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A B S T R A C T   

Fossil fuels are urgent to be replaced with renewable energies to achieve carbon neutrality. Intermittent 
renewable energies such as solar and wind could be stored in chemical bonds, such as hydrogen and carbon- 
containing chemicals through water and CO2 electrolyzers respectively. Those two energy systems share a 
common anodic reaction, the sluggish oxygen evolution reaction (OER), which currently relies on precious noble 
metals to achieve a reasonable energy conversion efficiency. Herein, tuning the d-band center of Fe-based inverse 
spinel oxides has been achieved through compositions and morphologies engineering. Ternary Mn0.5Co0.5Fe2O4 
nanocubes exhibit oxygen evolution activity superior to the benchmark RuO2. Mössbauer and in-situ infrared 
spectra combined with density functional theory calculations prove that the optimized d-band center offers a 
balanced adsorption strength of intermediate *OOH on Mn0.5Co0.5Fe2O4 nanocubes. This work provides a 
promising approach to the design and synthesis of highly efficient electrocatalysts beyond oxygen evolution.   

1. Introduction 

Renewable energy technologies such as solar and wind are important 
solutions to current environmental problems and energy crisis. How
ever, their inconsistent output prevents them from becoming main
stream in the electricity supply at the moment. The conversion of 
unstable electricity output to hydrogen through water electrolyzers is 
one promising renewable energy solution [1–4]. Hydrogen is an ideal 
alternative energy source for achieving carbon neutrality due to its high 
energy density, emission-free combustion, and abundant sources [5–8]. 
The electrolytic water splitting consists of hydrogen evolution reaction 
(HER) and oxygen evolution reaction (OER), in which the HER reaction 
is a two-electron process with fewer intermediates, less energy barrier, 
and higher efficiency. However, the OER is a four-electron process that 
involves multiple reaction pathways and intermediates, high energy 
barrier made it kinetically slower. Therefore, the OER is the key process 

that determines the overall efficiency of electrochemical water splitting 
[9–14]. In addition, OER is often coupled with other energy systems, 
such as CO2 electrolyzers converting CO2 into carbon containing 
chemicals and fuels [15,16]. Thus, it is imperative to develop high- 
performance electrocatalysts that can effectively reduce the kinetic 
limitation of OER and improve the efficiency of water splitting [17–20]. 

Noble metal-based catalysts, such as IrOx and RuOx are generally 
considered to be the state-of-the-art OER electrocatalysts [21–24], but 
their high price and limited reserves seriously hinder their large-scale 
industrial applications [25–27]. Therefore, 3d transition metal oxides, 
such as Fe, Co, Ni, and Mn oxides have been extensively studied for their 
OER activities [28–32]. Especially, transition metal spinel oxides 
(AB2O4), where Ax+ and Bx+ cations occupy the tetrahedral and octa
hedral sites, respectively, have attracted substantial attention due to 
their abundance and low cost [31,33–35]. Tremendous efforts have been 
spent improving OER activity of spinel oxides. Among them, 
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incorporating heterometal atoms into the octahedral sites or tetrahedral 
sites of the spinel has been proven to be an effective strategy to enhance 
its OER activity, where the intermediate adsorption energy is optimized 
through tailoring the d-band center [36]. Duan et al. [35] introduced Ni 
into the octahedral sites of ZnCo2O4 spinel oxide and found that the 
lattice oxygen in the metastable ZnCo1.2Ni0.8O4 facilitated the oxy
hydroxide formation and subsequent oxygen evolution process. In 
addition, Sun et al. [31] demonstrated that the OER activity of spinel 
oxides was related to the covalency competition between the metal 
cations in tetrahedral and octahedral sites, and found that 
[Mn]T[Al0.5Mn1.5]OO4 showed superior OER activity. Recently, Lu et al. 
[37] reported that the cationic intercalation with Fe3+ resulted in the 
conversion of stable Mn4+ (d3 state) to high-spin Mn3+ (d4 state), which 
improves the adsorption ability for free –OH and enhances the OER 
activity. Although significant improvement has been reached, the stra
tegies to enhance OER activity through electronic structure engineering 
are still needed to explore. And it is still challenging to develop efficient 
electrocatalysts with superior OER activity than that of the benchmark 
RuO2 catalyst. Thus, it is essential to tune the structures and components 
to further boost their OER activity. 

