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ABSTRACT: Because of the adjustable electronic structure of bimetallic alloys,
they have received much attention in electrocatalytic reactions. However, to date,
there is a lack of effective methods to synthesize bimetallic nanoalloys with
controllable metal proportions in the active species of the catalysts prepared by a
high-temperature annealing method, leading to inferior catalytic activity and
difficulty in identifying the active sites. Here, we synthesize iron (Fe)−cobalt
(Co)-based nanoparticles coated with a few layers of amorphous carbon shell (<1
nm) and with Co7Fe3 alloy as the core by facile pyrolysis of a bimetallic Fe−Co-
based tartrate, which exhibits excellent oxygen evolution reaction (OER) activity
with a low overpotential of 272 mV at a current density of 10 mA cm−2 and good
durability in alkaline media. Compared with single-metal Fe/Co tartrate-derived
catalysts, a bimetallic Fe−Co tartrate-derived catalyst with Co7Fe3Ox active sites
shows higher charge-transfer ability and a lower OER barrier (approximately 285
kJ mol−1). For the first time, this work demonstrates that Fe−Co-based tartrate complexes can be used as precursors to construct
high-performance bimetallic Fe−Co-based nanocomposite catalysts with controllable active sites for electrocatalytic OER.
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1. INTRODUCTION

The development of clear and renewable hydrogen energy to
replace the traditional fossil fuel is a key to becoming carbon-
neutral.1 Electrochemical water splitting is a clean and effective
technique for hydrogen production.2,3 Currently, large-scale
implementation is impeded by the lack of earth-abundant,
high-efficiency, and cost-effective transition-metal catalysts to
substitute iridium oxide for anodic electrocatalysis of the
sluggish oxygen evolution reaction (OER).4 Thereby, well-
stocked catalysts with high OER performance are urgently
required to address this predicament.5

Transition-metal-based catalysts are active for OER, such as
transition-metallic carbides,6 chalcogenides,7 nitrides,8 phos-
phides,9 and (oxy)hydroxides.10 Therein, iron (Fe)-, cobalt
(Co)-, and nickel (Ni)-based nanocatalysts have been
extensively researched for OER because of their high
abundance and relatively low cost.11 Especially, bimetallic
Fe−Co-based and Fe−Ni-based nanocatalysts exhibit en-
hanced OER activity compared with monometallic counter-
parts, which are promising candidates used in alkaline
electrolysis of water.12 However, the controllable fabrication
of bimetallic electrocatalysts with the uniform dispersion of
different metal ions is still challenging.13 Metal−organic
complexes with microporous structures and regulable coordi-
nation environments can provide a novel route for constructing
metal nanoparticles/carbon nanocomposites by a simple post-
treatment.14 Although Co-based metal−organic frameworks

(especially Co-based ZIF-67) have been extensively inves-
tigated as precursors to prepare cobalt nanoparticles/carbon
nanocomposites,15 the high price and carcinogenicity of the 2-
methylimidazole ligand hindered large-scale application.
Tartaric acid (TA) is a nontoxic carboxylic acid that exists in
a variety of plants such as grapes and tamarind and has been
widely used in the textile printing, dyeing, pharmaceutical, and
food industries.16 Because it possesses two hydroxyl groups
and two carboxyl groups in one molecule, TA can coordinate
with most of metal ions to form a stable structure. For
example, He et al. added L-TA to the mixture of a Co2+ and
Zn2+ solution to form a Co2+/Zn2+−tart complex solution,
which was used as the deposition solution to prepare
ZnxCo3−xO4 films by a electrodeposition method.17 Switzer
and co-workers used TA to stabilize Co2+ in a strong alkaline
solution with pH = 14, which was used as the deposition
solution to prepare Co3O4 films.18 Although TA has very
strong coordination ability with many metal ions, there are
seldom reports about the synthesis of pure ferric tartrate and
cobalt tartrate complexes. As far as we are aware, there are no
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reports using ferric/cobalt tartrate as precursors to prepare
OER electrocatalysts by the pyrolysis method. In addition,
although the nitrogen ligand can regulate the electronic
structure of metal sites and carbon support, the M−N bonds
would be broken under the oxidative environment, resulting in
deactivation.19−25 Therefore, using TA as the ligand to
synthesize metal nanoparticles/carbon nanocomposites with-
out nitrogen ligands is more attractive for OER.26

