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G R A P H I C A L A B S T R A C T
� A hollow Fe-Nx-C was synthesized
through ion exchange and pyrolysis.

� H-Fe-Nx-C could be synthesized on a
large scale if required.

� H-Fe-Nx-C showed efficient electro-
catalytic activity towards the ORR.
A R T I C L E I N F O
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A B S T R A C T

The large-scale synthesis of platinum-free electrocatalysts for the oxygen reduction reaction (ORR) remains a
grand challenge. We report the large-scale production of stable and active ORR electrocatalysts based on iron, an
earth-abundant element. A core–shell zeolitic imidazolate framework–tannic acid coordination polymer com-
posite (ZIF-8@K-TA) was utilized as the catalyst precursor, which was transformed into iron atoms dispersed in
hollow porous nitrogen-doped carbon capsules (H-Fe-Nx-C) through ion exchange and pyrolysis. H-Fe-Nx-C fea-
tures site-isolated single-atom iron centers coordinated to nitrogen in graphitic layers, high levels of nitrogen
doping, and high permeability to incoming gases. Benefiting from these characteristics, H-Fe-Nx-C demonstrated
efficient electrocatalytic activity (E1/2 ¼ 0.92 V, vs. RHE) and stability towards the ORR in both alkaline and
acidic media. In ORR performance, it surpassed the majority of recently reported Fe-N-C catalysts and the
standard Pt/C catalyst. In addition, H-Fe-Nx-C showed outstanding tolerance to methanol.
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1. Introduction

Rechargeable metal–air batteries and fuel cells are important tech-
nologies for a sustainable energy future [1–4]. Both devices use the ox-
ygen reduction reaction (ORR) at the cathode for energy conversion
[5–8]. Platinum and platinum alloys are generally considered the most
active and stable catalysts for the electrocatalytic ORR [7–9]. However,
the scarcity and high cost of platinum seriously limit the broad imple-
mentation of platinum-based catalysts in large-scale applications. To
address this bottleneck, non-precious metal catalysts with efficiency and
durability comparable to platinum's are being actively pursued. ORR
catalysts now under serious evaluation include metal oxides [10–12],
metal phosphides [13], nitrides and sulfides [14–16]. In addition, met-
al–nitrogen–carbon (M-N-C) catalysts are emerging as frontrunners in the
development of new ORR catalysts, as discussed in detail below.

Over the past few years, metal single atoms anchored on porous
nitrogen-doped carbon supports (denoted as M-N-C) [17,18], such as
Fe-N-C [19–27], Co-N-C [28–31], Cu-N-C [32,33], and Mn-N-C [34–36],
have been extensively explored as electrocatalysts for the ORR and other
reactions. In many reactions, metal single-atom catalysts show remark-
able catalytic activity and stability, which is explained by their highly
accessible metal centers (M-Nx) being firmly embedded in conductive
graphitic carbon layers. Doping graphitic carbon with nitrogen is crucial
in generating sites for metal binding whilst also enhancing the hydro-
philicity and electrical conductivity of the carbon support to promote
efficient electrocatalysis [37,38]. In the absence of nitrogen binding sites,
metals deposited on carbon supports simply aggregate to form nano-
particles. The synthesis of M-N-C catalysts with atomically dispersed
metal sites typically employs high-temperature pyrolysis processes.
However, unless care is taken to use suitable precursors,
high-temperature pyrolysis generally leads to metal aggregation into
nanoparticles, particularly during scale-up syntheses or when the metal
content in the product is greater than a few atomic percent. This severely
limits the practical application of M-Nx-C catalysts in the ORR. To allow
the true potential of metal single-atom catalysts to be realized, versatile
and scalable synthetic methods for M-Nx-C catalysts are needed that
avoid metal sintering or aggregation.

Herein, we report the large-scale synthesis of Fe-Nx-C (denoted as H-
Fe-Nx-C) catalysts, which are hollow and have well-defined nano-
structural features such as an abundance of accessible M-Nx active sites
and high porosity to allow efficient mass transport to the active sites. Our
Fig. 1. Synthetic scheme for the preparation of H-Fe-Nx-C. Step I involves the depo
nanocrystals. In Step II, the Kþ ions are exchanged for Fe3þ. Pyrolysis of this mater
generates H-Fe-Nx-C with atomically dispersed iron sites.
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approach uses a core–shell precursor; the shell is essential to deliver
hollow catalysts upon pyrolysis, rather than dense materials. H-Fe-Nx-C is
an efficient ORR catalyst in both acidic and basic aqueous solutions, as
evidenced by half-wave potentials of 0.92 V, which are 10 mV (0.1 M
KOH) and 20 mV (0.1 M HClO4) more positive than a state-of-art 20 wt%
Pt/C catalyst and surpass the majority of reported M-Nx-C ORR catalysts.
Further, H-Fe-Nx-C exhibits outstanding methanol tolerance and long-
term durability and can be synthesized on a large scale (we fabricated
8.6 g in a single batch, which could easily be scaled up to 1 kg, if
required), making it one of the best all-round M-Nx-C ORR catalysts re-
ported to date.

