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Abstract: Heteroatom-doped carbon materials are
electrocatalysts towards the oxygen reduction reaction
study, dual metals (Fe an Co) and nitrogen-codoped
cages (CHS-FeCo) were synthesized by controlled
nanoparticle-supported melamine-formaldehyde
with iron and cobalt precursors, followed by aci

performance towards ORR in
samples with single or no metal
the synergistic interacti
carbon samples, as ¢

centers may be expl
based nanocomposite

Introduction

In recent decades, proton exchange membrane fuel cells
(PEMFCs) have gained a great deal of attention as potential

power sources for diverse applications, not only due to their
emigsion-free operation and utilization of non-fossil fuels, but
cause hydrogen has a significantly higher energy density
regular gasoline and PEMFCs have a greater theoretical
iency than combustion engines." In order to achieve the
iciency, the electrochemical reactions taking place in the cell
must do so with fast kinetics at low overpotentials. In PEMFCs,
the oxygen reduction reaction (ORR) at the cathode has
notoriously sluggish kinetics, and does hardly occur without
effective catalysts, making this reaction a major obstacle for the
large-scale commercialization of fuel cell technology.” Platinum-
based catalysts have been shown to provide the necessary
catalytic activity at sufficiently high mass loadings, but its low
abundance and prohibitive cost limits their use in commercial
settings.”! A range of strategies have been examined to improve
the ORR activity of Pt nanoparticles, which usually involve the
manipulation of size, composition, and surface atomic
arrangements of the catalysts.” In addition, extensive research
efforts have also been devoted to the design and engineering of
Pt-free catalysts. Of these, carbon-based materials have
received increasing attention.”” While pristine carbon materials
are unable to achieve an activity comparable to that of
commercial Pt, heteroatom dopants, such as nitrogen, are
known to modulate the electronic properties and surface
polarities of the carbon skeletons, and have been shown to
greatly increase the ORR activity.® This is primarily because
heteroatom doping induces a charge redistribution, thereby
facilitating the adsorption of oxygen.™

With the embedment of select transition metal elements into
the carbon skeletons, the ORR activity can be further
enhanced.® Promising non-noble transition metals, such as iron,
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cobalt, nickel, and manganese, have been used in the design of
carbon-based ORR catalysts, and are believed to make an
essential contribution to the overall activity,’” which is mostly
ascribed to the formation of metal-nitrogen-carbon (MNC)
coordinated structures, the so-called single atom catalysts.*® ®*
"' |n these studies, the catalysts are generally prepared by
controlled pyrolysis of metal and heteroatom-containing
precursors,'' and the ORR active sites are formed as the result
of a series of heat treatment and etching steps.® °* " |t is now
broadly accepted that nitrogen-carbon structures that are active
for ORR include various kinds of nitrogen defects in the carbon
matrix, replacing sp’-hybridized carbon atoms either at the
edges (pyrrolic and pyridinic) or within
the skeleton (graphitic); and the
nitrogen dopants may serve as the
coordinating environment for metal
ions, forming the presumed active
center MN, for ORR."?

Interestingly, the ORR activity can si0,
be further enhanced by incorporating
dual metal dopants into the carbon matrix (e.g., Fe, Co, Pt, Pd,
and Ni),!"™® where the synergistic interactions between the metal
centers can be exploited to facilitate the adsorption and
reduction of oxygen intermediates," and it has recently been
demonstrated that bimetallic systems, such as iron and cobalt,
are among the most promising for the electroreduction of
oxygen."" In these carbon materials, FeN, sites have been
proposed as the active sites,"™ where the high spin state of irgn
is particularly attractive."® In addition to this, the enha
corrosion resistance of cobalt’'”! can have an influence on
in both acid and alkaline media. In one study,!"® Fe and Co were

interaction that had a synergistic effect on FeC
resulted in a weakened interaction with oxygen, as
the monometallic OMPCs and Pt.

