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Preparation of N-doped carbon spheres (NCs)

3.14 g of ammonium persulfate ((NH4).SO4; APS, Sigma-Aldrich) and 40 ml of various-sized (5,
12, and 20 nm) colloidal silica (Ludox HS-40, 40 wt%; Sigma-Aldrich) were mixed with 100 ml
of 5 mM formic acid solution (Sigma-Aldrich). The temperature was maintained at 2 °C and 2 ml
of aniline (Sigma-Aldrich) was added to the solution under vigorous stirring. The polymerization
was conducted for 24 h at 2 °C. After that, the dark greenish solution was washed several times in
deionized (DI) water until the pH value reached 67, then dried at 60 °C overnight. The residue
was collected, followed by heat treatment at 800 °C for 2 h (ramping rate: 5 °C/min) under an Ar
atmosphere. To remove silica nanoparticles embedded in the resulting carbon material, 1 M NaOH
solution was added for 24 h and then washed with DI water until the pH value reached to 6-7.

Preparation of Mn-O/N@NCs

The obtained NCs were impregnated in manganese(l1) acetate tetrahydrate ((CHzCOO).Mn-4H;0;
Sigma-Aldrich)-dissolved solution at a relative mass ratio of 5-70 ((CH3COO).Mn-4H20 to NCs)
in 30 ml of isopropyl alcohol (IPA; B&J Purified Plus). The solution was sonicated for 30 min,
and stirred and heated to 80 °C to evaporate IPA. The manganese acetate and NC composites were
heat-treated at 800 °C for 2 h with a ramping rate of 5 °C/min under Ar. The resulting material
was called Mn-O/N@NCs-x (where x is the relative mass ratio of the manganese precursor to
NCs).

Electrochemical half-cell measurements

An AutoLab PGSTAT20 potentiostat (Metrohm; AutoLab BV) was used for all electrochemical
measurements. The catalyst ink was prepared by mixing 5 mg of catalyst, 50 ul of 5 wt. % Nafion
solution (Sigma-Aldrich), and 500 pL of IPA. Then, 15 pL of the solution was deposited on the

surface of a rotating ring disk electrode (RRDE; AFE7R9GCPT; Pine Research) 5.61 mm in



diameter surrounded by a Pt ring (6.25 mm inner diameter and 7.92 mm outer diameter), which
was used as a working electrode. The disk and ring area were 0.2475 cm? and 0.1886 cm?,
respectively. The Pt wire and saturated calomel electrode (SCE) filled with saturated KCI were
used as counter and reference electrodes, respectively. The measured potentials were converted to
the reversible hydrogen electrode (RHE) potential based on the conversion equation, Erxe = Esce
+ Esce’ + 0.059pH (Esce® = +0.241 V). The RRDE test was conducted by applying 1.2 Vgrue to
the ring electrode at a rotation rate of 900 rpm, in oxygen gas (O2)-purged 0.1 M HCIO4. The

electron transfer number (n) and hydrogen peroxide yield (% H202) were determined as follows:

n = 41p/(Ip +(Ir/N)) )

% H,02 = 200(I=/N)/(Io+(Ir/N)) @)

where Ip and Ir are the disk current and ring current, respectively, and N is the collection
efficiency. This value was obtained by subtraction of the current measured under Ar, to remove
the capacitance effect. The collection efficiency was 0.37, which we determined based on the
relative ratio of the disk current and ring current from hexacyanoferrate(lll) reduction (le
reaction), for different rotation rates under Ar in an electrolyte of 0.1 M HCIO4 and 0.01 M
hexacyanoferrate(Ill). This value is consistent with the manufacturer’s value (0.37). An
accelerated degradation test (ADT) was conducted in a potential range of 0.6-1.1 Vrne in O2-

saturated 0.1 M HCIO4 electrolyte, at a scan rate of 50 mV/s for 1,000 cycles.

Electrochemical single-cell measurements



The MEA was fabricated by spraying ink slurry into a Nafion® 211 membrane with Pt contents
of 0.2 mg/cm? for the Pt/C anode and 1 mg/cm? for the cathode. The slurry was obtained by mixing
46.7 wt% Pt/C, and the synthesized Mn-based catalyst with 5 % Nafion® solution was dispersed
in IPA solution. The optimized ionomer/catalyst weight ratio was 0.273 and 0.5 for Pt/C and Mn-
O/N@NCs-50-acid catalysts, respectively. The I-V curve of the prepared MEA was tested with an
active area of 1 cm?, with graphite flow field plates and gas diffusion layers (GDLs; Sigracet®
39BC). The cell temperature was set to 80 °C, and pre-humidified Hz and O gas (fully humidified
gas) with flow rates of 200 and 600 ml/min, respectively, were used at a pressure of 1.8 bar.
Quantitative measurement of H,O> was carried out using the Dess-Martin periodinane (DMP)

