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Single-crystalline CoFe nanoparticles
encapsulated in N-doped carbon nanotubes as a
bifunctional catalyst for water splitting+

¢ Hyun-Seok Cho,®

*b

Xiaojun Zeng,*® Myeong Je Jang,“® Sung Mook Choi,
Chang-Hee Kim,® Nosang Vincent Myung*" and Yadong Yin

Single-crystalline CoFe alloy nanoparticles encapsulated in nitrogen-doped carbon nanotubes
(CoFe@N-C) were synthesized through a simple heat-treatment in an N, environment. CoFe@N-C
effectively catalyzed the overall water splitting in alkaline media. Specifically, the as-synthesized
CoFe@N-C exhibited excellent activity towards the oxygen evolution reaction (OER) with a low over-
potential of 292 mV at 10 mA cm™~2 and the hydrogen evolution reaction (HER) with a low overpotential
of 110 mV at 10 mA cm~2. The good electrocatalytic properties may be attributed to the synergistic
electronic coupling between single-crystalline CoFe and highly conductive N-doped CNTs and the
enrichment of active sites. Additionally, CoFe@N-C showed excellent stability and durability with
no observable deviation in the overpotential for the OER and HER after 1000 cycles of cyclic

rsc.li/frontiers-materials voltammetry (CV).

Introduction

Electrochemical water splitting is widely regarded as a cost-
effective and environmentally friendly technology for the
production of hydrogen and oxygen.“” Ideal electrocatalysts
are expected to accelerate the sluggish anodic oxygen evolution
reaction (OER) and the facile cathodic hydrogen evolution
reaction (HER).?> To date, noble metal-based materials are the
state-of-the-art electrocatalysts for water splitting (e.g., Pt for
the HER and RuO,/IrO, for the OER) due to their very
low overpotentials and excellent reaction kinetics. However,
the high cost and scarcity of noble metals, together with the
susceptibility of Pt to poisoning, hinder their large-scale
application.”® Moreover, these noble metal-based materials
can only be used as either HER catalysts or OER catalysts rather

“ Department of Chemistry and Biochemistry, University of California Santa
Barbara, Santa Barbara, California 93106, USA

b Department of Chemistry, University of California Riverside, Riverside,
California 92521, USA. E-mail: yadong.yin@ucr.edu

¢ Surface Technology Division, Korea Institute of Materials Science,
Changwon 51508, Republic of Korea

4 Advanced Materials Engineering, Korea University of Science and Technology
(UST), Yuseong-gu, Daejeon 34113, Republic of Korea

¢ Hydrogen Laboratory, Research Institute for New and Renewable Energy, Korea
Institute of Energy Research, Yuseong, Daejeon 34129, Republic of Korea

I Department of Chemical and Environmental Engineering, University of California
Riverside, Riverside, California 92521, USA. E-mail: myung@engr.ucr.edu

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

dogmo00126k

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

than exhibiting bifunctional catalytic activity.>” Thus, it is
highly desirable to develop an efficient bifunctional catalyst
based on earth-abundant elements for overall water splitting,
which however remains a big challenge.®

Recently, various low-cost and highly efficient electrocatalysts
for water splitting have been reported, including transition-metal
oxides,” hydroxides,’® and nitrides'* for the OER; and metal
chalcogenides, carbides,”® and phosphides* for the HER.
However, only a few of these reported catalysts are capable of
catalyzing both the HER and OER in the same pH range. In general,
active OER catalysts work well in a neutral or basic medium, while
most HER catalysts perform better in an acidic medium. Recently,
iron-group (e.g, Fe, Co, and Ni) alloys encapsulated in nitrogen-
doped carbon have become promising candidates for overall water
splitting."® This is because the close contact between the metal
species and the N-doped carbon will induce synergistic electronic
coupling effects and directly enrich the active sites.'*"® Besides, the
adsorption energy can be readily tuned by alloying of iron group
metals where the lattice spacing and the bond energy can be altered
by the composition."” The electrocatalytic properties can be further
improved by eliminating the grain boundaries in the materials to
enhance the electrical transport.'® Compared with polycrystalline, a
single-crystalline structure has higher electrical conductivity
and a more robust structure for water splitting, exhibiting
better catalytic activity and stability.">*® To this end, it is
expected that the design and production of single-crystalline
iron group alloys encapsulated in nitrogen-doped carbon will
enable more efficient overall water splitting.
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Herein, we report a simple and efficient method to synthe-
size single-crystalline cobalt-iron (CoFe) alloy nanoparticles
encapsulated in N-doped carbon nanotubes (CoFe@N-C).
Upon calcination, the single-crystalline CoFe alloy particles
catalyze the formation of N-doped carbon nanotubes (CNTs),
which provide high electrical conductivity, inhibit the oxidation
of the metal alloy, and result in high catalytic activity and
excellent stability towards overall water splitting.

