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an intensive research interest has been 
motivated into the harvest and conver-
sion of solar power.[10] Among the various 
techniques developed during the past few 
decades, the photovoltaic cell powered 
electrolytic water splitting system is one of 
the most promising methods to transform 
the sunlight into hydrogen (H2), a trans-
portable energy carrier with high energy 
density.[11–14] Hydrogen evolution reac-
tion (HER) and oxygen evolution reaction 
(OER) are the two half reactions in water 
splitting, which both are sluggish; there-
fore, highly efficient and durable electro-
catalysts for these reactions are required to 
advocate the potential commercial applica-
tion of water electrolyzers.[15–18] Up to now, 
precious-metal-based materials are still the 
benchmark electrocatalysts for HER (e.g., 
Pt and its alloys) and OER (such as IrO2 
and RuO2).[19–21] Nevertheless, the scarcity 
and high cost of these precious metals 

have seriously hampered their large-scale utilization.[22] There-
fore, the development of cost-effective and active catalyst mate-
rials that can replace the precious-metal-based benchmarks for 
electrolytic water splitting is of paramount significance.

Encapsulating transition metals (TMs) inside nitrogen-doped 
graphitic carbon (NC) showed a great potential in improving 
the electrocatalytic performances of the obtained catalyst 
materials.[23–25] Wrapping TM nanoparticles with few-layer (or 
single-layer) NC (TM@NC) would facilitate the penetration of 
electrons from TM cores to the surface of carbon layers, and 
subsequently change the local electron density and surface elec-
tronic structure of the inert carbon to an optimized status that 
tends to benefit electrocatalysis.[26,27] For instance, single-layer 
N-doped graphene encapsulating FeNi alloy nanoparticles were 
reported as efficient OER catalysts,[28] which are even superior 
to the IrO2 benchmark owing to the single-layer configuration 
of the surrounding graphene that further promoted electron 
penetration. Besides that, single-shell carbon encapsulated Fe 
nanoparticles were also found as active catalysts for HER in 
acid.[29] Apart from promoting the catalytic activity, encapsu-
lating TM inside NC can also effectively isolate these vulner-
able nanoparticles from the corrosive operation environments 
(e.g., acids and bases), thereby prolonging their stability.[30] 
Albeit some noticeable achievements have been obtained with 
the TM@NC composites in a separate OER or HER, few of 
them can function well toward both reactions for an enhanced 

The development of highly active and cost-effective catalyst materials toward 
electrochemical water splitting is of great importance for converting and 
storing the intermittent solar energy in the form of hydrogen. Herein, for the 
first time, an ultrathin Fe and N-co-doped carbon nanosheet encapsulated 
Fe-doped CoNi alloy nanoparticle (FeCoNi@FeNC) composite is obtained and 
applied as a bifunctional catalyst for hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER). This catalyst exhibits prominent catalytic 
performances for both HER and OER, which only requires overpotentials of 
102 and 330 mV, respectively, to reach a current density of 10 mA cm−2 in 
alkaline media. The high catalytic activity is intrinsically associated with the 
presence of Fe in both nanosheets and nanoparticles, which has triggered 
the occurrence of coordinative effects between Fe-N-C and FeCoNi that are 
beneficial for HER and OER, as revealed by electrochemical techniques. In an 
overall water splitting electrolyzer, FeCoNi@FeNC is employed as both the 
cathode and anode catalysts, achieving 12 mA cm−2 at 1.63 V for a duration of 
more than 12 h.

Water Splitting

1. Introduction

Increasingly severe energy and environmental issues caused by 
the use of fossil fuels have surged the research interests into 
the exploration of clean and renewable substitutes of the tra-
ditional energy resources.[1–7] Sunlight as the major renewable 
energy source provides us with more than sufficient power to 
meet our needs; however, its intermittent and diffusive nature 
has severely impeded the potential large-scale use.[8,9] Thus, 
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overall water splitting since OER and HER are associated with 
distinctive reaction steps as well as intermediates.[31–33] Specifi-
cally, for the OER process in alkaline media, the overpotential 
(η) and efficiency are determined by the catalyst’s affinity to 
specific OER intermediates (namely, O* and HO*) and their 
relative adsorption free energy (ΔGO* – ΔGHO*).[26,28] On the 
other hand, a good HER catalyst in bases should not only be 
capable of dissociating water molecules into H* and OH−,[3] but 
also exhibit a moderate free energy for H* adsorption and des-
orption (ΔGH* ≈ 0).[24,34] Therefore, as demonstrated in previous 
studies,[26,28,30] most TM@NC composites can only facilitate 
the adsorption of one type of intermediates for the specific half 
reaction (either OER or HER). Moreover, the catalytic activities 
of these materials are still unsatisfactory and their complex 
preparation processes render them impractical for large-scale 
applications. Thus, novel preparation strategies need to be 
developed to endow TM@NC composites’ bifunctionality and 
high activity toward overall water splitting.

