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We present a variety of amorphous transition-metal borides prepared at room temperature by a chemical
reduction method as highly active catalysts for the oxygen evolution reaction (OER). The amorphous
borides exhibit activities much higher than the corresponding crystalline (spinel, layered double
hydroxide and perovskite) metal oxides containing the identical metal compositions, which have already
been regarded as promising OER catalysts. The amorphous Ni/Fe borides showed the best mass
normalized OER current density of 50 A g~ at an overpotential of 0.35 V, transcending the performance
of the state-of-the-art OER catalyst, RuO,. Amorphous transition-metal borides demonstrated extremely
high active OER catalytic activity. The outstanding catalytic activity can be attributed to the amorphous

structure, the large specific surface areas (above 110 m? g™ and the electron-enriched transition metal
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Accepted 20th June 2017 sites stemming from boron doping. The stoichiometry of the catalysts can be controlled precisely even

for the synthesis of quaternary metal boride catalysts, which made it feasible to further optimize the

DOI: 10.1039/c7ra02558k catalytic activity. These results indicated that it is facile to prepare highly active OER catalysts by the
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Introduction

The oxygen evolution reaction (OER) has become the focus of
research interest and efforts due to its potential application in
energy storage. When coupled with a cathodic reaction (e.g
carbon dioxide reduction, hydrogen reduction) it provides
a viable route to store intermittent renewable energy such as
wind or solar, in the form of a chemical fuel.*® However, the
sluggish kinetics due to the four-electron transfer result in
a high overpotential being required for OER.* Although RuO,
and IrO, exhibit outstanding OER activities,>® the scarcity and
high cost of these noble metal oxides significantly constrain
their commercial viability. Therefore, it is greatly desired to
develop cost-effective and robust electrocatalysts with remark-
able OER activities.

Recently, the materials derived from earth-abundant 3d-
orbital transition metals’*® (e.g. Fe, Co, Ni, Mn) has aroused
research interest due to their low cost and excellent perfor-
mance in electrochemical water oxidation, and they efficiently

“School of Chemical Engineering, The University of Queensland, Brisbane 4072,
Australia. E-mail: z.zhu@ugq.edu.au; Fax: +61 733654199; Tel: +61 733653528
*Department of Chemical Engineering, Curtin University, Perth, WA 6845, Australia
T Electronic  supplementary information (ESI) available. See DOI:
10.1039/c7ra02558k

1 These authors contributed equally.

This journal is © The Royal Society of Chemistry 2017

one-step chemical reduction process at room temperature.

enhance the OER process and reduce the cost of chemical-fuel
production. To this day, varieties of crystalline 3d-metal mate-
rials including spinels, perovskites and layered double hydrox-
ides (LDH) have been systematically studied as OER
catalysts,”™** some of which even show superior activities to
the noble metal catalysts. Song et al.** reported the exfoliated
monolayer nanosheet of Ni-Fe LDH as highly electrocatalysts
for OER, competing favorably against the costly IrO, catalyst.
Suntivich et al® identified that the intrinsic OER activity of
Bay 55T0.5C0¢ sFey.,03_5 perovskite with an e -orbital occupancy
close to unity is more than one order of magnitude higher than
the state-of-the-art IrO, catalyst. Importantly, May et al.*® found
that the activity of Ba, 5Sry5C00gFey,0;_5 catalyst increased
with electrochemical cycling, possibly due to the amorphization
of surface layer, as shed new light to the fabrication of amor-
phous 3d-metal OER catalysts. The latest research demon-
strated that amorphous quaternary Ba-Sr-Co-Fe oxide showed
higher OER current density to Bag 55ty 5C0ggFey 203 5 perov-
skite.* In our previous research,® it is also reported that the
amorphous Ni-containing materials exhibit OER activities
higher than the state-of-the-art RuO, catalysts, comparing
favorably against their crystalline counterparts. Although
amorphous materials being excellent candidate catalysts for
OER, to date no efficient route to prepare highly active OER
catalysts has been identified.
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The latest developed photochemical decomposition method
has been successfully applied in fabricating amorphous metal
oxides as highly active OER -catalysts.>*'*” However, this
method required the use of specific organic compounds (metal
2-ethylhexanoate precursors) and deep UV-light irradiation,
which made the synthesis process costly and difficult to scale
up. Alternatively, a facile route to prepare 3d-metal catalysts is
the chemical reduction method with sodium borohydride as
reducing agent. Since it is an extremely simple way to synthesize
amorphous transition-metal borides with controlled composi-
tions at room temperature, this method is extensively used in
the fabrications of catalysts for various energy storage applica-
tions (e.g. hydrogen generation from hydrazine decomposi-
tion,"” hydrogen evolution reaction,” oxygen reduction
reaction®).

