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Optimizing electrocatalytic activity and recognizing the most reactive sites for oxygen evolution reaction
(OER) electrocatalysts are valuable to the order of renewable power. In this research article, we explored
an innovative in-situ annealing technique for constructing iron carbide nanoparticles (Fe3C NPs) encap-
sulated via nitrogen and phosphorous doped bamboo-shape carbon nanotubes (NP-CNTs) for OER.
Interestingly, the constructed Fe3C NPs@NP-CNT-800 composite exhibited remarkable electrochemical
operation and offered a stable current density of 10 mA/cm2 at a lower overpotential (280 mV) in an alka-
line solution. Furthermore, an innovative Fe3C NPs@N,P-CNT-800 hybrid surpassed the standard RuO2

electrocatalyst in terms of OER performance and showed negligible degradation in chronoamperometric
(21 h) and chronopotentiometry (3000 cycles) analyses. The remarkable performance and stability are
ascribed to the Fe3C NPs, novel tubular bamboo-like morphology of its carbon materials, and heteroatom
doping, which contribute to the electrochemical interfaces, large surface area, active catalytic sites, and
rapid charge transfer kinetics.
� 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogen energy is a promising option to address future fossil
fuel depletion, global warming, climate change, and ecological
problems, and it has garnered increased concern in recent years.
[1] In particular, water electrolysis is a favorable plan for producing
environmentally friendly fuels from renewable energy sources and
converting electrical energy to chemical energy. [2] Within water
electrolysis, the four-electron transfer approach (4OH- ?
2H2O + O2 + 4e-) of the oxygen evolution reaction (OER) is a pivotal
electrochemical reaction, [3–5] which is a potential hindrance in
overall water splitting because it involves the production of reac-
tive species in the multi-electron mechanism. The slow electro-
chemical kinetics of the OER, which occurs at the anode, is a
major obstacle in the realization of effective electrochemical water
splitting cells. [6] Despite the fact that noble metal-based materials
(RuO2, IrO2) are typically used as a reference electrode for the OER,
their scarcity, high price, and insufficient long-term stability
severely restrict their scalable commercialization and large-scale
applications. [7] Therefore, inexpensive, extremely effective, and
earth-ample electrocatalysts for OER are required to replace
state-of-the-art electrocatalysts, lower the activation energy, and
increase the chemical reaction kinetics to increase the electro-
chemical energy conversion efficacy.

Owing to the low cost, high earth abundance, good electrical
conductivity, and fast charge transfer, the first row of transition
metals have an appealing attraction in electrochemical water split-
ting. [8–10] Transition metal carbides (TMCs), including iron,
molybdenum, cobalt, and nickel carbides, are essentially earth-
abundant electrocatalysts that have been extensively investigated
in the OER. [11] In particular, iron carbide (Fe3C) has gained inter-
est as a cost-effective electrocatalyst for the OER. [12] Different
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approaches have been utilized to further boost the OER perfor-
mance of Fe3C, such as synthesis nanostructures, [13] morphology
engineering, [1] tuning porosity, [14] and elemental alloying/dop-
ing. [15] Even though Fe3C-based electrocatalysts have been used
in the OER, their electrocatalytic activity is limited by their poor
electronic conductance and insufficient reactive sites. [16].

Coupling Fe3C nanoparticles (NPs) with carbonaceous materi-
als could resolve these challenges. [17] In particular, carbon
supports could improve the conductance and prevent Fe3C
NPs from agglomerating, which would increase the dispersion
of NPs and provide additional active sites for the OER. [18] A
potential strategy is to provide the TMCs with carbonaceous
supporting materials, notably reducing the aggregation of non-
precious metal NPs, avoiding corrosion, and making excellent
conductance for electrons available. This will increase the elec-
trocatalytic performance and stability in an extreme environ-
ment. [19].