Experimental section
Material synthesis

The synthesis of the single-crystalline CoFe alloy encapsulated in
N-doped carbon nanotubes (CoFe@N-C) was based on a simple
heat-treatment process. In general, Co(NO;), (0.17 mmol),
Fe(NO3); (0.17 mmol), and urea (12 mmol) were dissolved in
deionized water (10 mL). After stirring for 2 h and sonicating for
1 h, the resulting solution was dried in a vacuum at 70 °C for
12 h. The obtained precipitate was heat-treated in an N, atmo-
sphere at 600, 700, or 800 °C for 2 h with a ramp rate of 5 °C min*.
In addition, the content of urea was adjusted to further elucidate
the catalytic activity of the electrocatalyst.

Material characterization

The microstructures of the synthesized products were observed
by scanning electron microscopy (SEM, XL30-FEG) and trans-
mission electron microscopy (TEM, JEM-2100F, JEOL). The
crystal phases of the samples were analyzed by X-ray diffraction
(Bruker SMART APEX2). The chemical composition was inves-
tigated by X-ray photoelectron spectroscopy (XPS, AXIS ULTRA).
The Raman spectra were excited by a 532 nm laser (Dilor Laser
Raman) with a 50 L lens. The concentration of metal ions
was measured with an Inductively Coupled Plasma Optical-
Emission Spectrometer (ICP-OES) iCAP 6000 Series.

Electrochemical measurements

All electroanalytical methods (i.e., Cyclic Voltammetry (CV),
Linear Sweep Voltammetry (LSV), Chronoamperometry (CA)
and Electrochemical Impedance Spectroscopy (EIS)) were carried
out in a three-electrode cell controlled by a Princeton VersaSTAT
4 electrochemical workstation. 1 M KOH solution was used as
the electrolyte. A graphite rod and saturated calomel electrode
(SCE) were used as the counter electrode and reference electrode,
respectively. The catalyst loading was 0.5 g cm™ 2. CV curves
were recorded at scan rates of 10, 20, 50, and 100 mV s .
LSV curves were obtained at a scan rate of 5 mV s '. CA
was performed under a constant potential for 20 h. EIS was
conducted over a frequency range from 0.01 to 10° Hz at the
open-circuit potential with an AC voltage amplitude of 10 mV.
All the measured potentials versus SCE were converted to a
reversible hydrogen electrode (RHE) scale according to the
Nernst equation (Eryg = Esce + 0.0591pH + 0.242). The electro-
chemical measurements in this work were conducted without
iR-correction.
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Results and discussion

The fabrication process of the CoFe@N-C catalysts is illu-
strated in Fig. 1a. After solvent evaporation, Co>* and Fe*" ions
were uniformly dispersed in urea. Upon heat-treatment, urea
was converted into nitrogen-doped carbon, while metal ions
were reduced in situ to form an alloy, and then catalyzed to
form carbon nanotubes.”’** Fig. 1b shows a TEM image of
typical CoFe@N-C, from which it was apparent that the metal
nanoparticles were encapsulated within the carbon layer or at
the ends of the carbon nanotubes. The XRD pattern identified
that the samples contained a high-purity body-centered cubic
(bcc) CoFe alloy phase (JCPDS No. 49-1567) (Fig. 1c). However,
no diffraction peak of carbon was detected, which might be
attributed to the high crystallinity of the alloy and the low
crystallinity of carbon. This will be further discussed in this
work based on the HR-TEM and XPS results.

TEM was conducted to investigate the morphological char-
acteristics of the CoFe alloy encapsulated in N-doped carbon
nanotubes. Representative TEM images (Fig. 2a) of CoFe@N-C
showed that parts of the metal nanoparticles were encapsulated
by carbon to form a core-shell structure. There were also some
metal nanoparticles distributed at the tip of the CNTs, which
was consistent with the literature.*"*® The magnified TEM
image shown in Fig. 2b revealed metal nanoparticles with a
size of ~100 nm and CNTs with a thickness of ~8 nm. Of note,
the metal nanoparticles showed a single-crystalline feature,
as evidenced by the high-resolution transmission electron
microscopy (HR-TEM) image (Fig. 2c). HR-TEM showed that
the interplanar spacing was 0.2 nm, corresponding to a body-
centered cubic CoFe alloy (110),>**° which was further con-
firmed by the selected area electron diffraction (SAED) pattern
(inset of Fig. 2c). Moreover, the HR-TEM image of the carbon
layer showed a lattice fringe of 0.34 nm corresponding to the
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Fig. 1 (a) Schematic illustration of the synthetic procedure of the CoFe@N-C
catalysts. (b) TEM image and (c) XRD pattern of the as-synthesized
CoFe@N-C.
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Fig. 2 Characterization of the CoFe@N-C catalysts. (a and b) TEM, (c and d) HR-TEM, and (e) elemental mapping images of as-synthesized CoFe@N-C

calcined at 700 °C.

