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Recent progress in hydrogen evolution assisted (HEA) electroplating has shown promises for fast lateral growth
of copper on various rigid and flexible substrates. In this method, concurrent to the copper reduction, hydrogen
bubbles are generated at the cathode resulting in a porous copper layer with a growth rate a few orders of mag-
nitude faster than the standard electroplating method. However, the application of constant voltage does not
allow bubbles to leave the surface resulting in non-uniform copper growth and unpredictable nanostructures.
To allow the hydrogen bubbles to leave the surface, we have applied a cyclic electroplating method in a voltage
range that the electroplating alternates between the HEA and non-HEA modes. The effect of the voltage range
and the voltage scan rate on the lateral growth of copper and the quality of the copper layer were investigated
on a patterned copper track on a standard printed circuit board (PCB). The fastest growth rate of 55 µm/s was
obtained for a voltage range between −1.5 V and −0.8 V with a scan rate of 100 mV/s. The scanning electron
microscopy (SEM) images of different samples revealed that the scan rate affects the nanostructure of the
grown copper layer. The feasibility of applying the HEA cyclic electroplating method for developing wearable
electronics was demonstrated by growing copper on a piece of fabric to make contact with the pins of a light
emitting diode.
1. Introduction

The electrodeposition process was introduced more than a century
ago as a manufacturing technique where an anode was used to ensure
passage of current through the electroplating cell for the deposition
[1]. With the development in electronic devices, Cu electrodeposition
has been used widely for fabricating printed circuit boards (PCBs) and
many other electronic components [2,3]. Electrodeposition of metals is
the most cost-effective way to achieve deposition commonly used in
the electronics manufacturing industry [4,5]. Also, electrodeposition
has been used for the metallization of conductive substrates to
improve their conductivity [6].

In conventional copper electroplating, using an electrochemical
cell, a few hundred millivolts are applied between a copper counter
electrode (anode) and the working electrode (cathode) [7]. The pas-
sage of current through the cell forces the movement of ions. In gen-
eral, the motion of ions in the electrolyte is governed by diffusion,
migration, and convection [8]. Once the ions are near the working
electrode, the migration and convection are negligible, and the growth
rate of the copper is dominated by the diffusion of ions from the bulk
solution towards the surface of the working electrode. The growth rate
and quality of the deposition are both affected by the speed at which
copper ions reach the cathode [4]. The restriction imposed by the ions
mass transfer in the cell usually results in a slow copper growth in a
galvanostatic or potentiostatic deposition mode (i.e., constant current
or voltage) [8]. To enhance the deposition rate, a large overpotential
can be applied across the cell. However, as we have shown in our pre-
vious work, the application of a constant DC voltage higher than
1.23 V leads to the release of hydrogen bubbles at the working elec-
trodes producing a porous structure of copper [9,10]. This method
of electroplating is known as hydrogen evolution assisted (HEA) elec-
trodeposition. The consequence of the concurrent reduction of Cu2+

and H+ at the cathode is an incredible speed of growth due to the con-
vection of copper ions and more importantly formation of a porous
copper layer instead of a compact deposition [11–14]. In our earlier
works, we have studied the effect of the concentration of the elec-
trolyte and the applied DC voltage on the speed and the quality of
the HEA-grown copper [9,10,15]. A lateral growth speed as high as
15.6 µm/s was obtained when a constant voltage of 1.3 V was applied
between the anode and the cathode during the growth [10]. However,
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the main challenge in applying a constant voltage is that there is no
control of the hydrogen bubbles being released and interacting with
the surface of the working electrode [16]. The constant interaction
of the hydrogen bubbles restricts the complete deposition of copper
which also creates a limitation at the electrode-electrolyte interface
for an effective charge transfer to the cations, ultimately stopping
the deposition.

As a solution to this restriction and to produce a more uniform and
predictable nanostructure, instead of a constant voltage, in this work,
we have applied the cyclic electroplating method around 1.23 V. By
alternating the voltage above and below 1.23 V, in a portion of each
cycle when the hydrogen evolution occurred, a high growth rate was
achieved. The rest of each cycle gave time for the generated bubbles
to leave the surface. We have studied the effect of the scan rate and
the voltage range on the lateral growth speed and the quality of the
deposited layer. Then the HEA cyclic electroplating method was
applied to make a copper pattern on a piece of fabric and grow copper
to “solder” a light emitting diode (LED) to the copper track on the
fabric.

