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Enhancing the oxygen reduction reaction (ORR) activity and stability of the fuel cell cathode electrocatalysts
and reducing their costs are critical. In response to this need, Fe, B, and N co-doped hollow mesoporous
carbon materials were prepared by a simple chemical doping one-step pyrolysis method using ZIF-8 as
a precursor. The results showed that the optimized catalyst displayed a higher limiting current density
(6.154 mA cm™2) and half-wave potential (0.859 V), which showed significant enhancement compared
with the Pt/C catalyst (5.487 mA cm™2 and 0.853 V). Moreover, the optimized catalyst had outstanding
long-term stability with a current density retention higher than 91% after 36 000 s of stability testing. This
work provides a facile strategy for the design of outstanding ORR performance of non-precious metal
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1. Introduction

To address the ongoing increase in energy consumption and
increasing severity of environmental pollution, there is an
urgent need to develop sustainable and clean energy sources to
replace fossil fuels." Hydrogen energy, as a sustainable,
nontoxic, and environmentally friendly energy source, differs
fundamentally from fossil fuels. Fuel cells are practical types of
hydrogen energy conversion systems, and their eco-friendly
characteristics and high energy density have attracted consid-
erable attention. However, the kinetic process of the cathode in
the fuel cell is slow. Traditional platinum group metal (PGM)
catalysts are commonly used.>® Unfortunately, PGM catalysts
often have a limited stock and are expensive, which to some
extent limits the large-scale application of fuel cells.* Although
many studies have attempted to reduce platinum usage through
alloying® and nanostructuring,® adopting nonprecious metals as
alternatives to platinum remains a more promising strategy.”
Therefore, identifying catalysts capable of replacing the
precious metal platinum in the oxygen reduction reaction (ORR)
has become crucial.

In recent years, a variety of nonprecious metal materials such
as transition metal nitrides,® heteroatom-doped carbon mate-
rials,® and transition metal-based carbon materials,’® metal-
nitrogen-carbon (such as M-N-C, M = Fe, Co, Ni) materials in
particular can considerably improve the ORR performance.* In
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particular, Fe- and N-codoped carbon materials have excellent
ORR performance due to the formation of highly reactive FeN,
sites,"” but further improvements are still needed to meet the
requirements of practical applications. Metal-nitrogen-carbon
can enhance catalytic activity by introducing a third hetero-
atom.™ Excitingly, the introduction of electron-deficient boron
into the carbon skeleton can considerably modulate the distri-
bution of electron density, tuning the chemistry of the material
through the difference in the electronegativity between the
heteroatom and carbon.'*" For example, Yuan et al. demon-
strated that a boron-containing carbon skeleton loaded with Fe-
Nx had higher ORR performance than Fe-N-C.' Zhang et al.
found that B-doping can weaken the strong interaction between
Pd and graphene and reverse the microstructural changes on
the graphene surface, thus improving the ORR activity of Pd/C."”
In addition, the difference in atomic size of these elements can
lead to lattice distortions and band length changes, resulting in
new catalytically active sites.”®® B and N double doping
methods are also used to construct high-performance catalysts
because their atomic sizes are similar to those of carbon.*

In addition to optimizing the elemental composition of the
catalysts, establishing a hierarchical porous structure in cata-
lysts is considered a crucial pathway to enhance catalytic
activity.”* In particular, carbon materials with large internal
cavities and uniform mesoporous channels can effectively
expose internal active sites, increasing the diffusion rate of the
reactants and promoting the rapid release of products.*
Recently, zeolitic imidazolate framework-8 (ZIF-8), with its
ordered porous structure, high nitrogen content, and high
specific surface area, has attracted considerable attention and is
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considered an ideal precursor for synthesizing porous carbon
materials.”

In this study, a simple and efficient chemical doping strategy
was employed to enable the pyrolysis of boron atom-containing
ZIF-8 precursors to form catalysts with hollow dodecahedral
structures at high temperatures by introducing non-precious
metal iron (Fe) atoms. Energy-dispersive X-ray spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS) results
confirmed the successful doping of Fe atoms. Electrochemical
tests confirmed that the successful doping of Fe atoms resulted
in a significant increase in the activity and durability of the
catalyst. To determine the optimal amount of metal addition to
improve the catalytic activity and stability, the catalysts with
different doping amounts of iron sources were characterised by
measuring physical properties and analysed by electrochemical
performance.

