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A B S T R A C T

Metal-organic frameworks (MOFs) are attracting more and more attention in the field of electrocatalysis because
of their porosity, ease of adjustment and functionalization. Herein, we report the preparation of sulfur-nitrogen
dual-doped Co–Fe bimetallic carbon nanotubes (CoFe@SNCN) using MOFs as precursors. The optimized
CoFe@SNCN achieves a current density of 10 mA cm�2 at a low overpotential of 306.4 mV with a very small Tafel
slope of 76.0 mV dec�1 in 1 M KOH, which is 64 mV smaller than that of Co@SNCN (370.4 mV) and 48 mV
smaller than that of Fe@SNCN (354.4 mV). Moreover, the catalytic performance remains almost unchanged after
12 h. The excellent electrocatalytic performance can be attributed to the synergies between the bimetals and
heteroatoms doping, which can greatly improve the electrical conductivity between the metals, promote the
transfer of electrons and the exchange of substances, thereby greatly reducing the reaction kinetics and enhancing
OER properties. This work may provide a very good solution for the research of a new type of highly efficient
stable electrocatalytic oxygen evolution catalyst.
1. Introduction

Increasingly serious ecological and environmental problems and
expanding energy demand in various industries have greatly promoted
more research on the development of renewable energy [1]. Due to its
excellent energy density, high energy conversion efficiency and
pollution-free characteristics, hydrogen energy is considered to be one of
the best energy sources in the future [2]. Overall water splitting is one of
the most effective and sustainable methods for the production of
hydrogen, which helps to meet the above-mentioned increasingly severe
energy needs and also promote the development of human survival and
civilization [3,4]. The half reaction of water decomposition, oxygen
evolution reaction (OER), plays a vital role in determining the overall
performance of the reaction [5]. A series of studies have shown that an
excellent OER electrocatalyst must have characteristics including low
overpotential, small Tafel slope, and good stability as the reaction pro-
ceeds [6]. Precious metal oxide catalysts such as IrO2 and RuO2 in the
anode are currently the best catalysts for OER [7]. But unfortunately, the
disadvantages of their high price and scarce resources have greatly
limited their wide application [8]. Therefore, the development of cheap
and efficient electrocatalysts is extremely necessary [9].
.
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Transition metals exhibit very good catalytic development prospects
due to their special extranuclear electronic structures, especially cobalt,
iron and nickel have been widely reported [10–12]. It is well known that
the interaction between various compositions in a multi-metal structure
can produce additional synergistic effects and lead to better electronic
properties. Fe–Co-based OER catalysts have attracted widespread atten-
tion attribute to their excellent OER activity and stability in alkaline
solutions [13]. Fe tends to act as the main active site, while Co provides
the backbone for electron framework [14,15]. Forming a heteroatom
doping structure is also widely considered as a new strategy to design
new electrocatalysts. Heteroatoms doping like nitrogen and sulfur has
been proved to induce higher spin density and modulate the electron
densities and structures of catalytic active sites, thereby further
improving the electrocatalytic activities [16]. For example, Yu et al. used
ZnCo-ZIFs to synthesize N, S-codoped carbon nanotube and nano-
polyhedra and it was highly efficient for both HER and OER [17].

Except for the composition, the structural design of the catalyst is also
important. Recently, metal–organic frameworks (MOFs) with well-
defined chemical structures and morphologies have emerged as an ideal
platform and precursors for the synthesis of new nanocarbon composites
[18,19]. MOFs are network-like frameworks formed by self-assembly of
2020
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Scheme 1. Schematic illustariong of the preparation process of CoFe@SNCNs.

