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Abstract: Ceramic substrates were metallized with a Ni-Mo-P electroless coating and further
modified with a polypyrrole (PPy) coating by the electrodeposition method. The properties of
the polypyrrole coating were studied with the addition of a graphene oxide (GO) nanomaterial
prior to the electrodeposition and its reduction degree. Fourier Transform Infrared Spectroscopy,
Field-Emission Scanning Electron Microscopy, Raman spectroscopy and cyclic voltammetry were
employed to characterize the properties of the coatings. The results indicated the successful synthesis
of conductive electrodes by the proposed approach. The electrodeposition of PPy and its charge
storage properties are improved by chemically reduced GO. The surface capacitive contribution to
the total stored charge was found to be dominant and increased 2–3 fold with the reduction of GO.
The chemically reduced GO-modified PPy exhibits the highest capacitance of 660 F g−1 at 2 mV s−1,
and shows a good cyclability of 94% after 500 charge/discharge cycles. The enclosed results indicate
the use of an NiMoP electroless coating, and modification with a carbon nanomaterial and conducting
polymer is a viable approach for achieving functional ceramics.

Keywords: ceramic; NiMoP electroless deposition; electrodeposition; graphene oxide; polypyrrole;
supercapacitor

1. Introduction

From the point of view of low-cost production, environmentally friendliness, and performance,
renewable energy production and energy storage are among the most popular and interesting
worldwide areas. In this respect, the design of ceramics for next-generation energy storage devices
emerged as a field ripe with venues for new materials. Ceramic substrates have attracted much
research interest thanks to their chemical and environmental stability, low cost, and good mechanical
and thermal properties. In order to overcome the major drawback of their insulating nature [1],
the electroless deposition (ED) was proposed as a promising approach as it is a facile, low cost,
and efficient process allowing the synthesis of conductive, homogenous, continuous, and compact films
irrespective of the geometry and nature of the substrate, without the need for external electricity [2–9].

Currently, supercapacitors have attracted significant interest as next-generation energy storage
devices bridging batteries and capacitors [10,11], thanks to their properties such as high power density,
longer cycling performance, and low environmental pollution [12–14]. The total charge stored in the
electrode is generally based on the surface and bulk processes, which involve, on one hand, two different
mechanisms such as surface redox and ion adsorption/desorption reactions or electric double layer
formation at the electrode/electrolyte interface and, on the other, a diffusion-controlled intercalation
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process [13,15,16]. Thus, a combination of these mechanisms is often pursued to obtain hybrid
supercapacitors with improved performance. However, given the complex nature of the electrode
materials developed lately, the definition of their storage mechanisms is of paramount importance.
In this respect, there are many reports on the deconvolution of surface and bulk electrochemical
processes in energy storage electrodes [17–19].

The materials with a high surface area and electrical conductivity are highly employed in energy
storage devices, as it is known that electrical double-layer capacitors (EDLCs)-based electrodes mainly
involve charge stored via electrostatic force at the electrode/electrolyte interface [13]. These materials
include carbon nanomaterials, such as carbon nanotubes, graphene and its oxide derivatives,
carbon fibers, etc. [20–22]. Currently, reduced graphene oxide (rGO) is the most used carbon
nanomaterial in supercapacitor electrodes due to its excellent thermal, electrical, and mechanical
properties [23]; cycling stability; and large potential window [24]. The rGO can be obtained from GO
by thermal, photothermal, chemical, or electrochemical reduction methods [25]. On the other hand,
oxide and hydroxide materials such as MnO2, NiO, Co(OH)2 or conducting polymers are usually
employed for pseudo-capacitance, as they exhibit fast and reversible Faradaic processes between
electrode materials and electrolytes [13,15]. Polypyrrole (PPy) is seen as the most promising alternative
conductive polymer for supercapacitor electrode material due to its advantages, such as its simple and
easy synthesis, low cost, excellent capacitance, and environmental compatibility [26].

This work proposes a two-step approach based on the combination of electroless deposition and
electrodeposition methods for the modification of ceramic electrodes towards functional ceramics.
A conductive NiMoP coating deposited onto the ceramic surface serves as an electrode for the deposition
of PPy by the cyclic voltammetry (CV) method. GO is employed for the further surface modification of
the ceramic, and the effect of its reduction on the electrodeposition of PPy is assessed. The properties of
the obtained electrodes for energy storage are evaluated by CV, as this method provides with a simple
yet effective technique by which to electrochemically evaluate the reaction kinetics of active materials
in order to deconvolute the contribution of surface and bulk electrochemical processes to the total
stored charge. The obtained results indicate the successful fabrication of a simple, fast, and low-cost
ceramic supercapacitor electrode which exhibits a good performance (about 660 F g−1 at 2 mV s−1) and
capacitance retention of 94% after 500 charge/discharge cycles.

2. Materials and Methods

2.1. Materials

All the chemicals (Alfa Aesar, Kandel, Germany) were reagent grade and used as received.
A graphene oxide aqueous dispersion (Sigma Aldrich, Madrid, Spain) and pyrrole monomer (Sigma
Aldrich, Madrid, Spain), which was distilled prior to usewere employed for the coatings. The ceramic
substrates (5 cm × 1.5 cm × 0.3 cm) were fabricated in the laboratory using porcelain stoneware
atomized powder obtained by mixing 59.85% SiO2, 15.99% Al2O3, 0.48% Fe2O3, 4.87% CaO, 3.59% of
MgO, 1.45% Na2O, 1.30% K2O, and 0.61% Ti2O (wt. %) [1].

2.2. Fabrication of PPy/rGO Ceramic-Supported Electrodes

2.2.1. Metallization of Ceramic Substrate by Electroless Process

First, the ceramic substrates were metallized by the electroless deposition (ED) process according
to the method developed by Rosas-Laverde et al. [1]. Briefly, the ceramic substrate was airbrushed
with the Pd catalyst solution and subjected to thermal activation at 300 ◦C for 12 h. Then, the ceramic
substrate was immersed in the NiMoP plating bath at 80 ◦C for 30 min. Finally, the substrate was
washed with distilled water and air-dried. The obtained substrates were denominated as metallized
ceramic substrates (CS). A detailed characterization of the electroless deposition process and obtained
coating is available elsewhere [1].
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2.2.2. Modification of CS Substrates with GO

Prior to use, the GO dispersion (0.5 mg mL−1) was sonicated for 1 h. The CS substrates were
modified with a GO layer by the dip-coating method, employing 3 sequences of 5 min immersion in an
ultrasonic bath, washing with distilled water, and drying at 60 ◦C for 10 min. Finally, the GO-modified
CS substrates were dried at 60 ◦C for 2 h.

