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Abstract 
In this paper electrodeposition is used to obtain Cu nanoparticles, as it allows good control over particle size and distribu-
tion. These Cu particles were deposited onto a gas diffusion electrode which increased the resulting surface area. Prior to 
deposition, the surface was pre-treated with NaOH, HNO3, MQ and TX100 to investigate the influence on the electrodepo-
sition of Cu on the gas diffusion electrode (GDE). When using HNO3, the smallest particles with the most homogeneous 
distribution and high particle roughness were obtained. Once the optimal substrate was determined, we further demonstrated 
that by altering the electrodeposition parameters, the particle size and density could be tuned. On the one hand, increasing 
the nucleation potential led to a higher particle density resulting in smaller particles because of an increased competition 
between particles. Finally, the Cu particle size increased when applying a greater growth charge and growth potential. This 
fundamental study thus opens up a path towards the synthesis of supported Cu materials with increased surface areas, which 
is interesting from a catalytic point of view. Larger surface areas are generally correlated with a better catalyst performance 
and thus higher product yields. This research can contributed in obtaining new insides into the deposition of metallic nano-
particles on rough surfaces.
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1  Introduction

During the last few decades, nanotechnology has received 
great attention because of the altered properties of nanopar-
ticles (NPs) compared to their bulk metals [1–4]. When bulk 
materials are downsized to the nanometer range, it is known 
that atoms in these NPs behave differently from those pre-
sent in bulk metals, leading to altered properties compared 
to the corresponding bulk metals [5]. The use of NPs often 
leads to an increase in activity and changes in selectivity [2, 
5]. Metallic NPs have diverse applications such as electron-
ics and IT [6], medical and healthcare [7]. With this in mind, 
Cu NPs gained great interest because of their high electrical 
conductivity, low electrochemical migration behavior, low 
material cost and interesting behavior in CO2 reduction [5, 
8–10].

Despite the amount of research concerning the synthesis 
of Cu catalysts, major challenges remain. For example, Cu 
NPs can exhibit different facets, leading to different activi-
ties [11]. Furthermore, copper has a strong tendency to form 
various species of oxides when exposed to air [10, 11] which 
makes it difficult to predict the exact final composition of 
the catalyst, as its oxidation state varies, which makes it 

far from straightforward to link the properties to a certain 
oxidation state. Finally, also the morphology and shape are 
of utmost importance, as they result in shifts in activity and 
selectivity [12–14].

Amongst others, synthesis of Cu NPs by electrodeposition 
is a promising method as a low-cost and large-area growth 
technique operating at ambient conditions. Electrodeposi-
tion is a technique that has drawn a lot of attention because 
it enables control over the synthesis process, which is a key 
factor in catalyst optimization. Using this approach, one or 
more negative potentials are applied in order to reduce the 
Cu ions, in the electrolyte solution, into Cu metal on the 
substrate. By slightly changing the applied potential, the par-
ticle size and distribution can be tuned leading to changes in 
activity and selectivity of the catalyst.

In addition to the deposition method, the nature and the 
structure of the support play an important role in determin-
ing the morphology of the nanoparticles. Most of the litera-
ture reports the use of glassy carbon electrodes as support 
for copper electrodeposition [15–18]. However, for industrial 
applications (e.g. fuel cells [19] or biosensors [20]), a popu-
lar approach is to replace GC electrodes with gas diffusion 
electrodes (GDE) [19–26]. The advantage of using GDEs 
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instead of glassy carbon relies on its large resulting surface 
area because deposition inside the carbon paper is also pos-
sible. However, because of the rough surface of the GDE, 
we experienced that the deposition of particles is hard to 
control. In most cases, Cu is spray-painted onto the GDE 
using binders, which often results in the encapsulation of the 
particles in the binder with consequent activity losses or poi-
soning of the catalytic sites (by halides or sulfides). In order 
to obtain Cu nanoparticles that are well-bond to the surface 
of the support, electrodeposition represents the optimal solu-
tion, as it does not require binders which leads to loss of 
material. Different groups [21, 22, 25] have deposited Cu on 
GDE with a single-pulse electrodeposition technique. Unfor-
tunately, this technique allows to obtain particles within a 
broad size range but the particle size distribution is hard 
to control because of continuous nucleation. Here we will 
use dual pulse deposition for the synthesis of Cu on GDE. 
This approach will enable us to obtain particles with a nar-
row size distributions on rough surfaces, which can then be 
applied for various applications (e.g. electronic and optical 
devices and catalysis [8, 26]).

