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Synergy between iron oxide sites and nitrogen-
doped carbon xerogel/diamond matrix for boosting
the oxygen reduction reactiont

Abdalla Abdelwahab, {23 Ahmed A. Farghali® and Abeer Enaiet Allah (2 *©

The innovative design and facile synthesis of efficient and stable electrocatalysts for the oxygen reduction
reaction (ORR) are crucial in the field of fuel cells. Herein, the facile synthesis of an iron oxide@nitrogen-
doped carbon diamond (FeO,@NCD) composite via an effective pyrolysis strategy is reported. The
properties of this electrocatalyst, including a high density of active sites, nitrogen doping, accessible
surface area, well dispersed pyramidal morphology of the iron oxide, and the porous structure of the
carbon matrix, promote a highly active oxygen (ORR) performance. The
electrocatalyst exhibits outstanding stability, with a half-wave potential of 0.692 V in alkaline solution
(0.1 M KOH), as well as a limiting current density of —31.5 mA cm™2 at 0.17 V vs. RHE. This study
highlights the benefits of hybridizing sp? carbon xerogel and sp® diamond carbon allotropes with iron

reduction reaction

oxide to boost the ORR activity. The proposed strategy opens up an avenue for designing advanced

rsc.li/nanoscale-advances

1. Introduction

Although fossil fuels are currently the main energy source
worldwide, their use cannot satisfy global energy demands as
reserves are being constantly depleted as the worldwide pop-
ulation increases.'” Moreover, fossil fuel emissions pollute air
and water, which has brought about an environmental crisis.*
Thus, it is imperative to devote a substantial amount of research
time toward the pursuit of alternative renewable and sustain-
able energy sources.” Fuel cell technology is considered to be
one of the most promising, efficient, and sustainable zero-
emission technologies available for electrochemical energy
conversion devices.>® However, some drawbacks have
hampered the large-scale commercialization of fuel cells,
including their susceptibility toward methanol and carbon
monoxide (CO) deactivation, unsatisfactory long-term dura-
bility, and the high costs of platinum (Pt)-based electro-
catalysts.”® However, the biggest limitation of fuel cells by far is
the sluggish kinetics of the cathodic oxygen reduction reaction
(ORR), which is the major limiting half-reaction that hinders
the further progress of this technology.*®
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carbon-supported metal oxide catalysts that exhibit excellent electrocatalytic performance.

Conventionally, Pt and its alloys have been proven to be the
most efficient, and thus most widely used, electrocatalysts for
the ORR, as a result of their high catalytic.*'° However, as well as
improving the ORR activity, studies have been focused on
lowering the Pt content of electrocatalysts to reduce costs. This
can be achieved using another substrate, such as metals,
carbon, conducting polymers, oxides, or carbides."** Unfortu-
nately, when impregnated in a support Pt nanoparticles
undergo leaching and agglomerate into larger nanoparticles
due to the Ostwald ripening effect, thus resulting in instability
and poor activity of the material during long-term operation.>**
Consequently, developing efficient, durable, cheap, and stable
catalysts with high tolerance toward CO and methanol to
expedite the ORR process in fuel cell technology is of great
importance. To date, Pt-free and earth-abundant electro-
catalysts, such as those based on transition metal oxide (TMO),
carbide, sulfide, and nitride compounds, have been investi-
gated.'*"® However, despite the significant improvements that
have been achieved to date, the long-term durability and
stability of these catalysts remain a key challenge due to the
particle aggregation and metal corrosion that occur in these
materials at a high working potential.>*® In contrast to TMO
compounds, TMO-carbon composites are more stable and
exhibit a high surface area for the dispersion of a metal oxide
catalyst, with satisfactory results reported in the literature.’
Therefore, various carbon-based electrocatalyst supports, such
as graphene,"” nanodiamond (ND),"® carbon nanotubes
(CNTs),” and carbon xerogels (CXs)*** have been demon-
strated to show efficient electrocatalytic activity toward the ORR.
Among these materials, there has been deep insight into
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nitrogen-doped carbon materials (NC), which exhibit remark-
able electrocatalytic activity due to their high charge density and
localized charge distribution induced by dopants along the
electrode surface.”®2¢