(002) plane of graphite carbon (Fig. 2d). The energy dispersive
X-ray (EDX) elemental mapping image (Fig. 2e) of CoFe@N-C
presented a homogenous distribution of Co and Fe elements in
the metal nanoparticle region. Additionally, the sample con-
tained abundant N element, which was uniformly distributed
throughout the carbon nanotube region. The close contact

between the single-crystalline CoFe alloy and the N-doped
carbon nanotubes facilitated the overall water splitting.'*>'®
XPS was performed to further analyze the elemental informa-
tion of the samples. Fig. 3a shows that the atomic percentages of
Co, Fe, N, C and O in CoFe@N-C were 15.1%, 15.7%, 1.6%,
36.3%, and 31.3%, respectively. The Co/Fe atom ratio was
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Fig. 3 XPS spectra of (a) survey, (b) Co 2p, (c) Fe 2p, (d) C 1s, (e) N 1s, and (f) O 1s of the CoFe@N—-C catalysts.
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approximately 1, which was consistent with the results of ICP
measurements (Table S1, ESIt) and was close to the stoichio-
metric CoFe alloy. The carbon content in CoFe@N-C calcined
at 600 °C and 800 °C was detected to be 35.4% and 37.4%,
respectively. As shown in Fig. 3b, the XPS of Co 2p was
deconvoluted into Co** doublet peaks (780.2 and 795.7 eV),
Co>" doublet peaks (782.2 and 798.0 V) and two satellite peaks
(786.8 and 803.9 eV).>>*® Similarly, the XPS of Fe 2p (Fig. 3c)
displays Fe>* doublet peaks (710.6 and 724.6 €V), Fe*" doublet
peaks (713.0 and 726.8 eV) and two satellite peaks (719.1 and
731.0 €V).>>*° High valence metals were mainly due to partial
electron transfer of surface metal-oxygen species. In the high-
resolution XPS C 1s spectrum (Fig. 3d), the four peaks at about
284.6 eV, 285.8 eV, 287.3 eV, and 289.4 eV were attributable to
sp>~C=C, N-sp>-C, N-sp>-C, and C=0 groups, respectively,
which illustrated N-doped carbon. Furthermore, the N 1s XPS
spectrum exhibited three peaks derived from pyridinic N (398.5 eV),
pyrrolic N (399.7 eV), and graphitic N (401.1 eV) (Fig. 3e), suggesting
the abundance of N in the CoFe@N-C samples. The O 1s spectrum
(Fig. 3f) showed three peaks at 530.1, 531.4, and 533.6 eV corres-
ponding to the lattice oxygen in O-metal, C=O groups, and
surface-adsorbed water molecules, respectively.>”

To obtain satisfactory CoFe@N-C with well-controlled crys-
tallinity and composites for high electrocatalytic performance,
several conditions including the calcination temperature and
urea loading were investigated and optimized. It can be seen
from Fig. 4 that as the temperature increased the average size of
the alloy particles (Fig. 4a and b), as well as the crystallinity
(Fig. 4e), increased. To some extent, large-sized metal particles
would reduce the density of active sites, thereby reducing the

View Article Online
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catalytic activity. Meanwhile, the content of CNTs seemed to be
increasing (Fig. 4a and b), which improved the electrical con-
ductivity of the matrix material. Therefore, there is a suitable
calcination temperature to balance the activity and electrical
conductivity of the catalyst. The intensity of Ip/Iz for CoFe@
N-C calcined at 700 °C reached 1.03 (Fig. 4f), indicating that
structural defects were introduced due to the N-doping.>® More
importantly, the sample synthesized without the addition of
urea was a mixed phase of CozFe; and CoFe,0, (Fig. 4d and e),
and the size of the particles was very large (Fig. 4c). This was
attributed to the fact that without the protection of the carbon
layer, the surface of the alloy particles was more susceptible to
oxidation and thus the particles were prone to overgrowth.
Fig. 5a and b show the linear sweep voltammetry (LSV)
curves for the OER and corresponding Tafel slope of CoFe
calcined at 700 °C without urea and CoFe@N-C calcined at
different temperatures in 1 M KOH. It was found that the
CoFe@N-C catalysts calcined at different temperatures pre-
sented similar catalytic activity, but CoFe@N-C calcined at
700 °C exhibited the best OER activity with an overpotential
of 292 mV at 10 mA cm > (Fig. 5a). This was further confirmed
by its lowest Tafel slope (64 mV dec™') (Fig. 5b). CoFe calcined
at 700 °C without urea showed a relatively low OER activity,
probably because metal alloy nanoparticles without the protec-
tion of the N-doped carbon layer were easily oxidized during
electrochemical testing, and the overall conductivity of the
catalyst was relatively poor. EIS of CoFe particles without
the N-doped carbon coating shows higher charge-transfer
resistance (R..) with semi-infinite Warburg impedance (Z,,) at
low frequency, whereas the N-doped carbon-coated CoFe
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(a and b) TEM images of CoFe@N-C calcined at (a) 600 °C and (b) 800 °C. (c and d) TEM images (c) and XPS spectra (d) of CoFe calcined at 700 °C