Herein, we put forward the chemical reduction method to
construct various amorphous borides based on Fe, Co and Ni, the
main compositions for most active OER catalysts reported to
date.»* Three typical crystalline structures with high OER
activity were selected as references, namely spinel, LDH and
perovskite.>*»*>'* All the amorphous materials exhibited signifi-
cantly higher activity towards OER compared to the correspond-
ing crystalline metal oxides. The binary metal catalysts (Ni-Fe
and Ni-Co) prepared by chemical reduction method exhibited
superior OER activity compared to the state-of-the-art RuO,
catalyst, highlighting the chemical reduction method as a facile,
rapid and universal approach to prepare elaborate OER catalysts.
Further research into the synthesis of multi-component catalysts
using this method showed that the elemental compositions of
the products were strictly controlled even for quaternary metal
boride catalysts (Ba-Sr-Co-Fe and La-Sr-Co-Fe).

Experimental
Materials

Deionized water was used in all experiments. Sodium borohy-
dride (NaBH,4, 98%), nickel(u) nitrate hexahydrate (Ni(NO3),-
-6H,0, 97%), iron(u) sulfate heptahydrate (FeSO,-7H,0, 98%),
cobalt(u) nitrate hexahydrate (Co(NO;), 6H,0, 98%), barium
nitrate (Ba(NO3),, 99%), strontium nitrate (Sr(NO3),, 99%) and
triethanolamine (TEA, 98%) were purchased from Aldrich
Chemical. Lanthanum(m) nitrate hexahydrate (La(NOj3);-6H,0,
99%) was purchased from Alfa Aesar Chemical. Ethyl-
enediaminetetraacetic acid (EDTA) and potassium hydroxide
(KOH, 97%) were purchased from Ajax Finechem. Urea, citric
acid monohydrate and ammonia solution (30 wt%) were
purchased from Chem-Supply Pty. Ltd. Two commercial cata-
lysts were used in this work: ruthenium(iv) oxide catalyst (RuO,,
99%) from Alfa Aesar Chemical and Lay Sr(.4C0oFe0 503 5
perovskite (labelled here as LagSr,Co,Feg-PERO) from Fuelcell-
materials Pty. Ltd.

Preparation of crystalline metal oxides

Spinels. The CoFe,0, spinel (Co,Fe,-SPIN) and NiFe,O,
spinel (Ni;Fe,-SPIN) were synthesized by a hydrothermal
method.” To synthesize Co;Fe,-SPIN, 0.145 g Co(NO3),-6H,0
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and 0.278 g FeSO,-7H,0 were dissolved in 100 mL water and
stirred for 15 min. Then, 0.25 g KOH was added and stirred in
the solution for another 30 min. The mixture was transferred to
a Teflon-lined autoclave and heated at 200 °C for 5 h. The
autoclave was then left to cool to room temperature before the
precipitate was collected by centrifugation and washed three
times with water and ethanol. The Ni;Fe,-SPIN was prepared
from 0.145 g Ni(NO3),-6H,0 and 0.278 g FeSO, - 7H,0 using the
same hydrothermal method Co,Fe,-SPIN.

Layered double hydroxides. The CozFe;-LDH and Ni,Fe;-
LDH were prepared by the procedures reported by ref. 11. In
a typical LDH procedure, 0.873 g Co(NOs),-6H,0 or 0.872 g
Ni(NO3),6H,0 was dissolved with 0.404 g Fe(NO3);-9H,0 and
0.335 mL triethanolamine (TEA) in 200 mL water. Then, drops
of a solution of 0.424 g urea dissolved in 200 mL water were
added to the nitrate + TEA solution. The mixture was transferred
into a Teflon-lined autoclave and heated at 150 °C for 24 h. After
cooling to room temperature, the precipitates were recovered in
a centrifuge and washed three times with water and ethanol.

Bay 5819 5C0p sFey .03 s perovskite. This perovskite was
synthesized using a combined EDTA-citrate complexing sol-gel
method.” Solution A was prepared by dissolving 3.2669 g
Ba(NO3),, 2.6454 g Sr(NOs),, 5.8206 g Co(NOj3),-6H,0O and
2.0200 g Fe(NO;3);-9H,O in 100 mL water. Solution B was
prepared by mixing 20 mL of ammonium hydroxide solution (30
wt%) with a suspension of 7.31 g EDTA and 10.5 g citric acid
monohydrate in 50 mL water. Solution B was mixed into solu-
tion A and stirred for about 7 h on an 80 °C hotplate until
a dense gel was formed. The gel was combusted in an oven at
260 °C overnight then calcined in a muffle furnace at 900 °C for
5 h (heating rate 5 °C min~") to produce BasSr;CogFe,-PERO.

