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ARTICLE INFO ABSTRACT

Keywords: Silver-tungsten coatings were successfully electrodeposited on platinum and copper substrates from a non-toxic
Silver-tungsten 5.5-dimethylhydantoin electrolyte at low pH and two different carboxylic acid forms: citrate or tartrate. Tung-
Electrodeposition

sten contents remain at low levels compared to former works, but close to the values considered as optimal for
functional properties without having to recourse to controversial substances such as thiourea. Electrochemical
studies by linear sweep voltammetry allow to distinguish two typical behaviors and give interesting insight into
the induced codeposition mechanism. Silver-tungsten codeposition only occurred at pH 2.0 and 3.5 using citrates
and at pH 2.0 using tartrates, corresponding to the forms HsCGit, HoCit2, and HyTar, respectively. No silver-
tungsten reduction was possible with less than two protonated carboxyl groups on either tartrate or citrate
ions. Separate silver and tungsten lattice are both present in the resulting alloy. Grain and crystallite sizes were
observed by SEM. XPS investigations show that for our low W content alloys, silver is found to be metallic
whereas tungsten is present in oxide form. The carbon peaks and also gaps between peaks when N is absent
indicate that citrates are present in the coating, unlike DMH.

Induced codeposition
DMH electrolyte

1. Introduction alloys as connectors for electrical and electronic purposes.

The connector industry is currently facing a strong demand for
higher performance coatings, induced by various novel applications
ranging from windmills to electric vehicles. Use of high voltages, asso-
ciated with strong currents and connector coupling (more frequent
insertion/removal), creates a strong demand for new properties, and
silver alloys constitute interesting candidates for such a role.

In fact, pure silver exhibits the highest electrical conductivity among
all metals [1,2]. Alloying silver with another element allows the coating
to remain highly conductive due to a sufficient amount of silver, while
the alloying element increases alloy performances (wear resistance,
hardness, tarnishing). While innovative alloys with cobalt [3] and
antimony [4] showed interesting properties, both metals are highly
carcinogenic and thus, in view of European legislation, not suitable for
industrial development.

Tungsten exhibits exceptional mechanical and corrosion properties
[5,6]. Recently, increased interest has been shown in silver-tungsten
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Manufacturing methods of Ag-W alloys include powder metallurgy [7,
8], physical vapor deposition [9], electroless plating [10] and electro-
deposition [11-18]. Tungsten reduction is often described as induced
codeposition, meaning that it only occurs when another element is
deposited at the same time. While the exact mechanism of silver tung-
sten induced codeposition is not yet fully understood, some hypotheses
have been made. Early studies on induced tungsten codeposition
alongside iron group metals postulated an intermediate tungsten-oxide
state on the cathode prior to reduction into metallic tungsten by
hydrogen catalyzed by the inducing metal [19]. Research about Ni-Mo
codeposition proposed a similar mechanism, with the notable differ-
ence being the exact nature of the oxide form. Authors suggested that the
Mo oxide layer formed a mixed oxide layer with Ni ions, before being
reduced by adsorbed hydrogen [20]. Although this study was conducted
with molybdenum, it proved to be relevant here given the similarities
between tungstate and molybdate behaviors. Studying the mechanism of
induced codeposition of molybdenum, rhenium, and tungsten, Eliaz and
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Gileadi suggest that the reaction implies the formation of a bimetallic
complex. Considering previous work on Mo induced codeposition in
Ni-Mo alloys [21] and publications about bi-metallic complexations [22,
23], Podlaha’s group studied silver-tungsten induced codeposition from
thiourea — citrate electrolytes at low pH [11], proposed an overall re-
action and suggested that pH plays an important role during the for-
mation of the adsorbed bimetallic complex. Aside from thiourea, there
are occurrences of silver tungsten codeposition from ammonia-based
electrolytes [16,24].

Various complexing agents were proposed as replacements for cya-
nide in silver plating, such as thiosulfate [25], sulfite [26], acetate[27],
thiourea [28], ammonia [29], EDTA and derivatives [30], 2-hydroxy-
pyridine [31], uracil [32], hydantoin and derivatives [33]. Among
those, thiourea seems very promising, however its toxicity and carci-
nogenicity prevents its widespread use [34]. Therefore, nitrogen con-
taining cyclic compounds especially 5.5-dimethylhydantoin [35-38],
appears to be the most promising solutions. Their low toxicity [39] allow
their use at industrial scale, particularly in Europe because “this product
does not contain any substances listed in the candidate list of substances
of very high concern at a concentration >0.1 % (EC regulation no
1907/2006 “REACH”, section 59)”. In fact 5.5-Dimethylhydantoin ex-
hibits a stronger ability to form complexes with metal ions than other
hydantoins [40]. Investigations on these complexes and their applica-
tion in silver plating process suggested that one silver ion is chelated by
two DMH molecules [41]. Silver alloys also witnessed the recent
development of cyanide-free electrolytes [42-44]. Nevertheless, it is
also necessary to take into account increasingly severe regulations, as
well as an increased consideration of the need to protect operators. New
formulations will need to allow for these aspects, eliminating the use of
cyanides and avoiding controversial substances such as thiourea as
much as possible.

