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Single-Step Screening of the Potential Dependence of
Metal Layer Morphologies along Bipolar Electrodes

Gwendoline Tisserant,™® Julie Gillion,™® Jérémy Lannelongue,™® Zahra Fattah,"
Patrick Garrigue,™® Jérome Roche,”™®! Dodzi Zigah,® " Alexander Kuhn,®®" and

Laurent Bouffier* !

The preparation of surface gradients is a hot topic in contem-
porary research. Among various physical chemistry approaches,
bipolar electrochemistry allows the control of such gradients
through the interfacial polarization between a conducting sub-
strate and an electrolyte solution. Here, we report the straight-
forward, single-step generation of metal composition gradients
on cylindrical carbon fibers. The screening of different metal
deposit morphologies, which evolve gradually along a bipolar
electrode, is demonstrated with monometallic layers as well as
a bimetallic composite layer based on copper and nickel.

Bipolar electrochemistry (BPE) is an unconventional electro-
chemical approach, in which the driving force is imposed to
the system by controlling the solution potential instead of the
working-electrode potential." Practically, two feeder elec-
trodes are connected to an external power supply and im-
mersed into an electrolyte solution. The application of an elec-
tric field across the solution results in an ohmic drop. When
a conductive object is positioned in the field, an interfacial po-
tential polarization appears and can ultimately promote elec-
trochemical reactions at its extremities. The object behaves,
therefore, as a bipolar electrode with an oxidation reaction
taking place at the edge facing the feeder cathode, whereas
a reduction process occurs at the side oriented towards the
feeder anode.

BPE has, in fact, been known for a long time,>® but now en-
counters a true renewal, owing to new applications in the field
of analytical science for the detection of (bio)molecules,”™
enrichment and separation of analytes,™' or screening of
electroactive materials."*'® BPE also offers opportunities in
materials science, because such an approach allows the direct
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electrochemical addressing of conducting objects in a wireless
manner. The site-selective deposition of various types of layers
at one extremity of a bipolar electrode has been exemplified
with the reduction of metal salts,"*?? the electrogeneration of
organic polymers,” the electrografting of molecular layers,?”
and the deposition of inorganic species.”>?! There are also
several reports dealing with electroless deposition in bipolar
Ce||s.[28,29]

By comparison to conventional interfacial methods that are
often used to synthesize asymmetrically modified particles,”
BPE can be used as a bulk approach, which promotes the si-
multaneous electrochemical modification of many discrete par-
ticles in a three-dimensional reaction space.?"*? Previously,
BPE has been shown to be effective for designing surface gra-
dients, as illustrated by the preparation of polymeric layers
with doping gradients,®*>" or molecular gradients that can be
probed by heterogeneous electron transfer.®3) Recently,
metal-based gradients involving composition or roughness var-
iation on planar bipolar surfaces have equally been de-
scribed.®® " In the present Communication, the straightfor-
ward, single-step preparation of complex gradients exhibiting
various metal morphologies on cylindrical bipolar electrodes is
reported for the first time.

BPE is based on the electrochemical coupling of faradaic re-
actions across a bipolar electrode. The latter can be made from
any sort of conducting or semiconducting material and is ad-
dressed electrochemically in a wireless fashion. The driving
force is the interfacial polarization established between the
electrolyte solution, where the electric field is applied, and the
bipolar electrode, which behaves as an equipotential conduc-
tor. The maximum polarization potentials appear at the outer-
most edges of the bipolar electrode, whereas the electrochem-
ical driving force decreases when moving towards the middle
(Scheme 1A). This point is crucial to achieve the fabrication of
electrochemically driven gradients, because it implies that the
thermodynamic and kinetic conditions of the redox process
change alongside the bipolar electrode. The polarization is pro-
portional to the electric-field strength and the length of the bi-
polar electrode, so that a typical polarization potential value
(n7,) is associated with a position, x. The bipolar electrode can
exhibit various geometries, and spherical glassy carbon beads
or cylindrical carbon rods are often used."*"2*? The longest
symmetry axis of tubular substrates is aligned perpendicular to
the feeder electrodes to follow the electric-field lines.”” This is
the reason why fibers, rather than beads, were chosen here in
order to maintain a constant orientation. The used carbon



Scheme 1. Schematic representation of the promotion of faradaic reactions
across a bipolar electrode (A) and the experimental setup for the modifica-
tion of carbon fibers through bipolar electrodeposition (B).

fibers have a diameter of 10 um, as shown in Figure TA. The
BPE cell consists of two plastic reservoirs containing both
feeder electrodes, which are connected by a glass capillary, in
which the bipolar objects are positioned (Scheme 1B). The
feeder anode and cathode are separated by a distance of
5 ¢cm, whereas the length of the carbon fibers is 5 mm, mean-

ing that the interfacial polarization difference AV, estab-
lished between the two ends of a bipolar electrode is, in a first
approximation, a tenth of the potential difference applied by
the external power supply (E,) [Eq. (1)]:

Etot/d = AVrnax/l (1)

where d is the distance between both feeder electrodes and
I'is the length of a bipolar microfiber.