Various carbon-based materials, such as graphenes, [20] carbon
nanofibers, [21] carbon nanotubes, [22] and carbon nanorods, have
demonstrated impressive synergetic actions in the OER. [23]
Among many topologies, carbon nanotubes offer great corrosion
resistance, large specific area, optimal shape, and high conductiv-
ity. [24] Due to their small size, carbon nanotubes also have out-
standing chemical and mechanical properties. [25] However,
non-noble metal NP nucleation is not favored by the inert surface
of carbon nanotubes, which decreases the performance. [26] The
electrical characteristics and morphology of carbonaceous materi-
als can be efficiently modified by hetero-non-metal element dop-
ing. [27] This promotes the dispersion and nucleation of TMC
NPs and the electrochemical water-splitting activity by the forma-
tion of defects. [28] Nitrogen doping into carbonaceous materials
could successfully develop electronic conductance and modulate
the electronic structures, which is beneficial for improving the
OER performance. [29] Also, phosphorous doping can create
defects in carbonaceous materials, which are expected to improve
the electronic properties and generate new electrocatalytic active
sites for water splitting. [30].

Two systematic techniques have been reported for the amalga-
mation of TMC/carbon composites. In one strategy, TMCs and car-
bon supports are synthesized separately and then combined in the
next step to obtain the composite. [31] However, this method is
not favorable due to the easy separation of the TMC NPs from
the carbon support. [32] In the other approach, the mating of the
TMCs and carbon support by in-situ carbonization improves the
overall coupling, interaction, and feasibility of large-scale produc-
tion. [33].

Based on the abovementioned guidelines, in this research, we
disclosed for the first time the in-situ gram-scale construction of
Fe3C NPs encapsulated via nitrogen and phosphorus doped
bamboo-shape carbon nanotubes (NP-CNTs) for the OER. The con-
structed Fe3C NPs@NP-CNT-800 composite showed remarkable
electrochemical activity and maintained a reference current den-
sity (10 mA/cm2) at an overpotential of 280 mV in an alkaline med-
ium (1.0 M KOH). Furthermore, the OER performance of the Fe3C
NPs@NP-CNT-800 hybrid exceeded that of the standard RuO2 elec-
trocatalyst and showed negligible degradation in chronoampero-
metric (CA) and chronopotentiometric (CP) measurements. The
remarkable performance and stability are ascribed to the Fe3C
NPs, novel tubular morphology of its carbon materials, and het-
eroatom doping, which contribute to the interfaces, active sites,
quick charge transfer kinetics, and large surface area. Hence, our
exploration provides a green in-situ approach for producing
gram-scale electrocatalysts for the practical implementation of
green oxidation and other related electrochemical energy
applications.
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2. Experimental sections

2.1. Chemicals

Iron (II) acetylacetonate (Fe(C5H7O2)2, 97 %), potassium hydrox-
ide (KOH, 85 %), melamine (C3H6N6, 99 %), and triphenylphosphine
(C18H15P, 99.0 %) were purchased from the Aladdin Company.
Trademark Pt/C (20 wt%), commercially available Nafion (5 wt%),
and carbon paper were obtained fromMacklin Company. Ultrapure
H2O (18.2 MO cm�1) was used during the whole experimental
work. All analytical grade reagents and chemicals were used with-
out further processing.

2.2. Preparation of the Fe3C NPs@NP-CNTs catalyst

A common innovative in-situ method involves milling 250 mg
of iron (II) acetylacetonate, 2000 mg of melamine, and 500 mg of
triphenylphosphine using a mortar and pestle to obtain a ground
complex. The ground precursor complex was moved to a milky
quartz boat and placed in high-temperature tube furnaces at 700,
800, and 900 �C at a ramping rate (5 �C/min) for 2 h under contin-
uous nitrogen and Ar gas streams. After the electric tube furnace
was progressively cooling to normal temperature, the as-
synthesized samples were centrifugated (many times) via ethanol
and water, respectively. The clean slurry was dried at 100 �C using
an electric vacuum oven, yielding Fe3C NPs/N,P-CNT-700, Fe3C NPs/
N,P-CNT-800, and Fe3C NPs/NP-CNT-900 composites.

