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Efficient and durable electrocatalysts for water splitting (both the oxygen evolution reaction (OER) and

hydrogen evolution reaction (HER)) are required for the replacement of expensive noble metal-based

catalysts used in water electrolysis devices. Herein, we describe the inexpensive synthesis of

electrochemically deposited nickel iron sulphides on nickel foam (NiFeS/NF) and their use as highly

efficient bi-functional water splitting catalysts that can meet the current energy demands. The NiFeS/

NF electrocatalysts exhibited low overpotentials of approximately 231 mV for the OER and 180 mV for

the HER in 1 M KOH. Moreover, the NiFeS/NF electrocatalysts exhibited a turnover frequency of one

order of magnitude higher than those of state-of-the-art noble metal catalysts (RuO2 and Pt/C) for

the OER and HER. In addition to this excellent activity, the bi-functional catalyst also exhibited an

outstanding OER and HER electrode stability for over 200 h with minimal loss in activity. Further, it can

be directly used in the practical application of alkaline electrolyte membrane water electrolysis. The

high performance, prolonged electrode stability, and facile synthesis as an adherent coating on nickel

foam suggest that NiFeS/NF electrocatalysts might be suitable for use as alternative commercially

viable catalysts.

Introduction

The production of clean hydrogen through water splitting is

a sustainable way of generating renewable energy.1–5 Hydrogen

production through polymer electrolyte membrane (PEM) water

splitting does not produce CO2 emissions if the electricity is

derived from a renewable source (e.g., wind, solar), but it must

be sufficiently efficient and inexpensive to compete with

hydrogen production from steam reforming of fossil fuel

sources.4,6–8 The efficiency of a water electrolyzer system is

limited, in part, by the kinetic overpotential losses associated

with driving the oxygen evolution reaction (OER) at the anode

and the hydrogen evolution reaction (HER) at the cathode under

both acidic and basic environments.9–12 Solar water splitting

also provides the ability to integrate a photovoltaic device (for

energy conversion) and an electrolyzer (for energy storage)

within a single device, thereby further lowering the cost of

hydrogen production.3

The Department of Energy has stated that the levelized

hydrogen plant production cost using green energy, in terms of

gallon gas per equivalent (gge) of H2, must decrease from $3 in

2015 to $2 in 2020. Of the total cost of constructing a water

electrolyzer, 41% of the expense in MEA assembly arises from

making a better stack of the PEM water electrolyzer.13,14 Hence,

a cost-effective way of preparing a catalyst that is supported

directly on theMEAwithout an additional current collector would

decrease the contact resistance and improve the performance.

Nickel current collectors are used widely in PEM water electro-

lyzers because of their high activity and stability in alkaline

media.7,8,15 Although many OER and HER catalysts have been

reported, nickel and iron alloys are among the most highly active

in alkaline environments and also exhibit good stability with high

current densities (up to 100–500 mA cm�2).9,10,15 The role of iron

in a NiFe alloy is to prevent the nickel from electrode corrosion

during prolonged electrochemical operation in alkaline envi-

ronments.8,16 Several nickel and iron-based materials (e.g., NiFe/

NF, Fe–Ni3S2/NF, Ni3S2/NF, NiFeO2, nickel iron oxyhydroxide and

cobalt phosphides) have been reported recently for use as water

splitting catalysts.9,10,15,17–27 Although nickel sulphides and sele-

nides on nickel foams (NFs) have been prepared as OER and HER

catalysts, they require high overpotentials to afford high current

densities and exhibit very poor long-term durability.15,20,25–28 To

the best of our knowledge, nickel iron sulphides grown directly

on NF for both the OER and HER with long-term durability in

alkaline media have not been reported previously.
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Herein, we describe the inexpensive synthesis of electro-

chemically deposited nickel iron sulphides (NiFeS/NF) sup-

ported on NF (Fig. 1). Our NiFeS/NF electrocatalyst is highly

stable in alkaline environments for a long time, functions with

low overpotentials of 231 and 180 mV for the OER and HER,

respectively and affords very high current densities for long-

termOER andHER activity. Its performance is much better than

that of the metal sulphides (e.g., Fe11.8%Ni3S2/NF, NiS/Ni foam,

NiFe LDH/NF) reported previously; in addition, the synthesized

NiFeS/NF is practically applicable to alkaline membrane full

water splitting devices. The NiFeS/NF catalyst also exhibits

performance close to that of state-of-the-art noble catalysts

(e.g., Pt/C, RuO2).