2. Experimental section
2.1 Materials

Ferric nitrate nonahydrate (Fe(NOs);-9H,0, Adamas-beta), zinc
nitrate hexahydrate (Zn(NOj),-6H,0, Sinopharm), melamine
(C3HgNg, Adamas-beta), phenylboronic acid (C¢H;BO,, Adamas-
beta), 2-methylimidazole (C4HeN,, Adamas-beta), ethanol
(C,H;0H, Adamas-beta), hydrochloric acid (HCl, Adamas-beta),
and methanol (CH;OH, Adamas-beta) were used. In this study,
all reagents were used as-received without any additional
purification.

2.2 Synthesis of ZIF-8

To prepare the desired composite, solution A was prepared by
dissolving 2.628 g of 2-methylimidazole in 30 mL of methanol at
ambient temperature, followed by labelling. In parallel, solu-
tion B, comprising 1.188 g of Zn(NO;), - 6H,0 dissolved in 15 mL
of methanol was prepared. Subsequently, B was carefully
combined with Solution A under continuous stirring for 24 h.
The formed precipitate was separated through centrifugation
and subsequently washed with methanol multiple times. The
final precipitate was dried at 70 °C under vacuum overnight.

2.3 Preparation of Fe-BN-C-X

To prepare Fe-BN-C-20, a solution of 400 mg of ZIF-8 powder,
400 mg of melamine powder, 20 mg of phenylboronic acid, and
20 mg of iron nitrate nonahydrate in 60 mL of ethanol was
sonicated for 30 min and then vigorously stirred for 4 h under
ambient conditions. The resulting mixture was dried under
a vacuum and transferred to a tube furnace. The precursor was
then heated to 900 °C at a heating rate of 3 °C min " and held
for 3 h. Following the cooling of the tube furnace to room
temperature, a black powder was obtained. To obtain the final
catalyst sample, named Fe-BN-C-20, the black powder was
ground and treated with 1 M HCI at 80 °C for 24 h, as shown in
Scheme 1.

For comparison purposes, different quantities of iron nitrate
nonahydrate were added under identical conditions to produce
BN-C (without Fe(NOj3);-9H,0), Fe-BN-C-10 (containing 10 mg
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Scheme 1 Schematic of the preparation process of Fe-BN-C catalyst.

Fe(NO;);-9H,0), Fe-BN-C-40 (containing 40 mg Fe(NO;);-9H,0),
and Fe-BN-C-80 (containing 80 mg Fe(NOs);-9H,0).

2.4 Physical characterization

The morphology of all the catalysts was studied using scanning
electron microscopy (SEM, Nova Nano SEM 450). The internal
morphology, structure, and pore sizes of all the samples were
studied using transmission electron microscopy (TEM, JEOL
JEM-2000FX). The specific surface area of all samples was
determined using the Brunauer-Emett-Teller (BET, ASAP 2020
HD88) method, and the pore size distribution of the catalyst
samples was calculated using the Barrett-Joyner-Halenda (BJH)
model. The phase composition of all the samples was studied by
X-ray diffraction (XRD, Bruker D8 Advance). Raman spectros-
copy (Raman, Thermo Fisher H31XYZE-US) was used to analyze
the degree of graphitization and the degree of defects in all the
samples. The chemical properties of the catalyst surface were
analyzed using X-ray photoelectron spectroscopy (XPS, AXIS
Ultra DLD).

2.5 Electrochemical characterization

All electrochemical measurements were performed on an
Autolab PGSTAT302N (Metrohm) electrochemical workstation
with a three-electrode system. The working electrode was
a 3 mm diameter glassy carbon electrode tip with an effective
response area of 0.07065 cm?”; the Ag/AgCl (3.0 M KCl) electrode
was used as the reference electrode; and the counter electrode
was a platinum wire electrode. In this study, the values obtained
with the Ag/AgCl reference electrode were converted to standard
hydrogen electrode potentials. Catalyst ink was produced by
sonicating 1 mg of the sample in the solution for 30 min using
10 pl of Nafion as the binder, 160 pl of ethanol, and 40 ul of
deionized water as the dispersant. Twelve microliters of the
catalyst ink were then applied to the working electrode and
dried in air.