Since, GDEs are very hydrophobic a pre-treatment is 
necessary to enable optimal deposition of Cu at its surface. 
Therefore, extreme operating conditions such as boiling car-
bon fibers in concentrated HNO3, a combination of HNO3 
and H2SO4 or HCl and HF have been commonly adopted [1, 
27–29]. Another widely used pre-treatment is an alkaline 
treatment with NaOH [29, 30]. The disadvantage of these 
extreme conditions is that, when used on carbon paper, 
the paper structure gets partially destroyed. In literature it 
is already known that the structure of the support can be 
changed by pre-treating the surface, however its impact on 
electrodeposition of Cu remains unexplored [31, 32]. In this 
paper, mild conditions (lower concentrations of acid/base 
and temperature) will be maintained, in order to achieve 
a sufficiently hydrophilic GDE for deposition while at the 
same time avoiding GDE degradation. For this purpose, 
HNO3 was investigated as the acid of choice as it seemed 
to work best (beneficial impact on surface properties while 
maintaining GDE structure) [31, 33–36].

The aim of this work is to synthesize Cu nanoparticles on 
rough surfaces, more specifically, a GDE electrode by using 
a dual pulse method. Here, for the first time, dual pulse elec-
trodeposition is applied to deposit Cu on a GDE in methane 
sulfonic acid (MSA) electrolyte. The impact of the GDE pre-
treatment on the size and morphology of the nanoparticles 
is investigated. After selecting the ideal pre-treatment, the 
effect of the dual pulse parameters on the size and distribu-
tion will be investigated on the pre-treated GDE. Finally, its 
stability under electrochemical conditions is compared to 
spray-painted Cu GDEs. This work can contribute signifi-
cant to latest research concerning electrodeposition of metal-
lic nanoparticles on rough surfaces. The electrodeposition 

of Cu done in this research can lead to new insides into the 
behavior of metallic nanoparticles on rough surfaces such 
as GDEs.

2 � Experimental

2.1 � Chemicals

Copper sulfate pentahydrate (CuSO4·5H2O, 99%) was pur-
chased from Riedel-de Haën. Methane sulfonic acid (MSA, 
70% aq. sol.) was purchased from Alfa Aesar. Triton ® 
X-100 (TX100) was purchased from Acros organics. Nitric 
acid (HNO3, 70% aq. sol.) and sodium hydroxide (NaOH, 
pellets) are purchased from Chem-lab and Sigma-Aldrich, 
respectively. All solutions were prepared in ultra-pure water 
(MQ, Milli-Q grade, 18.2 MΩ cm) and purged with argon 
prior to deposition.

2.2 � Electrochemical set‑up

The electrodeposition of Cu was performed in a 4-electrode 
set-up, where a working electrode (WE, 4 cm2) consisting of 
carbon paper (Toray paper) was placed in between 2 counter 
electrodes (CE, 8 cm2) made of carbon paper (Sigracet ® 
39 AA). Next to the WE, a saturated Ag/AgCl reference 
electrode (RE) is positioned. The measurements were per-
formed with a Bio-logic VSP-300. All potentials applied in 
the experiments were derived from cyclic voltammetry (CV) 
measurements.

2.3 � Preparation of the GDE

Before the synthesis of Cu on GDE, a surface modification 
of the GDE was interposed to ensure a higher hydrophilicity 
and thus an easier deposition. To this end, the GDEs were 
treated with either MQ, 0.1 M acid (HNO3), 0.1 M base 
(NaOH) or 10 mM surfactant (TX100) for 24 h at room 
temperature after which the proper surface treatment was 
selected for further experiments. The GDEs were washed for 
5 min, 3 min and 1 min with MQ and dried in a desiccator.

