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ABSTRACT

Metal foams offer a substantial specific surface area and a sturdy frame,
which makes them great candidates for various applications such as
catalysts, sensors, heat sinks, etc. Cobalt and its various compounds are
being considered as an inexpensive alternative for precious and rare metal
catalysts (like Pt and Ir and their oxides). Forming high surface area, porous
and textured compounds, where their physical (density, pore diameter, and
thickness of the coating) properties, as well as chemical (composition)
properties, can be easily controlled via electrochemical deposition. Obtained
porous/textured surfaces can be easily modified using numerous
electrochemical techniques, further enhancing their applicability in various
fields.

Various porous and textured Co and Co-Pt metallic foams have been
electrochemically deposited using a dynamic hydrogen bubbles template
(DHBT). Influence of deposition conditions on porosity and morphology
overall have been investigated (current density, potential, pH, solution
composition). A comprehensive study of obtained metallic foams, as well as
commercially available copper foam, has been done, estimating their true
surface area as well as electrochemically active surface area. Obtained
porous materials have been tested in their electrochemical catalytic activities
in alkaline media — hydrogen evolution reaction (HER) as well as oxygen
evolution reaction (OER), and also modified and applied as sensors for free
chlorine in water detection. The commercial copper foam properties have
been investigated, and their potential applications as cathode for copper
electrowinning tested. Later copper foam with electrodeposited Fe layer has
been tested as a catalyst for Fenton reaction in methyl orange (MO) dye
aqueous solution organic decomposition. Small amounts of Pt (2-3 at. %)
Co-Pt metallic foams have been electrochemically deposited with
expectations for higher HER and OER activity in alkaline media.

Morphology and various other properties of the obtained materials have
been investigated using different techniques. For morphology investigations
scanning electron microscopy (SEM) coupled with energy dispersive
spectroscopy (EDS) have been used. Crystalline structures have been
investigated using X-ray diffraction spectroscopy (XRD). For
electrochemical properties as well as surface area estimations voltammetry
and cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS) have been used.

It was found that ammonium sulfate allows to electrochemically deposit
Co foams with a much larger electrochemically active surface area per gram
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of deposit. The increase of electrochemically active surface area, when
compared to that of a substrate, was around a hundredfold. The Co foams
showed great activity for HER in alkaline solution and seemed to be a two-
stage process. The overpotential required to reach 10 mA current was only
220 mV. The whole process had two distinct slopes, namely — 22 to 44
mV/dec, and the second one - 244 to 325 mV/dec. Upon addition of a small
amount of Pt during deposition, the foam with Cog7Pt; has been obtained.
The overpotential for HER to reach 10 mA current decreased by approx. 100
mV. However the slope became worse - 269 to 313 mV/dec. The Co foams
were tested as catalysts for OER in alkaline media as well, but the results
were poor. Overpotential required to reach 10 mA current was ~330 mV and
the slope around 130mV/dec. The obtained Co foams were modified using
the CV technique, forming cobalt hexacyanoferrate. The modified foams
were tested for free chlorine detection in water. The calculated limit of blank
(LOB = 1.650) was 3.06 ppb, the obtained limit of detection (LOD = 30)
was 5.57 ppb and the limit of quantification (LOQ = 10c) was 18.86 ppb.

Commercial Cu foams have been investigated, and judging from EIS
data, was established that the true surface area of the foam was established to
be 7-14 times larger than its geometrical area. The foam was tested as a
cathode for copper deposition and showed lower charge transfer resistance,
as well as better diffusion qualities than the flat surface copper counterpart.
Furthermore, the commercial Cu foam was modified by electrochemically
depositing Fe. The modified Fe/Cu foams were tested as catalysts for
Fentons reaction, where 70 mg/L methyl orange (MO) solution was
discolored in 2.2 minutes, and approx. 1/3 of all organic matter was
mineralized in 10 min at 40°C.

Keywords: electrochemical deposition, dynamic hydrogen bubble
template, cobalt foams, cobalt-platinum foams, copper foams, HER, OER,
catalytic properties, free chlorine determination, Fentons reaction,
mineralization.
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INTRODUCTION

This Ph.D. thesis is devoted to the electrochemical synthesis of porous
Co and Co-Pt materials, as well as the investigation of obtained and
commercial metal foams, their modification, and application capabilities.
Cobalt has drawn great attention because of its great catalytic properties in
electrochemical water splitting, where it could act as an alternative for other
expensive rare metal catalysts such as Pt or Ir [1-4]. Cobalt has other
attractive chemical and physical properties, useful for potential applications
such as catalysts, sensors, magnetic materials [1-6].

The increase of the surface area of catalyst or sensor is very desirable,
because of many more active sites, where specific reactions take place [7,8].
In such way the reaction rate or sensitivity can be increased many folds, or
even some unusual properties can be achieved (lightweight, fire resistance,
magnetic properties, sound/vibration absorption, etc.) [8-10]. The increased
activity of high surface area substrates allows the use of less expensive,
lighter, smaller but usually less active materials for various applications [8-
13].

There have been many attempts to form various porous or textured
surfaces especially in recent years (metallic foams, nanowires, aerogels, etc.)
[8-10, 14]. Most of these methods require very specific and costly
equipment. But even these production methods usually are limited by
material choice, the density of porous material, pore diameter, open/closed
pore systems, etc. [10,14]. There are many ways to obtain metal foams,
however, electrochemical deposition offers a simple, highly tunable, cost-
effective way for the production of metal foam from all electrochemically
possible to deposit materials [15-17]. There are two main ways to deposit
metallic foams using electrochemical deposition — that is using a porous
conductive template (usually made out of polymer or other metal) or use a
dynamic hydrogen bubble template. In the latter case, the metal ions are
being reduced between the hydrogen bubbles, forming a metal foam of
tunable density and composition [10,14,15]. Using DHBT one can form a
metallic foam on almost any conductive surface.

Electrochemically deposited copper foams are amongst the most popular
ones, that have received a lot of research [15, 18, 19]. However, cobalt and
various other metal foams have not received so much attention. Some quite
recent works can be found investigating various metallic foams and
structures, but unfortunately, most of them do not investigate the porosity
dependence on deposition conditions. They mostly focus on using the foams
as a scaffold for electrochemical catalysis/sensing formation but are not
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investigating the electrochemically active surface area or even the reaction
rates in more detail.

The porous surface makes it challenging to estimate the true surface area
not only electrochemically but using other methods too [20,21]. Methods
like Brunauer-Emmett-Teller (BET) allow estimating the true surface area
of the whole sample. However, this can give very skewed results, when
trying to estimate the activity of a catalyst that will be immersed in an
aqueous solution. Since water permeability of the catalyst can differ a lot
when compared to gas molecules [22]. So electrochemical techniques allow
estimating the true surface area, electrochemically active surface area, and
even the amount of active sites. [23,24] They also allow modification and
even various applications of these porous materials as catalysts and sensors,
making such production methods a very time and cost-effective way to
synthesize such materials.

Metallic foams that are flow-through type (open cells at both sides of the
foam) are very attractive scaffolds to be used for highly active catalysts,
sensors, or even membranes [3,25,26]. Such metal foams can be easily
modified and applied for various purposes, like a Fe-based catalyst for
Fenton’s reactions in wastewater treatment. There have been already various
attempts to use high surface area catalysts for Fentons reaction [27-30].
However, most of these methods have serious drawbacks (agglomeration,
poor activity, etc.) and catalyst reusability issues.

The aim of this work was to electrodeposit Co-based, Cu, and Fe
materials and to investigate the influence of deposition conditions (current
density, solution composition, etc.) on their specific surface area in the view
of targeted application as catalysis, sensing, and electrowinning.

The objectives of the study:

1. To electrodeposit Co and Co-Pt foams by using dynamic hydrogen
bubbles template as electrocatalysts for water splitting (HER and OER).

2. To assess Co foam modified with cobalt hexacyanoferrate for sensing
of free chlorine in the water.

3. To assess Cu electrodes (plates and 3D foam) as an advanced cathode
for copper electrowinning;

4. To electrodeposit Fe on Cu foam from eco-friendly electrolyte as an
effective Fenton catalyst for methyl orange decomposition.
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SCIENTIFIC NOVELTY

The high surface area and textured conducting surfaces have been gaining
interest in recent years including electrochemically formed metallic foams
especially using dynamic hydrogen bubble templates. During this study, the
high surface area deposits with tunable composition, porosity, and pore size
were obtained. The estimation of the electrochemically active surface area
allows to predict and compare the behavior of various catalysts and sensors
more adequately than BET measurements. The obtained metallic foams
having a high surface area offer lower charge transfer resistance, facilitates
the mass transfer from the bulk to the electrode. To the best of our
knowledge, none of the discussed foams has been deposited from solutions
used in this work, as well did not describe in detail. This work assesses
possibilities to synthesize novel materials and then use them in “green”
chemistry applications (HER, OER, sensors for free chlorine in water,
Fenton catalyst for dye degradation).

Statements to be defended:

1. Electrodeposited 3D foams of Co and Co-Pt with large specific areas
can act as effective catalysts for electrochemical water splitting.

2. Electrodeposited Co foams can be modified by forming cobalt
hexacyanoferrate on the surface. The modified foams can be used as a
reliable sensor for the detection of free chlorine in the water.

3. 3D copper foams can possess lower charge transfer resistance and have
better mass transfer properties, which result in a more efficient cathode for
electrowinning.

4. Electrodeposition of Fe from the eco-friendly electrolyte onto the Cu
foam, forms an electrode that can be used as a catalyst for an effective
heterogeneous Fenton reaction catalysis for methyl orange decomposition.
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1. LITERATURE REVIEW
1.1. Synthesis of metal foams

Porous metal foams have received great interest due to their compelling
physical and chemical properties, such as high porosity, low density, good
electrical, magnetic, and mechanical properties, and make an appealing
material for a wide area of applications/devices: catalysis [31-37], fuel cells
[38], sensors [39], batteries [40,41] and heat exchangers [42,43]. Recent
studies regarding foams based on iron group metals usually focused on an
increase in the surface area of a foam (high surface area catalysts) for
hydrogen [33,34,37] or oxygen [35-37] evolution reactions. Commonly, to
achieve these aims modified foams are employed. The modified foams have
proven to be an attractive alternative for expensive catalysts such as
platinum and ruthenium dioxide, where very active asymmetric electrodes
cell for water splitting can be synthesized [37].

Metal foams can be manufactured using different methods including
electrochemical ones: either using hard (polymeric or metallic template) or
dynamic hydrogen bubble template [32,34,44-46]. Dynamic hydrogen
bubble template is based on the use of high current densities, and hydrogen
bubbles forming on the substrate surface prevent the deposition of metal,
then the metal ions are reduced only in the gaps between gas bubbles, thus
leading to the development of the metal foam structure [47].

— R Miseed
removal layer dep. ol
2|8
o
g_ 3
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growth

Fig. 1. Schematic representation of metal foam growth during electrochemical
deposition using dynamic hydrogen bubble template

This method of metal foams production has received much attention,
because of the ability to control pore size, deposits density, crystallite size,
and morphology. Numerous metallic foams have been deposited, however,
to the best of our knowledge, no pure cobalt foams have been deposited
using a dynamic hydrogen bubble template-assisted electrodeposition. Also,
papers focusing on the effects on porosity, mechanical stability, and overall
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surface area of various organic and inorganic additives, especially using high
current density (j > 1A/cm?).

Usually, galvanostatic, potentiostatic, or pulse deposition techniques are
used for metal foams production. When the pulse electrodeposition
technique is used, one can still form a metallic foam, which offers both
micro and nanoscale morphological templating [41,48]. Organic additives
and different ions (ammonium ions, BTA, etc.) during metal foams
depositions also help to control the porosity and mechanical stability [49—
51]. Ligands, which can form weak complexes with cobalt ions and produce
hydrogen bubbles during the cathodic reaction, can increase the porosity and
mechanical stability of cobalt foams [49]. Organic additives such as
polyethylene glycol, and 3-mercapto-1-propane sulfonic acid are also
commonly used in copper foams electrodeposition and act as a suppressor
and an accelerator respectively. [50] These additives have been shown to
produce superconformal filling of trenches in the chip interconnections [51,
52]. Effect on the morphology of these additives using them during
electrochemical deposition of copper foams with DHBT at high current
densities has been also investigated [50]. And it has been shown that
particularly 3-mercapto-1-propane sulfonic acid helps to form interconnected
3D pores and increases the mechanical stability of copper foams [50].

Controlling the size of hydrogen bubbles during deposition is also very
important since it allows to control the size of pores, and also to get better
reproducibility and mechanical strength of the metal foams. The size of
hydrogen bubbles can be controlled by adding various salts to the deposition
solutions [53, 54]. The effect of the bubbles coalescence prevention agent is
related to the surface tension, and the entropy of hydration of the ions used.
Strongly hydrated ions such as Cr*, it also can be seen that dissolved gas
concentration as well plays an important role in the coalescence of bubbles
in aqueous solutions. Also, the Gibbs-Marangoni effect and surface elasticity
strongly affect the coalescence [54].

1.2. Advantages of surface area estimations using EIS

It is evident that any solid metal surface which acts as a substrate for
electrochemical reactions possesses a certain roughness that in different
ways affects the values of the limiting diffusion current and the exchange
current density [55]. It has been shown that when the metal deposition is
controlled by diffusion (particularly silver) that the surface with the highest
surface roughness had a lower number of active sites, however higher
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deposition efficiency and higher efficiency of charge transfer [56]. The
dependence between surface roughness and deposition efficiency is non-
linear, the surface roughness needs to be significant to affect the deposition
efficiency [56,57]. It was proven, that when the deposition reaction is
controlled by diffusion, the geometry of the electrode has no significant
influence on the reaction [58]. Using very porous or surfaces with high
roughness, one can eliminate activation and diffusion overpotentials, making
the reaction process controlled by Ohmic effects, so making the reaction
much faster [55,56]. All these effects make porous metal electrodes, with
pore diameter higher than 50 um, great cathodes for deposition reactions
under diffusion control.

The estimation of the active surface area of highly porous conducting
materials is also very important and various techniques can be used to do it
in situ or ex-situ. In situ techniques are preferred, since drying the sample
can cause changes in the surface area and/or oxidation of the surface,
changing surfaces characteristic. Depending on the material and its porosity
one can use techniques for double electric layer estimations (cyclic
voltammetry, initial charge up dependencies, Electrochemical Impedance
Spectroscopy (EIS)), or adapt various adsorption/redox reactions occurring
on the surface (underpotential depositions, adsorption measurements,
reduction of various dyes, etc.). [59-65] The classical techniques for surface
area estimation — liquid permeability, gas adsorption (BET technique) in
some cases can also be used. [60,61,64]. However, these techniques require
higher amounts of materials and can have quite large error margins,
depending on the geometry of the pores and the sample itself. For porous
materials that are quite level, and with ordered pores, more sophisticated
techniques could be used for porosity estimation like Atomic Force
Microscopy (AFM) or spectroscopic ellipsometry, the latter requiring
complex models [66-68].

EIS is a very powerful and versatile in situ technique, which allows not
only to estimate the true surface area of conducting materials but also to
investigate the surface and the processes happening at the surface [59,69-
71]. Using the EIS technique one can investigate both Faradaic and non-
Faradaic processes on the surface. [59-61,72,73] Even the size and
distribution of the pores can be characterized by employing the EIS
technique. [74,75] The EIS technique has already been used to characterize
various porous materials surfaces, and Faradaic and non-Faradaic processes.
[59,60,61,72-76] However the surface area determined by EIS or any other
electrochemical method is not the full true surface area, but the
electrochemically active surface area, which can be much more useful when
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trying to determine porous materials activity in HER or of some
electrochemical reaction. [65-68,72-76] Nevertheless, when investigating
porous surfaces each case is different, because of the material being
investigated, pores size and shape and surface porosity, chosen potential, and
the solution used for investigation.

Some of the authors whilst trying to characterize the surface using EIS
use transmission line models [74]. Such models sometimes can even reflect
the form (oval, pear-shaped, etc.), however, usually using them with real
data is quite complicated. This is especially true using thicker foams, with
some Faradaic reaction going on in the background. The pore size
distribution and their length (depth of the foam) are examples where the
geometry of the electrode affects the response of the EIS and can be seen to
affect the double-layer capacitance. In such cases, the diffusion path is
longer than the pore length, especially so if pores are smaller than 10 p, [74].
Characterization of such surfaces is even further complicated by possible
corrosion of very active high surface area electrodes. So al in all
characterization of porous electrodes with ongoing Faradaic reactions is
complex and obtained equivalent circuits are highly dependent on the
porosity, length of the pores, and materials that the electrode is made of.
Making modeling of such surfaces case by case scenario, where using the
same model for whin and thick foams may not work.

1.3. Applications for Co and Co-Pt porous foams

The porous materials with their large surface area and many active sites
can be applied for a very wide variety of applications. The ever-increasing
need for electronics, especially, handheld and portable electronics, and the
need to reduce its size and increase efficiency, generates a lot of various
electronics waste all over the globe. [77-79] There are many ways to reclaim
used metals in electronic waste, however, electrowinning is a very efficient
and quite selective process allowing to recover high amounts of various pure
metals [80-82]. Metallic foams and porous electrodes have outstanding a
great potential to be used as a cathode to collect deposited metals because of
combined material properties with functionality resulting from their specific
morphology.

The Co and its various compounds are known to be a good catalyst in
alkaline media for both water splitting reactions — HER and OER. In an ideal
case, both porous cobalt electrodes could be used in a symmetrical cell
manner, in order to obtain clean hydrogen and oxygen in a fuel cell [82,83]
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The high activity in both water splitting reactions — HER and OER, can

be seen from the volcano plots for alkaline media seen in Fig. 2,3, and 4
[85,86].
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Fig. 2 Volcano plot for hydrogen evolution in alkaline aqueous solutions. [85]
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Fig. 3. Theoretical overpotential for oxygen evolution vs. the difference

between the standard free energy of two subsequent intermediates (A1G° ox —
AG® wo) for various binary oxides.[85]
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Cobalts oxides activity in OER is also at the top of the volcano plot Fig. 3
and 4 [85, 86]. Cobalts hydroxides and oxyhydroxides also display great
activity. This is very fortunate since these hydroxides can be formed in-situ
during the testing or using additional electrochemical modification.

2.-\|Himr_f_""u= 136.7 Keal mol”
) 10000 Co, Fe, 0, ,.:' Fo Ni.O
'™ Co, Fe, Ni, O, IP“ : F\ 0a Vpz2™x
’ i N
< 1000 coo,,? i il N
'_é" ConmNio.uaO:" i \‘
= 100 S ; .
0 rJ : .
© NiO. ,* : .
210 ‘ . .
g s ’ : L] 5
: .
= : FeD, .
E 1 MnO,
0.4+ —F 1 I
120 130 140 150

M-OH Bond strength (kcal mol™)

Fig. 4 Volcano plot of the intrinsic activities of transition metal (oxy)hydroxides
vs M—OH bond strength. The green dotted lines indicate a hypothetical, perfect
volcano [86]

It has been noticed that Fe and Ni have great intrinsic activity towards
OER, especially when mixed, but recently it was noticed that creating an
alloy where Co and Fe are in almost parts, and forming their ohydyroxides,
can have even higher activity towards OER in alkaline media [86]. As
mentioned earlier bot (Co and Fe) hydroxides and oxyhydroxides can be
formed electrochemically in-situ in alkaline media.

Another way to enhance the activity of the catalyst and even the
longevity is to alloy transition metals (Co, Ni, Fe, etc.) with platinum [87]. It
has been proven that the Pt introduced into transition metal, modified the
electronic structure of Pt resulting in ensemble and ligand effect, in turn
increasing electrocatalytic activity [88,89]. Amongst Pt-based alloys, Co-Pt
is considered a front-runner as an alternative with its exceptional activity
towards ORR and good long-term stability, which is great for various fuel
cells [90,91].

Cobalt being an iron group metal can easily form complexes, the high
surface area, and sturdy Co foams could be applied directly or modified
creating a Prussian blue FesFe(CN)s]s like complex on the surface of the
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foam. Prussian blue and other derivatives with transition metals such as
cobalt, nickel, copper, etc., have been extensively investigated for many
years [92-99]. Its applications vary from the detection of new molecules
[88], ascorbic acid [96], morphine [98], free chlorine in water [92,93], or
even used as photoanodes [97].

1.4. High surface area Fe catalyst for Fenton’s reaction catalysis

With the constantly increasing population and industrial and agricultural
growth, water pollution has become an acute problem worldwide [100]. The
textile industry is one of the main sources of water pollution since
wastewater after dyeing can contain up to 15% of the original dye
concentration, and such wastewater can be released into the environment
[101]. Such effluents can cause serious harm to the ecosystem because of
their toxicity and complex biodegradability. This is especially the case with
widely used azo dyes, which can be used not only for textile dyeing but also
in the cosmetic, paper-making, and printing industries [101,102]. The azo
dyes (containing -N=N- bond) account for around 60-70% of dye groups and
are quite stable [103]. There is a lot of different azo dyes, which can contain
multiple double bonds, making them very stable. Such dyes can be very
harmful to the environment and can have carcinogenic and even mutagenic
effects on various organisms [103,104]. Over the years various physical
(coagulation, adsorption, reverse osmosis), chemical (ozonation and
chlorination), and anaerobic biodegradation techniques have been developed
to remove such pollutants [105,106]. Usually, these techniques require costly
equipment, don’t fully mineralize all the pollutants, but rather convert them
into other compounds, and the process itself may cause undesirable effects
(chlorine gas evolution and chlorination of compounds) [107,108].

Advanced oxidation processes (AOPs) were first proposed for potable
water treatment in the 1980s, which was earlier defined as the oxidation
processes involving the generation of hydroxyl radicals (OH e) in sufficient
quantity to affect water purification [109]. The use of hydrogen peroxide and
iron salts for the oxidation of tartaric acid was first discovered by H.J.H
Fenton in 1894 [110]. It involves the use of catalytic degradation of
hydrogen peroxide initiated by Fe(ll) ions into hydroxyl radicals. Although
the Fenton reagent has been known for more than a century, the mechanism
of the Fenton reaction is still under intense discussion [111, 112]. Two main
pathways have been proposed — the Hauber — Weiss mechanism (which
involves the participation of free radicals in the reaction mechanism) and the
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Kremer — Stein mechanism (ionic mechanism involving species like FeO**
or use of Fe(IV) ions) [113, 114]. It is possible that both hydroxyl radicals
and ferryl ions can coexist in Fenton chemistry (Fenton and Fenton-like
reactions) and depending on the environmental conditions or operating
parameters, one of them will dominate [115]. Following one of the possible
mechanisms, it involves the generation of highly oxidizing hydroxyl
radicals, bringing sustainability and environmentally-friendly aspects to the
process. The reaction takes place at ambient conditions, is not selective, and
using hydrogen peroxide as oxidizing agent makes it more environmentally
friendly. Using a homogenous Fenton reaction produces large amounts of
iron sludge, that has to be removed, making the overall pollutant removal
process costly The heterogeneous Fenton process allows to circumvent this
problem, since the hydroxyl radicals are generated near or on the solid
surface, minimizing the corrosion, granting the reusability of the catalyst.
Also according to Karthikeyan et al. heterogeneous Fenton reaction has
lower activation energy than the homogenous one [116]. The heterogeneous
reaction may as well show a higher removal efficiency due to a large number
of surface-active sites where the generation of OHe radicals takes place
[117].

Lately, there have been developed a lot of various AOP’s for wastewater
treatment, that can be divided into four categories (Fig. 5). They are of
various efficiency and energy requirements, however, electro-Fenton is still
the most simplistic one. However lately the progress in AOPs shows strong
potential for full mineralization of various organic pollutants in water.
[101,102,108,119]. Traditionally Fenton reaction uses iron (1) ions for the
catalytic degradation of hydrogen peroxide, nevertheless, several alternative
transition metals, e.g., Cu*, Cr**, Co®, Ti*, etc., can catalyze similar
reactions [120]. AOPs usually combine Fentons (or Fenton-like) reaction
with either UV illumination, ultra-sound generation, micro-waves, and other
various techniques to increase the efficiency of organic material
degradation[101,102,118, 119, 111, 120-127]. Some of these techniques
(micro-cavitation and electrochemical catalysis) can help to produce
hydrogen peroxide in-situ. Even though these techniques can increase
pollutants removal efficiency, they require costly equipment and can
increase the basic cost of operation by 50-60% [128]. A much more energy-
efficient way is to use surface texturization - to increase the surface area that
is in contact with wastewater, sometimes even achieving higher efficiency in
organics mineralization when compared to homogenous Fenton reaction
[129]. Thus, highly efficient heterogeneous textured catalysts can be
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prepared by immobilizing/depositing iron species into porous templates
(zeolites, activated carbon, etc.) or using various nanoparticles [111, 120,
129, 130]. However, such templates are not active in the reaction and
nanoparticles tend to clump up forming larger clusters. In this case, the
active surface area (where species participating in the reaction can adsorb) is
limited and the activity/efficiency of the whole Fenton reaction decreases.
[125]. Therefore, templates that can be reused and actively participate in the
Fenton reaction are desirable [101, 121, 125]. One of such — copper, an
efficient catalyst for Fenton-like reactions, and can be used for a
homogenous reaction but also for heterogeneous in various forms —
nanoparticles, modified carbon particles, etc. [102, 131-133].
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Nevertheless, Fe(ll) ions still show the best activity towards the catalytic
degradation of hydrogen peroxide into -OH-radicals. The heterogeneous
textured catalysts, where the constant supply of Fe (I1) ions can be ensured,
show a better overall activity. According to A. Rossi et al., the activity of the
catalyst towards the Fenton reaction can be further enhanced by combining
Cu and Fe, where Cu can help to restore Fe(ll) ions. [134]. In turn, some of
the best Fenton-like reaction catalysts are Fe and Cu mixed-species
heterogeneous catalysts, which display great activity at various
concentrations of organic matter as well as stability with multiples uses [125,
134-135].

