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A B S T R A C T   

This paper uses targeted ultrasound on a surface undergoing anodic dissolution. The aim of these experiments 
was to etch metals that would normally passivate. The study was carried out in deep eutectic solvents (DESs) as 
these are technologically useful for metal processing but suffer the disadvantages of being viscous and hence 
have slow mass transport which results in metal passivation. Linear sweep voltammetry showed a linear current- 
voltage response at potentials anodic (more positive) of the oxidation potential under sonication. Passivation was 
observed in silent conditions. It was also shown that the dissolution current was roughly 14 times larger under 
sonication. High speed imaging showed asymmetric bubble collapse leading to enhanced removal of material 
from the surface with etch rates as high as 3.8 μm.min–1 under ultrasonic conditions.   

1. Introduction 

The electrodeposition and dissolution of metals is usually diffusion 
limited and this controls dissolution rates and surface morphology. The 
electrolyte can also result in the passivation of some metals where mass 
transport is slow. The rate of mass transport to the electrode surface can 
be increased using forced convection such as jets, rotating discs or ul
trasound. Previous work to increase mass transport has involved the use 
of different techniques that increase the movement of the electrolyte 
around the electrode area. For example, with a rotating disc electrode 
(RDE), the rotating working electrode introduces a localised flux to the 
electrolyte, allowing for a greater mixing of species and removal of 
insoluble passivating layers [1]. The speed of rotation allows for control 
of the electrolyte flux, and thus offers a degree of current control [2]. 
While the RDE is a form of localised stirring, laminar and turbulent flow 
can also be employed as a methodology to increase mass transport at an 
electrode surface [3]. 

Electrochemical modification using jets has been carried out for both 
electrodeposition and micromachining [4,5]. Using electrolyte jet 
speeds in the region of 20 m.s–1 and 200 mL.min–1, current densities of 
typically 200 A.cm–2 can be applied. This leads to rapid localised etching 
of surfaces which are useful for dynamic micromachining. 

Ultrasonics can be used to introduce forced convection into 

electrochemical reactions, via three main mechanisms: cavitation 
collapse, microjets, and acoustic streaming [6]. Cavitation occurs from 
the rapid oscillation of the ultrasonic device, causing low- and 
high-pressure waves to propagate through the solution which allow 
bubbles to form. The continued oscillation causes expansion and 
shrinking of the bubbles until they reach a critical size and collapse, 
sending out shock waves through the solution. If the cavitation is located 
close to a solid surface, such as an electrode, the collapse occurs asym
metrically causing powerful microjets to bombard the surface. The en
ergy release of asymmetric collapse can be considerable, but will depend 
upon the solvent, applied ultrasonic frequency, ultrasonic intensity, and 
temperature of the solution [7,8]. The acoustic streaming effect causes a 
mixing of the bulk electrolyte, leading to a thinning of the diffusion layer 
at the electrode surface [9] compared to the silent conditions, with a 
dependency on the applied ultrasonic power level [10] as well as the 
separation distance of the electrode and horn [11]. 

Most forced convection studies have focussed on electrodeposition 
due to its importance is electroplating [12] but electrodissolution is also 
important for electropolishing and electrorefining. Most electrochemical 
deposition and dissolution of metals has been carried out in aqueous 
solutions but an increasing body of work uses ionic liquids and deep 
eutectic solvents due to their ability to tune speciation and redox 
properties [13]. It has been shown that the high viscosity of these 
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concentrated ionic media limits the rates of all electrochemical pro
cesses [14]. The electrodissolution of 9 metals in DESs was shown to 
result in passive film formation [15]. Little work has been carried out 
using ultrasonication in DESs, except for a preliminary study of the 
insonated electrodeposition of copper in choline chloride (ChCl) and 2 
molar equivalents of glycerol which showed a roughly 200 times in
crease in the deposition rate compared to silent conditions [16]. 

