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Preface to ”Electrochemically Engineering of

Nanoporous Materials”

Nanoporous materials are outstanding platforms due to their unique chemical and physical 
properties at the nanoscale, which make them suitable candidates to develop advanced materials 
and systems for a plethora of applications, including catalysis and photocatalysis, energy harvesting 
and storage, photonics and optoelectronics, nanomedicine, and filtration and separation. Among 
different methods, electrochemical fabrication techniques offer many advantages over conventional 
nanofabrication methods to produce nanoporous materials with precisely engineered properties such 
as controllability, reproducibility, high resolution, scalability, high-throughput, cost-competitiveness, 
and time-efficient processes. Despite numerous advances in this area, electrochemical engineering 
of nanoporous materials is a highly dynamic and broad research field that is constantly enabling 
excellent opportunities for further trans-disciplinary fundamental and applied research.

In this context, this Special Issue of Nanomaterials compiles a series of illustrative examples on 
several fundamental aspects and inter-disciplinary applications of nanoporous materials produced 
by different electrochemical and chemical methods, from energy to drug delivery. It is thus expected 
that the field of electrochemically engineered nanoporous materials will continue to grow and 
spread towards more sophisticated applications. Metallic and semiconductor nanoporous materials 
can enable the precise control of light-matter interactions such as surface plasmon resonance, 
photonic crystal, and slow photon effect at the nanoscale for optical sensing and biosensing, energy 
harvesting, and environmental remediation applications. Nanoporous materials with well-defined 
nanostructures enable new opportunities to study molecular interactions to develop advanced 
materials with unique chemical and physical properties for ultra-efficient separation and filtration 
processes such as water desalination. Nanoporous materials based on inert and non-cytotoxic 
materials provide an excellent matrix to load and accommodate therapeutics, which can be passively 
or actively released by local or remote triggers in a timely fashion for personalised medical therapies. 
These structures also provide unique template platforms for the synthesis of other nanostructures 
with controlled geometric features.

Abel Santos

Special Issue Editor
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Nanoporous materials are outstanding platforms due to their unique chemical and physical
properties at the nanoscale, which make them suitable candidates to develop advanced materials and
systems for a plethora of applications, including catalysis and photocatalysis [1–7], energy harvesting
and storage [8], photonics and optoelectronics [9,10], nanomedicine [11–15], and filtration and
separation [16–18]. Among different methods, electrochemical fabrication techniques offer many
advantages over conventional nanofabrication methods to produce nanoporous materials with
precisely engineered properties, such as controllability, reproducibility, high resolution, scalability,
high-throughput, cost-competitiveness, and time-efficient processes. Despite numerous advances
in this area, electrochemical engineering of nanoporous materials remains a highly dynamic and
broad research field that continues to enable excellent opportunities for further trans-disciplinary
fundamental and applied research.

In this context, this Special Issue of Nanomaterials collates a series of illustrative examples on
several fundamental aspects and inter-disciplinary applications of nanoporous materials produced
by different electrochemical and chemical methods, from energy to drug delivery. It is thus expected
that the field of electrochemically engineered nanoporous materials will continue to grow and spread
towards more sophisticated applications. Metallic and semiconductor nanoporous materials can
enable the precise control of light–matter interactions, such as surface plasmon resonance, photonic
crystal and slow photon effect at the nanoscale for optical sensing and biosensing, energy harvesting,
and environmental remediation applications. Nanoporous materials with well-defined nanostructures
enable new opportunities to study molecular interactions to develop advanced materials with unique
chemical and physical properties for ultra-efficient separation and filtration processes, such as water
desalination. Nanoporous materials based on inert and non-cytotoxic materials provide an excellent
matrix to load and accommodate therapeutics, which can be passively or actively released by local or
remote triggers in a timely fashion for personalised medical therapies. These structures also provide
unique template platforms for the synthesis of other nanostructures with controlled geometric features.
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Abstract: Acid-functionalized single-walled carbon nanotube (a-SWCNT)-coated reticulated vitreous
carbon (RVC) composite electrodes have been prepared and the use of these electrodes in capacitive
deionization (CDI) cells for water desalination has been the focus of this study. The performance
of these electrodes was tested based on the applied voltage, flow rate, bias potential and a-SWCNT
loadings, and then evaluated by electrosorption dynamics. The effect of the feed stream directly
through the electrodes, between the electrodes, and the distance between the electrodes in the CDI
system on the performance of the electrodes has been investigated. The interaction of ions with
the electrodes was tested through Langmuir and Freundlich isotherm models. A new CDI cell was
developed, which shows an increase of 23.96% in electrosorption capacity compared to the basic CDI
cells. Moreover, a comparison of our results with the published results reveals that RVC/a-SWCNT
electrodes produce 16 times more pure water compared to the ones produced using only CNT-based
electrodes. Finally, it can be inferred that RVC/a-SWCNT composite electrodes in newly-developed
CDI cells can be effectively used in desalination technology for water purification.

Keywords: RVC/a-SWCNT composite electrode; capacitive deionization; water purification;
desalination technology

1. Introduction

Capacitive deionization (CDI) technology has become a new desalination technology developed
in recent years with advantages such as energy saving, no secondary pollution, and simple operation,
showing a broad prospect that this low-pressure and non-membrane desalination technology employs
the basic electrochemical principle of adsorbing ions to high surface-area electrodes in a capacitive
fashion such that the outgoing stream becomes devoid of the ions that were present in the incoming
stream. The realization of high removal efficiency for capacitive deionization is strongly correlated
with the high capacitance value, large surface area for ion accumulation, good electrical conductivity,
and suitable pore size of the electrodes. To date, extensive studies have been made on carbon materials
that are used as CDI electrodes [1–12]. Moreover, there are also studies based on the use of carbon
nanotubes (CNTs) as CDI electrodes because of their exceptionally affordable functionality, structural
stability, high surface area, and low electrical resistivity [13–16].

In a study, CNTs were used as electrodes in CDI systems, where the data obtained through
experiments agree well when compared with the Langmuir model, and the highest desalination
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capacity was found to be 40 mg/g [17]. The desalination capacity was improved by compositing
CNTs with polyaniline (PAni) [18]. The electrosorption capacity of CNTs/PAni electrodes was found
to be higher than the electrode made from only SWCNTs, where the electrodes based on composite
materials were regenerated, indicating excellent recyclability. CNT materials were also composited
with graphene to increase the performance of the CDI system, as reported by Zhang et al. [19].
The observed excellent desalination behaviour of the composite electrodes is due to their higher
electrical conductivity and surface area. The above-mentioned CNT-based electrodes were made as
two-dimensional (2D) electrodes. Hence, it is necessary to develop CNT-based three-dimensional (3D)
electrodes for better effectiveness in a CDI system because of their highly porous surface area and
large amount of ion diffusion [20].

One important material that is used in 3D electrodes is reticulated vitreous carbon (RVC), which
does not possess a significant surface area compared to several other carbons, like activated carbon
(AC), activated carbon nanofibre (ACF) web [21], carbon nanotubes (CNT) [22], composite carbon
nanotubes with carbon nanofibre (CNT/CNF) [23], reduced graphite oxide (rGO) [24], and carbon
aerogels (CA) [25], which are used as 3D CDI electrode materials. Hence, RVC can be used as a
3D template for all other materials because of its excellent properties, such as the reduction in the
resistance of solution flow through the electrode, the increase in the stability of composite electrodes
towards high flow-rate pressure, the increase in the possibility of ions to reach all electrode surfaces in
a short time for electrosorption, and the reduction in the time to release the ions from the electrode
surface, compared to the other 3D electrodes.

It is clear from the above discussion that studies on the development of composite electrodes
in CDI systems based on RVC and CNTs is very rare. Previously, we reported how the 3D
poly(3,4-ethylenedioxythiophene/reticulated vitreous carbon PEDOT/RVC electrodes [26,27] can
be used efficiently in CDI systems where RVC was used to support PEDOT. This motivated us to use
RVC electrodes to build 3D nanoweb-functionalized SWCNT electrode structures for CDI systems by
coating RVC with SWCNT using a dip-coating methodology.

The objective of the present study is to prepare RVC/SWCNT electrodes and use them in the CDI
system for desalination. In this study, acid functionalization of single-wall carbon nanotubes (a-SWCNTs)
was done and then coated on the RVC electrode, which was then used as a 3D template/support.
Actually, the pristine CNTs have a tendency to form aggregates within the composite system. Hence,
to avoid agglomeration and to obtain better dispersion, the CNTs were functionalized. This is because
the functional group will keep the CNT particles apart from each other by preventing the formation
of aggregates. It also helps to form the porous structure. Moreover, functionalization converts CNTs
into hydrophilic materials that reduce the flow resistance of aqueous solutions through the electrodes.
These electrodes were tested in a capacitive deionization system and the performance of these
electrodes in the system was investigated under various working conditions, such as the flow rate
and bias potential, which were optimized. Moreover, the effect of the feed stream directly through
the electrode or between the electrodes, and the distance between the electrodes in the CDI system,
was investigated. Furthermore, the interaction of ions with the electrodes was investigated using
the electrosorption isotherms, such as Langmuir and Freundlich models, and the performance of the
electrodes was evaluated by electrosorption dynamics. The basic and improved design of flow-through
cells made by 3D printing was also considered. All of these are important for developing electrodes
and to use effectively in purification technology.

2. Materials, Methods, and Experiments

2.1. Chemicals and Materials

SWCNTs (Hipco-CCNI/Lot#p1001) were supplied by Carbon Nanotechnologies, Inc. (Houston,
TX, USA) and were used as received. The solvent, N,N-dimethylformamide (DMF) (AR grade),
concentrated HNO3 (70%), and NaCl (AR grade) were purchased from Sigma-Aldrich (Darmstadt,
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Germany) and were used as received. The RVC (compressed 60 ppi (pores per inch)), procured from
ERG Materials and Aerospace Engineering (Oakland, CA, USA), was cleaned before use. Membrane
filters (0.2 μm GTTP) were supplied by Millipore (Sigma-Aldrich Darmstadt, Germany). Milli-Q water
possessing a resistivity of 18.2 MΩ cm was used in all preparations.

2.2. Method to Functionalize Carbon Nanotubes

The functionalization of SWCNTs (20 mg dispersed in 40 mL 6 M HNO3) was carried out by
refluxing in a round-bottom flask fitted with a reflux condenser and a magnetic stirrer. The reflux
was performed by placing the flask in an oil bath at 120 ◦C for 6 h. The product was then filtered
and washed with water until neutralization, and subsequently washed with methanol (10 mL) and
DMF (10 mL), and then dried in an oven for 48 h at 105 ◦C. The acid-treated SWCNTs were designated
as a-SWCNTs.

2.3. Pre-Treatment of the RVC Electrodes

Before treatment, all the RVC electrodes were cut into pieces of equal dimension using an RVC
block. The dimension of each piece was 4 cm × 1.8 cm × 0.3 cm (length × width × thickness) = 2.16 cm3.
Initially, the electrodes were cleaned to remove impurities from their surfaces by soaking in 2 M HNO3

for 24 h and then the acid was neutralized by washing several times with distilled water. Then the
electrodes were soaked further in methanol for 2 h to remove any other type of organic impurities.
The electrodes were then dried by flowing nitrogen and heating overnight at 110 ◦C. The weight of the
electrodes was noted accordingly.

2.4. Method of a-SWCNT Dip Coating on RVC Electrodes

Initially, for dip coating, all the treated RVC electrodes were immersed into the 0.2% w/v a-SWCNT
solution. The immersion was done slowly to allow the escape of air bubbles and prevent the formation
of air pockets. After immersion, within a few seconds, the whole part of the RVC electrode was
filled with solution due to capillary action. The electrodes were removed and dried initially at room
temperature overnight, then at 100 ◦C for 2 h in an oven, and finally at 50 ◦C for 2 h using a vacuum
oven to remove all organic solvents from the micropores of the electrodes. To achieve maximum loading
of a-SWCNT on RVC, the process was repeated 2, 5, 10, and 20 times. The quantity of a-SWCNT
loading on the RVC substrate was determined by weighing the electrode before and after dip coating.
The loadings of a-SWCNT onto the RVC substrate were 6 mg (3.63 wt%), 23 mg (12.50 wt%), 34 mg
(17.43 wt%), and 50 mg (23.85 wt%), when the process was repeated 2, 5, 10, and 20 times, respectively.
The process of dip coating is schematically shown in Figure S1 (see Supplementary Section S1).

2.5. Electrochemical and Microscopic Characterisation

Cyclic voltammetry (CV) was used to determine the capacitance of the electrodes. The composite
electrode, a-SWCNT/RVC, acted as a working electrode (WE) in 1 M aqueous NaCl solution.
The scanning was done using a three-electrode system within the voltage range −0.2 to 1.0 V and a
scan rate of 5–200 mV/s. In this measurement, RVC was used as a counter electrode (CE) and Ag/AgCl
(3 M NaCl) as a reference electrode (RE). The electrical contact between the WE and the CE was made
by the use of Pt wire. The procedure for measuring the amount of ion removal from the NaCl aqueous
solution and on how to construct a CDI cell has been described in Supplementary Sections S2 and S3
along with Figures S2 and S3, respectively. The morphology of the a-SWCNT-coated RVC electrodes
was analyzed by using a field emission scanning electron microscope (FESEM, ZEISS Sigma, Hamburg,
Germany) at a specific voltage of 0.5 kV.
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2.6. Different Working Conditions for Measuring Ion Removal Efficiency

The performance of ion removal of NaCl onto the sites of a-SWCNT is greatly affected by different
working conditions, like flow rate, applied electrical voltage, loading level of a-SWCNT, and cell
configuration. A systematic investigation of these different conditions on the efficiency of ion removal
has been carried out in this section. These experiments were carried out with 60 mL NaCl solution.
The concentration of NaCl was 75 mg/L whose measured electrical conductivity was 143.00 μS/cm.
In this measurement, RVC was used as a counter electrode and the Ag/AgCl electrode as a reference
electrode. The temperature was kept constant at 293 K during the experiment.

2.7. CDI Cell Configuration and Its Salient Features

While designing a CDI system, the fact that the feed stream to be desalinated should flow primarily
between the two porous electrodes is considered [19,28–30]. The separation between the electrodes
would be such that it acts as a flow channel and also prevent the electrical short circuit between
the electrodes. Flow between (FB) electrodes in CDI systems require long desalination times [31].
Therefore, an attempt was made to change the location of the electrodes so that there is direct flow
of the feed stream through the electrode pores to reduce the desalination time. This flow system,
now called the flow-through (FT) electrode cell, often uses low hydraulic resistance and high surface
area porous electrodes that consist of micropores and nanopores [31]. According to Suss et al. [31],
when carbon aerogel is used in an FT cell, the mean sorption rate increases 4–10 times higher than
that typically achieved with an FB cell. This is because the FT cell allows ion transport from the
microscale pore bulk to the nanoscale pores, which maximizes the surface area [31]. Figure 1a,b
represents the configuration of a typical FB charging electrode through a porous separator element and
an FT capacitive desalination cell that allows the feed solution to flow directly through the electrode
pores, respectively. The electrosorption performance of both cells was compared.

Figure 1. Schematic diagram of flow-between and flow-through electrodes in CDI cells.

2.8. Working Conditions for Investigating the CDI Cell Configuration on Ion Removal Efficiency

In all the experiments 60 mL of the 75 mg/L NaCl solution was used and it was re-circulated
at 50 mL/min as a feed solution in the CDI system under an applied voltage of 1.5 V. An a-SWCNT
50 mg coated RVC electrode (23.58 wt%) was used as the working electrode. Additionally, the distance
between the electrodes in both configurations was 5 mm.

2.9. Designing a New Flow-Through Cell

A new CDI cell was designed based on the flow-through electrode configuration aiming for
obtaining a faster desorption cycle. Figure 2 shows the schematic of a new design made in our
laboratory. It was built on a Connex 350 3D printer by Objet. This time the flow-through cell was
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produced using the MED610 material printed over a period of 3 h. This cell was rectangular shaped
outside and the dimensions were 50 mm × 70 mm × 28 mm in height, length, and width, respectively
(Figure 2a). Each side had one 4 mm diameter hole in the middle that served as the inlet and outlet ports
for re-circulating the fluid flow by pumping. When entering the cell, the solution was passed through
a flow distributor chamber 40 mm × 20 mm × 10 mm in height, length, and width, respectively, that
had 45 (0.35 mm diameter) holes in the exit side that helped to direct flow onto the whole electrode
surface (Figure 2b). A similar chamber was constructed for the outlet end. The cell was designed inside
to fit a series of electrodes and maintain separation between them. The dimensions of each location
and each separating space were 50 mm × 22 mm × 5 mm and 50 mm × 20 mm × 5 mm in height,
length and width, respectively. This flow-through cell can hold up to five electrodes at any given time.
The total volume of the solution was increased in this cell to 70 mL while the old cell was 60 mL. It is
important to mention that the volume of the solution is a parameter in the electrosorption capacity
equations (see Equations (S2)–(S4), Supplementary Section S4).

Figure 2. Schematic of a flow-through cell (a) and cross-section of flow-distributor chamber (b).

3. Results and Discussion

3.1. Scanning Electron Microscopy (SEM) and Cyclic Voltametry (CV)

The details of SEM and CV studies for RVC and CNT/RVC composites are presented in
Supplementary Sections S5–S9. SEM was used to observe the morphology and calculate the pore size
of RVC and CNT/RVC composite electrodes (shown in Figures S4 and S5). It was shown that the
average pore size was 350, 700, and 900 μm for RVC electrodes having porosities 60, 45, and 30 ppi,
respectively. The RVC electrode, containing a porosity of 60 ppi, was selected as the optimum electrode
for loading the a-SWCNT because it showed the highest specific capacitance value and surface area
per volume of the electrode. It was revealed that the pore was of the macroscale, through which the
ions can diffuse easily. The specific capacitance was calculated through cyclic voltammetry (shown in
Figures S6 and S7, and Table S1). It was increased by a factor of 280, 510, and 655 for 3.63, 12.50, and
17.43 wt% a-SWCNT/RVC electrodes, respectively, compared to a bare RVC electrode. The specific
capacitance value was observed to gradually decrease with the increase in scan rate when tested for
the 3.63 wt% a-SWCNT/RVC electrode. Moreover, the specific capacitance value, when measured per
geometric volume, was seen to increase with the increase in the amount of a-SWCNT coating on RVC,
indicating the increment in the coated surface area of a-SWCNT on the RVC electrode.
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3.2. Effect of Applied Voltage on Ion Removal Efficiency

In this study, the 3.63 wt% loaded a-SWCNT/RVC composite acted as a working electrode in
the CDI system. The experiment was carried out within a voltage range of 0.9–1.5 V. The choice of
this voltage range is based on some previous studies so that we can compare our results with the
results reported in the literature [21–25]. The comparison has been made in the last section of this
article. The variation in electrical conductivity of the NaCl solution with respect to the mentioned
voltage range and operation time is shown in Figure 3a, whereas Figure 3b shows the variation of
electrosorption capacity (calculated as explained in Supplementary Section S4) against the electrical
voltage. The ion removal characteristics were affected by various applied voltages. With the applied
electric field, there is a dramatic drop of salt concentration because the ions present in the system
feel attraction by oppositely-charged electrodes [32]. As the applied voltage increased in the range
of 0.9–1.5 V, the ion removal amount increased and the electrosorption capacity gradually rose from
3.15 mg/g to 8.92 mg/g. This clearly indicates that the electrosorption capacity increases with the
increase in applied voltage, and this can be attributed to the strong Coulombic interaction originating
between the electrodes and charged Na+ and Cl− ions [24,33]. Electrolysis of water was also not
observed at and above 1.2 V, as evident from the non-visibility/non-appearance of any gas bubbles
from the solution, which can account for the existing resistance within the whole circuit [34,35]. It is
observed from the plot that the electrical conductivity of the NaCl solution decreases approximately to
141.34 μS/cm, 141.61 μS/cm, 142.43 μS/cm, and 142.67 μS/cm at an applied voltage of 1.5 V, 1.3 V,
1.1 V, and 0.9 V, respectively. The plot also suggests that an efficient CDI process occurs at 1.5 V due to
the enhancement of electrostatic force, whereas poor performance is observed at 1.1 V. When there is no
variation in conductivity, it indicates that the ions were adsorbed maximally [32]. The electrosorption
phenomenon exhibits its reversibility, as is evident after switching off the electric field, which results in
the returning of conductivity to its initial state. Thus, it can be inferred that electrosorption processes
in CDI cells and applied voltage are inter-related phenomena.

Figure 3. (a) Conductivity variations of NaCl solution in the adsorption and release time for 3.52 wt%
a-SWCNT-coated RVC electrodes at a flow-rate of 25 mL/min with various applied voltages and
operating times; and (b) electrosorption as a function of applied voltage.

3.3. Role of the Flow-Rate on Electrosorption

The effect of increasing the flow-rate on the electrode’s ability to adsorb ions was investigated
over a flow rate of 25–75 mL/min through a CDI cell as depicted in Figure 4. It is obvious that the
efficiency of the removal of NaCl ions using 3.63 wt% a-SWCNT and 12.50 wt% a-SWCNT coating
RVC electrodes decreases after increasing the flow rate above 50 mL/min as shown in Figure 4a,b.
The maximum decrease in conductivity of the NaCl from an initial value of 143 μS/cm, using 3.63 wt%
and 12.50 wt% a-SWCNT/RVC electrodes, is around 140.72 μS/cm and 140.14 μS/cm at a flow-rate
of 25 and 50 mL/min, respectively. The conductivity at a flow rate of 75 mL/min was decreased
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to 141.33 and 140.82 μS/cm using 3.63 wt% and 12.50 wt% a-SWCNT/RVC electrodes, respectively.
These results indicate that the flow rates above 50 mL/min would lead to lower electrosorption. This is
because a high pump rate will exert a high pump force and if this force becomes greater than the
electrosorption force then there will be decrement in the amount of electrosorption [28,34]. In addition,
the conductivity characteristics related to flow rates were not significantly changed after the increment
in flow rate from 25 to 50 mL/min. This is because the electrostatic force of the electrode reaches
the equilibrium condition with the driving force of the flow rate [28,34]. Therefore, the amount of
electrosorption did not significantly change in both cases. It is clear that when the loading level of
a-SWCNT increased in the RVC electrodes to 17.43 wt% and 23.58 wt% (Figure 4c,d), the efficiency
of the conductivity at the low flow rate (25 mL/min) was worse. The reason is that a low pump rate
results in a co-ion effect that leads to depression of the electrosorption process [28,34]. Furthermore,
the result shows that 50 mL/min is the optimal flow rate, as shown in Figure 4c,d.

Figure 4. Variations in the conductivity of in the adsorption and release of NaCl solution at different
applied flow rates and operating times when measured at 1.5 V: (a) 3.63 wt%; (b) 12.50 wt%;
(c) 17.43 wt%; and (d) 23.58 wt% a-SWCNT-coated RVC electrodes.

Thus, it is evident that a voltage of 1.5 V and a flow rate of 50 mL/min are the optimum parameters
exerting a positive effect on the ion removal performance of NaCl onto the sites of a-SWCNTs. Hence,
for investigating the role of a-SWCNT loading on NaCl ion removal efficiency, these two parameters
were taken as optimum conditions as discussed and reported in the later section of this article.

3.4. Effect of a-SWCNT Loading on Electrosorption

The effect of increasing a-SWCNT loading on a-SWCNT/RVC composite electrodes on the ion
removal performance was investigated at the loading levels of 3.63, 12.50, 17.43, and 23.58 wt%,
respectively, and is depicted in Figure 5a. We choose these arbitrary loading levels to investigate the
loading levels of SWCNTs on the electrosorption capacity, as well as to check the effectiveness of our
electrodes compared to some published literature [21–25]. This has been discussed in the last section of
this article. The figure shows that the application of electrical voltage decreases the conductivity of all
electrodes because ions were attracted by opposite charges on the electrodes [32]. Then the conductivity
approaches a minimum value, which implies that the system is saturated. These adsorption processes,
at first, took 6 min. It is clear that the drop in conductivity of the solution increases with the increase
in the amount of a-SWCNTs on the RVC electrode. This is because of the increment in loading of
a-SWCNTs, which results in the increase in interaction between the charged electrode surfaces and
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Na+ and Cl− ions. Notably, the highest drop in conductivity was 4.41 μS/cm using the electrode,
which had 23.58 wt% a-SWCNT. For other electrodes, the conductivity decreased from 143.00 μS/cm
to 141.34 μS/cm, 140.32 μS/cm, and 139.29 μS/cm with a-SWCNT loadings of 3.63 wt%, 12.50 wt%,
and 17.43 wt%, respectively. Moreover, when the voltage of the CDI system is reduced to 0 V, the
electrodes are found to be quickly regenerative. This indicates that the adsorbed ions on the electrodes
are desorbed because of the disappeared electrostatic force.

Figure 5. (a) Adsorption and release behaviour of various a-SWCNT-coated RVC electrodes at 1.5 volt,
using 50 mL/min water flow-rate between electrode; and (b) the electrosorption capacity in terms
of mass of a-SWCNTs and in terms of the geometric volume of the composite electrode at various
loadings of a-SWCNTs on the RVC electrode using the CDI system.

It had taken almost 30 min to discharge all the ions from the electrode and to reach the conductivity
at its initial state. Hence, it can be said that the CDI system made using the a-SWCNT/RVC composite
can be effectively used for desalination technology.

The electrosorption removal of NaCl by our CDI system was measured from the data in
Figure 5a. Hence, a calibration was made to find a relationship between conductivity (μS/cm) and
concentration (mg/L) before conducting the experiment (see Equation (S1), Supplementary Section).
The electrosorption behaviour of a-SWCNT-coated RVC electrodes is presented in Figure 5b, which
shows that the electrosorption decreases with the increase in mass of a-SWCNT. It is clear that when the
mass of a-SWCNT in 3.63 wt% a-SWCNT/RVC and 23.58 wt% a-SWCNT/RVC electrodes was 6 mg
and 50 mg, the electrosorption was 8.39 mg/g and 2.77 mg/g, respectively. On the other hand, the value
of electrosorption increases with the increase in the amount of a-SWCNT when the electrosorption of
the electrode is considered in terms of the geometric volume or geometric area of the a-SWCNT coated
on RVC. It is estimated that when the mass of a-SWCNT in 3.63 wt% a-SWCNT/RVC and 23.58 wt%
a-SWCNT/RVC electrodes was 6 mg and 50 mg, the electrosorption was 0.003 mg/cm2 or 0.02 mg/cm3,
and 0.008 mg/cm2 or 0.06 mg/cm3, respectively. Additionally, it is clear that the electrosorption became
more stable above an electrode loading of 12.50 wt% a-SWCNT. Table 1 shows more details of the
electrosorption in terms of mass, area, and volume for each a-SWCNT-coated RVC electrode. Hence,
it can be inferred that the electrosorption performance of the 3.63 wt% a-SWCNT/RVC electrode is
the best in terms of mg/g of ion removal, whereas the electrode with 23.58 wt% a-SWCNT loading
exhibits the best ion removal efficiency in terms of either geometric area or geometric volume of the
electrode. In other words, it can be said that the removal of ions is more dependent on the electrode
size, which is a great advantage when one considers the size of the electrode to design a CDI system.
Having designed a simple CDI system and investigated its electrosorption performance, attention was
then turned towards refining the CDI system with an improved cell design. This work is now reported
in the next section.
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Table 1. Electrosorption capacity of various a-SWCNT-coated RVC electrodes.