Herein, we successfully fabricated a new kind of Fe−Co-
based nanocomposite by pyrolysis of bimetallic Fe−Co-based

complexes without the nitrogen ligand. The Fe−Co-TAs with
different Co/Fe ratios were synthesized by reacting Fe3+ and
Co2+ with TA via a solvothermal method.27 Then, the Fe−Co-
based precursors were annealed at different temperatures
under an atmosphere of N2 to obtain Fe1ConOx@C-T, where n
represents the molar ratio of Co/Fe and T represents the
annealing temperature. The Co/Fe ratio and annealing
temperature were found to play a pivotal role in the production
of active Fe3Co7 species for OER.

Scheme 1. Illustration of the Fabrication of Fe1ConOx@C-800

Figure 1. (a) XRD patterns of Fe1Co3Ox@C-800 and referred sample Co7Fe3. (b and c) SEM images of Fe1Co3Ox@C-800. (d) HRTEM image of
Fe1Co3Ox@C-800.
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2. EXPERIMENTAL SECTION
2.1. Synthesis. 2.1.1. Synthesis of Fe1Con-TA. Fe1Con-TA was

prepared by a solvothermal method. Typically, 0.5 mmol of FeCl3·
6H2O, 1.5 mmol of CoCl2·6H2O, and 4.0 mmol of TA were dissolved
in 80 mL of N,N-dimethylformamide, which was poured into a 100
mL Teflon autoclave and heated at 110 °C for 24 h. After filtration,
washing with ethanol, and drying, pink crystals were obtained and
named Fe1Co3-TA. According to the Co/Fe molar ratio, the obtained
Fe1Con-TAs were named Fe1Co1-TA, Fe1Co2-TA, Fe1Co3-TA,
Fe1Co4-TA, and Fe1Co5-TA. For comparison, we prepared Fe-TA
and Co-TA by a synthetic process similar to that above.
2.1.2. Synthesis of Fe1ConOx@C-T. Fe1Con-TA was annealed in N2

at different temperatures for 2 h, which was denoted as Fe1ConOx@C-
T (T = 600, 700, 800, and 900 °C). For comparison, Fe-TA and Co-
TA were annealed in N2 at 800 °C for 2 h, which were denoted as
FeOx@C-800 and CoOx@C-800, respectively.
2.2. Characterization. X-ray diffraction (XRD) patterns were

obtained on a Shimadzu XRD-6000 diffractometer using Cu Kα
radiation. Infrared spectroscopy was performed on a Nicolet Impact
410 spectrometer. High-resolution transmission electron microscopy
(HRTEM) images were obtained on a FEI Tecnai F30 transmission
electron microscope. Scanning electron microscopy (SEM) images
were obtained on a SU8020 field-emission scanning electron
microscope (Hitachi). X-ray photoelectron spectroscopy (XPS)
spectra were attained on a Thermo ESCALAB 250Xi.
2.3. Electrochemical Measurements. The electrochemistry

tests were carried out on a CHI760E workstation. The electrocatalysts

were tested in 1.0 M KOH using a typical three-electrode system.
Linear sweep voltammetry (LSV) polarization curves were collected
at a scan rate of 5 mV s−1 with iR compensation. Electrochemical
impedance spectroscopy measurements were carried out in the
frequency range from 100 kHz to 0.1 Hz with an alternating-current
perturbation of 5 mV. The potential was standardized to a reversible
hydrogen electrode (RHE) using the formula E (vs RHE) = E (vs
saturated calomel electrode) + 0.241 V + 0.0591pH.

