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Design of diverse nanostructures by hydrothermal
and microemulsion routes for electrochemical
water splitting

Anirban Das and Ashok Kumar Ganguli@*

Hydrothermal and microemulsion methods are low temperature methods used to obtain nanostructures of
definite morphologies, sizes, facet termination and other structural features which result in the
corresponding unique response to chemical, electrochemical or photochemical stimuli. An efficient
catalyst to electrochemically split water to produce hydrogen and oxygen is of scientific, economic and
societal relevance, especially due to the abundance of the starting material, water, and due to the
product hydrogen, which is an ideal fuel, due to its highest mass density and clean combustion in air. In
this review we focus on the hydrogen evolution reaction, HER, and the oxygen evolution reaction, OER,
activity of the electrocatalysts produced by hydrothermal or microemulsion methods. The variation in
electrochemical response resulting from the unique shape, composition and nano-architecture is
discussed. Broadly, the catalysts were categorized as binary and ternary metal alloys as well as metal
chalcogenides and oxides. This compilation would aid in the design of more effective water splitting

rsc.li/rsc-advances

1. Introduction

Fabrication of novel nanomaterials with programmable orga-
nization of nanoscale building blocks is a fundamental vision of
nanotechnology. These functional nanomaterials show shape

Department of Chemistry, Indian Institute of Technology, Hauz Khas, New Delhi 110016,
India. E-mail: ashokgangulititd@gmail.com; ashok@chemistry.iitd.ernet.ac.in

Dr Anirban Das obtained a BSc
(Chemistry Honours) degree
from Delhi University, India, an
MS  (Chemistry) from the
University of Toledo, Ohio (Prof.
Mark Mason, 2007) and a PhD
(Inorganic Chemistry) from the
University of Idaho (Prof. Chien
Wai, 2012). Thereafter, he held
postdoctoral positions at North-
western University (Prof. Eric
Weitz, 2012-2014), University of
California  (Prof.  Francisco
Zaera, 2014-2015) and at the Wayne State University (Prof.
Eranda Nikolla 2015-2017). Currently he is a CSIR Pool Scientist
at IIT Delhi, India working with Prof. Ashok Kumar. Ganguli. His
current interests include development of photo and electro-
catalysts for water splitting applications.

This journal is © The Royal Society of Chemistry 2018

electrocatalysts as well as in the selection of appropriate candidates for advanced mechanistic studies.

and size dependent properties,’™ thus it is imperative to
develop synthetic methodologies which can precisely control
the structural details of nanomaterials. Hydrothermal and
microemulsion methods are two very useful techniques as these
allow directed syntheses of nano-sized materials. The directed
syntheses aid in obtaining definite geometries, surface termi-
nation, crystallinity, and new nanoscale physical properties
which in turn influence the chemical properties and thus
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Scheme 1 The general process involved in a hydrothermal synthesis.

catalytic performance. The main advantage of the hydrothermal
method is that it allows the synthesis at lower temperatures
than the traditional high temperature routes and at times
allows stabilization of metastable phases. It allows for direct
crystallization of multi-element oxides without the need for
annealing at elevated temperature to induce crystallization.>™®
The general process involved in a hydrothermal synthesis is
depicted in Scheme 1. Microemulsions containing reverse
micelles can be used effectively for the synthesis of nano-
particles of controlled size and structure, where the synthesis of
nanoparticles occurs inside the volume defined by water drop-
lets. Reverse micelles have been used for the synthesis of
a variety of nanoparticles including metal nanoparticles, alloys,
semiconducting oxides, and chalcogenides to exploit among
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others their optical, magnetic and catalytic properties.®** The
shape of the nanoparticles inside the reverse micellar system
can be altered by modulating the parameters affecting (a) film
rigidity of reverse micelles and (b) kinetics of crystal growth in
the constrained environment. The reverse micellar film rigidity
can be controlled*** by the following parameters: (i) water-to-
surfactant molar ratio (W,), (ii) intermicellar exchange rate,
(iii) nature of the bulk organic solvent, (iv) nature of the
surfactant and co-surfactant, and (v) packing parameter. The
general process involved in a reverse microemulsion synthesis
is depicted in Scheme 2." Our group has been working exten-
sively for more than a decade, to understand the role of various
parameters of microemulsions which matter in the tailored
synthesis of nanostructures.'®*

Add Reactant B

Diffusion of Reactant B across
Microemulsion Interface/Triggering agent
Initiates the nucleation process

Chemical Reaction, Molecular Nucleation and
Growth resulting in Nanoparticles Formation

Two Microemulsion Method

*The general process involved in a revered microemulsion method. (a) A reverse micellar system (b) one microemulsion method and

(c) two microemulsion method. Reproduced from ref. 15 with permission from the Royal Society of Chemistry.
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Water splitting is the process of catalytic conversion of liquid
water to gaseous oxygen and hydrogen. It is the one of the most
widely studied electrocatalytic reactions® and often used as
a benchmark to evaluate different electrocatalysts. The overall
reaction of water splitting is (eqn (1)):

H>O () < H; (g) + 120, (g) (AG > 0) 1)

Thermodynamically, this reaction is up-hill and non-
spontaneous process. The minimum energy required to split
one water molecule is 2.46 €V (AG = 237 k] mol ). As overall it
is a 2e process, the minimum potential required to split water is
1.23 V. However, experimentally, most of the electrolysers
require a potential greater than this to overcome the electro-
kinetic barrier of the electrode. Electrochemical water splitting
takes place via two half reaction: oxygen evolution reaction
(OER) on anode and hydrogen evolution reaction (HER) on
cathode (eqn (2) and (3)).

