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ABSTRACT

The development of highly active and stable non-noble catalysts for oxygen

evolution reaction (OER) is of great importance to advance the sustainable

energy conversion devices, but is still a huge challenge. Herein, we have

developed an efficient multistep strategy to synthesize a unique hybrid nanos-

tructure by directly growing Ni–Fe selenides nanoparticles onto nitrogen-doped

carbon nanotubes (Ni–Fe–Se/N-CNTs), which can act as an in situ-derived

electrocatalyst for the efficient and stable OER. It has been discovered that the

Ni–Fe bimetallic selenides are in situ converted into the corresponding oxides/

peroxides during the OER process, which are responsible for the high activity

for OER. The remaining Ni–Fe selenides and the N-CNTs with excellent con-

ductivity, and the strong interaction between active species and N-CNTs also

contribute to the fast electron transfer of electrocatalysts and the robust dura-

bility. As expected, the as-prepared nanohybrids exhibit a low overpotential of

215 mV at the current density of 10 mA cm-2 and excellent stability in 1.0 M

KOH electrolyte. This work underscores the importance of using bimetallic

selenide as the efficient template for designing highly active and robust

bimetallic species for OER.

Introduction

The consumption of fossil fuels and environmental

degradation have brought a revolutionary era of

developing efficient and sustainable energy

conversion and storage devices [1–4]. Oxygen evo-

lution reaction (OER) is an essential reaction of water

splitting, fuel cells and metal–air batteries. However,

OER is a kinetically sluggish process with large

overpotential, which demands a high-efficient
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electrocatalyst [5, 6]. Although RuO2 and IrO2 are

efficient for OER, the scarcity and exorbitant price

severely limit their practical applications [7, 8]. Thus,

seeking for cheap, stable and efficient electrocatalysts

for OER is imperative.

Transition metal oxides and hydroxides were

considered as the most promising alternatives to

precious metal materials for OER owing to the earth-

abundant nature and the unique electron configura-

tions [9]. However, their poor electronic conductivity

hindered the fast electron transport, leading to poor

OER kinetics. Transition metal selenides with higher

electronic conductivity thus attracted widespread

concern. Recently, it was found that transition metal

selenides can be in situ converted into their corre-

sponding (oxy)hydroxides during the OER process

[10]. The in situ-derived (oxy)hydroxides were more

active than their counterparts synthesized directly,

and therefore, transition metal selenides were

encouraged as the templating precursors for highly

active oxides OER catalysts [11]. Since bimetal oxi-

des- or hydroxides-based catalysts exhibit superior

OER performance compared with the single transi-

tion metal-based catalysts, designing bimetallic sele-

nides electrocatalysts with more active sites holds

great potential [12]. It has been demonstrated that the

bimetallic mixed selenides have shown superior OER

activity due to the synergistic effect from two differ-

ent metal-based components [13, 14]. However, the

specific active sites and the enhancing mechanism are

still not clear due to the complexity of the system

compared with the single metal catalyst.

Besides introducing another transition metal,

interface engineering is also an effective strategy for

regulating the electrochemical OER activities of cat-

alysts [15, 16]. An efficient interface should possess

fast charge and mass transfer, rich active sites and

optimal electronic structure, thereby showing excel-

lent electrocatalytic activity and stability. The

N-doped carbon nanotubes (N-CNTs) not only have

good electronic conductivity, large specific surface

areas, interconnected open structures, but also own

the advantages of acid–base stability and efficient

mass/charge transport [17]. Hence, it is highly

desirable to construct a composite combining

bimetallic selenides with N-CNTs for efficient oxygen

evolution.

Herein, we report an efficient multistep strategy to

directly grow Ni–Fe selenides nanoparticles onto

N-CNTs (Ni–Fe–Se/N-CNTs) hybrid electrocatalyst.

The as-prepared nanohybrid displays a low overpo-

tential of 215 mV at the current density of

10 mA cm-2 and a robust stability. It has been found

that the Ni–Fe selenides nanoparticles are in situ

transformed into the corresponding oxides/perox-

ides, which exhibit high activity for OER. Besides the

rich Ni and Fe oxides/peroxides active sites, the good

electronic conductivity of N-CNTs and Ni–Fe–Se, and

the strong interaction between active species and

N-CNTs also contribute to the excellent OER activity

and durability. Hence, this work shows the promise

of using bimetallic selenide as the efficient template

of the highly active and stable bimetallic oxides/

peroxides for energy conversion and storage appli-

cations. The findings also consist a substantial addi-

tion to the present understanding of bimetallic

selenides catalyst for OER.