3. RESULTS AND DISCUSSION

The synthetic procedure of Fe1Con-TA and Fe1ConOx@C-800
is illustrated in Scheme 1. The as-synthesized Fe1Con-TA was
characterized by XRD and Fourier transform infrared (FTIR).
As exhibited in Figure S1, compared with TA, Fe1Con-TA
shows different peak positions, indicating different crystal
structures. Moreover, with an increase of the Co/Fe ratio, the
peak intensity decreases, suggesting a decreased degree of
crystallinity. From Figure S2, the FTIR peak positions of
Fe1Co3-TA show obvious excursions compared with those of
TA, implying that Fe/Co ions were successfully coordinated
with TA. The structure of Fe1Co3Ox@C-800 was analyzed by
XRD, indicating that the main species in the sample is an alloy
with a Co7Fe3 component (Figure 1a). However, for
Fe1Co1Ox@C-800, the main species are Fe3O4 and Co1Fe1,
while for Fe1Co2Ox@C-800 and Fe1Co4Ox@C-800, Fe3O4,

Figure 2. (a) SEM image of Fe1Co3Ox@C-800 used in the element mapping and (b−f) the corresponding EDS mappings of C, O, Fe, and Co.
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Co1Fe1, and Co7Fe3 coexist (Figure S3). Fe1Co3Ox@C-800
exhibits a spherical nanostructure involving many small Fe−
Co-based nanoparticles (Figure 1b,c), which is similar to those
of Fe1Co3Ox@C-600 and Fe1Co3Ox@C-700 but different from
that of Fe1Co3Ox@C-900 (Figure S4). For Fe1Co3Ox@C-900,
a typical blocky structure is observed (Figure S4). The average
particle size in Fe1Co3Ox@C-900 is larger than those in
Fe1Co3Ox@C-600, Fe1Co3Ox@C-700, and Fe1Co3Ox@C-800.
Moreover, the specific surface area reduces with increasing
annealing temperature. For instance, the specific surface area of
Fe1Co3Ox@C-600 is 44.3 m2 g−1, larger than Fe1Co3Ox@C-
700 (40.1 m2 g−1), Fe1Co3Ox@C-800 (37.7 m2 g−1), and
Fe1Co3Ox@C-900 (25.6 m2 g−1). From the HRTEM image of
Fe1Co3Ox@C-800 (Figure 1d), the lattice distance was
measured to be 0.201 nm, corresponding to the (110) crystal
face of Co7Fe3 (PDF 50-0795) in good agreement with the
XRD result. In addition, it can be observed that the Fe−Co-
based nanoparticles are wrapped by a few layers (less than 1
nm) of amorphous carbon. The element distribution in
Fe1Co3Ox@C-800 was analyzed on a SEM−energy-dispersive
X-ray spectroscopy (EDS) apparatus. As shown in Figure 2, C,
O, Fe, and Co are evenly dispersed in the sample.
The surface compositions and chemical valences of Fe/Co

were determined by XPS. As exhibited in Figure 3a, the C, O,
Fe, and Co elements were detected in Fe1Co3Ox@C-800. The
high-resolution Fe 2p3/2 peak can be deconvoluted into two
peaks at binding energies of 710.9 and 713.1 eV, assigned to
Fe2+ and Fe3+, respectively (Figure 3b).28−31 The high-
resolution Co 2p3/2 peak can be fitted into three peaks at
778.6, 779.8, and 781.4 eV, ascribed to Co0, Co3+, and Co2+,
respectively (Figure 3c).26,32 The high-resolution O 1s peak
can be convoluted into three peaks at 530.0, 531.7, and 532.9
eV, attributed to M−O (M = Fe and Co), defective oxygen
sites, and hydroxyl groups, respectively (Figure 3d).33−36

The OER properties of the TA-derived catalysts were
investigated by LSV. As displayed in Figure 4a, FeOx@C-800
shows poor OER activity with a high overpotential (η10) of 476
mV at a current density of 10 mA cm−2, which is much larger
than that (331 mV) achieved on CoOx@C-800. Bimetallic
Fe1Co3Ox@C-800 exhibits an η10 value of 272 mV, smaller
than those achieved on the monometallic Fe−Co-TA-derived
catalysts and most previously reported Fe−Co-based electro-
catalysts (Table 1). The Tafel slope on Fe1Co3Ox@C-800 is 40
mV decade−1, far lower than those for FeOx@C-800 (150 mV
decade−1) and CoOx@C-800 (74 mV decade−1), suggesting
favorable OER kinetics and the second electron transfer as the
potential-determining step on Fe1Co3Ox@C-800.37 Thereby,
the introduction of Fe ions promotes OER electrocatalysis in
accordance with previous findings.28,38 The OER energy
barrier (ΔG) on FeOx@C-800, CoOx@C-800, and
Fe1Co3Ox@C-800 can be determined from eqs 1−3.39