2. Materials and methods

The working electrodes with a gap of 1 mm were made by etching
FR-4 PCB boards in a ferric chloride etching solution. The pattern was
applied using a permanent marker. After etching, the electrodes were
immersed in acetone for 1 min to remove the permanent marker ink.
Then, it was washed with water to remove any residue left. The sam-
ples were properly dried and polished with sandpaper to remove any
marks over the surface. Two pieces of wires were soldered to the cop-
per pads for easy connection to the potentiostat instrument.

A piece of copper wire with diameter measures of 0.23 cm was used
throughout the work as the anode electrode and 2 mL of an electrolyte
made of CuSO4 (0.47 M) and H2SO4 (1.5 M) in deionized water was
used with the electrodes to assemble the electrochemical cell. To prop-
erly hold the electrolyte, an O-ring of 2.54 cm in diameter was placed
between the two pieces of plexiglass that completed the cell (Fig. 1a).

The copper growth was conducted using the cyclic voltammetry
(CV) method between a Vmin and a Vmax at different scan rates of 5,
10, 20, 50, 100, 300, and 500 mV/s using VersaStat 4.0 potentiostat
in a two-electrode configuration at room temperature while both
working electrodes were connected together (Fig. 1.a). In this work,
Fig. 1. a) Schematic of the electrochemical cell with the cathodes being patterned o
A sawtooth shape voltage was applied to the cell through a potentiostat under the
electroplating.

2

four different voltage ranges were studied: a) −1.3 V ≤ V ≤ -0.8 V,
b) −1.5 V ≤ V ≤ -0.8 V, c) −1.3 V ≤ V ≤ -1.0 V, and d)
−1.5 V ≤ V ≤ -1.0 V. It should be noted that although the three-elec-
trode configuration is a common method for studying the working
electrodes in electrochemical cells, as the ultimate objective of this
project is to design a copper printing machine in future, we conducted
the experiments in a two-electrode configuration to find the most suit-
able voltage range and scan rate for the printer to be designed.

The lateral growth was monitored by video recording the electro-
plating process using a digital microscope. The lateral growth rate
was estimated through the recorded videos by measuring the time that
it took for the copper to grow across the 1 mm gap. The surface mor-
phology was observed by a Quanta 200 3D Dual Beam scanning elec-
tron microscope (SEM). Although during the HEA water electrolyzes, it
was hypothesized that the amount of the water loss was negligible
with almost no change in the electrolyte concentration.

To demonstrate the feasibility of using the HEA cyclic electroplat-
ing for the development of wearable electronics, conductive templates
were applied on a piece of Laminated Polyester Ripstop (purchased
from Rockywoods Fabrics) substrate using in-house made carbon nan-
otube (CNT) ink. The CNT ink was synthesized as explained in our ear-
lier works [17–19] by adding 300 mg of multiwalled CNTs (from
Sigma) and 150 mg of sodium dodecylbenzenesulfonate (SDBS) into
30 mL of DI water and sonicated to obtain a homogenous mixture.
Conductive patterns in form of tracks (strips with a width of ∼3 mm
and length of 1.5 cm) were applied on the fabric using kapton tape
as a mask and the CNT solution as the ink. A similar setup as shown
in Fig. 1.a was used for electroplating the conductive patterns on the
fabric substrate. However, instead of wires connected to the cathodes,
connections to the conductive patterns were made by hand sewing
Jameco conductive thread. At last, superglue was used to glue a sur-
face mount red LED (Oznium 3528) to the fabric next to the CNT
tracks.

3. Results and discussion

Fig. 1b shows the patterned copper tracks on PCB with the 1 mm
gap that were used as the cathodes. Fig. 1c and d show the images
of the sample during and after the HEA electrodeposition, respectively.
The hydrogen bubbles are visible in Fig. 1c. Also, Fig. 1d shows bridg-
ing the gap between the two cathodes after the electroplating.
n a PCB with a copper wire as the anode and an O-ring holding the electrolyte.
CV mode. Images of the cathodes (b) before, (c) during, and (d) after the HEA