2.2.3. Reduction of GO

CS substrates modified with reduced graphene oxide (rGO) were obtained by electrochemical and
chemical methods. The electrochemical reduction was carried out by the CV method in 0.1 M of KCl
solution using the GO-modified CS as a working electrode. The CV was performed in the −1.4 and
0 V potential range vs. Ag/AgCl at 50 mV s−1 for 10 cycles [15]. The obtained electrode was named
rGOE.The chemical reduction of GO was performed using L-ascorbic acid in an ascorbic acid:GO w/w
ratio of 10:1 at 60 ◦C for 10 h [27]. The obtained rGO substrates were rinsed with distilled water and
air-dried. The obtained electrode was named rGOC.

2.2.4. Electrodeposition of PPy on rGO-Modified CS Substrates

The PPy layer was electropolymerized onto CS substrates by the CV method from a solution of
0.1 M Py, 20 mM sodium dodecyl sulfate (SDS), and 0.05 M of sodium para toluene sulfonate (NapTS)
at an ambient temperature [15]. The CS substrates without and with GO-based coatings were used
as working electrodes. The CV deposition was performed between 0 and 1 V vs. Ag/AgCl at a scan
rate of 50 mV s−1 for 30 cycles. Finally, the substrates were rinsed with distilled water and dried at
60 ◦C for 12 h. The obtained electrodes were named PPy, PPy/GO, PPy/rGOE, and PPy/rGOC-modified
CS electrodes.

2.3. Characterization

The morphology of the coatings was characterized by Field Emission Scanning Electron Microscopy
(FE-SEM) using a Bruker microscope working at a 2 kV and Atomic Force Microscopy (AFM)
using a Bruker Multimode 8 microscope in tapping mode. X-ray diffraction (XRD) was performed
using a Rigaku Ultima IV diffractometer in the Bragg–Bentano configuration using Cu Ka radiation
(CuKα = 1.54 Å). Fourier transform infrared spectroscopy (FTIR) was performed on a Spectrum
100 (Perkin Elmer) spectroscope, while the Raman spectroscopy was performed on a LabRam HR
UV spectroscope (Horiba) using a He-Ne (632.8 nm) laser with a 1.6 cm−1 resolution. The electrical
resistivity of the NiMoP coatings on the ceramic substrate was determined by the Hall effect using a
four-point probe (Ecopia, HMS-3000) at room temperature in a constant magnetic field of 1 T [28,29].
All the electrochemical experiments were carried out by using a potentiostat (PGSTAT 101, AUTOLAB)
and NOVA software (version 1.11, Metrohm Autolab, Utrecht, The Netherlands) in a conventional
three-electrode electrochemical cell using the modified CS substrates as working electrodes, Pt foil
as a counter-electrode, and Ag/AgCl in saturated KCl as a reference electrode. The electrochemical
performance for energy storage was assessed by CV measurements in 0.5 M Na2SO4 solution in the
potential range from −0.1 to 0.7 V vs. Ag/AgCl at varying scan rates from 2 to 100 mV s−1. The CV
stability was evaluated between −0.1 and 0.7 V vs. Ag/AgCl at a scan rate of 50 mV s−1 for 500 cycles.
The areal capacitance CA (F cm−2) was calculated using the equation CA =

∫
i dV/(ν × ∆V × A), where i

is the current, ν is the scan rate, ∆V (V) is the potential window, and A is the apparent area of the
electrode [30,31].

3. Results and Discussion

First, the metallization of the ceramic surface was analyzed by the XRD and AFM techniques.
Figure 1 shows the crystalline phases and morphology of the NiMoP coating deposited onto the
ceramic substrate by the electroless process.
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Figure 1. X-ray diffraction pattern (a) and Atomic Force Microscopy (AFM) images (b) of the NiMoP
coating.

The characteristic peaks of the NiMoP coating are clearly identified and they are located at about
44◦ and 51◦, being attributed to the Ni (111) and Ni (200) reflection planes, respectively, in agreement
with other reports [1]. The 3D AFM image of the NiMoP coating is shown in Figure 1b and indicates
that the NiMoP film consists in fine spherical grains [1,32]. The AFM measurements indicated a Ra
roughness of 59.0 ± 5.9 nm and a thickness of 465.3 ± 16.5 nm for the obtained NiMoP coating. The Hall
measurements indicated a volume resistivity of 10.6 ± 2.2 µΩ cm for the metallized ceramic substrates.

The metallized ceramic substrates were further dip-coated in order to be modified with GO-based
nanomaterials. The effect of the GO reduction degree was studied by chemical reduction with ascorbic
acid and electrochemical reduction by cyclic voltammetry, as referenced elsewhere [15]. The evolution
of CV curves for the PPy electrodeposition at the surface of the NiMoP-coated ceramic electrode
is presented in Figure 2 as a function of the deposition cycles before and after the modification
with GO and reduction of the GO films, namely rGOE and rGOC. Figure 2a reveals the initiation
of electropolymerization at a potential of about 0.7 V, which corresponds to the oxidation of the
pyrrole monomers (Py) into Py radicals to form a PPy matrix in agreement with other reports, thus
confirming the appropriate electric properties of the NiMoP coating to achieve PP electrodeposition [33].
The polymerization potential further shifts to lower values and the current response increases faster
upon cycling, which corresponds to the growth of the PPy nanostructures—that is, the thickness
of the coating increases (Figure 2b). Upon the modification of the ceramic substrate with GO,
the polymerization current markedly decreases, as can be seen in Figure 2b, which is due to the
insulating nature of GO. However, it is noted that the electrodeposition of the PPy coating is still allowed
by the GO film being thin enough. The PPy electropolymerization potential slightly shifts to lower
potential values upon the reduction of GO. The chemical reduction of GO appears to allow a higher shift
of the polymerization potential up to 0.55 V, while the current response markedly increases, reaching
a similar value with the process developed on the unmodified ceramic in Figure 2a. This evolution
is attributed to the increase in the conductivity of rGO as more oxygen groups of GO are removed,
while the residual ones can act as nucleation sites to electropolymerize the PPy matrix [34]. Figure 2c,
depicting the average polymerization charge evolution as a function of the electrode, further confirms
the marked effect of the GO nature on the electrodeposition of PPy, as the deposition charge markedly
increases upon the reduction of GO due to the higher electrical conductivity of GO [35].
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Figure 2. Cyclic voltammetry of polypyrrole (PPy) at the surface of ceramic substrates (CS) before
(a) and after modification with graphene oxide (GO)-based films (b); evolution of the PPy deposition
charge with the coating on the CS substrates (c).

