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Description

[0001] The invention relates to a method wherein a
metal or a metalloid is deposited on a substrate by elec-
tro-deposition. The invention further relates to an article
provided with such a metal or metalloid.

[0002] A substrate may be provided with a metallic or
metalloid for several purposes, e.g.ametallic or metalloid
layer may be applied to improve the corrosion resistance
of the substrate, as an intermediate layer for facilitating
or improving the adherence of a subsequent functional
layer to be applied to the substrate as a functional layer,
such as a catalytically active layer, a layer for reflective
electromagnetic radiation - for instance light - or to impart
the substrate with a desirable visual appearance. A rel-
atively thin functional layer may be applied on a substrate
for economic and/or technical reasons. For instance a
layer of a relatively expensive, lowly conductive and/or
brittle functional metal (such as Ti) or metalloid may be
applied to a substrate of a relatively cheap, highly con-
ductive and/or stiff metal (e.g. steel or copper). Corrosion
resistance can be improved by providing a layer of a suit-
able metal, such as a valve metal. Valve metals are met-
als that - when oxidised - form a dense metal oxide layer
that has a low permeability to oxygen and/or water, such
that it protects the metal covered by the oxide layer
against corrosion. Such layer may also be referred to as
a passivating oxide film. Examples of valve metals are
titanium, hafnium, tantalum, aluminium, bismuth, zirco-
nium, tungsten, niobum.

[0003] Well-known methods to provide a metal layer
to a substrate include electro-deposition, cladding, weld-
ing or gluing of a metal layer to the substrate.

[0004] With cladding, welding or gluing techniques it
is in general difficult to control the layer thickness and/or
to provide a uniform metal layer thickness, in particular
in case the layer to be applied should be thin and/or in
case the surface of the substrate is three-dimensionally
shaped (not flat). Especially, the presence of one or more
protrusions, protuberances, recesses (e.g. holes),
curves and/or edges in/on a surface of a substrate to be
coated may be detrimental to a property of the layer ap-
plied with such a technique.

[0005] Also, adherence may be unsatisfactory, Fur-
ther, such process may be complicated and/or difficult to
automate.

[0006] Electrochemical deposition (also called electro-
deposition or electroplating) of metals, alloys and metal-
loids involves the reduction of ions from an electrolyte
solution. The technique is well-known for deposition of
many metal and metalloid layer. In electro-deposition the
substrate is placed in a suitable electrolyte containing
the ions of the metal or metalloid to be deposited. The
substrate must have an electron conductive layer which
forms the cathode which is connected to the negative
terminal of a power supply. The positive terminal is con-
nected to a suitable anode. The thickness of the depos-
ited layer is a function of the number of electrons (charge)
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used in the electro-deposition process.

[0007] Electro-deposition from aqueous solutions is
only possible for providing a layer of a metal or metalloid
having a sulfficiently high standard potential (also known
as Nernst potential). The standard potential of the metal
or metalloid should be higher than the standard potential
of water to hydrogen, or the kinetic for the reduction of
water to hydrogen at the surface of the metal or metalloid
should be so slow that the metal can be plated even if its
standard reduction potential is below 0 Volt. For instance
the noble metals and copper are examples of the first
category, while zinc, chromium and cadmium are within
the second category of metals that can be plated from
aqueous solutions. However, an aqueous solution is in
general not suitable or at least not practical for deposition
of a metal or metalloid with a low reduction potential, e.g.,
an alkaline earth metal, such as barium.

[0008] Forproviding alayer of a metal or metalloid hav-
ing a substantially lower reduction potential than the re-
duction potential of water to hydrogen, forinstance alayer
of a valve metal such as aluminium, electro-deposition
from aqueous solution is not feasible.

[0009] Pastattemptsto forma(valve) metal layer mak-
ing use of a nonaqueous plating solution have not lead
to satisfactory protective layers. The deposited layers
were found to be insufficiently homogenous and/or the
maximum thickness that could be realised was limited
due to (chemical) inhibition. For instance, for titanium a
thickness of up to only a few nanometers was feasible.
[0010] The application of an intermediate metal layer
is for instance relevant for the manufacture of devices
which may be used in a chemical process, such as cat-
alytic devices, electrodes, in particular electrodes for
electrocatalytic processes or other electrochemical proc-
esses. Depending upon the application for which the de-
vice is intended, one or more factors such as sufficient
dimensionally stability, conductivity, chemical stability,
physical stability, ability to withstand severe anodic at-
tack, corrosion resistance, manufacture performance,
electrochemical performance, catalytic activity and/or
catalytic selectivity, are important.

[0011] Devices made by a known method, in particular
electrodes for electrochemical processes made by a
known method, generally lack sufficient or desirable per-
formance in one or more of the above factors, at least
when used in an industrial setting.

[0012] In general, these materials cannot be used
aloneto produce electrodes with adequate electro-chem-
ical performance under industrial operating conditions.
Therefore it has been proposed to provide composite
electrodes, comprising a catalytic coating on a metal
base. An example thereof is the dimensionally stable an-
ode (DSA), described in US 3,632,498. Herein a specific
electrically conductive base is described with a coating
of a mixed crystal material comprising an oxide of a film-
forming metal, such as titanium oxide, and an oxide of a
platinum group metal. A drawback of this electrode is the
need to manufacture and operate the electrode under
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strictly controlled conditions in order to avoid the forma-
tion of an insulating oxide layer of the film-forming metal,
which would result in electro-chemical passivation of the
anode with an excessive rise of the cell voltage (the po-
tential between the anode and cathode) during use.
[0013] Further, anintermediate protective coating may
be used to form a barrier against oxidation of an electrode
base. In particular, for such purpose, factors such as sat-
isfactory adherence, conductivity, impermeability to wa-
ter and/or oxygen, resistance to oxidation, physical sta-
bility and/or chemical stability are important.

