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Towards a comprehensive understanding of FeCo
coated with N-doped carbon as a stable bi-functional

catalyst in acidic media

Seung Hyo Noh!, Min Ho Seo?, Joonhee Kang?, Takeyoshi Okajima!, Byungchan Han* and Takeo Ohsaka!

The identification and development of efficient catalysts made of non-precious materials for oxygen reduction reaction (ORR) are
essential for the successful operation of a wide range of energy devices. This study provides evidence that earth-abundant
nanoparticles of transition metals encapsulated in a nitrogen-doped carbon shell (M@N-C, M =Fe, Co, Ni, Cu or Fe alloys) are
promising catalysts in acidic solutions. By density functional theory calculations and experimental validations, we quantitatively
propose a method of tuning the ORR activity of M@N-C by controlling the nitrogen-doping level, the thickness of the N-C shells
and binary alloying. FeCo@N-C/KB was chosen as the best ORR catalyst because of its onset and half-wave potentials of 0.92
and 0.74 V vs a reversible hydrogen electrode (RHE), respectively, and its excellent durability. Furthermore, FeCo@N-C/KB
possesses a high activity for the hydrogen evolution reaction (HER; — 0.24 V vs RHE at — 10 mA cm~2), thus demonstrating that

it is a good bi-functional ORR and HER catalyst in acidic media.
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INTRODUCTION

Oxygen electrochemistry has a central role in a wide range of devices
used for the generation of energy and fuels. For instance, oxygen
reduction and evolution reactions (ORR and OER) are essential for
the operation of proton exchange membrane fuel cells,"> metal-air
batteries® and photovoltaic cells (used for water splitting).

However, ORR has notoriously been known to be sluggish in most
electrochemical systems harvesting oxygen to produce renewable
energies, thus hindering the design of highly efficient ORR catalysts.
Conventional Pt-based nanocatalysts have been intensively studied and
optimized to enhance ORR activity, and they are currently the most
efficient ORR catalyst materials. Their high material cost and electro-
chemical instability in acidic solution, however, strongly drives the
development of alternatives to Pt. Over the past few decades, studies
have sought to achieve this goal, but the alternatives investigated have
not been commercialized yet, owing to either their electrochemical
instability or their low ORR activity in acidic media.>*°

Recent progress in the use of non-precious carbon-based
catalysts for ORR is notable because these materials not only are
much cheaper than Pt-based alloys but also are stable for prolonged
periods. Furthermore, the catalytic properties of carbon-based
materials can be well tuned by simple thermo-chemical
treatments.”® For example, nitrogen-doped graphene (N-Gr) has

been reported to be comparable to or even better than Pt in ORR
catalysis in alkaline media.*!?

To date, carbon-based catalysts have largely been designed in the
form of either macrocyclic structures (such as polyaniline-Fe-C
(PANI-Fe-C) and PANI-Co-C) for use in acidic media®!112 or
metal oxide particles on reduced graphene oxide (such as Co304/rGO
and Mn;0,/rGO) for alkaline media.”!>!* Designing active and stable
ORR catalysts is more challenging for acidic media than for alkaline
media with regard to both the electrochemical stability and ORR
activity. Although several materials have been found to have activity
in acidic electrolytes in laboratory experiments, the underlying
mechanism is poorly understood. For instance, in the macrocyclic
materials (that is, PANI-M-C and phthalocyanine—MG’IS’lS), Fe has
been observed to be at the center of the molecules, but the exact
location of the active site is still under debate.

In contrast, metallic nanoparticles encapsulated in N-doped
carbon shells (M@N—Cg,pis), such as Fe;C@N-C or Fe@Pod,'%-22
demonstrate superior ORR activity and electrochemical stability in
acidic media. This concept of encapsulation has been proposed to
simultaneously overcome the conventional limits on the two exclusive
properties of electrochemical stability?> and ORR activity. Because the
encapsulated materials are configured as core—shell structures, it is of
great interest to determine the role of the core metal in ORR catalysis.
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Previously, using first-principles density functional theory
calculations,?*?> we have elucidated the role of three-dimensional
transition metals (Ni, Co and Cu) in supporting N-doped carbon layers
(N-C/M) in ORR catalysis. Cu@N-C shows a much better ORR activity
(with an onset potential (Eg,s) of 0.94V and a half-wave potential
(Eqjp) of 0.83 V vs a reversible hydrogen electrode (RHE)) than pure Cu
metal and N-C, thus suggesting that the Cu core substantially influences
the electronic structure of N-C shells. Cu@N-C also shows high
durability in alkaline media, with only a 20 mV negative shift in the
Ey; even after 3000 potential cycles between 0.6 and 1.0V (vs RHE). It
has been proposed that the ORR activity may be optimized by
controlling the shell thickness of N-C through CO, oxidation,”® a
possibility consistent with the results of previous experiments.?”

