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Highlights

e Electrochemical methods allow the control over the particle size and shape of metal
oxide and oxyhydroxide materials

e (Photo)catalytic properties depend on the structural geometry, size and crystallinity of
the metal oxide and oxyhydroxide nanoparticles.

e Various synthesis methods result in different nanostructure forms, namely thin films
or dispersed nanoparticles.

Summary
The synthesis of metal oxide and metal oxyhydroxide nanomaterials is a very active area of
research that has an enormous impact on the development and progress of new technologies.
This review summarizes the most relevant and recent work on the electrochemical synthesis
of metal oxides and oxyhydroxide nanostructures. It also provides the personal, critical view
of the authors regarding the advantages and challenges of the methods upon potential

commercialization.

Introduction

Metal oxides and metal oxyhydroxide nanoparticles play a central role in many areas of
chemistry, physics, biology and materials science due to their vast number of applications
such as catalysis, electronics, photonics, drug delivery, optics, sensing, environmental

remediation, and energy storage/conversion applications.[1-8]
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Such nanostructures, however, exhibit different physiochemical properties depending on the
particle size, the structural geometries and level of crystallinity. Metal oxide and metal
oxyhydroxide nanoparticles of the same material but different structure or particle size might
show different optical, thermal, electrical and chemical properties. In particular it is well
known that the size and surface structure play an important role in the photoelectrocatalytic
processes.[9, 10] Therefore, special attention should be paid to the selection of the synthesis
method, taking into account the close connection between the chosen pathway and the

size/shape/crystallinity of resulting oxide and oxyhydroxide nanostructures.

Many chemical and physical synthetic pathways have been explored for the preparation of
metal oxide nanomaterials and more recently metal oxyhydroxide nanomaterials with
exercisable control over size, shape and composition of mixed metal oxides.[11-16] The most
utilised approaches are sol-gel and hydro/solvo-thermal methods, which have been found to
be extremely versatile when it comes to the scope of products.[17-20] Nevertheless, the
utilization of the organic solvents/surfactants increases the cost, complexity, and likelihood of
surface contamination by adsorbing species. In addition, such methods quite often require the
implementation of high temperatures reaching over 1000 °C which result in the sintering of
the nanostructures with lower of control over the size and shape of the resulting
nanomaterials. These two methods, although very useful in the preparation of single metal
oxide particles, do not provide many opportunities to prepare mixed metal oxide
nanomaterials, an emerging class of materials with outstanding properties. Mixed metal
oxides can be prepared via a microemulsion method,[21, 22] which also provides tools to
control size, shape, and composition. However, emulsion formation requires the use of
surfactants — molecules that are prone to adsorb on the surface of particles and decrease their

activity due to the blocking of active sites.



Electrochemical routes have been shown to be powerful methods for synthesis of metal
oxides and oxyhydroxides nanostructures and more recent improvements in the
methodologies have demonstrated the potential to control the composition and/or

morphological features in the absence of adsorbing capping agents.[23-26]

The purpose of this short review is to highlight some of new electrochemical methods of
synthesis of metal oxides and oxyhydroxide nanomaterials. It does not aim to cover all the
methods of synthesis but to provide a personal view of notable methods that, given their
advantages, could potentially be commercialized. Specifically, we cover three synthetic
routes, namely electrochemical deposition (both cathodic and anodic), cathodic corrosion,
and galvanic exchange reactions. In addition, we will briefly discuss the impact of the
morphology and size of the metal oxides and metal oxyhydroxide nanoparticles prepared by

these routes in their (photo)catalytic activity.
Electrodeposition of nanostructured thin-film metal oxides

The generation of conductive metal oxides and oxyhydroxides via electrodeposition (ED) has
long been shown to be a useful synthetic route. ED is a highly versatile technique that: allows
for deposition under fixed potential or voltammetric conditions; operates at ambient/low
temperatures; has great potential for industrial scale-up due to simplistic setup and
mechanism; can be easily modified by variation of the substrate, operating potentials and/or

electrolyte constituents.

Early examples of the ED of oxyhydroxides involved the anodic deposition of aqueous
solution species, most commonly containing transition metal 2+ cations (M?*), onto
conductive metal substrates under potentiostatic control to generate oxide thin films for
(photo)electrocatalysis applications.[27, 28] Cathodic ED is facilitated by pH changes local

to the working electrode (WE) due to the hydrogen evolution reaction (HER) increasing the



concentration of hydroxide ions, which subsequently react with M®* to precipitate and deposit
metal hydroxide species, M(OH),, as thin films which can be further oxidised to the desired
metal oxide.[29-32] Homogeneous cathodic deposition of the (oxyhydr-)oxide is only
achieved provided that the reduction potential of M**/M° is sufficiently more negative than
that of H*/H,, otherwise the metallic form, M°, would be formed before the formation of the
M(OH), complex in the presence of liberated OH". Other reduction pathways such as nitrate
and nitrite reduction have been used as a precursors for the generation of OH" during the

cathodic ED of metal oxides and oxyhydroxides.[23, 27, 29-31]

ED of mixed oxides has been of particular interest in recent years due to their enhanced
stability and activity. Sayeed and O'Mullane demonstrated the use of cathodic ED to
synthesise single, binary and ternary oxides of Fe, Co and Ni utilising the hydrogen evolution
reaction (HER) as the avenue for OH™ generation and equimolar concentrations of the metal
salts.[29] Compositional analysis of the electrodeposited films, both before and after oxygen
evolution reaction activity evaluation, highlighted the less favourable deposition of Fe(OH),
under cathodic conditions compared to the other metals due to lower observed Fe content.
Under anodic deposition conditions, Fe deposition is more favourable, again hindering the
transferal of stoichiometry from equimolar electrolytes to the resulting thin film. Hu et al.
addressed this issue by replacing Fe?* with Fe** in the deposition solution, leading to in-situ
generation of Fe?* by reduction at the CE, thereby counteracting preferential Fe deposition

under anodic deposition conditions.[23]