[0014] It has further been proposed to use polymeric
materials in the production of electrodes, e.g. in US
4,118,294. This publication acknowledges that valve
metal electrodes can evolve hydrogen at reasonably low
over potentials, but are badly effected by adsorbed hy-
drogen atoms which migrate into the valve metal and
form hydrides, causing expansion of the valve metal lat-
tice, weakening of its structure and falling or peeling off
of the electrocatalytic coating. This effect is known in the
art as hydrogen embrittlement.

[0015] US 4,331,528 describes a dimensionally stable
electrode wherein a layer of a non-stoichiometric oxide
of a passive metal is provided on the electrode substrate,
to prolong the life-time of an electrode.

[0016] still, there is a need for an alternative method
to provide substrates with a metallic layer, in particular
for use in an electro-chemical process.

[0017] Itis an object of the invention to provide a novel
method for preparing an article comprising a substrate
of which a surface is provided with a metallic or metalloid,
in particular a metallic or metalloid layer. More in partic-
ular, it is an object to prepare an article suitable for use
in an electrocatalytic process or another chemical proc-
ess.

[0018] Itis a further object to provide such a method
which allows adequate control of the growth, thickness,
density, continuity, integrity and/or an (electro)chemical
property of the metal or metalloid deposited on a surface
of a substrate.

[0019] Itis a further object to provide an article, com-
prising a metallic deposition and/or a metalloid deposi-
tion], with satisfactory and optionally one or more im-
proved properties such as mentioned above.

[0020] It is in particular an object of the invention to
provide such article wherein the metallic/metalloid is de-
posited as a layer, more in particular a protective layer,
to protect the part of the article provided with the metallic/
metalloid layer against corrosion, wherein the article pref-
erably is an electrode, and/or wherein the metallic/met-
alloid layer is a (electro)catalytically active layer.

[0021] One or more other objects which may be met
in accordance with the invention are clear from the re-
mainder of the description and/or claims.

[0022] It has now been found that one or more objects
underlying the invention are met by depositing a metal
and/or a metalloid to a substrate making use of a specific
plating liquid and applying an electrical potential in a spe-
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cific way.

[0023] Accordingly, the present invention relates a
method for preparing an article which comprises a metal
and/or a metalloid deposition, applied by electro-deposi-
tion, the method comprising

- providing a substrate (serving as a cathode) and an
anode in a plating liquid, the plating liquid comprising
(a) metal ions and/or metalloid ions to form the me-
tallic layer and/or the metalloid layer and (b) an ionic
liquid; and

- forming the deposition through reduction of the metal
ions and/or metalloid ions on the substrate by apply-
ing an electrical potential between anode and sub-
strate, wherein the electrical potential and/or electri-
cal current are changed a plurality of times between
at least one first value (A) and at least one second
value different from said first value (B).

[0024] Typically, at least one of the values A respec-
tively B is equal to or higher than the standard potential
of the metal/metalloid ion which is to be reduced and
deposited to form the metal/metalloid layer.

[0025] Itis observed that in a method of the invention
it is possible to first apply value A and thereafter value B
or vice versa.

[0026] The term "or" as used herein means "and/or"
unless specified other wise.

[0027] The term "a" or "an" as used herein means "at
least one" unless specified other wise.

[0028] When referring to a moiety (e.g. a compound,
an ion, an additive etc.) in singular, the plural is meant
to be included. Thus, when referring to a specific moiety,
e.g. "ion", this means "at least one" of that moiety, e.g.
"at least one ion", unless specified otherwise.

[0029] In accordance with the invention the potential
respectively current may changed from

A) a substrate potential respectively current being
sufficient to cause reduction of the metal ions and/or
metalloid ions (to a non-ionic state) - i.e. a reducing
potential/current - to

B) a substrate potential respectively current being
insufficient to cause said reduction of the metal ions
and/or metalloid ions - i.e. a non-reducing potential/
current - which non-reducing potential/current may
be an oxidising potential/current.

[0030] A reducing respectively non-reducing potential
is dependent upon the metal ions and/or metalloid ions
which are to be deposited, and conditions such as the
temperature. A non-reducing/reducing potential respec-
tively current, can be routinely determined based on the
reduction potential of the specific metal or metalloid, op-
tionally in combination with some routine experimenta-
tion.

[0031] In accordance with the invention it is also pos-
sible to change the electrical potential and/or the current
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from

A) a substrate potential having a high absolute value
sufficient to cause reduction of the metal ions or met-
alloid ions, respectively a current through the sub-
strate having a high absolute value sufficient to
cause reduction of the metal ions or metalloid ions, to
B) a substrate potential having a low absolute value,
yet sufficient to cause the growth of nuclei compris-
ing the metal or metalloid, respectively a current
through the substrate having a low absolute value,
yet sufficient to cause the growth of nuclei compris-
ing the metal or metalloid.

[0032] A suitable potential/ current for step A respec-
tively B reducing respectively non-reducing potential is
dependentuponthe metalions and/or metalloid ions from
which the layer is formed, and conditions such as the
temperature.

[0033] A non-reducing potential/current may be an ox-
idising potential/current, i.e. a potential/current sufficient
to cause part of the deposited metal/metalloid to be ox-
idised. An oxidising potential/current may be useful to
etch or polish the surface of the deposited metal/metal-
loid. This may be beneficial to a property of the finally
deposited material.