In this study, we extensively used density functional theory
calculations and experimental characterizations to understand how
the nitrogen-doping level, alloying element and shell thickness of the
M@N-C catalyst influence ORR catalysis in a 0.5M H,SO, acidic
solution. Using FeM@N-C as a prototype model, we sought to
identify the best alloying element (M) to Fe by screening chemical
elements such as Co, Ni and Cu. In addition, we calculated and
experimentally analyzed the catalytic performance of the structures in
the hydrogen evolution reaction (HER) to evaluate the possibility of
using them as bi-functional catalysts in acidic media.

MATERIALS AND METHODS

Catalyst synthesis

Fe@N—-C. Iron(Ill) nitrate nonahydrate (Fe(NO3);#9H,0, 200 mg), glucose
(CsH 206, 200 mg) and ammonium sulfate ((NH4),SOy, 600 mg) were used as
the precursors of iron, carbon and nitrogen, respectively. The precursors were
mixed with 3 ml of Milli-Q water and ultrasonicated for 10 min. The mixtures
were dried on an alumina boat for 2 h at 100 °C under vacuum. The dried solid
material was placed in a quartz tube and annealed at 1000 °C for 1 h under Ar
gas flow. The powder product was then ground and treated in 25% HCI at
90 °C for 4 h to eliminate metal residues. After filtering with Milli-Q water to
remove metal ions, the sample was dried at 80 °C for 30 min under vacuum.

Fe@C or N-C. All of the preparation processes followed the procedure for
Fe@N-C, but ammonium sulfate and iron nitrate nonahydrate were not used
in the preparation of the Fe@C and N—C catalysts, respectively.

FeCo@N-C and FeCo@N-C/KB. Fe(NOj3)3#9H,0 (150 mg), Co(NO;),6H,0
(36 mg), glucose (200 mg) and ammonium sulfate (600 mg) were used as the
precursors of iron, cobalt and nitrogen, respectively, and the overall preparation
process was identical to that for Fe@N—C. The prepared FeCo@N-C (15 mg)
was mixed with acid-treated (36% HCI for 18 h) Ketjen black (2.5 mg, EC-600
JD, Lion Specialty Chemicals, Tokyo, Japan) in water, and then the mixture was
dried. The obtained powder was treated again at 1000 °C for 1 h under Ar flow.

Electrochemical analysis

Electrochemical measurements were carried out in a three-electrode electro-
chemical cell with an ALS/CH Instruments 760Ds electrochemical analyzer
(CH Instruments, Austin, TX, USA). Rotating disk electrode voltammetric
measurements were performed at a scan rate of 5 mV s~ ! with a rotation speed
of 900 r.p.m. in N,- or O,-saturated 0.5 M H,SO,. The counter and reference
electrodes were a graphite plate and a AglAgClIKClsuratedy electrode,
respectively. For the working electrode, a glassy carbon electrode was modified
by loading with various catalysts such as FeCo@N—C/KB and Pt/C.

Characterization

The following techniques were used to characterize the bulk and surface
structures of different catalysts: high-angle annular dark-field scanning
transmission electron microscopy (JEOL JEM-2100 LaBg, JEOL, Tokyo, Japan)
at 200 kV, energy-dispersive X-ray spectroscopy (JEOL JED-2300, JEOL), X-ray
diffraction (with an Ultima IV X-ray diffractometer, Rigaku, Tokyo, Japan)
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using Cu-Ko radiation (1=1.5418 &) at 40kV and 40 mA, and X-ray
photoelectron spectroscopy (with a JEOL JPS-9010MC (JEOL) and a Mg-Ka
(1253.6 eV) source).

