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A B S T R A C T

Development of platinum group metal (PGM)-free as well as iron-free electrocatalysts is imperative to achieve
low-cost and long-term durability of polymer electrolyte membrane fuel cells. Here, we combined computational
and experimental studies to investigate the mechanism, activity, and durability of Mn and N co-doped carbon
(denoted as Mn-N-C) as promising catalysts for oxygen reduction reaction (ORR) in challenging acid medium.
The first-principles density functional theory calculations predict that it is favorable for O2 to be reduced into
H2O via four-electron pathway on MnN4 sites embedded in carbon layer. Using the reaction energies calculated
from DFT, microkinetic analysis predicts that the MnN4 sites could catalyze ORR with a half-wave potential only
60 mV lower than that of Pt (111) and 80 mV lower than that of the FeN4 sites embedded in carbon layer,
assuming the same density of active sites in the catalysts. Motivated by the computational prediction, we syn-
thesized a Mn-N-C catalyst using a polymer (i.e., polyaniline-PANI) hydrogel precursor via a high temperature
approach. Structural characterization indicates that atomically dispersed Mn sites coordinated with N are very
likely formed in the catalyst. Electrochemical measurements show that the synthesized Mn-N-C catalyst can
promote four-electron ORR with a catalytic activity in acids comparable to that of the Fe-N-C catalyst prepared
using the same procedure. More importantly, the Mn-N-C catalyst exhibits superior potential cyclic stability,
only losing 20 mV after 10000 cycles (0.6 to 1.0 V in O2 saturated electrolyte). In comparison, the Fe-N-C
catalyst would loss 80 mV after only 5000 cycles under the same testing conditions. Our computational and
experimental results strongly suggest that the Mn and N co-doped carbon could be promising high-performance
catalysts for ORR in acidic medium.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are energy
conversion technology of inherent high efficiency and environmental
friendliness [1,2]. A forefront research topic of PEMFC development is
to find cost-effective cathode catalysts to replace expensive platinum
group metal (PGM) based catalysts for oxygen reduction reaction (ORR)
in acid medium. In this regard, non-precious transition metals (e.g., Fe
or Co) and nitrogen (N) co-doped carbon (denoted as M-N-C) have
shown great promise as PGM-free electrocatalysts for PEMFCs [3–7].
Especially, the Fe-N-C represents the state of the art PGM-free catalyst,
which has exhibited catalytic activity approaching to that of Pt/C

catalysts in acids [8–10]. Consequently, the chemical nature of the
active sites and the pathway of ORR on the Fe-N-C catalysts have been
extensively studied [11–13]. Both X-ray absorption near edge structure
[14] and aberration-corrected scanning transmission electron micro-
scopy [15] characterization studies reveal that FeN4 sites embedded in
carbon layers are most possibly responsible for the obsereved ORR
activities of the Fe-N-C catalysts.

Although the Fe-N-C catalysts demonstrate decent catalytic activity
for the ORR, their stability under electrochemical oxidation environ-
ments has been found to be a big challenge compared to that of PGM
catalysts. The corrosion of active sites (and/or carbon supports) and the
loss of Fe species into aqueous electrolytes were reported to be the main
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reasons for the activity degradation of the Fe-N-C catalysts [16,17].
Moreover, exposure to hydrogen peroxide has a detrimental effect on
the long-term performance stability of PANI-derived Fe-N-C catalysts
[18]. Even worse, the Fe2+ dissolved from the catalysts was expected to
promote the decomposition of hydrogen peroxide into highly reactive
free radicals, which attack the fuel cell membrane and thus can cause
device failure [19]. Hence, it is necessary to develop durable, Fe-free M-
N-C catalysts for PEMFCs [20].

The Co-N-C catalyst has been widely explored as a possible PGM-
free and Fe-free electrocatalyst for ORR [4,21]. However, the ORR ac-
tivity of Co-N-C catalyst is usually inferior to that of the Fe-N-C and it
produces high yield of hydrogen peroxide in acid. To date, the best Co-
N-C catalyst was shown to have a half-wave potential E1/2 of 0.80 V and
hydrogen peroxide yield of 5% [20]. The appreciable production of
hydrogen peroxide indicates that some (if not all) active sites of the Co-
N-C catalysts could only promote two-electron instead of the desirable
four-electron ORR as the Fe-N-C catalysts do [21]. Therefore, it is of
great interest to search for other PGM-free and Fe-free electrocatalysts,
which are able to mainly promote four-electron ORR. Zheng et al. have
evaluated the ORR activity of M-N-C catalysts with metal M being Mn,
Fe, Co or Ni, and showed that Mn-N-C could exhibit reasonable ORR
activity [22]. However, from a computational perspective, this previous
study considered only the thermodynamics of ORR reaction and thus
did not provide detailed understanding of the kinetics of ORR in these
catalysts. In this study, we have performed the first-principles density
functional theory (DFT) calculations and microkinetic analysis for
predicting the ORR kinetic activity of MnN4 site in a carbon layer.
Furthermore, the theoretical prediction and understanding are experi-
mentally verified through synthesizing a novel hydrogel polymer-de-
rived Mn-N-C catalyst showing ORR activity comparable to that of the
Fe-N-C catalysts. Our present study suggests that the Mn-N-C catalyst
could be a promising alternative to the Fe-N-C as a PGM-free cathode
for PEMFC applications.