Experimental section
Materials and methods

Nickel foam (NF, thickness: 1.6 mm) and stainless steel (304

grade, thickness, 0.25 mm) were purchased from MTI Korea

Ltd. Nickel chloride, iron chloride nonahydrate, and thiourea

were purchased from Alfa Aesar. The nickel iron sulphides were

characterized using X-ray diffraction (XRD) for phase conr-

mation. XRD measurements were carried out using the X-ray

diffractometer (Rigaku, MiniFlex 600) with CuKa radiation

(1.5418 Å). The morphology of the samples was examined by

using a eld-emission scanning electron microscope (FE-SEM,

Hitachi, S-4800II, 3.0 kV). Before the SEM observation, the

samples were sputtered with osmium coating. The transmission

electron microscopy (TEM) measurements were made using

a Hitachi HF-3300, 300 kV instrument. The nickel iron

sulphides were dispersed in isopropanol by sonication in an

ultrasonic agitator for 30 min to peel off the deposited nickel

iron sulphide lm from the Ni foam; a drop of the solution was

dispersed on a copper grid, dried under an UV lamp and sub-

jected to TEMmeasurements. X-ray photoelectron spectroscopy

(XPS) measurements were performed using a Thermo-scientic,

ESCALAB 250Xi model in an ultrahigh vacuum of 10�9 mbar.

Synthesis of NiFe/NF

First, the NF was sonicated in 3 M HCl solution for 10 min to

remove any NiOx layer present on the surface, subsequently

washed thoroughly with water and ethanol, and then dried in

air. The electrodeposition was carried out using NF as the

working electrode, a platinum wire as the auxiliary electrode

and Ag/AgCl (3 M KCl) as the reference electrode. The analyte

solution consists of 3 mM Ni(NO3)2$6H2O and 3 mM

Fe(NO3)3$9H2O. Chronoamperometry was then carried out at

�1.0 V at 10 �C. The deposition was varied for 2.5 and 5 min,

and the deposited samples were labelled as NiFe-1 and NiFe-2,

respectively (Fig. 1a). The optimized deposition time of NiFe on

NF was found to be 2.5 min. Aer deposition, the nickel foams

were carefully withdrawn from the electrolyte, rinsed with water

and ethanol, then sonicated in ethanol and le to dry in air.29

The iron deposited on the nickel foam was heat treated to

500 �C in an argon atmosphere for 5 h (Fig. S1a†).

Synthesis of NiFeS/NF

The deposition of nickel and sulphide on the NiFe/NF, nickel

foam, and for a control sample, the deposition also made on

stainless steel electrodes were performed through cyclic vol-

tammetry (CV) using the analyte of 50 mM NiCl2$6H2O and 1 M

thiourea (TU). The three-electrode setup featured NF or the

NiFe/NF substrate as the working electrode, saturated Ag/AgCl

as the reference electrode, and a Pt wire as the counter electrode

and was monitored using a computer-controlled potentiostat

(Bio-Logic) electrochemical analyzer. CV was performed by

sweeping between �1.2 V and +0.2 V at a scan rate of 5 mV s�1

for 15 sweep cycles (Fig. 1b). Aer electrodeposition, the as-

deposited electrodes were rinsed with deionized water and

dried for 12 h in a vacuum oven at 60 �C.30 During the cyclic

voltammetric deposition of sulphide on the NiFe-1/NF elec-

trode, the Ni(Thiourea)2
2+ intermediate is formed during the

oxidative potential sweep (eqn (1)) and Ni(Thiourea)2
2+ reduces

and forms nickel iron sulphide (Ni2FeS4) on the NiFe-1/NF

electrode surface (eqn (2)) as previously reported for cobalt

sulphide31 (Fig. S1b†). Hence, the coating thickness was due to

the total coating of the nickel iron sulphide (Fig. S3a†).

Ni2+ + 2thiourea/ Ni(Thiourea)2
2+ (1)

Ni(Thiourea)2
2+ + NiFe/ Ni2FeS4 (2)

The products from the deposition of sulphide on NiFe-1/NF,

NiFe-2/NF, and NF are named herein NiFeS-1/NF, NiFeS-2/NF,

and Ni3S2/NF, respectively. The thickness of the lm coating of

NiFeS-1 on NF was measured to be 2.71 mm (Fig. 1b). The NiFeS-

1/NF heat treated to 500 �C in an Ar atmosphere exhibited

a clear phase of Ni2FeS4 (Fig. S1b†) and also the cyclic

Fig. 1 Schematic illustration of electrochemical deposition of nickel

iron sulphides on nickel foam: (a) nickel iron deposition on nickel foam

and (b) sulphide deposition on nickel iron foam.
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voltammetric deposition of nickel and sulphide on the stainless

steel foil was achieved (Fig. S1c†).