Metal and nitrogen co-doped carbon (M-N-C) materials, 
where the metal dopants are coordinated with nitrogen func-
tional groups, have been reported as promising catalysts for 
HER and ORR, as well as advanced carbon substrates for 
OER.[31,32] The M-Nx centers in M-N-C materials play the role 
of the active sites for ORR and HER since they can facili-
tate the adsorption of OOH* and H* intermediates during 
these reactions.[32,35–37] Moreover, the M-Nx centers are also 
capable of tuning the electronic structure of the surrounding 
carbon atoms, and endow them higher electropositivity, 
which is beneficial for the adsorption of OER reactants, such 
as OH− ions.[26,31] In this regard, theoretically, using M-N-C 
nanosheets as advanced cages to encapsulate TM nanoparticles 
could trigger interesting synergies between the two compo-
nents to occur. These synergies may facilitate the adsorption/
desorption of the reaction intermediates for both OER and 
HER on the resultant TM@M-N-C composites, making them 
bifunctional catalysts for overall water splitting. To prove this 
concept, herein, for the first time, we prepared an ultrathin 
Fe-N-C nanosheet encapsulated Fe-doped CoNi alloy nanopar-
ticle (FeCoNi@FeNC) composite through a facile and scalable 

preparation methodology. The local electronic structure of the 
carbon cage is simultaneously tuned by the Fe dopant and the 
encapsulated FeCoNi nanoparticles, resulting in synergistic 
effects that are beneficial for catalyzing both OER and HER. As 
a result, the obtained FeCoNi@FeNC composite can be applied 
as an efficient bifunctional catalyst for water splitting, showing 
high activity (ηHER, 10 mA cm–2 = 102 mV and ηOER, 10 mA cm–2 = 
330 mV) as well as good stability for both OER and HER in 
alkaline media.

2. Results and Discussion

2.1. Synthesis and Characterization of the FeCoNi@FeNC 
Composite

The FeCoNi@FeNC catalyst was synthesized by a facile bottom-
up method as illustrated in Scheme 1. Briefly, a stoichiometric 
ratio of metal precursors (Co2+, Ni2+, and Fe3+) was mixed with 
tetrasodium ethylenediaminetetraacetate (Na4EDTA) solution, 
followed by a hydrothermal treatment and a pyrolysis process 
(see details in the Experimental Section and the formation 
mechanism in the Supporting Information). To further 
elucidate the important role of Fe played in catalysis, an iron-
free CoNi@NC composite was also prepared through a similar 
synthesis process only without adding Fe3+ into the precursors 
(details are provided in the Experimental Section). The struc-
tural features of the FeCoNi@FeNC composite are identified 
by various microscopic characterizations. The scanning elec-
tron microscopy (SEM) images (Figure 1a and Figure S1a,  
Supporting Information) reveal the obtained composite 
exhibits a nanoflake structure, which was further confirmed 
by transition electron microscopy (TEM) (Figure S1b, Sup-
porting Information). Moreover, TEM images at higher magni-
fication show that the FeCoNi@FeNC nanoflakes consist of 
nanospheres with an average diameter of ≈6 nm (Figure 1b). 
Further examination by high-resolution transition electron 
microscopy (HRTEM; Figure 1c and Figure S2, Supporting 
Information) confirms that the nanospheres are all intimately  
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Scheme 1. Schematic illustration of the fabrication of FeCoNi@FeNC.
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wrapped inside thin carbon layers with the thickness ranging 
from 0.4 to 1.1 nm, corresponding to merely one to three 
layers of graphene (a single-graphene layer is ≈0.34 nm).[28]  
The nanoparticles encapsulated are highly crystalline, as shown 
by the clearly observed lattice fringes in the TEM images 
(Figure 1c and Figure S2, Supporting Information). To be spe-
cific, the nanoparticles exhibit a lattice spacing of 2.06 Å, which is 
in good agreement with the d-spacing of the (111) plane of CoNi 
alloy.[38] This observation indicates the formation of CoNi, rather 
than CoNiFe ternary alloy nanoparticles in the FeCoNi@FeNC 
composite. To further identify the elemental components of 
the FeCoNi@FeNC composite, high-angle annular dark-field 
scanning TEM (HAADF-STEM) imaging coupled with energy-
dispersive X-ray (EDX) spectroscopy elemental mapping was 
employed. As shown in Figure S3a (Supporting Information), the 
bright dots corresponding to the encapsulated alloy nanoparticles 
are densely distributed over the nanoflake structure shown in 
darker contrast. Figure S3b–f (Supporting Information) displays 
the corresponding EDX elemental maps of the FeCoNi@FeNC 
composite in Figure S3a (Supporting Information). Elements of 
C, N, Fe, Co, and Ni are observed within the whole composite 
material, showing uniform distributions. Under the higher 

