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ping and reduction of binder-free
electrochemically reduced graphene oxide
electrodes through cathodic electrophoretic
deposition (EPD)
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and Begoña Ferrari a

It is well known that the exposed specific surface governs the electrochemical performance of capacitive

materials. In this context, the predominant strategy involves using sustainable 2D nanoparticles with

a high specific surface area, with graphene being the most explored. The electrochemical behaviour of

the material always depends on its intrinsic properties, but the processing route is a critical aspect to

consider when it comes to exploiting the full inherent capability of the material to obtain high-

performance supercapacitor electrodes. The configuration and arrangement of the formed

microstructure are crucial for maximizing the electrochemically active sites of the material. This work

presents an innovative colloidal approach for the cathodic electrophoretic deposition (EPD) of graphene

oxide (GO). By modifying the GO surface with a cationic polyelectrolyte (polyethylene imine, PEI), the

electrophoretic movement and deposition on the cathode are promoted. During the deposition process,

the p electronic network of the GO is partially restored and the electronic properties of the substrate/

coating interface are enhanced by the adjustment of the electrokinetic and suspension parameters.

Results indicate an increase of 20% in the electrochemically active surface area (ECSA) for the same

quantity of deposited electroactive material. This is a consequence of the more compact and active

microstructures created over the 3D metallic substrates, following the electrically driven colloidal

approach. The electrochemical characterization of the electrodes developed herein was compared with

that of other reported ErGO electrodes, displaying a competitive supercapacitor behaviour with

a specific capacity ranging from 148 to 80 F g−1 (1.5–4.0 A g−1), retention of 62%, and a power density

of 1.1 × 103 W Kg−1.
Introduction

As renewable sources become a central component of global
energy production, the development of a new worldwide energy
network is required. New devices capable of storing large energy
densities and high-power densities simultaneously with high
charge–discharge velocities are needed.1 Supercapacitors (SCs)
have attracted special attention as they can achieve rapid
charge–discharge capacities while providing larger energy
densities at high current densities with excellent cycling
stability.

According to the literature, depending upon the energy
storage mechanism, three different types of SCs can be found.2
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f Chemistry 2025
The electrochemical double-layer capacitors (EDLCs) have an
energy storage mechanism based on the formation of an
electrochemical double-layer due to the electrostatic forces and
fast ion adsorption/desorption processes. Due to their high
dependence on active surface area, EDLCs are mostly based on
porous 2D materials, where the high specic surface area
provides high capacitance values in comparison to electrostatic
capacitors. High-performance EDLC electrodes are governed
mainly by carbonmaterials, where the 3D carbon networks have
emerged as exceptionally promising materials for constructing
supercapacitor electrodes. This is attributable to their sustain-
able sources, excellent electronic conductivity, high specic
surface area, hierarchical porous structures, and physico-
chemical stability. The surface morphology of carbon materials
is a key factor in the performance of the electroactive material.3

Among the different materials within the carbon family,
graphene is a renowned two-dimensional material with strong
mechanical strength (∼1 TPa), high electrical and thermal
conductivity, and a highly modiable specic surface area (up
J. Mater. Chem. A, 2025, 13, 32815–32830 | 32815
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to 2675 m2 g−1).4–7 Graphene oxides (GO) may appear with
different functional groups (hydroxyl (C–OH), carboxyl (C]O),
and epoxy groups (C–O)) and different oxidation ranges
depending on the exfoliation process. Oxygen functional groups
improve the carbon surface's wettability, enabling the ioniza-
tion or chemical modication of the surface to obtain a well-
dispersed and stabilized suspension. The presence of oxygen
functional groups disrupts the p electron cloud, reducing the
electrical conductivity of graphene, as well as leading to
a polarization effect at high voltages during the charge–
discharge processes, provoking rapid capacity loss at high
current rates.16,17

Thus, reducing GO to obtain reduced graphene oxide (rGO)
is a low-cost strategy commonly used to maximize the electro-
chemical properties of the active material. rGO presents greater
electrochemical properties with higher electrical conductivity
and larger specic capacitance values than GO. Different strat-
egies, such as chemical reduction, thermal reduction, and
catalytic reduction, have been explored to reduce GO.18–20

However, these aggressive graphene oxide reduction routes
have been proven to cause a major increase in defects in the
atomic structure and electronic network of graphene,
decreasing its electrical properties.21 In addition, the need for
toxic agents and long chemical or thermal treatments high-
lights the necessity for developing more sustainable pathways.
In this sense, electrochemical reduction has been established as
one of the most effective methods for generating environmen-
tally sustainable, high-performance electrodes on a large scale
for EDLCs.22

Electrophoretic deposition (EPD) is extensively utilized
across diverse industrial sectors for the large-scale production
of 2D monolithic thin deposition due to its versatility, effi-
ciency, and rapid processing times.23,24 EPD of different carbo-
naceous materials, including carbon nanotubes (CNT),
Table 1 Overview of the electrically driven deposition, reduction, and e
(Cs); energy density (E); power density (P); and electrochemical reductio

Precursor
material

Shaping
conguration GO reduction mechanism Cs F

Exfoliated GO Drop-casting Thermal reduction 340.

GO Dip-coating ECr in 0.5 M NaNO3 160.

GO 2 electrode EPD ECr in H3PO4 81.0

GO 3 electrode EPD Chemical reduction 117.

GO 3 electrode EPD ECr in 1 M Na2SO4 126.

rGO 2 electrode EPD Chemical reduction 142.

GO 2 electrode EPD Chemical reduction 195.

GO varying
concentration

3 electrode EPD ECr in 0.5 M NaCl varying
potential differences

167.

a Calculated values using the given Cs data and eqn (10) and (11).

32816 | J. Mater. Chem. A, 2025, 13, 32815–32830
graphene oxide (GO), different graphene-containing nano-
composites, such as graphene-NiO, graphene-TiO, rGO-MnO2,
and combinations of graphene with polymers, were recently
developed.25,26 Most of the studies focused on improving the
mechanical and chemical properties in the deposited
substrates, taking advantage of the shaping freedom offered by
EPD to form compact lms.27–29 Nevertheless, while EPD is
a well-established technique for scalable and eco-friendly pro-
cessing of GO, most prior studies rely on anodic EPD, which
necessitates a subsequent electrochemical reduction step to
enhance the properties of the GO akes. Table 1 displays
distinct strategies for the reduction and shaping of GO to
fabricate EDLC electrodes, alongside their electrochemical
performance.

Numerous strategies have been reported for the fabrication
of reduced rGO and electrochemically reduced graphene oxide
(ErGO) coatings. Recently, Srinivas Gadipelli et al.8 reported
exfoliated and thermally reduced rGO electrodes prepared using
three distinct shaping techniques across various substrates.
Notably, the electrodes formed by the direct pressing of dry
powders onto nickel foam exhibited a high specic capacitance
of 340 F g−1 at 0.5 A g−1 in 1 M KOH using a three-electrode
conguration. Alternatively, Wnali et al.9 employed a dip-
coating technique to deposit GO onto gold electrodes, fol-
lowed by electrochemical reduction to produce ErGO lms.
Previous studies have shown that reducing oxygen-containing
groups in GO improves its viscoelasticity and charge storage,
reaching 160.8 F g−1 via cyclic voltammetry (CV). Other authors
used a chronoamperometry technique applying a potential
difference of −1 V for 5 minutes and 2 h to generate a GO
coating.11,12 Cu wire substrates with hydrazine-based chemical
reduction yielded 117.5 F g−1 (ref. 11) while Xuejun et al. re-
ported 126.4 F g−1 through simultaneous electrophoretic
deposition and electrochemical reduction in 1 M Na2SO4.12
lectrochemical performance of rGO electrodes. Specific capacitance
n (ECr)

g−1
E
(Wh kg−1)

P
(W kg−1)

Electrochemical
characterization conditions Ref.