The physical and electrochemical properties of the deposited oxyhydroxides is strongly
dependent on the substrate and the additives used for its ED as demonstrated by Lin et al. The
authors used a 3D porous Ni foam as substrate for the co-precipitation and deposition of Ni
and Co and NiCo mixed oxyhydroxides (Figure 1A(i)).[30] The combination of a 3D

substrate and introduction of oxygen vacancies in the crystalline structure via



oxidation/reduction steps using temperature annealing and reduction with (NaBH,), resulted
in an increase of the catalytic activity due to the increase of the surface area and active sites.
Similar synthetic routes were employed to co-deposit La(OH); and Fe(OH); to yield LaFeO3;
after annealing,[31] however, none of these studies have shown evidence for control of oxide
size, shape or morphology. Improvement of the methodology to allow further control of the
porous size and surface structure expose would be highly relevant in the development of this

type of catalyst.

Investigations into the controllable synthesis of nanostructured copper oxide (CuxO) have
been of particular interest in recent years due to the various applications in which these
materials have found use including the upraising investigation of the conversion of CO, into
fuel.[33-37] Li et al. conducted a comprehensive study on the nanostructures of Cu,O formed
by surfactant-assisted ED and observed that cubic structures are formed in the absence of the
sodium dodecyl sulfate (SDS) surfactant, while increasing the SDS concentration served to
reduce the cubic nature of the deposited oxide film, generating flower-like structures and,
finally, amorphous nanostructures under identical electrochemical conditions.[38] While the
presence of the surfactant in the reaction media seems to be relevant in the control of the
surface structure and particle size of the nanostructures, the adsorption of organic molecules
on the surface of the nanostructures might be a disadvantage in the utilization of this

materials for catalysis due to the decrease of the available active sites.

The preparation of oxide nanostructure thin films can be achieved by underpotential
deposition of metals under an oxygen atmosphere or electrodeposition/electrooxidation of the
surface.[32, 39, 40] Demir et al. demonstrated the capabilities of this method to prepare Cu,O
and/or CuO over Au surfaces.[24] As can be seen in Figure 1A(ii-iv), the concentration of O,
influenced not only the composition and termination of the copper oxides but also the

structure of the nanostructures. The Cu nanostructure deposited with low oxygen (O;) flow



rate resulted in the formation of cubic Cu,O (Figure 1A(ii)) while those films deposited under
a high O, flow rate displayed flower-like, dendritic CuO nanostructures (Figure 1A(iii)).
Variation of the O, flow rate during deposition, increasing from the lower to the higher rate
after 30 min, facilitated the formation dendritic CuO atop cubic Cu,O, evidenced by Figure
1A(iv), demonstrating the tunability of the process. The authors also showed the versatility of
the method by preparing the CuxO nanostructures onto ITO substrates, indicating that the

process is not substrate dependent.

Pritzker et al. employed AC ED onto deposit Cu,O thin films onto FTO substrates and
demonstrated how the parameters of the square waveform such as frequency can be used to
tuned the nanostructure of Cu,O deposits (Figure 1B).[25] The authors demonstrated that
morphological changes — cubic to spherical/amorphous nanostructures — could be obtained by
varying: the frequency, the amplitude and the duty cycle of the squarewave, the pH of the
solution and the Cu®* concentration. However, in all cases it appears that changes in the
square wave parameters served to change the equilibrium between the two morphologies, i.e.
only fluctuations between cubic and spherical particles are observed. Even though this work
has shown the capabilities of the method to prepare Cu,O nanostructures with defined
nanostructure, further studies are needed to demonstrate its versatility in preparing a wider
range of materials and fine control over the structure and size of the nanomaterials as a

function of the pH, temperature and more importantly, the underlying substrate.

The cathodic ED has been also used to prepare other highly ordered, crystalline, uniform
hierarchical metal oxide nanostructures such as ZnO nanostructures (Figure 1A(v-vi)).[41,
42] These hierarchical nanostructures were shown to possess improved activity towards the
electrochemical oxidation and sensing of hydrazine molecules compared to non-hierarchical
ZnO, with the observed improvement in sensing ability attributable to the significant increase

in the electrochemical surface area.[42]



Template-assisted ED is another route that has been shown to generate metal oxide
nanostructures by depositing the oxyhydroxide material into well-defined pore channels. Use
of porous templates was pioneered in the 1990s,[43-45] with reports on the ED of metal
oxides onto porous templates emerging at the turn of the 21% century.[46-49] Anodized
aluminium oxide (AAO) templates, commonly used materials generated by the anodization of
metallic aluminium, can be tuned to generate a variety of pore sizes, from a myriad of
electrolyte, applied potential and temperature systems.[50] The anodization of metals to
generate porous metal oxide nanostructures, i.e. nanotubes, has also been exploited for
different metals, particularly for self-ordered TiO, nanotube arrays (TNTAS) since this type
of material is useful for several applications; a comprehensive review of TNTAs can be
found in reference [51]. Most commonly, a 2-step anodization procedure is employed to
generate the TNTAs (Figure 1C), with homogeneous tube spacing and pore sizes observed at
the end of synthesis (Figure 1C(i-ii)). TiO, has long been known to be an active material for
photoelectrochemical water splitting,[52, 53] with the anatase form being more active than
ruilte or brookite, reported to be due to the presence of an indirect band gap which leads to a
relative increase in the lifetime of photogenerated charge carriers compared to rutile/brookite
systems, which have direct band gaps that facilitate a higher rate of charge carrier
recombination.[54] In the direct band gap materials, the electron wave vectors of the valence
band maximum and conduction band minimum are equivalent, resulting in direct
recombination with photo-generated holes. The non-equivalence of these two electron wave
vectors in direct band gap materials requires a transfer of momentum to occur before
recombination. Thus, the effective lifetime of the charge carriers is increased in indirect band

gap semiconductors.