2H" + 2¢e~ < H, (g) (water reduction) (2)
2H,0 (1) < 4H" + 4e™ + O, (g) (water oxidation) (3)

The water oxidation is a 4e” transfer process and thus is
kinetically sluggish with a minimum required potential of
1.23 V (vs. NHE), while HER, a 2e process is kinetically and
thermodynamically facile (0 V vs. NHE). The overall water
splitting is energy driven and this energy may be derived from
solar/light energy (photocatalytic process) or electrical energy
(electrochemical process) or combination of both solar and
electrical energy (photoelectrochemical PEC process). The effi-
ciency of an electrocatalyst for OER or HER may be evaluated on
the basis of the many electrocatalytic kinetic parameters such as
overpotential (n), exchange current density (i;) and (c) Tafel
slope. When an electrochemical reaction proceeds on applica-
tion of a reasonable potential, it is kinetically controlled. Apart
from the required thermodynamic potential, in practice an
additional potential to overcome the kinetic factors such as ion
mobility (diffusion), circuit resistance and entropy. This excess
potential required is termed the overpotential. The intrinsic
rate of electron transfer between an analyte in solution and the
electrode is reflected by the exchange current density. Thus, the
effectiveness of a catalyst for a given electrochemical reaction
under a given set of conditions can be quantified. Tafel slopes
(b) are derived from the linear portion of the graph of over-
potential versus the logarithm of the current density for
a particular electrocatalyst catalyzing a particular reaction.
Thus, it quantifies the change in electrocatalytic performance of
an electrocatalyst over a given potential range. Catalysts with
smaller values of the slopes need smaller increments of over-
potential to give higher current density, thus making them
more effective. While comparing different catalysts, in general,
ones with higher i, at lower n and a smaller value of b are said to
be more active though other factors such as stability under
operating conditions and the tendency of the constituent
metals to get oxidized at higher 7 has also to be considered.
Currently, the benchmark catalyst(s) for HER is Pt/C and for
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OER they are IrO, and RuO,. However, Pt/C performs best in
acidic medium and has limited OER in alkaline medium.
Additionally, IrO, and RuO, perform excellent as catalysts for
OER in alkaline media in which they have poor HER activity.
Research is ongoing to (a) find cheaper alternatives to the
currently used precious metal based catalyst for these processes
(b) more versatile catalysts e.g. the same catalyst being able to
perform multiple transformations like HER and ORR (oxygen
reduction reaction), HER and OER and (c) more robust catalysts
in terms of stability under acidic or basic conditions.

Our group has produced several classes of inorganic mate-
rials, synthesized by hydrothermal or microemulsion routes
that demonstrated electrocatalytic water splitting, OER or HER
activity. This included (a) metal nanoparticles (b) bimetallic
alloy nanoparticles of Co, Ni Fe and Cu (c) ternary alloy nano-
particles (d) metal cobaltites and manganites as well as (e) metal
chalcogenide based composites. The catalysts were adequately
characterized and their electrocatalytic activity was evaluated by
the usual techniques. In the following sections we shall briefly
describe our work and comprehensively review the reports of
catalysts of similar nature that have been synthesized by
microemulsion and hydrothermal routes and have demon-
strated electrocatalytic water splitting, OER and HER activity.

2. Hydrogen and oxygen evolution
(HER and OER) activity of
electrocatalysts prepared by
hydrothermal and microemulsion
methods

Hydrothermal methods have been used to modify the properties
of nanostructures as well as synthesize nanostructures with
unique shapes, sizes, morphology and other physical and
chemical properties that have shown better electrochemical
performance. For e.g. the hydrothermal treatment was used to
improve the electrochemical activity of surface oxidized
MWCNT for OER, HER and ORR (Fig. 1).* The oxygen content
was not appreciably reduced and the significance of this treat-
ment is that this is relatively mild as compared to the high
temperature methods. Hydrothermal treatment resulted in
enhanced surface hydrophilicity, tuning of the oxygen func-
tional group composition and reduction in defective sites and
thus subsequently improvement of electrical conductivity of the
MWCNT. This was attributed to increase in C=0 containing
functional groups which have stronger electron withdrawing
abilities.

The microemulsion technique, as discussed above is also
another widely reported low temperature method used to
engineer the morphology, shape, size and such physical char-
acteristics of the nanostructures. These variations in
morphology and other physical characteristics have been shown
to deeply influence the electrochemical response of these
nanostructures. Our group reported the microemulsion
synthesis of nanocrystalline Cu nanoparticles of varying
morphology** and evaluated their HER and OER performance.

RSC Adv., 2018, 8, 25065-25078 | 25067
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(i) Acid oxidation in a Piranha mixture (75 ml H,SO,, 25 ml 30% H,0,), 5 hours, 25 °C.

(i) Hydrothermal treatment at various temperature for 18 hours.
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Fig. 1 Enhancement of electrocatalytic property and modification of physical properties by hydrothermal treatment.?®* Reprinted with
permission from ACS Appl. Mater. Interfaces, 2016, 8(51), 35513-35522. Copyright 2016 American Chemical Society.