Electrochemical measurements

The electrochemical activities of all nickel foams were evaluated

using linear sweep voltammetry (LSV) in an Ar-saturated

atmosphere for the hydrogen evolution reaction (HER) and

without saturation for the oxygen evolution reaction (OER) at

a scan rate of 10 mV s�1 using a computer controlled poten-

tiostat (Bio-Logic) with a typical three-electrode system. The

working electrode was immersed in a glass cell containing 1 M

KOH aqueous electrolyte. A platinum coil and saturated calomel

electrode (SCE) served as counter and reference electrodes,

respectively. In order to compare the OER and HER activities,

the commercial Pt/C (40%) and RuO2 catalysts were used. The

catalyst ink was prepared using ve milligrams of the catalyst

dispersed in a mixture consisting of 160 mL of isopropanol,

30 mL of DI water and 10 mL of Naon solution and the contents

were dispersed by ultrasonication for approximately 30 min to

obtain a homogeneous suspension. The catalyst ink (1.5 mL) was

drop cast onto the surface of a glassy carbon disk (working

electrode, 0.07 cm2) and dried at room temperature. All poten-

tials reported in this work were converted from the SCE to the

RHE scale using ((RHE) ¼ E(SCE) + 1.030 V) in 1 M KOH. The

LSV of all nickel foam electrodes was characterized by electro-

chemical impedance spectroscopy (EIS) in the frequency range

of 200 to 100 mHz at 0 V to calculate iR correction, transfer

resistance, and double layer capacitance. The iR correction was

calculated based on the solution resistance and is about

2.25 ohm, obtained from the EIS. The sulphide coating thick-

ness and weight of NiFeS-1/NF were calculated using a Mitutoya

screw gauge (5477300) and an OHAUS microbalance (PAG214C

model), respectively.

Preparation of MEA

NiFeS-1/NF is used as the anode and cathode prepared by the

electrochemical deposition with 1.5 cm2 nickel foams (Fig. S2a

& b†). The assembly was made with stainless steel electrodes

(Fig. S2c & d†) and the Fump Sep alkaline membrane

(Tokuyama, A201) which was pre-treated with 1 M KOH for 24 h

and then washed with DI water and then used for MEA

assembly. The fuel cell equipment from the Heliocentric device

(Germany) was used as the PEM water electrolyzer.

Results and discussion
Structure and morphology analysis

Fig. 2 displays XRD patterns for the NF, NiFe-1/NF and NiFeS-1/

NF electrocatalysts. In the low-intensity region, NiFe-1/NF

appeared to be amorphous with a peak shi of only 0.26� for the

nickel substrate peak. The XRD patterns were analysed before

and aer heat treatment of NiFe-1/NF. Unlike the as-deposited,

the heat treated NiFe-1/NF exhibits the NiFe phase (PDF no. 00-

012-0736) with a nickel to iron ratio of �1 : 1 (Fig. S1a†). This

behaviour explains the effect of iron on nickel in NiFe-1/NF. In

contrast, the XRD pattern of NiFeS-1/NF featured (220), (533),

(400), and (800) diffraction patterns indicative of the formation

of a Ni2FeS4 phase (PDF no. 00-047-1747). These peaks were,

however, less intense than those of the NF substrate, due to the

deposition only on the nickel surface (Fig. 1b). The remaining

peaks were less prominent than those of the nickel substrate,

due to the minimum diffraction of X-rays and amorphous

nature of the iron deposited in the rst deposition step

(Fig. 1a).29 Further, the NiFeS-1/NF heat treated to 500 �C in an

Ar atmosphere shows the clear phase of Ni2FeS4 compared to

the as-synthesised NiFeS-1/NF which evidences that the iron

was not present in the bottom layer or separate coating, instead

the iron exists as a nickel iron sulphide composite (Fig. S1b†).

In addition, we have carried out a control experiment to

understand the inuence of the substrate, and cyclic voltam-

metric deposition of nickel and sulphide on the stainless steel

(SS304) foil was also performed. The XRD analysis (Fig. S1c†) of

this product exhibits a NiS phase (PDF no. 01-075-0612). This

observation clearly explains the involvement of iron in the

sulphide deposition exclusively. And also the cyclic voltam-

metric deposition on NiFe-1/NF without thiourea in the analyte

was also performed and the XRD phase analysis reveals

(Fig. S3b†) the peaks of NiO (PDF no. 03-0652865). This clearly

conrms that in the presence of thiourea, the metal oxide

formation is least probable. In addition, we indexed the XRD

pattern of the electrodeposited nickel sulphide to Ni3S2 (PDF

no. 01-074-1336) in the absence of the iron impurity,30,32,33 as

displayed in Fig. S4;† it was entirely different from the Ni2FeS4
phase observed for the NiFeS-1/NF sample. In Fig. 3a, the SEM