method and spectrophotometric measurements.
Characterizations

The morphology of the synthesized material was characterized using scanning electron microscopy
(SEM; Nova200; FEI) and high-resolution transmission electron microscopy (HR-TEM; Titan and
Talos; FEI). Energy dispersive spectroscopy (EDS) mapping was carried out using the Talos
microscope equipped with an extreme-field emission gun (X-FEG) and super-X EDS system with
four silicon drift detectors (SDDs). We evaluated the diffraction pattern and characterized the
surface using X-ray diffraction (XRD; Mini Flex II; Rigaku), with a 26 range of 10-80°, scan rate
of 3°/min, and step size of 0.02°. Cu Ko radiation was used and a MultiLab 2000 (Thermo) X-ray
photoelectron spectroscopy (XPS) system with Al Ka radiation (hv = 1,486.6 eV) was employed
as a probe. Thermogravimetric analysis (TGA) was conducted on a TGA Q50 V20.13 Build 39
(TA Instruments) with a temperature range of 20-900 °C and a heating rate of 10 °C/min. The
Brunauer—-Emmett—Teller (BET) surface area was measured based on N2 adsorption—desorption

isotherms at 77 K using a Bel Max adsorption volumetric analyzer.



Computational calculation

The calculations reported herein were performed based on spin-polarized DFT within the
generalized gradient approximation (GGA), and the model of Perdew, Burke, and Ernzerhof
(PBE), as implemented in the Vienna Ab Initio Simulation Package (VASP).? The projector
augmented wave (PAW) method with a plane wave basis set was employed to describe the
interaction between the core and valence electrons.® An energy cutoff of 400 eV was applied for
plane wave expansion of the electronic eigenfunctions. For the Brillouin zone integration, we used
a 2 x 2 x 1 Monkhorst-Pack mesh of k points to determine the optimal geometries, and we
increased the k-point mesh to 12 x 12 x 1 for the electronic structure calculation. As shown in Fig.
Sla, the graphite model used in this study is a hexagonal closed pack (hcp) (0001) surface that
consisted of a 4 x 4 hexagonal surface unit cell. Lattice parameter of bulk graphite is a = b= 2.453
A, ¢ =6.688 A which is in a good agreement with experimental value (a = b= 2.461 A, ¢ =6.708
A) and the dimension of periodic system is 9.813 A x 9.813 A x 33.439 A, including vacuum
space of 22.80 A. Here, four N atoms and one M atom were replaced. For the geometric
optimization, the conjugate gradient method was used until residual forces on all the constituent
atoms become smaller than 5 x1072 eV/A For the calculation of binding energies of adsorbates

(Epbe) such as O, OOH, and H on C@CsN4-Pd1 and C@CsN4-Pty, we used the following equation.

Ebe = ETotal — (Eclean + Eads) (3)

where Evotal IS the total energy of the adsorbates being absorbed on M-N-C, Eciean is the energy of

M-N-C and Eags is the energy of the adsorbates such as O, OOH and H.
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Fig. S1. (a) The visual presentation of the M-N-C catalyst. The brown, blue, purple and red balls
represent carbon, nitrogen, metal (Cr, Mn, Fe) and oxygen respectively. (b) Energetics of H20>
synthesis on Mn-N-C, Fe-N-C and Cr-N-C, (c) Density of states of d-band of a Mn, Fe, and Cr
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atom in M-N-C system (0eV stands for Fermi level), (d) graphical illustration of the relationship

between d-band center and EO, — EOOH.

In order to propose the catalytic components in carbon composites, we designed three M-

N-C catalyst (M: Mn, Fe, and Cr) systems (Fig. S1a) and conducted DFT calculation for binding

energies that are required to describe H>O> synthesis reaction pathways. Unlike 4e” pathways of

ORR mechanism, which involves a dissociation of O-O bond and leads to the production of H>O,

the chemisorbed O2 bond is reduced to H-0- via 2e” pathway.* For the 2e” pathway, a formation of

OOH and H20; takes place as shown in the following equation.



