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ABSTRACT

Iron-based nanostructures represent an emerging class of catalysts with high electroactivity for oxygen reduction reaction (ORR)
in energy storage and conversion technologies. However, current practical applications have been limited by insufficient
durability in both alkaline and acidic environments. In particular, limited attention has been paid to stabilizing iron-based catalysts
by introducing additional metal by the alloying effect. Herein, we report bimetallic Fe;Mo nanoparticles on N-doped carbon
(Fe;Mo/NC) as an efficient and ultra-stable ORR electrocatalyst for the first time. The Fe,Mo/NC catalyst shows high selectivity
for a four-electron pathway of ORR and remarkable electrocatalytic activity with high kinetics current density and half-wave
potential as well as low Tafel slope in both acidic and alkaline medias. It demonstrates excellent long-term durability with no
activity loss even after 10,000 potential cycles. Density functional theory (DFT) calculations have confirmed the modulated
electronic structure of formed Fe,Mo, which supports the electron-rich structure for the ORR process. Meanwhile, the mutual
protection between Fe and Mo sites guarantees efficient electron transfer and long-term stability, especially under the alkaline
environment. This work has supplied an effective strategy to solve the dilemma between high electroactivity and long-term
durability for the Fe-based electrocatalysts, which opens a new direction of developing novel electrocatalyst systems for future
research.
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1 Introduction catalysts [19,20]. Among them, iron-based material, because of
the high earth abundance and promising catalytic activities, is
considered as one of the most potential alternatives of PGM
catalysts [21-23]. For current developments of novel non-PGM
electrocatalysts, the determination of the ORR active sites is one of
the most critical challenges, especially for those electrocatalysts
imparted during the pyrolysis step. However, Fe-based catalysts
still suffer from limited ORR performance as the Fe atoms rapidly
leached both in acidic and alkaline medias [24, 25]. Single atomic

group metal (PGM) catalysts have served as the most efficient and catalysts owning isolated active sites can greatly increase the
preferred choices for ORR, their high cost and scarcity, as well as atomic utilization [26, 27]. Intensive studies focused on the single
poor durability, have motivated the exploration of competitive atomic iron, especially Fe-N,, which acted as the active site for
alternatives of PGM-free materials as highly efficient and durable efficient ORR electrocatalysis in alkaline media, demonstrating a
ORR catalysts [4-7]. Numerous efforts have been devoted to synergistic effect between the C-N bonding environment in
finding alternative catalysts including non-metallic carbon nitrogen doped porous carbon supports and the edge-hosted Fe
nanostructures  [8], non-precious metals [9,10], metal sites [19, 23, 28]. Interestingly, Wu et al. discovered that Fe-N-C
macrocycles [11,12], transition metal oxides [13], carbides sites also had a Pt like ORR catalytic performance in acidic
[14-16], sulfides [17], nitrides [18], and single atomic metal media [21,29-31]. Recently, Li et al. have reported adjunct dual

The increasingly serious crises about global warming,
environmental pollution, and energy security have raised the
demand for environmental-friendly renewable energy sources
instead of fossil fuels. Efficient fuel cells and metal-air batteries are
arguably the most promising sustainable energy conversion
technologies that are limited by the sluggish kinetics of the
cathodic electrochemical oxygen reduction reaction (ORR), and as
a result, hindered their implementation [1-3]. Although platinum
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atomic sites based on Fe-N,/Pt-N,@NC, where Pt sites can
effectively optimize ORR  performances through the
rehybridization of Fe-3d and O-2p orbitals, leading to remarkable
performances and durability in Zn-air battery [32]. Nevertheless,
it remains a key challenge to synthesize highly active and durable
iron-based catalysts for ORR [20].