magnifications (Figure 1e–i), the maps clearly show the spatially 
separated distribution of Fe from Co and Ni. Compared with 
the dense signals of Co and Ni, the weaker signal and disper-
sive distribution of Fe are due to its small proportion (0.39 ± 
0.02 wt%) in the whole composite, which has been confirmed 
by the inductively coupled plasma mass spectrometry (ICP-MS) 
evidence (Table S1, Supporting Information). Notably, the Fe 
signals can be detected not only in the CoNi alloy nanoparticles 
but also in the N-doped carbon wrapping layers (Figure 1i), sug-
gesting the successful obtainment of both Fe-N-C layers and 
Fe-doped CoNi nanoparticles in this composite. By comparing 
the TEM images of FeCoNi@FeNC with CoNi@NC (Figure S4, 
Supporting Information), it is obvious that the incorporation of a 
limited amount of Fe did not induce an apparent morphological 
change of the CoNi@NC, as both composites exhibit similar 
nanoflake structures. The CoNi@NC nanoflakes are also com-
prised of numerous nanospheres ≈6 nm, with a typical inter-
planar spacing of 2.06 Å observed, corresponding to the (111) 
plane of CoNi alloy (Figure S6, Supporting Information). How-
ever, Fe was not detected within the CoNi@NC composite (EDX 
mappings; Figure S5, Supporting Information), indicating its 
absence in both the NC nanosheets and the CoNi nanoparticles, 
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Figure 1. Microscopic characterizations of FeCoNi@FeNC. a) SEM image of FeCoNi@FeNC nanoflakes. TEM images of the FeCoNi@FeNC composite 
under b) low and c) high magnifications. d–h) HAADF-STEM image and the corresponding STEM-EDX elemental maps of the FeCoNi@FeNC com-
posite. i) The combined map (N, Fe,Co, and Ni) of FeCoNi@FeNC.
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which correlates well with the results obtained from ICP-MS  
(Table S1, Supporting Information).

The chemical compositions of the FeCoNi@FeNC composite 
were further characterized by X-ray diffraction (XRD) spectros-
copy. The XRD pattern of CoNi@NC was also adopted as a com-
parison (Figure 2a). As expected, the two composites exhibit 
almost identical XRD patterns. Specifically, the signal at 30.7° 
can be ascribed to the (002) plane of graphitic carbon,[27,39] and 
the broadness of this peak indicates the ultrathin thickness of 
the graphene-like carbon shells.[27] Moreover, the peaks at 51.8° 
and 60.0° in these two samples should be assigned to the (111) 
and (200) planes of CoNi alloy with a cubic structure (PDF No. 
04-004-8490). The incorporation of Fe has not changed the face 
centered cubic (FCC) structure of CoNi alloy nanoparticles in 
the FeCoNi@FeNC catalyst, suggesting that Fe is simply doped 
into the CoNi alloy cores without altering their lattice structures. 
This observation correlates well with the results obtained from 
HRTEM images (Figure 1c and Figure S6, Supporting Informa-
tion), where no noticeable changes of the interplanar distance 
are detected within the FeCoNi@FeNC and CoNi@NC com-
posites. The Raman spectra of FeCoNi@FeNC and CoNi@NC 
are displayed in Figure S7 (Supporting Information). Both com-
posites exhibited two peaks at 1344 and 1600 cm−1, which corre-
spond to the typical D and G bands of carbon, respectively. The 
D band indicates the disorder of the relative graphite, and the 
G band suggests the presence of crystalline graphitic carbon.[10] 
The ID/IG ratio of FeCoNi@FeNC (1.06) is higher than that of 
CoNi@NC (0.97), indicating a larger amount of defects has 
been introduced into the carbon shells of FeCoNi@FeNC owing 

to the presence of Fe dopants. In addition, X-ray photoelectron 
spectroscopy (XPS) measurements were carried out to probe 
the surface chemical compositions of FeCoNi@FeNC and 
CoNi@NC. Both FeCoNi@FeNC and CoNi@NC exhibit peaks 
of C, N, O, Co, and Ni in the XPS survey spectra (Figure 2b). 
However, no specific peaks of Fe can be observed in the XPS 
survey spectrum of FeCoNi@FeNC, which could be ascribed to 
its low concentration (≈0.39 wt% as determined by ICP-MS), 
thereby being submerged in the strong signal of Co. The high-
resolution Co and Ni 2p XPS spectra of FeCoNi@FeNC and 
CoNi@NC reveal that in both samples, Co and Ni exist pri-
marily in metallic state (Figure S8, Supporting Information), 
rather than metal oxides. The high-resolution N 1s spectrum 
(Figure 2c) of FeCoNi@FeNC suggests this catalyst is mainly 
composed of pyridinic N (398.6 eV), graphitic N (401 eV),  
and oxidized N (402.6 eV). Besides that, notably, a peak 
located at ≈399.5 eV is emerged within the N 1s spectrum of 
FeCoNi@FeNC, which can be generally ascribed to the metal-
coordinated nitrogen (M-Nx) species.[40–42] Herein, this peak 
belongs to Fe bound pyridinic N (Fe-Nx-C) moieties, with  
≈1 eV upshift from the pristine pyridinic N peak (398.6 eV).[43] 
Furthermore, the C-N peak (286 eV) in the C 1s spectrum of 
FeCoNi@FeNC also slightly shifts to a more positive posi-
tion comparing with that of CoNi@NC (285.7 eV; Figure S9,  
Supporting Information), implying a stronger electron-
withdrawing effect caused by Fe coordination in the Fe-Nx-C 
moieties.[41] The collective results above confirm the successful 
obtainment of FeNC ultrathin nanosheet encapsulated Fe 
doped CoNi alloy nanoparticle composite.
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Figure 2. Compositional characterization of FeCoNi@FeNC and CoNi@NC composites. a) The XRD patterns and b) XPS survey spectra of FeCoNi@
FeNC and CoNi@NC. c) High-resolution XPS N 1s spectra and d) C 1s spectra of FeCoNi@FeNC.
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2.2. Electrocatalytic Performances of the FeCoNi@FeNC Catalyst