0 — — 0.5 A g−1; −0.8 V to 0 V 8
1 M KOH

8 — — 10 mV s−1; −0.5 V to 0.5 V 9
1 M NaCl

11.2 250 0.5 A g−1; 0 V to 1 V 10
PVA-1 M H3PO4

5 10.4a 520a 0.5 A g−1; 0 V to 0.8 V 11
PVA-H3PO4

4 17.5a 1715a 0.5 mA cm−2; −1 V to 0 V 12
1 M Na2SO4

0 19.7a 236a 0.2 A g−1; 0 V to 1 V 13
PVA-H3PO4

0 27.1a 271a 0.5 A g−1; −1 V to 0 V 14
6 M KOH

0 15.1 247 0.5 A g−1; −0.2 V to 0.8 V 15
0.5 M H2SO4

This journal is © The Royal Society of Chemistry 2025
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Table 2 EPD conditions

Substrate Ni plate/Ni foam

Substrate areaa 1.5 cm2

Suspension volume 30 mL
Distance between electrodes 2 cm
Counter electrode Platine foil
Suspension concentration 1 g L−1 PEI-GO in EtOH : H2O 19 : 1

a Geometrical area of the substrates.
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Baozhen et al.15 deposited GO on biochar using a three-
electrode setup (3 V vs. SCE, 10 min) with suspension concen-
trations of 0.05–2 g L−1, achieving up to 167 F g−1 by tuning the
GO content and reduction conditions. A two-electrode setup
was used by Purkait et al.10 to coat a Cu wire, reaching 81 F g−1

in PVA/H3PO4-based exible supercapacitors. Wang et al. and
Zisong et al. employed similar systems with stainless steel and
nickel foam using hydrazine reduction either before (142 F g−1)
or aer (195 F g−1) deposition.13

The reduction of oxygen groups restores the p-network,
enabling fast charge–discharge cycles and boosting power
densities (200–1800 W kg−1), while energy densities remain
around 10–30 Wh kg−1. However, these approaches rely on
anodic GO deposition and require separate chemical or
electrochemical reduction steps in salt-rich or acidic media,
hindering scalability and sustainability.

In this work, we propose a novel, eco-friendly colloidal
strategy for the simultaneous shaping and cathodic reduction
of compact, binder-free ErGO coatings via cathodic EPD in
water-based media. A one-step surface modication approach
was developed to achieve colloidal stabilization and function-
alization of GO, enabling its direct cathodic deposition and in
situ reduction, eliminating the need for post-treatment steps. By
tuning the colloidal and electrokinetic parameters, both depo-
sition and reduction processes were precisely controlled,
yielding cohesive ErGO coatings with tunable thicknesses to
minimize fracture or delamination.

The resulting compact microstructures were deposited on
various Ni-based substrates to demonstrate the versatility and
robustness of the method. This approach allows for the fabri-
cation of shaped, binder-free electrodes with optimized micro-
structural integrity and electrochemical properties. By
enhancing the intrinsic conductivity of the reduced carbon
network and improving the electrode architecture, the electro-
chemically active surface area (ECSA) was signicantly
increased. As a result, the symmetric supercapacitor exhibited
enhanced performance, achieving high power densities
through a sustainable, low-cost, and scalable single-step pro-
cessing route.

Experimental

The quantity of polyelectrolyte for the effective surface modi-
cation of commercial graphene oxide powder (GO, Graphene-
Tech, Spain) was determined by laser Doppler velocimetry using
a Zetasizer Nano ZS (Malvern Instruments Ltd, UK) as described
elsewhere.30 Zeta potential determination of PEI-GO nanoakes
was made using concentrations of 0.1 g L−1 with 10−2 M KCl as
the solvent and inert electrolyte to maintain the ionic strength
of the suspension medium. The electrokinetic behaviour of
modied PEI-GO at different pH levels was evaluated by adding
small aliquots of HNO3 and TMAH controlled with a pH probe
(Metrohm AG, Germany).

Aer surface modication, PEI-GO nanoakes were centri-
fuged and cleaned twice with ethanol to remove the remaining
ions and the excess stabilizer. The as-centrifuged inorganic
particles were re-suspended in an ethanol/water solution (19 :
This journal is © The Royal Society of Chemistry 2025
1), a previously validated EPD medium, to obtain a 1 g L−1

suspension.31 Subsequently, cathodic EPD was carried out over
Ni plate/foam (Nickel plate/foam 99%, Goodfellow, UK)
substrates following the conditions summarized in Table 2. No
further cleaning processes were performed aer cathodic EPD.

The experimental cathodic EPD electrical parameters and
kinetic curves were determined under galvanostatic conditions
using a high voltage power source (2611 System SourceMeter,
Keithley Instruments Inc., USA), applying current densities
from 20 to 53 mA cm−2 with electric eld values from 53 to 135
V cm−1, at deposition times of 0 to 600 seconds.

Theoretical kinetics were determined using the model
proposed by Sarkar and Nicholson:32

m = m0(1 − e−t/s) (1)

s ¼ V

f � me � SD � E
(2)

E ¼ I

s� SC

(3)

where m is the deposited mass (g), m0 is the total mass in the
suspension (g), t is the time (s), V is the volume (ml), f is the
sticking factor, me is the electrophoretic mobility (cm2 V−1 s−1),
SD is the deposition surface (cm2), E is the applied electric eld
(V cm−1), s is the conductivity of the suspension (mS cm−1) and
SC the conducting area (cm2), being SC = SD/2, neglecting the
inuence of the substrate back face on the applied electric eld
during the deposition process. Aer the optimization of the
EPD process, the electrodes (substrate + PEI-GO-based electro-
chemically active coating) were treated thermally at 300 °C for
2 h under argon atmosphere, with heating and cooling rates of
4 °C min−1 to strengthen the lm microstructure and improve
the carbon/nickel interface. The same process was carried out
with 0.5 g L−1 and 0.1 g L−1 PEI-GO nanoake suspensions, as
well as using the Ni foams as substrates to prepare electrodes
with optimized homogeneous depositions. XRD characteriza-
tion was performed using a D8 Advance Bruker X-ray diffrac-
tometer with Cu Ka radiation (l = 1.5418 Å) at 40 KV, 30 mA,
and 2q = 10–70. The morphology and atomic structure of the
graphene coatings were analysed by Raman spectroscopy per-
formed on a spectrometer (In Via Renishaw plc., UK) with an
excitation wavelength of 514 nm produced by an Ar+ laser.

The coating surface was examined using X-ray photoelectron
spectroscopy (XPS) analyses on an ultra-high vacuum Thermo-
Fisher Scientic K-Alpha X-ray photoelectron spectrometer
J. Mater. Chem. A, 2025, 13, 32815–32830 | 32817

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta00888c


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/2

9/
20

26
 1

:1
5:

31
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
system, equipped with a hemispherical energy analyzer and
a monochromatic X-ray source was used for surveying the
photoemission spectra.

The N2 adsorption/desorption isotherms and BET specic
surface area (SSA) determination for GO nanoakes were
carried out with an accelerated surface area and porosimetry
system (ASAP 2020, Micromeritics Instrument Corp., Atlanta,
GA, USA). The nanoake coating and the morphology of the
shaped nanostructures were observed with a eld emission
scanning electron microscope (FESEM, Hitachi S4700, Japan).

