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Nitrogen-doped graphene is a promising non-precious metal electrocatalyst for the oxygen reduction
reaction (ORR). We report that distorted nitrogen-doped graphene layers encapsulating Fe;Co nanopar-
ticles supported on carbon (Fe;Co@NG-C) display excellent activity toward ORR in alkaline media.
Compared with a commercial Pt/C electrocatalyst at a loading of 80 pgp/cm? on a rotating disk electrode,
the Fe;Co@NG-C exhibits an onset potential positively shifted by 50 mV at 0.1 mA/cm? and a nearly iden-
tical half-wave potential. The Fe3Co@NG-C has minimal activity degradation during accelerated durabil-
ity testing and superior tolerance to methanol than commercial Pt/C. Density functional theory
calculations combined with poisoning experiments reveal that the high activity of the Fe3;Co@NG-C
mainly arises from strain in nitrogen-doped graphene induced by encapsulation of Fe;Co nanoparticles
with exposed (1 10) planes, which promotes stabilization of the key OOH* intermediate involved in
ORR. Our study shows the rational design of improved carbon-based electrocatalysts for ORR can be

achieved by using strain engineering.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Oxygen reduction reaction (ORR) electrocatalysts largely govern
the overall performance of environmentally benign energy conver-
sion and storage devices, such as fuel cells, metal-air batteries, and
electrolyzers [1-3]. Commercial Pt/C has long been the state-of-
the-art electrocatalyst for ORR. Inadequate supply and the high
cost of Pt, however, have restrained its widespread use in energy
devices [2,4-6]. Thus, it is crucial to substitute commercial Pt/C
with non-precious metal electrocatalysts (NPMEs). In this regard,
tremendous efforts have been made to the field of NPMEs for
ORR over the past half a century [7-12], beginning with Jasinski
discovering that cobalt phthalocyanine is active for ORR in alkaline
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electrolytes [13]. Despite significant progress, the development of
high-performance NPMEs for ORR in which the origin of their
activity is identified remains challenging, which hinders rational
catalyst design [14-19]. Heteroatom-doped carbon materials like
nitrogen-doped graphene (NG) are promising NPMEs for ORR
[20-24], yet further optimization of the activity and stability of
NG is required. Strain effects in metal and alloy catalysis have
received much attention because strain can be used to tune the
electronic and geometric structures of catalysts to improve their
performance [25-30]. Nevertheless, tailoring NG to improve ORR
activity using strain has not been reported and understood prior
to our study reported herein.

We report the synthesis of a NPME composed of Fe3Co alloy
nanoparticles encapsulated by 6-15 layers of distorted NG that
are uniformly distributed on a carbon support (FesCo@NG-C).
FesCo nanoparticles were selected for strain engineering of
nitrogen-doped graphene due to the ability of FesCo to promote
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the carbonization process with continuous separation of graphene
layers from the Fe3Co phase saturated by carbon [31-34|. The
Fe3Co@NG-C exhibits remarkable ORR activity, with an onset
potential of 1.067 V (vs. reversible hydrogen electrode, RHE) at
0.1 mA/cm? on a rotating disk electrode (RDE), which is
50 mV more positive than that of commercial Pt/C at a loading of
80 ngt/CmZRDE. Moreover, the Fe3;Co@NG-C displays a nearly
identical half-wave potential of 0.886 V (vs. RHE) and vastly superior
resistance to methanol crossover compared with commercial Pt/C.
No obvious degradation is observed for Fe3Co@NG-C during acceler-
ated durability testing (ADT), in contrast to a 45 mV negative shift of
the half-wave potential for Pt/C. DFT calculations together with thio-
cyanate (SCN™) poisoning experiments show that the activity of the
Fe3Co@NG-C mainly stems from lattice strain in distorted NG, which
stabilizes the key OOH* intermediate involved in ORR. The distortion
of NG arises due to lattice mismatch between NG and the encased
Fe3Co(1 1 0). Our study highlights an avenue for the rational design
of advanced electrocatalysts for alkaline ORR using lattice strain in
non-precious metal electrocatalysts.