image reveals the lm thickness of NiFeS-1 to be about 2.71 mm

on NF; Fig. 3b reveals the nano-honeycomb structure of NiFeS-1

on NF. The NiFeS-2/NF sample possessed a morphology similar

to that of NiFeS-1/NF (Fig. S5a and b†). The elemental SEM-EDS

analysis was carried out on the upper, middle and bottom

region of the NiFeS-1 layer on NF as shown in Fig. S6a† and the

corresponding ratio of nickel, iron, and sulphur is listed in

Table S1.† The nickel, iron and sulphur in the upper coating

(Fig. S6b†) is about 96.06, 2.29 and 1.65%, respectively, the

middle coating contains (Fig. S6c†) about 96.24, 2.70 and 1.06%

of nickel, iron, and sulphur, respectively and the bottom coating

Fig. 2 XRD patterns of NiFeS-1/NF, NiFe-1/NF and NF electrodes.

16396 | J. Mater. Chem. A, 2016, 4, 16394–16402 This journal is © The Royal Society of Chemistry 2016

Journal of Materials Chemistry A Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

6
 S

ep
te

m
b
er

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 4

:1
5
:5

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ta04499a


(Fig. S6d†) contains about 96.60, 2.44 and 1.10% of nickel, iron,

and sulphur, respectively. From Table S1,† it was obvious that

throughout the coating of NiFeS-1/NF, the ratio of nickel, iron,

and sulphur content was almost equal. This observation reveals

the fact that iron exists uniformly throughout the catalyst layer.

The TEM image in Fig. 3c conrmed the honeycomb structure

of NiFeS-1/NF with vein-like projections on the surface of the

catalyst. The high-resolution TEM image in Fig. 3d reveals

fringe widths of approximately 2.36 and 1.44 nm that corre-

spond to the (400) and (533) planes, respectively, of the Ni2FeS4
phase in NiFeS-1/NF, conrming the presence of nickel, iron,

and sulfur atoms as a composite. The TEM elemental mapping

(Fig. S7†) conrmed the presence of nickel, sulfur, and iron

atoms in the NiFeS-1/NF honeycomb with surface-adsorbed

oxygen (Fig. S7a–f†).

XPS analysis

We recorded XPS spectra to examine the chemical environment

of NiFeS-1/NF and NiFe-1/NF. The XPS discussion of NiFe-1/NF

(details in ESI section 3†) exhibits metallic nickel and iron along

with adsorbed hydroxides (Fig. S8†). The XPS spectra of fresh

NiFeS-1/NF (Fig. 4a) featured a Ni3+ 2p3/2 peak at 858.5 eV,

suggesting that nickel atoms may have been bonded to both

iron and sulfur atoms.32 Moreover, the signal near 861.8 eV

indicated the presence of an oxidation state of Ni2+ relevant to

nickel sulphide,1,17,33 but there was a shi of 0.3 eV from the

characteristic Ni–S oxidation states, possibly because of the

incorporation of iron atoms. The main signal at 856.3 eV, with

its satellite peak at 864.3 eV, revealed the presence of surface-

adsorbed nickel oxide.7,19,34 Taken together, these features are

consistent with the presence of a NiFeS lm in the NF. Signals

for metallic nickel in the range of 852.0–856.0 eV were absent

for NiFeS-1/NF,33 suggesting that all of the nickel atoms on the

NiFe-1 surface were completely converted into NiFeS without

any impurities. The Fe 2p3/2 spectrum (Fig. 4b) of fresh NiFeS-1/

NF featured a signal at 725.2 eV characteristic of the oxidation

state of the nickel iron sulphide composite.19 Signals at 706.7

and 719.2 eV revealed that some of the iron atoms in this

structure were in the Fe(0) oxidation state;8,20 signals at 710.3

and 715.4 eV revealed that some of the iron atoms also existed

as FeO in the +2 oxidation state.10,35 Fig. 4c displays the S 2p

spectra, the characteristic signal appeared at 169.9 eV (ref. 19)

for the oxidation state of nickel iron sulphide and also the

characteristic oxidation state of a metal disulphide peak at

162.5 eV, suggesting that existence of nickel, iron and sulfur

atoms may have been bonded together as Ni2FeS4.
35,36 The

signal at 164.2 eV conrmed the presence of surface oxygen

adsorbed Ni–S on the nickel surface; the presence of surface

oxygen was further evidenced by the sulfoxide peak at 165.6

eV.35–37 Although sulfate and sulte peaks were present at 168.8

and 171.5 eV, respectively, the intensity of the sulfur oxidation

peak at 169.9 eV, relevant to the nickel iron sulphide composite,

was much higher than those of the others, consistent with the

composite having the Ni2FeS4 phase, as determined from the

XRD pattern.19,35,36

Electrochemical activity

To examine the OER behavior of NiFeS-1/NF, NiFe-1/NF, Ni3S2/

NF, and RuO2, LSV was performed between 1.0 and 1.9 V vs.

