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a b s t r a c t

Efficient and earth-abundant electrocatalysts for water oxidation are essential for renewable and sus-

tainable energy conversion technologies. And Ni(Fe)OxHy especially attractive as a state-of-the-art best

candidate catalyst for efficient electrochemical oxygen evolution reaction (OER). In previous research, Cr

has been reported could benefit the Ni(Fe)OxHy catalysts with conflicting mechanism. Here, a series of

ternary (Ni, Fe and Cr) amorphous metal oxide catalysts for OER are synthesized via a simple thermal

decomposition method. We show that Ni0.6Fe0.3Cr0.1Ox has a turnover frequency of 0.046 ± 0.004 s�1 at

300mV overpotential which is ~31% more active than an analogous Ni0.6Fe0.4Ox film, 0.035± 0.007 s�1, in

0.1M KOH media. Using electrochemical voltammetry and AC impedance analysis, we demonstrate that

Cr increases the number of electrochemically available active sites, as a pore forming agent, but does not

affect the intrinsic per metal atom activity. We find that the Cr begins to leach immediately upon

electrochemical testing, and the Cr is almost completely depleted after a 24 h stability test. Importantly,

along with the decreased content of Cr, the catalyst activity is further promoted. Although the Cr itself

may not be responsible for the improvement, its dissolution results in an ideal type of pore and/or active

sites. We further optimize the deposition of high-surface-area and high-mass-loading Ni0.6Fe0.3Cr0.1Ox on

carbon-cloth electrodes and demonstrate an overpotential as low as 251mV at 10mA cm�2 in 1M KOH.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen can be generated renewably with solar energy

through photoelectrochemical water splitting or by water elec-

trolysis. Water splitting reactions can be divided into two half-

reactions: the hydrogen evolution reaction (HER) and the oxygen

evolution reaction (OER) [1]. The slow kinetics of the four-electron

transfer process and the O]O double bond formation during the

OER limits the overall performance of water splitting [2]. Multi-

componentmetal oxides/(oxy)hydroxides containing Ni, Co, Fe, and

Mn are the promising candidates for the high-efficiency and low-

cost OER electrocatalysts [3e6]. Fundamentally understanding

the function and effect of each element in these earth-abundant

catalysts is essential for the development of electrocatalysts with

improved activities.

Among earth-abundant OER catalysts studied, NieFe oxides/

(oxy)hydroxides are among the most active catalysts in basic

electrolyte [3,6e9]. Historically, Ni oxide/(oxy)hydroxides have

been considered very active catalyst materials [10,11]. However,

Corrigan and Trotochaud et al. have demonstrated that Ni (oxy)

hydroxides are actually poor catalysts and that co-deposition or
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unintentional contamination (high purity electrolyte, etc) of Fe

increases the activity of Ni (oxy)hydroxides by three orders of

magnitudes compared to the pure Ni (oxy)hydroxides in rigorously

Fe-free conditions [9,12]. The role of Fe in these Ni(Fe) (oxy)hy-

droxides is still debated, however, Fe is clearly a critical component

for high activity [9,13e15].

Previous research shows that the introduction of a third metal

could further improve the OER activity in NieFe oxides/(oxy)hy-

droxides. Smith et al. proposed a synergistic effect among ternary

Ni, Co, and Fe (oxy)hydroxides through a photochemical route [16].

Zhang et al. found that the addition of Al into NieFe could benefit

the OER catalysts, and correlated the promoted activity to the high

Lewis-acidity of Al3þ facilitating the concertedM-O bond formation

and deprotonation [17]. It has been previously reported that

incorporation of a certain amounts of Cr could promote the OER

activity of NieFe oxides/hydroxides [18e21]. Singh et al. synthe-

sized a series of spinel-type NiFe2-xCrxO4 oxides by the precipita-

tion method, and the best electrocatalytic activity of the oxide was

achieved with x¼ 0.8e1.0 [18]. Diaz-Morales et al. demonstrated

that NiCr LDH (with Fe impurities) had superior activity than Ni(Fe)

hydroxides by a joint theoretical-experimental study, and doping

with Cr could lower the overpotential through tuning adsorption

energies of *O and *OH [21]. In a separate investigation, Lange and

coworkers correlated OER activity of annealed Ni1-y-zFeyCrzOx with

electronic/physical structure and suggested that the OER activity

benefited from the addition of Cr due to an increased ratio of

octahedral FeIII to tetrahedral FeIII [19]. Stahl and coworkers also

observed that the NiFe oxide OER activity was enhanced with Cr-

doping and they attributed the improved activity to the in-

teractions between these redox-active ions and Lewis-acidity of the

Cr cations [20]. In addition to the conflicting role of Cr, the stability

of Cr in NiFeCr oxide/(oxy)hydroxide catalysts is unclear [18,19,21].