Fig. 3. Copper lateral growth rate vs. voltage scan rate for four different
voltage ranges.
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Fig. 2 shows the second loop of the CV results for seven samples
that were tested for a voltage range between −0.8 V and −1.3 V at
different scan rates. The number of cycles was different in different
experiments based on the speed of growing copper across the gap.
At very low scan rates (i.e., 5 mV/s and 10 mV/s), the situation was
similar to the constant voltage growth condition reported in our previ-
ous work [9]. In that case, the generated hydrogen bubbles almost
blocked the surface of the cathodes and limited the access of the
Cu2+ to the electrodes for further electrodeposition. Because of that,
the current level was almost constant at −60 mA for 5 mV/s and
−80 mA for 10 mV/s. It was observed that when faster scan rates were
applied, the CV loops presented two distinct sections. The first section,
closer to −0.8 V, was without hydrogen evolution that showed
smooth curves with a shallow slope of the current. However, the sec-
ond part of each curve closer to −1.3 V occurred when the hydrogen
bubbles were released as the copper was growing. The effect of hydro-
gen evolution was to enhance the copper growth which resulted in a
sharper slope in the current. Also, the disturbance due to the hydrogen
bubbling generated a relatively large ripple in the current as the volt-
age was scanned. Exceptions are at very fast scan rates of 300 mV/s
and 500 mV/s in which scanning the voltage back and forth between
−0.8 V and −1.3 V took only a few seconds with almost no ripple in
the current. Similar features as presented in Fig. 2 were observed in
the CV results when samples were tested under different voltage
ranges of −1.5 V ≤ V ≤ -0.8 V, −1.3 V ≤ V ≤ -1.0 V, and
−1.5 V ≤ V ≤ -1.0 V. Considering that the grown copper is a continu-
ous structure of metal with the conductivity of pure copper (∼0.6×106

S/cm), the two-probe resistance test between the two cathodes showed
0.0 Ω across the gaps after being bridged through the electroplating
process.

To find the correlation between the voltage ranges and the lateral
growth rates, the growth rate for each sample was estimated from
the time that it took for the copper to bridge the gap and was plotted
versus the scan rate for four different voltage ranges in Fig. 3. The
results clearly show that the growth rate is very slow at low scan rates,
regardless of the voltage range. By increasing the scan rate, almost the
fastest growth rate was achieved when the scan rate was at 50 or
100 mV/s, except for the voltage range ‘d’, in which the fastest rate
occurred at 300 mV/s. An interesting aspect of the results is the
decrease in the growth rate at higher scan rates. Among all different
growth conditions, the fastest rate of 55 µm/s was achieved in the volt-
age range ‘b’ (Vmax = -0.8 V and Vmin = -1.5 V) at 100 mV/s. Such a
speed is not only the highest among all of the samples in this study, but
Fig. 2. CV results for the samples grown between −0.8 V and −1.3 V
(voltage range ‘a’) at different scan rates. Only the second cycles are presented.
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also 3.5× higher than the growth speed in our earlier work when
−1.3 V DC was applied to the cathode [10].

To understand the effect of the growth conditions on the quality of
the grown copper layer, SEM images were taken from different sam-
ples. Fig. 4 shows the images of the samples at low, high, and mid scan
rates for each voltage range. It is found that, in all of them, at low scan
rates, the deposited copper had a relatively compact and cauliflower-
like structure with micron-size spherical shapes. Similar microstruc-
tures were observed when only DC voltage was used for HEA copper
electroplating [9]. As shown in the images, near 100 mV/s, the
micro-spheres were disappeared, and instead, dendrites were formed
developing structures in form of ferns. Also, the porous structure of
copper was evident. At higher scan rates, the nice fern-shape structures
were almost deformed to shape a honeycomb structure at the submil-
limeter scale. Considering that the amount of copper needed for mak-
ing a highly porous structure can be substantially lower than a denser
structure, achieving the fastest growth rate around 100 mV/s can be
explained by the produced highly porous structure around that scan
rate. Another noticeable feature was the size of the pores in different
curves around 100 mV/s. Among all, the largest pores of ∼200 µm
were formed in the voltage range ‘b’ at the fastest growth rate of
55 µm/s. The average pore size in ‘a’, ‘c’, and ‘d’, were ∼100 µm,
∼50 µm, and ∼50 µm, respectively. The large pores in ‘b’ resulted in
a lower density of the porous copper layer which consequently can
grow faster than layers with the smaller pores. Regarding the reason
why the nanostructures are different at different scan rates, more in-
depth studies are required to better understand the concurrent reduc-
tion of Cu2+ and H+ at the cathode in the HEA mode.