Sample a-SWCNT in Sample (wt%)
Electrosorption Capacity

mg/g of a-SWCNT mg/cm3 of Electrode mg/cm2 of Electrode

1 3.63 8.39 0.02 2.8 × 10−3

2 12.50 3.69 0.03 4.8 × 10−3

3 17.43 3.42 0.05 6.5 × 10−3

4 23.74 2.77 0.06 7.6 × 10−3

3.5. Effect of CDI Cell Configuration on the Removal Efficiency of Ions

Figure 6 shows the effect of feed stream for the flow-through (FT) electrode and the flow-between
(FB) electrode with respect to the desalination time for the 23.58 wt% a-SWCNT-coated RVC electrode
measured at a flow rate of 50 mL/min and a voltage of 1.5 V. It is observed that, to complete one
desalination cycle, it takes 39 min and 18 min when the flow-between electrode and flow-through
electrode configurations are used, respectively. In fact, the time required for desalination decreased
more than two times when the flow-through electrode configuration was applied. In both systems,
the adsorption process took 6 min, and the rest of the time was required to regenerate the electrodes.
This means that the release of salt from the electrode required 12 min and 33 min for flow-through
electrodes and flow-between electrodes, respectively. This improvement in the salt removal and
regeneration process is due to the facilitation in ion transport at the electrode solution interface and
faster electron transport within the electrode that resulted in the three times faster desalination cycle
when the solution was flowed directly through the electrodes. It is very important to draw attention to
the shape of the conductivity curve, although the amount of conductivity decrease was the same in
both systems. The conductivity after 6 min in both systems was 138.59 μS/cm. This can be attributed
to the flowing force of ion transport to the electrode interface, which was the same in both systems.

Figure 6. Comparison of NaCl adsorption and the release behaviour of the 23.58 wt% a-SWCNT-coated
RVC electrode when configured for flow-between and flow-through systems in a CDI cell measured at
a flow rate of 50 mL/min, 75 ppm NaCl, and 1.5 V.

3.6. Effect of the Flow Rate and Voltage on Ion Removal Efficiency

In the new cell system, the total volume of solution was increased to 70 mL. The concentration
and the electrical voltage were similar to the previous experiments (75 mg/L NaCl solute ion and
1.5 V). The flow rate was investigated to study the NaCl removal using the best performing electrode
in the old system, which was the 23.58 wt% a-SWCNT-coated RVC electrode. The distance between
the electrodes was 5 mm. According to the old system, the best performance for water purification
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was at a flow rate of 50 mL/min. This led to the investigation of electrode performance at flow
rates below and above 50 mL/min, as shown in Figure 7. It is obvious from the results that the best
conductivity decrease was achieved when the flow rate was at 50 mL/min. When the flow rate was
above or below 50 mL/min, the conductivity decrease was less, leading to lower electrosorption
capacity. This depression in electrosorption capacity below a flow rate of 50 mL/min is because of the
co-ion effect resulting from a low pump rate, while above 50 mL/min, the pump force is higher than
the electrosorption force at a high pump rate, thereby decreasing the amount of electrosorption [34].
Thus, the optimum flow rate for the CDI process was found to be 50 mL/min.

Figure 7. Conductivity variations of the NaCl solution for the 23.58 wt% a-SWCNT-coated RVC
electrode as a function of operation time with respect to various flow rates (25 mL/min, 50 mL/min,
and 75 mL/min) measured at 1.5 V.

In the later sections, all experiments have been carried out with 70 mL of the 75 mg/L NaCl
solution at a flow rate of 50 mL/min through the CDI system at an electrical voltage of 1.5 V.

3.7. Effect of the Distance between the Electrodes on the Efficiency of Electrosorption

It is known that increasing the space between a pair of electrodes results in an increase in electrical
resistance between the electrodes that, in turn, leads to a decrease in the electrical current [36,37].
Therefore, the next phase of the study was directed towards the effect of current density and space
between the electrodes on the efficiency of electrosorption. The space between the electrodes was
varied from 5 mm to 15 mm and then to 25 mm, respectively, the counter electrode was the RVC
electrode, and the working electrode was the 23.58 wt% a-SWCNT-coated RVC electrode. Figure 8
shows the current and conductivity behaviour of the 23.58 wt% a-SWCNT/RVC composite electrodes
at various gaps between the electrodes. As expected, the current density decreased with an increase
in the gap between the electrodes. When the distance between the electrodes was 5, 15, and 25 mm,
the current at the start was found to be 4.56, 2.20, and 1.11 mA, respectively (Table 2). Table 2 also
gives more details about the start current, current stability, charge of the electrode, the time of highest
conductivity, and the energy output for each distance between the electrodes. Furthermore, there is a
variation in the output energy of the CDI system when the distance between the electrodes is increased.
It is clear that if the space increases, the energy output increases. The energy output at 5, 15, and 25 mm
was 0.67, 0.91, and 1.42 J/C, respectively. The energy is calculated according to Equation (1) [38]:

E = Q × V (1)

where E is the energy (J), Q is the charge (C), and V is the constant voltage (V).
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Table 2. The current of the CDI system for different inter-electrode distances using 1.5 V.

Distance between
Electrodes (mm)

Time Required for
Adsorption (min)

Initial Current
(mA)

Stable Current
(mA)

Charge
(C)

Energy
(J)

5 6 4.56 1.02 0.45 0.67
15 25 2.20 0.27 0.61 0.91
25 60 1.11 0.16 0.95 1.42

It is very interesting to note that the performance of ion removal is affected when the space
between the electrodes is varied. With the increase in distance between the electrodes, the amount of
ions removed was not affected in the range of distances from 5 mm to 15 mm, but was less affected
when the gap between the electrodes was 25 mm. However, there is an increment in the adsorption
time as the distance increases in all cases. One deionisation cycle took 7 min at a distance of 5 mm
between the electrodes, but when the distance was increased to 15 mm the ion adsorption/desorption
cycle took 55 min, as shown in Figure 8. As mentioned above, the best design should have a small space
between the electrodes because this will reduce the time of water purification, afford efficient energy
output, decrease the electrical resistance between the electrodes, and increase the electrical current.

Figure 8. The effect of distance between the electrodes (5 mm, 15 mm, and 25 mm) on the current and
conductivity behaviour of the 23.58 wt% a-SWCNT-coated RVC electrode measured at a voltage of
1.5 V and a flow rate of 50 mL/min.

3.8. Adsorption/Desorption Performance of a-SWCNT Loaded RVC Electrodes

Figure 9a shows the CDI process of adsorption and desorption performance at all loading levels of
a-SWCNT in RVC electrodes experimented at an optimized electrode distance, electrical voltage, and
flow rate. It is clear that the electrosorption behaviours of the electrodes measured using the new cell
followed the same trend like the old cell, as mentioned earlier; that is, the drop in conductivity increases
with the increase in the amount of a-SWCNT on the electrodes. It is noticed that for the 23.58 wt%
a-SWCNT-coated RVC electrode, there is a decrease of about 4.41 μS/cm in electrical conductivity,
indicating a significant achievement in electrosorption performance. Initially, for all electrodes, the
conductivity gradually decreases up to a minimum value, which indicates that saturation was reached.
These adsorption processes took 6 min. During discharging of the CDI system at 0 V, the conductivity
returned nearly to its initial state (143 μS/cm). This is an indication to the release of ions from their
electrical double-layer region back into the solution because of the disappearance of electrostatic forces,
as have been discussed earlier. It took 18 min for complete discharge of the CDI cells for the electrode
with the highest amount of a-SWCNT in the sample (23.58 wt%). This result is in agreement with the
earlier reported results in Figure 5a.
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Figure 9. (a) Adsorption and release behaviour; and (b) the electrosorption capacity in terms of
the mass of a-SWCNT and the geometric volume of the electrode at various a-SWCNT-coated RVC
electrode coatings of a-SWCNT (wt%): 3.63%, 12.50%, 17.43%, and 23.58%.

Figure 9b shows the electrosorption behaviour of different a-SWCNT/RVC composite electrodes
in terms of the mass of a-SWCNT and the volume of the electrode. It is clear that the electrosorption
decreases with the increase in the weight of a-SWCNT loading. Clearly, when the sample had 3.63 wt%
a-SWCNT, the electrosorption capacity was 10.40 mg/g and when the sample had 23.58 wt% a-SWCNT,
the electrosorption capacity was 3.23 mg/g. On the other hand, if the electrosorption of electrodes
was considered in terms of the geometric area or geometric volume, the electrosorption increased with
the increase in the amount of a-SWCNT. For example, when the sample had 3.63 wt% a-SWCNT, the
electrosorption was 0.03 mg/cm3 or 0.003 mg/cm2, and when the sample had 23.58 wt% a-SWCNT,
the electrosorption was 0.08 mg/cm3 or 0.009 mg/cm2 (Table 3). Table 3 also gives more details about
electrosorption in terms of mass, geometric area, and geometric volume for each a-SWCNT/RVC
composite electrode.

Table 3. Electrosorption capacity of different a-SWCNT/RVC composite electrodes.

Sample a-SWCNT in Sample (wt%)
Electrosorption Capacity

mg/g of a-SWCNT mg/cm3 of Electrode mg/cm2 of Electrode

1 3.63 10.40 0.03 3.5 × 10−3

2 12.50 3.99 0.05 5.1 × 10−3

3 17.43 3.67 0.06 7.2 × 10−3

4 23.58 3.23 0.08 9.4 × 10−3

3.9. Comparison between the New Cell (Flow Feed-Through Electrode) and the Old Cell (Flow
Feed-Between Electrode)

This section compares the results of electrosorption capacity and the time of one desalination cycle,
obtained with various a-SWCNT-coated RVC electrodes, for two different flow cells (flow feed-through
electrodes and flow feed-between electrodes), as shown in Table 4. During the experiment, the
concentration of the NaCl feed solution was 75 mg/L. Table 4 shows that the electrosorption capacity
of electrodes has increased when measured using the new cell. The increment in elecrosorption
capacity is from 8.39 mg/g to 10.40 mg/g, which is 23.96% (see example calculation below) if we
consider the 3.63 wt% a-SWCNT/RVC composite electrode. In fact, there is approximately a three
times decrement in the desalination cycle time, for example, from 30 min to 10 min, from 36 min to
12 min, from 37 min to 15 min, and from 39 min to 18 min when measured using the new cell for
3.63 wt% a-SWCNT, 12.50 wt% a-SWCNT, 17.43 wt% a-SWCNT, and 23.58 wt% a-SWCNT-coated RVC
electrodes, respectively.
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Table 4. Electrosorption capacities and the time of one desalination cycle of various a-SWCNT-coated
RVC electrodes obtained by comparing the performance between flow feed-between (FB) electrodes
and flow feed-through (FT) electrodes with the NaCl feed solution (75 mg/L).

a-SWCNT in the RVC
Electrode (wt%)

Flow Direction
Electrosorption

(mg/g of a-SWCNT)
# Enhancement in

Electrosorption (%)
Time of One

Desalination Cycle (min)

3.63
FT 10.40 23.96 10
FB 8.39 - 30

12.50
FT 3.99 8.13 12
FB 3.69 - 36

17.43
FT 3.67 7.31 15
FB 3.42 - 37

23.58
FT 3.23 16.61 18
FB 2.77 - 39

# An example calculation is given in Supplementary Section S10.

3.10. CDI Cycling Stability

Regeneration of the a-SWCNT/RVC electrode is very important because of its practical
applicability in CDI systems. The 23.58 wt% a-SWCNT electrode was used in this study because,
previously, it exhibited the highest electrosorption capacity when measured per geometric volume
using the flow feed-through cell. Figure 10 shows the electrosorption/regeneration cycles of the
23.58 wt% a-SWCNT-coated RVC electrode, which was performed repeatedly several times by charging
and regeneration cycles. In the absence of the oxidation–reduction process in electrosorption, the
consumption of current is basically to charge the electrode by electro-adsorbing the ions from the bulk
of the solution [39]. It is seen from the figure that, initially, the solution conductivity when measured
at 1.5 V sharply decreases because of the migration of ions onto the surfaces of oppositely-charged
electrodes, and then there is a gradual decrement until the complete formation of an electrical double
layer at the electrode/electrolyte interface [40]. The electrode is regenerated by depolarizing the
system at 0.0 V. Herein, we have conducted four cycles of repeated electrosorption and desorption. It is
observed that each cycle takes 17 min, which means 6 min to adsorb ions and 11 min to release ions,
indicating that each cycle is going to complete in a short time period. Moreover, the stability of cycles
is also high as there is no decay in electrosorption capacity. This reveals that the process is reversible
and the composite electrode can be reused several times by controlling the amount of electro-adsorbed
ions by manipulating the formed electrical double layer at the electrode/electrolyte interface.

Figure 10. Multiple electrosorption–desorption cycles of 75 ppm NaCl solution for the 23.58 wt%
a-SWCNT-coated RVC electrode. Polarization and depolarization were performed at 1.5 V and
0.0 V, respectively.
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3.11. Electrosorption Dynamics

The different electrosorption dynamics models for NaCl adsorption onto the 23.58 wt%
a-SWCNT/RVC composite electrode measured at 1.5 V and a flow rate of 50 mL/min using a new
cell are presented in Figure 11. The studied electrosorption dynamics models are pseudo-first-order,
pseudo-second-order, and intra-particle diffusion dynamic models. The electrosorption of NaCl onto
the electrode was very rapid within the first minute, then it became dynamic adsorption and after
3 min the electrode gradually approached saturation, as shown in Figure 11a. It takes 6 min to reach
the electrosorption at equilibrium. This may be because of the high diffusion rate of ions onto the
a-SWCNT particle surfaces. When the Weber and Morris model (see Equation (S9) in Supplementary
Section S11) [41] is used to study the intra-particle diffusion of ions into the electrode, it is clear that
the plot of qt versus t0.5 shows three multi-linear regions, as shown in Figure 11b. This behaviour
is quite common in an electrosorption process [28,34,42–44] and it indicates that more than one step
is effective in the electrosorption process. When the voltage was applied, the first-stage adsorption
occurred rapidly because the surface diffusion was transported from the bulk solution to the external
surface of the sorbent [45]. In the second stage of adsorption, the adsorption occurs gradually in a
linear manner. In this stage, the diffused intra-molecular sorbate molecules move more into the interior
part of the sorbent particles. The third linear stage indicates that a low adsorption stage has occurred
where intra-particle diffusion starts on the interior sites of the sorbent [45]. The intra-particle diffusion
rate constant, kid, calculated from the linear slope from stage 2 and the coefficient of correlation are
presented in Table 5 [46]. These two parameters are 1.66 mg/gmin0.5 and 0.981, respectively.

Table 5. Different parameter values obtained using the pseudo-first-order model, pseudo-second-order
model, and intraparticle diffusion.

Pseudo-First-Order Pseudo-Second-Order Intraparticle Diffusion

qe (mg/g) K1 (min−1) R2 qe (mg/g) K2 (g/mg min) R2 h (mg/g min) Kid (mg/g min0.5) R2

3.19 0.82 0.994 4.72 0.123 0.950 2.74 1.66 0.981

Figure 11. The (a) electrosorption; (b) intraparticle diffusion; (c) pseudo-first-order adsorption kinetics;
and (d) pseudo-second-order adsorption kinetics of NaCl onto the 23.58 wt% a-SWCNT-coated RVC
electrode at a flow rate of 50 mL/min and a voltage of 1.5 V.
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For evaluating the kinetics of the electrosorption process, the pseudo-first-order and
pseudo-second-order processes were studied within the first 3 min, as shown in Figure 11c,d,
respectively. The data of log (qe − qt) were plotted against t where the slope gives the value of
first-order rate constant k1 and the intercept represents the equilibrium adsorption density qe, as
shown in Figure 11c. It is seen that the linear fit has a relatively high correlation coefficient (R2 value),
suggesting that the application of Equation (S10) (see Supplementary Section S12) is appropriate as
the plotted experimental data are in good agreement with their linear fit. The extracted parameters
are reported in Table 5, which shows that the value of R2 and k1 for the pseudo-first-order kinetic
model are 0.994 and 0.82 min−1, respectively. The obtained value for qe (3.19 mg/g) is also reasonable
according to this kinetic model.

To determine the adsorption parameters of the pseudo-second-order process, namely qe and k2 as
mentioned in Equation (S11) (see Supplementary Section S13), t/qt was plotted against t as shown
in Figure 11d. The figure shows that there is poor agreement between the experimental data and the
theoretical values obtained using this model. The parameter values obtained from the second-order
kinetic model are also tabulated in Table 5 and compared with the first-order kinetic model. The values
of R2 and k2 for the second-order kinetic model obtained were 0.950 and 0.12 g/mg min, respectively,
which revealed that the R2 value in the second-order kinetic model is poor compared to the first-order
kinetic model (0.996). The calculated qe value is also not in good agreement with the experimental data
(it is 4.72 mg/g). The above results suggest that the NaCl adsorption process follows the first-order
kinetic model and confirms that the ions are not adsorbed onto the surfaces of a-SWCNTs via chemical
interaction [45]. Many authors have reported a similar type of result in the past where NaCl ions were
adsorbed from the aqueous solution by different adsorbents [7,24,28,34,42–44].

3.12. Electrosorption Isotherms

Electrosorption isotherms are essential to estimate the electrosorption behaviour of carbon electrodes.
The electrosorption isotherm of NaCl was experimented onto the a-SWCNT (23.58 wt%)-coated RVC
electrode at a voltage of 1.5 V, a flow-rate of 50 mL/min, and a temperature of 298 K using the CDI unit
cell at different NaCl solution concentrations, starting from 25 mg/L to 500 mg/L, as shown in Figure 12.
The electrosorption of a-SWCNT was affected at different initial solution concentrations. The figure
shows that the increase in the solution feed concentration increases the removal of NaCl, which means
the increase in electrosorption behaviour. This is because of the enhancement of the mass transfer
rate of ions within the micropores and the subsequent reduction in the overlapping effect due to the
increment in the concentration of solution [43,47,48]. It is noticed that at a feed solution concentration
of 500 mg/L, the electrosorption capacity of the 23.58 wt% SWCNT-coated RVC electrode is 8.89 mg/g.

Figure 12. The electrosorption isotherm for the 23.58 wt% a-SWCNT-coated RVC electrode at a flow
rate of 50 mL/min NaCl and a voltage of 1.5 V.
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The experimental results were fitted to Langmuir and Freundlich isotherms (Equations (S12)
and (S13), respectively; see Supplementary Section S14) for evaluating the electrosorption behaviour
of Na+ and Cl−1 onto the electrodes. Table 6 shows the value of the extracted parameters, such
as the coefficients of correlation R2, the Langmuir constant KL related to binding energy, and the
Freundlich constant KF related to the adsorption capacity of adsorbent for NaCl electrosorption using
the 23.58 wt% a-SWCNT-coated RVC electrode as an electrosorption electrode. It is found that the plots
of electrosorption obtained using both isotherm models are in good agreement with the experimental
plot for this electrode, which is also evident from their R2 values, which is 0.997 for the Langmuir
model and 0.989 for the Freundlich model. Thus, the monolayer adsorption can be suggested as the
primary mechanism for this electrosorption adsorption process [7,28]. The KL and KF values of the
a-SWCNT electrode were 0.01 and 0.28, respectively. Normally, for high adsorption, the value of
n, which indicates the tendency of the adsorbate to be adsorbed should be between 1 and 10 [34].
The value of n in this electrode was 1.77, indicating that the a-SWCNT electrode exhibits a high
potential electrosorption capability. One can obtain a very thin layer of adsorbate for such a system
where the adsorbed amount will be a fraction of the monolayer capacity. Hence, the electrosorption of
the a-SWCNT/RVC electrode in the CDI system follows the monolayer adsorption [42]. Moreover,
for estimating the maximum electrosorption amount of a-SWCNT, the Langmuir isotherm model
was selected. The parameter qm in this model accounts for the maximum adsorption capacity, which
suggested that qm was improved as the bias concentration increase.The equilibrium electrosorption
capacity of this electrode at the above mentioned experimental conditions was 13.08 mg/g.

Table 6. Determined parameters of regression coefficients R2, KL, and KF of Langmuir and Freundlich
isotherms for NaCl electrosorption by using the a-SWCNT (23.58 wt%)-coated RVC electrode as an
electrosorption electrode.

Isotherm Parameter Value

Langmuir
qm 13.08
KL 0.01
R2 0.997

Freundlich
KF 0.28
n 1.77

R2 0.989

3.13. Comparison of the Present Work with the Previously-Published Research Studies

In this section, the electrosorption capacities of a-SWCNT-coated RVC electrodes were compared
with several other carbon materials, such as activated carbon (AC), activated carbon nanofibre
(ACF) web [21], carbon nanotubes (CNT) [22], composite carbon nanotubes with carbon nanofibre
(CNT/CNF) [23], reduced graphite oxide (rGO) [24], and carbon aerogels (CA) [25], which are used as
CDI electrode materials. Table 7 lists the electrosorption capacity, mass, and dimensions of electrode
materials, and other basic information of all previous carbon electrode materials for the CDI systems.
It can be observed that all researchers measured the electrosorption capacity by mg of NaCl per gram
of the active material and they ignored measuring it by the geometric area or geometric volume.
This leads to the comparison of all electrosorption capacities by the weight of the activated carbon
materials in the electrode. However, our research focussed on improving the electrosorption capacity
in terms of the geometric area and geometric volume. It can be seen that 3.63 wt% of a-SWCNT-coated
RVC gave the highest amount of electrosorption capacity (10.40 mg/g) than that of the other electrode
materials. Additionally, the electrode that had 23.58 wt% a-SWCNT-coated RVC still had a high
electrosorption capacity (3.23 mg/g) compared to the CNT electrode material (2.33 mg/g). It is worth
mentioning that the time required for one adsorption cycle in the CNT electrode material, which
was 100 min, was decreased more than 16 times when the a-SWCNT-coated RVC electrode was used
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(6 min). This means that the amount of pure water produced is increased more than 16 times when the
a-SWCNT-coated RVC electrode is used.

Table 7. Comparison of electrosorption capacity of various carbon electrodes and electrodes developed
in this article.

Parameters

Carbon Electrodes
Electrodes Developed in This Article

(SWCNT/RVC) Using a New Cell

AC CA CNT CNT/CNF rGO ACF
3.63
wt%

12.50
wt%

17.43
wt%

23.58
wt%

Electrosorption
capacity (mg/g) 1.51 2.56 2.33 3.32 3.23 4.64 10.40 3.99 3.67 3.23

Electrosorption
Capacity (mg/cm3) - - - - - - 0.029 0.043 0.058 0.075

Electrosorption
capacity (mg/cm2) - - - - - - 0.039 0.057 0.078 0.10

Mass of materials (g) 1.50 4.30 0.12 0.85 1.50 0.31 0.006 0.023 0.034 0.050

Electrode length
and width (cm) 14 × 7 16 × 8 8 × 8 8.7

Diameter 14 × 7 7 × 5 4 × 1.8

Electrode thickness
(mm) 0.3 0.8 0.03 0.3 0.3 0.2 3.0

Applied voltage (V) 1.5 1.5 1.2 1.2 1.5 1.6 1.5

Flow rate (mL/min) 20 400 40 14 20 5 50

Solution volume (mL) 200 500 50 40 200 50 70

Initial conductivity of
NaCl solution (μS/cm) 145 101 100 100 145 192 143

Time of electrosorption
cycle (min) 30 840 100 45 30 150 6

Reference [24] [25] [22] [23] [24] [21]

The electrosorption capacity of the activated carbon nanofibre (ACF) web was consistently higher
than that of AC, CA, CNT, CNT/CNF, rGO, and all a-SWCNT-coated RVC electrodes, except the
3.25 wt% SWCNT-coated RVC, as shown in Table 7. Unfortunately, this ACF electrode functioned
with a very low flow rate (5 mL/min) and needed a long time to complete one cycle of adsorption
(150 min). The main differences between the CDI electrodes include the energy consumed in the CDI
system. It is known that the energy consumed increases with the increase in the time required for the
adsorption processes and the increase in the cell voltage [38]. Table 7 shows the applied cell voltages
and time for one adsorption cycle. It is noted that the applied cell voltage for all a-SWCNT-coated RVC
electrodes was 1.5 V as for the AC, CA, and rGO electrodes. The differences between these electrodes
were the time taken for one adsorption cycle (6 min for a-SWCNT-coated RVC electrode, 30 min for
AC and rGO, and 840 min for CA). It is observed that the energy consumed in the CDI system with
the a-SWCNT-coated RVC electrode is much less compared to the other electrodes. Additionally, a
comparison of the time per adsorption cycle of a-SWCNT-coated RVC (6 min) with other electrodes in
Table 7 shows that the time is much shorter, which leads to energy saving.