To make the whole process even more environmentally friendly, the
synthesis method for catalysts should be considered. Electrodeposition is one
of the simplest and cost-efficient ways to synthesize an iron-based catalyst.
Such a catalyst can be electrodeposited using Fe (Il) citrate or citrate-
ammonia baths, however, such baths can suffer from stability issues and are
less environmentally friendly [136,137]. Therefore, by using Fe(lll) based
citrate-glycolate electrolytes, that display great stability over long periods,
good control of magnetic and mechanical properties, with good
electrochemical deposition rates [136-138]. The catalyst obtained from this
bath, combined with copper foam substrate, should show a good activity
towards a Fenton-like reaction. The addition of metals possessing multiple
oxidation degrees can also increase the efficiency of catalysis [139]. One of
such metals could be tungsten which already has been proven to have great
activity towards Fenton-like reaction [140]. The addition of tungsten to the
iron and copper foam combination could also help to control the iron
corrosion rate, and in turn, increase the stability and longevity of the
heterogeneous Fenton-like catalyst.
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2. MATERIALS AND METHODS
2.1. Reagents

All of the reagents were of analytical grade and have been used as
purchased without further purification. Most of the reagents have been
purchased from Carl Roth. All of the metal substrates (plates, wires, and
foams) have been purchased from Alfa Aesar.

2.2. Co and Co-Pt metal foams

The compositions of electrolytes for cobalt foams deposition are
presented in Table 1. All of the solutions were prepared using deionized
water (DI). Electrodeposition of Co foams was performed at room
temperature.

Table 1. The chemical compositions of solutions used for Co foam depositions, pH 2.

So'ﬁgon CoClz, M | NH4CI, M | CoSO4, M (NH‘;\)AZSO“' ;fé’oﬁ{c‘)’l%
1 0.2 2 = = =
2 0.2 2 = = 2
3 = = 0.2 1 -
4 = = 0.2 1 2

Cobalt foams were electrodeposited using a dynamic hydrogen bubble
template method on a copper substrate, which was used as a working
electrode. The geometrical area of copper foil sheets was 0.8 cm?. Prior to
the electrodeposition, the Cu substrate was mechanically polished, degreased
in acetone, and then cleaned with DI water in the ultrasonic bath. Before
deposition, the native copper oxide layer was removed by dipping the
substrate into a 2 M H,SO. solution. To improve the adhesion of the deposits
to the substrate, a Ni seed layer (~10 nm) was deposited from the solution
containing 1 M NiCl; and 2.2 M HCI under galvanostatic mode
(j=-12.5 mA/cm?) for 1 min.

Two electrode cells were used for the deposition of the cobalt foams,
where a circular platinized titanium mesh was used as the counter electrode.
The distance between electrodes was fixed at 2.5 cm. The cobalt foams were
deposited under galvanostatic or pulse deposition mode. The influence of CI™
and SO4> based electrolytes, on the cathodic current density (0.6-2.5
A/cm?), of the deposition time (20-300 s) on porosity, structure, and
morphology of cobalt foams were evaluated.
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As-deposited cobalt foams were thoroughly rinsed with DI water, then
were immediately transferred into a beaker with ethanol, to minimize contact
with the atmosphere and thus avoid oxidation of a highly active surface area
of cobalt foams.

The electrodeposition of Co foams and Co-Pt foams was performed in the
0.1 M CoSO; and 0.5 M (NH,)2SO4 solution (for Co) or 0.015 M PtCl,, 0.1
M CoSO.; and 0.5 M (NH4):SOs (for Co-Pt). The influence of current,
electric charge, and orientation of sample to the counter electrode on the
porosity of foams and their true surface area have been investigated.
Activities of water splitting (OER and HER) in alkaline media (1M KOH
solution) have been tested. AIll electrochemical measurements were
performed at room temperature.

The other electrochemical measurements (CV, EIS) were carried out in
the 3-electrode cell. A circular platinized titanium mesh was used as the
counter electrode, and the saturated Ag/AgCI electrode was used as a
reference electrode. The scans of EIS at different potentials were recorded at
four decades of frequencies (f = 10°-0.1 Hz). Cyclic and linear voltammetry
has been also employed trying to estimate the activity and efficiency of
obtained foams as catalysts in water electrolysis using in
0.1 M NazSOs solution.

2.2.1. Modification of Cobalt foams

Cobalt hexacyanoferrate was formed using cyclic voltammetry (CV) in
the 3-electrodes cell. Cobalt foams were immersed into 0.05 M ammonium
acetate buffer solution with 0.1 M KNOs and 1.5 mM of K3[Fe(CN)g]; the
pH of the chosen buffer solution was fixed at 5.5, adjustments were made
using acetic acid. All solutions were freshly prepared. CV measurements
were performed at room temperature. To find the best conditions for foams
modification (i.e., enhanced sensitivity and longevity of a free chlorine
sensor), the influence of different cycling speeds (25, 50, 100 mV/s) and
count of cycles was investigated.

Chronoamperometric measurements were performed to determine the
amount of free chlorine in the water. Ca(OCl); was used as a source of
chlorine. Various amounts of Ca(OCI), were dissolved in 0.05 M ammonium
acetate buffer, containing 0.1 M KNOs as a background electrolyte. All the
solutions used for chlorine detection were prepared just prior to
chronoamperometric measurements. A standard three-electrode system was
used during chronoamperometric measurement, with a modified cobalt foam
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as the working electrode. All of the measurements were performed at room
temperature.

2.3. Copper foam investigation

Solution compositions used for electrochemical experiments are shown in
Table 2. The pH of solutions was adjusted using sulfuric acid and controlled
by a benchtop pH-meter ProLine Plus (Prosence B.V.). Cu plates and Cu
foam electrodes served as working electrodes. The Cu foam sheets used to
fabricate electrodes were purchased from Alfa Aesar. To characterize
commercially available copper foams, we have done some experiments
trying to determine the basic characteristics of this foam. Foam density has
been determined as gravimetrically being equal to 0.748 g/cm?®, making the
porosity of the foam to be around 90.5%. The copper foam has a 3D
interconnected porous structure. The pore size varies from 1 to 0.1 mm. The
surface of the foam is very uneven, making the true surface area of the
already porous copper foam even larger

Table 2. Composition of solutions used for electrochemical measurements.

C(CuSOq4), M C(NazS04), M pH
0.01 0.49 3.6
0.05 0.45 3.6
0.1 0.4 3.7
0.2 0.3 4.1

Working electrodes (copper plates and copper foams) have been washed
and degreased using acetone, ethanol, and water in succession and in
combination with an ultrasonic bath. The geometrical size of both flat and
porous samples was 1 cm x 1 cm, and both sides were conducting. To ensure
that the working surface was that of the desired size, other parts of the
samples were isolated using insulating plastic spray (PRF 202). Just before
measurements, the native copper oxide layer has been removed by dipping
copper samples into 2 M H2SO, solution for 2 s and afterward rinsing with
DI water.

2.4. lron deposition onto copper foam

Cu wires and Cu foam electrodes served as working electrodes. Working
electrodes have been washed and degreased using acetone, isopropanol, and
water in succession and in combination with an ultrasonic bath. The
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electrodes were 1 cm X 1 cm in geometrical size with both sides conducting.
To ensure that the working surface was that of the desired size, other parts of
the samples were isolated using insulating plastic spray (Plastik 70 Super).
Just before measurements, the native copper oxide layer has been removed
by dipping copper samples into 2 M H,SO, solution for 2 s and afterward
rinsed with DI water.

Solution compositions used for electrochemical deposition of iron was
performed using a solution with 0.1 M. Fez(S0.)s, 0.3 M citric acid, and 1 M
glycolic acid, pH 6.5 at 60°C temperature under constant stirring using
magnetic stirring bar rotating at 600 RPM. The pH of solutions was adjusted
using sulfuric acid and/or sodium hydroxide and measured using a benchtop
pH-meter ProLine Plus. Depositions have been performed using a standard
three-electrode system, where Cu foam or wire served as a working
electrode, circular platinized titanium mesh (Alfa Aesar) was used as a
counter electrode, and AgQ/AgCI/KCls: (Sigma-Aldrich) was used as a
reference electrode. The distance between the counter and working electrode
was fixed at 2.5 cm, and the distance between working and reference
electrodes was fixed at 1.5 cm.

Electrochemical depositions have been performed using programmable
potentiostat/galvanostat AUTOLAB PGSTAT 128N (Metrohm, Utrecht, The
Netherlands) with a 10 Amps booster. The software used for controlling the
hardware was Nova 1.11.2. Three distinct potentials have been chosen for
deposition (-1.5, -1.7, and -1.9 V vs Ag/AgCl) and the desired amount of
charge was used for iron electrochemical deposition. Five distinct values
have been chosen — 150, 300, 450, 900, and 1350 C.

2.5.Catalytic testing of modified copper foams in
Fentons reaction

To evaluate the catalytic activity of our modified foams we used a model
nitro dye (MO) aqueous solution. Typical test solution contained 40, 70, or
100 mg/L MO and 20 g/L NazSO4 at pH 3 (+ 0.1), adjusted using H»SOs.
The solution's temperature was kept at desired value (30, 40, or 50°C) and
constant stirring using a magnetic stirring bar at 600 RPMs. All the
experiments with MO solutions were carried out using 100 mL of the
chosen solution. The hydrogen peroxide was added to the beaker with MO
solution 30 s before the experiment, allowing it to fully homogenize. The
modified copper foams were immersed in the solution for 10 minutes unless
stated otherwise.
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The discoloration of the solution was tracked every minute by extracting
2 mL of solution and measuring the light adsorption in 320-620 nm range
(scan step 2 nm) wusing a Spectrophotometer (T60 UV-Visible
Spectrophotometer, PG Instruments Limited). After the measurement, the
aliquot was poured back into the beaker. The modified copper foams mass
has been tracked carefully before deposition, after the deposition of Fe, and
after the catalysis to evaluate electrochemical deposition efficiency and also
the amount of iron that has corroded away during the organic degradation.

The total organic content (TOC) and total nitrogen (TN) were
determined using the TOC-VCSN Shimadzu analyzer (with TNM-1 block
for nitrogen determination). The analysis was carried out after removing
iron from the test solution by increasing pH to around 9.8 by adding 7M
NaOH solution. The formed iron oxides and hydroxides have been removed
via centrifuge, and the supernatant was used for TOC and TN analysis.
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3. RESULTS AND DISCUSSION
3.1.Electrochemical deposition of Co foams

3.1.1. The influence of electrolyte composition

Electrochemical deposition of metal foams using dynamic hydrogen
bubbles template requires the use of very high current densities (usually
j = 0.6 A/cm?). At such high current densities, the deposition typically is
controlled by diffusion. The current efficiencies during such deposition are
quite low because most of the current is used for HER.

The composition of electrolyte allows to control the size of the pores
(diameter), the overall porosity of the foam, the thickness of the layer, and
also mechanical durability.

As it was shown by DoHwan Nam et al. [141] the ammonium ions played
an important role in copper foams formation, whilst using a dynamic
hydrogen bubble template method. The ammonium ions in agueous solutions
are in equilibrium with NHa:

NH,+H" < NH, Q)

In the current case, the solution used for depositions was acidic (pH 2),
thus the equilibrium is shifted towards the formation of NH,". Ammonia can
act as a ligand, forming complexes with cobalt ions, while ammonium ions
may adsorb onto the surface of a substrate during deposition. Reduction of
the adsorbed ammonium ions on the cathode leads to a decrease of the
cathodic current efficiency, but also acts as an additional hydrogen source
(Eg. (2)), which in turn influences the porosity of the obtained coatings
[142]:

NH, +e- —0.5H, + NH, )

To reveal the role of ammonium ions, whilst depositing cobalt foams
coatings, the ammonium-free electrolytes contained 0.2 M CoCl; or 0.2 M
CoSO4 were used. The galvanostatic deposition at various cathodic current
densities (0.6-4.8 A/cm?) and deposition times (10-180 s) were studied, but
foam-like deposits were not obtained (Fig. 6). The coatings were extremely
uneven using both sulfate and chloride electrolytes, and the jet of formed
hydrogen bubbles removed most of the reduced metal from the substrate
surface. Nevertheless, as it is depicted in SEM images the coatings obtained
from chloride electrolyte had a better coverage (Fig. 6a) than coatings
obtained from the sulfate bath (Fig. 6b) which were uneven and had micro-
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agglomerates on the surface. Both time and current density did not positively
affect the formation of cobalt foams from the electrolytic baths.

Fig. 6. SEM images of Co coatings deposited under galvanostatic conditions,

at cathodic current density j = 2.5 A/cm? deposition time t = 60 s. The composition
of solutions: (a) 0.2 M CoCly; (b) 0.2 M CoSO,.

The addition of ammonium ions (Fig. 7) to the solutions resulted in the
deposition of Co coatings riddled with cylindrically shaped pores of various
sizes, but often displaying numerous defects, caused by hydrogen evolution.
Coatings electrodeposited from the chloride-based solution (Table 1
solution 1) had larger and irregular pores (diameter of pores varied from 5 to
100 um). In comparison to the sulfate-based solution, where pores size were
much more uniform (diameter 5-20 um solution 3). This fact can be
explained by the higher capacity of the ammonium sulfate in the suppression
of hydrogen bubble coalescence compared to the ammonium chloride
solutions [53,54].

The influence of the cathodic current density on the foam’s formation
revealed the following findings: From the chloride-based solution, the foam-
like structure was obtained only at cathodic current densities >1.8 A/cm?
(Fig. 7 a—c). The porosity of these coatings obtained from solution 1 varied
dependently on the cathodic current density (g = 360 C), namely: 19% at
1 A/em?, 23.3% at 1.8 A/cm?, and 21.7% at 2.5 A/cm?, respectively. The
increase in porosity of foams obtained from the chloride-based solution at
higher cathodic current densities could be explained by the HER rate
increase. As it was mentioned above, the ammonium sulfate was
approximately three times better at suppressing hydrogen bubbles
coalescence thus, the diameter of pores usually does not exceed 15 pm for
foams obtained from a sulfate-based solution. Hence, the overall porosity of
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such foams is much lower than the ones obtained from a chloride-based
solution: at 2.5 A/cm? porosity is ca 8.2%.

Solution 1 Solution 3

—-1.8 A/em?,t=125s -1 A/cm?,t=2255s

—2.5A/cm?,t=90s

Fig. 7. SEM images of Co coatings were obtained under a galvanostatic mode
at various deposition conditions, but constant charge passed (q = 180 C). Solution 1
- 0.2 M CoClz and 2 M NHCl, Solution 3 - 0.2 M CoSOs and 1 M (NHa4)2SOx4

In order to evaluate the role of a surfactant on the formation of Co foams,
the isopropyl alcohol was added (solutions 2 and 4), and the porosity and
morphology of the growing coatings were evaluated. Isopropanol was
chosen as an efficient agent to reduce the surface tension. With the reduced
surface tension, the hydrogen bubbles formed during deposition are able to
detach easier from the surface. Making the surface much more porous as can
be seen from the SEM npictures (Fig. 8). The porosity of the deposits
increased considerably even at comparatively low cathodic current densities
of 1 A/cm?. However, the radius of pores did not change due to the reduction
of the solution's surface tension. This could be linked to the fact, that the
influence of ammonium ions on hydrogen bubbles is much higher than that
of isopropy! alcohol on the reduction of surface tension. The porosity of the
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foams obtained from the sulfate-based solutions also increased substantially
with the addition of isopropyl alcohol. Thus, at a cathodic current density of
2.5 A/cm?, the development of a tridimensional cobalt foam structure can be
noticed, and it is formed from interconnected cylindrical pores (Fig. 8). In
this case, the estimation of the porosity using SEM images was rather
difficult due to many interconnected pores.

Solution 2 Solution 4

-1.8 A/lem?,t=125s -1 A/em? t=225s

—2.5A/cm?,t=90s

Fig. 8. SEM images of cobalt coatings obtained under galvanostatic deposition
conditions at three different charge densities, with the same amount of charge
passed (g = 180 C), from solutions containing isopropyl alcohol. Solution 2 - 0.2 M
CoClz, 2 M NHuCI and 2 M isopropyl alcohol, Solution 4 - 0.2 M CoSOs, 1 M
(N'H4)2S04, 2 M isopropyl alcohol.

The two main reactions occurring during depositions using such high
current densities were reduction of cobalt ions and reduction of water. The
use of a DHBT template takes advantage of HER, forcing the metal ions to
be reduced only in-between the hydrogen bubbles. With the use of high
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current densities both reactions occur at a very high rate, however, the HER
is dominant at all tested current densities. Cobalt by itself is a very good
catalyst for the HER, and during the deposition further increases the HER
rate, especially so with increased surface area as foam formation occurs. The
decrease in surface tension, caused by isopropanol, allows easier detachment
of formed bubbles resulting in an increase in the area for metal ions
reduction. Also, the addition of isopropanol makes the water reduction
reaction the dominant reaction by a huge margin. All these effects are
evident from CE data (Fig. 9), which was calculated using Faraday’s law.
The hollow figures display solutions with isopropanol.
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Fig. 9. Influence of the cathodic current density on the current efficiency (CE) of
Co coatings obtained under a galvanostatic mode and g = 180 C. Formulation of
solutions are provided in Table 1 (p. 24)

There were three clear trends for CE dependence on applied current
density: (1) Increasing cathodic current density decreased the amount of
deposited metal on the substrate; (2) the use of sulfate-based electrolytes
(solutions 2 and 4, Table 1, p. 24) led to less deposited metal compared to
chloride-based electrolytes (solutions 1 and 3); (3) the isopropyl alcohol
significantly lowers CE.

The first phenomenon can be explained by an increased overpotential,
which in turn increased the rates of both reactions (Co and hydrogen
evolution). The cobalt ions reduction was controlled by the diffusion rate,
which affected the quantity of deposited metal with increased current
density. The second trend can be explained by the significantly different
capabilities of hydrogen bubble coalescence suppression. Using the sulfates
caused the formation of smaller bubbles, that cover the surface, encumbering
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the diffusion of cobalt ions around them, and in turn, significantly reduces
the CE. The third phenomenon is caused by a significant reduction of surface
tension when using isopropy! alcohol. When the surface tension is reduced,
hydrogen bubbles detach faster, and since the reduction reaction is diffusion
controlled, the amount of current used for HER increases further, hence the
increase in porosity and the formation of highly porous cobalt foams.

The use of such high current densities could also affect the preferred
crystallographic orientation of Co. XRD spectra (Fig. 10) recorded for cobalt
foams electrodeposited from solution 4 by applying various current densities
showed a clear face-centered cubic (fcc) structure. Usually, for
electrodeposited cobalt coatings, the hexagonal close-packed (hcp) structure
is observed [143]. The fcc structure of Co with the two most intensive XRD
peaks corresponding of (1 1 1) and (2 0 0) planes are commonly obtained
using other synthesis methods [144]. Nevertheless, electrodeposited Co
foams formed crystalline deposits with most preferred plains (2 0 0) and
(2 2 0), while the intensity of (1 1 1) was comparable to that of the (3 1 1)
plane. Increasing the current density caused to form more stable (2 0 0), (2 2
0) and (3 1 1) planes. That outcome could be linked to the distortion created
by the evolution of hydrogen bubbles.
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Fig. 10. XRD pattern of Co foams electrodeposited from solution 4. Peaks were
analyzed according to JCPDS cards No. 01-071-4238 and 01-077-7453.
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3.1.2. The mechanism of Co foams deposition and estimation of
a true surface area

As it was mentioned above, using the DHBT at high current densities the
deposition of Co occurred in-between hydrogen bubbles, whilst being
diffusion controlled. SEM images of top-view (Fig. 8) and cross-sections
(Fig. 11) cobalt foams, coupled with EDS data of the surface, revealed that
after the initial formation of crystallization centers, intensive growth of fern-
like cobalt agglomerates occurred. In such a way synthesized cobalt foam
had cylindrically shaped pores. During the growth of the Co layer, the radius
(size) of the pores increased. Such an increase can be explained by the rise of
the HER rate, caused by the exposed high surface area of the cobalt - a good
catalyst for the HER reaction [145-147].

(b)

Fig. 11. SEM images of cobalt foams cross-sections. Co foams deposited under
galvanostatic conditions, from solution 4: (@) j = 1 A/lem? t = 225 s;
(b)j=2.5A4/m? t=90s.

With huge differences in porosity and CE, the true surface area was
estimated by EIS under the assumption that the capacitance of the DL of the
same metal depended on the real surface area. This assumption is based on
the fact, that thickness of DL is very small in comparison with the
roughness, therefore the shape of formed DL “repeats” the surface.

The EIS measurements were performed across a wide range of
frequencies (10 kHz to 0.1 Hz), at selected cathodic potentials of —0.8, —1,
and —1.2 V (vs Ag/AgCl). An example of EIS spectra is presented in Fig. 12
recorded using cobalt foams obtained from Solution 4 at different current
densities. Fitting of the impedance spectra was performed using an
equivalent electric circuit containing two pairs of constant phase elements in
parallel with resistances (inset in Fig. 12). We could see only one clear
capacitive behavior. However since the electrodes were very porous and EIS
was measured during HER, in order to render the physical meaning, two
capacitors were used in EEC In our case, the EEC presented in Fig. 12
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showed the best fit for the obtained EIS spectra (minimal Chi-squared and
elements values errors). First capacitance could be attributed to (1) porosity
of the electrode, (2) double layer formation, or (3) diffusion limitations.
According to Mulder et al., at highly contorted surfaces (3D) one can expect,
to obtain n values of CPE at around 0.5 [148]. Also, it has been shown that
when the first (high frequency) semicircle radius was potential independent,
it was related to the porosity and the shape of pores [149,150]. However, in
our case the high-frequency semicircle capacitance changed, hence it could
not be linked to porosity. Also, during the measurement, evolving hydrogen
bubbles could have blocked up some of the pores and restricted further
hydrogen evolution. In this case, a diffusion limitation would be seen in the
impedance spectra

Moreover, Losiewicz et al. [151] showed that charge-up of the DL of the
porous electrodes usually occurs unevenly (there is a frequency
dependence). Hence the second semicircle (low frequency) could then
represent the charge transfer resistance process and differential charge-up of
the DL. It was also shown that DL capacitance becomes smaller with an
increase in the overpotential in HER [151]. Similar behavior was observed
with the low-frequency semicircle values in our case. Nevertheless, the first
semicircle probably was related to the combination of the DL partial charge-
up process, and the porosity of the electrode. There could be some effect of
the diffusion processes, but the separation of these processes in our case was
quite difficult.

The second semicircle, located in the low frequencies region that also
changed with potential was attributed to DL partial charge-up capacitance
and adsorption of hydrogen on the surface of cobalt foams. Both of these
processes are potential dependent. Unfortunately, efforts to separate the two
processes were fruitless.

Further calculations and comparisons were made from the data obtained
at —1.0 V vs Ag/AgCl. The EEC model (Fig. 12) represented our best
efforts, as it can be seen that it fit quite well the measured data. The Chi-
squared values were usually in the range from 10~ to 10, which was
acceptable for porous electrodes. Some examples are shown in Table 3. The
second constant phase element value was recalculated into true capacitance
values using Mansfeld’s procedure. The calculated capacitances were much
higher than the ones obtained for flat metallic cobalt, which did not exceed
100-200 pF/cm?. It indicated that the obtained porous electrodes had 100—
300 times larger electrochemically active surface area than the flat Co wire
surface.
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Fig. 12. EIS data measured in 0.1 M Na>SOy4 at —1.0 V on Co foams, deposited
from solution 4, g = 180 C, EIS data represented in : (a) Nyquist’s coordinates, (b)
Bode modulus, and (c) Bode phase modulus coordinates. The EEC used for fitting is

presented in the insert; points—experimental data, solid lines—results of the fitting.