[0034] A metal/metalloid may in particular be deposit-
ed at a surface of the substrate. The surface may be an
outer surface or an inner surface, e.g. inside pores of a
porous substrate or an inner surface of a substrate com-
prising another type of cavity.

[0035] Inparticular, the metal/metalloid may be depos-
ited as a layer patrtially or fully covering an inner or an
outer surface of a substrate.

[0036] A method of the invention, is in particular ad-
vantageous for providing a particular smooth, homoge-
nous and/or closed metallic or metalloid layer. It is pos-
sible to provide a layer which has a low number of gaps
identifiable with (scanning electron) microscopy or is es-
sentially free of such gaps.

[0037] Inparticular one or more of such properties may
be provided under relatively mild conditions, such as at
a relatively low temperature.

[0038] An advantage of a method in accordance with
the present invention is that a metal or metalloid (layer)
can be applied onto a large surface by means of, for
instance, a roll-to-roll deposition process. Moreover, the
method generally does not require to be operated by
highly skilled personnel. Further, a method of the inven-
tion may be carried out using relatively simple equipment,
without needing a high investment, in particular com-
pared to vacuum deposition technologies.

[0039] In accordance with the invention it is possible
to apply alayer to a substrate with satisfactory properties,
in particular for the layer to be suitable as a corrosion
resistant layer, and/or a (electro-)catalytically active lay-
er. In particular, in a method of the invention one or more
properties, such as continuity of the layer, may be im-
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proved.

[0040] The inventions allows the formation of a layer
with satisfactory properties within awide thickness range.
The thickness may in particular be at least 1 nm, at least
10 nm, at least 100 nm, at least 1 um, at least 10 pm or
at least 100 pm. The thickness may in particular be up
to 10 mm, up to 1 mm, up to 400 pm, up to 100 pm, up
to 10 wm, up to 1 pm up to 100 nm or up to 10 nm.
[0041] The invention allows the formation of a highly
continuous metallic or metalloid layer, also in case the
layer is relatively thick.

[0042] The invention further relates to an article com-
prising a metallic or a metalloid deposition (such as a
metallic or a metalloid layer), obtainable by a method of
the invention.

[0043] The invention further provides an article with a
highly homogenous and/or smooth layer. In particular,
the invention relates to an article, and a method for pre-
paring such article, wherein the number of crystal defects
in the metallic layer or metalloid layer is 108 /m2 or less,
or 105 /m2 or less. The number of such defects can be
determined by scanning electron microscopy (SEM).
[0044] Inanembodiment, the metallic or metalloid lay-
er has a low permeability to a gaseous, vaporous or liquid
component, such as water. For instance, the permeability
to water may be less than 106 g water/m2/day. The per-
meability may be determined as described in
US2006/147346.

[0045] The substrate usually is an article of which at
least part of the surface is electrically conductive. In par-
ticular the substrate may comprise a metal surface, a
metalloid surface, a (semi-)conductive inorganic oxide
surface or an organic (semi-)conductive surface. At least
when the electrical potential is applied, the substrate and
anode are in electrical communication with each other,
forming an electrochemical cell with the plating liquid.
[0046] In particular, the surface of the substrate upon
which the metal or metalloid is deposited, may comprise
a metal selected from the group of titanium, iron, copper,
aluminium, nickel, silver, zinc, molybdenum, chromium,
lead, platinum, palladium, gold, including mixtures there-
of, such as alloys thereof, in particular brass or steel. The
surface may comprise an electron conductive form of car-
bon (such as graphite).

[0047] The surface of the substrate may comprise an-
other sufficiently electron conductive material, such as a
semiconductor, a (semi-) conductive polymer, a metal-
loid or a conductive oxide, or a combination of two or
more of these (semi-)conductors.

[0048] The conductive oxide may comprise one or
more conductive oxides, selected from the group of zinc
oxide, tin oxide and/or indium tin oxide. These are avail-
able in transparent forms. Preferably, the transparent
conductive oxide layer comprises zinc oxide and/or tin
oxide. More preferably, the transparent conductive oxide
layer comprises tin oxide.

[0049] In particular, the substrate may be a substrate
selected from the group of circuit boards, vessels (such
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as reactor vessels), plates, tubes, pipes, sheets, elec-
trodes, foils, bars and bus-bars.

[0050] In an advantageous embodiment, a substrate
of a relatively cheap material, e.g. copper, is used upon
which a layer of a relatively expensive material, such as
titanium, tantalum, gold, silver or a metal from the plati-
num group is deposited. Thus, an efficient catalytic de-
vice can be made of which only the surface (at which the
catalyst is only needed) is provided with the expensive
material.

[0051] Inanadvantageous embodiment, the substrate
comprises a material with one or more desirable mechan-
ical properties for a specific purpose, for instance steel
or brass, but undesirable (electro-)chemical stability or
another undesirable property for use in a specific appli-
cation. The invention allows the provision of a protective
metallic or metalloid layer on the substrate, to combine
an advantageous mechanical property of the substrate,
for instance a vessel or piping for use in a chemical proc-
ess, with an advantageous chemical resistance (e.g.
against corrosion) provided by the metallic or metalloid
layer.