RHE in 1 M KOH. To achieve a current density of 100 mA cm�2,

the NiFeS-1/NF, NiFe-1/NF, and Ni3S2/NF catalysts required

overpotentials of approximately 231, 371, and 491 mV, respec-

tively (Fig. 5a). Similarly, we recorded OER linear sweep vol-

tammograms for NiFeS-2/NF and NiFe-2/NF, our examined

catalysts; the activity of NiFeS-1/NF was greater than that of

NiFeS-2/NF because it required the lowest overpotential (ca.

231 mV) to achieve a current density of 100 mA cm�2 (Fig. S9a†).

When comparing the Ni3S2/NF, NiFe-1, and NiFe-2 alloys,

NiFeS-1/NF displayed the greatest OER performance. Notably,

Fig. 3 SEM images: (a) lowmagnification of NiFeS-1 coating on NF, (b)

high magnification distribution. (c) TEM and (d) HR-TEM images of the

NiFeS-1 nanosheet detached from the surface of the NF.

Fig. 4 XPS spectra of (a) nickel (Ni 2p), (b) iron (Fe 2p) and (c) sulphur (S

2p) of the fresh NiFeS-1/NF electrode.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 16394–16402 | 16397
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RuO2, one of the best precious metal bi-functional water

oxidation catalysts, requires a large overpotential of 461 mV to

afford a current density of 100 mA cm�2 (Fig. 5a). The OER Tafel

slopes for NiFeS-1/NF, NiFe-1/NF, and Ni3S2/NF were 55, 74, and

97 mV dec�1, respectively (Fig. 5b); the Tafel slope for RuO2 was

103 mV dec�1 (Fig. 5b). Thus, the lowest Tafel slope was that for

NiFeS-1/NF, indicative of facile electrode kinetics, possibly due

to the formation of an active phase during the reversible

oxidation of nickel iron sulphide to nickel iron oxy-sulphide.38

In general, the metal chalcogenides follow the reaction steps

based on their corresponding metal oxide analogues.39

McatOH�

/ McatOH� + e� (3)

McatOH� + OH�

/ McatOc + H2O (4)

McatOc/ SO + e� (5)

2SO/ 2S + O2 (6)

The adsorption of hydroxide on the catalyst surface plays an

important role in the increased OER rate. The role of larger

sulphur atoms in the NiFeS-1/NF facilitates more and easy

adsorption of the OH� ions, which increases the rate of the

reaction kinetics and favours a low Tafel slope value.

These results suggest that the combination of nickel, iron,

and sulfur atoms in NiFeS-1/NF and NiFeS-2/NF provides higher

current densities and lower overpotentials when compared with

those of NiFe-1/NF, NiFe-2/NF, Ni3S2/NF, and NF electrodes.

Further, the mass activities of the OER for NiFeS-1/NF, NiFe-1/

NF, Ni3S2/NF and RuO2 catalysts (Table 1) at 1.6 V are 276, 178,

149 and 100mAmg�1, respectively (Fig. 5c). Themass activity of

the NiFeS-1/NF catalyst was �1.5-fold higher than NiFe-1/NF,

�1.9-fold higher than Ni3S2/NF catalysts and �2.8-fold higher

than RuO2, indicating the outstanding activity of the NiFeS-1/

NF catalyst. Also, the OER TOF of NiFeS-1/NF, NiFe-1/NF, Ni3S2/

NF and RuO2 catalysts at 1.55 V is found to be 0.52, 0.38, 0.035

and 0.046 s�1, respectively (Table 1). The TOF of the NiFeS-1/NF

catalyst was �15-fold higher than that of the Ni3S2/NF catalyst

and�11-fold higher than that of a commercial noble metal OER

catalyst, RuO2, indicating the incorporation of nickel, iron, and

sulfur in the NiFeS-1/NF to improve the performance.

