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SI 1. Material Characterization:

(a) XRD Results:

Fig. S1 represents XRD patterns of as-synthesized and annealed samples in comparison of
commercial Co/C catalyst (20 wt.%, Premetek). Although the background noise level is high
due to the significant Co fluorescence but the diffraction peaks corresponding to various
components are properly resolved. The XRD pattern of all samples show a broad peak, centred
at around 25° (26) which corresponds to (002) plane of amorphous carbon support. The
Co@G/C_ASP sample exhibit a multiphase structure consisting of metallic cobalt and cobalt
oxides. The peak positions of metallic cobalt are slightly shifted to a lower angle in contrast to
the pure metallic cobalt and slightly towards cobalt carbide CoCx peak position. Based on the
XRD pattern, it is difficult to differentiate between metallic cobalt and cobalt carbide due to
their similar XRD peak positions, but lower angle shift in metallic cobalt peak position can be
explained by the dissolution of some carbon atoms into the cobalt nanoparticles or by only
partial mixing between C and Co states. In other words, here, the estimated lattice parameter
(a,b) increased from 2.506 A to 2.622 A for cobalt. This lattice distortion in the cobalt crystal
lattice or lattice expansion confirms the incorporation of carbon atom into crystal lattice of
cobalt'. The extra peaks observed at 20 values of 36.5, 42.4, and 61.6 are assigned to
scattering from the (111), (200), and (220) planes, respectively, of the CoO (JCPDS File Card
No.-78-0431)*% while diffraction peaks at 36.79 and 44.8 corresponding to (200) and (222)
planes, respectively, are of cubic Co304 phase and matches well with JCPDS File Card No.-
78-1969.7° Hence, XRD results of Co@G/C_ASP confirm that the presence of both CoO and
Co304. The XRD pattern of Co@G/C_500 sample shows metallic cobalt along with a very
weak peak for Co304 phase while no peaks corresponding to the phases of cobalt oxides were
detected in Co@G/C 600 and Co@G/C 700 samples, indicating that these heat-treated
nanoparticles have only pure metallic cobalt phase. In our samples, two phases of cobalt- face
centered-cubic (fcc) and hexagonal close-packed (hcp) coexist with fcc as the predominant
phase. The major diffraction peaks at 20 values of 44.35° and 75.95° corresponding to (111)
and (220) crystal planes, respectively, can be indexed as fcc-phase metallic cobalt (JCPDS File
Card No. 15-0806, a = 3.5447 A°).!° Moreover, hcp-phase cobalt could also be detected as
peaks corresponding to 41.6, 44.5, 47.6 and 75.8 related to (100), (002), (101) and (110) planes,
respectively, (JCPDS File Card No. 01-071-4239, a = 2.506 A°, c = 4.069 A°).!! In literature,

there are several reports which mention the synthesis of cobalt nanostructures having two



phases together.!>!® For all the samples, the weak peaks in the XRD patterns may be caused

due to small size (< 5 nm) and low crystallinity of the nanoparticles.
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Fig. S1. XRD patterns of 20 wt.% commercial cobalt catalyst (Premetek), Co@G/C_ASP,
Co@G/C _500, Co@G/C_600, and Co@G/C_700.



(b) XPS Results:
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Fig. S2. XPS survey scan of Co@G/C_ASP, and Co@G/C_600. Inset shows N 1s spectrum.



(c) TEM Results:

Fig. S3. Transmission electron microscope (TEM) images of (a-¢) Co@G/C_ASP, (d-f)
Co@G/C_500, (g-i) Co@G/C_600, and (j-1) Co@G/C_700 at different magnifications. Inset

shows corresponding particle size distribution histograms.



For more detailed structure analysis, Co@G/C_ASP and Co@G/C_600 were further examined
by high-resolution TEM (HR-TEM). HRTM images of Co@G/C 600 (Fig. S4 (c,d)) reveal
that the lattice fringes of the encapsulated nanoparticles have interplanar spacing of 0.204 nm
which is ascribed to (111) plane of the fcc-metallic cobalt, respectively.'*!” Moreover,
graphitic layers having distinct lattice fringes with d-spacing of about 0.34 nm. enfold

completely the metal particles and are of crystalline nature.
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Fig. S4. HR-TEM images of Co@G/C_ASP (a,b) and Co@G/C_600 (c,d).