2. Results

2.1. Large-scale synthesis of H-Fe-Nx-C and structural characterization

Synthesizing this well-defined H-Fe-Nx-C catalyst on a large scale
would necessitate low-cost precursors and simple processing steps, so we
used metal–organic framework (ZIF-8) nanocrystals coated by a tannic
acid–metal coordination compound as a precursor to produce H-Fe-Nx-C.
As shown in Fig. 1, ZIF-8 (50 g) nanocrystals were first prepared and
coated with a tannic acid–potassium coordination compound to yield
ZIF-8@K-TA core–shell nanocrystals (Step I). Post-synthetic cation ex-
change of the potassium ions in the K-TA shell by iron(III) yielded ZIF-
8@Fe-TA core–shell nanocrystals (Step II in Fig. 1) [39–41]. Fourier
transform infrared (FTIR) spectroscopy showed the appearance of -OH
stretch (~3398 cm–1) and C¼O stretch (~1716 cm–1) signals, which
verified the successful coating of metal/tannic acid compound shells on
the ZIF-8 surface (Fig. S1). Powder X-ray diffraction (PXRD) proved that
the crystallinity of the ZIF core was maintained after the coating step,
with the Fe-TA shell being amorphous (Figs. S2, S3, S12). After the Fe3þ

exchange, the dodecahedral core–shell morphology was retained, as
evidenced in Figs. S5–S11. Pyrolysis at 900 �C (Step III in Fig. 1), fol-
lowed by acid treatment and a second pyrolysis step, transformed the
ZIF-8@Fe-TA core–shell nanocrystals into N-doped carbon capsules with
embedded FeNx sites (H-Fe-Nx-C). During the pyrolysis step, Zn ions in
the ZIF-8 core were reduced to metallic Zn atoms, which sublimed from
the sample and were lost. The acid treatment acted to remove any re-
sidual Zn metal or Fe nanoparticles.

An array of experimental techniques supported the conclusion that
the iron in the structure was atomically dispersed. Transmission electron
sition of a potassium–tannic acid coordination polymer on the surface of ZIF-8
ial at 900 �C (Step III), followed by acid leaching and a second pyrolysis step,
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microscopy (TEM) and scanning electron microscopy (SEM) images
showed that H-Fe-Nx-C had a hollow capsule-like structure, as was also
observed for related reference materials (Figs. 2a and S13) [39–43]. No
Fe nanoparticles were observed. We note that in the absence of the tannic
acid shell layer, pyrolysis leads to a dense material [22]. Scanning
transmission electron microscopy (STEM) and corresponding EDS (en-
ergy dispersive spectroscopy) mapping images showed a uniform distri-
bution of the carbon, nitrogen, and iron in H-Fe-Nx-C (Figs. 2b–f). A large
number of isolated spots against a dark background were clearly
observed on the hollow carbon support using atomic-resolution
HAADF-STEM (Fig. 2g, white spots). These spots corresponded to sin-
gle iron atoms, which were well dispersed in the N-doped carbon sup-
port. As expected for Fe single atoms, the spots had an average width of
about 1.5 Å, with ~93% of them measuring less than 2 Å in diameter.

The carbon components of the ZIF-8 and TA were completely con-
verted to a graphite-rich form (or, more precisely, a N-doped graphite-
rich form), as evidenced by the PXRD pattern and Raman spectroscopy
(Figs. S4 and S16). The PXRD pattern of H-Fe-Nx-C showed diffraction
peaks at 24� and 44�, which could readily be assigned to the (002) and
(100) reflection planes of graphitic carbon, respectively (Fig. S4). Again,
no evidence of Fe nanoparticles was seen. The relative areas of the D
Fig. 2. Structural characterization. (a) TEM image of H-Fe-Nx-C. (b–f) HAADF-STE
(green), nitrogen (yellow), and iron (cyan). (g) Atomic-resolution HAADF-STEM ima
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(1350 cm–1) and G (1590 cm–1) bands in Raman spectroscopy suggested
that H-Fe-Nx-C contained significant graphite content, sufficient to offer
good electrical conductivity (Fig. S16).