In this paper, silver-tungsten induced codeposition is reported from a
non-toxic DMH-based electrolyte at low pH on both platinum and cop-
per. The resulting coatings were characterized by a variety of tech-
niques. Electrochemical investigations, as well as change in pH and
composition of the electrolyte, provide a better understanding of the
mechanisms involved in the reaction.

2. Materials and methods

Solutions were prepared using the following salts: AgNOs cryst.
extrapure Merck, Ag2SO4 >99 % PanReac, 5,5-dimethylhydantoin >97
% Sigma-Aldrich, NagWO4-2H20 >97 % Roth, CgHsNa307-2H,0 sodium
citrate >99 % Roth, C4H4Nas0g-2H50 Sodium 1-(+)-tartrate >99 % Alfa
Aesar. All salts were weighed on a precision scale before being mixed
and dissolved in deionized water. Solutions were then adjusted to the
selected pH via addition of concentrated KOH or HySO4. pH was
measured using a Mettler-Toledo pH-meter. Electrolytes were left for 1
hour under mechanical stirring before use.

Voltametric experiments were conducted in a 20 mL three-electrode
cell equipped with a rotating disk electrode (RDE) as working electrode.
Measurements were taken using a Biologic SP-240 potentiostat. The
reference electrode was an Orygalys Hg/Hg>Cl, combined with a salt
bridge filled with saturated K»SO4 to avoid chloride ions in the silver
electrolyte. A pure platinum wire was used as counter electrode. The
working electrode was a Radiometer rotating disk electrode with a 2 mm
diameter platinum tip. Before each experiment the RDE tip was cleaned
with concentrated nitric acid before being polished on polishing cloth
using 1 ym diamond suspension.

Deposits were elaborated on a platinum disk by applying the chro-
noamperometric mode with constant potential for a fixed charge
quantity of 100 mC in the mentioned 20 mL three-electrode cell. No
stirring was applied during deposition. The tip was then rinsed with
deionized water and ethanol before being dried with hot air.

X-Ray Fluorescence (XRF) measurements of coating thickness and
composition were carried out using a Fischer X-Ray XDV-SDD
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instrument with a dedicated method calibrated on pure elements.
Measurement time was set to 30 s.

Dynamic viscosity of the solution was evaluated using the Kinexus
rheometer by Malvern in shear stress mode averaged on three
measurements.

Coatings were made on a 1 x 1 cm copper substrate. Sample prep-
aration included surface degreasing with ethanol, activation in a 3.7 %,
HCl solution, and presilvering before proceeding to actual silvering. The
presilvering step was conducted in a three-electrode configuration in a
40 mL beaker under stirring. The presilvering electrolyte was composed
of 0.05 M AgNOj3 and 0.15 M 5.5-dimethylhydantoin at pH 13.0. This
layer was deposited in chronoamperometric mode at a constant —0.30
V/SCE potential for 30 s. Aside from preventing displacement reduction
on less noble copper, this layer avoids changes in reduction potentials as
the future reaction will occur directly on the silver surface. After pre-
silvering, the sample was coated in the silver-tungsten plating bath. The
deposition was conducted in a 40 mL beaker, 3-electrodes setup, in
chronoamperometric mode at a chosen constant potential defined by the
voltammetry curves. The coating on copper plate was made under
agitation, with a relatively high concentration of silver compared to
other academic studies (but closer to industrial bath ones) which limits
the effects of mass transport. Therefore, all electrodeposits have been
elaborated at a controlled potential, and current densities were equiv-
alent to the one observed with RDE on Pt, meaning very close agitation
conditions.

For cross-section observation of silver-tungsten coatings on copper
substrate, the sample was cut in half before being cold-mounted in an
epoxy resin. The sample was mirror-polished using diamond suspension
before observation.

Scanning electron microscope (SEM) observations were made using a
Tescan MIRA3 FEG SEM. The Sam-X EDS Module was used to conduct
measurements at 30 keV tension.

X-Ray Diffraction (XRD) experiments were conducted on a Bruker D8
Discover instrument using a copper tube in pXRD mode via a 1 mm
collimator. Scans ranged from 20 to 100° for 26 values with an incre-
ment of 0.02° and a speed of 1 second per step.