Preparation of amorphous metal borides

Amorphous metal boride catalysts with similar stoichiometric
ratios of metals to the spinel, LDH and perovskite metal oxides
were prepared by reduction of 50 mL metal nitrate solutions
with 0.2 g NaBH, in 30 mL water. The NaBH, was added
dropwise to the metal nitrate solutions and stirred for 5 minutes
or until the production of hydrogen bubbles stopped. The
amorphous products were collected by centrifugation, washed
three times with water and ethanol, then dried in a vacuum
dryer at room temperature.

The 50 mL metal nitrate solutions contained: 0.3842 g
Co(NO3),-6H,0 and 1.067 g Fe(NO3)3-9H,0 for Co,Fe,-AMOR;
0.872 g Co(NO3),-6H,0 and 0.404 g Fe(NOs);-9H,0 for CozFe;-
AMOR,; 0.3839 g Ni(NO3),-6H,0 and 1.067 g Fe(NO3)3-9H,O0 for
Ni;Fe,-AMOR; 0.8724 g Ni(NO3),-6H,0 and 0.404 g Fe(NO;);-
9H,0 for NizFe;-AMOR; 0.2614 g Ba(NOj3),, 0.2118 g Sr(NO3),,
0.4656 g Co(NO3),-6H,0 and 0.1616 g Fe(NO3);-9H,0 for Bas-
Sr5CogFe,-AMOR; and 0.5196 g La(NOj),-6H,0, 0.1694 ¢
Sr(NO3)y, 0.1164 g Co(NO3),-6H,0 and 0.6464 g Fe(NO3);-9H,0
for LagSr,Co,Feg-AMOR.

Characterization

Elemental compositions of metals and boron were measured
with a Perkin Elmer Optima 8300DV Inductively-Coupled

This journal is © The Royal Society of Chemistry 2017
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Plasma Optical Emission Spectrometer (ICP-OES). X-ray
diffraction (XRD) patterns were recorded on a Bruker DS-
Advanced X-ray diffractometer using nickel-filtered Cu-Ka
radiation. Scanning electron microscopy (SEM) images were
collected on a JEOL JSM-7001F at an acceleration voltage of 10
kV. The energy dispersive X-ray spectroscopy (EDS) was recor-
ded on a Tecnai F20 transmission electron microscope. X-ray
photoelectron spectra were acquired on a Kratos Axis ULTRA
X-ray photoelectron spectrometer (XPS) incorporating a 165 mm
hemispherical electron energy analyzer and a monochromatic
Al Ko (1486.6 eV) radiation at 150 W (15 kV, 10 mA). The binding
energies were determined using the C 1s line at 284.5 eV from
adventitious carbon as a reference. N, sorption isotherms were
measured at 77 K on a Micromeritics TriStar II 3020 after
degassing the samples for 12 h at 80 °C. Specific surface areas
(Sger) were determined from the N, isotherms with the Bru-
nauer Emmett Teller method.

Electrochemical measurements of thin film electrodes

Thin film electrodes were fabricated by sonication of 10 mg
active catalyst and 10 mg carbon black (Super C65, TIMCAL
C'NERGY) for 30 minutes in 1 mL ethanol with 100 pL 5 wt%.
Nafion solution. A 5 pL aliquot of this suspension was drop-cast
onto a glassy carbon disk electrode (4 mm diameter, 0.126 cm®
area) and left to dry under a glass jar. The typical catalyst
loading was 0.36 mg cm 2.

Rotating disk electrode (RDE) voltammograms were
measured in an O, (99.999%) saturated 0.1 M KOH solution at
room temperature with a Biologic VMP2/Z multichannel
potentiostat. The electrochemical cell had a Pt-chain counter
electrode and a Ag|AgCl (3 M NaCl) reference electrode. The
reference electrode was calibrated with respect to a reversible
hydrogen electrode (RHE) in a hydrogen saturated electrolyte
with a Pt-chain working electrode. Cyclic voltammograms were
measured at a scan rate of 10 mV s~ ' and the thermodynamic
potential for the hydrogen electrode reactions was determined
from the mean of the two potentials at which the current
crossed zero.

All potentials reported in this study are iR-corrected poten-
tials calculated by the following equation (eqn (1)):

ERHE(iR-correcled) = EAg|AgC1 +0.937 — iR (1)

where i is the current and R is the uncompensated ohmic
electrolyte resistance (55 Q) measured via high frequency ac
impedance in O,-saturated 0.1 M KOH. The current densities
were normalized by using geometric surface areas.