The role of crystallinity has also been thoroughly studied and

highly crystalline and rigid electrocatalysts generally underperform

more-disordered so-called “amorphous” catalyst films [16,22]. This

is likely because the active phases in many cases are (oxy)hydrox-

ides under OER conditions regardless of the initial as-synthesized

structure [3]. Amorphous oxides appear easier to convert to

active (oxy)hydroxides phases than highly crystalline oxide cata-

lysts [3,23e26]. Here we investigate a series of amorphous ternary

metal oxides containing well-defined compositions (Ni, Fe, and Cr)

prepared by a thermal decomposition method. The overpotentials

of the ternary metal catalysts for water oxidation are mapped as a

function of composition. The role of Cr in activity and long-term

stability was tested via cyclic voltammetry and polarization. X-ray

photoelectron spectroscopy (XPS) and inductively coupled plasma

optical emission spectrometry (ICP-OES) were used to monitor the

surface and bulk compositions. We find that Cr leaches from the

catalyst system during the course of the water oxidation process,

which increases the performance of the NieFe oxides/(oxy)hy-

droxides electrocatalyst by increasing the number of electro-

chemically available active sites. This indicates that Cr itself is

unrelated with the high performance OER catalysts outside of its

role as a pore-forming agent. The elucidation of the working

mechanism of Cr content provides insight that will enable under-

standing the function of other thermodynamically unstable ele-

ments in multicomponent catalysts and designing effective porous/

disordered electrocatalysts for water oxidation.

2. Experimental

2.1. Synthesis of amorphous films on planar substrates

Precursor solutions were prepared from nickel (II) 2-

ethylhexanoate (78% w/w in 2-ethylhexanoic acid, Strem

Chemicals), iron (III) 2-ethylhexanoate (50% w/w in mineral spirits,

Strem Chemicals) and chromium (III) 2-ethylhexanoate (50% w/w

in 2-ethylhexanoic acid, Alfa Aesar). Amorphous metal oxide films

were prepared on fluorine-doped tin oxide (FTO) coated glass

substrates (TEC-15, Pilkington) or Au/Ti through a modified near-

infrared-driven (NIR) decomposition of metal-complex method

(Scheme 1a) [27]. First, the solutions were prepared by dissolving

the precursors in hexane to produce the total metal-complex con-

centration of 15wt%. The mixed precursors were sonicated for

10min to achieve homogeneous mixing. Then the solutions were

spin-coated on FTO at 3000 rpm for 45 s. Second, the films were

placed under a near-infrared lamp (Philips BR125 IR 150W) with

different irradiation time, where the bottom of the lamp was

positioned 2 cm above the substrate that was set on an Al2O3

ceramic wafer to dissipate the heat. The temperature of substrate is

about 220 �C, determined by a thermocouple.

2.2. Construction of catalysts/carbon cloth electrode

The electrocatalyst was loaded on carbon cloth (CC) by an

impregnation method (Scheme 1b). The CC was dipped in the

precursor solution for 5 s. Then the sample was treated with the

NIR lamp irradiation (by the above-mentioned preparation

method).

2.3. Electrochemical characterization

As-prepared electrodes were masked with a 60 mm Surlyn film

(Solaronix) with a 0.25 cm2 square hole to explore the active areas.

Surlyn films were adhered to the electrodes after heating to 115 �C.

The electrochemical measurements were performed using Zen-

nium workstation (Zarhner, Inc.) or BioLogic SP200/SP300 in a

home-built three-electrode electrochemical system in 0.1M KOH

electrolyte (Semiconductor grade, Sigma-Aldrich, without further

purification). High-purity oxygen was bubbled through the elec-

trolyte 20min before and during the electrochemical test. A plat-

inum wire and standard Hg/HgO were employed as a counter

electrode (CE) and reference electrode (RE), respectively. The po-

tential of the Hg/HgO reference electrode (vs. RHE) was calibrated

against a reversible hydrogen electrode.

