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A B S T R A C T   

The present work investigates the applicability of laser assisted electrodeposition (LAE) to the plating of binary 
metallic alloys from aqueous solutions and in absence of any external polarization. PdPt was chosen as proto-
typical system and the deposition was carried out from phosphate-based electrolytes. The effect of electrolyte 
formulation and laser parameters on the composition, thickness and physical properties of the alloys was studied. 
In order to provide more insight on the LAE deposition process of alloys, the electrochemical properties of the 
electrolytes employed were correlated with the properties of the materials obtained. In analogy with standard 
alloy plating processes, a clear link between the currents observed for the reduction of the two single metals and 
the composition/thickness of the coated PdPt layers could be established. Compositionally tunable and contin-
uous PdPt coatings were obtained and their chemical, morphological and mechanical properties were deter-
mined. Finally, the possibility to selectively deposit the PdPt alloy was demonstrated by patterning a complex 
figure.   

1. Introduction 

The applicability of lasers to electrochemistry has become a relevant 
field of research during the last few decades. Thanks to their ability to 
deliver a high power density, lasers can be employed to selectively 
trigger or enhance a variety of electrochemical reactions. For example, 
they can be used for electrochemistry-assisted laser ablation [1] or for 
the controlled synthesis of chemical species [2,3]. Lasers can be 
employed to locally increase electrochemical etching processes, allow-
ing a technique known as laser assisted electrochemical machining 
(LAECM) [4]. In addition, lasers can also be used to selectively catalyze 
electrochemical reactions. The most relevant example is electroless 
deposition, which can be activated by directly patterning catalytic sites 
on a substrate [5–9] or by locally altering the surface in order to favor 
the adsorption of activating ions [10–12]. 

Lasers can also be used to directly promote the deposition of metals 
and alloys. This can be accomplished following two approaches: laser 
enhanced electrodeposition (LEE) and laser assisted electrodeposition 
(LAE). LEE employs a laser to locally reduce metallic ions on a substrate 
that is polarized using an external source of power [13]. Such 

polarization is not high enough to start reduction alone and the laser 
simply provides the energy difference required. In this way, plating 
takes place only in correspondence of the laser spot, offering thus the 
possibility to selectively deposit the metal or the alloy. The requirement 
of external polarization, however, implies the presence of an anode, 
immersed in the electrolyte together with the substrate (which works as 
the cathode). Polarization considerably reduces the energy barrier that 
the laser must overcome to trigger deposition, but it also poses signifi-
cant limitations due to the necessity to electrically connect the substrate 
with the external generator. LEE has been exploited to deposit a sig-
nificant selection of pure metals: Cu [13–16], Au [16,17], Ni [15,16] 
and Zn [18]. In addition, also the deposition of alloys has been 
demonstrated: NiFe [19], NiP [20], NiFeP [21,22] and ZnNiMo [23]. 
Thanks to the possibility to adjust laser parameters in real time during 
the LEE process, Wu et al. also demonstrated the possibility to obtain a 
gradient composition [24]. In addition, Dai et al. demonstrated the 
possibility to employ LEE also for the deposition of composites [25]. 

LAE, on the other side, does not use any external polarization and it 
only relies on the energy transferred by the laser to trigger the electro-
chemical reaction that leads to the formation of a layer of metal or alloy. 
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In the case of LAE, the energy barrier for deposition is higher than in 
LEE, but the substrate does not require any electrical connection with an 
external generator. From this point of view, LAE is characterized by a 
higher flexibility and scalability with respect to LEE. The technique has 
been used to deposit mainly Cu [26] and Au [27,28]. Laser induced 
metal reduction in absence of external polarization can also be per-
formed on non-conductive substrates, provided that the solution is 
properly formulated [29–34]. This approach, similar to LAE, uses 
reducing agents to allow the reduction of metallic ions (similarly to 
electroless deposition). For what concerns LAE, no examples of deposi-
tion of alloys are available in literature. 

Starting from this consideration, the present work aims at depositing 
for the first time a bicomponent metallic alloy using LAE. Palla-
dium‑platinum was selected as archetypical system to study the influ-
ence of bath formulation and laser parameters on the composition, 
morphology and physical properties of the deposited alloy. In particular, 
the manuscript tries to correlate the electrochemical properties of the 
electrolytes, determined using standard characterization techniques, 
with the properties of an alloy deposited with a non-standard technique 
like LAE. PdPt, besides being a significant model system for bimetallic 
alloys, can be potentially employed for aesthetic uses, for electro-
catalytic applications [35] and for the electro oxidation of chemical 
species [36]. The latter reference employs a peculiar dealloying process 
for the production of PdPt, but PdPt can be obtained with more 
straightforward approaches like standard electrodeposition [37,38], 
electroless plating [39], nanoparticles coalescence [40], solvothermal 
synthesis [41] or sputtering [42]. However, considering that the most 
relevant features of LAE are its capability to deposit the material only on 
selected regions of the substrate and the possibility to get exceptionally 
high growth rates, the deposition of PdPt layers exploiting this tech-
nique is of particular interest. 