In the active catalytic center (Mn4CaO5) for oxygen evolution in 
natural photosynthesis [38,39], Mn is the key element and found to be 
more suitable for the formation of O-O bond than other transition metal 
elements [40]. In addition, the various chemical and structural prop
erties of Mn-based and Co-based materials provide numerous degrees of 
freedom to design high-performance water splitting catalysts [40]. 
Herein, we reported a synthetic strategy for doping Co or Mn into in
verse spinel Fe oxides with different exposed facets. Among those sam
ples, ternary cubic inverse spinel Mn0.5Co0.5Fe2O4 exposed with (400) 
facets showed the highest OER activity and better than the benchmark 
RuO2. This enhanced OER activity was attributed to the synergistic facet 
and composition effect, which optimizes the bond strength between 
cubic Mn0.5Co0.5Fe2O4 surface and intermediates, and thus reduces the 
energy barrier of the potential-limiting step (PLS) as manifested by 
detailed electrochemical and density functional theory (DFT) simula
tion. In-situ ATR-IR has been carried out to detect the key intermediate 
(OOH*) to indicate the OER mechanism is mainly the adsorbate evolu
tion mechanism (AEM). 

2. Results and discussions 

2.1. CoxFe3-xO4 binary catalysts 

Monometallic Fe3O4 and Co3O4 nanoparticles, and bimetallic CoxFe3- 

xO4, as well as trimetallic MnxCo1-xFe2O4 have been successfully syn
thesized through a thermal decomposition of metal (Fe, Co, Mn)-oleate 
complex using 1-octadecene as the solvent and oleic acid as the reducing 
agent and stabilizer, respectively (Scheme 1). Intriguingly, the 
morphology of the nanoparticles could be modulated facilely to be cubic 
or spherical by washing the obtained metal oleate complex with H2O 
thoroughly or not. In brief, cubic nanoparticles could be obtained 
directly via a thermal decomposition process without washing the oleate 
complex so that a few residual Na-oleate might exist and it led to the 
formation of cubic NPs preferentially [41]. In contrast, spherical 

morphology was obtained if washing the metal oleate complex with 
water thoroughly so that oleic acid (OA) would play a dominant role in 
the crystal nucleation and growth which led to the spherical 
morphology. 

Monometallic Fe3O4 and Co3O4, and bimetallic CoxFe3-xO4 (x = 0.75 
and 1) nanoparticles were successfully prepared with uniform particle 
size distributions. Transmission electron microscope (TEM) of the cubic 
CoFe2O4 NPs in Figure S1a exhibited a nearly uniform cubic 
morphology with a mean size of ca. 10 nm. High-resolution transmission 
electron microscope (HRTEM) image (Figure S1b) showed the domi
nant (400) plane with an interplanar spacing of 2.19–2.20 Å. Further
more, the selected area electron diffraction (SAED) image (Figure S1c) 
also manifested the (400) facet was dominant with the brightest ring. 
TEM image (Figure S1d) of supported CoFe2O4 catalyst indicated that 
the cubic nanoparticles dispersed uniformly on carbon support. Scan
ning transmission electron microscope- X-ray energy dispersive spec
troscopy (STEM-EDS) element mappings (Figure S1e-i) demonstrated 
the uniform locations of Co, Fe, and O elements in the spinel nano
particles. The electron microscopic characterizations for monometallic 
Fe3O4 and Co3O4, as well as bimetallic Co0.75Fe2.25O4 nanoparticles 
before and after loading in carbon were shown in Figure S2, both of 
them showed an approximately cubic morphology with an average 
particle size of ca. 10 nm, which was similar to that of CoFe2O4. 