All potentials reported here were normalized to the over-

potential (according to Equation (1)). The cyclic voltammetry for

the integration of the Ni redox wave was performed with a scan

rate of 10mV s�1. The onset-potential (J¼ 0.1mA cm�2), stable

catalytic potential (J¼ 1mA cm�2) and Tafel slopes were measured

by the galvanostatic method. Electrochemical impedance spec-

troscopy (EIS) was measured in the 0.1M KOH solution with an

amplitude of 5mV and frequencies between 0.1 Hz and 1MHz at a

potential of 0.6 V vs Hg/HgO. The electrochemical measurements

were corrected for Ru, the uncompensated series resistance. Ru was

determined by equating Ru to the minimum impedance between

1 kHz and 1MHz, where the phase angle was closest to zero.

Typically, for the catalyst on FTO electrodes in 0.1M KOH, Ru was

~30e50U.

h¼ Emeasured - Erev - iRu with Erev¼ 0.30 V at 25 �C (1)

The average total turnover frequency (TOF), i.e. the number of O2

formed per s per metal ion, is calculated based on the number total

metal atoms (including Ni, Fe and Cr) and the steady-state current

at 300mV iR-compensated overpotential according Equation (2).

The number of total metal is measured by ICP-OES from the dis-

solved sample following electrochemical analysis.

D. Xu et al. / Electrochimica Acta 265 (2018) 10e18 11



TOF ¼

Current ðAÞ at h¼300 mV

96485ð C
molÞ �4

Number of total metal ðmolÞ
(2)

2.4. Materials characterization

Film morphology was analyzed by a field emission scanning

electron microscope (FE-SEM, Hitachi S-4800) and atomic force

microscopy (AFM, Bruker Dimension Icon). The decomposition of

the metal-complex was tracked by Fourier transform infrared

spectroscopy (FTIR, Nicolet 6700 with ATR attachment). Trans-

mission electron microscope (TEM, JEOL-2010) operated at 200 kV

was used to study crystallization. X-ray diffraction (XRD) analysis

was carried out on a Rigaku D/max-2550 PC using Cu Ka radiation.

X-ray photoelectron spectroscopy (XPS) measurements were car-

ried out on a Kratos Axis Ultra DLD X-ray photoelectron spec-

trometer using a source of Al Ka radiationwith energy of 1486.6 eV.

The catalyst film was dissolved by concentrated HNO3, and then

diluted with nanopure water. The concentration of solution was

testedwith ICP-OES (Optima 2100 DV, PerkinElmer) to calculate the

mass loading.

3. Results and discussion

3.1. Catalyst preparation and characterization

The amorphous ternary oxide films with different stoichio-

metric ratios were synthesized by a modified NIR-driven decom-

position method. The precursor solution was spin-coated onto FTO

and the film was set under an infrared lamp for 2 h in air. The mass

loading of the catalyst on planar substrates (FTO and Au/Ti) was

about 40e50 mg cm�2 as determined by ICP-OES. As presented in

Fig. S1, the as-prepared Ni0.6Fe0.4Ox (Fig. S1a) and Ni0.6Fe0.3Cr0.1Ox

(Fig. S1b) films were shown to be smooth, featureless, and defect

free using FE-SEM imaging. As seen by AFM, the root-mean-square

surface roughness (Rrms) of the amorphous films is near 0.3 nm

(Fig. S2). During the thermal decomposition process, the metal li-

gands decomposed to the metal oxide, characterized by FTIR

(Fig. S3a). The thickness of each sample is about 100 nm, confirmed

by FE-SEM cross-sectional images (Fig. S4). With an increase in

radiation time, the intensity of the CeH and CeO stretching vi-

bration bands decreased, indicating the liberation of the ligands.

Table S1 provides a detailed ICP-OES and XPS analysis to assess the

atomic ratio for each sample, the results of which confirm that

stoichiometry was controlled accurately.

Catalyst crystallinity was investigated by TEM and XRD. TEM

images of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox (Fig. 1) whereby the

catalysts were scratched off the FTO substrates are provided, which

show the absence of lattice fringes and Debye rings, illustrating the

amorphous nature of both catalysts. The as-synthesized film was

further characterized by XRD (Fig. S5) and, with the exception of

the diffraction peak associated with SnO2 (JSPDS: 40e1088) from

FTO, no obvious crystallization peaks were observed. These ana-

lyses indicate that the as-synthesized catalysts are amorphous,

which strongly suggests that they are likely to have local structures

consistent with small grain (oxy)hydroxide phases at OER relevant

potentials.