The elemental surface composition of coatings and precipitate
products were measured by X-ray Photoelectron Spectroscopy (XPS).
Spectra were obtained using an XPS-Auger PHI 5000 VersaProbe
(Physical Electronics, Minnesota, USA) equipped with a mono-
chromatic Al Ka X-ray source (hv = 1486.6 eV) operated at 50 W (15
kV, 3.3 mA). Measurements were performed in ultra-high vacuum (1 07’
/1078 Pa). The analytical area of analysis is a disc 200 um in diameter.
Spectra were collected at a take-off angle of 45 °

3. Results and discussion

3.1. Silver-tungsten codeposition from DMH—Citrate electrolyte at low
pH

The ratios between the different bath components were similar to
those determined by Podlaha’s group in their pioneering work on silver-
tungsten [11], but avoiding the use of thiourea that is replaced mostly by
5.5-dimethylhydantoin. The electrolyte was composed of 0.05 M
AgNOs3, 0.15 M DMH, 0.2 M NayWO4-2H,0, and 0.2 M NasCsHs07.2H50.
Even if DMH is documented for silver plating under alkaline conditions,
experiments were conducted at pH 2, recreating similar conditions to
those presented in the paper.

Voltammetries were first conducted without any agitation at varying
scan rates, ranging from 2 to 50 mV st Resulting voltammograms are
presented in Fig. 1(a).

The voltammograms show two strong reduction peaks. By con-
ducting voltammetry between the addition of each component, the peak
at +0.3 V/SCE was identified as the silver reduction peak and the peak
below —0.6 V/SCE is attributed to current limitation due to tungsten
oxide precipitation, induced by the pH increase by the proton
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Fig. 1. (a) voltammograms of the citrate-DMH electrolyte at pH=2.0 and varying scan rates (b) intensity of the silver peak (+0.3 V/SCE) versus square root of the

scan rate.

consumption during the electrolysis. Moving continuously to more
negative potential, the solvent reduction is strong enough to overcome
this barrier. A deposition on platinum RDE was conducted as described
in the experimental section at +0.28 V/SCE. The resulting deposit was
characterized by XRF. The coating was 3.24 um, while the tungsten
content was 2.5 %;,. Experiments on platinum RDE were also conducted
in an electrolyte using Ag,SO4 instead of AgNOs as a silver source, but
keeping the same metal concentration in the bath. The voltammograms
are identical to those obtained with silver nitrate in the same conditions.
A silver-tungsten layer was electrodeposited on RDE following the same
protocol, and the values of thickness and tungsten content are similar to
those of the previous sample, at 3.10 um and 2.2 %, respectively.
Considering the higher cost of Ag,SO4 and the absence of significant
change in the electrochemical behavior of the electrolyte, unless when
clearly specified, all the other experiments in this study were conducted
using AgNOs as a silver source.

However, the voltammograms did not show dissociated peaks for
silver or tungsten reduction. By varying the scan rate, reduction peak
intensity increases. Peak intensity is proportional to the square root of
the scan rate, as shown in Fig. 1(b), meaning that this reaction is limited

by diffusion.

Voltametric experiments were then conducted at a fixed 2 mV.s'!
scan rate, to remain in a steady state at each point, but with varying
rotation speeds ranging from 200 to 600 rpm. The voltammograms ob-
tained are shown in Fig. 2.

By using the Levich equation (Equation 1), the diffusion coefficient
can be calculated from plateau intensity and rotation speed at various
potentials. This was calculated using three different potentials:
+0.165V/SCE, +0.175V/SCE, and +0.185V/SCE.

Iim = 0.62 xnxF x Diz/3 x @0'/? x vV x Ct

Equation 1: Levich equation used to calculate the diffusion coeffi-
cient of the silver complex in the DMH-citrate electrolyte.

Dynamic viscosity of the solution was measured using a rheometer,
while density was calculated by weighing 20 mL of the plating bath into
a volumetric flask. Kinematic viscosity of the plating bath was evaluated
at 3.088 x 10% m? s, Considering the low tungsten content in the
coating, we chose to consider only silver ions for further calculations.
The diffusion coefficient, with is related to the nature of the complexed
silver ions, was determined to be 8.92 x 107 cm?s”!. This value is lower

Fig. 2. Voltammograms of the DMH—Citrate electrolyte at pH 2.0; 2 mV/s and varying rotation rates of the RDE.
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than diluted silver nitrate [45] and higher than other silver complexes
[46], while staying within the same order of magnitude. Diffusion co-
efficient deviating from diluted AgNO3 toward complexed silver values,
even with small amplitude, indicate that silver may be chelated by
5.5-dimethylhydantoin and/or citrate ions.

Then, a deposit was conducted on a 1 cm? copper plate following the
protocol described in the experimental section at +0.28 V/SCE, which
corresponds to the silver reduction peak. Coating thickness and
composition were measured by XRF and averaged on 16 measurements.
The resulting electrodeposited Ag-W layer composition was 2.84 %, in
tungsten and 5.61 um thick. To be used as a reference for comparison in
microstructures studies, a second plating bath was composed exactly as
described above, but without tungstate ions. From this modified elec-
trolyte, a pure silver coating was electrodeposited on the bare copper
substrate.