The HER and OER catalytic performances of the FeCoNi@
FeNC composite were measured in a typical three-electrode 
system employing catalyst drop-casted glassy carbon rotating 
disk electrode (GC RDE) as the working electrode (see details 
in the Experimental Section). 1 m KOH was used as the electro-
lyte and the potentials reported in this study were all calibrated 
to reversible hydrogen electrode (RHE) for the facile com-
parison purpose. Figure 3a represents the HER polarization 
curves obtained with FeCoNi@FeNC, CoNi@NC, and Pt/C 
drop-casted GC RDE, respectively. CoNi@NC exhibits a decent 
HER activity that requires overpotentials (η) of 40 and 179 mV, 
respectively, to initial the reaction as well as reach a current den-
sity (j) of 10 mA cm−2. This appreciable HER catalytic activity 
can be attributed to the structural features of CoNi@NC, where 
the CoNi nanoparticles encaged in ultrathin NC layers enable 
the modulation of electron density and electronic potential 
distribution at the carbon surface via the electron penetration 
from the core.[27] Interestingly, the incorporation of Fe into both 
the NC layer and CoNi nanoparticles has led to a substantial 
enhancement in HER activity, which can be clearly evident 
by a drastic shift of the polarization curve of FeCoNi@FeNC 
to the positive direction, compared to CoNi@NC (Figure 3a).  
Specifically, the FeCoNi@FeNC catalyst shows a small onset 
η of ≈10 mV, beyond which the cathodic current increases 
quickly at higher overpotentials. The η required to achieve a j 
of 10 and 30 mA cm−2 for FeCoNi@FeNC is 102 and 153 mV, 

respectively, which are only ≈85 and 91 mV higher than the 
precious Pt/C catalyst with the same mass loading. This cata-
lytic activity is superior to most of the recently reported HER 
catalysts based on earth abundant materials, including Co@
Co-N-C,[44] CoNi@C, and CoP/NC.[27,45] A comprehensive com-
parison was also performed and the results are summarized 
in Table S2 (Supporting Information). Among all the catalyst 
materials compared herein, FeCoNi@FeNC apparently exhibits 
higher catalytic activity, requiring lower η to reach the same j of 
10 mA cm−2 (Table S2, Supporting Information). Figure 3b rep-
resents the Tafel plots of FeCoNi@FeNC, CoNi@NC, and Pt/C 
drop-casted electrodes, respectively, derived from Figure 3a.  
The Tafel slope of FeCoNi@FeNC is way smaller than that of 
CoNi@NC (67–105 mV dec−1), indicating the former is more 
kinetically favorable than the latter in HER. Moreover, from 
the Tafel slope of FeCoNi@FeNC, it is plausible to deduce that 
the HER may proceed via a Volmer–Heyrovsky mechanism, 
which could be limited by the electrochemical desorption of 
H2 from the catalyst surface.[27,46] The dramatic enhancement 
in HER catalytic activity of FeCoNi@FeNC to CoNi@NC is 
intrinsically related to the presence of Fe as these two com-
posites exhibited close-to-identical physical properties. Besides 
that, the possible effect from an enhanced electrochemical 
active surface area (ECSA) can also be ruled out since the ECSA 
obtained with FeCoNi@FeNC is only about 27% of CoNi@NC 
(details are shown in Figure S10, Supporting Information). 
The electrochemical impedance spectroscopy (EIS) (Figure 3c) 
shows a way smaller semicircular diameter of FeCoNi@FeNC 
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Figure 3. Electrocatalytic HER performance of the FeCoNi@FeNC catalyst. a) HER polarization curves of FeCoNi@FeNC, CoNi@NC, and Pt/C drop-
casted GC RDE in 1 m KOH. The scan rate is 10 mv s−1 and all curves were obtained by performing iR correction. b) Tafel plots of FeCoNi@FeNC, 
CoNi@NC, and Pt/C. c) EIS of FeCoNi@FeNC and CoNi@NC tested at −0.1 V in 1 m KOH. d) Chronoamperometric response of FeCoNi@FeNC/GC 
RDE at a constant potential of −0.18 V.
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than CoNi@NC, suggesting a smaller impedance (both con-
tact and transfer) associated with FeCoNi@FeNC, and faster 
HER kinetics, further elaborating the benefits of harvesting 
the synergies between FeNC and FeCoNi for electrocatalysis. 
Finally, the stability of FeCoNi@FeNC during HER was also 
assessed. As shown in Figure 3d, at a constant applied η of 
180 mV, the FeCoNi@FeNC composite is capable of delivering 
a j = 11 mA cm−2, which remains almost unchanged during the 
10 h test, further confirming its prominent stability.