As ORR performance has been shown to be affected by the
number of active species, high conductivity, and surface area of
materials, NC materials should be engineered with a high
concentration of active sites.””?® Essentially, there are two
factors that influence the performance of electrocatalysts; the
first being the chemical composition, which is related to the
number of active sites, the other being the specific surface area
and pore structure, which determine the accessibility of the
interfacial transport features of the relevant ORR species.”**?*3%°
In this context, nitrogen-doped CXs (NCXs) are novel structures
comprising sp2-bonded carbon atoms, an open porous struc-
ture, large specific surface area, and high electrical conductivity,
which manifest in exhibiting outstanding electrochemical
activity.** The porous structure of NCXs presents a number of
active sites for potential electrostatic attraction and the
continuous transport of ions and electrons on the electrode
surface. Nevertheless, sp2-bonded carbon materials are
vulnerable to oxidation and corrosion under a fuel cell envi-
ronment, as a result of high potential and the presence of
moisture. This corrosion then results in the loss of durability
and activity of these materials.®*' Therefore, it is necessary to
synthesize oxidation-resistant electrocatalyst supports contain-
ing NC materials.

ND is a new metastable sp*>-hybridized carbon allotrope that
exhibits excellent electrical and mechanical properties, a large
surface area, and a tunable surface structure.*?* Therefore, the
integration of multiple carbon allotropes has played a crucial
role in the development of new state-of-the-art electrocatalysts
for the ORR. The fine combination of sp2 and sp® phases, such
as those of a CX and ND, respectively, into a single nano-
structure improves the structural features of the resultant
material. The synergy of the physicochemical and electronic
properties of the individual materials supports the charge
transfer kinetics at the surface of the new combined material
due to the different electrochemical accessibility of the elec-
trolyte to various surface active sites.***%

To this aim, TMOs supported on NC, TMO/NC, have been
developed as materials that exhibit high electrocatalytic activity
and durability toward the ORR. The high electrocatalytic activity
of such materials arises from the synergistic effects resulting
from the combination of TMO nanoparticles and NC. In
particular, iron oxide (FeO,)/NC materials have been considered
as potential candidates for the ORR. FeO, are abundant and
low-cost TMOs that are relatively environmentally friendly, and
exhibit high electrical conductivity and high tolerance toward
CO poisoning.*® Although numerous studies have been con-
ducted on the loading of FeO, on NC to develop electrocatalysts
for the ORR,**?**** the electrocatalytic activity of these materials
was shown to be far from satisfactory. Therefore, the design of
porous stable TMO-functionalized carbon electrocatalysts that
combine the inherent advantages of each individual compo-
nent, as well as endowing the resultant material with new
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properties due to the synergistic integration of the different
materials, remains a challenge.

Herein, nitrogen-doped CX and ND composite decorated
with pyramidal FeO, nanoparticles, FeO,@nitrogen-doped
carbon diamond (FeO,@NCD), is synthesized as an ORR elec-
trocatalyst. Firstly, a CX was prepared using a sol-gel method,
then the NCD was prepared via the calcination of a mixture of
CX and ND in a tube furnace using urea as a source of nitrogen.
FeO, nanoparticles were then deposited on the NCD via pyrol-
ysis at 600 °C under a nitrogen gas (N,) atmosphere using
ferrocene (CjoH;oFe, a metal heterocyclic molecule and
a potential source for Fe and C) to produce FeO,@NCD.
FeO,@NCD exhibits ideal properties for excellent ORR perfor-
mance in alkaline medium, with comparable properties to
those of NCD. This performance can be attributed to the
following reasons: (i) the well-distributed active pyramidal FeO,
nanoparticles that decorate the carbon matrix; (ii) the high
content of pyridinic N, graphitic N, and Fe-N bonds that form
active sites; and (iii) the porous carbon matrix that allows the
exposure of active sites and enables rapid mass-transport
kinetics.

2. Materials and methods
2.1 Materials

All of the purchased chemicals from Sigma Aldrich, including
resorcinol, formaldehyde, sodium carbonate, methanol, ND,
acetic acid, and ferrocene, were of analytical grade and used
without further purification.