2. Computational and expeimental methods

2.1. DFT calculation

The spin-polarized DFT calculations [23,24] were performed using
the Vienna ab initio simulation package (VASP) code [25,26]. Projector
augmented wave (PAW) method [27,28] was used to describe the core
and valence electrons, and a plane wave basis set with a kinetic energy
cutoff of 400 eV was used to expand the wavefunctions. Electronic ex-
change and correlation was described within the framework of gen-
eralized gradient approximation (GGA) using the revised Perdew-
Burke-Ernzerhof (RPBE) functional [29]. The convergence criterion of
electronic and geometry optimization was set to be × − eV1 10 6 for
energy and eV0.02 /Å for force, respectively.

The active site of the M-N-C catalysts was modeled as a MN4

(M=Fe or Mn) moiety embedded in a carbon layer (as shown in
Fig. 1a). The Brillouin zone was sampled using a Monkhorst-pack [30]

4×4 × 1 k-point grid for the modelled M-N-C catalysts. For com-
parison, we also predicted the ORR rate on Pt (111) surface. The Pt
(111) surface was modeled using a three-layer slab with a rectangle cell
and 3×2 atoms in each layer (as shown in Fig. 1b). The Brillouin zone
was sampled using a Monkhorst-pack 4×6 × 1 k-point grid for the Pt
(111). Taking solvation effect into account, we added a layer of water
molecules on the catalyst surface explicitly. The water layer consists of
a two-dimensional hexagonal hydrogen bond network with one half of
the water molecules lying parallel to the slab and the other half with
one hydrogen pointing to the surface [31]. The transition state of ele-
mentary chemical reactions was located using the climbing image
nudged elastic band (CI-NEB) method [32] with a convergence of
0.05 eV/Å for the force components both along and perpendicular to
the tangent of the reaction path. The free energy of each ORR inter-
mediate was calculated using computational hydrogen electrode
method developed by Nørskov et al. [33] Using the reversible hydrogen
electrode (RHE) as reference, the free energy of ++ −H eaq( ) can be cal-
culated by the free energy of H12 2. In this work, the reaction free energy
was calculated as

= + − +G E E T S neUΔ Δ Δ ΔZPE (1)

In this equation, EΔ is the reaction energy calculated by DFT. In our
water layer covered slab models, the solvation corrections ( EΔ solv) were
already included in the EΔ from DFT calculations. Zero-point correc-
tions ( EΔ ZPE) were calculated as = ∑ZPE hνi i

1
2 , where h is Planck’s

constant and νi is the frequency of the i th vibrational mode of binding
molecules. T SΔ is the entropy term and neU is the potential dependent
free energy shift at electrode potential U with respect to that at zero
potential for a reaction obtaining n electrons. The electrode potentials
(U) are given as the potential values with reference to RHE.

2.2. Microkinetic analysis

A microkinetic model [34] was developed to predict the polariza-
tion curve of the ORR catalysts using the DFT calculated free energy
change ( G UΔ ( )) and activation energy (E U( )a ) for all the ORR ele-
mentary steps as inputs. It notes that we have considered the variation
of the reaction energies as a function of electrode potential (U) in this
study. Our microkinetic model defines a set of coupled partial differ-
ential equations describing the time variation of surface ORR species
from the rate equations (see Supporting Information) and the site
conservation equation describing that the total site coverage is equal to
one. These equations are solved numerically at the steady state where
the coverage of surface ORR species becomes invariant with time. The
outputs of our microkinetic model include the reaction rate for each
elementary step and the total turnover frequency (TOF) of ORR on the
catalysts of interest.

In our microkinetic model specifically for the ORR, four reaction
pathways involving thirteen elementary reaction steps were taken into
consideration. At the first step, O2 molecules diffuse from the bulk
electrolyte to the electrode-electrolyte interface,

Fig. 1. Atomistic structures of our simulation models for (a) a
FeN4 or MnN4 active site embedded in a carbon layer and (b)
Pt (111) surface. In the figure, the gray, blue, yellow, red,
white, and silver balls represent C, N, Fe or Mn, O, H, and Pt
atoms, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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↔O O2(aq) 2(dl) (2)

Then O2 molecule in the double layer may adsorb on the active sites
(*) in the catalysts,

+ ↔O * O2(dl) 2
* (3)

Once adsorbed on an active site, O2
* can be reduced to form water

through a 4 −e dissociative mechanism (pathway I) involving the direct
dissociation of O2 and several subsequent protonation reactions cou-
pled with electron transfers,

↔ +O O O2
* * * (4)

+ + + ↔ ++ −O O H e O OH* * * * (5)

+ + + ↔ ++ −O O H H e O H O* * *
2 (6)

+ + ↔+ −O H e OH* * (7)

+ + ↔ ++ −OH H e H O **
2 (8)

Alternatively, the reduction reaction can go through a 4 −e asso-
ciative mechanism (pathway II) in which O2

* is protonated to form
OOH* before dissociation.