The fabrication of the PPy-based coatings and the identification of different functional groups
were assessed by FTIR and Raman spectroscopy, as depicted in Figure 3. The FTIR analysis (Figure 3a)
revealed similar features for all the coatings, however a few differences were noted which are attributed
to the reduction of GO. Thus, the GO-based coating shows a broad peak in the range of 3600 to
2900 cm−1 which is due to the carboxyl O–H stretching mode [36,37], two peaks located at 2930 and
2859 cm−1 which are assigned to the asymmetric and symmetric CH2 stretching of GO, a peak located
at 1630 cm−1 assigned to C=C stretches from an unoxidized graphitic domain [38,39], a peak at around
1704 cm−1 which is attributed to the C=O stretching of the carboxyl group [40,41], a peak at 1440 cm−1

assigned to epoxy C–O [42], a peak at 1295 cm−1 corresponding to the C–OH stretching of the alcohol
group [37], and one located at 1033 cm−1 which is attributed to the C–O stretching vibrations of the
carboxyl groups [43,44]. While the coating based on the electrochemical reduction of GO resulted in
similar FTIR features to the GO-based one, the one obtained from the chemical reduction shows no
wide band at 2900–3600 cm−1 and less intense bands at 2930, 2859, and 1033 cm−1, which indicates a
higher reduction degree. On the other hand, the presence of PPy in the coatings is indicated by the
FTIR peaks located at 782 and 905 cm−1, the band emerging at 1295 cm−1 corresponds to the C−N
characteristic stretching vibrations, the one at 1104 cm−1 is attributed to N–H in-plane deformation
vibration, and the one at 1535 cm−1 is attributed to the C–N stretching in the pyrrole ring [34,35,45].
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Figure 3. FTIR (a) and Raman (b) spectra of the coatings at the surface of the NiMoP coated ceramic.

The Raman spectra of the PPy/rGO coatings at the surface of the metalized ceramic are depicted in
Figure 3b. The GO layer exhibits the typical Raman bands located at 1319 and 1519 cm−1, representing
the D and G bands which are associated with structural imperfections and disorder in the graphitic
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structure and the sp2 hybridized carbons, respectively [46]. Upon reduction by either the chemical or
electrochemical method, the intensity ratio ID/IG was affected—namely, the ID/IG increased from 1.09
corresponding to the GO coating up to 1.33 corresponding to the GO coating reduced by the chemical
approach. The position of the D bands shifted from 1318 for the GO layer to 1324 cm−1 corresponding
to the GO coating reduced by the chemical approach, which suggests an improved reduction degree
by the chemical reduction approach with respect to the electrochemical one. On the other hand,
the growth of PPy at the surface of the modified GO ceramics is confirmed from the appearance of
new bands located at 1370 cm−1, which is attributed to the ring stretching, and 1400 cm−1 [47,48],
along with the evolution of the typical GO bands, where the shift in the position of the G peak to
1580 cm−1 corresponding to the PPy/rGOC composite coating indicates a marked coupling and charge
transfer between the PPy and rGO [49].

Figure 4 shows the FE-SEM images of the NiMoP coated ceramic before and after the modification
with GO film reduced by the chemical and electrochemical methods. As can be seen in Figure 4a,b,
the NiMoP coating exhibits a good continuity and homogeneity. The presence of rGO films at the
surface of NiMoP is indicated in Figure 4c,d by the smoother aspect of the electroless coating and some
darker areas, which are attributed to agglomerated rGO sheets.
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The electrodeposition of PPy onto the rGOE–CS and rGOC–CS electrodes is depicted in Figure 5.
The FE-SEM images indicate successful electropolimerization by the formation of a continuous PPy
film exhibiting the typical globular morphology of this kind of polymer in both cases of substrates [33].
The thickness of the coatings was determined from section SEM images and reached 500 nm ± 30 nm
for the one deposited on rGOE, while the one deposited on rGOC exhibited a thickness of 620 ± 50 nm.
The micrographs obtained at a higher magnification reveal a better definition and order of the PPy
globules in the case of the rGOC–CS electrode than for the rGOE–CS one, indicating a dependence
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of the electrodeposited PPy morphology on the GO reduction in agreement with the electrochemical
results in Figure 2.Nanomaterials 2020, 10, x FOR PEER REVIEW 7 of 13 
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The electrochemical properties of the ceramic supercapacitor electrodes based on the NiMoP
coating with rGO and PPy were further studied by the CV method in 0.5 M of Na2SO4 electrolyte in a
potential window from −0.1 to 0.7 V. Figure 6a presents a comparison of the CV curves obtained at
50 mV s−1 for the CS substrate modified with PPy as a function of the GO reduction. The NiMoP coated
ceramic (CS) substrate exhibits a very low current response, indicating no electrochemical activity.
The increase in the current response of the CS electrode upon modification with PPy confirms the
synthesis of PPy at the surface of the NiMoP coated ceramic and its potential for energy storage; however,
the shape of the CV curve indicates a poor morphology of the PPy coating, allowing the penetration of
electrolyte ions to further attack the underlying NiMoP coating. In contrast, the GO-modified PPy
coatings exhibit a roughly rectangular shape, which indicates a good potential for achieving an energy
storage electrode material [23,50]. The current response and therefore the corresponding capacitance
of the electrodes varied in the order PPy/GO < PPy/rGOE < PPy/rGOC, which is associated with the
improved contribution from rGOC and effect of its improved conductivity [35] on the electrodeposition
and surface morphology properties of PPy, as they are known to play a relevant role in the capacitive
behavior due to EDLCs and the pseudocapacitive mechanism [51]. It is therefore confirmed that the
NiMoP electroless coating can be employed to design ceramic supercapacitor electrodes [23,52].