2.3. Basic characterization

Field emission-scanning electron microscopy, FE-SEM model-
SU8220, Hitachi company Japan, was operated to examine the pre-
cise microstructural shape, and a 2.0 kV acceleration voltage fitted
with energy-dispersive X-ray spectroscopy (EDS) was operated for
elements map distribution. The nanoscale compositional and
structural characteristics were examined via high-resolution field
emission transmission electron microscopy, HR-TEM, FEI, USA.
The crystal microstructures of the as-prepared composites were
characterized via X-ray diffraction and XRD applying Cu-Ka emis-
sion (k = 1.5405 0A, Smartlab Rigaku, D/Max2000, Japan). The
Raman spectra of as-prepared composites were recorded using a
Raman spectrometer with an excitation wavelength of 514.5 nm
(LabRAM HR Evolution HORIBA Jobin Yvon). For baseline correc-
tion, the Raman data were calibrated using LabSpec Raman soft-
ware. Nitrogen adsorption–desorption measurements were
performed using an ASAP 2460 analyzer (USA) to elucidate the
multipoint models for the investigation of surface area (BET,
Brunauer–Emmett–Teller), average pore diameter and volume
(BJH, Barrett–Joyner–Halenda). X-ray photoelectron spectroscopy
(XPS) was investigated via Thermo Fischer Scientific X-ray photo-
electron spectrometer (Escalab 250Xi, USA) equipped with Mg to
study the energy states and chemical bonding as the excitement
source.

2.4. Electrocatalytic measurements

Electrochemical measurements of all samples were carried out
using an electrochemical workstation (Pine Research, USA). The
electrocatalytic activity was investigated using a three-electrode
configuration, in which a reversible hydrogen electrode (RHE)
was applied as the standard reference electrode and graphite as a
counter electrode. In addition, a glassy carbon-loaded as-
synthesized ink (sample) was operated as the working electrode.
In a representative process, 5.0 mg of the powder sample was
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added to a solution consisting of 100 lL of Nafion (5 %), 300 lL of
ethanol, and 600 lL of deionized water, and followed by ultrason-
ication to the order of 1 h to make the working electrode. The uni-
form homogenous suspension was then transferred using a pipette
and dried at room temperature (25 0C) overnight. More impor-
tantly, 1.0 M KOH solution was degassed under pure oxygen and
nitrogen gas flows for at least 0.5 h before taking the measure-
ments and used as the electrolyte at normal room temperature.
Prior to the linear sweep voltammetry (LSV) measurements, cyclic
voltammetry (CV) 70 potential cycles were performed to trigger
the electrode to obtain noteworthy and stable data. The double-
layered capacitance (Cdl) was established on the slope obtained
by graphing the current density vs scan rates to calculate the elec-
trochemically active surface area. For more explanation, the Tafel
slope was approximated by applying the LSV records. Likewise,
electrochemical impedance spectroscopy (EIS) was conducted at
a constant voltage (1.5 V vs RHE) at an amplitude of 5 mV, with fre-
quency ranges of 105–10-1 Hz. Carbon paper (1 cm � 1 cm) was
chosen as the support to identify the oxygen production and fara-
daic efficiency of the catalyst in a 1.0 M KOH electrolyte. For this
test, a small amount of sample ink was put on carbon paper and
allowed to dry in the air. Potentiostatic cathodic water splitting
Fig. 1. (a) Schematic diagram of the in-situ engineering of the Fe3C NPs@NP-CNT-8
transmission electron microscopy, TEM, (g) field emission transmission electron micros
CNT-800 composite.
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was carried out by keeping carbon paper incorporated Fe3C
NPs@NP-CNT-800 for 60 min in a self-made airtight H-type elec-
trochemical cell. CP and CA measurements were accompanied by
a benchmark current density (10 mA/cm2) in 1.0 M KOH medium
and continuous potential cycles to complete the stability test,
respectively. In the alkaline electrolyte (1.0 M KOH), the CV and
LSV were attained at a scan rate of 5 mV/s and 1600 rpm revolution
speed.
3. Results and discussion