4. Conclusions

The construction of a unique 3D electrode based on a-SWCNT-coated RVC composites has been
performed in this study and their electrochemical performance has been checked by cyclic voltammetry.
The optimum voltage and flow rate for the electrodes were 1.5 V and 50 mL/min, respectively, at
which the NaCl ion removal performance was mostly affected onto the sites of a-SWCNT. The effect of
increasing a-SWCNT loading on the ion removal performance of a-SWCNT/RVC composite electrodes
was investigated, which suggested that the composite electrodes can be effectively used in the CDI
cell for desalination technology. The CDI system was tested for flow-between and flow-through
electrode configurations. It is revealed that the flow-through electrode configuration takes 18 min
for one desalination cycle, which means the desorption cycle is three times faster compared to the
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flow-between electrode configuration, which takes 54 min. A new CDI cell was designed based on the
flow-through electrode configuration, which revealed that the electrosorption capacity for all electrodes
was increased with the simultaneous reduction in desalination cycle time. The electrosorption
capacity for the 3.63 wt% a-SWCNT-coated RVC electrode composite was increased by 23.96%, with
a three times reduction in desalination cycle time when the flow-through electrode is used in a new
CDI cell. It has been shown that when the distance between the two electrodes is increased, the
adsorption time also increases. It is observed that the NaCl ion adsorption characteristics follow
the pseudo-first-order kinetic model compared to the pseudo-second-order kinetic model. However,
the electrosorption behavior of the 23.58 wt% a-SWCNT electrode is in good agreement with both
the Langmuir and Freundlich isotherm models, suggesting monolayer adsorption as the primary
mechanism in the electrosorption process. The maximum electrosorption capacity at the highest
solution feed concentration was 8.89 mg/g, whereas the theoretical maximum value was 13.08 mg/g,
as per the calculation using the Langmuir isotherm model. It has been shown that our developed
electrode based on 3.63 wt% of a-SWCNT-coated RVC showed the highest amount of electrosorption
capacity (10.40 mg/g) compared to the other electrode materials. Moreover, the time taken for one
desalination cycle in the case of the CNT electrode materials (100 min) was more than 16 times
less when our a-SWCNT-coated RVC electrode was used (6 min). This indicates that, within the
same time period, the amount of pure water production increased more than 16 times when the
a-SWCNT-coated RVC electrode is used. Additionally, the energy consumption in the CDI system
with the a-SWCNT-coated RVC electrode is much less compared to the other electrodes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/7/527/s1.
Figure S1: The full process of dip coating RVC in an a-SWCNT solution, Figure S2: Calibration curve linearity for
ionic conductivity vs. NaCl concentration, Figure S3: Schematic diagram of a capacitive deionization (CDI) cell,
Figure S4: (a–c) Photos and (d–f) SEM micrographs of 60, 45, and 30 ppi RVC samples, respectively; (g) the specific
capacitance of a-SWCNT-coated RVC electrodes of various porosities in 1 M NaCl solution calculated from cyclic
voltammograms recorded in a voltage range between −0.2 and 1.0 V using a three-electrode system vs. Ag/AgCl
at a 5-mV/s scan rate, Figure S5: Scanning electron microscopy (SEM) images (a,b) top surface, (c) cross-section,
and (d,e) 45◦ view of 23.58 wt% a-SWCNT loading, Figure S6: (a) Comparison cyclic voltammograms of the 1 cm3

bare RVC electrode and the same size of the 23.58 wt% a-SWCNT-coated RVC electrode in 1 M NaCl scanned
at 20 mV/s and using an RVC counter electrode and Ag/AgCl reference electrode in a three-electrode system;
and (b) the effect of a-SWCNT loading of a-SWCNT/RVC composite electrodes on specific capacitance, Figure S7:
(a) Cyclic voltammograms of the 3.63 wt% a-SWCNT-coated RVC electrode and (b) specific capacitance of various
a-SWCNT-coated RVC electrodes at various scan rates in 1 M NaCl solution in the voltage range between −0.2 and
1.0 V vs. Ag/AgCl using a three-electrode system. Cyclic voltammograms of a-SWCNT-coated RVC electrodes at
20 mV/s, in terms of (c) current per gram of a-SWCNT and (d) current per geometric volume of the electrode;
and (e) capacitance of the electrodes per gram of a-SWCNT and per geometric volume of the electrode, Table S1:
Specific capacitance of various a-SWCNT-coated RVC electrodes by F/g of a-SWCNT, F/area of the electrode, and
F/volume of the electrode, in 1 M NaCl solution at various scan rates.
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Abstract: Highly ordered titanium dioxide nanotubes (TiO2 NTs) were fabricated through
anodization and tested for their applicability as model electrodes in electrosorption studies.
The crystalline structure of the TiO2 NTs was changed without modifying the nanostructure of
the surface. Electrosorption capacity, charging rate, and electrochemical active surface area of
TiO2 NTs with two different crystalline structures, anatase and amorphous, were investigated via
chronoamperometry, cyclic voltammetry, and electrochemical impedance spectroscopy. The highest
electrosorption capacities and charging rates were obtained for the anatase TiO2 NTs, largely because
anatase TiO2 has a reported higher electrical conductivity and a crystalline structure that can
potentially accommodate small ions within. Both electrosorption capacity and charging rate for
the ions studied in this work follow the order of Cs+ > Na+ > Li+, regardless of the crystalline
structure of the TiO2 NTs. This order reflects the increasing size of the hydrated ion radii of these
monovalent ions. Additionally, larger effective electrochemical active surface areas are required for
larger ions and lower conductivities. These findings point towards the fact that smaller hydrated-ions
experience less steric hindrance and a larger comparative electrostatic force, enabling them to be
more effectively electrosorbed.

Keywords: electrosorption; titania nanotubes; nanostructured electrodes

1. Introduction

The properties of charged interfaces and the electrosorption of ions on charged surfaces have
a remarkable influence on the kinetics of various electrochemical processes, including those having
technological importance such as water desalination and energy storage [1–4]. Electrosorption is a
process where ions of opposite charge (counter-ions) are immobilized within a region known as the
electrical double layer (EDL), which forms in the vicinity of the electrolyte-electrode interface when
a low direct current potential is applied [5,6]. Electrosorption takes place during electrochemical
reactions, charging/discharging of batteries, operation of electrochemical capacitors (ECs) and
capacitive deionization (CDI) [7,8]. Recently, CDI technology, which relies on the reversible removal
of ions from the solution by trapping them within the EDL, has gathered great interest due to its
low energy cost, environmental friendliness, and no secondary pollution [9,10]. Electrochemical
capacitors (ECs) use the electric field in the EDLs established at the electrode-electrolyte interface to
store electrical energy. Without Faradaic (redox) reaction at EC electrodes, the EDL energy storage
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mechanism makes fast energy uptake and delivery, and good power performance possible [11,12].
Therefore, the properties of the EDL crucially determine the ions that can be removed from aqueous
solutions in CDI and the energy that can be stored in ECs. Finally, the characteristics of the EDL directly
influence the outcome of electrochemical reactions by adding another “resistance” or providing more
“housing” for electrostatic charge storage to the processes.

Previous literature on electrosorption mainly focused on electrode development, and was mostly
for specific applications [13–15]. Porous carbons are often the choice of materials for electrosorption
as they combine a high surface area and good electrical conductivity [16,17]. In spite of considerable
efforts directed towards increasing surface area of carbon-based electrode materials in the last decades,
CDI and ECs performance are still not at the required level in order to become competitive technologies.
One of the factors contributing to this is the inaccessibility of the surface area and the disordered pore
arrangements of carbon materials that result in only part of the total surface area being utilized during
electrosorption. Additionally, it was found that electrosorption capacity is dependent on the type of ion
and its characteristics, e.g., hydrated ion radius, charge and even specific interactions with the surface.
These dependencies cannot be fully captured by the classical theory usually employed to model CDI
and EC performance. Chen et al. noted that during CDI operation with activated carbon electrodes
at the same concentration, smaller ions depicted size-affinity by being preferentially captured by
EDLs [18]. Furthermore, they claimed that in a mixed Cl− and NO3

− solution, Cl− is preferably
electrosorped over NO3

−. This interesting observation suggests that specific interactions between
the ion and electrode indeed played a role in the electrosorption process since the Cl− and NO3

−

have a similar hydrated radius (3.31 Å and 3.35 Å respectively), same concentration, and identical
ionic charge in the test [18]. However, the current knowledge of this interaction is still rudimentary,
and many experimental observations remain difficult to interpret because the property of carbon-based
electrodes such as the architecture, composition, and pore size are difficult to control in order to
perform a systematic study of these phenomena.

A model electrode with tunable properties is required in order to better understand the effects
of electrode properties and their interactions with different ions on electrosorption. Electrodes with
defined and tunable architectures, where pore sizes and pore lengths can be well defined, would allow
for systematic investigation of the effects of confinement and surface properties on the electrosorption
of ions with specific characteristics [19,20]. Owing to well-defined pore diameters and lengths
via anodization of titanium foil in specifically formulated chemical baths; highly ordered and
self-organized titanium dioxide nanotubes (TiO2 NT) are a very appealing candidate for fulfilling this
role [19,20]. A particular advantage of TiO2 NT is that the crystalline structure is easily tuned by simply
annealing between 350–450 ◦C in air (from amorphous to anatase), without modifying the electrode
architecture. Anatase TiO2 NT is a good approach to compensate for the low conductivity of amorphous
TiO2 NT, while offering a potentially different ion-accommodation mechanism. Anatase TiO2 contains
a cavity in its crystalline structure where a small ion could insert itself [21]. In the present work, TiO2

NTs were fabricated and tested for their suitability as model electrodes for electrosorption studies.
Electrosorption of three monovalent alkaline cations (Li+, Na+, Cs+) was systematically explored
in order to capture the interactive effects of the crystalline structure and hydrated ion radius on
electrosorption capacity, charge dynamics and utilization of electrode surface area. The three ions
chosen for the present work bear the same charge, but have distinctly different hydrated radiuses,
which allowed us to investigate the effects of ion size during electrosorption. Additionally, the three
ions selected are relevant in terms of their applications: desalination, energy storage and deionization
of radioactive waste. The goal of the study was to demonstrate the suitability of anodized TiO2 NT
electrodes to study how electrode properties and ion characteristics affect electrosorption.
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2. Materials and Methods

2.1. Fabrication of Titanium Dioxide Nanotube Electrodes

Titanium dioxide nanotube electrodes (TiO2 NT) were fabricated following the method described
in previous work [21,22]. Pieces of titanium foil (purity 99.7%, from STREM Chemicals Inc.,
Newburyport, MA, USA) were cut to the desired electrode size and rinsed with ethanol. A 150 mL
solution of Ethylene Glycol and aqueous 0.05 mol/L ammonium fluoride with a volume ratio of 50:1
was introduced into a temperature-controlled anodization cell under dry air in order to synthesize
electrodes at different anodization conditions. The foil was anodized at varying temperatures for 1 h
in this solution with a platinum counter electrode at fixed voltages of 60 V. Temperature was one of the
anodization parameters explored in order to define the electrode-surface architecture. Highly-ordered
and uniform cylindrical tubes were the desired electrode architecture for the electrosorption studies.
After anodization, the electrodes were removed from the solution, rinsed with methanol, and allowed
to air-dry. Four electrode samples were prepared simultaneously in order to ensure consistent
characteristics. Some of the samples were annealed in air at 425 ◦C for 1 h in order to change the
TiO2 crystalline structure from amorphous to anatase—this structure has a higher reported electrical
conductivity [19]. The mass of the NTs was determined prior and after annealing by weighing, in
order to detect any change in mass that might have occurred during annealing. Scanning electron
microscopy (SEM, Zeiss Auriga CrossBeam SEM) was used to characterize the morphology of TiO2-NT
electrodes. The specific surface area was determined via statistical analysis of the dimensions of the
nanotubes measured from SEM images taken at random locations on the electrodes synthesized for
this work, in the same fashion as previous work [22]. The mass of the nanotubes was determined via
direct weighing.

2.2. Electrochemical Tests

All electrochemical tests in this work were performed using a BASi Cell stand C3 potentiostat
(Bioanalytical Systems BASi, West Lafayette, IN, USA), the counter electrode was a BASi MW-1032
platinum electrode, and the reference electrode was BASi Ag/AgCl (BASi MW-2052). The working
electrodes were the TiO2 NT prepared as detailed above. Electrochemical tests were performed with
three monovalent alkaline metal ions (Li+, Na+, Cs+) as counter-ions and the same co-ion (Cl−) in
20 mL of each of the following 0.1 M solutions: Sodium Chloride (NaCl), Lithium Chloride (LiCl),
and Cesium Chloride (CsCl). The area of the working electrode was 2 cm2, corresponding to a mass
of electrode (TiO2 nanotubes and titanium foil) equal to 0.010 ± 0.001 g in all cases. The Ag/AgCl
reference electrode and the platinum-wire counter electrode were placed in the solution along with the
working electrode in a typical three-electrode setup. The volume and concentration of the solutions
were selected to ensure that ions were not depleted from the bulk solution at higher applied potentials.
This was to avoid ion-concentration effects on electrosorption capacity. A blanking procedure was run
before each electrochemical test, comprising a constant potential of +600 mV vs. Ag/AgCl being held
for 5 min. This was done to ensure that each test had the same initial conditions. The potentiostat was
programmed for each electrochemical test with the specifications described below.

One chronoamperometry cycle (CA) included 2 s of quiet time with no applied potential (0 mV),
130 s at a constant negative applied potential (charge) and 130 s at the same constant positive applied
potential (discharge). The pairs of negative and positive applied potentials during charge and discharge
were −200 mV/+200 mV; −400 mV/+400 mV; and −600 mV/+600 mV. Each CA cycle (quiet time,
charge, and discharge) was repeated at least fifteen times with a blanking procedure between each
cycle in order to target true equilibrium electrosorption capacity with the measurements.

In the electrochemical impedance spectroscopy (EIS) test, the three-electrode cell was set up in
the same way as for the CA and CV tests. The EIS tests were conducted with a Gamry Reference 600
(Gamry Instruments, Warminster, PA, USA) with the amplitude of the sinusoidal AC voltage signal of

25



Nanomaterials 2018, 8, 404

5 mV over the frequency range 1 mHz to 1 kHz. Electrochemical impedance spectroscopy (EIS) spectra
were analyzed with the Z-view software.

2.3. Electrosorption Capacity

Electrosorption capacity was calculated assuming that each electron unit of charge was neutralized
by one ionic charge. The accumulated charge was calculated via numerical integration of the area
underneath the current response curve with time during the charging cycle. Values for electrosorption
capacity were double-checked via calculation of the charge released during the discharge part of
the cycle.

3. Results

3.1. Surface Architecture of Anodized TiO2 Electrodes

Figure 1a,b shows SEM images (top and side view) of one of the annealed TiO2 NT electrodes
anodized with a potential of 60 V for 1 h at 15 ◦C. Regular nanotube structure with uniform
diameters and lengths were obtained at these anodization conditions, which were subsequently used
in electrosorption experiments. Furthermore, the as-prepared TiO2 NT (non-annealed, amorphous)
electrode is morphologically identical with the TiO2 NT after annealing at 425 ◦C for 1 h in air.
Statistical analysis of SEM images was used in order to determine the mean diameter and length
for the TiO2-NT electrodes prepared. Based on the measurement from the SEM images, it can
be seen that the TiO2 NT electrode has a diameter of 41.4 ± 4 nm, length of 2136 ± 50 nm and
specific surface area of 31.4 ± 2.2 m2/g. This level of control is highly desirable for electrosorption
studies. However, it is also necessary to point out that surface architecture is highly sensitive to
the anodization conditions. For instance, in Figure 1c, when anodization was carried out with the
same anodization-bath formulation, applied potential and anodization time but at 5 ◦C, nano needle
structures, instead of nanotubes, were obtained. This suggests that the low temperature may have
changed the balance between the competitive oxidation reaction and oxide dissolution reaction taking
place during Ti anodization in the presence of F−. Another example is provided in Figure 1d, in which
the anodization conditions were the same, but the temperature was 35 ◦C. One can observe that the
nanotube structure is less regular and defined than the one depicted in Figure 1a. This is because
the high temperature accelerates both the fluoride etching and oxide layer growth, resulting in the
cluster-like nanotube bulk appearance and deconstruction of some nanotubes.

Figure 1. SEM images of TiO2 NT electrodes (a), top view of TiO2 NT anodized at 60 V 15 ◦C, annealed;
(b) side view of TiO2 NT anodized at 60 V 15 ◦C, annealed; (c) top view of TiO2 NT anodized at 60 V
5 ◦C, non-annealed; (d) top view of TiO2 NT anodized at 60 V 35 ◦C, non-annealed).

26



Nanomaterials 2018, 8, 404

Electrodes of uniform TiO2 NTs were prepared at applied potentials equal to 60 V, a temperature
of 15 ◦C, and an anodizaion time of 1 h for subsequent electrosorption studies, in order to demonstrate
their applicability as model electrodes. Half of the electrodes were annealed in order to modify their
crystalline structure without modifying their architecture. The annealed electrodes are identified as
TiO2-NT-A, and the non-annealed electrodes are identified as TiO2-NT-NA hereafter.

3.2. Effects of Electrode Crystalline Structure and Ionic Strength on Electrosorption

The effect of the TiO2 NTs characteristic on electrosorption capacity was investigated in terms
of its crystalline structure. As stated earlier, two groups of TiO2 NTs: amorphous (non-annealed,
TiO2 NT-NA) and anatase (annealed, TiO2 NT-A) were selected in order to study the effect of the
TiO2 crystalline structure on electrosorption capacity of similarly-charged ions. Anatase TiO2 NT
electrodes are prepared via annealing the as-synthesized amorphous electrodes in air at 350 ◦C for 1 h.
The surface structure (TiO2 NT diameter and length) of amorphous and anatase electrodes is identical,
as it is not modified during annealing. Tighineanu et al. reported that the conductivity of anatase
TiO2 can be higher than that of amorphous TiO2 by several orders of magnitude [19]. Due to high
conductivity, it was expected that the TiO2 NT-A would lead to high charge densities at the surface of
the electrodes, i.e., larger electrosorption capacities. Figure 2a,b depicts electrosorption capacity for
Cs+, Na+ and Li+ for both TiO2 NT-NA and TiO2 NT-A electrodes. In Figure 2a, TiO2 NT-A electrode
shows higher electrosorption capacity for each ion than that of the TiO2 NT-NA electrode, as expected.
It is also shown that for TiO2 NT-A, the highest electrosorption capacity, 29.78 μmol/m2, was achieved
during Cs+ electrosorption at −600 mV. As for TiO2 NT-NA, the highest electrosorption capacity was
obtained for Cs+ at −600 mV with a value equal to 12.19 μmol/m2. This is only 40.9% of the highest
electrosorption capacity of Cs+ on TiO2 NT-A at the same applied potential. Regardless of ion, the TiO2

NT-A electrode substantially exhibited better electrosorption performance, which can be attributed to
the higher conductivity of TiO2-NT-A. Additionally, TiO2-NT-A possesses a tunnel structure of anatase
that may potentially aid electron transport and ion accommodation. It should be pointed out that, at a
specific applied potential, the electrosorption capacity for various ions with both TiO2 NT-A and TiO2

NT-NA electrodes follows the order of Li+ < Na+ < Cs+. For example, as seen in Figure 2b, with an
applied potential of −600 mV, electrosorption capacities of Li+, Na+, and Cs+ with TiO2 NT-A were
17.88, 24.79, and 29.77 μmol/m2, respectively, while with TiO2 NT-NA, the electrosorption capacities
were 6.82, 8.91, and 12.19 μmol/m2 for Li+, Na+, and Cs+, respectively. This trend can be explained
by the fact that smaller hydrated ions experience less steric hindrance towards packing within the
EDL and may also experience stronger electrostatic forces. In fact, the trend in electrosorption capacity
aligns with the decreasing size of the hydration radii for Li+, Na+, and Cs+ (which are equal to 3.82 Å,
3.58 Å, and 3.29 Å, respectively) [20]. Furthermore, the comparative advantage of smaller hydrated
ions towards electrosorption is more marked with TiO2 NT-A electrodes. For instance, at −200 mV, the
elecrosorption capacity of Cs+ with TiO2 NT-NA was 2.9 times higher than that the corresponding value
to Li+, whereas this value was equal to 6.1 in the case of TiO2 NT-A. The differences in electrosorption
behavior did not limit themselves to capacity at equilibrium, but also in the dynamic behavior of the
charging process (i.e., accumulation of charge within the EDL).
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(a) 

(b) 

Figure 2. Electrosorption capacity of Li+, Na+, and Cs+ (a) at various applied potentials; and (b) for
different electrodes (red bars for TiO2 NT-NA and blue bars for TiO2 NT-A).

3.3. Charging Dynamics Dependence on Ion and Crystalline Structure

Figure 3a–c shows the dynamic behavior of EDL formation for TiO2 NT-A and TiO2 NT-NA under
−200 mV, −400 mV, and −600 mV, respectively. When the applied potential was −200 mV, the highest
charging rate was obtained with the TiO2 NT-A electrode and Cs+ in Figure 3a. Furthermore, it is
evident that the charging rates for TiO2 NT-A were consistently higher than the rates obtained for TiO2

NT-NA with all the ions studied in this work. Increasing applied potential does not only increase the
charging rate, but also accentuates the difference between charging rates of anatase and amorphous
TiO2 NT electrodes. When the applied potential increased to −400 mV, it became more apparent of the
advantage of TiO2 NT-A in terms of charging rate. From Figure 3b, two groups of charging curves
are clearly identifiable resulting from the differences in the electrode crystalline structure. Figure 3c
depicts even more dispersed behavior of the curves of charging rate, with a clear advantage for TiO2

NT-A. One should notice that the charging rate is consistent with the decreasing hydrated ion radii.
As seen in Figure 3a–c, the charging rate followed the order of Cs+ > Na+ > Li+ with both TiO2 NT-A
and TiO2 NT-NA. Interestingly, the dispersion among charging curves brought about by the differences
in hydrated ion radii become more marked as applied potential increased.
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Figure 3. Charging rate of Li+, Na+, and Cs+ with TiO2-NT-A and TiO2-NT-NA under (a) −600 mV vs.
Ag/AgCl; (b) −400 mV vs. Ag/AgCl; and (c) −200 mV vs. Ag/AgCl (solid line for TiO2-NT-A and
dashed line for TiO2-NT-NA).

Summarizing, (i) TiO2 NT-A electrodes exhibited faster charging rates for each ion at every specific
potential than that of the TiO2 NT-NA electrode due to the high conductivity of anatase; (ii) Cs+ with
TiO2 NT-A consistently exhibited the highest charging rates at each tested potential, followed by Na+

and Li+. This last finding confirms the fact that smaller hydrated ions have the advantage of less steric
hindrance and most likely stronger electrostatic interactions during electrosorption.
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3.4. Electrochemically Active Surface Area

It is not difficult to conclude that ion electrosorption benefits from the large surface area of
TiO2 NTs. The TiO2 NT-A and TiO2 NT-NA electrodes did not have any morphological difference,
i.e., the surface structures on both electrodes were identical. Given the higher electrosorption capacity
and charging rates exhibited by TiO2 NT-A, it was necessary to determine how much of the total
surface area of TiO2 NTs was effectively used during electrosorption. Furthermore, it was necessary
to explore how the TiO2 NTs crystalline structure and any possible electrode-ion interactions may
have influenced the effective area involved in electrosorption. Electrochemical active surface area
(EASA) for each case was estimated based on cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements [23–25]. In order to obtain EDL capacitance via CV, a series of CV
tests at multiple scan rates were carried out. The current in the non-Faradaic potential region, measured
via CV, which is assumed to be generated due to double-layer charging exclusively, is equal to the
product of the scan rate, v, and the double-layer capacitance, CDL, as given in Equation (1) [25,26].

iDL = vCDL (1)

Examples of CVs of the TiO2 NT-NA and TiO2-A are depicted in Figure 4a,b. The CV tests were
carried out in a non-Faradaic potential region at the following scan rates: 6, 12, 25, 50, and 100 mV/s.
After acquiring the charging current at −0.3 V vs. Ag/AgCl, the cathodic and anodic charging
currents were plotted as a function of scan rate v, which yields a straight line with a slope equal
to CDL, as depicted in Figure 4c,d. The determined electrochemical double-layer capacitance of the
system, CDL, is the average of the absolute value of the slope of the straight lines regressed from the
experimental data.

 

 

(a) (b) 

(c) (d) 

Figure 4. Cyclic voltammograms 1 M NaCl at various scan rates for (a) TiO2 NT-NA; (b) TiO2 NT-A;
and EDL capacitance calculations for the determination of EASA (c) TiO2 NT-NA; (d) TiO2 NT-A. For
the determination of EDL capacitance, charging currents measured at −0.3 V vs. Ag/AgCl, plotted as
a function of the scan rate from Figure 4a,d, cathodic and anodic charging currents measured at −0.3 V
vs. Ag/AgCl, plotted as a function of scan rate.
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Upon having the double-layer capacitance, CDL, the EASA of the sample was calculated according
to Equation (2):

EASA =
CDL

Cs · m
(2)

where m is the mass of TiO2 NT, Cs is the specific capacitance of the sample and was calculated
according to Equation (3):

Cs =
C
A

=
Q

E × A
, where Q =

t∫
0

idt (3)

where i is the time-dependent current response in the CA test, t is the time of charge/discharge in the
CA test, E is the applied potential in the CA test, Q is the total transferred charge in the CA test, and A
is the area of the electrode.

The double-layer capacitance was independently determined via electrochemical impedance
spectroscopy (EIS). Figure 5a,b shows the Nyquist plots of different ions for TiO2 NT amorphous (NA)
and anatase (A), respectively. The Nyquist plots are interpreted with the help of an equivalent circuit,
shown in the inset of Figure 5, in which the electrochemical system is approximated by the modified
Randles circuit. The intersection of the impedance spectra with the real axis at the high frequency
region end is the bulk resistance (Rs) including all contact resistance and resistance attributed to the
electrolyte. The high frequency arc corresponds to the charge transfer limiting process and is ascribed
to the charge transfer resistance (Rct) at the contact interface between the electrode and electrolyte
solution in parallel with a constant phase element (CPE) related to the double-layer capacitance.
The frequency-dependent impedance of the CPE is given by Equation (4) [27,28]:

ZCPE =
1

Q0 · (iω)α
(4)

where Q0 is a constant with dimensions F s−(1−α), ω is the frequency of the sinusoidal applied potential,
i = (−1)1/2, and α is a dimensionless parameter, related to the phase angle of the frequency response,
which has a value between 0 and 1 [27,28]. Based on the circuit model used here, the double-layer
capacitance was calculated according to Equation (5) [27,28]:

CDL = Q
1
∝ ·

[(
1

Rs
+

1
Rct

)](1 − 1
∝ )

(5)

Note that when α = 1, the CPE behaves as a pure capacitor and CDL = Q, and when α = 0, the CPE
behaves as a pure resistor and CDL is not detectable [25,26]. For example, from the EIS measurement
of the Li+ with the annealed TiO2 NT electrode at an applied potential of −0.05 V vs. Ag/AgCl shown
in Figure 5, Rs = 24.4 Ω, Rct = 10.3 Ω, Q = 0. 148 mF s−(1−α), and α = 0.605. The calculated CDL from
Equation (5) is 0.012 F. The calculated Rct for all experimental conditions are listed in Table 1.

Table 1. Electrochemically-active surface area (EASA) for TiO2 NT-A and TiO2 NT-NA determined via
CV and EIS.