Nanocubes (~50 nm) nanorods (diameter of ~3 nm and length
of ~50 nm) and nanospheres (5 nm) were synthesized and
subsequently reduced at 400 °C in a hydrogen atmosphere. It
was observed that the cube-shaped nanoparticles show signifi-
cantly higher hydrogen and oxygen evolution efficiencies as
compared to the nanorods and spherical nanoparticles. The
nanospheres show better hydrogen and oxygen evolution effi-
ciencies than the nanorods, though from the similar Tafel
slopes (—0.16 mV per decade to —0.25 mV per decade) it was
inferred that the mechanism of electron transfer is same for all
morphologies. HER reactions were carried out in 0.1 M CI™
while OER were carried out in 0.1 M KOH. We also reported the
synthesis of Cu nanoparticles from Cu-oxalate precursors
synthesized by microemulsion techniques.”® HER and OER
experiments were carried out in alkaline medium. In the case of
HER the current densities were found to be 12 mA cm™? (over
glassy carbon electrode) and 46 mA cm > (over Pt electrode)
which were significantly higher than previously reported values
(maximum 1 mA cm~?). For OER, the current density was found
to be 1.6 mA cm > (that was slightly higher) for the glassy
carbon electrode and 15 mA cm ™ for Pt as the working elec-
trode, values that were 4-30 times higher than earlier reports.
The high efficiency was thought to be related to the high surface
area (34 m> g ") of these crystalline Cu nanoparticles. Addi-
tionally, these particles show good stability as electrocatalysts
and retain their activity after even 50 cycles.

2.1 Binary alloys

Our group reported the synthesis of Cu-Co core-shell nano-
particles*® by microemulsion methods and evaluated the

25068 | RSC Adv., 2018, 8, 25065-25078

electrochemical activity of these particles by means of HER by
splitting water. Electrochemical studies of these nanocrystalline
Cu-Co alloy particles indicate higher HER efficiencies (~5
times) compared to bulk (micrometer-sized) Cu-Co alloy parti-
cles. We also reported that binary Fe-Co nanoparticles show
significant enhancement of electrocatalytic activity as compared
to bulk alloys.”” The microemulsion based synthesis of these
alloys was reported for the first time and various alloys of the
composition Fe,5C0,s5, Feg;C033, Fe50Cos, and Fe;;Cog; with an
average size of 20, 25, 10, and 40 nm, respectively, were ob-
tained. Nanoparticles of the alloy with composition Fe;;Cog
exhibit the highest hydrogen and oxygen evolution efficiencies
(~100 times higher) as compared to other Fe-Co alloys in
nanocrystalline or in bulk form (Fig. 2). It was postulated that
this composition performs best due to the higher concentration
of Co, which was reported to be a better electrocatalyst. NiTe
nanostructures anchored on three-dimensional nickel foam
were synthesized using the microemulsion method were re-
ported as high-performance catalyst for electrochemical water
oxidation by Li et al.*® The high efficiency was attributed to the
2D NiTe ultrathin nanosheets which have large number of
exposed active sites and 3D hierarchical porous structure.

2.2 Ternary alloys

Our group has reported the HER activity of two ternary alloy
catalysts'”* both prepared by the microemulsion method. Cu-Fe-
Ni ternary alloy* nanoparticles of varying compositions (1:1:1,
1:2:1and 1:1: 2) and sizes (55-80 nm) were prepared using
CTAB as the surfactant, 1-butanol as co surfactant and iso-octane
as the oil phase. When these nanostructured alloys were evaluated

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Cyclic voltammograms showing the effect?” of composition on
the electrocatalytic properties of Fe—Co alloys. Reprinted with
permission from J. Phys. Chem. C, 2010, 114(44), 18779-18784.
Copyright 2010 American Chemical Society.

for HER in a basic medium a very high current density of 228 mA
cm™ 2 at an overpotential of 545 mV with an onset of —267 mV was
achieved for the 1:1:1 alloy. Two metals, one with weak M-H
binding affinity (Fe) and the other with strong M-H binding
affinity (Cu) were alloyed with Ni, which is the most appropriate
choice for a low cost catalyst for HER. Spherical Cu-Co-Ni alloy
nanoparticles' of composition, 1:1:1,1:1:2and 1:2:1 were
synthesized by reverse micellar method. These were evaluated for
HER activity in the acidic medium with the 1:1: 1 composition
demonstrating the best performance exhibiting a low onset over-
potential (257 mV) and a small Tafel slope (102 mV dec™ ) at
current densities of —10 mA cm ™. The catalyst was stable for over
500 cycles. Xie et al.*® performed hydrothermal sulfurization on the
surface of AgCuZn alloy to obtain AgCuZn sulfide nanoparticles,
which on electrochemical treatment resulted in CuO-Ag,0 nano-
wire arrays on the alloy surface. The composites were reported to
be efficient and stable electrocatalysts for water splitting OER
reactions. An Au based alloy, AuCuCo prepared hydrothermally®
was reported to exhibit comparable electrocatalytic activity and
better stability towards OER in alkaline media as compared to
commercial Pt/C and IrO,/C catalyst. Additionally, this catalyst was
active for ORR too. The improved electrocatalytic activity of
AuCuCo was attributed to its unique three-dimensional structure,
the abundance of twin crystals, and change in the electronic
structure of Au by alloying. However, the exact reasons for better
performance at this juncture requires further studies for
a complete understanding.

2.3 Metal chalcogenides and supported metal chalcogenides

The most studied material for electrochemical applications that
falls in this category is MoS,. Our group reported MoS,

This journal is © The Royal Society of Chemistry 2018
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functionalized Mo,N nanostructures.®> The MoS, nanosheets
were prepared by hydrothermal methods. Additionally,
different morphologies of Mo,N (hexagonal, triangular and
nanowires) were also synthesized by hydrothermal methods.
HER activity of the composites (MoS,-Mo,N) were evaluated in
an acidic medium and it was determined that the presence of
interfaces and junctions contributed significantly to the elec-
trocatalytic activity as evident from the low charge transfer
resistance. It was also demonstrated that the HER activity of the
Mo,N-MoS, composites is superior as compared to the bare
MoS, and Mo,N nanostructures. Additionally the triangular
composites had the best electrochemical response (Fig. 3).