Analyzing the electrochemical current in a HEA process is very
complicated because a part of the cathodic current is consumed for
the generation of hydrogen and the rest participates in the reduction
of the Cu2+ ions at the cathodes. Potentially, the rate of the released
hydrogen can be measured accurately to estimate the average rate of
the deposited copper in each of the HEA experiments. However, such
a study requires a different electrochemical cell design for the efficient
collection of the released hydrogen gas. Therefore, here, we have ana-
lyzed the process only based on the voltage range and the scan rate. To
comprehend the difference in the growth processes in different cases,
in Fig. 5, the voltage variations vs. time are plotted for all four voltage
ranges. Since water electrolysis at 1.23 V, the −1.23 V level is shown
in the plots as the boundary for starting the hydrogen evolution near
the cathodes. It should be noted that, in practice, the transition
between HEA and non-HEA modes is not a binary transition, but the
electrolysis rate increases exponentially as the voltage gets closer to



Fig. 4. Selected SEM images of different samples associated to their growth conditions. Two SEM images with different zooming scales are presented for each
sample.
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−1.23 V and strong electrolysis is expected beyond −1.23 V. Hence,
in Fig. 5, the part of the voltage in each cycle with a value less than
−1.23 V is marked with a shaded triangle, indicating the expected
HEA electroplating. As shown in Fig. 5, the cyclic method is actually
a triangle waveshape AC voltage with an amplitude of VAC=|Vmax-
Vmin|/2 being superimposed to a DC voltage of VDC=(Vmax + Vmin)/2.

Fig. 5a shows that, regardless of the scan rate, HEA covers a small
fraction of each cycle. Also, a relatively large voltage difference
between VDC = -1.05 V and −1.23 V explains why even at the fastest
growth rate, the growth speed was limited to 30.3 µm/s. Although sim-
ilar to the voltage range ‘c’ (Fig. 5c), the shaded area shows a small
fraction of each cycle, VDC = −1.15 V is closer to −1.23 V than that
4

in ‘a’. This may explain a slightly higher speed of 35.7 µm/s at 50 mV/s
compares to the fastest case in ‘a’. As shown in Fig. 5b, a much larger
portion of each cycle covers the HEA mode with VDC of −1.15 V. This
can be the reason for achieving 55 µm/s and 50 µm/s at 100 mV/s and
300 mV/s, respectively. Fig. 5d shows that due to VDC of −1.25 V (be-
ing less than −1.23 V), more than 50% of each cycle is in the HEA
mode. However, the growth rate in ‘d’ never exceeded 37.5 µm/s. This
is likely due to the lack of enough time in each cycle for releasing the
hydrogen bubbles. Hence, similar to the limitations with the constant
voltage experiments [10], the blockage of the electrode area with the
stuck bubbles has limited the growth rate. In fact, the morphology of



Fig. 5. The voltage variation in the voltage ranges of ‘a’, ‘b’, ‘c’, and ‘d’. The shaded area on each curve shows the portion of each cycle at which the voltage of the
cell exceeded the value required for the water electrolysis with strong HEA copper deposition. Although water electrolysis starts even before the voltage reaches
−1.23 V, the −1.23 V voltage level is marked in all the plots as a reference level to compare different cases.
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the samples through the SEM images shows a larger variation in the
pore sizes as evidence of the agglomeration of the hydrogen bubbles.

While the voltage profiles explain why ‘b’ is preferred, for a better
understanding of the scan rate effect, we should consider the period of
each cycle. As explained, low scan rates of 5 to 20 mV/s are more like
DC cases with an extended period of time staying in the HEA and non-
HEA modes. At higher scan rates near to 500 mV/s, it takes only a few
seconds for the voltage to switch back and forth between the HEA and
non-HEA modes. Hence, the effect of switching between the two
modes is not fully reflected in the results. Apparently, a scan rate of
100 mV/s is the best for achieving the fastest growth in cases ‘b’. Con-
sidering the voltage range of −1.5 V to −0.8 V, 100 mV/s corre-
sponds to the period of T = 14 s. Since a portion of each cycle is
dedicated to the HEA mode, the results suggest that after a few seconds
of HEA copper growth, it is better to conduct the growth in a non-HEA
mode for a few seconds to allow the generated bubbles to leave the
surface before their agglomeration.