Bao and coworkers encapsulated Fe nanoparticles into carbon
nanotubes (CNTs) and found that electrons could transfer from
Fe particles to CNTs, leading to a decreased local work function
on the carbon surface, and as a result, an arising ORR catalytic
performance of the pod-like CNT covered Fe nanoparticles [10].
Recent studies show extensive evidence that encapsulation of
catalyst nanoparticles into nitrogen doped carbon nanoshells leads
to an enhancement in the catalytic activity due to the improved
adsorption of O, and decomposition of peroxide intermediates
and stability attributed to the carbon shell protection compared to
the corresponding non-protected catalysts [33-35]. Furthermore,
bimetallic particle catalysts such as Mn-Co, Fe-Co, Fe-Pt, and Ni-
Pt, have been demonstrated to outperform their pure
monometallic component catalysts [9,36-38]. Huang and
coworkers doped Pt;Ni octahedra supported on carbon with
transition metals such as Mo, V, Mg, Fe, Co, W, and Ru, and
revealed that the doping of Mo could shift the oxygen binding
energies at the thermodynamically favored sites closer to the peak
of the volcano plot. As a result of these shifts, some sites became
highly active for ORR catalysis [6]. Doping Mo also can stabilize
both Ni and Pt atoms against dissolution through the formation of
relatively strong Mo-Pt and Mo-Ni bonds [6].

Herein, we report bimetallic Fe,Mo nanoparticles on N-doped
carbon (Fe,Mo/NC) as an efficient and ultra-stable ORR
electrocatalyst for the first time. The robust carbon encapsulated
Fe,Mo bimetallic catalyst with efficient ORR catalytic activity and
durability in both alkaline and acidic environments derived from
zeolitic imidazolate frameworks (ZIFs). ZIFs, as a subclass of
metal-organic frameworks, are excellent precursors for
nanocarbon structures owing to their abundant carbon and
nitrogen species. Highly graphitized carbon frameworks or quasi-
amorphous carbon with graphitic edge planes can be prepared
through the pyrolysis of ZIFs [36]. Usually, the metal
nanoparticles covered by carbon shells and exposed outside the
carbon frameworks coexist after the carbonization process. Strong
acid leaching can remove the exposed metal particles and leave the
carbon encapsulated metal nanoparticles, which are recognized as
active components for ORR electrocatalysis [34]. The resulting
carbon encapsulated Fe,Mo bimetallic catalyst exhibits significant
enhancement in the ORR catalytic activity and durability when
compared to the monometallic Fe/NC and the commercial Pt/C
catalysts. ORR catalytic activities in terms of half-wave potentials
(091 V in 0.1 M KOH solution and 0.8 V in 0.5 M H,SO,
solution) and kinetic current densities (82.28 mA/cm? at 0.85 V in
0.1 M KOH solution and 37.62 mA/cm? at 0.75 V in 0.5 M H,SO,
solution) compare favorably with most highly active PGM-free
ORR catalysts reported so far. Density functional theory (DFT)
calculations have investigated the electroactivity of the formed
Fe,Mo, which displays the optimized electronic structure for fast
electron transfer from electrocatalysts to intermediates. Moreover,
the Fe-3d and Mo-4d orbitals form the electronic shell to protect
the electrocatalyst to achieve superior stability.

2 Results and discussion

Fe-doped ZIF-8 (Fe-ZIF-8) and Mo,Fe-codoped ZIF-8 (FeMo-ZIF-
8) precursors were synthesized under the same condition and
followed the same procedure of the synthesis of ZIF-8. Powder X-
ray diffraction (XRD) patterns of the Fe-ZIF-8 and FeMo-ZIF-8
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well match ZIF-8 with the diffraction peaks at 20 = 7.2°, 10.1°,
12.5°, and 17.9° assigned to the (011), (002), (112), and (222)
planes of ZIF-8 (Fig. S1(a) in Electronic Supplementary Material
(ESM)), respectively [39], indicating that the adding of Fe and Mo
is not expected to result in a change in the crystal structure. The
pyrolysis at 1,000 °C converts the ZIF-8, Fe-ZIF-8, and FeMo-ZIF-
8 precursors into nitrogen decorated carbon (NC) based materials
which were labeled as NC, Fe-NC, and FeMo-NC, respectively.
The Fe/NC and Fe,Mo/NC catalysts were synthesized by
subsequent acid leaching of Fe-NC and FeMo-NC, respectively.
Experimental details were provided in the ESM. As shown in Fig.
S1(b), the XRD pattern of acid leached NC sample presents three
diffraction peaks at 20 = 25° 31° and 44° which are
corresponding to the graphitized carbon (JCPDS card no. 46-
0944). The diffraction peaks at 49.5° and 56.6° of the Fe/NC
sample are associated with the (102) and (103) planes of metallic
iron (JCPDS card no. 50-1275), respectively, suggesting the
existence of metallic Fe in the Fe/NC catalyst. The diffraction
peaks at 38.1° 41.4°, and 45.9° of the standard Fe,Mo/NC sample
(JCPDS card no. 06-0622) are not detected in the XRD pattern of
NC and Fe/NC, which are corresponding to the (110), (103), and
(201) planes of Fe,Mo, respectively, indicating the generation of
bimetallic Fe,Mo alloy in the Fe,Mo/NC catalyst.