H. Chen et al. Journal of Solid State Chemistry 288 (2020) 121421
metal ions or clusters andorganic ligands [20]. And theyhave beenused in
various fields, like supercapacitor (SC) [21–24], photocatalytic dye
degradation [25], adsorption of pharmaceutical intermediates in waste-
water [26], refining and purification of fuel [27,28] and catalysis [29].
MOFs own high porosities and the uniformity of their pore and channel
sizes accounts for much of their catalytic selectivity [30,31], which is
useful to improve the electrocatalytic performance of carbon materials.
The well-organized framework can be converted to carbon with uniform
heteroatoms decoration, and the long-range ordering and high porosity of
MOFs can be partially preserved to afford high surface area of resultant
porous carbons via facile pyrolysis [32]. For example, You et al. fabricated
porous CoPx nanoparticles embedded in N-doped carbon matrices were
obtained by direct carbonization and phosphidation of a Co-based MOF
(zeolitic imidazolate framework-67, ZIF-67), and it can be used as a
catalyst for OER [33,34]. In recent years, some new synthetic methods,
such as surfactant-thermal method, ionothermal method, deep eutectic
solvent method and mechanochemistry method, have been used in the
preparation of crystalline inorganic-organic hybrid materials [35–40].
The rapid development of MOF synthesis methods has led to the produc-
tion of a large number of new MOF materials [41]. At the meanwhile, a
series of studies have shown that nanostructures demonstrate great po-
tentials in catalysis and their compositions may cause some interferences
in the reactivity. Furthermore, the use of bimetallic nano-structures as
nanocatalysts is more conducive to accelerating reactions than single
metal catalysts [42–44]. In particular, bimetallic nanocarbon materials
prepared with MOFs as templates have very good electrocatalytic appli-
cation prospects [45].

Herein, we report a sulfur-nitrogen dual-doped Co–Fe bimetallic
electrocatalyst (CoFe@SNCN) by using MOFs as templates to introduce a
sulfurand nitrogen-doped carbon nanotubes. Compared with single
metallic Co@SNCN and Fe@SNCS, the electrocatalytic oxygen evolution
performance of CoFe@SNCN has been significantly improved, which is
due to the synergies between the bimetals and heteroatoms doping.
When the current density is 10 mA cm�2, the optimized CoFe@SNCN
reaches 306.4 mV, and the Tafel slope is 76.0 mV dec�1, together with an
exceptional long-term stability in the oxygen release reaction.
Fig. 1. SEM images of CoFe-MOF in a) low magnification and b) high m
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2. Results and discussions

Based on the experimental preparation of Co@SNCN, a bimetallic
CoFe@SNCN catalyst was synthesized by doping with iron (as shown in
Scheme 1). Briefly introduced as follows, at room temperature (25 �C),
two metal salts Fe (ClO4)2 ⋅xH2O and Co(NO3)2⋅6H2O, are dissolved in a
Dimethyl Sulfoxide (DMSO) solution. The DMSO solution can introduce
sulfur into the MOFs. Subsequent two metals Coordination of ions with
sodium dicyandiamide, after 4 h of stirring reaction, CoFe MOFs were
finally obtained. The obtained sample was calcined in a nitrogen atmo-
sphere at 800 �C for 2 h, and then subjected to an acid leaching treatment
to remove other impurities. Finally, sulfur-nitrogen dual-doped Co–Fe
bimetallic carbon nanotubes (CoFe@SNCNs) using MOFs as templates
were formed.

Scanning electron microscope (SEM) was used to study the subtle
morphology of CoFe@SNCN. Fig. 2a and b shows SEM images of CoFe-
MOF in low magnification and high magnification, respectively. CoFe-
MOF has an irregular appearance and is made of irregular flaky ob-
jects. Whereas, after the pyrolysis process (as shown in Fig. 1c and d), the
morphology of CoFe@SNCN tends to be regular, resemble a group of
blood cells with a size of 1.2 μm in the horizontal direction and 1 μm in
the longitudinal direction. After observing carefully, it is composed of
several carbon nanotubes. At the meanwhile, a porous surface is formed,
which helps increase the exposed area and the rapid diffusion of the
electrolyte [46]. It is particularly noteworthy that it can be clearly seen
from Fig. 1d that some carbon nanotubes are formed due to Fe and Co,
which easily form carbon nanotubes [47]. As shown in the darker area in
Fig. 1e, the nanoparticles are embedded in the ends of the nanotubes.
This structure will promote efficient electron transfer and enhance
catalyst stability during electrocatalysis. Therefore, CoFe@SNCN shows
an excellent electrocatalytic performance in OER.