We then evaluated OER activities of bimetallic Co0.75Fe2.25O4 and 
CoFe2O4, as well as monometallic Fe3O4 and Co3O4 catalysts. The OER 
polarization curves and the current density at a given potential of 1.6 V 
of the cubic Co-Fe catalysts and commercial RuO2 catalyst in O2-satu
rated 1.0 M KOH with a rotating disk electrode (RDE) were shown in the 
Figure S3a and Figure S3b. Bimetallic CoxFe3-xO4 catalysts exhibited a 
higher OER activity (Co0.75Fe2.25O4: 7.4 mA cm− 2 and CoFe2O4 :10.2 
mA cm− 2) than that of monometallic Fe3O4 (2.7 mA cm− 2) and Co3O4 
(1.82 mA cm− 2), but lower than benchmark RuO2 (22.3 mA cm− 2). The 
overpotentials at a current density of 10 mA cm− 2 and the Tafel slopes 
were also calculated, as shown in Figure S3c and Figure S3d, bimetallic 
CoxFe3-xO4 catalysts showed lower overpotentials and Tafel slope than 
monometallic Fe or Co-based catalysts, indicating a better OER activ
ities, but it’s still not as good as commercial RuO2 catalysts. 

2.2. MnxCo1-xFe2O4 ternary catalysts 

Inspired by the fact that Mn-containing complex (Mn4CaO5) serves as 
the catalytic activity center for oxygen evolution in natural photosyn
thesis [38,40], we further incorporated Mn into the CoFe bimetallic 
catalysts and fabricated the ternary MnxCo1-xFe2O4 catalysts to boost the 
OER activity. Typical TEM images of Mn0.5Co0.5Fe2O4 in Fig. 1a showed 
that a nearly monodisperse nanocubes with particle size of ca. 10 nm 
were obtained. HRTEM image in Fig. 1b showed two groups of definite 
lattice fringes with the interplanar spacing of 2.25 Å and 1.59 Å and an 
angle of 45 ◦, corresponding to the (400) and (440) planes in inverse 
spinel Mn0.5Co0.5Fe2O4. Moreover, SAED image in Fig. 1c indicated the 
polycrystalline nature of the cubic Mn0.5Co0.5Fe2O4 NPs with two clear 
bright rings, which are attributed to (400) and (440) planes of the in
verse spinel oxide, which is consistent with the HRTEM results in Fig. 1b. 
STEM image (Fig. 1d) of supported Mn0.5Co0.5Fe2O4 /C catalyst showed 
that the cubic nanoparticles are dispersed uniformly on the carbon 
support, which is beneficial for OER. STEM-EDS element mappings 
demonstrated that Mn, Co, Fe, O were uniformly distributed in the spinel 
nanoparticles (Fig. 1e-i). 

In addition, another two MnxCo1-xFe2O4 catalysts with different Mn/ 
Co molar ratio, denoted as Mn0.2Co0.8Fe2O4 and Mn0.8Co0.2Fe2O4 were 
also prepared. As shown in Figure S4a and Figure S4d, these two cat
alysts also appeared to be perfectly cubic morphology, and their mean 
particle sizes were all approximately 10 nm, close to that of 
Mn0.5Co0.5Fe2O4. Moreover, the facets of (400) and (440) were still 
dominant (Figure S4b and Figure S4e). 

X-ray diffraction (XRD) patterns of the ternary MnCoFe catalysts 
Scheme 1. Schematic illustration of the fabrication of cubic and spherical in
verse spinel nanoparticles. 
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were shown in Fig. 2a, the diffraction peaks at 2θ ≈ 35.4 ◦, 43.1 ◦ and 
62.6 ◦ could be attributed to the (311), (400) and (440) planes in in
verse spinel MnxCo1-xFe2O4 (PDF: 22–1086). Furthermore, the intensity 
ratios of (400) to (311) facets (I400/I311) were calculated to be between 
4.6 and 5.1 in these three catalysts, which were an order of magnitude 
higher than the I400/I311 ratio of 0.2 in a standard card of PDF: 22–1086. 
The preferred exposure of (400) and (440) facets originated from the 
unique cubic structure. This is consistent with the previous research in 

which the Fe3O4 nanocubes showed enhanced (400) and (440) re
flections due to the alignment of their 〈100〉 axis perpendicular to the 
substrate [41]. And it is noteworthy that the diffraction peaks of (400) 
and (311) gradually shifted to a lower angle with the increase of Mn/Co 
ratio, suggesting the slight expansion of the crystal lattice of MnxCo1- 