The aim of this study is to carry out electrodissolution of copper and 
nickel in a deep eutectic solvent formed from ChCl and ethylene glycol 
(EG), and show that when ultrasound is applied directly to the surface of 
an electrode there is a significant increase in the dissolution current due 
to the lack of electrode passivation. 

2. Material and methods 

All chemicals were used as supplied, without further purification. 
The DES solution was prepared from 1 mol eq. of choline chloride 
(Sigma Aldrich, > 98%) and 2 mol eq. of ethylene glycol (Fisher Sci
entific, 98 %). The solvent was prepared by stirring the components at 
60 ◦C until a colourless homogeneous liquid was formed. The solvent 
was removed from the heat and stored at room temperature in sealed 
storage bottles. To limit the effects of variations in water content, the 
same batch of ChCl:2EG was used throughout this work. 

Anodic linear sweep voltammetry (LSV) experiments were per
formed at 20 ◦C, using a Metrohm Autolab PGStat302N potentiostat, 
together with the corresponding Nova 2.1 software. A 3-electrode set-up 
was used, consisting of a 1.25 mm diameter hooked Cu- disc or Ni-disc 
working electrode, a copper or nickel wire reference electrode (corre
sponding to the working electrode), and an IrO2 coated Ti mesh as 
counter electrode. The LSV curves were recorded at scan rates between 
10 and 100 mV.s–1. Prior to use, electrodes were polished on 800 grit, 
1200 grit, and finally 3200 grit sandpaper. For the LSV experiments with 
ultrasound, a 20 kHz commercial ultrasonic system from Fisherbrand 
was used, connected to a CL-334 ultrasonic probe (diameter: 13 mm) 
operating with power variable up to 700 W (527 W.cm–2). Chro
noamperometry experiments were performed at 20 ◦C, using a 3-elec
trode set up consisting of a metal plate (copper or nickel) masked with 
stopping-off lacquer number 45 (MacDermid Enthone), leaving an 
exposed area of roughly 1 cm2 as the working electrode, a copper or 
nickel wire reference electrode, and an IrO2 coated Ti mesh as the 
counter electrode. 

For these experiments, the ultrasonic horn was placed at a distance of 
4 mm above the working electrode. The experiments were carried out in 
200 mL of solvent at 20 ◦C. Ultrasound was applied during the whole 
period that the anodic scan lasted. 

3D optical images of the sample were captured by using a Zeta In
struments Zeta 2000 optical profiler using the inbuilt Zeta3D software 
version 1.8.5. Images were constructed by determining the features of an 
image that are in focus at different heights, resulting in a 3D topo
graphical map of the surface. Areas were calculated from the 2D images 
of the complete unmasked areas using ImageJ software version 1.5.1 
[17]. 

The cavitation activity and mass transport effects induced within the 
DES by the ultrasound was assessed via high-speed imaging (Fastcam 
SA-Z 2100 K, Photron, Bucks UK). The ultrasonic source used was a 500 
W, 20 kHz ultrasonic horn (Sonics, Newton, Connecticut USA), with data 
collected over 1 s sonications at 40% input power (707 W.cm–2). The 
electrode surface was positioned ca. 4 mm below the tip of the ultrasonic 
horn with imaging sequences captured at 80,000 frames per second (fps) 
via a macro lens (Milvus 100 mm f/2 M, Zeiss, Oberkocken Germany) 
achieving a spatial resolution of 26 µm.pixel–1. Illumination was pro
vided via synchronous 10 ns laser pulses at 640 nm (CAVILUX Smart, 
Cavitar, Tampere Finland), coupled to a liquid light guide and a colli
mating lens. This configuration facilitates shadowgraphic imaging, 
whereby refractive index variations introduced through density and 
pressure fluctuations during the sonication, are also apparent [18,19]. 

The spatial and temporal resolution is optimal for capturing the cavi
tation dynamics and mass transport effects throughout the sonication. 