2.2 Preparation of the porous CX

The CX was prepared using a previously reported method.*
Briefly, appropriate molar ratios of resorcinol and formalde-
hyde were mixed in water, using cobalt acetate as a polymeri-
zation catalyst. The used resorcinol/formaldehyde, resorcinol/
water, and resorcinol/catalyst molar ratios were 1:2, 1:17,
and 1 wt% respectively. Then, the obtained solution was stirred
before being cast in a glass mold at a curing temperature of
40 °C for 24 h, followed by heating at 80 °C for five days. After
that, the obtained organic gel was dried in a microwave to
produce the corresponding organic xerogel. Finally, the CX was
obtained via the carbonization of the organic xerogel at 900 °C
with a heating rate of 5 °C min~" under a N, gas flow in a tube
furnace for 3 h.

2.3 Preparation of the NCD composite

The NCD was prepared via the simple physical mixing together
of urea (10.0 g), CX (100 mg), and ND (10 mg) using a pestle and
mortar, where the amount of ND in the CX matrix was calcu-
lated to be 10 wt%. The produced powder was then thermally
treated in a tube furnace at 600 °C for 2 h under a N, atmo-

sphere with a heating rate of 10 °C min™".

2.4 Preparation of the FeO,@NCD composite

The FeO,@NCD composite electrocatalyst was prepared as
follows. Ferrocene (300.0 mg) was dissolved in acetic acid (50.0

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mL), and the above suspension was mixed with NCD (15.0 mg)
under stirring for 1 h. Then, the resulting mixture was stirred
vigorously at 70 °C until the solvent completely evaporated.
After that, the obtained powder was dried in an oven at 60 °C for
12 h. Finally, the as-prepared product was calcined at 600 °C at
a heating rate of 5 °C min™" under N, for 3 h.

2.5 Characterization

The sample crystallinity and phase identification of the mate-
rials were determined by X-ray diffractometry (XRD, PANalytical
Empyrean, Netherlands) using CuKo radiation at an acceler-
ating voltage of 40 kV and current of 35 mA at a wavelength of A
= 1.54045 A. The surface morphologies of the samples were
assessed by scanning electron microscopy (SEM, ZEISS, EVO-
MA10). Microstructures and morphologies of the samples
were determined by high resolution transmission electron
microscopy (HRTEM, JEM2100, Jeol, Japan), operated at an
acceleration voltage of 200 kV. Nitrogen adsorption-desorption
isotherms were recorded using a surface area analyzer (TriStar II
3020, Micromeritics, USA) at 77 K. Specific surface areas (SSAs)
were evaluated using a multipoint Brunauer-Emmett-Teller
(BET) method at a relative pressure range from 0.05 to 0.3 based
on the adsorption data. X-ray photoelectron spectroscopy (XPS,
K-ALPHA, Thermo Fisher Scientific, USA) data was collected
using monochromatic Al Ko radiation from —10 to 1350 eV with
a spot size of 400 uM at a pressure of 10~ ° mbar at a full-
spectrum pass energy of 200 eV and a narrow spectrum of 50 eV.

2.6 Electrode preparation

The as-prepared materials were ground to prepare inks for use
in electrode preparation. In a typical experiment, the working
electrode was prepared by dispersing the prepared materials
(5 mg) in isopropanol (400 pL) and Nafion solution (30 pL,
5 wt%). The resultant suspension was then sonicated for 10 min
to obtain a homogeneous ink. A small amount of the prepared
ink (10 pL) was then dropped onto a rotating disk electrode
(RDE) surface with a 3 mm glassy carbon (GC) tip and dried
under an infrared lamp. The GC electrode was prepolished
using 1 um diamond and 1, 0.3, and 0.05 pm alumina powder
and sonicated in deionized water and ethanol before use.

2.7 Electrochemical analyses

All of the electrochemical measurements were performed in
a conventional three-electrode cell using a potentiostat/
galvanostat (AUTOLAB PGSTAT 302N, Metrohm, Utrecht, The
Netherlands). Then, O,- and N,-saturated 0.1 M KOH were
chosen as electrolytes and used under a maintained flow of O,
and N, during the measurements.