2. Experimental methods 

2.1. Laser setup 

A nanosecond pulsed fiber laser source (Fig. S1) emitting at the 
second harmonic of 532 nm wavelength was used throughout the study 
(IPG GLPN-100-N, Cambridge, MA, USA). The laser source emitted 1.4 
ns-long pulses at 30 MHz with a maximum average power of 100 W. The 
maximum peak power of the pulses was calculated as Ppk = 2.4 kW with 
a maximum pulse energy of E = 3 μJ. The wavelength of the laser 
allowed sufficient transmissivity with the employed electrolytes. The 
high average power provided a relatively higher deposition rate. The 
laser source was coupled to a galvanometric scanner to steer the beam 
with a 260 mm focusing lens and 38 μm spot diameter at the focal point 
(Superscan II, Raylase, Wessling, Germany). The main specifications of 
the system are reported in Table 1. 

The laser beam was focused on the substrate inside the electrolyte 
tank. Deposition tests were carried out by scanning consecutive vector 
lines with a controlled hatch distance (H), laser power (P), scan speed 
(v), and the number of scanned layers (N). Within the different experi-
mental campaigns, the power was varied between 5 and 30 W, the scan 
speed was varied between 0.1 and 2 mm/s, with up to 3 number of 
scanned layers. Hatch distance was maintained at 50 μm. The employed 

scan strategy was serpentine and the scan vectors were note rotated 
between the number of layers. 

2.2. Electrolytes 

All the chemical employed during the deposition tests were acquired 
from Sigma Aldrich and used as received. The formulations of the 
different electrolytes are detailed in Table 2. 

2.3. Electrochemical and LAE tests 

All the deposition tests were carried out at room temperature on 
alpaca substrates coated with Ni (5 μm) and Au (500 nm). These were 
immersed in a glass tank containing the electrolyte, with about 1 mm of 
solution on top of the substrate (Fig. S2). The electrochemical charac-
terization was performed using the C223AT screen-printed gold elec-
trodes manufactured by DropSens. These were constituted by a gold 
working electrode (WE) of 1.6 mm of diameter, a gold counter electrode 
(CE) and a silver reference electrode (RE). More precisely, silver was 
used as pseudo-reference. The use of these disposable electrodes was 
required by the chronoamperometry (CA) tests performed under laser 
irradiation, which were performed placing a droplet of the solution 
under examination on the electrode and shining the laser on the WE. The 
WE was polarized at − 200 mV or − 400 mV vs. Ag and the power of the 
laser P was progressively ramped from 5 to 20 W. The WE was exposed 
to the laser for 15 s at each power level (ON period), with brief periods 
without irradiation (OFF period). An Admiral Squidstat potentiostat/ 
galvanostat was used to collect the data. In order to guarantee the best 
possible uniformity between the electrochemical measures, the use of 
the C223AT electrodes was extended also to the cyclic voltammetry (CV) 
characterization of the solutions. This was carried out immersing the 
electrodes in a beaker containing the solution under examination in a 
quiescent state. 

2.4. Characterization techniques 

The morphology of the deposited layers was studied by means of an 
EVO 50 EP scanning electron microscopy (SEM) setup, manufactured by 
Zeiss. The same microscope was equipped with a Model 7060 energy 
dispersive X-rays spectroscopy (EDS) module, manufactured by Oxford 
Instruments. The phase composition of the deposited films was analyzed 
using a X-rays diffraction (XRD) setup X-pert MPD setup produced by 
Philips, with Cu Kα1 radiation (1.5406 Å). The thickness of the layers 
was measured with a X-ray fluorescence (XRF) setup X-RAY XAN 
apparatus by Fischerscope. Atomic force microscopy (AFM) was carried 
out using a SOLVER PRO by NT-MDT (operated in contact mode). 
Finally, the hardness of the different alloys was determined by means of 
a Vickers microindenter HCV (by Fischerscope) equipped with a tip 
made of diamond. 30 mN was used as load force for all the indentation 
tests and this load was applied for 10 s. 

Table 1 
Main specifications of the used laser system.  