3.2. Electrochemical properties

The electrochemical water oxidation performance of the ternary

metal oxide catalysts was investigated by polarization in 0.1M KOH

electrolyte with iR-compensation. Before evaluating the OER per-

formance, the catalysts were activated using cyclic voltammetry

(Fig. S6). The OER activity of catalysts on FTO substrate reaches

stable OER performance after 20 cycles with scan rate of 10mV s�1.

Through the activation process, the growth of redox peaks and OER

current was observed, indicating an increase in ion-permeability.

This is likely due to the in situ transformation of amorphous ox-

ide to the layered (oxy)hydroxide [3]. Except the specific descrip-

tion, all the electrochemical measurement in this manuscript are

performed after 20 cycles activation. Two parameters were selected

as benchmarks for water oxidation kinetics: (i) onset overpotential

(h, when J¼ 0.1mA cm�2), and (ii) overpotential (h, when

J¼ 1mA cm�2). Owing to overlap between the Ni oxidation peak

and OER current, we used chronopotentiometry to measure over-

potentials for catalyst comparison instead of CVs. Although these

benchmarking parameters do not give the intrinsic activity, they do

allow for a comparison of catalyst performance, as the catalyst films

were prepared from identical synthesis processes and the loading

mass of each sample is similar. The sensitivity of catalytic perfor-

mance to the elemental composition is mapped in Fig. 2.

Examination of Fig. 2 reveals that, consistent with previous

research, several Ni-rich and NieFe binary oxides have a high

performancewith a lowonset potential [16,17]. Upon addition of Cr,

the onset-potential initially decreases, however, when the Cr

composition approaches and exceeds 50%, catalyst performance

declines substantially and CrOx is inactive for the OER. Among these

compositions, the best catalytic performance was achieved for

Ni0.6Fe0.3Cr0.1Ox, which exhibited an onset potential of 232± 2mV

vs. 241± 2mV (at 0.1mA cm�2) for the Cr-free Ni0.6Fe0.4Ox deriva-

tivewith the same loadingmass (~ 45 mg cm�2). Note that, the onset

potential and stable water oxidation potential display the similar

Fig. 1. High resolution TEM images of Ni0.6Fe0.4Ox (a) and Ni0.6Fe0.3Cr0.1Ox (b). The corresponding selected area electron diffraction patterns are provided in the inserts.

D. Xu et al. / Electrochimica Acta 265 (2018) 10e1812



trend. Both of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox catalysts show

excellent water oxidation performance, h¼ 285± 2mV for the

Ni0.6Fe0.4Ox and the h¼ 273± 3mV for the Ni0.6Fe0.3Cr0.1Ox at

1mA cm�2. The activity of Ni0.6Fe0.3Cr0.1Ox is better than many

earth-abundant OER catalysts summarized in Table S2.

The Tafel slopes for both catalysts (Ni0.6Fe0.4Ox: 38± 3mV

dec�1; Ni0.6Fe0.3Cr0.1Ox: 39± 2mV dec�1) are similar, suggesting

that they have the same rate limiting step (Fig. S7) [28]. The

intrinsic activity of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox is evaluated by

quantitative determination of a turnover frequency (TOF), which is

defined by the number of molecules of oxygen generated by per

active site per second (assuming each metal atom is an active site

here with the total number of metals determined by ICP-OES). The

TOF at 300mV overpotential in 0.1M KOH of Ni0.6Fe0.3Cr0.1Ox is

0.046± 0.004 s�1, which is 31% higher than that of Ni0.6Fe0.4Ox

(0.035± 0.007).