3. Results and discussion 

3.1. Linear sweep voltammetry (LSV) 

The electro-dissolution of two metals, copper and nickel, has been 
investigated in ChCl:2EG under silent and ultrasonic conditions using a 
fixed electrode–ultrasonic horn distance, with varying intensities from 
the horn. Measurements were referenced to the corresponding metal 
wire in solution to allow a direct comparison of the effect of over
potential on the different systems. 

Fig. 1a and 1b show the LSV curves for copper and nickel in 
ChCl:2EG respectively. Under silent conditions, the copper surface un
dergoes a sudden drop off in current, suggesting a passivation process 
due to the formation of poorly soluble copper species, such as CuCl, [15] 
while nickel oxidation shows a slower formation of a passivating layer, 
likely from the formation of mixed nickel species, e.g. [NiCl4]2–, NiO, Ni 
(OH)2, and Ni(OC2H4OH)2, before dropping off completely, suggesting 
the formation of a possible porous layer first, followed by the formation 
of a more solid non-conductive layer [20]. 

Under the effects of ultrasound, the LSV curves do not show a 
decrease in current from passivation of the electrode surface. The cur
rent density for copper dissolution at an overpotential of 1.4 V has risen 
from ca. 20 mA.cm–2, to 270 mA.cm–2, a 14 times increase in current 
density. The current density for nickel dissolution rises from ca. 10 mA. 
cm–2 under silent conditions, to about 300 mA.cm–2 under ultrasonic 
conditions. 

Ultrasound provides a clear increase in mass transport to and from 
the electrode surface, reducing the surface concentration and ensuring 
the layer close to the electrode does not become super-saturated with 
metal ions. 

The current-voltage response is somewhat unusual as there is an 
approximately linear correlation. This could be due to forced convection 
or migration rather than diffusion, although the former is unlikely as 
copper and nickel dissolution have been studied using rotating disc and 
flow electrodes and both have shown diffusion limited processes[21]. 
The current for Cu oxidation in the LSV curve decreases with increasing 
sweep rate when the electrode is sonicated. Under silent conditions, the 
current for copper oxidation increases with increasing sweep rate as 
expected. (Fig. 2) 

This shows that the current is limited by the conductivity of the so
lution close to the electrode surface. It is probable that the very high 
copper dissolution rates increase the amount of metal ions close to the 
electrode surface and increase the local conductivity. This would ac
count for the increase in current with decreasing potential sweep rate. 

A method to confirm this explanation of the non-diffusional response 
to LSV curves would be to repeat the experiments using media of known 
viscosity and conductivity (Table S1). It has recently been shown that 
ChCl–water mixtures behave in a similar manner to DESs once the ChCl 
concentration is greater than 1 mol.kg–1 [22]. Fig. 3 shows the slopes of 
insonated LSV curves measured in ChCl:2EG, ChCl:3H2O, ChCl:4H2O, 
ChCl:10H2O, and ChCl:50H2O vs the solution conductivity. A linear 
correlation is observed between the LSV curve slope and the solution 
conductivity, suggesting the idea that migration is an important 
component in governing the voltammetric current, possibly limited by 
the migration of chloride ions to the electrode surface. Fig. 3 also shows 
that the slope of the linear sweep voltammograms is relatively inde
pendent of the power supplied to the ultrasonic horn, confirming that 
migration is a novel and hitherto unconsidered factor in this type of 
process. 

If diffusion was an element in the dissolution of copper it would be 
expected that the current would decrease as a function of time in a 
chronoamperometric experiment. Fig. 4 shows that not only does the 
current not decrease, it does in fact increase with time. The most 
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probable explanation for this is the rapid increase in surface area as the 
sample etches (see Fig. 6). This can also be concluded from a comparison 
of the optical images of copper and nickel (Figs. 6 and 8). It can therefore 
be concluded that the unusual voltage-current response which arises 
when voltammetric experiments are carried out using direct sonication 
results from rapid dissolution, resulting in increased local conductivity 
and an increase in electrode surface area. 