Conversion of detached amorphous TNTAs to anatase by annealing at high temperature

would present the possibility of a flow-through water splitting system. However, the



annealing process introduces defects, namely bending and cracks, disrupting the tubular
channels. Schmuki and co-workers have addressed this issue in a series of reports published
in the last 2 years. They found that the inclusion of lactic acid in the anodization electrolyte
allowed for defect-free, TNTAs to be formed after annealing of the detached amorphous
membrane at temperatures >450 °C, generating crystalline anatase phases.[55] Further
investigations revealed that the anodization of Ti in organic electrolytes generates core-shell
structure, where a carbon-rich core is formed within the TiOx-rich shell, but the inner core
could be removed via a chemical dissolution step.[56] The effects of anodization potential
and anodization time(Figure 1C), electrolyte, H,O content and temperature on the resultant
TNTAs has been also investigated. [55-59] It was found that the applied voltage and
electrolyte temperatures were the most significant parameters in the production of spaced

TNTAS at a fast rate.

Schmuki et al. have also extended the versatility of anodization to generate conductive core-
shell nanotubes of TiO,, and also MoOy-MoS,; the first demonstration of the formation of
self-ordered MoO; arrays.[58, 59] Self-ordered anodization offers an electrochemical
pathway toward the generation of high surface area oxide materials that can be tuned to
produce, single-walled, double-walled, tube-in-tube and core-shell nanostructures, with the

potential to be used in many applications.
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Figure 1: Schematic illustration of a 2-electrode setup for electrochemical deposition of aqueous
species onto a conductive substrate under (A) applied direct current and (B) applied alternating
current. Representative SEM images of: (A)(i) NiCo,0, electrodeposited onto a 3D porous Ni foam
substrate, adapted from Ref. [30] with permission from Wiley; (ii-iv) nanostructure of cubic, flower-
like and flower-like covered cubes of Cu,O produced via under potential deposition under various O,
flow rates (annotated), adapted with permission from Ref. [24]. Copyright (2017) American Chemical
Society; (v) hierarchical ZnO nanoneedle-on-nanoneedle structures with 6-fold symmetry, adapted
with permission from Ref. [41]. Copyright (2007) American Chemical Society; (vi) hierarchical
hexagonal nanorod-on-nanorod ZnO structures, adapted from Ref. [42] with permission from
Elsevier; (B)(i-ii) the change in Cu,O nanostructure due to changes in the applied square waveform
frequency, adapted from Ref. [25] with permission from Elsevier. (C) Schematic illustration and
accompanying SEM images of 2-step anodization processes applied to a Ti foil to generate self-
ordered TiO, nanotubes (TNTAS); (i) top-view and (ii) side-view of TiO, membrane generated via a
“slow” second anodization process, adapted from Ref. [58] with permission from Elsevier (iii)
bottom-view and (iv) side-view of spaced TNTAs generated via a “fast” secondary anodization step,
adapted from Ref. [57] with permission from Elsevier.



Electrochemical synthesis of metal oxide nanoparticles via cathodic corrosion

Many examples of the electrochemical synthesis o nanostructured metal oxides often involve
the deposition of a thin film on a substrate, as either the main step or an inclusive step. Here
we present cathodic corrosion as an alternative electrochemical method, in that, the
nanostructures are produced as suspended particles rather than a thin film.[60, 61] Cathodic
corrosion is a powerful tool for the facile electrochemical synthesis of metallic and alloy
nanoparticles (NPs). The method involves the application of strong cathodic alternating
current to electrochemically etch the WE in a conductive electrolyte. During cathodic
corrosion, highly reactive intermediate anionic metal species are formed. These anionic
intermediates are not stable and subsequently react via chemical oxidation, facilitated by
aqueous oxygen species, to form metal nanoparticles. These metal clusters/nanoparticles can
further oxidize, forming metal oxide nanoparticles. Early studies demonstrated the
capabilities of the cathodic corrosion method to produce suspensions of crystalline core-shell
Sn-SnO; nanoparticles as lithium-ion battery anode materials and amorphous TiO, nanowires
as supports for Au nanocatalyst.[62-64] Recently, Rodriguez’s group reported a more
extensive description of the synthesis of TiO, nanowires, crystalline BiVO, nano-stars and
crystalline H,WO,4 nanorods using the cathodic corrosion method at room temperature, in the
absence of organic solvents or surfactants (Figure 2).[26] The authors demonstrated for the
first time that the size and shape of the oxide nanostructures can be controlled by variation of
the applied square wave frequency as highlighted by the SEM/TEM images (Figure 2A-B).
Early results have also shown that the particles size of the oxide nanoparticles increases with
the concentration of the electrolyte in the same fashion as was reported for metal
nanoparticles.[65] Preliminary data show that TiO, nanowires can be prepared in 10 M
NaOH,[64] while small round TiO, nanoparticles can be obtained under similar conditions of

applied voltage and frequency, but by reducing the concentration of the electrolyte to 2 M



(Figure 2C). Such differences on size and shape are highly relevant on the

photoelectrochemical activity of the oxides towards water splitting.[26]

Similar pulse potential methods for the electrochemical synthesis of metal oxide NPs have
been reported. Such methods compromise the reduction of the electrodes and oxidation of the
electro-generated species by use of identical-sized working and counter electrodes. In terms
of particle shape and size control, the produced ZnO nanorods suffered from poor size and
shape homogeneity, whilst the TiO, lacked well-defined nanostructure, even in the presence
of a capping agent.[66] Similarly, the as-produced Co oxyhydroxide material suffered from

poor nanostructure homogeneity.[67]
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Figure 2: Schematic illustration of the formation of metal oxide nanoparticles via cathodic corrosion;
pure metallic electrodes are electrochemically etched to produce a suspension of metal oxide
nanoparticles, with controllable size and shape. TEM images of H,WQO, nanorods synthesized by
application of a square waveform at (A) 100 Hz and (B) 1000 Hz, respectively. (C-D) TEM images
demonstrating the effect of electrolyte concentration and applied potential on the morphology of TiO,
nanowires synthesized via cathodic corrosion in (C) 2 M NaOH and (D) 10 M NaOH. (E) SEM and
(F) TEM images of BiVO, nano-stars synthesized via cathodic corrosion. Adapted with permission
from Ref. [26]. Copyright (2017) American Chemical Society.