= [− + ]α α− − − −j j e enF E E RT nF E E RT
0

( )/ (1 ) ( )/0 0
(1)

α αΔ = − − −G nFE nFE(1 ) (1 )0 (2)

α− =
+ −1

1

1 k
k

1

2 (3)

where T is the temperature, R is the gas constant (8.314 J
mol−1 k−1), n is the electron-transfer number (n = 4), F is the
Faraday constant (96485 C mol−1), J0 is the exchange current
density, and k1 and k2 are the cathodic and anodic Tafel slopes,
respectively. When the applied potential (E) is 0 V, ΔG is
calculated to be approximately 392, 374, and 285 kJ mol−1 for
FeOx@C-800, CoOx@C-800, and Fe1Co3Ox@C-800, respec-
tively, indicating lower reaction barriers on bimetallic
Fe1Co3Ox@C-800 than on monometallic FeOx@C-800 and
CoOx@C-800.

Figure 3. XPS survey spectrum (a) and high-resolution XPS spectra of Fe 2p (b), Co 2p (c), and O 1s (d) of fresh Fe1Co3Ox@C-800.
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Because Fe plays a positive role in accelerating OER activity,
the influence of the Co/Fe molar ratios in the bimetallic TA-
derived catalysts on the electrocatalytic performance was
investigated. As illustrated in Figure 4c, Fe1Co3Ox@C-800
with Co:Fe = 3:1 shows a lower overpotential (η10) than
Fe1Co1Ox@C-800 (317 mV), Fe1Co2Ox@C-800 (314 mV),
Fe1Co4Ox@C-800 (293 mV), and Fe1Co5Ox@C-800 (294
mV). Moreover, all of the Fe1ConOx@C-800 samples show
lower OER overpotentials than FeOx@C-800 and CoOx@C-
800, further indicating the synergetic effect between Fe and
Co. However, the Tafel slopes for Fe1Co1Ox@C-800,
Fe1Co2Ox@C-800, and Fe1Co5Ox@C-800 are close to 69
mV decade−1, slightly lower than that for CoOx@C-800 (74
mV decade−1), implying that the OER rate-determining step
might be followed by the first electron transfer (Figure 4d).60

From XRD analysis, Fe3O4 and Co1Fe1 alloy are the main
species in the Fe1Co1Ox@C-800 sample, while the Co3Fe1
species is absent. With increasing Co/Fe ratio in the sample,
the Co3Fe1 species is gradually formed and the relative content
reaches a maximum in the Fe1Co3Ox@C-800 sample. Further
increasing the Co/Fe ratio would lead to the formation of
other species, such as Fe3O4 and Co1Fe1 alloy. Considering
that the OER activity of Fe1Co1Ox@C-800 is the lowest
among the Fe1ConOx@C-800 samples and the OER activity of

FeOx@C-800 is very poor, it is reasonable to infer that the
intrinsic activity of Fe3O4 and Co1Fe1 is inferior to that of the
Co3Fe1 species for the OER. As a result, the Fe1Co1Ox@C-800
sample with the highest content of Co3Fe1 species exhibits the
best OER performance among the Fe1ConOx@C-800 samples.
The effect of the pyrolysis temperature on the OER