Computational details

First-principles density functional theory calculations were carried out using the
Vienna Ab-initio Simulation Package.?® The interaction of the core electrons
was replaced by the Projector Augmented Wave pseudo-potential.?> To
describe the properties of the magnetic materials such as Co, Ni and Fe, spin
polarization was considered in all calculations. Van der Waals interactions were
considered, and plane wave basis functions were expanded with a cutoff energy
of 520 eV. Calculations were continued until the energy for the ionic relaxation
step converged within 1x 10™* eV. Models for M@N-C nanoparticles included
a vacuum size of ~10 A to preclude interactions among image clusters. The
gamma-point scheme was applied with a 1x1x1 mesh. The bulk surface
structure (N—C/metal or bulk N-C) was calculated with periodic boundary
conditions and a gamma-point mesh of 5x 5 x 1, which also included a 10 A
vacuum perpendicular to the surface. Moreover, the bulk surface consisted of
four carbon layers with a 3x3 supercell and atoms in the bottom-most
two layers in the N-C/metal, which were fixed at their bulk positions
(Supplementary Figure S1).

Equations
1
Egrt:;:E(Cmanan) - E(CmﬂannflMl)*’E(Cl)bulk - EE(NZ) (1)

where E"is the nitrogen-doping energy of the nth nanoparticle.
E(Cm-nNaMi), E(Cps1-nNn—1Mi), E(Cy)pyy and E(N;)are the ground-state
energies of the nth N-doped particle, the (n—/)th N-doped particle, and one
atom in the bulk graphite and nitrogen molecule, respectively. The numbers for
the total carbon atoms, doped nitrogen atoms and metal atoms are denoted
m, n and I, respectively. In our model, the total numbers of carbon and
nitrogen atoms in the first and the second layers were 240 and 720, respectively.
The number of metal atoms (I) was 55.

Eboind: - (Eca(al—O - Ecatal - EO) (2)

where, EQ , is the binding energy of atomic oxygen. The ground-state
energies of the oxygen adsorbed catalyst, pure catalyst and oxygen atom are
denoted as Ecaal—0> Ecatal> and E,, respectively.

Eform(}:“enl\/lm) = E(Fean) - XE(MVHrm) - (1 - x)E(Fener) (3)
where, Eform (Fe,M,,) is the formation energy of FeM binary alloys. E(Fe,M,,),
E(M,4m) and E(Fe,,,) represent the ground-state energies per atom of the
FeM alloy, pure Fe and M (M =Cu, Ni and Co), respectively. The value of x
represents the composition of an alloying M metal. The numbers of atoms of
Fe and M are indicated by # and m, respectively.

H 1

Ebmd = Ecaal-t — Ecatal — EHZ (4)
where, E! , is the binding energy of H, on the surface of the catalysts. Ecaal— 1>
Ecaal and H, denote the ground-state energies of hydrogen atom in the
adsorbed catalyst, pure catalyst and H, gas, respectively.

AGy = Efj,q + AZPE+ TAS (5)
where, AGy+ is the Gibbs free energy of hydrogen atom adsorption on the
catalysts. ZPE, T and S are the zero-point energy, temperature and entropy,
respectively. In our study, AZPE + TAS was approximated as 0.24 eV in
accordance with the previous reports.’®3! Accordingly, 4Gy was calculated by
AGy = Ehg +0.24 eV.

RESULTS AND DISCUSSION

Nitrogen-doping level and ORR activity

Transmission electron microscopy images of FeCo@N-C and
FeCo@N-C supported by Ketjen black (FeCo@N—C/KB) are shown
in Figure la—c. The FeCo nanoparticles depicted in Figure la and b
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Figure 1 Structural analysis of FeCo@N-C and theoretical model of M@N-C catalysts. Transmission electron microscopy images of (a) FeCo@N-C and
(b, c) FeCo@N-C/KB catalysts. (d, e) Elemental mapping of C, N, Fe and Co by energy-dispersive X-ray spectroscopy (scale bars=100 nm). (f) Core level N
1s X-ray photoelectron spectroscopy spectra of FeCo@N-C catalyst. (g) lllustration of metal@N-C nanoparticle and (h) cross-sectional view of metal@N-C.