Synthesis of nanostructured metal oxides by galvanic exchange

The majority of electrosynthetic pathways towards the formation of metallic oxides involve a
substantial driving force to push the reaction to a state far from equilibrium. As an alternative
to this, Oh et al.[68] have proposed an elegant way to prepare metal oxide nanostructures via
the galvanic replacement reaction (GRR). GRR is a spontaneously occurring process at the
open circuit potential (OCP) which is driven by a difference in electrochemical potentials
between an oxide-confined metal and a free metal ion. As in a typical Galvani cell, this
thermodynamic bias is diminished by a tendency of the system to reach equilibrium

conditions, and eventually — a substitution of a cation in the oxide lattice.

Although this synthetic strategy has not been extensively studied, it has already brought a few
advances to the field. First of all, the formation of core@shell nanoparticles is relatively
straight-forward as it involves the addition of a foreign metal, which subsequently substitutes
the outermost layers of the native metal within the oxide lattice (Figure 3A).[69-71]
Additionally, it has been shown that the ratio between core and shell thickness can be
modulated while maintaining the particle diameter.[70] However, the main drawback is the
lack of homogeneity in the deeper layers due to diffusional limitations of the metal in the
solid. In addition, the morphology of prepared nanoparticles was not well defined due to the

so-called Kirkendall effect that gives origin to hollow structures (Figure 3B).[71, 72]

The formation of hollow structures via the Kirkendall effect has attracted substantial
attention.[73-75] Many different hollow nano-forms including rattles, boxes, bowls, spheres,
and particles of various shapes have been reported using GRR; Figure 3C(i-iv) shows the
progressive change of the shape of the nanostructures during the synthesis of the

nanobox.[69, 76, 77].



The GRR has been also employed in the preparation of exfoliated 2D layered metal oxide
nanosheets. The authors reported the galvanic replacement reaction of exfoliated MnO,
nanosheets by Fe?* or Sn*" ions resulting in highly anisotropic Fe or Sn oxide nanosheets.
[78] These resulting materials are very relevant for lithium ion batteries and have potential as

catalyst for oxygen evolution reaction.

Further improvements of the GRR methodology includes a fine control of the shape and
structure of the particles. In this case, GRR has been implemented to metal oxide
nanoparticles with well-defined shape as a sacrificial-template to grow particles of other
metal oxides (Figure 3D).[77] The importance of particle shape control has been extensively
described in the literature with a particular interest in electrocatalysis.[79] Therefore, some
attention has been paid to the factors determining the shape of particles of metal oxides[76]

and oxyhydroxides[80] applicable in the field of energy conversion.

The early stages of galvanic replacement reactions in metal oxide structures raise a promise
of a facile way to prepare these structures with a certain degree of control over the size, shape
and composition. Nevertheless, the GRR approach is yet applicable to a very few types of
metal oxides of the highest reactivity. Moreover, the relatively slow kinetics require the use
of moderately elevated temperature, what may be considered as a drawback when compared
to the classical electrochemical methods. Finally, a clear understanding of the galvanic
exchange process within metal oxides is needed in order to rationally explore the scope of the

method.[81-83]



A Progress of galvanic exchange reaction

Figure 3: (A) Schematic representation of the galvanic exchange reaction and (B) hollow-structure
formation where grey spheres represent the native metal; white — oxygen; brown — incoming metal.
(C)(i) SEM and (ii-iv) TEM study of the evolution of Cu,0@Fe(OH), over time to form a nanobox.
Adapted with permission from Ref. [69]. Copyright (2010) American Chemical Society. (D) High-
resolution TEM images of (i) cubic (ii) octahedral and (iii) dodecahedral NiO particles grown on a
sacrificial Cu,O substrate. Adapted from Ref. [77] with permission from Elsevier.



Conclusions

With this review, we have made an effort to highlight the more recent contributions and
progress in the area of electrochemical methods for synthesis of metal oxide and
oxyhydroxide nanoparticles. Each of the methods clearly present a number of advantages
and disadvantages based on: the versatility of the materials can be prepared with said method,
the control over the structure and morphology, the time and cost of the method, scalability for
industrial applications and, of course, the application, i.e. whether the final nanostructure is

an electrodeposited thin film or a dispersion of nanoparticles.

In the search for new nanostructured materials with enhanced (photo)catalytic properties,
desired composition and structural characteristics, electrochemical methods are indeed
powerful tools and the new advances in the control of the structure and size are very
encouraging. The electrochemical synthesis of the metal oxides and oxyhydroxides is
ecologically friendly and the preparation quite often is inexpensive, providing a more

efficient route for the generation of a variety of highly active materials.



References

[1] S.D. Jackson, J.S.J. Hargreaves, Metal Oxide Catalysis, Vol. 2, Wiley-VCH, 2008.

[2] J. Meyer, S. Hamwi, M. Kroger, W. Kowalsky, T. Riedl, A. Kahn, Transition metal oxides for
organic electronics: energetics, device physics and applications, Adv. Mater., 24 (2012) 5408-5427.
[3] J.E.G.J. Wijnhoven, W.L. Vos, Preparation of Photonic Crystals Made of Air Spheres in Titania,
Science, 281 (1998) 802-804.

[4] C. Barbé, J. Bartlett, L. Kong, K. Finnie, H.Q. Lin, M. Larkin, S. Calleja, A. Bush, G. Calleja,
Silica Particles: A Novel Drug-Delivery System, Adv. Mater., 16 (2004) 1959-1966.