As it might seem, the second CPE element values (double layer and
hydrogen adsorption capacitance), obtained using chloride-based solutions
got the highest DLcapacitance, thus the highest electrochemically active
surface area of cobalt foam. Nevertheless, after recalculations of CPE to true
capacitance and further calculations of capacitance per gram of cobalt foam
(Fig. 13), the results changed completely—the highest surface area to mass
ratio was obtained for foam electrodeposited from solution 4. This could be
explained by the higher efficiency of ammonium sulfate in hydrogen
coalescence suppression and lowered surface tension using isopropyl
alcohol. These factors allowed the growing coating to form a tridimensional
porous structure, with interconnected pores. All of the other foams were
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quite similar in a surface area exposed per unit of mass; however, the ones
obtained from solution 4, were three or more times superior.

Table 3. Values of elements of the EEC fitted for EIS data obtained in
0.1 M NazSO; at —1.0V on Co foams deposited atj = 2.5 A/cm?, t = 90 s.

SI\(I)(; Ro, Q ("::2511’ n R1, Q CII:SEn_[iL’ n R2, Q
1 3.67+ 0.113+ 0.732+ 0.034+ 0.93+ 133.7+
0.50% 1.7% 3.5% 0.91% 0.54% 5.5%
5 4.08+ 0.050+ 0.765+ 0011+ 0.88+ 349.7+
0.27% 1.6% 05 1.4% 0.37% 0.17% 1.8%
3 4.87+ 0.047+ 0.878+ 0.028+ 0.83+ 508.8+
0.43% 1.9% 2.1% 0.82% 0.48% 10.7%
4 5.42+ 0.047+ 0.809+ 0.017+ 0.85+ 311.9+
0.53% 2.9% 2.3% 0.94% 0.45% 9.1%
Co 8.44+ 3 3 3 0.00018+ 0.91+ 1458+
0.17% 0.402% 0.0868% | 0.79%

Cobalt foams obtained using pulse deposition, showed better CEs across
the board, sometimes reaching up to 50% in efficiency, hence the obtained
foams were thicker. EIS analysis of these foams showed that the surface area
to mass ratio was in all cases lower than the one obtained using galvanostatic
deposition conditions.
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Fig. 13. Influence of cathodic current density on the recalculated capacitance
(from CPEbL) per gram of cobalt foams in the investigated solutions.
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3.1.3. Effect of the deposition angle the Co foams catalytic activity

We chose to further examine the deposition of Co foams and the effect of
the WE positioning (more specifically the angle) in regards to counter
electrode and the effect it has on the porosity of the Co foam. It was decided
to examine three angles of the WE — 0, 45, and 90°. The 0° means that the
WE is perpendicular to the counter electrode. Since it was already found that
Solution 4 works best to give the highest surface area per gram of material, it
was used for further investigations. As it can be seen from SEM images
(Fig. 14 a and b) even at low current densities (j = 0.2 A/cm?), a foam-like
structure can be formed on the bottom side of the WE when the electrode is
angled at 90° compared to the counter electrode.

Fig. 14. SEM images of Co coatings obtained different angles of the working
electrode to the counter electrode: 90° angle j = 0.2 A/cm? q=100 C (a) top and
(b) bottom sides, j = 2.54/cm? 45° angle (c) top and (d) bottom sides.

This is a much better result than what we obtained before, since a truly
porous surface when the electrodes are in a perpendicular position, was
obtained only at 1.4 A/cm?. This allows to reduce the energy requirements,
increase the efficiency and possibly even the porosity of the films. However
with increasing the current density (Fig. 14 ¢ and d) the differences between
the sides of the electrode disappears, especially so at a 45° angle. At 90°
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angle, the difference is more apparent, because the bubbles trapped
underneath the WE and the pores diameter increase. No interdependencies
from the deposition angle and the preferred crystallographic orientation have
been observed from the XRD measurements. The same face-centered cubic
(fcc) has been observed.

The effects of the current density, the angle between the electrodes, and
the surfactant (IPA) on the CE were also investigated (Fig. 15). As we can
see even without the IPA the CE is quite a bit lower when compared with
perpendicular electrodes (Fig. 9 Sol 2). This is caused by the angle of the
electrode, which allows easier detachment of the hydrogen bubbles from the
surface of the electrodes. As we can see the efficiency is 1-4 % lower at 90°
angle. The cause for this is likely the trapped bubbles on the underside of the
sample (the one facing the bottom of the beaker). In there most of the surface
is blocked by the bubbles so, therefore, blocking the solutions access. Also at
a 90° angle, the detachment of the bubbles is even faster. With the addition of
the IPA, the efficiency drops even further to only around 3-10 %. This is
expected since the reduction of the surface tension and the beneficial angles
add up. SEM images also indicated that the foams obtained with IPA had
fern-like crystallite agglomerate structures, further increasing the surface
area. Since the trapped bubbles on the bottom of the substrate create a more
porous structure. Hence we decided to isolate the top-side and do the
depositions only on the underside of the foam for further tests. These all
points that obtained Co foams should be great high surface area catalysts.
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Fig. 15. Influence of the cathodic current density and the angle between WE and
counter electrode on the current efficiency of Co coatings obtained under a
galvanostatic mode and g = 180 C.
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3.2. Electrochemical deposition of Co and Co-Pt foams and
various applications

3.2.1. Catalytic activity of Co and Co-Pt foams as catalysts in
electrochemical water splitting in alkaline media

Cobalt is considered to be a great alternative for pricier but more active
and efficient Pt/Pd catalysts for HER reaction in alkaline media [79]. Cobalt
is also very active in the neutral or acidic media, however, our attempts to
use obtained foams as catalysts in such a manner proved that Co foams are
too unstable, and dissolve too quickly. We have tried forming phosphates on
the surface, but the whole surface was simply covered, blocking it. However
in alkaline media Co foam work quite well. They require comparatively low
overpotentials to start the HER (Fig. 16). The HER usually started after ~220
mV overpotential. The current density shown in the figures was calculated
for the geometric area of the foam, not the true surface area. Also, two
distinct HER stages can be seen, first quick but short (slope — 22 to 44
mV/dec) second - much slower (slope 244 to 325 mV/dec). The first stage
probably is limited by either Heyrovsky or the Tafel step. Both are plausible
since the pores could be clogged up with bubbles limiting solutions access.
And the second must be controlled by the VVolmer step.

Volmer step H,0+ e~ > H*+OH™ 120 mVdec™?!
Heyrovsky step H,0+ e”+ H* > H, + OH™ 40 mVdec™?!
Tafel step H*+ H* - H, 30 mVdec™?!
0 — : m|
-50
-100
1.6 A/cm?
~_-150
g —1.8A/cm?
<200 2 A/cm?
-EZSO —2.2 A/cm?
2.5 A/cm?
-300
-350
-0,45 -0,35 -0,25 -0,15 -0,05

E, V vs RHE

Fig. 16. Voltammetry data for HER in 1 M KOH using Co foam as the catalyst
which was deposited at different cathodic current densities (q= 180 C), potential
sweep rate — 2mV/s.
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What is interesting is that the higher the current density used for
deposition the higher the slopes are. The samples after deposition were
washed and kept in ethanol to prevent oxidation, however, some of it still
occurred during the transfer and beginning of the measurement. Hence some
reduction peaks can be seen at -0.1 V vs RHE. This could also somewhat
impact the activity of the catalyst. The high activity and later drop-off could
be explained by either destruction of the foam, lowering of its surface area.
Or by the clog-up of the pores with hydrogen bubbles in this case hindering
the diffusion, and in turn, lowering the activity. Nevertheless, the longevity
of the catalyst was very poor, we could not run a second test using the same
samples. Such poor stability has proven to be detrimental in trying to obtain
a good alternative catalyst for Pt for HER reaction.

Cobalt oxides and also hydroxides/oxyhydroxides are at the top of the
OER reaction volcano plots in alkaline media. [85,86]. So we also decided to
test Co foams in this catalytic reaction, and the dependence of deposition
conditions it might have on the activity of the reaction (Fig. 17). It was
decided not to oxidize the foams in a furnace, but rather electrochemically,
by forming cobalt hydroxides and oxyhydroxides. As can be seen, the
overpotential required to reach 10 mA current with ongoing OER was quite
high ~330 mV. And the slopes did not depend much on the deposition
conditions are were fairly poor, the best one around 130mV/dec. Such
subpar results prompted us to try and improve on the foams by creating Co-
Pt alloy foams.
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Fig. 17. Voltammetry data for OER in 1 M KOH, using Co foam as a catalyst,
which was deposited at different cathodic current densities (g= 180C). Potential
sweep rate 2mV/s. The current densities applied for foam electrodepositions are
shown in the legend.
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The Co-Pt foams were deposited just as the Co foams, using a 90° angle
between the electrodes with IPA in the solution. It has been attempted to
make Co-rich alloys by adding a small amount of Pt to the solution trying to
form CosgsPtis. However, the obtained alloy according to EDS analysis
showed that we obtained Cog7Pt; alloy. Such a big difference between the
solution composition and that of the alloy is most likely related to the high
deposition rate. The Pt-formed complexes with amines have a lower
diffusion rate, hence the disparity between the two compositions. As can be
seen from the SEM images the Co-Pt foams had similar porosity when
compared to purely Co foams (Fig. 18).

Fig. 18. SEM images of CoPt foams (a) 45° angle j = 1.6 A/cm? g= 180 C, (b)
90° angle j= 2.54/cm? q=180 C.

Depositions at 90° angle have been done in order to obtain samples for
HER catalysis tests. The one-step OER foam catalyst idea was scrapped
because the hydroxides formed in-situ were not as active as previously
expected. The two-stage Co foam HER catalysis looked very interesting.
Similar results with the addition of Pt were expected only with lower
overpotential to reach 10 mA current and overall better Taffel slope. As can
be seen from the results shown in Fig. 19.

As can be seen from the voltammetry data as expected the overpotential
required to start HER was reduced to around 120 mV which is around 100
mV lower than the result obtained using Co foam. Also, no additional
reduction peaks have been observed during the voltammetry scan, which
points that even a low Pt amount prevented the formation of oxides and
hydroxides on the surface of the deposited CoPt foam.

Nevertheless, the overall activity of the CoPt foam was quite poor. The
Tafel slope was 269 to 313 mV/dec. Which is similar to Co foams
investigated previously. In this case, no initial high activity stage was
observed, and the overall activity was quite low. Multiple measurements
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were taken and further slopes were even worse. This points that the
generated hydrogen gas bubbles destroy the surface of the foam. Also as it
was seen from Co foams, the thickness of the foam has to be lower in order
to fully utilize the full volume and surface area of the foams. Also,
calcifications of the foams in an inert atmosphere have to be considered, to
increase the longevity of the catalyst/ and or form the oxides on the foam's
surface.

50 F
-150 F
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-350 —2.2 A/cm?
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-0,45 -0,35 -0,25 -0,15 -0,05

E, V vs RHE

Fig. 19. Voltammetry data for HER in 1 M KOH, using Cog;Pt; foams as a
catalyst, which was deposited at different cathodic current densities (q= 180 C).
Potential sweep rate 2 mV/s.

3.2.2. Modification of Co foams and detection of free
chlorine in the water

Modification of cobalt foams was done using ferrocyanide, utilizing
cyclic voltammetry technique. The measurements were performed in an
acetic acid buffer solution. Such a buffer was chosen because of highly
active and substantial cobalt foams surface. Other buffer solutions such as
phosphate or citrate were tested, however, either the foam reacted with the
anions in the buffer solution (phosphate), or formed complexes at the surface
(citrate case), diminishing the modification capabilities. The potassium
nitrate was used as a background electrolyte has been shown to have second
best ion permeability in various metal HCFs structures, ensuring good
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conductivity and electrons exchange [92,99]. The chosen potential window
for modification was —from 0 to -0.8 V vs Ag/AgCI.

The potential in CV was first scanned to the anodic side, to dissolve some
of the foam near the surface, and afterward to cathodic, to form cobalt
ferrocyanide complex on the surface of the foams. Comparatively, high scan
rates were used to form cobalt ferrocyanide, trying to preserve the structure
and the high surface area of cobalt foams. Additionally, no clear peaks could
be seen on the voltammetric curve, since the scan speed used was high, the
Co foams surface was very porous, and the response might have been too
slow to be detected in such a system. A high scan rate was chosen to try to
keep the highest possible surface area intact, but still covering the whole
surface of foam with Co HCF complex. With no clear oxidation or reduction
peaks obtained during CV scans, a formation of cobalt ferrocyanide on the
surface of cobalt foams had to be done externally. For that reason, SEM and
EDS measurements were performed to ensure the successful formation of
the cobalt ferrocyanide complex (Fig, 20). The EDS picture represents a
typically modified cobalt foam. It can be seen that the whole surface was
quite uniformly covered with Fe and C compound, proving successful
formation of Co HCF complex on the surface of the Co foam.

Fig. 20. SEM image of modified Co foam, using CV at 100 mV/s scan rate and
after 100 cycles with overlaid EDS mapping. Red color represents cobalt, green—
iron, blue—carbon.

Free chlorine concentration, which is a sum of dissolved chlorine gas,
hypochlorous acid, and hypochlorite anion, was detected using acetic acid
buffer solution whilst measuring the amperometric response of our system.
Before the testing, the purity of Ca(OCIl),, which was used as a source of free
chlorine, has been checked using the standard DPD method. It was
determined purity of calcium hypochlorite was 64%. The chosen pH value
for chlorine detection measurements was —5.5 and was done so for two
reasons: (1) Trying to simulate real tap water pH range, which was usually 5
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< pH < 8, (2) all of the compounds of free chlorine exist in the solution at
such pH values. However, most of the chlorine exists in the form of HCIO,
since the pK, of reaction (3) was 7.48 at 25 °C.

HCIO - CIO™ +H" 3)
Hypochlorous acid reduction occurs in two steps (reactions 4 and 5),
which according to Cheng et al. if the pH is above 3 is irreversible [152],
making it possible to fully reduce and hydrolyze free chlorine in the water to
chloride anions.

HCIO +H" +e” —0.5Cl, +H,0 4)

Cl,+0.5H,0 - HCIO+H" +CI- ®)

All of the free chlorine-containing compounds have been reduced
electrochemically very easily. Trying to minimize the damage of high
surface area modified cobalt foams, ensuring the longevity of the sensor, a
plethora of potentials were tested. The best results were obtained using —0.45
V vs Ag/AgCI potential with the cobalt foams modified for 40 cycles at a
100 mV/s scan rate. A calibration curve and typical chronoamperometric
measurements are shown in Fig. 21. The linearity of the curve was slightly
distorted probably by oxygen reduction that was dissolved in testing
solutions. Nevertheless, the increase of cathodic current with the addition of
very small amounts of chlorine into the water proved very high sensitivity
for our sensor. The standard deviation of the blank solution was calculated
using data from 10 chronoamperometric measurements. The calculated limit
of blank (LOB = 1.65c6) was 3.06 ppb. The obtained limit of detection
(LOD = 30) was 5.57 ppb and the limit of quantification (LOQ = 10c) was
18.86 ppb. Such results were acceptable since the usual concentration of
residual chlorine in tap water was somewhere between 0.2 and 1 ppm.

80,0 0,29 —0ppm
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Fig. 21. Calibration curve for sensors (a) and typical chronoamperometric
curves for free chlorine detection in acetic acid buffer (b).
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Cobalt metal foams were successfully deposited using a DHBT template
on the flat copper substrate. The true surface area of cobalt foams was
estimated using the EIS technique. It was determined that the highest surface
area cobalt foams were electrodeposited using a solution containing 0.2 M
CoSO4, 1 M (NH4)2SO4, and 2 M isopropyl alcohol at a cathodic current
density of 2.5 A/cm2 In this case, there was a synergy between the
ammonium sulfate bubble suppression effect, and solutions surface tensions
reduction, which allowed for the formation of highly porous 3D structured
cobalt foams. The cobalt foams surface was modified with Co
hexacyanoferrate, and such modified foams have been tested as sensors for
the detection of free chlorine in the water. A linear range from 5.6 ppb to 1
ppm was shown. It was demonstrated that such a sensor can be a good and a
less expensive alternative to noble metal sensors currently used for the
detection of the concentration of residual chlorine in the water.

3.3. Copper foam as a complex cathode

3.3.1. Characterization of copper foam

The copper foam has a 3D interconnected porous structure, which can be
observed in SEM images (Fig. 22). The pore size varies from 1 to 0.1 mm.
The surface of the foam is very uneven, making the true surface area of the
already porous copper foam even larger. In order to determine how the
behavior of copper foams differs from flat surfaces in solutions, voltammetry
experiments with different copper (I1) sulfate concentrations were carried
out; the compositions of the solutions are shown in Table 2. The
concentration of the sulfate anion was kept at 0.5 M to maintain the same
buffering power in all of the solutions.

FW - S F N 2 7

)

Fig. 22. SEM images at low (a) and high (b) magnification of 3D copper foam.
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The obtained polarization curves for the plate and foam electrode are
shown in Fig. 23, where the ordinate axis is displayed on a logarithmic scale
because of a big difference in the current values between tested
concentrations. To estimate the influence of porosity on the copper
deposition, the geometrical sample size was the same for both Cu plates and
Cu foams (1 cm x 1 cm). As can be seen from Fig. 23, Cu deposition starts
somewhere around —0.075 V versus Ag/AgCl and did not depend on the
substrate used. After the peak representing the Cu?* reduction to Cu°, the
current on both surfaces and all the concentrations turns into an almost
constant one. The reason for this could be the mass transport limitations
because the leveling off of the current depends on the concentration of
Cu(ll) in the solution. This is also supported by the slight increase of the
current with the rise of polarization at higher concentrations (50 mM to 0.2
M), showing that at higher potentials, the positive ions are attracted from
further away, and the deposition rate increases.

In addition, voltammetry tests also showed that independently of the used
substrate, the hydrogen evolution reaction (HER) started in the range of —1.0
to —1.1 V vs Ag/AgCl in the solutions containing 10 and 50 mM of CuSO..
This fact could be attributed to the governing role of pH change in the near
electrode layer during electrodeposition, and this change seems to be similar
for both solutions. However, in the solution containing 0.2 M CuSOs, the
HER started around —0.75 V vs Ag/AgCl on both surfaces. This earlier HER
start could be linked to the higher rate of copper electrodeposition, and in
turn, the pH decrease near the working electrode. Additionally, one major
difference between the two surfaces can be noted from voltammetry
experiments: there was an approximately 3 times higher current on the foam
substrate at all potentials in comparison to the flat surface. This difference
can be explained by the better hydrodynamic conditions of copper foams
substrate: the porous surface allows for faster mass transport and exchange.
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Fig. 23. Cathodic voltammograms on Cu plate (a) and foam (b) were obtained in
the electrolytes with various concentrations of CuSO4 (the compositions of solutions
are shown in Table 2), potential scan rate 2 mV/s.

For further investigation, the solution containing a similar amount of
Cu(ll) as in solutions used for various metals recovery from the electronic
waste was chosen. Regarding the influence of the surface type on the Cu
electrochemical deposition, chronoamperometric measurements have been
done in 0.1 M CuSO, and 0.4 M NazSO, solution at four fixed potentials:
-0.1, 0.2, —0.4, and —0.6 V vs Ag/AgCl, and at a fixed amount of charge
passed through the cell (30 C). The results have been summarized and are
shown in Table 4.

Chronoamperometric measurements (Table 4) clearly show an
approximately 3 times faster copper deposition rate on the foam at all tested
potentials. In this case, there was no hydrogen evolution, and the deposition
efficiency was almost 100% on both substrates.

Table 4. Cu deposition rates on 2D and 3D electrodes in the solution containing
0.1 M CuSO,4 and 0.4 M NaySO..A fixed amount of charge was let through the
electrochemical cell at each potential (g= 30C).

Substrate | E, V vs Ag/AgCI | Deposition time, s Deposmor_] rate,
mg/min
-0.1 1763 0.33
Cu plate -0.2 1681 0.35
-0.4 1603 0.36
-0.6 1571 0.37
-0.1 643 0.94
-0.2 574 1.1
Cu foam 0.4 503 1.0
-0.6 518 1.2
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A considerably higher deposition rate on the cooper foam substrate
supports the idea that the deposition is controlled by diffusion to the
electrode surface - the one having a higher specific surface area. In addition,
a higher metal deposition rate on the foam electrodes makes them an
attractive substrate for the electrowinning of metals compared to other
materials having a similar geometric area. The morphology of deposits is
influenced by the potential and type of substrate, as is shown in the SEM
images in Fig. 24.

The copper deposits have globular shapes on the flat electrodes, and the
morphology did not differ at these two potentials. This is related to the very
similar electrochemical deposition rates at these potentials, and as can be
seen from the voltammetry data (Fig. 23) and efficiency of deposition, there
were no side reactions, and the current was similar at these two potentials.
Another case is the deposition on the porous substrate. At —0.2 V versus
Ag/AgCl, copper forms cauliflower-like crystalline agglomerates with well-
defined edges. At higher potential, the copper forms smoother surfaces that
are still cauliflower-like structures. The coverage of both surface geometries
was good even without external agitation, even at low potentials

-E,V Cu plate Cu foam

T

0.2

0.6

Fig. 24. SEM images of potentiostatically electrodeposited Cu coatings at
different cathodic potentials on flat and foam copper substrates after 30 C passed
charge. The bath was 0.1 M CuSQO,4 and 0.4 M Na,SO..
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3.3.2. Copper foam surface area and diffusion rate estimations

To characterize copper foams and estimate the active surface areas for
charge and mass transfer processes that occur during the electrochemical
deposition of copper, the EIS technique was utilized. EIS measurements
have been done in all solutions listed in Table 2. EIS measurements were
performed at cathodic potentials of -0.125, -0.15, -0.175, and -0.2 V vs
Ag/AgCl on flat and porous copper substrates. These potentials were chosen
based on chronoamperometric data. At comparatively low potentials, the
change of surface morphology during deposition is still minimal and can be
ignored in this case. Typical EIS scans on the copper plate at various
potentials are shown in Fig. 25. From the EIS data plots, we can see that at
investigated potentials the data plot can be divided into two zones — the high-
frequency semicircle and the low frequency (starting around 75-100 Hz) 45°
angle line. The high-frequency semicircle can be attributed to the charge-up
of the double layer and charge transfer to the copper ions, whilst the low-
frequency line is attributed to the formation of the concentration gradient of
the copper ions. To better evaluate ongoing processes EIS data were fitted to
the equivalent electric circuit (EEC) that is shown as an inset in Fig. 23 of
the Nyquist plot (a).

The elements of applied EEC have the following physical meaning: Ro is
resistance at electrode/electrolyte interface, CPE(DL) is a double-layer
capacitance modeled via constant phase element (CPE), R(CT) is a charge
transfer resistance, CPE(W) stands for capacitance caused by the
concentration gradient, R(Diff) is a resistance caused by the concentration
gradient. The element CPE(W) is attributed to the diffusion because of the
signature 45° angle seen in the Nyquist plots at low frequencies (Fig. 25),
and the value n in this CPE element was very close to 0.5 in all the
experiments. This constant phase element acting only in the low-frequency
region) represents diffusion and it can be used as a Warburg element when n
= 0.5 [153,154]. The values of constant phase element CPE(DL) have been
recalculated into true capacitance using Hsu and Mansfeld equation [155].
All values of components of the fitted EEC are indicated in Table 5.
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Fig. 25. Nyquist (a,d) and Bode plots (b-c,e-f) on Cu plate (a-c) and foam (d-f)
registered at various potentials (indicated on graphs) in 0.1 M CuSOs + 0.4 M
Na,SO. solution at 20°C. Points — experimental data, solid lines — results of fitting
to EEC shown in the inset (a).
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Table 5. Values of EIS parameters were obtained by fitting data obtained on
copper foam and copper plates at -0.175 V vs Ag/AgCl at different copper
concentrations. EEC used for modeling is shown in Fig. 25 inset.

Electrolyte Substrate | C(DL), uF | R(CT), Q | CPE(W) | R(Diff), Q

0.2 M CuSO, + plate 40.5 2.98 0.0696 | 2334
0.3 M Na S04 foam 299.2 2.39 0.2033 14.9
0.1 M CuSO, + plate 49.3 8.76 0.0260 | 319.3
0.4 M Na,SOa. foam 513.5 6.65 0.0748 74.9
0.05 M CuSO, + plate 41.9 7.44 0.0285 199.6
0.45 M NazSO4 foam 456.6 6.74 0.0668 83.3
0.01 M CuSO, + plate 56.4 5466 | 0.00247 | 663.7
0.49 M NaSO4 foam 754.1 12220 | 00039 | 1551.0

As can be seen, the proposed EEC describes well experimental EIS data
on both substrates in a whole investigated potential range. The values of the
capacitance of the DL on both substrates might be used to estimate
differences in real areas between plate and foam electrodes, i.e. to estimate
the roughness factor as a ratio of C(DL) on foam and plate of the same
geometric area (1x1 cm). Notably, the double-layer capacitance (C(DL))
extracted from EIS data is 50 uF (see Fig. 26), and is in good agreement
with the theoretical values assigned to 1 cm? of copper [143]. The
capacitance of the DL of a commercial foam, that has the same geometric
area as a plate, is 7 to 14 times higher in comparison with a plate electrode.
The thickness of the DL is very small and is in tens of nanometers, therefore
this layer replicates the surface morphology on the nano-level, and the ratio
with the value obtained on the plate electrode can represent the roughness
factor, and matches the ratio of C(DL) of both surfaces - 7-14. However, the
increase of DL capacitances with the increase of applied cathodic potential
on both flat and porous surfaces is different. On the porous electrode, the
C(DL) increase is much higher when compared to the change in capacitances
of the flat electrode. This increase is related to the much higher surface area,
and the distribution of current on the surface of the foam — with higher
potential the current distributes more evenly on the whole foam surface, and
the edge effect is less apparent, this also influences the surface area
estimations. (DL) [156, 157].