SI 2. Electrochemical Characterization:
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Fig. S5. (a) CV and (b) ORR polarization results of Co@G/C_ASP, Co@G/C 500,
Co@G/C_600 and Co@G/C 700 in 0.1 M KOH. For CVs, scan rate: 20 mV s!, Ar-saturated,

For ORRs, scan rate: 5 mV s™!, rotation rate: 1600 rpm, O-saturated.
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Fig. S6. ORR polarization curves of (a) Co@G/C_ASP, (b) Co@G/C 500, (¢) Co@G/C_600
and (d) Co@G/C_700 in 0.1 M KOH before and after ADTs. For ORRs, scan rate: 5 mV s,

rotation rate: 1600 rpm.



Koutecky-Levich plots

To study the ORR kinetics followed by Co@G/C_600 in 0.1 M KOH, Koutecky-Levich plots

(J' vs w?) as shown in Fig. S7 were derived from rotation disk electrode measurements at

different potentials. Here, the diffusion-limiting current increased with increasing rotation rate

because of enhanced mass transfer of O, molecules. Besides, the great linearity and near-

parallelism of the fitting lines of the K-L plots show clearly first order reaction kinetics with

respect to the Oz concentration. Their slopes also remained almost constant over the potential

range of 0.40-0.60 V which implies almost similar electron transfer number at different

potentials. The calculated electron transfer number, n, for Co@G/C_600 is 3.6 which implies

the ORR at catalyst in alkaline media primarily undergoes a 4e” pathway.
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Fig. S7. (a) Co@G/C_600 in Oy saturated 0.1 M KOH solution at a scanning rate of 100 mV

s! at various rotation rates ranging from 400 to 2500 rpm, (b) their Koutecky-Levich plots at

different potentials.




Computational Methodology

Spin-polarized density functional theory calculations were performed using the Vienna
ab initio Simulation Package (VASP)!®2! with the projector-augmented wave (PAW)?%2
method. Electron exchange-correlation functionals were represented with the generalized
gradient approximation (GGA), and the model of Perdew, Burke and Ernzerhof (PBE)** was
used for the nonlocal corrections. A kinetic energy cutoff of 400 eV was used with a plane-
wave basis set. The Brillouin zone integrations for the bulk cobalt (Co) and graphene coated
on Co substrate (Co@G) were conducted using a 2x2x1 Monkhorst-Pack grid® with the first-
order Methfessel-Paxton smearing®® with a width of 0.1 eV. The geometries were optimized
until the total energy change upon two steps of the electronic self-consistent less than 10~ eV
and the ionic relaxation loop smaller than 10~ eV. The dipole interactions were corrected for
the total energy by using LDIPOL = .TRUE. and IDIPOL = 3 in VASP.

An orthorhombic supercell of 13.15 x 9.94 x 24 A with periodic boundary conditions
was designed for the Co@G surface system (5 layers). The vacuum space for the systems was
larger than 16 A. The Co(001)-p(6 x 4) surface consisted of a four-layer slab which had the
two bottom layers fixed at the lattice constant of a = 2.484 A and ¢ = 4.037 A (experimental
values®’ are a =2.507 A and ¢ = 4.069 A). Based on this, the Co@G surface was modelled by
adsorbing a graphene sheet that consisted of 48 carbon atoms on the top of Co(001) surface as
described in Fig. S8. The optimization of graphene and N-doped graphene was performed
under the same conditions of the Co@G surface system. N-doping graphene systems were
mimicked by replacing the carbon atoms of graphene with nitrogen atoms depending on the
number of N atoms and the N-doping sites.

The work function (@), which is minimum energy to remove an electron from a surface
to a vacuum space (outside a surface), is defined as ® = E,;cyum — Erermi> Where Epqcuum
and Er.,m; are the potential in the vacuum (outside a surface) and the Fermi energy of the
material, respectively. The calculated work function values of free standing graphene (G),
graphene coated on Co substrate (Co@G), and N-doped graphene (NxG) (x represents number
of doped N atoms) are quoted in Table S1. Since the lower work function values indicate the
higher electron transfer, these results imply that the Co@G and N-doped graphene may have a
higher interaction between adsorbate and surface

The adsorption energy (Eads) is defined as Eqqs = Esupstrate+adsorbate — Esubstrate =
Eqasorbates Where Egypserate+adsorbates Esubstrates a0d Eggsorpate are the total energies of an

adsorption system (e.g., Co@G with adsorbed O), a substrate (Co@G), and a gas phase



adsorbate (O), respectively. A negative adsorption energy indicates that an adsorbate is
strongly adsorbed on a substrate. To facilitate the search of the most stable adsorption site, we
conducted preliminary adsorption energy calculations of CN~ without dipole correction at the
various adsorption sites of CoO(100), Co304(110), Co304(111), and Pt(111) surfaces.

