following: (1) abundant oxygen vacancies, providing adsorption sites for OHads; (2) the
appropriate electrophilic/nucleophilic properties, enabling stable chemical bonding with
oxygen-containing species; and (3) an optimized electronic structure—this is precisely the
key to modulating the adsorption strength of ORR intermediates [47]. Therefore, OHads

mainly affects the ORR reaction process through the following mechanisms:
Mechanism 1: Lowering the energy barrier of the rate-determining step (RDS):

O2* + e− → OOH*
The first electron transfer process of O2* + e− → OOH* is widely recognized as the

rate-determining step (RDS). Oxygen vacancies, acting as positively charged defects, re-
duce the surrounding metal ions, creating locally electron-rich active sites, and the OHads

residing on them serves as a marker of this electron-rich characteristic. This electron-rich
environment significantly enhances the ability to inject electrons into the π* antibonding
orbital of O2 molecules, thereby effectively weakening the O=O bond and markedly ac-
celerating the RDS step of the formation of OOH*. Consequently, a higher OHads content
indicates that the catalyst surface possesses more active sites capable of efficiently activating
O2 molecules, thereby directly reducing the energy barrier of the RDS [48].

Mechanism 2: Optimizing the intermediate adsorption energy and steering the 4e−

reaction path
The presence of surface OHads reflects the modulated state of the d-band center of the

metal sites. A modulated d-band center optimizes the adsorption strength of key intermedi-
ates, particularly OOH* and O*. If the adsorption is too weak, the reaction cannot proceed
efficiently; if it is too strong, intermediates poison the active sites. The high OHads content
on our catalyst surfaces suggests an achieved optimal adsorption strength. This ensures the
following: (1) the effective formation of OOH* and the subsequent bond cleavage in Step (2)
OOH* + e− → O* + OH− ; and (2) the prevention of the premature desorption of OOH*
from the surface to form H2O2 (the 2e− pathway). Therefore, a higher OHads content is
directly correlated with optimized intermediate adsorption, facilitated O–O bond cleavage,
and guidance of the reaction efficiently along the 4e− pathway (Steps 1–4) [49]. Therefore,
the OHads quantified by XPS serves as a structural descriptor that reflects the abundance
and electronic properties of intrinsic active sites such as oxygen vacancies on the pristine
catalyst surface. These intrinsic properties govern both the RDS barrier and the reaction
pathway selectivity of the ORR, thereby playing a decisive role in determining the overall
electrocatalytic activity. Apparently, the high-resolution O 1s spectrum results indicate
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that MCS shows the highest percentage of OHads adsorbed to surface oxygen vacancies at
32.93%, whereas the introduction of Cu2+ and Fe3+ reduces the OHads content, ultimately
resulting in the ORR activity trend: MCS (32.93%) > MCFS (30.15%) > MCCS (28.91%).
It should be noted that the introduction of Cu2+ results in a substantial increase in the
percentage of H2Oads (23.50%), which is significantly higher than the 15.19% of MCFS. This
indicates that, under humid fuel cell conditions, MCCS can adsorb more water, which can
promote the Grotthuss mechanism for H+ transport [14]. As a consequence, MCCS exhibits
a lower charge transfer resistance and reduced ion transport resistance with lower Rctc and
RMEA1 peaks shown in Figure 4d, ultimately leading to a higher performance in the fuel cell
compared to MCFS. The Mn 2p peaks are deconvoluted into multiple spin-orbit doublets
as shown in Figure 6c. The doublets with BEs of 640.45/651.40 eV, 641.46/652.92 eV, and
642.88/653.83 eV are assigned to Mn2+, Mn3+, and Mn4+, respectively, in which the surfaces
of these samples are mainly dominated by Mn3+ and Mn4+. Similarly, the Co 2p peaks are
deconvoluted into multiple spin-orbit doublets and its associated satellite peaks as shown
in Figure 6d. The doublets with BEs of 780.18/795.42 eV and 782.65/798.00 eV are assigned
to Co3+ and Co2+ and the peaks with BEs of 786.00, 802.22, 789.40, and 805.90 eV, corre-
sponding to the Co satellites peaks (Sat.), respectively. For the Cu 2p spectrum illustrated
in Figure 6e, the peaks positioned at 933.54 and 953.09 eV in MCCS can be assigned to Cu2+,
while the remaining features correspond to the satellite peaks. Notably, no metallic Cu or
Cu+ species are detected in the sample. Furthermore, the deconvoluted Fe 2p spectrum
shown in Figure 6f indicates the presence of Fe2+ and Fe3+ species at binding energies
of 710.51/723.65 eV and 712.38/725.18 eV, respectively, while the remaining peaks are
attributed to satellite peaks. By fitting the data, the content of different elements and
valence states in the material can be calculated. For MCS, the existing research has shown
that the MCS possesses a synergistic surface for ORR catalysis, with the Mn sites binding
and cleaving O2, and the Co sites enriching and activating H2O, so as to facilitate the
proton-coupled electron transfer processes of oxygen reduction [14]. Meanwhile, cubic
spinel exhibits higher activity than tetragonal spinel due to the higher catalytic site number,
stronger O2 adsorption, and higher average oxidation state of Mn [25]. With the introduc-
tion of Cu2+ and Fe3+, the crystalline phase changes from cubic to tetragonal as previously
demonstrated, resulting in an inferior ORR performance and fuel cell performance of MCCS
and MCFS compared to MCS. Among these modifications, the incorporation of Cu2+ not
only reduces the valence state of Mn but also increases the Co3+/Co2+ ratio from 2.88 to
3.10. It is considered that Co ions with a high valence state in octahedral sites are favorable
for the catalytic splitting of water [50]. Combined with the stronger hydration ability of
Cu2+, the performance of MCCS in the fuel cell has been further improved.