Following the successful cyclic electroplating method on PCBs for
the voltage range of −1.5 V ≤ V ≤ -0.8 V and scan rate of 100 mV/
s, an experiment was designed to apply the HEA method for growing
copper on fabrics for developing wearable electronics. As shown in
Fig. 6a, first, using the CNT ink, a conductive pattern in form of two
strips was applied on a piece of Laminated Polyester Ripstop fabric.
The choice of the fabric was based on our earlier studies [17]. The sur-
face resistance of the conductive part after coating was measured with
the four-point method and found to be Rs-ink = 30–60 Ω/□. A surface
mount LED was glued to the fabric between the two strips while there
was a sub-millimeter gap between the device terminals and the edge of
the strips (Fig. 6b). A setup like the one shown in Fig. 1a was used to
grow copper on the CNT ink and across the gap between the tracks and
LED. Fig. 6c shows the hydrogen bubbles during the HEA mode. Dur-
ing the experiment, first, a copper layer grew over the CNT ink pattern.
Then, the copper grew across the gap to ‘solder’ (electrochemical sol-
dering) the device terminals to the tracks. Fig. 6d shows the sample
after the electroplating process when the electrolyte was removed
from the cell. Jameco conductive thread that was sewed to the conduc-
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tive pattern (outside the O-ring) and used as the wire for connecting to
the potentiostat is shown in that figure. The part of the conductive
strips that was inside the electrochemical cell (inside the O-ring area)
was coated with a uniform but the porous structure of copper. The
electroplated nanostructure was well diffused into the fabric structure
and resulted in a mechanically robust metal coating. Yet, the fabric
flexibility was maintained without any noticeable change in the cop-
per layer after bending the fabric. The resistance of the metal-coated
part was measured again after the copper electroplating and it was
found to be Rs-Cu = 7 mΩ/□ (four orders of magnitude more conduc-
tive than before the electroplating). Such low resistance confirms that
the cyclic HEA electroplating can be used for the deposition of copper
on fabrics to apply an electronic circuit layout. In fact, the conductivity
of the electroplated copper is the same as that for a copper layer on a
PCB and 200× better than the conductivity of the inkjet-printed metal
nanoparticles used for wearable electronics [20]. As the zoomed pic-
ture in Fig. 6e shows, the copper layer also made a solid joint to the
terminal of the LED and practically soldered the component to the
tracks. The electrical contact between the track and the LED was ver-
ified by powering the LED through an external power source. As
shown in Fig. 6f, light was emitted from LED when it was powered.
To investigate the adhesion of the copper layer to the fabric substrate,
we applied the basic adhesion test using a piece of Scotch tape. Fig. 6g
shows the zoomed-in image of the copper layer before the adhesion
test. A piece of tape was applied and pressed gently on the copper
layer. After peeling off the tape another optical image was taken from
the area. As shown in Fig. 6h, no noticeable change in the morphology
was observed. Also, the electrical resistance of the copper layer before
and after the adhesion test was measured to be 0.0 Ω, using the two-
probe method. Both the optical images and the resistance test verified
the good adhesion of the grown copper to the fabric structure, most
likely due to the anchoring of the copper nanostructure to the fibers
of the fabric. The experiments on the fabric verify the feasibility of
using the cyclic HEA electroplating for both applying a metallic pat-
tern on the fabric and soldering components to the circuit layout. Con-
sidering that the cyclic HEA method was conducted at room



Fig. 6. Optical images of the experiment showing the steps in applying the cyclic HEA method for the development of wearable electronics and testing the
functionality of an LED being soldered via the electroplating method. The conductive pattern on a piece of fabric (a) before and (b) after gluing the LED. Pictures of
the sample (c) during and (d) after the electroplating. The joint between the LED terminal and the electroplated track (e) before and (f) during powering the LED.
Zoomed-in images of the grown copper (g) before and (h) after the adhesion test.
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temperature, this soldering method is more suitable than the conven-
tional soldering method using soldering irons that can damage fabric
substrates. Also, the experiment verifies that despite soaking the LED
into the electrolyte during the electroplating, there is no damage to
the electronic components. Further experiments are planned to study
the effect of the cyclic HEA electroplating on the mechanical stability
of the copper coating on different fabrics. Also, to apply the method for
developing practical wearable electronics, we are planning to study
the effect of a passive coating layer over copper to be able to wash
the fabric without damaging the circuit.
4. Conclusions

Employing the cyclic HEA method, copper was successfully grown
across a non-conductive gap by the application of a superimposed tri-
angle waveshape AC voltage to a DC voltage in a localized electro-
chemical cell. The applied alternative voltage resulted in an
alternation between the HEA and non-HEA electroplating modes
through which the generated hydrogen bubbles had time to leave
the surface which resulted in more uniform copper growth. The results
showed that the fastest growth for copper electrodeposition was
achieved at a scan rate of 100 mV/s when the voltage of the cell
was limited between −1.5 V and −0.8 V. Also, it was found that
the portion of each cycle that is in the HEA mode has a direct impact
on the nanostructure of the grown copper. The cyclic HEA method was
then tested for growing copper over a piece of fabric and electrochem-
ically soldering of an LED to the conductive pattern on the fabric. Fur-
ther study on adapting the process for the development of wearable
electronics is recommended for future works.
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