E1, O(g) — O2* 4)
E> O2* + H* — OOH* 5)
Es, OOH + H* — H,0,* (6)

The first step E1, oxygen affinity, often known as the key intermediate in the ORR, is also
responsible for increasing/decreasing H.0> selectivity.>® In the previous studies, strong binding
enrgy O facilitates the dissociation of O-O bond, and thus the reduction of O is often hindered.*
As shown in Fig. S1b, the binding energy of O is the strongest on Cr-N-C (-1.78 eV) and Mn-N-
C (-1.34 eV), followed by Fe-N-C (-0.98 eV). Likewise, the reaction energy of O.* + H* — OOH*
is the least exothermic on Cr-N-C system with AE> = -0.41 eV and followed by Mn-N-C with AE;
=-0.51eV whereas AE> of Fe-N-C exhibits stronger exothermic reaction energies as expected. In
H20, production pathway, the binding energy of OOH is also important since the second reduction
step, which is Es OOH* + H* — H»0, is reported to be the rate-determing step in the H2O:
production pathway. Here, according to our calculation, the order of interaction between M and
OOH is the lowest in Mn >> Fe >> Cr, with Eoon is -0.91, -1.02 and -1.39 eV, respectively. Since
the binding energy of OOH is lowest in Mn-N-C, the reduction of OOH is expected to be the most
exothermic in Mn-N-C as well and the opposite for Cr-N-C. To confirm such prediction, the
energetics of E3, OOH + H* — H>O>* is further calculated. Mn-N-C exhibits exothermic reaction
energy of -0.06 eV whereas the opposite is true for Fe-N-C and Cr-N-C, showing endothermic
reaction energy of 0.20 eV and 0.57 eV respectively. Here, OOH in Fe-N-C and Cr-N-C is unlikely
to be further reduced to H2O2 Our DFT calculation suggests that the catalytic activity in H20:

synthesis on Mn-N-C system is superior than Fe-N-C and Cr-N-C.



To furthur investigate the underlying reason for the enhanced catalytic activity on Mn-N-
C, the electronic structures of Mn, Fe, and Cr atoms are considered in M-N-C system by calculating
density of d-state. In Fig. S1c, it is clear that the density of Cr and Fe is shifted-up toward the
Fermi level in comparison to that of Mn. The density near the fermi level (-0.25 < E-Ef <0), also
known as d-band occupancy, is the most dense for Cr, suggesting that the catalytic activity for
H20, production is the lowest, as the previous study demonstrated the relationship between the
activity and d-band occupancy near the fermi level.” Correpondingly, in the rate-determining step,
Cr is revealed to be the most endothermic, and correspondingly the only exothermic Mn exhibits
low d-band occupancy near the fermi level. Finally, our calculation results also suggest that the
binding energy of Eo2-Eoon can be used as a descriptor for H>O, production as
increasing/decreasing d-band center result in the stronger/weaker binding energy of Eo2-Eoon (Fig.

S1d), which is in a good agreement with the d-band center theory.®
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Fig. S2. BET pore size distribution of synthesized carbon with 5, 12, and 20 nm silica particles.
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Fig. S3. a) Disk current density, b) H20- selectivity, and c) ring current density of Mn-O/N@NCs-
50 using 5, 12, and 20 nm-sized silica nanoparticles, tested under Oz purged 0.1 M HCIO4 solution

at a rotation rate of 900 rpm.

Three sizes of silica particles (5, 12 and 20 nm) were used as a template to assess the effect
of carbon pore size on ORR performance. The onset potential for both the 5 and 20 nm samples
was higher than that for Mn-O/N@NCs-50 made with 12-nm silica (Fig. S3a). The ORR selectivity
toward H20: was slightly higher for Mn-O/N@NCs-50 (12 nm) than for the other two cases. The
presence of micropores in the 5 nm sample may have trapped the resultant H.O, and
disproportionation of H20, (H202, — H20 + 1/207) could have occurred, leading to decreased
selectivity toward H20,. The pores of the 20-nm sample were relatively large and the surface area
decreased from 43.65 m?/g (12 nm) to 32.33 m?/g (20 nm), decreasing the active sites for the ORR.
The pore size for generating H20- is important because it affects the number of exposed active

sites and further disproportionation of hydrogen peroxide inside the pores.
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Fig. S4. TEM image of (a, b) NCs, (c, d) Mn-O/N@NCs-5, (e, f) Mn-O/N@NCs-20, and (g, h)
Mn-O/N@NCs-50.
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Fig. S5. X-ray photoelectron spectroscopy (XPS) spectra in (a) Mn 2p, (b) O 1s, and (c) N 1s
regions for Mn-O/N@NCs-5, Mn-O/N@NCs-20, Mn-O/N@NCs-50, and Mn-O/N@NCs-70.

Table S1. Surface chemical composition of NCs, Mn-O/N@NCs-5, Mn-O/N@NCs-20, Mn-
O/N@NCs-50, and Mn-O/N@NCs-70 determined from XPS analysis.