The morphologies of the Fe/NC and Fe,Mo/NC catalysts were
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM images present a
uniform dodecahedron shaped morphology with a size of about
50 nm for Fe/NC and Fe,Mo/NC catalysts, which is similar to that
of NC (Figs. 1(a) and 1(b), and Fig. S2 in the ESM). In Figs.S3 and
S$4 in the ESM, it is evident that there is no obvious difference of
morphology for the Fe/NC and Fe,Mo/NC catalysts from Fe-ZIF-
8 and FeMo-ZIF-8 precursors, indicating that the catalysts could
retain their initial dodecahedral shape after the pyrolysis and acid
leaching processes. SEM-energy dispersive X-ray spectroscopy
(SEM-EDS) elemental spectra confirm the existence of Fe and Mo
in the Fe,Mo/NC catalyst. The Fe, Mo, and Zn loadings in Fe/NC
and Fe,Mo/NC catalysts are quantified by the inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis, which
are in good agreement with the SEM-EDS spectra (Table S1 in the
ESM). The ultra-low content of Zn in both Fe/NC (0.024 wt.%)
and Fe,Mo/NC (0.023 wt.%) catalysts proves the complete
removal of Zn after the pyrolysis and acid leaching steps. We also
notice that the molar ratio of Fe and Mo obtained from ICP-OES
is 2.1 for the Fe,Mo/NC catalyst, which is closed to the
stoichiometric coefficient 2 for that of Fe,Mo molecule. Metallic
nanoparticles are observed by scanning transmission electron
microscope (STEM) images of Fe/NC and Fe,Mo/NC (Figs. S5(a)
and S6(a) in the ESM), which are identified by bright dots marked
with red cycles. The TEM images show carbon encapsulated
nanoparticles with a diameter about 14 nm of Fe/NC and 8 nm of
Fe,Mo/NC (Figs. S5-S7 in the ESM). As shown in the high-
resolution transmission electron microscopy (HRTEM) image
(Fig. 1(c)), the d-spacing of 0.18 nm corresponds to the (102) facet
of metallic iron, confirming the existence of Fe nanoparticles in
the Fe/NC catalyst. The highly ordered lattice planes in the
HRTEM images of Fe,Mo/NC catalyst are clearly visible in
Fig. 1(d) and Fig. S6 in the ESM. The lattice fringes with a distance
of 0.22 nm correspond to the (103) facet of Fe,Mo, confirming the
existence of Fe,Mo nanoparticles in the Fe,Mo/NC catalyst, which
is in good consistent with the analyses of XRD and ICP. Element
mapping and corresponding EDS images shown in Fig. 1(e)
present the uniform distribution of C, N, Fe, and Mo in the
Fe,Mo/NC catalyst at the given resolution.

X-ray photoelectron spectroscopy (XPS) was proved effective to
determine the chemical bonding nature of the C, N, and Fe
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Figure1 Morphology and structure characterization of the Fe,Mo/NC catalyst. Field emission scanning electron microscopy (FESEM) images of (a) Fe/NC and (b)
Fe,Mo/NC. HR-TEM images of (c) Fe/NC and (d) Fe,Mo/NC. (e) STEM image and corresponding elemental maps of C, N, Fe, and Mo of the Fe,Mo/NC catalyst.
High-resolution (f) C 1s, (g) N 1s, and (h) Fe 2p XPS data of the Fe/NC and Fe,Mo/NC catalysts.