Parameter Value 

Wavelength, λ 532 nm 
Max average power, Pavg,max 100 W 
Pulse repetition rate, PRR 30 MHz 
Pulse duration, τ 1.4 ns 
Focal length, ffoc 260 mm 
Waist diameter, d0 38 μm  

Table 2 
Composition of the electrolytes employed.   

Pure 
Pd 

Pure 
Pt 

Pd 20 
% at. 

Pd 40 
% at. 

Pd 50 
% at. 

Pd 60 
% at. 

Pd 80 
% at. 

Platinum P 
salt 

– 5 mM 4 mM 3 mM 2.5 
mM 

2 mM 1 mM 

PdCl2 5 mM – 1 mM 2 mM 
2.5 
mM 3 mM 4 mM 

(NH4)2HPO4 
100 
g/L 

100 
g/L 

100 
g/L 

100 
g/L 

100 
g/L 

100 
g/L 

100 
g/L 

The pH of all the solutions was corrected to 7 with NaOH. 
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3. Results and discussion 

3.1. Electrochemical characterization 

As investigated by Puippe et al., the mechanism behind the deposi-
tion of metals under the influence of lasers is based on a shift in the rest 
potential in the zone irradiated as a consequence of a temperature 
variation at the metal-solution interface [13,15]. The verse and the 
extent of the shift depends on the nature of the metal being deposited. 
The condition for plating in the hot region illuminated by the laser is a 
positive shift of the rest potential. In this way, if the shift is enough to 
start the reduction of the metallic species in the electrolyte, the irradi-
ated part behaves as a cathode and the surrounding zones as anode. On 
the contrary, if the shift is negative, dissolution occurs at the irradiated 
region and reduction on the neighboring annular zone. This effect jus-
tifies the occurrence of the redox reaction that leads to the deposition of 
the metal. In continuity with what discussed in the introduction, the 
potential gap required to start the reduction of the metal can be partially 
decreased by an external polarization (LEE) or totally filled by the laser 
alone (LAE). In addition, the presence of strong temperature gradients in 
correspondence of the zone hit by the laser also induces a strong 
microstirring and a considerable increase in charge transfer coefficients. 
These two contributions justify the very high plating rates typically 
observed in the case of LAE experiments. 

If the mechanism presented by Puippe et al. is valid, this implies that 
the electroreduction of the Pd and Pt ions present in the electrolytes is 
purely based on a direct transfer of electrons. Therefore, in order to 
properly understand the results obtained, it was necessary to study and 
characterize the electrochemical behavior of the electrolytes 
(Figures from 1a to 1d). Fig. 1a reports the results obtained from the 
electrochemical characterization of the pure Pd electrolyte. The vol-
tammogram of the solution containing only ammonium hydrogen 
phosphate (without the metal, identified as blank solution), is reported 
for comparison. In this reference CV, the only significant feature visible 
is a wave that starts at Eonset − 210 mV vs. Ag and that can be correlated 
with the electroreduction of the oxygen present in the electrolyte 
[43,44]. When Pd2+ ions are introduced in the electrolyte, the situation 
changes significantly. Regardless of the scan speed employed, two clear 
features can be identified [45]. The first, visible in the cathodic branch 
of the CV and marked as Pdred, corresponds to the reduction of Pd2+ ions 
to Pd0 and its Eonset is located at − 322 mV vs. Ag. The second, visible in 
the anodic branch of the CV and identified as Pdox, corresponds to the 
oxidation of Pd0 to Pd2+ and its peak potential Epeak is around − 230 mV 
vs. Ag. 

Fig. 1b shows the CVs obtained from the Pt containing electrolyte. In 
general, the situation represented in Fig. 1b corresponds to the deposi-
tion of Pt on gold (in the cathodic branch) and to the consequent anodic 
polarization of the resulting Pt layer during the reverse scan. Under this 

Fig. 1. CVs of the pure Pd electrolyte (a); CVs of the pure Pt electrolyte (b); CVs of the 50 % Pd electrolyte (c); comparison between the CVs acquired at 50 mV/s from 
the pure Pd, pure Pt and 50 % Pd electrolytes (d). 
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conditions, Pt presents a wealth of typical features [46] and some of 
these are clearly visible in the picture. For what concerns the cathodic 
branch, the only relevant feature is the reduction of Pt2+ to metallic Pt at 
− 272 mV vs. Ag (Ptred). In the anodic region of the scan, however, three 
separate features are evident. The first one is the desorption of H+

around − 700 mV vs. Ag. The second and the third (Ptoxide), located 
around 110 mV vs. Ag and 750 mV vs. Ag, are indicative of the formation 
of platinum oxide on the surface of the metal deposited during the 
cathodic scan. 

