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The creation of open porous structures with an extremely high
surface area is of great technological relevance. The electro-
chemical deposition of metal foams around co-generated
hydrogen bubbles that act as templates for the deposition is a
promising, cheap and simple approach to the fabrication of
new electrocatalyst materials. Metal foams obtained by dynamic
hydrogen bubble templating (DHBT) offer an intrinsically high
electrical conductance with an open porous structure that
enables the fast transport of gases and liquids. As an additional

1. Introduction

The rising concentration of atmospheric carbon dioxide (CO,)
and its consequences on climate and related societal changes
present a major challenge to humankind, necessitating the
development of industries with a zero, or possibly negative, CO,
footprint."’ Electrochemical technologies provide an attractive
solution to the problem, where electrons preferably gained
from a renewable energy source can be used to turn CO, into
value-added products.” Technologies already exist to achieve
this goal, although their operation is still far from perfect. A key
factor of developing CO, electrolysis technologies was, and
probably still remains, the invention of new catalytic electrode
materials. The application of proper catalysts can ensure higher
yield and also a tailored selectivity toward the formation of
certain sought-after products.

At recent technological levels, the most desired products of
CO, electroreduction are syngas (a mixture of CO and H,); G,
hydrocarbons (primarily, C,H,); short carbon chain alcohols (like
methanol, ethanol or propanol); and formate or formic acid. The
formation of other products by electrochemical CO, reduction
(e.g., that of methane) would also be possible, but considering
current market prices, the above aims are the ones that remain
economically viable.®”!

Electrocatalysis plays a central role in lowering the energy
barrier and thereby increasing the yield and decreasing the cost
of CO, electroreduction, and in assuring that the reaction results
in the desired product. Many efforts have thus been made to
improve the performance of electrocatalysts, such as increasing
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benefit, the confined space within the pores of DHBT metal
foams may act as small reactors that can harbour reactions not
possible at an open electrode interface. The number, distribu-
tion, and size of the pores can be fine-tuned by an appropriate
choice of the electrolysis parameters so that metal foam
catalysts prepared by the DHBT technique meet certain require-
ments. In this paper, we review the preparation of certain metal
foams, and their applications as catalysts for the electro-
chemical reduction of CO,.

the surface area, improving the intrinsic activity of the active
sites, and manipulating the transport of reactants and products
to and from the electrode surface.” Among these methods, the
fabrication of three-dimensional porous structures (i.e.,, metal
foams™) and the application of these as electrode materials was
proven to be an attractive way to improve electrocatalytic
performance.”

The application of metal foams as electrocatalysts is
advantageous, as self-standing foams can directly be employed
as working electrodes, often without the need of additional
mechanical support. They offer a large surface area that is not
only accessible to reactants, but also enables fast, multi-
dimensional electron transport pathways.*” Also, metal foams
can act as a support for other catalysts, rendering the
application of conductive binders, like Nafion, unnecessary in
catalyst design.

According to IUPAC,® “a foam is a dispersion in which a
large proportion of gas by volume in the form of gas bubbles, is
dispersed in a liquid, solid or gel.” Foams can either be open-
cell or closed-cell structured; for the purposes of electro-
catalysis, foams with open-cell structures are the most useful.”
Several non-electrochemical™ and electrochemical® methods
have been described for the preparation of metal foams, mainly
including selective dissolution,!'" templating,">'®
combustion,"”'® and the sol-gel method."** Synthesis and
characterization strategies of noble metal foams prepared by
these methods, as well as their application for electrocatalysis
purposes, were recently reviewed in detail by the Eychmiiller
group®®® and by Zhu et al.’® A relatively newly developed, yet
very promising method of the preparation of metal foams
namely, dynamic hydrogen bubble templated (DHBT)
electrodeposition®” was, however, not addressed in these
works. The aim of this survey is to fill this gap, and to review, in
details, the use of DHBT for the preparation of metal foams that
can be used, primarily, as electrocatalysts for CO, reduction.

2. DHBT Based Preparation of Metal Foams

2.1. General Considerations

When electrodepositing noble (e. g., Au, Pt, Ag, Cu), or especially
base metals (e.g., Zn, Co, Fe, Ni) from solutions of their salts,
concurrent hydrogen evolution is usually considered as a major

problem that causes ramification of the deposited metal layer
and accounts for often undesired changes in its mechanical and
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optical properties, sometimes impairing the entire process.?®

Dynamic hydrogen bubble templating (DHBT) serves as a
glaring counter-example, where the loss of some current due to
hydrogen evolution is turned to a benefit, as the formed
hydrogen bubbles aid the creation of spongy, high surface area
metal foams that can be extremely useful for the purposes of
electrocatalysis.

The co-generation of hydrogen along with metal deposition,
in order to create high surface area electrode materials, has
been part of the arsenal of electrochemists for quite some time
now; e.g., this was the method used for the creation of
platinum black in the original recipe of Lummer and
Kurlbaum™ and of Kohlrausch®? (Figure 1). Starting with the
advent of the 21st century, the method experienced a boom, as
it turned out to be quite useful for the creation of high surface
area electrocatalyst materials — not necessarily platinum based
ones. Among recent works directed at the development of
tailored electrocatalyst materials using the DHBT method, the
works of Chialvo and Marozzi,??® Shin et al.'**** Nikoli¢
et al.,®>® Cherevko etal,” ™ as well as the works of the
Bhargava group,***” including a review™ deserve further
attention.

In principle, there are two processes underlying the DHBT
method that play a crucial role in the fabrication of metal
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Figure 1. Scanning electron micrograph of platinum black, electrochemically
deposited on a Pt surface from a hexachloroplatinate solution, using the
recipe of Lummer and Kurlbaum® modified by Kohlrausch.?” Reproduced
from Ref. 25 with the permission of Nature.

foams. One is Reaction (R1), the deposition of the metal from a
solution of its salt:

Me*" 4+ ze~ — Me (RT)
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The other is the hydrogen evolution reaction (HER) that in an
acidic solution is supposed to proceed by Reaction (R2),

H +e — L H (R2)
2 2

while in solutions of pH >7, the primary source of hydrogen is
the electroreduction of water itself:

1
H0 + e — 5 H, + OH- (R3)

Although for the preparation of metal foams using the
DHBT technique, usually acidic solutions are applied, it has to
be noted that under harsh cathodic conditions the surround-
ings of the electrode surface quickly get depleted in H*, in
which case direct water reduction, Reaction (R3), cannot be
ignored.”®

The fundamental idea of DHBT is that the H, bubbles
generated in Reactions (R2) and (R3) disrupt the growth of the
metal layer, acting as a dynamic template for the electro-
deposition process. Micropores in the submicron range and
macropores in the 10-100 um size range are formed as a result
of the growth of metal around small or coalesced bubbles
generated on the surface, blowing up the specific surface
area.””?

When applying the DHBT method, high cathodic over-
potentials are used, so that the rates of Reactions (R1) and (R2)-
(R3) become comparable and decisive for the obtained foam
structure. Apart from the reaction rates, however, other factors
such as the nucleation, growth and detachment of the surface-
generated bubbles, the intensive stirring and the related
convective effects caused by bubble formation, the local
alkalination of the near-electrode solution layers and its
consequences on the chemistry of metal deposition, complex
formation, the action of additives, etc. may also determine the
surface morphology of the deposited foam. Below, we give a
summary of these effects.

2.2. Mechanistic Aspects

In an excellent work, Nikoli¢®* treats DHBT following Winand'’s
classification of metals,*” and shows contrary to previous
claims®” that metals from all three Winand groups can be
obtained in three dimensional foam forms under the appro-
priate electrodeposition conditions. According to Winand,
metals can be classed in the following three groups (Figure 2):
i.) normal metals (such as Cd, Zn, Sn, Ag) that are characterized
by low melting points, high (joge,>100 Acm™) exchange
current densities of metal deposition and low catalytic activities
for hydrogen evolution; ji.) intermediate metals (such as Au, Cu
and Ag, if in the case of Ag, deposition occurs from the solution
of a complex and not of free Ag™ ions) that are characterized
by moderate melting points, intermediate (1 Acm 2 <j,ge, <
100 Acm?) exchange current densities of metal deposition and
relatively low catalytic activities for hydrogen evolution; and iii.)