3.1. Physical characterization

Fig. 1a displays the schematic picture of the production mech-
anism for the Fe3C NPs@NP-CNT-800 electrocatalyst using an in-
situ one-step carbonization approach. In our synthesis technique,
iron (II) acetylacetonate, triphenylphosphine, and melamine were
used as the sources of iron, phosphorous, as well as nitrogen and
carbon elements, respectively. The porous morphology of the
Fe3C NPs@NP-CNT-800 composites was observed in the SEM
images (Fig. 1b-d). Fe3C NPs were encapsulated via carbon layers
embedded in the heteroatom-doped bamboo-like carbon, as
00 composite. (b-d) Field-emission scanning electron microscopy, FE-SEM, (e,f)
copy, FE-TEM, and (h) elemental mapping images of the optimized Fe3C NPs@N,P-
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shown in the TEM images (Fig. 1e,f). Notably, the average diameter
of the Fe3C NPs is 47.15 nm (inset of Fig. 1e). The Fe3C NPs were
covered with graphene-like carbon layers with an average thick-
ness of 4 � 5 nm, as shown in the HR-TEM image (Fig. 1g). From
this image, d-spacing (0.34 nm and 0.21 nm) could be observed,
representing (002) lattice plane and (211) lattice plane associated
with the graphitic carbon and Fe3C NPs, respectively. The
heteroatom-doped bamboo-shaped carbon nanotubes prevented
aggregation and increased the stability of the Fe3C NPs during elec-
trochemical water splitting. [34] Iron, carbon, nitrogen, and phos-
phorus were uniformly distributed in Fe3C NPs@NP-CNT-800
(Fig. 1h).

Powder XRD was achieved to find out the crystalline morphol-
ogy of the composites. As illustrated in Fig. 2a, the apparent
diffraction peak angles and corresponding planes were 35.83�
(200), 37.36� (210), 39.01� (002), 40.18� (201), 42.61� (211),
43.15� (102), 44.40� (220), 45.62� (031), 48.36� (112), 49.77�
(131), 50.41� (221), 51.66 (122), 54.12� (040), 57.68� (212),
and 65.01� (301), which corresponded well with the benchmark
XRD pattern of the Fe3C NPs (JCPDS-72–1110). [35] Specifically,
the broadened peak at approximately 26.18� represents the graphi-
tic carbon’s corresponding (002) plane. [36] The carbon-containing
relevant investigations were explored via Raman spectroscopy. As
shown in Fig. 2b, the Raman spectrum presents two characteristic
peaks: a D-band at 1345.58 cm�1 and a G-band at 1592.20 cm�1.
Notably, the relative intensity (ID/IG) was applied to evaluate the
defect degree in the carbon-containing hybrids. Therefore, the ID/
Fig. 2. (a) X-ray diffraction and (b) Raman spectra of the Fe3C NPs/NP-CNT-700, Fe3C NPs/
and (d) pore diameter distribution curves derived from the surface analysis of the Fe3C
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IG ratios of Fe3C NPs/NP-CNT-700, Fe3C NPs/N,P-CNT-800, and
Fe3C NPs/N,P-CNT-900 composites are 0.99, 1.02, and 0.89, respec-
tively. The higher ratio of Fe3C NPs@NP-CNT-800 revealed that the
carbon nanotubes contained many defects caused by doping at the
optimized temperature. [37].

The mesoporous nanostructures of the Fe3C NPs/NP-CNT-700,
Fe3C NPs / N,P-CNT-800, and Fe3C NPs / N,P-CNT-900 composites
were tested using the nitrogen gas adsorption and de-sorption.
As demonstrated within Figure-2c (Fig. S1a, b, Supporting Informa-
tion), typical isotherms with clear hysteresis loops were detected,
representing the occupancy of Fe3C NPs@NP-CNTs. Furthermore,
the BJH pore size distribution, which was achieved from the des-
orption isotherms, indicated that the composites have wide-
ranging distributed pores, as shown in Fig. 2d (Fig. S1c, d, Support-
ing Information). [38] The BET surface areas of Fe3C NPs/NP-CNT-
700, Fe3C NPs/N,P-CNT-800, and Fe3C NPs/N,P-CNT-900 were
113.8724, 210.5017, and 154.9666 m2g�1, respectively. Addition-
ally, the pore sizes of Fe3C NPs/NP-CNT-700, Fe3C NPs / N,P-CNT-
800, and Fe3C NPs/N,P-CNT-900 were 40.08, 35.79, and 38.51 A0

