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The literature data on composite coatings electrodeposition from electrolytes based on
deep eutectic solvents (DESs) are summarized in this mini-review. DESs are now considered
as a promising kind of ionic liquid analogues, they can be successfully used to create new
type different electrochemical systems, especially in metal electroplating. Electrodeposition
of ceramic, polymer and metal colloidal particles distributed within metal matrix is known
to produce composite coatings with attractive physicochemical and service properties.
DES-based electrochemical systems afford new opportunity to fabricate composite
electrodeposited coatings with enhanced properties. The main characteristic features of
composites electrodeposition from DES-containing electroplating plating baths are
overviewed. The application of DES-based electrolyte contributes to a considerable
improvement in aggregative stability of colloidal systems from which composite films can
be electrodeposited. In addition, DESs strongly affect the kinetics of electrochemical
reaction proceeding on the electrode, especially, the nucleation/growth steps. The literature
data concerning the electrodeposition of composites with silver, copper, nickel, cobalt and
chromium matrices fabricated using DES-based systems are not numerous to date, they
are systematically reviewed. Some ways of further improving the processes of composite

coatings electrodeposition from DES-based electrolytes are surveyed.
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Introduction

Deep eutectic solvents (DESs) are nowadays
considered as a novel and highly promising kind of
room temperature ionic liquids analogues [1]. DESs
are fluids which consist of a eutectic mixture of
organic and inorganic components. The melting point
of a DES is lower than those of individual
constituents due to hydrogen bond interaction
between molecules and ions in the liquid mixture.
DESs have an ionic character regarding their
transport properties [2—5]. Thus, the physicochemical
properties of DESs are similar to those typical of
«traditional» room temperature ionic liquids, while
DESs are much cheaper, more available and
environmentally friendlier [1].

Owing to these important advantages, deep
eutectic solvents attract considerable attention in
many fields of research and industry, especially, in
electrochemistry and electroplating [6—8]. The
application of DESs in metal electroplating processes
provides a number of significant advantages, such as
wide potential windows, high solubility of metals
salts, negligible vapor pressure, non-toxicity,
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biodegradability and high conductivity compared to
non-aqueous solvents [1,6—8].

To date, a great number of papers have been
published in which different aspects of
electrodeposition of various metals and alloys were
reported [9—29].

At the same time, only a limited number of
published works were devoted to composite
electrodeposition from DESs-based plating baths
[30—39]. It is well-known that the electrodeposition
of composites, i.e. embedding of dispersed «inert»
particles suspended in electrolyte in a growing
metallic matrix, allows imparting a complex of useful
and important physicochemical and service properties
to the coatings [40,41]. The goal of this mini-review
is to summarize literature data regarding the main
features of composites electrodeposition from
electrolyte based on deep eutectic solvents and
characterize the content, structure and properties of
obtained coatings.

Characteristic features of composites
electrodeposition from DES-containing plating baths

In pioneer work [30], Abbott et al. showed that
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a key advantage of DESs for their usage in composite
electroplating processes is that the particulate
suspensions are stable over a prolonged period of
time as compared with both aqueous baths and those
based on traditional organic solvents. This advantage
is presumably due to a combination of the increased
viscosity (of the neat liquid), compared to water and
coulombic screening of surface charge by the ionic
liquid (high ionic strength).

The application of DESs-based electrolyte
allows improving the aggregative stability of colloidal
systems from which composite films are
electrodeposited. For instance, whereas Ni—PTFE
(polytetrafluoroethylene) composites can be
fabricated from aqueous plating bath only in the
presence of some nonionic or cationic wetting agents,
these coatings have been easily obtained in a DES-
containing bath without stabilizing additives as the
PTFE particles were well dispersed in the electrolyte
without any wetting agents [37]. The measurements
of the contact angles (CAs) of the water and choline
chloride/ethylene glycol based DES droplets placed
on a PTFE plate surface showed that the CA value
of water droplet was about 112° while the value of
DES droplet was 73°; this result definitely indicated
that a better dispersion of the PTFE particles would
be obtained in DES system than in water [37].

Since deep eutectic solvents can effectively
reduce the agglomeration of nanoparticles in the
electroplating bath, they allow increasing the content
of nanoparticles in the metal matrix compared with
aqueous solution [32]. This phenomenon was
attributed to a decrease in hydration force between
SiO, particles and non-aqueous electrolyte [33].