Electrode Target Ion Rct/Ω EASA-CV/m2/g EASA-EIS/m2/g
EASA-CV/Specific

Area/%
EASA-EIS/Specific

Area/%

TiO2 NT-A Li+ 10.3 14.1 13.7 44.7 43.6
TiO2 NT-NA Li+ 13.9 21.1 20.6 67.1 65.7
TiO2 NT-A Na+ 7.6 12.3 11.7 39.3 37.7

TiO2 NT-NA Na+ 9.9 17.8 16.8 56.8 57.7
TiO2 NT-A Cs+ 3.1 8.9 9.2 27.6 29.7

TiO2 NT-NA Cs+ 6.2 16.2 15.9 51.5 50.4
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(a) 

(b) 

Figure 5. Nyquist plots for (a) TiO2 NT-NA and (b) TiO2 NT-A. The solid lines are the modeling fits to
the EIS data by using the simplified Randles circuit shown in the inset of Figure 5a.

For a particular ion, the TiO2 NT-A results in a lower charge transfer resistance (Rct) than
that of TiO2 NT-NA, as expected, due to the higher electrical conductivity of the anatase phase.
Two components are expected to contribute to the charge transfer resistance in electrosorption. The first
one is due to the process of ion diffusion from the bulk electrolyte to the electrode surface. The second
contributing factor is due to entrapment of ions within the EDL. The experimental conditions chosen for
this work ensured that the ion concentration in the bulk electrolyte is much higher than the equilibrium
concentration of electrosorption so that the resistance due to diffusion can be, in principle, neglected.
Therefore, the charge transfer resistance can be equated to the resistance that an ion at the surface of an
electrode has to overcome in order to be immobilized within the EDL. The Rct of different ions for both
electrodes, TiO2 NT-A and TiO2 NT-NA, followed the trend of Li+ > Na+ > Cs+, which is the reversed
order of the hydrated ion radius as seen in Table 1. This finding confirmed our previous conclusion
that the smaller hydrated ion radii presented lower steric resistance and possibly stronger electrostatic
interactions. In general, the EDL capacitance measured by EIS is within 10% of that measured by
the scan-rate dependent CVs, and the EASA obtained for a given sample by the two methodologies
tend to agree within ±10%. Values of EASA were also correlated to hydrated-ion radius, but with a
reverse trend: the largest ion Li+ exhibits the largest EASA, followed by Na+ and then Cs+. It seems
that packing of larger ions within the EDL requires more surface area. The EASA of 21.1 m2/g, which
is found in the Li+ electrosorption test with TiO2 NT-NA, is the largest value reaching 67.1% of the
total surface area, while the smallest EASA of 8.9 m2/g, 27.6% of the total surface area, is found in the
Cs+ electrosorption test with TiO2 NT-A.
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Summarizing, anodized TiO2 NT electrodes of controlled surface structures proved to be a very
effective model-electrode system in order to study experimentally ion-size effects and ion-electrode
interaction effects during electrosorption.

4. Discussion

The crystalline structure of the TiO2-NT electrode was a determinant factor of electrosorption
capacity and charging rate for all ions studied in this work. Due to the high conductivity,
the electrosorption capacity of the anatase TiO2-NT electrode outperformed that of the amorphous
TiO2-NT electrode for all three targeted ions, Li+, Na+, and Cs+ and tested potentials, −200 mV,
−400 mV, and −600 mV. Additionally, the high conductivity of the anatase form of the TiO2-NTs
is favorable for fast EDL formation. As the surface architecture for all electrodes is identical,
the only difference between the annealed and non-annealed electrodes was in the crystalline structure.
This mainly affects the electrical conductivity. However, a tunnel structure in the annealed (anatase)
electrodes is not present in the non-annealed electrodes. This tunnel structure could potentially play a
role as well.

The electrosorption tests evidenced that the hydrated ion radius plays a critical role during
electrosorption. The electrosorption and charging rate of both anatase and amorphous TiO2-NT
electrodes follow the same trend of Li+ < Na+ < Cs+, which agrees with the order of decreasing
hydrated ion radius Li+ (3.82 Å) < Na+ (3.58 Å) < Cs+ (3.29 Å). The small ion can take advantage of
low steric hindrance and higher relative electrostatic forces in order to be immobilized within the
EDL more efficiently. This behavior becomes more marked with increasing applied potential. In fact,
the lower charge transfer resistance is achieved by the combination of the anatase TiO2 electrode and
the ion with the smaller hydrated radius.

Higher electrical conductivity translates into higher effective potentials at the solid-liquid interface
of the electrodes, i.e., larger driving forces during EDL charging and formation. They also translate
into larger surface charge densities to be neutralized via EDL, i.e., higher electrosorption capacities.
If EDL charging and structure only responded to ionic strength (ion concentration and ionic charge),
as predicted by Classical EDL Theory, no differences should have been detected for ions bearing the
same charge at the same concentrations. This work confirms predictions of molecular modelling that
EDL structure is determined by competitive energy and steric effects [29–32]. This fact can also be
visualized via the determination of EASA through independent electrochemical techniques.

The EASA based on cyclic voltammetry (CV) and EIS agree with each other very well.
The amorphous TiO2-NA electrode exhibited higher EASA than that of anatase TiO2-NT, which
is contrary to the electrosorption capacity for any particular ion at the same potential. It is noted
that the amorphous TiO2-NT utilized more surface area but reached a lower electrosorption capacity.
The EASA of anatase TiO2-NT decreased with the ion hydrated radius, which indicated that smaller
hydrated ions are more easily packed within the EDL, confirming the observations gained by measuring
electrosorption capacity and charging rate. Furthermore, the lower EASA in the case of TiO2-NT-A
confirms the fact that these electrodes present lower surface charge densities due to their lower electrical
conductivity. The order of increasing EASA with increasing hydrated ion size (Cs+ > Na+ > Li+) further
confirms the occurrence of steric hindrance in the structure of the EDL.

5. Conclusions

A series of highly-ordered TiO2 nanotubes (TiO2-NT) with two different crystalline structures,
amorphous and anatase, were synthesized by anodization, and were used as model-system electrodes
in the study of ion size and crystalline structure effects during electrosorption of alkaline metal
ions. The electrodes of controlled geometry allowed for the systematic investigation of ion size and
crystalline effects on electrosorption capacity, charging dynamics, and electrochemical active surface
area (EASA), via well-known electrochemistry techniques. The simple geometry of the electrodes
allowed for the clear identification of steric effects on the behavior of EDL formation and structure
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that had been predicted via molecular simulations, but had not been unequivocally determined via
experimentation. The highly tunable, regular nanotube structure of the electrodes proposed in this
work, made the elucidation of steric effects during electrosorption and EDL formation possible.
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Abstract: A series of carbon aerogels doped with iron, cobalt and nickel have been prepared.
Metal nanoparticles very well dispersed into the carbon matrix catalyze the formation of graphitic
clusters around them. Samples with different Ni content are obtained to test the influence of the metal
loading. All aerogels have been characterized to analyze their textural properties, surface chemistry
and crystal structures. These metal-doped aerogels have a very well-developed porosity, making their
mesoporosity remarkable. Ni-doped aerogels are the ones with the largest surface area and the
smallest graphitization. They also present larger mesopore volumes than Co- and Fe-doped aerogels.
These materials are tested as electro-catalysts for the oxygen reduction reaction. Results show a
clear and strong influence of the carbonaceous structure on the whole electro-catalytic behavior of
the aerogels. Regarding the type of metal doping, aerogel doped with Co is the most active one,
followed by Ni- and Fe-doped aerogels, respectively. As the Ni content is larger, the kinetic current
densities increase. Comparatively, among the different doping metals, the results obtained with Ni
are especially remarkable.

Keywords: carbon aerogel; graphitic cluster; metal nanoparticle; oxygen reduction reaction; electro-catalysis

1. Introduction

Nowadays the development of electric vehicles is one of the most promising alternatives to replace
combustion engines and therefore there is a high interest in finding new environmental friendly sources
of energy for automotive applications. For this reason, the production of electrical energy from chemical
reactions by using fuel cells is a really interesting matter from both the industrial and fundamental
research points of view [1–3]. Oxygen Reduction Reaction (ORR) takes place on the cathode in a fuel
cell and several works can be found in the published literature about the synthesis and optimization of
electro-catalytic materials for this reaction [1–11]. Of these, platinum-based electro-catalysts happen to
be the most widely studied, since Pt is the most active metal for ORR [1,6–10]. Nevertheless, the rising
price of platinum and other precious metals as Pd or Ir makes it more difficult to commercialize devices
containing them. This is the reason why non precious metal electro-catalysts are more numerous and
more studied in order to lower the costs of fuel cells [2,5–12].
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On the other hand, carbon-based materials are being seriously considered as optimal candidates
for ORR electro-catalysts [2,11,13,14]. Carbon gels are nanostructured materials, they are obtained
from organic gels after their carbonization. Organic gels are prepared by polycondensation of organic
monomers, normally resorcinol (R) and formaldehyde (F) [15]. The textural characteristics of carbon
gels strongly depend on a precise control of the reactant concentrations and the conditions of the
synthesis process: gelation, curing, drying and carbonization [16–18]. Surfactants can be added during
the R-F polymerization which influences the morphology of the doped carbon gels and the metal
dispersion [19]. Both surface area and pore volume, including the pore size distribution, are properties
related to the synthesis conditions and processing that can be tuned, enabling the development of
a wide set of materials with remarkable properties, e.g., for adsorption [20,21], catalysis [22–25]
and electrochemical applications [26,27]. Besides, carbon gels doped with transition metals exhibit
a homogeneous distribution together with a high dispersion of the metals throughout the carbon
matrix [28,29]. Thus, transition metals are used in order to be anchored into the carbon matrix,
which minimizes their leaching in liquid phase applications [19].

In the present work, carbon aerogels doped with iron, cobalt, and nickel were prepared, including a
different nickel loading, exhaustibly characterized from textural, chemical, and electro-chemical points of
view. Finally, their performances as electro-catalysts for the oxygen reduction reaction were evaluated
and discussed in terms of their differences in porous texture, chemical characteristics, and metal
doping, being the results of this comparative study the main objective of this work.

2. Materials and Methods

2.1. Preparation and Characterization of the Materials

Carbon aerogels doped with Ni, Co and Fe were prepared from resorcinol (R) and formaldehyde
(F) dissolved in water (W) and using nickel, cobalt, or iron acetate as a catalyst precursor (C). The molar
ratios were R:F = 1:2 and R:W = 1:17. Fe- and Co-doped aerogels were prepared only with a 6 wt %,
approx. of metal loading while Ni-doped aerogels were prepared with 1, 4 and 6 wt %, approx. varying
the amount of C. When an organic sol-gel solution was obtained it was cast into glass molds. After that,
the curing process to obtain the organic gels was: 1 day at 40 ◦C, and 5 days at 80 ◦C. The glass molds
were broken, and the organic aerogels were immersed in acetone for 24 h. Finally, the organic aerogels
were treated with supercritical CO2 for their drying. Another sample (A0), to be used as reference, was
also prepared but without any transition metal. The organic aerogels were carbonized at 900 ◦C to
obtain the carbon gels using a N2 flow and a heating rate of 1 ◦C min−1. The obtained carbon aerogels
(A) were named as: ANi1, ANi4, ANi6, AFe6 and ACo6, the numbers indicate the approximate metal
content in percentage. The metal loadings of the aerogels were determined by burning off a portion of
a sample at 900 ◦C in air and weighting the residue.

The aerogels were texturally characterized by gas adsorption, scanning electron microscopy
(SEM), and high-resolution transmission electron microscopy (HRTEM), and chemically characterized
by X-ray diffraction (XRD), Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Samples
performance for Oxygen Reduction Reaction was tested by means of cyclic voltammetry (CV) and
linear sweep voltammetry (LSV).

N2 and CO2 adsorptions were carried out at −196 ◦C and 0 ◦C, respectively. Prior to measuring,
the samples were outgassed for 24 h at 110 ◦C under high vacuum (10−6 mbar). The BET equation was
applied to the N2 adsorption obtaining the apparent surface area, SBET. The Dubinin-Radushkevich
(DR) equation was applied to the N2 and CO2 adsorption data and the corresponding micropore
volume (W0) and micropore mean width (L0) were obtained. Total pore volumes (V0.95) were
determined from the N2 adsorption isotherms at −196 ◦C and at 0.95 relative pressure. Finally,
the mesopore volumes (VBJH) and the mean mesopore widths (LBJH) were obtained applying the BJH
method [30] to the desorption branch of the N2 isotherms.
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SEM was carried out using a Zeiss SUPRA40VP scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany), equipped with a secondary electron detector, back-scatter electron detector,
and using a X-Max 50 mm energy dispersive X-ray microanalysis system. All the samples were crushed
before realizing this analysis.

HRTEM was performed using a FEI Titan G2 60-300 microscope (FEI, Eindhoven, The Netherlands)
with a high brightness electron gun (X-FEG) operated at 300 kV and equipped with a Cs image
corrector (CEOS) and for analytical electron microscopy (AEM) a SUPER-X silicon-drift window-less
EDX detector. The AEM spectra were collected in STEM (scanning transmission electron microscopy)
mode using a HAADF (high angle annular dark field) detector. Digital X-ray maps were also collected
on selected areas of the samples.

Raman spectra were recorded using a Micro-Raman JASCO NRS-5100 dispersive spectrometer
(JASCO Inc, Easton, MD, USA) with a 532 nm laser line. From these spectra the ratio IG/ID was
calculated as the quotient between the maximum intensity of each band.

XRD analysis was carried out with BRUKER D8 ADVANCE diffractometer (BRUKER,
Rivas-Vaciamadrid, Spain) using CuK radiation. JCPDS files were used to assign the different
diffraction peaks observed. Diffraction patterns were recorded between 10◦ and 70◦ (2θ) with a
step of 0.02◦ and a time per step of 96 s. The average crystal size (dXRD) was determined using the
Scherrer equation.

XPS measurements of the carbon aerogels were performed using a Physical Electronics ESCA
5701 (PHI, Chanhassen, MN, USA) equipped with a MgK X-ray source (hν = 1253.6 eV) operating at
12 kV and 10 mA, and a hemispherical electron analyzer. The obtained binding energy (BE) values
were referred to the C1s peak at 284.7 eV. A base pressure of 10−9 mbar was maintained during
data acquisition. Survey and multi-region spectra were recorded at C1s, O1s, Fe2p, Co2p and Ni2p

photoelectron peaks. Each spectral region was scanned enough times to obtain adequate signal-to-noise
ratios. The spectra obtained after a background signal correction were fitted to Lorentzian and Gaussian
curves to obtain the number of components, the position of each peak and the peak areas.

2.2. Electro-Chemical Studies. Oxygen Reduction Reaction

Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV) experiments were conducted
on a three-electrode cell controlled by a Biologic VMP multichannel potentiostat (Bio-Logic Spain,
Barcelona, Spain). A Rotating Disk Electrode (RDE) Metrohm AUTOLAB RDE-2 with a 3 mm Glassy
Carbon tip (Gomensoro S.A, Madrid, Spain) was used as a working electrode. 5 mg of electro-catalyst
were suspended on 1 mL of a solution which contained Nafion (5%) and water in a 1:9 (v:v) ratio.
Subsequently, 10 μL of this suspension were loaded on RDE tip and dried under an infrared lamp [14].
The glassy carbon electrode had been previously polished with 1, 0.3 and 0.05 μm alumina powder and
sonicated in deionized water and ethanol. Ag/AgCl was chosen as a reference electrode and Pt-wire as
a counter electrode. The three electrodes were immersed in a 0.1 M KOH (electrolyte) solution in water.

The oxygen reduction reaction may occur by two different pathways: one implies 2 e−s transference
and the formation of peroxide species (Equation (1)) which could damage the electro-catalytic layer
which is not desirable; the other leads only to the formation of hydroxide and it occurs by a 4 e−s
(Equation (2)) which is the requested one.

O2 + H2O + 2e−s → HO−
2 + OH− (1)

O2 + 2 H2O + 4e−s → 4 OH− (2)

CV experiments were carried out while N2 or O2 bubbled through the electrolyte solution during
the measurements. The chosen potential window ranged from −0.8 to 0.4 V (at 5 mV·s−1 and
50 mV· s−1). LSV curves were obtained in O2-saturated 0.1 M KOH solutions at a different rotation
speed and sweeping voltage, from 0.4 to −0.8 V (5 mV·s−1). Data were fitted to the Koutecky-Levich
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model (Equations (3) and (4)) in order to evaluate the electro-catalytic performance of the samples and
the transferred electron number for each of them [14].

1
j
=

1
jk
+

1
Bω0.5 (3)

B = 0.2nF
(

DO2

)2/3v−1/6CO2 (4)

where j, current density; jk, kinetic current density; ω, rotation speed; F, Faraday constant; DO2 , oxygen
diffusion coefficient (1.9 × 10−5 cm2·s−1); ν, viscosity (0.01 cm2·s−1); CO2 , oxygen concentration
(1.2 × 10−6 mol·cm−3).

3. Results

Table 1 collects the names and the textural properties of the samples. All carbon aerogels are
microporous and mesoporous materials with significant mesopore volumes and BET surfaces areas.
Aerogels doped with Ni have the highest surface areas and pore volumes among the metal-doped
samples, specially the highest micropore volumes; among the Ni samples ANi6 is the most microporous
material. In the opposite site, AFe6 has the lowest surface area and pore volumes. Aerogel A has
textural properties comparable with the rest of samples.

Figure 1 shows the morphology of the samples studied by SEM. The structure of the carbon
gels consist in a network formed by rounded particles with a different degree of fusion [31]; a very
well-developed macroporous structure is also observed. No significant morphological differences are
observed by SEM among the samples.

Table 1. Name, surface areas and pore volumes of the doped carbon gels.

Sample
SBET W0 (N2) L0 (N2) W0 (CO2) L0 (CO2) V0.95 (N2) VBJH (N2) LBJH

m2·g−1 cm3·g−1 nm cm3·g−1 nm cm3·g−1 cm3·g−1 nm

A0 700 0.276 1.20 0.249 1.06 1.21 0.89 19.8
ANi1 663 0.258 1.07 0.276 0.63 0.82 0.54 17.1
ANi4 685 0.268 0.96 0.280 0.63 0.71 0.46 16.9
ANi6 698 0.273 0.90 0.294 0.64 0.69 0.48 16.8
ACo6 589 0.230 1.00 0.181 0.57 0.65 0.40 14.1
AFe6 461 0.177 1.00 0.182 0.62 0.41 0.25 12.3

Regarding the metal phase characterization, HRTEM analysis indicate that metals are mainly
embedded within the carbon matrix; metal particles are clearly shown in Figures 2 and 3, and these
are very well dispersed throughout the aerogel texture. Moreover, metal particles are detected within
a wide range of nanometric sizes (Figure 4). On the other hand, these metal nanoparticles have
catalyzed a partial graphitization around them during the pyrolysis; this fact was observed in all
cases. Good examples of these graphitic clusters are shown in Figure 2, aerogels ANi6 and AFe6.
It should be noted that the above-mentioned graphitization was not observed in sample A by HRTEM.
These graphite clusters in the doped carbon aerogel structure were also observed in other works [31,32]
with Co, Fe and Ni as doping metals. This can also be detected by XRD as a wide signal at around
26 θ (peak 002 of graphite, JCPDS card No. 41-1487) specially in the case of aerogels ACo6 and AFe6
(Figure 5), although this signal hardly can be observed in the Ni doped samples. This would indicate
that the graphitic clusters in the Ni samples probably have mean crystallite sizes smaller than 4 nm or
a very thin laminar form.
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Figure 1. SEM microphotographs obtained at 100.00 KX of magnification of the samples ANi1, ANi6,
ACo6 and AFe6.

Figure 2. HRTEM images of the samples ANi4, ACo6, ANi6 and AFe6.
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Figure 3. AEM spectra collected in STEM mode using a HAADF detector of the samples ANi1, ACo6,
ANi6 and AFe6.

Figure 4. Particle size distributions obtained from HRTEM images.

On the other hand, the XRD peaks in Figure 5 clearly show the presence of Ni and Co completely
reduced (JCPDS cards No. 04-0850, and 15-0806, respectively). Only in the case of sample AFe6 a
mixture of Fe (0) (peaks at 44.6◦ and 65.1◦, (JCPDS card No. 06-0696)) and Fe (III) (at 43.5◦) could
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be detected; although the coincidence of this signal with the peak (101) of graphite makes both its
assignation and resolution, difficult.

Figure 5. XRD patterns of aerogels ANi6, ACo6 and AFe6.

Analyzing the XP spectra, the peaks corresponding with metal phases cannot be practically
distinguished from the base line in the case of ANi1 and ANi4, this means that Ni concentration on the
external surface of these samples can be considered negligible. Only Ni2p, Co2p and Fe2p spectra of
aerogels with 6 wt % could be analyzed. Figure 6 shows in the Ni2p spectrum only one Ni2p3/2 signal
at 853.3 eV which is assigned to Ni (II) [33]; its corresponding satellite peak can be clearly observed at
859.8 eV. In this line, only one Co2p3/2 signal is observed at 781.1 eV of BE together its corresponding
satellite at 786.1 eV, which is also assigned to Co (II) species [33]. Finally, the Fe2p spectrum contains
two species of iron at 710.7 and 712.7 eV being these signals assigned to Fe2O3 (76.5%) and Fe3O4

(23.5%), respectively [33].

Figure 6. XP spectra of the doped carbon aerogels.
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Raman spectra show (Figure 7) two main peaks at 1340 and 1580 cm−1 approx. which correspond
to the D and G bands respectively [33]. In carbon aerogels, the D band can be associated with
alternating ring vibrations in condensed benzene rings [34], while the G band can be associated with
the development of the sp2 carbon structure throughout the material during the carbonization process.
It should be noted that carbon gels are normally amorphous carbon materials. Besides this, the intensity
of the G band (IG) with respect to its D band (ID) is higher in the Ni doped aerogels than in the case of
Fe or Co samples, and among the Ni samples this ratio IG/ID is clearly higher in ANi6 and ANi4 than
in ANi1 (Table 2).

Figure 7. Raman spectra of the doped carbon aerogels.

Table 2. Chemical characteristics of the carbon aerogels.

Sample
MetalTOTAL MetalXPS OXPS dXRD dHRTEM IG/ID

wt % wt % wt % nm nm

A0 n.d. n.d. 1.4 n.d. n.d. -
ANi1 1.2 n.d 1.6 15.9 11.9 0.97
ANi4 3.9 n.d 1.6 17.4 15.5 0.99
ANi6 5.8 0.3 1.8 21.1 17.7 0.99
ACo6 5.9 0.7 3.6 21.5 19.4 0.92
AFe6 6.1 0.4 2.9 21.6 18.6 0.89

n.d: no detected.

Table 2 collects the metal crystallite sizes estimated by applying the Scherrer equation, the mean
particle sizes obtained from HRTEM, the IG/ID ration obtained from Raman spectra, the chemical
composition obtained by XPS and total metal content of the aerogels. Among the Ni samples, the mean
nickel particle size clearly increases with the metal loading; however, the samples ANi6, ACo6 and
AFe6 show a very similar value around 21 nm.

Regarding the Rotating Disk Electrode (RDE) experiments, cyclic voltammetry was used in order
to observe the difference between the samples behavior on a N2-saturated electrolyte (KOH 0.1 M)
and an O2-saturated one. Figure 8 shows CV curves for ANi6 sample at 5 mV·s−1 and at 50 mV·s−1,
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as well as for AFe6 and ACo6 samples at 50 mV·s−1 for comparison. In all cases a peak corresponding
to the oxygen reduction can be observed when the curve is obtained on the O2-saturated electrolyte.

Figure 8. Cyclic voltammetries on N2-saturated KOH 0.1 M (grey) and O2-saturated KOH 0.1 M (black).
(a) 5 mV·s−1; (b–d) 50 mV·s−1.

After CV, the electro-catalytic performance of the samples for oxygen reduction was studied by
Linear Sweep Voltammetry (LSV). The experiments were conducted at a different rotating speed to
apply the Koutecky-Levich Equation. This analysis is shown in Figure 9 for the ANi6 sample.

From this analysis the number of electrons transferred at a given potential can be obtained
(Table 3). Aerogels with different content in Ni were tested to analyze the influence of the metal
content in the electro-catalytic behavior of the samples on LSV (Figure 10a) and the number of electrons
transferred (Figure 10b). Finally, aerogels doped with the three different metals but with the same
metal loading (ANi6, ACo6 and AFe6) were compared as well (Figure 11). None catalytic activity was
detected with the un-doped aerogel A0, neither by CV nor LSV.

Table 3. Parameters obtained from the analysis of LSV curves (values of n refer to K-L fitting for data
at −0.8 V).

Sample
Eonset jk

n
V mA·cm−2

ANi1 −0.22 16.6 3.1
ANi4 −0.21 16.9 3.9
ANi6 −0.21 28.1 4.2
ACo6 −0.17 34.9 3.6
AFe6 −0.22 26.2 4.1
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Figure 9. (a) LSV for ANi6 at different RDE rotating speed. (b) Koutecky-Levich fits at different
potentials: from −0.5 to −0.8 V.

Figure 10. (a) LSV curves at 2500 rpm, and (b) variation of n with E vs. Ag/AgCl for samples ANi1 (�),
ANi4 (�), ANi6 (�).

Figure 11. (a) LSV curves at 2500 rpm, and (b) variation of n with E vs. Ag/AgCl for samples AFe6 (Δ),
ACo6 (×) and ANi6 (�).
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4. Discussion

After analyzing the textural data collected in Section 3, it is concluded that metal-doped
aerogels contain a very well-developed porosity, especially with a significant mesoporosity (VBJH).
Aerogels doped with Ni have the highest surface areas and pore volumes, specially the highest
micropore volumes. The metal phases are homogenously distributed into the carbon matrix and
well dispersed. Doped aerogels contain a wide range of sizes of metal nano-particles, most of them
with a zero-oxidation state (those embedded in the carbon matrix), with the exception of sample
AFe6, which shows a mixture of Fe (0) and Fe (III). On the other hand, very low percentages of metal
particles are detected in the external non-porous surface area, which would be partially oxidized.
The macro-structure of these aerogels is similar among the samples; however, a partial graphitization
process around the metal particles has also been detected in the case of the three different metals.
In this line carbon aerogels doped with Ni seem to have the smallest and the best-developed graphitic
clusters since their IG/ID values are the highest [35], which could be due to the fact that they have the
smallest metal particles (Figure 4 and Table 2).

Regarding electro-catalytic experiments, it can be observed that increasing the Ni loading
improved the electro-catalytic performance of the aerogel (Figure 10). In fact, when the Ni percentage
was really small (ANi1), the oxygen reduction reaction occurs through a combination of the 2 and
4 e−s , denoted by a value of n = 3.1 (Table 3). Nevertheless, as the Ni content increased, the number of
electrons transferred also did, and the oxygen reduction occurred with an electronic transfer of 4 e−s

on both ANi4 and ANi6, although the reaction started at similar potentials as denoted by the value of
Eonset (Table 3).