Electrochemical characterization was rst carried out in
a three-cell conguration with a Potentiostat/Galvanostat
Autolab (PGSTAT302N, Switzerland). The fabricated working
electrodes were directly tested aer thermal treatment. The
employed electrolyte was a 1 M KOH aqueous solution, while
the reference electrode was Ag/AgCl and the counter electrode
was Pt foil. Cyclic Voltammetry (CV) was executed in ve
sequential cycles at a scan rate ranging from 2–100 m V s−1 in
a potential window of −0.8 to 0 V. The specic capacitance was
determined in gravimetric terms (F g−1) from the galvanostatic
charge–discharge analysis (GCD) at different current densities
(1.5 A g−1, 2 A g−1, 2.5 A g−1, 3 A g−1, 3.5 A g−1, 4 A g−1) in the
potential window of the carbonaceous species (−0.6 to 0 V).

Thus, the specic gravimetric capacitance (CS) was obtained
from the following equation:

CS ¼ I � Dt

m� DV
(4)

where CS (F g−1) is the specic capacitance, I (A) is the discharge
current, Dt (s) is the discharge time, DV (V) is the voltage window
for discharge, and m (g) is the mass of the exposed coating.

Additionally, the electrochemically active surface area (ECSA)
was calculated by the differential capacitance measurement
(DCM) approach using different cyclic voltammetry measure-
ments at different scan rates in the potential range previously
set. The measurement is made in the non-faradaic reaction
region of the electrode, resulting in differential capacitance
equivalent to the double layer capacitance (CDL). Knowing the
theoretical specic areal capacitance (CTS) value for the GO
surface area, which denes the capacitance of an ideal at
surface on the formation of the electrochemical double layer,
the electrochemically active surface area was calculated using
the following equation:33

ECSA ¼ CDL

CTS

(5)

The theoretical specic areal capacitance CTS (mF cm−2) is
determined by the value of 21 mF cm−2, which was reported in
the literature as the specic capacitance of a single-layer gra-
phene oxide, and double-layer capacitance (CDL) is calculated
using the following equations:34

CDL ¼ dQ

d4
; i ¼ dQ

dQð4Þ (6)

where Q (C) is the charge and 4 (V) is the potential. From these
two eqn (5) and (6), the consecutive equation is derived:
32818 | J. Mater. Chem. A, 2025, 13, 32815–32830
i ¼ CDL

d4

dt
(7)

By plotting the current values i (A) of a specic potential value as
a function of different scan rates (V s−1), we can obtain a linear
behaviour curve, where the slope will give us the double-layer
capacitance values.

The resulting ECSA values were compared with the deposited
BET area (cm−2) of commercial graphene oxide to calculate the
efficiency of the shaping method and calculate the percentage
of the active deposited graphene oxide mass, using the
following equations.

Deposited BET area = SBET × deposited mass (8)

Active materialð%Þ ¼ ECSA

Deposited BET area
� 100 (9)

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed in a potentiostatic mode at ambient
temperature in the frequency range of 0.1–106 Hz with an
applied voltage of 50 mV.

Further, (E) energy (Wh kg−1) and (P) power (W kg−1)
densities were calculated in a symmetric full-cell conguration
in 1 M KOH electrolyte using eqn (10) and (11), respectively:

E ¼ 1

2
CSU

2 1000

3600
(10)

P ¼ E

Dt
(11)

where CS represents the measured specic gravimetric capaci-
tance (F g−1), U is the applied cell voltage (V), and Dt is the
discharge time (s).
Results and discussion

As graphene is a 2D material, textural properties and the
exposed specic surface area are of greater importance when
analysing the stabilization of the particles for their processing
as catalytic or electrochemically active materials. Thus, the
specic surface area and the porosity of the raw material were
rst determined by N2 adsorption/desorption measurements.
Fig. 1 shows the adsorption isotherm (a) and pore size distri-
bution (b).

The N2 adsorption/desorption curve exhibits an IV isotherm
shape and hysteresis H3 type loop above P$P0

−1 > 0.4. The
isotherms of as-received GO were evaluated to conrm the
existence of micropores and mesopores. The powders exhibited
signicant adsorption of N2 below the relative pressure (P$P0

−1)
of 0.1, indicating the presence of micropores. The pore size
distribution derived from the N2 adsorption isotherm using the
BJH model is plotted in Fig. 1(b), conrming the presence of
micropores with a diameter ranging from 2 to 4 nm. The
morphological and textural parameters are given in Table 3.

A considerable specic surface area of 481.7 m2 g−1 is
divided into micropores and others, being 112.6 to 369.2 m2 g−1

respectively, representing the micropore volume of only 8%
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 N2 adsorption/desorption isotherm curves of graphene (a) and accelerated surface area and microporosimetry (ASAP) analysis curves (b).

Table 3 Textural properties of the as-received GO powders, including
surface areas and pore volumes

Mesoporous isotherm

aSBET (m2 g−1) 481.7
Sexternal (m

2 g−1) 369.2
bSmicro (m

2 g−1) 112.6 (23.4%)
cVTotal (cm

3 g−1) 0.62
Vexternal (cm

3 g−1) 0.57
dVmicro (cm

3 g−1) 0.05 (8.2%)

a Brunauer–Emmett–Teller surface area calculated in the pressure range
(P$P0

−1) of 0.01–0.12. b Micropore surface areas calculated from the N2
adsorption isotherms using the t-plot method. c Total pore volume
obtained at 0.99 of P$P0

−1. d Micropore volume calculated using the t-
plot method.
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(0.05 cm3 g−1) of the total pore volume of the powder (0.62 cm3

g−1). Previously reported results showed that the as-received GO
powders are composed of around 10 stacked GO nanoakes,
while colloidal characterization revealed structural defects,
mainly oxygen-containing functional groups, such as hydroxyl
or carboxyl.30 Consequently, nanoake stacking could be the
cause of the large open porosity of the as-received powders
while microporosity could be attributed to the rough and
defective structure of the own nanoake.

The effective PEI quantity for the colloidal stabilization of
the GO nanoakes was previously analyzed elsewhere.30 By
adding different percentages of the polyelectrolyte and deter-
mining the zeta potential in an inert electrolyte, completely
colloidally stabilized GO nanoakes were obtained when add-
ing 4 wt% of PEI, referred to as the solid content. To ensure the
effective colloidal stabilization during cathodic EPD perfor-
mance in the selected ethanol/water solution (19 : 1) medium,31

Fig. 2(a) shows the zeta potential evolution with the PEI-GO
modied and bare GO nanoakes at different pH. The bare
GO exhibits a positively charged surface below pH 4 while
turning negative over pH 5. The adsorbed PEI on the GO
nanoake surface switches to a positively charged PEI-GO
This journal is © The Royal Society of Chemistry 2025
nanoake for almost all the pH range. The amine functional
groups of the branched polyelectrolyte display a protonated
behaviour up to pH 9, maintaining over 50 mV at pH 8.

Fig. 2(c) displays a scheme of the occulation process of PEI-
GO nanoakes when they deposit in the cathodic electrode
during electrophoresis. At the cathode surroundings, the
evolution of H2 and the consequent reduction of the proton
concentration generates an increase in pH, provoking the
deprotonation and neutralization of the PEI branched chains.
Thus, the modied nanoakes occulate while the particle
concentration increases, improving packing and leading to the
formation of a cohesive coating on the substrate surface.