The X-ray diffraction (XRD) pattern of CoFe-MOFs is showed in
Figure S1. The XRD data revealed that the CoFe-MOF and Co-MOF
diffraction peaks were consistent, which confirmed the successful syn-
thesis of the precursor templates. The peaks in the CoFe-MOF XRD spec-
trum are weaker. This may suggest a small size feature and possibly a low
agnification. c,d) SEM images and d,e) TEM images of CoFe@SNCN.



Fig. 2. High resolution a) N 1s, b) C 1s, c) Fe 2p, d) Co 2p and e) S 2p XPS spectra of CoFe@SNCN.

Fig. 3. The nitrogen sorption isotherm of CoFe@SNCN.
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crystallization property of the as-formed products. X-ray photoelectron
spectroscopy (XPS) was introduced to further investigate the surface
chemistry of CoFe@SNCN materials. As revealed by the XPS survey
spectrum, CoFe@SNCN contains 75.75, 1.37, 11.94, and 4.22 at%C, S, Fe,
and Co, respectively (supported in Figure S4). N species was confirmed to
be 6.52 at%. The bonding state of N in CoFe@SNCN was analyzed by a
high-resolution N 1s spectrum. The spectrum was deconvoluted into two
peaks (Fig. 2a), pyridinicN (398.2 eV) and graphiticN (400.4 eV) [48,49].
What is worth noting that the plentiful pyridinic N can coordinate with
metal atoms through the metal-N-C structure to optimize the local elec-
tronic structure and facilitate the electrochemical process [50]. Further-
more, the C 1s spectrum confirmed the presence of C–C (284.3eV), C–N
(285.3eV), and C––O (288.2eV) in CoFe@SNCN (Fig. 2b) [50]. In Fig. 2c,
the Fe 2p spectra of CoFe@SNCN show twomain peaks of Fe 2p3/2 and Fe
2p1/2 at 710.5 eVand724.5 eV, respectively, and two satellites at 718.5 eV
and 732.6 eV. After deconvolution, the peaks located at 710.4 and 724.7
eVwereattributed toFe2þ, and thepeak centered at 712.5 eVwas assigned
to Fe3þ [51]. The XPS spectrum of Co 2p shows the existence of Co2þ and
Co3þ. The 2p1/2 peak can be deconvoluted to Co3þ at 796.0 eV and the
fitting peaks at 782.3 and 780.0 eV represent the Co2þ 2p3/2 and Co3þ

2p3/2, together with two satellite peaks at 786.5 eV and 803.3 eV,
respectively (Fig. 2d). Then, the S 2p3/2 and S 2p1/2 peaks of S2� are
concentrated at 161.7 eV and 163.6 eV (Fig. 2e).

Brunauer-Emmett-Teller (BET) facilitates measurement of specific
surface area and pore structure. As shown in Fig. 3, it can be observed
that the typical type IV adsorption isotherm has an obvious hysteresis
loop, which indicates the existence of micro/mesopores in CoFe@SNCN.
The specific surface area of CoFe@SNCN was determined to be 192.7 m2

g�1, and the pore diameter was 2.64 nm. The larger specific surface area
is beneficial to expose more active sites and improve the electrocatalytic
performance.