+ + ↔+ −O H e OOH2
* * (9)

↔ +OOH O OH* * * (10)

In 4 −e pathway III, OOH* will be further protonated to HOOH*

which dissociates through two possible reactions subsequently.

+ + ↔+ −OOH H e HOOH* * (11)

+ ↔ +HOOH * OH OH* * * (12)

↔ +HOOH O H O* *
2 (13)

In addition, HOOH* can also desorb from the active sites to produce
hydrogen peroxide ending up with a 2 −e ORR (pathway IV).

→ +HOOH * H O*
2 2 (14)

For each elementary step (step (2) to (14) above), both the forward
and backward reactions have been considered in our model. The for-
ward reaction constant is calculated by the Arrhenius equation

= ∙ −k A exp E U
k T

( ( ) )a

B (15)

whereas the backward reaction constant is calculated by

=−k
k
K (16)

here K is the equilibrium constant, given by

= −K exp G U
k T

( Δ ( ) )
B (17)

The pre-exponential factor A and all the other input parameters are
given in the supporting information (Table S1). It should be mentioned
that the activation energy for the electron transfer coupled protonation
reactions is potential dependent and hence calculated using the fol-
lowing equation.

= + −E U E U βe U U( ) ( ) ( )a a 0 0 (18)

In this equation, U0 is the reversible potential where the reaction
free energy is zero, and β is the symmetry factor. The activation energy
at the reversible potential E U( )a 0 for each protonation reaction adopts a
constant value of 0.26 eV and β adopts a value of 0.5 as suggested in the
literature [35].

Derived from the predicted TOF, the potential-dependent current
density for the ORR is calculated using Eq. (19).

=j eρTOF (19)

where ρ is the site density. In this way, a polarization curve which
reflects the specific activity of the modelled active site for the ORR is
attainable from our microkinetic model.

2.3. Mn-N-C Catalyst synthesis and characterization

2.3.1. Catalyst synthesis
To prepare Mn-PANI-hydrogel catalyst, we first dissolved 0.66 g

(7.08 mmol) aniline and 0.81 g (3.54mmol) ammonia persulfate (APS)
in 2.0 M hydrochloric acid (HCl) solution (3mL), respectively, and
obtained two samples denoted as Solution A and Solution B.
Subsequently, 1.4 g (7.08 mmol) manganese chloride tetrahydrate was
dissolved into Solution A. Both solution A and solution B were in-
cubated at 0 °C for 10min. Then, Solution B (APS solution) was gra-
dually added into Solution A (containing aniline), and the poly-
merization of aniline was conducted at 0 °C for 10min. Thus, the gel-
like mixture was formed and further aged at room temperature for 24 h.
The freeze-drying was used to remove solvent and retain the porous
structure of polyaniline hydrogel composite. The resulting gel-like solid
(without any grinding) was pyrolyzed at 950 °C for 1 h under nitrogen
(N2) flow with a ramping rate of 3 °C/min. The pyrolyzed solid powder
was treated with 0.5M H2SO4 at 80 °C for 5 h and then dried at 60 °C for
12 h, followed by a second pyrolysis at 900 °C for 3 h under N2 flow
with a ramping rate of 3 °C/min.

2.3.2. Physical characterization
Scanning electron microscopy (SEM) images were recorded on a

Hitachi SU 70 microscope at a working voltage of 5 kV. Transmission
electron microscopy (TEM) was conducted on a JEOL 2100 F and an
aberration-corrected Hitachi 2700C scanning transmission electron
microscope (STEM) at a voltage of 200 kV. X-ray photoelectron spec-
troscopy (XPS) was performed using a Kratos AXIS Ultra DLD, equipped
with a hemispherical energy analyzer, a monochromatic Al Kα source
operated at 15 keV and 150W, and with pass energy fixed at 40 eV for
high-resolution scans. All the samples for XPS measurements were
prepared as pressed powders supported on a metal bar. The full width
at half maximum (FWHM) of the major XPS peaks range from 0.3 to
1.7 eV for various elements. All the instrument parameters are constant
including FWHMs, peak shapes, instrument design factors, chemical
shifts, experimental settings and sample factors. The binding energy of
Au was used as the reference for calibration.