[0052] Prior to the plating, the substrate may be pre-
treated in a manner known in the art for electro-plating.
In particular contaminants and/or films may be removed
from the substrate. The pre-treatment may in particular
comprise a chemical cleaning step, such as an electro-
chemical cleaning step and or a physical cleaning step.
Suitable pre-treatment steps are known in the art, and
are, e.g, described in Dexter D. Snyder "Preparation for
Deposition", chapter 23 in M. Schlesinger, M. Paunovic
(eds), "Modern Electroplating”, Electrochemical Society
Series, 4th Edition, 2000, John Wiley & Sons, New York.
[0053] The invention allows the preparation of an arti-
cle comprising a metallic or metalloid deposition (such
as a layer) wherein a property of the deposition, such as
thickness, density, structure, continuity or the like can be
adequately controlled by selecting the electro-deposition
conditions, in particular with respect to the changing volt-
age or current.

[0054] The voltage/current during the electro-plating
process may be performed at galvanostatic control (cur-
rent control), potentiostatic (potential control, using the
potential difference over the substrate and a reference
electrode, or at cell voltage control (i.e. wherein the po-
tential over the substrate and anode (counter electrode)
is controlled.

[0055] Parameters that can be controlled to adjust
properties of the deposition include cell voltage, cathode
potential, and current conditions. More specifically, by
choosing the duration of the electro-deposition and total
charge (coulombs) applied for the duration of the electro-
deposition, and in particular by choosing the plating con-
ditions with respect to frequency by which the current/
potential is changed, duration of the steps A respectively
B, value of (absolute maximum of) "reducing voltage/cur-
rent" respectively "non-reducing voltage/current”, slope
by which the voltage/current is changed.
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[0056] In accordance with the invention, usually at
least for a part of the duration of the applying of the elec-
trical potential, the potential of the substrate is below the
reduction potential of the metal ions and/or metalloid ions
in the plating liquid which are to be deposited on the sub-
strate.

[0057] A non-reducing voltage/current may be 0. Ac-
cordingly, the cell may be let at the open cell voltage, or
at the rest potential for a period of time.

[0058] A non-reducing voltage/current may have the
opposite sign of charge from the (current at the) reduction
potential. Hereby a part of the deposited metal/metalloid
may be reoxidised and optionally dissolved. Thus, such
voltage/current should be such that - on average - reduc-
tion and deposition is larger the oxidation and dissolution.
[0059] In a method of the invention, the ratio of the
current in step B to the current in step A (wherein current
and potential are taken as their absolute value) is less
than 1. Usually said ratio is less than 0.9. Preferably said
ratio up to 0.8, in particular up to 0.6, more in particular
up to 0.5.

[0060] The ratio of the current in step B to the current
in step A (absolute values) is at least 0.

[0061] The current in step B (non-reducing current)
may be an oxidising current (to redissolve part of the
deposited metal or metalloid), as long as on average the
amount of redissolved metal or metalloid is less than the
amount of deposited metal or metalloid. Itis also possible
to change between a high reducing current and a low
reducing current, wherein the low reducing current can
be advantageous to allow growth of nuclei of the metal
or metalloid.

[0062] The frequency of changing the potential/current
can be chosen within wide limits. The frequency may be
essentially constant or varied.

[0063] Usually, the average frequency of the changing
(to get from a first reducing potential/current to the next
reducing potential/current) is at least 0.01 Hz, in partic-
ular atleast 0.1 Hz or atleast 1 Hz. The average frequen-
cy of the changing is usually up to 10 KHz, in particular
up to 1 KHz or up to 500 Hz.

[0064] The number of changes (the number of cycles
from a step A to the next step A, or the number of cycles
from a step B to the next step B) may be chosen within
wide limits, depending upon factors, such as the desired
amount of deposition (such as the desired layer thick-
ness), the current density applied, the frequency, the
deposition efficiency, the optional use of an etching po-
tential/current. The skilled person will be able to deter-
mine a suitable number, based upon the information dis-
closed herein, common general knowledge and option-
ally some routine testing. The number of changes from
A to B or B to A usually is more than 2, and in particular
it may be at least 5, at least 10 or at least 25.

[0065] The upper limit is determined by reaching the
target deposition (such as reaching a specific thickness
of a metallic/metalloid layer). It may for instance be up
to 1000, up to 100 000 or up to 1 000 000. However a
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higher number of changes is in principle allowed, in par-
ticular in case the changing frequency is high.

[0066] Figure 1A-C shows a number of ways by which
the current/potential can be changed. It will be under-
stood that other possibilities may be employed, e.g. two
or more of the ways of changing may be combined. Here-
in, Level Il is a reduction current/potential at which dep-
osition takes place. Level | can be a) a O current or rest
potential (open circuit potential); b) an anodic current/
potential at which a part of the previously deposited metal
or metalloid may be (oxidised and) dissolved; c) a rela-
tively low reduction current/potential (compared to Level
II) which may be used to grow metal/metalloid nuclei,
which are formed in a previous Level Il current/potential.
In these Figures, t, is the cycle time from a first Level |
to the next (the reciprocal of the frequency), t, the dura-
tion of the current/potential at level Il, t3 the duration at
level |, and t, respectively t5 the time to change from (an
extreme) current/potential from one level to the other, in
case the current/voltage change is effected with a spe-
cific slope. The ratio of t,/t; may be chosen within wide
limits. A relatively high ratio may be advantageous from
a processing time of view. The ratio t,/t; may in particular
be at least 0.001, at least 0.01, or at least 1. The ratio
t,/t; may in particular be up to 1000, up to 100 or up to 10.
[0067] Inanembodimentoftheinvention,the changing
comprises applying current/potential pulses, e.g. as
shown in Figure 1A. Herein, the current/potential is
changed essentially instantaneously.

[0068] In an embodiment, the change from a first cur-
rent/potential to another takes places at a specific rate,
e.g. as shown in Figure 1B.