The percentage of sites (N,45) corresponding to ORR efficiency is defined as N 45 =
Nads/Meotal> Where nggs and nyyrq; are the number of adsorption sites suitable for ORR (e.g.,
114 sites where O atom can be stably adsorbed at Co@G) and the total number of adsorption
sites (132 sites at Co@Q), respectively.

1. Top (C on hollow site of Co) 1. Top (Closest to N) 5. Bridge (C)
2. Top (C on top site of Co) 2. Top (Close to N) 6. Bridge (C-N)
3. Bridge 3. Top (Far from N) 7. Hollow (C)
4. Hollow 4. Top (N) 8. Hollow (C-N)

Fig. S8. (a) and (b) represent top views of Co@G system and N-doped graphene system (N1G),
respectively. Purple, small brown, and small lime spheres represent cobalt (Co), carbon (C),
and nitrogen (N), respectively. Red circles indicate adsorption sites of O and CN™ at the Co@G
system and those of O at the NG system. Detailed data are shown in Table S2 and S3.



Table S1. Work function of free standing graphene (G), N-doped graphene (NxG, where x is
the number of nitrogen), and graphene coated on Co (Co@G).

SSI;:fi:rf Work Function (eV) N-doping (%)
G 4.46 -
Co@G 3.18 -
NiG 3.19 2.08
N3G 291 6.25
NsG 2.84 10.42

Table S2. Adsorption energies (Eads) of O depending on the adsorption sites at Co@G and N1G

systems. A superscript (1 ~ 8) represents adsorption sites as shown in Fig S8.

Eaas (CV)
Adsorption
it
sttes Co@G NiG
-3.21M
-3.57M
-2.55@
Top 2210
-3.27@
-1.38%
-2.519)
Bridge 3110
-3.19©
-0.917
Hollow -1.10®%
-3.06®




Table S3. Adsorption energies (Eads) of CN™ depending on adsorption sites at Co@G system.

A superscript (1 ~ 4) represents adsorption sites shown in Fig S8.

Adsorption sites Eags (eV)
-2.6731

Top
-2.156@
Bridge —2.670%)
Hollow -2.670%




SI 3. KCN poisoning/recovery tests:
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Table S4. Adsorbed configurations and adsorption energies (Eads) of CN™ at each site on the
Co0O(100), Co304(110), Co304(111), and Pt(111) surfaces determined by preliminary DFT
calculations without dipole correction. The adsorption energy in bold represents the most stable
adsorption configuration used for the calculations shown in Fig. S10.

Adsorption Eags (eV)
sites Co0(100) Co0304(110) Co304(111) Pt(111)

Top
-3.56
Bridge
-3.49
Hollow

-3.48

—2.88 -3.07 -2.85
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Fig. S10. Adsorption energies (Eads) of CN™ on different surfaces: (a) Co-graphene system
(Co@@G), (b) CoO (100), (c) Co304 (110), (d) Co304 (111) and (e) Pt (111)
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Fig. S12. Cross sectional SEM images of MEAs using (a) commercial Pt/C (46.5 wt% Pt,
TKK), (b) Co@G/C (20 wt% Co), and (¢) Co@G/C (40 wt% Co) in cathodes.



Table SS. Comparative study of components and performance of literature reported AEMFC.