The yield of H-Fe-Nx-C was about 8.6 g (starting from 50 g of ZIF-8
nanocrystals), suggesting the synthesis method would potentially be
straightforward to scale up (Fig. 2h) to produce kilograms of catalyst.

2.2. Coordination environment analysis of H-Fe-Nx-C

The H-Fe-Nx-C contained 6.26 wt% nitrogen and 0.74 wt% iron, as
revealed by elemental analysis (EA) and inductively coupled plasma
optical emission spectroscopy (ICP-OES), respectively (Table S1). X-ray
photoelectron spectroscopy (XPS) was conducted to investigate the
valence structure of H-Fe-Nx-C. The C 1s spectrum showed four major
peaks with binding energies of 284.7, 285.8, 287.8, and 290.9 eV, cor-
responding to the sp2/sp3 C, C-N, C¼O, and π-π* signals, respectively
(Fig. 3a). The Fe 2p XPS spectrum for H-Fe-Nx-C clearly showed signals
that could be assigned to iron(II) and iron(III) (Fig. S17).

The doped form of nitrogen in the carbon capsules of H-Fe-Nx-C was
probed by examining the N 1s XPS region (Fig. 3b). The spectrum was
deconvoluted into peaks at 398.3, 399.9, 401.3, and 404.7 eV,
M image and corresponding element maps showing the distribution of carbon
ge of the H-Fe-Nx-C. (h) Photograph of the obtained H-Fe-Nx-C powder.



Fig. 3. Structural characterization. (a) C 1s XPS spectrum of H-Fe-Nx-C. (b) N 1s XPS spectrum of H-Fe-Nx-C. (c) Fe K-edge XANES spectra of H-Fe-Nx-C, together with
various Fe standards. (d) Fe K-edge EXAFS spectra of H-Fe-Nx-C, together with various Fe standards. (e) Fitted EXAFS plots of H-Fe-Nx-C by Fe-N4(C) scattering path in
R space. (f) Fe M€ossbauer transmission spectrum for H-Fe-Nx-C. The data for Fe foil, Fe2O3, FeOOH, and FeTpp in 3c and 3d were reported in our previous work [41].
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corresponding to pyridinic N, pyrrolic N (and Fe-Nx), graphitic N, and N-
O pyridinic oxide, respectively [27,44]. Fe-Nx sites are well known to
promote the ORR, so their abundance in H-Fe-Nx-C was expected to be
beneficial for electrocatalytic oxygen reduction.

Fe K-edge X-ray absorption spectroscopy was employed to examine
the electronic structure and local coordination of iron sites in H-Fe-Nx-C.
Fe-tetraphenylporphyrin (FeTpp), Fe2O3, Fe foil, and FeOOH were used
as reference materials. The experimental X-ray absorption near edge
structure (XANES) spectra in Fig. 3c revealed that the pre-edge at ~7113
eV of H-Fe-Nx-C was located close to those of Fe2O3 and FeTpp, indicating
that a Fe2þ/Fe3þ mixture was present in the catalyst. Extended X-ray
absorption fine structure (EXAFS) analysis enabled further probing of the
Fe coordination environment. The EXAFS spectra in R space for H-Fe-Nx-
C showed similar oscillations to the FeTpp reference, suggesting a uni-
form distribution of atomic Fe-N4 sites throughout the hollow capsules
(Fig. 3d). Unlike the reference iron foil, which showed a prominent Fe-Fe
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peak at 2.2 Å, H-Fe-Nx-C showed only a main peak at 1.51 Å in R space,
close to the Fe-N peak of FeTpp and consistent with a Fe-Nx(C) scattering
path. The fitting results gave an Fe coordination number of 4.2, consis-
tent with a possible structure of Fe-N4 with an Fe-N bond length of 2.02 Å
(Figs. 3e and S20, and Table S2). As shown in the calculation model,
these Fe-N4 moieties were integrated in graphite-like planes (Fig. S21).
The M€ossbauer spectrum of H-Fe-Nx-C further revealed the presence of
square-planar FeN4 moieties, which were fitted using D1 and D3 doublets
due to Fe(II) in medium and low spin states, and a D2 doublet due to
Fe(III) in a high spin state (Fig. 3f) [45–47]. These results were consistent
with the Fe K-edge XANES results.