2. Results and discussion

For the synthesis of Fe3Co@NG-C, Fe(acac)s, Co(acac),, and mel-
amine were dissolved in a water-ethanol mixture to form a homo-
geneous solution. Melamine is used as a nitrogen and carbon
source for nitrogen-doped carbon catalysts. Next, carbon black
was uniformly suspended in the mixture, followed by rotary evap-
oration until the solvents were completely removed (Fig. 1a).
Energy dispersive X-ray spectroscopy (EDS) and elemental map-
ping show the precursor complexes have been homogeneously
deposited on the carbon black without noticeable agglomerations
(Figs. S1 and S2), which is a crucial yet frequently ignored prereq-
uisite for the synthesis of high-quality NPMEs [35]. Next, the
obtained black, dry, powder was pyrolyzed at an optimized tem-
perature of 900 °C (Fig. S3) in inert argon gas. Finally, the sample
was leached in 0.5 M H,SO4 aqueous solution to remove unstable
species (see more details in Methods). For comparison, Fe@NG-C,
Co@NG-C and NG-C catalysts were also synthesized by using the
same synthetic approach except for each time leaving out Co
(acac),, Fe(acac)s, and Fe(acac)s + Co(acac),, respectively.

Fig. 1b and Fig. S4 reveal that nanoparticles with an average
diameter of 11.8 nm are uniformly and densely dispersed on car-
bon. Traditionally attained nanoparticles from synthetic
approaches without control over the dispersion of precursor com-
plexes typically are much larger and have a broader size distribu-
tion (20-200nm) [36]. XRD of the nanoparticles shows two
characteristic diffraction peaks, namely, (1 1 0) and (2 0 0) planes
of body-centered-cubic (bcc)-Fe,Co alloy centering at 44.7° and
65.1°, respectively (Fig. S5). The presence of Fe and Co peaks in
EDS (Fig. S6) and the overlapping signals of Fe and Co in a selected
region (Fig. 1c~f) corroborates the formation of an alloy. Moreover,
thermogravimetry (TG) residue of the Fe3Co@NG-C (Fig. S7) sub-
ject to inductively coupled plasma-optic emission spectrometry
(ICP-OES) found the total metal loading is 4.2 wt% and that the
molar ratio between Fe and Co is 3:1. HRTEM analysis of represen-
tative particles (Fig. 1g and h, and Fig. S8) shows the spacing of
crystalline lattices in two vertical directions is 0.20 nm (Fig. 1h),
corresponding to the (11 0) and (1-10) planes of bcc-Fe;Co. Also,
an S-shaped hysteresis loop of magnetization versus magnetic field
(M-H curve) indicates the Fe3Co@NG-C is ferromagnetic at room
temperature (Fig. S9), making it suitable for recycling through
magnetic separation.

Each Fe;Co alloy nanoparticle is tightly encapsulated by about
6-15 graphene layers without noticeable perforations (Fig. 1i and
Jj, and Fig. S10), making the encapsulated Fe3Co alloy capable of

surviving an acid leaching process using 0.5 M H,SO4 aqueous
solution. Regardless of the existence of turbostratic structure, the
spacing between graphene layers is about 0.35 nm on the average,
which is close to the characteristic spacing (0.34 nm) of graphite
(00 2). Also, the sample contains non-zero valence Fe and Co as
well as 6.01 at% N, including graphite-N, pyridine-N and pyrrole-
N according to X-ray photoelectron spectroscopy (XPS) (Figs. S11
and S12, and Table S1), that should arise from the nitrogen of mel-
amine molecules. The N content of the Fe3Co@NG-C is much higher
than the other three electrocatalysts (1.59, 1.95 and 2.15 at% for
Fe@NG-C, Co@NG-C and NG-C, respectively), indicating that Fe;Co
nanoparticles more efficiently catalyze the carbonization process
with the introduction of nitrogen dopants than that of Fe and Co.