Thus, the introduction of nano- and micro-
sized particles into DESs significantly affects colloid-
chemical and rheological properties of these fluids.
In some cases, unexpected phenomena are observed
that have not yet received a clear and unambiguous
theoretical explanation. For instance, the
incorporation of micron-sized particles (SiC) into
ionic liquids containing copper salt has resulted, in
one case (for a certain concentration), in a decrease
in viscosity [30]. This observation was both unusual
and surprising; the authors tried to explain this
phenomenon in terms of an increase in the free
volume of the fluid and local solvent perturbation
(that is, particles act as microstirrers in the liquid).

As concerns the mechanism of composite co-
deposition, many theories have been developed
[40,41]. Evidently, these theories can be adopted to
interpret the experimental data on composites
fabrication from DESs. However, different concepts
take into consideration different aspects of complex

process of composite electrodeposition; thus, there
is no universal model and the reliability of each to
describe the behavior of a wide range of metallic
coatings and particle types requires validation [40].

Abbott et al. noted that gravitational settlement
should be excluded as the main mechanism for
particulate inclusion into the electrolytic deposits
[30] and the main mechanism of composite co-
deposition is thought to be through dragging material
onto the electrode surface [31].

It should be also observed that each particle
suspended in electroplating bath based on DESs is
covered by a thin layer of viscous electrolyte which
must be shed to be embedded into the growing metal
deposit. In much the same way, a thin layer of
electrolyte should be removed from the electrode
surface during the entrapment of particles into the
depositing matrix. Since DESs containing electrolytes
differ from aqueous ones by considerably higher
viscosity and density, they require appreciably more
time and energy to destroy dense and viscous films
forming on the surfaces of both particles and growing
metal matrix. That may decelerate the rate of particles
inclusion into deposits and, in some cases, results in
reducing the content of inert dispersed phase in the
synthesized composite coatings as compared with
aqueous electrolytes.

The introduction of dispersed phase particles
into DESs affects also the kinetics of electrochemical
reaction proceeding on the electrode. Cathode
current is often attenuated when particulates are
added to the solution. One possible cause of this
effect is an increase in fluid viscosity [30] which
hinders the transport of metal ions to the electrode
surface.

The presence of SiO, nanoparticles in NiCl,-
containing solution based on DES was shown to
affect the cyclic voltamograms response [32]. The
potential of the peak of Ni (II) electroreduction shifts
towards more positive values and the maximum
current density grows when SiO, nanoparticles are
introduced into the DES. The authors of study [32]
think that the role of SiO, particles in the
electrodeposition process can be ascribed to two
aspects. On one hand, the active SiO, particles can
act as effective preferential nucleation sites which
facilitate the electrodeposition reaction. On the other
hand, the SiO, nanoparticles can participate in the
electrode process and directly catalyze nickel
electrodeposition.

The nucleation/growth process of Ni—SiO,
composite deposition was investigated by
chronoamperometry experiments [33]. The
nucleation of pure Ni was demonstrated to fits most
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closely to a 3D progressive nucleation at more positive
potential, and then gradually changes to 3D
instantaneous nucleation with shifting the applied
potential to more negative values. However, the
nucleation in Ni—SiO, system agreed well with a
3D instantaneous mechanism. The nucleation mode
gradually deviated from the theoretical model with
the increment of SiO, concentration. The difference
of nucleation behavior between the pure Ni
deposition and Ni—SiO, deposition was attributed
to the change of the surface charge of particles and
the thickness of electrical double layer due to the
presence of SiO, nanoparticles. The observed
deviations of nucleation in Ni—SiO, system were
connected with the fact that the growth process
exhibited diffusion and partial kinetic control. The
partial kinetic control of the growth may be ascribed
to chemical reactions between the unsaturated bond
of oxygen atoms on SiO, particles surface and Ni
(IT) ions.