N2 adsorption–desorption isotherms were collected at 77 K, from
which the BET surface area of H-Fe-Nx-C was calculated to be 698.7 m2

g�1 (Fig. S22, Table S1). The pore size distribution was calculated from
the experimental isotherms using a density functional theory (DFT)
model, confirming a hierarchical pore structure with the void diameters
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clustered around 2.4–4.5 nm (Fig. S23). The high surface area and small
size of the pore apertures were expected to be beneficial for ORR elec-
trocatalysis, which was verified experimentally, as described below.
2.3. Electrocatalytic oxygen reduction reaction tests

H-Fe-Nx-C presents many desirable characteristics as an ORR catalyst.
It supports well-dispersed iron single-atom sites in a hierarchically hol-
low porous conductive matrix, thereby allowing rapid mass transfer of
reactants to active sites. A high nitrogen doping content also reduces the
hydrophobicity of the carbon material, whilst a high pyridinic nitrogen
content (and numerous Fe-Nx sites) will boost ORR electrocatalysis
[48–51].

In this light, we anticipated excellent ORR activity from H-Fe-Nx-C in
alkaline and acidic media. First, the catalytic properties of H-Fe-Nx-C for
the ORR were evaluated in 0.1 M KOH, alongside a commercial Pt/C (20
wt% Pt) catalyst and metal-free hollow N-doped carbon capsules
(HNCC). Detailed synthetic procedures and characterization data for
HNCC are provided in the materials and methods section and supple-
mentary materials (Figs. S4, S14–16, S18, S19, S24, S25, and Table S1).
Linear sweep voltammetry (LSV) polarization curves for the different
catalysts are presented in Fig. 4a. H-Fe-Nx-C afforded a positive ORR
onset potential (Eonset) of ~1.05 V (vs. RHE). Remarkably, H-Fe-Nx-C
Fig. 4. ORR tests. (a) ORR polarization curves in 0.1 M KOH. (b) ORR polarization cu
Nx-C, derived from RDE at different potentials. (d) Chronoamperometry i–t curve for
before and after 5000 potential cycles in 0.1 M KOH. (f) Stability evaluation of H-Fe-N
polarization curves in 0.1 M HClO4. (h) Chronoamperometry i–t curve for H-Fe-Nx-C
after 5000 potential cycles in 0.1 M HClO4. An iR correction was applied to all LSV
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achieved a half-wave potential (E1/2) of 0.92 V, which exceeded that of
commercial Pt/C (0.91 V) by 10 mV. Subsequently, LSV curves were
measured at different rotation rates (Fig. 4b). The corresponding Kou-
tecky–Levich (K-L) plots collected at non-Faradaic potentials ranging
from 0.3 to 0.7 V are shown in Fig. 4c. The electron transfer number
calculated for H-Fe-Nx-C was 3.7, confirming high selectivity for the four-
electron oxygen reduction pathway (O2 þ 2H2O þ 4e– → 4OH–). HNCC,
the naked catalyst without the iron sites, showed much lower electro-
catalytic activity (Fig. 4a) (see Fig. 5).

Good durability is vital for practical ORR catalysts. ORR chro-
noamperometric tests were performed at a potential of 0.664 V vs. RHE
and a rotation speed of 900 rpm (Fig. 4d). H-Fe-Nx-C showed a stable
ORR current–time profile over 6 h (Fig. 4d). Moreover, its stability was
confirmed over 5000 test cycles with negligible loss of performance (only
a slight decrease in the current density), indicating outstanding dura-
bility (Fig. 4e). Further, we subsequently examined the methanol toler-
ance (to assess the fuel crossover effect of H-Fe-Nx-C) by injecting
methanol into the KOH solution during the chronoamperometric test.
Fig. 4f shows that the current density for H-Fe-Nx-C was retained after
0.5 M or 6 M methanol was injected into the KOH solution. In contrast,
the cathodic oxygen reduction peak for commercial Pt/C immediately
vanished after methanol introduction. These results confirm that H-Fe-
Nx-C has outstanding tolerance to methanol. Our large-scale synthesized
rves of H-Fe-Nx-C at different rotation rates. (c) Corresponding K–L plots of H-Fe-
H-Fe-Nx-C at a potential of 0.664 V in 0.1 M KOH. (e) ORR polarization curves
x-C and Pt/C in O2-saturated 0.1 M KOH with the injection of methanol. (g) ORR
at a potential of 0.456 V in 0.1 M HClO4. (i) ORR polarization curves before and
curves.