The Fe3Co@NG-C was identified as the best ORR electrocatalyst
obtained among C, Fe@NG-C, Co@NG-C, FeCo@NG-C, Fe,Co@NG-C,
and NG-C in terms of onset potential and half-wave potential
(Fig. S13). The total loading of Fe(acac)s; + Co(acac), + melamine
on carbon plays an important role for ORR activity, and we found
that 50 wt% loading corresponds to the best ORR activity
(Fig. S14). Also, a molar ratio at 4:1 between melamine and Fe
(acac)s + Co(acac), displays the highest ORR activity (Fig. S15).
According to Zelenay’s study with commercial Pt/C at a loading
of 60 pgp/cm? on RDE as the benchmark [37], we cautiously
selected commercial Pt/C at a loading of 80 pgp/cm? on RDE as
the benchmark. A higher loading of Pt was selected because it is
important to acquire truly high ORR activity with commercial Pt/
C in terms of half-wave potential and onset potential for fair com-
parison (Fig. 2a). When the loading of the Fe3Co@NG-C on RDE
increases from 0.6 to 1.2 mg/cm? (Fig. 2a and Fig. S16), the onset
potential positively shifts to 1.067 V (vs. RHE), 50 mV more posi-
tive than that of commercial Pt/C (1.017 V vs. RHE). Also, the
half-wave potential increases to 0.886 V (vs. RHE), which is nearly
identical to that of commercial Pt/C (0.890V vs. RHE). The Tafel
slope (Fig. S17) of Fe3Co@NG-C (66 mV/dec) at low overpotential
is also close to that of Pt/C (60 mV/dec), indicating comparable
ORR activity. Based on the onset potential and half-wave potential,
the Fe3sCo@NG-C possesses excellent ORR activity compared to
most of reported NPMEs in alkaline media (Table S2).

We investigated the selectivity of FesCo@NG-C toward ORR by
using a rotating-ring disk electrode (RRDE) technique with Pt as
the ring electrode and glassy carbon as the central disk electrode.
The potential of the Pt ring electrode was set to 1.2V (vs. RHE)
for detecting the generated peroxide species (OOH™), which is an
important intermediate in ORR [35]. For Fe3Co@NG-C, the average
OOH™ yield is 6% in the range of 0.1-0.9 V (vs. RHE), corresponding
to an average electron-transfer number of 3.90 (Fig. 2b). Both the
OOH™ yield and the electron-transfer number are close to that of
commercial Pt/C (2% and 3.98, respectively). The electron transfer
number of the Fe3Co@NG-C and commercial Pt/C was also deter-
mined to be 3.87 and 3.99, respectively, according to the slopes
of Koutecky-Levich (K-L) plots [38] as shown in Fig. S18. This is
consistent with the RRDE measurements and suggests that O,
molecules have been predominantly reduced to OH™ via a pre-
ferred 4-electron pathway on the Fe3Co@NG-C, similar to commer-
cial Pt/C. Furthermore, methanol tolerance is an important issue for
ORR electrocatalysts when using methanol as fuel [39]. The syn-
thesized Fe;Co@NG-C demonstrates superb resistance to methanol
because it does not catalyze methanol oxidation, whereas commer-
cial Pt/C deteriorates in the presence of methanol (Fig. S19)
because Pt catalyzes methanol oxidation, thus generating a high
anodic current.

For practical applications of ORR electrocatalysts, durability is a
critical parameter [40]. ADT was carried out on RDE for the
Fe3Co@NG-C and commercial Pt/C by potential cycling between
0.5 and 1.1V (vs. RHE) with a scan rate of 100 mV/s in
O,-saturated 0.1 M KOH aqueous solution. After 2500 cycles,
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Fig. 1. Synthesis and structure of the Fe3Co@NG-C. (a) Schematic illustration of the synthesis of Fe3Co@NG-C, including rotary evaporation deposition, heat-treatment of the
carbon coated with precursors, and acid leaching for the removal of unstable species and by-products; The grey, brown, green spheres are carbon black, precursor-coated
carbon, and FezCo nanoparticles, respectively. (b) HAADF STEM image of the FesCo@NG-C; (c-f) HAADF STEM image of FesCo@NG-C and the images of elemental mapping of
Fe, Co, and overlaid Fe and Co for the area marked by the red square; (g-h) HRTEM images of a typical nanoparticle with indexed crystal planes; (i and j), HRTEM images of

multiple layers of graphene that encapsulate FesCo nanoparticles.