Based on the excellent OER activity of the NiFeS-1/NF cata-

lyst, we also studied the HER activity in 1 M KOH electrolyte and

compared it with several control catalysts. To achieve a current

density of �10 mA cm�2, the NiFeS-1/NF, NiFe-1/NF, and Ni3S2/

NF catalysts required overpotentials of 180, 269, and 318 mV,

respectively (Fig. 6a). We observed a similar trend among NiFeS-

2/NF, NiFe-2, and Ni3S2/NF (Fig. S9b†). The HER Tafel slopes of

NiFeS-1/NF, NiFe-1/NF, and Ni3S2/NF were 53, 69, and 74 mV

dec�1, respectively. Generally, transition metal chalcogenides

follow the Tafel–Volmer–Heyrovsky mechanism (eqn (7)–(9)) in

the alkaline medium. The rate determining step in the

hydrogen evolution reaction for the low overpotential is Tafel

and Volmer steps. Hence, compared to the control samples, the

NiFeS-1/NF exhibits a low Tafel slope around 53 mV dec�1 due

to the favourable Tafel and Volmer steps.40,41

Mcat + H2O + e�# McatHad + OH� (Volmer reaction) (7)

McatHad + H2O + e�# H2 + Mcat + OH� (Heyrovsky) (8)

2McatHad# H2 + Mcat (Tafel) (9)

In addition, compared with the HER activity of NiFeS-1/NF,

the state-of-the-art Pt/C (40%) catalyst exhibited an over-

potential of 69 mV at �10 mA cm�2 with a Tafel slope of 39 mV

dec�1 (Fig. 6b). This low HER performance of the NiFeS-1/NF

Fig. 5 (a) The OER polarisation curves and (b) the corresponding Tafel

slopes of NiFeS-1/NF, NiFe-1/NF, Ni3S2/NF and RuO2. (c) OER mass

activity of NiFeS-1/NF, NiFe-1/NF and Ni3S2/NF.

Table 1 OER and HER mass activities (MA) and turn over frequency (TOF) of various catalysts

Catalysts

OER HER

TOF (s�1) @1.55 V MA (mA mg�1) @1.6 V TOF (s�1) @�0.18 V MA (mA mg�1) @�0.18 V

NiFeS-1/NF 0.520 276 0.0520 23

NiFe-1/NF 0.380 178 0.0210 6
Ni3S2/NF 0.035 149 0.0067 3

RuO2 0.046 100 — —

Pt/C — — 0.0049 31
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relative to Pt/C (40%) may have been due to the decreased

hydrogen adsorption and desorption of hydroxide species.

Nevertheless, considering its low cost and facile coating, NiFeS-

1/NF displayed excellent HER activity. In addition, the HER

mass activities of NiFeS-1/NF, NiFe-1/NF, Ni3S2/NF and Pt/C

(40%) catalysts at �0.180 V are 23, 6, 3 and 31 mA mg�1,

respectively (Fig. 6c). The mass activity of the NiFeS-1/NF cata-

lyst was �3.8-fold higher than that of NiFe-1/NF and �7.5-fold

higher than that of the Ni3S2/NF catalyst, but, slightly lower

than Pt/C (40%), indicating the outstanding HER activity of

NiFeS-1/NF (Table 1). Moreover, the NiFeS-1/NF exhibits ~8 fold

higher than Ni3S2/NF catalyst (Table 1). The OER performance

of NiFeS-1/NF (231 mV@100 mA cm�2) is much better. The TOF

of NiFeS-1/NF, NiFe-1/NF, Ni3S2/NF and Pt/C (40%) catalysts at

�0.180 V is 0.052, 0.021, 0.0067 and 0.0049 s�1, respectively.

The TOF of the NiFeS-1/NF catalyst was �1 order magnitude

higher than that of a commercial HER Pt/C (40%) catalyst and

�8-fold higher than that of Ni3S2/NF catalysts (Table 1).

The OER performance of NiFeS-1/NF (231 mV@100 mA

cm�2) is much better than those of the recently reported non-

noble catalysts such as Fe11.8%Ni3S2/NF (253 mV@100 mA

cm�2),15 NiFe LDH/NF (269 mV@10 mA cm�2),42 NiFe foam

(320 mV@10 mA cm�2),10 Ni3Se2–Ni foam (0.270 mV@10 mA

cm�2),43 oxidized carbon cloth (431 mV@10 mA cm�2),44 CoM-

nO@CN (334 mV@100 mA cm�2),45 Co(OH)2 (561 mV@100 mA

cm�2),46 FeNi@NC (411 mV@100 mA cm�2)47 and DeLNiFeP/

rGO (271 mV@100 mA cm�2).23 Meanwhile, NiFeS-1/NF also

outperforms the recently reported non-noble HER catalysts

such as Mo2C (190@�10 mA cm�2)48 and NiS2/GS (190 mV@10

mA cm�2)21 (Table 2).

The superior activity of NiFeS-1/NF is also attributed to the

fast electronic movement which can be understood from the

Nyquist plot of NiFeS-1/NF and NiFe-1/NF as shown in Fig. 7a.