For what concerns the alloy (Fig. 1c), a clear distinction between the 
reduction waves of the two metals cannot be observed due to the 
proximity of their Eonset. For this reason, the feature visible in the 
cathodic branch of the CV, with Eonset equal to − 279 mV vs. Ag, is 
identified as Ptred/Pdred. The H+ desorption feature, at − 700 mV vs. Ag 
in the anodic branch, is well developed, indicating a remarkable ten-
dency of the alloy deposited during the cathodic scan to adsorb 
hydrogen. Due to the presence of Pt in the alloy, the formation of plat-
inum oxide is evident also in this case (Ptoxide). 

By comparing the CVs obtained at 50 mV/s (Figs. 1d and S3), it is 
evident that the three electrochemical processes (Pd deposition, Pt 
deposition and PtPd plating) are characterized by comparatively similar 
Eonset but significantly different values of limiting current density (ilim). 
It is possible to evaluate the limiting current densities for the reduction 
of the species present in the three different systems using the method-
ology described by Ponce de Leòn et al. [47], which is suitable for CVs 
where ilim is not clearly visible. The results obtained are reported in 

Table 3, together with the Eonset values for the reduction of the metallic 
ions present in the three systems. 

It is evident that Pd reduction from the electrolyte here employed is 
characterized by a limiting current considerably higher than the 
reduction of Pt. ilim is linked to the mass transfer coefficient k through 
Eq. (1). 

ilim = − n F k C0 (1) 

n is the number of electrons transferred (2 for both Pd2+ and Pt2+), F 
is the Faraday constant and C0 is the concentration of the reactant. 
Therefore, at the same ionic concentration, the mass transfer coefficient 
for Pd2+ reduction is considerably higher than the one typical of Pt2+

reduction. As expectable, the limiting current density of the alloy, 
resulting from the superimposition of the mass transfer coefficients of 
the two single metals, is in between the values observed for Pd and Pt. 

The electrochemical characterization was completed by analyzing 
the effect of laser irradiation on the reduction process of the two metals, 
either alone or together in the electrolyte. To accomplish this task, CAs 
were carried out by placing a droplet of three different electrolytes (pure 
Pt, pure Pd and Pd 50 % at.) on the C223AT screen-printed gold elec-
trodes. Then, the surface of the WE was exposed to the laser and the 
current flowing between the WE and the CE was measured. The WE was 
polarized at two distinct potentials: − 200 and − 400 mV vs. Ag. These 
two potentials were selected considering the CV data obtained: at − 200 
mV vs. Ag, no reduction of any of the two metals takes place, while at 
− 400 mV both metals reduce. 

Initially, CAs were carried out on the electrolytes containing the pure 
metals (Figs. S4 and S5). By looking at the results obtained, it is evident 
that the laser induced a relevant variation in the current measured, 
regardless of the polarization potential applied. Obviously, the variation 
was more consistent at − 400 mV vs. Ag, since at this potential the en-
ergy barrier to promote the movement of electrons is lower, and at high 
power levels. Nevertheless, a significant current was observed also at 
− 200 mV vs. Ag (which is a potential that cannot alone induce the 
reduction of Pd or Pt). This is the condition typical of LEE. By comparing 
the behavior of Pt and Pd at a constant polarization of − 400 mV vs. Ag 

Table 3 
Electrochemical parameters (Eonset and ilim) for the reduction of Pd and Pt alone 
or mixed in the same electrolyte.   

Eonset ilim ilim without blank 

Blank electrolyte − 210 mV − 1.15 mA/cm2 – 
Pure Pd electrolyte − 322 mV − 7.07 mA/cm2 − 5.92 mA/cm2 

Pure Pt electrolyte − 272 mV − 2.26 mA/cm2 − 1.11 mA/cm2 

Pd 50 % at. electrolyte − 279 mV − 2.83 mA/cm2 − 1.68 mA/cm2  

Fig. 2. Comparison between the CAs under laser irradiation for the pure Pd electrolyte and the pure Pt bath (a); CAs under laser irradiation for the 50 % Pd 
electrolyte (b); mean current levels measured during the ON time vs. laser power for the different electrolytes at − 200 mV vs. Ag (c) and − 400 mV vs. Ag (d). 
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(Fig. 2a), it is evident that the currents observed in the case of Pt are 
lower than Pd. Due to the high reaction rates typical of LAE processes, it 
is reasonable to assume that the deposition process is under mass 
transfer control and that the currents observed during the tests are 
proportional to the limiting currents of the corresponding reduction 
reactions (in this case, the ilim of Pt and Pd reduction). Pt presents a ilim 
lower than Pd, and this explains the behavior visible in Fig. 2a. 