2.3.3. Electrochemical measurements
Electrochemical measurements were performed on a CHI

Electrochemical Station (Model 760b) equipped with high-speed rota-
tors from Pine Instruments. A rotating ring disk electrode (RRDE),
which is from Pine Research Instrumental (model: AFE7R9GCPT, USA),
was used as the working electrode. It contains glassy carbon disk and
platinum ring: disk OD=5.61mm; ring OD=7.92mm;
ID= 6.25mm; a graphite rod with a diameter of 0.250 inch, a length of
12 inch, and an Hg/HgSO4 as the counter electrode and reference
electrode, respectively. Catalyst powder (10mg) and 5wt% Nafion®
solution (15 μl) were mixed with 1.0mL isopropanol, and the resulting
mixture was then sonicated vigorously for 30min to obtain a homo-
geneous ink. The ink was drop-casted onto the glassy carbon disk with
15-min air-drying at 60 °C. The loading of the catalysts for all the
measurements was maintained at 0.8mg/cm2. All the cyclic voltam-
metry (CV) and ORR polarization curves were recorded in 0.5 M H2SO4.
The ORR activity was measured in 0.5M H2SO4 saturated with O2 at
900 rpm using steady-state polarization plots by holding each potential
for 30 s with a potential step of 30mV. As ORR is a kinetically slow
electrochemical reaction, the designed steady-state measurements are
to allow the non-faradaic capacitance current passing through and thus
accurate measure of the cathodic current exclusively resulting from the
ORR. Durability of all the catalysts was assessed in O2 saturated 0.5M
H2SO4 solution using a potential cycling window ranging from 0.6 to
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1.0 V at the scanning rate of 50mV/s.

3. Results and discussion

3.1. Reaction energy calculations

First, we predicted the free energy changes and activation energies
for the elementary reactions of ORR on MnN4, FeN4 active sites and Pt
(111) using the DFT calculations with the explicit solvation (i.e., one
water layer above the catalyst surface). One water layer was found
sufficient to stabilize the adsorbed ORR intermediates and describe the
solvation effect [36,37]. The adsorption configurations of ORR species
(including O2, OOH, O, OH, HOOH, and H2O) on the active sites were
optimized using the RPBE functional (shown Figure S1). The lowest-
energy adsorption configuration of O2 on MnN4 is that the O2 molecule
lies in parallel to the catalyst layer (denoted as side-on adsorption),
resulting in the equal distances between the two O and central Mn
atoms. In contrast, the lowest-energy adsorption configuration of O2 on
FeN4 is that one O atom of the O2 molecule lies directly on top of central
Fe atom whereas the other O atom tilts further away (denoted as end-on
adsorption), resulting in the unequal distances between the two O and
central Fe atoms. The other species (OOH, O, OH, HOOH, and H2O) are
all adsorbed with one O atom on top of the Mn or Fe and adopting the
same adsorption configurations on both FeN4 and MnN4. It should be
noted that the predicted most favorable adsorption configurations for
the ORR species on FeN4 with an explicit water layer in this work are
quite similar to those predicted previously on FeN4 without considering
water environment [38]. However, we noticed that the peripheral
water molecules are reorganized to form hydrogen bonds with the ad-
sorbed ORR species, causing the OeO, OeH or MeO bonds (M]Mn or
Fe) of the adsorbed ORR species elongated by 1–2 %. In addition to the
central Mn and Fe metal sites, we predicted that O and OH could be
adsorbed on the carbon atom adjacent to N but with relatively weaker
binding strength. Furthermore, we determined the initial, final states of
the ORR elementary reactions on the active sites based on our opti-
mized adsorption configurations and used Eq. (1) to calculate the free
energy changes (ΔG(U)) for these ORR elementary reactions, which are
given in Table S1 of the Supplementary Materials.

Subsequently, we applied the CI-NEB method [32] to locate the
transition state and predict the activation energies for OeO bond scis-
sion (through direct O2 dissociation, OOH dissociation, and HOOH
dissociation) on MnN4, FeN4 sites and Pt (111) using the explicit sol-
vation model. It notes that these OeO bond scission reactions do not

involve charge transfer. As a representative case, we depicted in Fig. 2
the atomistic structures of the OOH dissociation reaction pathways on
the three catalysts. The OOH dissociation on MnN4 was predicted to be
able to complete on the central Mn atom, with the dissociated O leaning
toward a chelated N site whereas the dissociated OH leaning toward
adjacent C sites. However, the OOH dissociation on FeN4 involves a step
of the OH transferring to the top of an adjacent carbon atom. In con-
trast, the OOH adsorbed on a bridge site of Pt (111) with a side-on
adsorption configuration was predicted to dissociate into a O and OH
adsorbed on two adjacent fcc surface sites (i.e., an fcc surface site is the
center of the triangle formed by three neighboring surface atoms and
having no atom right beneath in the subsurface layer). Moreover, the
atomic details of direct O2 dissociation and HOOH dissociation on
MnN4, FeN4, and Pt (111) are shown in Figure S2 of the Supplementary
Materials. In these DFT calculations considering explicit water, we
predict that the OeO bond breaking process involves at least two ad-
jacent fcc sites on Pt (111), a Fe site and an adjacent carbon site on FeN4

site, but only a Mn site on MnN4. We believe that the discrepancy in the
OOH dissociation pathway on MnN4 and FeN4 is related to the different
favorable O2 adsorption configurations (side-on adsorption on MnN4 vs.
end-on adsorption on FeN4) on these two sites.