species in the catalysts. Figures 1(f)-1(h) present the changes in
the XPS patterns between the Fe/NC and Fe,Mo/NC catalysts.
High-resolution C 1s spectra can be fitted into three characteristic
peaks at the binding energy of 284.4, 284.8, and 286.0 eV,
corresponding to C-C, C=C, and C-N/O, respectively
(Fig. 1(f)) [40]. The N 1s spectra reveal the coexistence of five
types of nitrogen species, pyridinic N (398.3 eV), metal-N, (399.4
eV), pyrrolic N (400.3 eV), graphitic N (401.1 eV), and oxidized N
(403.3 eV), indicating the existence of metal-N, species in both
Fe/NC and Fe,Mo/NC catalysts (Fig. 1(g)) [41]. The quantitative
analysis of the N 1s spectra reveals a higher percentage of the
metal-N, species in Fe/NC (0.60 at.%) than that in Fe,Mo/NC
(0.29 at.%). Figure S8 in the ESM shows the Mo 3d spectra of
Fe/NC and Fe,Mo/NC. The doublet at 227.8 and 231.8 €V is
assigned as the zero-valence Mo (3dss and 3d,s, respectively), and
the other doublet at 228.9 and 234.6 eV is attributed to the Mo*
for the Fe,Mo/NC catalyst, further indicating the existence of
metallic molybdenum in the Fe,Mo/NC catalyst [42]. The high-
resolution Fe 2p spectra of Fe/NC and Fe,Mo/NC show three
doublets (2ps, and 2p,;,). The doublet at 713.8 and 726.7 eV
corresponds to Fe*, and the doublet at 711.0 and 724.5 eV are
assigned as Fe*, further supporting the existence of Fe-N, species
in both Fe/NC and Fe,Mo/NC (Fig. 1(h)) [43]. The doublet at
708.9 and 7224 eV corresponds to zero-valence Fe, further
supporting the existence of metallic iron in both Fe/NC and
Fe,Mo/NC catalysts, which is consistent with the results of TEM
and XRD [44].

Cyclic voltammetry (CV) curves (Fig. S9 in the ESM) are found
to exhibit oxygen reduction peaks for both the Fe/NC and
Fe,Mo/NC catalysts in O,-saturated 0.1 M KOH solution, but not
in the N,-saturated KOH solution. A slightly positive shift of the

potential of the oxide reduction peak is observed for the
Fe;Mo/NC  catalyst when compared with Fe/NC catalyst,
indicating a decrease of desorption free energy of oxide species
from the Fe,Mo bimetallic surface. The dependence of the ORR
activity among different catalysts can be explained by using the
electrochemically accessible surface area reflected from the double-
layer capacitance (Cy) of the non-noble metal catalysts [29]. As
shown in Fig. S10 in the ESM that Cy values for Fe/NC and
Fe,Mo/NC catalysts are almost the same, indicating a similar
electrochemically accessible surface area for the Fe/NC and
Fe,Mo/NC catalysts. The ORR polarization curves for Fe,Mo/NC,
Fe/NC, and commercial Pt/C catalysts on a rotating disk electrode
(RDE) in O,-saturated 0.1 M KOH solution at 1,600 rpm are
shown in Fig.2(a). The half wave potential (E,,) in the ORR
polarization curve for Fe,Mo/NC catalyst is 0.91 V, which is 72
and 32 mV higher than those of commercial Pt/C and Fe/NC
catalysts, respectively, indicating a much higher ORR
electrocatalytic activity for the Fe,Mo/NC catalyst. The value of
diffusion current density indicates a complete reduction of O, to
H,O (four-electron process) on the surface of the Fe,Mo/NC
catalyst. To assess the ORR pathway of Fe,Mo/NC, the RDE
measurements at various rotation rates were carried out (Fig. S11
in the ESM). According to the Koutecky-Levich plot which shows
linear relationships between i~ and w™* (where w is the electrode
rotating rate), the electron-transfer number (#) is calculated to be
~ 4 over the potential range from 0.3 to 0.7 V, approaching the
theoretical value of a four-electron ORR pathway for the
Fe,Mo/NC catalyst. The ORR selectivity (HO," yield in alkaline
media) of all catalysts is further evaluated using a rotating ring-
disk electrode (RRDE) in O,-saturated 0.1 M KOH electrolyte.
RRDE measurements demonstrate that the Fe/NC and Fe,Mo/NC
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Figure 2 Performance of catalysts for the oxygen reduction in alkaline media. (a) Linear voltammetry curves of commercial Pt/C, Fe/NC, and Fe,Mo/NC catalysts
recorded in O,-saturated 0.1 M KOH at 1,600 rpm. (b) Electron transfer number and peroxide yield calculated from the RRDE measurements for Pt/C, Fe/NC, and
Fe,Mo/NC catalysts. (c) Mass transport corrected Tafel plots of commercial Pt/C, Fe/NC, and Fe,Mo/NC catalysts. (d) Comparison of the kinetic current density at
0.85 V and half-wave potential for the commercial Pt/C and Fe,Mo/NC catalysts. ORR polarization curves and (inset) corresponding CV curves of (e) the Fe,Mo/NC
and (f) commercial Pt/C catalysts before and after 5,000 and 10,000 cycles between 0.6 and 1.0 V.