The catalyst film-coated RDE was used as the working elec-
trode, with Pt wire and Ag/AgCl used as counter and reference
electrodes, respectively. Cyclic voltammetry (CV) measurements
were carried out in N,- or O,-saturated 0.1 M KOH electrolyte in
a potential window of —0.8-0.4 V at a scan rate of 50 mV s~
Linear sweep voltammograms (LSVs) were recorded in O,-
saturated electrolyte at different rotation speeds of the RDE
electrode in the range of 500-4000 rpm at a scan rate of 5 mV

© 2022 The Author(s). Published by the Royal Society of Chemistry
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s~'. For comparisons, the potential of Ag/AgCl reference elec-
trode was converted to reversible hydrogen electrode (RHE)
potential using the following relation:

Erug) = Eagagcn + 0.059 pH + E°ag/a.01) (1)

Where E°(ag/agcr) = 0.1976 V at 25 °C and the pH of 0.1 M KOH is
13.15.

The obtained LSV data were input into the Koutecky-Levich
(K-L) equation to evaluate the electrocatalytic performance of
each sample to calculate the number of transferred electrons

(n):

111
7R B ®
B = 0.2nF(Do,)"*v™"°Co, 3)

where j is the current density; ji is the kinetic current density; w
is the rotation speed; F is the Faraday constant; Do, is the oxygen
diffusion coefficient (1.9 x 107> cm” s™'); v is the electrolyte
kinematic viscosity (0.01 cm® s '); and Ceis the oxygen
concentration (1.2 x 10~° mol cm™?).

3. Results and discussion

3.1 Electro-catalyst fabrication and structural
characterization

The fabrication process of the FeO,@NCD electrocatalyst is
illustrated in Fig. 1. Prior to the synthesis of the catalysts, CX
and NCD composites were prepared via the sol-gel poly-
condensation of resorcinol and formaldehyde, followed by
calcination.* Ferrocene and NCD were uniformly mixed in acetic
acid solution. Based on an organometallic ligand-exchange
reaction between the carbon substrate and the cyclo-
pentadienyl iron compound via covalent bond formation, the
ferrocene is successfully attached to the surface of the carbon
via the interaction of the iron atom with the localized m-elec-
trons on the carbon.* After stirring, the solvent evaporated and
the mixture was calcined under a flow of N, at 600 °C for 2 h to
produce FeO,@NCD, which exhibits a sandwich structure of
FeO, loaded on both sides of NCD.

The surface morphologies of the prepared samples were
examined using field-emission SEM (FESEM, Fig. 2a-f). Fig. 2a
shows a three-dimensional (3D) interconnected network of CX
comprising spherical particles linked to one another, which is
in good agreement with the previously published data on typical
resorcinol-formaldehyde carbon gels.* These network struc-
tures play a crucial role in achieving high surface accessibility
via porous channels as well as exhibiting high electrical
conductivity as a result of their connected monolithic walls.*
The ND shown in Fig. 2b displays a continuous nanocluster
structure with a grain size of 20-80 nm. Fig. 2c provides
evidence that two types of carbon are intimately aggregated
together. The CX structure is completely covered with ND in the
form of small spherical clusters. Interestingly, Fig. 2d displays
a lateral view of the homogenous growth and embedding of
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Fig.1 Schematicillustration of the preparation of the FeO,@NCD composite. (a) Calcination of the ND on the CX matrix, (b) further calcination to
form the FeO,@NCD composite, and (c) the sandwich-like architecture of the FeO,@NCD with active FeO, centers. (d) SEM top view of the

sandwich-like architecture of the FeO,@NCD.

pyramidal FeO, crystals on both sides of the NCD surface and in
between its matrix. This is assumed to occur due to the rapid
binding of the metallic iron originating from ferrocene with the
newly produced carbon material (cyclopentadiene) and the

NCD. FeO,@NCD exhibits a two-dimensional (2D) planar sheet
morphology as a result of its strong -7 stacking, which effi-
ciently prevents the aggregation of FeO,.” Hence, evenly
anchored pyramidal FeO, can be observed on the surface of

Fig. 2 FESEM images of prepared samples of (a) CX, (b) ND, and (c) NCD; and (d) lateral and (e and f) top views of FeO,@NCD.
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Fig. 3 HRTEM images of the prepared samples (a) CX, (b) NCD, and (c and d) FeO,@NCD.
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(a) XRD patterns, (b and c) N, adsorption—desorption isotherms, and (d) pore size distributions of CX, NCD, and FeO,@ NCD.
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Table 1 Surface area analysis