ChemCatChem 2021, 13, 1039-1058 www.chemcatchem.org
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Figure 2. According to Winand,”" metals can be classed into three groups
(normal, intermediate and inert) based on their j; 4, deposition exchange
current densities and melting points. In his treatise on DHBT,** Nikoli¢
extends Winand's original classification®” based on the jj,ez €xchange
current density of HER. The graph shown here was created using data
obtained from Refs. 50 and 36.

inert metals (such as Fe, Ni, Co, Pt, Cr, Mn) that have high
melting points, low (jo 4., <1 Acm?) exchange current densities
of metal deposition and relatively high catalytic activities for
hydrogen evolution.

In case of each three metal groups, the success of DHBT in
creating metal foams depends on whether on the given metal,
hydrogen is forming large enough bubbles (that is mostly a
question of nucleation and growth kinetics and of surface
thermodynamics) and on whether the rate of metal deposition
is high enough to allow deposited dendritic metal structures to
overgrow a hydrogen bubble, before it leaves the electrode
surface.

As shown by Popov et al.”® in case of metals with low or
moderate ji 4, values, dendrite formation is possible only if the
deposition overpotential 7 exceeds a minimum initiation over-
potential

53]

_ ﬂ-jlim,dep
zF jO.dep

ini —

m

where jimqep is the effective limiting current density of metal
deposition. Note that the value of ji, 4, Strongly depends on
the prevailing hydrodynamic conditions and the vigorous
mixing of the near-electrode solution caused by HER.

While for metal depositions in quiescent systems, the
thickness of the diffusion layer of metal ions can (over time)
extend to even a few hundreds of micrometers, it was shown
that for quickly gas evolving electrodes (volumetric gas
evolution rate normalized to surface area: 100 cm®min~’,
corresponding to hydrogen evolution occurring with a current
density of about 5 Acm™), the diffusion layer becomes only a
few micrometers thick and the coverage of the surface by gas
bubbles can exceed 30%.°Y Thus, at electrodes that evolve
hydrogen at a high rate, due to the decrease of the diffusion

1042 © 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH
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layer thickness and the corresponding increase of jinqen the
“effective overpotential” (a term coined by Nikoli¢ et al.®") may
be lower than what is required for efficient dendrite formation.

What was said above is nicely demonstrated in Ref. 31 for
the deposition of honeycomb-like copper foams on plane
copper substrates from an aqueous solution containing
0.10 moldm™ CuSO, and 0.50 moldm™ H,SO,. In Figure 3 we
can observe the following: i.) that at #=—0.550V, a value that
falls inside the limiting current density of copper deposition
where no hydrogen evolution takes place, cauliflower-like
agglomerates of copper grains were formed; ii) that at n=
—0.700V, just outside the limiting current region of copper
deposition, where the Faradaic efficiency of HER is only about
5%, branch-like three dimensional dendrites are formed; and
finally iii.) that at #=-0.800 or —1.000V, holes formed of
detached hydrogen bubbles surrounded by cauliflower-like
agglomerates of copper grains are seen.

It is important to note with respect to the depositions
occurring at high overpotentials that the number of holes
formed at —1.000 V is larger than that at —0.800 V, which is due
to the higher Faradaic efficiency of hydrogen evolution (almost
50% at —1.000 V and about 30% at —0.800 V). As communi-

100 pm
<>

b
.4'\}

cated by Nikoli¢ etal. elsewhere? the critical Faradaic

efficiency that hydrogen evolution should achieve in order to
create hydrodynamic conditions that favour foam formation is
10% for copper depositing baths with a CuSO, concentration of
0.15 moldm™ and less, in 0.5 moldm~3 H,S0,.

2.3. Creating Metal Foams with Hierarchic Porosity: The Effect
of Deposition Time

As shown in Figure 4, at the initial stages (after the first 10
seconds) of the potentiostatic preparation of copper foams (7=
—1.000V, Ccysoa=0.1 moldm™, Cps04=0.5 moldm™), nuclea-
tion sites of H, bubbles and surrounding agglomerates of
copper grains are already visible. Hydrogen evolution is
initiated at irregularities of the surface, where small bubbles are
formed, grow to a certain size and are then detached. The
higher the current density, the more nucleation sites become
active, and also the rate of growth of the bubbles increases.
While at lower current densities, only the surface irregularities
are active, at higher current densities bubbles are also formed
on the more homogeneous parts of the surface.’® After

Figure 3. Morphologies of Cu deposits obtained after 60 s of potentiostatic electrolysis, at different values of the deposition overpotential from an aqueous
solution containing 0.10 moldm~3 CuSO, and 0.50 moldm— H,SO,. Reproduced from Ref. 31 with the permission of Elsevier.

10 un
<5

Figure 4. Morphologies of Cu deposits obtained after different times of potentiostatic electrolysis at a deposition overpotential of —1.000 V, from an aqueous
solution containing 0.10 moldm 3 CuSO, and 0.50 moldm > H,SO,. Reproduced from Ref. 34 with the permission of Springer.
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Figure 5. Morphologies of Cu deposits obtained after different times of galvanostatic electrolysis at —2.0 Acm™2, from an aqueous solution containing
0.20 moldm 2 CuSO, and 1.0 moldm 3 H,SO,. Reproduced from Ref. 52 with permission of The Electrochemical Society.

A ~
30 seconds of potentiostatic electrolysis (Figure 4) we can £ ol 4 600 "
notice that the deposited copper grows around the hydrogen Fo T5%° £
bubbles that remained adherent to the surface, forming regular *é 1 400 \E
(circle-shaped) and irregular (from top view, ellipse shaped) 2 *7T j E
cavities. As shown in Figure5, an even more pronounced ﬁ § ;
hierarchy is achieved if instead of potentiostatic control, we 5 o 2
apply galvanostatic electrodeposition of foamed copper.®? = T =
As evident in Figures 3 and 4, the deposited metal foams T e e e

exhibit two types of porosity: they show macropores, formed by
the larger, coalesced bubbles; and micropores (porosities within
the walls of the macropores) that are created as channels by Figure 6. The size and number of H, bubble templated holes in Cu deposits
the vigorous formation of small hydrogen bubbles over the  obtained at a deposition overpotential of —1.000 V, from an aqueous
copper dendrites.?¥ As the electrolysis proceeds, the size of the solution containing 0.19 |.'noldm’3 CuSO, and 0.50 mol dm’3 H,SO, are anti-
. L R R correlated as the deposition proceeds. Graph created using data from
macropores tends to increase, yielding a hierarchically struc-  p.f 34
tured foam deposit that has a bigger number of small pores
close to the substrate, and fewer but bigger-sized pores close
to the solution interface (Figures 6 and 7). This graded structure
is ideally suited for the preparation of electrocatalyst materials
with pore sizes specifically tuned by the selection of appro-
priate deposition times.2%

Time of electrolysis / s

2.4. Further Factors Affecting Foam Structure
As pointed out by Nikoli¢,® the formation of porous structures
is possible for metals of all three Winand classes, provided that
the deposition overpotential that is either directly applied or
established as a result of galvanostatic polarization, exceeds the Figure 7. a) lllustration of the hierarchical porosity of metal foams and b)
minimum initiation overpotential #,,, defined by Equation (1),  cross-sectional scanning electron micrographs of a potentiostatically
and that at this overpotential, hydrogen production is already obtained Cu foam deposit, reproduced from Ref. 30 with permission of the
. ! American Chemical Society.

vigorous.

Intensive hydrogen evolution will then have two effects: i.)
that due to stirring the near-electrode solution, it decreases the
thickness of the diffusion layer, increasing the limiting current
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density jimgep Of Metal deposition; and ii) that due to the at
least, temporal adherence of the bubbles to the surface, it will
increase the effective current density. In case 0 denotes the
ratio of the surface (in a time average) blocked by bubbles, the
effective current density will be 1/(1-60) times bigger than the
current density applied (that is the current normalized by the
geometric surface area).””

When preparing metal foams, one must keep in mind that
exchange current densities found in the literature (like those
plotted in Figure 2) are concentration dependent quantities and
values found in literature are usually (but not always)
normalized to a unity concentration of the metal or H* ions in
the bulk solution (for metal deposition and HER, respectively).
Thus, the overall electrolyte composition will have a strong
effect on determining actual hydrogen evolution/metal deposi-
tion current ratios.”® When preparing metal foams from noble
metals, e.g., from silver,”® gold®” or palladium salts,** a larger
metal salt concentration in the bath may be required than, for
example, when depositing normal metals such as Sn or Pb, or
even intermediate metals like Cu.