The EIS data reveal a much smaller charge transfer resistance

(Rct) of about 20 U for NiFeS-1/NF than that of NiFe-1/NF with

(43 U). Moreover, the double layer capacitance (Cdl) extracted

from the tted Randles circuit as shown in Fig. 7a for NiFeS-1/

NF is 10 mF cm�2 (ref. 3 and 4) and for NiFe-1/NF is 3 mF cm�2.

The higher capacitance of NiFeS-1/NF reected its higher elec-

trochemical active surface area (ECSA), presumably the main

reason for its outstanding water splitting catalytic OER andHER

performance (Table 1).19,45

Durability tests

To examine the stability of the electrodes, we used the best

NiFeS-1/NF catalyst to perform chronopotentiometry of the OER

and HER for approximately 200 h each. Fig. 7b presents the OER

chronopotentiometry response of NiFeS-1/NF in 1 M KOH at

a current density of 80 mA cm�2 for 200 h of continuous oper-

ation. The NiFeS-1/NF electrode displayed an initial voltage of

1.6 V; aer 200 h of operation, it reached a voltage of 1.72 V,

Fig. 6 (a) The HER polarisation curves and (b) the corresponding Tafel

slopes of NiFeS-1/NF, NiFe-1/NF, Ni3S2/NF and RuO2. (c) HER mass

activity of NiFeS-1/NF, NiFe-1/NF and Ni3S2/NF.

Table 2 Comparison of bi-functional OER and HER activities with recent non-precious catalysts in 1 M KOHa

Catalysts

OER HER

ReferencesOverpotential h (mV) Durability test (h) Overpotential h (mV) Durability test (h)

NiFeS-1/NF 231@100 mA cm�2 200 180@�10 mA cm�2 200 This work

NiFe-1/NF 371@100 mA cm�2 NA 318@�10 mA cm�2 NA This work

Fe11.8%Ni3S2/NF 253@100 mA cm�2 14 NA NA 15
NiFe LDH/NF 269@10 mA cm�2 0.5 NA NA 38

NiFe foam 320@10 mA cm�2 10 NA NA 10

Ni3Se2–Ni foam 0.270@10 mA cm�2 42 NA NA 39
Oxidised carbon cloth

(ONPPGC/OCC)

431@10 mA cm�2 10 NA NA 40

CoMnO@CN 334@100 mA cm�2 32 NA NA 41

Co(OH)2 561@100 mA cm�2 2.9 NA NA 42
FeNi@NC 411@100 mA cm�2 2.5 NA NA 43

DeLNiFeP/rGO 271@100 mA cm�2 24 NA NA 23

Mo2C NA NA 190@�10 mA cm�2 NA 44

NiS2/GS NA NA 190@�10 mA cm�2 24 20

a NA – not available.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 16394–16402 | 16399
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corresponding to 7.5% decay. Moreover, the NiFeS-1/NF catalyst

exhibited a HER performance loss of only 1.8% at the end of the

200 h HER stability test with a current density of �10 mA cm�2

(Fig. 7c). These OER and HER chronopotentiometry stability

results suggest that the NiFeS-1/NF catalyst exhibits excellent

long-term stability in alkaline electrolytes. This outstanding

stability of the NiFeS-1/NF electrode may be due to (i) the

improved stability of nickel-incorporated iron in alkaline

media,8,10,49 (ii) the prevention of nickel corrosion by iron during

prolonged operation in alkaline media,10,16 and (iii) the forma-

tion of an active phase during the electrochemical tuning of

nickel iron sulphide to nickel iron oxy-sulphide,38 resulting in

a highly durable HER and OER electrode for water splitting.

Hence, alloying of iron with nickel and the incorporation of

sulfur may have been responsible for the sustainable high

current over the long period (200 h) of operation.

Post analysis

We examined the SEM morphology of the NiFeS-1/NF electrode

aer the 200 h OER and HER durability studies. Unlike the struc-

ture observed aer the HER durability test, the SEM morphology

observed for the electrode aer the OER durability study featured

wrecks at low magnication that is visible in Fig. S10a,† but its

honeycomb structure remained undisturbed (Fig. S10c†). We

suspect that the wrecks found at lowmagnication were due to the

prolonged bubble evolution during OER operation; these bubbles

did not disturb the nanostructured honeycomb structure. Aer the

HER durability test, no wrecks appeared in the low-magnication

image (Fig. S10b†), and the honeycomb morphology was undis-

turbed at highmagnication (Fig. S10d†). Thus, theHERdurability

test did not disturb the morphology, in contrast to the electrode

aer the OER durability test.