To pursue further investigations, the samples were cut in half and
prepared as described in the experimental section before SEM imaging,
XPS, EDS and XRD analysis. EDS analysis on the sample cross-section
showed a tungsten content of 2.94 %,,; averaged on 3 measurements,
thus confirming the values obtained previously by XRF. Thickness was
evaluated by SEM at 6.27 pym on three points of the Ag-W coating,
slightly higher than the 5.61 pm measured by XRF. A possible expla-
nation for this gap is that the SEM observation was very narrow, whereas
the XRF measurements covered the entire surface of the sample. The
SEM observations are presented in Fig. 3. For the silver coated sample,

i
SEM HV: 10.0 kV MIRA3 TESCAN
SEM MAG: 50.0 kx
View field: 6.92 pm

WD: 8.90 mm
Det: SE

Est. Beam: 155.1 pA UTINAM

i
SEM HV: 10.0 kV
SEM MAG: 50.0 kx
View field: 6.92 ym

Est. Beam: 153.6 pA UTINAM
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visible grain size is between 2.5 and 3 ym (Fig. 3(a)), while crystallite
size is between 15 and 20 nm (Fig. 3(b)) which is comparable to what is
obtained from cyanide electrolyte [47] but with a completely different
morphology. The incorporation of tungsten in the coating does not in-
fluence the microstructure (Fig. 3(d)) and only a small decrease of the
grain size could be noted (Fig. 3(c)). Except for thickness, no significant
information was obtained from cross-section observations.

XRD analyses were then conducted on bare copper substrate, on
silver-coated sample, and on silver-tungsten coated sample. Diffracto-
grams are shown in Fig. 4.

From the substrate, we distinguish a series of peaks related to copper
at the following values of 26: 43°, 45°, 50°, 74°, 90°, and 95° The pure
silver sample shows two contributions: a face-centered cubic (FCC) with
a lattice parameter of 0.408 nm, which is standard for silver [48], and
another FCC with a lattice parameter of 0 .430nm. This can be attributed
to the insertion of another element in the silver lattice. Concerning the
Ag-W coated sample, the two contributions of silver are still visible. A
new peak is visible at 26 = 57.5°, which could be associated with a
tungsten body-centered lattice with a parameter of 0 .139nm. The
electrodeposited silver-tungsten layer is constituted of separate phases
of silver and tungsten. However, the presence of tungsten insertion in
the silver lattice cannot be affirmed or refuted without further in-
vestigations. A strong orientation along the (022) plan is visible in the
deposit.

XPS analyses were conducted on Ag and Ag-W coated copper sample.

.
N
.

U
-
- . LS
SEM HV: 10.0 kV WD: 3.02 mm

SEM MAG: 600 kx Det: In-Beam SE
View field: 0.577 ym Est. Beam: 155.1 pA

. &% & L)
MIRA3 TESCAN

100 nm

S
SEM HV: 10.0 kV WD: 3.02 mm
SEM MAG: 600 kx Det: In-Beam SE

View field: 0.577 pum Est. Beam: 265.7 pA UTINAM

Fig. 3. SEM observations of pure Ag and Ag-W coating on copper substrate at various magnifications (a) x50k micrography of pure silver coating (b) x600k
micrography of pure silver coating (c) x50k visible grain structure of silver tungsten coating (d) x600k with visible crystallites of silver tungsten coating. All coatings

were elaborated at pH=2.0.
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Fig. 4. Diffractograms obtained from the copper substrate, silver-coated substrate, and silver-tungsten coated copper.

Silver was found to be metallic in all cases with no oxide nor sulfur
compounds (Fig. 5(a)). Considering the tungsten, only oxide-related
peaks were visible on spectra (Fig. 5(b)). This is not in accordance
with XRD diffractogram showing a peak associated with metallic tung-
sten (Fig. 4). But not abnormal considering the tendency of W to form
passivation layer and the weak analysis depth of XPS (6nm). However,
even with over 10 nm etching, no metallic tungsten was put in evidence.
Following our investigations on of C and N inclusions into the deposits. C
was found bounded to C—C/C—H (pollution), and to C—0O, C=0 and
O—C=0 (Fig. 5(c)). Not only the peak presence, but also the regularity
of the gaps between peaks, is the typical signature of citrates. Moreover,
it was shown that N was nearly absent whatever the conditions, con-
firming the absence of DMH in the deposit.

Silver-tungsten codeposition on platinum and copper was success-
fully conducted from DMH-citrate bath at low pH. However, if silver was
found to be reduced in a metallic nanocrystalline state, the tungsten
chemical form is not obvious.