Figure 4a displays the OER polarization curves obtained 
with FeCoNi@FeNC, CoNi@NC, and Ir/C coated GC RDE in 
1 m KOH, respectively. As shown in Figure 4a, FeCoNi@FeNC 
reveals an onset potential of 1.47 V, which is ≈50 mV lower 
than that of CoNi@NC (details are shown in Figure S11, Sup-
porting Information), further confirming the requisite role of 
Fe in promoting electrocatalysis. Also, at any given potentials, 
FeCoNi@FeNC exhibits a much greater j than CoNi@NC. To 
be specific, at 1.56 and 1.61 V, the FeCoNi@FeNC composite is 
able to deliver j of 10 and 50 mA cm−2, respectively. As a com-
parison, the j obtained with CoNi@NC at the same potentials 
are merely 2 and 5 mA cm−2. Moreover, the FeCoNi@FeNC 
composite is also superior to the Ir/C benchmark (Figure 4a) 
and the recently reported advanced TM-based electrocatalysts in 
catalyzing OER (Table S3, Supporting Information), in terms of 
both onset potential and the potential required to achieve the 
j of 10 mA cm−2. The Tafel plots of the three catalysts tested 
herein are presented in Figure 4b. The Tafel slopes derived 
from their linear portions within the low overpotential range 

demonstrate that the OER on FeCoNi@FeNC is the most 
kinetically favorable as its Tafel slope (57 mV dec−1) is signifi-
cantly lower than that of Ir/C (69 mV dec−1) and CoNi@NC 
(92 mV dec−1), respectively. The trend of the Tafel slopes also 
corresponds well with their respective OER catalytic activity 
as shown in Figure 4a. Moreover, the good linearity of the 
Tafel plot of FeCoNi@FeNC at large current densities indi-
cates a fast electron and mass transfer between the catalyst 
and the electrolyte. Besides that, the FeCoNi@FeNC catalyst 
also exhibits a good durability in OER. As shown in Figure 4c, 
the polarization curves obtained with FeCoNi@FeNC before 
and after a 10 h constant potential electrolysis at 1.53 V 
(the curve can be referred to Figure S12, Supporting Information)  
were almost identical without any activity degradation observed. 
The stability of FeCoNi@FeNC during OER is further con-
firmed by an accelerated degradation test as no obvious activity 
change was observed even after 1000 cycles of cyclic voltammo-
gram scan (Figure S13, Supporting Information).

Since the obtained FeCoNi@FeNC catalyst is active toward 
both HER and OER, it was then employed as the bifunctional 
catalyst for an overall water splitting reaction. Herein, a rela-
tively large amount of the FeCoNi@FeNC composite was 
loaded onto nickel foam (FeCoNi@FeNC/Ni-F, 2 mg cm−2), 
which was utilized as both the anode and cathode in a two-
electrode water splitting system (see details in the Experi-
mental Section). Ni foam has been long used as the current 
collector to load catalyst materials for electrocatalysis, owing to 
its 3D structure, high porosity, good electric conductivity, and 
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Figure 4. Electrocatalytic OER performance of the FeCoNi@FeNC catalyst. a) OER polarization curves of FeCoNi@FeNC, CoNi@NC, and Pt/C loaded 
GC RDE in 1 m KOH with iR correction. The scan rate is 10 mV s−1. b) Tafel plots of FeCoNi@FeNC, CoNi@NC, and Pt/C. c) OER polarization curves 
of FeCoNi@FeNC loaded GC RDE before and after 10 h chronoamperometric tests at 1.53 V versus RHE (the scan rate is 10 mV s−1, with iR correc-
tion). d) The chronoamperometric curve obtained with the FeCoNi@FeNC/NF anode and cathode under an applied potential of 1.63 V in 1 m KOH. 
The inset of (d) is an optical photo of H2 and O2 bubbles generated on the FeCoNi@FeNC/NF electrodes.
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robustness.[5,16,47] The FeCoNi@FeNC/Ni-F electrode can reach 
a j of 50 mA cm−2 at low overpotentials of 185 and 350 mV for 
HER and OER, respectively (Figure S14, Supporting Informa-
tion). Figure 4d shows the catalytic performance obtained with 
the two-electrode water splitting system. At a constant applied 
cell voltage of 1.63 V, this system is capable of delivering a j of 
12 mA cm−2, which stabilizes at this value for the 12 h reaction 
session, showing negligible activity decrement. Meanwhile, vig-
orous and constant bubble evolution can be observed on both 
electrodes (Movie S1, Supporting Information), indicating the 
occurrence of HER and OER. The impressive water splitting 
performance can be ascribed to the intrinsically high catalytic 
activity of the FeCoNi@FeNC composite, which also outper-
forms most of the recently reported bifunctional catalysts  
(Table S4, Supporting Information).