A detailed study of the nucleation/growth
mechanism during Ni—SiC composites
electrodeposition in choline chloride/ethylene glycol
based DES in the presence of micro- and nano-
sized SiC particles has been conducted in [34]. The
nucleation of Ni without added SiC particles well
obeyed the three-dimensional progressive mechanism
if the applied potential is relatively positive. With
negative shift of potential the nucleation mode
gradually inclines to a 3D instantaneous mechanism.
These findings agree well with the results of study
[33]. However, when the micro-particles of SiC
(0.3 um) were added into the DES bath, the
nucleation mechanism of nickel initially conformed
to the 3D instantaneous nucleation and then deviated
somewhat from the theoretical model. The nucleation
of nickel in the presence of nano-particles of SiC
(40 nm) was shown to fit most closely the 3D
instantaneous nucleation mechanism. Hence, the
micro- and nano-sized particles demonstrate different
effects on metal nucleation/growth mechanism [34].

Case studies

Copper- and silver-based composites

The paper by Abbott et al. [30] was the first in
which the electrodeposition of composite from deep
eutectic solvents based on choline chloride was
reported. The authors investigated the
electrodeposition of Cu—Al,O; and Cu—SiC
composites using two ionic liquids: the first one
contained a eutectic mixture of choline chloride and
ethylene glycol (commercially known as Ethaline),
the second one contained a eutectic mixture of
choline chloride and urea (commercially known as
Reline). The particles of alumina (0.05 pm and

1.0 pum) or silicon carbide (1—3 pm) were introduced
into the plating baths as inert dispersed phases. The
loading of Al,O; and SiC particles in the resulting
electroplated films strongly depends on the
concentration of particulate in solution but is largely
independent of the concentration of copper metal
ion or timescale. An increase in the concentration
of colloidal particles in solution leads to an increase
in their content in deposits.

It is interesting that at low solution loadings
the larger particles are incorporated more effectively
than the smaller ones but at higher loadings both
particle types are partitioned preferentially into the
metal deposit [30]. The main mechanism for particles
inclusion was stated to be diffusional/convection
caused by the concentration gradient.

The electrodeposition of silver-based composite
using an ethylene glycol/choline chloride containing
DESs has been examined in study [31]. The
incorporation of nano-sized SiC particles (50 nm)
does not affect the surface morphology of the silver
matrix; however, it doubles the microhardness of
the deposited films. An increase in the size of the
SiC particles from 50 nm to 2 pm does not change
the composites microhardness, although it does
decrease the wear volume significantly. This was a
significant result of the study as it means that the
deposition of silver for electrical contacts with
improved wear resistance should be possible using
DESs based plating baths. The incorporation of Al,O;
nano-particles (50 nm) had the highest effect upon
microhardness of coatings; however, the wear volume
and surface morphology were similar to the coatings
with the same sized SiC particles. Thus, the friction
coefficient and wear resistance depend on the nature,
but not on the size of the added particles [31].

Nickel-based composites

Most of literature data on composite
electrodeposition from DESs-based electrolyte are
related to materials with nickel matrix [32—37].

The paper [32] reported a novel in-situ synthesis
of SiO, nanoparticles in DES was developed to
electrodeposit a homogeneous Ni matrix composite
coating with uniformly distributed SiO, nanoparticles.
The highly dispersive SiO, nanoparticles were in-
situ fabricated from the choline chloride/ethylene
glycol based DES to obtain homogeneous Ni/SiO,
composite coatings. To this end, tetraethyl
orthosilicate (Si(OC,Hs),) was mixed with Ethaline
and hydrolyzed by the addition of 10 wt.% HCIL.
The synthesized SiO, nanoparticles have diameters
ranging from 40 to 65 nm. The maximum content
of incorporated SiO, nanoparticles in composite
coatings was equal to 5.13 wt.%. The friction and
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wear tests showed that the uniformly distributed SiO,
nanoparticles in the nickel matrix significantly
improved the tribological properties of the composite
coating providing stable friction coefficient and wear
resistance.

The nano-sized SiO, particles were also
successfully codeposited in the Ni matrix from a
choline chloride/ethylene glycol based DES by pulse
electrodeposition technique in work [33]. It was stated
that the presence of embedded SiO, nanoparticles
has a profound influence on the nucleation/growth
processes, microstructure and composition of the
composite coatings. A maximum incorporation of
4.69 wt.% was observed in the system without any
stabilizing additives. As compared with Ni coating,
the Ni—SiO, nanocomposite coatings exhibited much
better corrosion resistance, the corrosion resistance
being increased with increasing SiO, nanoparticles
content in the coatings [33].