With respect to the type of metal, ACo6 is the best electro-catalyst showing the highest values
of current density and the lowest value of Eonset among all the samples studied. On the other hand,
some differences are also observed between ANi6 and AFe6 (Figure 11): ANi6 is the sample where the
oxygen reduction occurs with a larger current density, although keeping the value of Eonset similar for
both. According to bibliography [13,36,37], Ni-based electro-catalytic are in general less active than
those-based in Fe or Co, this would be related to the ability of the metal to produce the dissociation
of the oxygen molecule. However, in our material series, ANi6 show a very good electro-catalytic
performance, even better than that for AFe6. In this case, ANi6 needs to be considered for its larger
micropore volume and its smaller size of graphitic clusters. In fact, the electro-catalytic behavior
of the carbon materials on the Oxygen Reduction Reaction is closely related to the type of carbon
structure present in the material [38,39], and to its porosity. As was mentioned in previous paragraphs,
the graphitic clusters for ANi6 are much smaller than those in the case of AFe6 and ACo6, therefore its
good electro-catalytic performance could very well be related to it. In any case, it should be remarked
that the catalytic results obtained with Ni-doped aerogels are especially interesting and much more in
comparison to those obtained with Co- and Fe-doped ones.

On the other hand, we have included in Table 4 some bibliographic results obtained in similar
experimental conditions to ours, and using as electro-catalysts Pt, Ni, Co, and Fe supported on
different carbon materials. Pt/Carbon catalysts with a 20 wt % of Pt loading are a typical reference
electrode [40–45], some authors use carbon black [40,43–45] and others prefer graphitic carbons as
support [41,42]; in any case, all the collected results with this type of reference catalyst show the
lowest Eonset potentials, which is reasonable because Pt itself is a better catalyst than the others, but the
reported jk values are lower or similar to ours. Despite that, our catalysts have much lower metal
loadings and they do not contain platinum. Similar conclusions are obtained when carbon aerogels
(prepared from melamine) [13,36], graphene oxide [46] or carbon nanotubes [44,45,47] were used as
support of Ni, Co, or Fe; therefore, our jk values are really good in comparison with those collected in
Table 4. It is also remarkable that we have not found in the literature Ni-carbon-based electro-catalysts
with a better performance than our ANi6 using similar ORR experimental conditions; its jk = 28.1
is really significant. Thus, some electro-catalysts with low metal contents show n-values close to 2
which are lower than those obtained with our electro-catalysts ANi1 (n = 3.1). Finally, Ni and Co

46



Nanomaterials 2018, 8, 266

unsupported nanoparticles [48] have been described as not catalytically active in this experimental
ORR condition. These results, together with the fact that our un-doped A0 aerogel neither was active
in the reaction, would indicate some type of catalytic synergism effect between the carbon and metal
phases, especially taking in account that the accessibility of the metal particles to the electrolyte could
be limited by the graphitic cluster developed around them.

Table 4. Comparison of our electro-catalysts with others found in the literature using similar conditions
and electrolyte KOH 0.1 M.

Catalyst Name Type of Support Eonset vs. Ag/AgCl (V) n Ref. Metal wt % jk mA·cm−2

ANi6 Carbon aerogel −0.210 4.2 This work 5.8 28.1
ACo6 Carbon aerogel −0.170 3.6 This work 5.8 34.9
AFe6 Carbon aerogel −0.220 4.1 This work 6.1 26.2

20% Pt Vulcan Carbon black −0.037 3.9 [40] 20 N.R.
20% Pt/C Graphitic carbon −0.050 3.9 [41] 20 5
20% Pt/C Graphitic carbon −0.070 4.2 [42] 20 28.8
20% Pt/C Carbon black −0.065 4.0 [43] 20 14
20% Pt/C Carbon black - 3.9 [44] 20 ≈29 *
Pt/Vulcan Carbon black −0.007 3.9 [45] 20 N.R.

NT_FePc_400 Carbon nanotube −0.037 3.9 [45] 2.1 N.R.
NT_CoPc_400 Carbon nanotube −0.150 2.4 [45] 2.1 N.R.

Co-NCA Carbon aerogel −0.150 4.0 [36] 3 ≈25 *
Fe-NCA Carbon aerogel −0.150 3.8 [36] 5.2 ≈14 *

Fe-NCA5 Carbon aerogel −0.051 3.8 [13] 7.7 ≈25 *
FeCo-N-rGO Carbon nanotube 0.050 3.9 [44] 0.46 ≈25 *
CoNPs/rGO Graphene oxide −0.115 3.9 [46] 0.3 N.R.
Fe3C-CNTFs Carbon nanotube 0.105 3.1 [47] N.R. 4.89
Co-CNTFs Carbon nanotube −0.015 3.9 [47] N.R. 5.23
Ni-CNTs Carbon nanotube 0.055 2.6 [47] N.R. 3.67

Ni Unsupported 0 0 [48] 100 0
Co Unsupported 0 0 [48] 100 0

(N.R.) jk values or j−1 vs. ω−1/2 plots not reported; (*) Data estimated from the corresponding j−1 vs. ω−1/2 plots.

Therefore, the results of this work clearly show that carbon aerogels doped with transition metals
(obtained by polymerization of resorcinol and formaldehyde) are very good candidates as oxygen
reduction electro-catalysts, where the current densities depend on the type and amount of metal
doping and where the role of the carbon phase, both its textural and chemical properties, have a strong
influence on the whole catalytic behavior of the material.

5. Conclusions

All the metal-doped carbon aerogels showed promising behavior in the oxygen reduction reaction;
their well-developed porosity together with a very good metal dispersion in the carbon matrix,
lead to materials with a very high electro-catalytic activity in ORR. As the Ni content was increased,
the electro-catalytic behavior improved. Co-doped aerogel is the best electro-catalyst, showing the
highest values of current density and the lowest value of Eonset among all the studied samples.
Nevertheless, the nickel-doped aerogel (ANi6) presented even better results than the Fe one, which can
be very well related to changes in the carbon crystalline structure and porosity, since ANi6 is the
aerogel with the largest micropore and mesopore volumes and also the one with the smallest graphitic
clusters. In general, the presence of small and well-developed graphitic domains seems to improve the
electro-catalytic reduction of oxygen.
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Abstract: In this article, the magnetic properties of hexagonally ordered antidot arrays made of
Dy13Fe87 alloy are studied and compared with corresponding ones of continuous thin films with the
same compositions and thicknesses, varying between 20 nm and 50 nm. Both samples, the continuous
thin films and antidot arrays, were prepared by high vacuum e-beam evaporation of the alloy
on the top-surface of glass and hexagonally self-ordered nanoporous alumina templates, which
serve as substrates, respectively. By using a highly sensitive magneto-optical Kerr effect (MOKE)
and vibrating sample magnetometer (VSM) measurements an interesting phenomenon has been
observed, consisting in the easy magnetization axis transfer from a purely in-plane (INP) magnetic
anisotropy to out-of-plane (OOP) magnetization. For the 30 nm film thickness we have measured the
volume hysteresis loops by VSM with the easy magnetization axis lying along the OOP direction.
Using magnetic force microscopy measurements (MFM), there is strong evidence to suggest that the
formation of magnetic domains with OOP magnetization occurs in this sample. This phenomenon
can be of high interest for the development of novel magnetic and magneto-optic perpendicular
recording patterned media based on template-assisted deposition techniques.

Keywords: nanoporous alumina templates; antidot arrays; Kerr effect; magnetic anisotropy; magnetic
domains; magnetic force microscopy

1. Introduction

The engineering of magnetic systems based on planar patterned nanostructures by properly
controlling the shape and size of the patterned nano-objects allows obtaining magnetic films with
non-collinear magnetization distribution, thus enabling the development of magnetic data processing
devices with vertical architecture and spin-based electronics [1]. Nanoscale antidot arrays lattices in
magnetic materials, i.e., periodic spatial arrangements of nanometric holes in thin metal films, have
been studied in a wide scientific and technical scope. Tuned magnetic frustration in spin ice [2,3] and
spin glass [4] behavior have been investigated and detected in magnetic nanoscale antidot arrays.
The extraordinary features exhibited by these nanostructured materials comes from their relatively
large surface to volume ratio, which influences the shape, morphology, crystalline structure, and surface
roughness of the material in the nanoscale range [5,6]. These artificial arrays have been recently used
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in ultra-high density data storage applications [7], where the antidot lattices allow to define a peculiar
type of bit patterned media that can overcome the superparamagnetic limit due to the non-formation
of isolated magnetic domains [8], in addition to magnetic bio-sensing applications [9], among many
others. Moreover, they attract notable attention due to their capacity to act as metamaterials (magnonic
crystals), where the antidots exhibit a periodic potential for magnons, allowing for the control of
spin wave dispersion [10,11]. The recently reported nanostructured material based on the exchange
coupled bicomposite formed by Co. dots embedded in a matrix of NiFe antidot arrays, where the
soft ferromagnetic properties of the NiFe antidots influence the vortex nucleation field of Co. dots,
can modify the magnetotransport and spin wave properties of the system [12]. Therefore, a wide range
of applications in the field of spintronics and spin wave filtering are available by using antidots arrays.
The competition between the intrinsic thin film and local shape anisotropies, together with the local
effects created by the antidots arrays, generates a new scenario for tailoring the magnetic properties
of the thin films by suitably tuning their geometric parameters [13,14]. Furthermore, antidot lattices
strongly influence the magnetic properties of the hosting materials and can be used for artificially
engineering the magnetic anisotropy and tuning the coercivity in thin films [15]. In this work, we report
on the observation of an interesting phenomenon, consisting of the easy magnetization axis transfer
from a purely in-plane (INP) magnetic anisotropy to out-of-plane (OOP) magnetization, for a 30 nm
thick layer of Dy13Fe87 thin film with hexagonally ordered antidots lattice.

2. Materials and Methods

Experimental Procedure of Sample Fabrication and Characterization

The former patterned film substrate formed by a hexagonally ordered nanoporous alumina
membrane was synthesized by following a well-established two-step electrochemical anodization
procedure in oxalic acid, as reported elsewhere [16,17]. In brief, 0.5 mm thick, high purity Al
foils (99.999%, Goodfellow, Huntingdon, UK) were cleaned by sonication in ethanol and isopropyl
alcohols and electropolished at 20 V in perchloric acid and ethanol solution (1:3 vol., 5 ◦C) for 5 min.
The polished Al foils were then employed as starting substrates for the anodic synthesis of nanoporous
alumina templates. The two-step electrochemical anodization was performed in 0.3 M oxalic acid,
at a temperature of 1–3 ◦C and under a potentiostatic applied voltage of 40 V, measured versus a Pt
counter electrode. Between the two anodization steps, the samples were immersed in 0.2 M CrO3

and 0.6 M H3PO4 aqueous solution. This selective chemical etching step allowed for the selective
removal of the first grown anodic alumina layer, which contained randomly disordered nanopores at
its top surface. In the second anodization step, which lasted for 5 h, the nanopores grew following
a highly self-ordered hexagonal pattern. Afterwards, in order to increase the pore size, the samples
were chemically etched in 5 wt % orthophosphoric acid at 30 ◦C, for 30 min.

The controlled deposition of the metallic alloy formed by highly pure metal pieces of Dy
(99.99%) and Fe (99.9%) was completed by a high vacuum thermal evaporation technique using
an E306A thermal vacuum coating unit (Edwards, Crawley, UK) with an ultimate vacuum better
than 7 × 10−7 mbar (5.2 × 10−7 mbar), having a diffusion pump backed by rotary pumping together
with a liquid nitrogen trap [18]. The pure element metal pieces were placed inside two water cooled
copper crucibles and heated by the action of magnetically focused electron beams. The evaporated
target metals were deposited on the top-surface of the hexagonally ordered nanoporous alumina
membranes, which acted as templates to obtain the thin film antidot arrays [19]. The control of the film
thickness and the alloy composition was achieved by using two independent quartz crystal controllers
that monitored simultaneously the deposition rates of both evaporation sources. This equipment
allowed for obtaining both the film thickness and final alloy composition from the measurements
displayed in both of the quartz crystal control monitors. Each one of these quartz crystal controllers
received the evaporation beam coming from a unique evaporation source. The source to substrate
distances were maintained constant at about 18 cm. The deposition rate was around 0.1–0.15 nm s−1.
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The alloy composition was controlled through the quartz crystal control, and the values obtained by
this procedure are in good agreement with the ones analyzed by energy dispersive X-ray spectroscopy
(EDX) (Inca Energy 200, Oxford Instruments, Abingdon, UK) with a scanning electron microscope
(SEM) (JSM 5600, JEOL, Akishima, Tokyo, Japan).

High resolution transmission electron microscopy (HR-TEM) (JEM 2100, JEOL, Akishima, Tokyo,
Japan) operating at 200 kV was employed to obtain high magnification images of the antidots thin
films, as well as to study their microstructure by performing a selected area electron diffraction (SAED)
spectra. For that purpose, the nanoporous alumina membrane that acts as a template for the fabrication
of the antidot arrays was previously and selectively dissolved in a 0.5 M NaOH solution, thus releasing
freestanding flakes of the nanostructured thin film, which were then washed with distilled water and
ethanol, deposited into conventional transmission electron microscopy (TEM) copper grid sample
holders and dried in air.

The surface topography and magnetic domain configuration were studied by Atomic Force
Microscopy (AFM) and Magnetic Force Microscopy (MFM) measurements, respectively, performed
with a Cervantes system from Nanotec Electronica S.L. (Tres Cantos, Madrid, Spain ) in amplitude
modulation mode with the Phase Locked Loop (PLL) feedback enabled. Commercial probes from
Budget Sensors MagneticMulti75-G, with CoCr coating were used.

The surface magneto-optic properties of the thin film antidot arrays were obtained making use
of a scanning laser Magneto-Optical Kerr Effect (MOKE) magnetometer, NanoMOKE3® (Durham
Magneto Optics Ltd., Durham, UK), being able to apply up to 0.125 T by using the quadrupole
electromagnet option or 0.5 T, with the dipole electromagnet option. The NanoMOKE3 magnetometer
is suited with p-polarized laser beam and it is sensitive to the longitudinal, transversal, and polar
magneto-optical Kerr effects. Complementary bulk magnetic measurements were carried out by using
a vibrating sample magnetometer (VSM-QD-Versalab, San Diego, CA, USA), with applied magnetic
fields up to ±3 T at room temperature and in both, parallel (In Plane, INP) and perpendicular (Out of
Plane, OOP) directions to the film plane, respectively.

3. Results and Discussion

3.1. Scaning Electron Microscopy Analysis

Figure 1a displays the highly ordered, hexagonally centered nanopores of the alumina template
after being synthesized by two-step electrochemical anodization in oxalic acid and further pore
widening by chemical etching, as explained in detail in the experimental section. The resulting lattice
parameters of the so-synthesized nanoporous alumina membrane employed as a starting template
for the thin film deposition are around 75 nm of nanopores diameter, dp, and 105 nm of the interpore
distance, Dint. Hexagonal-ordered array of Dy13Fe87 antidot thin films having an interpore distance of
Dint = 105 nm, hole diameter d = 45 nm, and thickness t = 30 nm, are shown in Figure 1b. The antidot
thin film displayed in Figure 1b replicates the same hexagonal nanoholes ordering of the starting
nanoporous alumina membrane used as a patterned template, as shown in Figure 1a. Therefore,
the antidot array structure exhibits two main distinguished directions [13]: first, the nearest neighbors
(nn) direction, which corresponds to the in-plane easy anisotropy axis; and second, the next-nearest
neighbors (nnn) direction along which lies the in-plane hard anisotropy axis, at an angle of 30◦

referred to the previous nn direction (see Figure 1b). Figure 1c shows a 50 nm thick antidot thin film,
deposited onto the surface of the patterned nanoporous alumina template as shown in Figure 1a.
It becomes evident from the comparison of both SEM images displayed in Figure 1a–c that there is
a nearly inversed linear dependence between the diameter of the antidots, d, and the film thickness, t,
for a given pore diameter of the nanoporous alumina template, dp. In other words, as the thin film
thickness increases, the nanoholes decrease their manifest diameter due to the deposition of hosting
material on the top part of the hole wall [20,21].
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nn

nnn

Figure 1. (a) Top-view surface Scanning Electron Microscope (SEM) image of a nanoporous alumina
membrane employed as patterned substrate for depositing the antidots arrays showing the hexagonal
ordering of the nanopores, (interpore distance Dint = 105 nm, pore diameter dp = 75 nm); (b) SEM
top-view image of the surface of 30 nm thick Dy13Fe87 thin film antidot array, obtained by replicating
the alumina template shown in (a). The in-plane easy anisotropy axis, nn, and in-plane hard anisotropy
direction, nnn, are indicated by red and yellow arrows, respectively; (c) SEM top-view of the antidot
array Dy13Fe87 sample with 50 nm in thickness.

3.2. Transmission Electron Microscopy Characterization

The TEM micrograph of the Dy13Fe87 antidots thin film after being released from the nanoporous
alumina membrane, which is displayed in Figure 2, demonstrates that the nanometric holes successfully
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replicated the structure of the highly hexagonal ordered nanoporous alumina template, in good
agreement with the findings revealed by the SEM images. The Fast Fourier Transform (FFT) shown
in the upper inset of Figure 2, which is characteristic of a system with hexagonal periodic symmetry,
reinforces this observation. In addition, the SAED spectrum, shown as the lower inset in Figure 2,
indicates the amorphous structure of the Dy13Fe87 alloy, evidenced by the presence of diffused rings
and the absence of clear spots in the electron diffraction spectrum.

 

Figure 2. Transmission Electron Microscopy (TEM) image of a small region of Dy13Fe87 antidots
thin film after being released from the nanoporous alumina template. The Fast Fourier Transform
(FFT) analysis shown in the upper inset reveals the highly hexagonal ordering degree of the antidots
by replicating the nanoporous structure of the patterned alumina membrane, while the electron
diffraction pattern displayed in the lower inset demonstrates the amorphous character of the deposited
Dy13Fe87 alloy.

3.3. Atomic Force Microscopy and Magnetic Force Microscopy Imaging

The AFM image of the surface topography of the Dy13Fe87 antidot sample, with thickness of
30 nm, can be observed in Figure 3a. The nanometric hole structure of the magnetic film is clearly
visible and replicates the hexagonal geometry of the nanoporous alumina membrane used as template.
The MFM signal is mainly sensitive to the out of plane component of the magnetization and to the
magnetic-poles accumulation around the domain walls. The MFM image obtained in the same region
in the as prepared state (see Figure 3b) presents a magnetic configuration with positive and negative
contrast corresponding to the out of plane magnetization. As shown in Figure 3a, the sample presents
different morphological domains. Figure 3c,d are the zooms performed in the marked regions in
Figure 3a,b, respectively, in order to study the topographic periodicity and its correlation with the
magnetic signal. The profiles along the nn direction are displayed in Figure 3e,f. From the profile scan in
Figure 3e, as well as from the FFT data shown in the inset, the lattice constant of the hexagonal antidot
arrangement is estimated to be around 110 nm, in good agreement with SEM and TEM characterization.
The corresponding MFM signal in Figure 3d,f allows us to distinguish the superposition of two kinds
of contrast, one correlated with the topographic signal (always negative) and a positive/negative
contrast corresponding to the out of plane magnetization, which is not correlated with the holes’
position. Notice that the FFT of the MFM signal presents a set of peaks corresponding to the hexagonal
lattice and an additional contrast associated to the larger structures. Such component of the magnetic
signal is due to the local magnetic anisotropy induced by the antidot thin film geometry.
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(a) (b)

(c) (d)

(e) (f)

Figure 3. (a) Topography and (b) Magnetic Force Microscopy (MFM) images corresponding to the
Dy13Fe87 antidot sample with 30 nm in thickness; (c,d) are zooms corresponding to the marked region
in (a,b), respectively. Insets correspond to the FFT of each image; (e,f) are the profiles obtained along
the marked lines in (c,d). The magnetic state of the sample is as prepared.

3.4. Magneto-Optical Kerr Effect Hysteresis Loops

The surface magnetic properties of the Dy13Fe87 antidot thin films were characterized making use
of the MOKE. In the Figure 4a it is represented, in black line, the longitudinal MOKE hysteresis loop of
a continuous Dy13Fe87 thin film, with 30 nm in thickness. It shows a square shape that matches with
an in-plane easy magnetization axis. Red and blue plots in Figure 4a show the longitudinal MOKE
hysteresis loops for 30 nm thick antidot thin film, measured along both, the nn and nnn directions,
respectively. By comparison of these two later measurements, we can observe that these directions act
as easy (nn) and hard (nnn) in-plane magnetization axes. Furthermore, both longitudinal hysteresis
loops for the antidot thin film measured along the in-plane nn and nnn directions have lost the squared
shape and acquired a shape bending in slope, if compared with the one from the continuous thin
film. This fact shows that the magnetization is not aligned along an easy axis direction, indicating
that the easy magnetization axis does not totally lie in the in-plane direction. Coercivity of Dy13Fe87

antidots thin film also noticeably increases with respect to the one for the continuous film, caused by
the presence of holes that act as pinning centers of domain wall displacement [15].

56



Nanomaterials 2018, 8, 227

-900 -600 -300 0 300 600 900

-1.0

-0.5

0.0

0.5

1.0

 

M
/M

s

Magnetic field (Oe)

 (thin film)
 nn(antidot film)
 nnn(antidot film)

a)

-900 -600 -300 0 300 600 900

-1.0

-0.5

0.0

0.5

1.0

M
/M

s

Magnetic field (Oe)

nn antidot film

b)

Figure 4. (a): Longitudinal Magneto-Optical Kerr Effect (MOKE) hysteresis loops of a 30 nm thick
Dy13Fe87 thin film (black line) and antidot film of the same thickness and composition, measured along
the nn (red line) and nnn (blue line) directions of the hexagonal lattice. (b): Polar MOKE hysteresis
loop with an out of plane applied magnetic field for the same antidot thin film.

Figure 4b shows the hysteresis loop obtained by polar MOKE for the same antidot thin film
with an out-of-plane applied magnetic field. In the polar MOKE configuration, the response of the
polar Kerr effect is sensitive to the out of plane magnetization signal, while the longitudinal Kerr
measurement is sensitive to any magnetization along the intersection of the film surface plane with
the incidence plane of the laser beam, and thus the longitudinal Kerr response is dominated by the
in-plane magnetization [22]. The hysteresis loop plotted in Figure 4b shows a dominant magnetization
component perpendicular to the surface plane in pseudo magnetization saturation. This fact proves
the dropping of the magnetization onto the out of plane direction [22].

3.5. Vibrating Sample Magnetometer Hysteresis Loops

The global magnetic behavior of antidots thin film has been investigated by measuring the
bulk sample hysteresis loops, employing a VSM, at room temperature and with applied magnetic
field values up to ±3 T. Two common magnetic field configurations were considered for the applied
magnetic field, in-plane (INP, when the magnetic field is applied parallel to the film plane) and out
of plane (OOP, for the magnetic field perpendicularly applied to film plane). Figure 5a shows both,
the INP and OOP hysteresis loops for a continuous thin film having 30 nm in thickness and Figure 5b
shows the corresponding ones for the antidot thin film with the same thickness.
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Figure 5. (a) Vibrating Sample Magnetometer In Plane (VSM INP) and Out Of Plane (OOP) hysteresis
loops for the continuous Dy13Fe87 thin film with 30 nm thickness. The inset shows the low field scale
of INP and OOP hysteresis loops; (b) INP and OOP VSM hysteresis loops for Dy13Fe87 antidot film
with 30 nm thickness, Dint = 105 nm and d = 45 nm. The inset shows the magnification of the low
field region.
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It can be observed from Figure 5a that the magnetization is laying along the INP direction for
the Dy13Fe87 continuous film. In contrast, the OOP magnetization direction for antidot arrays is
dominating, as it can be deduced from Figure 5b and confirmed by the polar-MOKE measurement.
In addition, it can be observed the INP shape anisotropy deduced for the continuous thin film, while
a more complex magnetic structure is ascribed for the antidot thin film, where its OOP component
clearly differs from that of the continuous film. Similar magnetic behavior was also detected by
J. Gräfe et al. in Fe antidot arrays with hexagonal ordering [23].

It is expected that the magnetic anisotropy contributes to the appearance of the OOP magnetization
component. The antidot arrays can induce strong local shape anisotropy. This can overcome any
kind of intrinsic anisotropy of the host materials, moreover it prefers an OOP orientation of the
magnetization [24]. In addition, theoretical studies about the magnetic anisotropy of antidot arrays
performed by Monte Carlo [25] and in micro-magnetic simulations [26] illustrate that the INP preferred
orientation of the magnetization in a thin film of antidots array can be, at least partially, lifted.
Furthermore, the magnetic surface anisotropy contributes to the partial OOP magnetization found
here [27].

The local geometry of antidot plays a major important role on the magnetization reversal of the
antidot films [28–31]. Such kind of nanohole arrays are usually described by a parameter named the
antidot aspect ratio, r, which is defined by [32,33]:

r = (d + dp)/2t, (1)

Aiming to further investigate the rise of OOP magnetization phenomena, we have estimated
the effective in-plane anisotropy, Keff, for antidots and thin film samples with the same Dy13Fe87

composition and different thicknesses. Keff values were calculated from INP and OOP VSM hysteresis
loops according to ref. [29], and they are given by:

Ke f f = 4π

[∫ MS

0_OOP
HdM −

∫ MS

0_INP
HdM

]
(2)

where M is the magnetization, MS is the saturation magnetization and H is the applied magnetic field.
These effective anisotropy values obtained for samples with different thickness of the Dy13Fe87 film
are given in Table 1, together with the antidot hole diameter and the corresponding aspect ratio.