have various sizes, and Figure lc shows particles of ~30nm. The
particles of FeCo@N—C/KB are coated by N-doped carbon layers with
an interlayer distance of 0.34 nm (Figure 1c). The elemental mapping
of FeCo@N-C indicates that C and N completely exist along with the
catalyst, and Fe and Co atoms are partially visible in Figure 1d and e.
The X-ray photoelectron spectroscopy analysis of FeCo@N-C (Figure 1f)
shows a relatively high-nitrogen-doping level of 4.3 at.%.3>3® Based on
the deconvolution analysis, we identified that pyrrolic N is dominant
over a variety of other functional N groups. The atomic ratios of the
pyrrolic, pyridinic, graphitic, oxidized and pyridonic or nitrile N were
evaluated as 34.5%, 21.8%, 19.1%, 6.3% and 18.3%, respectively.3>33
In contrast, the pyrrolic N in the Fe@N-C has an extremely strong
bonding with oxygen (E, =7.34 ¢V in Supplementary Figure S3), thus
suggesting extremely slow kinetics for ORR. Instead, the binding
energy of the M@N-C with O was tuned with regard to graphitic N by
controlling the electronic structure of the nearest carbon with core
metals, thus indicating that the binding energy of O on the Fe@N-C is
4.45 eV, which is similar to the binding energy of 4.46 eV on the Pt
surface. Hence, the graphitic N in the model would function as the

active site, but the pyrrolic N would not be the active site because in
this case a larger energy is required to activate oxygen reduction,
as mentioned above. X-ray diffraction analysis of FeCo@N-C was
discussed in Supplementary Figure S10.

Theoretical models were set up in accordance with the experimental
observations, and front and cross-sectional views of the M@N-C
nanoparticle are shown (Figure 1g and h; Supplementary Figure S3).

The nitrogen-doping level (Dy) in low-dimensional carbon- or
graphene-based catalysts substantially affects ORR efficiency.** We
studied the oxygen binding energies on M@N-C (M: Cu, Fe, Co and
Ni) nanocatalysts typically at 0, 0.42, 1.67, 3.33 and 5 at.% (Figure 2d),
as previously reported.®?° The thermodynamic feasibility of the N
doping was estimated by density functional theory calculations of the
energy required to replace C with N using equation (1).

The doping site of N was searched in a stepwise manner. First, from
local symmetry, we allocated N to three carbons as N, Ny and N,
(Figure 2a), and the calculated doping energies in Cu@N-C, Fe@N-C,
Co@N-C and Ni@N-C are shown in Supplementary Table Sla
(Supplementary Information). The N, in a pentagonal symmetry is
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Figure 2 Nitrogen-doping model and oxygen binding energy on M@N-C. (a) First nitrogen-doping positions, typically N,, Nz and N,. (b) Second nitrogen-
doping positions from Nj to Njg. (c) Oxygen binding sites on M@N-C (refer to Supplementary Table Slc for the oxygen binding energy with each oxygen
position). (d) Oxygen binding energies on M@N-C (M=Fe, Cu, Ni and Co) as a function of Dy, typically 0, 0.42, 1.67, 3.33 and 5 at.%. The oxygen binding

energy (4.46 eV) on Pt(111) is marked for comparison with those on M@N-C.

energetically most favorable, regardless of the core metal used. As the
next doping sites, Ng and Ny, were also identified (Supplementary
Table S1b) with the local pentagonal symmetry. Thus, we found a rule
that the farther the doping site from already doped sites, the easier the
N doping (that is, Ng<N; <Ng<Ns5 <N, <Nj; Figure 2b). Notably,
the doping energies in Ny, Ny and N, are all positive, thus suggesting
that heat treatment may be necessary for the N doping.3>3°