The electrocatalytic OER performance of Co@SNCN, Fe@SNCN and
CoFe@SNCN on nickel foam electrodes was evaluated by a standard three-
electrode system in 1 M KOH at a scan rate of 5 mV s�1. Fig. 4a shows the
OER polarization curves of Co@SNCN, Fe@SNCN and CoFe@SNCNwith a
3

reversible hydrogen electrode (RHE). All polarization curves were per-
formed without iR compensation. In Fig. 4a, the Co@SNCN shows the
worst catalytic performance, with an overpotential of 370.4 mV at 10 mA
cm�2. When iron was added, the overpotential at 10 mA cm�2 decreased
to 306.4 mV. At the same time, the overpotential of the single-metal
Fe@SNCN was measured to be 354.4 mV, and the performance was also
worse than that of the bimetallic electrocatalyst. CoFe@SNCN shows an
ultra-low overpotential which is superior tomost OER catalysts (Table S1).
On the one hand, for cobalt electrocatalyst, it is noteworthy that the cat-
alytic active sites locate at cobalt sites. And catalytic efficiency of cobalt-
based catalyst is highly influenced by the microchemical environmental
of cobalt sites. The activity of cobalt centers would be enhanced by



Fig. 4. (a) The OER polarization curves of CoFe@SNCN in a 1 M KOH solution at a scan rate of 5 mV s�1. (b) Tafel slope plots of CoFe@SNCN. (c) Electrochemical
impedance spectra of CoFe@SNCN. (d) Chronopotentiometric test (V-t curve) of CoFe@SNCN for 12 h.
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introducing doping ions, supports, or another functional composition [52,
53]. The composite catalysts often show enhanced catalytic performances
due to the synergetic chemical coupling effects between them [5]. On the
other hand, it has been reported that doping foreign metal atoms with
similar electronic configuration into the original lattice can significantly
optimize the electronic structure of the active site, thereby significantly
improving the electrocatalytic activity of the transition metal-based elec-
trocatalyst [8]. Furthermore, the Tafel slope is a direct method to evaluate
the effect of the speed-limiting step on the electrocatalytic reaction pro-
cess. The electrocatalytic kinetics of the three electrocatalysts were further
evaluated by the Tafel slope. In line with the polarization curve, the Tafel
slope of CoFe@SNCN, Co@SNCN and Fe@SNCN is 76.0 mV dec�1, 73.2
mV dec�1 and 70.8 mV dec�1 respectively. What’s more, electrochemical
impedance spectroscopy (EIS) was performed to evaluate the interfacial
electron/proton transfer activity of the electrocatalyst. This technique can
detect relaxation processes in the large frequency domain based on the
interrupt method [9]. The adsorption of reactive intermediates (general
intermediates in OER) on the electrode surface is indicated by a
low-frequency semicircle, and the high-frequency semicircle corresponds
to the charge transfer process. As shown in Fig. 4c, the semicircle radius
generated by CoFe@SNCN in the high-frequency region is smaller than
Co@SNCN and Fe@SNCN, which explains that CoFe@SNCN has a higher
charge transport efficiency than Co@SNCN and Fe@SNCN during the
electrochemical OER process. This phenomenon illustrates that the com-
bination of bimetals can reduce the charge transfer resistance and improve
the electrocatalytic performance. Additionally, long-term durability is
considered a key indicator for practical applications. To further test the
durability of CoFe@SNCN, Fig. 4d shows the chronopotential curve of
CoFe@SNCN tested at a constant current density (10 mA cm�2). After 12 h
of continuous operation, the voltage remains good, which indicates its
excellent stability.
4

3. Conclusion

In this study, we report a sulfur-nitrogen dual-doped Co–Fe bimetallic
carbon nanotubes electrocatalyst (CoFe@SNCN) prepared using MOFs as
templates, which has outstanding and stable OER activity. CoFe@SNCN
has an overpotential of 306.4 mV at 10 mA cm�2 and a Tafel slope of
76.0 mV dec�1, which is better than both single metallic Co@SNCN and
Fe@SNCN. The experimental results prove that the catalyst obtains an
optimized bimetallic electronic structure after the introduction of iron,
thereby improving the conductivity and electron transfer ability. It has
been shown that the synergistic effect of bimetals and S, N-doping can
improve the electrocatalytic performance. We will continue to develop
and prepare electrocatalysts with better performance using MOFs as
templates and transition metals as raw materials.
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