A Co doped 2H-MoS, ultrathin nanomesh with high defect
concentration and large porosity was demonstrated to improve
the electrochemical performance for HER.** A 3D reduced gra-
phene oxide (RGO) scaffold acted as channels for fast electron
and ion transport. This 3D defect-rich MoS, nanomesh/RGO
foam can be easily obtained through a one-pot cobalt acetate/
graphene oxide (GO) co-assisted hydrothermal reaction, in
which GO, Co and acetate ions are co-morphology-controlling
agents and defect inducers. The experimental studies were
complemented by DFT calculations that indicate that the
defects result in formation of Co-Mo-S structures, thus
releasing inert basal planes to active sites. Layer expanded MoS,
nanosheets/carbon fiber nanocomposites were synthesized by
the hydrothermal method by an in situ reduction of ammonium
tetrathiomolybdate on carbon fibers and evaluated for HER.**
The HER studies show that the composites with Mo/C molar
ratio of 0.04 has the highest catalytic activity with the lowest
overpotential (131 mV vs. RHE) and the highest current density
(10 mA ecm 2 at 200 mV vs. RHE). This was attributed to
a balance between the number of exposed active edge sites of
MoS, and fast transport paths for electrons provided by carbon
fibers. EIS spectra indicate low charge transfer resistance indi-
cating fast faradaic process and superior HER studies.
Composites of graphene with amorphous transition-metal
chalcogenides (MoS,, WS,) that were synthesized by hydro-
thermal techniques were reported as electrocatalysts for HER in
acidic media.*® MoS,/graphene composites perform much
superior to WS,/graphene composites. This was attributed to
the surface oxidation in the WS, based composites, as inferred
from XPS studies. The onset potential was close to the HER
onset potential of industrially used platinum catalysts. MoS,/
Ni3S, nanorod arrays aligned on Ni foam (Fig. 4) were demon-
strated to function as electrodes for overall water splitting
reaction.*® The catalysts were stable and a high current density
at low overpotential was achieved. To achieve current density of
10, 100, 200 and 300 mA cm ™2 in an electrolyzer, potentials of
1.467, 1.593, 1.640 and 1.661 are required. EIS studies indicate
low charge transfer resistance indicating fast electron transport
efficiency in the composite.

Li et al.*” reported SnS, modified TiO, nanobelt based elec-
trocatalysts which displayed significant enhancement of elec-
trocatalytic properties w.r.t. OER. This performance was
explained based on large contact area of the TiO, nanobelts and
the stability of the SnS, nanosheets. Additionally, the exposed
crystal facets of TiO, and the change in “valence bond

RSC Adv., 2018, 8, 25065-25078 | 25069
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(a) Linear sweep voltammetry graphs depicting the current densities of triangular MN-MS composites with various components of MoS,

(b) LSV curves of Mo,N—-MoS, components with differing morphologies (c) Tafel plot obtained from the LSV curve of triangular MN-MS. A Tafel
slope of 59 mV per decade is observed.*? Reprinted with permission from ACS Appl. Mater. Interfaces, 2017, 9(23), 19455-19461. Copyright 2017

American Chemical Society.

environment” due to formation of heterostructures was attrib-
uted to the electrochemical properties. An overpotential of
570 mV with a current density of 10 mA cm™ > and a low Tafel
slope of 107 mV per decade was reported. Nickel sulfide nano-
sheets directly grown on Ni foam were reported to be efficient
and stable as electrocatalysts used for water reduction and
oxidation in alkaline medium.*® A hydrothermal-sulfurization
method in Na,S solution was used to obtain Ni;S, nanosheets
directly grown on Ni foam. For HER, only a low overpotential of
—122 mV is needed to achieve a current density of 10 mA cm >
with a small Tafel slope of 69 mV dec . For OER, it delivers
a current density of 20 mA cm ™ at the overpotential of 320 mV
and a Tafel slope of 71 mV dec™". When used in an electrolyzer
(catalyst acts as both an anode and cathode), for overall water
splitting, a potential of 1.61 V was required to achieve a current
density of 10 mA cm™?; while the corresponding potential
required to achieve a current density of 20 mA cm ™ > was 1.67 V.
The high electrocatalytic activity was attributed to the facile
mass transport due to the unique 3D structure. NisS,/ball-
milled silicon powder was prepared by hydrothermal tech-
niques and was reported as a bi-functional electrocatalyst for
HER and OER.* The catalyst was prepared by grafting heazle-
woodite (NizS,) on the silicon powder ((Ni;S,/Si) — ball-milled
and a control non-ball milled) silicon powder through

25070 | RSC Adv., 2018, 8, 25065-25078

a hydrothermal process. The products were then etched using
the HF solution to prepare the modified porous silicon based
composites. These catalysts exhibited electrocatalytic activity
towards both alkaline and acidic HER with Tafel slopes of 74
and 52 mV dec™ ' respectively. An electrocatalytic activity for the
OER (in 1 M KOH) with an overpotential of 164 mV dec™" was
reported. The catalyst with a porous structure and a ball milled
support exhibited the highest efficiency. The use of this
bifunctional catalyst in an overall water splitting electrolyzer
was not discussed.