Furthermore, the introduction of Fe3+ induces a shift of the Mn 2p and Co 2p spectra
toward higher binding energies, indicating that Mn and Co ions have lost electrons, while
Fe3+ has gained electrons, resulting in a mixed valence state of Fe2+ and Fe3+. The loss of
electrons from Mn ions increases the proportion of Mn3+ with a 3d4 electronic configuration,
which facilitates electron conduction (via hopping) and enhances the charge transfer [51].
Concurrently, the positive shift in the Co binding energy also contributes to improved
catalytic activity, despite a Co3+/Co2+ ratio of only 2.68 and a degree of hydration lower
than that of MCFS [52]. This is why the ORR activity of MCFS is lower than that of MCCS,
while the fuel cell performance is better than MCCS. As for the superior stability of MCFS,
it can be attributed to the unique behavior of Fe. Unlike Mn and Co, which undergo cyclic
valence changes within the ORR potential window, Fe maintains a relatively constant local
electronic structure over a broad potential range of 0.2 to 1.2 V vs. RHE, thereby acting as a
stabilizer to enhance the long-term durability of the spinel catalyst [31].
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Figure 5. Nitrogen adsorption–desorption isotherm and pore size distribution (inset) of (a) MCS,
(b) MCCS, and (c) MCFS; (d) BET Surface area and Electrochemical Active Surface area for MCS,
MCCS, and MCFS; CV curves of (e) MCS, (f) MCCS, and (g) MCFS at the different scan rates;
and (h) double-layer capacitance fitting curves of MCS, MCCS, and MCFS.
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Figure 6. XPS spectroscopy of MCS, MCCS, and MCFS: (a) survey; (b) O 1s; (c) Mn 2p; (d) Co 2p;
(e) Cu 2p; and (f) Fe 2p.