A CA test was subsequently carried out also in presence of the 50 % 
at. Pd electrolyte, obtaining the result visible in Fig. 2b. Also in this case, 
the exposition to the laser radiation induced relevant currents, which are 
higher at the higher polarization potential and power levels. Some 
additional information can be obtained by evaluating the mean current 
registered during the ON periods at the three different power levels. The 
results obtained are reported in Fig. 2c (at − 200 mV vs. Ag) and Fig. 2d 
(at − 400 mV vs. Ag). As previously observed, the currents typical of Pd 
deposition are always higher than Pt. It is interesting to point out, 
however, that the currents observed in the case of the alloy are always in 
between the currents of the two pure metals. The reason for this 
behavior can be searched in the mixed potentials theory [48]. The global 
current for PdPt deposition (Eq. (2)) is the sum of the partial currents for 
Pd deposition (iPd), for Pt deposition (iPt) and for hydrogen evolution 
(iH2). 

iPdPt = iPd + iPt + iH2 (2) 

Considering that iPd is always larger than iPt at any given potential 
and that the limiting current density for Pd deposition is always larger 
than for Pd, it is not surprising that the current observed for PdPt 
deposition is the weighted sum of the two. 

As final consideration, it is important to point out the effect of laser 
power. The values of current visible in Fig. 2c and d increase between 
0 and 5 W and between 5 and 10 W, but are relatively stable between 10 
and 20 W. This suggests that the current exchanged presents a plateau 
value at too high powers. 

3.2. LAE deposition tests for pure Pd and Pt 

Following the electrochemical characterization, the attention was 
focused on the deposition of continuous layers. Initially, the two pure 
metals were deposited separately. Figures from 3a to 3c show the SEM 
morphology of Pd layers deposited at v = 0.1 mm/s, H = 50 μm, N = 1 
and increasing P levels. Figures from 3d to 3f show the SEM morphology 
of Pt layers deposited at v = 0.1 mm/s, H = 50 μm, N = 1 and increasing 
P levels. In general, the layers were characterized by a smooth surface, 
with Pd being characterized by a slightly rougher morphology at high P 
levels (Fig. 3c). In some cases, porosities were visible on the surface of 

Fig. 3. SEM morphology of Pd layers deposited at 20 W (a), 25 W (b) and 30 W (c); SEM morphology of Pt layers deposited at 20 W (d), 25 W (e) and 30 W (f); 
thickness vs. v at different power levels for Pd deposition (g); thickness vs. v at different power levels for Pd deposition (h); all the scale bars correspond to 2 μm. 
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the layers. The presence of pores is probably a result of gas evolution, 
either as hydrogen evolved during metal reduction or as vapor gener-
ated by water boiling in correspondence of the laser beam. From the 
chemical point of view (Figs. S6 and S7), the layers were relatively pure. 

The thickness of the deposited layers as a function of v and P (at N =
1 and H = 50 μm), evaluated via XRF, is reported in Fig. 3g for Pd and in 
Fig. 3h for Pt. The growth rate of the two metals is proportional to the 
currents observed during the electrochemical tests (Fig. 2a) and, once 
again, to the limiting current densities measured during the CV tests 
(Table 3). Consequently, the thickness of the Pd layers was always 
higher with respect to the Pt coatings deposited under comparable 
conditions. Obviously, increasing power densities resulted in increased 
levels of thickness in the final layers. High scan speeds, on the contrary, 
decreased the amount of metal reduced (since the laser spot spends less 
time on each area of the pattern). 

Regarding H and N, their effect was studied performing separate 
deposition tests. Fig. S8 shows the effect of an increasing number of 
scanned layers on the thickness of the resulting Pt layer (v = 0.5 mm/s, 
H = 50 μm, P = 30 W). As expectable, the thickness of the Pt layers 
increased linearly with N. The influence of H was verified performing 
two tests, at 50 μm and 25 μm (v = 0.5 mm/s, P = 30 W, N = 1). In the 
first case, the thickness of the Pt layer resulted equal to 0.169 μm, while 
in the second case it was equal to 0.351 μm (with a variation of +107.7 
%). 