Our predicted activation energies for the OeO bond breaking re-
actions (i.e., the energy difference between the transition state and the
initial state) are presented in Table 1. In the explicit solvation en-
vironment, our DFT calculations predict that the activation energy for
the O2 dissociation is 0.85 eV, which is more than two times higher than
that (only 0.38 eV) for the OOH dissociation on the MnN4 site. For the
FeN4 site, we predict a rather high value (2.11 eV) for the activation
energy of the O2 dissociation using the explicit solvation model. It notes
that this value is higher than our predicted value (1.19 eV) for the same
reaction in vacuum [21]. Despite of discrepancy, these two values are
appreciably larger than the activation energy for the OOH dissociation
(0.42 eV) on the FeN4 site and both to the degree of insurmountable.
Consequently, it is inferred from our computational results that the
OOH dissociation reaction is kinetically more feasible than the O2 dis-
sociation reaction for the OeO bond breaking on MnN4 and FeN4. In
comparison, we predict that the activation energy for the OOH dis-
sociation is 0 eV on Pt (111) in explicit water environment.

3.2. Reaction pathways predicted from DFT calculations

Fig. 3 depicts the free energy evolution for the 4e− ORR associative
mechanism (i.e., pathway II described in Sec. 2.2) on MnN4, FeN4, and

Fig. 2. Atomic structures of the initial state, transition state,
and final state for OOH dissociation reaction on MnN4, FeN4,
and Pt (111) using the explicit solvation model. In the figure,
the gray, blue, purple, orange, red, white, and silver balls re-
present C, N, Mn, Fe, O, H, and Pt atoms, respectively. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Pt (111) based on the results from the explicit solvation model DFT
calculations. The free energy change (ΔG(U)) for the elementary reac-
tions were computed using Eq. (1) and the computational hydrogen
electrode method developed by Nørskov et al. [33] In this figure, we
include a step of OOH dissociation into O and OH, which does not in-
volve electron transfer and thus is assumed to have a free energy
change and activation energy independent of electrode potential (U).
All the other electrochemical steps involve proton and electron transfer
and hence their free energy change and activation energy are depen-
dent on electrode potential (U).

Fig. 3a shows that, under the standard potentials of the ORR
U=1.23 V, i.e. zero overpotential, most of the elementary reactions
along the 4e− ORR associative pathway are endergonic and thus
thermodynamically unfavorable on MnN4, FeN4, and Pt (111). Asso-
ciated with the very postitive free energy changes, the required acti-
vation energies for the protonation steps are also quite high. For in-
stance, the free energy change for the O protonation reaction to form
OH was calculated to be 0.55 eV on MnN4 and hence its activation
energy was predicted to be 0.55 eV according to Eq. (18). Thus, the
ORR would be rather difficult to occur under U=1.23 V on MnN4,
FeN4, and Pt (111). However, with a decrease in the applied electrode
potential U, the free energy changes of the protonation reactions in-
volving charge-transfer decrease and will become negtaive values (i.e.,
exergonic reaction) below a limiting electrode potential. Based on Eq.
(18), the activation energies of these reactions involving charge-
transfer would also decrease with decreasing U. For example, the free
energy change for the O protonation reaction on MnN4 was found to
change from 0.55 eV (U=1.23 V) to -0.09 eV (U=0.58 V). Corre-
spondingly, the activation energy for the same reaction was predicted
to decrease from 0.55 eV (U=1.23 V) to 0.22 eV (U=0.58 V). Fig. 3b
shows that, under a limiting electrode potential U of 0.58 V, all the
elementary steps except for the OH protonation reaction along the as-
sociative pathway of ORR are exergonic on FeN4. However, above
U=0.58 V, the OH protonation reaction becomes endergonic on FeN4.
Fig. 3b also shows that, under electrode potential U of 0.58 V, the free

energy change for the OH protonation reaction on MnN4 requires is
about 0.05 eV. Consequently, the limiting electrode potetial for the 4e−

ORR associative pathway on MnN4 is predicted to be 0.53 V. At
U=0.58 V (Fig. 3b), we predict that the highest activation energy for
all the elementary reactions along the 4e− ORR associative pathway is
0.38 eV for the OOH dissociation reaction on MnN4, 0.42 eV for OOH
dissociation reaction on FeN4, and 0.43 eV for the O protonation reac-
tion on Pt (111). These activation energies are kinetically surmoun-
table. Thus, we predict that the 4e- associative pathway of ORR is
thermodynamically favorable and kinetically feasible on MnN4, FeN4,
and Pt (111) under U below the limiting electrode potential.

On the other hand, the calcualtion results indicate that it is quite
difficult for OOH to be protonated to form HOOH on MnN4 and FeN4

sites. It was found that the free energy change for OOH protonation
reaction was as high as 0.91 and 1.03 eV on MnN4 and FeN4, respec-
tively, under electrode potential of 0.58 V. In comparison, our DFT
reulsts in Table 1 suggest that the OOH adsorbed on MnN4 and FeN4

could proceed with the dissociation reaction overcoming a relatively
low activation energy barrier. In addition to unfavorable protonation of
OOH to form HOOH, the HOOH dissociation (either into two hydroxyls,
or into one oxygen atom and a water molecule) requires no or very low
activation energy on MnN4, FeN4, and Pt (111). Consequently, we
predict that hydrogen peroxide could not be a stable product of the ORR
on these three catalysts. Namely, similar to that on Pt (111), the two-
electron ORR pathway to generate hydrogen peroxide as reaction final
product is suppressed on both MnN4 and FeN4.