Tungstate reduction needing not less than six electrons and eight
protons, is very unlikely to happen in a single step. Two possible ex-
planations proposed in the literature may be discussed for the
DMH—Citrate electrolyte.

Some authors explained induced codeposition by the formation of a
bimetallic adsorbed complex [12]. The first step is the partial reduction
of tungstate ions in an adsorbed bimetallic compound which is further
reduced in another step. Complexed silver ions are spectators in this
reaction. This theory has been reported for various couples of inducing
and induced element including silver-tungsten [11]. It should be noted

Thiourea-citrate electrolyte reaching much higher W content in the
deposit than the present work. The codeposition reaction could be
described as the following equation, where L represents the ligand:

WO + Ag(I)L + 2H" +2¢~ 5 [Ag()LWO,J2, + 4H,0 [11]

[Ag(DLWO, |, + 2H' +4e” — W(s) + Ag(I)L + 4H,0 [11]

Equation 2: Overall reaction of tungsten induced codeposition with
silver. k indicates that the first step is limited by kinetic.

Another possible mechanism is the formation of a solid oxide on the
electrode before its reduction to metal by the presence of adsorbed
hydrogen. This was proposed for the deposition of W together with Fe,
Co and Ni as the inducing element [19]. A partially reduced tungstate
film is deposited before being catalytically reduced by hydrogen in the
presence of the inducing element. A similar explanation was provided in
the case of Ni-Mo alloy deposition, where an electrodeposited Mo oxide
reacts with Ni%*to form a mixed Ni-Mo oxide, which is then reduced to
Ni-Mo by hydrogen under strong polarization [20]. This could also apply
to W alloys due to the close behaviors of tungstate and molybdate ions.

The XPS results obtained here are well-suited to the theory of an
intermediate oxide formation since WOy compounds were detected.
The absence of Ag-O peaks suggests that in our case, no other mixed
oxide is formed on the cathode. The process remains jammed at the
oxide stage because there is little or no competition with HER (hydrogen
discharge) under the deposition conditions used. Therefore, no
hydrogen is adsorbed and available to reduce the mentioned oxide into
metallic tungsten, which leads to the absence of metallic tungsten.

that this was observed with silver-tungsten obtained from
1600 Bs . ]
80000 |- - Base spectra (a) ......... Base spectra (b) vvvvvvvvv ase spectra (C)
3d b 2500 C-C/C-H '
512 4“7
s ’1 — C-0
— 3 1400 - af -
60000 - . ”l s — C=0
2 “nvelope 2 7 Envelope 2 0-C=0
g £ 1200 £ 2000 Envelope
S 40000 2 =
&) &) <
1000
20000 1500
""" S N 800 -
0L n 1 n 1 1 1 n n 1 1 n 1 1 1 1
380 375 370 365 55 50 45 40 35 30 292 290 288 286 284 282

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 5. XPS spectra of Ag-W coating on Cu. (a) Silver related peaks (b) Tungsten related peaks (c) Carbon related peaks.
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At this point, it is difficult to be conclusive, especially if one takes
into account the possible detection of metallic tungsten by XRD, which
would be in contradiction with the XPS measurements, and taking into
account that the latter are always difficult in the case of highly reactive
metals with a strong tendency to natural oxidation. This may suggest the
coexistence of different mechanisms in silver-tungsten codeposition. A
similar occurrence of W and WOy simultaneous deposition was reported
in the literature concerning Zn-W alloy codeposition [49]. Authors
suggested that the mechanism behind W reduction involves multiple
steps, sometime leading to only partial reduction and codeposition of
tungsten oxides.

Eventually in both cases, surface supply is more challenging for silver
complex ions than for tungstate ones, and it is possible to assume that
silver reduction is under mass transport control while tungsten reduc-
tion is under kinetic control. In the case of the bimetallic complex, its
formation occurs only at the electrode surface. According to equation 2
[11], WO%’ and complexed silver are reduced in the first step of the
overall mechanism. Therefore, the bimetallic complex is not expected to
be present in bulk solution but formed at the surface after adsorption.
This implies that only the silver complex is limited by mass transport as
shown by voltammograms of Fig. 2, where silver diffusion is related to
RDE rotation rates. If the main route is reduction of tungstate ions into
oxide directly on the surface, the limitation by diffusion is probably the
same and concerns only silver complexed ions. Therefore, as silver is less
concentrate, and much more present in the coating, the surface supply in
silver complexed ions is more difficult. This is evidenced too by the
limitation of silver transport (Levich). On the contrary, tungsten con-
sumption is so low that its supply is not limited by mass transport. This is
comforted by the independence of W concentration in the deposit, in-
dependent of the W concentration in the bulk solution.