In this study, we used the well-known electronic structure
theory’” ! to describe the ORR catalytic activity of the M@N-C
nanocatalysts, which posits that the binding energy of a key
intermediate (that is, O in our study) with the catalyst surface controls
the overall ORR efficiency. The theory has roots in the strain energy
and ligand-field effects,>*? essentially proposing that the optimum
catalyst should bind to O by ca. 0.2 €V less than Pt (4.46 eV from our
calculation). Thus, we calculated binding energies of O at various
binding sites in M@N-C catalysts (at Dy =5 at.%) using equation (2),
as shown in Figure 2c (Supplementary Table Slc). T¢ is the strongest
adsorption site for O, whereas Ty is the weakest one. The binding
energy increases with Dy when Dy <5 at.%., regardless of the core
metals (Figure 2d). Binding energies of O in M@C (Dy=0%)
were too low (2.64~3.11eV) for ORR catalysis (Supplementary
Figure S12). At Dy=5at.%, the binding energies in Fe@N-C,
Cu@N-C, Co@N-C and Ni@N-C were calculated as 4.45, 4.25,
4.17 and 4.06 eV, respectively. Interestingly, the Fe@N-C binds to O
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with approximately the same energy as that for a bulk Pt (111) surface,
whereas Cu@N-C, Co@N-C and Ni@N-C catalysts do so with much
lower values, thus suggesting that the Fe@N—C nanoparticle may be a
promising ORR catalyst as long as other properties such as electro-
chemical stability can be maintained.

This beneficial enhancement would come from the modified
electronic structure, as described in our previous study,”* in which
we discovered that the electrons in the core metal are donated to the
nearest-neighbored carbon from graphitic N, and then the covalent
binding between C and O is strengthened, which has a positive effect
of regulating the binding energy with O. Therefore, active sites with
high catalysis can be achieved by a suitable selection of inner metals in
the M@N-C structure. However, if core metals are not used, the edge
sites such as pyridinic and pyrrolic N can be active sites in nitrogen-
doped graphene (N-Gr), as reported previously.*> Accordingly, other
N-doping types such as pyrrolic or pyridinic N may be associated with
an active site in different conditions, for example, conditions with
different inner metals, carbon thicknesses and N-doping levels.

Our experimental results showed that FeCo@N-C/KB was the most
active catalyst, as depicted in Figure 3a, with an E,,s and E;/, of 0.92
and 0.74V vs RHE, respectively (the Eg,s and Ejj, for commercial
Pt/C catalysts are typically 1.02 and 0.82V vs RHE, respectively).
In particular, FeCo@N-C/KB possesses a high graphitic N doping
(19.1 at.%) compared with the other catalysts, thus suggesting that the
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Figure 3 Electrocatalytic ORR performance of M@N-C catalysts. (a) Linear sweep voltammograms for FeCo@N-C, FeCo@N-C/KB, Fe@N-C, Fe@C and Pt/C.
The measurements were carried out at 5mV s~1 and 900 r.p.m. in Oy-saturated 0.5 m H»SO, solution. The loading amounts of non-precious catalysts and
PYC were 0.6mgcm=2 and 50 pgpicm=2, respectively. (b) ORR polarization curves of FeCo@N-C/KB nanoparticle at various rotation speeds
and Koutecky — Levich plots at various electrode potentials (inset). (c) Cyclic voltammotrams of a variety of catalysts at 10 mVs~1. (d) Durability test of
FeCo@N-C/KB. The potential scan was repeated between 0.6 and 1.0V vs RHE at 100 mVs~! in Ny-satureated 0.5 m H»SO4. RHE, reversible hydrogen

electrode.

graphitic N has an essential role as an active site in the ORR. The
ORR peak potentials are more positive in the order of FeCo@N-C/
KB > FeCo@N-C > Fe@N-C, reflecting their ORR activity (Figure 3c).

The oxidation and reduction peaks in the FeCo@N—-C catalyst were
observed at ~ 0.6 V (vs RHE). As reported by Wu et al.,® the peaks may
originate from the redox reactions of Fe’*/Fe’™ and/or quinone/
hydroquinone couples, in which the former is due to an impurity
contained in the catalyst, whereas the latter is an electroactive
functional group usually formed on carbon electrode surfaces. The
detailed explanation of this is yet to be clarified.