We performed the post-XPS analysis of the NiFeS-1/NF elec-

trode aer the OER and HER tests to examine its surface

properties. Compared with a fresh electrode, aer the OER

durability test the electrode had formed metal oxides that were

responsible for its corrosion, whereas the HER durability test

led to the formation of only a few metal sulfate impurities

(Fig. S11 & S12†). In addition, the OER electrode stability was

tested using cyclic stability by CV measurements to understand

the stability of NiFeS-1/NF. The cyclic stability measurement

was examined by performing repeated potentiodynamic cycling

for 5000 cycles in the potential range of 1.0 to 1.7 vs. RHE at

a scan rate of 50 mV s�1 (Fig. S13a†). Aer 2500 and 5000 cycles,

LSV for the NiFeS-1/NF catalyst was carried out which shows

a loss of about 70 and 110 mV at 100 mA cm�2, respectively

(Fig. S13b†). The gradual decrement in performance aer 2500

and 5000 potentio-dynamic cycles was due to the oxidation of

nickel and iron in the potential range of 1.3 to 1.45 V. And aer

5000 CV cycles of cyclic measurements, the XRD pattern of the

NiFeS-1/NF was analysed which exhibits the Fe11Ni8S16 (PDF no.

00-022-067), Fe2O3 (PDF no. 00-039-0239) and NiO2 (PDF no. 01-

089-8397) phases (Fig. S13c†). Hence, the XPS, and XRD studies

reveal that the NiFeS-1/NF surface is partially oxidized to nickel

oxide and iron oxide.

MEA performance

We examined the NiFeS-1/NF//AEM//NiFeS-1/NF and NF//AEM//

NF electrodes individually as both anodes and cathodes for

forming MEAs. Fig. 8a displays the water electrolyzer during

electrochemical water splitting using NiFeS-1/NF as both the

anode and cathode. Fig. 8b presents the full water splitting

properties in plots of the voltage versus current density opera-

tion of the electrolyzers constructed using NiFeS-1/NF (both

Fig. 7 (a) Electrochemical Z-fitted impedance spectra of NiFe-1/NF

and NiFeS-1/NF (b) OER chronopotentiometric durability of NiFeS-1/

NF and (c) HER chronopotentiometric durability of NiFeS-1/NF.

Fig. 8 (a) Alkaline electrolyte membrane (AEM) water electrolyzer set

up during full water splitting. (b) Current density versus applied voltage

plot of the PEM water electrolyzer using NiFeS-1/NF and NF as both

the anode and cathode and (c) hydrogen generation rate in mmol h�1

cm�2 for the PEMwater electrolyzer using NiFeS-1/NF and NF alone as

both the anode and cathode (solid line for H2 generation rate from

displacement and dotted line for the H2 generation rate calculated

from the coulombic charge).
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anode and cathode) for NiFeS-1/NF, and NF devices. The MEA

constructed with NiFeS-1/NF exhibited 274 mA cm�2 at 2.0 V.

This performance is comparable with that of the recently re-

ported channeled bipolar electrodes coated with Pt/C as the

catalyst.14 We calculated the amount of hydrogen produced

from the displacement of water using these catalysts (Fig. 8c).

The amount of hydrogen generated during water electrolysis

was 3.72 mmol h�1 cm�2 (Fig. 8c) which is close to the calcu-

lated coulombic efficiency from Fig. 8b at 1.8 V. Further, we

analysed the morphology of the anode and cathode aer the

performance of the PEM assembly. The cathode exhibits the

same honeycomb structure which shows that it was not severely

affected (Fig. S14a and b†). But, in the case of the anode, the

morphology was disturbed slightly (Fig. S14c and d†) due to the

high anodic voltage operation. Also, the constructed alkaline

water electrolyzer with NiFeS-1/NF exhibited performance

similar to that of precious metal-based catalysts, suggesting the

possibility of replacing them in alkaline electrolyte membrane

water electrolyzers.

Conclusions

In summary, we have used a two-step, low-energy-consumption

electrodeposition process for cost-effective deposition of nickel

iron sulphide on NFs. From measurements of electrochemical

activity, the NiFeS-1/NF catalyst exhibited a low OER over-

potential of 231 mV, with this electrode generating a high

current density of approximately 400 mA cm�2 at 1.47 V; it also

displayed an overpotential of 180 mV for the HER, due to the

composite effect of nickel, iron, and sulphide. This catalyst also

displayed excellent durability, with continuous operation

possible for approximately 200 h for the OER at 80mA cm�2 and

for the HER at �10 mA cm�2. Furthermore, a PEM water elec-

trolyzer constructed with NiFeS-1/NF electrodes displayed

behaviour competitive with that of established systems.
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