[5] E. Comini, Metal oxide nano-crystals for gas sensing, Anal. Chim. Acta, 568 (2006) 28-40.

[6] J. Jiang, Y. Li, J. Liu, X. Huang, C. Yuan, X.W. Lou, Recent advances in metal oxide-based
electrode architecture design for electrochemical energy storage, Adv. Mater., 24 (2012) 5166-5180.
[7] W.T. Hong, M. Risch, K.A. Stoerzinger, A. Grimaud, J. Suntivich, Y. Shao-Horn, Toward the
rational design of non-precious transition metal oxides for oxygen electrocatalysis, Energy Environ.
Sci., 8 (2015) 1404-1427.

[8] S. Liu, H. Zhang, L. Sviridov, L. Huang, X. Liu, J. Samson, D. Akins, J. Li, S. O'Brien,
Comprehensive dielectric performance of bismuth acceptor doped BaTiO3 based nanocrystal thin film
capacitors, J. Mater. Chem, 22 (2012).

[9] D. Li, H. Haneda, Morphologies of zinc oxide particles and their effects on photocatalysis,
Chemosphere, 51 (2003) 129-137.

[10] S.A. Bilmes, P. Mandelbaum, F. Alvarez, N.M. Victoria, Surface and Electronic Structure of
Titanium Dioxide Photocatalysts, J. Phys. Chem. B, 104 (2000) 9851-9858.

[11] L. Yu, L. Zhang, H.B. Wu, G. Zhang, X.W. Lou, Controlled synthesis of hierarchical
CoxMn3—xO4array micro-/nanostructures with tunable morphology and composition as integrated
electrodes for lithium-ion batteries, Energy Environ. Sci., 6 (2013) 2664-2671.

[12] Y.-w. Jun, J.-s. Choi, J. Cheon, Shape control of semiconductor and metal oxide nanocrystals
through nonhydrolytic colloidal routes, Angew. Chem., Int. Ed., 45 (2006) 3414-3439.

[13] S. Sun, H. Zeng, Size-Controlled Synthesis of Magnetite Nanoparticles, J. Am. Chem. Soc., 124
(2002) 8204-8205.

[14] Y. Zhao, R.L. Frost, J. Yang, W.N. Martens, Size and Morphology Control of Gallium Oxide
Hydroxide GaO(OH), Nano- to Micro-Sized Particles by Soft-Chemistry Route without Surfactant, J.
Phys. Chem. C, 112 (2008) 3568-3579.

[15] X. Liang, X. Wang, J. Zhuang, Y. Chen, D. Wang, Y. Li, Synthesis of Nearly Monodisperse Iron
Oxide and Oxyhydroxide Nanocrystals, Adv. Funct. Mater., 16 (2006) 1805-1813.

[16] D. Fu, P.G. Keech, X. Sun, J.C. Wren, Iron oxyhydroxide nanoparticles formed by forced
hydrolysis: dependence of phase composition on solution concentration, Phys. Chem. Chem. Phys.,
13 (2011) 18523-18529.

[17] M.-M. Titirici, M. Antonietti, A. Thomas, A Generalized Synthesis of Metal Oxide Hollow
Spheres Using a Hydrothermal Approach, Chem. Mater., 18 (2006) 3808-3812.

[18] M. Niederberger, G. Garnweitner, Organic reaction pathways in the nonagqueous synthesis of
metal oxide nanoparticles, Chem. - Eur. J., 12 (2006) 7282-7302.

[19] S. Liu, L. Huang, W. Li, X. Liu, S. Jing, J. Li, S. O'Brien, Green and scalable production of
colloidal perovskite nanocrystals and transparent sols by a controlled self-collection process,
Nanoscale, 7 (2015) 11766-11776.

[20] Z. Chen, L. Huang, J. He, Y. Zhu, S. O'Brien, New nonhydrolytic route to synthesize crystalline
BaTiO3 nanocrystals with surface capping ligands, J. Mater. Res., 21 (2011) 3187-3195.

[21] AJ. Zarur, J.Y. Ying, Reverse microemulsion synthesis of nanostructured complex oxides for
catalytic combustion, Nature, 403 (2000) 65-67.

[22] L.M. Gan, L.H. Zhang, H.S.O. Chan, C.H. Chew, B.H. Loo, A novel method for the synthesis of
perovskite-type mixed metal oxides by the inverse microemulsion technique, J. Mater. Sci., 31 (1996)
1071-1079.

*[23] C.G. Morales-Guio, L. Liardet, X. Hu, Oxidatively Electrodeposited Thin-Film Transition
Metal (Oxy)hydroxides as Oxygen Evolution Catalysts, J. Am. Chem. Soc., 138 (2016) 8946-8957.



*This work is of notable interest because it demonstrates a novel solution to the issue of more
favourable Fe electrodeposition under anodic conditions by replacing Fe(Il) with Fe(ll) salts.

[24] C. Kartal, Y. Hanedar, T. Ozniiltier, U. Demir, Stoichiometry, Morphology, and Size-Controlled
Electrochemical Fabrication of CuxO (x = 1, 2) at Underpotential, Langmuir, 33 (2017) 3960-3967.
[25] Y. Yang, Y. Li, M. Pritzker, Control of Cu20 Film Morphology Using Potentiostatic Pulsed
Electrodeposition, Electrochim. Acta, 213 (2016) 225-235.

**[26] M.L. Kromer, J. Monzd, M.J. Lawrence, A. Kolodziej, Z.T. Gossage, B.H. Simpson, S.
Morandi, A. Yanson, J. Rodriguez-L6pez, P. Rodriguez, High-Throughput Preparation of Metal
Oxide Nanocrystals by Cathodic Corrosion and Their Use as Active Photocatalysts, Langmuir, 33
(2017) 13295-13302.

**This report is of outstanding interest because it is the first demonstration of the rapid preparation of
metal oxide nanoparticles in aqueous solution and at room temperature with tuneable, electrochemical
control over the size and shape of the nanostructures.