Cyclic voltammetry (CV) and linear scanning voltammetry
(LSV) tests were performed in 0.1 M KOH solution. LSV testing
was performed at 400-2000 rpm with a scan rate of 10 mV s .
The number of electrons transferred at different electrode
potentials (n) was determined using the Koutecky-Levich
equation:

1 1 1 1 1

—= = — 4 1
J JL JK B(J)l/z * JK ( )
B =0.2nFDo,”*Co,v " (2)

k| = nFkiCo,” (3)
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where J is the measured current density, Jx and J;, are the kinetic
and diffusion limit current densities, respectively, and w is the
speed of the disk. n is the number of electrons transferred, F is
Faraday's constant (96 485 C mol '), C, is the volume concen-
tration of O, in 0.1 M KOH (1.21 x 10~* mol L"), D, is the
diffusion coefficient of O, (1.9 x 10> em?® s %), and v is the
kinematic viscosity (0.01 cm?® s~ ). The i~t curve was obtained at
1600 rpm, and the methanol tolerance of the material was
tested at 500 s by adding 3 mL of methanol to 0.1 M KOH and
continuously running for 500 s.

In addition, a rotating ring-disk electrode (RRDE) test was
used to calculate the hydrogen peroxide yield (H,0,%) and the
number of electron transfers (n) according to the following
equation:

IOOXIR/N
H,0,% = ——— 4
0% = P N (4)
4><ID
=P 5
" It /N (5)

where I, is the disk current, Iy is the ring current and N is the
collection efficiency of the Pt ring (37%).

3. Results and discussion
3.1 Structural characterization

The morphologies of different samples were examined via SEM,
and ZIF-8 demonstrated a truncated rhombic dodecahedron
morphology with a size of approximately 200 nm (Fig. 1a).
However, after the B or Fe atomic was doped, the regular
structure was partially destroyed (Fig. 1b-f).

TEM images (Fig. 2a and b) revealed a hollow structure and
thinner carbon layer within BN-C and Fe-BN-C-20 catalysts,
which could enhance mass transfer rates. The corresponding
energy-dispersive X-ray spectroscopy (EDS, Fig. 2c-g) elemental
mapping of Fe-BN-C-20 confirmed the presence and uniform
distribution of N, B, and Fe within the ZIF-8 structure.

Moreover, the specific surface area (Sger) and pore size
distribution of different catalysts were measured (Fig. 3a and b).
Compared with the control catalyst sample, the Sggr values of
Fe-BN-C catalysts were reduced, which may be attributed to the
collapse of the unstable macropores. The Sggr values of Fe-BN-C
catalysts followed the order: Fe-BN-C-20 > Fe-BN-C-80 > Fe-BN-
C-40 > Fe-BN-C-10 (Table S1%).

Furthermore, the pore size distribution of each catalyst
sample was evaluated using the BJH model, and the findings are

Fig. 1 SEM images of (a) ZIF-8, (b) BN-C, (c) Fe-BN-C-10, (d) Fe-BN-
C-20, (e) Fe-BN-C-40, and (f) Fe-BN-C-80.
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Fig. 2 TEM images of (a) BN-C and (b) Fe-BN-C-20; (c) element
mapping of (d) carbon, (e) nitrogen, (f) boron, and (g) iron in the Fe-
BN-C-20 sample.

illustrated in Fig. 3b and Table S1.1 With the increase in doping
of Fe(NOs);-9H,0, the average pore diameter showed
a decreasing trend, which was attributed to the potential
influence of Fe atoms on the pore structure and morphology of
the catalyst.** Among them, Fe-BN-C-20 has a high specific
surface area of 435.8 m”> g ' and an average mesoporous
structure of 6.96 nm, which ensures high flux mass transfer.?*>®
In addition, the hydrophilic angle test of the Fe-BN-C-20 catalyst
(Fig. S11) demonstrated that the sample had good hydrophi-
licity (61.5°), which is conducive to the penetration of the
electrolyte.”” The catalytic active centers can then be effectively
utilized to achieve high electrocatalytic performance.