Experimental details

Synthesis of Ni-modified N-CNTs (Ni/N-
CNTs)

Typically, 0.3 g of Ni(NO3)2�6H2O and 1.8 g of

tripolycyanamide was added into a beaker and dis-

persed in 20 mL of distilled water under magnetic

stirring. The mixture was obtained after drying in a

vacuum oven at 90 �C for 24 h. Then, the mixture

was heated to 800 �C with a heating rate of

2 �C min-1 and maintained for 2 h in N2 atmosphere

to obtain Ni/N-CNTs.

Synthesis of NiFe-PBA/N-CNTs

In a typical synthetic procedure, 100 mg of the as-

prepared Ni/N-CNTs and 300 mg of trisodium

citrate were dispersed into 20 mL of 0.5 M H2SO4

with the assistance of sonication to obtain solution A.

200 mg of potassium ferricyanide was dissolved in

20 mL of 0.5 M H2SO4 to form solution B. Then,

solution B was added into solution A under magnetic

stirring, and after continuous stirring for 10 min, the

mixed solution was aged at room temperature for

24 h. Finally, the precipitate was obtained by cen-

trifugation, washed with distilled water and anhy-

drous ethanol for several times and dried at 80 �C in

a vacuum oven for 12 h. To explore the role of tri-

sodium citrate in the synthesis of the NiFe-PBA/N-
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CNTs, the contrast sample was prepared using the

same procedure without the addition of trisodium

citrate.

Synthesis of Ni–Fe-Se/N-CNTs

In a typical synthetic procedure, 20 mg of the as-

prepared NiFe PBA/N-CNTs and 100 mg of Se

powder were put at two separate positions of a

quartz boat. Notably, Se powder was at upstream

side of the tube furnace. Then, the samples were

annealed to 350 �C for 2 h in N2 atmosphere with a

heating rate of 2 �C min-1 to obtain Ni–Fe–Se/N-

CNTs. For comparisons, the as-prepared Ni–Fe–Se/

N-CNTs with different amounts of Ni by adjusting

the amount of Ni(NO3)2�6H2O (100 mg and 600 mg)

in the synthesis of the Ni/N-CNTs, which are deno-

ted as Ni–Fe–Se/N-CNTs (100) and Ni–Fe–Se/N-

CNTs (600). The Ni–Fe–Se/N-CNTs denotes that

with 300 mg of Ni(NO3)2�6H2O in the synthesis of the

Ni/N-CNTs unless otherwise specified.

Synthesis of NiFe-PBA/CNTs

The NiFe PBA/CNTs were obtained via the same

procedure for the synthesis of NiFe PBA/CNTs, but

replacing Ni/N-CNTs with Ni(NO3)2�6H2O and

commercial CNTs.

Synthesis of Ni–Fe–Se/CNTs

The synthetic procedure of Ni–Fe–Se/CNTs is similar

to that of Ni–Fe–Se/N-CNTs, except using NiFe

PBA/CNTs as the precursor for selenization.

Synthesis of NiSe2/N-CNTs

The synthetic procedure of NiSe2/N-CNTs is similar

to that of Ni–Fe–Se/N-CNTs, except using Ni/N-

CNTs as the precursor for selenization.

Materials characterization

Powder X-ray diffraction (XRD) patterns were

recorded by a Philips PW3040/60 X-ray diffrac-

tometer with Cu-Ka radiation at a voltage of 30 kV

and a current of 10 mA. The morphologies and

energy-dispersive X-ray spectroscopy (EDX) of sam-

ples were collected by a scanning electron micro-

scope (SEM) (Hitachi, S-4800) with an accelerating

voltage of 5 kV. Transmission electron microscopy

(TEM) and high-resolution transmission electron

microscopy (HRTEM) images were conducted on a

high-resolution Hitachi JEM-2100F system. X-ray

photoelectron spectroscopy (XPS) was conducted on

ESCALab MKII X-ray photoelectron spectrometer

with Mg Ka X-ray as the excitation source. The

binding energy was calibrated by using the contain-

ment carbon (C1s 284.8 eV). The N2 adsorption–des-

orption isotherms were performed on an ASAP 2020

surface area and porosity analyzer. Before the mea-

surements, the samples were degassed in vacuum at

200 �C for 4 h. Raman spectra were collected on a

Renishaw InVia Reflex spectrometer system at an

excitation wavelength of 532 nm.