SgET Vo (N) Lo (N) Vp, DFT L, (DFT)
Sample m?> gt cm? g’1 nm cm? g’1 nm
CX 399 0.16 1.14 0.26 1.29
NCD 52 0.02 1.66 0.04 0.73
FeO,@NCD 66 0.03 1.56 0.06 2.85

NCD in the top views shown in Fig. 2e and f. This uniform
distribution of FeO, through NCD was further revealed by deep
insight into FESEM (Fig. S1at), wherein numerous FeO, moie-
ties are visible on the underside of the carbon sheet against
a semitransparent carbon skeleton, which confirms the encap-
sulation of FeO, through successive carbon layers, resulting in
a fascinating sandwich structure. It can be assumed that this
occurs due to the strong covalent interactions between the
organometallic ligands and the N-containing groups, effectively
preventing the agglomeration of metal species during the
pyrolysis process.** Moreover, the unique NCD structure acts as
a carrier to induce the decomposition of ferrocene and to
expose more active centers for the high distribution of FeO,,
thus resulting in the material exhibiting fast electron and mass
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transport.*” Such a novel structure favors electrolyte penetration
and electron transfer during the ORR. In addition, energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
images were recorded (Fig. S1b-ft) to further confirm: (i) the
successful preparation of the FeO,@NCD composite, (ii) the
uniform dispersion of the iron (Fe), carbon (C), nitrogen (N),
and oxygen (O) elements in FeO,@NCD, and (iii) the slightly
harmonized mapping of the Fe, C, O, and N elements can be
observed, further confirming the coordination of Fe with O in
an FeO, matrix, and with C in Fe;C.

Additionally, the coordination of N with C and Fe proves the
successful doping of the FeO,@NCD with N. These observations
confirm that the FeO,@NCD electrocatalyst has highly efficient
active sites for catalyzing the ORR process. It is clear that the
HRTEM images in Fig. 3a-d match the SEM observations.
Agglomerated interconnected CX particles with a smooth
surface and a uniform distribution of ND in the form of nano-
spheres with a 4-7 nm diameter on the surface of the CX
particles can be seen in Fig. 3a and b, respectively. It can be
distinctly observed from Fig. 3a that nanometer-sized cobalt
particles, from the catalyst used during the synthesis of CX, are
embedded throughout the carbon matrix. The HRTEM images
in Fig. 3¢ and d confirm the growth and anchoring of pyramidal
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—C=0
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—0=C-0
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Fig. 5 High-resolution (a) C 1s, (b) O 1s, (c) N 1s, and (d) Fe 2p spectra of FeO,@NCD.
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FeO, particles of 80-120 nm in size over the NCD surface. The
presence of FeO, and N modulates the charge distribution over
the carbon structure and facilitates electron transfer, which
results in a superior catalyst material. The doping of N onto the
carbon matrix generates positively charged (C') sites that
promote oxygen adsorption.*

The detailed structural features of the prepared materials
were examined and the results are shown in Fig. 4. Fig. 4a shows
XRD patterns of the CX, NCD and FeO,@NCD. The XRD
patterns of CX and NCD display two characteristic graphitic
peaks located at 26 angles of around 26° and 44.25°, which
correspond to the (002) and (101) planes of the materials,
respectively. The broadness and intensities of these two peaks
confirms the amorphous nature of the materials. The XRD peak
detected at 51.50° is thought to originate from metallic cobalt.*
The diffraction peaks in Fig. 4a at 30.04° (220), 35.8° (311), 43.5°
(400), 53.9° (422), 57.4° (511), 63° (440), and 74.12° (533) can be
assigned to FeO, (JCPDS card no. 19 0629). In addition, the
small diffraction peaks at 34.08° and 74.53° can be attributed to
the characteristic planes of Fe;C, which is in good agreement
with FESEM mapping analysis.**™*® These results verify the
successful preparation of FeO, (from ferrocene over the surface
of NCD in the FeO,@NCD composite.