N 1s O1s Mn 2p
. ) . .- C- Mn?* Mn®* Mn#*
Pyrl&mlc Mn-Nx Pyr’(lollc Gra’[ilhltlc Oxu'illzed O-NOz | Mn-0 C-O0  Olcarbon .
* Mn 2pz2  Mn 2py2 satellite |Mn 2ps2 Mn 2py2 | Mn 2psg2
BE 130820 - 40077 40184 40331 40663 | - . - - . - - - -
V)
NCs At. ratio
o | 2U - 55.38 - 1028 5.20 - - - - - - - - -
Mn 25) 398.16 399.39 40062 60152 40422 406.73 | 529.94 53124 53280 | 64116 64597 65284 | 64274 65425 | -
O/IN@| At. ratio 35.71 857 1964 | 2679 929
NCs5| (%) | 3155 437 2605 2309 1137 357 | 048 0.44 0.36 -
63.92 36.08
o’m@ 25) 39820 399.17 400.86 40194 4039 40617 | 52954 530.89 53233 | 640.83 65259 654.96 | 642.73 65425 | -
NCs- | At. ratio 4608 2488 461 | 19.82 461
20 | () | 1924 1826 2807 1890 795 758 | 077 017 0.05 -
75.57 24.43
Mn- Z\% 398.16 399.16 400.78 40151 40364 40652 | 529.76 53113 53238 | 640.92 652.69 64575 | 64270 654.27 | -
OIN@ -
NCs. | At. ratio 4587 2202 596 | 1972 642
50 | %) | 1776 2306 2260 2032 1245 380 | 079 017 0.04 -
73.85 26.14
Mn- Z\% 39820 399.29 40067 401.77 40624 407.64 | 529.86 531.38 533.16 - - - | 641.25 65319 | 642.76
OIN@ -
NCs. | At. ratio 43.86  27.63
70 | @ 483 2780 464 916 537 4820 | 0.78 017 0.04 - - - 28.51
71.49
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Table S2. The H>O; selectivity of previously reported catalysts for the comparison purpose.

H20:2 selectivity

No. Type Catalyst (potential vs RHE) Electrolyte Method Reference
Mn-O/N@NCs- 74 % at 87 % at .
1 50 02V 05V 0.1 M HCIOq4 RRDE This work
2 Mn-CNT 27 % at0.2 VvV
0.1 M KOH RRDE Nat. Commun., (2019)°
3 Co-CNT 63%at0.2V
4 Z CNTs 55%at 0.2 V
7 0.1 M KOH RRDE Nat. Catal. (2018)'°
5 E O-CNTs 82%at0.2 VvV
o
<3 .
6 & F-doped porous 80 % at 0.1V 0.05M H2SO: | RRDE J. Catal. (2018)
Q carbon
I3
7 = B, N- doped 62 % at 0.2V 01MKOH | RRDE | J.Am.Chem. Soc. (2018)2
g carbon
(%23
8 a Mesoporous C 85%at0.2V 0.1 M KOH RRDE | React. Chem. Eng. (2017)%3
Q
QD
9 E—’ FesOa/graphene 63%at0.2V 1 M KOH RRDE Electrochim. Acta (2015)*
10 - N-doped AC 58 % at 0.1V 0.5MH:S0:s | RRDE ACS Catal. (2014)'5
) 94%at | 55%at : "
12 Cobalt-C 02V 0.6V 0.1 M HCIO4 RRDE Electrochim. Acta (2011)
13 Cobalt pcorphy””' 50 % at 0.2V H2SOs (pH=1) | RRDE J App'(é%:)eg{?‘:hem'
1“5 Pt-Sulfur doped C 95%at0.1V 0.1 M HCIO4 RRDE Nat. Commun. (2016)*®
23
15 i_’ % g Pd-Hg/C B %at0.3V 0.1 M HCIO4 RRDE Nano Lett. (2014)*°
g b =
16 . Pt-Hg/C 9% %at0.2V 0.1 M HCIO4 RRDE Nat. Mater. (2013)%°
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fitting |

obtained from EXAFS analysis in the table.

MnON@NCs-5  CN  R(A) o?
Mn-N 6.9 2.25 0.005
Mn-O 43 2.46 0.01

Mn-Mn 11.5 3.12 0.01

MnON@NCs-20 CN  R(A) o2
Mn-N 9.5 227 227
Mn-O 6.1 251 251

Mn-Mn 12.1 3.12 3.12

MnON@NCs-50 CN  R(A) o2
Mn-N 9.7 227 227
Mn-O 107 249 2.49

Mn-Mn 123 312 3.12
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