To understand the role of metal and nitrogen doping in ORR
catalysis, the ORR activity of N-C and Fe@C was also examined.
Both catalysts have a poor ORR activity compared with the above-
mentioned catalysts, thus revealing that both the inclusion of a core
side metal and nitrogen doping are necessary to activate the
encapsulated catalysts for ORR. Using the Koutecky—Levich equation
(Supplementary equations S1 and 2), we estimated the number of the
electrons (1) involved in ORR for the FeCo@N-C/KB with varying
electrode potentials between 0.4 and 0.6V (vs RHE), as shown in
Figure 3b (inset). The values of n at 0.4, 0.45, 0.5, 0.55 and 0.6 V
(vs RHE) were estimated to be 3.92, 3.89, 3.84, 3.82 and 3.86,
respectively. Thus, the ORR on the FeCo@N—-C/KB can be considered
to be close to the ideal 4e~ process.

Furthermore, FeCo@N-C/KB showed a high durability in acidic
solution; E;j, shifted negatively by only 24 mV, even after 5000
potential cycles at 100 mV s~ ! were carried out between 0.6 and
1.0V (vs RHE; Figure 3d).

Thickness of carbon shells for ORR activity

To quantitatively characterize the effect of the carbon shell thickness
on the ORR activity, we calculated the oxygen binding energies
using a slab model system with N—C layers overlaying the core metals
(N-C/M) (Figure 4; Supplementary Figure S1), in which Dy was fixed
at 5 at.% by considering the experimental validation with Dy=4.3 at.
% (Figure 1f).

The N-C/Fe surface with one carbon layer adsorbs O much more
strongly than the others. As the carbon thickness increases from one to
two atomic layers, the binding energy of O in the N-C/Fe decreases
from 4.4 to 4.02 eV. Other core metals (Cu, Co and Ni) overlaid by
N-C also showed similar behaviors: the thicker the carbon layer, the
less affinity to the binding with O. When carbon shells are three or
four layers, the binding energy is close to that of the N-C bulk
in N-C/Co and N-C/Ni; however, N-C/Fe and N-C/Cu have
higher (stronger) adsorption energies. The difference in the oxygen
adsorption energies for the pure metals is as much as 2 eV (Figure 4b;
Supplementary Figure S2; Supplementary Table S2), but all the pure
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metals have stronger binding affinities than Pt, hence suggesting lower
ORR activity. Thus, it is clear that the thickness of the N-doped
carbon shell (layers) has an important role in the O binding energy
and ORR activity for bulk N-C/M surfaces, as previously reported.?*

In contrast, M@N-C nanoparticles show a relatively small depen-
dence of the oxygen binding energy on the thickness of the carbon
layers. For example, the decrease in O binding energies for Fe@N—-C
with one and two carbon shells is less (~0.2 eV) than that (~0.38 V)
for N—C/Fe with one and two carbon layers. Therefore, for the same
number of carbon layers, nanoparticles encapsulated with N—C shells
(~20nm) have better ORR activity than bulk N-C/M surfaces.
Furthermore, our calculations predicted that a thinner layer would
be better for ORR in M@N-C nanoparticles.?*4*> These tendencies
are consistent with previous reports that the thinner layer of carbon
leads to higher activity in the FeCo alloy catalyst encapsulated in
pod-like carbon nanotubes. Moreover, a particle encapsulated with a
single layer of carbon has also been used as a HER and OER catalyst
with superior activity.**

In other aspects, the heterogeneity of the catalyst structures can be
observed for different N-doping levels and varying thicknesses of the
carbon layer. To clarify these effects, the oxygen binding energies of
different N-doping levels were determined, as shown in Figure 2d,
including the effects of different doping levels (0~5%). In addition,
ORR activities were investigated by comparing two different particle
size regimes of 1.5nm and the particle size in the bulk material, as
shown in Figure 4 in which oxygen binding energies are plotted as a
function of the number of carbon layers. Our results indicate that the
oxygen binding energies on the N-C/M(bulk) catalysts with more than
four layers do not vary substantially (they seem to converge to the
oxygen binding energies of the bulk materials). Therefore, we
proposed our calculations for particles, specifically for discretely sized
particle models, to capture the trend for the effect of the carbon shell
thickness on the oxygen binding energy.

Alloying element (FeM catalysts, M = Cu, Ni and Co) and ORR
activity

Pt-based binary alloys have often shown a higher ORR activity than
pure Pt via their weaker binding energy with O. We applied the same
concept to design FeM@N-C (M: Co, Ni and Cu). Using a energy
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convex hull diagram,3%46:47

we calculated the thermodynamic
feasibility of forming binary nanoalloys under encapsulation by N-C
shells. We defined the formation energy by equation (3).