As mentioned earlier, most of the studies conducted usually
deal with synthesis of new nanostructures and/or composites
and evaluation of their activity towards OER or HER reaction.
Thereafter, based on the activity, qualitative explanations based
on interaction of the components of the composite or those
based on surface area are used to explain the activity of the
materials. It is essential to have a more focused study to
understand the efficiency of a specific nanocomposite towards
HER and OER reactions. Chia et al.*® performed a detailed study
on the role of the structural features of layered orthorhombic
SnS as compared to hexagonal SnS, that led to higher inherent
electro-activity in SnS,. Three distinct cathodic signals were
obtained in SnS, as opposed to a broad reduction peak in the
largely electro-inactive SnS. Additionally, SnS, exhibits a faster

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a—c) TEM and (d—f) HRTEM images of MoS,/NizS, nanorod
arrays aligned on Ni foam. Reproduced from ref. 36 with permission
from the Royal Society of Chemistry.

heterogeneous electron transfer (HET) rate than SnS. It may be
mentioned though that both SnS and SnS, show much lower
current density than the glassy carbon electrode. For the OER
and ORR, these electrocatalysts do not perform well. However,
both these catalysts perform very well as HER electrocatalysts,
their performance surpassing the GC electrode. Amongst the
two chalcogenides, SnS, has better performance for the HER.
The difference in HER performance was investigated and
explained by means of HER electrode kinetics and density
functional theory (DFT) calculation. By means of electro-
chemical impedance spectroscopy (EIS), SnS, demonstrated
a significantly faster HER kinetics than SnS. The DFT study
unveiled that the high electrocatalytic performance of SnsS,
originated from the favorable AGy at the S edges. AGy; of SnS at
all edges are disadvantageous for HER. In another study,* the
absolute electronic energy levels have been investigated in
AgInS, by varying the relative composition of the elements and
crystallographic phases. These structures were synthesized
using solvothermal methods and found to have a good elec-
trocatalytic activity towards HER that were strongly dependent
on the composition and the crystal structure of these nano-
crystals. The monoclinic structures were found to be the most
active as HER electrocatalyst, whereas cubic AgInS, was
observed to be the least active of the studied crystallographic
phases and compositions. The electrocatalytic activity of the
monoclinic structures is almost comparable to the MoS,-based

This journal is © The Royal Society of Chemistry 2018
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nanostructures reported in the literature. From these studies it
was understood that the Fermi level of these nanocrystals is an
important factor for deciding the electrocatalytic efficiency. Ni-
Fe sulfides supported on Ni foam (NF) were synthesized by
a hydrothermal sulfurization method and reported as efficient
catalysts for OER.*” NiFeS/NF exhibits an overpotential of 65 mV
at 10 mA cm ™2, much lower than most Ni-based electrocatalysts.
Additionally, at 100 mA cm ™ the overpotential is 189 mV sug-
gesting promising OER activity for large scale applications.
However, the catalyst suffers from stability issues and to remedy
the situation a layer of Fe was electrodeposited on this, which
however resulted in lower performance.

Monoclinic CozSe, nanowire electrodes on cobalt foam
(Co;Se,/CF) were synthesized by a hydrothermal method using
selenourea and evaluated for OER.** In an electrolyzer where
Co3Se,/CF acted both as a cathode and anode respectively for
overall water splitting, a potential of 1.55 V was required for
a current density of 10 mA cm ™~ while for a current density of 20
mA cm ™ a potential of 1.63 V was required. Significantly, the
electrolyzer operated at 10 mA cm ™ for over 3500 h and at 100
mA cm 2 for at least 2000 h without noticeable degradation.

2.4 Metal oxides

Our group has reported the electrocatalytic properties of
nanostructured dimagnesium manganese oxide (Mg,MnO, -
spinel structure) obtained from metal oxalate precursors
synthesized by a microemulsion route.** The anisotropy of the
metal oxalate is retained in the oxide and rod shaped structures
are obtained. These nanostructured Mg,MnO, (Mn is in +IV
state) are efficient anode materials for OER displaying a current
density of 14 mA cm > (vs. Ag/Ag"). The anodes are stable over at
least 30 cycles of oxidation and reduction in an alkaline
medium. Cobalt magnetites (Mn,Cos;_,O,4, x = 1) based elec-
trocatalysts was reported earlier by our group for water splitting
applications.*® These magnetites were synthesized by hydro-
thermal methods and two nanocrystalline phases, cubic
Co,MnO, and tetragonal CoMn,0, were successfully synthe-
sized by varying the stoichiometric ratio of Co and Mn salts. The
cubic Co,MnO, nanocubes displayed five times higher activity
towards ORR than tetragonal CoMn,0, nanocubes while the
latter phase is a better electrocatalyst towards OER (Fig. 5). XPS
analysis shows the presence of two types of O on the surface,
(lattice O and surface adsorbed O) and the electrocatalytic
activity can be correlated to the oxygen binding ability on the
catalyst surface. Additionally, it was determined that Co(mr) and
Mn(m) dominated over Mn(w).

Orthorhombic molybdenum oxide (¢-MoO;) nanobelts that
were greater than 10 nm wide and less than 200 nm long were
synthesized by hydrothermal methods.*® These belts displayed
satisfactory properties for HER reactions and their electro-
chemical performance (evaluated by means of Tafel plots) was
~1.7 times superior to the commercially available MoOj;. Co or
Ru doped o-MnO, nanorods were produced by a continuous
hydrothermal synthesis process (10 ¢ h™) and were reported to
be efficient catalysts for OER reactions.” DFT calculations
complemented experimental studies to evaluate the role of the