Figure 6b shows the CV curves of the PPy/rGOC NiMoP coated ceramic electrode with varying
scan rates. The electrochemical analysis shows a good current response with almost no deterioration
of the CV shape, which can be attributed to the synergetic effect of the electrode material components.
The PPy/rGOC electrode exhibits a capacitance of 32.77 mF cm−2 at 2 mV s−1, which is comparable
with other conducting polymer-coated insulating substrates [31]. The performance of the PPy/rGOC

electrode may be due to presence of rGO (reduced by the chemical process) that modified the
morphology of the PPy coating by creating a complex network and improved its areal capacitive
performance by a faster electron transfer and ion diffusion [52].
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of the PPy/rGOC–CS with the scan rate (b), and the specific capacitance (Csp) as a function of the scan
rate (c).

The area-specific capacitance decreases with increasing the scan rate from 2 to 100 mV s−1,
as shown in Figure 6c [50,51], which is attributed to the enhanced penetration of the electrolyte ions at
lower scan rates, thus allowing them to react with the all the active surface area; meanwhile, at high
scan rates, the electrolyte ions is diffusion limited and time constrained to the porous structure of the
electrode. The best performance was exhibited by the PPy/rGOC NiMoP coated ceramic with about
660 F g−1, the average loading of the electrode material being 0.05 +/− 0.01 mg cm−2.

From the evolution of the voltammetric charge with the scan rate, one could differentiate the
capacitance contribution to the “outer” surface redox and the “inner” redox contributions, according
to Trasatti, by considering that the outer surface charge qout is independent of the scan rate and that the
total charge q in the bulk of the electrode changes linearly with the square root of the scan rate [17].
The diffusion-controlled charge contribution can be obtained from the difference between the total and
the surface charge, which is qin = qt − qout. Figure 7 depicts the Trasatti plots, from where the intercepts
were used to find the qt and qout and the differentiated capacitance contributions. It is shown that the use
of GO affects the electrodeposition and morphology of the PPy coating by forming complex networks
and, consequently, both its bulk and surface contribution to the total stored charge. Thus, while the
charge contributions decrease when PPy is deposited onto GO, the PPy coating electrodeposited on the
rGO exhibits an increased inner charge that can be attributed to the increased conductivity, reduced
diffusion path length, and increased accessible surface area due to the stronger interaction between
rGO and the polymer matrix, similarly to other reports [53–55], as well as increased surface charge,
which can be attributed to the increased active sites at the surface.
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The electrode kinetics may be studied with applied potential according to Conway et al. by
using the equation i(V) = aυb, where i represents the current at a given potential V, υ represents the
scan rate, and a and b are adjustable parameters [18]. By evaluating the value of b from the slope
of the linear fit of log i vs. log υ plot at a given potential, one can differentiate the diffusion-limited
systems and surface-controlled storage ones [18,56,57]. The intercalation of ions into the electrode or
diffusion-controlled process is indicated by b = 0.5, while b = 1 represents a capacitive process via
a surface faradaic redox reactionor non-diffusive controlled process [19,58]. Figure 8a presents the
effect of GO on the b value for the oxidation CV curve of the electrodeposited PPy. The calculated b
values are above 0.5 in the investigated potential range for the modified PPy coating with respect to
the unmodified PPy, which showed a b value of below 0.5 (not shown). The modified PPy showed a
higher b value upon the reduction of GO of up to 0.8, which indicates a higher dominance on the charge
storage mechanism from the surface capacitive process in comparison to the diffusion-limited process,
which can be attributed to the improved electrodeposition of PPy onto rGO. The difference, with respect
to the Trasatti evaluation, is attributed to the varying assumptions of each method. However, to better
understand the surface capacitive contribution, the fraction of current response was analyzed as the
scan rate increased from 2 to 100 mV s−1, according to Dunn, by using the equation i(V) = k1υ + k2υ1/2

derived to i(V)/υ1/2 = k1 υ
1/2 + k2, where the terms k1υ + k2υ1/2 are attributed to the surface capacitive

process and the diffusion-controlled contribution, respectively [19,59]. The values of k1 and k2 obtained
from the slopes and intercepts of the plot of the derived equation are further used to calculate the
contributions of the two elements. Figure 8b depicts the corresponding contributions to the response
at a given potential of 0.3 V at various scan rates. It is shown that the proportion of surface capacitive
process upgrades with the scan rate, reaching 84% at 100 mV s−1 for the PPy electrodeposited on
rGOC. The 2 to 3-fold higher capacitive contribution of PPy upon the reduction of GO may accounted
for the enhanced conductivity of the coating and more redox-active sites [60]. The diffusion-limited
contribution reduced gradually with the increasing scan rate as the ion insertion gets impeded at
higher scan rates, consistent with previous reports [61–63].
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For practical applications in supercapacitors, cycling stability analysis is an important and
critical parameter to take into consideration [34,64]. Thus, the electrochemical cycling stability of the
PPy/rGOC electrode was evaluated at 50 mV s−1 for 500 cycles, as shown in Figure 9. The CV shape
and electrochemical current response of the PPy/rGOC electrode is almost similar after 500 cycles,
as indicated in Figure 9a. The retention of areal-specific capacitance depicted in Figure 9b shows an
excellent retention value of 94% upon 500 charge/discharge cycles, which could be attributed to the
synergetic effect of GO reduced by ascorbic acid and PPy [65]. Such results indicate the excellent
adhesion and stability of the coating upon cycling.
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4. Conclusions

The surface properties of the ceramic substrate were modified by a simple combined approach
based on electroless deposition and electrodeposition. The deposition and properties of the PPy film
were analyzed with the use of a GO film as a primer before electrodeposition. The results indicate that
the electroless NiMoP film allows the successful electrodeposition of PPy-based coatings. The reduction
degree in the GO film obtained by the chemical reduction with ascorbic acid markedly improved the
deposition in terms of morphology and, consequently, its surface capacitive contribution towards the
total stored charge. The electrode obtained by the electrodeposition of PPy onto chemically reduced
GO Ni-Mo-P-supported ceramic reached about 660 F g−1 at 2 mV s−1 and exhibited a 94% capacitance
retention upon 500 charge/discharge cycles at 50 mV s−1. This work demonstrates that the proposed
approach is viable for conferring ceramic substrate with functionality and offers an insight into the
effect of GO addition on the capacitance contribution to the total stored charge, which should be useful
for the design of ceramics for next-generation energy storage devices.