performance of Fe1Co3Ox@C-T was researched. As depicted
in Figure 4e, Fe1Co3Ox@C-800 exhibits lower overpotential
(η10) than Fe1Co3Ox@C-600 (332 mV), Fe1Co3Ox@C-700
(314 mV), and Fe1Co3Ox@C-900 (357 mV). The better OER
performance of Fe1Co3Ox@C-800 can be further reflected by
its smaller Tafel slope than those of Fe1Co3Ox@C-600 (92 mV
decade−1), Fe1Co3Ox@C-700 (68 mV decade−1), and
Fe1Co3Ox@C-900 (104 mV decade−1) (Figure 4f). To explore
the influence of the annealing temperature on the OER
performance, we performed XRD analysis. As discussed above,
the Co7Fe3 alloy is the main species in Fe1Co3Ox@C-800,
while Co7Fe3 and CoFe alloys coexist in Fe1Co3Ox@C-700
and the CoFe alloy is the main species in Fe1Co3Ox@C-900
(Figure S5). Combined with the electrocatalytic performance
and aforementioned results, it can be further verified that
catalysts with Co7Fe3 species exhibit higher OER activity than
those with Co1Fe1 species. In addition, we measured the
electrochemical surface area of Fe1Co3Ox@C-T to further

Figure 4. LSV curves of (a) FeOx@C-800, CoOx@C-800, and Fe1Co3Ox@C-800, (c) Fe1ConOx@C-800 with different Co/Fe ratios, and (d)
Fe1Co3Ox@C-T annealed at different temperatures. (b, d, and f) Tafel plots.
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reveal the number of electrochemical active sites for the OER.
As demonstrated in Figures S6−S9, the electrochemical active
surface areas for Fe1Co3Ox@C-600, Fe1Co3Ox@C-700,
Fe1Co3Ox@C-800, and Fe1Co3Ox@C-900 are 157, 561, 592,
and 477 cm2, respectively, indicating that Fe1Co3Ox@C-800
possesses more electrocatalytic active sites than Fe1Co3Ox@C-
600, Fe1Co3Ox@C-700, and Fe1Co3Ox@C-900. Considering
that the specific surface area decreases with increasing
annealing temperature and Fe1Co3Ox@C-800 shows a smaller
surface area than Fe1Co3Ox@C-600 and Fe1Co3Ox@C-700,
the increased active sites should be ascribed to the more
efficient OER performance of the Co7Fe3 species than Fe3O4
and Co1Fe1 alloy. The enhanced OER activity of the Co7Fe3
species is attributed to a cooperation mechanism between Fe
and Co ions, which can be evidenced by the CV curves (Figure
S10). CoOx@C-800 shows a reversible wave at E1/2 = ca. 1.43
V due to the redox reaction of a CoII/CoIII couple, which
disappears when Fe ions were introduced, implying that there
is a strong electronic interaction between Co and Fe.61 Many
studies have shown that the introduction of a small amount of
Fe into Co-based systems can promote the OER activity. For

instance, Wang et al. found that α-Co4Fe(OH)x nanoplates
exhibited lower OER overpotential than α-Co(OH)2 because
cooperation between Fe and Co will affect the adsorption of O
and OH, thus increasing their Gibbs free energy difference.61

Hu et al. found that the addition of Fe3+ into the electrolyte
can accelerate the OER of an atomic Co−N−C catalyst.38

Using operando X-ray absorption spectroscopy, they revealed
that the formation of Co−O−Fe active sites facilitated the
OER process. In addition, compared with carbon supports, the
electronic states around the Fermi level were increased in
FeCo alloy nanoparticles encapsulated by carbon, thus
improving the OER activity.62 Our calculation results
demonstrate that Fe1Co3Ox@C-800 exhibits a much lower
OER energy barrier than FeOx@C-800 and CoOx@C-800,
implying that Fe and Co are involved in the electrocatalytic
water oxidation process. Furthermore, we have measured the
charge-transfer resistance (Rct) of Fe1Co3Ox@C-T to uncover
the charge-transfer ability. As exhibited in Figure S11,
Fe1Co3Ox@C-800 shows a low Rct of 15.6 Ω cm2, smaller
than those for Fe1Co3Ox@C-600 (32.2 Ω cm2), Fe1Co3Ox@C-
700 (16.2 Ω cm2), and Fe1Co3Ox@C-900 (30.5 Ω cm2),
suggesting better charge-transfer ability and more favorable
OER kinetics on the former.
The durability of Fe1Co3Ox@C-800 for OER was evaluated