RSC Adv., 2018, 8, 25065-25078 | 25071
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dopants on a-MnO, support. The OER and ORR activity were
found to be comparable to the commercially available RuO, and
Pt/C catalysts. Ultrafine PtO, nanoparticles coupled with
a Co(OH)F nanowire array on a TiO, mesh were prepared by
hydrothermal techniques and were evaluated for electro-
chemical HER.*® This composite was reported to be highly active
and durable for the HER in alkaline media (Fig. 6). This high
efficiency has been attributed to a strong synergetic effect
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between spatially separated ultrafine PtO, nanoparticles and
Co(OH)F. The above hydrothermal process, wherein anion
exchange of [PtCl¢]>~ with OH ™ leads to an in situ generation of
PtO, nanoparticles on Co(OH)F nanoarray/titania mesh, is
simple and maybe easy to be scaled up. DFT calculations indi-
cated a nearly barrierless water dissociation and optimal free
energy of H adsorption (AGy+) on the interface of PtO, and
Co(OH)F. However further investigation on the nature and
identity of the active site is warranted to obtain an in-depth
insight of the reaction mechanism. Chen et al.* studied the
OER activity of Co;0, nanoflakes synthesized using microwave
assisted hydrothermal methods (Scheme 3). These mesoporous
nanoflakes exhibited OER active properties as well as good
catalytic stability. This was attributed to both the stability of
unique mesoporous structure and highly reactive facets. The
active electrocatalyst was postulated to be a Co(v) species.
Hydrothermal synthesis of Co3;0, nanowire electrocatalysts
for oxygen evolution reaction was reported.*® Glycerol was used
as a morphology directing agent which led to short nanorods in
~4 h while a longer reaction (~12-16 h) produced longer rods
which were termed as nanowires. The aspect ratio of the
nanowires after 16 h reaction time was 28 : 1. After ~24 h it was
observed that the nanowires had assembled into bundles. The
Co3;0, nanowires obtained after ~12 h of reaction were found to
be electrocatalytically most active due to highest surface area. A
close correlation of the OER catalytic activity is observed with
the oxidation state and the density of active sites of the catalyst
exposed to the electrolyte solution. Though both Co;04 nano-
wires and nanoparticles exhibited a considerable loss in OER
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Fig. 6 (a) LSV curves recorded at a scan rate of 5mV st and (b) the resulting Tafel plots. (c) Schematic of water adsorption, water activation, and
hydrogen generation processes for PtO,—Co(OH)F NA/TM. Nano Array = NA; Titania Mesh = TM. Reproduced from ref. 48 with permission from

the Royal Society of Chemistry.
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ACS Appl Mater Interfaces 2015, 7(5), 3306—-13. Copyright 2015 American Chemical Society.

activity during the stability studies, the former produced higher
catalytic current than the latter which was attributed to
a slightly higher stability. NiO nanoparticles supported on C
nanobelts were synthesized by direct oxidation of Ni foam using
hydrothermal techniques and these composites were found to
be active for both OER and HER.** The NiO nanobelt/C has
a much lower HER efficiency than the bare NiO nanobelt elec-
trodes and Pt electrodes which was attributed to a layer of
nanocarbon deposition on the nanobelt. However, the OER
performance was better for the composite due to the N doped C
layer. The source of N was dopamine that was used as
a precursor for the C supports. The C layer was also predicted to
mechanically protect the nanostructure and enhance electro-
chemical stability. However, an indepth study is required to
elucidate the role of the C and N on the electrocatalytic process.
Even though the same catalyst was active for both HER and
OER, in this report its performance for overall water splitting
activity in an electrolyzer (where the same catalyst is used as
a cathode and anode in a single cell) was not evaluated. NiCo0,0,
rods over Coz0, nanosheets synthesized by a two-step hydro-
thermal method were reported as efficient catalyst for water
splitting reactions.®> The OER activity of the composite (peak
current: 4.18 mA cm™ %) was an approx. 2.25 times higher than
that of commercial RuO, catalyst (1.84 mA cm™2). The satis-
factory electrochemical performance of the composite material
was attributed to the oxygen-deficient 3D architecture providing
more catalytic active sites. NiCo,0, nanowire arrays® prepared
by hydrothermal techniques were reported to catalyze the OER
in 1 M KOH electrolyte. The catalyst exhibits higher catalytic
activity than Co;0, and NiO which is attributed to a larger
surface area, one-dimensional architecture, higher conductivity
and synergy between the components in the bifunctional cata-
lyst. The current density observed was 90 mA cm™> at 0.9 V vs.
SCE and the Tafel slope was reported to be 62 mv per decade.
Zn** and Cu* doped Co0,0, quantum dots (Zn-Co and Cu-Co
bimetallic oxide) on N-doped carbon nanotubes prepared by
hydrothermal methods were evaluated electrocatalytic water
splitting activity. The former exhibited OER activity, while the
latter exhibited both OER and HER. The electrolyte used for
evaluating both catalysts was 0.1 M KOH. For the Zn doped
material® a current density of 10 mA cm > was observed at
1.65 V (OER), which was comparable to IrO, on N doped carbon

This journal is © The Royal Society of Chemistry 2018

nanotubes. When the Cu-Co,0, based catalyst was evaluated
for OER, a current density of 10 mA cm™ > was observed at 0.7 V
(vs. SCE) while for HER a current density of —5.5 mA cm™ 2 was
observed at —0.7 V (vs. SCE).