Electrode preparation

The electrodes were prepared according to the liter-

ature [18]. Briefly, Ni foam substrates (10 mm 9 20

mm 9 1 mm) were first cleaned by 3 M HCl, distilled

water and anhydrous ethanol for several times. Cat-

alyst, carbon black and polymer binder (polyvinyli-

dene fluoride, PVDF) with a weight ratio of 7:2:1

were dispersed in n-methyl-pyrrolidone (NMP) sol-

vent to form a homogeneous slurry. The slurry was

then pasted evenly on a Ni foam substrate with

1 cm-2 geometric area and dried at 80 �C for 12 h

under vacuum. The mass loading of each electrode

was about 1.0 mg cm-2.

Electrochemical measurements

All electrochemical experiments were recorded on

Shanghai CHI 660E with a three-electrode system in

1.0 M KOH (pH = 13.6). A saturated calomel elec-

trode (SCE) was used as the reference electrode, and

a carbon rod was as the counter electrode, and the

catalyst electrode was as working electrode. Electro-

chemical impedance spectroscopy (EIS) was per-

formed at the potential of 1.45 V vs. RHE on a

Zennium electrochemical workstation (ZAHNER,

Germany) in the range of 105 to 0.01 Hz with 10 mV

sinusoidal perturbations. All potentials appeared in
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this paper were referred to reversible hydrogen

electrode (RHE, saturated KCl), according to the

formula ERHE ¼ ESCE þ 0:059pHþ 0.242. The elec-

trolyte was continually bubbled with oxygen during

the OER measurements. The polarization curves were

conducted at a scan rate of 5 mV s-1, and all curves

were corrected with IR compensation.

Results and discussion

An efficient multistep strategy was used to prepare

Ni–Fe–Se/N-CNTs nanohybrid, as illustrated in

Fig. 1. Ni/N-CNTs were first synthesized by pyrol-

ysis of the mixture of nickel nitrate and tripoly-

cyanamide. The SEM images (Fig. 2a and b) show

that Ni/N-CNTs exhibit clearly wrinkled surfaces

which provide abundant adsorption sites for Ni ions.

After reacting in a mixed solution of trisodium

citrate, K3Fe(CN)6 and H2SO4, NiFe-PBA nanoparti-

cles were formed on the inside and outside walls of

the N-CNTs (Fig. 2c and d). Finally, Ni–Fe–Se/N-

CNTs nanohybrids were formed with Ni–Fe–Se

nanoparticles attached firmly onto N-CNTs in the

selenization reaction process (Fig. 2d and f). XRD

patterns clearly show the compositions of the as-

prepared samples. As shown in Fig. S1a, three obvi-

ous peaks in the XRD pattern of Ni/N-CNTs are

indexed to cubic Ni (JCPDS card no. 04-0850), and a

small bulge observed at 26o is a signal of carbon

materials [19]. The XRD pattern in Fig. S1b shows

that NiFe-PBA/N-CNTs consist of NiFe-PBA phase

(JCPDS card no. 82-2283) and cubic Ni (JCPDS card

no. 04-0850) due to the not completely transformed

Ni particles. After selenization, the main peaks newly

formed in Fig. S2 can be indexed to NiSe2 (JCPDS no.

88-1711). Other small peaks can be assigned to Se

(JCPDS no. 88-2246), which is due to the small

amount of residue after selenization reaction. The

absence of Fe-based species may be because of their

relative low degree of crystallinity. To explore the

role of trisodium citrate in the synthesis of the NiFe-

PBA/N-CNTs, the contrast sample was prepared

without the addition of trisodium citrate. As shown

in Fig. S3, the as-prepared sample shows the same

phase and similar morphology of the NiFe-PBA/N-

CNTs with trisodium citrate, but the surface of

N-CNTs is smoother and the loading of nanoparticles

is lower. This result indicates the addition of triso-

dium citrate can promote the generation of NiFe-PBA

nanoparticles on the surface of N-CNTs. As a com-

parison, Ni–Fe–Se/CNTs composite was synthesized

using commercial CNTs as the growth skeleton.

Agglomerated particles are found in Ni–Fe–Se/CNTs

(Fig. S4), highlighting the advantages of the wrinkled

Ni/N-CNTs for the synthesis of Ni–Fe–Se/N-CNTs.