electrochemically active surface area of commercial Pt/C decreases
by 60.3%, and the onset potential and half-wave potential nega-
tively shifts by 40 mV and 45 mV (Fig. S20), respectively. In con-
trast, the area of cyclic voltammetry (CV) of the Fe3Co@NG-C
shows almost no decrease, and the onset potential and half-wave
potential merely exhibits 11 mV and 1mV of negative shift,
respectively (Fig. 2c and Fig. S21). After ADT, the Fe;Co@NG-C
becomes 79 mV and 40 mV more positive than that of commercial
Pt/C in terms of onset potential and half-wave potential, respec-
tively (Fig. 2d), embodying much better durability with respect
to commercial Pt/C. Pt nanoparticles experience migration,
agglomeration, and dissolution/re-deposition Ostwald ripening
process during ADT, thus losing electrochemically active surface
area and ORR activity [41]. In stark contrast, the Fe3Co@NG-C
appears to be stable after ADT as shown in Fig. S22, corroborating
the excellent durability [9,42].

We sought to identify the origin of the ORR activity of the syn-
thesized Fe3Co@NG-C. Atomic-resolution STEM images (Fig. 3a and
b, and Fig. S23) reveals a large number of bright dots in the carbon
matrix, especially in the carbon support. Meanwhile, XPS (Fig. S12)
shows the presence of non-zero valence Fe and Co species, in addi-
tion to metallic Fe;Co. Accordingly, these bright dots are attributed
to iron or cobalt ions coordinated with N in the carbon matrix
(noted as Fe/Co-N-C sites) [43-45]. To evaluate its contribution
to the overall observed ORR activity, SCN~ was used to poison
the Fe/Co-N-C sites, because SCN™ ion forms a strong bond with
metal-center moieties, thus suppressing ORR [4G]. The onset
potential and half-wave potential of the FesCo@NG-C was found
to decrease by only 27 mV and 10 mV in the presence of 5 mM of

SCN~ (Fig. 3¢), respectively. Further increasing the SCN~ concentra-
tion has a negligible influence on the ORR curve. To exclude the
possibility that added SCN~ may react with OH  instead of poison-
ing Fe/Co-N-C sites, multiple drops of 20 mM of SCN™~ aq. were
pipetted to the FesCo@NG-C layer deposited on RDE before being
immersed in 0.1 M KOH aqueous solution. Once again, the onset
potential and half-wave potential of ORR curve negatively shifts
20mV and 5mV after the addition of 30 uL of SCN~ solution
(Fig. S24). The slight decrease of onset potential and half-wave
potential by poisoning Fe/Co-N-C sites indicates its modest contri-
bution to the observed ORR activity. Therefore, by assuming that
SCN~ ions can access all Fe/Co-N/C sites and cover them, the ORR
activity should mainly originate from nitrogen-doped graphene
layers encapsulated on FesCo.

A unique feature of NG encapsulating Fe;Co nanoparticles with
predominantly exposed (1 1 0) planes (Fig. 1h) is that it leads to a
considerable lattice distortion in NG. The distortion can be
detected unambiguously from Raman spectra (Fig. 3d), where the
Fe3Co@NG-C possesses D3 and D” lattice distortion [47], about
27% and 39% more than that of the carbon support in peak area,
respectively. The distortion of NG arises from the lattice mismatch
between graphene and Fe3Co(1 1 0). This finding agrees with previ-
ous experimental observations [48] that a graphene layer can be
epitaxially grown on Fe(1 1 0), which creates a periodically corru-
gated pattern indicative of large lattice mismatch between Fe
(110) and graphene. According to DFT calculations (Fig. S25),
the corresponding in-plane lattice constants of FesCo(110) are
2.47 and 2.85 A, in which the latter is about 15.9% larger than that
of the pristine graphene (2.46 A). The lattice constants of Fe(1 1 0)
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Fig. 2. Electrochemical characterizations of the Fe;Co@NG-C. (a) ORR polarization curves of the Fe;Co@NG-C and commercial Pt/C recorded on RDEs with different
electrocatalyst loadings in O,-saturated 0.1 M KOH agq. at 25 °C with a rotation rate of 1600 rpm and a positive scan rate of 5 mV/s; (b) OOH™ yield and electron transfer
numbers of the Fe3Co@NG-C and commercial Pt/C toward ORR based on RRDE measurements; (c¢) ORR polarization curves of the Fe3Co@NG-C collected during potential
cycling between 0.5 and 1.1V (vs. RHE) in O,-saturated 0.1 M KOH ag. with a scan rate of 100 mV/s. The loading of the Fe3Co@NG-C on RDE is 1.2 mg/cm?; (d) ORR
polarization curves of the Fe;Co@NG-C and commercial Pt/C after 2500 cycles of potential cycling.