catalysts exhibit a low HO, vyield of about 2.5% with a high
electron-transfer number of about 3.95, suggesting a high-
efficiency four-electron ORR pathway (Fig. 2(b)). To get a deeper
insight into the enhancement of the ORR activity on the distinct
Fe,Mo bimetallic surface, mass transport corrected Tafel plots
based on kinetic current density (ji) for Fe,Mo/NC, Fe/NC, and
commercial Pt/C catalysts are analyzed. As shown in Fig. 2(c), the
Tafel plots on the surfaces of Fe/NC and Pt/C catalysts in 0.1 M
KOH solution are well fitted with two Tafel slopes: a lower Tafel
slope at the high potential region and a higher Tafel slope at the
low potential region due to the sluggish ORR kinetics by the site
blocking and electronic effects of adsorbed OH,4 on the active
sites [7]. It can be clearly observed from Fig. 2(c) that a low Tafel
slope of 54 mV/dec is fitted for the Fe,Mo/NC catalyst at both the
high and low potential regions, indicating easier desorption of
OH,, from the Fe,Mo bimetallic surface and as a result a favorable
ORR kinetics of the Fe,Mo/NC catalyst (further demonstrated by
DFT calculation discussed below). The kinetic current density at
0.85 V of the Fe,Mo/NC catalyst is as high as 82.28 mA/cm’,
which is 21-fold greater than that of the commercial Pt/C. It is
interesting that the Fe,Mo/NC catalyst, which possesses much less
ORR active metal-N sites, exhibits 5.2-fold higher kinetic current
density at 0.85 V than that of the Fe/NC catalyst, indicating that
the Fe,Mo bimetallic surface of Fe,Mo/NC is energetically
favorable for ORR (Fig.2(d) and Fig. S12 in the ESM) [45]. The
durability of the Fe,Mo/NC, Fe/NC and Pt/C catalysts are
evaluated using accelerated durability test (ADT) by potential
cycling between 0.6 and 1.0 V vs. RHE for 5,000 and 10,000 cycles
in air-saturated 0.1 M KOH solution at a scan rate of 50 mV/s
(Figs. 2(e) and 2(f), and Fig.S13 in the ESM). The Fe,Mo/NC
catalyst exhibits excellent durability in alkaline electrolyte, as
evidenced by the loss of only 3 mV in E,, after 10,000 potential
cycles, which is much lower than that of Pt/C (29 mV loss in E, ,).
In O, saturated 0.5 M H,SO, solution, the Fe,Mo/NC catalyst
exhibits a more positive oxygen reduction peak (Fig. S14 in the
ESM) and E,;, than that of Fe/NC (Fig. 3(a)). E,,, in the ORR
polarization curve for Fe,Mo/NC catalyst is 0.80 V, which is 6 and
12 mV higher than that of the commercial Pt/C and Fe/NC
catalysts, respectively, indicating a comparable ORR
electrocatalytic activity for the Fe,Mo/NC catalyst with that of