Bipolar electrodeposition of copper was tested first. Such
a metal is a good candidate for generating metal layer mor-
phology gradients, because it is thermodynamically straightfor-
ward to reduce cationic precursors, and the conditions of dep-
osition strongly affect the morphology.“*™* Several experimen-
tal conditions were tested and a typical SEM image of a modi-
fied fiber is presented in Figure 1B (x200). This fiber was ob-
tained by applying an electric field of 4 Vem™ (i.e. AV,,~2 V)
across an electrolyte solution containing 10 mm CuSO,. The
minimum polarization potential difference necessary to deposit
Cu is given by the difference between the standard potentials
of the two electrochemical reactions involved (AV,,=
E°om0—E cur+scu=1.23-0.34=0.89 V). This means that the con-
ditions used are favorable and the deposition is expected to
occur not only at the extremity, but also along a large portion
of the bipolar electrode. Experimentally, a long deposition
zone was observed on the fiber (/700 pm) as well as a notable
variation of the morphology. A selection of SEM images record-
ed with a higher magnification is shown as insets (Figure 1B,
X 1000). The latter clearly illustrates an evolution of the result-
ing Cu morphology from small and discrete clusters (for low #)
to larger bundles and dendrites when moving towards the ex-
tremity of the bipolar electrode (high #). This can be explained
by the thermodynamic and kinetic balance of the deposition,
which varies from a slow nucleation and growth process to
a faster growth regime.

To estimate the real experimental polarization reached
during the BPE experiments, individual carbon fibers were also

Figure 1. Optical image of carbon fibers (A) and a corresponding SEM image (inset). SEM images of a copper morphology gradient generated by using BPE
when applying 4.0 Vcm ™' for 15 min in a 10 mm CuSO, solution (B). SEM images of carbon fibers used as conventional electrodes for chronoamperometric
copper deposition (C); t=15 min, T mm CuSO, solution, and by applying from top to bottom E=—0.30V, —0.20, and —0.15 V versus Ag/AgCl.



used as conventional electrodes. For that purpose, they were
mounted on a glass substrate and wired by using conductive
glue. Cu deposition was performed at various potential values
by using chronoamperometry to compare the resulting mor-
phologies (Figure 1C). The SEM images recorded for applied
potentials of —0.30, —0.20, and —0.15V versus Ag/AgCl are
presented from top to bottom. Low-magnification images on
the left (x200) evidenced a uniform deposit along the fiber, as
expected for conventional electrodeposition at a single ther-
modynamic condition. In the right-hand column, the high-
magnification images (x3000) reveal the potential dependence
of the metal morphology. The deposit at —0.15V versus Ag/
AgCl is composed of individual nucleation clusters that exhibit
well-defined size and shape. In contrast, the Cu layer deposited
at —0.30 V versus Ag/AgCl appears much thicker with a homo-
geneous entangled network. For the intermediate potential
value (—0.20V vs. Ag/AgCl), the SEM image shows a large
number of clusters as well as bigger shapes that correspond to
dendrites, which start to appear. Such a comparison demon-
strates that the bipolar electrode was submitted to a whole
range of different thermodynamic conditions in a single-step
experiment. Moreover, the metal morphology gradient exhibits
all the deposition regimes that were observed individually
through conventional chronoamperometry.

In light of these encouraging results, the deposition of
nickel was also performed. Ni' salt reduction typically needs
a higher driving force based on the difference of formal poten-
tial values (AV,,=E°omo—Enp-ni=123 + 0.25=1.48YV). Ad-
ditionally, Ni" reduction on carbon electrodes is associated with
large overpotentials. In that case, the application of the same
driving force that was previously used for Cu deposition would
result in focusing the Ni on a smaller part of the bipolar elec-
trode. Therefore, a higher electric field value of 6 Vcm™ (i.e.
AV,.x~3V) was used instead in order to screen the Ni mor-
phology on a significant length of the bipolar electrode. The
corresponding modified carbon fibers exhibit a well-defined
morphology gradient (Figure 2A). The length of the observed
Ni deposit is approximately 1150 um (SEM, x120). The begin-

ning of the deposit, far from the edge of the fiber, appears as
a thin metal layer with the presence of some clusters (x5000).
Moving alongside the bipolar electrode towards its extremity
reveals an evolution of the deposit, which becomes progres-
sively thicker. Finally, near the outermost extremity, the Ni layer
is even thicker and the larger amount of deposited metal re-
sults in several defects and cracks that allow an estimation of
the layer thickness (ca. 2 um).