(Table S1, Supporting Information). In addition, Fe3C NPs/NP-
CNT-800 exhibited lower weight losses than Fe3C NPs/NP-CNT-
700 and Fe3C NPs/ NP-CNT-900, suggesting the successful forma-
tion of Fe3C NPs and doped carbon nanotubes at 800 �C (Figure S2,
Supporting Information). The mesoporous structure and large sur-
face area are expected? to increase electrolyte accessibility and the
rate of oxygen-containing species transit, resulting in improved
electrochemical performance. [39].
N,P-CNT-800, and Fe3C NPs/N,P-CNT-900 composites. (c) N2 gas sorption isothermal
NPs@NP-CNT-800 composite.
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To look over the composition, surface, and oxidation states of
Fe3C NPs@NP-CNT-800, XPS was performed. As demonstrated in
Fig. 3a and Table S2, the XPS survey spectrum of the annealed
Fe3C NPs@NP-CNT-800 composite clearly reveals the occurrence
and integral calculation of iron, carbon, nitrogen, and phosphorous.
As displayed in Fig. 3b, the high-resolution spectrum was deconvo-
luted into two pairs of satellites, namely Fe2+ (710.72 and
724.35 eV) and Fe3+ (713.05 and 726.54 eV). In addition, the signals
of Fe0 at 707.04, 719.88, and 733.49 eV are lower than those of Fe3C
Fig. 3. X-ray photoelectron spectra of the Fe3C NPs@NP-CNT-800 composite. (a) Overall
(c) C 1 s spectrum, (d) N 1 s spectrum, and (e) P 2p spectrum.
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NPs, confirming that the core component in the hybrid is Fe3C at
the optimum temperature (800 �C). The small quantity of metallic
iron may be credited to the favorable carbonization index for opti-
mized Fe3C NPs@NP-CNT-800 composites with the additional car-
bon source. [12,40] The C 1 s spectra (Fig. 3c) are divided into four
distinct peaks, and the binding energy are allocated to functional
groups, namely 284.5 (sp2 C), 285.6 (CAN), 286.9 (C@O/C@N),
and 289.1 eV (O-C@O). [40] In addition, the N 1 s spectra are
deconvolved into two parts, corresponding to pyridinic and pyrro-
survey of elements: (b) detailed explanation and high resolution of Fe 2p spectrum,
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lic nitrogens at binding energies of 398.45 and 401.01 eV, respec-
tively (Fig. 3d). The overall nitrogen constituents were 3.28 atomic
% in the Fe3C NPs@NP-CNT-800 hybrid, suggesting effective
nitrogen-doping stimulated via the nitrogen-rich precursor mela-
mine. [27,41] As a result, a nitrogen-dopant in the Fe3C NPs@NP-
CNTs-800 hybrid is expected to perform a significant role for the
OER by characteristically increasing the power to interface with
water molecules species and provide asymmetrical charge distri-
butions on the adjacent carbon atoms. [42–43] The high-
resolution spectrum (P 1 s) is split into 2 distinct peaks, centered
Fig. 4. (a) Linear sweep voltammetry polarization curves, (b) overpotentials, and (c) Tafel
composites, and commercial-RuO2 catalyst. (d) Nyquist charge resistance and (e) double-
and Fe3C NPs/N,P-CNT-900 hybrids obtained at different temperatures. (f) The experimen
to 60 min for Fe3C NPs@NP-CNT-800 at 1.5 V in the alkaline electrolyte (1.0 M KOH).
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at 129.64 and 133.41 eV and recognized to P-Fe 2p 3/2 and PAC,
respectively (Fig. 3e). [33,44].