Table 1. Effective INP anisotropy constants, Keff, for Dy13Fe87 thin films and antidot arrays with
different thicknesses (t), antidot hole diameters (d) and antidot aspect ratios (r).

t (nm) d (nm) r
Keff (erg/cm3)

Antidots Thin Film

20 56 3.3 2.7 × 105 3.5 × 106

30 45 2.2 −1.2 × 106 7.4 × 106

50 15 0.9 1.2 × 106 8.0 × 106

For the t = 20 nm sample, the aspect ratio, r, takes values of around three, indicating that the
antidots display larger diameter than thickness, and therefore, the magnetization preferred direction
remains in plane. Nevertheless, the effect of antidots in this sample becomes evident, if we compare the
Keff values for 20 nm thick antidot and thin film samples shown in Table 1. The difference in one order
of magnitude between them can be ascribed to the competition between INP and OOP anisotropies.
In contrast, for the 30 nm thick sample, the aspect ratio is closer to two, that is, the thickness of the
thin film is near to the average antidot diameters. Therefore, the magnetostatic energy accumulated by
the surface poles, in the film plane, and that due to magnetic poles on the nanohole surfaces starts
to be of the same order of magnitude. Thus, the resulting magnetization lies in the OOP direction,
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as the thickness, t, increases, in order to reduce the whole magnetostatic energy of the system [32,33],
leading to a negative value of Keff. Finally, when the film thickness is further increased, the antidot
hole diameter is greatly reduced, due to the deposition of material in the pore walls. As a consequence,
the antidot film behaves similarly to the continuous thin film, as evidenced by the positive sign of Keff,
which takes values of the same order of magnitude than for the continuous thin films.

4. Conclusions

In this work, we report on the transfer of the easy magnetization axis from the in plane, in the case
of Dy13Fe87 thin film, to out of plane, for the antidot arrays film with the same thickness condition.

The antidot arrays introduce a drastic change in the morphology and magnetic behavior of
the magnetic thin film if we compare it with that one of the continuous thin film. It increases the
magnetostatic energy associated to the antidot arrays, if the magnetization lays in the film plane.
This energy might be due to the appearance of magnetic poles on the antidot surfaces in competition
with the magnetostatic energy due to the magnetic poles on the film surface when the magnetization
is OOP. Obviously, the magnetostatic energy associated to the antidot array, increases with the film
thickness. When the layer thickness increases well enough to counterbalance the energy associated to
the magnetic poles on the film surface, the preferred direction of magnetization should change from
INP to OOP direction. This effect has been observed for t = 30 nm, whereas for samples with lower or
higher film thickness, the magnetization remains INP, which is ascribed to the high value of antidots
aspect ratio and to the reduction in hole size with the increase in layer thickness, respectively.

Additionally, by suitably controlling the antidot aspect ratio parameter, it also allows for tailoring
the magnetization process of the magnetic materials and controlling the direction of easy magnetization
axis from the in plane or out of plane directions.

Furthermore, the change of INP to an OOP magnetization signal may open up new directions
in magnetic sensing or spintronic applications at the nanoscale by combining two devices that
need different orientations of the magnetic signal. Finally, the transformation of in-plane magnetic
information to an out-of-plane magnetic signal may advance 2D magnetic logic to the third dimension.
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Abstract: A photopolymerization method is used to prepare a mixture of polymer ionic liquid (PIL) and
ionic liquid (IL). This mixture is used as a solid-state electrolyte in carbon nanoparticle (CNP)-based
symmetric supercapacitors. The solid electrolyte is a binary mixture of a PIL and its corresponding IL.
The PIL matrix is a cross-linked polyelectrolyte with an imidazole salt cation coupled with two anions
of Br− in PIL-M-(Br) and TFSI− in PIL-M-(TFSI), respectively. The corresponding ionic liquids have
imidazolium salt cation coupled with two anions of Br− and TFSI−, respectively. This study investigates
the electrochemical characteristics of PILs and their corresponding IL mixtures used as a solid electrolyte in
supercapacitors. Results show that a specific capacitance, maximum power density and energy density of
87 and 58 F·g−1, 40 and 48 kW·kg−1, and 107 and 59.9 Wh·kg−1 were achieved in supercapacitors based
on (PIL-M-(Br)) and (PIL-M-(TFSI)) solid electrolytes, respectively.

Keywords: supercapacitor; polymer ionic liquid; ionic liquid; solid electrolyte; photopolymerization

1. Introduction

Green power generation and energy storage have been the most attractive subject of research
in recent years. Supercapacitors are an energy storage device. Supercapacitors are often used in
high power output or energy storage systems such as starters, hybrid cars and uninterruptible power
supplies [1–3].

Supercapacitors have electric double layer capacitors (EDLC) and pseudocapacitors. The former
uses a physical method (Coulombs static force) to store charges, whereas the latter uses a chemical
method (redox reaction) to store the charges. Asymmetric devices are generally composed of the
pseudocapacitor anode [4] and the electric double layer cathode. The main materials are carbon
materials, metal oxides, and conductive polymers. Carbon is the most common electrode material
for supercapacitors due to low cost, high specific surface area, good conductivity, and high chemical
stability. Carbon materials are mainly used in EDLC, but functional groups are involved on their
surface that would lead to the appearance of pseudo-capacitance characteristics [5].

In supercapacitors, the electrolyte needs to provide a sufficient concentration of positive and negative
ions, good ionic conductivity, and no chemical reaction with the packaging material. In addition,
the electrolyte also determines the operation potential window of a supercapacitor. In carbon-based
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supercapacitors using 1 M sulfuric acid and 6 M potassium hydroxide [6] at a charge–discharge current
density of 0.04 A·g−1, the potential windows only reached 0.6 and 1 V, and the specific capacitances of
242 and 208 F·g−1, respectively. The potential operated above 1.23 V will cause water to be decomposed,
insinuating the potential-window limitation of 1 V in the aqueous electrolyte. Moreover, aqueous
electrolytes often contain a strong acid (H2SO4) and base (KOH), leading to electrode corrosion. Organic
electrolyte has a higher operating potential (about 2 V) in relation to the aqueous system, so that this
system can store more charge. In addition, organic electrolyte not only has lower corrosion than the
aqueous electrolyte, but also less reactivity with the electrode. However, organic electrolyte has a relatively
high resistance resulting from poor ion conductivity. Ionic liquids (ILs) have a wide range of operating
potential window that allow them to store more charges with a higher energy density, chemical stability
at high temperature, and environmental friendliness. Solid-state electrolytes are mostly prepared by
incorporating polymers in a liquid electrolyte. The ionic conductivity of the solid electrolyte is lower than
that of the above two systems, mainly because the ion transport in the solid electrolyte is hard, causing
a large internal resistance, and the separator can be omitted in the device.

Ionic liquid can be prepared with the desired characteristics according to different needs,
because it has a great variety of cation and anion combinations [7]. Izmaylova et al. [8] used
1-methyl-3-butylimidazolium tetrafluoroborate ([MBIM] [BF4]) as the electrolyte in a carbon-based
symmetric supercapacitor, obtaining a specific energy density and specific power density of 4.1 Wh·kg−1

and 1.7 Wk·g−1, respectively. A symmetric supercapacitor was made using activated carbon fiber cloth
as the electrodes and mixed 1-ethyl-3-methylimidazolium bromide and 1-ethyl-3-methylimidazolium
tetrafluoroborate as the electrolyte ([EMIm] [Br]/[EMIm] [BF4]). The potential window was up to
2 V, and the specific capacitances were 59 F·g−1 at a charge–discharge current density of 0.1 A·g−1.
The performance of electrolyte-containing bromide ion is better than the electrolyte without bromide
ion [9]. However, there is a drawback—electrolyte leakage—which makes IL extremely troublesome to
package the supercapacitors. To solve this problem, a solid or quansi-solid state electrolyte is substituted
for IL. In 2014, a polymer electrolyte of tetramethoxysilane and formic acid was prepared employing
the sol–gel reaction and then mixed with 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonimide)
([EMIm] [TFSI]), which has been utilized in a carbon-based symmetric supercapacitor with a potential
window of 3 V at a charge–discharge density of 1 A·g−1 [10] and the specific capacitance of 48 F·g−1 with
100% capacitance retention after 10,000 cycles. Poly (ionic liquids) (PILs) are made by the polymerization
of corresponding ionic liquid monomers. Most PILs are a polycation in which the cationic groups
bear on the polymer main chain. Except for common pyridinium, pyrrolidonium, and imidazolium,
there still are vinyl, styrenic, and methacrylic groups bearing on the monomers through free radical
polymerization to obtain the corresponding polymers. Recently, cross-linked poly-4-vinylphenol (c-P4VPh)
was employed as a polymer matrix and mixed 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([EMI] [TFSI]) as a polymer electrolyte, which was involved in a porous carbon-based symmetric
supercapacitor [11] with a potential window of 4 V at a charge–discharge density of 1 mA·cm−2 and
a specific capacitance of 172.45 F·g−1, an energy density of 72.26 Wh·kg−1, and a power density of
1696.56 W·kg−1. More recently, photopolymerization was employed to polymerize vinylimidazole
monomers containing bromine anions in PILs [12–14], obtaining non-crystalline polymers which are very
suitable for use as solid electrolytes [14].

In this work, we hope to prepare a solid electrolyte instead of the liquid electrolyte and separator
in a carbon nanoparticle (CNP)-based supercapacitor. We chose carbon nanoparticle (CNP) as the
electrode material of the supercapacitor due to low cost and stability. To enhance the ionic conductivity
of solid electrolytes, a binary component of IL soaked into PIL was employed as a solid state electrolyte.
Here, butane-substituted vinylimidazolium salt, 1-methyl-3-butylimidazolium as the cation and
bromide as the anion, was photopolymerized to form a PIL. This has the advantages of good thermal
stability, high electrochemical stability and high ionic conductivity to achieve a high performance
carbon nanoparticle (CNP)-based supercapacitor. To increase the potential window enhancing the
energy density, the bromide anion was ion-exchanged by bis(trifluoromethane sulfonamide anion
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(TFSI−1) in ionic liquid, whereas a cross-linked PIL was prepared as the solid electrolyte with high
mechanical strength, retaining more IL.

2. Materials and Methods

2.1. Chemicals

1-Bromobutane (Alfa Aesar, Tewksbury, MA, USA), 1,4-dibromobutane (Alfa Aesar, Tewksbury,
MA, USA), 1-vinylimidazole (Alfa Aesar, Tewksbury, MA, USA), 1-methylimidazole (Alfa Aesar,
Tewksbury, MA, USA), lithium bis(trifluoromethane sulfonamide) (LiTFSI, Acros, Geel, Belgium),
photoinitiators: diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO, Aldrich, Milwaukee,
WI, USA), 1-hydroxy-cyclohexyl-phenyl-ketone (Irgacure 184, Ciba, Tarrytown, NY, USA),
2-methyl-1-[4-(methylthio)phenyl]-2-(4-morpholinyl)-1-propanone (Irgacure 907, Ciba, Tarrytown,
NY, USA), poly(vinylidene fluoride) (PVDF, Solf®PVDF 6020, Solvay, Bruxelles, Belgium),
1-methyl-2-pyrrolidone (NMP, Riedel-de Haën, Seelze, Germany), carbon nanoparticles (CNP, ~15 nm,
UniRegion Bio-Tech, Taoyuan, Taiwan), and activated carbon (AC, ACS-2930, China steel chem. Co.,
Kaohsiung, Taiwan) were used as received.

2.2. Preparation of Ionic Liquid

The chemical reactions involved in the preparation of the materials are sketched in Table 1.

Table 1. Preparation process of the ionic liquid monomer.

Component Reaction Scheme

MBIB

BVIB

BDVIB

MBIT
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Table 1. Cont.

Component Reaction Scheme

BVIT

BDVIT

PIL-(Br)

PIL-(TFSI)

2.2.1. Preparation of Ionic Liquid Monomer

The general synthetic procedures for ionic liquid monomers (ILMs) followed the literature [15].
To prepare 1-methyl-3-butylimidazolium bromide (MBIB), 0.1 mole of 1-methylimidazole, 0.1 mole of
1-bromobutane and 30 mL of methanol were loaded into a 100 mL reactor. The mixture was stirred at
60 ◦C for 15 h. After cooling down, the reaction mixture was added dropwise into 1 L of diethyl ether
to extract the product. A yellow liquid product (1-methyl-3-butylimidazolium bromide, MBIB) was
collected and completely dried at 60 ◦C under vacuum.

To prepare 3-n-butyl-1-vinylimidazolium bromide (BVIB), 0.1 mole of 1-vinylimidazole was used
to replace 1-methylimidazole. The other chemicals were the same as for the preparation of MBIB,
and the preparation procedure also followed the preparation of MBIB.

To prepare 1,4-butanediyl-3,3’-bis-l-vinylimidazolium dibromide (BDVIB), 0.2 mole of
1-vinylimidazole and 0.1 mole of 1,4-dibromobutane were used to replace 0.1 mole of
1-methylimidazole and 0.1 mole of 1-bromobutane, respectively. Other chemicals were the same
as the preparation of MBIB, and the preparation procedure also followed the preparation of MBIB.

To prepare MBIT, 0.01 mole of MBIB, 0.01 mole of LiTFSI, and 8 mL of distilled water were mixed
and stirred in a three-necked flask at 80 ◦C for 24 h under nitrogen purge. Then, 15 mL of distilled
water solution was added to the above reaction solution and kept stirring to cool at room temperature.
The solution was extracted using CH2Cl2 to extract, and then repeatedly washed with distilled water.
A yellow liquid product was obtained after being set in a vacuum oven for 24 h.
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The preparation procedures of BVIT were the same as that of MBIT rather than MBIB by VBIB.
The preparation procedures of BDVIT were the same as that of MBIT rather than MBIB by BDVIB and
using 0.02 mole of LiTFSI.

2.2.2. Preparation of PIL

To prepare crosslinked PIL-(Br), 16.77 mmole of BVIB, 2.93 mmole of BDVIB, 150 mg of mixed
photoinitiators (60 mg TPO + 45 mg Irgacure 184 + 45 mg Irgacure 907), and 1.5 g of acetone were
mixed at 50 ◦C until completely dissolved. Acetone in the mixture was removed by purging with dry
argon at 60 ◦C for 24 h. After cooling down to room temperature, the reaction mixture was cast on
a 50 cm2 area polyimide plate. This thin IL film was exposed to ultraviolet light irradiation of 125 W
(emission peak at 365 nm, Ausbond) keeping a distance of 10 cm from the film to the mercury bulb
for 10 min, the power level was 8 mW/cm2 measured at 365 nm, performing photopolymerization to
generate a film product on the polyimide substrate. The hypothesized molecular structures of PIL-(Br)
and PIL-(TFSI) are proposed in Table 1.

To prepare the PIL/IL blend (PIL-M-(Br)), 4.3 mmole of MBIB, 16.77 mmole of BVIB, 2.93 mmole
of BDVIB, 150 mg of mixed photoinitiators (60 mg TPO + 45 mg Irgacure 184 + 45 mg Irgacure 907),
and 1.5 g of acetone were mixed at 50 ◦C until completely dissolved. Acetone in the mixture was
removed by purging with dry argon at 60 ◦C for 24 h. After cooling down to room temperature,
the reaction mixture was cast on a 50 cm2 area polyimide plate. This thin IL film was exposed to
ultraviolet light irradiation of 125 W (emission peak at 365 nm, Ausbond) keeping a distance of 10 cm
from the film to the mercury bulb for 10 min, the power level was 8 mW/cm2 measured at 365 nm,
performing photopolymerization to generate a film product on the polyimide substrate.

The preparation procedures of crosslinked PIL-(TFSI) were the same as that of crosslinked PIL-(Br)
rather than BDVIB by BDVIT and VBIB by VBIT, respectively. The preparation procedures of PIL/IL
blend (PIL-M-(TFSI)) were the same as that of PIL/IL blend (PIL-M-(Br)) rather than BDVIB by BDVIT,
VBIB by VBIT, and MBIB by MBIT, respectively.

2.3. Electrode Preparation

Graphite paper (20 × 10 mm) was ground to a smooth surface using coarse and fine sandpaper
in a sequence, washed using 0.5 M sulfuric acid to clean the surface, and then transferred to dry in
the oven at 120 ◦C for 2 h obtaining a graphite-paper current collector. Activated carbon, carbon
nanoparticles, and PVDF were mixed and ground in an agate bowl with a weight ratio of 7:1:1, and then
an appropriate amount of NMP was added and pulverized to a slurry paste. An appropriate amount of
the paste was dropped on the polish graphite paper (10 × 10 mm) and spin-coated to form a uniform
film. Then the above film was baked in a circulation oven at 70 ◦C for 24 h to obtain the carbon
electrode. The symmetric capacitors were sandwiched by two working electrodes that were separated
by polymer ionic liquid/ionic liquid (PIL-M-(Br) or PIL-M-(TFSI)) blend films as the electrolyte and
separator with a thickness of ca. 0.25 mm. IL electrolytes of MBIB and MBIT were injected into a bipolar
CNP-electrode cell with a porous polypropylene separator (~0.25 mm thickness).

2.4. Characterization and Measurements

Infrared spectra were recorded on a Fourier transform infrared spectroscopy (FTIR) spectrometer
(Agilent Technologies, Cary 630, Santa Clara, CA, USA) to check the functional groups on polymer films
using an attenuated total reflection (ATR) cell. Film surface morphology was observed on field emission
scanning electron microscopy (FESEM, Hitachi, S4800, Tokyo, Japan). The PIL film samples were put on
aluminum film prior to imaging. 1H nuclear magnetic resonance (1H NMR) measurements were carried
out at room temperature using a Bruker AV400 FT-NMR spectrometer (Billerica, MA, USA) operating at
400 MHz. Chloroform-d1 or dimethylsulfoxide (DMSO)-d6 were used as solvents. Differential scanning
calorimetry (DSC) measurements were performed on a TA instrument (SDT-Q600, New Castle, DE, USA).
The samples were first heated up to 100 ◦C, and then the samples were cooled from +100 to −50 ◦C at
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a cooling rate of 10 ◦C/min in a cooling process, where they were kept at −50 ◦C for 2 min. Finally,
the samples were reheated to 295 ◦C at a heating rate of 10 ◦C/min. The glass transition point of PILs
was determined by the heating curve. Thermal gravitational analysis (TGA) was performed on a TA
instrument (SDT-Q100, New Castle, DE, USA).

2.5. Electrochemical Characterization

All of the electrochemical experiments were investigated using an AUTOLAB PGSTAT302N
electrochemical work station (Metrohm Autolab, Utrecht, The Netherlands). A typical three-electrode
cell, filled with electrolyte and equipped with a working electrode, platinum foil as a counter electrode
and an Ag/AgCl reference electrode, was employed to measure the electrochemical properties
of the AC-CNP carbon-coated working electrode and its symmetric device at 25 ◦C. The cyclic
voltammograms (CVs) of the AC-CNP carbon-coated electrode were recorded by varying the scan rates:
5, 10 mV·s−1 over the potential range of −0.2–0.8 V for the three-electrode cell and 10, 25, 50, 75, 100
and 125 mV·s−1 over the potential range of 0–0.8 V for the symmetric supercapacitors. Measurements
of electrochemical impedance spectroscopy (EIS) were carried out on the bipolar CNP-electrode cell
using an alternating current (AC) bias of 0.1 V with a signal of 10 mV over the frequency range of
0.1 Hz to 100 kHz at 25 ◦C. Solid-electrolyte films (~0.25 mm thickness) of PIL-M-(Br) and PIL-M-(TFSI)
were directly sandwiched between the bipolar CNP-electrodes. IL electrolytes of MBIB and MBIT
were injected into a bipolar CNP-electrode cell with a porous polypropylene separator (~0.25 mm
thickness). The galvanostatic charge–discharge curves were obtained over the potential range of
0–3.0 V for various current densities (0.5, 1, 1.5, 2, 2.5, 5 and 10 A·g−1) in symmetric devices. A current
density of 1, 5 A·g−1 was used in the symmetric cell.

3. Results and Discussion

3.1. Morphology of PILs Derived from Photopolymerization

Figure 1a shows SEM image of the PIL-(Br) film, exhibiting an uneven surface with fine cracks and
bumps. These features could be due to shrinking upon polymerization and thus suggest the presence
of considerable attractive intermolecular interactions between polymeric chains in the forming films.
The SEM image of the PIL-M-(Br) film exhibited a smoother surface with a few fine holes in comparison
with the compared PIL-(Br) film as shown in Figure 1b. This result suggests that the fine drops of
MBIB liquid phase are present in the generating polymer film during photopolymerization in the
binary mixture of BVIB (Br−), BDVIB (Br−), and MBIB (Br−). On the other hand, a cross-linked
network structure of PIL-(TFSI) polymer can be observed with a uniform distribution of tangled lines
in Figure 1c. Figure 1d shows the image of PIL-M-(TFSI), exhibiting a smooth surface with many holes
of different sizes. This result implies that the MBIB liquid drop phase is also present in the generating
polymer film during photopolymerization in the binary mixture of BDVIB (TFSI−), BDVIB (TFSI−),
and MBIB (TFSI−).
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Figure 1. Scanning electron microscopy (SEM) images of (a) polymer ionic liquid (PIL)-(Br); (b) PIL-M-(Br);
(c) PIL-(TFSI); and (d) PIL-M- (TFSI) films.

3.2. FTIR Spectra of PILs Derived from Photopolymerization

Figure 2 shows the FTIR spectra of PIL-(Br), PIL-M-(Br), PIL-(TFSI), and PIL-M-(TFSI) and Table 2
lists the assignment of functional groups above the polyelectrolytes. The stretching of C–H (SP2) presents
at 3077 cm−1, which is contributed by the C=C–H bond on the imidazole ring. The stretching of C–H
(SP3) presents at the three peaks of 2981, 2932 and 2869 cm−1, corresponding to the C–C–H bond on the
imidazole ring. The stretching of C=C and C=N on the aromatic ring presents at 1650 and 1546 cm−1,
corresponding to the C=C and C=N bonds, respectively, on the imidazole ring. The bending of the C–H
(SP3) at 1457 cm−1 corresponds to CH3 substituent at the end of the imidazole ring. The C–N bending on
the aromatic imidazole ring presents at 1151 cm−1. The peaks in the region of 600–900 cm−1 result from
the stretching of alkyl halogen bonding or the presence of halide ions. These results are consistent with
the assignment of the molecular structure of PIL-(Br) and PIL-M-(Br) [15]. Also note that there is a peak
at 3141 cm−1 corresponding to the bending of the C–H bond on the imidazole ring. The peaks at 2981
and 2854 cm−1 represent the stretching of symmetric and asymmetric C–H (SP3) at the end substituent
on the imidazole ring. The stretching at 1654 cm−1 corresponds to the C=N bond on the imidazole ring.
The bending of the NH bond on the imidazole ring presents at 1552 cm−1. The bending of the C–H (SP3)
at 1460 cm−1 corresponds to the CH3 at the end substituent on the imidazole ring. The peaks at 1345
and 1126 cm-1 represent symmetric and asymmetric SO2 bond stretching on the TFSI anion. The C–N
stretching on the aromatic imidazole ring presents at 1187 cm−1 on the imidazole ring. The bending of
symmetric CF3 bonding presents at 1046 cm−1 in the TFSI anion; the peak of 849 cm−1 corresponds to the
stretching of an asymmetric S–N–S bond in the TFSI anion.

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of PIL-(Br), PIL-M-(Br), PIL-(TFSI),
and PIL-M-(TFSI).
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Table 2. IR-ATR observed wavelengths, in cm−1, of the absorption bands detected in the spectra of
PIL-(Br), PIL-M-(Br), PIL-(TFSI) and PIL-M-(TFSI).

3.3. Thermal Gravity Analysis of PILs Derived from Photopolymerization

Figure 3a shows differential scanning calorimetric analysis of PIL-(TFSI) and PIL-(Br), revealing
that Tg (15.5 ◦C) of PIL-(TFSI) is lower than that (31 ◦C) of PIL-(Br). Also note that Tm (126 ◦C) of
PIL-(TFSI) is lower than that (135 ◦C) of PIL-(Br). These features suggest that the molecular packing in
the solid state is more efficient in presence of a Br− anion than in the case of TFSI−. These two anions
are quite different in terms of steric hindrance, symmetry and charge density, properties typically
involved in solid-state lattice enthalpy and entropy. Figure 3b shows the thermal gravity analysis
(TGA) of PIL-(Br), PIL-M-(Br), PIL-(TFSI), and PIL-M-(TFSI). The weight loss of the PIL-(Br) and
PIL-M-(Br) samples was about 17% at 200 ◦C due to the evaporation of water, whereas the major
weight losses occurred at 305 and 289 ◦C, respectively, mainly due to the thermal decomposition of
PIL-(Br) and PIL-M-(Br). It can be seen that the presence of soaked MBIB resulted in a lower thermal
stability of the material. Note that the major thermal decomposition temperature of PIL-(TFSI) and
PIL-M-(TFSI) occurred at 387 and 391 ◦C, respectively. The former remained a residue of about 9.4% at
about 487 ◦C and the latter had about 7.2% residue at about 488.5 ◦C. An examination of these results
reveals that the two samples have very close thermal decomposition data with anion exchange of TFSI-

instead of Br−. The thermal stability of the proposed polyelectrolytes is higher in the case of the TFSI
anion than the Br anion, and this is in accordance with the DSC suggestions on the energy associated
to their solid state arrangements.
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Figure 3. (a) Differential scanning calorimetric analysis of PIL-(TFSI) and PIL-(Br); (b) Thermal gravity
analysis of PIL-(Br), PIL-M-(Br), PIL-(TFSI), and PIL-M-(TFSI).

3.4. Ionic Conductivity

Electrochemical impedance measurement can be used to calculate the ionic conductivity of the
material. The ionic conductivity can be evaluated according to the following equation:

σ =
l

Rb × A
(1)

where σ is the conductivity in S·cm−1, l is the thickness of the sample in cm, Rb is the resistance of the
material in Ω, and A is the area of the sample in cm2. Figure 4 shows the electrochemical impedance
of PIL-M-(Br) and PIL-M-(TFSI). The value of Rb was determined by the intersection point on the
x-axis of alternating current (AC) impedance spectroscopy. Based on Equation (1), the values of ionic
conductivity were 5.52 × 10−4 and 3.2 × 10−4 S·cm−1 for PIL-M-(Br) and PIL-M-(TFSI), respectively,
at 25 ◦C.
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Figure 4. Alternating current (AC) impedance of PIL-IL blends.