The dual pulse (Figure S1) experiments, which consists 
of 2 consecutive pulses, were carried out in a solution con-
taining 10 mM CuSO4 (as often used in literature [37–39]) 
and 2 M methane sulfonic acid (MSA) (essential to main-
tain an acidic environment to avoid Cu oxidation and an 
eco-friendly alternative for the commonly used H2SO4, i.e. 
reduced toxicity and biodegradable [17, 40–43]). In the first 
pulse, the nucleation pulse, the potential is stepped from 
open circuit potential (OCP, where no reaction occurs) to a 
potential negative enough to deposit Cu nuclei onto a sub-
strate. In a second pulse, called the growth pulse, the nuclei 
of the first pulse grow at a potential more positive to the 



320	 Journal of Applied Electrochemistry (2021) 51:317–330

1 3

first one (resulting in less driving force), which inhibit the 
formation of new nuclei. Besides using TX100 during the 
pre-treatment of the GDE, it can also be added to the deposi-
tion solution of Cu. The addition of TX100 into the deposi-
tion solution, results in the deposition of Cu inside the GDE.

Once the optimal pre-treatment was selected, the impact 
of the deposition parameters, both the nucleation pulse as 
well as the growth pulse parameters were altered, to investi-
gate their impact on the resulting material. At first, the nucle-
ation potential (En) was varied between − 0.5 and − 1 V. 
The nucleation charge (Qn) was kept constant at − 28.2 mC 
(≈ nucleation time of 1 s). The growth potential (Eg) and 
growth charge (Qg) were altered between 0.05 and 0.1 V and 
− 67.5 mC, − 135 mC and − 270 mC, respectively.

2.4 � Electrochemical and electrode surface analysis

Differences in pre-treatment of the GDE on the Cu elec-
trodeposition mechanism were first analyzed with cyclic 
voltammetry (CV), within a potential range of − 0.7 V and 
0.7 V, with a scan rate of 50 mV s−1. Next, the nucleation 
mechanism of the Cu electrodeposition on pre-treated GDEs 
was studied using chronoamperometric experiments. The 
potential was stepped from the open circuit potential (OCP) 
to − 0.3 V with a charge of 2.18 C. Both experiments were 
performed in a solution containing 0.1 M CuSO4 and 2 M 
MSA.

Additionally, the point of zero charge of the GDEs was 
determined after pre-treatment using the pH drift method, 
also called the solid addition method [44]. This allowed us 
to determine whether the surfaces were positively or nega-
tively charged, which led to a possible explanation of the 
shift in the CV curves. To this end, solutions of 5 mL of 
0.01 M NaCl were bubbled with argon to remove the dis-
solved CO2. The pH of the solutions was adjusted between 
6 and 11 with an increment of 1 using 0.01 M HCl and 
NaOH. An amount of 15 mg of pre-treated carbon paper was 
added and the solution was stirred for 24 h. The final pH was 
plotted against the initial pH. The intersection point of this 
curve with the reference curve is considered the point of zero 
charge. The reference curve is a straight line where final pH 
and initial pH coincide.

An FTIR spectrum of the TX100 pre-treated GDE was 
recorded between a wavelength of 399 cm−1 and 4000 cm−1. 
The GDE used was pre-treated with a 0.05 M TX100 at 
80 °C. This was necessary because the GDE needed to be 
crunched, mixed with KBr and pressed into a tablet.

The electrochemical active surface area (EASA) was 
calculated by performing capacitance measurements using 
cyclic voltammetry. GDE3 was used as an example of the 
dual pulse technique. As benchmark single pulse electrodep-
osition was used to calculate the relative EASA and was per-
formed in a 10 mM CuSO4 and 2 M MSA solution (purged 

with Ar) applying − 0.5 V vs. Ag/AgCl sat. to deposit a 
loading of − 0.096 C. Different CV measurements were per-
formed at scan rates going from 150 to 25 mV s−1 with an 
increment of 25 mV s−1 with a potential range of ± 40 mV 
vs. OCP. A blank measurement was performed to eliminate 
the effect of the rough GDE surface. The experiment is also 
performed on the GDE before depositing any Cu to elimi-
nate the difference in capacitive current between different 
GDE electrodes. The current obtained during this experi-
ment is subtracted from the measured current after deposit-
ing Cu onto the GDE. Hereafter the current at OCP (of the 
second cycle) was plotted against the scan rate. The slope of 
the trendline is a measure of the EASA.

Surface morphology and changes in particle size were 
studied with a scanning electron microscope (SEM, FEI 
Quanta 250) at 5 kV using secondary electrons.