ORR activity."? This can be manj
structural templates.'® 2% |n t
preparation of porous carbon cages codo
dual metals of Fe and Co (CHS-FeCo),
remarkable ORR activity in al
metal-free samples or sa

FeCo samples were prepared by
Figure 1): (i) SiO2 nanoparticles
were prepared and use rigid templates onto which a
melamine-formaldehyde (MF) polymer layer is grown; (ii) the
obtained SiO,@MF nanoparticles were impregnated with select

MF resin

. V pyrolysis
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Fe and Co precursors, and underwent pyrolysis at controlled
temperatures for carbonization of the polymer layers; and (iii)
finally the SiO, templates were removed by chemical etching
with HF, affording dual metals nitrogen-codoped porous
carbon cages (CHS-FeCo). In this ure, melamine acted
as the main carbon and nitrogen source, aldehyde used
to crosslink the melamine monomers and to the
silica surface.”” Three s at different
FeSO, and CoCl, loadings o(1), CHS-FeCo(2) and
CHS-FeCo(3). The details are d in the Experimental
Section.

doping etching

CHS-FeCo

Si0,@MF

SiO,@MF-FeCo

Figure ‘I.Sc:hmwe preparation of CHS-FeCo.

Figure !shows representative transmission electron

EM) images of (a) porous carbon cage (CHS) and
(2). One can see that hollow carbon cages were
sfully produced by pyrolysis of the SiO.@MF precursors
y HF etching, with the wall thickness mostly in the
.5 nm (Figure 2a inset) and the interior diameter
that of the SiO, sphere templates (140 = 27 nm,
Figure S1)."In high-resolution TEM measurements (Figure 2b
inset), the CHS-FeCo samples showed no well-defined lattice
fringes, suggesting the formation of only an amorphous carbon
re, as observed previously.”® Remarkably, the fact that
nogl¥articulate objects were observed also suggests that the
al species were most likely atomically dispersed within the
rbon matrix. This is consistent with elemental mapping results
ased on energy-dispersive X-ray analysis, where both Fe and
Co were scattered within the carbon matrix, without apparent
agglomeration (Figure 2d-h). In addition, one can see that
nitrogen is also rather evenly dispersed within the carbon
skeleton, suggesting successful doping of nitrogen in the carbon.

The porosity of the samples was then investigated by the
nitrogen adsorption and desorption isotherm measurements
(Figure S2a). The CHS-FeCo(2) sample can be seen to exhibit
an apparent type |V hysteresis loop above 0.49 P/P,, which is
indicative of the formation of mesopores. In fact, the pores are
mostly within the range of 1.0 to 2.5 nm, as depicted in the pore
size distribution (Figure S2b). Furthermore, the specific surface
area based on the Brunauer-Emmett-Teller (BET) theory was
estimated to be ca. 60 m%g.

XPS measurements were then conducted to probe the
elemental composition of the carbon cages and the valence
states of the elements. The survey spectra (Figure S3) show
that the cages are mainly composed of carbon, nitrogen, and
oxygen, as well as iron and cobalt in the case of the CHS-FeCo
samples, with the exception of those doped with Fe or Co alone,
which are also consistent with the elemental maps shown above
in Figure 2d-h. In addition, based on the integrated peak areas,
the elemental contents in the samples were quantitatively
assessed. From Table S1, one can see that for the metal-free
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CHS sample, carbon accounts for about 72.74 at% of the total
content, nitrogen 9.21 at% and oxygen 14.23 at%. With the
addition of a single metal precursor, these elemental fractions
remained almost unchanged, with a trace amount of metal
species, 0.16 at% for Fe in CHS-Fe and 0.06 at% for Co in
CHS-Co. For the bimetallic CHS-FeCo(1,2,3) series, whereas
the N content was almost invariant at ca. 6%, the total metal

Figure 2. (a) Representative TEM image of CHS. Inset is the histogram of ti
shell thicknesses. (b) TEM image of CHS-FeCo(2). Inset is a high-resolution

exhibit a very similar shape
yields a sharp peak at 284
graphitic (sp?)
carbonization of the
at 285.1 eV for sp*-hybri (inc N-bonded C),
.0 and 289.8 due to various
be assigned to C=0, COOH,
hows the N 1s scans of the
0(1,2,3) samples. For the
8.9, 399.8, 400.8, and
the series of samples, Table S2) can
to pyridinic N, metal-N, pyrrolic,
ectively (the small broad peak at
404.0 eV likely misorbed NO, species).”! One
can see that the integrated area (concentration) of the N-metal
peak decreases with decreasing metal content in the samples

, another one
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content increased from 0.32 at% for CHS-FeCo(1) to 0.38 at%
for CHS-FeCo(2) and to 0.49 at% for CHS-FeCo(3), with the Fe
content at 0.27 at% for both CHS-FeCo(1) and CHS-FeCo(2)
and 0.38 at% for CHS-FeCo(3), a
for CHS-FeCo(1) and 0.11 at% for
FeCo(3).

he Co content at 0.05 at%
S-FeCo(2) and CHS-

and is completely absent in the metal-free CHS sample (Table
S1 and S2).