The success of metal foams preparation lies however not
only in whether the right current densities for metal deposition
and hydrogen evolution are achieved. The morphology of the
deposit, especially on the macroscale, will be determined by
the maximum size that H, bubbles formed during the
electrolysis can reach before breaking off the surface, and also
by the rate at which bubble growth occurs (Figure 8).55%

The break-off diameter d was found to depend on the
partial current density of hydrogen evolution j, according to
the empirical formula

d=dy (1+0juex) (@)

where the constants a ~02m?A™" and b =045 were
determined by Vogt and Balzer®” by fitting to experimental
data; note that these constant values may be significantly
different, depending on the system studied.

The parameter d, in Equation (2) is the break-off diameter in
a current-free case, the value of which can be estimated by
using a simplified form of the Fritz equation:®”

y
dy =1.209, |-
0 gp 3)

where g is the gravitational acceleration, ¥ denotes the contact
angle of the bubble on the electrode surface, p is the density of
the solution, and y is the interfacial stress of the gas/liquid
interface. Both the contact angle ¥ and the surface tension y

t=0sec t=0.5 sec t=1sec t=1.5sec t=2 sec
—

120 ym

cadl M B

may vary as function of the applied electrode potential (and/or
current),®” as well as near-surface variations of the viscosity of
the solution® may affect both the break-off diameter and the
trajectory of bubbles leaving the electrode surface.

Additives affecting the surface energetics (either the solid/
liquid or the gas/liquid interfacial stress, for example by
preferential adsorption on one or both of these interfaces) may
have a significant impact on both the macro- and the micro-
porosity of the obtained deposit®™ For example cationic
surfactants like cetyltrimethylammonium bromide (CTAB), when
used as additives in copper deposition baths, were shown to
suppress the collision among hydrogen bubbles by specifically
adsorbing on the gas/liquid interface. This leads to a mild rate
of hydrogen evolution and smaller hydrogen bubbles, thus
resulting in a smaller pore structure.”® Eventually, it was also
shown that CTAB can also be used to fine-tune the hydro-
phobicity of DHBT-deposited copper foams.™”

Another important factor that has an effect on the structure
of the finally obtained deposit is the concentration and form of
available H* sources present in the depositing solutions. This
parameter is probably even more important than the pH, which
is only related to the concentration of free H* ions in the bulk
solution. During intensive hydrogen evolution, however, when
the near-electrode solution region gets alkalinated, additional
H* sources such as NH," or citric acid can act as buffers,
providing an excess amount of H* as a reactant supply for HER.
Naturally, at large negative applied overpotentials or currents,
even the direct reduction of H,0O can serve as means of HER.
While in this case it is the autoprotolysis reaction of water that
has to be taken into account to describe HER current
densities,*¥ for buffered systems additional (buffer) equilibria
must be considered.”™®

Near-surface alkalination may have an adverse effect on the
nature of the obtained deposits; e.g., it can lead to the
formation of hydroxides of the metal to be deposited.®™ While
the application of buffers as bath components may successfully
circumvent this effect, one also has to consider that some buffer
components (especially due to complex formation) may also
have other, indirect effects on the foam deposition process. For
example, in case NH," ions are used as a buffer, the NH,
molecules formed in the (alkaline) near-surface layers of the
electrolyte solutions may act as complexing agents for the
deposited metal, hindering its deposition. Although some
experimental results do confirm this assumption,®® the possibil-
ities of complex formation are only scarcely treated in the
literature of DHBT metal foam deposition.??

t=2.5sec t=3sec t=3.5sec t=4 sec t=4.5 sec

2000009

Figure 8. Sequence of images illustrating hydrogen bubble growth on an electrode surface at 60 mAcm™ current density for HER. Reproduced from Ref. 55

with the permission of Elsevier.
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2.5. Technical Challenges of DHBT Metal Foam Deposition

Although it is rarely mentioned in literature, one technical
challenge that needs to be addressed with respect to DHBT
metal foam deposition is the extreme high current that these
methods require. Depositing hydrogen bubble templated metal
foams necessitates the use of current densities in the range of 1
to 10 Acm™2 (normalization is meant to the geometric surface
area of the sample). This means that already in lab-scale
experiments, the standard instrumentation (galvanostat/poten-
tiostat) is to be equipped with current boosters. As standard
boosters usually allow the control of currents up to 20 A, up-
scaling may require specialized instruments as well. When using
such high currents, secondary effects (such as that of Joule heat
and /R-drop) should not be ignored, well-chosen cell geometries
must be applied, and measures for electric shock protection
must be taken.

3. Some Metal Foams Prepared by DHBT, with
Potential Application in the Electroreduction of
co,

Metals suited for catalysing electrochemical CO, reduction are
usually those where hydrogen evolution proceeds only at high
overpotentials. These metals can exhibit a relatively broad
range of potentials where CO, reduction may already occur,
while water splitting still remains relatively suppressed. These
metals belong, according to Winand’s classification, to the
group of normal or intermediate metals. A non-exhaustive list
includes pure metals such as Sn'®%”! Pp,® zp ©970 gj 1 pgl72-74
and Cu,”*7® as well as bimetallic systems where Sn foams are
deposited on Cu surfaces””®! or when smoothly dispersed Ag
and Cu form one bimetallic foam structure.®®¥ In what follows,
we summarize the DHBT-assisted preparation strategies of
these metal foams, as well as some important aspects of CO,
reduction occurring on them.

3.1. Sn Foams (Pure)

Sn is a prime example of normal metals having a low melting
point, little activity for HER and high activity for metal
deposition. Although on a Cu substrate, Sn foams were
deposited relatively early by Shin etal,”® from a bath that
contained 0.15 moldm™ SnSO, dissolved in 1.5 moldm™ H,SO,.
By applying galvanostatic deposition at a (geometric surface
area normalised) current density of —3 Acm™ for 5 to
20 seconds, 100 to 300 pm thick deposits with surface pores of
100 to 400 um diameter were obtained (Figure 9). The foam
walls of Sn were composed of relatively long and dense,
straight dendritic particles. The apparent microporosity (that is,
the microscopic porosity of the walls of bigger pores) described
in the same work by Shin et al.? for Cu, was not seen in the
case of Sn, probably as a result of the suppressed electro-
catalytic activity of Sn towards HER (Figure 2).
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Figure 9. Scanning electron micrographs of a Sn foam deposited on a Cu
substrate from a bath that contained 0.15 moldm SnSO, dissolved in
1.5 moldm™ H,SO, by galvanostatic electrolysis at —3 Acm ™ nominal
current density, lasting 5 seconds. Reproduced from Ref. 29, with the
permission of Wiley.

Using a Sn instead of a Cu substrate, and SnCl, instead of
SnSO, as a metal source bath component, deposits with
qualities similar to those shown in Figure 9 were obtained by
Du et al.®” and were used for the electroreduction of CO,. They
showed that compared to planar Sn electrodes, Sn foams can
deliver a higher yield and better selectivity for the production
of formate. In a CO,-saturated 0.1 moldm™ NaHCO; solution,
the maximum Faradaic efficiency of formate production could
reach above 90% at a current density of about 23.5 mAcm™
(E=—-1.9V vs. SCE), which are among the highest reported to
date under ambient conditions (H-type cell, aqueous solution,
atmospheric pressure and room temperature).””!

This improved production rate of formate can be attributed
to the high surface area and porous structure. Moreover, Du
et al.®” demonstrated a high stability of their Sn foam catalyst;
namely, the Faradaic efficiency remained unchanged during
16 hours of electrolysis. What cannot be inferred from Ref. 67 is,
however, whether the outstanding tendencies towards the
production of formate had any relation to the oxidation state of
the Sn foam electrode. That oxide remnants on Sn catalysts
have a guiding role in the production of formate has long been
known,%¥% and that surface oxidation promotes formate
production (on the account of CO formation) was proven also
for the case of large surface area Sn dendrites, the surface
oxidation of which was induced by heating in air.*”

3.2. Sn Foams (Deposited on Cu)

While reports on the use of pure Sn foams clearly point out that
the large surface area of these foams lead to both a higher
catalytic activity and an increased selectivity towards the
production of formate,®**” the picture is not this clear in the
case of foams composed of Sn deposited on top of Cu
substrates (that is, Sn@Cu foams).