3.2. Oxygen evolution reaction performance

To measure the OER performance of the annealed samples in a
1.0 M KOH aqueous medium (oxygen saturation), a typical three-
electrode electrochemical station was assembled in which the
electrocatalyst sample, RHE, and graphite were used as the work-
ing electrode, reference electrode, and counter electrode, respec-
slopes for Fe3C NPs/NP-CNT-700, Fe3C NPs/N,P-CNT-800, and Fe3C NPs/N,P-CNT-900
layer capacitance vs scan rates of the Fe3C NPs/NP-CNT-700, Fe3C NPs/N,P-CNT-800,
tally measured and theoretically calculated amount of O2 versus respective time up
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tively. In addition, the OER was investigated by LSV polarization
accompanied via a reference scanning rate of 5 mV s�1. The corre-
sponding LSV exhibited superior OER for the Fe3C NPs/NP-CNT-800
composite than the Fe3C NPs/NP-CNT-700 and Fe3C NPs/NP-CNT-
900 composites, as well as the commercial RuO2 electrocatalysts
(Fig. 4a). As presented in Fig. 4b, the optimized Fe3C NPs/NP-
CNT-800 composite exhibited satisfactory OER of 280 mV com-
pared to Fe3C NPs@NP-CNT-700 (370 mV), Fe3C NPs@NP-CNT-
900 (300 mV), and RuO2 (310 mV) at a reference current density
(10 mA cm�2). These decreased overpotentials showed the amaz-
ing OER activity brought on by the interaction between hetero-
element doped carbon nanotubes and Fe3C NPs. The accessible
electroactive species of Fe3C NPs@NP-CNT-800 were advantageous
for OH-1 adsorption, which subsequently increased the OER perfor-
mance. The outstanding electrocatalytic behavior of the Fe3C
NPs@NP-CNT-800 hybrid was confirmed by thorough analysis of
the different active electrocatalysts for the OER (Table S3, Supple-
mentary Information).

The Tafel slope is a reference criterion used to determine the
kinetic rate of the electrochemical OER performance of the electro-
catalyst. The Tafel slopes originating from the corresponding LSV
polarizations are shown in Fig. 4c. Fe3C NPs@NP-CNT-800 had a
Tafel slope of 45 mV dec-1, which is significantly lower compared
to those of Fe3C NPs@NP-CNT-700 (80 mV dec-1), Fe3C NPs@NP-
CNT-900 (53 mV dec-1), and the commercial reference RuO2 cata-
lyst (60 mV dec-1). Notably, a lower Tafel slope signifies favorable
kinetics and faster OH-1 discharge ability for the OER in an alkaline
medium. [45] Generally, the proposed OER electrocatalytic mecha-
nism of Fe3C NPs@NP-CNTs in an alkaline solution involves four
elementary steps, where the OOH* formation (step iii) is the
rate-determining step. [46]

� þ OH� ! eþ OH ð1Þ

OH � þOH ! H2Oþ Oþ e ð2Þ

O � þOH ! e�þOOH� ð3Þ

OH� þ OOH� ! H2Oþ O2 þ � þ e ð4Þ
Overall OER reaction: 4OH�2H2O + O2 + 4e(v).
The EIS investigation was tested to investigate the interfacial

electron transfer dynamics for the electrocatalysts. As seen in
Fig. 4d, the charge transfer resistance (Rct) of Fe3C NPs@NP-CNT-
800 (5.0 O) was significantly lower than those of Fe3C NPs@NP-
CNT-900 (6.2 O) and Fe3C NPs@NP-CNT-700 (8.3 O). This may
Fig. 5. (a) Polarization linear sweep voltammetry curves before (black dash line) and aft
NPs@NP-CNT-800 electrocatalyst at 1.51 V vs RHE for 21 h in the alkaline electrolyte (1
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account for the smallest Tafel slope, indicating the highest evolu-
tion kinetics.

The CV polarization with respect to a series of scan rates (20–
100 mV/s) was conducted at non-Faradaic potential (-0.10–
0.00 V vs RHE) [47] to obtain the capacitive current linked accom-
panied by an important evaluating factor, such as Cdl, for the Fe3C
NPs@NP-CNTs samples (Figure S3, Supporting Information). Plot-
ting the scan rates against the current density allows for the calcu-
lation of Cdl, as shown in Fig. 4e. The linear slope of Fe3C NPs/NP-
CNT-800 (28.3 mF/cm2) is greater compared to Fe3C NPs/NP-
CNT-700 (15.8 mF/cm2) and Fe3C NPs/NP-CNT-900 (21.5 mF/
cm2). The obtained data reveal that the remarkable OER perfor-
mance may be attributed to the electrochemically active surface
area of Fe3C NPs@NP-higher CNT-800, which is promising for
adsorbing water molecules and closely interacting with the elec-
trolyte. [48].