Pt/C. RRDE measurement and Koutecky-Levich plot
demonstrate that the Fe,Mo/NC catalyst exhibits a low H,0O, yield
of 3.75% with the electron-transfer number of about 3.9,
suggesting a four-electron ORR pathway (Fig. 3(b) and Fig. S15 in
the ESM). As shown in Fig. 3(c), the Fe,Mo/NC catalyst possesses
a lower Tafel slope (57 mV/dec) than those of Fe/NC (70 mV/dec)
and Pt/C (86 mV/dec) catalysts, indicating a favorable ORR
electrocatalytic kinetics of the Fe,Mo/NC catalyst in an acidic
environment. The kinetic current density at 0.75 V for the
Fe,Mo/NC catalyst is 4-fold and 3.6-fold greater than those of the
commercial Pt/C and Fe/NC catalysts, respectively, further
supporting more energetically favorable ORR catalysis of
Fe,Mo/NC than those of Fe/NC and Pt/C (Fig. 3(d) and Fig. S16
in the ESM). The Fe,Mo/NC catalyst also exhibits superior
durability in the acidic electrolyte, as evidenced by the loss of 19
mV in E,, after 10,000 potential cycles, which is lower than those
of Fe/NC (21 mV loss in E;;,) and Pt/C (26 mV loss in E,,)
catalysts (Fig. 3(e), and Figs. S17 and S18 in the ESM). SEM-EDS
analysis indicates the decrease of the Fe and Mo contents after the
accelerated cycling test in acidic media (Table S2 in the ESM). The
Fe,Mo/NC catalyst exhibits the highest half-wave potentials in
both acidic and alkaline electrolytes (0.8 V in 0.5 M H,SO, and
0.91 V in 0.1 M KOH at 1,600 rpm, respectively) among the tested
catalysts, which are even markedly higher than those of most
newly reported highly active ORR catalysts, suggesting that the
ORR electrocatalytic performance of Fe,Mo/NC catalyst is among
the best range for the non-PGM catalysts (Fig. 3(f) and Table S3 in
the ESM).

Then we have introduced DFT to study the significant
improvement of ORR performance by the formation of FeMo
alloy. Within the (103) surface of the Fe,Mo alloy, the surface
electronic demonstrates an electron-rich feature, supporting a high
electroactivity near the formed alloy particle. This is due to the
existence of large amounts of step metal sites with unsaturated
coordination, which supplies sufficient active sites to promote the
ORR process (Fig. 4(a)). Then, we further look into the electronic
structures of the metal alloy based on the projected partial density
of states. Notably, both Fe-3d and Mo-4d orbitals locate near the
Fermi level (E;) with a high electron density, resulting in a good
electron conductivity from the surface adsorbed intermediates to
the electrode. Moreover, Fe-3d and Mo-4d orbitals achieve
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Figure3 Performance of catalysts for the oxygen reduction in acidic media. (a) Linear voltammetry curves of commercial Pt/C, Fe/NC, and Fe,Mo/NC catalysts
recorded in O,-saturated 0.5 M H,SO, at 1,600 rpm. (b) Electron transfer number and peroxide yield calculated from the RRDE measurements for Pt/C, Fe/NC, and
Fe,Mo/NC catalysts. (c) Mass transport corrected Tafel plots of commercial Pt/C, Fe/NC, and Fe,Mo/NC catalysts recorded in O,-saturated 0.5 M H,SO, at 1,600 rpm.
(d) Comparison of the kinetic current density at 0.75 V and half-wave potential for commercial Pt/C and Fe,Mo/NC catalysts. (¢) ORR polarization curves and (inset)
corresponding CV curves of the Fe;Mo/NC catalyst before and after 5,000 and 10,000 cycles between 0.6 and 1.0 V. (f) Comparison of half-wave potential on reported
robust non-PGM catalysts, including (1) for Fe-N-C (at 1,200 rpm) [46], (2) for Fe-N-C [30], (3) for Fe-N-C (at 900 rpm) [31], (4) for Co-N-C (at 900 rpm) [47], (5)
for Co-NPs/HNCS [48], (6) for Mn-N-C [20], (7) for PANI-FeCo-C (at 900 rpm) [22] in 0.5 M H,SO, electrolyte, (8) for Fe@C-FeNCs-2 [49], (9) Fe-SAs-N/C-x [28],
(10) for FePc [12], (11) for FePc/Ti;C,T, [50], (12) for Co SAs/N-C(900) [51], (13) for CoFe alloy particles [36], (14) for NCNTFs [52], and (15) for PcCu-Og-Co [53]
in 0.1 M KOH/NaOH electrolyte.
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substantial overlapping, indicating the d-d coupling enables the
fast electron transfer. Such an electronic structure endows the
electrocatalyst with superior stability due to mutual protection
between Fe and Mo during the ORR condition. This also
explained the remarkable stability of experiments in the alkaline
environment (Fig. 4(b)). Then, we further look into the site-
dependent electronic structures of both Fe and Mo sites.
Compared to the pure Fe metal, the bulk to near-surface Fe-3d
orbitals in Fe,Mo alloy display enlarged e,~t,, splitting with lower
d-band center position, which supports a stable electronic
environment. Meanwhile, the surface Fe-3d orbitals demonstrate
an improved electroactivity for ORR with reduced e,~t,, splitting
and increased electron density near Ep (Fig.4(c)). With the
formation of the alloy, Mo-4d orbitals have been significantly
modulated, which shows a broad occupation from Ey — 6.0 eV to
E, + 6.0 eV. It is also noted that Mo-4d orbitals also exhibit the
electron-rich feature to support the reduction process towards O,.
More importantly, the broad Mo-4d orbitals well protect the Fe-
3d orbitals during the reduction environment (Fig. 4(d)). Then,
we further investigate the electronic structures of key
intermediates during the ORR. For both alkaline and acidic ORR,
the key intermediates are the same including O,*, *OOH, O%,
*OH, and H,0*. Thus, the electron transfer efficiency between the
transformation of intermediates significantly determines the ORR
performance. For all the intermediates, we notice one evident
linear correlation along the reaction coordinates, in which one
correlates to the o orbitals of s and p bands. The stronger linear
correlation along the reaction coordinates supports a higher
efficiency of electron transfer between each reaction step.
Following the reaction coordinates, we notice the clear
downshifting of the o orbitals, supporting the successful reduction
of the intermediates with more electron-rich structures.
Meanwhile, we also notice the pinned dominant peaks of the p-mnt
orbital, which usually reveal the electroactivity of the lattice instead
of the intermediates (Fig. 4(e)). Therefore, the optimized
electronic structure of FeMo alloy not only realizes the efficient
electron transfer but also optimizes the stability of the
electrocatalyst.