Therefore, we predict that ORR would prefer to follow a 4e− as-
sociative pathway (i.e., pathway II described in Sec. 2.2) on MnN4,
FeN4, and Pt (111). Many electrochemical measurements have con-
firmed 4e- ORR on the Fe-N-C and Pt catalysts, agreeing with our pre-
sent predictions [4,6,9,39,40]. Our theoretical calculations in Table 1
and Fig. 3 show that the reaction energies for the ORR on MnN4 are
comparable to those on FeN4, and Pt (111). In theory, the Mn-N-C
catalysts containing the MnN4 sites will promote the 4e- ORR in a
fashion comparable to the established Fe-N-C and Pt catalysts.

3.3. Prediction from Microkinetic Analysis

In order to enable direct experimental validation of our computa-
tional predictions, we have performed a microkinetic analysis on the
kinetic rate of ORR using the reaction energies ( G UΔ ( ) and E U( )a ) on
the MnN4, FeN4, and Pt (111) sites calculated from the explicit solva-
tion DFT calculations. The details of our employed microkinetic ana-
lysis method have been given in Sec. 2.2. As described, the total reac-
tion rate, in term of turnover frequency and current density, for the
ORR on various catalysts can be predicted. In this study, we carried out

Table 1
Predicted activation energies for OeO bond scission through O2 dissociation,
OOH dissociation, and HOOH dissociation reactions on MnN4, FeN4, and Pt
(111) surface.

E eV( )a MnN4 FeN4 Pt (111)

→ +O O O2 0.85 2.11 0.44
→ +OOH O OH 0.38 0.42 0
→ +HOOH OH OH – 0 0.07
→ +HOOH O H O2 0 0 –

Fig. 3. Predicted free energy evolution diagrams for O2 reduction through 4e− associative pathway to form H2O on MnN4, FeN4, and Pt (111) surface under electrode
potential of (a) U=1.23 V and (b) U=0.58 V. The DFT calculations have included the explicit water solvation effect; the free energy calculations are performed at
temperature of 300 K and in acid medium with pH value of 0.
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our microkinetic analysis for the Mn-N-C, Fe-N-C, and Pt catalysts at a
temperature of 300 K (27 °C) and in an acid electrolyte with pH value of
0. In addition, we have used the same value of μC cm80.3 / 2 for eρ (note:
eρ is directly related to active site density in Eq. (19)) for the three
catalysts. This value was calculated by assuming 1/3ML (mono-layer)
coverage for the Pt (111) surface [34].

We are aware that the real active site density accessible for ORR will
vary appreciably with different catalyst morphology and physical
properties depending on synthesis processes of actual catalysts. Hence,
our present study aims to provide only a qualitative, but not a quan-
titative, comparison between the computational predictions and elec-
trochemical measurements. Moreover, our microkinetic analysis de-
rived that the half-wave potential for the ORR on Pt (111) surface was
about 0.66 V, which differs from the experimental value of 0.85 V [41]
by 0.19 V. This discrepancy implies that there could be some systematic
error in our computational approach. However, this error should have
similar effects on the MnN4, FeN4, and Pt (111) catalysts and hence
should not affect the relative difference in the activity of the three
catalysts. Therefore, we present in Fig. 4 the computed polarization
curves, showing the variation of the turnover frequency and the cor-
responding current density as a function of the electrode potential, for
ORR on the MnN4, FeN4, and Pt (111) with the same active site density,
with a correction by up-shifting the three curves by 0.19 V.

Shown in Fig. 4, we predict that the half-wave potential for ORR on
FeN4 to be even higher by 0.02 V than that on Pt (111) if the two
catalysts have the same density of active sites. Recent development of
the Fe-N-C catalysts yielded catalytic activity for the ORR very close to
that of Pt in acids [5,9], which is in good agreement with our present
computational predictions. Moreover, we predict from Fig. 4 that the
MnN4 site could exhibit a half-wave potential for ORR only 60mV
lower than that of Pt (111) and 80mV lower than that of the FeN4. It
was thus inferred that the well-synthesized Mn-N-C catalysts could
possess an ORR activity close to that of the Fe-N-C catalysts.

Fig. 4. Polarization curves for ORR on MnN4, FeN4, and Pt (111) predicted from
our microkinetic analysis and corrected with the experimental data for Pt cat-
alysts.