[0069] Inanembodiment, the changing comprises ap-
plying current/potential in an undulating way, for instance
by a sinusoidal change, e.g. as shown in Figure 1C.
[0070] Further, the temperature may be controlled.
Typically, the temperature is at least above the melting
temperature of the ionic liquid / salt system. For practical
reasons, the temperature is preferably at least ambient
temperature, such as at least 20 °C or at least 25 °C. An
elevated temperature, e.g. of at least 30 °C, at least 40
°C or at least 50 °C may be chosen in case a plating
liquid to be used is not sufficiently liquid at ambient tem-
perature. A relatively high temperature is usually advan-
tageous for achieving a relatively low viscosity and/or a
improved electrical conductance of the liquid.

[0071] Selecting atemperature within a specific range,
may be used for a (further) improved smoothness of the
layer.

[0072] Usually the temperature is up to 200 °C. For

practical reasons, it may be preferred that the tempera-
ture is up to 100 °C , up to 70 °C or up to 50 °C.

[0073] Further, electro-deposition may be carried out
with or without convection of the liquid, for instance with
or without agitation. Convection is considered advanta-
geous in order to avoid or at least reduce the occurrence
of a possibly detrimental concentration gradient of the
ions to be deposited at the cathode.
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[0074] The plating liquid comprises an ionic liquid. An
ionic liquid is a liquid formed of a salt that is liquid under
the process conditions, such as a melt of a salt. Ingeneral
an ionic liquid used in a method of the invention, has a
melting point below 200 °C, preferably of 100 °C or less,
in particular of 50 °C or less. It is in particular preferred
that the ionic liquid is liquid at about 20 °C or at about 25
°C. Such liquid may be referred to as a room temperature
liquid salt.

[0075] Salts that form an ionic liquid are known in the
art. For instance, US-A 4,764,440 discloses a composi-
tion comprising a mixture of a metal halide and a hydro-
carbyl-saturated onium salt, wherein at least one of the
hydrocarbyl groups is an aromatic hydrocarbyl group.
The contents of this publication with respect to the de-
scription of suitable ionic liquids, in particular as specified
in the claims thereof is incorporated herein by reference.
US-A 5,731,101 discloses an ionic liquid composition
comprising a mixture of a metal halide and an alkyl-con-
taining amine hydrohalide salt of the formula Rz N.HX,
where at least one R is alkyl and X is halogen, which
amine hydrohalide salt contains either one or two alkyl
groups therein. The contents of this publication with re-
spect to the description of suitable ionic liquids, in par-
ticular as specified in the claims thereof is incorporated
herein by reference.

[0076] US-A 5,892,124 discloses liquid salts of the
general formula Q*A-, wherein Q* represents quaternary
ammonium or phosphonium, and A- represents various
anions including tetrachloroaluminate and trichlorozin-
cate. The contents of this publication with respect to the
description of suitable ionic liquids, in particular as spec-
ified in the claims thereof is incorporated herein by ref-
erence.

[0077] In particular suitable is an ionic liquid selected
from the ionic liquids described in WO 02/26381, of which
the contents of this publication with respect to the de-
scription of suitable ionic liquids, in particular as specified
in the claims thereof is incorporated herein by reference.
Such ionic compound can be formed by the reaction of
at least one amine salt of the formula RIRZR3R4N*X- (1)
with at least one hydrated salt, which is a chloride, nitrate,
sulphate or acetate of Li, Mg, Ca, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Cd, Pb, Bi, La or Ce; wherein R, R2and R3 are each
independently a C, to C5 alkyl or a C4 to C4 cycloalkyl
group, or wherein R, and R taken together represent a
C,to Cgalkylene group, thereby forming with the N atom
of formula | a 5 to 11 membered heterocyclic ring, and
wherein R4 is hydrogen, or phenyl, or a C, to C;, alkyl
or cycloalkyl group, optionally substituted with at least
one group selected from OH, Cl, Br, F, I, phenyl, NH,,
CN, NO,, COOR5, CHO, COR®and OR5, wherein R5 is
a C, to Cqq alkyl or cycloalkyl group, and X- is an anion
capable of being complexed by the said hydrated salt,
for instance a halogen ion, such as Cl- or Br-.

[0078] In an embodiment, the ionic liquid comprises a
salt of the following cations and/or anions:
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- cations selected from the group of monosubstitued
imidazolium compounds, disubstituted imidazolium
compounds, trissubstitued imidazolium compounds,
pyridinium compounds, pyrrolidinium compounds,
phosphonium compounds, ammonium compounds,
guanidinium compounds and isouronium com-
pounds, including combinations thereof. The substit-
uents may in particular be selected from the substit-
uents described above, when referring to R1-R5 in
the amine salt of the formula RIRZR3RAN*X- (1).

- anions selected from the group of chloride, bromide,
iodide, nitrate, nitrite, fluoride, phosphate, imide,
amide, borate, tosylate, tetrafluoroborate, hexafluor-
oborate, hexafluorophosphate, trifluoromethanesul-
fonate, methylsulfate, bis(pentafluoroethyl)phosph-
inate, thiocynate, octylsulfate, hexylsulfate, buthyl-
sulfate, ethylsulfate, dicyanamide, hexafluoroanti-
monate, bis-(pentafluoroethyl)phospinate, bis-(trif-
luoremethyl)imide, trifluoroacetate, bis-trifluorsul-
fonimide, triflate and dicyanamide, including combi-
nations thereof.

[0079] The plating liquid may comprise a solvent, sol-
vents being materials other than the liquid salt which are
liquid under the conditions at which the method is carried
out. In particular, the solvent may be chosen from inor-
ganic solvents other than water and organic solvents,
such as benzene or an alcohol.