To investigate the pore structure of the prepared samples,
nitrogen adsorption-desorption measurements were recorded
at 77 K and pore size distributions were calculated from the

View Article Online
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obtained isotherms using non-local density functional theory
(NLDFT). As shown in Fig. 4b, the adsorption-desorption data
of CX closely resembles the type I isotherm of a microporous
material. Noticeably, at relatively low pressures of P/P° < 0.1,
a sharp N, uptake is observed due to the presence of a large
number of micropores in CX and the formation of a monolayer.
The small contribution of a type II isotherm is evidenced by the
increase in gas adsorption above a P/P° of 0.2, with the presence
of a H4 hysteresis loop over a P/P° range of 0.6-0.9. This
observation indicates that the CX contains both microporous
and mesoporous structures, which facilitate ionic diffusion
inside the carbon matrix. Fig. 4c shows isotherms of NCD and
FeO,@NCD, which are mainly type IV isotherms, in which
a monolayer and multilayers are formed at low and high relative
pressures, respectively. An open H4 hysteresis loop is observed
in the isotherm of FeO,@NCD, indicating the development of
mesopores in this sample together with the presence of parti-
cles with irregular shaped internal voids. As a result, FeO,@-
NCD exhibits a hierarchical porous structure with a wide pore
size distribution spanning both the microporous and meso-
porous regions.*”** As shown in Table 1, FeO,@NCD has a BET
surface area (Sggy) of 66 m* g~ and a total pore volume of
0.024 cm® g~ . These results were also confirmed via analysis of
the obtained isotherms using NLDFT, with the results shown in
Fig. 4d. As shown in Table 1, the CX adsorbs the highest volume
of gas, suggesting that it has a high surface area and that the
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Fig.6 CVs of (a) CX, (b) NCD, and (c) FeO,@NCD in both N,- and O,-saturated electrolyte, and (d) a comparison of the as-prepared samples in

O,-saturated electrolyte recorded at a scan rate of 50 mV s .
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majority of its pores are microporous, with the microporous size
distributions of CX and NCD being 1.34 and 0.9 nm, respec-
tively. Beyond that, Fig. 4d shows that the mesoporous size
distribution of FeO,@NCD is located between the microporous
and mesoporous regions in the range of 1.1-5, which confirms
that it has both microporous and mesoporous characteristics,
with a maximum pore size of around 2.85 nm. Such features are
expected to boost the fast transport of electrolyte ions into the
exposed active sites and promote the rapid transport of ORR-
relevant species. The data obtained from the surface area
analysis, ie., the Sggr, pore volume (V;), and pore diameter (L)
over a relative pressure range of 0.02-0.09 are shown in Table 1.