2.5 � Stability test

The stability of electrodeposited Cu on the GDE surface, 
with a loading of 0.18 mg cm−2, was tested by applying a 
constant potential of − 1.0 V vs RHE for 4 h in a solution 
of 0.5 M KHCO3 (saturated with CO2), using an H-type 
cell at room temperature. These results were compared to 
spray-painted Cu on GDE, with a loading of 0.2 mg cm−2. 
Cu was spray-painted using a solution of Cu (Sigma Aldrich 
14–25 µm) and isopropanol (IPA).

The samples were diluted 10 times and adjusted to 1% 
HNO3 (Merck, Suprapur). The acidic solutions were ana-
lyzed via inductive coupled plasma mass spectrometry (ICP-
MS, Agilent 7500).

3 � Results and discussion

3.1 � Influence of the pre‑treatment of GDE

Figure 1 shows the first cycle of the CV experiments for the 
HNO3, MQ, NaOH and TX100 pre-treatments. Shifts in the 
peak potential of Cu are observed, which is a significant 
indication that the pre-treatment has an effect on the elec-
trodeposition of Cu on GDE. The HNO3, NaOH and TX100 
pre-treatments can be compared to the MQ pre-treatment, 
which functions as benchmark. The use of HNO3 results in 
a positive potential shift, from − 0.28 to − 0.22 V, compared 
to MQ, due to the fact that carboxylic groups are present 
at the GDE surface after the acid treatment [30, 45, 46]. 
These groups enhance the surface hydrophilicity, leading 
to a smoother electrodeposition of Cu on these surfaces. 
For TX100, a negative shift (from − 0.28 to − 0.34 V) is 
observed compared to MQ. NaOH has the same effect as 
TX100 and again a negative shift (from − 0.28 to − 0.32 V) 
is found.



321Journal of Applied Electrochemistry (2021) 51:317–330	

1 3

Surface pH measurements (Fig. 2) indicate that when 
using NaOH and TX100, the point of zero charge is located 
at pH 8.0 and pH 7.8, respectively. The Cu deposition solu-
tion has a pH lower than 1, inducing a positively charged 
surface, which results in the repulsion of Cu-ions and thus 
explains the need for a more negative potential to initiate the 
deposition of metallic Cu. Comparing this to HNO3, which 
has a surface pH of 2.7, we can conclude that the surface, in 
case of HNO3, will have a less pronounced positive charge 
compaired to TX100 and NaOH. This obviously means that 
the copper ions will encounter less repulsion in this case, 
which confirms the results of the CV measurements, as 

they indicated that a less negative potential is necessary for 
HNO3. To summarize, a positive shift in peak potential is 
observed when using HNO3 compared to MQ because of the 
negatively charged surface of the GDE due to its pre-treat-
ment as such attracting the Cu2+ ions. The negative shift of 
TX100 and NaOH can be explained by the more positively 
charged surface, which causes the repulsion of the positive 
Cu-ions resulting in the need for a more negative potential to 
reduce Cu-ions to metallic Cu on the GDE surface.

In addition to electrodeposition potential also the current 
density at the peak potential is an important parameter since 
it is directly related to the amount of deposited Cu. When 
comparing these peak current densities for the different pre-
treatments, it can be observed that HNO3 displayed a three-
fold drop in current density with respect to MQ. In case of 
NaOH and TX100 only a twofold drop in current density was 
perceptible. These lower current densities might be caused 
by the functional groups present at the surface as they would 
slow down diffusion of Cu to the surface, thus resulting in a 
lower current compared to the MQ blank.

In case of NaOH and HNO3, a shoulder is present on the 
anodic peak, which would be attributed to the desorption 
of Cu from the surface after specific adsorption of Cu-ions 
during the reduction peak. During the CV measurements, 
a nucleation loop (NL) is present in case of NaOH and 
TX100. The NL appears in the potential range where nuclea-
tion occurs and is characterized by a cross over between 
the forward and reversed scan and were the current in the 
reversed scan is higher (more negative) than in the forward 
scan [47]. This is a typical behavior for the deposition of 
metallic Cu nuclei on a foreign (in this case GDE) surface 
and indicates that the deposition of Cu is easier on the Cu 
nuclei than on the GDE substrate. The fact that only NaOH 

Fig. 1   First cycle of CV measurements of MQ (dashed), HNO3 (dotted), NaOH (solid) and TX100 (dash dotted) treatment with a scan rate of 
50 mV s−1 (potential are plotted vs Ag/AgCl saturated)
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and TX100 exhibit such a NL is caused by its positively 
charged surface, which obviously repels the positive Cu ions. 
Once some Cu nuclei are formed deposition will become 
easier on this growing nuclei explaining this loop. For the 
HNO3-treated GDE this NL is not found as the positive Cu 
ions are attracted to the negatively charged surface making 
its deposition favorable from the start of the experiment [48].