Author Contributions: A.I.P. conceived the concept; A.I.P. and N.M.R.-L. designed the experiments; A.I.P.,
N.M.R.-L. and D.B.-M. validated the data; A.I.P and N.M.R.-L. performed the experiments; N.M.R.-L. performed
the data curation and drafted the original manuscript; A.I.P. and D.B.-M. reviewed and edited the final draft.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors thank for the technical support from Center for Surface Science and
Nanotechnology (UPB) and Servicio de Microscopía Electrónica (UPV).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rosas-Laverde, N.M.; Pruna, A.; Cembrero, J.; Pascual, M.; Orozco-Messana, J. Optimizing Electroless Plating
of Ni–Mo–P Coatings Toward Functional Ceramics. Acta Metall. Sin. (Engl. Lett.) 2020, 33, 1–9. [CrossRef]

2. Wu, H.; Susanto, A.; Lian, K. Thin and flexible Ni-P based current collectors developed by electroless
deposition for energy storage devices. Appl. Surf. Sci. 2017, 394, 63–69. [CrossRef]

3. Kobets, A.V.; Vorobyova, T.N. Palladium catalyst synthesis through sol-gel processing for electroless nickel
deposition on glass. Thin Solid Film. 2016, 616, 793–799. [CrossRef]

4. Heidarzadeh, A.; Mousavian, R.T.; Khosroshahi, R.A.; Afkham, Y.A.; Pouraliakbar, H. Empirical model to
predict mass gain of cobalt electroless deposition on ceramic particles using response surface methodology.
Rare Met. 2017, 36, 209–219. [CrossRef]

http://dx.doi.org/10.1007/s40195-019-00989-x
http://dx.doi.org/10.1016/j.apsusc.2016.10.067
http://dx.doi.org/10.1016/j.tsf.2016.10.021
http://dx.doi.org/10.1007/s12598-015-0564-8


Nanomaterials 2020, 10, 1188 11 of 13

5. Lin, J.D.; Kuo, C.L. Effects of hydrogen plasma treatment on microstructure evolution and electrical
conductivity of electroless Ni-P coatings on polyimide and glass substrates. Surf. Coat. Technol. 2012, 209,
80–89. [CrossRef]

6. Cao, J.; Yi, H.; Znang, Z. The Research on Heat Treatment Technology of Ni-Mo-P Electroless Plating. Adv.
Intell. Syst. Res. 2016, 130, 1240–1244.

7. Zuleta, A.A.; Ojewumi, M.; Yeboah, Y.D.; Kalu, E.E.; Elendu, O.; Ojewumi, M.; Yeboah, Y.D.; Kalu, E.E. Use
of a mixed formaldehyde and sodium hypophosphite reducing agent bath in the electroless synthesis of
Cu-Ni-Mo-P electro-catalyst active for glycerol oxidation. Int. J. Electrochem. Sci. 2016, 25, 778–787.

8. Jiang, J.; Chen, H.; Wang, Y.; Zhu, L.; Sun, Y.; Lin, H.; Han, S.; Luo, Y.; Qian, W. Effect of ultrasonication and
Na 2 MoO 4 content on properties of electroless Ni–Mo–P coatings. Surf. Eng. 2019, 35, 873–882. [CrossRef]

9. Serin, I.G.; Göksenli, A.; Yüksel, B.; Yildiz, R.A. Effect of Annealing Temperature on the Corrosion Resistance
of Electroless Ni-B-Mo Coatings. J. Mater. Eng. Perform. 2015, 24, 3032–3037. [CrossRef]

10. Afzal, A.; Abuilaiwi, F.A.; Habib, A.; Awais, M.; Waje, S.B.; Atieh, M.A. Polypyrrole/carbon nanotube
supercapacitors: Technological advances and challenges. J. Power Sources 2017, 352, 174–186. [CrossRef]

11. Wimalasiri, Y.; Fan, R.; Zhao, X.S.; Zou, L. Assembly of Ni-Al layered double hydroxide and graphene
electrodes for supercapacitors. Electrochim. Acta 2014, 134, 127–135. [CrossRef]

12. Chen, J.; Wang, Y.; Cao, J.; Liu, Y.; Ouyang, J.-H.; Jia, D.; Zhou, Y. Flexible and solid-state asymmetric
supercapacitor based on ternary graphene/MnO2/carbon black hybrid film with high power performance.
Electrochim. Acta 2015, 182, 861–870. [CrossRef]

13. Zhao, X.; Chen, H.; Wang, S.; Wu, Q.; Xia, N.; Kong, F. Electroless decoration of cellulose paper with nickel
nanoparticles: A hybrid carbon fiber for supercapacitors. Mater. Chem. Phys. 2018, 215, 157–162. [CrossRef]

14. Chen, Y.; Xu, B.; Gong, J.; Wen, J.; Hua, T.; Kan, C.-W.; Deng, J. Design of High-Performance Wearable Energy
and Sensor Electronics from Fiber Materials. ACS Appl. Mater. Interfaces 2019, 11, 2120–2129. [CrossRef]

15. Rosas-Laverde, N.M.; Pruna, A.; Busquets-Mataix, D. Improving Electrochemical Properties of Polypyrrole
Coatings by Graphene Oxide and Carbon Nanotubes. Nanomaterials 2020, 10, 507. [CrossRef] [PubMed]

16. Wang, B.; Li, X.; Luo, B.; Hao, L.; Zhou, M.; Zhang, X.; Fan, Z.; Zhi, L. Approaching the Downsizing Limit of
Silicon for Surface-Controlled Lithium Storage. Adv. Mater. 2015, 27, 1526–1532. [CrossRef] [PubMed]

17. Ardizzone, S.; Fregonara, G.; Trasatti, S. “Inner” and “outer” active surface of RuO2 electrodes. Electrochim.
Acta 1990, 35, 263–267. [CrossRef]

18. Liu, T.-C.; Pell, W.G.; Conway, B.E.; Roberson, S.L. Behavior of Molybdenum Nitrides as Materials for
Electrochemical Capacitors. J. Electrochem. Soc. 1998, 145, 1882. [CrossRef]