To further investigate the surface chemical state of the as-
prepared FeO,@NCD catalyst, XPS measurements were carried
out, with the results shown inFig. 5 and S21. For comparison,
the XPS spectra of NCD were also recorded, which are shown in
Fig. S3 and S4.7 The obvious peaks in the XPS survey spectrum
of FeO,@NCD shown in Fig. S2at at 286, 398, 531, 712, and
785 eV correspond to carbon, nitrogen, oxygen, iron, and cobalt,
respectively. The high-resolution C 1s XPS spectrum can be
fitted to four peaks, which can be attributed to C-C, C=C
(284.60 €V), C-O (285.3), C-N (286.4 eV), and C=0 (288.9 eV)
bonding*~* (Fig. 5a and S4at). Fig. 5b shows the high-
resolution O 1s XPS spectrum of FeO,@NCD, which was fitted
to four characteristic oxygen contributions of chemisorbed
oxygen at 529.4 eV, lattice oxygen in the Fe-O of Fe;0, at 530 eV,
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C=0 at 531 eV, and C-O and NO species at 532.4 eV, which
differs from the case of NCD.** The O 1s XPS spectrum of NCD
shown in Fig. S4bt exhibits four obvious peaks for chemisorbed
oxygen at 529.1 eV; C=0 at 530 eV; C-O and N-O species at
531.8 eV; and lactone, carboxylic acids, and N-C=0 at 533 eV.
Notably, these values indicate a positive shift to higher binding
energies upon metalation of NCD with FeO, in FeO,@NCD.**
The presence of N-C=0 in the XPS data is clear evidence for the
bonding of carbon with nitrogen, which is in good agreement
with the C 1s spectra. The nitrogen content in FeO,@NCD is
2.64 wt% which is lower than the 3.64 wt% observed for NCD
due to iron doping (Fig. S2a and S3at). The N 1s spectrum of
FeO,@NCD shows peaks at 398.7, 399.5, 400.2, 401, and
402.9 eV, which can be attributed to pyridinic N (21.38 at%), Fe-
N (26.31 at%), pyrrolic N (11.51 at%), graphitic N (24.34 at%),
and oxidized N (16.44 at%), respectively>* (Fig. 5c and S2bt). The
high proportion of Fe-N is clear evidence for the robust binding
that takes place between Fe;O, and NCD. In general,
pyridinic N, graphitic N, and Fe-N bonds in carbons are
regarded as electroactive sites for the ORR, which enhance the
ORR performance.**>**** The high-resolution N 1s spectrum
for the comparative NCD catalyst can also be fitted with several
peaks with binding energies of 398.2, 399.7, 400.5, and 403.3 eV
(Fig. S4ct), corresponding to pyridinic N (27.11 at%), pyrrolic N
(33.89 at%), graphitic N (30.50 at%), and oxidized N (8.47.0
at%), respectively (Fig. S3bt). Fig. 5d shows the Fe 2p XPS
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Fig.7 LSVsof (a) CX, (b) NCD, and (c) FeO,@NCD recorded at different rotation speeds from 500 to 4000 rpm, and (d) a comparison of the LSVs
of the electrocatalysts recorded at 4000 rpm at a scan rate of 5 mV s .
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spectrum of FeO,@NCD, which features two major peaks at
711.0 and 724.40 eV associated with the Fe 2p;,, and Fe 2p,,
core-level binding energies of FeO, on the NCD. In addition, the
two peaks located at 718.64 and 732.13 eV represent the shake-
up satellites of Fe 2p, which are in good agreement with the
values previously reported in the literature.**® The two fitted
peaks located at 710.74 and 724.30 eV can be attributed to the Fe
2ps» and Fe 2p;, of Fe*, whereas the peaks at 712.54 and
726.93 eV can be assigned to the Fe 2p;/, and Fe 2p;,, of Fe**ss

3.2 ORR activity

To investigate the electrochemical performance of the electro-
catalysts toward the ORR, CV and LSV measurements were
performed in O,-saturated 0.1 M KOH electrolyte using an RDE
at room temperature. As shown in Fig. 6, the CV measurements
were carried out in the presence and absence (i.e., N,-saturated
electrolyte) of O, at 50 mV s~ ' to evaluate the activity of the
electrocatalysts in the ORR. A shown in Fig. 6a, for N,-saturated
electrolyte the obtained CV shows no reduction peak for oxygen,
while in O,-saturated electrolyte the CX shows activity for the
ORR, evidenced by the presence of a typical oxygen reduction
peak at around 0.6 V. As shown in Fig. 6b, the intensity of this
peak is increased and shifted to a reduction potential of about
0.7 V in the case of NCD, indicating the higher activity of NCD
toward the ORR. This higher activity for NCD can be attributed
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to two factors. (i) The structure of the ND itself consists of sp3
bonded crystalline diamond in its core and a combination of
both sp2 and sp3 bonding in its outer structure. This unique
structure of the ND is responsible for facilitating redox reac-
tions under low applied potentials.*® (ii) The presence of
pyridinic-N and graphitic-N as dopants in CX promotes the
adsorption of oxygen onto the carbon surface by providing
positively charged (C") active sites.”” As shown in Fig. 6c and d,
FeO,@NCD exhibits outstanding activity toward the ORR which
indicates that Fe plays a key role in the ORR performance via the
formation of active centers. Several reports have suggested that
the boosting of the ORR activity in the case of Fe and N con-
taining electrocatalysts is due to the formation of Fe-N, bonds
and a charge transfer from Fe to the carbon matrix which in
turn enhances the O, adsorption.***®* Moreover, the exposed
surface area of the sandwich-like architecture of FeO,@NCD
offers numerous active sites to the electrolyte and promotes the
mass transfer of relevant moieties (e.g., H'/OH™ and O,) in the
ORR. Overall, these distinctive features make FeOx@NCD
a promising ORR catalyst.