by chronopotentiometry measurement. As revealed in Figure
S12, after continuous operation for 12 h, the potential
increased by only 5 mV, which might be due to the resulting
oxygen bubbles and partial shedding of the catalyst from the
glassy carbon electrode. The structure of Fe1Co3Ox@C-800
after the OER stability test was characterized by XRD. As
demonstrated in Figure S13, the peaks due to the Co7Fe3 alloy
can be obviously observed, implying that the structure of
Fe1Co3Ox@C-800 after OER electrocatalysis is well main-
tained because of protection of the carbon shells from
oxidation during OER. The surface composites and metal
valence states in Fe1Co3Ox@C-800 after OER electrocatalysis
were identified by XPS. As shown in Figure 5, the Fe and Co
elements can be obviously detected on the catalyst surface. The
surface Fe3+/Fe2+ ratio increased from 0.55:1 in the fresh
sample to 1:1 in the used one, indicating that partial Fe2+ was
oxidized to Fe3+ after OER. Moreover, the surface Co0 was
completely oxidized to higher valence states, and the peak area
of Co2+ from the sample after OER increased, suggesting that
the unprotected surface Co0 was oxidized to Co2+.
Furthermore, the relative content of defective oxygen sites
increased after OER electrocatalysis, implying that surface
−OH species took part in the reaction and defect sites were
generated. Therefore, partially exposed Fe−CoOx should be
the active species for OER, while the carbon-coated Fe−Co-
based nanoalloy promotes charge transfer and OER kinetics.
The XPS results indicate that Fe and Co are involved in the
water oxidation process, which might undergo Fe2+ (e.g.,
Fe(OH)2) → Fe3+ (e.g., FeOOH) → Fe4+ and Co2+ (e.g.,
Co(OH)2) → Co3+ (e.g., CoOOH) → Co4+, in agreement
with previous reports.63−65

4. CONCLUSIONS
In conclusion, we have demonstrated that bimetallic Fe−Co
nanoparticles with uniform dispersion of Fe−Co species
coated by amorphous carbon can be synthesized by a simple
pyrolysis of Fe−Co-based complexes. The Co−Fe content and
pyrolysis temperature would influence the components of Fe−
Co-TA-derived catalysts. Fe1Co3Ox@C-800 with a Co7Fe3

Table 1. Comparison of the OER Performances of Fe−Co-
Based Electrocatalysts

catalyst electrolyte
overpotential (mV) at 10

mA cm−2 ref

Fe1Co3Ox@C-800 1.0 M
KOH

272 this
work

Co0.17Fe0.79P/NC 1.0 M
KOH

299 40

LaCoO3‑δ 0.1 M
KOH

330 41

BC/Co3O4 1.0 M
KOH

310 42

Fe(OH)3@Co-MOF-
74

1.0 M
KOH

292 43

Fe2O3@Ni-MOF-74 1.0 M
KOH

264 44

NGO/Ni7S6 0.1 M
KOH

380 45

porous Ni2P
nanosheets

1.0 M
KOH

320 46

BMM-11 1.0 M
KOH

362 47

[Co(L1)(HL3)2·
(H2O)2]n

1.0 M
KOH

398 48

M-PCBN/CC 1.0 M
KOH

348 49

Co2.36Fe0.19Ni0.45-btca 1.0 M
KOH

292 50

Co@NPC 1.0 M
NaOH

540 51

PB-Co/Co−NPHCS 0.1 M
KOH

370 52

TMOF-4 nanosheets 1.0 M
KOH

318 53

UTSA-16 1.0 M
KOH

408 54

Co/W−C@NCNSs 1.0 M
KOH

323 55

SnO2 and CTGU-14 0.1 M
KOH

388 56

Co-MONs 1.0 M
KOH

309 57

CoSe2 1.0 M
KOH

330 58

Co2P@C 1.0 M
KOH

328 59
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alloy as the main component showed higher electrocatalytic
OER activity than those with a CoFe alloy as the main
component because of a better charge-transfer ability and
smaller OER energy barrier. This work could provide helpful
inspiration to the fabrication of bimetallic OER electrocatalysts
using TA complexes as precursors via a simple pyrolysis
method.
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