[27] D. Tench, L.F. Warren, Electrodeposition of Conducting Transition Metal Oxide/Hydroxide
Films from Aqueous Solution, J. Electrochem. Soc., 130 (1983) 869-872.

[28] D.P. Anderson, L.F. Warren, Electrochemical Deposition of Conducting Ruthenium Oxide Films
from Solution, J. Electrochem. Soc., 131 (1984) 347-349.

[29] M.A. Sayeed, A.P. O'Mullane, Electrocatalytic water oxidation at amorphous trimetallic oxides
based on FeCoNiOx, RSC Adv., 7 (2017) 43083-43089.

*[30] C. Zhu, S. Fu, D. Du, Y. Lin, Facilely Tuning Porous NiC0o204 Nanosheets with Metal
Valence-State Alteration and Abundant Oxygen Vacancies as Robust Electrocatalysts Towards Water
Splitting, Chem. - Eur. J., 22 (2016) 4000-4007.

*This report is notable because it demonstrates the significant improvement in stability and catalytic
activity towards the oxygen evolution reaction of 3D-nanostructured mixed metal oxyhydroxide
materials, synthesized via electrodeposition.

*[31] G.P. Wheeler, K.-S. Choi, Photoelectrochemical Properties and Stability of Nanoporous p-Type
LaFeO3 Photoelectrodes Prepared by Electrodeposition, ACS Energy Lett., (2017) 2378-2382.

*This work is notable because it demonstrates the co-electrodeposition of transition and lanthanide
elements via nitrate reduction to form a nanoporous, mixed metal oxyhydroxide film.

[32] A.C. Cardiel, K.J. McDonald, K.-S. Choi, Electrochemical Growth of Copper Hydroxy Double
Salt Films and Their Conversion to Nanostructured p-Type CuO Photocathodes, Langmuir, 33 (2017)
9262-9270.

[33] J. Monzd, Y. Malewski, R. Kortlever, F.J. Vidal-Iglesias, J. Solla-Gullén, M.T.M. Koper, P.
Rodriguez, Enhanced electrocatalytic activity of Au@Cu core@shell nanoparticles towards CO2
reduction, J. Mater. Chem. A, 3 (2015) 23690-23698.

[34] C.S. Le Duff, M.J. Lawrence, P. Rodriguez, Role of the Adsorbed Oxygen Species in the
Selective Electrochemical Reduction of CO2 to Alcohols and Carbonyls on Copper Electrodes,
Angew. Chem., Int. Ed., 56 (2017) 12919-12924.

[35] R. Kas, R. Kortlever, A. Milbrat, M.T.M. Koper, G. Mul, J. Baltrusaitis, Electrochemical CO2
reduction on Cu20-derived copper nanoparticles: controlling the catalytic selectivity of hydrocarbons,
Phys. Chem. Chem. Phys., 16 (2014) 12194-12201.

[36] Y. Lum, J.W. Ager, Stability of Residual Oxides in Oxide-Derived Copper Catalysts for
Electrochemical CO2 Reduction Investigated with (18) O Labeling, Angew. Chem., Int. Ed., 57
(2018) 551-554.

[37] D. Gao, I. Zegkinoglou, N.J. Divins, F. Scholten, 1. Sinev, P. Grosse, B. Roldan Cuenya, Plasma-
Activated Copper Nanocube Catalysts for Efficient Carbon Dioxide Electroreduction to Hydrocarbons
and Alcohols, ACS Nano, 11 (2017) 4825-4831.

[38] J. Li, Y. Shi, Q. Cai, Q. Sun, H. Li, X. Chen, X. Wang, Y. Yan, E.G. Vrieling, Patterning of
nanostructured cuprous oxide by surfactant-assisted electrochemical deposition, Cryst. Growth Des., 8
(2008) 2652-2659.



[39] W.R. LaCourse, Y.-L. Hsiao, D.C. Johnson, Electrocatalytic Oxidations at Electrodeposited
Bismuth (111)-Doped Beta-Lead Dioxide Film Electrodes, J. Electrochem. Soc., 136 (1989) 3714-
3719.

[40] C. Borras, P. Rodriguez, T. Laredo, J. Mostany, B.R. Scharifker, Electrooxidation of Agqueous p-
Methoxyphenol on Lead Oxide Electrodes, J. Appl. Electrochem., 34 (2004) 583-589.

[41] L. Xu, Q. Chen, D. Xu, Hierarchical ZnO nanostructures obtained by electrodeposition, J. Phys.
Chem. C, 111 (2007) 11560-11565.

[42] J. Hu, Z. Zhao, Y. Sun, Y. Wang, P. Li, W. Zhang, K. Lian, Controllable synthesis of branched
hierarchical ZnO nanorod arrays for highly sensitive hydrazine detection, Appl. Surf. Sci., 364 (2016)
434-441.

[43] T.M. Whitney, J.S. Jiang, P.C. Searson, C.L. Chien, Fabrication and Magnetic Properties of
Arrays of Metallic Nanowires, Science, 261 (1993) 1316-1319.

[44] C.R. Martin, Nanomaterials: a membrane-based synthetic approach, Science, 266 (1994) 1961.
[45] J.C. Hulteen, C.R. Martin, A general template-based method for the preparation of
nanomaterials, J. Mater. Chem, 7 (1997) 1075-1087.

[46] D. Xu, D. Chen, Y. Xu, X. Shi, G. Guo, L. Gui, Y. Tang, Preparation of 1I-VI group
semiconductor nanowire arrays by dc electrochemical deposition in porous aluminum oxide
templates, Pure Appl. Chem., 72 (2000) 127-135.

[47] MJ. Zheng, L.D. Zhang, G.H. Li, W.Z. Shen, Fabrication and optical properties of large-scale
uniform zinc oxide nanowire arrays by one-step electrochemical deposition technique, Chem. Phys.
Lett., 363 (2002) 123-128.