Ni—SiC composite coatings were fabricated by
pulsed electrodeposition from choline chloride/
ethylene glycol based DES in work [34]. Silicon
carbide particles with different sizes (0.3 um and
40 nm) were used to prepare the plating baths. Both
micro- and nano-sized SiC particles were uniformly
distributed through the nickel matrix. The effects of
particle concentration in the bath, electrolyte stirring
rate and cathode current density on the content of
SiC particles in composite electrodeposited coatings
have been investigated. The maximum contents of
micro- and nano-sized silicon carbide dispersed phase
in Ni matrix were up to 12.80 wt.% and 5.37 wt.%,
respectively. The Ni—SiC composite coatings
exhibited good wear resistance and higher hardness
than that of pure nickel films. For instance, if the
microhardness of pure Ni was about 289 HV, it
reaches 716 HV and 895 HV in the cases of the
incorporation of micro- and nano-sized SiC particles
into metal matrix, respectively [34].

Nickel based composite coatings were
electrodeposited using choline chloride/carbamide
deep eutectic solvent (Reline) containing dispersed
carbon nanotubes (CNTs) [35]. The Ni—CNTs
composites are characterized by larger crystalline
grain size of Ni than the pure deposited metal. In
addition, the introduction of CNTs provides an
increase in the surface roughness: it increases from
58 nm to 94 nm after the CNTs incorporation in the
deposits. The average friction coefficient (COF) of
pure Ni deposited from DES-based plating bath
reaches 0.378, while the average COF of the
composite coating decreased to 0.12 after the CNTs
incorporation. Thus, the composite Ni—CNTs films
show super-low friction coefficient and exhibit

excellent tribological properties [35].

The electrodeposition of compact nickel-
multiwalled carbon nanotube (Ni/MWCNT)
composites using choline chloride/urea based DES
(Reline) was reported for the first time in study [36].
A highly stable dispersion of pristine as well as
oxidized MWCNTs in the system under consideration
resulted in a highly uniform distribution of MWCNTs
into Ni metallic matrix. Surface morphology,
crystallinity, roughness and corrosion electrochemical
behavior of the synthesized coatings were stated to
depend on the presence of MWCNTs.

Ni—PTFE electrodeposited composite coatings
attract close attention due to their good water
repellency, solid lubrication and low friction
coefficient. The work [37] reported a DES-based
electrolyte for the depositing Ni—PTFE composite
films without the additive of any wetting agents. The
deposits with the content of PTFE of about 3 wt.%
have been prepared. CA measurements revealed that
the Ni—PTFE composite containing 3.1 wt.% PTFE
showed a hydrophobic behavior with CA value of
ca. 121° The composites had an enhanced wear
resistance as compared with the pure Ni coating
due to the incorporation of PTFE. Surprisingly, the
potentiodynamic polarization investigations indicated
that the pure nickel has a better anticorrosion
behavior than the Ni—PTFE electrodeposited
composite coatings. Moreover, the higher the PTFE
content in the Ni—PTFE composite coatings, the
more negative was the corrosion potential and the
higher corrosion current of the coatings was observed
[37].

Cobalt-based composites

The composites based on electrodeposited
cobalt matrix with embedded multiwalled carbon
nanotubes (MWCNTs) were prepared from a choline
chloride-urea based deep eutectic solvent [38].
Smooth and uniform Co and Co-MWCNT
composite coatings exhibited a good adherence to
the copper substrates. The results of XRD analysis
revealed that the presence of nanotubes promoted a
preferential orientation of Co crystallites on (220)
and showed the grain refining properties of the
MWCNTs. Whereas pure Co deposit was formed by
sharp edge grains, Co-composites were less compact
and formed by relatively spherical particles connected
by MWCNTS. It was stated that the presence of
MWCNTs contributed to diminishing the deposits
roughness. The Co-MWCNT composite coatings
demonstrated a comparable or slightly better
corrosion performance than that of pure Co, in
particular for long term exposure to 0.5 M NaCl
solution. This behavior was associated with the
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presence of the MWCNT that hinders the diffusion
of aggressive CI~ ions.