It was previously proposed that during dissolution, the slow diffusion 
of halide anions to the electrode surface results in oxidised metal ions 
forming complexes with an incomplete solvation sheath e.g.  

Cu(I) + Cl– → CuCl                                                                              

This species has limited solubility and has been observed as a solid 
green deposit on the electrode surface under silent dissolution experi
ments. [15] 

There are no signs of solid deposits in the liquid when ultrasound is 
used, presumably because enhanced mass transport enables a complete 
solvation sheath to form.  

Cu(I) + 2Cl– → [CuCl2]–                                                                         

Cu(I) + 3Cl– → [CuCl3]2–                                                                        

Cu(II) + 4Cl– → [CuCl4]2–                                                                     

These species are known to have a high solubility in the DES[23] and 
the colour of the solution matched with the speciation determined using 
UV–vis spectroscopy and EXAFS [20]. 

Moreover, under ultrasound the onset potential of nickel anodic 
dissolution occurs at progressively lower over-potentials as the ultra
sonic intensity increases, i.e. 370 mV in silent conditions to 290 mV 
under ultrasound. This could be caused by the microjetting from cavi
tation on the surface removing or weakening the nickel oxide passiv
ation layer [24]. 

Insonated LSV curves for both metals show spikes in the LSV current. 
Ultrafast voltammetry and amperometry has shown that spikes in cur
rent density are down to cavitation events happening at the surface of 
the electrode [25–28]. As ultrasonic intensity increases past 263 W. 
cm–2, the noise decreases significantly due to the acoustic streaming 
effects becoming more prominent at higher powers, as seen in figures S3 
and S4. 

3.2. High speed imaging 

High-speed imaging was used to assess the cavitation activity during 
the sonication. Fig. 5 presents frames extracted from a 1 s sonication, 
showing specific cavitation activity and development of acoustic 
streaming during the sonication. 

The sonication initiation is followed by a downwards stream of 

Fig. 1. LSV curves of a) copper, and b) nickel electrodes in ChCl:2EG under silent and ultrasonic conditions. The scan rate was 30 mV.s–1 and the reference electrode 
was a wire of the same metal investigated. 

Fig. 2. LSV curves of copper a electrode run under a) silent, and b) insonated (52 W.cm–2) conditions in ChCl: 2EG. The scan rate was 30 mV.s–1 and the reference 
electrode was a copper wire. 
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bubbles from the centre of the ultrasonic horn tip. This bubble cloud 
collides with the electrode surface and forms a densely packed bubbly 
vortex (observed at 12.66 ms), with corresponding acoustic streaming 
forcing fluid down and outwards from the centre of the electrode [29, 
30]. Beyond this, a large bubble cluster, approximately 3 mm wide, is 
observed in Fig. 5 at 25.98 ms. This primary bubble cluster is generated 
and sustained by coalescence of multiple bubble clouds and oscillates 
strongly close to the horn tip. Smaller sub-clusters of varying sizes can be 
observed throughout the sonication across the cavitation region be
tween the horn tip and electrode. The addition of microstreaming (fluid 
circulation in the vicinity of bubbles, generating turbulence and 
improving mixing [30]) from bubble clouds facilitates sustained flow 
away from the electrode surface which results in increased mass trans
port throughout the sonication. Additional cavitation-related phenom
ena such as bubble collapse shockwaves and jetting further enhance the 

process and are believed to be the source of current density spikes in the 
LSV curves [31]. Bubble-collapse shockwaves, originating from 
violently collapsing bubble clouds near the ultrasonic horn tip (arrowed 
yellow, Fig. 5) were previously reported as important for material 
delamination [32]. Jetting, which occurs when a bubble deflates and 
collapses asymmetrically in proximity to a rigid surface, is observed 
(inset, at 28.01 ms) from single bubbles within a millimetre of the 
electrode layer[33]. In the example highlighted, the non-spherical 
bubble has involuted from the bulk-DES side, indicative of a thin col
umn of liquid that rapidly traverses the gas phase, to impact the elec
trode surface. This jetting has previously been shown to cause 
micron-sized surface erosion, or pitting, and removal of passivating 
layers[34,35] as well as being key for metal delamination from printed 
circuit boards[36] and is believed to be the source of the pitting 
observed on the electrode surface (Section 3.3). 