In order to get a better understanding of the change in 
morphology, we investigated the nucleation mechanism of 
the Cu electrodeposition using current–time transient curves. 
The potential was shifted from an initial value, where no 
electrodeposition occurred to a potential (− 0.3 V) nega-
tive enough to induce the electrodeposition of Cu. Figure 3 
shows the current–time transient curves of the Cu electro-
deposition using the 4 pre-treatments of the GDEs. The 
current increases due to the charging of the double layer, 
the formation of extra nuclei and the increase in size of the 
nuclei, reaching a maximum in current. A maximum in cur-
rent is reached within 1 s in case of HNO3, NaOH and MQ. 
Using TX100, on the other hand, it took up to 3 s to reach 
a maximum in current. After this point, diffusion zones 
start to overlap (deposition rate slows down) which results 
in a reduced surface area, leading to a decrease in current 
because of the transition to planar diffusion of Cu-ions to 
the growing islands [49–51]. The difference observed for 
TX100 in comparison to the other 3 pre-treatments (longer 
time to maximum current) might indicate the existence of 
another (slower) nucleation mechanism for TX100, which 
will be elaborated later on [52].

To determine the nucleation mechanism, the current–time 
transient curves were normalized and compared to the 
Scharifker–Hills model [53] using Eqs. (1) and (2). Accord-
ing to this model, the nucleation can occur either through an 

instantaneous process or through a progressive route. The 
following equations describe the nucleation process for 3D 
nucleation with crystal growth dominated by localized hemi-
spherical diffusion.

where I is the current, Im is the maximum current, t is 
time and tm is the time at the maximum current. As can 
be observed in Fig. 4, the transients from the experimen-
tally obtained curves for MQ, HNO3 and NaOH are in good 
agreement with the theoretically calculated curve for instan-
taneous nucleation, although a small deviation for NaOH 
is observed. This means that for all 3 cases, the nucleation 
occurs immediately at the beginning of the electrodeposition 
and no new nuclei are formed during the rest of the experi-
ment. The experimental curve of TX100 overlaps with the 
progressive model, meaning nucleation proceeds via pro-
gressive nucleation, where nuclei are progressively formed 
throughout the experiment, and thus nucleation also occurs 
at later stages during the electrodeposition. This can be 
explained as follows. During the TX100 pre-treatment, long 
carbon chains are adsorbed on the GDE surface. If we look 
at the FTIR spectrum of a TX100 pre-treated GDE in Figure 
S2, 2 peaks at 2870 cm−1 and 2960 cm−1 are observed indi-
cating the presence of methyl groups. These methyl groups 
are present in the TX100 molecule at the end of the molec-
ular structure thus proving the presence of TX100 at the 
GDE surface. These carbon chains could potentially block 
the surface, resulting in a slower diffusion of Cu to the sur-
face. Consequently, not all Cu-ions, present in the diffusion 
layer, are instantly reduced to metallic Cu. At a high enough 
deposition time, the transient starts to approach the curve 
of instantaneous nucleation. At that point, diffusion zones 
are overlapping and the formation of new nuclei becomes 
impossible at these zones [54].

As evidenced by Fig. 4, TX100 follows another nuclea-
tion mechanism than HNO3, MQ and NaOH. This is caused 
by steric hindrance and manifests itself in the growth of 
alternate morphologies as clearly visible in the SEM images 
(Fig. 5). Major changes are perceived between TX100 and 
the other pre-treatments which results in the electrodeposi-
tion of hemispherical particles (1.7 µm ± 0.04 µm, Figure S3 
D), consisting of smaller cubic shaped particles (200 nm) 
as opposed to the spherical shaped particles which were 
observed for the other pre-treatments. It is clear that the use 
of TX100 limits the growth in certain directions by blocking 
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certain facets from growing and at the same time promot-
ing the growth of those facets that are not limited by the 
presence of TX100. This in turn results in the production 
of specifically shaped particles, or in this case where the 
growth of cubes is promoted.