The respective high-resolution scans of the Fe 2p and Co 2p
electrons are depicted in Figure 3c and 3d, respectively. Since
both metals contain, in their high spin forms, unpaired electrons
in non-spherically symmetric orbitals, the scans do not only
exhibit spin-orbit coupling, producing a larger ps» and a smaller
p12 peak, but also spin multiplet splitting and various satellite
features.” This is particularly prominent in the Fe 2p scans,
whereas the intensity of the Co 2p peaks is too low to resolve
individual spin multiplet peaks. The best fits for the Fe2p scans
are based on Fe* multiplet patterns.®® Similarly, the
experimental data for Co is best fitted using a single set of Co®
peaks and corresponding satellites,”® noting that the peaks for
Co? and Co® overlap to such an extent that it becomes
impossible to resolve them reliably due to their low
abundance.” Notably, the Fe 2ps;, binding energy (Table S3)
remains unchanged around 709.9 eV for all CHS-FeCo(1,2,3)
samples, but somewhat higher than that (708.6 eV) for CHS-Fe.

This article is protected by copyright. All rights reserved.
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This binding energy is in the intermediate between those  major peak below 2 A and a minor one between 2 and 3 A.
reported for Fe?* and Fe* ,?*?* indicating that the Fe species in  Because of the absence of metal oxides in the CHS-Fe and
the CHS-FeCo samples were likely Fe?* in an electron- CHS-FeCo samples, CHS-Fe was best fitted with a single Fe—N
withdrawing environment, as compared to CHS-Fe, given that  shell (Figure S5),?! where the Fe ond length was estimated
the precursor used was of the +2 oxidation state in all samples.  to be 1.96 A with the average coo number (CN) of 3.2
Notably, the Co 2p;. binding energy can be estimated to be (Table S4). For CHS-FeCo(2), the best isted of two shells,
779.8 eV for the samples; yet the low abundance of Co in  Fe-N and Fe—Co.”® The Fe-N bond le was found
combination with the overlap between the features of the to be rather consistent with a markedly
different oxidation states makes it impossible to determine them  higher CN of 3.8 (Table S48 gests that CHS-FeCo(2)
precisely.””! Lastly, high-resolution O 1s 7

scans (Figure S4) suggest that no metal a) .- o o

oxides are formed in the samples, as c=0 g'{;r;:‘lfm

indicated by the absence of a Egdizod

corresponding peak between 529 and ’
530 eV (that is, the metal centers are
embedded within the carbon matrix most
likely forming M-N bonds).?®

CHS

Figure 3. High-resolution XPS scans of the (a) C 280 285 290 295 396 400 404 408 C) Fe*'
1s, (b) N 1s, (c) Fe 2p, and (d) Co 2p electrons of B.E.(eV) Fe'" satellite
CHS, CHS-Fe, CHS-Co, and CHS-FeCo(1,2,3) p

samples. Grey curves are experimental data, and
colored peaks are deconvolution fits.

CHS-Fe

X-ray absorption near-edge structure
(XANES) and extended X-ray absorption
fine structure (EXAFS) analysis was then 280 285 290 295 396 40p 404 408 710 720 730 d
conducted to probe the electronic BE. (eV)
property and coordination environments \
of the metal centers. The Fe XANES
curve in Figure 4a shows a fingerprint
peak in the pre-edge region for the Fe foil
at 7113 eV, which diminished markedly
for the CHS-Fe and CHS-FeCo samples,

implying that the Fe centers are non- 280 285 290 295 396 400 404 408 780 790 800 810
metallic in the latter.”® Additionally, one SE oV

Co
Co satellite

-

CHS-Co

can see that both CHS-FeCo(2) and =
CHS-Fe exhibited a markedly higher o
. . O
absorption edge energy than the Fe foil, [
again, indicating a higher oxidation state (L/'-‘)
of the Fe centers in CHS-Fe and CHS- T
FeCo than Fe(0). Furthermore, the o
that the absorption edge energy S
slightly higher for CHS-FeCo(2) than for 280 2T§F2%Q 295 396 400 404 408 710 720 730 780 790 800 810
CHS-Fe is in good agreement with results ~ N
from XPS measurements >
where the Fe centers in the %
LII_
n
S k\ \ 4
O
280 285 290 295 396 400 404 408 710 720 730 780 790 800 810
E.(eV)
o
o
O
0]
L
n \\
T
O
second shells of Fe-Fe: spectral
features were totally absent in CHS-Fe 280 285 290 295 396 400 404 408 710 720 730 780 790 800 810