3.3. Mechanism analysis and the role of Cr

Limited research has been performed on Cr containing ternary

mixed-metal electrocatalysts for OER [18e21]. For instance, Singh

and coworkers synthesized a series of spinel-type NiFe2-xCrxO4

oxides by the precipitation method, and the best electrocatalytic

activity of the oxide was achieved with x¼ 0.8e1.0 [18]. Stahl and

coworkers also observed that OER activity was enhanced using

annealed Cr-doped NieFe oxides via a fluorescence-based parallel

screening method [20]. In neither instance did the studies propose

a possible mechanism associated with improved OER activity upon

Cr cooperation. In a separate investigation, Lange and coworkers

correlated OER activity of annealed Ni1-y-zFeyCrzOx with electronic

structure in a high-throughput study. Results obtained by soft X-ray

absorption spectroscopy characterization, suggested that OER ac-

tivity benefited from an increased ratio of octahedral FeIII to tetra-

hedral FeIII with the addition of Cr. The thermally prepared oxides

they start with would be expected, however, to covert in situ to

layered hydroxide/oxyhydroxides, at least at the surface where

catalysis takes place [3]. As a result of this transformation, there is

massive change in the electrochemically accessible surface area

(ECSA). To avoid this challenge, in the current investigationwe start

with an amorphous phase, which could rapidly transform into

(oxy)hydroxides during electrochemical activation. The OER activ-

ity is discussed along with observed changes in the ECSA in order to

investigate whether the observed increase in catalytic activity is

intrinsic or due to increasing ECSA. As discussed in detail below, we

find that the increased activity is due to increased ECSA due to Cr

leaching. This simple mechanism is likely applicable to all of the

above studies as the surface-active species in the oxide phases are

likely similar to that studies here and the structure of bulk oxide

relatively unimportant.

To estimate the ECSA, two methods are typically used: double

layer capacitance (CDL) and integration of Ni redox features in

voltammetry [29e31]. The ECSA calculated by cyclic voltammetry

of scan rate dependence at non-faradaic region is disregarded.

Because of the low conductivity (~10�6 S cm�1) of uncharged Ni(Fe)

(oxy)hydroxides, the measured capacitance is just that of the un-

derlying conductive substrate [29]. We first used AC impedance to

measure the CDL for estimating the ECSA (Fig. S8). The equivalent

circuit consists of uncompensated solution resistance (Ru) in series

with a charge transfer resistance (RCT) and CDL in parallel (Fig. 3a).

The CDL is negligible until the potential is close to the Ni2þ/3þ anodic

oxidation peak. After oxidation of the Ni, the catalyst is electrically

conductive and CDL can be reliably measured, which is consistent to

the previous research [29]. The CDL of Ni0.6Fe0.3Cr0.1Ox was calcu-

lated as 13.7± 0.7mF cm�2, which is 27% higher than the CDL of

Ni0.6Fe0.4Ox (10.8± 0.8mF cm�2).

An alternative method to estimate the ECSA is to calculate the

fraction of electrochemically accessible nickel. Due to the overlap

between the Ni2þ/3þ anodic oxidation peak and the OER current for

high Fe content NieFe (oxy)hydroxides, the Ni2þ/3þ reduction peak

was integrated. The fraction of electrochemically accessible Ni can

be determined from the ratio of the integrated charge in the Ni2þ/3þ

reduction peaks to the total Ni from ICP-OES. The fraction of elec-

trochemically accessible Ni in Ni0.6Fe0.3Cr0.1Ox was calculated to be

0.32± 0.02, which is 33% higher than that for Ni0.6Fe0.4Ox

0.24± 0.01 (Fig. 3b). These data imply that the ~30% increase in TOF

of the Cr containing films can be entirely explained by the ~30%

increase in ECSA.

Stability is also of great importance for electrocatalysts [32].

Compared to crystalline catalysts, amorphous catalysts are often

less stable, which leads to slow decay over time for some compo-

sitions [16,33]. To further assess the catalyst stability and the

variation of OER performance, chronopotentiometric measure-

ments were performed at 10mA cm�2, without iR-compensation,

to accelerate the aging process on both activated Ni0.6Fe0.4Ox and

Ni0.6Fe0.3Cr0.1Ox on Au/Ti substrate (Fig. 4a). Bubble accumulation

on the catalyst surface during these measurements created signif-

icant noise. Therefore CVs were collected after each 4 h chro-

nopotentiometry step to determine the OER activity. The

overpotential of Ni0.6Fe0.4Ox for water oxidation (J¼ 10mA cm�2)

increased slightly over time: an increase of 10mV was observed

Fig. 2. Contour plots of kinetic parameters of amorphous (mixed) metal oxide films on FTO substrates: (a) onset potential (h, J¼ 0.1mA cm�2) and (b) stable catalytic potential (h,

J¼ 1mA cm�2).
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after 24 h of continuous oxidation reaction (Fig. 4b). In marked

contrast, the overpotential for Ni0.6Fe0.3Cr0.1Ox decreased by 15mV,

and the CV curves of Ni0.6Fe0.3Cr0.1Ox show the growth of the Ni

oxidation peak as well as a shift to more anodic potentials (Fig. 4c).