Fig. 5. Structural characterization after ORR tests. (a–b) Atomic-resolution HAADF-STEM image and Fe L-edge EELS spectrum for H-Fe-Nx-C after durability tests in
0.1 M KOH. (c–d) Atomic-resolution HAADF-STEM image and Fe L-edge EELS spectrum for H-Fe-Nx-C after durability tests in 0.1 M HClO4.
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H-Fe-Nx-C exhibited superior/comparable performance to most other
state-of-the-art Fe-N-C catalysts (Table S3), thus offering great promise
for practical applications.

The ORR performances of the materials were further evaluated in 0.1
M HClO4. LSV experiments revealed the E1/2 (vs. RHE) of H-Fe-Nx-C and
commercial Pt/C (20 wt% Pt) to be 0.92 V and 0.90 V, respectively
(Fig. 4g). Rotating ring disk electrode (RRDE) measurements were used
to calculate an electron transfer number of ~4, indicating a four-electron
transfer process (Fig. S26). ORR chronoamperometric tests further veri-
fied the good stability of the H-Fe-Nx-C after 6 h of running (Fig. 4h).
However, decreases in E1/2 (~40 mV) and current density (~0.42 mA
cm–2) were observed after 5000 continuous cycles in 0.1 M HClO4
(Fig. 4i). Therefore, it is necessary to improve the material's stability in
acidic media before it can be used in real applications.

We then carried out cyclic voltammetry (CV) tests and calculated the
double-layer capacitance of the materials to determine the electro-
chemically active surface areas. The double-layer capacitance (CdI) of H-
Fe-Nx-C reached as high as 62.84 mF cm–2 in 0.1 M KOH and 63.29 mF
cm–2 in 0.1 M HClO4 (Figs. S27 and S28). The magnitude of CdI was
proportional to the electroactive surface area. Next, LSVs were measured
in N2-saturated 0.1 M KOH solution (and 0.1 M HClO4 solution) at 1600
rpm (Figs. S29 and S30). The results revealed that the catalysts them-
selves were responsible for the high current densities realized during the
ORR processes. In addition, the adsorption of oxygen by porous carbon
might have changed the limiting diffusion current densities in the re-
actions. Taken together, these results explain the superior electro-
catalytic activity of the H-Fe-Nx-C sample. With respect to the structure of
H-Fe-Nx-C after being used as an ORR catalyst, atomic-resolution HAADF-
STEM as well as Fe L-edge and N K-edge electron energy loss spectra
(EELS) showed that the atomically dispersed FeNx sites were maintained
(Figs. 5, S31 and S32). We estimated the cost of synthesizing H-Fe-Nx-C to
be appropriately 215.2 CNY/g (~33.8 USD/g) (Table S4), far cheaper
than commercial Pt/C (20 wt% Pt, ~108.3 USD/g), suggesting the cat-
alyst's economic feasibility.

3. Discussion

Considering the data above, it is evident that our large-scale synthetic
methodology for H-Fe-Nx-C, employing a precursor comprised of metal/
tannic acid polymer shells on ZIF-8 nanocrystals, delivers a hollow iron-
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nitrogen-doped carbon catalyst with outstanding ORR performance.
Based on a raft of complementary experimental analyses, we demon-
strated that H-Fe-Nx-C presents a hollow capsule architecture containing
atomically dispersed FeN4 porphyrin-like sites, a high level of nitrogen
dopant, a hierarchical micropore/mesopore structure, and a high surface
area. Benefiting from these rich attributes, H-Fe-Nx-C demonstrated state-
of-the-art ORR performance for a Fe-N-C catalyst in alkaline media.
Importantly, the same synthetic approach could easily be adopted for the
large-scale synthesis of other M-N-C catalysts with highly dispersedmetal
single sites.

4. Conclusions

In summary, we have reported a large-scale synthetic method for
hollow and microporous/mesoporous nitrogen-doped carbon capsules
functionalized with single-atom iron (FeN4) moieties in the walls. The
FeN4 sites were embedded in the basal planes of graphite domains.
Benefiting from its open porous structure and the accessibility of the
FeN4 sites, H-Fe-Nx-C demonstrated excellent ORR activity and long-term
stability, surpassing most state-of-the-art single-atom catalysts and a
commercial Pt/C benchmark catalyst. Our results indicate a practical
route to achieving a diverse array of porous M-N-C materials for oxygen
electrocatalysis and other catalytic applications.