2.3. Identifying the Role of Fe in Catalysis

From the above physical characterizations and electrochemical 
studies, it is evident that the drastic catalytic activity differences 
between the FeCoNi@FeNC and CoNi@NC composite are 
intrinsically related to the presence of Fe. The incorporation of 
Fe into CoNi@NC composite has triggered the occurrence of 
certain synergistic effects between the FeCoNi and FeNC com-
ponents, leading to significantly improved activity toward the 
water splitting reaction. However, the exact active sites of HER 
and OER on FeCoNi@FeNC are still unclear. Fe-N-C species 
could act as active sites for HER and ORR, but they are scarcely 
reported for OER. On the contrary, Fe-doped CoNi alloy cores 
are beneficial for an accelerated OER process while their utiliza-
tion for HER is very limited. Therefore, it is plausible to deduce 
that two different kinds of active sites might be involved in cata-
lyzing HER and OER with the FeCoNi@FeNC composite. In 
order to unravel these active sites, thiocyanate ions (SCN−) were 
introduced into the electrolyte to poison the M-Nx centers in 
the composite catalysts,[48] and the effects of poisoning on the 
respective HER and OER were investigated.

Figure 5a displays the effect of poisoning on the HER cata-
lytic activity of FeCoNi@FeNC and CoNi@NC. It can be shown 
from this figure that in the presence of SCN− ions, the HER 
activity of FeCoNi@FeNC has been severely jeopardized. To be 

specific, the onset potential of FeCoNi@FeNC shifts negatively 
to −0.05 V, which is ≈40 mV lower than that of FeCoNi@FeNC 
before poisoning. Besides, the η required to deliver j of 10 and 
30 mA cm−2 also has increased by about 80 mV after introducing 
the SCN− ions into the electrolyte. At the same applied η of 
150 mV, the j obtained with FeCoNi@FeNC has dropped dra-
matically from 28.8 to merely 5.4 mA cm−2 after adding potas-
sium thiocyanate (KSCN), suggesting over 80% activity loss. The 
above observations further confirm the vital role of Fe-Nx centers 
within the ultrathin FeNC nanosheets in achieving the high HER 
activity. Moreover, it is interesting to note that the HER activity 
of CoNi@NC has been barely affected in the presence of SCN− 
ions, showing almost identical onset potentials and a merely 
10 mV of extra η to reach the j of 10 mA cm−2. This finding 
further excludes the possibility of the presence of M-Nx (M can 
be Fe, Ni, and Co) centers in the CoNi@NC composite, and the 
decent HER activity is solely ascribed to the cooperative effects 
between NC nanosheets and the encaged CoNi nanoparticles, 
which will not be poisoned by the SCN− ions. Furthermore, it is 
worthwhile mentioning that after poisoning, the FeCoNi@FeNC 
and NC@CoNi composites exhibit close-to-identical HER cata-
lytic performances (Figure 5a). This observation reveals that after 
Fe-Nx centers in FeCoNi@FeNC being passivated, these two com-
posites may bear the same active sites for HER, and the possible 
contribution from the Fe dopants in the FeCoNi alloy nanoparti-
cles can be ruled out. Thus, it can be concluded that within the 
FeCoNi@FeNC composite, the enhanced HER catalytic activity 
is ascribed to the synergies between Fe-N-C nanosheets and the 
CoNi component in the FeCoNi nanoparticles.

The poisoning effect was further probed with the 
FeCoNi@FeNC composite for OER. The OER polariza-
tion curves were obtained within the low potential range 
(<1.57 V) to prevent the SCN− ions from being oxidized.[49] 
Different from the HER, the poisoning effect poses little influ-
ence on the OER activity of FeCoNi@FeNC, showing almost 
identical polarization curves before and after the introduction 
of SCN− ions (Figure 5b). This finding indicates Fe-Nx centers 
are not involved in OER catalysis otherwise their blockage (by 
SCN− ions) will inevitably lead to deteriorated catalytic perfor-
mances. Hence, the superior OER performance obtained with 
the FeCoNi@FeNC composite is originated from the synergies 
between N-doped carbon and Fe-doped CoNi nanoparticles.

Part. Part. Syst. Charact. 2018, 1800252

Figure 5. Probing the active sites for HER and OER within the FeCoNi@FeNC composite. a) HER polarization curves obtained with the FeCoNi@FeNC 
and CoNi@NC composites in 1 m KOH before and after adding 10 × 10−3 m KSCN. b) OER polarization curves of FeCoNi@FeNC in 1 m KOH before 
and after adding 10 × 10−3 m KSCN. All the polarization curves were obtained at the same scan rate of 10 mV s−1 with iR corrections.
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Since the FeNC/CoNi and NC/FeCoNi combinations within 
the FeCoNi@FeNC composites are responsible for catalyzing 
HER and OER, respectively, their possible enhancement effects 
will be discussed. For HER, it has been well established that the 
reaction proceeds via the following steps in alkaline media

Volmer : * H O e H * OH electrochemical2 ( )+ + → +− −  (1)

Heyrovsky :* H O e H* H OH * electrochemical2 2 ( )+ + + → + +− −  (2)