While browsing the literature, we can find works that
advocate Sn@Cu foams for their excellent selectivity (>90%)
towards formate production,”*®"# while for some other
researchers,®**” Sn@Cu foams seem to be of more value if the
selectivity towards CO production is higher (again, >90%). A
comparison of two Sn foams deposited on Cu, with markedly
different selectivities, is shown in Figure 10.
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Figure 10. Sn foams deposited on a Cu substrate by a) Qin et al.®" and by b)
Li et al.® Scanning electron micrographs, reproduced from Ref. 81 with the
permission of Elsevier and from Ref. 84 with that of MDPI, show similar
surface morphologies, yet the product distribution is markedly different, as
determined for potentiostatic electrolyses at —1.0 V vs. RHE in 0.1 moldm™
CO,-saturated KHCO; solutions.

It is expected that also in case of these systems, the surface
oxidation state of Sn particles has a pivotal role in determining
selectivity. It was found, for example, by Li et al.®¥ that the
surface of Sn foams deposited on Cu substrates often contains
SnO,. We presume that stannic (or for that matter stannous)
oxide domains in Sn foams may either be incorporated in the
foam structure due to the local alkalination of the electrode as
a result of DHBT deposition, or that even the entire foam
surface may get partly oxidised after the foam is emerged from
the depositing bath, and dried in air. Either way, it was found
that these electrodes exhibit an SnO, coverage-dependent
catalysis - i.e., a shift from CO selectivity to HCOOH selectivity
with increasing SnO, coverage.®”

We assume that in case of Sn@Cu systems, bimetallic
corrosion effects may account for that some electrocatalytically
active SnO, particles may survive the reductive conditions of
CO, electrolysis. This may explain that, as shown in Figure 10, in
some Sn@Cu foams the selectivity of formate production is
preserved.

3.3. Pb Foams

According to Winand's classification, Pb also belongs to the
group of normal metals.”” The preparation method of Pb foams
was described by Cherevko et al.*" using perchloric acid both
as a supporting electrolyte and an H* source. Deposition
occurred on a Pt substrate from a solution containing
0.01 moldm™3 PbClO, and 0.01-1.8 mol dm™ HCIO,, under
potentiostatic control at —2V vs. Ag | AgCl. Good porous
structures were only obtained above a HCIO, concentration of
0.6 moldm™ (Figure 11). From a bath with a HCIO, concen-
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Figure 11. Scanning electron micrographs of a Pb foam deposited on a Pt
substrate from a bath that contained 0.01 moldm~ PbClO, dissolved in
0.6 moldm ™ HClO, by potentiostatic electrolysis lasting 2 seconds at —2 V
vs. Ag | AgCl. Reproduced from Ref. 41, with the permission of Elsevier.

tration of 0.6 moldm 3, deposited Pb layers exhibited pore sizes
of about 300 um. The walls of the pores showed a micro-
structure consisting of 200-300 nm diameter wires at lower
perchloric acid concentrations, while at higher concentrations
(>0.9moldm™) the Pb wires were either partially or fully
covered by granular particles.

The above procedure was adapted by Wang et al.®® in order
to obtain Pb foams applicable for the electroreduction of CO,.
They showed that the porous Pb foam had a better electro-
catalytic performance for the production of formate than a Pb
plate: at 5°C, the highest recorded Faradaic efficiency of
formate production was 96.8% at an applied potential of
—1.7 V vs. SCE in a 0.5 moldm™ KHCO, solution saturated by
CO,. In another study, Fan etal® have shown that the
selectivity towards formate seems to correlate with the
proportion of surface sites with the (100) orientation.

3.4. Zn Foams

While also belonging to the normal group of metals, reports
about the electrodeposition of Zn foams are recent. In the work
of Luo et al.”® Zn foams were deposited on a Cu mesh from
solutions containing 0.1 moldm™ ZnSO, and 1.5 moldm™
(NH,),SO,. They applied a current density of —1 Acm™ for
30 seconds in order to obtain the deposited Zn foam shown by
the micrographs of Figure 12. These reveal macropores with an
average diameter of 30 um and micropores with a diameter

Figure 12. Scanning electron micrographs of a Zn foam deposited on a Pt
substrate from a bath that contained 0.1 moldm™ ZnSO, dissolved in

1.5 moldm™ (NH,) ,SO, by galvanostatic electrolysis at —3 Acm™? nominal
current density, lasting 5 seconds. Reproduced from Ref. 69, with permission
of the American Chemical Society.
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smaller than 2 um, the latter formed as channels of the leaving,
smaller H, bubbles.

Luo et al® investigated the electroreduction of CO, on
their highly porous Zn foam (Figure 12), and found a remark-
ably high Faradaic efficiency of 95% towards the formation of
CO at E=—0.95V vs. RHE, where the current density was about
—27 mAcm™2 in a CO,-purged 0.1 moldm™ KHCO; electrolyte.
They argued that above the overall increase of the surface area,
the Zn foam also offers a large number of active surface sites
(compared to Zn foils) that play a decisive role in improving the
catalytic activity. At the same time, the high local pH induced
by the porous structure of Zn results in an enhanced CO
selectivity because of suppressed H, evolution. Luo et al.*” also
transformed their Zn foam into a gas diffusion electrode,
achieving a current density of 200 mAcm 2 for the reduction of
CO, and an 84% Faradaic efficiency for CO production at
—0.64 V in a flow-cell reactor.

In another work,"” we also developed a Zn-based alloy
foam catalyst by the application of DHBT, using copper ions as
a foaming agent and thereby obtaining an alloy with 6 atomic
% copper content. We detected a >90% Faradaic efficiency for
CO production at —0.95 V vs. RHE in CO,-purged 0.5 moldm
KHCO,. The high efficiency was ascribed to the combination of
high density of low coordinated active sites and preferential
Zn(101) over Zn(002) texturing,”” and we pointed out by means
of X-ray photoelectron spectroscopy investigations that the
actual catalyst material is shaped upon reduction of an oxide/
hydroxide-terminating surface, under CO, electrolysis condi-
tions. In Ref. 70 we have also shown that intentional stressing
by oxidation at ambient conditions proves to be beneficial for
further activation of the catalyst.

3.5. Ag Foams

Silver is usually also considered a normal metal according to
Winand's classification® but as long as silver is deposited not
from a simple Ag* solution but from a solution of its
complexes, it is usually treated as an intermediate metal.>”

The first reports on the DHBT fabrication of silver foams
originate from Cherevko et al,®’*® and these occurred from a
thiocyanate complex solution of silver. The foam structure
shown in Figure 13 was obtained by potentiostatic deposition
at —3V vs. Ag | AgCl lasting 30 seconds. For this deposition,

Cherevko et al®® used a Pt substrate and a bath containing

100"[1m
e ——

Figure 13. Scanning electron micrographs of an Ag foam deposited on a Pt
substrate from a bath that contained 0.01 moldm 3 Ag,SO,,
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0.01 moldm™ Ag,S0,, 1.5 moldm™ KSCN acting as a complex-
ing agent, 0.75moldm™ NH,Cl, and 0.01 moldm™ sodium
citrate. NH,Cl acted as an H™ source and the authors found that
a minimum threshold concentration of >0.5 moldm™ of NH,Cl
is required for the deposit to show a foamy structure. A
decrease in the diameter (from 45 to about 20 um) and wall
thickness of the surface pores, as well as an increase of the
number of formed holes with increasing concentrations of
NH,Cl was observed. The authors found®® that the microscale
morphology of the formed Ag deposits changes, from exhibit-
ing nanosized dendrites in case of foams deposited at low
NH,Cl concentrations towards small particle agglomerates,
deposited from baths with higher NH,CI content.