[0080] Incase the reduction potential of the metal/met-
alloid is sufficiently high, water may be present. The
skilled person will be able to determine this based on
common general knowledge.

[0081] The solvent concentration will usually be less
than 25 wt. %, based on total liquid salt, in particular 20
wt. % or less, more in particular 15 wt. %wt or less. Pref-
erably, the solvent concentration is up to 2 wt. % based
on total liquid salt, more preferably less than 1 wt. %.
[0082] Inamuch preferred embodiment the plating lig-
uid is essentially free of water and/or other solvents. A
plating liquid is in particular considered to be essentially
free of a solvent if the concentration of that solvent is less
than 0.5wt. %, based on total liquid salt, more in particular
less than 0.1wt. % of a solvent, or less than 0.01 wt. %.
[0083] The metal/metalloid ions for forming the metal-
lic/metalloid deposition (such as a layer), may in partic-
ular be any metal ion or metalloid ion that can be reduced
from ionic state to non-ionic state (atomic state). The ions
may all be of the same metal or metalloid, or a combina-
tion of two or more ions selected from the group of metal
ions and metalloid ions may be used.

[0084] A metallic deposition (such as a layer) as used
herein is a deposition comprising one or more metals,
thus the term includes depositions of a metallic alloy. In
particular a deposition is considered metallic if it shows
metallic electrical conductance.

[0085] In particular, the ions may be selected from
valve metals and catalytically active metals, such as met-
als from the platinum group. Preferred metal ions include
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ions selected from the group of titanium, tantalum, alu-
minium, hafnium, bismuth, zirconium, tungsten, niobum,
chromium, manganese, zinc, silver, gold, platinum and
palladium, ruthenium, including combinations thereof, in
particular alloys thereof. Particularly preferred is at least
one metal ion selected from titanium, aluminium and tan-
talum.

[0086] Metalloids are elements that are generally not
considered real metals, but that do show more or less
metallic behaviour in one or more specific aspects. In
particular, metalloids are capable of conducting electric-
ity, to the extent that they are semiconductors rather than
metallic conductors. In particular, Boron (B), Silicon (Si),
Germanium (Ge), Arsenic (As), Antimony (Sb), Tellurium
(Te) and Polonium (Po) are examples of metalloids. Of
these, silicon and/or germanium are preferred examples
of metalloids, to be deposited on a substrate in accord-
ance with the invention.

[0087] A metalloid deposition (such as a layer) as used
herein is a deposition comprising one or more metalloids,
thus the term includes depositions of a metalloid alloy.
In particular such a deposition is considered a metalloid
deposition if it shows metalloid electrical conductance
(i.e. showing semi-conductive properties, such as a semi-
metal).

[0088] The counter ions of the metal ions or metalloid
used for deposition may be the same or different from
the cations of the ionic liquid. In particular the counter
ions may be chosen from the group of chloride, bromide,
iodide, nitrate, nitrite, fluoride, phosphate, imide, amide,
borate, tosylate, tetrafluoroborate, hexafluoroborate,
hexafluorophosphate, trifluoromethanesulfonate, meth-
ylsulfate, bis(pentafluoroethyl)phosphinate, thiocynate,
octylsulfate, hexylsulfate, buthylsulfate, ethylsulfate, di-
cyanamide, hexafluoroantimonate, bis-(pentafluoroe-
thyl)phospinate, bis-(trifluoromethyl)imide, trifluoroace-
tate, bis-trifluorsulfonimide, triflate and dicyanamide, in-
cluding combinations thereof.

[0089] Inanembodiment of the invention, a deposition
(such as a layer) of an alloy is formed by using co-dep-
osition, This may be achieved by using a single plating
liquid comprising more than one type of ions to be de-
posited on the substrate, to allow co-deposition to take
place in a single electro-deposition process.

[0090] In an embodiment, the different ions to be de-
posited are dissolved in separate plating liquids, with
which the substrate is sequentially contacted under plat-
ing conditions. This allows the formation of different lay-
ers on top of each other.

[0091] The total concentration of the salt comprising
the ions for forming the metallic/metalloid layer preferably
is at least 0,1 mol%, more preferably at least 1 mol%,
evenmore preferably atleast 5 mol%, or atleast 10 mol%.
A relatively high concentration is in particular advanta-
geous in order to allow a high deposition speed.

[0092] The upper limit is in particular determined by
the maximum allowable concentration in order to main-
tain the plating liquid in a liquid state (the saturation level).
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A relatively high concentration usually advantageous for
a high deposition rate. Also, this allows for a relatively
large amount of ions can usually to be reduced and de-
posited before depletion of the liquid may become no-
ticeable. Also the presence of the ions to be deposited
in a relatively high concentration may be advantageous
forimproved liquidity (reduced viscosity, reduced melting
temperature of the liquid), and/orimproved electrical con-
ductance.