Tafel : 2H* H 2 * chemical2 ( )→ +  (3)

where * denotes an active site on the surface of an electrocata-
lyst. Under a specific applied potential, the HER will happen 
through either a Volmer–Heyrovsky or a Volmer–Tafel pathway 
depending on the catalytic properties of materials. In both 
pathways, the Volmer process is always involved as the first 
step, where the adsorbed H2O molecules are electrochemically 
reduced to H atoms and OH− ions. Notably, the Volmer step 
requires an additional amount of activation energy (Ea) to dis-
sociate the water molecules by weakening the HOH bond 
in alkaline, which could result in a relatively sluggish HER 
kinetics compared to acid media.[50] Furthermore, the desorp-
tion step (Heyrovsky or Tafel process) will also determine the 
kinetics of HER by having an optimal ability for hydrogen 
adsorption (not too weak, not too strong). In respect of that, the 
dramatically enhanced HER activity of FeCoNi@FeNC could be 
originated from the following two factors: (i) On the surface of 
the FeCoNi@FeNC composite, the electron-rich Fe-Nx centers 
can act as electron acceptors, which will withdraw electrons 
from the neighboring carbon atoms and become more nucleo-
philic. During the Volmer step of HER, the nucleophilic Fe-Nx 
species could have a stronger affinity for H-bonding compared 
to the bare N-doped carbon, while the adjacent electrophilic 
carbon atoms tend to attract OH− ions through electrostatic 
interaction. Thus, the Fe-Nx centers and positively charged 
carbon atoms could act synergistically to dissociate water mole-
cules faster than that of CoNi@NC and consequently accelerate 
the HER process.[51–53] (ii) It has been reported that the encap-
sulated CoNi alloy nanoparticles have a decent ability to alter 
the electron density and electronic structure of the carbon shell 
by penetrating electrons from the CoNi cores, which could lead 
to a moderate free energy for H adsorption (∣ΔGH*∣) to compro-
mise the reaction barriers of adsorption and desorption steps, 
thereby promoting the catalytic activity.[27] With a nucleophilic 
nature, the Fe-Nx centers could further decrease the ∣ΔGH*∣ 
value to an optimal level and thereby facilitate the electrophilic 
HER catalysis with protons or activated water molecules.[33,54] 
Therefore, the Fe-Nx species not only accelerate the dissociation 
rate of water molecules but also function synergistically with 
the carbon encapsulating CoNi nanoparticles to give an optimal 
∣ΔGH*∣ value, which endows the FeCoNi@FeNC catalyst with 
an enhanced HER performance as observed in its experimental 
results. In the case of OER, density functional theory calcula-
tion results indicated that the overpotential is determined by 
the relative adsorption free energy value between O* and HO* 
intermediates (∣ΔGO* − ΔGHO*∣), which can be readily adjusted 
to the optimal value by changing the type of metal or metal 

alloys encapsulated inside carbon.[26,28] In respect of that, it is 
reasonable to postulate that the formation of encapsulated Fe-
doped CoNi nanoparticles will function synergistically with 
the N-doped carbon shells to enable the transfer of a proper 
number of electrons from the cores to the carbon shells, which 
results in the ∣ΔGO* − ΔGHO*∣ to reach an optimal value and 
consequently accelerates the kinetics of OER.[31,55,56]

3. Conclusion

In summary, an ultrathin Fe-N-C nanosheet encapsulated Fe-
doped CoNi nanoparticle composite was successfully prepared 
for the first time and employed as an efficient bifunctional 
catalyst for the electrolytic water splitting reaction. The presence 
of Fe in the nanosheets and nanoparticles has triggered certain 
cooperative effects, which can facilitate the adsorption and des-
orption of intermediates for both HER and OER. As a result, the 
as-prepared FeCoNi@FeNC composite is intrinsically active for 
the two reactions, which only calls for overpotentials of merely 
102 and 330 mV to achieve a j of 10 mA cm−2 in HER and OER, 
respectively. Poisoning the catalysts by thiocyanate ions further 
reveals the fact that within the FeCoNi@FeNC composite, the 
FeNC/CoNi and NC/FeCoNi show distinctive synergistic effects 
that promote the respective HER and OER. Notably, the presented 
strategy provided a reasonable way toward the rational design of 
versatile electrocatalysts with low cost and high catalytic activity.

4. Experimental Section
Synthesis of FeCoNi@FeNC Composites: Typically, a certain amount of 

Co(NO3)2·6H2O, Ni (NO3)2·6H2O, and Fe(NO3)3·9H2O was dissolved 
into 20 mL deionized water to form solution A. Another certain amount 
of Na4EDTA·xH2O was dissolved into 30 mL deionized water to obtain 
solution B. Then solution A was transferred drop wise into solution B 
under vigorous stirring. After obtaining a homogeneous solution, 25 mL 
methanol was added into it. The mixed aqueous solution obtained above 
was enclosed into a 100 mL stainless steel autoclave followed by heating 
at 190 °C for 24 h. The products obtained from this hydrothermal 
process were washed with deionized water several times and then 
dried in the oven at 80 °C. The obtained complex powder was labeled 
as CoNiFe-EDTA, and the FeCoNi@FeNC was prepared by carbonizing 
CoNiFe-EDTA precursors under 600 °C in Ar for 5 h. To get rid of 
the effect of impurities and metal particles outside the carbon shell, all 
the FeCoNi@FeNC products obtained from the carbonization process 
were treated in 0.5 m H2SO4 aqueous solution at 90 °C for 4 h followed by 
a repeatedly filtered and washed process in deionized water. The molar 
ratio of Co, Ni, and Fe in CoNiFe-EDTA complex was kept as 1:1:0.1 by 
determining the concentration of different metal nitrates at a certain 
value in solution A. For example, the concentrations of Co(NO3)2·6H2O, 
Ni(NO3)2·6H2O, and Fe(NO3)3·9H2O were determined as 0.6, 0.6, 
and 0.06 mol L−1 to prepare the CoNiFe-EDTA precursor for sample 
FeCoNi@FeNC. The precursors of sample CoNi@NC (Co:Ni = 1:1) were 
synthesized by a similar process without the use of Fe(NO3)3·9H2O. 
Besides, the concentration of Na4EDTA in solution B was always kept as 
0.6 mol L−1 in the preparation of all samples.