The X-ray diffraction (XRD) patterns presented in Fig. 3c
were used to identify the crystal structures of each catalyst
sample. These spectra show a broadening of the peaks at
approximately 26.2° and 42.2°, which corresponds to the (002)
and (100) crystal planes, respectively, of amorphous carbon. The
absence of metallic Fe or any other diffraction peaks provides
additional evidence that Fe was uniformly dispersed on
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Fig. 3 (a) N, adsorption and desorption curves and (b) pore size
distribution of different samples. (c) XRD and (d) Raman spectra of the
catalyst samples.
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graphitic carbon, which is consistent with the elemental
mapping analysis of the Fe-BN-C-20 sample. Thus, the XRD
analysis confirmed that the catalysts possessed a highly
dispersed Fe component on a graphitic carbon support. The
calculated intensity ratios (Ip/Ig) of BN-C, Fe-BN-C-10, Fe-BN-C-
20, Fe-BN-C-40, and Fe-BN-C-80 were reported to be greater than
1, with respective values of 1.94, 2.06, 1.96, 1.78, and 1.92
(Fig. 3d). Notably, the Fe-BN-C-20 sample exhibited the highest
Ip/I ratio among the examined samples, indicating that it had
the greatest number of defects. Such characteristics are
conducive to generating more active sites for the oxygen
reduction reaction (ORR) and can thereby enhance the catalytic
performance of the material.”®

To determine the surface chemical structure, the different
catalysts were detected using X-ray photoelectron spectroscopy
(XPS). As shown in the XPS results (Fig. 4a), Fe, B, N, O, and C
signals appeared in the Fe-BN-C catalysts, illustrating the
successful introduction of Fe and B elements in Fe-BN-C
catalysts.

To accurately measure the content of Fe element in the
catalyst, ICP-MS analysis showed that the amount of Fe in the
Fe-BN-C-20 catalyst was 2.53 wt% (Table S2+t). To elucidate the
elemental states of the catalysts, the N 1s XPS spectrum of the
anti-fold product was examined, which exhibited peaks corre-
sponding to the five nitrogen species, namely, pyridine-N (398.4
eV), Fe-N (398.7 eV), pyrrole-N (399.6 eV), graphite-N (401.1 eV),
and oxide-N (402.5 eV), as presented in Fig. 4b and S2a.1*7' In
all the samples, graphite-N was reported to be the most abun-
dant nitrogen species. Previous research has demonstrated the
pivotal role of graphite-N in the formation of Fe-Ny and the
promotion of the four-electron transfer process of ORR.**?*
Compared with the BN-C catalyst, Fe-N species appeared in the
Fe-doped catalyst, which provided more catalytic active sites for
the catalyst.

Furthermore, the high-resolution B 1s XPS spectra depicted
in Fig. 4c and S2bf verified that all the samples exhibited three
valence states: B-N-C (189.2 eV), BC; (190.7 eV), and B-O
(191.6 eV).*** As cited by earlier investigations, the inclusion of
BC; in the catalysts can augment the efficiency of ORR owing to
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Fig. 4 (a) Full spectra. (b) N 1s XPS spectra of BN-C and Fe-BN-C-20.
(c) B 1s XPS spectra of BN-C and Fe-BN-C-20, and(d) Fe 2p XPS
spectra of Fe-BN-C-20.
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its robust electron donation capability. Moreover, the encap-
sulation of the adjacent boron and nitrogen atoms can reinforce
the charge transmission from the adjacent carbon atoms, which
consequently enhances the adsorption of O, species and
weakens the O=0 bond. Such a synergistic effect is pivotal for
the acceleration of ORR kinetics and the improvement of ORR
activities.***