The Faradaic efficiency of the experimentally measured and
theoretically calculated amounts of oxygen (O2) for Fe3C
NPs@NP-CNT-800 was close to 100 % in a 1.0 M alkaline solution
at 1.5 V for 60 min. As shown in Fig. 4f, the amount of oxygen gen-
erated was 148 lmol, which is very close to the theoretical value.
[49].

The electrochemical stability of the sample composites for
water splitting is a significant evaluation factor when the cost
and lifetime are considered for large-scale practical applications.
[50] The electrocatalytic stability of Fe3C NPs@NP-CNT-800 was
investigated using cycle stability testing (CP) and time stability
testing (CA) at a controlled potential. The LSV polarization curves
in Fig. 5a clearly show the comparison between before and after
3000 CV cycles with respect to sweep rate of 5 mV/s. Notably,
the LSV polarization of the Fe3C NPs@NP-CNT-800 composite clo-
sely overlapped with a negligible overpotential variance. The
long-term stability for Fe3C NPs/NP-CNT-800 electrode was also
tested using a CA approach. The standard current density
(10 mA/cm2) remained similar for 21 h, without a clear decrease
under continual application at 1.51 V vs RHE. This indicates that
the electrocatalytic capability of the optimized Fe3C NPs@NP-
CNT-800 hybrid has outstanding stability (Fig. 5b). The evolution
of the oxygen bubble was clearly visible on the edges and surfaces
of the electrode (inset of Fig. 5b).

After the electrochemical long-term stability analysis, the mor-
phologies of Fe3C NPs and CNTs were observed using FE-SEM (Fig-
ure S4, Supporting Information). The existences of iron, nitrogen,
phosphorous, and carbon were presented in the XPS survey
(Fig. S4, Supporting Information) and the corresponding FE-SEM
er 3000 cycles (red line). (b) Lifetime chronoamperometric stability test of the Fe3C
.0 M KOH).
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element plotting images (Fig. S4c, Supporting Information). All
these characteristics indicate that the post-OER electrocatalyst
samples remained nearly unchanged compared to the as-
synthesized ones, implying that the electrocatalysts have out-
standing stability towards the OER.

4. Conclusion

In summary, an innovative class of nitrogen and phosphorus-
doped bamboo-shape carbon nanotube (NP-CNTs) encapsulated
Fe3C NPs was synthesized via a time-saving and cost-effective
direct in-situ pyrolysis process. It was determined that the pyroly-
sis temperature influenced the OER performance of the as-
synthesized composites. We attained the highest OER performance
at 800 �C pyrolysis compared with the samples synthesized at 700
and 900 �C. The optimized Fe3C NPs@NP-CNT-800 electrocatalyst
presented outstanding OER operation in an alkaline medium
(1.0 M KOH) with a lower overpotential (280 mV), standard current
density (10 mA/cm2) and lower Tafel slope (45 mV/dec1). The per-
formance of the in-situ-generated Fe3C NPs@NP-CNT-800 compos-
ite also exceeded RuO2 in terms of OER. Moreover, the Fe3C
NPs@NP-CNT-800 electrocatalyst showed superior stability, with
a negligible difference after 3000 potential cycles and continuous
operation over 21 h. The remarkable electrocatalytic performance
and tremendous stability of the Fe3C NPs@NP-CNT-800 composite
can be explained as follows. First, the synergetic interaction
between iron and carbon in Fe3C is a significant factor for the
remarkable OER performance. Second, the novel tubular bamboo-
like porous structures provide a large electrochemical surface area,
abundant active sites, and fast charge transfer kinetics. Third,
nitrogen and phosphorus co-doping in CNTs synergistically
enhance the conductivity and wettability of the entire material,
leading to increased OER performance. Finally, owing to the pro-
tection provided by the carbon nanotubes, the encapsulated Fe3C
NPs resist etching when exposed to hostile chemical conditions,
resulting in great stability. Our research provides a roadmap to
look over the engineering of vastly competent, stable, reliable,
and affordable earth-abundant electrocatalysts based on an in-
situ strategy for a wide-ranging of environmental and energy-
related applications.
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