An interesting report demonstrates in situ activation (by
electrochemical oxidation reduction cycle-EORC) of stainless
steel rust (mixture of Ni and Fe oxides) towards “low-cost, effi-
cient, free-standing, and recoverable oxygen evolution elec-
trodes.”*® The process developed could “mimic and expedite”
the corrosion process, and thus activate stainless steel as free-
standing OER electrodes. The production of -electrolyte-
accessible Fe/(Ni) oxyhydroxides, as well as the high conduc-
tivity and mechanical stability, this electrode exhibited good
OER performance including low overpotential, fast kinetics,
and long-term durability. Another interesting aspect is that the
minor degradation in current after long-term use could be
handled in situ by an EORC. Mn doped Co tungstates, Co;_,-
Mn, WO, (x = 0 to 1) were reported as bifunctional catalysts for
OER and ORR.” These nanocrystalline oxides with selective
termination of low surface energy planes were synthesized by
hydrothermal method. Substituting Mn enhances the catalytic
activity leading to a negative shift in the Co**/Co®" redox wave
and onset of the OER, indicating a strong Mn-Co electronic
interaction. Co, sMn, sWO, was found to be the most efficient
catalyst in the series for both the OER and ORR with a combined
overpotential of 0.89 V. It exhibited an OER current density of 10
mA cm > at an overpotential of 400 mV. DFT calculations
indicated that the substitution of Mn in CoWQ, elevates the 3d
metal d band center closer to the Fermi energy and hence eases
the electron transfer to facilitate ORR and OER. Au/NiC0,0,
arrays prepared hydrothermally were reported.”® These nano-
arrays exhibited OER activity that was several folds higher than
the well-known catalyst Ir/C (at 1.75 V vs. RHE). The 2 wt% Au
loading was the most active catalyst with a small Tafel slope
(63 mV per decade) and an overpotential of 370 mV to achieve
a current density of 10 mA cm™ 2. The activity of the catalysts
with lower loadings (1.5 wt% Au) and higher loadings (3.7 wt%
Au) catalysts were much lower. The catalysts show good stability
in alkaline solution, making them suitable for water oxidation
catalysis. It was hypothesized that the incorporation of Au acts
as an electron sink and facilitates the oxidation of Co to +IV
state, thus contributing to enhanced electrocatalytic activity. Au

RSC Adv., 2018, 8, 25065-25078 | 25073
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was also hypothesized to be helpful in the formation of the OOH
intermediate that is highly unstable and decomposes to
molecular O, rapidly. A composite of spinel ZnCo,0, and Au
nanodots on CNT prepared by hydrothermal methods was
evaluated for OER.* The catalytic activity increases with
increased Au loading and surpasses IrO,. A current density of 10
mA cm > was observed at 1.67 V (vs. RHE) while 97.8 mA cm 2
(vs. RHE) was observed at 1.8 Vwhen 1 M KOH was used as an
electrolyte. RuO, is the most active catalyst for the OER but it is
unstable and known to oxidize to RuO,. IrO, is more stable, but
has a lower activity. To address these shortcomings in the
individual Ru and Ir based catalysts, a pyrochlore based solid
solution (Nag 33Ceq.67)2—(Ir; _xRU,)20- (0 < x < 1), containing Ru
v and Ir v at the B-site was evaluated as a catalyst for OER in
acidic conditions.® This catalyst was prepared by hydrothermal
methods and the atomically mixed Ru and Ir as well as their
nanocrystalline form allows effective fabrication of electrode
coatings with improved charge density over the well-known
(Ru,Ir)O, catalysts. Using XANES spectroscopy an in situ study
of the catalyst at the Ir L m and Ru K edges indicated that both
Ru and Ir participate in the redox chemistry at OER conditions
and that Ru is more active than Ir. Ru gets oxidized by almost
one oxidation state at maximum applied potential, additionally,
there was no evidence for presence of ruthenate or iridate in
oxidation states of +6 or higher. The above studies can poten-
tially be used for future catalyst development.

2.5 Other miscellaneous materials

Our group has reported the electrocatalytic activity of Cu/Cu,O
nanocomposites which were obtained from precursors synthe-
sized by microemulsion methods.®* HER and OER were under-
taken using these catalyst on glassy carbon as working
electrodes in an alkaline solution. In HER experiments, these
Cu/Cu,O nanocomposites produce ~8 times higher current
density than Cu and ~4.5 times higher than Cu,O. In the case of
OER studies, the current density is 36 times higher than Cu and
2.9 times higher than Cu,O. The higher activity in the
composites was attributed to the fast electron transfer rate at
the interfaces in the nanocomposites. The electrocatalyst (Cu/
Cu,0) was stable over 50 cycles. Synthesis of Ag nanoparticles
decorated hematite “nano-dendrite” electro-catalysts and its
methanol assisted water splitting application has been investi-
gated.®> The performance of catalyst synthesized by chemical
precipitation was found to show better catalytic activity than the
one prepared by hydrothermal methods. The observed
enhancement in electro-catalytic properties was attributed to
the synergistic effect of hematite dendrites as well as on the
larger surface area of dendrite structure leading to higher
loading of Ag NPs, however no concrete evidence to support this
was provided. Fe-doped Ni,P nanosheet arrays were reported as
bifunctional catalysts (both HER and OER) for overall water
splitting.®® These catalysts were synthesized by hydrothermal
method followed by in situ phosphorization. The (Ni, 33Feq.¢7),P
exhibited good activity towards OER with a small overpotential
of ~214 mV to achieve a current density of 50 mA cm >
However, there was strong evidence that active species for OER

RSC Adv., 2018, 8, 25065-25078 | 25075
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was an oxidized species MO,/MOOH (M = Ni, Fe)/Fe-doped Ni,P
rather than the phosphide species (Nig 33Feq.67),P itself. When
used in an electrolyzer, a potential of 1.49 V was required to
achieve a current density of 10 mA cm 2. Cobalt carbonate
hydroxide supported on a carbon (CCH/C) catalyst synthesized
via a hydrothermal method was reported to be an active catalyst
for OER and ORR reactions.** It was found that changing the
reaction time leads to a phase transition from orthorhombic to
monoclinic after 16 h. The electrocatalytic properties of the
composite were strongly dependent on the crystalline phase of
the CCH. Ni,P nanoparticles decorating the surface of
MoO,@MoS, (Ni,P/MoO, MoS,) were reported to be active for
both HER and OER.* The precursor, NiMoO, wires growing on
Ti foil were synthesized via a modified hydrothermal reaction.
Incorporation of different classes of materials (viz oxides,
phosphides and chalcogenides) in the same catalyst helps to
achieve a unique multifunctional catalyst. Such techniques may
be used for synthesis of various other multifunctional catalysts
that are not limited to water splitting applications. Table 1
summarizes the water splitting activity of some of the catalysts
that were synthesized by hydrothermal/microemulsion
methods.