As for the preparation of silver foams from normal (i.e,
noncomplexed) solutions, reports are relatively recent. In
Ref. 72 we used a silver foil substrate and a bath containing
0.02 moldm™ Ag,SO,, 1.5 moldm~3 H,SO, and 0.1 moldm*
sodium citrate. Note that while the bulk of the solution was
acidic enough not to allow complexation of silver by citrate, in
the heavily alkaline near-electrode solution region, chelation of
silver ions may occur. Silver foams obtained from citrate
containing and citrate-free baths are compared in Figure 14.
The thickness of the deposited foams is around 17 um.
Compared to the citrate-free deposition process, Ag foams
deposited in the presence of citrate show a more uniform
macroporosity with an open-cell architecture of interconnected
pores. The average diameter of the macropores is significantly
smaller, compared to deposits obtained from a citrate-free
solution (Figure 14). This is probably related to the effect of
citrate, decreasing the stress of the liquid/gas interface (cf. to
Equation (3)). As expected, the inclusion of citrate in the
depositing bath formulation does not only impact the obtained

Figure 14. Scanning electron micrographs of an Ag foam deposited on an
Ag substrate from a bath composed of 0.02 moldm~ Ag,SO, and

1.5 moldm ™3 H,SO,. The effect of adding sodium citrate to the bath in a

0.1 moldm™ concentration can clearly be seen. Galvanostatic depositions
with a nominal current density of —3 Acm™2, lasting 20 seconds, were carried
out in both cases. Reproduced from Ref. 72, with permission of the American
Chemical Society.
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foam morphology, but also its catalytic activity towards CO,
electroreduction. Especially in terms of long-term stability, the
multiporous Ag foams deposited from citrate containing baths
perform better than the ones prepared from citrate-free
depositing solutions.”

Silver foams deposited from a citrate-containing solution
were used as electrocataysts for CO, reduction. Potentiostatic
electrolyses in CO,-saturated 0.5 moldm™ KHCO, solutions were
carried out in a hermetically tight H-type cell, and the partial
current densities corresponding to the formation of each
products were determined by means of on-line gas
chromatography.”” The potential of using silver foams as
electrocatalyst materials becomes evident by comparing the
catalytic properties of foams to those of a plain silver plate, as
in Figure 15.77

There are two features of DHBT-deposited silver foams that
become immediately apparent in Figure 15: i) that the silver
foam produces CO with a much higher activity and over a
considerably broader potential region, compared to a simple
silver plate; and ii.) that due to the foam-like structure, the
diversity of products is increased, and especially at high
negative potentials, some rather significant amounts of hydro-
carbons (primarily methane and ethylene) are also formed.
While the former feature casts the silver foam catalyst described
in Ref.72 one of the best Ag-based CO forming catalysts
reported so far in the literature for aqueous environments, the
latter feature deserves attention because the formation of
hydrocarbons was reported before only on Cu-based electrode
materials, while Ag is traditionally considered a strictly CO-
forming catalyst”” Note here that, as proven by control
experiments in Ref. 72, the colourful product palette shown in
Figure 15b is not due to artefacts caused by citrate that was
applied as an additive to the deposition bath.
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As shown in Figure 15b, some —20 pA cm™ partial current

of CO formation can already be detected at the potential of
—0.3V vs. RHE, while the onset potential of CO, reduction is
about 300 mV more negative on planar silver surfaces. Note
that onset potentials as low as —0.3 V vs. RHE were so far only
reported for gold nano-needle catalysts.®® As the potential is
set to more and more cathodic values, the overall current
density rises, with CO remaining the only or at least the majority
reaction product, down until —0.8, respectively to —1.2 V.

At potentials less cathodic than —0.8V vs. RHE, not even
hydrogen evolution is observed, unlike the case of plain surface
silver electrodes, at which HER competes with CO, reduction
even at low overpotentials. As a result, the CO-selectivity of the
silver foam prepared in Ref. 72 is not peak-like as is the case of
planar silver electrodes, but it remains constantly above 90%
over a more than 900 mV broad potential range.

This superior selectivity towards the formation of CO was
not met by other silver foam catalysts reported in the
literature,”>’* in particular because of differences of the foam
structure at the nanoscale. In Ref. 72 we hypothesized that the
highly anisotropic, needle-like structures seen in Figure 14,
obtained so far only by citrate-assisted deposition, may account
for the superior selectivity towards CO production by increasing
the bonding strength of adsorbed CO to the catalyst surface.
For example, on commercially available silver foam electrodes
with grain-like microstructure, the Faradaic efficiency of CO
production is generally lower, although the potential regime of
CO formation is still broader than that on pristine silver
plates.”

Another hint that underlines the pivotal role of adsorbed
CO played in the mechanism is the formation of C, (methane)
and, to some extent, C, (ethylene) hydrocarbons, which also
necessitates an adsorbed CO intermediate.®” Of course, apart
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Figure 15. Polarization curves (interpolated) of a) a silver plate and b) the silver foam deposited from a citrate containing solution, shown in Figure 14.
Electrolyses were carried out at distinct potentials in a CO,-saturated 0.5 moldm™ KHCO; solution, and the product distribution was determined by online gas
chromatography. Colour-shaded areas show the distribution of reaction products. Currents were normalized to the geometric (nominal) surface area of the

electrodes. The graphs were prepared using data from Ref. 72.
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from the higher bonding energy of adsorbed CO, and the
longer residence time of surface-bound CO caused thereby, for
the effective formation of hydrocarbons relatively intense H*
reduction is also required to take place, so that surface-bound
H atoms and CO molecules can effectively react.

From this point of view, the confinement of the reaction
scenery to the small (macro)pores seems to be of primary
importance. The hierarchical structure of the silver foam can
make sure that potential intermediates (such as surface-bound
CO or H,) may not easily leave the electrode surface (and
become a product), but instead get entrapped in the pores, at
least for some time, having a higher chance to recombine.

The effect of confinement is illustrated by Figure 16a,
showing a cavity of diameter d in contact with its surroundings
through an opening of diameter a and length L. By theoretical
studies on the random walk of a particle inside this cavity, it
was shown by Berezhkovskii et al.” that the 7., characteristic
time of residence (i.e., the average time a molecule would
spend inside the void before diffusing out through the neck)
can well be approximated using the simple formula

b)

collision 3

collision 4

particle birth
and desorption

Figure 16. a) A spherical cavity of diameter d, connected to its surroundings
by a neck with length L and diameter a. b) Simulated motion of a particle
inside a spherical segment. After formed, the particle leaves the surface of
the cavity and begins to traject, hitting in this case, four times the cavity wall
before eventually leaving the void.
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24 L

Tres = 332 D

where D denotes the diffusion coefficient of the molecule.

Further taking into account that the characteristic time
between two molecule-to-wall collisions can well be approxi-
mated as

dZ

ol 5D (5)

T

it can be assumed that an average molecule, after born and
before leaving the void, collides

T res _ 4dL
Neoy = T, @ (6)

times to the surface of the cavity. Using the arbitrary (but,
based on the morphology shown for example in Figure 14, not
unrealistic) parameter set of d=50 um, a=25 pm, L=50 um
and D=5-10"°cm?’s™', we get to a residence time of about 13
seconds, during which a formed molecule would impact about
16 times the wall of the cavity, having ample opportunity to re-
adsorb, and act further as an intermediate.

As seen in Equations (4) and (6), the characteristic residence
time and the mean collision number increases with the L length
of the neck that separates the cavity from its surroundings. This
hints to that the confinement effect in case of deep-buried
cavities is bigger. For near-surface cavities (for which L~0),
another work of Berezhkovskii et al.®® provides the formula

dr

Tres = 724D

7
for the residence time, from which an average collision number

Neoi = dzia (8)
follows. Using the above-mentioned parameters, the obtained
residence time and collision number are about an order of
magnitude smaller compared to when the escape occurs
through a finite length neck. The concept is further illustrated
by Figure 16b, showing the presumed Langevin trajectory®” of
a particle being formed and moving inside a void, before
leaving it through an opening.

Although the above arguments are very simple and rather
qualitative in nature, they well explain the effect of small-scale
confinement on electrocatalytic processes. It is assumed that
the above “multi-collision” effect is what lies behind the
possibility of the formation of C, products on Ag foams, and a
similar argument is often used for explaining CO, electro-
reduction mechanisms on-going on Cu electrodes, allowing
even the formation of C; products.™

One has to note, however, that the Ag foam catalyst
described in Ref. 72, although it is one of the most excellent
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catalyst material for CO production, is not the ideal playground
for hydrocarbon formation. While it was observed that when
operated on a long run at potentials of CO formation (see
Figure 15b) the catalyst performs well without any significant
degradation effects, as electrolyses are carried out at more
negative potentials to form hydrocarbons, the performance of
the catalyst decreases over time. This probably has to do with
the poisoning of the silver foam by the formed methane, and
can also be related to a mechanical degradation caused by the
intensive gas evolution observed during long-lasting electrol-
yses.