Chromium-based composites

The authors of work [39] reported the
preparation and characterization of chromium—single
walled carbon nanotube (Cr—SWCNT) composite
coatings on copper substrate by pulse
electrodeposition method. An eco-friendly trivalent
chromium bath containing CrCl;, choline chloride,
ethylene glycol, KCl and SWCNT (typically below
2 nm in diameter and 5—15 pm in length) was used.
It is very important that the current efficiency of ca.
70% was achieved for Cr—SWCNT composite
electrodeposition compared to common industrial
Cr(VI) plating baths where the current efficiency of
chromium deposition reaches only ca. 10—20%
[42,43].

SEM images of composites obtained [39]
showed crack free and uniformly embedded
chromium decorated SWCNTSs, which form bundles
and are incorporated in the chromium metal matrix
as aggregates. The synthesized Cr—SWCNT
composite had higher hardness (about 540 HV) as
compared with pure chromium (only ca. 280 HV).
In accordance with the results of polarization studies
conducted using 3.5% NaCl solution as a corrosive
environment, composite coating showed higher
anticorrosive property compared to «pure»
chromium.

Prospects and potential trends of composites
electrodeposition

Practically all kinds of composites fabricated
and described in previous papers [30—39] can be
obtained from «common» aqueous electrolyte,
although DESs systems allow developing new
facilities and properties. In our opinion, a very
important task is to electrodeposit novel composite
which in principle cannot be prepared in water
systems. First of all, this applies to the
electrodeposition of matrix of highly electronegative
metals. A number of electronegative metals cannot
be deposited from aqueous electrolyte or they
electrodeposit with low current efficiency and
deposition rate. Due to very wide electrochemical
windows [1], deep eutectic solvents can give an
opportunity to extend the range of the metals used
for composites electroplating.

A very interesting problem is to electrodeposit
matrices containing metal alloys. Hopefully, the
application of DESs will permit to prepare new kinds
of alloys that cannot be obtained in water electrolytes,
and, hence, to fabricate novel types of composites
with unique composition, structure and properties.

The application of DESs based systems not only

expands the range of metallic matrices but also
enables to broaden the spectrum of dispersed phases
and provide an increase of their maximum available
concentration in the plating bath and, hence, in
composites obtained. For example, the authors of
study [38] indicated that the use of different DESs
as dispersion media for carbon nanotubes (CNTs)
allows preparing suspensions that are more
concentrated than in the cases of common aqueous
electrolytes or traditional ionic liquids.

It was recently shown [26—29,44,45] that the
introduction of extra water into the deep eutectic
solvents results in an appreciable improvement in
physicochemical properties of liquid mixtures: a
decrease in viscosity and an increase in conductivity
can be achieved. Changing the extra water content
allows the fine tuning of physicochemical properties
of the ionic liquids to match the system requirements.
In case of composites deposition, the introduction
of water can affect various colloid-chemical properties
of suspension electrolyte. Especially, it concerns the
sedimentation behavior and aggregative stability of
the systems. We think that the addition of extra-
water to the DESs-based plating bath is a promising
way to improve electrodeposition characteristics and
properties of the synthesized composite coatings.

The development of new theoretical models
and the fitting of known theories to composite
coatings electrodeposition still remain an important
task. There is a need to elaborate the theoretical
concepts which would correctly describe the effects
of various parameters (concentration of dispersed
phase in the plating bath, particles size, stirring rate,
current density, temperature and so on) on
composites content, deposition rate and properties.
Thus, the accumulation of new experimental data
on composite coatings electrodeposition and their
generalization are expected to provide more profound
understanding of the physicochemical processes
underlying the observed results.
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EJTEKTPOOCAKEHHA KOMITO3UIIIMTHUX
IHOKPUTTIB 3 BUKOPUCTAHHAM EJEKTPOJIITIB HA
OCHOBI HU3bKOTEMIIEPATYPHUX EBTEKTUYHUX
PO3YMHHUKIB. MIHI-OIJIAJ