The kinetics, applying different current densities of 20, 40
and 53 mA cm2 with electric elds of 53, 81 and 135 V cm−1,
respectively, were evaluated in the 19ETOH : 1H2O medium31 to
obtain the most homogeneous compacted coating while maxi-
mizing the electrochemically active exposed surface area
(Fig. 2(b)). The evolution of the experimental deposition process
at different deposition times ranging from 60 to 600 s is
compared with the theoretical approach of the kinetics of PEI-
GO nanoakes, calculated using the electrokinetic parameters
summarised in Table 4 and kinetic eqn (1)–(3). The theoretical
deposition yield was estimated considering the characteristic
time (s), which depends on the applied current (I), suspension
conductivity (s), and electrophoretic mobility (me). Solid lines
represent the theoretical deposition while dotted lines show the
evolution of the experimental data.

For the two lowest current densities (20 mA cm−2 and 40 mA
cm−2), the experimental data suit the theoretical prediction for
almost all the range of deposition time tested. However, when
the current density is increased (53 mA cm−2), the deposition
process steps up. The experimental deposited mass exceeds the
expected results from the theoretical approach for all the
recorded times, probably due to the synergic effect of the fast
electrophoresis and simultaneous occulation. Therefore, 53
mA cm−2 was set as a working current to determine the coating
evolution.
J. Mater. Chem. A, 2025, 13, 32815–32830 | 32819
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Fig. 2 (a) Evolution of the zeta potential of GO and PEI-GO as function of pH. (b) Experimental (dotted line) and theorical (solid line) electro-
phoretic deposition kinetics using 1 g L−2 suspension of PEI-GO and different current densities (53 mA cm−2, 40 mA cm−2, and 20 mA cm−2). (c)
Scheme of the flocculation and deposition process of PEI-GO during the cathodic EPD.

Table 4 Starting conditions of the suspension for the theoretical approximation of EPD

Parameters dening the EPD conditions

Electrophoretic mobility, me 1.17 × 10−3 cm2 V−1 s−1

Conductivity, ⌠ 3.2 × 10−6 S cm−1

Initial current density, I cm−2 20 mA cm−2 40 mA cm−2 53 mA cm−2

Deposition time, t 60–600 s 60–600 s 60–600 s
Characteristic time for EPDa, s (eqn (2)) 2729 s 1365 s 1023 s

a Calculated for a volume of suspension of 30 mL (1 g L−1), sticking factor of 1 and an arbitrated deposition surface area of 1.5 cm2.
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The deposited mass and thickness range of the processed
coatings were studied under xed electrokinetic parameters
using different concentrated suspensions (1 g L−1, 0.5 g L−1,
and 0.1 g L−1). Fig. 3(a) displays the deposited PEI-GO mass at
32820 | J. Mater. Chem. A, 2025, 13, 32815–32830
different times for each suspension. The suspensions with 1 g
L−1 and 0.5 g L−1 concentrations were demonstrated to grow
coatings with large masses (above 1 mg) and thicknesses (above
10 mm) for all the applied times, as shown in the inset FESEM
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Deposited mass using different concentrated suspensions (1 g L−1, 0.5 g L−1 and 0.1 g L−1) keeping fixed EPD conditions. Inset: Cross-
section SEM images of coatings prepared with different concentrated suspensions at 10 minutes. (b) Images of the coatings prepared with 0.1 g
L−1 suspension for different deposition times. (c) Sticking factor (f) of the suspensions at different deposition times using a set current density of
53 mA cm−2.
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images. Although it is reported that the crystallographic struc-
ture of nickel favours the graphene oxide growth acting as
nucleation points in a CVD synthesis,35 in the electrically-driven
GO deposition, binding energies are not that strong, and coat-
ings above 0.26 mg cm−2 were not able to maintain being
adhered to the Ni substrate.

Moreover, as Fig. 3(b) exhibits, the homogeneity of the
coating is related to the deposition time, which must be greater
than 4 minutes to obtain a homogeneous coating without
supercial defects. Hence, reducing the thickness of the
coating, while maintaining coating homogeneity is required.

Fig. 3(c) exhibits the sticking factor (f) of 3 different
concentrated suspensions for different deposition times,
calculated using eqn (1)–(3). The sticking factor represents the
percentage of deposited/occulated particles among those
particles arriving at the working electrode by electrophoresis.
The theoretical approach assumes that 100% of the particles
that arrive on the electrode are deposited (f = 1).32 The calcu-
lated sticking factor is above 1 for the 1 g L−1 suspension,
ratifying the behaviour shown in the experimental kinetic
curves (Fig. 3). When the quantity of suspended nanoplates is
reduced, a considerable decrease in the sticking factor is shown,
being f # 0.8 for 0.5 g L−1. However, the most remarkable
decrease in the sticking factor was seen for less concentrated
PEI-GO suspension (0.1 g L−1), minimizing the sticking factor
by more than 60% in the whole deposition time range. There-
fore, the potential to extend the deposition durations for the
acquisition of thin, uniform coatings while sustaining a high
current density of 53 mA cm−2 was facilitated through the
reduction of PEI-GO loadings and the consequent diminishing
of the suspension sticking factor. Thus, 0.1 g L−1 suspension
This journal is © The Royal Society of Chemistry 2025
was proven to meet all the requirements, reaching a homoge-
neous coating in 10 minutes with a maximum 10 mm thickness
and a certain mass below 1 mg, avoiding layer detachment.

To understand the crystallographic properties of the
commercial inorganic powder and its improvement during the
deposition process, the crystallographic characterization of the
commercial powder and the powder deposited were carried out.
Fig. 4(a) shows the XRD pattern of the initial GO powder (GO red
line) and the patterns of different coatings prepared using a 1 g
L−1 suspension. The cathodic EPD was performed for 10
minutes at different current densities (53 mA cm−2, 40 mA cm−2,
and 20 mA cm−2) and, consequently, different electric elds were
measured for each galvanostatic condition (56 V cm−1, 40
V cm−1 and 23 V cm−1). All the samples displayed a strong
characteristic peak of graphitic atomic structures at 26.7°.

However, the (001) plane related to the expanded interlayer
spacing caused by oxygen-containing functional groups was not
observed in any spectrum. These phenomena may be caused by
an intensive chemical or thermal exfoliation process during the
synthesis of the commercial powder. Moreover, the coating
prepared at the highest current density displays a small, wide
diffraction peak at 20.5°, which was correlated with electro-
chemically reduced graphene oxide (ErGO).36,37 At this current
density of 53 mA cm−2, a potential eld of 56 V cm−1 is applied.
Considering that the ErGO coating is not higher than 10 mm (for
the 0.1 g L−1 suspension), the reduction potential applied
during the electrophoretic deposition process to the GO layer is
over 56 kV. Consequently, by the time the nanoplates deposit
homogeneously on the substrate, oxygen-containing functional
groups of the PEI-GO surface are reduced, restoring the sp2

hybridization of the carbonaceous network. Thus, a relevant
J. Mater. Chem. A, 2025, 13, 32815–32830 | 32821
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Fig. 4 (a) XRD patterns of 3 different coatings obtained by applying different current densities. (b) Cathodic electrophoretic deposition and the
reduction process phenomena of the modified GO sheets in the cathode during the processing of the material.
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improvement in the electrochemical properties of the material
by a crystallographic modication during the material pro-
cessing could be expected.