A comparison with conventional electrodeposition was also
carried out in the case of nickel, and these results are shown in
Figure 2B. Ni is more difficult to deposit than Cu and, there-
fore, a larger electrochemical window was selected (from top
to bottom: E=—-0.50, —1.00, and —1.20V vs. Ag/AgCl). From
the corresponding SEM images, it is clear that a potential value
of —0.50 V versus Ag/AgCl is insufficient to promote Ni deposi-
tion (magnification of X120 on the left and x10000 on the
right). The application of larger cathodic potential values of
—1.00 or —1.20 V versus Ag/AgCl drives the metal deposition
with an identical morphology to the one observed with BPE. In
both cases, at —1.20V, the Ni layer is homogeneous and very
thick with tiny cracks starting to appear at —1.00 V as well as
much deeper crevasses, revealing the carbon fiber underneath.
These defects are large enough to affect the mechanical stabil-
ity of the Ni layer, as observed for the fiber prepared by using
BPE. This comparison reveals that the polarization experienced
by the edge of the bipolar electrode was indeed superior to
—1.00 V and, therefore, the simple observation of the morphol-
ogy is a direct visualization of the polarization gradient.

After demonstrating the possibility to prepare Cu or Ni
layers, independently, with a morphology gradient, a further
step towards a more complex situation was made by perform-
ing the simultaneous co-deposition of the two metals. Such an
approach was exemplified by mixing CuSO, and NiSO, precur-
sors (1 mm for each). The BPE experiment was carried out by
applying 4 Vcm™' for 30 min, as this driving force appears to
be a good compromise for the simultaneous observation of
both metal depositions. In fact, this value is large enough to
drive Ni deposition on approximately 9% (i.e. 450 um) of the

Figure 2. SEM images of a nickel morphology gradient generated through BPE when applying 6.0 Vcm™' for 15 min in a 1 mm NiSO, solution (A). SEM
images of carbon fibers used as conventional electrodes for chronoamperometric nickel deposition (B); t=15 min, 1 mm NiSO, solution, and by applying
from top to bottom E=—0.50V, —1.00, and —1.20 V versus Ag/AgCl. SEM images of a bimetallic Cu/Ni gradient generated through BPE when applying

4.0 Vem™' for 30 min in a solution containing 1 mm of CuSO, and NiSO, (C).



carbon fiber, whereas larger electric-field values increase the
Cu deposition rate too much to the detriment of good me-
chanical stability. Examination of the corresponding SEM
images (Figure 2C, X80 and x 1000) demonstrates the success-
ful concomitant deposition of both metals. Also, the morphol-
ogy of the co-deposit evolves from discrete Cu clusters to den-
drites and bundles, with the extremity showing the combined
signature of Cu (bundles) and Ni (thick layer) metals. One can
note that the fibers used in this study are a good substrate to
observe the morphology screening, but are also quite fragile
and delicate to manipulate. This is the reason why the deposi-
tions were solely characterized with electronic microscopy. On
the other hand, similar (co-)deposition experiments performed
on planar gold surfaces and characterized through EDX analy-
sis confirmed the chemical signature of Cu and Ni metals on
the bipolar electrode.””

To conclude, BPE was advantageously used to prepare sever-
al metal layers, exhibiting a continuous variation of morpholo-
gy alongside a carbon fiber that was used as the bipolar elec-
trode. Two metals, namely copper and nickel, were used inde-
pendently as a proof-of-principle of such an approach. The cor-
responding modified bipolar electrodes present features that
are in good agreement with the variation of the thermody-
namic conditions of the deposition at specific locations along
the bipolar electrode. As a result, BPE allows simple and
straightforward screening of the deposit morphology in one
single step. The co-deposition of both metals was also tested
and proved that a morphology gradient could be combined
with a chemical composition gradient at the same time. It
highlights that BPE could be an appropriate approach to study
fundamental phenomena, such as metal electrodeposition,
with the advantage of testing simultaneously multiple experi-
mental conditions. Future applications of this screening
method could lead to the simple identification of the most in-
teresting metal morphology for specific spectroscopic (Raman
or metal-enhanced fluorescence) or catalytic properties, which
are sensitive to roughness factors.

Experimental Section

All chemicals were used as received, without further purification.
Copper(ll) sulfate (98%) was purchased from Alfa Aesar. Nickel(ll)
sulfate (>99.9%) and zinc(ll) sulfate (>99.9%) were purchased
from Sigma Aldrich. Solutions were prepared with Milli-Q water (re-
sistivity=18.2 MQcm ™). Carbon fibers used as bipolar electrodes
had a diameter of 10 um and were cut to a length of 5 mm (Grade
P100, Goodfellow).

Chronoamperometry was performed with a classic three-electrode
setup (a carbon fiber as the working electrode, Pt grid as the auxili-
ary electrode, and Ag/AgCl as the reference electrode). The poten-
tial was applied by using a PGSTAT12 potentiostat from Autolab.
The BPE cell was built with two standard disposable cuvettes pur-
chased from VWR Jencons (external dimension: 12.5x12.5x%
45 mm) acting as reservoirs and connected with a glass capillary
(@=1 mm). Feeder electrodes were glass surfaces (dimension 9x
25 mm) covered with a 360 nm-thick gold layer (ACM, France).
During the BPE experiments, the electric field was applied with

a 6517B power supply from Keithley. Scanning electron microscopy
(SEM) images were collected with a Hitachi microscope (TM-1000).
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