In order to study degradation effects, we used identical
location scanning electron microscopy® in Ref.72. Figure 17
demonstrates degradation suffered by silver foams over long
times of electrolyses at potentials where hydrocarbons are
formed. Note here also, that long-lasting electrolysis at CO-
forming potential does not cause any visible degradation of the
catalyst.

From point of view of future applications of Ag foams in
CO-producing electrolyzers, it also seems important in particular
for future studies to fine-tune the foam preparation procedure
in the direction of obtaining well-structured foams on sub-

before electrolysis i
. o il

after electrolysis
s i

E=-0.8V vs. RHE,

potential of CO formation

E=-1.5V vs. RHE,
potential of hydrocarbon formation

Figure 17. Scanning electron micrographs recorded at identical locations of
an Ag foam catalyst, before and after being used for some hours for the
electroreduction of CO,. Mild potentials, where only CO is formed, cause no
significant damage; however, long-time polarization in the range of extreme
negative potentials where hydrocarbons are formed causes visible degrada-
tion, especially on the nanoscale.

ChemCatChem 2021, 13, 1039-1058 www.chemcatchem.org

1051

strates that are more challenging than a plain Ag foil.
Deposition on gas diffusion electrodes (GDEs) seems to be a
logical first step of up-scaling attempts. During our pilot studies
in this direction, we found that the Ag foam preparation recipe
mentioned before (and described in details in Ref. 72) needs
further improvement, as it yields a less well-defined foam
structure when we apply it for the deposition of Ag foams on
GDEs (compare Figure 18a to Figure 14). Nonetheless, even
though there is obviously space for further development, Ag
foams on GDEs exhibit a superior activity towards CO formation,
as shown by results of our recent (yet unpublished) inves-
tigations (Figure 18b).

3.6. Cu Foams

As opposed to silver and to the other metals discussed above,
copper is usually considered as the only metal where the
formation of C, (methane and methanol), C, (ethylene and
ethyl-alcohol), or even C; products (propyl-alcohol) is possible,
even if the applied catalyst is not of a foam structure.””

Several studies were conducted in the past with the aim of
understanding the selectivity of Cu catalysts towards the
formation of certain products.”>78%%1%-1%7 These studies all

b)

—204
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Figure 18. a) Scanning electron micrographs of a silver foam deposited by
20 s electrolysis using the recipe described in Ref. 72 onto a Sigracet 39 BC
gas diffusion electrode (Fuel Cell Store). b) Interpolated product distribution
and total current density plot measured on the GDE by electrolyses carried
out in an H-type cell at distinct potentials in a CO,-saturated 0.5 moldm™
KHCO; solution. (Unpublished data)
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underline the importance of the bonding strength between the
catalyst surface and the -CO,™ radical anion that, following a
coupled H*/e™ (alternatively, direct adsorbed H) transfer, forms
surface-bound CO, which acts as a second key intermediate.”
By contrast to some other metals previously mentioned in this
study, copper can bond CO strongly enough to allow its further
reduction to C;, C, or even to C; products. Both experimental’™
and theoretical investigations"* indicate that C—C coupling is
more probable on (100) oriented copper surfaces while the C,
pathway is preferential on the (111) surface.’™ As a result,
significant effort (relying on the use of sputtering and
electropolishing,"® as well as electrodeposition and anodiza-
tion techniques'®) has recently been devoted to find possibil-
ities of tuning Cu surfaces towards the right (preferably, C,)
selectivity. Amongst these approaches, the oxidation of the
copper surface,"®"” yielding weekly coordinated structures,
seems to be the most promising. Note here, however, that the
thus obtained catalysts should not be referred to as copper
oxide, but rather as oxide derived (OD) copper catalysts, since
under the heavily cathodic operating conditions, the copper
oxide is instantaneously reduced to an elementary Cu state.

In a recent paper,”” we combined the activation of Cu
catalysts via the reduction of its surface oxide with the DHBT-
based foam deposition approach first developed by Shin
etal®™ We thus produced mesoporous, large surface area
copper foams, shown in Figure 19. Several procedures for the
potentiostatic (Figures 3 and 4) and galvanostatic (Figure 5)
means of copper foam preparation were reported by the works
of Nikoli¢ et al.®'=% and of Zhang et al.*? These works, and the
mechanistic description of copper foam deposition described
therein, were reviewed here in the section before.

For purposes of CO, electrolysis, our group used galvano-
static deposition (nominal current density: —3 Acm™) to
deposit black copper foams on a Cu wafer substrate from a

bath that contained 0.2 moldm™3 CuSO, and 1.5 moldm™
H,SO,. As seen in Figure 19, deposits with a hierarchical
macroporosity were obtained, with macropore sizes growing as
a function of deposition time. The thus prepared Cu foams
underwent a fast surface oxidation, following emersion from
the plating bath. We demonstrated that these OD Cu foam
catalysts show a superior selectivity toward C, product
formation at particularly low overpotentials.”™

In Figure 20 the electrocatalytic properties of the copper
foam deposited with a 20 s deposition time are compared to
those of a planar Cu wafer. Both surfaces exhibit a clear
preference for hydrocarbon formation, in combination with a
significantly reduced preference for formate production. Where-
as on the Cu wafer methane is the primary product, the C,
pathway seems to prevail on the Cu foam catalyst, with the C,
pathway suppressed to such extent that not even traces of
methane formation are detected.

The preference of OD Cu foams towards the C, pathway can
probably be explained by two, synergistic effects: i.) that the
OD Cu surface is composed more of (100) oriented (open)
facets”™ and ii.) that due to the porous structure (confinement),
key intermediates of the C, pathway may be entrapped and get
readsorbed inside the catalyst pores. The latter effect is
demonstrated by Figure 21, showing an anti-correlated varia-
tion of the Faradaic efficiencies of C, products and that of CO,
as a function of the surface pore size of the copper foam
catalyst.

With regard to the microscopic structure of the OD copper
foam catalysts, we note that while thermal annealing can aid in
the oxidation of the foam surface (and by altering the surface
morphology, it may result in FE variations), the thus formed
oxide is almost immediately reduced to elementary copper
under the harsh cathodic conditions applied for CO, electrolysis,
and has thus no role in the CO, reduction mechanism. The

Figure 19. Scanning electron micrographs of Cu foams, deposited galvanostatically (nominal current density: —3 Acm™2) on a Cu wafer from a bath that
contained 0.2 moldm™ CuSO, and 1.5 moldm~® H,SO,. Deposits obtained with different electrolysis times are shown. Reproduced from Ref. 75, with

permission of the American Chemical Society.
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Figure 20. Polarization curves (interpolated) of a) a copper wafer and b) the copper foam shown in Figure 14 with the deposition time of 20 s. Electrolyses
were carried out at distinct potentials in a CO,-saturated 0.5 moldm™ NaHCO; solution, and the product distribution was determined by online gas, as well as
post-electrolysis ionic liquid chromatography. Colour-shaded areas show the distribution of reaction products. Currents were normalized to the geometric
(nominal) surface area of the electrodes. The graphs were prepared using data from Ref. 75.

disappearance (reduction) of surface copper oxides on Cu foam
catalysts was recently proven by a combined operando X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS) and
Raman spectroscopy study.’®

3.7. Ag—Cu Bimetallic Foams

By the combination of (primarily, CO forming) silver and
(primarily, C, hydrocarbons forming) copper sites in the form of

one bimetallic metal foam, it seems possible to direct the
electroreduction of CO, towards the formation of products even

k
100% 1+
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60%

40%

20%+
CH, :

! ! T [ ra| (-
>

Product distribution

L}
20 40 60 80 100 120 140 160

Surface pore diameter / pm

Figure 21. The distribution of CO, reduction products depend on the surface
pore size of the Cu foam catalyst. Potentiostatic electrolyses lasting 1 hour
were conducted at a potential of —0.8 V vs. RHE in a CO,-saturated

0.5 moldm™ NaHCO; solution, and main gaseous products were analysed by
means of online gas chromatography. Colour-shaded areas show the
distribution of reaction products. The graph was prepared using data from
Ref. 75.
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more desired than either CO or hydrocarbons: ethyl- or even
propylalcohol B

The DHBT co-deposition of Ag—Cu bimetallic foams were
first reported by Najdovski et al.,*® who applied galvanostatic |
j| >1Acm™ co-depositions in H,SO,-acidified baths that
contained both CuSO, and AgNO,. As expected,"® no alloy
formation was observed and Najdovski et al. showed that the
Ag—Cu bimetallic foam consists of small segregates of silver and
copper phases."