The Ni reduction peak also shows an obvious growth, while exhibits

a complex shift first cathodic then anodic, indicating a more

Fig. 3. (a) Voltammetry of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox after 100 cycles of CVs and the corresponding double layer capacitance CDL determined by AC impedance as a function of

potential. (b) Fraction of electrochemically accessible Ni of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox is calculated from the ratio of the integrated charge in the Ni reduction peak relative to

the total Ni determined by ICP-OES.

Fig. 4. (a) Chronopotentiometry of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox at a constant current density of 10mA cm�2. Cyclic voltammograms of (c) Ni0.6Fe0.4Ox and (c) Ni0.6Fe0.3Cr0.1Ox

were tested at different time points with a scan rate of 10mV s�1. The CVs are presented after 4 h of polarization (dark to light). (d) Fraction of electrochemically accessible Ni (open

symbol) and the current density at 280mV overpotential (closed symbol) tested at different points in time. The current density was recorded using the data in (b) and (c). All above

mentioned electrochemical tests were measured in 0.1M KOH on Au/Ti substrates.

D. Xu et al. / Electrochimica Acta 265 (2018) 10e1814



complicated electronic interaction occurs during the Cr leaching

process [34]. The quantitative analysis between the fraction of

electrochemically accessible Ni and the current density during time

is summarized in Fig. 4d, where the OER activity is proportional to

the ECSA. More importantly, Ni0.6Fe0.3Cr0.1Ox became more active

even after 24 h stability test. These results imply some changes to

structure and/or composition occurred, which in turn further

activated the ternary catalyst.

The composition of the films was then determined by ICP-OES

(bulk) and XPS (surface) at different time points. The variation of

composition of each element determined by ICP-OES is shown in

Fig. 5. The initial bulk content of Cr is 14.0% measured by ICP-OES

for the as-prepared samples, and a gradual decrease was

observed with time. And it decreased to 7.9% after CVs, 5.2% after

4 h stability test, until there is only 2.1% remaining in the film after

24 h. Meanwhile, the bulk ratio of Ni to Fe remains constant. The

surface content of Cr was 6.9%measured by XPS for the as-prepared

sample. After 24 h stability test the Cr could not be detected. This

demonstrates that the Cr leaches during the OER process. A similar

phenomenon is also observed by Corrigan for the electrodeposited

Ni0.9Cr0.1OxHy in which the Cr content decreased from 11.2% for the

as-prepared sample to 0.4% after voltammetry experiment, indi-

cating that Cr was leached out in 1M KOH [35].

Additionally, XPS was used to analyze the changes in composi-

tion on the catalyst surface. It should be noted that the XPS dis-

cussed here is ex situ data, so the oxidation states are unlikely to be

representative of the oxidation states during OER. Fig. 6 shows the

X-ray photoelectron (XP) spectra of four samples: films as-

synthesized and after 24 h test for both Ni0.6Fe0.4Ox and Ni0.6Fe0.3-
Cr0.1Ox on Au/Ti (Fig. 6a). The representative and distinct changes

are highlighted in grey. For both as-deposited samples, Ni is

observed by the Ni 2p3/2 at 855.9 eV (Fig. 6b which is characteristic

of both Ni(OH)2 and NiOOH) [36]. The Fe 2p XP spectra are shown in

Fig. 6c. The Fe 2p spectra of the four samples show negligible

change after the OER test. Because of the similar spectra shapes and

binding energy of higher Fe oxides, the specific phase of Fe oxide

cannot be confirmed. Fe is likely integrated into the NiOOH struc-

ture to form well known Ni(Fe)OOH phases [9,37].

The Cr 2p XP spectra of both as-deposited and after OER testing

are shown in Fig. 6d. The peaks with binding energy of ~579.6 eV

and 588.9 eV correspond to the oxidized state of Cr for the as-

deposited sample according to previous research [38]. After sta-

bility tests the Cr peak is no longer visible and it is likely that the

amount of Cr present is too low to detect by XPS. Except the Cr 2p

spectrum, there is negligible change of Ni and Fe 2p spectra for both

of Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox, indicating the high stability of

the NieFe based catalyst.