Here, x denotes the composition of an alloying element M.
Figure 5a—c show energy convex hull diagrams of Fe-based binary
nanoalloys (FeCu, FeCo and FeNi). Cu and Ni enable the substitution
of Fe sites at a value of x as high as 0.76 (Figure 5a and b;
Supplementary Figure S4-5 in Supplementary Information) primarily
at the outermost surface of the Fe nanoparticle; these results agree with
the previously measured*® energy-dispersive X-ray spectroscopy profile
for CuFe_Nx/C nanoparticle.

However, FeCo nanoparticles show completely different configura-
tions. At x<0.07, Co atoms are not stable on the surface of Fe
nanoparticle but stay inside the particle (Figure 5c, Supplementary
Figure S6). Co atoms begin to emerge onto the outermost surface at
x>0.31. These results can be explained by the surface segregation
energy, as shown in Figure 5d, where Cu and Ni atoms segregate on
the surface sites of C or D, but a Co resides at B without surface
segregation (Supplementary Figure S7; Supplementary Table S3). The
surface segregation behavior is closely associated with the surface
energy and atomic radius.*>>° Because the atomic radii of the alloying
elements (Cu, Ni and Co) are very similar, we believe that the surface
energy should be more influential: 2.417 (Fe), 1.790 (Cu), 2.380 (Ni)
and 2.522 (Co) Jm~2>! Cu and Ni have lower surface energies than
Fe, thus describing the easier surface segregations of Cu and Ni
satisfactorily, whereas Co has a relatively higher surface energy
(Figure 5d). Experimentally, the energy-dispersive X-ray spectroscopy
profile (Figure 5f) of FeCo@N-C supports the theoretical prediction,
as observed from the weak intensity of Co atoms at the outermost
positions.

The O binding energy of Fe@N—C is similar to that on bulk Pt(111)
and hence its ORR activity is less than the optimized value. For the
same reason, the ORR activity of Cu@N-C (x=1) should be better
than that of the Pt(111) surface (Figure 5e). Notably, Cu@N-C
adsorbs O with an adequate energy. However, the formation of
graphitic carbon layers on Cu surface is quite challenging.?>*® For
example, Nam et al.*® have noted that Fe catalyzes the crystallization of
amorphous carbon into graphite, whereas Cu does not. Hence, we
removed Cu@N-C from our list of candidates for good ORR catalysts.
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Figure 5 Alloying effect of M@N-C catalysts via density functional theory calculations and experimental observations. Energy convex hulls of (a) FeCu,
(b) FeNi and (c) FeCo nanoparticles. (d) Segregation model in FeM nanoparticle. The segregated positions are the core of nanoparticle (A), vertex (C), edge
(D) or sublayer (B, not segregated). (e) Relative oxygen binding energies on FeM@N-C nanoparticles as a function of the composition of second metal (M).
Oxygen binding energies are represented as E(FeM@N-C)—E(Pt(111)), where E(FeM@N-C) and E(Pt(111) are oxygen binding energies on FeM@N-C and Pt
(111), respectively. (f) Transmission electron microscopy image and the elemental profile by energy-dispersive X-ray spectroscopy of FeCo@N-C nanoparticle.

To optimize Fe@N-C towards ORR, we tuned the binding energy
of O by properly alloying Fe with the Cu, Ni or Co element at various
compositions. Figure 5e shows the O binding energy as a function of
the composition of the alloying element M in FeM@N-C. FeCu@N-C
binds O with the proper energy over a wide range of Cu compositions.
However, only a few FeCu@N-C structures were predicted to be stable
FeCu alloy structures (Figure 5a), thus making the fine-tuning of the
O binding energy challenging. FeNi@N-C shows a variety of O
binding energies depending on the Ni composition. At x<0.6, the
FeNi@N-C has proper binding energies with O, but they become too
low at x>0.6, and converge to that of a pure Ni@N-C. Compared

with FeCu@N-C and FeNi@N-C, FeCo@N-C shows optimal binding
energies with O over a wide range of Co compositions, and many
stable alloy structures are available (Figure 5c). Thus, we propose that
the FeCo@N-C may be very promising for ORR (Supplementary
Table S4).