They observed that the surface pore size obtained during
codeposition increases with increasing the cug, :¢q,, ratio of
the depositing bath. They argued that the increase of surface
pore diameters, as well as the appearance of surface crack lines
at higher silver contents is due to Ag exhibiting less catalytic
activity towards HER than Cu (Figure 2), which favours the
coalescence of H, bubbles.

The recipe of Najdovski etal”® was later applied by
Kottakkat et al.® in order to create bimetallic Ag—Cu foams for
purposes of CO, electroreduction. They used constant current
(-1Acm™, 10s) co-deposition from baths containing
0.2 moldm™ CuSO,, 1.5moldm™ H,SO, and 0.01-
0.05 moldm™ AgNO,. Kottakkat et al.®' observed an improved
CO selectivity and suppression of hydrogen evolution at low
overpotentials, when comparing their bimetallic Ag—Cu foams
to a plain Ag foil, and, similarly, a decrease of the Faradaic
efficiency of formate production, compared to Cu foams.” The
overall increase of the CO selectivity of bimetallic Ag—Cu foams
was explained by an increased bonding strength of adsorbed
CO, that Kottakkat etal® verified by operando Raman
spectroscopy. Although for other Ag—Cu bimetallic systems an
enhanced selectivity towards multi-carbon oxygenate products
was detected,""” and it was attributed to near-surface alloying
due to mechanical strain,""" the formation of C, products,
especially that of alcohols, was not observed by Kottakkat et al.
on their Ag—Cu foams.®”
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Figure 22. An Ag—Cu bimetallic foam deposited galvanostatically

In Ref.86 we modified the original bath formulation of
Najdovski et al.”® by the inclusion of sodium citrate that, acting
both as an adsorbent and a local chelating agent, changed the
deposition mechanism,®@ resulting in honeycomb-like macro-
pores and a fine dendritic microscopic structure. This is shown
in Figure 22 for an Ag;sCug; bimetallic foam deposited
galvanostatically (j=—3 Acm™2, t=205s) on a Cu foil substrate
from a bath containing 1.5 moldm~ H,50, 0.02 moldm™
CuS0,, 0.002 moldm™ AgNO; and 0.1 moldm™ sodium citrate.

Note that the notation Ag,;Cugs is based on an ICP-OES
determination of the (bulk) atomic composition and by no
means reflects compound formation. The white-light interfero-
metric image of the Ag—Cu foam in Figure 22a reveals a near-
surface pore diameter of ~25 pm; note, however, that the pore
diameter is expected to vary also in this case along the surface
normal, as was shown for other foams before (Figure 7). The
side-walls of the macropores reveal dendrites with dimensions
<50 nm, as shown in the electron micrograph of Figure 22b.
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Electrode potential vs. RHE / V

The dendrites themselves are composed of small, individual Ag
and Cu phases, as revealed by the energy-dispersive X-ray map
in Figure 22c.

The electrocatalytic performance of Ag;sCugs bimetallic
foams was investigated in Ref. 86 by 1 hour long electrolysis
experiments carried out at certain potentials in CO,-saturated
0.5 moldm™ KHCO; solutions. Results of these electrolysis
experiments are shown in Figure 23.a.

It can be seen in Figure 23a that within the range of low
overpotentials (—0.7 V<E<—0.3V vs. RHE) the predominant
CO, reduction product is CO, assumed to take place preferen-
tially on the Ag sites of the bimetallic catalyst. Accordingly, the
Faradaic efficiency of formate production is suppressed,
especially when compared to Cu foams, and in agreement with
the observations of Kottakkat et al.® made on other bimetallic
Ag—Cu foams. At potentials more cathodic than —0.5 V vs. RHE,
hydrogen formation sets on, and along with it, pathways for the
production of methane, ethylene and some small amounts (<
1%) of ethane are opened.®® At E<—0.7V, the product
distribution of CO, reduction is already obviously dominated by
the Cu component, as C—C coupling reactions are enabled. It
can be assumed, that the C—C coupling reaction benefits from
the high abundance of CO inside the porous catalyst. Due to
the small domain sizes of the metallic components of the as-
deposited Ag;sCug; foam, the CO intermediate is rapidly trans-
ported from the Ag (CO producer) to the Cu domains (C—C
coupler), either by surface diffusion (“spill-over”) or by diffusion
through the liquid electrolyte phase inside the pores of the
bimetallic foam (as depicted in Figure 16b). As shown in
Figure 23a, CO, reduction already results in the formation of
some little amount of ethanol at this potential range, while only
traces of n-propanol are detected.

The product distribution becomes remarkably different if
we make subject the deposited Ag,sCug; foam to thermal
annealing before it is used as an electrocatalyst of CO,

b)

A HCOO

-2
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—204

activated

—301
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Figure 23. Polarization curves (interpolated) of CO, reduction recorded on a) an as-deposited Ag,sCugs bimetallic foam and b) on the same foam following
activation by mild thermal annealing in air (200°C, 12 hours). Electrolyses were carried out at distinct potentials in a CO,-saturated 0.5 moldm ™ KHCO,
solution, and the product distribution was determined by online gas, as well as by post-electrolysis ionic liquid chromatography. Colour-shaded areas show
the distribution of reaction products. Currents were normalized to the geometric (nominal) surface area of the electrodes. The graphs were prepared using

data from Ref. 86.
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Figure 24. Proposed reaction scheme illustrating the coupling of the CO pathway and the C, hydrocarbon/alcohol reaction pathways on oxide-derived
Ag;5Cugs bimetallic foams. Reproduced from Ref. 86 with the permission of Elsevier.

reduction (Figure 23b). It was shown in Ref. 86 that thermal
annealing under mild conditions (200°C for 12 hours) trans-
forms the Cu in the bimetallic system into a mixture of
crystalline Cu,0 and amorphous CuO, whereas the Ag islands
remain in a metallic state due to the thermal instability of Ag,0
above temperatures of 180°C. The selective oxidation of Cu in
the bimetallic Ag,sCug;s catalyst goes along with an enrichment
of Cu oxides on the surface of the formed mixed AgCu,O foam.
Although both operando X-ray diffraction and operando Raman
spectroscopy confirm that the cuprous/cupric oxide content of
the catalyst is reduced back to the metallic state at potentials
applied for CO, electrolysis, the formed oxide-derived bimetallic
Ag—Cu foam was found to exhibit high selectivity towards
alcohol formation (Figure 23b), with Faradaic efficiencies of
about 34% and 7% for ethanol and n-propanol formation,
respectively.

Extended electrolysis experiments (100 h) indicated a supe-
rior degradation resistance of the oxide-derived bimetallic
catalyst, which was ascribed to the effective suppression of the
C, hydrocarbon reaction pathway, assuring that irreversible
carbon contaminations, appearing in particular during methane
production, can be avoided.

The suggested mechanism of alcohol formation on the
oxide derived, bimetallic Ag—Cu foam catalyst surface is shown
in Figure 24. This mechanism is consistent with published
models on alcohol formation on Cu,"'? with the addition that
on the bimetallic foam CO forms selectively on the Ag domains,
and is subsequently transported to the Cu domains via surface
diffusion (“spillover”) or alternatively via CO transport through
the solution phase (desorption/readsorption). Besides the
increased abundance of CO intermediates, it is the stabilization
of the chemisorbed CO on the catalyst surface which further
directs CO, reduction towards C—C coupling and alcohol
formation, as confirmed by operando Raman experiments .
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3.8. Multimetallic Foams

The combination of multiple (more than two) metals in one
foam structure has recently emerged as a new possibility of
electrocatalyst design. In 2019 Lee etal™ described a
Cu—In—Ag foam that was created by the deposition of a Cu
foam that was electroplated by In and further modified by
partial galvanic replacement of In with Ag (Figure 25). The
preparation method is described briefly in Table 1, details can
be found in Ref. 113. By the use of this trimetallic foam, Lee
et al. achieved high Faradaic efficiency of CO production already
at low overpotentials that, as they argued, was a result of
synergistic effects arising from the high surface area of the Cu
foam, the HER suppressing effect of In, and by Ag as a CO

(a) Cu (55.2%)

Figure 25. Elemental energy dispersive spectroscopy maps of the Ag—In—Cu
foam prepared by Lee et al."' (a) Cu, (b) In, (c) Ag, and (d) Cu+In+Ag.
Reproduced from Ref. 113, with the permission of Elsevier.
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Metal (featured
CO, reduction

Table 1. Overview of the metal foams (preparation and CO, reduction characteristics) discussed in Section 3.