Results and discussions

The molar ratios of the elements determined by ICP-OES and
the specific surface areas determined by N, adsorption of the
samples are listed in Table 1. Obviously, the amorphous
samples exhibited almost the same relative metal compositions
as the corresponding crystalline metal oxides. The slight
differentials between amorphous and crystalline samples indi-
cated the metal compositions of the amorphous samples were
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strictly controlled by using the chemical reduction method.
More importantly, all the metal elements were homogeneously
distributed in the catalysts as confirmed by the EDS mapping
(see Fig. S1-S37) spectra. During the reduction process, boro-
hydride undergoes hydrolyzation according to the reaction
below (eqn (2)-(6)),>

NaBH, + 2H,0 — 4H,1 + NaBO, (2)

Co?" + 2Fe* + 50H™ — CoFe,04 + H,O + 3H" (3)
Co** + 2BH,~ — CoB, + 2H, (4)

Fe** + 3BH,  — FeB; + 6H, (5)

CoFe,O4 + xBH;~ — CoFe;BO4_ + xOH™ + 3xH,  (6)

releasing H, into the system. Meanwhile, the metal ions will
form hydroxides and borides. For example, the formation of
spinel Co/Fe-AMOR can be presented in eqn (2)-(6). The strong
reducing capability of H, led to an ultrafast reduction process,
showing no discrimination of all the metals and making
a homogeneous elemental distribution of the final product.
Moreover, all the amorphous samples contained a certain
amount of boron, indicating the formation of metal borides (see
Table 1). In addition, the generation of H, gas as bubbles during
the synthesis will produce strong disturbance on the structure
and particle size, making an amorphous phase with fine parti-
cles and large surface area.

Interestingly, the quaternary samples showed a boron
content (atomic ratio ~ 65%) much higher than that of the
binary samples (~27-38%). Shih et al.*® found that the alkali
earth metals (especially barium) are the most efficient precipi-
tants to chemisorb boron species in the aqueous solution in the
form of metal perborate (MeB,0,4, B content 66%). On the other
hand, alkali earth metals hexaborides (MeBg, B content 85.7%)
could also be formed,” leading to a high B level in the final
products. Meanwhile, the amorphous transition metal (Fe, Co,
Ni) borides can be formed in a wide compositional (relatively
low) range'****° due to the formation of a variety of polymorphs
(MeB, Me,B, Me3B, Me,B3, etc., maximum B content 50% cor-
responding to MeB). As a result, the quaternary samples con-
taining alkali earth metals (Ba, Sr) showed a much higher boron
content.

It can be also seen from Table 1 that all the amorphous
samples except NizFe;-AMOR exhibited much larger specific
surface areas than the corresponding crystalline metal oxides.
Usually, the crystallization of a stable crystalline structure
occurs at a high temperature. For example, the synthesis of
Ba;SrsCogFe,-PERO and LagSr,Co,Feg-PERO required a calcina-
tion step at 900 °C and 1250 °C respectively.”>** However, the
high synthesis temperature required for the perovskites leads to
the sintering of the samples, resulting in a relatively low specific
surface area (BasSrsCogFe,-PERO: 0.5 m” g ', LagSr,Co,Fey-
PERO: 6.0 m® g ') and a restrained catalytic performance. In
contrast, the amorphous samples were prepared at room
temperature with no sintering step, showing much larger
specific surface areas (BasSrsCogFe,-AMOR: 20.5 m?> g

RSC Adv., 2017, 7, 32923-32930 | 32925
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Table 1 Metal compositions and specific surface areas of the amorphous borides catalysts and the corresponding crystalline metal oxides

Atomic ratio of element (in total elements at%)