3.5. Cyclic Voltammogram

Figure 5 shows cyclic voltammograms (CVs) of MBIB, PIL-M-(Br), MBIT, and PIL-M-(TFSI)-based
supercapacitors. It is obvious that the shape of these CV curves is close to the rectangle, which is
responsible for the characteristics of ideal electrical double layer capacitance behavior. Also note
that the CV area decreases with the decreasing scan rate without a noticeable change in shape,
indicating that the ions in the electrolyte can be rapidly migrated between the electrode interface and
electrolyte [16]. The specific capacitance (Cs) of the electrodes can be calculated from the CV curves
according to the following equation:

Cs =

∫
IdV

VmΔV
(2)

where m is the mass of the electroactive material (g), v is the scan rate (V·s−1), ΔV is the potential
window (V), and the integrated area under the CV curve I is the response current (A). According to
Equation (1), the integrated area of the CV curve is proportional to the specific capacitance. Figure 6
shows the area enclosed by the CV curves of MBIB and PIL-M-(Br) using different scan rates. There is
a small difference in specific capacitance in both electrolytes of MBIB and PIL-M-(Br) at different scan
rates, implying that the capacitance values in both electrolytes of MBIB and PIL-M-(Br) are very close.
This suggests that the solid-state PIL-M-(Br) electrolyte is suitable for use in a supercapacitor. However,
the CV curve area of MBIB is higher than that of PIL-M-(Br) at high speed scan, indicating that the ion
transport of MBIB is faster than PIL-M-(Br) because the ion mobility of liquid electrolyte is higher than
that of solid electrolytes [16]. The CVs of MBIT and PIL-M-(TFSI) were similar to that of MBIB (Br) and
PIL-M-(Br). In Figure 6, the CV area of MBIT is greater than that of PIL-M-(TFSI) at same scan rate,
indicating that the ion transport in MBIT is significantly higher than that of PIL-M-(TFSI) because the
ion mobility of the liquid electrolyte is higher than that of the solid electrolyte [16]. Especially, a larger
anion size, such as TFSI−, has more significant effect on the ion mobility. As compared to the CVs of
PIL-M-(Br) and PIL-M-(TFSI) at a scan rate of 100 mV·s−1, the latter has a larger potential window
(3 V) than the former (2 V). However, the integrated area of the former is larger than that of the latter.
This is attributed to the difference in ion conductivity between the two electrolytes, resulting from
better ion transport in PIL-M-(Br) than in PIL-M-(TFSI).
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Figure 5. Cyclic voltammograms (CVs) of (a) MBIB; (b) PIL-M-(Br); (c) MBIT; and (d) PIL-M-(TFSI)-based
supercapacitors at different scan rates.

Figure 6. Plot of CV enclosed area against scan rate for ILs and PIL-IL blends.

3.6. Electrochemical Impedance Spectroscopy (EIS)

Nyquist plots of MBIB, PIL-M-(Br), MBIT, and PIL-M-(TFSI)-based supercapacitors are shown in
Figure 7. The equivalent series resistance (ESR) and charge transport resistance (Rct) are estimated in
the high frequency region. The intersection of the high-frequency region with the real x-axis of the
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Nyquist plot was used to estimate the equivalent series resistance (ESR) of the electrode. The ESR
values of MBIB and PIL-M-(Br) are 13 and 16.2 Ω, respectively, due to the fact that the ionic conductivity
of the liquid electrolyte (MBIB) is higher than that of the solid electrolyte (PIL-M-(Br)). The ESR values
of MBIT and PIL-M-(TFSI−) are 8.1 and 19.0 Ω, respectively. The charge transfer resistance (Rct) at
the contact interface between the electrode and electrolyte solution forms the charge transfer limiting
process corresponding to the high-frequency arc [1]. Both values of Rct are very small in MBIB-
and PIL-M-(Br)-based supercapacitors, corresponding to the charge transfer impedance between
the interface of the electrode and electrolyte, because there are almost no electrochemical reactions
involved in the charge transfer in the electric double layer capacitors, resulting in very small Rct.
Also, both values of Rct are very small in the MBIT- and PIL-M-(TFSI)-based supercapacitors. On the
other hand, the straight line in the low-frequency range corresponds to the Warburg impedance,
which is caused by the frequency dependence of ion diffusion and transport from the electrolyte to
the electrode surfaces [1]. The MBIB and PIL-M-(Br) electrolytes exhibit the characteristics of ideal
electric double layer capacitance, reflecting rapid ion diffusion in the electrolyte and adsorption onto
the electrode surface. As compared to PIL-M-(Br), MBIB has a large slope in the straight line at low
frequency, implying that the ions diffused in MBIB have less resistance than in PIL-M-(Br), mainly
because the mass transfer in the liquid phase is easier than in the solid phase. Figure 8 shows the
Bode plots of the MBIB and PIL-M-(Br)-based supercapacitors. At a phase angle of 45◦, the response
frequencies of MBIB and PIL-M-(Br) are 0.3 and 0.0552 Hz, whereas the τ0 values are 3.33 and 18.115 s,
respectively, indicating that the MBIB has a higher power density than PIL-M-(Br). In addition,
the former has a faster charge–discharge speed because the ionic conductivity of the liquid electrolyte
is higher than that of the solid electrolyte, resulting in the charge transferring more quickly between
electrolyte and electrode. In MBIT and PIL-M-(TFSI) systems, the response frequencies at a phase
angle of 45◦ are the same value of 0.098 Hz and the τ0 value is the same value of 10.2 s, indicating that
MBIT and PIL-M-(TFSI) have the same charge–discharge capacity under ideal capacitance conditions.
Also note in Figure 7, that the slope of PIL-M-(Br) is larger than that of PIL-M-(TFSI) in the low
frequency range, implying that the former has less resistant ion diffusion than the latter. This is
attributed to the fact that the ionic conductivity of PIL-M-(Br) is greater than that of PIL-M-(TFSI).
Table 3 summarizes the data obtained by the EIS analysis of PIL-M-(Br) and PIL-M-(TFSI)-based
capacitors. An examination of Table 3 reveals that the ESR values of PIL-M-(Br) are lower than those
of PIL-M-(TFSI). This reflects the fact that the former has lower solution resistance than the latter.
In addition, the τ0 values of PIL-M-(Br) are higher than those of PIL-M-(TFSI), suggesting that the
latter capacitor has a higher charge–discharge rate than the former in the ideal state.

Figure 7. Nyquist plots of IL and PIL-IL blend-based supercapacitors.
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Figure 8. Bode plot of (a) MBIB and PIL-M-(Br) and (b) MBIT and PIL-M-(TFSI)-based supercapacitors.

Table 3. EIS data of PIL-M-(Br)- and PIL-M-(TFSI)-based supercapacitors.

Substance ESR (Ω) τ0

PIL-M-(Br) 16.2 18.1
PIL-M-(TFSI) 19.0 10.2

3.7. Galvanic Charge–Discharge (GCD)

Figure 9 shows the galvanostatic charge–discharge curves at current densities of 10, 5, 2.5, 2
and 1 A·g−1 in the potential window of 0–2 V for MBIB- and PIL-M-(Br)-based supercapacitors.
These charge–discharge curves have a symmetrical triangular shape, indicating that the ideal
characteristics of the electrical double-layer capacitor (EDLC) provide these electrodes with excellent
electrochemical reversibility [2]. However, different charge and discharge current densities did not
change the line shape, demonstrating fast charge–discharge kinetic behavior [17]. Figure 10 shows the
voltage (IR drop) at different charge–discharge current densities, revealing that the voltage increases
with an increasing charge–discharge current density. This arises from the fact that the charge diffusion
rate cannot match the rapid increase in current densities [18,19]. In addition, the slope of the straight
line represents the bulk resistance. The bulk resistance of the MBIB-based capacitor is less than that
of the PIL-M-(Br)-based capacitor, because the ionic conductivity of MBIB is greater than that of
PIL-M-(Br). The specific capacitance values are calculated from the results of the constant current
charge–discharge. Figure 11 shows the specific capacitance values of MBIB- and PIL-M-(Br)-based
capacitors at different current densities. The specific capacitance of both systems decreases with
an increasing charge–discharge current density. This is because the increase of the current density
causes the increase of ion-diffusion resistance in the electrode material, leading to the decrease of
the ion diffusion rate in the electrolyte, thereby lowering the capacitance. The specific capacitance
of MBIB is slightly larger by about 10% than that of PIL-M-(Br). One explanation for this result is
that MBIB has a higher ionic conductivity than PIL-M-(Br), resulting in an MBIB solution resistance
smaller than PIL-M-(Br). Moreover, the mass transfer rate of MBIB is faster than that of PIL-M-(Br),
which makes MBIB ions easier to adsorb and diffuse on the electrode material. The potential window
(3 V) of PIL-M-(TFSI) is larger than that (2 V) of PIL-M-(Br). In addition, the specific capacitance was
plotted against the current density as shown in Figure 11, revealing that the specific capacitance of
the PIL-M-(Br)-based capacitor is higher than that of the PIL-M-(TFSI)-based capacitor. These results
can be supported by a lower IR drop of PIL-M-(Br− system as compared PIL-M-(TFSI) (Figure 11),
suggesting that the ionic conductivity of PIL-M-(Br) is greater than that of PIL-M-(TFSI).
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Figure 9. Galvanic charge–discharge curves of (a) MBIB; (b) PIL-M-(Br); (c) MBIT; and (d) PIL-M-(Br)-based
supercapacitors at different current densities.

Figure 10. Plot of IR-drop against current density for ILs and PIL-IL blends.

Figure 11. Plot of specific capacitance against current density for ILs and PIL-IL blends.
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In Figure 12, specific energy density (Wh·kg−1) and specific power density (W·kg−1) can be
calculated to obtain the Ragone plot. The MBIB-based supercapacitor has a slightly higher specific
power density at the same specific energy density, and vice versa, indicating that the MBIB-capacitor
can store a higher amount of electricity in a unit mass, whereas it can also store or release a higher
power in a unit of time, but there are no large differences between the two systems of MBIB- and
PIL-M-(Br)-based supercapacitors. Also note that the PIL-M-(Br)-based supercapacitor has a higher
specific power density in relation to the PIL-M-(TFSI)--based supercapacitor at the same specific energy
density. In contrast, the PIL-M-(TFSI)-based supercapacitor has a higher specific energy density at the
same specific power density.

Figure 12. Ragone plot of MBIB and PIL-M-(Br−)-based supercapacitors.

Figure 13 shows cycle life of the Coulombic efficiency in PIL-M-(Br)- and PIL-M-(TFSI)-based
supercapacitors, revealing that the Coulomb efficiency maintains at 80% and 72%, respectively,
after 2000 cycles. This is attributed to the fact that ions accumulate in the pores of the electrode material,
reducing the redox process of the electrolyte. After repeated cycles, the electrolyte may deteriorate to
decrease the ionic conductivity of the electrolyte with the increase in electrolyte resistance [17,20–23].
The PIL-M-(TFSI)-based supercapacitor has a similar tendency.

Figure 13. Cycle life of PIL-Il blend-based supercapacitors.
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4. Conclusions

The ionic liquid polymer blends PIL-M-(Br) and PIL-M-(TFSI) had thermal stability with higher
decomposition temperatures of 305 and 391 ◦C, respectively. The PIL-M-(Br) and PIL-M-(TFSI) had
high ionic conductivity of 0.55 and 0.32 mS·cm−1, respectively, which were very suitable for use in
carbon-based symmetric supercapacitors, with the potential windows of 2 V and 3 V with respect to
PIL-M-(Br) and PIL-M-(TFSI), respectively. Carbon-based symmetric supercapacitors involving the
respective electrolytes PIL-M-(Br) and PIL-M-(TFSI) had a high power density and energy density of
59.9 and 40 kW·kg−1, and 48 and 107 Wh·kg−1, respectively. The PIL-M-(Br)-based supercapacitor
had a higher specific capacitance than PIL-M-(TFSI) with specific capacitances of 87 and 58 F·g−1,
respectively, at a charge–discharge current density of 1 A·g−1. In contrast, the values of the MBIB and
MBIT ionic liquids were 99 and 82 F·g−1, respectively. After 2000 cycles of charge–discharge testing,
the efficiency decay of solid state PIL-M-(Br) and PIL-M-(TFSI)-based supercapacitors was 12 and 29%,
respectively. The time constant (τo) of PIL-M-(Br) is longer than that of PIL-M-(TFSI), suggesting that
the latter has a better charge–discharge rate under ideal capacitors.
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Abstract: In this work, we electrochemically deposited self-doped polyanilines (SPANI) on the surface
of carbon-nanoparticle (CNP) film, enhancing the superficial faradic reactions in supercapacitors
and thus improving their performance. SPANI was electrodeposited on the CNP-film employing
electropolymerization of aniline (AN) and o-aminobenzene sulfonic acid (SAN) comonomers in
solution. Here, SAN acts in dual roles of a self-doped monomer while it also provides an acidic
environment which is suitable for electropolymerization. The performance of SPANI−CNP-based
supercapacitors significantly depends upon the mole ratio of AN/SAN. Supercapacitor performance
was investigated by using cyclic voltammetry (CV), galvanostatic charge and discharge (GCD),
and electrochemical impedance spectroscopy (EIS). The optimal performance of SPANI−CNP-based
supercapacitor exists at AN/SAN ratio of 1.0, having the specific capacitance of 273.3 Fg−1 at the
charging current density of 0.5 Ag−1.

Keywords: supercapacitor; self-doped polyaniline; carbon-nanoparticle film; electropolymerization;
cyclic voltammetry

1. Introduction

Energy storage systems are important nowadays because of the growing requirement for high
power in charging and discharging, and thus the development of supercapacitors has attracted
extensive attention recently. Supercapacitors have been categorized into electrochemical double
layer capacitors (EDLCs) and pseudocapacitors according to their mechanism of charge storage [1].
EDLCs store charge employing electrical double-layer electrostatic force in an electrochemical double
layer (Helmholtz Layer) [2]. The main materials used in EDLC are carbon-based materials, such as
graphene, carbon nanotubes, carbon black, etc. In pseudocapacitors, charge is stored via fast
and reversible faradic reaction, which is based on electroactive materials with several oxidation
and reduction states (e.g., metal oxides and conducting polymer). In general, the capacitance of
pseudocapacitors are higher than EDLCs [3,4]. On the other hand, EDLCs use very stable carbons to
increase voltage (V) [5,6].

Conducting polymers, such as polyaniline (PANI) which is a potential material for supercapacitors
due to its excellent electrochemical activity, ease of synthesis, environmental stability, and high specific
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capacitance [7], have been used for supercapacitors. Based on previous studies, the nanosized materials
can improve supercapacitor electrodes by increasing the area of the electrode–electrolyte interface
and decreasing the cation diffusion length within the active material [8–10]. Electrically conductive
nanosized PANI is combined with porous carbon, carbon nanotubes, or graphene as a nanostructured
template that not only improves the charge/discharge cycle of PANI but also promotes the specific
capacitance to 233–1220 Fg−1 [8,11–14].

Self-doped polyanilines (SPANI) nanofibers have been synthesized by the molecular self-assembly
process using aniline (AN) and o-aminobenzenesulphonic acid (SAN) without extra addition of
inorganic acids. SAN acted as a self-doping monomer, surfactant, and template for PANI nanofibers
due to its hydrophilic group (–SO3H). Because SAN acted as a self-doping monomer and was
simultaneously linked in the polymer chains, the SAN didn’t need removal after polymerization.
We tried to employ this method devoid of extra addition of inorganic acids, which is significantly
different from the alternative template methods and external doping systems [15,16].

In this work, SPANIs with different AN/SAN ratios were deposited on the surface
of carbon nanoparticle (CNP) film by electropolymerization forming SPANI−CNP composite
electrodes. The SPANI−CNP composites are characterized by their morphologies, structure,
and composition through examination by scanning electron microscopy (SEM), X-ray diffraction (XRD),
Fourier transfer infrared spectrometer (FTIR), and X-ray photoelectron spectroscopy (XPS). The effects
of AN/SAN ratio in SPANI−CNP composite electrodes on the performance of supercapacitors
was investigated in three-electrode type and symmetric cells, respectively. The supercapacitor
performance of the SPANI−CNP composite electrodes with different AN/SAN ratios was studied
by cyclic voltammetry (CV), galvanostatic charge–discharge (GCD), and electrochemical impedance
spectroscopy (EIS). The assembled SPANI−CNP-based supercapacitors demonstrate the optimal
performance, having SPANI film at the AN/SAN ratio of 1.0 which provides channels for rapid
transportation of electrolyte ions coupled with extra pseudocapacitive capabililty.

2. Experimental Section

2.1. Materials

Aniline (Aldrich, Milwaukee, WI, USA) was distilled under reduced pressure.
o-Aminobenzenesulfonic acid (SAN, Fluka, Buchs, Switzerland) was recrystallized two times
in distilled water. Carbon nanoparticles (~13 nm, Colour Black FW200, UniRegion Bio-Tech,
Taip, Taiwan), poly(vinylidene fluoride) (PVDF, Solf®PVDF 6020, Solvay, Bruxelles, Belgium),
1-methyl-2-pyrrolidone (NMP, Riedel-de Haën, Seelze, Germany), graphite foil (Hongye Vacuum
Technology Co., Ltd., Xinzhu, Taiwan), and sulfuric acid (Fluka, Buchs, Switzerland) were used
as received.

2.2. Preparation of CNP Substrates

The carbon nanoparticle (CNP) electrodes were prepared by the following procedures.
Graphite foil as the current collector was polished by sandpaper and washed by 0.05 M H2SO4,
then dried in a vacuum oven at 120 ◦C for 2 h. Then, carbon nanoparticles and PVDF were mixed in
a mass ratio of 9:1 by Agate mortar and dispersed in the NMP solvent, grinding until the paste was
homogeneous. The paste was dropped onto a graphite foil (2 cm × 1 cm) and dried at 70 ◦C for 16 h in
a vacuum oven. The loading mass of CNP was about 0.5 mg·cm−2.

2.3. Preparation of SPANI−CNP Composite Electrodes

Monomers of AN and SAN was dissolved in 50 mL of distilled water with total concentration of
0.1 M at various mole ratio of AN/SAN from 0.5 to 4. SPANI was electrodeposited on CNP substrates
forming SPANI−CNP composite electrodes using cyclic voltammetry in a three-electrode cell equipped
with Pt counter electrode and reference electrode of Ag/AgCl. The potentials swept from −0.2 to
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0.8 V (vs. Ag/AgCl) scanning ca. 40 cycles at the scan rate of 25 mV·s−1. The deposited SPANI−CNP
composite electrodes were dried in vacuum oven at 60 ◦C for 16 h.

2.4. Characterization Techniques

The surface morphology of the SPANI−CNP composites was identified by field-emission scanning
electron microscopy (FE-SEM, JSM-6700F, JEOL Ltd., Tokyo, Japan). Infrared spectra were recorded on
an FTIR spectrometer (Agilent Technologies, Cary 630, Santa Clara, CA, USA) to check the functional
groups on polymer films. The structural and chemical composition were determined by X-ray
photoelectron spectroscopy (XPS) using a Theta Probe AR-XPS (Theta 300 Version, Thermo Fisher
Scientific, Paisley, UK) which scanned the surface of the sample with a monochromatic X-Ray beam
source of 1486.6 eV (aluminum anode) and 15 kV.

2.5. Electrochemical Characterization

Electrochemical characterization of SPANI−CNP composite electrodes in the respective
three-electrode cells and symmetric cells were analyzed using cyclic voltammetry (CV), galvanostatic
charge and discharge (GCD), and electrochemical impedance spectroscopy (EIS) on an AUTOLAB
PGSTAT302N electrochemical work station (Metrohm Autolab, Utrecht, Netherland). 1 N H2SO4

was quoted as the electrolyte solution. Three-electrode cells were equipped with the SPANI−CNP
working electrode, platinum plate counter electrode, and reference electrode of Ag/AgCl electrode,
respectively. The cyclic voltammetry (CV) data were recorded with scan rates of 5 and 10 mV·s−1 over
the potential window of −0.2–0.8 V in a three-electrode cell. In the symmetric cell, the CV data were
obtained at various scan rates of 10, 25, 50, 75, 100, and 125 mV·s−1 over the potential window of
0–0.8 V. The galvanostatic charge–discharge (GCD) curves were obtained over the potential range of
0–0.6 V at various current densities of 0.5, 1, 1.5, 2, 2.5, 5, and 10 A·g−1 in symmetric devices. A current
density of 1 and 5 A·g−1 was used in three-electrode experimental cells over the potential range of
0–0.8 V (vs. Ag/AgCl). The electrochemical impedance spectroscopy (EIS) measurements were carried
out between the frequency range of 0.1 Hz to 100 kHz at an amplitude of 10 mV.

3. Results and Discussion

3.1. Cyclic Voltammograms of SPANI Electropolymerization on CNP Substrate

Electropolymerization of polyaniline needs attachment and chain extension between active
intermediates of diradical dications [17] generated from the monomers and propagating oligomer
chains. The diradical dication is an energetic electrophile, so polymerization is generally performed
in the presence of a strong acid (e.g., 1 M HCl, pH = −0.15) to deposit polyaniline on the electrode.
Because the SAN molecule has a sulfonic acid group (–SO3H) in the ortho-position on the benzene ring,
SAN molecules can generate the diradical dications (the bipolaronic form of pernigraniline, presents
peak at ~800 mV in pH = −0.15) [18] through self-doping amino groups (–NH2 on AN and SAN
molecules). This species is an energetic electrophile, extracting an electron from AN and SAN and
becoming a radical cation which bonds with another radical. The increase in the intensity of peak at
~250 mV (in pH = −0.15) [18] indicates that these radical cations undergo bonding to form the polymer
deposited on the substrate. Alternatively, we designed that the sulfonate-containing SAN mixed with
AN as a comonomer to make a weakly acidic aqueous solution (pH = 5.0) without adding inorganic
acid. Figure 1 shows the cyclic voltammogramms (CVs) of AN-SAN electropolymerization on a
CNP substrate. In this weak acidic solution, the current still gradually increases with increasing the
cycling number of electropolymerization, due to the increase in deposition of the conductive polymer.
As above, when adding 1 M HCl to AN-SAN comonomers (pH= −0.15), the corresponding CVs of
electropolymerization presented two distinct redox couples around at ~250 mV and ~800 mV [18].
But in this work (pH = 5.0), the above two peaks of diradical dications and radical cation are merged
together to become indistinguishable in this weakly acidic environment.
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Figure 1. Cyclic voltammograms of self-doped polyanilines (SPANI) deposited on a carbon nanoparticle
(CNP) substrate using electropolymerization with AN/SAN mole ratio of 1.0 (pH = 5.0) at a scan rate
of 25 mV·s−1. Yellow arrows represent the direction of current increase.

3.2. Material Analysis

Figure 2 shows the morphology of the CNP and SPANI−CNP composites. The CNP nanoparticles
with the size of 20 nm can be seen in Figure 2a. The SPANI was assembled onto CNP film, thus enlarging
the particle size to ~50 nm as shown in Figure 2a,b. As compared the size of CNP nanoparticles,
the increase of particle size of SPANI−CNP composites arises from assembling the SPANI deposition
onto CNP particles having SPANI polymers acting as a wrapping layer.

Figure 2. SEM images of (a) carbon nanoparticles; (b) SPANI−CNP composites with an AN/SAN ratio
of 1.0; and (c) SPANI−CNP composites with an AN/SAN ratio of 4.0.

Figure 3 shows FTIR spectra of SPANI−CNP composites with AN/SAN ratio of 1 and 4,
respectively. There are similar FTIR results in the two SPANI−CNP composites. The characteristic
peaks of 1375 cm−1 and 1513 cm−1 are assigned to C=C stretching vibration of the quinoid ring and
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benzenoid ring, respectively. The bands at 1204 cm−1 and 1304 cm−1 are assigned to C–H stretching
vibration with aromatic conjugation [16].

Figure 3. FTIR spectra of SPANI−CNP composites with AN/SAN ratio of (a) 1.0 and (b) 4.0.

In Figure 4, the atomic composition of the SPANI−CNP composites with different AN/SAN
ratio is studied using X-ray photon spectroscopy (XPS), exhibiting the existence of C, N, O, and S
elements. The N1s deconvolution of the SPANI−CNP composites with AN/SAN ratio of 1 and 4
are shown in Figure 5a,b. The binding energies of 399.2, 399.8, and 400.8 eV correspond to the imine
(–N=), amine (–NH–), and polaron species (N+), respectively [12]. The formation of polaron species
is contributed by the nitrogen in the vicinity of H+ cations when the polymers were self-doped with
–SO3H groups on the polymer chains. The formation of imine sites is due to the strong hydrogen
bonding of –NH to oxygen atoms. Table 1 lists the results of N1s deconvolution and doping degree
([N+]/[N]), revealing the doping degree of SPANI−CNP composites with AN/SAN ratio of 1 higher
than that with AN/SAN ratio of 4. This is because the former has a higher content of SAN compared
to the latter. Based on previous report, the electrical conductivity of SPANI is proportional to the
doping degree [16]. As a result, it is conceivable that the conductivity of SPANI−CNP composites
with AN/SAN ratio of 1 is higher than that with AN/SAN ratio of 4.

Figure 4. XPS spectra of SPANI−CNP composites with different AN/SAN ratios.
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Figure 5. N1s XPS core-level spectra of the SPANI−CNP with AN/SAN mole ratio of (a) 1 and (b) 4.

Table 1. Relative ratio (%) of different nitrogen components in SPANI–CB composites from N1s

XPS spectra.

AN/SAN –N = (eV/%) –NH– (eV/%) N+ (eV/%)

1 399.2 (28.5%) 399.8 (39%) 400.8 (32.4%)
4 399 (31.6%) 399.8 (42.1%) 401 (26.2%)

3.3. Electrochemical Studies

Electrochemical techniques of cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and galvanostatic charge–discharge were employed to study the performance of CNP and
SPANI−CNP composite-based electrodes in a three-electrode cell and a symmetric cell, respectively.
The specific capacitance value (Cs) of CNP- and SPANI−CNP composite-based electrodes can be
calculated from the CV curves according to equation [8]:

Cs =

∫
Idv

vmΔV
(1)

where m is the mass of the electroactive material (g), v is the sweep rate (V·s−1), ΔV is the potential range
(V), and the integrated area under the CV curve I is the response current (A). According to Equation (1),
the integrated area of CV curve is proportional to specific capacitance of electrodes, so the specific
capacitance of the CNP electrode and SPANI−CNP composite electrodes with AN/SAN ratios of 0.5,
1.0, 2.3, and 4.0 were compared. Figure 6a,b shows the cyclic voltammograms (CVs) in a three-electrode
cell at sweep rate of 5 and 10 mV·s−1 in 1 N H2SO4 solution. In these CVs, the peaks of oxidation
and reduction peaks were observed from the characteristics of SPANI. Figure 6a,b also indicate that
the SPANI−CNP composite electrodes showed a higher specific capacitance and electrochemical
performance as compared CNP electrode. Moreover, the SPANI−CNP composite electrode with
AN/SAN ratio of 1.0 possessed the highest specific capacitance than other AN/SAN compositions.
These could be attributed to higher electrical conductivity of SPANI and its Faradic contribution.

Faradic contribution provided pseudocapacitance which was caused by reversible redox transition
involving the exchange of protons (or cations) in the electrolyte (H2SO4) explained as follows.