3. Conclusions
In summary, MCS, MCCS, and MCFS were synthesized via hydrothermal and

freeze-drying methods. Among them, MCS exhibited the highest ORR activity and
fuel cell performance, with a half-wave potential of 0.736 V vs. RHE and a peak
power density of 248.3 mW·cm−2. In contrast, MCCS (E1/2 = 0.709 V vs. RHE, and
PPD = 189.6 mW·cm−2) demonstrated a superior performance to MCFS (E1/2 = 0.726 V vs.
RHE, and PPD = 127.6 mW·cm−2) in RRDE tests but an inferior fuel cell performance. To
elucidate the underlying reasons, we compared the differences between the RRDE and
fuel cell testing environments. And a series of characterizations were carried out on the
catalyst, while DRT analysis was performed on the single cell. The main conclusions are
summarized as follows: (1) Oxygen vacancies play a dominant role in determining the
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electrocatalytic activity. The introduction of Cu2+ and Fe3+ transformed the crystalline
phase of MCS from the cubic to tetragonal phase, which reduced the content of oxygen
vacancy, weakened the oxygen adsorption, and reduced the average valence state of Mn,
leading to an inferior performance compared to MCS. (2) Although Cu2+ incorporation
decreased the oxygen vacancy content and reduced the ORR activity, it increased the ECSA
and raised the Co3+/Co2+ ratio, thereby enhancing the hydration capability and water
dissociation activity, which contributed to its superior performance in fuel cell operation.
(3) Although the incorporation of Fe3+ increases the Mn3+ ratio, which improves the elec-
tron conduction and charge transfer—thereby enhancing the RRDE performance—and
maintains a relatively constant local electronic structure over a wide potential range of 0.2
to 1.2 V vs. RHE, thus boosting stability, it concurrently reduces the Co3+/Co2+ ratio. This
reduction impairs water adsorption under humidified gas conditions, ultimately leading to
an inferior fuel cell performance. Therefore, a comprehensive evaluation of electrocatalysts
requires not only RRDE measurements but also a fuel cell test. In conclusion, this work was
conducted to test the hypothesis that introducing Cu2+ with ORR activity and Fe3+ with an
enhanced stability into MCS could improve its overall catalytic performance and stability.
It led to an unexpected outcome, for which a clear mechanistic explanation was provided.

4. Materials and Methods
4.1. Materials

Manganese (II) acetate tetrahydrate (Mn(OAc)2·4H2O, 99.0%), Cobalt(II) acetate
tetrahydrate (Co(OAc)2·4H2O, 99.9%), Copper (II) nitrate trihydrate (Cu(NO3)2·3H2O,
99.0%), Iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O, 99.9%), and ammonium hydroxide
(NH3·H2O, ≥25%) were purchased from Aladdin (Shanghai, China). Vulcan XC-72 was
purchased from Cabot (Boston, MA, USA), and 40 wt.% Pt/C was purchased from Johnson
Matthey (London, UK). Nafion was purchased from Dupont (Wilmington, DE, USA). All
chemicals were used as received without further purification.

4.2. Catalyst Preparation

In a typical synthesis of cubic nanocrystalline MCS supported on carbon black,
152.6 mg Vulcan XC-72R (preheated at 110 ◦C in air for 10 min) and 161.9 mg
Co(OAc)2 ·4H2O were added to 77 mL deionized (DI) water. After ultrasonic mixing
for 15 min, 1.3 mL NH3 ·H2O was added under magnetic stirring, followed with 15 min
magnetic stirring. Then, Mn(OAc)2 solution (159.3 mg dissolved in 13 mL DI water)
was dropped into the mixed solution while heating the mixed solution in an oil bath to
60 ◦C and stirring continuously for 2 h. After that, the suspension was ultrasonically
mixed for 10 min, and then transferred to a 100 mL Teflon autoclave for hydrothermal
reaction at 150 ◦C for 3 h. The resulting product was collected by centrifugation and
washed with water, then freeze-dried under vacuum. MCCS and MCFS supported on
carbon black were prepared in the same method.

4.3. Material Characterization

Powder X-ray diffraction (XRD) analyses were carried out with a Bruker-AXS D8-
Advance X-ray powder diffractometer (Bruker, Billerica, MA, USA), and the data were
recorded over the range of 10◦–90◦ with a scanning speed of 8◦·min−1. Scanning electron
microscopy (SEM) images were taken with an FEI Quanta 250FEG microscope (operating
voltage, 15 kV) equipped with an energy-dispersive spectrometer (EDS) analyzer (FEI
Company, Hillsboro, OR, USA). Before analysis, the samples were coated with a thin Au film
to provide better conductivity. Surface areas and pore size distributions were detected at
−196 ◦C with a Micromeritics ASAP 2460 adsorption instrument (Micromeritics, Norcross,
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GA, USA) in conjunction with the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–
Halenda (BJH) methods, respectively. In addition, X-ray photoelectron spectroscopy (XPS)
was performed on a Thermo Scientific K-Alpha spectrometer (Thermo Fisher Scientific,
Newton, MA, USA) to identify the binding energies (BEs) of surface species.

4.4. Electrochemical Measurements

All electrochemical measurements were carried out in a three-electrode cell using an
electrochemical workstation (DH7003B, DongHua Analytical, Taizhou, China) at room
temperature (~25 ◦C). In this cell, a graphite rod was used as the counter electrode and a
Hg/HgO electrode (aqueous 1 M KOH internal solution) was used as reference electrode.
The working electrode was a rotating disk-ring electrode (Hydrogen Core Technology Co.,
Ltd., Wuxi, China) with a Pt ring and a glassy carbon (GC) disk (geometric surface areas:
disk, 0.2472 cm2; ring, 0.1859 cm2).