In Fig. 4d and S3,1 an analysis of the high-resolution Fe 2p
spectrum revealed the presence of three distinct peaks corre-
sponding to the binding energies of Fe** (713.5 and 726.5 eV),
Fe®" (710.7 and 723.5 eV), and Fe,0; satellite (718.8)***" indi-
cating the coexistence of Fe*" and Fe®" species.®> The incorpo-
ration of both transition metal ions, Fe** and Fe*", into carbon-
based catalysts enhances their electrocatalytic activity, thereby
promoting the efficiency of the oxygen reduction reaction.
Furthermore, carbon-based catalysts doped with both Fe and
heteroatoms such as B and N were synthesized and demon-
strated improved ORR performance compared to that of BN-C
catalysts. This enhancement was attributed to the introduc-
tion of the additional active sites in the catalysts through the
incorporation of transition metal ions and heteroatoms, which
facilitates the promotion of ORR catalytic performance.'****

3.2 Electrochemical performance

The oxygen reduction reaction (ORR) performance of all the
samples was studied in a 0.1 mol L' KOH solution. The cyclic
voltammetry (CV) curves of all the catalyst samples exhibited no
obvious redox peaks in the saturated N, electrolyte, but evident
reduction peaks in the saturated O, electrolyte, indicating the
presence of catalytic activity in all the samples. The results of
the ORR potential analysis are presented in Fig. 5a. Notably,
among the five samples, Fe-BN-C-20 exhibited the most positive
reduction peak, resulting in high catalytic capacity.

The LSV polarization curves of the samples are shown in
Fig. 5b, and the kinetic data of all the samples are provided in
Table 1. Among all the prepared materials, Fe-NC-20

Current density (mA em)

02 03 04 05 06 07 08 09 10
Potential (V vs. RHE)

Current density (mA cn)
1,0, yidd (%)
8 5 8 8
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Fig.5 (a) CV curves of all the samplesin a 0.1 M KOH saturated with N,
and O,. (b) LSV of all the catalyst samples and Pt/C at 1600 rpm. (c) LSV
of Fe-BN-C-20 at different rotational speeds. The illustration shows
the corresponding Koutecky—Levich (K-L) diagram at different
potentials. (d) H,O, yields and electron transfer numbers, and (n)
measured by rotating ring-disk electrode (RRDE) for catalyst samples
and Pt/C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Comparison of ORR properties of different samples and Pt/C

Catalyst Eonset (V vs. RHE) Ejjz (V vs. RHE) Ju (mA ecm?)
BN-C 0.874 0.735 4.250
Fe-BN-C-10 0.931 0.829 4.828
Fe-BN-C-20 0.968 0.859 6.154
Fe-BN-C-40 0.953 0.850 5.751
Fe-BN-C-80 0.924 0.818 5.649
Pt/C 1.011 0.853 5.487

Table 2 Comparison of the alkaline ORR performance between Fe-
BN-C-20 and other non-noble metal catalysts from recent literature
(electrode 1600 rpm in 0.1 M KOH)

Eonset E1/2
Name (Vvs. RHE) (Vvs. RHE) J, (mAcm™>) Ref.
Fe-NF-CNTs — 0.85 5.921 45
Fe-N-C-HS 0.95 — 2.48 46
Fe-N-C-2 0.96 0.83 5.85 47
Fe/Fe;C@FeNC  0.965 0.825 7.158 48
Fe-BN-C-20 0.968 0.859 6.154 This work

demonstrated the best catalytic performance, and its half-wave
potential (E;, = 0.859 V) and limiting current density (/i =
6.154 mA cm ) were much higher than that of BN-C (Eyj, =
0.735 V, Ji = 4.250 mA cm ™ ?). Note that the half-wave potential
and limiting current density of Fe-BN-C-20 are better than those
of 20% Pt/C catalyst (E,, = 0.853 V, JL = 5.487 mA cm 7). In
addition, Fe-BN-C-20 outperformed other recently reported
catalysts listed in Table 2.*~**

Moreover, based on the LSV polarization curves at different
rotation speeds and by analyzing the ORR reaction pathway
using the K-L equation according to the Koutecky-Levich (K-L)
equation, it can be seen from Fig. 5¢ and 7 that, as the rotation
speed increased within the range of 400 -2000 rpm, the current
density increased due to the increase in oxygen diffusion to the
electrode surface. By fitting the polarization curve within the
potential range of 0.2-0.6 V vs. RHE, the K-L curve exhibited
a linear correlation, and the electron transfer number (n) was
close to 4.00, indicating that the ORR is a first-order reaction
kinetic process.