xFe2O4 due to the larger atomic radius of Mn than Co. 
X-ray photoelectron spectroscopy (XPS) was used to examine the 

surface species in the ternary MnxCo1-xFe2O4 catalysts. The survey scan 
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i) STEM image and the corresponding EDS elemental (Mn, Co, Fe, O) mappings of supported Mn0.5Co0.5Fe2O4 /C catalyst. 
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XPS spectra in Figure S5 indicated that Mn, Co, Fe, C, and O are the 
primary surface elements in Mn0.5Co0.5Fe2O4 catalyst. The surface Mn: 
Co: Fe atomic ratio is about 0.5: 0.5: 2, which is consistent with the bulk 
composition detected by ICP-OES and EDS (Table S1), indicating a good 
homogeneity. According to the high-resolution XPS spectra of Fe 2p 
spectra (Fig. 2b), the Fe species was mainly Fe3+ cations. Furthermore, 
the peaks at 711.1 eV and 712.7 eV of Fe 2p3/2 might correspond to the 
Fe3+ in the tetrahedron and octahedron, respectively [42]. As shown in 
Fig. 2c, the Co 2p3/2 peaks centered at 781.0 eV and the Co 2p1/2 peak at 
796.7 eV as well as the shake-up satellites centered at 785.2 eV (Co 2p3/ 

2) and 803.1 eV (Co 2p1/2) are attributed to Co2+ species [43]. In 
addition, Mn 2p3/2 XPS spectra in Fig. 2d show two peaks with binding 
energy of 643.0 eV and 641.4 eV, which are corresponding to the Mn3+

and Mn2+ species [44]. The Mn 3s XPS peak was further applied to 
determine the oxidation states of Mn species. As shown in Fig. 2e, for all 
the MnxCo1-xFe2O4 samples, the distance between the two peaks of Mn 
3s was ca. 5.47 eV, which also indicates the averaged valence state of Mn 
is +2.72 [44]. The relative atomic ratio of Fe/Co/Mn in bimetallic and 
trimetallic catalysts was also determined by ICP-OES and EDS 
(Table S1). The actual metallic atomic ratios were consistent with the 
molecular formula in each sample. 

OER activities of cubic MnxCo1-xFe2O4 (Mn0.2Co0.8Fe2O4, 
Mn0.5Co0.5Fe2O4, and Mn0.8Co0.2Fe2O4) and the benchmark RuO2 cata
lysts in O2-saturated 1.0 M KOH with a rotating disk electrode (RDE) 
were shown in Fig. 3a. At a given potential of 1.6 V, Mn0.5Co0.5Fe2O4 

exhibited much higher current density (34.9 mA cm− 2) than 
Mn0.2Co0.8Fe2O4 (15.3 mA cm− 2) and Mn0.8Co0.2Fe2O4 (9.2 mA cm− 2), 
and even higher than RuO2 (22.3 mA cm− 2). As shown in Fig. 3b, 
Mn0.5Co0.5Fe2O4 showed the lowest overpotential of 308 mV at 10 mA 
cm− 2, it is smaller than those of Mn0.2Co0.8Fe2O4 (347 mV) and 
Mn0.8Co0.2Fe2O4 (375 mV), and even lower than that of commercial 
RuO2 (325 mV). This performance indicates that the Mn0.5Co0.5Fe2O4/C 
is a highly active OER catalyst. As observed in Fig. 3c, the Mn0.5Co0.5

Fe2O4 exhibited the smallest Tafel slope (76.4 mV dec-1), demonstrating 
the excellent OER kinetics of Mn0.5Co0.5Fe2O4. Since the carbon black 
alone possesses a very poor OER activity (Figure S6), the excellent OER 
activity obtained from Mn0.5Co0.5Fe2O4/C should be attributed to the 
cubic Mn0.5Co0.5Fe2O4 nanoparticles. 