Specific surface

Sample Co Ni Fe Ba Sr La B area (m® g™ ")
Co,Fe,-SPIN 32.7 67.3 33.8
Co,Fe,-AMOR 23.1 46.7 30.2 232.0
CosFe,-LDH 75.2 24.8 49
Co;Fe;-AMOR 54.1 18.5 27.4 139.6
Ni,Fe,-SPIN 33.6 66.4 45.2
Ni,Fe,-AMOR 19.9 40.0 40.1 244.2
Ni;Fe,-LDH 74.8 25.2 124.6
NizFe;-AMOR 45.3 16.2 38.5 110.2
Ba;Sr;CogFe,-PERO 40.1 10.0 25.2 24.7 0.5
Ba;SrsCogFe,-AMOR 13.1 3.3 8.0 8.3 67.3 20.5
LagSr,Co,Feg-PERO 10.0 40.2 19.8 30.0 6.8
LagSr,Co,Feg-AMOR 4.2 16.7 6.6 10.2 62.3 144.8
LagSr,Co,Feg-AMOR: 144.8 m* g~ '). Among all the amorphous
samples, Ni;Fe,-AMOR has the largest specific surface area of
244.2 m* g~ ', Due to the layered structure, NizFe,-LDH is the
only crystalline sample with a specific surface area larger than @ @
100 m* ¢! (124.6 m> g~ '). The corresponding amorphous oy @ | o (42;)511)““‘” corren P
sample NizFe;-AMOR exhibited a comparable specific surface
area of 110.2 m> g~ ', which is only slightly lower but still at the 1
same level with Ni;Fe;-LDH. Notably, considering no surfac- § i _
tants or structure directing agents were used and the amor- g W’_ m
phous samples were prepared at room temperature, these =
results highlighted the chemical reduction method as a facile N e s
and efficient approach to fabricate amorphous materials with S Ni1Fe2-AMOR
homogeneous elemental distributions and high specific surface i o . -
areas. 2 theta (degree) —=

The XRD patterns of the amorphous borides and the corre- 002) ot )
sponding metal oxides were shown in Fig. 1. It can be seen that (g:)g; i
all the materials prepared by chemical reduction method mos 2 I
exhibited amorphous structures. The total number of six metals 1 bosteeh Meiomnns
(Fe, Co, Ni, Ba, Sr, La) involved in the synthesis highlighted the § S
chemical reduction method as a facile and effective approach to | .
construct amorphous metal-based materials. It is reported = M . e e
recently that the amorphous materials containing Ni, Fe and Co \ :
prepared by various methods (e.g. electrochemical deposition, et e NIFELAMOR

photochemical decomposition® and vapor induced precipita-
tion®) exhibited superior OER activities to the noble metal
oxides catalysts such as IrO, and RuO,. Since Fe, Co and Ni,
three most active transition metals, were all included in the
synthesis, the fabrication of highly-active OER catalyst can be
expected using the chemical reduction method. The other
samples showed typical XRD patterns corresponding to crys-
talline materials, namely spinel, LDH and perovskite, which
were reported to show promising activity towards water
oxidation.

The SEM images of the amorphous catalysts are shown in
Fig. 2 and the SEM images of the crystalline catalysts are
included in Fig. S4 of the ESL.f The images in Fig. 2a and
b showed that the CozFe;-AMOR and NizFe;-AMOR precipitated
from solutions with the lower Fe concentrations were consti-
tuted by nanoparticles. These nanoparticles were closely
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Fig. 1 XRD patterns of the transition-metal materials with crystalline
structures and the corresponding amorphous metal borides: spinels
(a), layered double hydroxides (b) and perovskites (c).
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accumulated, leading to a porous structure (Fig. S1 and S2t)
consistent with the surface areas of 139.6 m”> ¢ and 110.2 m”
g " determined from N, sorption analyses. With the increase of
Fe contents, Co,Fe,-AMOR (Fig. 2¢) and Ni;Fe,-AMOR (Fig. 2d)
exhibited nano-sheet like structures (Fig. 2c and d). These nano-
sheets were loosely stacked to form sponge-like structures,
leading to even higher specific surface areas (232.0 and 244.2
m® g~ " respectively). The texture of the amorphous samples
with higher Fe content looks more like iron boride nano-
particles sponge morphologies that have been reported.** The
quaternary metal borides catalysts (Fig. 2e and f) were also
precipitated as nanoparticle aggregates with similar morphol-
ogies to the Co:Fe and Ni:Fe amorphous metal borides; these
morphologies are very different to the non-porous morphol-
ogies of the corresponding crystalline perovskites BasSrsCogFe,-
PERO and LagSr,Co,Feg-PERO shown (Fig. S4e and ft). The SEM
results are consistent with the specific surface area data shown
in Table 1. All the amorphous samples were enriched by pore
systems, showing large specific surface areas (see Table 1).
Although Ni;Fe,-SPIN and Co,Fe,-SPIN (see Fig. S4a and bf)
with spinel phase showed morphologies of nanoparticles
similar to Ni;Fe,-AMOR and Co,Fe,-AMOR, the specific surface
areas (see Table 1) of these two samples were much lower
compared with the amorphous samples, indicating the
agglomeration of the nanoparticles of the crystalline spinels
during the calcination process. Similarly, due to sintering at
high temperature, the perovskite catalysts (Ba;Sr;CogFe,-PERO,
LaeSr,Co,Feg-PERO) showed a non-porous bulk phase (Fig. S4e
and ft), while the corresponding amorphous borides exhibited