Cathode Max power | Catalyst
Year density loading Membrane Ionomer Ref.
catalyst ) k5
(mW cm™) (mg cm™)
Commercial Commercial
Pyc 196 04 (Tokuyama, A201) (Tokuyama, AS-4) 28
Commercial Commercial
201 CoFeN/C 177 4 (Tokuyama, A201) (Tokuyama, AS-4) 28
NWNT/PyPBL/Pt 256 045 Commercial Commercial 29
y ’ (Tokuyama, A201) (Tokuyama, AS-4)
Commercial Commercial
PvC 62 0.5 (Fumatech, FAA) (Fumatech, FAA) 30
Commercial Commercial
N-CNT 37 3 (Fumatech, FAA) (Fumatech, FAA) 30
Commercial Commercial
PyC 120 0.6 (Tokuyama, A201) (Tokuyama, AS-4) 3
2012
FePo/MWCNT 60 06 Commercial Commercial 31
’ (Tokuyama, A201) (Tokuyama, AS-4)
Commercial Commercial
CoPe/MWENT 100 0.6 (Tokuyama, A201) (Tokuyama, AS-4) 3
Developed AEM Developed AEI
AglC 109 0.5 (APSEBS AEM) (QPSEBS AEI) 32
Commercial Commercial
PyC 223 0.8 (Fumatech, FAA-3) | (Fumatech, FAA-3) 33
Commercial Commercial
Pyc 387 0.75 (Tokuyama, A201) (Tokuyama, AS-4) 34
2013 CoO/GON) 248 0.75 Commercial Commercial 34
’ (Tokuyama, A201) (Tokuyama, AS-4)
Commercial Commercial
AgC 190 ! (Tokuyama, A201) (Tokuyama, AS-4) 33
Commercial Commercial
Pyc 247 0-5 (Tokuyama, A201) (Tokuyama, AS-4) 3
Commercial
Pt/C 520 0.5 Developed AEM (Acta S.p.A., 12) 36
CNT/HDC 221 2 Developed AEM ( Affanén;efaiz) 36
Commercial Commercial
2014 PyC 407 0.4 (Tokuyama, A201) (Tokuyama, AS-4) 37
Commercial Developed AEI
Ag/CNT 26 0.5 (Fumatech, (following the work 38
FAA membrane) of Arges et al.)
Commercial Commercial
AP-CoPe/C 217 1.5 (Tokuyama, A201) (Tokuyama, AS-4) 39
2015 e 30 05 Commercial Commercial 40

(Tokuyama, A201)

(Tokuyama, AS-4)




Commercial Commercial
Fe-N-C & 4 (Tokuyama, A201) (Tokuyama, AS-4) 40
Commercial Commercial
Co-N-C 68 4 (Tokuyama, A201) | (Tokuyama, AS-4) 40
Commercial Developed AEI
AgNW 164 1.05 (Tokuyama, A901) (home-made AEI) 41
Commercial Commercial
PyC 737 0.4 (Tokuyama, A901) (Tokuyama, AS-4) 42
Commercial Commercial
N-8-MPC 21 3 (Tokuyama, A201) | (Tokuyama, AS-4) =
Commercial Commercial
PyC 120 0.6 (Tokuyama, A201) (Tokuyama, AS-4) 44
2016
Co/N/MWCNT 110 0.6 Commercial Commercial 44
’ (Tokuyama, A201) (Tokuyama, AS-4)
Developed AEM Developed AEI
Pt/C 800 0.4 (PVB-MPY AEM) (QAPS based AEI) 45
-Varcoe group- -Varcoe group-
Commercial Commercial
C09S8/G-500 31 2 (ASTOM, (Fumatech, 46
AHA-NEOSEPTA) Fumion FAA-3)
Commercial Commercial
BIDC(FeNC) 42 4 (Tokuyama, A201) (Tokuyama, AS-4) 47
Developed AEM Developed AEI
2017 Pt/C 1160 0.4 (ETFE-based AEM) | (ETFE-based AEI) 48
-Varcoe group- -Varcoe group-
Developed AEM Developed AEI
Pt/C 1450 0.4 (LDPE-AEM) (ETFE-based AEI) 49
-Varcoe group- -Varcoe group-
Ag/C 900 0.8 Commercial Commercial 49
Commercial Commercial
PyC 330 0.2 (Tokuyama, A201) (Tokuyama, AS-4) >0
Commercial Commercial
Fe/N/CDC 80 1.5 (Tokuyama, A201) (Tokuyama, AS-4) >
Commercial Commercial
Fe-NMG 218 35 (Tokuyama, A201) (Tokuyama, AS-4) 32
2018
Non-PGM(carbon) 169 2 Commercial Commercial 53
Developed AEM Developed AEI
Pt/C 1900 0.6 (ETFE-based AEM) | (ETFE-based AEI) 54
-Varcoe group- -Varcoe group-
Commercial Commercial This
Co@G/C_600 412 0.4 (Tokuyama, A201) (Acta S.p.A., 12) work
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