Fig. 5. (a) Synthesis scheme for the Mn-N-C catalysts produced by PANI-hydrogel approach. SEM images showing the morphology of (b) the PANI-hydrogel precursor
and (c) the Mn-N-C catalyst during a carbonization process. (d, e) HR-TEM and (f, g) HAADF-STEM images coupled with (h) EELS analysis of the Mn-N-C catalyst,
indicating partially graphitized and nanoporous morphology likely with atomically dispersed Mn sites.
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Furthermore, our microkinetic analysis confirms the occurring of
4e− ORR on MnN4 sites. The calculation results reveal that the 4e−

ORR associative pathway (i.e., pathway II described in Sec. 2.2 and
shown in Fig. 3) is dominantly active on the MnN4 up to U=0.75 V,
whereas the 4e− ORR dissociative pathway through direct O2 dis-
sociation (i.e., pathway I described in Sec. 2.2) is dominantly active on
the MnN4 above U=0.75 V. This change in reaction pathway is be-
cause that the activation energy for the O2 protonation reaction on the
MnN4 would increase with electrode potential U and at U=0.75 V
leading to a net reaction rate comparable to that of the O2 dissociation
on the MnN4. As shown in Figure S3 of Supplementary Materials, our
microkinetic analysis also reveals that surface adsorbed OH, O2, and O
would accumulate on the MnN4 sites and reach their maximum cov-
erage at the electrode potential (U) around 0.55 V, 0.62 V, and 0.82 V,
respectively. The accumulation of these surface species will hinder the
ORR on the MnN4. Hence, our present study suggests that development
of effective approaches to remove these surface species from the MnN4

sites could be a practical way to further enhance the ORR activity of
Mn-N-C catalysts.

3.4. Experimental Validation

Inspired by the computational prediction, we have developed a
polymer hydrogel approach to preparing Mn-N-C catalysts. The synth-
esis scheme is illustrated in Fig. 5a. We used polyaniline (PANI) as
carbon/nitrogen sources integrated with metal precursors to produce
the highly active M-N-C catalysts for the ORR through a high-tem-
perature approach [4]. Distinct from traditional carbon black (e.g.,
Ketjenblack or Blackpear) supported PANI-derived catalysts, self-
standing and support-free PANI hydrogels were used in this work by
properly controlling the high concentration of aniline in solution and
being polymerized using ammonium persulfate as the oxidizing
agent. Mn2+ sources were added during the polymerization process and
uniformly dispersed into the PANI hydrogel precursors. A high tem-
perature carbonization process was employed to convert the PANI-Mn
hydrogel into Mn and N co-doped carbon, i.e. the Mn-N-C catalysts.

Subsequent acid-leaching treatment followed by a second pyrolysis
process was carried out to remove inactive species and recover oxidized
carbon for enhanced catalytic activity.

SEM images (Fig. 5b and c) show that the three-dimensional (3D)
cross-linked network porous fiber morphology of the PANI hydrogels
was largely maintained in the final Mn-N-C catalysts after high tem-
perature pyrolysis process. It is also believed that this highly porous
carbon structure is of vital importance for uniformly dispersing active
sites in the carbon to achieve high activity and stability. Further high
resolution (HR)-TEM images (Fig. 5d and e) and high angle annular
dark field (HAADF)-STEM images (Fig. 5f and g) provide the detailed
morphology of the catalysts. Overall, highly disordered or even amor-
phous carbon structures are dominant in the catalyst. Virtually, no
obvious metallic particles or aggregates are observable. The electron
energy-loss spectroscopy (EELS) line scanning (Fig. 5h) was conducted
in the area marked in Fig. 5g, showing significant Mn signal. This ele-
mental analysis suggests that the existence of atomically dispersed Mn
sites is very likely in the PANI-hydrogel derived Mn-N-C catalysts. We
believe that such atomic metal sites could be stablized by Mn ions co-
oridnation with nitrogen and embedded into carbon layers.

Moreover, the role of crucial nitrogen doping was further in-
vestigated using XPS. Figure S4 indicates that the nitrogen doping in
the catalyst is greatly dependent on the content of Mn used for catalyst
synthesis. High Mn content leads to high concentration of pyridinc N
and total N. It was inferred that high content of pyridinic N was able to
enhance the density of active sites for the M-N-C catalysts. In addition,
pyrolysis temperature used for carbonization of the PANI hydrogel is
vital for the formation of active sites, which was further linked to ni-
trogen doping (Figure S5a). However, our XPS analysis indicated that
the surface Mn content maintained at 0.4 at.% ∼ 0.5 at.% for all these
catalyst samples shown in Figure S5a, thus showing little dependence
on the pyrolysis temperature. In comparison, the typical Fe con-
centration is about 0.8 at.% in Fe-N-C samples. When the pyrolysis
temperature is above 950 °C, the resultant catalysts contain higher
content of pyridinic N, which could lead to enhanced ORR activity
(Figure S5b) [42]. Unlike previous results for the synthesis of Fe- and

Fig. 6. (a) Comparison of steady-state ORR
polarization plots recorded in 0.5M H2SO4 of
the Mn-N-C and Fe-N-C catalysts prepared
from the PANI hydrogel approach, and a 20wt
% Pt/C catalyst at a loading of 60 μgPt/cm2. (b)
Potential cyclic stability of the Mn-N-C cata-
lysts between 0.6-1.0 V in O2 saturated 0.5M
H2SO4. The variation in the ORR activity of
PANI hydrogel-derived Mn-N-C catalysts as a
function of the (c) Mn content and (d) pyrolysis
temperature. Catalyst loading for all the tests is
0.8 mg/cm2 at 900 rpm and 25 °C.
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Co-based catalysts [43,44], high pyrolysis temperature for the Mn
catalysts leads to increased nitrogen content and pyridinic nitrogen
(Figure S5b). High pyrolysis temperature also results in a high degree of
graphitization in the catalysts. Figure S6 also indicates that our syn-
thesized Mn-N-C catalyst shows relatively narrow peak for C-C than
that of the Fe-N-C catalysts just owing to its high degree of graphiti-
zation [45–47]. It is believed that graphitized carbon would have
beneficial effect on the stability of the Mn-N-C catalysts.