The Hg/HgO reference electrode was calibrated with respect to the reversible hy-
drogen electrode (RHE), as shown in Figure 7. The calibration was performed in an
H2-saturated 0.1 M KOH solution with a Pt sheet electrode as the working electrode and an
Hg/HgO as the reference electrode. With the continuous H2 conveying during calibration,
the average of the two potentials at which the current crossed zero was taken to be the
thermodynamic potential for the hydrogen electrode reactions. Therefore, in 0.1 M KOH,
E(RHE) = E(Hg/HgO) + 0.897 V.

 

Figure 7. CV curves of Hg/HgO electrode calibration in H2-Saturated 0.1 M KOH.

The catalyst ink was a suspension of catalyst powder (5.0 mg, 40 wt.%), isopropanol
(975 µL), and Nafion solution (25 µL, 5 wt.%) formed by ultrasonication for 60 min. For
the test of ORR, 10 µL ink was dropped on the RRDE electrode with a loading mass of
80.9 µg·cm−2 and dried in air at room temperature. This loading was commonly used and
empirically confirmed to form a uniform, thin catalyst film on the glassy carbon electrode
that provides a strong electrochemical signal without introducing significant mass transport
limitations. Prior to electrochemical measurements, the cyclic voltammetry (CV) test was
performed at a potential sweep rate of 50 mV·s−1 from 0.4 to 1.2 V (vs. RHE) for 50 cycles
in Ar-saturated 0.1 M KOH electrolyte to active the electrode. The working electrodes
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were scanned between 0.4 to 1.2 V (vs. RHE) at 5 mV·s−1 and 1600 rpm in O2-saturated
0.1 M KOH. It should be pointed out that the capacitive background currents in CV curves
measured in Ar-saturated 0.1 M KOH solution were subtracted from the raw ORR data.

To evaluate the hydrogen peroxide yield (H2O2%) and the electron transfer number (n)
of the catalysts, the Pt ring potential was set to 1.3 V (vs. RHE) in the RRDE measurements.
The H2O2% and n were calculated using the following equation:

H2O2% = 200 × IR/N0
IR
N0

+ ID
(1)

n = 4 × ID
IR
N0

+ ID
(2)

where n is the average number of electrons transferred per reacting oxygen, IR and ID

are the ring and disk currents, respectively, and N0 = 0.37 is the collection efficiency of
the RRDE.

The accelerated durability tests (ADTs) were performed at room temperature (~25 ◦C)
in O2-saturated 0.1 M KOH solution. The cyclic potential sweeps were applied to RHE
from 0.6 to 1.1 V at a scan rate of 50 mV·s−1 for 3000 cycles, and the initial and final CV
curves were collected.

4.5. Fuel Cell Tests

Regarding the preparation of catalyst ink, 30 mg of catalyst, 162 mg of binder (5 wt.%,
PiperION-A5-HCO3, Versogen, Wilmington, DE, USA), 0.3 mL of DI water, and 6 mL of
isopropanol were mixed in ice bath by ultrasonication for 60 minutes until the formation of
a well-dispersed solution. Subsequently, with the support of a vacuum adsorption heating
platform, catalyst ink was sprayed onto a gas diffusion layer (GDL, 29BC, Sigracet, SGL Car-
bon, Wiesbaden, Germany) with an active area of 4 cm2 to prepare a gas diffusion electrode
(GDE). Anode catalyst was commercial Pt/C with the loading amount of 0.5 mgPt·cm−2.
The cathode catalysts used spinel catalyst with the loadings of 0.8 mgmetal·cm−2, while a
Pt/C catalyst with a loading of 0.5 mgPt·cm−2 was used as a comparison. Before forming
the MEA by pressing the cathode and anode to the two sides of the AEM (PiperION-
A20-HCO3, Versogen, Wilmington, DE, USA), the GDE and AEM were immersed in a
1 M KOH solution for 12 h. Following this step, the AEM, GDE and two gaskets were
assembled in the cell using a torch wrench with the desired level of 4.2 N·m. The fuel cell
performance was tested at 60 ◦C, 100% relative humidity (RH), and the flow rate of H2/O2

gas=300 ml·min−1 without the back pressure at both electrode sides.
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