When looking at the effect the concentration of copper ions has on the
EIS parameters (Table 5), we can divide the results into three sections high
concentration (0.2 M), mid-level concentrations (0.1 and 0.05 M), and low

54




concentrations (0.01 M). The DL capacitance values do not differ that much
with the change of the concentration on both surface geometries. However,
when looking at charge transfer resistance, the differences between
concentrations are significant. At low concentrations the charge transfer
resistance is very high, this is caused by lack of copper ions, and this
resistance at mid-level concentrations is around 6-9 Q, it depends on the
surface geometry as well as applied potential (Fig. 26). And at high
concentrations (0.2 M and higher) the charge transfer resistance values
decrease ~3 times on both surfaces, because of an abundance of conducting
particles, nevertheless, this charge transfer resistance is lower at all
investigated potentials and all concentrations on the foam electrode. This
shows that reduction reaction occurs faster on the copper foams.

11 750

10 r 1 600

o1 '5
i —A—C(DL) plate 1 40 =
5 8 —A—C(DL) foam =
= —m—R(CT) plate 13005

7 —5—-R(CT) foam

6 L { 150

e A A —3
5 : : 0
-0,21 -0,17 -0,13

E, V vs Ag/AgCI

Fig. 26. Dependence of double-layer capacitance (ordinate at the right) and
charge transfer resistance (ordinate at the left) on potential applied for Cu plate and
foam electrodes in 0.1 M CuSO4 + 0.4 M NaySO. solution.

When taking a look at the charge transfer resistance dependence on
potential (Fig. 26 and Table 5) with both types of electrodes, it’s clear that
the 3D electrode displays approx. 1.5-1.7 times lower charge transfer
resistance than 2D electrode, agreeing with the results of voltammetry (see
Fig. 23). The differences in charge transfer resistance on plate and foam
electrodes are lower than differences in the capacitances of DL, because the
reaction layer is thicker than DL, and in some areas of the foam electrode it
overlaps. As it can be seen from Fig. 26 the difference between 2D and 3D
electrodes in charge transfer resistance is higher at low potentials, thus
charge transfer reaction on the foam occurs easier, and partially explains the
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higher Cu deposition rate (see Table 4). However, the lower charge transfer
resistance, or in turn the increase of the rate of the charge transfer reaction
by ~2 times does not result in increases in Cu deposition rate by around 3
times.

To further characterize the difference in copper deposition reactions on
flat and porous copper surfaces the components of EEC related to diffusion
have been investigated in detail (Fig. 27). The foam has lower charge
transfer resistance, meaning faster reactions, and better hydrodynamic
qualities, allowing for faster diffusion and in turn the much faster deposition,
even with a larger surface and in turn — lower current density.
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Fig. 27. Dependence of diffusion-related elements of EEC on the potential
applied. Measurements performed using a copper plate and copper foam as working
electrodes in 0.1 M CuSQ4 + 0.4 M NazSO4 solution.

The parameter related to diffusion CPE(W) at low concentrations is
almost equal on both surface geometries, showing that the diffusion effect is
similar, but the resistance at low concentrations is about 2.5 times higher. It
means that the diffusion layer is much thicker on the copper foams surface
because of the porosity effect. Therefore, it causes a higher rate of copper
electrodeposition. The overall trend in mid-level and high concentrations is
that with the increase of Cu®* concentration, the CPE(W) value increases,
and the R(Diff) decreases. As it is seen from Table 5, the difference between
R(Diff) values at 0.2 and 0.05 M concentrations on the flat surface is only
around 14%, whereas, on the foam electrode, the values of R(Diff) are
lower, but all values are sensitive to the concentration of Cu(ll) in the
solution. The highest value of R(Diff) is obtained on the foam electrode at a
relatively low concentration of Cu(ll), i.e., 0.01 M, which is probably due to
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the faster depletion of copper ion concentration in the 3D diffusion layer and
the necessity of longer time to supply Cu(ll) ions into the pores. Since the
deposition rate on the foam electrode at a higher concentration of Cu(ll) is 3
times faster than on the flat electrode, this is mirrored by the behavior of
CPE(W), showing that the diffusion occurs 3 times faster on the foam. The
efficiency of charge transfer on the porous surfaces is higher as well, which
is in good agreement with other studies of metal depositions on porous
surfaces [56]. To even better understand the diffusion peculiarities on 2D
and 3D electrodes, the diffusion impedance using extracted values from total
impedance data (presented in Table 5) was calculated. As it is shown in Fig.
25, the copper deposition occurs under diffusion control at low frequencies
(below 100 Hz) on both foam and plate electrodes, and diffusion is modeled
by a parallel connection of CPE(W) and R(Diff) elements. In this case,
diffusion impedance, Zgir, as a function of frequency is calculated by the
equation:
Z i ((’3) = . RD(iﬁ
1+( Jw) QR
where Q and a are parameters of CPE(W), R(DifY) is resistance caused by
diffusion, and ® is the phase angle (0=2xnf). When o = 1 - Q is pure
capacitance, in our case however o = 0.5 and the CPE represents diffusion
[158].

The calculated diffusion impedance data are presented in Fig. 28. As it is
seen, the diffusion impedance on the plate Cu electrode is 2—4 times higher
than that on the foam Cu electrodes, which is dependent on the frequency
and potential applied.

These results once again confirm the chronopotentiometry data obtained
on both 2D and 3D Cu-electrodes. For chronopotentiometry experiments,
current values have been chosen higher than the limiting current values seen
in Fig. 28. In this case, the transition time, at which the concentration of
metal ions on the electrode becomes equal to zero, is visual on the
chronopotentiograms, and the effective diffusion coefficient can be
calculated by the Sand equation:

e nNFAC, /D, (5)
2
where 1 is a transition time (s), i is a current (A), C, is the concentration of
Cu(ll) ions (mol/cm?®), De is the effective diffusion coefficient (cm?s™?), F is
Faraday's constant, n is the number of electrons participating in

electrochemical reaction; A is a geometrical surface area.

(4)
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Fig. 28. Bode plots of extracted diffusion impedance at various potentials on flat
Cu substrate (a), and Cu-foam substrate (b).

In our case iv/z~const, so the maximal deposition rate is controlled by
the mass transfer. The values of the effective diffusion coefficient of Cu®*
ions on both plate and foam Cu electrodes were calculated by Eq. (2) and the
data are shown in Table 6. The effective diffusion coefficient on the plate
electrode is almost three times lower than on the foam electrode, and it is in
good agreement with EIS data.

So, copper foams are great substrates for reactions that are either limited
by the mass transfer (electrochemical depositions, etc.) or the ones that are
restricted by adsorption or activation (HER and similar), making them great
candidates to reduce the size of electrodes, but not to lose out on efficiency
and activity of electrodes.
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E, V vs Ag/AgCIl/KCI

Fig. 29. Chronopotentiograms on flat (continuous lines) and porous (dashed
lines) electrodes at various current densities in 50 mM CuSQ4 and 0.45 M Na,SO4
solution. All the densities have been calculated for the geometrical area of the
substrate of 1 cm?.

Table 6. Effects of electrode geometry on effective Cu(ll) ions diffusion coefficient.

Applied current Effective diffusion coefficient
Plate Foam

I, mA 108D, cm?s™? 108D, cm?s?
-10 6.79 18.06
-12 6.72 19.70
-14 6.73 20.16
-16 6.62 20.77
Average Dess 6.72 19.67

Overall a comprehensive investigation of the electrochemical deposition
of copper onto 2D (plate) and 3D (foam) Cu substrates has been done. Using
various electrochemical methods, it was determined that the rate-determining
step in a copper deposition is diffusion. The main processes occurring on the
electrode are - the charge-up of double electric layer, charge transfer, and
diffusion. The specific electrochemically active area of Cu foam was
estimated from EIS data, and based on the values of the double electric layer,
it was determined to be 7-14 times higher than that for the plate electrode.
Based on the EIS data, it was determined that the charge transfer resistance
on the Cu foam electrode is 1.5-1.7 times lower than that on the Cu plate
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electrode, which results in an increase in a charge transfer rate of
approximately 2 times. Based on the analysis of the diffusion impedance and
chronopotentiometry data, it was found that Cu®** mass transfer and the
copper deposition rate is up to 3 times faster on the foam surface in
comparison with a flat surface having the same geometric area in the same
potential range. In addition, effective diffusion coefficients have been
calculated from chronopotentiometry data using Sand’s equation. Overall
these findings make Cu foam an attractive material for metal electrowinning
processes as well as for processes controlled by adsorption (e.g., hydrogen
evolution reaction).

3.4. Electrochemical deposition of Fe. Testing their catalytic
activity in Fentons reaction

3.4.1. Iron deposition

Using environmentally friendly electrolyte for Fe deposition, and trying
to optimize the deposition conditions, Si wafers were used as substrates,
while changing deposition conditions like temperature and deposition time.
Depositions were done galvanostaticaly (j = 15 mA/cm?) without agitation.
Two distinct temperatures were selected - room temperature and 65° C. Ar
room temperature the current efficiency was only around 10 %. Low
efficiency was caused by bulky ferrous complexes that were formed with
citric and glycolic acids. Raising the temperature to 65°C the efficiency grew
to around 50%. The surface morphology did not change drastically,
however, from the cross-sections, huge differences between thicknesses in
the middle and at the edges of the sample were noticed. The coatings
exhibited body-centered cubic (bcc) structure, with the main difference is the
preferred plane changes from (1 1 1) at room temperature to (2 1 1) at 65°C.
Also, the coatings obtained at room temperature had very poor adhesion to
the substrate, at higher temperatures the adhesion improved. So it was
decided to perform deposition at 65°C for efficiency and coating adhesion
stability.

Further investigation has been done using copper foams as substrates for
Fe deposition. Depositions have been done under strict temperature control
with constant stirring. The effects of potential and deposition length on the
morphology of iron deposits have been investigated, and three potentials
were chosen, for each one 5 distinct amounts of coulombs have been let
through the electrochemical cell. The morphology of the iron deposits
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slightly changes with the applied potentials (Fig. 30). At all chosen
potentials for the deposition, the iron covers the whole copper foams surface.

o

1 A ¥, 300 ym

Fig. 30. SEM images of electrodeposited Fe under conditions: left column
g=450Ca)-15V;b)-1.7V;c)-1.9V, right column: E=-1.9Vd)q=150C;
€)q=900C;f)q=1350C.

With increasing the potential iron deposits on the surface of the substrate
in dendrite-like structures. This can be seen in the (d) through (f) images
where -1.9 V vs Ag/AgCI potential was applied for Fe deposition. Because
of the high surface area of the copper foams at all the potentials edge effect
(quicker growth and formation of almost foam-like structure) was observed.
Even using quite vigorous stirring the even coverage could not be quite
achieved even using the highest cathodic potential. Unevenly structured Fe
deposits obtained using -1.9 V vs Ag/AgCl potential could provide even
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more active sites for the Fenton reaction catalysis. With the increase of
deposition time (amount of coulombs) the surface develops uneven bumps,
which could even further increase the surface area, and in turn activity of the
heterogeneous catalyst.

Current efficiency calculations have been made from the gravimetrical
data and can be seen in Fig. 31. All the depositions have been repeated at
least 8 times, and afterward, the current efficiency average was calculated
and is shown in Fig. 31. As it was mentioned earlier the solution used for
deposition contained Fe(l11) ions as a precursor. Since these ions have higher
stability, it also makes the efficiency calculations easier, under the
assumption that the electrochemical deposition requires 3 electrons for the
reduction of one iron ion. The overall efficiency of the deposition, regardless
of the potential applied, did not exceed 30 %. The cause for this is probably
adsorption of the organic matter on the working electrode, effectively
blocking the surface of the electrode. According to Belevski et al. anode
material also plays an important role in the efficiency of reaction, since it
can facilitate the oxidation of citric and glycolic acids, which can later
adsorb onto the working electrode [136, 137].

30

m -1.5V va Ag/AgCl -1.7V vs Ag/AgCl = -1.9V vs Ag/AgCl

N N
o ol

=
o

Current efficiency, %
H
ol

ol

150 300 450 900 1350

Amount of charge passed, C
Fig. 31. The efficiency of Fe (Ill) electrochemical deposition dependence on the
applied potential and the amount of charge passed through the electrochemical cell.

Nevertheless, the current efficiency is acceptable, since three electrons
transfer is required for the iron deposition, and the use of a working
electrode with complex geometry, makes the reduction bit more complex
than with the simple Fe deposition. With the increase of applied potential,
there is a noticeable increase in the current efficiency. At low potentials, the
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current density is quite low, and the iron is heavily complexed (citrates and
glycolates) hence the deposition is quite slow, and there is not enough
energy to cover all of the foam's surface equally (can be seen from SEM
images). With increased potential and vigorous mixing, the deeper levels of
the foam get enough electrons to flow through them to reduce adsorbed iron
species on their surface.

As the deposition time increases, the deposition efficiency drops
regardless of the applied potential. The cause for this decrease probably is
vigorous mixing. The flow of the solution breaks apart the dendrite-like
structure. The drop in efficiency when comparing different deposition times
at -1.5 V vs Ag/AgCl is quite small only around 3 %. Because of the low
deposition rate, the surface iron forms are quite smooth, hence the efficiency
loss is quite small. However, when the potential is increased, the current
efficiency drop with longer depositions becomes significant. The
morphology of iron deposits at -1.9 V vs Ag/AgCl becomes foam-like (foam
formation on the copper foam), and the moving electrolyte solution inside of
the copper foams' pores destroys this less mechanically stable structure. The
drop of the current efficiency, when comparing shortest and longest
deposition times, becomes around 5 % and is significant since the overall
deposition efficiency at max is approx. 25%.

3.4.2. Fenton reaction mechanism using heterogeneous catalysts

The typical Fenton reaction simply involves Fe(ll) ions acting as catalysts
in the degradation of hydrogen peroxide, forming the highly oxidizing OHe
radicals. Since there are quite a few possible reactions taking place at the
same time, the full Fenton reaction mechanism is still disputed to this day
[111]. Two main pathways have been proposed — the Hauber — Weiss
mechanism (which involves the participation of free radicals in the reaction
mechanism) and the Kremer — Stein mechanism (ionic mechanism involving
species like FeO*" / Fe(IV) ions) [113, 114]. In this case, we chose to follow
the Hauber — Weiss mechanism. Also since with involved heterogeneous
surface, the possibility of other various heterogeneous and homogeneous
reactions taking place are very high, making the overall mechanism very
complex.

The first three reactions show the reactions that can occur on the iron
surface and near-surface area in acidic solutions, and also in the presence of
hydrogen peroxide:

Fe® — Fe?* E°

Fe/Fe?t = 044V (6)
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Fe® + 2H* - Fe?t + H, (7)
Fe® + H,0, + 2H* - Fe?** + H,0 (8)

Iron corrosion occurs quickly and easily in acidic solutions. The high
surface area copper foams covered with iron have a very large accessible
surface area, hence in our case, the corrosion rate is very high.

The dissolved gasses (like CO; and Oy) in actual dyeing solutions are not
removed by bubbling inert gas or using other methods. Since oxygen is
dissolved in the aqueous solution few other corrosion reactions could also
take place:

2Fe® + 0, + H,0 - 2Fe?* +40H~ (9)
2Fe® + 0, + 4H'Y — 2Fe?* +2H,0  (10)
Fe® + 0, + 2H* — Fe?** + H,0, (11)

On the heterogeneous surface, the regeneration of the very active Fe*
ions can also take place, where the hydrogen peroxide can directly oxidize
the iron's surface:

Fe3t + Fe® - 2Fe?t AE° =077V  (12)
Fe® + H,0, — Fe?* + 20H~ (13)

All the above-mentioned reactions are just a few possible sources of
Fe(ll) ions. As can be seen, there are quite a few pathways for Fe(ll) to form
in the solution when using heterogeneous surfaces and solutions with
dissolved oxygen in them. The source of the Fe(ll) ions is important,
because the reaction producing highly active hydroxyl radicals, has a much
higher reaction rate constant with the Fe(ll) ions in homogenous Fentons
reaction, than that of the Fe(l11) ions [120]. There are several most important
rate-determining reactions in organics breakdown:

Fe?* + H,0, > Fe3* + OH™ +-OH 40 -80M~1s71  (14)
Fe3* + H,0, > Fe** + H* +-HO, 9.1 -107"M"1s71 (15)

These two reactions are the sources of the two main radicals that are
formed during the catalytic degradation of hydrogen peroxide. There are
three main oxidating species that can be found in the solution: 1. Hydrogen
peroxide (H202 E°ys nwe= +0.39 V), 2. Hydroperoxyl radical (OHz E°ys nHe=
+1.05 V), and 3. Hydroxyl radical (-OH E°ys nwe= +2.31 V) [159]. The latter
two are produced in the catalytic degradation of hydrogen peroxide
involving two different iron species. The main oxidizing species are the
hydroxyl radicals, since they have the highest oxidation potential, and are
produced when the Fe(ll) ions are involved in the catalytic breakdown of
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hydrogen peroxide. Of course, some side reactions can reduce the efficiency
and control the overall rate of the organics mineralization reaction, by
“neutralizing” the oxidative species mentioned above:
Fe?* +-OH — Fe3* + OH~ 25-5-108M 1571 (16)
Fe3* +-HO, » Fe?** + H* + 0, 0.33-2.1-10°M~1s~1 (17)
Fe?* +-HO, —» Fe?* + HO;  0.72—15-107"M"'s~! (18)
-OH + H,0, —» H,0 +-HO, (19)
2H,0, — 2H,0 + 0, (20)

As it can be seen, the hydrogen peroxide can be considered as a hydroxyl
radical scavenger, and at high enough concentrations it can react producing
less active hydroperoxyl radical, which has weaker oxidating power. Also at
high concentrations, the hydrogen peroxide in the acidic media can
disproportionate into water and oxygen. It is very important to correctly
choose appropriate concentrations of hydrogen peroxide for the Fenton
reaction trying to obtain the highest mineralization rate. At too low hydrogen
peroxide concentrations the full discoloration and/or mineralization cannot
be fully achieved.

In our case, we also use highly porous Cu foams for substrate, and as can
be seen from SEM images, the copper foam substrate is not fully covered by
the iron layer, or parts of it are being uncovered with ongoing iron corrosion.
This is especially the case using lower potentials and shorter deposition
times. The exposed copper can also dissolve and catalyze a Fenton-like
reaction [134, 160]

Cu® - Cu* + e~ Ely ey = 0.342V (21)
Cut - Cu*t + e~ Ey+ jeyz+ = 0153V (22)
Cu® > Cu®t + 2e” EQyjcuz+ = 0.521V (23)
Cu* + H,0, > Cu?* +OH + OH~ (24)
Cu?* + H,0, > Cu® + HO, + OH™ (25)
Fe3t + Cut > Fe?t + Cu?t AE° =0.6V (26)

Copper can also help to decrease the concentration of Fe(lll) ions by
reducing them to Fe(ll) ions (Eq. 26). This increases the overall efficiency
and rate of the heterogeneous Fenton-like catalytic concentration. The main
process - dye oxidation, can be expressed via such a simplified reaction:

-OH + Dye - Oxidised Dye + H,0
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3.4.3. Investigation of heterogeneous Fenton reaction

The chosen MO solution composition and its pH for the investigation of
our catalyst were not incidental. Characteristics of effluents from various
processes of textiles' wet processing have been evaluated; chosen
compositions and temperatures are in the range of the real conditions [161].
Usually, the Fenton process is used for the degradation of comparatively low
concentrations of organic matter (up to 20 mg/L), however in this case we
decided to test the capabilities of our catalyst using MO concentrations
closer to the real conditions with much higher concentrations [111,161].

The discoloration speed was tracked using spectrophotometric data
obtained by scanning from 620 to 320 nm region at 2 nm step. Such narrow
window was chosen because the adsorption peak for MO is around 470-490
nm and is slightly dependant on the concentration of MO in the solution, and
also on the pH of the solution [101]. This wavelength window was also
chosen to try to prevent the solution's exposure to UV irradiation, where it
could affect the catalytic degradation of hydrogen peroxide. A typical
spectrophotometric measurement can be seen in Fig. 32.
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Fig. 32. Time dependence UV/Vis light absorption of 100mL of
70 mg/L MO solution during degradation at pH 3 and 30° C, with 50 uL H-0,.
Catalyst obtained at -1.5 V vs Ag/AgCl; q = 300 C.

The chosen pH 3, was used to facilitate the iron/copper corrosion. There
have been plenty of investigations, regarding Fenton catalysts activity at
different pH, and it was found that optimal pH is around 2,8-3
[111,121,126]. At such a value corrosion rate is high, and the formation of
insoluble iron hydroxides does not occur, hampering the activity of
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mineralization. At pH < 1 the oxidation of formation of Fe(ll) aqua
complexes occurs, inhibiting the cleavage of H,O, and formation of
oxidative species.

The signal at around 480 nm can be attributed to -N=N- chromophoric
bond in MO molecule. The reduction of light absorption at this wavelength
is attributed to the first step in the MO mineralization pathway [126]. Hence,
tracking the light absorption at this wavelength allows to easily estimate the
MO degradation rate. As can be seen from Fig. 32 the discoloration of MO
solution started immediately upon immersion of the catalyst into the solution
and under current conditions was complete in around 5 minutes. Since the
solutions contained an unusually high concentration of organic content, the
light absorption at desired wavelength window is above 1. So the
spectrophotometric measurements were used as a qualitative tool to
determine when the full discoloration would occur (A < 0.06 ). Because of
measurement specifics, all the discoloration times obtained have up to 30
seconds error.

3.4.4. Effect of hydrogen peroxide on Fentons reaction rate

The Fenton reaction mechanism is quite complicated, because of
interdependencies between concentrations of organic matter, iron ions, and
hydrogen peroxide, as well as a plethora of various reactions that might
occur. To determine optimal H2O» concentration at 3 chosen concentrations
of MO we used a catalyst with an excessive amount of iron (obtained at -1.9
V vs Ag/AgClI g = 450 C). We chose two temperatures for tests — 30 and 40°
C, examples of measurements can be seen in Fig. 33.

As we can see from the inset of Fig. 33 a degradation reaction has the
highest rate when 50 uL of H»O; is used. Even adding a large surplus of
H.0, the rate of discoloration does not increase, meaning choosing the
correct ratio is much more important. Using a too low concentration of
peroxide results in either a partial discoloration of the solution or a slower
discoloration and partial mineralization (10 to 30 uL in this case). The
highest reaction rate was achieved using 50 pL of hydrogen peroxide.

As can be seen from the data, increasing the MO concentration to 70 and
100 mg/L, the optimal ratio between MO and hydrogen peroxide
concentrations remains the same. So, for 70 mg/L MO the optimal
concentration is 90 puL of 30 % v/v hydrogen peroxide, and for 100 mg/L —
120 pL. We can see a discoloration rate increase at 120 puL of hydrogen
peroxide in the 70 mg/L solutions, however, almost the same reaction rate
was achieved using 90 pL. Trying to save resources, the chosen amount of
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hydrogen peroxide was 90 uL. As can be seen from the presented data, the
experiments were performed at first testing the optimal concentration of
H,0, with increased MO concentration, however, the ratio was off and
discoloration did not occur. So at tested MO concentrations, the ratio
between MO and H,0, remained the same.
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Fig. 33. Effect of H,O, concentration on discoloration time at various MO
concentrations at 40°C. The catalyst used for analysis was obtained at -1.9 V vs
Ag/AgCl; g = 450 C. Inset shows the effect of hydrogen peroxide concentration on
MO solutions discoloration time of 40 mg/L MO at 30°C.

When looking into the influence of temperature on the reaction rate at 40
mg/L MO (Fig. 33 and its inset), it was determined that the overall rate of
the reaction increases with the temperature. The optimal hydrogen
concentration remains the same, namely - 50uL, but the time of
discoloration from approximately 3 min at 30°C decreases to around 1 min
45 s at 40°C. This shows that the obtained ratio of hydrogen peroxide to MO
works well, and at these conditions, the reaction is most likely dependant on
the rate of iron corrosion.

3.4.5. The effect of Fe deposition condition on Fentons reaction rate

To evaluate the effects of the amount of deposited iron and the applied
deposition potential (changes in morphology) on the heterogenous Fentons
reaction rate, the catalysts have been electrochemically formed at three
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distinct potentials with 5 different amounts of charge passed. The evaluation
was performed at 30°C using tracking the average discoloration time of 70
mg/L MO solution (Fig. 34).
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Fig. 34. Effect of electrochemical deposition conditions (potential applied and
charge passed) on discoloration time of 70 mg/L MO solution at 30°C.