100 nm

100nm |

100 nm

Fig.2 SEM images of the amorphous borides catalysts: CozFe;-AMOR
(a), NisFe;-AMOR (b), CosFe,-AMOR (c), NijFe,-AMOR (d), BasSrs-
CogFe,-AMOR (e) and LagSrsCosFeg-AMOR (f).
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highly porous structures (Fig. 2e and f). NizFe;-LDH and Co;Fe;-
LDH exhibited layered structure (see Fig. S4e and f¥), which is
typical for layered double hydroxides, showing the largest
specific surface areas among the crystalline samples. The ob-
tained SEM results corresponded well with the textural prop-
erties shown in Table 1, again demonstrating that porous
materials with high specific surface areas can be achieved by
using chemical reduction method.

The XPS spectra of the amorphous samples were displayed in
Fig. 3. It can be seen from Fig. 3a that in the Co 2p level, CosFe;-
AMOR showed a peak at 779.4 eV, as can be attributed to the
Co(u) species. It is reported that metallic Co can be identified at
ca. 778.2 eV for Co-B catalysts. In this study, no elemental Co
peak was observed, indicating that the catalyst was severely
oxidized when exposed in the air. Notably, compared with the
binding energy of Co(un)O (779.7 eV), the slight negative shift of
0.3 eV of the Co(u) in the catalyst suggested an electron-enriched
Co structure, which is further evidenced by the B 1s scan. The B
1s signal at 189.0 eV was ascribed to elemental B in the amor-
phous borides, which was positively shifted by 1.9 eV compared
with pure B. This suggested an electron transfer from alloying B
to vacant d-orbital of Co, leading to electron-enriched Co sites.
These electron-enriched Co sites were identified as highly active
for various catalytic reactions, including hydrogenation,***
hydrogen evolution™ and hydrolysis reactions.*»* The Fe 2p
band showed a peak at 710.6 eV, corresponding to Fe(m)
species. Since there was considerable amount of B (27.3 at%) in
this sample, this peak was also affected by the electron transfer
from B, and showed a negative shift of 0.2 eV compared with
pure Fe,O;. Similar negative shift of 0.2 eV for Ni was also
observed for the sample NizFe;-AMOR. Since Fe 2p signal
overlaps strongly with Ni LMM Auger peaks, the Fe 2p level of
NizFe;-AMOR was not shown here. These results suggested that
in the amorphous transition metal borides catalysts, the tran-
sition metals were enriched by electrons due to the electron
transfer from boron. Similar electron transfer was also reported
by several other groups.*’

@ ®) Fe2p
_— Cozp,,
Co(lly

Fe2p,,
Fe2p . Fe(lll)

Co2p,,,
Satelite

Co2p,,,
Satelite

Cop,,

Signal (a.u)~
Signal (a.u.) —

810 805 800 795 70 785 780 775 7I0 40 720 ) 0 700
Binding Energy (V) ~ Binding Energy (V) —

B(0) Ni2p32
Ni2p Nill)

Ni2p372

Sateliite Satelite

Signal (a.u.}—=

Signal (a.u.) —

196 194 12 190 188 186 18¢ 182 880 870 860 850
Binding Energy —. Binding Energy (eV) —

Fig. 3 XPS spectra of the amorphous samples synthesized via
chemical reduction method: Co 2p (a), Fe 2p (b) and B 1s (c) region of
CoszFe;-AMOR and Ni 2p level of NizFe;-AMOR.
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For the amorphous quaternary sample BasSr;CogFe,-AMOR,
a considerable amount of SrCO; can be identified. In the Sr 3d
level two distinct peaks were observed for the amorphous
samples, suggesting the existence of SrCO; species (see
Fig. S5at). Correspondingly, the O 1s region of the amorphous
catalysts exhibited a peak at 532.5 eV which is typical for metal
carbonates (see Fig. S5b¥). Since the alkaline earth metals are
highly active elements, they will undergo hydrolyzation during
the reduction process to form hydroxyl groups which will then
react with the CO, in air, leading to the formation of metal
carbonates. In this context, BaCO; would also exist in the
amorphous catalyst. However, due to the strong overlap of BaO
(780.0 eV) and BaCOj; (780.1 eV), neither of them can be clearly
identified in the Ba 3d region shown in Fig. S5c.t The existence
of SrCO; for the other quaternary sample LagSr,Co,Feg-AMOR is
also confirmed from its Sr region (see Fig. S5df). The metal
carbonates were also observed by Zhang et al. while preparing
amorphous Ba-Sr-Co-Fe metal oxides catalysts using the
photochemical degradation method, indicating that it is diffi-
cult to avoid the formation of metal carbonates in the amor-
phous catalysts.