To evaluate the elemental composition as a function of film

depth, a series of high-resolution XP spectra were acquired

following periods of Arþ-sputtering (Fig. S9). The distribution of

each element is uniform except a little bit lower content (~5%) of Fe

for initial sample, which might be attributed to a small amount of

Fe leaching: Fe species not incorporated into the NiOOH structure

are known to be unstable [15,39]. After 720 s sputtering, the Au of

the substrate was observed by the characteristic peak of Au 4f7/2 at

84.6 eV and Au 4f5/2 at 88.3 eV, respectively. It is not the pure

metallic gold, which may be formed under anodic conditions

[40e43]. Compared with the surface analysis, the Ar-sputtered

spectra did not change substantially, except for the appearance of

Ni0 and Fe2þ. A similar phenomenon was observed for Ni0.6Fe0.4Ox

(Fig. S10). Consistent with previous observations of electrochemi-

cally activated or electrodeposited Ni hydroxides, the appearance of

Ni0 and Fe2þ could be attributed to the reducing nature of the Arþ

ion environment [44].

Combining the above-mentioned investigation of changes in

compositionwith the OER performance map, it can be inferred that

the catalytic capability is sensitive to both composition and surface

area. Through XPS and ICP-OES analysis we can tell that the

elemental composition changes on the surface during the water

oxidation process: Ni and Fe are relatively stable, but Cr is not. This

is in agreement with the Pourbaix diagram of Cr, which illustrates

that Cr is unstable in strong base electrolyte [45,46]. The apparent

increase in ECSA was also observed by Singh in spinel NiFe2-xCrxO4

[18]. However, they did not analyze the composition variation as a

function of polarization, and did not discuss the role that Cr

leaching played in the increasing ECSA.

Besides composition analysis, morphology is also investigated

before and after the OER test. The SEM images are shown in

Figs. S1c and S1d; both of the Ni0.6Fe0.4Ox and Ni0.6Fe0.3Cr0.1Ox

show negligible changes at low magnification after OER stability

test for 24 h. Nevertheless the Rrms measured from AFM images

(Fig. S2) changed significantly, which corresponds to the observed

structural rearrangement [3]. The Rrms of Ni0.6Fe0.3Cr0.1Ox (1.90 nm)

is higher than the Ni0.6Fe0.4Ox (1.22 nm). Leaching of Cr presumably

caused the increased surface rough.

These results presented above show that the Cr is leaching

during the water oxidation process, which results in the growth of

ECSA, as well as more electrochemically accessible active sites. The

catalytic performance improved with the decreasing Cr content,

demonstrating that Cr itself is unrelated the intrinsic activity for

NieFe (oxy)hydroxides. Rather it appears that the Cr component

serves as a “pore forming” additive, which leads to an acceleration

in the number of active sites during its dissolution. Consequently,

the OER performance is increased. The electronic interaction

Fig. 5. The element percentage of Ni0.6Fe0.3Cr0.1Ox (a) and Ni0.6Fe0.4Ox (b) at different time points, extracted from Table S1.
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between Cr and Ni(Fe) could have some detrimental effect on the

OER activity based on the voltammetry (Fig. 4c). However, incor-

porated with the ICP-OES data (Fig. 5a) at different time points, the

lower Cr content results in higher OER activity, which confirm that

the electronic interaction exists but not corresponding to the pro-

moted OER activity. This demonstration is contrary to the previous

articles (ref 18, 19, 20 and 21), which consider the Cr has some

interaction of electron structure or the modification of M-O bond

strength corresponding to the superior OER activity. The analysis

methods used in this study could explain the function of Cr in

NieFe oxides/(oxy)hydroxides even other Cr-containing electro-

catalysts such as CoCr LDH [47] and Co1-xCrxO4 [48], and also could

be generalized to other polynary electrocatalysts to investigate the

function of theoretically unstable element such as Sr, Ba, W, V, Mo,

and Al et al., which have previously been thought to increase the

intrinsic activity but as suggested in this investigation, might result

in primarily structural and ESCA changes [26,49e52].

The leaching process discovered here has some similarities to

the well-known de-alloying strategy: unstable elements are

initially alloyed with stable elements, then removed through

dissolution to create a nanoporous film [53], skeletal surface [54] or

lattice contracted core-shell structure [55], which can be applied to

batteries electrodes, current collectors or electrocatalysts.