without urea. (e and f) Corresponding XRD patterns (e) and Raman spectra (f) of different samples.
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(a) OER polarization curves and (b) corresponding Tafel slope of CoFe calcined at 700 °C without urea and CoFe@N-C calcined at different

temperatures. (c) OER stability test of CoFe@N-C calcined at 700 °C. (d and e) HER polarization curves (d) and corresponding overpotential (e) at
10 mA cm~2 of CoFe calcined at 700 °C without urea and CoFe@N—-C calcined at different temperatures. (f) HER stability test of CoFe@N-C calcined at

700 °C. All tests were performed in 1 M KOH.

particles show lower charge-transfer resistance (R.) without
Warburg impedance. The difference may be attributed to the
ability of N-doped carbon to enhance electron transfer. The
electrochemically active surface (ECSA) of various samples was
determined from the double-layer capacitance (Cq;) (Fig. S1,
ESIt) where the CoFe@C-700 sample displayed the highest Cq;
(i.e., 8 mF cm™?). In addition to its high OER activity, CoOFe@N-
C showed very good stability and durability with no observable
deviation in the overpotential for the OER after 1000 cycles of
CV (100 mV s ', Fig. 5¢) and no decay in the current density
over 20 h of applying a constant potential (Fig. 5c).

As mentioned, an ideal electrocatalyst is expected to reduce
the activation energy of both the OER and HER,’ especially in
the same pH range.”® In this regard, the HER activity of
CoFe@N-C in 1 M KOH was explored. Interestingly, CoFe@N-C

Table 1 Electrocatalytic performances toward overall water splitting of
CoFe@N-C and reported non-noble metal-based catalysts in 1 M KOH

Loading OER 7 (mV) HER 7 (mV)
Electrocatalysts (mgem ?) @10 mAcm > @10 mAcm >  Ref.
MoP 0.3 265 114 30
Ni-Co-P N/A 270 107 29
FeNi/NPC 0.6 230 200 15
P-C0;0, 0.4 280 120 31
CoFe@N-C 0.5 292 110 This
work
C0(So.47S€053)2 1.0 290 128 32
S:CoP 0.4-0.5 ~300 109 33
Co/NBC-900 1.2-1.8 302 117 34
CoP/NCNHP N/A 310 115 35
CP/CTs/Co-S N/A 306 190 36
6-MnO, 0.35 320 197 37
C0oSs@NOSC  0.28 340 320 38

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

calcined at 700 °C displayed good HER activity with an over-
potential of 110 mV at 10 mA cm™ > in 1 M KOH (Fig. 5d and e),
which was much lower than the overpotential of CoFe calcined at
700 °C (180 mV). This further demonstrated the important role of
the N-doped carbon layer. It is worth noting that the CoFe@N-C
catalysts also showed superb HER stability in alkaline media.
As observed in Fig. 5f, after 1000 CV cycles (100 mV s~ '), the
overpotential of CoFe@N-C calcined at 700 °C was practically
unchanged. At the same time, there was no obvious decrease in
the current density of CoFe@N-C after the constant potential
test for 20 h.

All the above results indicated that the CoFe@N-C catalyst
was indeed a highly efficient and durable electrocatalyst
towards overall water splitting in alkaline media, which makes
it a promising material as one of the advanced-level reported
electrocatalysts for overall water splitting, as summarized in
Table 1, and it shows potential for large-scale application due to
its simple and cost-effective preparation methods. The excellent
catalytic activity and superior stability of CoFe@N-C were mainly
due to the synergetic effect of highly conductive carbon, abun-
dant nitrogen doping, and the single-crystalline feature.

Conclusion

In summary, a simple and cost-effective heat-treatment method
was developed to fabricate single-crystalline CoFe alloy parti-
cles encapsulated in N-doped carbon nanotubes (CoFe@N-C).
The resulting electrocatalyst was stable, bifunctional, and
highly efficient toward overall water splitting, exhibiting a low
overpotential of 292 mV and 110 mV (at 10 mA cm?) to drive
the OER and HER, respectively.
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