3. Conclusions and current
challenges

Electrocatalysts synthesized by low temperature hydrothermal
and microemulsion methods for water splitting applications
were reviewed. Various categories of electrocatalysts like metal
nanoparticles, binary and ternary alloys, metal oxides and
metal chalcogenides have been discussed. The choice of
electrocatalysts broadly corresponds to the classes of mate-
rials, synthesized by these above-mentioned techniques, that
have been investigated by our group in the past. In general for
the design of the catalysts, the different approaches adopted
are (1) alloy different transition metals (2) synthesize
composites with a large surface area, high crystallinity, large
interlayer spacing and porous structure and (3) synthesize 3D
structures supported usually on supports such as Ni foam, Cu
foam etc. The shape and morphology of the nanoparticles was
definitely found to influence the electrocatalytic properties.
Thus, low temperature techniques like hydrothermal and
microemulsion processes that allow control of morphology
and similar physical properties are highly suitable for devel-
opment of water splitting catalysts. However, one of the
primary drawbacks for the use of microemulsion and hydro-
thermal based synthesis of electrocatalysts is the inherent
difficulty in removal of the surfactants post synthesis. These
surfactants are usually charged and may contain heteroatoms.
Even though calcination results in removal of carbonaceous
species, the role of other species, e.g. bromide ions in CTAB
(a commonly used surfactant) that may interfere in electro-
catalytic process is often ignored in literature. A more inten-
sive approach to screen and address this issue is highly
desirable. It is recommended that the scientific community
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use the available analytical tools to specifically look for prob-
able interfering ions that may originate from surfactants.

Though some electrolysers have been developed where
overall water splitting to produce H, and O, have been reported,
an electrocatalyst which is bifunctional in terms of catalyzing
both HER and OER in the same electrolyte is still a challenge.
All the bifunctional catalysts (active for both HER and OER)
reported here require more than 1.4 V to achieve a current
density of 10 mA cm 2. At such high potentials, there are ample
possibilities for a change in oxidation states of the constituent
transition metals. It was seen, that in literature, a majority of
the bifunctional catalysts, that catalyze both HER and OER have
Ni as a constituent. It is noteworthy though that Cu/Cu,O re-
ported by us is bifunctional for both these reactions. Co based
electrocatalysts are active towards OER reactions. There are
reports of using multiple functionalities (viz oxides, phosphides
and chalcogenides) in the same catalyst helps to achieve
a unique multifunctional catalyst with favorable electrocatalytic
properties. However, in such composites, the specific role of
each component/functionality would be difficult to elucidate
and thus a modular, bottom up approach with lesser number of
components is recommended. Additionally, use of complex
compositions may lead to waste management issues and the
corresponding environmental ramifications. In general Co and
Ni based catalysts are the best candidates for exploring overall
water splitting applications. Though there have been reports of
doping noble metals to enhance activity, industrial relevance
based on economic viability should be considered. 2D transi-
tion metal dichalcogenides based on Mo are also potentially
promising building blocks for such catalysts.

Additional challenges in the field are benchmarking, scal-
ability and determination of the electrocatalytically active site.
Benchmarking issues arise due to the use of non-standard
conditions, electrolytes and their concentrations. As seen
from Table 1, there is a lot of diversity in the choice of electrolyte
for the HER and OER studies. Further, the role of the electrolyte
and the possibility of interfering ions inherently present in
them in often ignored. There are a few recent studies that®® have
rigorously removed interfering ions (in this case Fe ions) from
the electrolyte (KOH), however, such practices are not usually
carried out. Another point to note is that often, especially in
some of the earlier studies, the role of impurities from the
reaction vessel was ignored. Usually glass vessels were used and
the highly basic conditions especially in OER reactions makes
them prone to etching. The role of silica and the additives (that
are etched out), were not thoroughly examined in these highly
sensitive electrocatalytic experiments. Teflon vessels are now
used as alternatives, however, still in these highly basic envi-
ronments, the role of constituent ions such as fluoride in these
is still an open question. Another aspect is the quality and the
uniformity of the catalyst film on the electrode. Even though the
proportion of the binder (e.g. Nafion) to the catalyst/support is
usually reported, the actual process of physical deposition of the
slurry on to the electrode is highly non-standard and the quality
of the film depends on the “experimental hand” of the experi-
mentalist. Often, this is also not reproducible, even in the same
lab. Moreover, there is the issue of film degradation due to

n
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bubble formation resulting from the hydrogen and oxygen
evolved. Adequate post catalysis studies are often not carried
out to address the issue of stability and determination of the
electrocatalytically active site.

Another major point that the current research is lacking is
the scalability and stability. Preparation of catalyst loaded
electrodes that can perform water splitting on an industrial
scale for a reasonable number of cycles that would make it cost
effective is still a challenge. As of 2016, the catalytic splitting of
water to form hydrogen and molecular oxygen via electrolysis
provides only 4% of the world's hydrogen.*” Thus, there is
ample scope of development of better performing electro-
catalysts for water splitting using hydrothermal and micro-
emulsion techniques.
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