However, the yield of H,0, and the electron transfer number
were accurately measured using a rotating ring-disk electrode
(RRDE). A lower yield of H,0, and an electron transfer number
closer to 4.00 indicated a better catalytic effect of the catalyst
sample, as shown in Fig. 5d. In the potential range of 0.25-
0.55 V vs. RHE, the yield of H,O, of the BN-C sample ranged
from 14.85% to 25.52%, which was considerably higher than
that of the catalyst sample doped with metal. The electron
transfer number ranged from 3.49 to 3.70, which was lower than
that of the catalyst sample doped with metal, proving again that
adding an appropriate amount of metal improved the catalytic
activity of the sample. Most importantly, the yield of H,O, and
the electron transfer number of Fe-BN-C-20 ranged from 3.56%
to 7.10% and from 3.86 to 3.93, respectively, which were always

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lower than 8% and close to 4.00, respectively. Moreover, they
were close to the yield of H,0, (3.63-9.06%) and the electron
transfer number (3.82-3.93) of commercial Pt/C. These results
further confirmed that the catalytic process of the Fe-BN-C
catalyst series involved a more efficient ORR 4e~ pathway.

To ascertain the effectiveness of a catalyst, the cathode
catalyst needs to exhibit exceptional methanol tolerance and
stability. In light of this requirement, we conducted a compre-
hensive evaluation of the two catalysts, Fe-BN-C-20 and Pt/C,
with particular emphasis on their capacity to maintain
current over an extended duration. The result is shown in
Fig. 6a; Fe-BN-C-20 showed only a slight loss of activity, with
a retention rate of 91.02%. In contrast, Pt/C showed a larger
decrease after 36 000 s with a current retention rate of about
68.92%. This result indicated that Fe-BN-C-20 has good
stability. In addition, SEM tests were conducted on the samples
after stability tests, and the results are shown in Fig. S4.t
Although the three-dimensional shape was damaged, the
surface of the catalyst was still rough and porous, which
ensured that the mass transfer rate was not affected during the
oxygen reduction reaction. Fe is very important to the catalytic
activity of the catalyst samples. Therefore, EDS was used to
compare the samples before and after the stability test (Fig. S5
and Table S31), and it was found that the proportion of Fe
elements decreased slightly after the stability test. This may be
due to the fact that in an alkaline environment, iron may form
a soluble complex with hydroxide ions in the solution, and
therefore migrate away from the catalyst surface. Moreover,
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Fig. 6 (a) Stability test and (b) methanol tolerance test of Fe-BN-C-20
and Pt/C at 0.6 V vs. RHE.
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solutions (the LSV tests was repeated 3 times).
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Fig. 6b accentuates the superior resilience of the Fe-BN-C-20
catalyst against abrupt declines and oscillations in current,
once exposed to methanol, in comparison to Pt/C. Drawing
from these empirical findings, it becomes apparent that Fe-BN-
C-20 displayed a heightened degree of stability and methanol
tolerance, as opposed to Pt/C.

4. Conclusions

In summary, in this study, Fe-BN-C hollow mesoporous carbon
was successfully synthesized via a one-step pyrolysis method, and
different materials were obtained by controlling the metal addi-
tion amount. It was found that Fe-BN-C-20 exhibited outstanding
oxygen reduction reaction (ORR) performance, including higher
initial potential (0.968 V vs. RHE), half-wave potential (0.859 V vs.
RHE), limiting current density (6.154 mA cm ), and a near four-
electron transfer number (z = 3.93). Its performance was supe-
rior to that of commercial Pt/C catalysts, which was primarily
attributed to the successful doping of Fe, B, and N heteroatoms
and the hollow mesoporous structure. Furthermore, Fe-BN-C-20
demonstrated excellent durability and methanol tolerance.
Consequently, the Fe-BN-C catalyst prepared in this study was
characterized by its simplicity, high efficiency, and considerable
application potential and is expected to have extensive applica-
tion prospects in the field of fuel cells.
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