3.4. Construction of a high-surface-area electrode

The eventual goal for OER catalysts is to have high loaded, high

surface area materials that do not lose activity with high mass

loading. High catalyst surface areas and loadings can be engineered

on porous electrode materials [56]. Carbon cloth (CC) is a low-cost

textile with high conductivity, excellent flexibility, and strength,

which is commercially available as a support to integrate electro-

catalysts for fabrication of these high-surface-area electrodes [57].

Although the disadvantage of CC is that it is unlikely to be stable

under practical OER electrolysis conditions long term, the usage of

CC here allows for a cheap, high-surface-area template [58]. This

method could likely be translated to other high surface area sub-

strates. To confirm the appropriate interfacial bonding and the

wettability between the precursor paste and CC substrate, the

contact-angle was performed. Fig. S11 shows the aqueous solution

contact-angle of CC is 142.5�, and the precursor solution contact-

angle is near 0�. That is due to the absence of oxygen-containing

functional groups, and the CC shows excellent wettability of the

oily precursor solution (M(Acac)x/hexane) [59]. Because CC can

absorb muchmore infrared radiation than FTO, the precursor on CC

decomposed faster (1.5 h) than on FTO (2 h) as shown in Fig. S3b.

The morphology of bare CC and the electrocatalyst (Ni0.6Fe0.3-
Cr0.1Ox) anchored CC is as shown in Fig. S12. The loading amount on

CC was about 2mg cm�2. The surface of bare CC was smooth and

veined. Comparatively speaking, the CC surface was covered by a

continuous, uniform and conformal electrocatalyst “paste”, which

turned rougher after coating with electrocatalyst (Figs. S12deS12f).

This results from the superior wettability and excellent interface

bonding between precursor and CC substrate. In addition, catalyst/

CC electrodes showed improved performance for water oxidation

(Figs. S13 and S14). The overpotential of Ni0.6Fe0.3Cr0.1Ox is

251mV at 10mA cm�2 in 1MKOH solution, which is lower than the

272mV required for Ni0.6Fe0.4Ox. Their performance is better than

many Ni-based oxides/(oxy)hydroxides, phosphate, selenides and

even commercial IrOx [8,60e62].

Fig. 6. XP spectra of Ni0.6Fe0.4Ox, and Ni0.6Fe0.3Cr0.1Ox, as-deposited and after OER stability test, shown are survey (a), Ni 2p (b), Fe 2p (c) and Cr 2p (d) regions.

D. Xu et al. / Electrochimica Acta 265 (2018) 10e1816



4. Conclusions

In summary, ternary amorphous electrocatalysts containing Ni,

Fe, and Cr were synthesized on FTO and Au/Ti via a simple thermal

decomposition method. The performance of ternary electro-

catalysts for OER with different compositions was carefully map-

ped. It was found that the electrocatalyst showed superior water

oxidation performance when doped with a small amount of Cr in

the binary NieFe oxides/(oxy)hydroxides. The mechanism associ-

ated with the increased activity was determined to results from

increasing ECSA and thus the number of active sites.

We also reported a Ni0.6Fe0.3Cr0.1Ox catalyst with a low over-

potential of 232± 2mV at a current density of 1mA cm�2 as well as

a small Tafel slope of 39± 2mV dec�1 in 0.1M KOH solution. The

outstanding electrocatalytic performance of Ni0.6Fe0.3Cr0.1Ox was

attributed to the high intrinsic activity of NieFe (oxy)hydroxides

and high porosity obtained through Cr leaching and the initial

amorphous structure. And contrary to previous findings, we pro-

pose that the chromium begins to leach immediately upon elec-

trochemical testing and, the chromium is almost completely

depleted after a 24 h stability test. Importantly, along with the

decreased content of chromium, the catalyst activity is further

promoted. Although the chromium itself may not be responsible for

the improvement, its dissolution results in an ideal type of pore

and/or active sites.

The precursor was also coated on carbon cloth to fabricate high-

surface-area electrodes. The Ni0.6Fe0.3Cr0.1Ox/CC showed the over-

potential as low as 251mV to achieve a current density of

10mA cm�2 in 1M KOH. The analysis method presented here could

provide a model for the continued fundamental study of amor-

phous multi-metal electrocatalysts. The mechanistic insight

derived from dopant behavior suggests new ideas and methods for

the construction of porous, disordered and high-efficiency catalysts

for OER and other heterogeneous catalysis areas.
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