[48] K. Takahashi, S.J. Limmer, Y. Wang, G. Cao, Synthesis and Electrochemical Properties of
Single-Crystal V205 Nanorod Arrays by Template-Based Electrodeposition, J. Phys. Chem. B, 108
(2004) 9795-9800.

[49] J. Gonzalez-Garcia, F. Gallud, J. Iniesta, V. Montiel, A. Aldaz, A. Lasia, Kinetics of
Electrocrystallization of PbO2 on Glassy Carbon Electrodes Partial Inhibition of the Progressive
Three-Dimensional Nucleation and Growth, J. Electrochem. Soc., 147 (2000).

[50] X.-J. Wu, F. Zhu, C. Mu, Y. Liang, L. Xu, Q. Chen, R. Chen, D. Xu, Electrochemical synthesis
and applications of oriented and hierarchically quasi-1D semiconducting nanostructures, Coord.
Chem. Rev., 254 (2010) 1135-1150.

[51] K. Lee, A. Mazare, P. Schmuki, One-Dimensional Titanium Dioxide Nanomaterials: Nanotubes,
Chem. Rev, 114 (2014) 9385-9454.

[52] A. Fujishima, K. Honda, Electrochemical Photolysis of Water at a Semiconductor Electrode,
Nature, 238 (1972) 37-38.

[53] A. Fujishima, K. Kohayakawa, K. Honda, Formation of Hydrogen Gas with an Electrochemical
Photo-cell, Bull. Chem. Soc. Jpn., 48 (1975) 1041-1042.

[54] J. Zhang, P. Zhou, J. Liu, J. Yu, New understanding of the difference of photocatalytic activity
among anatase, rutile and brookite TiO2, Phys. Chem. Chem. Phys., 16 (2014) 20382-20386.
**[55] S. So, I. Hwang, F. Riboni, J. Yoo, P. Schmuki, Robust free standing flow-through TiO2
nanotube membranes of pure anatase, Electrochem. Commun., 71 (2016) 73-78.

**This report is of outstanding interest because it demonstrates the ability of electrochemical
anodization to produce TiO, nanotube arrays with pure crystalline phase and excellent physical and
chemical stability.

[56] S. So, F. Riboni, I. Hwang, D. Paul, J. Hammond, O. Tomanec, R. Zboril, D.R. Sadoway, P.
Schmuki, The double-walled nature of TiO2 nanotubes and formation of tube-in-tube structures — a
characterization of different tube morphologies, Electrochim. Acta, 231 (2017) 721-731.

[57] S. Ozkan, N.T. Nguyen, A. Mazare, R. Hahn, I. Cerri, P. Schmuki, Fast growth of TiO2 nanotube
arrays with controlled tube spacing based on a self-ordering process at two different scales,
Electrochem. Commun., 77 (2017) 98-102.

[58] S. Mohajernia, S. Hejazi, A. Mazare, N.T. Nguyen, I. Hwang, S. Kment, G. Zoppellaro, O.
Tomanec, R. Zboril, P. Schmuki, Semimetallic core-shell TiO2 nanotubes as a high conductivity
scaffold and use in efficient 3D-RuO2 supercapacitors, Mater. Today Energy, 6 (2017) 46-52.



*[59] B. Jin, X. Zhou, L. Huang, M. Licklederer, M. Yang, P. Schmuki, Aligned MoOx /MoS2 Core-
Shell Nanotubular Structures with a High Density of Reactive Sites Based on Self-Ordered Anodic
Molybdenum Oxide Nanotubes, Angew. Chem., Int. Ed., 55 (2016) 12252-12256.

*This work is of notable interest because it demonstates the versatility of self-ordered electrochemical
anodization by production of MoO, and improvement in electrochemical activity through
sulfurization and generation of MoO,/MoS; core/shell nanostructures.

[60] A.l. Yanson, P. Rodrigez, N. Garcia-Araez, R.V. Mom, F.D. Tichelaar, M.T.M. Koper, Cathodic
Corrosion: A Quick, Clean, and Versatile Method for the Synthesis of Metallic Nanoparticles, Angew.
Chem., Int. Ed., 50 (2011) 6346-6350.

[61] P. Rodriguez, F.D. Tichelaar, M.T.M. Koper, A.l. Yanson, Cathodic Corrosion as a Facile and
Effective Method To Prepare Clean Metal Alloy Nanoparticles, J. Am. Chem. Soc., 133 (2011)
17626-17629.

[62] F. Lu, X. Ji, Y. Yang, W. Deng, C.E. Banks, Room temperature ionic liquid assisted well-
dispersed core-shell tin nanoparticles through cathodic corrosion, RSC Adv., 3 (2013) 18791.

[63] A.B. Kuriganova, C.A. Vlaic, S. Ivanov, D.V. Leontyeva, A. Bund, N.V. Smirnova,
Electrochemical dispersion method for the synthesis of SnO2 as anode material for lithium ion
batteries, J. Appl. Electrochem., 46 (2016) 527-538.

[64] P. Rodriguez, D. Plana, D.J. Fermin, M.T.M. Koper, New insights into the catalytic activity of
gold nanoparticles for CO oxidation in electrochemical media, J. Catal., 311 (2014) 182-189.

[65] A.l. Yanson, P.V. Antonov, Y.I. Yanson, M.T.M. Koper, Controlling the size of platinum
nanoparticles prepared by cathodic corrosion, Electrochim. Acta, 110 (2013) 796-800.

[66] J.E. Cloud, T.S. Yoder, N.K. Harvey, K. Snow, Y. Yang, A simple and generic approach for
synthesizing colloidal metal and metal oxide nanocrystals, Nanoscale, 5 (2013) 7368-7378.