One aspect that is worth mentioning is the minimum power of the 
laser required to induce appreciable deposition speeds and its 

correlation with the thermal properties of the substrate. The minimum 
level of P for the systems described in the present work was around 8 W. 
This value is considerably larger than the powers used in literature 
[13,26]. However, most of the available literature references deposit Cu, 
Ni or Au on thin metal layers sputtered on glass. In the present work, on 
the contrary, the metals have been deposited on bulk metallic substrates. 
As evidenced by Puippe et al. [13] and Von Gutfeld et al. [15], the 
growth rate of the LAE deposited metal presents a dependance on the 
thermal conductivity of the substrate. Indeed, highly conductive sub-
strates (like the ones used here) efficiently dissipate the heat provided by 
the laser, making difficult the formation of large gradients of tempera-
ture between the cathodic and the anodic zone. Consequently, high laser 
powers are required to permit deposition. Glass, on the contrary, is 
characterized by a poor thermal conductivity. The thermal conductivity 
of a thin layer of metal deposited on glass is therefore much lower than a 
massive metal substrate. As a consequence, low power levels are suffi-
cient to induce LAE. 

3.3. LAE deposition tests for PdPt alloys 

Since the LAE deposition of the two separate metals yielded positive 
results, the attention was subsequently moved to the deposition of 
compositionally controlled PdPt alloys. Figures from 4a to 4e show the 
SEM morphology of Pd layers deposited at v = 0.1 mm/s, H = 50 μm, P 
= 20 W and increasing Pt concentrations. Figures from 4f to 4j show the 
same but at P = 30 W. All the layers plated at the lowest power (20 W) 

Fig. 4. SEM morphology of PdPt layers deposited from the 80 % Pd (a), 60 % Pd (b), 50 % Pd (c), 40 % Pd (d) and 20 % Pd (e) electrolytes at 20 W; SEM morphology 
of PdPt layers deposited from the 80 % Pd (f), 60 % Pd (g), 50 % Pd (h), 40 % Pd (i) and 20 % Pd (j) electrolytes at 30 W; Pt in the deposit vs. Pt in the electrolyte at 
different values of v with P = 30 W and H = 50 μm (k); Pt in the deposit vs. Pt in the electrolyte at different values of P with v = 0.1 mm/s and H = 50 μm (l); all the 
scalebars correspond to 2 μm. 
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were characterized by a relatively smooth, in some cases porous, 
morphology. The layers plated at 30 W, on the contrary, presented 
accentuated porosity and roughness levels. This is especially true at high 
Pd contents (Fig. 4f and g). From the chemical point of view (Figs. S9), 
the layers were relatively pure. 

The composition of the layers as a function of Pt concentration in the 
electrolyte, scan rate v and power P was studied via EDS (Fig. 4k, l and 
S10). Due to its higher partial current density, resulting from its high 
ilim, Pd codeposits preferentially in the alloy. All the alloys, therefore, 
are always Pd-rich with respect to the theoretical composition resulting 
from the electrolyte. Indeed, according to the mixed potentials theory, 
the composition of the alloy is proportional to the relative ratio between 
the partial currents of the two metals (Eq. (3)). 

XPd =

iPd
nPd

iPd
nPd

+ iPt
nPt

(3) 

XPd is the molar fraction of Pd in the final alloy, while nPd and nPt are 
the number of exchanged electrons in the case of Pd and Pt reduction, 
respectively. Under the hypothesis of mass transfer control, the 
composition is therefore proportional to the ilim of the metals. Conse-
quently, Pd codeposits preferentially with respect to Pt and this effect 
can be observed also in standard electrodeposition processes, either in 
aqueous [49,50] and non-aqueous environment [51]. The composition 
of the electrolyte is the main factor influencing the final composition of 
the plated layers. P and v, conversely, have a limited influence. Appar-
ently, high P levels and low v tend to increase the final Pd content of the 
alloy. 

In addition to SEM, the morphology of the layers deposited was 
characterized also via AFM. Fig. 5a and b compare the morphology of 
the samples obtained from the 50 % Pd electrolyte at 20 W and 30 W, 
respectively (v = 0.1 mm/s, H = 50 μm). The layer obtained at the 
highest power is characterized by a rougher morphology, as already 
suggested by the SEM images (Fig. 4c and h). Fig. 5c shows the result 
obtained from the AFM characterization of a sample obtained from the 
80 % Pd electrolyte at 20 W (v = 0.1 mm/s, H = 50 μm). If compared to 
the sample plated at the same power (Fig. 5a), the surface looks less 
rough. In order to be more quantitative, the Ra of the different samples 
was calculated from the AFM scans and represented in Fig. 5d (pure Pd 
and pure Pt are reported as well). As expected, the samples plated at 
higher power are rougher. At 20 W, the roughness present a peak in 
correspondence of the 50 % at. Pd composition of the bath. At 30 W, on 
the contrary, the highest roughness is measured on the pure Pd sample. 
This is consistent with the SEM characterization (Fig. 3c) and is probably 
connected to the high growth rate of Pd (at 30 W and 0.1 mm/s). 