and CHS-FeCo, which instead show a

4
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contained a significant number of FeN, moieties, which are
known to be very active for ORR, while other samples contained
mostly unsaturated FeNs sites that are less active.®" In addition,
the CHS-FeCo(2) sample contained Fe-Co bond which was
found to be 2.98 A in length with a CN of 1.3 (Table S4),
suggesting Fe-Co pairing in the sample. In summary, EXAFS
results suggest that the combination of Fe and Co results in a
direct interaction between the two metal centers, with excess Fe
present in the sample forming FeN, (Table S1).

1.44a)
1.2
'i:i 1.0
- 0.8
S
E 0.6
5 0.4
c Fe foil
0.2 — CHS-Fe
0.0——" ——CHS-FeCo(2)
7100 7120 7140 7160
Energy (eV)
b Co foil
2.0 — CHS-FeCo(2)
% 1.5
©
& 1.0
()
£
S 0.5 ’
0.0 . | . |
7700 7720 7740 7760
Energy (eV)
c) Fe foil x 0.3
—— CHS-Fe '
0.024 —— CHS-FeCo(2)
s
20.01
=
n
O.OO-I . ; . .
0 2 4 6
R (A)
BNV

ctroscopic studies. (a) Iron normalized X-ray
ata for CHS-Fe, CHS-FeCo(2), and Fe-foil.
tion near edge structure data for CHS-
sform extended X-ray adsorption fine

structure data for CHS-Fe, C ) and Fe-foil.
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The electrocatalytic performance of the samples was then
evaluated by rotating ring-disk electrode (RRDE) voltammetric
measurements. From the polarization curves in Figure 5a, it is
evident that the CHS-Co sample ibited a very poor activity,
with an onset potential (Eonset) of +07 d half-wave potential
(E) of +0.65 V, similar to metal-free C « = +0.80 V and
E., = +0.67 V). The performance was s
the CHS-Fe sample (Eonset 3

even better performance
les (Table S5), which

+0.74 V) < CHS-Fe
CHS-FeCo(2) < (E
behaviors can b

d Ey, = +0.78 V) <
. = +0.79 V). Consistent
ctive electron transfer
nd S6). For instance, at
70 for CHS-FeCo(1), 3.80
nd CHS-FeCo(3). The

+0.50 V, n =
and 10%
corresponding

ond), largely in line with the high
contents of Fe-Co pairi n the samples (Table S1). This is
most likely due to the synergistic effects of the two metal

agfevidenced in the above XPS and XAS
(Figure 3 and 4). Notably, such a promising
rmance is highly comparable or even superior to relevant
-based catalysts reported recently in the literature (Table
hough it remains subpar as compared to that of Pt/C

y, the ORR performance also varied with both the
d oxidation state of the metal salt precursors. From
Figure S8, one can see that CHS-FeCo prepared with FeSO, as
the precursor exhibited a markedly better ORR activity than
with FeCl,, FeCl; and Fe(acac)s;. XPS analysis shows that
etal content of the samples was about eight times higher
e former (Figure S9), possibly due to the different thermal
atilities of the iron compounds.®! However, the difference in
etal content between the latter three was too small to account
for their apparent difference of the catalytic performance. This
suggests that the metal precursor used influences the chemical
nature of the active sites, thereby enabling distinct catalytic
pathways. Indications of such a chemical change have come
from XPS and EXAFS analysis, suggesting that the direct
interaction between the Fe and Co dopants in CHS-FeCo is
absent in other samples. Further research is strongly desired to
unravel the mechanistic correlation.

The stability of the catalysts was then tested by repeated
potential sweeping. As shown in Figure 5c, the polarization
curves remained virtually unchanged for up to 10,000 cycles.
Such remarkable stability confirms the strong incorporation of
the metal centers into the carbon skeletons. In addition to the
stability test, the catalytic performance was examined when the
electrolyte was poisoned with 10 mM KSCN (Figure 5d). It is
well-known that the thiocyanate anion binds strongly and
selectively to metals, both in nanoparticle and atomically
dispersed forms, blocking access to the metal active centers and
diminishing the electrocatalytic activity.®* Interestingly, from
Figure 5d one can see that CHS-FeCo(2) shows virtually no
activity loss upon the addition of KSCN, whereas the activity of
CHS-Fe deteriorated significantly, with the half-wave potential
shifted negatively by ca. 100 mV. The latter observation has
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been observed rather extensively in prior studies.®" However,
the resistance of CHS-FeCo(2) against thiocyanate poisoning
has never been seen with any dual metal-based catalysts for
ORR.