Fig. 4(b) displays a scheme of the electrochemical reduction
process of PEI-GO at the cathode during the deposition of the
coatings. When the electric eld is applied, sp3 hybridizations
related to oxygen functional groups are eliminated through the
reduction reactions displayed in Table 5. Through electropho-
retic cathodic deposition, graphene oxide is deoxygenated,
restoring the sp2 hybridization, facilitating electron mobility,
and improving the electrical conductivity of the material. The
electrochemical reduction takes place just before the adhesion
of GO on the metallic substrate. By the time the GO nanoplate is
adhering to the cathodic nickel substrate, which, due to the
applied electric eld, is negatively charged with an excess of
electrons, the carboxyl, hydrocarbon, or carbonyl functional
groups of the graphene oxide surface are reduced. Nevertheless,
the electronic network of GO could not be completely restored
through electrochemical reduction due to the presence of
vacancies on the atomic structure, which may decrease the
electrochemical performance of the electrode.

As the atomic structural conformation of 2D materials
cannot be deeply studied by X-ray diffraction analysis, Raman
spectroscopy was used to evaluate the processing effect on the
nanoplatelet electronic network. The Raman spectra of three
coatings obtained using different concentrated suspensions
Table 5 GO to ErGO: oxygen-containing functional groups and reduct

32822 | J. Mater. Chem. A, 2025, 13, 32815–32830
and a xed electric eld of 56 V cm−1 were studied, as shown in
Fig. 5. The spectra of the as-received GO and the different
coatings revealed two dominant peaks of the G (1579–
1565 cm−1) and 2D band (2685–2700 cm−1) that are assigned to
graphite.

The weak D band (1328 cm−1) caused by structural disorder
was also observed. A considerable intensity increase of the 2D
peak can be seen when the inorganic loading of the suspensions
drops from 1 g L−1 to 0.5/0.1 g L−1. Thus, a major 2D/G ratio
value (from 0.84 to 0.96) is obtained between the highest and
the lowest concentrated suspensions, as is shown in Table 6.
The increased ratio translates into an improved dispersion and
deagglomeration of GO, manifesting as decreased instances of
graphene sheet stacking during the fabrication of coatings from
low-concentration suspensions (0.5 and 0.1 g L−1).

Moreover, by reducing the GO charge of the suspensions, we
are able to avoid the coagulation and agglomeration of the
particles to achieve a thinner-oriented few-layered GO coating.38

Thus, this strategy could improve the adhesion of the material
to the substrate, decreasing the number of stacked graphene
nanoakes and favoring its orientation during stacking.39

Contrary to the behaviour of the 2D peak, the D peak reduced
its intensity and widened the peak for coatings prepared using
suspensions with inorganic loadings below 1 g L−1. The peak
denoted as D is correlated to the atomic defects, and therefore,
the electronic structure of the graphitic materials. Although no
ion reactions on the cathode

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Raman spectra of the as-received GO and the 3 coatings made
by suspensions with different graphene oxide loads.

Table 6 Raman spectra (2D/G and D/G) and XPS (C/O) defect density
ratio

2D/G D/G C/O

GO 0.84 0.16 —
1 g L−1 0.84 0.16 0.31
0.5 g L−1 0.96 0.13 0.36
0.1 g L−1 0.96 0.11 0.55

Fig. 6 C 1s XPS spectra for coatings fabricated by cathodic EPD using
1 g L−1 (a) and 0.1 g L−1 (b) suspensions. O 1s region of 3 coatings
fabricated with different concentrated suspensions (c) and deconvo-
luted O 1s region of 0.1 g L−1 (d).
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signicant differences in the D/G ratio were observed for coat-
ings prepared from the more concentrated suspension (1 g L−1)
and as-received GO, coatings derived from less concentrated
suspensions (0.5 g L−1 and 0.1 g L−1) exhibited a considerable
reduction in this ratio. Specically, a decrease of up to 25% was
observed for the 0.1 g L−1 suspension (Table 6), indicating
a lower amount of oxygen-containing sp3 defects and
a substantial restoration of the sp2 carbon network. This
improved atomic structural integrity is expected to enhance the
electrochemical properties of the active material. The applica-
tion of the same electric eld to the less concentrated PEI-GO
suspension during the cathodic EPD showed the successful
reduction of the oxidized species, while the stacking is
improved.
This journal is © The Royal Society of Chemistry 2025
To conrm the reduction process through cathodic EPD at
the surface level, the C 1s XPS spectra were deconvoluted and
analyzed for coatings prepared with the highest (Fig. 6(a) and
lowest (Fig. 6(b)) solid-content suspensions. The peak observed
at 284.5 eV exhibits a slight augmentation in intensity with the
decreasing loading of GO within the suspension. This
phenomenon implies a substantial re-establishment of oxygen-
containing sp3 hybridization onto the sp2 C–C bonds. The
spectral peaks corresponding to oxygen functionalities,
including the C–OH, C–O–C, C]O, and O–C]O bonds, are
discernible at approximately 285.7, 286.8, 287.6, and 289.4 eV,
respectively.15,40 While the C–O–C and O–C]O peaks appear
slightly above their typical ranges, such shis can be attributed
to overlapping peak contributions and local electronic envi-
ronments in the ErGO network.40 In the spectra obtained at
a concentration of 0.1 g L−1, a slightly broader peak associated
with the C–OH binding and the appearance of a small O]C–OH
peak is noted. However, alongside this, there is a discernible
decrease in C–O–C and C]O functional groups. Moreover,
Fig. 6(c) displays the O 1s region of coating surfaces manufac-
tured using different concentrated suspensions. Signicant
intensity differences between the coatings fabricated with the
highest and lowest PEI-GO content are visible. This disparity in
peak intensities, alongside the C/O ratios (Table 6) and the
results obtained in the C 1s region, may suggest a selective
reduction at the surface of the oxygen-carbon species while
slightly increasing the high hydrophilic carboxyl groups
(–COOH) (see Fig. 6(d)), supporting the overall reduction
process of the cathodic EPD fabrication process but also
enhancing surface reactivity.41

Coatings with the same active mass were prepared using
different nickel-based architectures to test the electrochemical
performance of electrodes prepared by cathodic EPD. As
J. Mater. Chem. A, 2025, 13, 32815–32830 | 32823
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previously proved, a certain mass of 1 mg is the maximum
quantity of material that can be deposited without overcoming
the binding adhesion energies of the carbonaceous coating on
the metallic nickel plates. Therefore, coatings of 0.5 mg were
deposited on nickel substrates, both plates, and foams, using
the previously set electrokinetic parameters (0.1 g L−1 suspen-
sion; 56 V cm−1; 10 min). Prior to measuring their electro-
chemical response, all coatings were annealed at 350 °C for 1 h
in an argon atmosphere to strengthen the carbonaceous
microstructure and its adhesion to the metallic collector.

Fig. 7(a) shows the cyclic voltammetry curve at 50 mV s−1 of
two substrates with the same coating load of the active material
(z0.5 mg) but different substrate architectures. The curves
exhibit weak oxidation-reduction peaks of themetallic substrate
at the highest and lowest voltages, respectively, being more
evident for the plate-like substrate due to the lower electro-
chemical contribution of the ErGO coating.42 A signicant
enlargement of the area under the curve and, consequently, an
increase of stored charge is visible along the entire potential
window on the coated foam substrate. Even though the two
electrodes have the same quantity of the active material, the
coating on the porous structure of the nickel foam seems to
encourage a larger active specic area with a greater formation
of the EDL. Fig. 7(b) exhibits the cyclic voltammetry curves of
Fig. 7 (a) Cyclic voltammetry curves at a scan rate of 50 mV s−1 of th
reduced graphene oxide coating at scan rates of 50, 20, 10, 5, and 2 mV
substrates.