The stability of the MnxCo1-xFe2O4 catalysts (ca. 10 nm) with 
different Mn/Co molar ratios were evaluated by chronoamperometry as 
shown in Fig. 3d. It is noteworthy that the ternary MnxCo1-xFe2O4 cat
alysts (ca. 10 nm) all exhibited a much more excellent stability than 
commercial RuO2 catalyst. For example, continuous evaluation of the 
OER for ca. 20 h at 1.54 V on Mn0.5Co0.5Fe2O4 catalyst (mean particle 
size of 9.2 nm) caused a negligible decrease (only 2.84 %) in current 
density. The outstanding durability of Mn0.5Co0.5Fe2O4 catalyst might 
be ascribed to the stable cubic morphology and the interactions between 
Mn, Co, and Fe in the inverse spinel structure. The cubic morphology of 
Mn0.5Co0.5Fe2O4 catalyst was maintained even though after the 20 h 
durability test (as shown in Figure S7), and the particle size was nearly 
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the same as the fresh sample, which implies the excellent durability for 
the OER. Oxygen reduction reaction (ORR) activities were also evalu
ated for those samples shown in Figure S9. Interestingly, the above 
Mn0.5Co0.5Fe2O4 also exhibited the best ORR performance among the 
MnxCo1-xFe2O4 catalysts, even higher than platinum catalyst (bench
mark catalysts for oxygen reduction) in alkaline solution. Those results 
implied Mn0.5Co0.5Fe2O4 could be used as a promising bifunctional 
catalyst for both OER and ORR, which is necessary for regenerative fuel 
cell systems. 

We further prepared another three Mn0.5Co0.5Fe2O4 catalysts with 
various particle sizes (6.3 nm, 14.5 nm, and 17.4 nm, Figure S12) to 
investigate the size effect on the OER performance. It is found that 
Mn0.5Co0.5Fe2O4-14.5 nm exhibited an even better OER activity 
(Figure S13) with an overpotential of 297 mV at a current density of 10 
mA cm− 2, which is lower than most of the reported OER catalysts in 
Table S2. The durability test of the Mn0.5Co0.5Fe2O4-14.5 nm was 
evaluated by chronoamperometry as shown in Fig. 3e. Continuous 
evaluation of the OER for ca. 100 h on Mn0.5Co0.5Fe2O4-14.5 nm catalyst 
caused a tiny loss (only 1.13 %) in current density. The unprecedented 
durability for Mn0.5Co0.5Fe2O4-14.5 nm demonstrates its great applica
tion prospect in water splitting. 

Two reference catalysts denoted as Mn0.5Co0.5Fe2O4-IM and 
Mn0.5Co0.5Fe2O4-DP were also prepared by incipient-wetness impreg
nation and deposition–precipitation, respectively. An irregular 
spherical-like morphology for Mn0.5Co0.5Fe2O4-DP with an average 
particle size of 15.9 ± 3.4 nm was observed in Figure S8a. However, it is 
very difficult to distinguish the spinel particles from the carbon support 
in Mn0.5Co0.5Fe2O4-IM catalyst (Figure S8b). As shown in Figure S8c, 
these two reference catalysts also showed the characteristic diffraction 
peaks of the inverse spinel structure (PDF#22–1086). Nevertheless, the 
relative diffraction peak intensity ratios of (400) to (311) facets (I400/ 
I311) and (440) to (311) facets (I440/I311) in the reference samples were 
close to the standard PDF card of 22–1086, and they are much lower 
than those of cubic Mn0.5Co0.5Fe2O4 catalyst, indicating that only the 
cubic morphology could guarantee the preferred exposure of (400) and 
(440) facets. In Figure S8d, Mn0.5Co0.5Fe2O4-IM and Mn0.5Co0.5Fe2O4- 
DP showed an inferior OER performance, in which the overpotentials at 
a current density of 10 mA cm− 2 are 357 mV and 354 mV, respectively, 
higher than that of Mn0.5Co0.5Fe2O4-cubic (308 mV) and RuO2 (325 
mV). As shown in Figure S8e, the Tafel slopes follow the order: 
Mn0.5Co0.5Fe2O4-IM (114.0 mV dec-1) > Mn0.5Co0.5Fe2O4-DP (97.8 mV 
dec-1) > RuO2 (90.8 mV dec-1) > Mn0.5Co0.5Fe2O4-Cubic (76.4 mV dec- 

1). The inferior OER performance for the reference samples might be 
ascribed to their irregular morphologies and structures, which did not 
lead to the preferred exposure of the highly active (400) and (440) 
facets in the inverse spinel phase. 