D.H. Jlanuaos, B.C. Ipouenxo

Hasedeno mini-oensd aimepamypHux 0aHux cmocoeHo enex-
MpoocaoddceHHs: KOMNOZUYILIHUX NOKpUmMMIe 3 eneKkmponimie Ha
OCHOBI HU3bKOMeMnepamyprux eemexkmuunux posuunnuxie (HEP).
HEP napasi pozeasioaromucs K nepcneKkmueHull pisHoeuo aHanoeie
[OHHUX piQUH, 6OHU MONCYMb 6YMU YCRIUHO 3ACMOCOBAHT 0151 CME0-
DEHHs1 HOBUX MUNIG PIZHOMAHIMHUX eAeKMPOXIMIYHUX CUCTEM, 0C00-
AUB0 0ns enekmpoocadicens memanie. Bidomo, wo erexmpoocad-
JCEHHS KepamiuHux, NOAIMEpHUX | Memaneeux KoaoiOHux uyacmu-
HOK Yy memanesitl Mampuyi 0038045€ 00epiucy8amu KOMHOZUUIUHI
NOKpumms 3 npueadAUSUMU PI3UKO-XIMIYHUMU ma eKCcnayamayiti-
Humu earacmueocmamu. Enexmpoximiuni cucmemu Ha ocrosi HEP
GIOKpUBAIOMb HOBI MONCAUBOCII 051 CMBOPEHHS KOMNO3UUILIHUX
e1eKmMPoOCadlNceHUX NOKPUMMIE 3 NOKPAUWCHUMU 8AACIUBOCMAMU.
Hadano oens0 ocnosnux ocobausocmeil eaekmpoaimie oas oca-
Oocennsi Kkomnosumie Ha ocHogi HEP. Bukopucmanns eaekmponimie
Ha ocHoei HEP cnpuse cymmesomy nidguujeHHro acpeeamusHoi
CcmitIKocmi KOAOIOHUX cucmeM, 3 AKUX 0CadlNCylombCsi KOMAO3UMU.
Kpim moeo, HEP nomimno énausarome Ha KiHEMUuKy eaeKkmpoxi-
MIMHUX pearuyill, wo 8i00yearomvcs Ha ereKmpodi, 0cobauso Ha
cmadii enykaeauii ma pocmy 3apookie. JlimepamypHi daui w000
eNeKmMpoOCA0NCeHHs. KOMNO3UmMie 3 CpiOHOI, MIOHOW, HIKe1egor,
K00an6moeoio i Xpomoeoo Mampuysimu, YMeopeHux 3 cucmem Ha
ocnosi HEP, € napasi HeuucieHHumu, HageoeHo ix cucmemamu-
uHuil 02150. OxXapaKkmepu308aHo 0esiKi WAsXu nodatbuiozo y0ocko-
HaneHHs1 npoyecie eneKmpoocaoicerts KOMRO3UYILIHUX NOKPUMMIG
3 enekmponimis, ujo micmams HEP.

KimouoBi ci10Ba: eieKTpoocapkKeHHsI, KOMITIO3UT, TIOKPUTTSI,
HU3bKOTEMIIEPATYPHUIA €BTEKTUYHUIA POZYMHHUK, IOHHI PITUHU.

ELECTRODEPOSITION OF COMPOSITE COATINGS
USING ELECTROLYTES BASED ON DEEP EUTECTIC
SOLVENTS: A MINI-REVIEW

F.I. Danilov, V.S. Protsenko

Ukrainian State University of Chemical Technology, Dnipro,
Ukraine

The literature data on composite coatings electrodeposition
from electrolytes based on deep eutectic solvents (DESs) are
summarized in this mini-review. DESs are now considered as a
promising kind of ionic liquid analogues, they can be successfully
used to create new type different electrochemical systems, especially
in metal electroplating. Electrodeposition of ceramic, polymer and
metal colloidal particles distributed within metal matrix is known to
produce composite coatings with attractive physicochemical and service
properties. DES-based electrochemical systems afford new opportunity
to fabricate composite electrodeposited coatings with enhanced
properties. The main characteristic features of composites
electrodeposition from DES-containing electroplating plating baths
are overviewed. The application of DES-based electrolyte contributes
to a considerable improvement in aggregative stability of colloidal
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systems from which composite films can be electrodeposited. In
addition, DESs strongly affect the kinetics of electrochemical reaction
proceeding on the electrode, especially, the nucleation/growth steps.
The literature data concerning the electrodeposition of composites
with silver, copper, nickel, cobalt and chromium matrices fabricated
using DES-based systems are not numerous to date, they are
systematically reviewed. Some ways of further improving the processes
of composite coatings electrodeposition from DES-based electrolytes
are surveyed.

Keywords: electrodeposition; composite; coatings; deep
eutectic solvent; ionic liquids.
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