Discoloration time, min

In the case of 150 C and 300 C, it can be seen that the discoloration time
is dependant both on the potential and the amount of passed charge. At
higher potentials, the iron layer has more bumps and almost foam-like
structure, and in turn more potential active sites. This can be seen when
comparing discoloration times at 150 C. However, when increasing the
deposition time (charge passed) the difference, between potentials applied
for deposition, disappears. There has to be a certain amount of iron deposited
on the copper foam, for Fenton’s reaction to proceed at a high enough rate.
Since iron corrosion occurs very quickly, the layer has to be sufficient for
enough Fe®* ions to be produced (the first 8 reactions (Eq. 6-13)), Fe?* ions
then later participate in catalytical degradation of the hydrogen peroxide into
hydroxyl radicals (Eq. 14). Further increasing the deposition time and
amount of iron on the copper foam surface had no effect on the discoloration
rate. However, increasing the amount of iron on the copper foam could
reduce the mineralization efficiency, because of possible side reactions (Eqg.
16-20). The thick iron layer also prevents Cu foam to participate in a Fenton-
like reaction (Eq. 24 and 25) by preventing the conversion of Fe** ions into
highly active Fe*" ions. (Eg. 26).
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3.4.6. The effect of MO concentration

The concentration of organic matter is also a very important parameter
trying to determine the correct ratio of other constituents. Three
concentrations (40, 70, and 100 mg/L) of methyl orange have been
investigated, alongside the amount of deposited iron on Cu foam, and how it
affects the discoloration time (Fig. 35). These concentrations have been
chosen trying to simulate the real data [161].
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Fig. 35. Discoloration time dependence on MO concentration and catalyst
deposition length (charge passed), at 40°C, 90 ul H;O,. The catalyst was
electrochemically deposited using -1.9 V vs/AgAgCI potential.

Usually, Fentons reaction is used when the total carbon amount does not
exceed 20 mg/L, but it was decided to test the capabilities of the current
catalyst system using much higher concentrations. The catalyst obtained at -
1.9 V vs Ag/AgCl was used because it displayed the best results at lower
deposition times. As can be seen from Fig. 35 similar dependence of
discoloration time on deposition time can be seen. However, since higher
concentrations of MO have been used, trying to ensure good solubility
experiments were carried out at 40 °C temperature. An increase of solutions
temperature also caused the speed-up of discoloration by around 3 minutes at
low iron concentrations, and approx.. by 1 minute at 450 C or higher
amounts of coulombs. This proves that the corrosion rate of iron on the
copper foam is the limiting step.

Also, a nonlinear relationship between MO concentration and
discoloration time can be seen. This could mean that at the current set up the
optimal ratio between Fe?*, H,O, and MO concentration has not been
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reached yet, and further optimization could decrease the discoloration times
and increase the mineralization efficiency.

3.4.7. Temperature effects on Fenton's reaction rate

Usually, the effluents from textile wet processing facilities are from 30 to
60 °C [161]. Trying to simulate real effluents and investigate what effects
temperature has on the degradations rate of methyl orange, we chose three
distinct temperature values for investigation: 30,40, and 50 °C. Discoloration
time was tracked at chosen temperatures, using 70 mg/L MO solution
(Fig. 36). Judging from the previous results, catalysts obtained at -1.9 V vs
Ag/AgCI potential, showed the best results even using short deposition
times. Consequently, samples obtained at this potential were used for
temperature effect research.

According to Lin & Lo that investigated Fenton’s process in wastewater
containing polyvinyl alcohol, Blue G and Black b dyes found that optimal
temperature is around 30°C [162]. However, when looking at MO
degradation it can be seen that the first step — cleavage of —N=N- bond,
occurs faster with the increase of the temperature.
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Fig. 36. Discoloration time dependence of MO solution on temperature and catalyst
deposition conditions, MO concentration 70 mg/L, H,O conc. — 90 uL. The catalyst
was electrochemically deposited using -1.9 V vs/AgAgCI potential.

The discoloration time difference between 30° and 50°C is almost is
around 3 mins and is virtually independent of the amount of iron on the
copper foam (Fig. 36). Using 30°C we can see that maximum efficiency is
reached when 450 C has been passed during deposition. With an increase of
the temperature to 40 and 50°C, even a lower amount of iron on copper foam
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is enough to reach peak discoloration rate, and there is not much change with
an increase of charge passed. Similar to the increase of hydrogen peroxide
concentration (Fig. 33). This further proves that under current conditions the
overall reaction rate is being controlled by the iron corrosion rate, as well as

the amount of iron deposited.
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Fig. 37. TC results dependence after 10min of degradation with immersed catalyst
(obtained at -1.9 V vs Ag/AgCI) on solution temperature and amount of iron on it.

Trying to further evaluate the efficiency of the catalyst mineralization
efficiency has been investigated. The total amount of carbon left in the
solution has been determined using catalyzed oxidation of all organic matter
at high temperatures. As can be seen from Fig. 37 the total MO degradation
rate into carbon dioxide and water does not follow the same tendencies as
discoloration rate dependence on the temperature. The mineralization
efficiency peaks at 40°C (~30 % all organic matter mineralized in 10min)
with all tested amounts of iron when compared to other temperatures. This
could be explained that even though with increasing temperature the first
degradation step — discoloration occurs the fastest, the reactions are shown in
Eg. 19-20 start to dominate. Additionally, the very active -OH radicals are
used up elsewhere.
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CONCLUSIONS

1. Co and Co-Pt foams have been successfully electrodeposited using a
dynamic hydrogen bubbles template and by rigorous control of the
deposition conditions: bath composition, current density, the angle between
the WE and counter electrode. Electrochemically active surface area is an
important parameter of 3D materials, which was ~100 times higher than for
2D films. The obtained Co and Co-Pt foams showed promising catalytic
activity towards HER, but the long-term stability of those catalysts should be
considered. Thus, the overpotential required to reach 10 mA current was
220mV for Co and only 120 mV for Co-Pt. However, the Tafel slope was
inferior for Co-Pt foam. The Co foams can also be used as catalysts for OER
in alkaline media, after appropriate modifications.

2. Cobalt hexacyanoferrate formed on Co foams formed by means of
cyclic voltammetry was evaluated as a sensor for detection of free chlorine
in the water. The best results were obtained for modifying Co foam by
scanning from 0 to -0.8 V for 40 cycles and 100 mV/s scan rate. The
obtained sensor was tested at —0.45 V. It had good detection limits: the
notable increase of cathodic current even at the addition of a very small
amount of chlorine into the water. The calculated limit of blank solution
(LOB = 1.650) was 3.06 ppb. The obtained limit of detection (LOD = 30)
was 5.57 ppb and the limit of quantification (LOQ = 10c) was 18.86 ppb.
These results show great potential application for this sensor since the
concentration of residual chlorine in tap water is usually between 0.2 and
1 ppm.

3. A comprehensive investigation of the electrodeposition of Cu onto 2D
(plate) and 3D (foam) Cu substrates has been carried out. In order to produce
an advanced 3D cathode for electrowinning. The main processes occurring
on the electrode are the charge-up of double electric layer, charge transfer,
and diffusion, which is the rate-determining step for Cu deposition. The
electrochemically active area estimated from double electric layer
capacitance data was 7-14 times higher than on the 2D electrode. Also, the
charge transfer resistance on the 3D electrode was lower, which increases
the charge transfer rate by ~2 times. The Cu?" ions mass transfer and the Cu
deposition rate is up to 3 times faster on the foam surface in comparison with
a flat surface having the same geometric area in the same range of potentials.

4. Effective heterogeneous Fenton catalyst has been obtained by
electrodeposition of Fe onto Cu foam. The influence of temperature, H,O,
concentration, deposition conditions, and dye concentration on methyl
orange degradation has been investigated. The main impact on the
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degradation rate has the surface area and the catalyst loading (formed deposit
under given potential and charge passed). The highest discoloration rate was
achieved for Fe/Cu catalysts deposited at -1.9 V (100 mg/L MO solution,
V = 100 mL in 90 s). By increasing the temperature even higher
discoloration rate was attained, however, the mineralization efficiency (ME)
decreases. The highest ME was reached at 40°C: ~30% of all organic
material degrades in 10 mins.
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SANTRAUKA
IVADAS

Sioje daktaro disertacijoje aprasytos poréty Co ir Co-Pt sluoksniy
nusodinimo ypatybés, taip pat jy savybiy tyrimas, bei aptariami poréty
sluoksniy modifikavimo ypatumai. Taip pat buvo tiriamos ir komercinés Cu
putos, bei tiriamos pastaryjy savybés, bei modifikavimo ir pritaikymo
galimybés.

Kobaltas susilauké daug démesio dél savo puiky kataliziniy savybiy
elektrochemiskai skaidant vandenj, ir jis galéty buti puikia alternatyva
brangiems Pt ar Ir katalizatoriams [1-4]. Kobaltas taip pat turi ir kity jdomiy
cheminiy bei fiziniy savybiy, kurios leidzia ji bei jo lydinius taikyti labai
jvairiose srityse (kataliz¢, jutikliai, magnetiniai sluoksniai, ir t.t.). [1-6].

Katalizatoriaus ar jutiklio savitojo pavir§iaus ploto padidinimas yra
siecktina savybé, nes pavirSiaus ploto vienete padidéja aktyviy centry
skaiCiaus, kur gali vykti jvairios specifinés reakcijos [7,8]. Tokiu budu
katalizinés reakcijos greitj ar jutiklio jautruma/aktyvuma galima padidinti
daugelj karty, taip pat suteikti medziagai nejprasty savybiy (maZa masé,
atsparumas ugniai, magnetinés savybés, garso/vibracijy sugertis ir t.t.) [8-
10]. Padidéjes didelio pavirSiaus ploto substrato aktyvumas suteikia
galimybe naudoti pigesnes, lengvesnes, bet maZiau aktyvias medziagas ar
lydinius, panaudoti jvairiose srityse[8-13].

Siekiant susintetinti jvarius poringus ar tekstliruotus paviriSus (metalo
putos, nanolaidai, aerogeliai, ir t.t.) pastaraisiais metais atlikta nemazai
tyrimy, [8-10, 14]. Daugumai poringy pavirsiy sintezés metody reikalinga
itin specifiné ir brangi jranga. Deja dauguma poringy pavirSiy sintezés
metody yra stipriai priboti elementine sudétimi, galimu pasiekti porétos
medZziagos tankiu, pory diametry, taipogi ar poros yra atviros ar uzdaros [10,
14]. Elektrocheminio nusodinimo metodu galima susintetinti putas i§ visy
elektrochemiskai nusodinamy elementy, ir tai padaryti daug pigiau ir
paprasciau, taip pat lengvai reguliuojant svarbias puty savybes [15-17]. Yra
du pagrindiniai btdai elektrochemiskai nusodinti metalines putas —
naudojant poréta laidy Sablong (paprastai pagamintg i§ laidaus polimero ar
kito metalo), arba naudoti dinaminj vandenilio burbuly $ablong. Naudojant
dinaminj Sablong metalo jonai yra redukuojami tik tarp vandenilio burbuly,
taip formuojant reguliuojamo tankio ir sudéties metalo putas [10,14,15].
Naudojantis Siuo Sablonu galima suuformuoti metalo putas praktiskai ant bet
kokio laidaus pavirsiaus.
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Elektrochemiskai nusodintos vario putOs yra vienos daugiausiai démesio
susilaukusiy metaliniy puty [15, 18, 19]. Pastaruoju metu kobaltas ir jvairas
kiti metalai nesulauké tokio didelio tyréjy démesio. Pastaruoju metu
didziausias démesys buvo kreipiamas j metalo puty sinteze, bet deja ne |
porétumo priklausomybe nuo nusodinimo sglygy. Dazniausiai putos buvo
naudojamos  kaip  Sablonas electrocheminio  katalizatoriaus/jutiklio
formavimui, taciau elektrochemikai aktyvus pavirSiaus plotas nebtudavo
tiksliai nustatomas ar bent jvertinamas.
plota, nebitinai naudojant elektrocheminius metodus [20,21]. Tokie metodai
kaip Brunauer‘io — Emett‘'o — Teller‘io (BET) dujy kondensacija leidzia
jverinti tikrgjj viso méginio pavirSiaus plota. Deja S§iuo metodu gauti
rezultatai gali bati netikslds stengiantis jvertinti katalizatoriaus aktyvuma,
kuris bus jmerktas j vandeninj tirpala, dél skirtingy vandens ir dujy skvarbos
[22]. Taigi elektrocheminiai metodai leidzia teisingiau jvertintj tikrajj
pavirSiaus plotg, elektrochemiskai aktyvy pavirSiaus plota, ir net aktyviy
centry kiekj [23, 24]. Elektrocheminiai metodai taip pat leidzia modifikuoti
ir tiesiogiai pritaikyti gautus porétus sluoksnius, panaudojant juos kaip
katalizatorius ar jutiklius. Tokiu btdu poréty sluoksniy elektrocheminiai
sintezés metodai tampa itin efektyviis laiko ir kainos atzvilgiu.

Metalinés putos, turin¢ios atviras poras (skystis gali judéti per visa puty
trj), yra dazniausiai naudojamos kaip itin aktyvas katalizatoriai, juktikliai ar
tiesiog jvairios membranos [3,25,26]. Tokios metalo putos gali buti lengvai
modifikuojamos ir pritaikomos, pavyzdziui Fenton‘o reakcijai gelezj
turiniam katalizatoriui nuotéky vandeniui valyti. Didelio pavirSiaus ploto
medZziagos jau buvo tirtos kaip katalizatoriai Fentono reakcijai [27-30]. Deja
daugelio $iy katalizatoriy negalima naudoti ilga laikg ar tiesiog kelis kartus i§
eilés, bei turi kitokiy nepageidaujamy savybiy (aglomeracija, prastas
aktyvumas ir t.t.).

Darbo tikslas elektrochemiSkai susintetinti 3D medziagas Co pagrindu
bei Cu ir Fe ir istirti nusodinimo salygy (srovés tankio, tirpalo sudéties ir t.t.)
itaka jy specifiniam pavirSiaus plotui, siekiant panaudoti gautas medziagas
kaip katalizatorius, jutiklius ar katodg elektroektrakcijoje.

Darbui atlikti suformuoti uzdaviniai:

1. ElektrochemiSkai nusodinti Co ir Co-Pt metalines putas naudojantis
dinaminiu vandenilio burbuly Sablonu, ir pritaikyti jas kaip katalizatorius
elektrocheminiam vandens skaldymui (HER ir OER)
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2. lvertinti Co puty, modifikuoty kobalto heksacianoferatu, galima
panaudojima laisvojo chloro jutikliui vandeniniuose tirpaluose.

3. Ivertinti ploksciy ir trimaciy vario elektrody galimg pritaikyma kaip
katoda vario elektroekstrakcijai.

4. Elektrochemiskai nusodinti Fe ant Cu puty naudojant draugiska gamtai
elektrolita. Pritaikyti gautas modifikuotas putas katalizei Fenton‘o reakcijoje
skaidant metiloranza.

Ginamieji teiginiai:

1. Elektrochemiskai nusodintos Co ir Co-Pt trimatés strukttros su dideliu
specifiniu paviriaus plotu, gali buiti pritaikytos kaip efektyvis katalizatoriai
elektrocheminiam vandens skaidymui

2. ElektrochemiSkai nusodintas Co putas galima modifikuoti ant
pavisiaus suformuojant kobalto heksacianoferata. Gautos modifikuotos putos
gali biiti panaudotos kaip jautrus jutiklis laisvojo chloro aptikimui bei jo
koncentracijos nustatymui vandenyje.

3. Trimatés vario putos gali turéti zemesn¢ kriivio pernasos varzg ir
geresnes masés pernasos savybes. Tokios putos gali biiti panaudojamos kaip
itin efektyvus katodas vario elektoektrakcijai.

4. ElektrochemiSkai nusodinta gelezis ant Cu puty, naudojant draugiska
gamtai elektrolita, gali buti pritaikyta kaip katalizatorius Fentono reakcijoje
skaidant metiloranza.

REZULTATAI IR JU APTARIMAS

3.1. Elektrocheminis Co puty nusodinimas ir nusodinimo sglygy tyrimas.

Elektrochemiskai nusodinant bet kokias metalo putas naudojantis
dinaminiu vandenilio burbuly S$ablonu, itin svarbu teisingai pasirinkti
nusodinimo salygas. Siuo metodu nusodinant metalines putas naudojami
dideli srovés tankiai (paprastai 0,6 A/cm? ir daugiau), kuomet iSsiskiriant
dideliam vandenilio kiekiui, tarp susidarusiy burbuly redukuojami metalo
jonai, taip suformuojant puty sturktiirg turin¢ias medziagas (1 pav. 14 psl.).
Norint istirti kiekvieno komponento jtaka, buvo naudojami keli skirtingi
tirpalai puty nusodinimui.

Siekiant paprastumo buvo bandyta nusodinti kobalto putas tiesiog
naudojant zemga pH ir 0,2 M CoCl; arba 0,2 M CoSO, tirpalus. Deja
nepavyko suformuoti puty net naudojant didelius srovés tankius. Siekiant
padidinti porétuma, ir palaikyti pH ne tik tirpale bet ir prie substrato
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pavir§iaus, buvo pridéta amonio chlorido arba amonio sulfato (1 lentelé, 24
psl.). Sie junginiai gali veikti ne tik kaip ligandai, bet ir sudaryti buferj
vandeniniame tirpale. Taip pat Sios medziagos puikiai veikia ir tirpalo/dujy
salyCio riboje, turi geras vandenilio burbuly koalescencijos prevencijos
savybes [53]. Siom salygomis nusodinty dangy morfologija gali biti stebima
SEM nuotraukos (7 pav., 31 psl). Chloridiniuose tirpaluose putos susidaré
esant didesniam nei 1,8 A/cm? katodiniam srovés tankiui, 0 pory diametras
svyravo nuo 5 iki 100 pm. Sulfatiniuose tirpaluose sluoksniai buvo daug
labiau nuséti poromis, kuriy diametras buvo zymiai mazesnisir sieké 5-20
pm.

Siekiant dar labiau padidinti dangy porétuma ir pagerinti trimate struktiirg
] tirpalus buvo pridéta 2 M izopropanolio, taip sumazinant pavirSiaus
jtempimg. Nusodinty dangy SEM nuotraukas galite matyti 8 pav, 32 psl.
Nors pory diametras labai nepasikeité, padaugéjo didesniy pory, ir
akivaizdziai sumazéjo dangos tankis, atsirado tarpusavje sujungty pory.
Naudojant tokius didelius katodinés srovés tankius (nuo 0,6 iki 2,5 A/cm?)
srovés efektyvumai buvo palyginus nedideli (9 pav., 33 psl.). IS Rentgeno
difrakcijos spektroskopijos duomeny nustatyta, kad tokiuose dideliuose
srovés tankiuose kobaltas sédo formuodamas centruotojo pavirSiaus kubing
struktiirg (fcc), vietoje jprastai formuojamos — heksagoninés.

Tikrajj pavirSiaus plota nuspresta jvertinti naudojantis elektrocheminio
impedanso spektroskopijos duomenimis (12 pav, 37 psl.). Gauti spektrai
modeliuoti naudojantis ekvivalentine elektrine schema pavaizduota tame
paciame paveiksle. 1§ dvigubo elektrinio sluoksnio talpos duomeny
nustatyta, kad nusodinty Co puty elektrochemiskai aktyvus pavirSiaus plotas
buvo nuo 100 iki 200 karty didesnis nei ploks¢io pavirSiaus. Putos turincios
didziausias talpas gramui nusodintos medziagos (~10 F/g), gautos
naudojantis 0,2 M CoSO4, 1 M (NH4)2SO4 ir 2 M isopropanolio tirpale ir
esant 2,5 A/cm? srovés tankiui (13 pav., 38 psl.)

3.1.3. Kampo tarp darbinio ir pagalbinio elektrody jtaka Co puty poretumui

Siekiant placiau patyrinéti nusodinimo salygy jtaka porétumui, buvo
tiriama kampo tarp elektrody jtaka. Darbinis elektrodas buvo laikomas
lygiagreciai (0° kampu), 45° arba 90° kampu platinuotu titano tinklelio
elektrodo atzvilgiu. Naudojantis Siuo metodu esant 90° kampui ant apatinés
elektrodo pusés jau buvo sékmingai suformuotas itin porétas Co sluoksnis
naudojant vos 0,2 A/cm? srovés tankj (14 pav., 39 psl). Tokiu
btaduvandenilio burbulai yra ilgiau sulaikomi ant substrato pavirisaus
apatinéje jo puséje, leidziant susidaryti mazesnio tankio porétoms dangoms.
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Pastebéta, kad didinat srovés tankj, skrtumai tarp virSunés ir apatinés
substrato pusiy dingsta, jy porétumai supana$éja. Taip pat buvo tirta ir
izopranolio jtaka. Sumazinus pavirSiaus jtempima, srovés efektyvumas
sumazéjo vos iki ~ 4 % esant dideliems srovés tankiams (15 pav., 40 psl.).
Toks sumazéjimas susijgs su skysCio pabvirSiaus jtempimo sumazéjimu,
todél esant 90° kampui burbulai lengviau atitriksta nuo substrato virSaus,
atlaisvindami vietg susidaryti naujiems burbuliukams.

3.2.1. Katalitinis Co ir Co-Pt puty aktyvumas elektrocheminiame vandens
skaidyme Sarmingje terpéje

Kaip matyti i§ poliarizaciniy kreiviy, kobaltas ir jo junginiai pagal savo
adsorbcijos energijas gali biti itin aktyviis katalizatoriai tiek vandenilio tiek
ir deguonies skyrimosi reakcijose, elektrochemiskai skaidant vandenj [85,
86]. Tad buvo nuspresta iSbandyti gautas putas kaip katalizatorius Sarminéje
terpéje elektrochemiskai skaidant vandenj. Kobalto putoms esan¢ioms 1 M
KOH tirpale reikéjo suteikti 220 mV virSjtampj kad vandenilio skyrimosi
reakcijoje pasiektume 10 mA srove (16 pav., 41 psl.). Taip pat kiek nejprasta
buvo matyti dvi tiesines priklausomybes, kur nuolinkio kampai buvo 22 to
44 mV/dec, o antrojo - 244 to 325 mV/dec. Pirmoji stadija turbit
apsprendziama Tafelio ar Heyrovskio reakcijos, kitaip tariant kraivio pernasa
jvyksta labai greitai, grei¢iausiai ribojama adsorbcijos proceso. O antroji
tiesiné priklausomybé gali bati priskirta Volmero reakcijai. Antroji stadija
galimai atsiranda dél susidarusiy difuzijos apribojjimy, kur dél itin didelio
burrbuliavimo, tirpalas negali iki galo uzpildyti pory, tad veikia tik dalis
katalizatoriaus pavirSiaus.

Elektrocheminé deguonies skyrimosi Katalizé vykdyta naudojant Co
putas, papildomai jy nemodifikuojant. Buvo siekiama oksidus bei
hidroksidus suformuoti tiesiogiai ant pavirSiaus potencialo skleidimo metu.
Tipinés kreivés 1 M KOH tirpale pavaizduotos 17 pav. (42 psl.) Cia kad biity
pasiekta 10 mA srové katalizatoriui reikéjo suteikti ~330mV vir§jtampj.
Nuolinkio kampas buvo apie 130 mV/dec. Deja tiek virSjtampis tiek
nuolinkio kampas leido nustatyti, kad gautas katalizatoriaus papildomai jo
nemodifikuojant yra mazai aktyvus OER katalzéje.

Siekiant pagerinti Co puty aktyvuma buvo nusodintos Cog7Pts sudéties
putos (18 pav., 43 psl.). Pastarosios iSbandytos tik HER reacijai katalizuoti,
kadangi siekéme vienu zingsniu pagaminti puikius katalizatorius (platinos
oksidus ir hidroksidus reikty papildomai formuoti). Kaip matyti, 1 M KOH
tirpale (19 pav., 44 psl.) HER reacijai pasiekti 10 mA srove reikéjo suteikti
120 mV vir$jtampj. Taigi aktyvumas gerokai iSaugo, reikéjo suteikti 100 mV
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mazesnj vir§jtampj nei naudojant Co putas gautas tomis pac¢iomis salygomis.
Deja nuolinkio kampas pablogéjo ir tapo tarp 270 ir 310 mV/dec, ir dingo
itin aktyvus pirmasis etapas, tad procesas liko valdomas kriivio pernasos.
Katalizines savybes biity galima pagerinti nusodinant plonesnes, vos keliy
mikrometry storio ar net plonesnes putas, kad vandenilio ar deguonies
burbulai pilnai neuzblokuoty pory. Pastebéta kad elektrochemiskai nusodinty
Co ir Co-Pt puty ilgalaikis katalizinis stabilumas yra gana prastas, tai turbiit
susije su prastu mechaniniu tvirtumu, nes skiriantis vandeniliui grei¢iausiai
yra ardoma trimate didelio pavirSiaus ploto struktiira.