[0093] The total concentration of the salt of the metal/
metalloid ions for forming the metallic/metalloid deposi-
tion (such as a layer) preferably is up 70 mol %, more
preferably up to 65 mol %, in particular up to 60 mol%.
For practical reasons, e.g. reaching saturation in the lig-
uid, a lower concentration may be chosen, e.g. up to 40
mol %, up to 20 mol °/, up to 10 mol %, or 5 mol % or less.
[0094] In an advantageous embodiment, a "sacrificial
electrode" is used as a counter electrode (anode). At
least the surface of such an electrode comprises the
same metal or metalloid as the metal or metalloid that is
to be deposited on the substrate. While the metal or met-
alloid is deposited on the substrate during electro-depo-
sition, metal/metalloid at a surface of the sacrificial elec-
trode will be oxidised and dissolve in the plating liquid.
Thus, the composition of the plating liquid can be main-
tained at about the same concentration for a prolonged
timed, or at least depletion of the liquid with metal/met-
alloid ions can be postponed. Such electrode may for
instance be a plate, foil or thread of the metal/metalloid
to be deposited, e.g. an aluminium counter electrode can
be used when depositing aluminium on a substrate form
a aluminium ions containing ionic liquid electrolyte.
[0095] The plating liquid may further comprise one or
more additives, such as a brightener and/or a surface
active agent. One or more additives are optionally also
deposited. Suitable conditions for the additives are e.g.
described in "Effect of additives", Chapter 10 in M. Sch-
lesinger, M. Paunovic (eds), "Fundamentals of Electro-
chemical Deposition", Electrochemical Society Series,
2nd Edition, 2006, John Wiley & Sons, New York, of
which Chapter the contents are incorporated by refer-
ence.

[0096] After forming the metallic/metalloid deposition
(such as a layer), the article may be subjected to one or
more post-treatment steps. For instance, excess ionic
liquid may be removed from the article.

[0097] The invention will now be illustrated by the fol-
lowing examples.

Example 1 (reference):
Aluminium deposition at constant current density

[0098] The substrate properties were as follows:
~1cm?2 Si(100) crystal coated with ~ 5nm Chromium (ad-
herence layer) and ~200nm gold (surface layer upon
which aluminium is deposited).

[0099] As a Counter Electrode: Aluminium-sheet
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99,99% Al ~ 6 cm?2 was used.

[0100] Asareference electrode: Aluminium-wire diam-
eter 0,5mm 99,99% Al was used.

[0101] The ionic liquid was 1-Ethyl-3-methyl-imidazo-
liumchloride (EMIMCI) (40 mol %) comprising Aluminium
chloride (AICI3) (60mol%).

[0102] The process conditions were as follows:

Current density: -10 mA/cm?2 constant current
Temperature: 30 °C
Deposition time: 30 seconds (deposition charge Q
=txj=0,3 C/lcm2, corresponding to a deposition of
a layer having a thickness of about 100 nm (calcu-
lated)).
[0103] The results were as follows:
Layer thickness measured ~ 130nm (profilometer)
Average Roughness ~ 26 nm (profilometer)
The deposited layer was also inspected visually. The
layer was found to be white dull/mat with clearly in-
homogeneous areas, in particular at the edges.

Example 2
Aluminium deposition using pulsed current density

[0104] Using the same type of substrate and plating
liquid, electro-deposition was carried out using a pulsed
current, as schematically shown in Figure 1A.

[0105] I;: 0 mA/cm2, I;: -100mA/cm2, t;: 0,11s, t,:
0,01s, t5: 0,1s. Deposition takes place during t,.

[0106] Temperature: 30 °C

[0107] Deposition time (total duration of experiment):
33 seconds (deposition charge Q =t x j = 0,3 C/lcm?2,
corresponding to a deposition of a layer having a thick-
ness of about 100nm (calculcated))

[0108] Layer thickness measured ~ 100 nm(profilom-
eter)

[0109] Average Roughness ~ 7 nm (profilometer)
[0110] Visual evaluation revealed that the deposited

layer was lustrous and homogenous also at the edges.
Example 3:

Aluminium deposition using pulsed current density
[0111] Example 2 was repeated, but with t;: 0,2s, t,:

0,1s, t3: 0,1s and a deposition time of 6 seconds to realise
the same deposition charge (0,3 C/cm2)

[0112] The results were as follows.

[0113] Layer thickness measured ~ 100 nm(profilom-
eter)

[0114] Average Roughness ~ 1,5 nm (profilometer)
[0115] Visual evaluation revealed that the deposited

layer was lustrous and homogenous also at the edges.
[0116] The adherence of the layer was tested with the
so called scotch tape test and found to be excellent.
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Example 4:
pulsed deposition on glas/ITO/PEDOT

[0117] A substrate of ~ 1cm? glass coated with ITO
(Indium tin oxide, a transparent conducting oxide layer)
which ITO in turned had been provided with a Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PE-
DOT) layer (a few nm). Aluminium was deposited on the
PEDOT layer.

[0118] The counter Electrode was aluminium-sheet
99,99% Al ~ 6 cm2,

[0119] Thereference electrode was aluminium-wire di-
ameter 0,5mm 99,99% Al.

[0120] lonic liquid was 1-Ethyl-3-methyl-imidazolium-
chloride (EMIMCI, 40 mol%) comprising aluminiumchlo-
ride (AICl;, 60mol%)

[0121] The process conditions were as follows.
[0122] A pulsed current was used as schematically
shown in Figure 1A, with I;: 0 mA/ecm2 , I, -20mA/cm?2 ,
t: 0,2s, t,: 0,15, t3: 0,1s.

[0123] Temperature: 30 °C

[0124] Deposition time was 30 seconds (deposition
charge t x j = 0,3 C/cm?2, corresponding to a calculated
layer thickness of 100nm)

[0125] After deposition the article was visually evalu-
ated: the deposited layer was mat to lustrous and ho-
mogenous, also at the edges.