In conclusion, while it is clear that TX100 results in a 
different, progressive, nucleation mechanism the rationale 
between this behavior is not as clear. In our opinion, this can 
have two potential causes. First, as already mentioned before 
by slowing down the diffusion of Cu to the substrate, it can 
be expected that the formation of nuclei is also delayed when 
using TX100. Second, and more hypothetical, it is possible 
that the growth facets, which are blocked from growing by 
TX100, allow a slower nucleation and thus lead to the pro-
gressive process.

On the contrary, only small changes in morphology exist 
between the pre-treatments with MQ (0.8 µm ± 0.02 µm, 
Figure S3 B), HNO3 (1.0 µm ± 0.02 µm, Figure S3 A) and 
NaOH (1.8 µm ± 0.06 µm, Figure S3 C), which all proceed 
through instantaneous nucleation. The particle size using 
MQ varies slightly compared to HNO3. The latter gives rise 

to a more uniform and dense particle distribution. Even more 
so, it allows deposition of particles on the inner matrix just 
beneath the surface of the GDE thus results in a better cover-
age and bigger (active) surface area (Figure S4 and Figure 
S5).

In addition to lower overvoltage requirement, the parti-
cles obtained using HNO3 appear rougher compared to MQ 
treatment, resulting in an increased surface area which is 
beneficial for catalytic purposes.

Since the pre-treatment with HNO3 gives rise to a more 
homogeneous particle distribution with an increased particle 
roughness, it was selected as the most optimal pre-treatment 
and will be further used to investigate the impact of the dep-
osition parameters on the Cu size and distribution.

3.2 � Dual pulse electrodeposition of Cu on HNO3 
pre‑treated GDE

In the first stages of growth it is plausible that the nuclei, 
formed in the preceding step, grow independently of each 
other. When this growth evolves, nuclei start to become 
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Fig. 5   Impact of surface pre-treatment on the electrodeposition of copper particles: single pulse electrodeposited Cu on MQ (neutral); HNO3 
(acid); NaOH (alkaline); TX100 (surfactant) pre-treated GDEs
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bigger nanoparticles which eventually can result in the 
overlap of the diffusion zones of the particles, meaning the 
particles can no longer grow freely in all directions and will 
start agglomerating.

The influence of the nucleation potential on the particle 
size and the particle density is shown in Fig. 6a, c. Upon 
increasing the nucleation potential, more energy is entering 
the system and more nuclei are deposited at the same time, 
leading to greater particle density [37, 49, 55, 56]. More par-
ticles are deposited so the available amount of energy needs 
to be divided between them, leading to smaller particles. It is 
clear that the particle density and their size on the electrode 
surface depend on the nucleation pulse (Table 1).

Comparing GDE1 with GDE2 and GDE4 to GDE6, the 
average size of the Cu particles is 148 nm (Figure S6 A), 
91 nm (Figure S6 B), 136 nm (Figure S6 D) and 55 nm 
(Figure S6 F), respectively. This indicates that the particle 
size decreases with the nucleation potential. Histograms of 
GDE1, GDE4 exhibit 2 maxima. This has to do with ability 
of the particles to aggregate. Small nuclei which are within a 
specific radius attract each other, forming first order agglom-
erates. These same nuclei can also be attracted toward larger 
agglomerates, leading to a different particle size [57]. In 
addition, a higher particle density was observed with a nega-
tive increment of the nucleation potential (− 0.75 V and 
− 1 V compared to − 0.5 V), which partially validates the 

smaller particle size as the same loading was deposited. 
Another possible cause for the smaller size is the theory of 
nucleation and growth of nuclei. This theory states that the 
radius of a particle is inversely proportional to the nucleation 
overpotential, meaning more negative nucleation potentials 
lead to a smaller radius of the nuclei. This is related with the 
critical nuclei radius, which is larger when using less nega-
tive nucleation potentials. As such at more negative poten-
tials, more nuclei will meet the required critical size leading 
to a higher particle density (and thus smaller particles) on 
the surface [55, 58]. Smaller nanoparticles are thus obtained 
using more negative nucleation potentials [59].