As the sonication develops, the bubble cloud continues to expand, 
with a greater density of smaller bubbles occupying the region between 
the ultrasonic horn and the electrode. This cloud is sustained, with 
smaller bubble sub-clusters directly impacting the electrode surface 
throughout the sonication. 

3.3. Electrode surface – copper 

Fig. 6 shows the morphology of a copper electrode surface before and 
after LSV scans and marked differences can be seen between silent and 
insonated conditions. Under silent conditions, the build-up of insoluble 
copper species has levelled out the surface defects left from polishing. 
Around the edges, the beginnings of anisotropic etching around the 
grain boundary can be seen. Contrasting to the insonated surface, grain 
boundaries are evident across the whole surface from an anisotropic 
removal of copper brought about by the increase in mass transport from 
the ultrasonication. 

Additionally, bulk copper removal can be seen around the edge of the 
sonicated electrode (Fig. 6d). The 3D topography of these circular and 
semi-circular defects shows a depth of ca. 40 μm from the level of the 
bulk copper, and a diameter of around 60 μm, which can be attributed to 
the asymmetrical collapse of cavitation bubbles at the surface, resulting 
in jetting as discussed previously. It should be noted that the time that 
the copper electrode spends in the dissolution regime is approximately 
140 s, indicating that under sonication the metal dissolution is 
extremely rapid compared to silent conditions. 

Bulk electrolysis of a copper electrode (masked copper plate with a 1 
cm2 unmasked circular area at an over-potential of +1.0 V vs copper 
wire reference for 180 s) showed an etch rate of 3.8 μm.min–1 could be 
obtained compared to 0.8 μm.min–1 under silent conditions (Fig. 7). 
Repeating the experiment without an applied potential, but with ultra
sound, resulted in no change in the surface morphology. The etch rates 
correlate well with the current densities shown in Fig. 1 and suggest a 
current efficiency of >90% under sonicated conditions. 

3.4. Electrode surface – Nickel 

Fig. 8 shows the morphology of a nickel electrode surface before and 
after LSV scans and again marked differences can be seen between silent 
and insonated conditions. The surface profile of the nickel electrode 
shows little change, with only a negligible etch rate under silent con
ditions. Nickel is a harder metal than copper and so cannot be eroded as 
easily by cavitation. It is clear that some of the surface roughness, 
resulting from the electrode pre-treatment, has been removed, but the 
polishing of nickel under silent conditions has already been demon
strated although over a vastly different timescale and via a totally 
different mechanism [37]. There were no signs of bulk anisotropy during 
this time frame, showing that the dissolution mechanism is probably 
different to that for copper. 

Under bulk electrolysis conditions (masked nickel plate with a 1 cm2 

unmasked circular area at an over-potential of +1 V vs nickel wire 

Fig. 3. Slope of sonicated LSV curves recorded in ChCl:2EG, ChCl:3H2O, 
ChCl:4H2O, ChCl:10H2O, and ChCl:50H2O vs the solution conductivity. All LSV 
curves were recorded on a copper disc electrode (1.25 mm diameter) at 30 mV. 
s–1 between − 0.5 V and 1.0 V vs Ag/Ag+(aq). Individual LSV curves are available 
in figure S1 (52 W.cm–2) and S2 (132 W.cm–2). 