10.1002/cctc.201902324
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nanoparticle  templates. TEM and X-ray absorption
spectroscopic measurements suggested atomic dispersion of
the metal centers within the carbon matrix and the synergistic
interactions between the dual | centers led to marked

enhancement O ectrocatalytic activity

100

20% PUC = towards ORR e media, as
01 —chs = 190 ’
——CHS-Fe 1 b3-5- P 180 compared to the monometal
_1] —cHs-co ——20% PYC
A1 == a) %3-0_ Chs b) L70 counter dual-metal
Ngz —g:ggegog) 3 ——CHS-Fe 160 < sample apparent resistance
E2] — CHs-FeCo ——CHs-Co S i isoni
3 32.5- CHS-FeCo(1) 150 e oisoning. Results from
£, 2,0 —— CHS-FeCo(2) r40 ¥ ual metal doping
- Y1 e - H i
g CHSFeCo®) 130 metal interactions
44 %’1.5—£—‘ ’fg s a unique strategy for
10— - o 0 of ORR electrocatalysis
0.2 0.4 0.6 0.8 1.0 0.2 0.3 0.4 0.5 0.6 0.7
E (V vs. RHE) E (V vs. RHE)
initial ' CHS-FeCo(2)
0+——5000 cycles 0+ CHS-FeCol2) KSCN
—— 10000 cycles CHS-Fe
—~1 C) 1 CHS-Fe KSCN d )
§ 5
<
E2 Eo]
) -
-3 -3
02 04 1.0 0.2 04 1.0

06 08
E (V'vs. RHE)

Figure 5. Polarization curves of various CHS samples at 1600 rpm a
potential scan rate of 10 mV/s in an oxygen-saturated 0.1 M KOH soluti a )

Comparison of CHS, CHS-Fe, CHS-Co, and CHS-FeCo(1,2,3). (b) Nurhber of
electron transfer (top, black arrow) and H,0,% vyield (bottom, red arrow) for the
various samples in (a). (c) Stability test of CHS-FeCo(2) for up,
potential cycles. (d) ORR polarization curves of CHS-FeCo(2)
before and after the addition of KSCN to the electrolyte.

The structures of the CHS-FeCo(2) and
were then analyzed by XPS measurements before a
KSCN poisoning tests (Figure 6). For CHS-Fe, the sp
results exhibit clear signs of KSCN poisoning, as demonstrate
by the notable metal-sulfur (M-S) signature with an S 2p pe
the binding energy of 161.2 eV (Figure£gb).?*® Meanwhile, a
set of peaks emerged in the Fe 2p s
708.5 eV, which can all be attributed
(Figure 6a).5® This poisoning led to a mar
the ORR activity of CHS-Fe.
species can be found for CH
One can see that the F
slight variation from
showed only a peak at
164.4 eV for elemental S.°
likely oxidized by CHS-Fe
poisoning of t S-FeCo(2)
with the almost
Further studies are

CN” was mostly
to SO,. The lack of KSCN
talyst is in good agreement
talytic activity (Figure 5d).
e mechanistic details.

In this study, dual metals (Fe and Co) and nitrogen-codoped
carbon cages were prepared by controlled pyrolysis of a
melamine-formaldehyde polymer shell supported on SiO,

0.6 .
E (V vs. RHE)

6

CHS-FeCo(2): no KSCN

w

J Fe™
satellite
. ‘ Fe-S
710 720 730
B.E. (eV)

CHS-Fe: no KSCN

720 730
B.E. (eV)

P N

CHS-FeCo(2): with KSCN

710

b)

168

160

720 730 164 172
B.E.(eV)

710

CHS-Fe: with KSCN

710 720

B.E.(eV)

730
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Figure 6. High-resolution XPS scans of the (a) Fe 2p and (b) S 2p electrons of
CHS-FeCo(2) and CHS-Fe before and after the addition of KSCN. Grey
curves are experimental data, and shaded peaks are deconvolution fits