3.2. pH influence on silver-tungsten induced codeposition

In their work on silver-tungsten induced codeposition, Podlaha’s
group mentioned that pH plays a prominent role in the reaction [11].
The influence of the form of the complexing agents was evaluated by
conducting experiments at various pH. As tartrate ions are mentioned in
a XTalic patent concerning cyanide-free silver-tungsten plating [50],
they were used in the present work as a comparison with citrate ions to
better understand the role of the carboxyl groups.

3.2.1. pH influence on DMH-citrate electrolyte

As presented in the first part, silver-tungsten electrodeposition was
conducted under acidic conditions in a DMH—Citrate electrolyte.
However, use of DMH in silver plating is mainly documented at high pH
values [35,37,38], when the molecule is in its deprotonated form [51].
Considering the various possible forms of citrate depending on media

Table 1
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acidity [52], at least 6 pH values of interest can be defined. The forms of
DMH and citrate at each pH are shown in Table 1, alongside the main
associated citrate-tungsten complexes in solution [53]. In total, eight
possible forms of citrate tungstate complexes are present in solution in
variable amount, but, for clarity purpose, only the predominant ones are
mentioned in the table. Silver is most likely complexed as [Ag(DMH)2]
at higher pH [41], [Ag3(CeHs07), + 1] 3"~ in more neutral media [54]
while it may also exist as free Ag™under acidic conditions. However,
interactions between citrate, DMH, tungstate and silver remain un-
known and therefore, no statement could be made on the exact nature of
complexes in solution.

Experiments were conducted on six different electrolytes, all using
the same composition described in the first part of the paper, but with
pH adjusted to different values. For each electrolyte, voltammetry was
performed at 25 mV.s™'. The voltammograms are presented in Fig. 6.
Electrodepositions were conducted on platinum at various potentials in
each electrolyte following the protocol described in the experimental
section. The coated RDE was then characterized by XRF after deposition.

A distinct change in electrochemical behavior of the solution is
observed between pH=5.0 and pH=8.0. The “acidic” behavior, for pH
lower than 5.0, shows only two peaks: one associated with silver and
tungsten around +0.3 V/SCE, and one associated with tungstate pre-
cipitation below —0.5 V/SCE. The “alkaline” behavior, for pH higher
than 8.0, shows several low intensity peaks for at least 3 different re-
actions. The peak at —1.0 V/SCE may be linked to tungsten-species
precipitation due to local pH variation. In view of such variation of
voltammograms depending on the pH of the electrolyte, citrate forms
seem to have a great influence on bath electrochemistry.

Deposits were made on platinum RDE at various potentials for each
pH and analyzed by XRF to detect presence or absence of tungsten in the
coating. For pH 2.0 and 3.5, tungsten was detected at 2.50 and 1.65 %y,
respectively (averaged on 5 measurements). Pursuing investigations,
one copper sample was silver-tungsten coated at pH 3.5 and character-
ized as described in the first part of this work. The resulting coating was
similar to the one obtained at pH=2 both on morphology and crystal-
linity. For pH 5.0, 8.0, 9.19, and 13.0, only pure silver was electro-
deposited regardless of deposition potential. Considering the change in
tungsten content between pH 2.0 and 3.5 and the fact that no tungsten
was deposited at pH 5.0, the citrate form seems to play a prominent role
in the induced tungsten reduction. According to these observations and
applying it to Equation 2, Citrate-silver complexes may play the role of
Ag(DL in the DMH—Citrate electrolyte.

Without being a key factor for tungsten reduction, DMH forms
greatly influence electrolyte stability. In fact, plating bath behavior
differs significantly depending on the pH. Pictures of the solutions were
taken 5 days after preparation under stirring and are shown in Fig. 7. At
pH 5.0 and 8.0, the solution forms a large amount of white precipitate

Citrate and DMH predominant species depending on solution pH. Citrate ion pKa are 3.13, 4.76, and 6.40. DMH pKa value is 9.19. Dissociation constant of the
tungsten-citrate complexes are 10227, 1017-°% and 101%2 for [WO,CitH3]%, [WO,CitH,]3, and [WO,CitH]* respectively [53].

pH 2.0 35 5.0 8.0 9.19 13.0
DMH form DMH Equimolar ratio of protonated and [DMH]
deprotonated form
(0]
Hie' N7 O HaC 5
& HeC” N
H
Citrate form HaGit H,Cit- HCit* Cit3"
O OH O O OH O 0O OH O O OH O
HOWOH HOWO' HOWO' -0 o-
o] OH O~ "OH 0 (o o) o-
Major tungsten form in [WO,CitH3]* [WO,CitH3]* [WO,GitHy]* [WO,CitH]* WO3 +[WO,CitH]* wo3

solution




Q. Orecchioni et al.

Electrochimica Acta 509 (2025) 145335

0 0
T1r -1 ‘
= o |
< SN
= A /
/
A — pH=2.0 s —— pH=8.0

—— pH=3.5 pH=9.19

-3k 1 ] . ] ) ] . 1 pl:l - 5'Ol -3k . 1 . 1 ) 1 . pH.= 13'Ol

-1.5 -1 -0.5 0 0.5 1 -1.5 -1 -0.5 0 0.5 1

E (V/reference) E (V/reference)

Fig. 6. Voltammograms obtained at 25 mV.s? at various pH in the DMH-citrate electrolyte. On the left, (a) the "acidic" behavior and on the right, (b) the "alka-

line" behavior.