5. Materials and methods

Synthesis of ZIF-8@K-TA core–shell nanocrystals. For the syn-
thesis of ZIF-8@K-TA core–shell nanocrystals, our previous method was
used, with a slight modification [39,41]. Specifically, 50 g of ZIF-8
nanocrystals were dispersed in 2.5 L of deionized water by sonication
for 10 min. At this stage, a 24 mM tannic acid solution (600 mL) was
prepared, and the pH was adjusted to ~8 using a 6 M KOH solution. After
that, the tannic acid solution and ZIF-8 suspension were mixed. The
obtained suspension was stirred for 10 min, after which the solid was
collected by centrifugation, washed with methanol, then dried under
vacuum to yield ZIF-8@K-TA.

Synthesis of ZIF-8@Fe-TA core–shell nanocrystals. ZIF-8@Fe-TA
core–shell nanocrystals were initially prepared according to our previ-
ous general method, with a slight modification [39,41]. The obtained
ZIF-8@K-TA were ultrasonically dispersed in 4.3 L of methanol
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containing 2 g of Fe(NO3)3⋅9H2O for 5 min, forming a uniform suspen-
sion. Subsequently, the suspension was continuously stirred for 2 h. Af-
terwards, the solid product (ZIF-8@Fe-TA) was isolated by
centrifugation, washed with methanol, and finally dried under vacuum.

Synthesis of H-Fe-Nx-C and HNCC. The obtained ZIF-8@Fe-TA was
pyrolyzed by heat treatment at 900 �C for 3 h under an Ar atmosphere (1
�C/min to 900 �C). The obtained product was leached in 3 MHCl at 85 �C
for 24 h, then washed with deionized water and dried under vacuum.
Subsequently, the black powder was heated at 900 �C (under an Ar flow)
for another 3 h to acquire the final H-Fe-Nx-C product. For the prepara-
tion of HNCC, a similar method was used, except that ZIF-8@Fe-TA was
replaced by ZIF-8@K-TA.

Electrochemical measurements. All the electrochemical measure-
ments reported in this work used a conventional three-electrode system
on a CHI660E electrochemical station. A Pine Instruments MSR rotator
and rotating disk electrode (RDE) with a glassy carbon disk (or rotating
ring disk electrode, RRDE) were used as the substrate for the working
electrode. Ag/AgCl (3.5 M KCl solution) and a platinum wire were used
as the reference and counter electrodes, respectively. Catalyst inks were
prepared by dispersing 5 mg of the catalyst in a mixture of ethanol (1 mL)
and Nafion solution (100 μL). The ink was ultrasonically mixed for 30
min and continually stirred during the electrode fabrication step. 10 μL of
the catalyst ink was deposited onto the glassy carbon disk (area 0.19625
cm2 for the RDE and 0.2475 cm2 for the RRDE), then the modified
electrode was dried in air. Linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) data were measured in an O2 (or N2)-saturated 0.1 M
KOH solution (or a 0.1 M HClO4 solution). The electrolyte was purged
with oxygen (or nitrogen) for 40 min before starting the tests, and
purging was continuous during the tests. All current densities reported in
this work were calculated based on the geometrical area of a rotating disk
electrode. The numbers of electrons transferred (n) during the ORR at
various electrode potentials were calculated using the Koutecky–Levich
equation:

1
j
¼ 1
jL
þ 1
jK

¼ 1

Bω1 =

2
þ 1
jK

B¼ 0:62NFC0D
2 =

3
0 ν

�1

=

6

where j is the measured current density; jK and jL are the kinetic and
diffusion-limiting current densities, respectively; ω is the angular velocity
of the disk (ω ¼ 2πN, N being the linear rotation speed); n represents the
overall number of electrons transferred in the oxygen reduction reaction;
F is the Faraday constant; C0 is the bulk concentration of O2 (1.2 � 10–6

mol cm–3); D0 is the diffusion coefficient of O2 in 0.1 M KOH electrolyte
(1.9� 10–5 cm2 s–1); v is the kinematics viscosity of the electrolyte, and k
is the electron-transfer rate constant.

The RRDE measurements were performed in 0.1 M HClO4 solution.
The peroxide yields (H2O2%) were calculated from the ring current (Ir)
and the disk current (Id) using the equation:

H2O2ð%Þ¼ 200�
Ir
N

Id þ Ir
N

The electron transfer number (n) in acid was calculated using the
equation:

n¼ 4� Id
Ir
N þ Id

where N ¼ 0.42 is the current collection efficiency of the Pt ring.
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