[67] M. Jing, Y. Yang, Y. Zhu, H. Hou, Z. Wu, X. Ji, An asymmetric ultracapacitors utilizing a-
Co(OH)2/Co 304 flakes assisted by electrochemically alternating voltage, Electrochim. Acta, 141
(2014) 234-240.

**[68] M.H. Oh, T. Yu, S.-H. Yu, B. Lim, K.-T. Ko, M.-G. Willinger, D.-H. Seo, B.H. Kim, M.G.
Cho, J.-H. Park, K. Kang, Y.-E. Sung, N. Pinna, T. Hyeon, Galvanic Replacement Reactions in Metal
Oxide Nanocrystals, Science, 340 (2013) 964-968.

** This work is of outstanding interest as it is the first report on the specific preparation of metal
oxide structures via galvanic replacement reaction.

*[69] Z. Wang, D. Luan, C.M. Li, F. Su, S. Madhavi, F.Y. Boey, X.W. Lou, Engineering nonspherical
hollow structures with complex interiors by template-engaged redox etching, J. Am. Chem. Soc., 132
(2010) 16271-16277.

*This work is of notable interest, because it describes the preparation of metal oxide hollow structures
with tuneable shape, based on the galvanic replacement reaction

[70] H.-M. Jeong, J.-H. Kim, S.-Y. Jeong, C.-H. Kwak, J.-H. Lee, Co304-Sn02 Hollow
Heteronanostructures: Facile Control of Gas Selectivity by Compositional Tuning of Sensing
Materials via Galvanic Replacement, ACS Appl. Mater. Interfaces, 8 (2016) 7877-7883.

[71] A. Lopez-Ortega, A.G. Roca, P. Torruella, M. Petrecca, S. Estradé, F. Peird, V. Puntes, J.
Nogués, Galvanic Replacement onto Complex Metal-Oxide Nanoparticles: Impact of Water or Other
Oxidizers in the Formation of either Fully Dense Onion-like or Multicomponent Hollow MnOx/FeOx
Structures, Chem. Mater., 28 (2016) 8025-8031.

[72] Y. Yin, R.M. Rioux, C.K. Erdonmez, S. Hughes, G.A. Somorjai, A.P. Alivisatos, Formation of
hollow nanocrystals through the nanoscale Kirkendall effect, Science, 304 (2004) 711-714.

[73] H.J. Fan, U. Gosele, M. Zacharias, Formation of nanotubes and hollow nanoparticles based on
Kirkendall and diffusion processes: a review, Small, 3 (2007) 1660-1671.

[74] A.A. El Mel, M. Buffiere, P.Y. Tessier, S. Konstantinidis, W. Xu, K. Du, I. Wathuthanthri, C.H.
Choi, C. Bittencourt, R. Snyders, Highly ordered hollow oxide nanostructures: the Kirkendall effect at
the nanoscale, Small, 9 (2013) 2838-2843.



[75] S.J.P. Varapragasam, C. Balasanthiran, A. Gurung, Q. Qiao, R.M. Rioux, J.D. Hoefelmeyer,
Kirkendall Growth of Hollow Mn304 Nanoparticles upon Galvanic Reaction of MnO with Cu2+ and
Evaluation as Anode for Lithium-lon Batteries, J. Phys. Chem. C, 121 (2017) 11089-11099.

[76] T.S. Rodrigues, A.G.M. da Silva, R.S. Alves, I.C. de Freitas, D.C. Oliveira, P.H.C. Camargo,
Controlling Reduction Kinetics in the Galvanic Replacement Involving Metal Oxides Templates:
Elucidating the Formation of Bimetallic Bowls, Rattles, and Dendrites from Cu20 Spheres, Part. Part.
Syst. Charact., (2017).

[77] F. Lin, H. Wang, G. Wang, Facile Synthesis of Hollow Polyhedral (Cubic, Octahedral and
Dodecahedral) NiO with Enhanced Lithium Storage Capabilities, Electrochim. Acta, 211 (2016) 207-
216.

[78] J. Lim, J.M. Lee, B. Park, X. Jin, S.-J. Hwang, Homogeneous cationic substitution for two-
dimensional layered metal oxide nanosheets via a galvanic exchange reaction, Nanoscale, 9 (2017)
792-801.

[79] M.A. Montiel, F.J. Vidal-Iglesias, V. Montiel, J. Solla-Gullén, Electrocatalysis on shape-
controlled metal nanoparticles: Progress in surface cleaning methodologies, Current Opinion in
Electrochemistry, 1 (2017) 34-39.

[80] M. Diab, T. Mokari, Role of the Counteranions on the Formation of Different Crystal Structures
of Iron Oxyhydroxides via Redox Reaction, Cryst. Growth Des., 17 (2017) 527-533.

*[81] D. Kriegner, M. Sytnyk, H. Groiss, M. Yarema, W. Grafeneder, P. Walter, A.-C. Dippel, M.
Meffert, D. Gerthsen, J. Stangl, W. Heiss, Galvanic Exchange in Colloidal Metal/Metal-Oxide
Core/Shell Nanocrystals, J. Phys. Chem. C, 120 (2016) 19848-19855.

*This work is notable as it describes the galvanic replacement reaction that occurs only inside the
metallic core of a particle, leaving the metal oxide shell unchanged. It suggests that complex particles
may undergo GRR through various pathways, not only through the most obvious exchange within the
outer oxide layer.

[82] Y. Yao, C. Patzig, Y. Hu, R.W.J. Scott, X-ray Absorption Spectroscopic Studies of the
Penetrability of Hollow Iron Oxide Nanoparticles by Galvanic Exchange Reactions, J. Phys. Chem. C,
121 (2017) 19735-19742.

[83] N. Comisso, L. Armelao, S. Cattarin, P. Guerriero, L. Mattarozzi, M. Musiani, M. Rancan, L.
Véazquez-Gomez, E. Verlato, Preparation of porous oxide layers by oxygen bubble templated anodic
deposition followed by galvanic displacement, Electrochim. Acta, 253 (2017) 11-20.