32824 | J. Mater. Chem. A, 2025, 13, 32815–32830
foam electrodes at different scan rates from 50 mV s−1 to 2 mV
s−1. At the lowest scan rates, the redox peaks of the substrate are
more noticeable; however, the irreversibility of the substrate
redox reaction minimizes its contribution at the highest scan
rates.

Fig. 7(c) exhibits the microstructure of the coatings on both
the nickel plate and foam. Both images reveal a massive depo-
sition with uncovered zones on the substrate surface, which
account for the redox contribution of the substrate. Neverthe-
less, clear differences in morphology and coverage are evident.
On the plate, the coating appears continuous but dense, with
visible cracking likely caused by internal stresses during depo-
sition or drying. In contrast, the coating on the 3D nickel foam
conforms closely to the porous scaffold, creating a ner and
more open texture that facilitates ion accessibility.

The more porous microstructural conguration on the foam
substrate is favourable for electrochemical double-layer (EDL)
formation, as it increases the exposure of active sites for K+ and
OH− ion adsorption. Moreover, the uniform covering on the
macrostructural porous architecture supports better electrolyte
penetration and promotes a higher electrochemically active
surface area (ECSA), which directly contributes to improved
capacitive behavior. The thinner, more uniform coating on the
foam also demonstrates better adhesion, consistent with
e plate and foam depositions. (b) Cyclic voltammetry curves of foam
s−1. (c) SEM images of ErGO coatings on plate and foam metallic nickel

This journal is © The Royal Society of Chemistry 2025
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previous observations that electrically driven coatings with
mass loadings above 0.26 mg cm−2 tend to delaminate from at
nickel substrates due to limited binding strength.35 Although
both electrode congurations exhibit homogeneous thickness
due to the optimized cathodic EPD process, the plate substrates
with smaller accessible deposition areas promote the growth of
thicker ErGO coatings (up to 10 mm for 10 minutes depositions
using 0.1 g L−1 suspensions; see Fig. 3(a)). The thicker coatings
result in a reduced exposure of the active material and increased
mechanical instability. In contrast, the foam substrates support
much thinner coatings (below 5 mm) with minor GO layer
stacking, as shown in the 2D/G ratio (Table 6). Thus, the
enhanced mechanical interlocking, stability, and structure
facilitate the partial restoration of the sp2 carbon network,
further contributing to superior electrochemical performance.

The capacitive performance for both congurations was
tested by analysing galvanostatic charge–discharge curves
(GCD) at different current densities. Fig. 8(a) exhibits the GCD
triangular curves, which are related to the capacitive phenom-
enon. The slight lack of symmetry, more visible at lower current
densities, can be attributed to minor faradaic contributions
Fig. 8 (a) GCD at different current densities of ErGO coatings on a Ni pl
Specific gravimetric capacitance at different current densities of plate an
coatings measured between −0.6 to 0 V potential vs. Ag/AgCl. Inset:
coatings on nickel plate and foam substrates and the corresponding fitt

This journal is © The Royal Society of Chemistry 2025
from residual oxygen-containing functional groups or the
slightly exposed nickel substrate.43 Nevertheless, the absence of
voltage plateaus and the overall linearity of the proles conrm
a predominantly capacitive mechanism. At higher current
densities, the curves become more symmetric, further sup-
porting this conclusion. Additionally, the foam-based elec-
trodes exhibit longer charge–discharge times, consistent with
their larger electroactive surface area and enhanced EDL
formation, as also evidenced by CV analysis.

Gravimetric specic capacitance (CS) values for different
current densities, calculated using eqn (4), are summarized in
Fig. 8(b). The foam electrode shows an increase in specic
capacitance, in comparison with the plate electrode, for all the
current density range. The difference in gravimetric specic
capacitance at lower current densities, as the charge–discharge
times, is signicantly higher than at high current density values.
This is largely due to the increase in the reaction time as the
applied current density decreases, favouring, again, the pseudo-
capacitive contribution of the oxygen-containing functional
groups and the redox contribution of the substrate, more visible
in foam electrodes, reaching 148 F g−1 at 1.5 A g−1. Nevertheless,
ate and foam measured between −0.6 to 0 V potential vs. Ag/AgCl. (b)
d foam coatings. (c) Anodic and cathodic currents of foam and plate

calculated double-layer capacitance values (CDL). (d) EIS plots of GO
ed curves. Inset: equivalent circuit.

J. Mater. Chem. A, 2025, 13, 32815–32830 | 32825
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Table 7 Electrochemical properties of the coated electrodes

Coating substrate Foam Plate

Average capacitance CDL × 104 (mF) 2.90 2.03
ECSA (cm2) 1382 968
Deposited BET area (cm2) 2408 2697
Active material (%) 57 37

Table 8 Comparison of the fitted EIS parameters of ErGO electrodes
with different substratesa

Sample Rs (U) RCT (U) CPE-P

Plate 2.47 1.21 0.85
Foam pre-cycling 1.17 0.47 0.89
Foam post-cycling 1.76 0.51 0.84

a All the EIS tted data exhibit error values of c2 ∼ 10−2.
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the superiority of the foam electrode is visible for all current
density rates from 2 A g−1 to 4 A g−1, where the capacity is
increased by 90% compared to the plate electrode. Moreover, the
capacitive ErGO coating in the foam substrate achieves 80 F g−1

at a high-current density of 4 A g−1, exhibiting excellent super-
capacitor behaviour in fast charge–discharge processes.

The manufactured ErGO electrodes utilizing cathodic EPD
over nickel foams displayed slightly lower specic capacitance
values than the electrodes developed by Srinivas Gadipelli et al.8

by directly pressing dry powders over nickel foams (Table 1).
Under identical electrochemical testing conditions, a specic
capacitance of over 220 F g−1 at a current density of 2 A g−1 was
achieved by the pressed rGO electrodes, compared to the 104 F
g−1 achieved in this work. Nonetheless, the conventional, non-
scalable, and less sustainable thermal and pressing strategies
used in that approach limit its broader applicability when
compared to the simultaneous cathodic EPD reduction and
shaping strategy applied here.

Moreover, the cathodic EPD process yielded ErGO electrodes
with enhanced performance, surpassing the specic capaci-
tance values reported by Purkait et al.10 and Yang et al.11 The
electrodes fabricated using electrical deposition shaping tech-
niques attained specic capacitances of 40.0 and 99.8 F g−1 at
current densities of 2 A g−1, which are approximately half and
slightly below the 105 F g−1 achieved by the developed ErGO
electrodes under the equivalent current densities in this study.
However, both works used non-aqueous polymer-based elec-
trolytes in electrochemical measurements. Other investigations
presented in Table 1 demonstrated that electrodes deposited via
dip coating and subsequently electrochemically reduced, as
conducted by Wanli et al.,9 achieved slightly elevated specic
capacitances of 160.8 F g−1 compared to the present. However,
these results were obtained under potentiostatic conditions at
low scan rates of 10 mV s−1.