Ni–Fe–Se/CNTs have similar compositions with Ni–

Fe–Se/N-CNTs (Fig. S5). The NiSe2/N-CNTs

nanocomposites were also synthesized via the sel-

enization of Ni/N-CNTs sample, and the morphol-

ogy of Ni/N-CNTs was maintained after selenization

reaction (Fig. S6).

The internal structure of the Ni–Fe–Se/N-CNTs

nanocomposite was further characterized by TEM

and HRTEM. The bamboo-like N-CNTs and a lot of

nanoparticles are clearly observed in the Ni–Fe–Se/

N-CNTs (Fig. 3a–c). The well-resolved lattice spac-

ings of 0.19 nm and 0.25 nm of these nanoparticles

correspond to the (221) and (200) planes of NiSe2 and

FeSe2, respectively (Fig. 3d) [20]. N2 adsorption and

desorption tests were then performed to investigate

the porous structure of Ni–Fe–Se/N-CNTs (Fig. S7).

The Ni–Fe–Se/N-CNTs show a high specific surface

area of 141 m2 g-1 and an average pore size of about

4 nm. Furthermore, the elemental composition and

chemical state of the as-prepared Ni–Fe–Se/N-CNTs

Figure 1 Schematic illustration of the synthesis of the Ni–Fe-Se/N-CNTs nanohybrid.
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nanocomposite were determined by EDX and XPS

measurements. The weight fractions of Ni, Fe and S

elements in Ni–Fe–Se/N-CNTs are about 21.3%,

11.8% and 33.8%, respectively (Fig. S8). The XPS

survey spectrum confirms that the Ni–Fe–Se/N-

CNTs contain Ni, Fe, Se, C, N and O elements

(Fig. S9a). The existence of O element is due to the

surface oxidation in the air environment. The high-

resolution Fe 2p XPS spectrum (Fig. 4a) shows two

peaks at 706.7 eV and 719.8 eV corresponding to Fe2?

derived from Fe-Se [21]. The other peaks at 712.5 eV

and 725.6 eV can be ascribed to the Fe 2p3/2 and Fe

2p1/2 peaks of Fe3?, respectively [22]. The high-res-

olution Ni 2p XPS spectrum can be divided into six

peaks as shown in Fig. 4b. Two peaks at 853.8 eV and

870.8 eV are assigned to Ni2? derived from Ni-Se,

and the two peaks at 855.7 eV and 873.6 eV corre-

spond to Ni3? [23, 24]. The other peaks at 861.5 eV

and 879.6 eV are ascribed to the satellite peaks (Sat)

of Ni [25]. For the Se 3d XPS spectrum (Fig. 4c), the

peaks at 54.8 eV, 55.7 eV and 58.5 eV match well with

binding energy of Se 3d5/2, Se 3d3/2 and SeOx,

respectively [10, 26, 27]. The O 1s XPS spectrum

(Fig. 4d) can be ascribed to H–O–H (532.8 eV), O–H

(531.4 eV) and O–M (530.4 eV) [28, 29]. The existence

of O-M band may be due to the surface oxidation of

Ni–Fe selenides in the air. The N 1s XPS spectrum in

Fig. S9b can be ascribed to pyridinic N (398.7 eV),

pyrrolic N (400.8 eV) and N-oxides (404.6 eV)

[17, 30, 31]. The C–N bond can also be found in the

C1s XPS spectrum (Fig. S9c) [32, 33]. These results all

verify that NiSe2 and FeSe2 and nitrogen-doped car-

bon exist in the Ni–Fe–Se/N-CNTs, which are in

agreement with the above XRD and HRTEM results.

The electrocatalytic OER performance of Ni–Fe–

Se/N-CNTs in 1.0 M KOH was then investigated

Figure 2 a and b SEM

images of the as-prepared Ni/

N-CNTs; c and d SEM images

of NiFe PBA/N-CNTs; e and

f SEM images of Ni–Fe–Se/N-

CNTs.
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using a standard three-electrode system. For com-

parison, pure Ni foam, NiSe2/N-CNTs and Ni–Fe–

Se/CNTs were studied under the same conditions.