(2.45 and 2.83 A) are quite close to Fe;Co(110). In contrast, the
lattice of Co(0001) (2.49 A) agrees well with that of pristine
graphene.

To further understand the impact of distorted NG on ORR, Gibbs
free energy diagrams for ORR on different electrocatalysts were
calculated by DFT using non-local optPBE-vdW exchange correla-
tion functional (which includes long-range van der Waals interac-
tions) [49,50], and the results are shown in Fig. 4a (detailed
structures in Table S3 and Fig. S26). Typically, ORR involves the
transfer of four electrons, and the formation of OOH* intermediates
after the first electron transfer is postulated to govern the overall
ORR activity of an electrocatalyst [51,52]. The more positive Gibbs
free energy for the formation of OOH* (AGgon+) an electrocatalyst
requires, the lower the ORR activity. For the case of Pt(1 1 1) as the
reference, its AGooy-+ is 1.43 eV. While for free-standing undis-
torted graphite nitrogen-doped graphene (Gr-NG), pyridine
nitrogen-doped graphene (Py-NG), and pyrrole nitrogen-doped
graphene (Pr-NG), their AGgon- are 1.97, 2.75 and 2.75 eV, respec-
tively (Fig. S27). The relatively lower activity for Py-NG and Pr-NG
than that of Gr-NG is in good agreement with experiments in alka-
line media [53]. Nevertheless, the activity of free-standing undis-
torted Gr-NG remains lower than that of Pt(111), a fact that
cannot rationalize the measured ORR activity in this study.

We thus further studied distorted Gr-NG on a preferentially
exposed bcc-FesCo(110) surface. Gr-NG on bcc-FesCo(1 1 0),
denoted as Gr-NG/FesCo(1 1 0), results in considerably structural

distortion, which is in-line with a previous experimental observa-
tion [48]. There are two typical C-C bonds having lengths of 1.38
and 1.57 A with an intersection angle of 115° (Fig. 4b), different
from those of free-standing pristine graphene (1.42 A and 120° in
hexagonal symmetry, Fig. 4c). Remarkably, the calculated AGoon*
for Gr-NG/Fe3Co(1 1 0) and Gr-NG/Fe(1 1 0) are 1.23 eV, which is
lower than that of Pt(111). In other words, the corresponding
ORR activity would be higher than that of Pt based on the
Brgnsted-Evans-Polayni relations, where stronger adsorption of
OOH* will result in a low kinetic barrier. Free-standing distorted
graphene (distorted Gr-NG) by removing FesCo(1 1 0) underneath
was also studied, and corresponding AGgon- is 1.47 eV. AGoon*
on distorted Gr-NG is considerably lower than the free-standing
undistorted Gr-NG of 1.97 eV, and still close to Pt(111) of
1.43 eV. For undistorted Gr-NG, the presence of an underlying
metal, for instance hcp Co(000 1) and hcp Fe(000 1) [54], will
raise the corresponding AGoon+ (2.06 and 2.10 eV). This finding
suggests that the high ORR activity of Gr-NG/Fe;Co(110) may
originate mainly from the structural distortion of Gr-NG. Crystal
orbital Hamilton populations and Bader charge analysis for OOH*
adsorption predicts the structural distortion of Gr-NG leads to a
less occupied anti-bonding state of adsorbed OOH* and enhanced
electrostatic attraction between OOH* and the coordinated surface
carbon atom, which causes significant stabilization of OOH* inter-
mediates (Fig. S28). Fe3Co@NG-C is shown to improve the ORR
activity due to the lattice strain effect, we can imagine further
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enhancements in ORR activity may be achieved if the graphene
was further strained by greater lattice mismatch between the core
nanoparticle and graphene.

3. Conclusions

We have synthesized Fe;Co alloy nanoparticles encapsulated by
distorted nitrogen-doped graphene on carbon (Fe;Co@NG-C) with
excellent ORR activity in alkaline media. The Fe;Co@NG-C has a
positively shifted onset potential (50 mV) and almost identical
half-wave potential with respect to commercial Pt/C at the loading
of 80pug/cm? on a rotating disk electrode. Moreover, the
Fe3Co@NG-C displays superior durability and tolerance to metha-
nol compared with commercial Pt/C. The appreciable ORR activity
of the Fe;Co@NG-C in alkaline media primarily arises from dis-
torted graphite nitrogen-doped graphene according to our SCN
poisoning experiments and DFT calculations. Our work provides a
promising strategy to design non-precious metal electrocatalysts
for ORR in alkaline media via strain engineering.