Fig. 7. DMH—<Citrate electrolyte at various pH under stirring 5 days after preparation. From left to right, (a) pH 2.0, (b) pH 3.5, (¢) pH 5.0, (d) pH 8.0, (e) pH 9.19,

and (f) pH 13.0.

instantly after preparation. At pH 2.0 and 3.5, the solution is slightly
turbid after preparation and precipitates within 72 h. However, pre-
cipitate nature differs between the two: at pH 2.0, the precipitate is
brown to black, very similar to what can be observed with silver nitrate
solutions alone, while at pH 3.5, the precipitate is light gray, closer to
what is observed at pH 5.0 and 8.0. Electrolytes prepared at higher pH
show a clear colorless appearance and a great stability, due to the ability
of DMH to form complexes with silver under alkaline conditions. At pH
higher than 9.19, DMH-silver complexes are strong enough to prevent
precipitation of AgCl when adding a drop of saturated KCl in the solu-
tion, which is not the case for all the other pH values.

The same 6 solutions were prepared without DMH and precipitated
instantly, regardless of the pH. 5.5-dimethylhydantoin is therefore the
main factor in electrolyte stability, even at low pH.

An experiment was carried out using Ag,SO4 instead of AgNOs as a
silver source at pH 2.0. A picture of this solution after 5 days under
stirring is shown in Fig. 8(a). Just as with nitrate, the solution was turbid
after preparation but remained in this state and showed no black pre-
cipitate after 5 days. The precipitated solutions were Buchner filtered,
and the dried precipitates were analyzed by X-ray photoelectron spec-
troscopy. As insufficient solid was recovered from the solution at pH 3.5,
characterizations were conducted only on pH 2.0, 5.0, and 8.0. Precip-
itation products were found to be very similar in the solutions at pH 5.0
and 8.0. Without identifying the exact chemical nature of those pre-
cipitates, XPS results allow for some discrimination between samples.
For example, nitrogen content was higher at pH 5.0 and 8.0 compared to
pH 2.0, while not being related to nitrate bond, therefore meaning that
those precipitates contain DMH. Silver was found in similar quantities
regardless of solution pH. At pH 2.0, tungsten content is significantly

i rates §
} = !

N

Fig. 8. Electrolyte prepared with Ag,SO4 as a silver source under stirring 5
days after preparation. (a) on the left, DMH—Citrate electrolyte, (b) on the
right, DMH-Tartrate electrolyte.

higher than in the other samples. Formation of solid tungstic acid at low
pH described in the literature can offer a possible explanation for this
difference [55]. The exact cause of precipitation of those electrolytes
remains unknown but could be the subject of future investigations.
Moreover, some solutions are photosensitive, regardless of silver
sources (silver sulfate, silver methanesulfonate, silver nitrate have been
tested) and to the complexation strength. This must be taken into ac-
count, as electrolyte stability is a serious issue for practical applications.

3.2.2. pH influence on DMH-Tartrate electrolyte
Experiments were conducted using tartrate ions instead of citrate in
the electrolyte. Whereas citric acid presents three carboxyl groups,
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tartaric acid has only two. To compensate for this and maintain the same
concentration of carboxyl groups in the solution, tartrate concentration
was raised from 0.2 to 0.3 M The electrolyte is therefore composed of
0.05 M AgNOs, 0.15 M DMH, 0.2 M NayWO4-2H20, and 0.3 M
NayC4H404-2H50. Considering the various forms of tartrate ions and
their related pKa [56], four electrolytes were investigated. For each of
them, solution acidity was chosen to promote one predominant form of
tartrate ions. Solution pH was adjusted to 2.0, 3.7, and 6.0 corre-
sponding to HyTar, HTar, and Tarz, respectively, as the predominant
species. Another solution was prepared at pH 13.0 to evaluate the in-
fluence of the DMH form.

Concerning solution stability, pH 2.0 showed a dark violet coloration
along with the formation of black precipitate, similar to what was
observed with citrate. The difference is that the formation of this pre-
cipitate occurred within the first 24 h after preparation. The solution at
pH 3.7 was turbid after preparation and witnessed the formation of light
gray precipitate over three days, whereas the solution at pH 6.0
precipitated instantly after preparation. The solution at pH 13 remained
clear and colorless after 5 days. An experiment was carried out using
AgoS0y4 as a silver source. Contrary to citrate, the solution containing
tartrate ions and silver sulfate turned black after 5 days. Pictures of the
two solutions are shown in Fig. 8. These observations could mean that
tartrate ions are detrimental to solution stability compared to citrates.