All results of the iR-compensated polarization curves

are recorded at a scan rate of 5 mV s-1. As shown in

Fig. 5a, Ni–Fe–Se/N-CNTs display the highest OER

activity among all the catalysts. It needs an overpo-

tential of 215 mV to reach the current density of

10 mA cm-2, which is lower than 251 mV of Ni–Fe–

Se/CNTs, 330 mV NiSe2/N-CNTs and 430 mV of Ni

foam (Fig. 5b). The overpotential of Ni–Fe–Se/N-

CNTs is also lower than that of Ni–Fe–Se/N-CNTs

(100) and Ni–Fe–Se/N-CNTs (600), indicating that

too much or little nickel is not beneficial for the

electrocatalytic performance (Fig. S10 and Fig. S11).

Besides, the OER performance of Ni–Fe–Se/N-CNTs

is better than or comparable to the recently reported

metallic selenide-based electrocatalysts (Table S1). To

further get an insight into the OER performance,

Tafel plots were investigated (Fig. 5c). The Tafel

slope of Ni–Fe–Se/N-CNTs is calculated to be

97.1 mV dec-1, much smaller than that of Ni–Fe–Se/

CNTs (111.8 mV dec-1), NiSe2/CNTs (117.5 mV

dec-1) and the pure Ni foam (270.4 mV dec-1),

indicating a more favorable OER kinetics. To further

investigate the kinetics of the catalysts, EIS was per-

formed. The Nyquist plots (Fig. 5d) show that the Ni–

Fe–Se/N-CNTs exhibit the smallest charge transfer

resistance among the catalysts tested, indicating the

fastest reaction kinetics. In order to estimate the

electrochemical active surface areas (ECSA) of these

samples, electrochemical double-layer capacitances

(Cdl) of as-prepared catalysts were tested by cyclic

voltammetry (CV) measurement at various scan rates

in the potential range of 1.0–1.1 V versus reversible

hydrogen electrode (RHE) (Fig. S12a-c) [34, 35]. As

shown in Fig. S12d, the Ni–Fe–Se/N-CNTs show the

largest Cdl of 136 mF cm-2, much larger than the

contrast samples of Ni–Fe–Se/CNTs (73 mF cm-2)

and NiSe2/N-CNTs (71 mF cm-2). The larger Cdl

indicate a larger ECSA of Ni–Fe–Se/N-CNTs, and it

is an electrochemical difference rather than a differ-

ence in the actual surface area (Fig. S13). To further

explore the intrinsic activities of the catalysts, the

ECSA-normalized OER polarization curves of Ni–Fe-

Se/N-CNTs, Ni–Fe-Se/CNTs and NiSe2/N-CNTs are

compared (Fig. S14). The result suggests that

bimetallic Ni–Fe selenides exhibit superior intrinsic

activity compared with that of NiSe2. Moreover, the

Se residues are demonstrated to have little effect on

the electrocatalytic performance (Fig. S15). Therefore,

the superior OER performance of Ni–Fe–Se/N-CNTs

to Ni–Fe–Se/CNTs may benefit from the larger ECSA

Figure 3 a–c TEM and

d HRTEM image of the Ni–

Fe–Se/N-CNTs.
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which endows more active sites exposed to the

electrolyte.

The stability is another crucial criterion to estimate

the OER performance for the electrocatalysts. To

evaluate the stability of the Ni–Fe-Se/N-CNTs, mul-

tistep chronopotentiometry with the current density

range from 10 to 100 mA cm-2 was performed. As

described in Fig. 5e, Ni–Fe–Se/N-CNTs maintain the

overpotential at each platform, implying a superior

durability. In addition, Ni–Fe–Se/N-CNTs exhibit

almost identical polarization curves with negligible

current degradation before and after 2000 cycles

(Fig. 5f). Moreover, no obvious loss of anodic current

was found during 20 h electrocatalysis of Ni–Fe–Se/

N-CNTs at 1.48 V vs. RHE (inset of Fig. 5f). These all

demonstrate the robust stability of Ni–Fe–Se/N-

CNTs for OER.