We also fabricated spherical Mn0.5Co0.5Fe2O4 inverse spinel samples 
as control sample (Figure S10a). The spherical Mn0.5Co0.5Fe2O4 have a 
similar mean particle size (11.5 ± 1.5 nm, Figure S10c) and metallic 
content (Fe: 67.3 atom%, Co: 16.7 atom %, Mn:16.0 atom%) to cubic 
Mn0.5Co0.5Fe2O4 nanoparticles (Table S1). As shown in Figure S10b, a 
distinct bright ring corresponding to the (311) plane emerged, which 
was not obvious in the SAED image of the cubic catalysts. In the XRD 
patterns in Figure S10d, the intensity of (311) plane was much higher 
in spherical particles, which has a much lower I(4 0 0)/I(3 1 1) ratio of 0.77 
than Mn0.5Co0.5Fe2O4 nanocubes (I(4 0 0)/I(3 1 1) = 4.9). As expected, the 
spherical Mn0.5Co0.5Fe2O4 showed a lower OER and ORR activity 
(Figure S10e-S10f), which might originate from the reduced fraction of 
active (400) and (440) planes. Similarly, we also compare the OER and 
ORR performance between spherical and cubic CoFe2O4 NPs 
(Figure S11), and found that cubic CoFe2O4 exhibited better OER and 
ORR performance than spherical one. 

2.3. Oxygen evolution mechanism 

To prove the mechanism of OER, we further performed in situ 

attenuated total reflection infrared (ATR-IR) spectroelectrochemical 
measurements to monitor the key reaction intermediate. As shown in 
Fig. 4a, the vibration bands at approximately 1,182 cm− 1 are assigned to 
the characteristic vibration adsorption of the surface-adsorbed super
oxide (OOH*) [45]. It is obvious that only the distinct vibration peak of 
*OOH at 1182 cm− 1 was detected, and its intensity increases gradually 
with the improved potential, indicating the increase in the concentration 
of the adsorbed *OOH on the catalyst surface. This implies that the re
action pathway for OER in the Fe-based catalysts mainly follows the 
adsorbate evolution mechanism (AEM) rather than the lattice oxygen 
oxidation mechanism (LOM) (Fig. 4b), which rationalizes the excellent 
stability of Mn0.5Co0.5Fe2O4 during oxygen evolution process. 

Mössbauer spectroscopy (MES) is one powerful tool for the identi
fication of the Fe species in different phases [46]. There were two 
distinct coordination environments or locations for metal cation in the 
spinel structure, namely the tetrahedral site (A site) and octahedral site 
(B site) [47,48]. To clarify the coordination environment of Mnx+, Cox+

and Fex+ cations, the Mössbauer spectra were recorded at 77 K. As 
shown in Fig. 5, two sub-spectra could be deconvoluted for each sample, 
indicating there were two kinds of Fe species with different coordination 
environment, and the corresponding interaction parameters and the 
contents of each Fe species were listed in Table 1. In three tested sam
ples, the sextet with parameters of isomer shift (IS) of 0.48–0.49 mm s− 1, 
quadrupole shift (QS) of 0.005–0.03 mm s− 1, hyperfine magnetic field 
(H) of 51.3–51.7 T could be attributed to Fex+ cations in tetrahedral site, 
denoted as Fe(A); Another sextet with parameters of isomer shift (IS) of 
0.42–0.43 mm s− 1, hyperfine magnetic field (H) of 48.6–49.3 T belonged 
to Fex+ cations in octahedral site, denoted as Fe(B) [49–51]. 