The outstanding OER catalytic performances of amorphous
borides catalysts were justified by the activities of the binary
samples in this study, which were displayed in Fig. 4a-d. The
activity of the state-of-the-art RuO, catalyst was also shown as
reference (red curve). It can be seen from Fig. 4a that the two
amorphous Co-Fe catalyst exhibited much higher OER activi-
ties than the samples with spinel and LDH structure. This result
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Fig. 4 OER activities and corresponding Tafel slopes of the amor-
phous samples and the corresponding crystalline metal oxides:
activities (a) and Tafel slopes (b) of Co—Fe binary catalysts; activities (c)
and Tafel slopes (d) of Ni—Fe binary catalysts; activities (e) and Tafel
slopes (f) of quaternary catalysts.
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was in accordance with our previous finding® that transition-
metal catalyst with amorphous structure can compare favor-
ably against the corresponding crystalline metal oxides for
room-temperature water splitting. It should be emphasized that
these amorphous transition-metal materials exhibited OER
activities superior to that of the state-of-the-art RuO, catalyst,**
which can be seen from Fig. 4a. Interestingly, although the
elemental compositions of Cos;Fe;-AMOR and Co,Fe,-AMOR
varies, they exhibited quite similar Tafel slopes of 86 and 84 mV
dec™", respectively, indicating the same active phase evolved
under OER condition for these two samples. This is in accor-
dance with the finding reported by Burke et al.*® that a highly
active Fe,Co;_,OOH phase with moderate high Fe level (0.33 <x
< 0.79) emerged under OER condition. Masa et al.*® found the
strain exerted on the crystal lattice of cobalt by boron directly
arises from their chemical interaction involving electron
transfer and hybridization of B 2p states with the metal
d orbitals. The lattice strain weakens the Co-Co bonds,
diminishing the energy barrier for formation of the OOH
intermediate during OER. Furthermore, the electron-enriched
transition-metal sites as confirmed by XPS results might also
contribute to improve the OER activities of the samples. As
a result, the sample Co,Fe,-AMOR with a larger specific surface
area of 232 m”> g ' (CosFe;-AMOR: 139.6 m> g~ ') exhibited
a better catalytic performance as shown in Fig. 4a.

The OER current densities of the amorphous Ni-Fe catalysts
and the corresponding crystalline metal oxides were displayed
in Fig. 4c and d. Again, the amorphous samples showed better
activities toward OER, with the sample NizFe;-AMOR giving the
best catalytic performance, transcending that of RuO, catalyst.
Different from the Co-Fe catalysts, the Tafel slopes of the
amorphous Ni-Fe samples were significantly affected by their
elemental compositions. NizFe;-AMOR exhibited the lowest
Tafel slope of 110 mV dec™ ', while Ni;Fe,-AMOR showed
a relatively high value of 188 mV dec™', suggesting the active
sites changed with the increasing Fe content in the catalysts.
This is different from Co-based AMOR. In a Co oxide
compound, valence transition between Co®>" and Co®" is easy
and the redox potential of Co®"/Co”" is lower than that of Ni**/
Ni’. Thus, the Tafel slopes is much less dependent on Co
loading and elemental composition. Friebel et al.’” found the
Ni-Fe catalysts undergo oxidation to form +y-Ni,_,Fe,OOH
phase, where Fe** shows a significantly lower overpotential than
do Ni*" in either y-Ni;_,Fe,OOH or y-NiOOH, being identified
as highly active Fe sites for OER. However, as the Fe level rises
above 25 at%, a y-FeOOH phase containing either no or <3 at%
Ni nucleates, which is quite inefficient for water oxidation.
Therefore, it is reasonable that the amorphous sample NizFe;-
AMOR with a Fe level of 25 at% showing the lowest Tafel slope
while Ni;Fe,-AMOR exhibiting increased Tafel slope and
decreased OER activity due to the formation of y-FeOOH phase.

Fig. 4e and f show the catalytic performance of the quater-
nary samples. Although the amorphous BasSrsCogFe,-AMOR
and LagSr,Co,Feg-AMOR samples did not reach the level of
RuO, catalyst, they still showed higher activities than those of
the corresponding crystalline metal oxides. Considering that
these two samples exhibited Tafel slopes (88 mV dec ') which