Electrochemical Measurements: The electrochemical measurements 
were performed in 1 m KOH aqueous solution using a three-electrode 
system on a CHI 760E electrochemical workstation (CH Instruments, 
Shanghai). A glassy carbon electrode with a diameter of 5 mm covered 
by a thin film of catalysts was used as working electrode, while a Pt wire 
and a saturated calomel electrode were used as a counter electrode and 
a reference electrode, respectively, under the OER condition. Specifically, 
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to avoid the influence from Pt deposition on the working electrode due 
to the Pt corrosion, a graphite rod was used as the counter electrode 
during the electrochemical HER testing. To prepare the working electrode 
covered by a thin film of catalysts, 5 mg as-prepared catalyst and 25 µL 
Nafion solution (Sigma Aldrich, 5 wt%) were dispersed in 1 mL ethanol 
aqueous solution (50%) to form a homogeneous ink with the help of a 
sonication process for 30 min. Then, 10 µL of the ink was drop casted 
onto the surface of a polished glassy carbon electrode and dried under 
room temperature in atmosphere. The final loading of the catalysts, 
20% commercial Pt/C and 20% commercial Ir/C on working electrode 
was 0.25 mg cm−2. All of the obtained potentials were calibrated to an 
RHE (ERHE = ESCE + 0.2415 + 0.059 × pH) and all current densities were 
normalized to a geometric surface area. Linear sweep voltammetry for 
both HER and OER was conducted at a scan rate of 10 mV s−1, and 
all the polarization curves were iR-corrected. The iR-corrected potential, 
EiR-free, was determined from the experimentally measured solution 
resistance (Rs) following the equation: EiR-free = E – iRs. The Tafel slope 
was calculated using the Tafel equation: η = b log (j/jo) (η, b, j, and jo 
represent the overpotential, Tafel slope, current density, and exchange 
current density, respectively), and a scan rate of 1 mV s−1 was used to 
obtain the polarization curves for Tafel plots. The long-term stability and 
accelerated degradation tests of HER and OER were both performed 
on a carbon fiber paper electrode with a surface area of 0.25 cm2 using 
the same loading. To study the catalytic performance of overall water 
splitting, a two-electrode system was used in 1 m KOH solution, and two 
Ni-foam electrodes with a mass loading of 2 mg cm−2 were employed as 
anode and cathode to carry out OER and HER simultaneously.

The electrochemical surface area (ECSA) was measured according 
to the obtained double-layer capacitance. Typically, a cyclic voltammetry 
was performed in a potential range without apparent Faradaic process at 
various scan rates ranging from 2 to 100 mV s−1. Then, the relationship 
between charging current (ic), scan rate (v), and double-layer capacitance 
(CDL) can be given using the equation, ic =  νCDL. The value of CDL 
could be calculated from this equation. To calculate ECSA, a specific 
capacitance value (Cs) from the literature was adopted to the equation, 
ECSA = CDL/Cs.[19]

Physicochemical Characterizations: XRD measurements were 
carried out on a PANalytical/Empyrean diffractometer with Cobalt 
Kα (λ = 1.78901Å) radiation at 45 kV and 20 mA. Low-magnification 
transmission electron microscopy (TEM) was conducted on a Phillips/
CM 200 microscope operated at an accelerating voltage of 200 kV. TEM 
at high magnifications and STEM-EDX were performed on a JEOL JEM-
F200 cold field-emission gun scanning/transmission electron microscope 
at 200 kV, equipped with a windowless JEOL silicon drift detector. 
EDX data were analyzed using the Thermo Scientific Pathfinder X-Ray 
Microanalysis software. SEM was carried out on a JEOL 7001F operated 
at 5 kV. HAADF-STEM and EDX mapping were obtained on a spherical 
aberration corrected transmission electron microscope (FEI Titan G2 
80-200), which was operated at 200 kV. XPS measurements were carried 
out on a Thermo ESCALAB250Xi X-ray photoelectron spectrometer 
using Cu Kα X-rays as the excitation source with a voltage of 12.5 kV 
and a power of 250 W. Raman spectroscopy was obtained on a Renishaw 
inVia 2 Raman Microscope with a 532 nm excitation laser at a power of 
0.5 mW. Inductively coupled plasma mass spectrometry (ICP-MS) was 
carried out using a PerkinElmer quadrupole Nexion instrument.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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