Further to investigate the structure and active sites

of catalysts, the Ni–Fe–Se/N-CNTs nanocomposite

after enduring CV cycles was investigated with SEM,

XPS and Raman measurements. As shown in Fig. S16,

the morphology of the Ni–Fe–Se/N-CNTs is well

maintained after 2000 CV cycles. The XPS analysis of

catalysts after OER is shown in Fig. 6. From the high-

resolution Fe 2p and Ni 2p XPS spectra (Fig. 6a, b),

we can find that the ratios of Fe2?/Fe3? and Ni2?/

Ni3? are both lower than those of the pristine cata-

lysts before OER test, indicating that the bivalent

species are oxidized during OER [20]. Meanwhile, the

total Se content in Ni–Fe–Se/N-CNTs after cycling

reduced from 11.1 atm% to 0.89 atm% based on the

XPS result. Besides, in the high-resolution Se 3d XPS

spectrum (Fig. 6c), the intensity of the Se 3d5/2 and Se

3d3/2 peaks is weakened significantly compared with

the catalyst before test (Fig. 4c), which implies that

the metallic selenides are unstable and may in situ

transform into metallic oxides/peroxides during the

OER test [36]. The O 1s XPS spectrum (Fig. 6d) can be

ascribed to H–O–H (532.8 eV), O–H (531.4 eV) and

O–M (530.4 eV). The large amount of O–M band can

be ascribed to metallic oxides/peroxides. Raman

spectra (Fig. 7) were further conducted to give more

Figure 4 High-resolution a Fe 2p, b Ni 2p, c Se 3d and d N 1s XPS spectra of the Ni–Fe–Se/N-CNTs nanocomposite.
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information of the compositions of catalysts before

and after OER. Two stronger peaks at 1356 cm-1 and

1596 cm-1 are assigned to the D-band and G-band of

carbon, respectively [37], and two smaller peaks at

212 cm-1 and 255 cm-1 are attributed to Ni and Fe

selenides, respectively [38, 39]. Interestingly, two

weak peaks at 487 cm-1 and 681 cm-1 are newly

emerged in the Raman spectrum of the Ni–Fe–Se/N-

CNTs after OER, which belong to Ni and Fe oxides/

peroxides, respectively [23, 40]. Therefore, the results

of XPS and Raman spectra both demonstrate that the

Ni and Fe selenides are partially converted to their

corresponding oxides/peroxides, which can lower

the activation energy for OER and facilitate the OER

kinetics, and thus enhance the OER performance [41].

Based on above all results, we can conclude that

the excellent OER catalytic activity and robust dura-

bility of Ni–Fe–Se/N-CNTs can be attributed to the

following aspects: (i) the Ni and Fe selenides are

in situ partially transformed into Ni and Fe oxides/

peroxides, which further serve as the highly active

sites for OER to optimize the reaction activation

energy and promote the OER kinetics, (ii) the

graphitized carbon nanotubes and the residual Ni

and Fe selenides with good electric conductivity can

accelerate the electron transfer of the catalyst. In

addition, the hollow N-CNTs maximize the catalytic

specific surface area to expose more active sites to the

electrolyte and facilitates mass transport and (iii) the

strong interactions between Ni–Fe–Se nanoparticles

and N-CNTs impede the aggregation and the loss of

active species during the OER process.

Conclusions

In summary, we have developed an efficient multi-

step strategy to synthesize a unique hybrid nanos-

tructure of Ni–Fe–Se/N-CNTs. Using the Ni–Fe–Se/

N-CNTs as the electrocatalyst, the bimetallic sele-

nides are partially in situ converted into the corre-

sponding oxides/peroxides. Taking the advantage of

the in situ transformation, the good conductivity of

N-CNTs and Ni–Fe selenides and the strong inter-

action between metal-based nanoparticles and

N-CNTs, the in situ-derived catalysts exhibit excel-

lent OER activity and durability. A low overpotential

of 215 mV is achieved at the current density of

10 mA cm-2, making it one of the state-of-the-art

OER catalysts that have reported. This work not only

Figure 5 a Polarization curves of the as-prepared Ni–Fe–Se/N-

CNTs, Ni–Fe–Se/CNTs, NiSe/N-CNTs and bare Ni Foam recorded

at a scan of 5 mV s-1 in 1.0 M KOH for OER. b–d Plots of

corresponding overpotential, Tafel and EIS, respectively.

e Multistep chronopotentiometry measurements of Ni–Fe–Se/N-

CNTs recording overpotential at different current densities.

f Polarization curves of Ni–Fe–Se/N-CNTs before and after

2000 CV cycles. The inset plot of f shows the chronoamperometry

curve of Ni–Fe–Se/N-CNTs during the OER for 20 h.
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distinguishes the active species of bimetallic sele-

nides catalyst, but also provides an efficient approach

to obtain highly active and stable bimetallic oxides/

peroxides, which both benefit for the design and

fabrication of highly efficient non-noble electrocata-

lysts for various applications.
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