Experimental Section
Chemicals

Tetraethyl orthosilicate (TEOS, 98%, Acros Organics), ammonium
hydroxide (NH4OH, 28%, Fisher Scientific), reagent alcohol (EtOH,
absolute, Macron Fine Chemicals), melamine (99%, Acros Organics),
formaldehyde (37% v/v, Acros Organics), sodium hydroxide (NaOH,
Fisher Scientific), ferrous sulfate heptahydrate (FeSO,-7H,O, Fisher
Scientific), ferrous chloride tetrahydrate (FeCl,-4H,0O, Fisher Scientific),
iron(lll) acetylacetonate (Fe(acac)s, Acros organics), ferric chloride
hexahydrate (FeCl;:6H,O, Fisher Scientific), cobalt(ll) chloride
hexahydrate (CoCl,-6H,0, Fisher Scientific), hydrofluoric acid (HF, 48%,
Fisher Scientific), and Pt/C (20 wt%, Alfa Aesar) were all used as
received. Water was supplied from a Barnstead Nanopure Water System
(18.3 MQ cm).

Synthesis of silica nanoparticles

SiO, nanoparticles were synthesized by adopting a literature
procedure.[m Typically, 16 mL of NH,OH and 0.6 mL of TEOS were
added into 240 mL of EtOH to form a clear solution, which was
magnetically stirred for 16 h at room temperature. The product (SiO,
nanoparticles) was collected by centrifugation, vacuum dried, and storgd
for future use.

Synthesis of melamine-formaldehyde resin coated silica nanoparticles

A melamine-formaldehyde (MF) resin coating layer was gro
SiO; nanoparticles prepared above.” |n a typical synthesj
melamine was dissolved in 30 mL of H,O at 90 °C, i
added 12.5 mg of SiO, nanoparticles, 795 pL of for
catalytic amount of NaOH, and the mixture was stir

The SiO.@MF obtained above was then
and nitrogen-doped hollow carbon sph

heated to 800°C for 1
10 °C/min (800°C was i
The obtained black powder

repared at different Fe and Co
loadings are den CHS-FeCo(2), and CHS-FeCo(3),

respectively.

second sample (CHS-Fe) was prepared
containing only FeSO, (3.6 mM); the
third one (CHS-Co soaking SiO,@MF in the solution
contained only CoCl, (3.6 mM). The fourth sample (CHS-FeCogeci2) Was
prepared by soaking SiO,@MF in a solution containing FeCl, (0.8 mM)
and CoCl; (2.9 mM). The fifth sample (CHS-FeCorecis) was prepared by

10.1002/cctc.201902324
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soaking SiO,@MF in a solution containing FeCl; (0.8 mM) and CoCl,.
(2.9 mM) and the sixth sample (CHS-FeCore(acacis) Was prepared by
soaking SiO.@MF in a solution containing Fe(acac); (0.8 mM) and CoCl,
(2.9 mM).

Characterization

0 kV. Scanning electron
on a FEI Quanta 3D field
\/. X-ray photoelectron
jng a PHI5400/XPS
and 10”° Torr. XAS
ctor 20-BM beamline of the
| Laboratory (Argonne, IL).
double-crystal  Si(111)
nce detector was used to
. The energy was calibrated
re Fe or Co foil, as appropriate.
itting were performed using WinXASP® and
Analyzer v0.1 softwar scattering paths generated by FEFF8.5% 5,2
values f .80) and _74) were obtained by fitting Fe and Co foil,
. —desorption isotherms were acquired at

77 K with a Micromeritic 020 surface area and porosity analyzer.

instrument with an Al
measurements were
Advanced Photon S
The beamline w;
monochromator. A 1
collect spectra
according to the
Data processing

e at Argonne Nati
equipped  with

lectrochemist

lectrochemical tests were carried out on a CHI710 workstation in a
lectrode setup. A graphite rod was used as the counter electrode
Ag/AgCl electrode in 1.0 M KCI was used as the reference

and all potentials in this study are reported in reference
tating (gold) ring-(glassy carbon) disk electrode (RRDE,
Instruments) was used as the working electrode. In the
collection experiment, the ring potential was set at +1.5 V vs RHE. To
prepare catalyst inks, 0.8 mg of the samples obtained above and 2.0 yL
% Nafion were added to 200 pL of a water-ethanol mixture (1:1 v/v).
nication for at least 30 min, 5.0 pL of the ink was dropcast onto
assy carbon disk, corresponding to a catalyst loading of 81.3
m2. Once the catalyst film was dried, 3.0 yL of 20% Nafion was
ded to cover the catalyst layer, and the electrodes were immersed into
lectrolyte solutions for testing.
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