Preparation using the DHBT technique

CO, reduction characteristics

Pb (formate)®®
Zn (Co)[69]

Ag (Co)[72]

Cu (G,
hydrocarbons)”

CuAg bimetallic
(C., alcohols)®

Sn@Cu (formate)®"

product)
Sn, pure 0.15 moldm~ SnSO,, 1.5 moldm~ H,S0,., galvanostatic deposition on Sn In CO,-sat. 0.1 moldm~ NaHCO,, at E=—1.9V vs. SCE
(formate)’®” foil, typ. current density: —3 Acm ™2, typ. deposition time: 5 to 20 s. j~—23.5 mAcm % >90% FE for formate production.

0.1 moldm™ SnCl,, 0.1 moldm* sodium citrate, 1.2 moldm > HCl, galvano-
static deposition on electro-polished Cu foil, typ. current density: —2 Acm™?,
typ. deposition time: 2 min.

0.01 moldm~ PbClO,, 0.01 moldm~ sodium citrate, 1.0 moldm~ HCIO,,
galvanostatic deposition on Pb plate, typ. current density: —0.5 to

—8 Acm™?, typ. deposition time: 10 to 20 s.

0.1 moldm~ ZnSO,, 1.5 moldm~3 (NH,),SO,, galvanostatic deposition on a
Cu mesh, typ. current density: —1 Acm™2, typ. deposition time: 30 s.

0.02 moldm~ Ag,SO,, 0.1 moldm™ sodium citrate, 1.5 moldm~ H,SO,,
galvanostatic deposition on an Ag foil, typ. current density: —3 Acm~2, typ.
deposition time: 20 s.

0.2 moldm™~ CuSO,, 1.5 moldm~3 H,SO,, galvanostatic deposition on a Cu
wafer, typ. current density: —3 Acm ™, typ. deposition time: 20 s.
See Ref..

0.02 moldm~ CuSO,, 0.002 moldm™~ AgNO;, 1.5 moldm~ H,SO,, galvano-
static deposition on a Cu foil, typ. current density: —3 Acm~2, typ. deposition
time: 20 s, activated by annealing in air at 200°C, 12 hours.

In CO,-sat. 0.1 moldm > KHCO,, at E=—1.2 V vs. RHE
j~—6.5 mAcm % >90% FE for formate production.

In CO,-sat. 0.5 mol dm~ KHCO,, at E=—1.7 V vs. SCE
ja~—10 mAcm?% > 97 % FE for formate production at
5°C.

In CO,-sat. 0.1 moldm~ KHCO,, at E=—0.95 V vs. SCE
j~—27 mAcm% >95% FE for CO formation.

In CO,-sat. 0.5 moldm > KHCO,, at E=—0.8 V vs. RHE
about —8 mAcm ™% >99% FE for CO formation. At
E=—-1.5Vvs.RHE j~—-36 mAcm™2 FEs: 15% CO, 25%
H,, 55% CH,, 5% C,H,.

In CO,-sat. 0.5 moldm > KHCO,, at E=—0.8 V vs. RHE
j~—12 mAcm™ FEs: 37% C,H,, 22% C,H,, 16% CO,
7% HCOOH, 17% H,.

See Ref. 75.

In CO,-sat. 0.5 moldm > KHCO,, at E=—1.05 V vs. RHE
j~—27 mAcm % FEs: 28% C,HsOH, 4% C;H,0H, 10%
C, hydrocarbons, 2.5% formate, 2.5% CH,, 3% CO,

AgInCu trimetallic
(Co)[113]
galvanostaticaly, at a current density of

nitrobenzoic acid.

Cu foam substrate is prepared from 0.12 moldm~3 CuSO,, 0.5 moldm™3 In CO,-sat. 0.5 moldm > KHCO,, at E=—0.53 V vs. RHE
H,S0,, 1.2 moldm 2 (NH,),SO, and 40 umol dm* benzotriazole on a Ti foil,

—1.2 Acm~? for 40 s. In deposition then takes place on the Cu foam at a
current density of —50 mAcm~? for 900 s, in a 0.1 moldm~ InCl; and
0.5 moldm™~3 HCIO, solution. Galvanic replacement by Ag follows by
immersion into a solution of 10 mmoldm~3 AgNO; and 2 mmoldm 3 2-

50% H,.

j~—2mAcm % >74% FE for CO formation.

producer. Apart from minor amounts of formate produced, Lee
et al. did not detect any products other than CO and H, on this
trimetallic foam.

4. Summary and Outlook

In this review we attempted to provide an oversight on the
current state-of-the-art of DHBT-based deposition of metal
foams, and on the application of these materials as promising
new catalysts of the electroreduction of CO,.

We gave an introduction to the phenomenology and
mechanism of DHBT-based deposition of metal foams, address-
ing the most important factors affecting the structure and
surface morphology of the prepared foams. It was shown that
by a careful selection of appropriate experimental parameters,
foams of hierarchical structure can be created from various
types of noble, intermediate and normal metals. The success of
DHBT-based foam deposition depends on a set of parameters,
and appropriate selection of the applied (potentiostatic/
galvanostatic) mode of deposition, the value of the electrode
potential or current at which the deposition is carried out, as
well as the proper formulation of the depositing bath have a
key impact on the deposited foam structure. With respect to
bath formulation, most emphasis is laid on the concentration of
the used metal salt and of the acid component, as well as on
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the concentration of buffering or complexing agents, and that
of surfactants.

The review contains a brief description of several recipes,
originating from works of our own or that of other groups, for
the deposition of some metal foams, including pure metals
such as Sn, Pb, Zn, Ag, Cu, as well as two-component systems
like Sn foams deposited on Cu and the mixed Ag—Cu bimetallic
foam. The reason why these metal foams and not some others
like Pt, Pd, or Au were made subject of this study, is that the
mentioned metals are the most promising candidates to be
used as catalyst materials in electrochemical CO, reduction.

Accordingly, foams prepared by the DHBT technique from
the above metals were also discussed from the point of view of
CO, reduction, by placing special emphasis on the product
distribution of this versatile process. While it is usually noted
that on metal foams, mostly due to their increased surface area,
electrocatalytic processes can occur at a higher rate compared
to plain electrodes of the same metal, we found that
hierarchical metal foams prepared by the DHBT technique often
have a lot more to offer.

As it was pointed out especially in the cases of Ag, Cu and
Ag—Cu bimetallic foams, the pores of these hierarchical three-
dimensional structures can harbour reactions which would
otherwise be unavailable on open surfaces due to the confine-
ment (entrapping) of key reaction intermediates. In case of CO,
electroreduction, confinement allows desorbed CO and H, to
remain close and potentially re-adsorb on the electrode surface,

© 2020 The Authors. ChemCatChem published by Wiley-VCH GmbH
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ultimately leading to the formation of reaction products of a
lower oxidation state (such as hydrocarbons and alcohols).
Moreover, by the application of post-deposition, pre-electrolysis
treatments (such as the oxidation of Cu-containing foams by
annealing in air), the microstructure of the foams may further
be fine-tuned towards the formation of certain, desired, CO,
reduction products. Although most metal oxides never survive
the reductive conditions of CO, electrolysis, oxide-derived
surfaces have a different (usually, more open) structure, which
opens a pathway before the formation of C, and even of C;
products.

To conclude, the DHBT technique of metal foams prepara-
tion has the key advantage of meeting the most important
structural and electronic factors that are considered essential
for the electrocatalysis of CO, reduction. Processes fundamental
to the technique, such as bubble nucleation, growth and
detachment mechanisms, as well as the kinetics of metal
deposition and dendrite formation are now understood at a
level which will allow the rational design of mono- or multi-
metallic foams that can act as new catalysts of CO, reduction.
As it was shown, research on some metal foam catalysts is now
ready to move in the direction of industrial upscaling (cf. to
Figure 18), as foams with good structural qualities can even be
deposited on gas diffusion electrodes. It is thus expected that in
the coming years, metal foams will provide a viable alternative
to, and may even outperform supported nanoparticle based
(ink-like) catalysts in terms of yield, selectivity and, especially,
stability.
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