3.2.2. Kobalto puty modifikavimas ir laisvojo chloro vandenyje
koncentracijos nustatymas

Gautos didelio pavirSiaus ploto kobalto putos buvo modifikuotos
naudojantis cikline voltamperometrija potencialg skleidziant nuo 0 iki -0,8 V
pagal Ag/AgCI. Nustatyta kad skleidziant 100 mV/s grei¢iu po 40 cikly ant
pavirSiaus susidargs kobalto heksacianoferatas tolygiai padengia visa
pavirsiy (20 pav., 45 psl.). Gautos modifikuotos putos naudotos kaip jutiklis
nustatyti laisvojo chloro koncentracija vandenyje (21 pav., 46 psl.).
Nustatyta, kad tus¢io méginio riba (LOB = 1.65c) buvo 3.06 ppb, aptikimo
riba (LOD = 30) - 5.57 ppb, o nustatymo riba (LOQ = 10c) - 18.86 ppb.
Priklausomybé néra itin tiesiné (R? = 0.943), nes laisvojo chloro nustatymas
yra gana sudétingas, dél junginiy lakumo, taciau pakankamas gauta jutiklj
naudoti nustatant laisvajj chlorg geriamajame vandenyje, kuriame laisvojo
chloro koncentracijos yra nuo 0.2 iki 1 ppm, t.y. jprastykoncentracijy
vandenyje ribose.

Vario puty katodas

3.3.1. Vario puty charakterizavimas

Tirtos komercinés Cu putos, kuriy pory dydis svyruoja nuo 0,1 iki 1 mm
pavaizduotos SEM nuotraukose (22 pav., 47 psl.). Siekiant iSsiaiSkinti kuo
§iy puty savybés skiriasi nuo ploksciy variniy pavirSiy buvo atlikeami
volatmperometriniai matavimai esant jvairioms Cu koncentracijoms (2
lentele 26psl. ir 23 pav., 48-49 psl.). Nustatyta, kad nepriklausomai nuo
naudojamo substrato, vario elektrocheminis sédimas prasidéjo ties mazdaug
-0,075 V pagal Ag/AgCI, o vandenilio skyrimasis prasidéjo ties mazdaug -
1,1V tirpaluose, kuriuose vario koncentracijos buvo 10 ir 50 mM, 0 0,2 mM
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koncentracijos tirpale vandenilio skyrimasis prasidéjo ties -0,75 V vs
Ag/AgCI. Nustatyta, kad naudojant Cu puty katodus, teka mazdaug 3 kartus
didesnés srovés, nei ant tokio paties geometrinio ploto ploksciy elektrody.

Tolesni tyrimai vykdyti naudojant 0.1 M CuSOs ir 0.4 M NaySOs tirpala
esant 4 skirtingiems potencialams —0.1, —0.2, —0.4, ir —0.6 V pagal Ag/AgCl
praleidziant fiksuota kriivio kiekj (q = 30 C). Rezultatai pateikti 4 lenteléje
49 psl. Elektrocheminio nusodinimo efektyvumas sieké beveik 100 %
naudojant tiek plokscig tiek ir poréta substratus. Buvo pastebéta, kad
naudojant Cu puty elektroda vario nusédimas vyko ~3 kartus greiciau
nepriklausomai nuo potencialo. Kaip matyti SEM nuotraukose (24 pav., 50
psl.) naudojant pasirinktus potencialus, varis sédo formuodamas globuliy
tipo kristality aglomeratus.

3.2.2. Vario puty pavirsiaus ploto bei difuzijos grei¢io nustatymas

Siekinat jvertinti Cu puty papvirSiaus plota bei iSsiai$kinti Cu
elektrocheminio nusédimo metu vykstancius procesus ir jy parametrus buvo
atlikti EIS matavimai esant 4 skirtingiems potencialams (-0.125, -0.15, -
0.175, ir -0.2 V pagal Ag/AgCl) naudojant plokscius ir poringus pavirsius
(25 pav., 52 ir 53 psl.). Nepriklausomai nuo pavirSiaus galima i$skirti dvi
talpines priklausomybes nuo daznio - tai auksto daznio pusapskritimis (nuo
10000 iki 100 Hz) ir 45 ° ties¢ (nuo 75-100 Hz). AukSto dazZnio
pusapskritimis priskiriamas dvigubo elektrinio sluoksnio uzsikrovimui bei
kriivio pernasai, o Zzemo daznio atsakas — Cu jony difuzijai. Ekvivalentiné
schema naudota modeliavimui pateikta 25 pav., 52 psl. 0 gautos kiekvieno
elemento vertés pateiktos 5 lenteléje, 54 psl. Lyginant dvigubo elektrinio
sluoksnio vertes ant lygiy ir poréty pavirSiy turiniy ta patj geometrinj
pavirSiaus plota (26 pav., 55 psl), galima teigti, kad poringi pavirsiai turi 7-
14 karty didesn;j tikrajj pavirSiaus plota. Taip pat Cu putos turéjo 1,5-1,7
karto zemesne kriivio pernasos varza visame tirty potencialy srityje, tapogi
esant jvairioms vario jony koncentracijoms, tad redukcija ant poréty pavirsiy
galéjo vykti daug sparéiau. Lyginant difuzija modeliuojanciy elementy
vertes (27 pav., 56 psl.) ant ploks¢iy ir poringy pavirSiy, matyti kad CPE(W)
elemento vertés yra mazdaug 2,5 karto didesnés, ir puikiai dera su
nusodinimo greicio skirtumu, kuris iki galo gali buti paaiskintas lengvesne
kriivio pernasa ir greitesne difuzija naudojant Cu puty elektrodus.

Siekiant placiau istirti Cu jony difuzija, vykstant elektrocheminiam Cu
nusodinimui, difuzijos elementy vertés buvo modeliuojamos plokstiems ir
porétiems pavir§iams, ir gauti duomenys lyginami su realiais (28 pav., 58
psl.). Kaip matyti bendra difuzijos varza yra 2-4 kartus didesné¢ naudojant

99



plokscius elektrodus nei varza naudojant porétus Cu elektrodus. Taip pat i$
chornopotenciometrijos duomeny (29 pav., 59 psl.) buvo nustatytos
limituojancios srovés vertés ir apskai¢iuoti Cu(Il) jony difuzijos koeficientai,
kurie buvo ~2,5 karto didesni naudojant Cu puty elektrodus.

Elektrocheminis Fe nusodinimas ant Cu puty, bei gauty puty katalitinio

aktyvumo Fenton‘o reakcijoje tyrimas

3.4.1. Gelezies nusodinimas ant vario puty

Gelezis buvo nusodinama i§ gamtai draugisko citriny ir glikolio riigties
Fe(l11) elektrolito. Siekiant nustatyti potencialo ir nusodinimo laiko poveikj
pavir§iaus morfologijai buvo pasirinktos 3 potencialo vertés (-1,5 V;-1,7 V; -
19 V pagal AgQ/AQCl) praleidziant 5 fiksuotus elektros kriivius.
Morfologijos pokyé¢iai priklausomai nuo naudoto potencialo pavaizduoti 30
pav., 61 psl. Esant -1,5 ir -1,7 V potencialams Fe sluoksnis tiesiog
atkartodavo pavir$iy, ta¢iau naudojant -1,9 V gauti sluoksniai buvo gana
nelygas, beveik formavo putas ant vario puty pavirSiaus. Taip pat tirta ir
srovinés iseigos priklausomybé nuo nusodinimo salygy (31 pav., 62 psl.).
Kaip matyti naudojant neigiamesnj potencialg iSeiga auga dél itin didelio
pavirsiaus ploto, irne visam vario puty pavir$iaus plotui tenka pakankamas
kravis vykti nusodinimui. Didinant potencialag pakanka energijos Fe
nusodinimui vykti ant viso pavirSiaus panasiu grei¢iu. Tokiu budu gaunamy
dangy storis beveik vienodas visame Cu puty pavirSiuje. Taip pat ilgéjant
nusodinimo laikui, sroviné iSeiga mazéja, dél vandenilio skyrimosi
nusodinimo metu, ir prastesnés Fe adhezijos dél palyginus intensyvaus
maiSymo, nes dalis nusédusio Fe nubyra.

3.4.2. Fenton‘o reakcijos mechaizmas vykstant heterogeninei katalizei

Iprastai Fenton‘o reakcija galima aprasSyti kaip katalizinj vadenilio
peroksido skilimo procesg susidarant OHe radikalams, kur skilima
katalizuoja Fe(ll) jonai. Egzistuoja du skilimo mechanizmo paai$kinimai:
Hauber’io —Weiss’o (kuriame dalyvauja radikalai) bei Kremer’io-Stein’o
mechanizmas (joninis mechanizmas, kur dalyvauja FeO* / Fe(lV) jonai)
[113, 114]. Paaiskinti vykstan¢ioms reakcijoms buvo pasirinktas Hauber’io —
Weiss’o mechanizmas. Cia reakcijos greitis priklauso nuo Fe(Il) jony
i8siskyrimo pagal 16 reakcija.
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Taip pat reakcijoje gali dalyvauti ir Cu (24 ir 25 reakcijos), bei redukuoti
Fe(lll) jonus j Fentono reakcijoje daug aktyvesnius Fe(II) jonus.

3.4. Heterogeninés Fenton’o reakcijos tyrimai

Metiloranzas buvo naudojamas kaip modelinis nitro dazas. Jo skilimas
buvo sekamas naudojant spektrofotometrinius matavimus nuo 620 iki 320
nm bangos ilgiy ribose (32 pav., 66 psl.). Tirtas ir vandenilio peroksido
kiekio poveikis MO skaidymo grei¢iui (33 pav., 68 psl.). Tyrimai atlikti
naudojant 3 skitingas metiloranzo koncentracijas 40, 70 ir 100 mg/L, ir
nustatyta, kad atitinkamoms metiloranzo koncentracijoms optimalus kiekis
vandenilio peroksido atitinkamai yra 50, 90 ir 120 pl. Taip pat tirta ir Fe
nusodinimo salygy jtaka tirpalo nuskaidréjimo greiciui (34 pav., 69
psl.).Nustatyta kad efektyviausi buvo katalizatoriai nusodinti ties -1,9 V
pagal AgQ/AgQCl. Pastebéta, kad reakcijai vykti optimaliu grei¢iu yra
reikalingas minimalus kiekis nusodintos gelezies, kuris gaunamas praleidus
mazdaug 450 C elektros kiekj per elektrochemine cele nepriklausomai nuo
potencialo.

Tiriant nusodinimo laiko ir MO koncentracijos jtaka tirpalo isblukimo
greiciui (35 pav., 70 psl.) nustatyta, kad taip pat reikalingas ir minimalus
katalizatoriaus kiekis ant Cu puty. Sis kiekis nusodinamas praleidus 450 C
elektros kiekj esant 40 ir 70 mg/L MO koncentracijoms, ta¢iau esant 100
mg/L MO reikia daugiau geleZies norint pasiekti didesn;j greitj, biitent 900 C.

Placiau nagrinéjant temperatiiros jtakg MO skilimo reakcijos greiciui (36
pav., 71 psl.) nustatyta, kad isblukimo greitis auga keliant temperatiirg.
Didziausias skirtumas tarp 30 ir 50°C temperatiry, kur iSblukimo laiko
skirtumas bendru atveju nepriklausomai nuo nusodinimo salygy sieké apie 3
minutes. Taip pat pastebéta, kad keliant temperatira mazéja nusodinimo
laiko jtaka, dél pagreitéjusios Fe korozijos. Buvo tiriama ir temperatiiros
jtaka metiloranzo mineralizacijos greiéiui (37 pav., 72 psl.). Nustatyta, kad
didZiausias efektyvumas pasiektas easnt 40°C temperatirai, kuomet per 10
min suskaidoma ~30% visos organikos esancios tirpale. Tad nors keliant
temperatiirg iki 50°C pirmasis metiloranzo skilimo zingsnis — nuskaidréjimas
ir pagreitéja, taiau mineralizacija sulétéja dél vykstanciy pasaliniy reakcijy
(29 ir 20 lygtys).
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ISVADOS

1. Co ir Co-Pt putos buvo sékmingai elektrochemiskai nusodintos
naudojantis dinaminiu vandenilio burbuly 8$ablonu, bei kontroliuojant
nusodinimo salygas: elektrolito sudétj, srovés tankj, kampa tarp darbinio ir
pagalbinio  elektrody.  Remiantis EIS  duomenimis  nustatytas
elektrochemiskai aktyvus pavirSiaus plotas, buvo ~100 karty didenis nei
ploks¢iy pavir§iy. Gautos Co ir Co-Pt putos pasizymi geru Kkataliziniu
aktyvumu vandenilio i$siskyrimo reakcijoje, taciau turi prasta stabiluma
reakcijai vykstant ilgesnj laikg. VirSjtampis, kuris reikalingas, pasiekti 10
mA srove vandenilio i$siskyrimo reackcijoje buvo 220 mV Co putoms ir tik
120 mV Co-Pt putoms. Co-Pt puty Tafelio nuolinkio kampas deja buvo
prastesnis nei Co. Kobalto putos taip pat gali biiti panaudotos OER reakcijai
Sarmingje terpéje po atitinkamy modifikacijy suformuojant oksidus ir /ar
hidroksidus jy pavirsiuje.

2. Kobalto putos modifikuotos Ks[Fe(CN)e] tirpale naudojant cikline
voltamperometrija ~ suformavus  kobalto  heksacianoferata.  Gautas
modifikuotas pavirSius, iSbandytas kaip jutiklis, skirtas nustatyti laisvojo
chloro koncentracija vandenyje. Jautriausias jutiklis  suformuotas
modifikuojant Co putas naudojant cikline voltamperometrija, skleidziant
potencialg nuo 0 iki -0,8 V pagal Ag/AgCl 40 cikly 100 mV/s greiciu.
Gautas jutiklis toliau naudotas chronoamperometriniuose matavimuose
naudojant -0,45 V potencialg (Ag/AgCI elektrodo atzvilgiu). Jutiklis turéjo
palyginus geras nustatymo ir aptikimo ribas, puiky jautrumg vandenyje esant
itin nedideliems laisvojo chloro kiekiams. Apskaiciuota tus¢io tirpalo riba
(LOB = 1.650) buvo 3.06 ppb. Gauta aptikimo riba (LOD = 30) buvo 5.57
ppb, 0 nustatymo riba (LOQ = 10c) buvo 18.86 ppb. Gautas modifikuotas
pavirSius gali btti naudojamas kaip jutiklis laisvojo chloro koncentracijos
nustatymui vandenyje, tame tarpe ir geriamajame vandenyje, kur jo
koncentracija paprastai svyruoja nuo 0,2 ir 1 ppm.

3. Nuodugniai istirtas elektrocheminis vario nusodinimas ant dvimaciy
(ploksteliy) ir trimaciy (puty) elektrody siekiant rasti tinkamiausig pavirSiy
panaudoti kaip katoda vario elektroekstrakcijai. Vykstant vario
elektronusodinimui vyksta $ie pagrindiniai procesai — dvigubo elektrinio
sluoksnio uzsikrovimas, kriivio pernasa ir difuzija. Pastaroji yra proceso
greit] limituojanti stadija. IS dvigubo elektrinio sluoksnio talpos ver¢iy buvo
nustatyta kad puty elektrodo talpos yra nuo 7 iki 14 karty didesnés nei
dvimaciy elektrody. Taip pat nustatyta kad trimaciai elektrodai turéjo
mazesne kravio pernaSos varzg, tad kriivio pernaSos greitis padidéjo ~2
kartus. Vario (IT) jony difuzijos greitis ant Cu puty elektrody, yra apie 3
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kartus didesnis. Panasus skirtumas gautas ir tarp nusodinimo greiciy
naudojant skirtingos geometrijos elektrodus.

4. Elektrochemiskai nusodinus gelezj ant vario puty gautas efektyvus
heterogeninis katalizatorius Fenton’o reakcijai. Buvo tiriama temperatiiros,
H,O, koncentracijos, katalizatoriaus nusodinimo saglygy bei daZo
koncentracijos jtaka metiloranZzo skaidymui. Pagrinding jtaka skaidymo
greiciui daré katalizatoriaus pavirSiaus plotas, bei nusodinta gelezies masé.
Didziausias tirpalo nuskaidréjimo greitis uzfiksuotas naudojant Fe/Cu puty
katalizatorius elektrochemiskai suformuotus esant -1,9 V jtampai (pagal
Ag/AgCI elektrodg). Esant 100 mg/L MO koncentracijai tirpalas nuskaidréjo
per 90 s. Keliant tirpalo temperatiirg Stebimas didesnis tirpalo i§blukimo
greitis, taCiau mineralizacijos efektyvumas sumazéjo. Didziausias
mineralizacijos greitis buvo pasiektas esant 40°C temperatiirai, kuomet per
10 minuciy apie 30% Visos organinés fazés esancios tirpale buvo suskaidyta
iki CO; ir vandens.
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Abstract: Metal foams offer a substantial specific surface area and sturdy frame, which makes them
great candidates for various applications such as catalysts, sensors, heat sinks, etc. Cobalt and its
various compounds are being considered as a cheaper alternative for precious and rare metal catalysts.
The cobalt foams have been electrodeposited under galvanostatic and current pulse modes; the
porous surface was created using a dynamic hydrogen bubble template. In order to obtain the highest
porosity, four different solutions were tested, as well as a wide current density window (0.6-2.5 AJem?),
in addition many different combinations of pulse durations were applied. The effects of surfactant
(isopropanol) on porosity were also investigated. The morphology of obtained foams was examined
by SEM coupled with EDS, and XRD spectroscopy. True surface area was estimated based on the
values of a double electric layer capacitance that was extracted from EIS data. Cobalt foams were
modified using K3[Fe(CN)g] solution and cyclic voltammetry to form a cobalt hexacyanoferrate
complex on the foam surface. In order to find optimal modification conditions, various potential scan
rates and numbers of cycles were tested as well. Free chlorine sensing capabilities were evaluated
using chronoamperometry.

Keywords: cobalt; electrodeposition; metal foams; cobalt hexacyanoferrate; free chlorine detection

1. Introduction

One of the most vital issues for the fast-growing human population is the availability of clean and
safe drinking water and sanitation, which was recognized by the United Nations by putting it on their
Millennium Development Goals list for the second time [1]. Water disinfection, usually the last step in a
water cleaning process, helps to prevent sickness and various diseases [2,3]. Nevertheless, disinfection
by-products, that form during the technological process using common disinfectants (ozone, chlorine
and chlorine dioxide), can react with leftover organic materials or, bromide and iodide in the water,
forming genotoxic and carcinogenic compounds [4,5].

Chlorine being the cheapest option, is usually used for residual disinfection of water and limiting
pathogen growth within the water distribution system. Therefore, the monitoring and regulation of
chlorine are essential [6-8]. Free chlorine concentration, which is a sum of dissolved chlorine gas,
hypochlorous acid and hypochlorite anion, is usually monitored using N,N’-diethyl-p-phenylenediamine
and spectrophotometric measurements [9]. In this view, electrochemical methods offer accessible, in situ
measurement possibilities, that have good sensitivity and selectivity, and can be reusable and thus
cheaper too. There has been quite a lot of interest in the development of diverse electrochemical chlorine
sensors and electrochemical techniques [10-16].

Porous metal foams have received a great interest due to their compelling physical and chemical
properties, such as high porosity, low density, good electrical, magnetic and mechanical properties, and
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make an appealing material for a wide area of applications/devices: catalysis [17-23], fuel cells [24],
sensors [25], batteries [26,27] and heat exchangers [28,29]. Recent studies regarding foams based on
iron group metals, usually focused on an increase in the surface area of a foam (high surface area
catalysts) for hydrogen [19,20,23] or oxygen [21-23] evolution reactions. Commonly, to achieve these
aims modified foams are employed. The modified foams have proven to be an attractive alternative for
expensive catalysts such as platinum and ruthenium dioxide, allowing to create very active asymmetric
electrodes cell for water splitting [23].

Metal foams can be manufactured using different methods including electrochemical ones: either
using hard (polymeric or metallic template) or dynamic hydrogen bubble template [18,20,30-32].
Dynamic hydrogen bubble template is based on the use of high current densities, and hydrogen bubbles
forming on the substrate surface prevent the deposition of metal, then the metal ions are reduced only
in the gaps between gas bubbles, thus leading to the development of the metal foam structure [33]. This
method of metal foams production has received much attention, because of the ability to control pore
size, deposits density, crystallite size and morphology. Numerous metallic foams have been deposited,
however, to the best of our knowledge, no pure cobalt foams have been deposited using a dynamic
hydrogen bubble template assisted electrodeposition. Usually galvanostatic, potentiostatic or pulse
deposition techniques are used for metal foams production. When the pulse electrodeposition technique
is used, one can still form a metallic foam, which offers both micro and nanoscale morphological
templating [27,34]. Organic additives and different ions (ammonium ions, BTA, etc.) during metal
foams depositions also help to control the porosity and mechanical stability [35-37]. Ligands, which
can form weak complexes with cobalt ions and produce hydrogen bubbles during the cathodic reaction,
can increase porosity and mechanical stability of cobalt foam’s [35].

High surface area and sturdy Co foams could be applied directly or modified creating Prussian
blue Fey[Fe(CN)¢]3 like complex on the foams surface. Prussian blue and other derivatives with
transition metals such as cobalt, nickel, copper etc., have been extensively investigated for many
years [10,11,38-43]. Its applications vary from the detection of new molecules [43], ascorbic acid [40],
morphine [42], free chlorine in water [10,11], or even used as photoanodes [41].

Thus, the objectives were: To investigate in detail the feasibility of Co foam fabrication, employing
a dynamic hydrogen bubble template electrochemical formation method; to reveal the effects of bath
chemistry and deposition conditions on the structure and morphology of cobalt foams; to modify
foams in K3[Fe(CN)gl3 acetate buffer solution and for the first time to apply modified surfaces as
sensors for the determination of the concentrations of the free chlorine in the water.

2. Materials and Methods

Composition of electrolytes for cobalt foams deposition are presented in Table 1. All of the reagents
used were of analytical grade and were used as received without further purification. All of the
solutions were prepared using deionized water (DI). Electrodeposition of Co foams was performed at
room temperature.

Table 1. The chemical compositions of solutions used for deposition of cobalt foams; pH 2.

SolutionNo  CoCly (mol/L)  NH,Cl (mol/L) CoSO4 (moljry ~ (NH4250s  Isopropyl Alcohol

(mol/L) (mol/L)
1 0.2 2 - - -
2 0.2 2 - - 2
3 - - 0.2 1 -
4 - - 0.2 1 2

2.1. Surface Preparation and Deposition of Cobalt Foams

Cobalt foams were electrodeposited using a dynamic hydrogen bubble template method on
copper substrate, which was used as a working electrode. The geometrical area of copper foil sheets
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was 0.8 cm?. Prior to the electrodeposition, the Cu substrate was mechanically polished, degreased in
acetone and then cleaned with DI water in the ultrasonic bath. Before deposition, the native copper
oxide layer was removed by dipping the substrate into 2 M H,SO; solution. In order to improve
adhesion of the deposits to the substrate, a Ni seed layer (~10 nm) was deposited from the solution
containing 1 M NiCl, and 2.2 M HCl under galvanostatic mode (j = —12.5 mA/cm?2) for 1 min.

Two electrode cells were used for the deposition of the cobalt foams, where a circular platinized
titanium mesh was used as the counter electrode. The distance between electrodes was fixed at 2.5 cm.
The cobalt foams were deposited under galvanostatic or pulse deposition mode. The influence of CI~
and SO4%~ based electrolytes, of the cathodic current density (0.6-2.5 A/cm?), of the deposition time
(20-300 s) on porosity, structure and morphology of cobalt foams was evaluated.

As-deposited cobalt foams were thoroughly rinsed with DI water. Afterwards, coatings were
immediately transferred into a beaker with ethanol, in order to minimize contact with the atmosphere
and thus avoid oxidation of a highly active surface area of cobalt foams. The true surface area was
evaluated using electrochemical impedance spectroscopy (EIS). The scans at different potentials were
registered in 0.1 M Na,SOj solution at four decades of frequencies (f = 103-0.1 Hz) using a standard
three-electrode cell. The saturated Ag/AgCl electrode was used as a reference electrode. The fitting
of EIS data was done using ZView software (version 2.8d). EIS measurements were performed at
room temperature.

2.2. Modification of Co Foams and Detection of Free Chlorine

Cobalt hexacyanoferrate was formed using cyclic voltammetry (CV) in the same three electrodes
that were set-up for EIS measurements. Cobalt foams were immersed into 0.05 M ammonium acetate
buffer solution with 0.1 M KNOj3 and 1.5 mM of K3[Fe(CN);]; the pH of the chosen buffer solution
was fixed at 5.5, adjustments were made using acetic acid. All solutions were freshly prepared.
CV measurements were performed at room temperature. In order to find the best conditions for foams
modification (i.e., an enhanced sensitivity and longevity of a free chlorine sensor), the influence of
different cycling speeds (25, 50, 100 mV/s) and count of cycles was investigated.