For each electrolyte, voltammetry was carried out at 25 mV.s™}, and
depositions on platinum were conducted at different potentials accord-
ing to the protocol described in the experimental section. An analysis
was then conducted by XRF to determine the presence or absence of
tungsten in the deposit. Resulting voltammograms are presented in
Fig. 9. The curve for pH 6.0 was represented by a black dotted line as
intensity was very low, due to the formation of large quantities of silver
hydroxide precipitate.

Similarly to what was observed with citrate ions, bath electro-
chemical behavior changes between pH 3.7 and pH 6.0. Samples with
pH below 3.7 show a strong reduction peak around +0.3 V/SCE, which
is absent for higher pH values. Silver-tungsten codeposition was ach-
ieved but only at pH 2.0, while all other depositions on platinum
resulted in pure silver deposit. Considering these results alongside what
was obtained with citrate ions, silver-tungsten induced codeposition
occurred only when the carboxylic acid predominant form showed at
least two protonated carboxyl groups, whether they were HsCit, HyCit or
HyTar. Silver-tungsten codeposition is reported with citrate at pH 3.5
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but not with tartrate at pH 3.7 indicating that, in the same pH range, the
codeposition occurred only in presence of double protonated ligand
suggesting that regardless of the pH the protonation state of the
chelating agent may be the mandatory factor. An overall recap of the
electrochemical observations is shown in Fig. 10.

4. Conclusion

Silver-tungsten coatings were successfully electrodeposited from a
non-toxic DMH-citrate electrolyte at low pH on both platinum rotating
disk electrodes and copper plates. Tungsten contents remain at low
levels compared to former works, but close to the values considered as
optimal for functional properties (wear resistance increase while
maintaining low resistivity). Moreover, DMH-citrate electrolyte appears
as a sustainable alternative, without having to recourse to controversial
substances such as thiourea, and therefore avoiding sulfur
incorporation.

The diffusion coefficient of complexed silver ions in the electrolyte
was calculated using the Levich equation. This value will help further
investigations on the complex in future works. Separate silver and
tungsten lattice are both present in the resulting alloy. Grain and crys-
tallite sizes were observed by SEM on silver and silver-tungsten coated
copper samples. While XRD results showed presence of metallic tungsten
in the coating, only tungsten oxide species were detected in XPS in-
vestigations. Some interesting comparisons are possible with former
works on tungsten and molybdenum codeposition mechanisms
involving the creation of an intermediate oxide layer on the cathode.

While this work gave interesting insight of the tungsten induced
codeposition with silver, the mechanism will need further studies to be
fully understood. Indeed, the point is the reduction of WO% at the
interface. Results on using citrate and tartrate ions as a function of pH,
for tungsten induced codeposition with silver in DMH-based electrolyte
allow to better understand the role of the carboxyl groups on the reac-
tion, following a behavior coherent with Podlaha’s model i.e. formation
of an intermediate bimetallic complex. Silver-tungsten codeposition
only occurred at pH 2.0 and 3.5 using citrates and at pH 2.0 using tar-
trates, corresponding to the forms HjCit, H,Cit*, and H,Tar, respec-
tively. It was found that absence or presence of tungsten in the deposit
was not linked to the shape of the voltammograms. In fact, the promi-
nent factor in the tungsten induced reduction seems to be the proton-
ation state of the carboxylic acid used in the electrolyte. No silver-

—— pH=20
- —— pH=37
pH=6.0
—— pH=13.0
| 1 | ] | ! | 1 F L
-1.5 -1 -0.5 0 0.5

E (V/reference)

Fig. 9. Voltammograms obtained at 25 mV.s™ and various pH in the DMH-Tartrate electrolyte.
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Fig. 10. Overall recap of the behavior of the electrolyte depending on the pH and nature of the carboxylic acid used.

tungsten reduction was possible with less than two protonated carboxyl
groups on either tartrate or citrate ions.

Nevertheless, the predominance of tungsten oxide in the deposit
draws attention to the coexistence of several steps before obtaining pure
metallic tungsten. These observations must be seen in context of low
tungsten content in the coating and relative absence of hydrogen
discharge that does not allow to achieve a more complete reduction.

While not being the main factor influencing the electrochemical
behavior of the electrolyte, 5.5-dimethylhydantoin plays a major role in
stabilization. However, the DMH—Citrate plating bath does not seem
ideal for silver-tungsten reduction as this reaction only occurs at low pH
values when the electrolyte is not stable for more than 72 h.
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