On the other side, we also investigate the energetic pathway of
ORR in both acidic and alkaline environments. Under the short-
cut circuit of the cell (U = 0 V), all the reactions are strongly
exothermic. However, by applying the equilibrium potential of
1.23 'V, we are able to estimate the overpotential by the largest
barrier of 0.45 eV for the acidic environment, which correlates to
the reaction from [*OOH + 3H'+ 3e7] to [O* + 2H'+ H,O + 2¢7].
This result indicates that 0.78 V should be the highest potential for
all the reaction steps to be exothermic, which is close to the
experimental results (Fig. 4(f)). For the alkaline environment, the
rate-determining step is also noted at the transformation from
*OOH to O*, which displays an overpotential of 0.33 eV. Then,
the required potential to reach the spontaneous reaction trend for
ORR will be 0.90 eV, which is highly similar to the experimental
characterizations (Fig. 4(g)). Therefore, the energetic pathways
reveal the superior performances of the electrocatalyst in both
acidic and alkaline environments.

3 Conclusions

In summary, we described a promising Fe,Mo catalyst having
high activity and high durability for the ORR electrocatalysis
derived from the ZIF-8 precursor. HRTEM and XPS analyses
proved the distinct microstructure of Fe,Mo/NC catalyst with
Fe,Mo nanoparticles as the core, nitrogen doped carbon as the
shell. The as-prepared Fe,Mo/NC catalyst possessed more effective
hydrogenation of OH,4 on its Fe,Mo surface than and commercial
Pt/C single metallic Fe/NC catalysts with lower Tafel slopes and
higher half-wave potentials in both alkaline and acidic
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environment. The Fe,Mo/NC catalyst exhibits high kinetic current
densities of 82.28 mA/cm’ at 0.85 V in 0.1 M KOH solution and
37.62 mA/cm? at 0.75 V in 0.5 M H,SO, solution, which are 21-
fold and 4-fold greater than those of the commercial Pt/C,
respectively. Furthermore, the Fe,Mo/NC catalyst can largely
retain the ORR activity after 10,000 potential cycles demonstrating
its excellent long-term durability. DFT calculations have revealed
that the formed Fe,Mo alloy shows a high electroactivity towards
the ORR process in both acidic and alkaline environments. The
superior ORR originates from the d-d orbital coupling between
Fe and Mo, which forms electroactive catalysts with strong
stability for long-term application.
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