Fig. 4. Sonicated (132 W.cm–2) and silent chronoamperometry profiles for 
copper and nickel run in ChCl:2EG at an applied overpotential of +1.0 V. 
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Fig. 5. High-speed imaging sequence of cavitation onset and development at electrode surface. Bubble collapse shockwaves are arrowed yellow and jetting bubbles 
on electrode surface arrowed blue. Full image sequence available in movie format as supplementary material. Scale provided by the 6 mm Ø ultrasonic horn tip. 

Fig. 6. a) 50 x optical profilometry of electrode surface prior to experimentations, b) 50 x optical profilometry of electrode surface after silent LSV, and c) 50 x optical 
profilometry after sonication at 132 W.cm–2 during the LSV. Insert: 2D image of the surface showing the asymmetric etching. d) HDR-2D image of surface at 50 x 
optical magnification showing bulk copper removal from insonated electrode. All LSV curves recorded at 10 mV.s–1 between − 0.2 and 1.4 V (vs copper wire) 
in ChCl:2EG. 
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reference for 180 s), nickel is able to dissolve at an etch rate of 0.9 μm. 
min‒1 under ultrasonic conditions, compared to effectively no etching 
under silent conditions (Fig. 9). There is some evidence of pitting 
occurring on a nickel surface under ultrasonic control, which could have 
been brought about by cavitation disturbing the double layer in local
ised areas. This shows that ultrasound is able to prevent passivation in a 
system where extensive passivation is observed under silent conditions. 

4. Conclusions 

The ultrasonically assisted electrodissolution of copper and nickel in 
ChCl:2EG has been investigated using linear sweep voltammetry, chro
noamperometry and high-speed imaging techniques. Under silent con
ditions in ChCl:2EG, both copper and nickel metal LSV curves indicate 
the formation of a passivating layer, causing a significant decrease in 
current density and mass transport rate. When ultrasound is applied, 

Fig. 7. Top: Copper plates after chronoamperometry (180 seconds, +1 V vs copper wire reference. a) Silent conditions, b) insonated conditions – 132 W.cm–2.) 2D 
images recorded on Zeta Optical Profiler along the boundary between masked and unmasked areas. Dashed line included along the boundary layer added as a guide 
for the reader. Below: Relative heights across the pieces along the indicated lines. 

Fig. 8. a) 50 x optical profilometry of electrode surface prior to experimentations, b) 50 x optical profilometry of nickel electrode surface after silent LSV and c) 50 x 
optical profilometry after sonication at 132 W.cm–2 during the LSV. All LSV curves recorded at 10 mV.s–1 between − 0.2 and 1.4 V (vs nickel wire electrode) 
in ChCl:2EG. 
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there is no indication of passivation of the surface. The current density 
for the copper LSV curve has increased by a factor of 14 times at an over 
potential of +1.4 V (vs copper wire reference). For nickel at a + 1.4 V 
over potential compared to silent conditions (vs a nickel wire reference) 
there is 30 times increase in current density. The application of ultra
sound increases mass transport of normally passivating species away 
from the active surface, with the current-voltage response remaining 
approximately linear. As the potential sweep rate is increased under 
ultrasonic conditions, the current density decreases, an effect of 
increasing the localised conductivity of the solution as metal ions are 
dissolved in the solution. The near linear current–potential response 
under ultrasonic conditions, alongside the correlation with solution 
conductivity is showing a migration-controlled response over a 
diffusion-controlled response. Further evidence of this comes from the 
chronoamperometric experiments, where a diffusion response would 
show as a decrease in current as time increases, however for both copper 
and nickel, the current density increases. The application of ultrasound 
to the surface increases both migration of species around the surface as 
well as increasing the surface area. High speed imaging studies have 
shown the bubble cloud colliding with the surface of the electrode and 
causing turbulent flow and mixing of the solution around the electrode 
surface. On top of this, asymmetric bubble collapse can be seen causing 
high powered jets to hit the surface, causing both large pitting seen on 
the copper surface and the at least partial erosion of the nickel passiv
ation layer resulting in an earlier onset potential under insonated 
conditions. 
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