19. Wang, J.; Polleux, J.; Lim, J.; Dunn, B. Pseudocapacitive contributions to electrochemical energy storage in
TiO 2 (anatase) nanoparticles. J. Phys. Chem. C 2007, 111, 14925–14931. [CrossRef]

20. Martín, N. Carbon Nanoforms for Photovoltaics: Myth or Reality? Adv. Energy Mater. 2017, 7, 1601102.
[CrossRef]

21. Zhu, Y.; Murali, S.; Cai, W.; Li, X.; Suk, J.W.; Potts, J.R.; Ruoff, R.S. Graphene and graphene oxide: Synthesis,
properties, and applications. Adv. Mater. 2010, 22, 3906–3924. [CrossRef] [PubMed]

22. De, B.; Karak, N. Recent progress in carbon dot–metal based nanohybrids for photochemical and
electrochemical applications. J. Mater. Chem. A 2017, 5, 1826–1859. [CrossRef]

23. Huang, C.; Kang, L.; Zhang, J.; Li, J.; Wan, S.; Zhang, N.; Xu, H.; Wang, C.; Yu, Y.; Luo, C.; et al. RGO-Protected
Electroless Plated Nickel Electrode with Enhanced Stability Performance for Flexible Micro-Supercapacitors.
ACS Appl. Energy Mater. 2018, 1, 7182–7190. [CrossRef]

24. Nagaraju, G.; Chandra Sekhar, S.; Krishna Bharat, L.; Yu, J.S. Wearable Fabrics with Self-Branched Bimetallic
Layered Double Hydroxide Coaxial Nanostructures for Hybrid Supercapacitors. ACS Nano 2017, 11,
10860–10874. [CrossRef] [PubMed]

25. Sarker, S.; Lee, K.S.; Seo, H.W.; Jin, Y.K.; Kim, D.M. Reduced graphene oxide for Pt-free counter electrodes of
dye-sensitized solar cells. Sol. Energy 2017, 158, 42–48. [CrossRef]

26. Sun, W.; Chen, X. Preparation and characterization of polypyrrole films for three-dimensional micro
supercapacitor. J. Power Sources 2009, 193, 924–929. [CrossRef]

27. Pruna, A.; Tamvakos, D.; Sgroi, M.; Pullini, D.; Nieto, E.A.; Busquets-Mataix, D. Electrocapacitance of hybrid
film based on graphene oxide reduced by ascorbic acid. Int. J. Mater. Res. 2015, 106, 398–405. [CrossRef]

28. Guillén, C.; Herrero, J. Structure, optical, and electrical properties of indium tin oxide thin films prepared by
sputtering at room temperature and annealed in air or nitrogen. J. Appl. Phys. 2007, 101, 73514. [CrossRef]

http://dx.doi.org/10.1016/j.surfcoat.2012.08.032
http://dx.doi.org/10.1080/02670844.2018.1537612
http://dx.doi.org/10.1007/s11665-015-1568-0
http://dx.doi.org/10.1016/j.jpowsour.2017.03.128
http://dx.doi.org/10.1016/j.electacta.2014.04.129
http://dx.doi.org/10.1016/j.electacta.2015.10.015
http://dx.doi.org/10.1016/j.matchemphys.2018.05.024
http://dx.doi.org/10.1021/acsami.8b16167
http://dx.doi.org/10.3390/nano10030507
http://www.ncbi.nlm.nih.gov/pubmed/32168917
http://dx.doi.org/10.1002/adma.201405031
http://www.ncbi.nlm.nih.gov/pubmed/25581500
http://dx.doi.org/10.1016/0013-4686(90)85068-X
http://dx.doi.org/10.1149/1.1838571
http://dx.doi.org/10.1021/jp074464w
http://dx.doi.org/10.1002/aenm.201601102
http://dx.doi.org/10.1002/adma.201001068
http://www.ncbi.nlm.nih.gov/pubmed/20706983
http://dx.doi.org/10.1039/C6TA10220D
http://dx.doi.org/10.1021/acsaem.8b01629
http://dx.doi.org/10.1021/acsnano.7b04368
http://www.ncbi.nlm.nih.gov/pubmed/28992403
http://dx.doi.org/10.1016/j.solener.2017.09.029
http://dx.doi.org/10.1016/j.jpowsour.2009.04.063
http://dx.doi.org/10.3139/146.111193
http://dx.doi.org/10.1063/1.2715539


Nanomaterials 2020, 10, 1188 12 of 13

29. Saeed, K.; Park, S.-Y. Preparation and properties of multiwalled carbon nanotube/polycaprolactone
nanocomposites. J. Appl. Polym. Sci. 2007, 104, 1957–1963. [CrossRef]

30. Chien, H.H.; Liao, C.Y.; Hao, Y.C.; Hsu, C.C.; Cheng, I.C.; Yu, I.S.; Chen, J.Z. Improved performance of
polyaniline/reduced-graphene-oxide supercapacitor using atmospheric-pressure-plasma-jet surface treatment
of carbon cloth. Electrochim. Acta 2018, 260, 391–399. [CrossRef]

31. Wang, N.; Han, G.; Song, H.; Xiao, Y.; Li, Y.; Zhang, Y.; Wang, H. Integrated flexible supercapacitor based on
poly (3, 4-ethylene dioxythiophene) deposited on Au/porous polypropylene film/Au. J. Power Sources 2018,
395, 228–236. [CrossRef]

32. Mukhopadhyay, A.; Barman, T.K. Effect of heat treatment on tribological behavior of electroless Ni-B coating
at elevated temperatures. Surf. Rev. Lett. 2018, 25, 1–22. [CrossRef]

33. Wolfart, F.; Dubal, D.P.; Vidotti, M.; Holze, R.; Gómez-Romero, P. Electrochemical supercapacitive properties
of polypyrrole thin films: Influence of the electropolymerization methods. J. Solid State Electrochem. 2016, 20,
901–910. [CrossRef]

34. Wang, N.; Han, G.; Xiao, Y.; Li, Y.; Song, H.; Zhang, Y. Polypyrrole/graphene oxide deposited on two
metalized surfaces of porous polypropylene films as all-in-one flexible supercapacitors. Electrochim. Acta
2018, 270, 490–500. [CrossRef]