In this study, our experimental validation confirms the computa-
tional prediction and shows that the PANI hydrogel-derived Mn-N-C
catalyst exhibited ORR activity comparable to that of the Fe-N-C cata-
lyst prepared using the same synthesis approach in 0.5 M H2SO4 elec-
trolyte (Fig. 6a). The ORR on the Mn-N-C catalyst occurs nearly via
four-electron pathways, as evidenced by very low H2O2 yields (< 3%,)
as shown in Figure S7 [21,48,49]. Although the half-wave potential of
the Mn-N-C is 0.78 V vs. RHE slightly lower than that of the Fe-N-C
catalyst (0.80 V), their onset potentials are nearly the same indicating
similar intrinsic activity to catalyze the ORR. We attribute the 20mV
difference in the half-wave potentials of the Mn-N-C and Fe-N-C to the
relatively low specific activity and surface density of the MnN4 active
sites in our catalysts. In addition, the comparsion with commerical Pt/C
was also given in Figure S8. Importantly, the Mn-N-C catalyst demon-
strated superior potential cyclic stability, only losing 20mV after 10000
cycles (0.6 to 1.0 V in O2 saturated electrolyte) (Fig. 6b). Under the
identical testing conditions, the Fe-N-C catalyst would loss 80mV after
5000 cycles (Figure S9). During the synthesis, we identified two key
factors crucial for optimizing the ORR activity of the Mn-N-C catalysts:
(1) the Mn content integrated with PANI hydrogel (Fig. 6c) and (2) the
pyrolysis temperature (Fig. 6d), which can be explained by optimal
nitrogen doping and favorable catalyst morphologies as shown in
Figure S4 to S6. Although we do not have conclusive evidence to show
the existence of exact MnN4 site structure in the catalyst, it can be in-
ferred from the HAADF-STEM images coupled with EELS analysis
(Fig. 5g and h) that the existence of atomically dispersed Mn co-
ordinated with nitrogen is very likely in the catalysts. Thus, our present
experimental results, which the Mn-N-C catalysts possess good ORR
activity and stability in acid media, provide a solid validation to the
computational prediction of the ORR activity on the MnN4 sites.

4. Conclusions

In summary, we have performed the first-principles DFT calcula-
tions and the microkinetic analysis to predict the catalytic activity of
the MnN4 active site embedded in a carbon layer for the ORR in acids.
Taking solvation effect into account, we included a monolayer of water
molecules above the catalyst surface in our DFT calculations. Our DFT
calculation results indicate that the MnN4 site can catalyze the ORR
following a 4e− pathway, which has a thermodynamical limiting
electrode potential of 0.53 V and the highest activation energy of only
0.38 eV for the OOH dissociation reaction. Based on the reaction en-
ergies calculated from DFT, our microkinetic analysis predicted the
polarization curves for ORR on the electrocatalysts containing the same
density of MnN4, FeN4, or Pt (111) active sites. The results reveal that
the MnN4 sites could catalyze ORR with a half-wave potential only
60mV lower than that of Pt (111) sites and 80mV lower than that of
the FeN4 sites. Therefore, our computational study suggests that the
Mn, N co-doped carbon containing the MnN4 active sites should exhibit
promising high-performance to catalyze ORR in acid electrolytes. To
validate our computational predictions, we have further carried out
experimental study to synthesize Mn-N-C catalysts through an in-
novative polyaniline hydrogel approach. The ORR activity of the Mn-N-
C catalyst measured using RRDE is comparable to that of the Fe-N-C
catalyst prepared from the same synthesis procedures, which verifies
our computational prediction. Physical characterization further in-
dicates that the atomically dispersed Mn sites coordinated with N very
likely exist in our synthesized Mn-N-C catalysts. More encouragingly,

durability tests show that the Mn-N-C catalysts exhibit enhanced sta-
bility than the Fe-N-C catalysts under the same electrochemical testing
conditions.

The combined computational and experimental studies reveal that
the Mn-N-C catalysts containing planar MnN4 sites embedded in carbon
layer could exhibit comparable ORR activity and enhanced durability
relative to the conventional Fe-N-C catalysts. The findings from this
work may provide knowledge for the rational design and synthesis of
PGM-free and Fe-free electrocatalysts for PEMFCs. Future research will
focus on the ultimate verification of existence of the MnN4–like active
sites and further improvement of ORR performance of the Mn-N-C
catalysts by generating increased density of active sites.
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