This journal is © The Royal Society of Chemistry 2017
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were similar to the amorphous Co-Fe binary catalysts, it can be
speculated that the active phase was composed of Co and Fe.
Since the quaternary samples contained large amounts of B and
metal carbonates as confirmed by ICP-OES and XPS test, the
overall catalytic activity can be reduced due to doping of these
non-active compositions. It should be emphasized recent
studies show that multi-component metal materials served as
promising OER catalysts. Smith et al.® studied the amorphous
metal oxide catalysts fabricated by photochemical degradation
method for OER, and found the combination of 33% Fe, 33% Co
and 33% Ni showed the best catalytic performance. Gerken
et al.*® found that Ni-Fe oxides containing a third metal (e.g. Al,
Ga, Cr) emerged as highly effective OER catalysts. The latest
high-throughput screening revealed that Ce doping may further
increase the OER activity of the catalysts composed of Fe, Co
and Ni.*>*® On the other hand, very recently, the amorphous
cobalt boride prepared by chemical reduction method has been
identified as promising OER catalysts which is superior to RuO,
and IrO,.> This study focused on finding a facile route to
fabricate and screen multi-component materials. Although the
quaternary samples were less active compared with the binary
ones, the homogeneous and strictly controlled elemental
distribution of the quaternary samples highlighted the unique
benefit of chemical reduction method in preparing elaborate
OER catalysts affords.

The catalytic parameters of all the samples were summarized
in Table 2. Importantly, all the amorphous samples prepared
via chemical reduction method compared favorably against the
corresponding crystalline metal oxides, namely spinel, LDH and
perovskite, all of which are promising structures for OER re-
ported to date. This demonstrates chemical reduction method
can be a simple and efficient approach to fabricate highly active
OER catalysts. The sample NizFe;-AMOR showed the best
catalytic performance with an OER current density of 50.9 Ag™"
at an overpotential of 0.35 V. CozFe;-AMOR (34.9 A g~') and
Co;Fe,-AMOR (47.1 A g ') also exhibited outstanding OER
activities which transcended that of the noble metal RuO, (14.2
A g7") catalyst. Fig. S61 showed 10000 s stability tests

Table 2 Summary of the mass normalized activities at n = 0.35 V
(1.58 V vs. RHE) and Tafel slopes of the amorphous catalysts and the
corresponding crystalline metal oxides

Mass activity Tafel slope
Sample Aag™ (mV dec™)
Co,Fe,-SPIN 1.5 112
Co,Fe,-AMOR 47.1 84
Co,;Fe,-LDH 1.9 138
Co,Fe;-AMOR 34.9 86
Ni,; Fe,-SPIN 6.5 130
Ni;Fe,-AMOR 10.1 188
NisFe,-LDH 16.9 216
Niz;Fe;-AMOR 50.9 110
BasSrsCogFe,-PERO 2.2 97
Ba;Sr5CogFe,-AMOR 4.7 88
LagSr,Co,Feg-PERO 1.9 116
LagSr,Co,Feg-AMOR 3.7 88
RuO, 14.2 93
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performed on the two most active samples Co,Fe,-AMOR and
NizFe;-AMOR under harsh anodic conditions (0.7 V vs. Ag|AgCl
in 0.1 M KOH solution), which indicated excellent stabilities of
transition metal borides as OER catalysts. It is worthy to notify
that the elemental compositions of the amorphous samples
were strictly controlled as identical as those of the corre-
sponding crystalline metal oxides, however, in practical appli-
cation the compositions can be controlled arbitrarily and
further optimized to improve their OER performance. In this
study, we have demonstrated chemical reduction method as
a simple and efficient approach to prepare highly active amor-
phous transition metal borides catalysts for OER with strictly
controlled compositions. Therefore, it can be expected that new
combinations of transition metal borides for electro water
oxidation can be discovered via chemical reduction method.

Conclusions

In conclusion, we demonstrated chemical reduction method as
a facile and efficient approach to prepare amorphous transition-
metal borides materials with strictly controlled elemental
compositions for efficient water oxidation. The amorphous
borides catalysts are featured by their large specific surface
areas and electron-enriched transition-metal sites, and
compared favorably against the corresponding crystalline metal
oxides, namely spinel, LDH and perovskite, which have been
reported as promising structures for OER. More importantly,
three amorphous samples, Co;Fe,-AMOR, CozFe;-AMOR and
Ni;Fe;-AMOR exhibited outstanding OER activities, which
transcended that of the state-of-the-art RuO, catalysts. This
indicates that efficient OER catalysts can be developed by using
chemical reduction method. The homogeneous and strictly
controlled elemental distributions of the amorphous borides
were justified by further research into the synthesis of quater-
nary samples (Ba-Sr-Co-Fe and La-Sr-Co-Fe). Since the
elemental compositions of the amorphous borides can be tuned
arbitrarily during the synthesis process, the catalytic perfor-
mance can be further optimized and the discovery of new
combinations of transition-metal borides as efficient OER
catalysts can be expected.
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