Claims

1. A method for preparing an article which comprises
a metal deposition and/or a metalloid deposition, ap-
plied by electro-deposition, the method comprising

- providing a substrate (serving as a cathode)
and an anode in a plating liquid, the plating liquid
comprising (a) metal ions and/or metalloid ions
to form the metallic layer and/or the metalloid
layer and (b) an ionic liquid; and

- forming the deposition through reduction of the
metal ions and/or metalloid ions on the substrate
by applying an electrical potential between an-
ode and substrate, wherein the electrical poten-
tial and/or electrical current are changed a plu-
rality of times between at least one first value
(A) and at least one second value different from
said first value (B).

2. Amethod accordingto claim 1, wherein the electrical
potential and/or the current is changed from

A) a substrate potential respectively current be-
ing sufficient to cause reduction of the metal ions
and/or metalloid ions to their non-ionic state (i.e.
a reducing potential/current), to

B) a substrate potential respectively current be-
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ing insufficient to cause reduction of the metal
ions and/or metalloid ions to their non-ionic state
(i.e. a non-reducing potential/current).

3. Amethod according to claim 1 or 2, wherein the elec-
trical potential and/or the current is changed from

A) a substrate potential having a high absolute
value sufficient to cause reduction of the metal
ions and/or metalloid ions to their non-ionic
state, respectively a current through the sub-
strate having a high absolute value sufficient to
cause reduction of the metal ions and/or metal-
loid ions to their non-ionic state, to

B) a substrate potential having a low absolute
value, yet sufficient to cause the growth of nuclei
comprising the metal and/or metalloid, respec-
tively a current through the substrate having a
low absolute value, yet sufficient to cause the
growth of nuclei comprising the metal or metal-
loid.

4. Method according to any of the preceding claims,
comprising changing the current and/or potential to
avalue sufficient to oxidise a part of the metal and/or
metalloid that has been deposited.

5. Method according to any of the preceding claims,
wherein the average frequency of the change (from
a first reducing potential/current "A" to the next re-
ducing potential/current "A") is in the range of 0.01
Hz to 10 kHz, in particular in the range of 0.1 Hz to
1 kHz.

6. Method according to any of the preceding claims,
wherein the absolute value of the ratio of the current
in step B to the currentin step Ais 0t0 0.9, preferably
01to 0.7, in particular O to 0.5.

7. Method according to any of the preceding claim,
wherein the changing comprises making intervals in
the applied potential and/or current, applying poten-
tial and/or current pulses, and/or applying an undu-
lating potential and/or current.

8. Method according to any of the preceding claims,
wherein the metal ions or metalloid ions are selected
from the group of ions of tantalum, titanium, alumin-
ium, bismuth zirconium, tungsten, niobum, hafnium,
chromium, manganese, zinc, silver, gold, platinum,
palladium, ruthenium, Boron, Silicon, Germanium,
Arsenic, Antimony, Tellurium (Te) and Polonium
(Po) including combinations thereof.

9. Method according to any of the preceding claims,
wherein the ionic liquid comprises a salt, liquid under
the process conditions, selected from salts formed of
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- at least one of the cations from the group of
monosubstitued imidazolium derivates, disub-
stituted imidazolium derivates, trissubstitued
imidazolium derivates, pyridinium derivates,
pyrrolidinium derivates, phosphonium deri-
vates, ammonium derivates, guanidinium deri-
vates and isouronium derivates.

- and at least one of the anions from the group
of chloride, bromide, iodide, nitrate, nitrite, fluo-
ride, phosphate, imide, amide, borate, tosylate,
tetrafluoroborate, hexafluoroborate, hexafluor-
ophosphate, trifluoromethanesulfonate, methyl-
sulfate, bis(pentafluoroethyl)phosphinate, thio-
cynate, octylsulfate, hexylsulfate, buthylsulfate,
ethylsulfate, dicyanamide, hexafluoroanti-
monate, bis-(pentafluoroethyl)phospinate,
bis-(trifluoromethyl)imide, trifluoroacetate, bis-
trifluorsulfonimide, triflate and dicyanamide.

Method according to any of the preceding claims,
wherein the ionic liquid comprises a salt, liquid under
the process conditions, selected from salts formed
by the reaction of at least one amine salt of the for-
mula RIRZR3R4N*X-(I) with at least one hydrated
salt, which is a chloride, nitrate, sulphate or acetate
of Li, Mg, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Pb, Bi,
La or Ce; wherein R1, RZ2 and R3 are each independ-
ently a C; to Cy alkyl or a Cg to C, cycloalkyl group,
or wherein R, and R5 taken together representa C,
to C,q alkylene group, thereby forming with the N
atom of formula | a 5 to 11 membered heterocyclic
ring, and wherein R4 is hydrogen, or phenyl, or a C;
to Cy, alkyl or cycloalkyl group, optionally substituted
with at least one group selected from OH, ClI, Br, F,
I, phenyl, NH,, CN, NO,, COOR5, CHO, COR® and
OR?®, wherein R% is a C; to Cy alkyl or cycloalkyl
group, and X- is an anion capable of being com-
plexed by the said hydrated salt.

Method according to any of the preceding claims,
wherein a metallic layer and/or a metalloid layer com-
prising is formed at a surface of the substrate by the
electro-depositing.

Method according to any of the preceding claims
wherein the metal or metalloid is deposited on a sur-
face of the substrate, the surface comprising a metal,
a (semi-)conductive organic material and/or a con-
ductive oxide.

Method according to any of the preceding claims,
wherein the substrate is an item selected from the
group of circuit boards, vessels (such as reactor ves-
sels), plates, tubes, pipes, sheets, electrodes, foils,
bars arid bus bars.

Article comprising a metallic layer and/or metalloid
layer, obtainable by any of the preceding claims.
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15. Article according to claim 14, wherein the number of

crystal defects in the deposited layer is 108/m2 or
less.
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