4. Experimental methods

Chemicals: Cobalt(II) acetylacetonate (Co(acac),, 97%) and iron
(III) acetylacetonate (Fe(acac)s, 99.9+%) were purchased from
Sigma-Aldrich, melamine (99.5+%) from Sinopharm Chemical
Reagent Co., LTD, Carbon black (Black Pearls 2000, BP2000) from
Cabot Corporation, and all of the chemicals were used as received
without further purification. Ultrapure water (18.2 MQ.cm at
25 °C) was obtained from Millipore water system (Synergy® UV,
France).

Electrocatalysts synthesis: BP2000 carbon black was pretreated
with nitric acid (65 wt%) at 80°C for 1.5h to create oxygen-
containing species on the surface of carbon black, so that the car-
bon black can be well dispersed in a solvent. 56.9 mg of Co(acac),,
195.3 mg of Fe(acac)s, and 433.2 mg melamine were dissolved in a
mixture of water and ethanol with a volume ratio of 1:1 under
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stirring at 60 °C. 500 mg of pretreated BP2000 was then added to
the water-ethanol solution with the aid of mild sonication for
30 min in a water bath to ensure good dispersion. The solvent
was completely removed by rotary evaporation under —0.09 MPa
vacuum at 60 °C and 100 rpm. Subsequently, obtained dried pow-
der was heat-treated in argon by ramping up the temperature from
room temperature to 900 °C with a heating rate of 5 °C/min and
held at 900 °C for 1.0 h. To remove unstable species, the heat-
treated sample was leached in 0.5 M H,SO,4 aqueous solution at
80 °C for 6.0 h. Finally, the sample was washed with deionized
water until the filtrate was pH neutral, and dried at 65 °C prior
to being used for further measurements. Control experiments were
carried out by varying one parameter each time while keep all the
other synthetic parameters constant, including Fe(acac)s/Co(acac),
molar ratio (Fe(acac); by itself, 1:1, 2:1, 3:1, and Co(acac), by
itself), the loading of the precursors (Fe(acac)s;+ Co(acac), +
melamine) on the carbon support (20wt%, 33 wt%, 50 wt%,
60 wt%, and 75 wt%), and the molar ratio between melamine and
Fe(acac); + Co(acac), (1:1, 2:1, 4:1, and 8:1).

Physical characterization: Powder x-ray diffraction (XRD) pat-
terns were collected on a Rigaku D/Max2500V/PC powder diffrac-
tometer with a Cu Ko radiation source (40KkV, 100 mA,
% =0.15432 nm) in the range of 5-800 with 26 mode at a scanning
rate of 5°/min. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a Thermo ESCALAB 250Xi spectrometer
using monochromatic Al Ka line (1,486.6 eV) as an X-ray source.
High-resolution transmission electron microscopy (HRTEM)
images and high-angle annular dark field scanning electron trans-
mission microscopy (HAADF STEM) images under transmission
mode, energy dispersive x-ray spectroscopy (EDS) and elemental
mappings of the samples were recorded on a FEI Tecnai G2 F30
S-Twin microscope operated at 300 KeV. Atomic-resolution STEM
images of the samples were collected on JEM-ARM200F micro-
scope operated at 200 KeV. Thermogravimetric analysis (TGA)
was carried out on a TGA analyzer (TA Q600 SDT) with dried air
as the processing atmosphere at a heating rate of 10 °C/min. In
order to quantify the content of Fe and Co in an electrocatalyst,
each electrocatalyst was pyrolyzed under dried air in the TGA ana-
lyzer, and then the residue was dissolved in 4 mol/L of HCl aqueous
solution. Finally, the concentrations of Fe and Co in the acid were
measured by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES, PerkinElmer ICP-OES 7300DV). Raman spectra
were measured using Bruker Optics Senterra Raman microscope
system with an excitation wavelength of 532 nm. The magnetic
properties of the samples were examined by using a Physical Prop-
erty Measurement System vibrating sample magnetometer (VSM).
All the measurements were carried out at room temperature.