LSV measurements were recorded using an RDE at a rotation
speed in the range of 500-4000 rpm at a scan rate of 5 mv s~ .
As shown in Fig. 7(a-d), the obtained LSV data show the same
trend as that observed in the CV data. Fig. 7a-c show the LSV
data of the CX, NCD, and FeO,@NCD, respectively, recorded at
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Fig. 8 (a) Linear K-L plots of FeO,@NCD from 0.5to 0.8 V, (b) the n values of the electrocatalysts, and (c) the 1% and 100" cycles of FeO,@NCD

recorded at 3000 rpm at a scan rate of 50 mV s~ %,
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Table 2 Comparison between the electrochemical activities of the electro-catalysts towards ORR
Current
Eypp, V Density
No. of -

Electro-catalyst Electrolyte (RHE) e— mA em > Reference
FeO,@NCD 0.1 M KOH 0.692 4.02 —31.50 This work
Fe;C-Fe,N/CFe; ¢-N- 0.1 M KOH 0.881 3.97 —5.50 13
HCNS/rGO 0.1 M KOH 0.872 4.02 —5.58 59
Fe-N/C 0.1 M KOH 0.812 4.08 —5.98 60
Fe”@NCS—A 0.1 M KOH 0.790 3.70 —4.01 61
Fe-ND/C 0.1 M KOH 0.790 4.30 —5.50 62

different rotation speeds. As expected, CX and NCD exhibit
lower ORR activity than FeO,@NCD. This observation signifies
that the formation of Fe-based active centers in this material is
essential for catalyzing the ORR.

Fig. 7d shows the LSV data of the electrocatalysts recorded at
a rotation speed of 4000 rpm at a scan rate of 5 mV s~ .
Although the lowest onset potential for NCD is around 0.89 V vs.
RHE which shifts the reaction to a lower potential, the highest
limiting current density of —31.5 mA cm ™2 at 0.17 V is obtained
for FeO,@NCD that indicates its high activity toward the ORR.
The calculated half wave potentials, E;,,, for CX, NCD, and
FeO,@NCD are 0.628, 0.756, and 0.692 V, respectively, with
a positive shift towards NCD of 64 mV.

To evaluate the electron transfer capacity of the electro-
catalysts, the obtained LSV data were fitted using the K-L
model, as shown in Fig. 8. As revealed from Fig. 8a, great line-
arity is observed from 0.5 to 0.8 V, demonstrating that the ORR
process is a first-order kinetic reaction.** Fig. 8b shows the
number of electrons transferred (n) per oxygen molecule
calculated from the K-L model. The n values of the CX, NCD,
and FeO,@NCD at 0.17 V are 1.7, 2.7, and 4.02, respectively.
These results provide evidence that a four-electron transfer
mechanism in the ORR process is dominant for FeO,@NCD.

The stability of the FeO,@NCD catalyst is another important
factor that needs to be taken into consideration, which was
further examined by carrying out LSV measurements at
3000 rpm and a scan rate of 50 mV s~ ' for 100 cycles, with the
results shown in Fig. 8d. The retention of around 87.3% of the
current density is achieved after 100 working cycles, with the
slight drop of 12.7% attributed to the consumption of oxygen
from the electrolyte during the measurements. Remarkably, the
FeO,@NCD electro-catalyst shows higher ORR catalytic activity
with already published ones in the same alkaline medium,
higher limiting current density is obtained with lower half wave
potentials, E;j,and the number of transferred electrons is
almost four for all electro-catalysts which is the favored pathway
for ORR, Table 2.

4. Conclusions

A versatile and simple synthetic strategy was developed for
decorating an NCD matrix with a pyramidal FeO, nanostructure
to form an FeO,@NCD electrocatalyst. Using ferrocene pyrol-
ysis, a structure of uniformly dispersed FeO, crystals embedded

846 | Nanoscale Adv., 2022, 4, 837-848

between carbon matrix layers was produced. The rich nitrogen
and FeO, content in FeO,@NCD combined with the typical
structural features of a carbon matrix results in the material
exhibiting a large accessible surface area with ideal porosity,
rapid mass transfer, and easily accessible active sites for excel-
lent catalytic performance in the ORR. FeO,@NCD exhibits the
best ORR performance among all of the currently reported
electrocatalysts and shows robust long-term stability in 0.1 M
KOH solution. In terms of practical application, it is hoped that
these findings will inspire the utilization of this synthetic route
for the preparation of other MO-modified carbon electro-
catalysts that exhibit excellent ORR performance.
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