When compared to electrodes manufactured and tested
under similar conditions (1.5 mA cm−2 and 1 M Na2SO4), the
electrically deposited and electrochemically reduced electrodes
developed by Xuejun et al.12 exhibited lower capacitance values
of 110.0 F g−1. Conversely, Wang et al.12 obtained a slightly
higher capacitance of 172 F g−1 using a chemically reduced
electrode. However, the value was obtained at a lower current
density of 0.2 A g−1, indicating a comparable performance to
the present study. Zisong et al. and Baozhen et al.12 achieved
superior specic capacitance values of 167.0 F g−1 and 190.0 F
g−1, respectively, at low current densities of 0.5 A g−1, using
acidic (0.5 M H2SO4) and more concentrated KOH (6 M) elec-
trolytes. Under the same gravimetric conditions as the present
study (2 A g−1), they maintained higher specic capacitances of
approximately 110.0 F g−1 (chemically reduced) and 130.0 F g−1

(electrochemically reduced), compared to the 99.8 F g−1 re-
ported here. However, in both cases, acids and highly concen-
trated salts were used during the reduction of GO coatings and
electrochemical measurements, respectively, which may inu-
ence the performance and limit the sustainability, efficiency,
and scalability of the processes.

To analyze the improvement in capacitive performance,
a more in-depth study of the EDL was performed. Current
32826 | J. Mater. Chem. A, 2025, 13, 32815–32830
values from the cathodic and anodic curves at a potential of
0.5 V were plotted against various scan rates from the CV, as
shown in Fig. 8(c). The different scan rates and current values
resulted in a linear t (c2 ∼ 10−1), where the slope of the tting
corresponds to the CDL as dened in eqn (7). Although the plate
coatings exhibit considerably higher current values at low scan
rates, the foam coating current increases noticeably at high
scan rates, displaying a more pronounced slope in both the
anodic and cathodic curves. The tting obtained from these
current values and scan rates demonstrates a larger double-
layer formation in the foam electrode.

Using the CDL values subtracted from the linear tting and
the theoretical CTS of single-layer graphene oxide (21 mF cm−2),
the ECSA was calculated (eqn (5)) and is presented in Table 7.
The use of colloidal processing and cathodic EPD, in addition to
improving the electronic properties of the material, enables
covering the internal segments of the porous structures during
deposition, enhancing the electrochemical performance of the
active material by increasing the ECSA. The improvement in the
active material percentage was calculated by comparing the
ECSA with the deposited BET area using eqn (8) and (9). Thus,
the electrochemical response of the same deposited material
quantity was improved by 20% with the xed parameters when
a nickel foam is used as substrate.

The electrochemical behaviour of both graphene oxide
coatings was further studied through electrochemical imped-
ance spectroscopy (EIS). Nyquist plots in Fig. 8(d) display the
curves of ErGO coatings on nickel plates and foams. The
respective tted impedance diagrams obtained through the
equivalent circuit using ‘ZView’ soware are shown as an inset
in the same gure. The combined resistance (RS) of the active
material, ionic resistance of the electrolyte, and interphase
resistance of the electrode/substrate corresponds to the value
where the curve intercepts the real axis, at high frequencies.
Additionally, the radius of the semicircle was calculated,
together with the electrode conductivity and charge transfer
resistance (RCT) of the bulk electroactive material (Table 8).
This journal is © The Royal Society of Chemistry 2025
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They showed slightly different behaviours in terms of the
electrode/substrate interphase and charge transfer resistance.
Equivalent circuits that were used to t the impedance
diagrams are shown as an inset in the same gure. EIS Nyquist
plots show different combined resistance values of ErGO coat-
ings depending on the architecture on nickel substrates,
exhibiting larger RS for the plate conguration electrode (2.47U)
compared with the foam electrode (1.17 U). Furthermore,
charge transfer resistance also shows a similar behaviour, being
considerably lower in the nickel foam (0.47 U) compared to the
plate coating RCT (1.21 U). This performance is correlated to the
nanoake conguration and the microstructure of the coating
on the substrate. Increasing the substrate area improved the
interphase between the deposited active material and the
metallic substrate. Thus, the improved orientation of ErGO
nanoakes and the decreasing coating thickness led to a minor
charge transfer resistance.

Previously described serial resistance appears in series with
a constant phase element (CPE) that represents the combina-
tion of surface modication capacitance and double layer
formation capacitance, which simulates the non-ideal behav-
iour of the capacitor. Both coated plate and foam electrodes
display similar CPE-P values of 0.85 and 0.89, respectively. The
nely adjusted ErGO electrodes acquired through cathodic EPD
demonstrated interfacial properties analogous to those of
ErGO/NiO electrodes prepared via the same technique, where
Fig. 9 (a) GCD cycling: capacitance evolution at different current densitie
from cycles 40 to 1400 in increments of 40 cycles, recorded at varying
Detailed view of the GCD curves at different current densities. (c) EIS p
electrodes before and after GCD cycling. (d) Ragone-plot comparison o
based electrodes of Table 1.

This journal is © The Royal Society of Chemistry 2025
complete coverage by the chemically reduced graphene on the
NiO nanoplate surfaces was proven, validating the ErGO
processing.44

The results of CV, GCD, specic capacitance, and impedance
spectroscopy analysis suggested a larger formation of the EDL
in the case of coated foams. The higher ECSA (1382 cm2) and the
lower charge transfer resistance (RCT = 0.47 U), certify the
enhanced electrochemical performance of the ErGO coating (of
0.5 mg of electroactive material) of the foam substrate, while the
selective reduction of GO nanoakes taking place simulta-
neously to the EPD, veried by the XPS results and an Rs of 1.17
U, evidences a larger contact area between the active material
and the electrolyte. Thus, cycling stability (black dots) and
capacitance retention (green dots) of coated foam electrodes
were tested at different current densities and 2 A g−1, respec-
tively (Fig. 9(a)). A 35% capacitance loss is observed in the rst
400–500 cycles, with the most pronounced decrease occurring
during the initial 200 cycles (at 2 A g−1), coinciding with the
lowest applied current density of 1.5 A g−1 at the cycling stability
(black dots) curve. This behavior can be attributed to an
electrochemical activation process, as recently described by
Bernicola et al.45 in their study on nanoporous rGO electrodes.
During the early stages of cycling, a signicant evolution in
voltammetric response and specic capacitance occurs, which
is attributed to the progressive inltration of the electrolyte into
s and capacity retention at 2 A g−1. (b1) Set of 35 GCD curves, extracted
current densities during the cycling test of the symmetric full cell. (b2)
lots and fitted curves using the equivalent circuit of Fig. 8(d) of foam
f the developed electrode at different current densities with the rGO-
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the porous network and the activation of redox-active oxygen-
containing functional groups.

In the present study, a similar activation mechanism may be
occurring in the foam electrode, where the electrode congu-
ration and coating chemistry evolve during initial cycling. The
combination of early structural adjustments within the porous
coating, partial irreversible reduction of previously not reduced
oxygen functional groups,46 and limited electrolyte accessibility
at lower current densities (1.5–2 A g−1) leads to a decrease in the
specic capacitance at initial cycles. However, aer this activa-
tion phase, the gravimetric specic capacitance remains stable
for other current densities during the cycling test and suggests
that the observed early-stage decay does not reect permanent
degradation but rather a dynamic adaptation of the electrode–
electrolyte interface toward optimal performance. Thus, the
electrochemical stability was demonstrated by reaching 90% of
the capacitance (132 F g−1) for 1.5 A g−1 aer 1400 cycles.

Additionally, to further investigate the rate capability and
charge storage mechanism of the symmetric full cells, the
evolution of the GCD curves throughout the cycling test was
analyzed. Fig. 9(b1) presents a set of 35 GCD curves recorded
between cycles 40 and 1400 at varying current densities. These
curves display the characteristic triangular shapes typical of
capacitive behavior, with slight asymmetries that are more
noticeable at lower current densities, suggesting enhanced
pseudocapacitive and faradaic contributions under these
conditions. This behavior aligns with the trends observed in the
previously discussed half-cell CV measurements and the
capacitance results obtained in the symmetric full-cell cong-
uration. Furthermore, Fig. 9(b2) provides a closer view of the
GCD curves at different current densities, revealing that the
asymmetry becomes slightly less pronounced in the later cycles
at lower current densities. This observation supports the
occurrence of an initial activation process, related to the pres-
ence of residual oxygen-containing functional groups and
possible substrate effects, and the progressive stabilization of
the electrode surface during long-term cycling.