35. Pruna, A.; Shao, Q.; Kamruzzaman, M.; Zapien, J.A.A.; Ruotolo, A. Enhanced electrochemical performance
of ZnO nanorod core/polypyrrole shell arrays by graphene oxide. Electrochim. Acta 2016, 187, 517–524.
[CrossRef]

36. Guo, H.-L.; Wang, X.-F.; Qian, Q.-Y.; Wang, F.-B.; Xia, X.-H. A Green Approach to the Synthesis of Graphene
Nanosheets. ACS Nano 2009, 3, 2653–2659. [CrossRef] [PubMed]

37. Zhang, T.-Y.; Zhang, D. Aqueous colloids of graphene oxide nanosheets by exfoliation of graphite oxide
without ultrasonication. Bull. Mater. Sci. 2011, 34, 25–28. [CrossRef]

38. Yun, H.; Kim, J.D.; Choi, H.C.; Lee, C.W. Antibacterial Activity of CNT-Ag and GO-Ag Nanocomposites
Against Gram-negative and Gram-positive Bacteria. Bull. Korean Chem. Soc. 2013, 34, 3261–3264. [CrossRef]

39. Wang, S.; Pei, B.; Zhao, X.; Dryfe, R.A.W. Highly porous graphene on carbon cloth as advanced electrodes for
flexible all-solid-state supercapacitors. Nano Energy 2013, 2, 530–536. [CrossRef]

40. Nethravathi, C.; Nisha, T.; Ravishankar, N.; Shivakumara, C.; Rajamathi, M. Graphene–nanocrystalline
metal sulphide composites produced by a one-pot reaction starting from graphite oxide. Carbon 2009, 47,
2054–2059. [CrossRef]

41. Shahriary, L.; Athawale, A. Graphene Oxide Synthesized by using Modified Hummers Approach. Int. J.
Renew. Energy Environ. Eng. 2014, 2, 58–63.

42. Park, S.; Lee, K.-S.; Bozoklu, G.; Cai, W.; Nguyen, S.T.; Ruoff, R.S. Graphene Oxide Papers Modified by
Divalent Ions—Enhancing Mechanical Properties via Chemical Cross-Linking. ACS Nano 2008, 2, 572–578.
[CrossRef] [PubMed]

43. Etacheri, V.; Yourey, J.E.; Bartlett, B.M. Chemically Bonded TiO2—Bronze Nanosheet/Reduced Graphene
Oxide Hybrid for High-Power Lithium Ion Batteries. ACS Nano 2014, 8, 1491–1499. [CrossRef] [PubMed]

44. Li, Y.; Yang, N.; Du, T.; Wang, X.; Chen, W. Transformation of graphene oxide by chlorination and
chloramination: Implications for environmental transport and fate. Water Res. 2016, 103, 416–423. [CrossRef]

45. Guo, D.; Zhang, M.; Chen, Z.; Liu, X. Hierarchical Co3O4@PPy core-shell composite nanowires for
supercapacitors with enhanced electrochemical performance. Mater. Res. Bull. 2017, 96, 463–470. [CrossRef]

46. Pruna, A.; Pullini, D.; Busquets, D. Influence of synthesis conditions on properties of green-reduced graphene
oxide. J. Nanopart. Res. 2013, 15, 1605. [CrossRef]

47. Sahoo, N.G.; Jung, Y.C.; So, H.H.; Cho, J.W. Polypyrrole coated carbon nanotubes: Synthesis, characterization,
and enhanced electrical properties. Synth. Met. 2007, 157, 374–379. [CrossRef]

48. Naidek, N.; Zarbin, A.J.G.; Orth, E.S. Covalently linked nanocomposites of polypyrrole with graphene:
Strategic design toward optimized properties. J. Polym. Sci. Part A Polym. Chem. 2018, 56, 579–588. [CrossRef]

49. Ai, W.; Du, Z.-Z.; Liu, J.-Q.; Zhao, F.; Yi, M.-D.; Xie, L.-H.; Shi, N.-E.; Ma, Y.-W.; Qian, Y.; Fan, Q.-L.; et al.
Formation of graphene oxide gel via the π-stacked supramolecular self-assembly. RSC Adv. 2012, 2, 12204.
[CrossRef]

50. Faraji, S.; Ani, F.N. Electroless nano zinc oxide–activate carbon composite supercapacitor electrode.
J. Electroceram. 2016, 36, 122–128. [CrossRef]

http://dx.doi.org/10.1002/app.25902
http://dx.doi.org/10.1016/j.electacta.2017.12.060
http://dx.doi.org/10.1016/j.jpowsour.2018.05.074
http://dx.doi.org/10.1142/S0218625X18500142
http://dx.doi.org/10.1007/s10008-015-2960-2
http://dx.doi.org/10.1016/j.electacta.2018.03.090
http://dx.doi.org/10.1016/j.electacta.2015.11.087
http://dx.doi.org/10.1021/nn900227d
http://www.ncbi.nlm.nih.gov/pubmed/19691285
http://dx.doi.org/10.1007/s12034-011-0048-x
http://dx.doi.org/10.5012/bkcs.2013.34.11.3261
http://dx.doi.org/10.1016/j.nanoen.2012.12.005
http://dx.doi.org/10.1016/j.carbon.2009.03.055
http://dx.doi.org/10.1021/nn700349a
http://www.ncbi.nlm.nih.gov/pubmed/19206584
http://dx.doi.org/10.1021/nn405534r
http://www.ncbi.nlm.nih.gov/pubmed/24446910
http://dx.doi.org/10.1016/j.watres.2016.07.051
http://dx.doi.org/10.1016/j.materresbull.2017.05.048
http://dx.doi.org/10.1007/s11051-013-1605-6
http://dx.doi.org/10.1016/j.synthmet.2007.04.006
http://dx.doi.org/10.1002/pola.28944
http://dx.doi.org/10.1039/c2ra21179c
http://dx.doi.org/10.1007/s10832-016-0017-2


Nanomaterials 2020, 10, 1188 13 of 13

51. Pandit, B.; Devika, V.S.; Sankapal, B.R. Electroless-deposited Ag nanoparticles for highly stable energy-efficient
electrochemical supercapacitor. J. Alloy. Compd. 2017, 726, 1295–1303. [CrossRef]