Activity towards HER of FeCo@N-C

In addition to ORR applications, we further studied the activity
of M@N-C for HER in acidic medium. As shown in Figure 6a,
FeCo@N-C and FeCo@N-C/KB demonstrate much higher HER
activity (-0.23 and —0.24 V vs RHE at — 10 mA cm 2, respectively)
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Figure 6 HER performance of different catalysts and their DFT calculations. (a) HER polarization curves for FeCo@N-C, FeCo@N-C/KB, Fe@N-C, Fe@C, N-C
and Pt/C in Ny-saturated 0.5 m H,SO4 at 5 mVs~1. (b) Tafel plots of FeCo@N-C, FeCo@N-C/KB, Fe@N-C and Pt/C. (c) Durability test of FeCo@N-C/KB.
The potential scan was repeated between —0.3 and 0.2V vs RHE at 100 mVs~! in Ny-saturated 0.5 m H»SO,4 under a rotating of 1600 r.p.m. (d) DFT
calculations of Gibbs free energies for the adsorption of H on different catalysts including FeCo@N-C (x=0.85). A negative free energy means the strong
adsorption of H on catalysts by the definition of H adsorption energy (equations (4) and (5)). DFT, density functional theory, RHE, reversible hydrogen

electrode.

than Fe@N-C, Fe@C and N-C. To understand the reaction
mechanism of HER, we calculated the Tafel slopes, as illustrated in
Figure 6b. FeCo@N-C shows a Tafel slope of 92mV dec™!, thus
suggesting that the HER obeys the Volmer—Heyrovsky mechanism
(Supplementary equations S4) in contrast to the Volmer—Tafel
mechanism (Supplementary equations S5) on Pt/C (~34 mV dec™!).
A negative shift of 47mV in the HER was observed after 5000
potential cycles between —0.3 and 0.2V vs RHE (Figure 6¢), thus
demonstrating its high durability.

We also calculated the Gibbs free energies of the intermediates
(4Gp+), which is the key descriptor of the HER activity for various
catalysts,>>* to examine the HER activity of M@N-C catalysts. The
value of AGy: for the N-C, Fe@C, Fe@N-C and FeCo@N-C are
presented in Figure 6d. By N doping, AGy- significantly decreases, for
example, from 0.50 (Fe@C) to —0.15eV (Fe@N-C) because of the
different electron affinities between C and N, thereby inducing
heterogeneous electron distribution near the N sites. Alloying Fe with
Co enables tuning of the H adsorption energy (0.11 eV), consistently
with our experimental results (Figure 6a) as well as previous reports.>

Bao et al>* have demonstrated that the thickness of graphene
layers in M@N-C catalysts substantially influences the HER activity,
and a single-layer graphene shell has the best catalytic activity. Our
calculations also predict that the HER activity of FeCo encapsulated by
a single-layer graphene shell is comparable to that of Pt/C, which
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originates because the H adsorption energy is tuned by the carbon
shell thickness in addition to the N-doping treatment.

CONCLUSIONS

Theoretical calculations and experimental validations were integrated
for core nanometals encapsulated by N-doped carbon shells
(M@N-C) to develop a design concept for determining the best
ORR catalyst in acidic media. We thoroughly analyzed the effects of
the N-doping level and active N sites, the thickness of the carbon
layers, and the binary alloying elements leading to substantially high
ORR activity and electrochemical stability. We found that Fe@N-C at
Dy =5 at.% adsorbs O with approximately the same energy (4.45 eV)
as the bulk Pt(111) surface does, and the oxygen binding energy
on Fe-M@N-C can be controlled arbitrarily using N-doping at
pentagonal symmetric sites instead of carbon atoms. FeCo@N-C/KB
(Eonset=0.92 and E;, =0.74 V vs RHE) was found to be an excellent
bi-functional catalyst for HER as well as ORR, with a high durability in
acidic solution. These theoretical calculations (the N-doping level,
carbon thickness and alloying effect) and experimental validations may
facilitate the design of high-performance catalysts for ORR and HER,
which are essential electrochemical reactions in a wide range of energy
devices.
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