Electrochemical measurements: The electrochemical measure-
ments were carried out on a CHI Electrochemical Station (Mode
650D) in a standard three-electrode electrochemical cell with a
rotating glassy carbon disk as the working electrode, a graphite
rod [55] or a Pt mesh as the counter electrode, and a Hg/HgO
(1 M NaOH) as the reference electrode. We have shown that both
Pt and carbon counter electrode show the same electrochemical
performance. This result indicates that the presence of Pt mesh
did not alter electrochemical activity (Fig. S29). A glassy carbon
disk of 5.0 mm diameter (0.19625 cm?, PINE) and a glassy carbon
disk of 5.61 mm diameter (0.2475cm? PINE) with Pt ring
(0.1866 cm?, 6.25mm inner-diameter and 7.92 mm outer-
diameter) were used in RDE and rotating ring-disk electrode
(RRDE) experiments, respectively. The ink (2 mg/mL) was prepared
by dispersing the electrocatalyst in the mixture of water, ethanol
and Nafion perfluorinated resin solution (5 wt% in the mixture of
lower aliphatic alcohols and water, contains 45% water) with a vol-
ume ratio of Vwater:Vethanol:VNafion = 1:9:0.06 under sonication
for 2 min. The suspension was transferred onto glassy carbon disk

and evaporated in air, resulting in an electrocatalyst loading of 0.2-
1.2 mg/cm?. The reference electrocatalyst ink (1 mg/mL) of 20 wt%
commercial Pt/C (Johnson Matthey) was prepared in a similar
manner and the loading of Pt/C electrocatalyst on glassy carbon
disk was 5-80 pgp/cm?. RDE and RRDE tests were carried out at
25 °C in N-saturated or O,-saturated 0.1 M KOH aqueous solution
with a potential range of 0.1 V to 1.1 V (vs. RHE). Cyclic voltamme-
try (CV) curves of the electrocatalysts were collected at a positive
scan rate of 100 mV/s. ORR polarization curves of RDE and RRDE
were obtained at a positive scan rate of 5 mV/s with rotation rate
of 1600 rpm. The ring potential of RRDE was set to 1.2V (vs.
RHE). The peroxide percentage (%O0OH~) and electron transfer
number (n) were evaluated based on the following equations:

~ 200I/N

H = 2R 1

WOOH = =o (1)
— ID

n*4XID+IR/N 2)

where Ip is the Faradaic current at the disk electrode, I is the Far-
adaic current at the ring electrode and N is the OOH™ collection
coefficient (37%) at the ring electrode. The apparent number of elec-
trons transferred during ORR process was also determined by the
Koutechy-Levich (K-L) equation:

1/Ip = 1/Ix + 1/Bw'? 3)

where Ip is the measured current density at the disk, Ik is the kinetic
current in amperes at a constant potential, w is the electrode rota-
tion speed in rpm, and B is the reciprocal of the slope, which can be
determined from the slope of K-L plot using Levich equation:

B = 0.62nFAC,D;* v~/ (4)

Here n is the number of electrons transferred per oxygen molecule,
F is the Faraday constant (96485 C mol™'), D, is the diffusion coef-
ficient of O, in 0.1 M KOH (1.93 x 107> cm? s 1), Cy is the bulk con-
centration of 0, (1.26 x 1073 mol cm~3), and v is the kinematic
viscosity of the electrolyte (0.01009 cm? s~ ).

For accelerated durability test (ADT), potential cycling was con-
ducted between 0.5 and 1.1 V (vs. RHE) at a scan rate of 100 mV/s
for a total number of 2500 cycles in O,-saturated 0.1 M KOH, which
represents a relatively harsh degradation condition. CV curves and
ORR polarization curves were collected at certain cycles to track
any electrocatalyst degradation.

The tolerance of the electrocatalysts toward methanol was eval-
uated using chronoamperometric measurements. Chronoampero-
metric responses of NPME and commercial Pt/C were obtained at
0.8V (vs. RHE) in O,-saturated 0.1 M KOH at a rotation rate of
1600 rpm, and 10 vol% methanol was added during the chronoam-
perometric measurements.
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