52. Zhang, L.; Zhu, P.; Zhou, F.; Zeng, W.; Su, H.; Li, G.; Gao, J.; Sun, R.; Wong, C. Flexible Asymmetrical
Solid-State Supercapacitors Based on Laboratory Filter Paper. ACS Nano 2016, 10, 1273–1282. [CrossRef]

53. Chen, W.; He, Y.; Li, X.; Zhou, J.; Zhang, Z.; Zhao, C.; Gong, C.; Li, S.; Pan, X.; Xie, E. Facilitated charge
transport in ternary interconnected electrodes for flexible supercapacitors with excellent power characteristics.
Nanoscale 2013, 5, 11733–11741. [CrossRef] [PubMed]

54. Yang, W.; Gao, Z.; Wang, J.; Ma, J.; Zhang, M.; Liu, L. Solvothermal one-step synthesis of Ni-Al layered
double hydroxide/carbon nanotube/reduced graphene oxide sheet ternary nanocomposite with ultrahigh
capacitance for supercapacitors. ACS Appl. Mater. Interfaces 2013, 5, 5443–5454. [CrossRef] [PubMed]

55. Xia, X.; Hao, Q.; Lei, W.; Wang, W.; Wang, H.; Wang, X. Reduced-graphene oxide/molybdenum
oxide/polyaniline ternary composite for high energy density supercapacitors: Synthesis and properties.
J. Mater. Chem. 2012, 22, 8314–8320. [CrossRef]

56. Wang, Q.; Wang, Y.; Zhang, X.; Wang, G.; Ji, P.; Yin, F. WSe 2 /Reduced Graphene Oxide Nanocomposite with
Superfast Sodium Ion Storage Ability as Anode for Sodium Ion Capacitors. J. Electrochem. Soc. 2018, 165,
A3642–A3647. [CrossRef]

57. Zhang, L.; Hu, X.; Chen, C.; Guo, H.; Liu, X.; Xu, G.; Zhong, H.; Cheng, S.; Wu, P.; Meng, J.; et al. In Operando
Mechanism Analysis on Nanocrystalline Silicon Anode Material for Reversible and Ultrafast Sodium Storage.
Adv. Mater. 2017, 29, 1604708. [CrossRef]

58. Zhou, L.; Zhang, K.; Sheng, J.; An, Q.; Tao, Z.; Kang, Y.M.; Chen, J.; Mai, L. Structural and chemical synergistic
effect of CoS nanoparticles and porous carbon nanorods for high-performance sodium storage. Nano Energy
2017, 35, 281–289. [CrossRef]

59. Lou, S.; Cheng, X.; Zhao, Y.; Lushington, A.; Gao, J.; Li, Q.; Zuo, P.; Wang, B.; Gao, Y.; Ma, Y.; et al. Superior
performance of ordered macroporous TiNb2O7 anodes for lithium ion batteries: Understanding from the
structural and pseudocapacitive insights on achieving high rate capability. Nano Energy 2017, 34, 15–25.
[CrossRef]

60. Li, W.J.; Chou, S.L.; Wang, J.Z.; Wang, J.L.; Gu, Q.F.; Liu, H.K.; Dou, S.X. Multifunctional conducing polymer
coated Na1+xMnFe(CN)6 cathode for sodium-ion batteries with superior performance via a facile and
one-step chemistry approach. Nano Energy 2015, 13, 200–207. [CrossRef]

61. Duay, J.; Sherrill, S.A.; Gui, Z.; Gillette, E.; Lee, S.B. Self-limiting electrodeposition of hierarchical MnO2
and M(OH)2/MnO2 nanofibril/nanowires: Mechanism and supercapacitor properties. ACS Nano 2013, 7,
1200–1214. [CrossRef] [PubMed]

62. Ryu, I.; Kim, G.; Park, D.; Yim, S. Ethanedithiol-treated manganese oxide nanoparticles for rapidly responsive
and transparent supercapacitors. J. Power Sources 2015, 297, 98–104. [CrossRef]

63. Yan, W.; Ayvazian, T.; Kim, J.; Liu, Y.; Donavan, K.C.; Xing, W.; Yang, Y.; Hemminger, J.C.; Penner, R.M.
Mesoporous manganese oxide nanowires for high-capacity, high-rate, hybrid electrical energy storage. ACS
Nano 2011, 5, 8275–8287. [CrossRef] [PubMed]

64. Zhou, H.; Zhai, H.-J.J. A highly flexible solid-state supercapacitor based on the carbon nanotube doped
graphene oxide/polypyrrole composites with superior electrochemical performances. Org. Electron. 2016, 37,
197–206. [CrossRef]

65. Purkait, T.; Singh, G.; Kamboj, N.; Das, M.; Dey, R.S. All-porous heterostructure of reduced graphene
oxide–polypyrrole–nanoporous gold for a planar flexible supercapacitor showing outstanding volumetric
capacitance and energy density. J. Mater. Chem. A 2018, 6, 22858–22869. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jallcom.2017.08.068
http://dx.doi.org/10.1021/acsnano.5b06648
http://dx.doi.org/10.1039/c3nr03923d
http://www.ncbi.nlm.nih.gov/pubmed/24114203
http://dx.doi.org/10.1021/am4003843
http://www.ncbi.nlm.nih.gov/pubmed/23647434
http://dx.doi.org/10.1039/c2jm16216d
http://dx.doi.org/10.1149/2.0231816jes
http://dx.doi.org/10.1002/adma.201604708
http://dx.doi.org/10.1016/j.nanoen.2017.03.052
http://dx.doi.org/10.1016/j.nanoen.2017.01.058
http://dx.doi.org/10.1016/j.nanoen.2015.02.019
http://dx.doi.org/10.1021/nn3056077
http://www.ncbi.nlm.nih.gov/pubmed/23327566
http://dx.doi.org/10.1016/j.jpowsour.2015.07.072
http://dx.doi.org/10.1021/nn2029583
http://www.ncbi.nlm.nih.gov/pubmed/21942449
http://dx.doi.org/10.1016/j.orgel.2016.06.036
http://dx.doi.org/10.1039/C8TA07627H
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of PPy/rGO Ceramic-Supported Electrodes 
	Metallization of Ceramic Substrate by Electroless Process 
	Modification of CS Substrates with GO 
	Reduction of GO 
	Electrodeposition of PPy on rGO-Modified CS Substrates 

	Characterization 

	Results and Discussion 
	Conclusions 
	References