Chronoamperometric measurements were performed in order to determine the amount of free
chlorine in water. Ca(OCl), was used as a source of chlorine. Various amounts of Ca(OCl), were
dissolved in 0.05 M ammonium acetate buffer, containing 0.1 M KNOj3 as a background electrolyte. All the
solutions used for chlorine detection were prepared just prior to chronoamperometric measurements.
A standard three-electrode system was used during chronoamperometric measurement, with a modified
cobalt foam as the working electrode. All of the measurements were performed at room temperature.

2.3. Instrumentation

The electrodeposition of Co foams coatings and other electrochemical measurements (cyclic
voltammetry, chronoamperometry, EIS etc.) were performed using programmable potentiostat/galvanostat
AUTOLAB PGSTAT302N (Methohm, Ultrech, The Netherlands), controlled using Nova 1.10 software.
Cobalt foams morphology was characterized using scanning electron microscopes (Hitachi’s Tabletop
Microscope TM3000, and Hitachi’s SU-70, Tokyo, Japan). Energy-dispersive X-ray Spectroscopy was
used to determine the elemental surface composition of as-deposited and modified Co foams. X-ray
diffractometry (XRD, Rigaku Miniflex II, Tokyo, Japan, A = 1.5418 A/Cu Ko, 26 = 20°—100°, 10°/min)
was used to evaluate the phase composition of obtained cobalt foams. Porosity of cobalt deposits were
calculated using SEM images and Fiji image processing software (version 1.52n), considering the pores as
voids and subtracting their area from the total surface area of a SEM image.
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3. Results and Discussion

3.1. The Influence of Electrolyte Composition and Operating Conditions on Co Coatings Deposition

As it was shown by DoHwan Nam et al. [37] the ammonium ions played an important role in
copper foams deposition, whilst using a dynamic hydrogen bubble template method. The ammonium
ions in water-based solutions were in the equilibrium with NHj:

NH; +H* & NH/ 1)

In our case, the solution used for depositions was acidic (pH 2), thus the equilibrium shifted
towards NH4*. Ammonium ions can act as a ligand forming complexes with cobalt ions, but may
also adsorb onto the surface of a substrate during deposition. Reduction of the adsorbed ammonium
ions on the cathode leads to a decrease of the cathodic current efficiency, but also acts as an additional
hydrogen source (Equation (2)), which in turn influences the porosity of the obtained coatings [44]:

NH} + ¢~ — 0.5H; + NH; )

In order to reveal the importance of ammonium ions, whilst depositing cobalt foams coatings,
the ammonium-free electrolytes that contained only 0.2 M CoCl, or 0.2 M CoSO, were used.
The galvanostatic deposition at various cathodic current densities (0.6-4.8 A/cmz) and deposition times
(10-180 s) were studied, but a foam-like structure was not obtained (Figure 1). The coatings were
extremely uneven using both sulfate- and chloride-based electrolytes, and the jet of formed hydrogen
bubbles removed most of the reduced metal from the substrate surface. Nevertheless, as it is depicted
in SEM images the coatings obtained from chloride-based electrolyte had a better coverage (Figure 1a)
than coatings obtained from the sulfate bath (Figure 1b) that were uneven and had micro-agglomerates
on the surface. Both time and current density did not positively affect the formation of cobalt foams
from the electrolytic baths.

Figure 1. SEM images of Co coatings deposited under galvanostatic conditions, at cathodic current
density j = 2.5 A/cm?, deposition time ¢ = 60 s. The composition of solutions: (a) 0.2 M CoCly; (b) 0.2 M
CoSOy4.

The addition of ammonium ions (Figure 2) to the solutions resulted in the deposition of Co coatings
riddled with cylindrically shaped pores of various sizes, but often displaying numerous defects, caused
by hydrogen evolution. Coatings electrodeposited from the chloride-based solution (solution 1) had
larger and irregular pores (diameter of pores was varied from 5 to 100 um) in comparison to the
sulfate-based solution, where pores size were much more uniform (diameter 5-20 um solution 3). This
fact can be explained by the higher capability of the ammonium sulfate in the suppression of hydrogen
bubble coalescence compared to the ammonium chloride solutions [45].
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90 s

-1 A/em?, t=225s 18 A/ecm? t=125s -2.5 A/em?, t

Solution 1

Solution 3

Figure 2. Scanning Electron Microscopy images of cobalt coatings obtained under a galvanostatic mode
at various deposition conditions, but the same value of charge passed (g = 180 C).

The influence of the cathodic current density on the foam’s formation revealed the following
aspects: From the chloride-based solution, the foam-like structure was obtained only at cathodic
current densities >1.8 A/cm? (Figure 2). The porosity of coatings obtained from solution 1 alternated
dependently on the cathodic current density (g = 360 C), namely: 19% at 1 A/cm?, 23.3% at 1.8 A/cm?
and 21.7% at 2.5 Afcm?. The increase in porosity from the chloride-based solution at higher cathodic
current densities could be explained by the increase in the rate of a secondary reaction-hydrogen
evolution reaction. As it was mentioned above, the ammonium sulfate was approximately three times
better at suppressing hydrogen bubbles coalescence, and thus, the diameter of pores usually does not
exceed 15 um for foams obtained from a sulfate-based solution. Hence, the overall porosity of such
foams is much lower than the ones obtained from a chloride-based solution: At —2.5 A/cm? porosity is
ca 8.2%.

In order to evaluate the role of a surfactant on the formation of Co foams, the isopropyl alcohol
was added (solutions 2 and 4), and the porosity and morphology of the growing coatings was evaluated.
The isopropanol was chosen as an efficient agent to reduce the surface tension. Thus, the hydrogen
bubbles formed during deposition, were able to easily detach from the surface. Asitis apparent from the
SEM pictures (Figure 3), the porosity of the deposits increased substantially even at comparatively low
current densities of 1 A/cm?. However, the radius of pores did not seem to be affected by the reduction
of the solutions surface tension. This could be linked to the fact, that the influence of ammonium ions
on hydrogen bubbles is much higher than that of isopropyl alcohol on the reduction of surface tension.
The porosity of the foams obtained from the sulfate-based solutions also increased substantially with
the addition of isopropyl alcohol. Thus, at a cathodic current density of 2.5 A/cm? the development of
tridimensional cobalt foam structure can be noticed, and it is formed from interconnected cylindrical
pores (Figure 3). It this case the estimation of the porosity using SEM images was rather difficult due
to many interconnected pores.
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-1 A/em?,t=225s

=

-1.8 A/cm?, t=125s —25A/cm2 t=90s

Solution 2

Solution 4

Figure 3. Scanning Electron Microscopy images of cobalt coatings obtained under a galvanostatic
mode at various deposition conditions, but the same value of charge passed (g = 180 C), from solutions
containing isopropyl alcohol.

The two main reactions occurring during depositions using such high current densities were
reduction of cobalt ions, and reduction of water. The use of a dynamic hydrogen bubble template takes
advantage of hydrogen evolution, forcing the metal ions to be reduced only in-between the hydrogen
bubbles. The decrease in surface tension and easier detachment of formed bubbles resulted in an
increase in the area for metal ions reduction, however cobalt is a very good catalyst for water reduction
reaction, and isopropanol addition makes the water reduction reaction the dominant reaction by a
huge margin. This was evident from current efficiency (CE) data (Figure 4), which was calculated
using Faraday’s law. The hollow figures display solutions with the isopropanol.
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Figure 4. Influence of the cathodic current density on the current efficiency (CE) of Co coatings obtained
under a galvanostatic mode and q = 180 C.

There were three clear trends for CE dependence on applied current density which were seen:
(1) Increasing cathodic current density decreased the amount of deposited metal; (2) the use of sulfate
based electrolytes (solutions 3 and 4) led to less deposited metal compared to chloride-based electrolytes
(solutions 1 and 2); (3) the isopropyl alcohol significantly lowered CE. The first phenomenon can be
explained by an increased overpotential, which in turn increased the rates of both reactions (Co and
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water reduction). The cobalt ions reduction was controlled by the diffusion rate, which affected the
quantity of deposited metal with increased current density. The second trend can be explained by the
significantly different capabilities of hydrogen bubbles coalescence suppression. The smaller bubbles
cover the surface, encumbering the diffusion of metal ions around them. The third phenomenon is
caused by significant reduction of surface tension, when using isopropyl alcohol. With reduced surface
tension, hydrogen bubbles detach faster, and since the reduction reaction is diffusion controlled, so
HER dominates even more, hence the increase in porosity and the formation of cobalt foams.

The use of such high current densities could affect also the preferred crystallographic orientation
of Co. XRD spectra (Figure 5) recorded for cobalt foams electrodeposited from solution 4 by applying
various current densities showed a clear face centered cubic (fcc) structure. Usually for electrodeposited
cobalt coatings the hexagonal close packing (hcp) structure is indexed [46]. The fcc structure of Co
with two most intense peaks (1 1 1) and (2 0 0) are commonly obtained applying other methods [47].
Nevertheless, electrodeposited Co using high current densities formed crystalline deposits with most
preferred plains (2 0 0) and (2 2 0), while the intensity of (1 1 1) was comparable to that of the (3 1 1)
plane, or even less for higher cathodic current densities. That outcome could be linked to the distortion
created by the evolution of hydrogen bubbles.
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Figure 5. XRD pattern of Co foams electrodeposited from solution 4. Peaks were analyzed according to
JCPDS cards No. 01-071-4238 and 01-077-7453.

3.2. The Mechanism of Co Foams Depositon and Determination of True Surface Area

As it was mentioned earlier when using the dynamic hydrogen bubble template, high current
densities were applied, and deposition occurred in-between hydrogen bubbles, whilst being diffusion
controlled. SEM top (Figure 3) and cross-sectional (Figure 6) images of cobalt foams, coupled with EDS
data of the surface, revealed that after the initial formation of crystallization centers, intensive growth of
fern-like cobalt agglomerates occurred, in such a way forming cobalt foam, leaving cylindrically-shaped
pores. In the course of deposition, the radius (size) of the pores increased. Such an increase can be
explained by the increase in the HER rate, caused by the exposed high surface area of the cobalt
deposits, since it is well-known that cobalt is a good catalyst for the HER reaction [48-50].
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(b)

Figure 6. SEM images of cobalt foams cross-sections deposited under galvanostatic mode, from solution
4: (@)j=1A/em?, t=2255; (b) j = 2.5 AJem?, t =90 s.

With huge differences in porosities and CE, the true surface area was estimated by electrochemical
impedance spectroscopy under the assumption that the capacitance of the double electric layer of
the same metal depended on the real surface area. To ensure the reliable characterization, the EIS
measurements were performed across a wide range of frequencies (10 kHz to 0.1 Hz), at selected
cathodic potentials— —0.8, —1 and 1.2 V (vs Ag/AgCl). An example of EIS spectra is presented in
Figure 7 recorded using cobalt foams obtained from Solution 4 at different current densities. Fitting of
impedance data was done using an equivalent scheme containing two pairs of constant phase elements
in parallel with resistances (inset in Figure 7). We could see only one clear capacitive behavior, however
since the electrodes were very porous and EIS was measured during HER, the physical meaning had
to have an equivalent electric circuit (EEC) containing at least two capacitors. In our case, the EEC
shown in Figure 7 showed a best fit for the obtained EIS spectra (minimal Chi-squared and elements
values errors). First capacitance could be attributed to: (1) Porosity of the electrode, (2) double layer
formation, or (3) diffusion limitations. According to Mulder et al., at highly contorted surfaces (3D)
one can expect to obtain CPE n values of around 0.5 [51]. It was shown that when the first (high
frequency) semicircles radius was potential independent, it was related to porosity and the shape of
pores [52,53]. However, in our case the high frequency semicircle capacitance changed, hence it could
not be purely porosity related. Also, during measurement evolving hydrogen bubbles might have
blocked up pores and restricted further hydrogen evolution, then in impedance spectra it would seem
like diffusion limitation.

Moreover, Losiewicz et al. [54] showed that charge-up of the double layer of porous electrodes
usually occurred not uniformly (there was frequency dependence). Hence the second semicircle (low
frequency) could then be attributed to modeling of a charge transfer resistance process and differential
charge-up of the double-layer. It was also shown [54] that double layer capacitance reduced with an
increase in the overpotential in HER, which showed similar behavior to the low-frequency semicircle
values like in our case. Nevertheless, the first semicircle probably was related to the combination of
double layer partial charge-up process, porosity of electrode and maybe even diffusion processes, but
separation of given processes in our case was quite difficult.

The second semicircle, located in the low frequencies region that also changed with potential was
attributed to double layer capacitance and adsorption of hydrogen on the surface of cobalt foams. Both
of these processes were potential dependent. All our efforts to separate the two processes were fruitless.

All the calculations and comparisons were made from the data obtained at —1.0 V vs Ag/AgCL.
The equivalent circuit model (Figure 7) represented our best efforts, as it can be seen that it fit quite
well with the measured data. The Chi-squared values were usually in the range from 107* to 107>,
which was acceptable for porous electrodes. Some examples are shown in Table 2. The second constant
phase element value was recalculated into true capacitance values using Mansfeld’s procedure. The
calculated capacitances were much higher than the ones obtained for flat metallic cobalt, which did
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not exceed 100-200 puF/cm?. It indicated that the obtained porous electrodes had 100-300 times larger

actual surface area than the flat surface.
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Figure 7. EIS data of cobalt foams measured in 0.1 M Na,SOy at —1.0 V vs Ag/AgCl, foams deposited
from solution 4, g = 180 C, EIS data represented in: (a) Nyquist’s coordinates, (b) Bode modulus, and
(c) Bode phase modulus coordinates. The equivalent electric circuit used for fitting is presented in the
insert; points—experimental data, solid lines-results of fitting to the shown equivalent electric circuit.

Table 2. Values of elements of the equivalent electric circuit fitted EIS data obtained in 0.1 M Na,SOj at
—1.0V vs Ag/AgCl of cobalt foams deposited at j = 2.5 A/em?, t =90 s.

Solution Used
for Co-Foam Ry, O CPE;, Fs"~1 n Ry, QO CPEpy, Fs"~1 n Ry, O
Deposition

1 3.668 0.1131 0.7317 0.0342 0.9321 133.7
+0.50% +1.7% +3.5% +0.91% +0.54% +5.5%

5 4.081 0.0499 05 0.7652 0.0112 0.8844 349.7
+0.27% +1.6% +1.4% +0.37% +0.17% +1.8%

3 4.872 0.0468 0.878 0.028 0.8313 508.8
+0.43% +1.9% +2.1% +0.82% +0.48% +10.7%

4 5.427 0.046681 0.80871 0.01736 0.85157 311.9
+0.53% +2.9% +2.3% +0.94% +0.45% +9.1%

Pure Co 8.442 _ B _ 0.000181 0.905 1458
+0.17% + 0.402% + 0.0868% +0.79%

As it might seem, the second CPE element values (double layer and hydrogen adsorption
capacitance), obtained using chloride-based solutions got the highest double layer capacitance, thus
the highest surface area of cobalt foam. Nevertheless, after recalculations of CPE to true capacitance
and further calculations of capacitance per gram of cobalt foam (Figure 8), the results changed
completely—the highest surface area to mass ratio was obtained for foam electrodeposited from
solution 4. This could be explained by higher efficiency of ammonium sulfate in hydrogen coalescence
suppression, and lowered surface tension using isopropyl alcohol. These factors allowed the growing
coating to form a tridimensional porous structure, with interconnected pores. All of the other foams
were quite similar in surface area exposed per unit of mass; however, the ones obtained from solution

4, were three or more times superior.
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Figure 8. Influence of cathodic current density on the capacitance per gram of cobalt foams in the
investigated solutions.

Cobalt foams obtained using pulse deposition, showed better CEs across the board, sometimes
reaching up to 50% in efficiency, hence the obtained foams were thicker. Nevertheless EIS analysis of
these foams showed that surface area to mass ratio was in all cases lower, than the one obtained using
galvanostatic deposition conditions. Further research was done using only cobalt foams obtained at
2.5 A/em? using solution 4 (g = 180 C).

3.3. Modification of Cobalt Foams and Detection of Free Chlorine

As mentioned earlier, modification of cobalt foams was with ferrocyanide, which was done using
cyclic voltammetry. The measurements were performed in acetic acid buffer solution. Such a buffer
was chosen because of highly active and substantial cobalt foams surface area. Other buffer solutions
such as phosphate or citrate were tested, however either the foam reacted with the anions in the buffer
(phosphate), or formed complexes at the surface (citrate case), diminishing the modification capabilities.
The potassium nitrate used as background electrolyte, was shown to have second best ion permeability in
various metal HCFs structures, ensuring good conductivity and electrons exchange [10,38]. The chosen
potential window for modification was —0.8-0 V vs Ag/AgCl.

The potential in CV scans was first moved to the anodic side, in order to dissolve some of the
foam, and afterwards to cathodic, to form cobalt ferrocyanide complex on the surface of the foams.
Comparatively high scan rates were used to form cobalt ferrocyanide, so the damage to high surface
area cobalt foams would be minimized. Additionally, no clear peaks could be seen on the voltammetric
curve, since the scan speed used was quite high, the Co foams surface was very porous, and the
response might have been too slow to be detected in such a system. A high scan rate was selected in
order to minimize the damage of the cobalt foams surface, trying to keep the highest possible surface
area intact, but still covering the whole surface of foam with Co HCF complex. With no clear oxidation
or reduction peaks obtained during CV scans, a formation of cobalt ferrocyanide on the surface of
cobalt foams had to be done externally. For that reason, EDS measurements were performed to ensure
successful formation of cobalt ferrocyanide complex (Figure 9). The EDS picture represents a typical
modified cobalt foam. It can be seen that the whole surface was quite uniformly covered with Fe and C
compound, proving successful formation of Co HCF complex on the surface of the Co foam.
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Figure 9. Image of EDS mapping of modified Co foam, using CV at 100 mV/s scan rate and after
100 cycles. Red color represents cobalt, green—iron, blue-carbon.

Free chlorine concentration, which is a sum of dissolved chlorine gas, hypochlorous acid and
hypochlorite anion, was detected using acetic acid buffer solution whilst measuring the amperometric
response of our system. Prior to the testing the purity of Ca(OCl),, which was used as a source of free
chlorine and checked using the standard DPD method. Determined purity of calcium hypochlorite
was 64%. The chosen pH value for chlorine detection measurements was —5.5 and was done so for two
reasons: (1) Trying to simulate real tap water pH range, which was usually 5 < pH < 8, (2) all of the
compounds of free chlorine exist in the solution at such pH values. However, most of the chlorine
exists in the form of HCIO, since the pK; of reaction (3) was 7.48 at 25 °C.

HCIO — CIO™ + H* 3)

Hypochlorous acid reduction occurs in two steps (reaction 4 and 5), which according to Cheng
et al. If the pH is above 3 is irreversible [55], making it possible to fully reduce and hydrolyze free
chlorine in water to chloride anions.

HCIO + H* +¢~ — 0.5Cl, + H,O )

Cl + 0.5H,O — HCIO + HT +CI” (5)

All of the free chlorine-containing compounds were reduced electrochemically very easily, so in
order to minimize the damage of high surface area cobalt foams, ensuring longevity of the sensor, a
plethora of potentials were tested. The best results were obtained using —0.45 V vs Ag/AgCl potential
with the cobalt foams modified for 40 cycles at 100 mV/s speed. A calibration curve and typical
chronoamperometric measurements are shown in Figure 10. The linearity of the curve was slightly
distorted probably by oxygen reduction that was dissolved in testing solutions. Nevertheless, the
increase of cathodic current with the addition of very small amounts of chlorine into water, proved very
high sensitivity for our prepared sensor. The standard deviation of the blank solution was calculated
using data from 10 chronoamperometric measurements. The calculated limit of blank (LOB = 1.650)
was 3.06 ppb. The obtained limit of detection (LOD = 30) was 5.57 ppb and limit of quantification
(LOQ = 100) was 18.86 ppb. Such results were acceptable, since the usual concentration of residual
chlorine in tap water was somewhere between 0.2 and 1 ppm.
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Figure 10. Calibration curve for sensors (a) and typical chronoamperometric curves for free chlorine
detection in acetic acid buffer (b).

4. Conclusions

In the present work, cobalt metal foams were successfully deposited using a dynamic hydrogen
bubble template method on the copper substrate. The true surface area of cobalt foams was
estimated using the EIS technique. It was determined that the highest surface area cobalt foams were
electrodeposited using a solution containing 0.2 M CoSOy4, 1 M (NHy),SO4 and 2 M isopropyl alcohol
at a cathodic current density of 2.5 A/cm?. In this case, there was synergy between the ammonium
sulfate bubble suppression effect, and solutions surface tensions reduction, which allowed for the
formation of highly porous 3D structured cobalt foams. The cobalt foams surface was modified with
Co hexacyanoferrate, and such modified foams have been tested as sensors for the detection of free
chlorine in water. A linear range from 5.6 ppb to 1 ppm was shown. It was demonstrated that such a
sensor can be good and a cheaper alternative to noble metal sensors currently used for the detection of
the concentration of residual chlorine in water.
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Abstract: The geometry of porous materials is complex, and the determination of the true surface
area is important because it affects current density, how certain reactions will progress, their rates,
etc. In this work, we have investigated the dependence of the electrochemical deposition of copper
coatings on the geometry of the copper substrate (flat plates or 3D foams). Chronoamperometric
measurements show that copper deposition occurs 3 times faster on copper foams than on a flat
electrode with the same geometric area in the same potential range, making metal foams great
electrodes for electrowinning. Using electrochemical impedance spectroscopy (EIS), the mechanism
of copper deposition was determined at various concentrations and potentials, and the capacities of
the double electric layer (DL) for both types of electrodes were calculated. The DL capacity on the
foam electrodes is up to 14 times higher than that on the plates. From EIS data, it was determined
that the charge transfer resistance on the Cu foam electrode is 1.5-1.7 times lower than that on the Cu
plate electrode. Therefore, metal foam electrodes are great candidates to be used for processes that are
controlled by activation polarization or by the adsorption of intermediate compounds (heterogeneous
catalysis) and processes occurring on the entire surface of the electrode.

Keywords: metal foam; surface area; electrowinning; Cu electrodeposition; EIS; double electric
layer capacitance

1. Introduction

The ever-increasing need for electronics, especially, handheld and portable electronics, and the
need to reduce their size and increase their efficiency, generates a lot of various electronics waste
all over the globe [1-3]. There are many ways to reclaim used metals in electronic waste; however,
electrowinning is a very efficient and quite selective process allowing the recovery of high amounts
of various pure metals [4-6]. Metallic foams and porous electrodes have an outstanding potential
to be used as a cathode to collect deposited metals because of the functionality of their combined
material properties resulting from their specific morphology. There already is great interest in the
synthesis of various porous materials such as metal foams, nanowires, porous coatings, thin porous
films, etc. [7-15]. Depending on the materials, type of pores (open or closed cells), the porosity and size
of pores, such materials have broad application capabilities, from simple ones such as heat transfer or
electrodes to more complicated cases of various redox reactions, catalysis, sensing, supercapacitors, or
even gas storage because of the high surface area and low density available [9,16-29].

Any solid metal surface that acts as a substrate for electrochemical reactions possesses a certain
roughness that can affect in different ways the values of the limiting diffusion current and the exchange
current density. On the other hand, if the surface coarseness is relatively small, the limiting diffusion
current density does not depend on the surface roughness, and it can be only correlated to the apparent
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surface of the electrodes. If the surface roughness of electrodes increases, the effective values of the
exchange current density are also increased for the process under consideration, which is standardized
to the apparent electrode surface area. At the same time, the limiting diffusion current density depends
on the surface coarseness due to the decrease of the effective value of the diffusion layer thickness. If the
level of the electrode surface coarseness remains low, the change of the limiting diffusion current density
can be neglected [30]. In addition, it has been shown that when the metal deposition is controlled by
diffusion (particularly silver), the surface with the highest surface roughness had a lower number
of active sites but higher deposition efficiency and a higher efficiency of charge transfer [31]. The
dependence between surface roughness and deposition efficiency is non-linear; the surface roughness
needs to be quite high to affect the deposition efficiency [31,32]. It was proven that when the deposition
reaction is controlled by the diffusion, the geometry of the electrode has no significant influence on the
reaction [33]. Using very porous or surfaces with high roughness, one can eliminate activation and
diffusion overpotentials, making the reaction process controlled by Ohmic effects and thus making
the reaction much faster [30,31]. All these effects make porous metal electrodes with pore diameters
higher than 50 pm high-performance cathodes for deposition reactions under diffusion control.