In the Mössbauer spectra of Fe3O4/C in Fig. 5a, the molar ratio of Fe 
(A)/Fe(B) is close to 1/2, which is consistent with the nominal compo
sition of the typical Fe3O4 spinel structure, and the corresponding model 
was shown in Fig. 5d. However, as shown in Fig. 5b, the ratio of Fe(A)/ 
Fe(B) in CoFe2O4/C was close to 1/3, indicating that half of Cox+ cations 
were located in A site [Co(A)], while the others were in B site [Co(B)], 
and the structure was shown in Fig. 5e. In Mn0.5Co0.5Fe2O4/C, the ratio 
of Fe(A)/Fe(B) was similar to that in CoFe2O4/C, suggesting that half of 
Cox+ + Mnx+ cations were located in A sites, and others were in B sites. 
According to the previous research on the inversion degree in [M1- 

iFei]A[MiFe(2-i)]BO4 (M = Mn, Co, Ni), when M = Mnx+, the inversion 
degree of i is ca. 0.20, while it is 0.68 when M is Cox+, indicating that 
Mnx+ cations prefer to substituting the Fex+ in A sites, while Cox+ cat
ions tend to replace the Fex+ in B sites [52]. Consequently, combining 
the Mössbauer spectra and the previous study, it could be concluded that 
most of Mnx+ (ca. 75%) in Mn0.5Co0.5Fe2O4/C located in A sites, and 
most of Cox+ (ca. 75%) substituted Fex+ in B sites, the structure model of 
Mn0.5Co0.5Fe2O4/C was shown in Fig. 5f. 

Finally, DFT calculations were employed to elucidate the funda
mental reason for the excellent OER activity of Mn0.5Co0.5Fe2O4 spinel 
cubic catalyst. On the basis of the bulk structure of cubic Fe3O4, 
CoFe2O4, Mn0.5Co0.5Fe2O4 catalysts determined by Mössbauer spec
troscopy, we further constructed the surface models of (400) and (311) 
facets and calculated the Gibbs free energies change (ΔG) of the OER. 
The optimized surface models of (400) and (311) facets were shown in 
Fig. 6a-6c and Figure S14a-S14c. 

As shown in Fig. 6d, the potential-limiting step (PLS), during OER is 
the conversion of intermediate species OH* to O* process for 
Mn0.5Co0.5Fe2O4(400) and Fe3O4(400). The Gibbs free energy change 
(ΔG) value of Mn0.5Co0.5Fe2O4(400) (1.55 eV) is the smallest among all 
the catalysts, indicating that Mn0.5Co0.5Fe2O4(400) requires the small
est overpotential to drive water oxidation. And for CoFe2O4(400), Fe3O4 
(311), CoFe2O4(311), Mn0.5Co0.5Fe2O4(311) (Figure S14d), the PLS is 
the intermediate species O* to OOH* process. The PLS ΔG value of 
CoFe2O4(400) (1.70 eV) is smaller than CoFe2O4(311) (1.76 eV), which 
indicates that the catalysts mainly exposed to (400) plane indeed 
require a lower overpotential to drive water oxidation than the catalyst 
mainly exposed to (311) plane. The ΔG value in the (311) facets follows 
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the order of Mn0.5Co0.5Fe2O4(311) (1.62 eV) < CoFe2O4(311) (1.76 
eV) < Fe3O4(311) (2.36 eV). Similarly, Yang et al. [53] also found that 
the rate-determining step (RDS) on the NiFe-LDH electrocatalysts is the 
conversion of O* to OOH*. As shown in Figure S14e, the average Bader 
charge of Fe atoms in CoFe2O4 is calculated to be +1.76 e, slightly 

higher than that the average Bader charge of Fe atoms in Fe3O4 (+1.72 
e), which indicates that the incorporation of Co atoms into the spinel 
structure can increase the valent state of Fe atoms and the proper va
lance state of Fe exhibits a good OER activity. The above results indicate 
that the energy barrier of the PLS during the electrocatalytic process has 
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Table 1 
57Fe Mӧssbauer parameters of Fe3O4/C, CoFe2O4/C and Mn0.5Co0.5Fe2O4/C catalysts determined at 77 K.  