Obviously, also the thickness of the final alloy layer depends on the 
parameters employed and on the relative weight of the limiting current 
densities observed for the two metals. Fig. 6a reports the data obtained 
from the XRF characterization of the layers deposited from the two 
electrolytes containing the pure metals and from the electrolytes con-
taining varying amounts of Pt and Pd. v was varied, while P was fixed at 
30 W, N to 1 and H to 50 μm. 

In analogy with the trends observed for the two metals, the thickness 
of the alloy layers decreases as the scan speed increases. In addition, the 
alloys present a trend connected to their composition: the thickness of 
the alloys is always comprised between the thickness of the Pd and Pt 

Fig. 5. AFM morphology of PdPt layers deposited from the 50 % Pd electrolyte at 20 W (a) and 30 W (b); AFM morphology of a PdPt layer deposited from the 80 % 
Pd electrolyte at 20 W (c); Ra data extracted from AFM for the PdPt layers analyzed. 
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layers plated at the same parameters and it increases when the amount 
of Pd increases. This happens because the composition of the alloy is 
influenced by the partial current of the two metals (Eq. (3)). When the 
concentration of Pd in the bath increases, the weight of its partial cur-
rent increases. Since it is higher than the partial current of Pt, it boosts 
the growth rate of the alloy. The effect can be visualized in a better way 
by plotting the thickness vs. relative percentage of Pd in the electrolyte 
at constant P (30 W) and v (0.1 mm/s), as visible in Fig. 6b. 

Fig. 6c shows the cross section of a PtPd layer deposited at v = 0.1 
mm/s, P = 30 W, N = 1, H = 50 μm from the 50 % at. Pd electrolyte. The 
morphological analysis is coupled with the EDS elemental mapping, 
which is reported in the four inserts on the right. By comparing the 
morphological and the compositional information, the presence of a 
1.5–2 μm PdPt layer can be clearly observed. Some of the PdPt layer was 
dragged over the underlying Au and Ni layers during the polishing 
process. Nevertheless, the 5 μm Ni layer is still clearly visible. Due to its 
limited thickness, the Au layer has not been clearly detected. The Au 
signal, however, is still visible after the plating process (Figs. S6 and S7). 

To conclude the characterization of the PdPt layers, their phase 
composition and hardness were characterized. The first was determined 
via XRD. If standard parameters are used to acquire the XRD spectra over 
a wide angular range (Fig. S11, P = 30 W, v = 0.1 mm/s, N = 1, H = 50 
μm), no clear signs associated to the presence of Pt, Pd or PdPt can be 
observed. Indeed, the alpaca substrate and the two layers of Ni and Au 
yield a too strong signal, which hinders the signal connected to the 
presence of the deposited layers. The analysis was repeated decreasing 
the scan speed and limiting the angular range to 34.4◦ - 41◦ (Fig. 7a). 
This is the range were the (111) peaks for fcc Pd (JCPDS 05–0681) and 
fcc Pt (JCPDS 70–2057) are expected to be. The analysis evidenced, in 
the case of the two pure metals, the presence of the (111) peak in its 
expected position (40.196◦ for pure Pd and 39.946◦ for pure Pt). For 
what concerns the alloys, the (111) peak for the fcc phase was observed 

at varying angles. Pd and Pt, indeed, form a substitutional solid solution 
[52] and the position of the (111) peak is a function of the composition 
of the alloy [53,54]. The correlation between the Pt content of the alloy 
and the position of the (111) peak can be represented using the Vegard's 
law (Eq. (4)). 

aPdPt = XPd aPd +XPt aPt (4) 

The lattice parameter of the alloy aPdPt correspond to the weighted 
mean between the lattice parameters of the two metals (aPd and aPt). 
Fig. 7b reports the value of aPdPt, calculated from the position of the 
(111) peak, as a function of the Pt content of the alloy. As expectable 
from Eq. (4), the relationship between the atomic Pt content and aPdPt is 
linear and indicative of the formation of a true substitutional solid so-
lution between the two metals. 

No quantitative information can be extracted from the full width at 
half maximum (FWHM), which is, unlike the position, negatively 
affected by the limited intensity of the peaks. In general, however, the 
peaks look broad and low in intensity, suggesting a nanocrystalline 
structure of the plated films. This is in line with the very high growth 
rates typical of LAE. 