The stabilization of the capacitance observed aer prolonged
cycling was further supported by EIS analysis (Fig. 9(c)). The
post-cycling Nyquist plot of the same foam-based electrode
reveals the constancy of the electrochemical performance,
suggesting microstructural and compositional stabilization.
While the Rs (1.76U) shows a slight increase, likely due to minor
degradation or electrolyte modications, the RCT remains close
to the pre-cycling values (0.47–0.51 U). The small uctuations
corroborate the uniform and stabilized interface between the
electroactive coating and the underlying nickel architecture
aer the cycling test. Furthermore, the maintained CPE value
(0.84) and small deviation in the phase exponent conrm the
capacitive response. This deviation likely reects the appear-
ance of additional interfacial processes rather than signicant
structural or compositional degradation. Instead, the consis-
tent electrochemical performance observed aer the initial
cycles, together with the stabilized capacitance and stabilized
charge transfer characteristics, suggests that the electrode
maintains its structural and compositional integrity aer
32828 | J. Mater. Chem. A, 2025, 13, 32815–32830
prolonged cycling, with only minor interfacial recongurations
inuencing ionic and electronic transport.

Fig. 9(d) displays the performance of a symmetric full-cell
under different current densities evaluated in terms of energy/
power densities calculated by applying eqn (10) and (11).
Regarding the power densities, a rapid charge/discharge was
probed for the manufactured coated ErGO foam electrodes,
ranging from 400–1125 W kg−1. The coated ErGO electrodes
exhibited power densities that were comparable to, and in some
cases exceeded, those of rGO-based and ErGO-based EDLCs
tested under similar conditions reported in Fig. 9(c), while
consistently maintaining energy capacitances in the medium
range of ∼101 Wh kg−1. These values were obtained across
a range of current densities (1.5 A g−1 to 4 A g−1), highlighting
the stable and reliable electrochemical performance of the
electrodes under varying operational conditions. Thus, prom-
ising competitive coated ErGO supercapacitors for a broad
range of applications were developed using a straightforward,
scalable, and sustainable reduction and manufacturing
process.
Conclusions

Colloidal dispersion and stabilization of the modied PEI-GO
and optimization of the electrokinetic parameters of the
suspension enable cathodic EPD and the simultaneous selective
electrochemical reduction of nanoakes to obtain strongly
active and adhered homogeneous thin coatings of ErGO for
high-performance supercapacitor electrodes. By tuning the
electrical parameters and suspension concentrations, the
proposed process enables the optimization of electrochemical
and electrical properties of PEI-GO coatings by decreasing
oxygen-carbon functional groups of the GO surface, maintain-
ing the reactive hydroxyl-containing sites, which could be the
cause of the achieved high-capacity values (148 F g−1) and high-
capacity retention (100%) at 1.5 A g−1.

Thin and compact ErGO coatings were formed via electron
transfer between the working metallic substrate and the surface
of the deposited material. This process induces a reduction in
atomic structural defects of graphene in the form of sp3

hybridization, as suggested by crystallographic
characterization.

Moreover, the coagulation of PEI-GO nanoakes during
cathodic EPD led to a high electrochemical performance of the
active microstructure and a complete covering of 3D complex
metallic substrates, improving the formation of EDL. The ECSA
estimation highlighted the empowerment of the active material
and efficiency of the processing and shaping method, upgrad-
ing the percentage of the exposed active material by 20%. The
developed device displayed rapid charge/discharge processes,
achieving 80 F g−1 capacitance at a high current density
(4 A g−1), and therefore, a competitive power density of 103 W
Kg−1. Consequently, a binder-free high-performance super-
capacitor was produced through a sustainable and scalable
manufacturing process exhibiting signicant power density and
moderate energy density comparable to conventional EDLCs.
This journal is © The Royal Society of Chemistry 2025
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3 S. Kondrat, C. R. Pérez, V. Presser, Y. Gogotsi and
A. A. Kornyshev, Energy Environ. Sci., 2012, 5, 6474–6479.

4 L. Fekri Aval, M. Ghoranneviss and G. Behzadi Pour, Heliyon,
2018, 4, 862.

5 S. Singh, M. R. Hasan, P. Sharma and J. Narang, KeAi
Communications Co, 2022, 3, 100190.

6 J. Xu and D. Zhang, Electrochim. Acta, 2017, 224, 105–112.
7 K. S. Novoselov, A. K. Geim, S. V Morozov, D. Jiang, Y. Zhang,
S. V Dubonos, I. V Grigorieva and A. A. Firsov, Science, 2004,
306, 666–669.

8 S. Gadipelli, J. Guo, Z. Li, C. A. Howard, Y. Liang, H. Zhang,
P. R. Shearing, D. J. L. Brett, S. Gadipelli, J. Guo, Y. Liang,
H. Zhang, P. R. Shearing, D. J. L. Brett, Z. Li and
C. A. Howard, Small Methods, 2023, 7, 2201557.

9 W. Gao, C. Debiemme-Chouvy, M. Lahcini, H. Perrot and
O. Sel, Anal. Chem., 2019, 91, 2885–2893.

10 T. Purkait, G. Singh, D. Kumar, M. Singh and R. S. Dey, Sci.
Rep., 2018, 8, 640.

11 J. Yang, W. Weng, Y. Zhang, X. Du, Y. Liang, L. Yang, X. Luo,
Y. Cheng and M. Zhu, Carbon, 2018, 126, 419–425.

12 X. Liu, X. Qi, Z. Zhang, L. Ren, G. Hao, Y. Liu, Y. Wang,
K. Huang, X. Wei, J. Li, Z. Huang and J. Zhong, RSC Adv.,
2014, 4, 13673–13679.

13 M. Wang, L. D. Duong, N. T. Mai, S. Kim, Y. Kim, H. Seo,
Y. C. Kim, W. Jang, Y. Lee, J. Suhr and J. Do Nam, ACS
Appl. Mater. Interfaces, 2015, 7, 1348–1354.

14 Z. Kong, Y. Gao, X. Ma, Q. Gou, Z. Yan, W. Huang, H. Tan,
X. Cai and J. Cai, Int. J. Electrochem. Sci., 2018, 18, 11.

15 B. Rui, M. Yang, L. Zhang, Y. Jia, Y. Shi, R. Histed, Y. Liao,
J. Xie, F. Lei and L. Fan, J. Appl. Electrochem., 2020, 50,
407–420.
This journal is © The Royal Society of Chemistry 2025
16 M. P. Lavin-Lopez, A. Paton-Carrero, L. Sanchez-Silva,
J. L. Valverde and A. Romero, Adv. Powder Technol., 2017,
28, 3195–3203.

17 N. Sharma, S. Tomar, M. Shkir, R. Kant Choubey and
A. Singh, in Materials Today: Proceedings, 2019, vol. 36, pp.
730–735.

18 L. Dong, J. Yang, M. Chhowalla and K. P. Loh, Chem. Soc.
Rev., 2017, 46, 7306–7316.

19 M. Brycht, A. Leniart, J. Zavašnik, A. Nosal-Wiercińska,
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