From Fig. 7 it is clear that the size of the Cu particles 
alters with the growth charge. Considering GDE1, GDE3 
and GDE4, the mean radius of the particles enlarged with 
increasing growth charge. This is straightforward consider-
ing that the growth charge is proportional to the duration of 
the experiment. At larger growth charge, the particles are 
given more time and energy to grow, ultimately resulting 
in bigger particles. Using deposition parameters of GDE3, 
a particle size of 45 nm (Figure S6 C) was obtained, which 
increased up to 148 nm for GDE1, because of the smaller 
growth potential (and thus larger growth charge) employed, 
favoring copper ions to deposit on preformed Cu islands.

The mean particle size decreases with an elevation in 
growth potential, as shown in Fig. 8. The mean radius of 

Fig. 6   SEM images of Cu electrodeposition in MSA on GDE via dual pulse with different nucleation potentials: a, b GDE1 and c, d GDE2
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GDE5 and GDE6 decreases from 61 nm (Figure S6 E) to 
54 nm, respectively. These experiments were performed 
using the same growth charge. If we look at the deposition 
time required to perform these experiments, it shows that 
using a less negative growth potential, a longer time was 
needed to deposit the same amount of charge. This would 
thus mean that by depositing the Cu nanoparticles for the 
same duration, the nanoparticles will be using -0.05 V com-
pared to -0.1 V. The growth potential is linked to the growth 

rate. A more negative potential leads to a higher growth 
rate, which means particles grow faster and during the same 
amount of time, the particles will thus grow larger as com-
pared to applying a less negative growth potential.

Using dual pulse leads to a better control in the electro-
deposition of nanoparticles and smaller nanoparticles can be 
obtained compared to single pulse electrodeposition. This 
leads to an increased activity of the catalyst. To substantiate 
this assumption, the EASA of the nanoparticles deposited 

Fig. 7   SEM images of Cu electrodeposition in MSA on GDE via dual pulse with varying growth charge: a Qg − 0.0675 C, GDE3; b Qg − 0.135 
C, GDE4 and c Qg − 0.270 C, GDE1

Fig. 8   SEM images of Cu electrodeposition in MSA on GDE via dual pulse with different growth potentials: a Eg − 0.05  V, GDE5 and b 
Eg − 0.1 V, GDE6
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using single and dual pulse electrodeposition are compared. 
CV measurements are performed in a range ± 40 mV s− vs. 
OCP to make sure no faradaic contribution would be pre-
sent during the experiment and only a capacitive current was 
measured. The scan rate varies from 150 to 25 mV s−1 with 
an increment of 25 mV s−. The difference in current at OCP 
of the second scan is plotted against the scan rate in Fig. 9. 
The slope of the trendline using single pulse is 10 times 
smaller than the slope of the dual pulse technique. Since 
the slope is an indication of the EASA of the deposited Cu 
nanoparticles, we can conclude that using dual pulse elec-
trodeposition a bigger surface area is obtained, which will 
lead to higher activity of the catalyst.

As well-known in literature, the particle size of Cu, 
deposited on GC, can vary from the nanometer scale [60, 
61] to the micrometer range [62]. In this paper we were able 
to control the particle size within the same range as literature 
states for the electrodeposition of Cu on GC, only we are 
using a rough surface. This has the advantage of increasing 
the active surface area and by doing so, higher current densi-
ties can be obtained.

All dual pulse parameters tested in this research have their 
own effect on the particle size and the particle distribution. 
The same trends were observed performing dual pulse elec-
trodeposition of Cu on glassy carbon (smooth substrate). 
From reproducibility tests (Figure S7), it is clear that another 
parameter, namely the constantly changing surface, plays 
an important role. This means, because of the rough surface 
of the GDE, the substrate is not always exactly the same, 
meaning it is difficult to deposit the particles with the same 

size upon reproduction. Nevertheless, this research opens 
perspectives about the electrodeposition of Cu onto rough 
surfaces. From this research it is clear the effect of the sur-
face cannot be neglected and has to be taken into account.

3.3 � Stability tests of Cu/GDE

Cu and its oxides are often used as electrocatalysts for CO2 
reduction because of their ability to convert it to higher value 
added chemicals such as methane and ethylene [8, 15]. This 
explains why the stability experiments for the Cu/GDE’s, 
synthesized through electrodeposition and spray-painting, 
were tested under conditions often used in literature when 
investigating the CO2 reduction. A potential of − 1 V vs. 
RHE was applied for 4 h in a CO2-saturated electrolyte con-
taining 0.5 M KHCO3. The electrolyte was tested with the 
ICP-MS for Cu suggesting possible detachment of Cu and 
thence instability of the electrocatalyst. When calculating 
the loss of Cu for the electrodeposited and the spray-painted 
Cu, 0.16% and 0.72% of Cu detached from the surface, 
respectively. This enables us to conclude that almost no Cu 
was present in the solution, thus suggesting they were both 
stable for 4 h under working conditions. However, when 
compared to each other, the percentage of Cu detaching from 
the surface when using the electrodeposited Cu was 22% 
lower than spray-painted Cu.