Hardness was evaluated via Vickers microindentation and the results 
of the tests are reported in Fig. 7c. In general, the hardness of the alloys 
is always lower than the pure metals. This may appear counterintuitive, 
as the alloy should present hardness levels higher than the two pure 
metals (due to solid solution strengthening). However, solid solution 
strengthening depends on the lattice strain induced by the solute. This is, 
in the case of Pd and Pt, very low as a consequence of the closely 
matching atomic radii of the two elements (137.6 pm vs. 138.5 pm). It is 
therefore probable that the solid solution strengthening is outweighed 
by the difference in crystallinity between the alloy and the pure metals. 
The pure metals are probably characterized by more refined grains, 
resulting in higher hardness levels. 

Fig. 6. Thickness vs. v for PdPt alloys deposited from different electrolytes with P = 30 W, N = 1, H = 50 μm (a); thickness vs. Pd in the electrolyte with v = 0.1 mm/ 
s. (b); SEM morphology and EDS elemental mapping of the cross section of a PdPt layer deposited from the 50 % Pd electrolyte (c); the scalebar corresponds to 2 μm. 
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3.4. Patterning test 

The main advantage of LAE with respect to other wet deposition 
techniques is the possibility to easily pattern the layers of metals ob-
tained. This aspect was explored by depositing the PdPt alloy following a 
specific pattern. In particular, the laser was scanned to pattern the logo 
of Politecnico di Milano (the original bitmap employed is reported in 
Fig. S12, the result obtained is reported in Fig. 7d). The logo was 
deposited from the 50 % Pd electrolyte, employing the following pa-
rameters: v = 0.5 mm/s, P = 30 W, N = 1 and H = 50 μm. The material 
deposited under these conditions was characterized by a Pt content 
equal to 21.61 % at. (determined by EDS). 

The LAE deposition test was successful and the general shape of the 
logo is clearly recognizable, but the resolution appears lower than the 
original bitmap. Moreover, some dimensions look altered along the scan 
direction. Fig. S13 reports a magnification of Fig. 7d, where these effects 
can be clearly observed. The letter O in the word “MILANO”, for 
example, should be perfectly circular. On the contrary, its diameter was 
630 μm along the x direction (dx in Fig. S13) and 580 μm along the y 
direction (dy in Fig. S13). Regarding the loss in resolution, it can be 
immediately verified by comparing the ratio between the width (w in 
Fig. S13) and the height (h in Fig. S13) of the number 1 present in the 
number “1863”. Such ratio was 0.25, in front of a theoretical value of 
0.154. 

The two effects are related to the scan path followed by the laser, to 

the speed employed and to the diameter of the plated spot. These can be 
adjusted to improve the resolution of the deposition. 

4. Conclusions 

The experimental results obtained in the present work demonstrate 
the possibility to use laser assisted electrodeposition to plate alloys 
without any external polarization. In the case of PdPt deposition from an 
aqueous electrolyte, the energy provided by the laser promoted the 
reduction of Pd2+ and Pt2+ to form continuous layers of PdPt on gold. 
The composition of the layers was found to always be Pd-rich with 
respect to the composition of the corresponding electrolytes. This aspect 
was linked to the higher limiting current density detected for Pd2+

reduction. Under the reasonable assumption of mass controlled depo-
sition, not only Pd preferentially deposited but also imparted high 
growth rates to Pd rich coatings as a consequence of its higher deposition 
current. The composition of the final alloy was found to primarily 
depend on the composition of the electrolyte rather than on the laser 
parameters. This aspect supports the assumption of a prevalently mass 
controlled process. In general, compositionally controllable layers of 
PdPt were successfully deposited. These were found to be nano-
structured and characterized by a reduced degree of roughness. The 
material deposited showed the characteristics of a solid solution over the 
entire range of composition. In particular, the cell parameter for the 
(111) peak showed a linear variation with the Pt content of the alloy. 

Fig. 7. XRD characterization of the layers deposited at P = 30 W, v = 0.1 mm/s, N = 1, H = 50 μm (a); lattice parameter for the (111) peak vs. Pt content of the alloys 
(b); microhardness vs. Pt content of the alloys (c); patterning test performed from the 50 % Pd electrolyte (d). 
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The hardness of the alloys was found to be always lower than the 
hardness of the two single metals, suggesting a limited influence of solid 
solution strengthening on the mechanical properties of the deposited 
materials. Finally, PdPt patterning was demonstrated by selectively 
plating the material in the form of a complex figure like the logo of 
Politecnico di Milano. The result obtained clearly shows the potential of 
LAE for the controlled patterning of alloys and supports its applicability 
for aesthetic or functional applications. 
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