Catalysts IS(mm s− 1)[a] QS(mm s− 1)[b] H(T)[c] phase ascription phase content (%) Fe(A)/Fe(B) molar ratio 

Fe3O4/C  0.48  0.02  51.3 Fe(A)  34.5 1/2  
0.43  –  49.3 Fe(B)  65.5 

CoFe2O4/C  0.48  0.03  51.3 Fe(A)  26.3 1/3  
0.42  –  48.6 Fe(B)  70.2  
1.19  2.33  – spm-Fe  3.6 

Mn0.5Co0.5Fe2O4/C  0.49  0.005  51.7 Fe(A)  26.1 1/3  
0.42  –  49.3 Fe(B)  73.9 

[a]: IS, isomer shift (relative to α-Fe); [b]: QS, quadrupole shift for sextet or quadruple splitting for doublet; [c]: H, hyperfine magnetic field. 
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been reduced with the doping of Co and Mn, thereby improving the OER 
performance. 

Previous researches have demonstrated that the water splitting ac
tivity is closely related to the electronic structure and the band position 
of the electrocatalysts. For example, Zhang et al. [54] reported that the 
incorporation of boron into BiVO4 photoanodes could modulate the 
band position of BiVO4 and enhance the charge separation of photo-hole 
pairs, thus facilitating the photoelectrochemical (PEC) water splitting. 
In addition, Hu et al. [55] found that the strong electronic interaction 
between Ni2Fe2N and Ni3Fe enables low hydrogen adsorption energy 
and a shift in the d-orbital, which facilitated water dissociation and 
activation. As shown in Fig. 6e, an inverted volcano-shaped plot is 
presented between the potentials and calculated d-band center (Ed) 
energy level in these inverse spinel iron-based catalysts with various 

composition and structure. The optimal Ed energy level is around − 2.5 
eV and the Mn0.5Co0.5Fe2O4(400) is located closer to the inverted vol
cano bottom, which indicates that too low and too high Ed energy levels 
are both detrimental to the OER process. The Sabatier principle shows 
that the moderate adsorption and desorption energies of the reaction 
intermediates determine the catalytic efficiency [56–58]. Higher Ed 
energy levels, like Fe3O4, would cause strong bonding to the in
termediates, which decelerate the desorption of the produced O2, and 
eventually lead to the surface deactivation. Therefore, modulating 
morphology and doping appropriate Co and Mn to Fe3O4 inverse spinel 
oxides will endow a proper Ed energy level to balance the adsorption and 
desorption of intermediates. 
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3. Conclusions 

In the present study, inverse spinel Fe-based nanoparticles were 
synthesized and well-tuned through a thermal decomposition process of 
the metal-oleate complex with oleic acid as the reducing agent in 1-octa
decene solvent. Then Co and Mn were subsequently incorporated to 
enhance oxygen evolution performance. In an optimized sample, ternary 
Mn0.5Co0.5Fe2O4 nanocubes offer the best OER performance even higher 
than the benchmark RuO2 catalyst. This originates from the optimized d- 
band center through the synergistic facet and composition effect, which 
results in a balanced adsorption strength of key reaction intermediate 
*OOH on catalyst surface during the oxygen evolution process. 
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valence in lanthanum manganite thin films under variation of oxygen content, 
Phys. Rev. B 73 (2006), 155425. 

[45] Y. Yao, S. Hu, W. Chen, Z.-Q. Huang, W. Wei, T. Yao, R. Liu, K. Zang, X. Wang, 
G. Wu, W. Yuan, T. Yuan, B. Zhu, W. Liu, Z. Li, D. He, Z. Xue, Y.u. Wang, X. Zheng, 
J. Dong, C.-R. Chang, Y. Chen, X. Hong, J. Luo, S. Wei, W.-X. Li, P. Strasser, Y. Wu, 
Y. Li, Engineering the electronic structure of single atom Ru sites via compressive 
strain boosts acidic water oxidation electrocatalysis, Nat. Catal. 2 (4) (2019) 
304–313. 

[46] X. Li, K. Zhu, J. Pang, M. Tian, J. Liu, A.I. Rykov, M. Zheng, X. Wang, X. Zhu, 
Y. Huang, B. Liu, J. Wang, W. Yang, T. Zhang, Unique role of Mössbauer 
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