During the first minutes of the experiment, using spray-
painted Cu, the current decreases (to more positive values) 
drastically, as shown in Fig. 10. After 30 min, an extreme 
current increase (to more negative currents) was observed. 

Fig. 9   plot of capacitive current against scan rate (left) single pulse; (right) dual pulse electrodeposition in 0.1 M HClO4 with scan rates going 
from 150 mv s−1 to 25 mV s−1 with an increment of 25 mV s−1
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A possible hypothesis is that the Cu detaches during the 
first minutes of the experiment and redeposits after 30 min. 
This explains the fluctuating graph at the beginning of the 
experiment.

The reason for the detachment in both cases lays in the 
production of gaseous during the experiment, which is vis-
ible at the GDE surface. The detachment of Cu in regard to 
the spray-painted Cu was larger since it is not chemically 
bonded to the surface of the GDE as it was for electrodepos-
ited Cu. This also explains the sudden drop during the first 
period of the experiment. Once the detached Cu was rede-
posited, the current was more stable.

4 � Conclusion

Pre-treating the GDE is of utmost importance indeed, 
depending on the pre-treatment, differences in peak 
potential and nucleation mode were observed. As com-
pared to MQ, TX100 and NaOH exhibit a negative peak 
potential shift while HNO3 results in a positive shift. This 
was ascribed to a difference in surface charge: positive 
for TX100 and NaOH and negative for HNO3. Addition-
ally, TX100 also showed a different nucleation mode (pro-
gressive vs. instantaneous for the other 3), resulting in 
hemispherical particles, consisting of smaller cubic shaped 
particles.

Because of the rough surface of the GDEs, it was more 
difficult to control the electrodeposition of Cu. Reverting 
to dual pulse is necessary in order to obtain a better con-
trol because of the possibility to adjust more parameters. 
Here, increasing the nucleation potential (making it more 
negative) led to a higher particle density which caused 
the radius of the Cu particles to decrease. By increasing 
the growth potential or growth charge, larger particles 
were obtained. The Cu particles enlarged when applying 
a greater growth charge. Understanding the behavior of the 
deposition of Cu on GDE enables us to synthesize parti-
cles of any size which can be used for catalytic purposes.

Stability measurements showed that the electrodepos-
ited Cu was more stable because of the chemical bonding 
between the Cu and the GDE along with the fact that it 
can be deposited onto the inner matrix of the GDE carbon 
fibers, which means they will less easily detach. This in 
comparison with the spray-painted Cu, which detached 
during the first few minutes of the experiment and after-
wards redeposited on the GDE resulting in a chemical 
bond between them.
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Fig. 10   Current response for stability testing, comparing elec-
trodeposited Cu (solid) and spray-painted Cu (dot) when applying 
− 1 V vs. RHE using a CO2 saturated electrolyte containing 0.5 M 
KHCO3

Table 1   Deposition parameters 
for the dual pulse deposition of 
Cu in 10 mM CuSO4 and 2 M 
MSA

Electrode number Nucleation 
potential/V

Nucleation 
time/s

Growth 
potential/V

Growth charge/C Particle size/nm

GDE1 − 0.5 1 − 0.1 − 0.27 148 ± 3
GDE2 − 0.75 1 − 0.1 − 0.27 91 ± 1
GDE3 − 0.5 1 − 0.1 − 0.0675 45 ± 1
GDE4 − 0.5 1 − 0.1 − 0.135 136 ± 3
GDE5 − 1 1 − 0.05 − 0.135 61 ± 2
GDE6 − 1 1 − 0.1 − 0.135 55 ± 1
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Considering the importance of the pre-treatment of the 
GDE and changes in particle size in the dual pulse param-
eter tests, this research is of great importance in unraveling 
the behavior of Cu electrodeposition on rough surfaces. 
This work will also contribute to future research that will 
be conducted on electrodeposition on rough surfaces.
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