The estimation of the active surface area of highly porous conducting materials is also very
important. Thus, various in situ or ex situ techniques can be used for these purposes. In situ techniques
are preferred, since drying the sample can cause changes in the surface area and/or oxidation of
the surface, changing its characteristics. Depending on the material and its porosity, one can use
techniques for double electric layer estimations (cyclic voltammetry, initial charge-up dependencies,
electrochemical impedance spectroscopy (EIS)), or adapt various adsorption/redox reactions that
occur on the surface (underpotential depositions, adsorption measurements, reduction of various
dyes, etc.) [29,34-39]. The classical techniques for surface area estimation—liquid permeability, gas
adsorption (Brunauer-Emmett-Teller technique)—in some cases can also be used [34,35,39]. However,
these techniques require higher amounts of materials and can have quite large error margins, depending
on the geometry of the pores and the sample itself. For porous materials that are quite level, and
with ordered pores, more sophisticated techniques could be used for porosity estimation such as
atomic force microscopy (AFM) or spectroscopic ellipsometry; the latter requires a rather complex
modeling [40-42].

EIS is a very powerful and versatile in situ technique that allows not only estimating the true
surface area of conducting materials but also investigating the surface and the processes happening at
the surface [9,20,23,27,29]. Using the EIS technique, one can investigate both Faradaic and non-Faradaic
processes on the surface simultaneously [27,29,34,35,43-47]. Even the size and distribution of the pores
can be characterized by employing the EIS technique [45,46]. However, the surface area determined by
EIS or any other electrochemical method is not the true surface area, but rather the electrochemically
active surface area, which can be much more useful when trying to determine the activity of porous
materials for a hydrogen evolution reaction (HER) or other electrochemical reaction [39-47].

In this work, we investigated the deposition of copper on the plate (2D) and foam (3D) copper
substrates using voltammetry and EIS. The comparison of 2D and 3D electrodes has been carried out
to determine differences in double electric layer formation, charge transfer, diffusion, and deposition
rates. These results are important for trying to enhance the potential application of foam electrodes in
industry, and particularly for the electrowinning of copper from electronics waste.

2. Materials and Methods

2.1. Materials and Sample Preparation

All of the chemicals used for analysis were of analytical grade (Carl Roth, Karlsruhe,
Germany). Solutions have been prepared using deionized water (DI). Solution compositions used for
electrochemical experiments are shown in Table 1. The pH of solutions was adjusted using sulfuric acid
and controlled by a benchtop pH-meter ProLine Plus (Prosence B.V., Oosterhout, The Netherlands).
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Cu plates and Cu foam electrodes served as working electrodes. The Cu foam sheets used to fabricate
electrodes were purchased from Alfa Aesar. To characterize commercially available copper foams, we
have done some experiments trying to determine the basic characteristics of this foam. Foam density
has been determined as gravimetrically being equal to 0.748 g/cm?, making the porosity of the foam to
be around 90.5%. The copper foam has a 3D interconnected porous structure, which can be observed in
SEM images (Figure 1). The pore size varies from 1 to 0.1 mm. The surface of the foam is very uneven,
making the true surface area of the already porous copper foam even larger.

Figure 1. SEM images at low (a) and high (b) magnification of 3D copper foam.

Working electrodes (copper plates and copper foams) have been washed and degreased using
acetone, ethanol, and water in succession and in combination with ultrasonic bath. Both flat and porous
samples were 1 cm X 1 cm in geometrical size with both sides conducting. To ensure that the working
surface was that of the desired size, other parts of the samples were isolated using insulating plastic
spray (PRF 202, Taerosol Oy, Kangasala, Finland). Just before measurements, the native copper oxide
layer has been removed by dipping copper samples into 2 M H,SOy solution for 2 s and afterward
rinsing with DI water.

Table 1. Composition of solutions used for electrochemical measurements.

c(CuSOy), M c¢(Na;S0y4), M pH

0.01 0.49 3.6
0.05 0.45 3.6
0.1 0.4 3.7
0.2 0.3 41

2.2. Instrumentation and Methodology

Morphology: The morphology of copper foams has been investigated using a scanning electron
microscope (SEM, Hitachi’s Tabletop Microscope TM-3000, Tokyo, Japan).

Electrochemical Measurements: Electrochemical measurements (voltammetry, EIS,
chronoamperometry, etc.) have been performed using programmable potentiostat/galvanostat
AUTOLAB PGSTAT 302N (Metrohm, Utrecht, The Netherlands). The software used for controlling the
hardware was Nova 1.11.2.

Conditions of Electrochemical Measurements: A three-electrode system was used for all the
electrochemical experiments, where Cu plates or Cu foams were used as working electrodes, circular
platinized titanium mesh (Alfa Aesar, Ward Hill, MA, USA) was used as a counter electrode, and
Ag/AgCl filled with saturated KCl solution (Sigma-Aldrich, St. Louis, MO, USA) was used as a
reference electrode. The distance between the counter and working electrode was fixed at 2.5 cm. All
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electrochemical experiments have been performed at room temperature. Voltammetry measurements
were done using the potential sweep voltammetry technique on Cu plates and Cu foams as working
electrodes, starting at open circuit potential and going up to —1.2 V versus Ag/AgCl at a 2 mV/s scan
rate. Voltammetry measurements have been performed using all the solutions shown in Table 1.
Chronoamperometry experiments were performed at 4 distinct potentials (0.1, 0.2, =0.4 and —-0.6 V
versus Ag/AgCl) using different substrates as working electrodes (Cu plates or foams) in 0.1 M CuSOy4
and 0.4 M Na,SOy solution. The same amount of electric charge was used to deposit coatings, i.e., 30 C.
The current efficiency was calculated using chronoamperometry data and change in substrate mass
after deposition.

Electrochemical Impedance Spectroscopy (EIS): Electrochemical impedance spectroscopy (EIS)
measurements have been done using a standard three-electrode system, carried out in a frequency
range of 10 kHz to 0.1 Hz, using perturbation amplitude of 10 mV. Obtained data were fitted to the
equivalent electric circuit model (EEC) using ZView 2.8d software.

3. Results and Discussion

3.1. Copper Foam Characterization

In order to determine how the behavior of copper foams differs from flat surfaces in solutions,
voltammetry experiments with different copper sulfate concentrations were carried out; the
compositions of the solutions are shown in Table 1. The concentration of the sulfate anion was
kept at 0.5 M to maintain the same buffering power in all of the solutions. The obtained polarization
curves for the plate and foam electrode are shown in Figure 2, where the ordinate axis is displayed in a
logarithmic scale because of a big difference in the current values between tested concentrations. To
estimate the influence of porosity on the copper deposition, the geometrical sample size was the same
for both Cu plates and Cu foams (1 cm X 1 cm). As can be seen from Figure 2, Cu deposition starts
somewhere around —0.075 V versus Ag/AgCl and did not depend on the substrate used. After the peak
representing the Cu?* reduction to Cu’, the current on both surfaces and all the concentrations turns
into an almost constant one. The reason for this could be the mass transport limitations because the
leveling off of the current depends on the concentration of Cu(ll) in the solution. This is also supported
by the slight increase of the current with the rise of polarization at higher concentrations (50 mM to
0.2 M), showing that with higher potential, the positive ions are attracted from further away, and the
deposition rate increases.

In addition, voltammetry tests also showed that independently of the substrate used, the hydrogen
evolution reaction (HER) started in the range of —1.0 to —1.1 V versus Ag/AgCl in the solutions
containing 10 and 50 mM of CuSOy. This fact could be attributed to the governing role of pH change in
the pre-electrode layer during electrodeposition, and this change seems to be similar for both solutions.
However, in the solution containing 0.2 M CuSOj, the HER started around —0.75 V versus Ag/AgCl
on both surfaces. It can be linked to the higher rate of copper electrodeposition, and in turn, the pH
decrease near the working electrode. Thus, the major difference between the two surfaces can be
noted from voltammetry experiments: there was an approximately 3 times higher current on the foam
substrate at all potentials in comparison to the flat surface. This difference can be explained by the
better hydrodynamic conditions of copper foams substrate: the porous surface allows for faster mass
transport and exchange.

For further investigation, the solution containing a similar amount of Cu(II) as in solutions used
for the metals recovery from the electronic waste was chosen. Regarding the influence of the surface
type on the Cu electrochemical deposition, chronoamperometric measurements have been done in
0.1 M CuSOy, and 0.4 M NaSO; solution at four fixed potentials: —0.1, —0.2, —0.4, and —0.6 V versus,
Ag/AgCl, and at a fixed amount of charge passed through the cell (30 C). The results have been
summarized and are shown in Table 2.
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Figure 2. Cathodic voltammograms on Cu plate (a) and foam (b) obtained in the electrolytes with
various concentrations of CuSOy (the compositions of solutions are shown in Table 1), potential scan
rate 2 mV/s.

Table 2. Cu deposition rates on 2D and 3D electrodes in the solution containing 0.1 M CuSOy and 0.4
M NaZSO4.

Cu Plate Cu Foam
E,Vversus Deposition Cu Deposition | E, Vversus Deposition Cu Deposition
Ag/AgCl Time (s) Rate (mg/min) Ag/AgCl Time (s) Rate (mg/min)

-0.1 1763 0.33 -0.1 643 0.94
-0.2 1681 0.35 -0.2 574 1.1
-0.4 1603 0.36 -0.4 593 1.0
-0.6 1571 0.37 -0.6 518 1.2

Chronoamperometric measurements (Table 2) clearly show an approximately 3 times faster copper
deposition rate on the foam at all tested potentials. In this case, there was no hydrogen evolution,
and the deposition efficiency was almost 100% on both substrates. A considerably higher deposition
rate on the cooper foam substrate supports the idea that the deposition is controlled by diffusion to
the electrode having a higher specific surface area. In addition, a higher metal deposition rate on the
foam electrodes makes them an attractive substrate for the electrowinning of metals compared to other

125



Coatings 2020, 10, 822 60f 15

materials having a similar geometric area. The morphology of deposits is influenced by the potential
and type of substrate, as it is shown in the SEM images in Figure 3.

-E, Vvs
Ag/AgCl

Cu Plate Cu Foam

0.2

0.6

Figure 3. SEM images of potentiostatically electrodeposited Cu coatings at different cathodic potentials
on flat and foam copper substrates after 30 C passed charge. The bath was 0.1 M CuSOy and 0.4 M
Na2504.

The copper deposits have globules shapes on the flat electrodes, and the morphology did not
differ at these two potentials. This is related to the very similar electrochemical deposition rates at
these potentials, and as it can be seen from the voltammetry data (Figure 2) and efficiency of deposition,
there were no side reactions, and the current was similar at these two potentials. Another case is
the deposition on the porous substrate. At —0.2 V versus Ag/AgCl, copper forms cauliflower-like
crystalline agglomerates with well-defined edges. At higher potential, the copper forms smoother
surfaces that are still cauliflower-like structures. The coverage of both surface geometries was good
even without external agitation, even at low potentials.

3.2. Surface Area and Diffusion Rate Estimations

To characterize copper foams and estimate the active surface areas for the charge and mass transfer
processes that occur during the electrochemical deposition of copper, we utilized the EIS technique.
EIS measurements have been done for all the solutions listed in Table 1. EIS measurements were
performed at cathodic potentials of —0.125, —0.15, —0.175, and —0.2 V versus Ag/AgCl on flat and
porous copper substrates. These potentials were chosen based on chronoamperometric data. At such
low potentials, the change of surface morphology during deposition is still minimal and can be ignored
in this case. Typical EIS scans on the copper plate at various potentials are shown in Figure 4. From the
EIS data plots, we can see that at investigated potentials, the data plot can be divided into two zones:
the high-frequency semicircle and the low-frequency (starting around 75-100 Hz) 45° angle line. The
high-frequency semicircle can be attributed to charge up of the double layer and charge transfer to the
copper ions, whilst the low-frequency line is attributed to the formation of the concentration gradient
of the copper ions. To better evaluate ongoing processes, EIS data were fitted to the equivalent electric
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circuit (EEC) that is shown as an inset in Figure 4 of the Nyquist plot (a). The elements of applied EEC
have the following physical meaning: R0 is resistance at the electrode/electrolyte interface, CPE(DL) is
a double-layer capacitance modeled via the constant phase element (CPE), R(CT) is a charge transfer
resistance, CPE(W) stands for the capacitance caused by the concentration gradient, and R(Diff) is a
resistance caused by the concentration gradient. The element CPE(W) is attributed to the diffusion
because of the signature 45° angle seen in the Nyquist plots at low frequencies (Figure 4), and the value
n in this CPE element was very close to 0.5 in all the experiments. This constant phase element acting
only in the low-frequency region represents diffusion, and it can be used as a Warburg element when
n = 0.5 [48,49]. The values of the constant phase element CPE(DL) have been recalculated into true
capacitance using Hsu and Mansfeld’s equation [50]. All values of components of the fitted EEC are
indicated in Table 3.

-70
6 F ® Rro CPE(DL)
50 F
9
a0 I ©-0125Vplate
i; 0-0.15V plate
-30 | ©.0.175V plate ,
0-0.2Vplate
20 F
10 F
0 2 A A
0 10 20 30_, 40 50 60 70
AN o)
90
75 ‘{3
60 | () -0125Vplate ©0-0.15Vplate ©-0.175Vplate ©-0.2V plate

0.1 1 10 100 1000 10000

0-0.125V plate ©0-0.15V plate

0.1 1 10 100 1000 10000
f, Hz

Figure 4. Cont.
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Figure 4. Nyquist (a,d) and Bode plots (b—c,e—f) on Cu plate (a—c) and foam (d-f) registered at various

potentials (indicated on graphs) in 0.1 M CuSOy + 0.4 M NaySOy solution at 20 °C. Points—experimental

data, solid lines—results of fitting to equivalent electric circuit (EEC) shown in the inset (a).

As it is seen, the proposed EEC describes well experimental EIS data on both substrates in a
whole investigated potential range. The values of the capacitance of the double electric layer on both
substrates might be used to estimate differences in real areas between the plate and foam electrodes, i.e.,
to estimate the roughness factor as a ratio of C(DL) on foam and plates that have the same geometric
area (1 cm x 1 cm). Notably, the double-layer capacitance (C(DL)) extracted from the EIS data is 50 pF
(see Figure 5), and it is in good agreement with the theoretical values assigned to 1 cm? of copper [49].
The capacitance of the double layer of a commercial foam, that has the same geometric area as a plate,
is 7 to 14 times higher in comparison with a plate electrode. The thickness of the double electric layer is
very small and is in tens of nanometers; therefore, this layer replicates the surface morphology on the
nano-level, and the ratio with the value obtained on the plate electrode can represent the roughness
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factor, and it matches the ratio of C(DL) of both surfaces (C(DLfoam); C(DL plate) is 7-14:1). However,
the increase of double-layer capacitances with the increase of applied cathodic potential on both flat
and porous surfaces is different. On the porous electrode, the C(DL) increase is much higher when
compared to the change in capacitances of the flat electrode. This increase is related to the much higher
surface area, and the distribution of current on the surface of the foam. With higher potential, the
current distributes more evenly on the whole foam surface, and the edge effect is less apparent, which
also influences the surface area estimations [51,52].

When looking at the effect that the concentration of copper ions has on the EIS parameters (Table 3),
we can divide the results into three sections: high concentration (0.2 M), mid-level concentrations (0.1
and 0.05 M), and low concentrations (0.01 M). The double electric layer (DL) capacitance values do not
differ that much with the change of the concentration on both surface geometries. However, when
looking at charge transfer resistance, the differences between concentrations are significant. At low
concentrations, the charge transfer resistance is very high; this is caused by the lack of copper ions. In
contrast, this resistance at mid-level concentrations is around 6-9 (), which depends on the surface
geometry as well as applied potential (Figure 5). At high concentrations (0.2 M and higher), the charge
transfer resistance values decrease approximately 3 times on both surfaces, because of an abundance of
conducting particles. Nevertheless, this charge transfer resistance is lower at all investigated potentials
and all concentrations on the foam electrode, showing that the reduction reaction occurs faster on the
copper foams.

When taking a look at the charge transfer resistance dependence on potential (Figure 5) with both
types of electrodes, it is clear that the 3D electrode displays approximately 1.5-1.7 times lower charge
transfer resistance than the 2D electrode, agreeing with the results of voltammetry (see Figure 2). The
differences in the charge transfer resistance on plate and foam electrodes are lower than the differences
in the capacitances of DL, because the reaction layer is thicker than the DL, and in some areas of
the foam electrode, it overlaps. As it can be seen from Figure 5, the difference between 2D and 3D
electrodes in charge transfer resistance is higher at low potentials; thus, the charge transfer reaction on
the foam occurs easier, and it partially explains the higher Cu deposition rate (see Table 2). However,
lowering the charge transfer resistance, or in turn, the increase of the rate of the charge transfer reaction
by approximately 2 times, does not result in increases in the Cu deposition rate by approximately
3 times.

11 750
10 - 1 600
9 - —>
{ 450
S ——C(DL) plate E
5 —A—C(DL) foam ] 30038
T 7" —8—-R(CT) plate o
6 | { 150
& 25 2 2’
5 : : 0
-0.21 0.17 -0.13

E, V vs Ag/AgCI

Figure 5. Dependence of double-layer capacitance (ordinate at the right) and charge transfer resistance
(ordinate at the left) on potential applied for Cu plate and foam electrodes in 0.1 M CuSO4 + 0.4 M
Na;SOy solution.

To further characterize the difference in copper deposition reactions on flat and porous copper
surfaces, the components of EEC related to diffusion have been investigated in detail (Figure 6). The
foam has lower charge transfer resistance, meaning faster reactions and better hydrodynamic qualities,
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allowing for faster diffusion and in turn the much faster deposition, even with a larger surface and in
turn, lower current density.

. . 0.2
CPE(W) plate)
430 r«— CPE(W) foam
—e—R(Diff) plate 10
345 |
{012~
a 2
g260 g Ef
a { 0080
&€ 175
—
90 I G-\'e\e\_e 1004
5 : : . 0
-0.21 -0.185 -0.16 0.135

E, V vs Ag/AgCI

Figure 6. Dependence of diffusion-related elements of EEC on the potential applied. Measurements
performed using a copper plate and copper foam as working electrodes in 0.1 M CuSO4 + 0.4 M
NaySOy solution.

Table 3. Values of electrochemical impedance spectroscopy (EIS) parameters obtained by fitting
data obtained on copper foam and copper plates at —0.175 V versus Ag/AgCl at different copper
concentrations. EC used for modeling shown in Figure 3 inset. CPE(DL): a double-layer (DL) capacitance
modeled via the constant phase element (CPE), CPE(W): the capacitance caused by the concentration
gradient, R(CT): charge transfer resistance, R(Diff): resistance caused by the concentration gradient.

02M CuSO4 +0.3 0.1M CuSOy4 + 0.4 0.05 M CuSOy4 + 0.01 M CuSOy4 +

Cu Plate M Na,SO;4 M Na,SO4 0.45 M Na,SO, 0.49 M NaSO;4
C(DL), uF 405 493 419 56.4
R(CT), Q 298 8.76 7.44 54.66
CPE(W) 0.0696 0.0260 0.0285 0.00247

R(Diff), O 2334 319.3 199.6 663.7
Cu Foam _

C(DL), uF 299.2 5135 456.6 754.1
R(CT), O 2.39 6.65 6.74 122.20
CPE(W) 0.2033 0.0748 0.0668 0.0039
R(Dff), Q 149 749 833 1551.0

The parameter related to diffusion CPE(W) at low concentrations is almost equal on both surface
geometries, showing that the diffusion effect is similar, but the resistance at low concentration is about
2.5 times higher. It means that the diffusion layer is much thicker on the copper foams surface because
of the porosity effect. Therefore, it causes a higher rate of copper electrodeposition. The overall trend
in mid-level and high concentrations is that with the increase of Cu?* concentration, the CPE(W) value
increases, and the R(Diff) decreases. As it is seen from Table 3, the difference between R(Diff) values at
0.2 and 0.05 M concentrations on the flat surface is only around 14%, whereas on the foam electrode,
the values of R(Diff) are lower, but all values are sensitive to the concentration of Cu(Il) in the solution.
The highest value of R(Diff) is obtained on the foam electrode at a relatively low concentration of
Cu(Il), i.e., 0.01 M, which is probably due to the faster depletion of copper ion concentration in the
3D diffusion layer and the necessity of a longer time to supply Cu(Il) ions into the pores. Since the
deposition rate on the foam electrode at a higher concentration of Cu(Il) is 3 times faster than on the
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flat electrode, this is mirrored by the behavior of CPE(W), showing that the diffusion occurs 3 times
faster on the foam. The efficiency of charge transfer on the porous surfaces is higher as well, which is
in good agreement with other studies of metal depositions on porous surfaces [31].

To even better understand the diffusion peculiarities on 2D and 3D electrodes, the diffusion
impedance using extracted values from total impedance data (presented in Table 4) was calculated.
As it is shown in Figure 4, the copper deposition occurs under diffusion control at low frequencies
(below 100 Hz) on both foam and plate electrodes, and diffusion is modeled by a parallel connection of
CPE(W) and R(Diff) elements (see Figure 4). In this case, diffusion impedance, Z, as a function of
frequency is calculated by the equation:

Rpiff

U 1
1+ (jw)*QRpiff M

Zaigp(w) =
where Q and « are parameters of CPE(W), R(Diff) is resistance caused by diffusion, and w is the phase
angle (w = 2nf). However, when « = 1 — Q is pure capacitance, in our case, = 0.5, and the CPE
represents diffusion [53].

The calculated diffusion impedance data are presented in Figure 7. As it is seen, the diffusion
impedance on the plate Cu electrode is 2—4 times higher than that on the foam Cu electrodes, which is
dependent on the frequency and potential applied.

—o0.125v @
—-0.15V
-0.175V
—-02V
0.001 0.01 0.1 1 10 100
f, Hz
75 ¢
60 0-0.125V  (b)
45 0-0.15V
B0 -0.175V
Nis
0 )
0.001 0.01 0.1 1 10 100

f, Hz

Figure 7. Bode plots of extracted diffusion impedance at various potentials on flat Cu substrate (a); and
Cu foam substrate (b).

These results once again confirm the chronopotentiometric data obtained on both 2D and 3D Cu
electrodes. For chronopotentiometry experiments, current values have been chosen higher than the
limiting current values seen in Figure 8. In this case, the transition time at which the concentration
of metal ions on the electrode becomes equal to zero is visual on the chronopotentiograms, and the
effective diffusion coefficient can be calculated by the Sand equation:

nFACy /D
i\/;: 0T ef f

A @
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where T is a transition time (s), i is a current (A), Cy is the concentration of Cu(Il) ions (mol/cm?), Deg
is the effective diffusion coefficient (cmz-s’l), F is Faraday’s constant, n is the number of electrons
participating in the electrochemical reaction; and A is a geometrical surface area.
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Figure 8. Chronopotentiograms on flat (continuous lines) and porous (dashed lines) electrodes at
various current densities in 50 mM CuSOy and 0.45 M Na;SOjy solution. All the densities have been
calculated for the geometrical area of the substrate of 1 cm?.

In our case i YT ~ const, so the maximal deposition rate is controlled by the mass transfer. The
values of the effective diffusion coefficient of Cu?* ions on both plate and foam Cu electrodes were
calculated by Equation (2), and the data are shown in Table 4. The effective diffusion coefficient on the

plate electrode is almost three times lower than on the foam electrode, and it is in good agreement with
EIS data.

Table 4. Effects of electrode geometry on effective Cu(II) ions diffusion coefficient.

Effective Diffusion Coefficient

Applied Current
Plate Foam
I, mA 10° D, cm?s7! 10° D, em?-s7!

-10 6.79 18.06

-12 6.72 19.70

-14 6.73 20.16

-16 6.62 20.77
Average D 6.72 19.67

So, copper foams are great substrates for reactions that are either limited by the mass transfer
(electrochemical depositions, etc.) or the ones that are restricted by adsorption or activation (HER
and similar), making them great candidates to reduce the size of electrodes, but not to lose out on the
efficiency and activity of electrodes.

4. Conclusions

A comprehensive investigation of the electrochemical deposition of copper onto 2D (plate) and
3D (foam) Cu substrates has been done. Using various electrochemical methods, it was determined
that the rate-determining step in a copper deposition is diffusion. The main processes occurring on
the electrode are the charge-up of double electric layer, charge transfer, and diffusion. The specific
electrochemically active area of Cu foam was estimated from EIS data, and based on the values of the
double electric layer, it was determined to be 7-14 times higher than that for the plate electrode. Based
on the EIS data, it was determined that the charge transfer resistance on the Cu foam electrode is 1.5-1.7
times lower than that on the Cu plate electrode, which results in an increase in a charge transfer rate of
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approximately 2 times. Based on the analysis of the diffusion impedance and chronopotentiometry
data, it was found that Cu?* mass transfer and the copper deposition rate is up to 3 times faster on the
foam surface in comparison with a flat surface having the same geometric area in the same potential
range. In addition, effective diffusion coefficients have been calculated from chronopotentiometry data
using Sand’s equation. These findings make Cu foam an attractive material for metal electrowinning
processes as well as for processes controlled by adsorption (e.g., hydrogen evolution reaction).
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