SPANI + H+ + e− ↔ SPANI-H (2)
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where SPANI:

where H+ denotes the protons in the electrolyte (H2SO4). Protons come from the sulfonic acids of
SAN units in polymer chains. This implies that the formation of more complete polaronic structure of
SPANI chains at this case. The above equation suggests that both protons are involved in the redox
process. Here, SPANI promotes faster charge–discharge rates through the Faradaic reaction arising
from doping–dedoping of the self-doped groups of sulfonic acid in the SAN units. These results
further indicate that charge stored at the surface of the SPANI from the pseudocapacitance storage
mechanism is an important factor in achieving high gravimetric energy density values.

Figure 6. CV curves of SPANI−CNP composite electrodes with AN/SAN ratio at scan rates of
(a) 5 mV·s−1.and (b) 10 mV·s−1.

Figure 7a,b shows the CVs in a symmetric cell based on SPANI−CNP composite and CNP
electrodes at sweep rate of 75 and 100 mV·s−1 in 1 N H2SO4 solution. The symmetric cell based on the
SPANI−CNP composite electrode with an AN/SAN ratio of 1.0 yielded the largest area in the CVs.
Figure 7c shows the CVs in a symmetric cell based on SPANI−CNP composite electrode supercapacitor
with an AN/SAN ratio of 1.0 at scan rates of 10, 25, 50, 75, 100, and 125 mV·s−1. These CVs have an
almost rectangular shape from 10 mV·s−1 to 125 mV·s−1, indicating fast transport of electrolyte ions
and excellent capability. This represents that the charge transport on the surface of this electrode is
highly efficient [9]. Figure 7d shows the CVs of the SPANI−CNP composite electrode with an AN/SAN
ratio of 1.0 at various voltage windows, indicating that the shape of these CV curves remains almost
identical in the potential range of 0.2 V to 1.0 V. This means that the SPANI−CNP composite electrode
with an AN/SAN ratio of 1.0 has excellent capacitive characteristics and reversibility. The CVs exhibit
a tail at the upper limit potential of 1.0 V, indicating the evolution of oxygen [9].
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Figure 7. CV curves of SPANI−CNP composites with different AN/SAN ratios and CNP electrodes at
scan rates of (a) 50 mV·s−1 and (b) 100 mV·s−1; (c) CV curves of SPANI−CNP composites with different
AN/SAN ratios and CNP electrodes at scan rates of 100 mV·s−1; (d) CV curves of SPANI−CNP
composite with AN/SAN ratio of 1.0 in the voltage-window range of 0–1.0 V.

3.4. Electrochemical Impedance Spectroscopy

The interface behavior of the electrode materials in supercapacitors is usually studied using
EIS analysis [15]. The EIS experiment was performed in the frequency range of 0.1 to 100 kHz at an
amplitude of 10 mV. In Figure 8, the Nyquist plot of CNP and SPANI−CNP composite electrodes
showed a semicircular arc in the high-frequency range and a straight line in the low-frequency range.
The arc of the high-frequency range indicates the charge transfer limiting process arising from the
double-layer capacitance coupled with the charge transfer resistance (Rct) at the contact interface
between the electrode and electrolyte solution [10]. Figure 8 shows that the SPANI−CNP composite
electrode with an AN/SAN ratio of 1.0 has the smallest diameter of the semicircular arc at the
high-frequency region. The values of Rct for the CNP and SPANI−CNP composite electrodes with
AN/SAN ratios of 0.5, 1.0, 2.3, and 4.0 are 1.0, 1.89, 1.63, 4.0, and 1.97, respectively (refer to Table 2).
The SPANI−CNP composite electrode with an AN/SAN ratio of 1.0 exhibited the lowest Rct value
among these SPANI−CNP composite electrodes, indicating that the SPANI composite with AN/SAN
ratio of 1 has a relatively lower Rct and better capacitive behavior with small diffusion resistance [10].
On the other hand, the interception on the x-axis at the high-frequency region was used to estimate
the equivalent series resistance (ESR). The ESR values can be obtained for the CNP and SPANI−CNP
composite electrodes with AN/SAN ratios of 4.0, 2.3, 1.0, and 0.5 are 2.83, 2.9, 4.1, 2.39, and 3.23 Ω,
respectively (refer to Table 2). The SPANI−CNP composite electrode with an AN/SAN ratio of
1.0 exhibits the lowest ESR value. This situation could be attributed to the highest conductivity of
SPANI with an AN/SAN ratio of 1.0 [16] and the incorporation of SPANI into the composite structure
enhancing efficient transport of electrolyte ions to the surface of the composite electrodes. The SPANI
polymer chains facilitate the attachment of H+ ions for electrical neutrality. In the low-frequency region,
the straight line corresponds to the Warburg resistance, which is caused by frequency dependence of
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ion diffusion and transport among the electrolyte to the electrode surfaces [10]. The almost vertical
line of the SPANI−CNP composite electrode with an AN/SAN ratio of 1.0 in the low-frequency range
indicates fast ion diffusion in the electrolyte and adsorption/desorption onto the electrode surface.

Figure 8. Nyquist plot of CNP and SPANI−CNP composite electrodes.

Table 2. ESR and Rct values of CNP and SPANI−CNP composite electrodes.

Sample ESR (Ω) Rct (Ω)

CNP 2.83 1.0
AN/SAN = 0.5 3.23 1.89
AN/SAN = 1 2.39 1.63

AN/SAN = 2.3 4.1 4.0
AN/SAN = 4 2.9 1.97

3.5. Galvanostatic Charge−Discharge

The specific capacitance of three-electrode and tow-electrode systems can be calculated
from the galvanostatic charge–discharge curve at particular current densities by using
Equations (3) and (4) [12], respectively:

Cs =
IΔt

mΔV
(3)

Cs =
4IΔt
mΔV

(4)

where I is the discharge current (mA), m is the mass of total electroactive material (g), ΔV is the potential
range of charge and discharge, and Δt is the discharge time (t). Figure 9 shows the galvanostatic
charge and discharge curves of SPANI−CNP electrodes in a three-electrode system, where CNP and
SPANI−CNP composites, platinum, and Ag/AgCl were used as the working electrode, the counter
electrode, and the reference electrode, respectively, at a constant current density of 1 and 5 A·g−1

in 1 N H2SO4 electrolyte solution within a potential window of 0–0.8 V. The charge and discharge
curves on CNP electrodes have a symmetric triangular shape, indicating the behavior of an electrical
double-layer capacitor (EDLC) [11]. But, a deviation from a straight line was shown in the galvanostatic
charge–discharge curves of the SPANI−CNP composite electrodes, indicating pseudocapacitive
behavior [14]. The SPANI−CNP composite electrode with an AN/SAN ratio of 1.0 exhibited the
highest specific capacitance in these devices.

Figure 10a shows the galvanostatic charge and discharge curves of SPANI−CNP electrodes in
a symmetric cell at a constant current density of 1 A·g−1 in 1 N H2SO4 electrolyte solution within
a potential window of 0–0.6 V. The specific capacitances of the CNP and the SPANI−CNP-based
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supercapacitors in the symmetric cells with AN/SAN ratios of 0.5, 1.0, 2.3, and 4.0 are 68, 53.3, 213.3,
102.6 and 96.6 F·g−1, respectively, at current density of 1 A·g−1. The SPANI−CNP composite with an
AN/SAN ratio of 1.0 had the highest specific capacitance among these symmetric cells. Figure 10b
shows the discharging rate of SPANI−CNP composite with AN/SAN ratio of 1 at different current
density, revealing that the discharging time increased with decreasing of the discharging current
density. Figure 10c demonstrates the rate capability of CNP and SPANI−CNP-based capacitors,
indicating that the specific capacitance decreases with increasing current density and the specific
capacitance of the SPANI−CNP-based capacitor is higher than that of CNP-based capacitor.

Figure 9. Galvanostatic charge and discharge curve of CNP and SPANI−CNP composite electrodes
with AN/SAN ratio at current density of (a) 1 A·g−1 and (b) 5 A·g−1 in 1 N H2SO4.

Figure 10. (a) Galvanostatic charge and discharge curves of CNP and SPANI−CNP composite
electrodes with AN/SAN ratio at current density of 1 A·g−1; (b) Discharging times of SPANI−CNP
with AN/SAN = 1 composite at different current density; (c) Rate capability of CNP and SPANI−CNP
composite electrodes; (d) Ragone Plot of CNP and SPANI−CNP-based supercapacitors.
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Specific energy density (E, Wh·kg−1) and specific power density (P, W·kg−1) can be calculated
using the following equations [14]:

E =
1
2

CsV2 (5)

P =
E
t

(6)

where Cs is the specific capacitance of the supercapacitors, V is the voltage range during the
discharge process in galvanostatic charge and discharge curves, and t is the discharge time.
Figure 10d shows the Ragone plot, indicating improvement in energy density (14.1 Wh/Kg) of
SPANI−CNP-based capacitor with AN/SAN ratio of 1 as compared that (6.8 Wh/Kg) of CNP-based
capacitor. This improvement in energy density can be attributed to the enhancement of effective cation
diffusion in the SPANI−CNP composites.

A SPANI−CNP-based supercapacitor with AN/SAN ratio of 1 was employed to test for the
cycle stability though galvanostatic charge and discharge in current density of 2 A·g−1 for 5000 cycles.
Figure 11 shows 96.1% retention in capacitance after 5000 cycles, indicating excellent cycle stability in
this supercapacitor.

Figure 11. Cycling stability of SPANI−CNP-based supercapacitor at current density of 2 A·g−1.

4. Conclusions

We electrodeposited self-doped polyaniline (SPANI) onto carbon nanoparticle (CNP) film to form
a SPANI−CNP composite by electropolymerization and improved the capacitive performance of the
CNP electrode through increasing its conductivity and psuedocapacitive characteristic. SPANI with
AN/SAN ratio of 1 exhibited the best performance among these AN/SAN ratios. In galvanostatic
charge and discharge, the SPANI−CNP composite with AN/SAN ratio of 1 exhibited maximum
specific capacitance of 273.3 F·g−1 compared to 133.3 F·g−1 in the CNP electrode, the specific energy
density and power density of SPANI−CNP composite with AN/SAN ratio of 1 were 7.3 Wh·Kg−1

and 5996.8 W·Kg−1 compared to 3.3 Wh·Kg−1 and 2997 W·Kg−1 for the CNP electrode. Moreover,
the capacitance retention was 96.3% after 5000 cycles in galvanostatic charge and discharge. Our results
have shown that the SAN can replace other external doping and have the same supercapacitive
performance as polyaniline/carbon composites. The SPANI−CNP composite with AN/SAN ratio
of 1 had a superior supercapacitive performance due to its Faradic contribution and its efficient
charge-transfer and ion transport between electrolyte and electrode. These results demonstrated that
the SPANI−CNP composites have practical potential for electrochemically stable supercapacitors.
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Abstract: This report describes the use of an electrospun composite of poly(ε-caprolactone) (PCL)
fibers and porous silicon (pSi) nanoparticles (NPs) as an effective system for the tunable delivery
of camptothecin (CPT), a small therapeutic molecule. Both materials are biodegradable, abundant,
low-cost, and most importantly, have no known cytotoxic effects. The composites were treated with
and without sodium hydroxide (NaOH) to investigate the wettability of the porous network for
drug release and cell viability measurements. CPT release and subsequent cell viability was also
investigated. We observed that the cell death rate was not only affected by the addition of our CPT
carrier, pSi, but also by increasing the rate of dissolution via treatment with NaOH. This is the first
example of loading pSi NPs as a therapeutics nanocarrier into electronspun PCL fibers and this
system opens up new possibilities for the delivery of molecular therapeutics.

Keywords: porous silicon; drug delivery; electrospinning; poly(ε-caprolactone)

1. Introduction

Synthetic or natural biocompatible polymers are commonly considered as candidates to develop
scaffolds for tissue engineering [1]. Effective scaffolds for tissue engineering need to consist of materials
that are highly porous, fibrous, biocompatible, biodegradable, and cause no harm to the immune
system. It is also important that the complex function of the scaffold mimics the extracellular matrix
(ECM), the vital model in providing structural and biochemical support to human cells.

Using compatible biomaterials such as poly(ε-caprolactone) (PCL), chitosan (CS), or gelatin (GEL)
is a common approach to engineer a variety of tissue types. The biodegradable polyester PCL is
among the most studied scaffolds in tissue engineering and is approved by the United States Food and
Drug Administration (FDA, Silver Spring, MD, USA) [2]. PCL has high plasticity, ductility, and ester
linkages, allowing for a slow degradation rate from hydrolysis, which are all useful characterization
tools for these scaffolds [3]. Biocompatible nanofibers (NFs) produced by electrospinning have been
a popular scaffold material due to their similar characteristics to the ECM. PCL NFs have been shown
to form suitable interwoven porous scaffolds [4–7], which assist in the connection of tissues and vessels.
These NFs have also been shown to be appropriate structures to mimic the ECM, due to their ability to
promote the adhesion and proliferation of cells [8,9]. Additionally, PCL has previously been shown
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to support a wide range of range of cell types, and its biodegradable features render it an excellent
candidate for carrying therapeutic molecules [5].

Porous silicon (pSi) is another example of a biomaterial, and has several unique properties
making it attractive for both in vivo and ex vivo applications [10]. pSi is formed by the anodization of
crystalline silicon wafers in hydrofluoric acid (HF). pSi nanostructures are easily tailored by altering
the wafer resistivity, HF concentration, and current density [11]. Furthermore, pore sizes may be tuned
in diameter from a few nanometers to several microns, achieving surface areas of up to 800 m2/g [12].
The biocompatibility of pSi has been demonstrated in several animal models [13]. Bimbo et al. showed
that the biodistribution of pSi nanoparticles (pSi NPs) does not induce toxicity or inflammatory
responses while displaying excellent in vivo stability in rats [14]. Ex vivo applications for pSi include
implantable biosensors [15], cancer diagnostics [16], and wound healing [17]. Previously investigated
in vitro functionalized pSi NPs and immune cell interactions revealed that even at concentrations
of 250 mg/mL, there were no significant cytotoxicity effects [18]. The surface chemistry of pSi is
important to load different drugs where a range of in vivo and in vitro studies have demonstrated the
biocompatibility of surface-modified pSi [19]. We have reported on composite pSi and PCL membranes
implanted into the subconjunctival space of rats [20]. These membranes did not erode or cause
inflammatory responses in the tissue surrounding the implant and there was also no evidence of
vascularization. Our more recent work investigated the utility of surface-modified pSi membranes
as a scaffold for the transfer of oral mucosal cells to the eye. We found that pSi scaffolds supported
and retained transplanted rat oral mucosal epithelial cells both in vitro and in vivo [21]. Furthermore,
pSi is not limited to biological applications whereby our previous work has also shown its adaptability
in solar energy conversion. This verifies pSi as a versatile nanomaterial which can be used in a variety
of applications [22].

Electrospinning uses an electrical charge to draw fine fibers from a liquid polymer solution
to a charged collector plate. These fibers are typically one-dimensional (1-D) porous structures,
which range from submicron to several nanometers in size [23]. Electrospun fibers and in particular NFs
offer promising properties such as large surface area to volume ratio, surface flexibility, and superior
tensile strength [24,25]. NFs are exciting candidates for a range of applications such as drug delivery [26],
biosensing [27], photovoltaic devices [28], and energy storage [29]. An imperative requirement for drug
delivery systems is the generation of porous scaffolds to accommodate cells in guiding their growth
and regeneration in three dimensions (3-D). This can be achieved using multiple layers of electrospun
materials, which produce 3-D fibrillar NF mats [30]. NFs that are used in drug delivery typically follow
one of two designs: firstly, for NFs with homogenous structures, the drug or target molecule may be
dispersed throughout the fibrous polymer matrix. Secondly, core-shell or coaxial NFs may be fabricated
whereby a polymer covers the matrix carrying the drug [31,32]. The drug diffusion mechanism and
drug release kinetics are different for the two designs. For example, in homogenous NFs, the drug
must travel progressively long distances in order to diffuse throughout the outer edge of the NFs,
meaning that the rate of release typically decreases with time. In contrast, core-shell NF systems enable
stable diffusion rates of the drugs due to the structure of the system; however, their preparation is much
more complex. A core advantage of using NFs is their structure (diameter, density, and thickness),
which can be easily tailored by varying the process parameters or combining other nanomaterials
within the fibrous structures [33,34]. Furthermore, fiber diameter is tunable and dependent on polymer
molecular weight, sol-gel concentration, flow rate, applied voltage, needle tip size, and hydrolytic
degradation of NFs [35].

Herein, we combine the favorable properties of both pSi and PCL to manufacture drug eluting
composite electrospun PCL fibers containing pSi NPs. We investigate the release kinetics of the small
molecular drug camptothecin (CPT). In an effort to control the release kinetics, we investigate the
difference of release properties of materials loaded directly with CPT and those with the equivalent
CPT amount preloaded into pSi NPs. We also investigate the effect of pretreating the PCL fibers with
sodium hydroxide (NaOH) to enhance their wettability and degradation rate [36].

92



Nanomaterials 2018, 8, 205

2. Materials and Methods

2.1. Chemicals

Hydrofluoric acid (HF) 48% (Merck), dichloromethane (CH2Cl2, Labserv, analytical grade, 99.5%),
and polycarolactone (80,000 average m wt) were purchased from Sigma-Aldrich and used as received.
Methanol (Merck, analytical grade, 99.5%), DCM (Chemsupply, analytical grade, 99.5%), and ethanol
(Ajax, absolute, 100%) were used without further purification. N,N-dimethylformamide (DMF, EMD
Chemicals, Overijse, Belgium) was purified via standard laboratory protocols including drying
over MgSO4 followed by distillation at reduced pressure [36]. Milli-Q water was obtained from an
Advantage A10 water purification system provided by Merck Millipore (water resistivity of 18.2 MΩcm
at 25 ◦C, Total Organic Carbon (TOC) < 5 ppb). Dulbecco’s phosphate buffered saline (PBS) solution
and fluorescein isothiocyanate (97.5%, FITC) were purchased from Sigma Aldrich and used as received.

2.2. Fabrication of pSi NPs

pSi NPs were fabricated from p-type Si wafers (boron-doped, resistivity 0.0008–0.0012 Ω cm,
<100>) supplied by Siltronix (Archamps, France). The wafer was anodized in an 18-cm2 etching cell
in 3:1 HF:ethanol (v/v) solution with a square wave form comprising an initial current density of
50 mA/cm2 for 7.3 s and a second current density of 400 50 mA/cm2 for 0.4 s. This two-step cycle
was repeated continuously for 1 h, generating a pSi film with alternating low and high porosity
layers. The etched layer was removed from the Si substrate via electropolishing in 1:20 HF:EtOH at
4 mA/cm2 for 4 min and 10 s. Subsequently, the pSi membrane was sonicated for 16 h in DMSO to
generate chemically oxidized pSi NPs. These nanoparticles were sized by passing through a 220-nm
polytetrafluoroethylene (PTFE) syringe filter, followed by the collection of the pellet after centrifugation
at 22,000× g. This filtration and centrifugation allowed for the removal of large and small nanoparticles
and facilitated the harvest of reasonably uniformly sized NPs that permanently remained in solution.

2.3. CPT Loading of pSi NPs and PCL Composite Materials

pSi NPs were placed into an Eppendorf tube, to which a known volume (50–200 μL) of CPT
solution of approximately 4.6 mg/mL CPT in dry distilled DMF was added. This mixture was allowed
to incubate for 2 h before the particles were dried under vacuum (10 mm Hg) in a desiccator. The total
loadings were calculated based on the mass of pSi placed into the tube originally; for example, a typical
loading used 200 μL of 4.6 mg/mL CPT and 15.0 mg of pSi, resulting in a loading of 61.3 μg of CPT
per mg of pSi. Each individual batch loading was used to convert the release amounts into percentages.

To load the PCL NFs, a predetermined mass of pSi was added to the spinning solution based
on the loading of the pSi NPs. The final loading of CPT in the spinning solution was normalized to
contain 0.63 mg of CPT for both the PCL + CPT materials and the PCL + pSi-CPT materials. In the
above example, 10.3 mg of CPT loaded pSi NPs would be added to the spinning solution. To ensure
a homogeneous distribution of the pSi NPs in the spinning solution, the particles were briefly sonicated
in a small amount of acetone before injection into the spinning solution. After injection, the solutions
were stirred as best as possible and then placed into the syringe for spinning.

2.4. Water Contact Angle (WCA) Measurements

The WCA was measured by placing a 1-μL drop of water on the sample surface and capturing
a digital image using a Panasonic Super Dynamic wv-BP550 Closed Circuit TV camera. The contact angle
measurements were analyzed by Scion Image for Windows Framegrabber software (Beta version 4.0.2).

2.5. Electrospinning of PCL and NaOH Treatments

In a typical synthesis, a 5-mL solution of 10% PCL in acetone with pSi NPs was electrospun from
a 23 G stainless steel needle. The mass of pSi added to the electrospinning solution was dependent
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on the loading of the particular batch of pSi; however, for all of this work the mass of pSi used was
balanced to facilitate a loading equivalent to 0.63 mg of CPT in the pSi + CPT composite material. Hence,
every material spun and tested for drug release contained the same initial loading of CPT. The needle
was then connected to a high-voltage supply (Gamma High Voltage Research, Ormand Beach, FL,
USA). The solution was fed at a rate of 0.5 mL/h using a syringe pump (PHD 2000, Harvard Apparatus,
Holliston, MA, USA). A piece of flat aluminum foil was placed 10 cm below the tip of the needle as
a collector plate. The voltage for the electrospinning was set to 15 kV and was conducted in a controlled
temperature environment (25 ◦C).

2.6. Scanning Electron Microscopy (SEM)

SEM was performed on an FEI Quanta 450 FEG environmental SEM fitted with a Secondary
Electron Detector (SED) detector and operated at 30 keV with a spot number of 2. To help facilitate the
dissipation of charge build-up, samples were coated with a 5-nm thick layer of Pt prior to analysis,
according to our standard laboratory protocol.

2.7. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were recorded on a Thermo Scientific K-alpha spectrometer with monochromatic
Al-Kα radiation at University College London. This involved obtaining a monatomic depth profile of
the NFs using an ion beam to etch layers of the surface revealing subsurface information. The etching
was performed for 200 s, which was calibrated to penetrate ~50 nm into the surface. Peak positions were
calibrated to carbon (285 eV) and plotted using the CasaXPS and qtiplot software.

2.8. Energy-Dispersive X-ray Spectroscopy (EDX)

EDX was obtained using an Oxford Instruments UTW Energy Dispersive Spectroscopy (EDS)
detector running ISIS software. The EDS detector was ran through a JEOL JSM-6301F Field
Emission SEM.

2.9. Fluorescence Microscopy

Fluorescence microscopy was performed on an Eclipse 50i microscope equipped with a D-FL
universal epi-fluorescence attachment and a 100-W mercury lamp (Nikon Instruments, Tokyo, Japan).
Fluorescence images were captured with a Charged-Coupled Device (CCD) camera (Nikon Instruments,
Tokyo Japan), using the following fluorescence filters. Blue channel (violet excitation, blue emission):
excitation: 385–400 nm (bandpass, 393 CWL), dichromatic mirror: 435–470 nm (bandpass), and barrier
filter wavelength: 450–465 nm (bandpass, 458 CWL). Green channel (blue excitation, green emission):
excitation: 475–490 nm (bandpass, 483 CWL), dichromatic mirror: 500–540 nm (bandpass), and barrier
filter wavelength: 505–535 nm (bandpass, 520 CWL). Red channel (green excitation, orange/red
emission): excitation: 545–565 nm (bandpass, 555 CWL), dichromatic mirror: 570–645 nm (bandpass),
and barrier filter wavelength: 580–620 nm (bandpass, 600 CWL). Images were analyzed using
NIS-elements v3.07 software (Nikon Instruments, Tokyo, Japan).

2.10. Drug Release

CPT release was monitored via fluorimetry and performed on a Perkin Elmer Instruments LS55
luminescence spectrometer with an excitation wavelength of 340 nm and emission wavelength of
434 nm. The slit width was set to 3 nm and the photomultiplier voltage was set to 775 V. The cumulative
release data of CPT into 3 mL of PBS was monitored over a 17-h period. Release rates were calculated
from the slope of release curves obtained. The actual amount of CPT released was calculated with
reference to a calibration curve and normalized to the surface area of the sample to give the amount of
CPT released per cm2. This allowed the CPT release data to be directly compared between each of the
samples. A minimum of three release curves was averaged to produce the release curves. The release
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of CPT was performed in PBS at pH 7.4 and pH 1.8. Despite the low solubility of CPT in aqueous
solutions (14.2 ± 2.9 μM) [37], sink conditions were maintained for all release experiments (maximum
release concentrations were below 1.4 μM).

2.11. Cytotoxicity Assay

SH-SY5Y cells (human neuroblastoma cells), were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin
(Invitrogen) as previously described. SH-SY5Y cells were placed in wells of a 96-well plate at 15,000 cells
per well. After one day, the cultured cells were incubated with the prepared CPT-loaded and CPT-free
PCL NFs (the following set of samples was used: PCl only, PCl + CPT, PCl + pSi-CPT). PCl NFs in
DMEM (10% FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin) were incubated for 24, 48,
and 96 h at 37 ◦C and 5% CO2 prior to cell viability measurements. Controls were generated by
incubating SH-SY5Y cells in DMEM without a PCl NF for an identical incubation period.

To determine the effect of the microparticles treatment on cell viability, the percentage of
live and dead cells, lactate dehydrogenase (LDH) released in culture supernatants was measured
using an established assay (Abcam LDH-Cytotoxicity Assay Kit II) according to the manufacturer’s
instructions. After 24, 48, and 96 h of incubation with microparticles, 100 μL of the cell suspension
was removed and centrifuged at 600× g for 10 min, and the supernatant was transferred to a 96-well
plate. To each well, 100 μL LDH reaction mix (Abchem) was added. After 30 min of incubation at
room temperature, the absorbance at 450 nm was measured. All experiments were repeated at least
three times.

3. Results and Discussion

3.1. Material Characterization

The characterization of pSi NPs was performed in our earlier work [38]. Briefly, the particle size
was found to be in the range of 161 ± 58 nm and the particles possessed a pore size of 33 ± 7 nm.
The characterization of the pSi NPs can be found in the Supporting Information (ESI, Figure S1).

Electrospun materials were removed from the Al foil backing and folded until they were eight
layers thick. Subsequently, 3-mm diameter NF discs were punched from the PCL sheet using a hole
punch. The NFs were of homogeneous size and thickness and on average weighed 1.43 ± 0.66 mg.
NaOH is known to speed up the hydrolysis of the PCL polymer backbone [36]. We calculated an average
% mass loss of 3.5% PCL per hour of exposure to NaOH. We anticipated the base treatment to enhance
the speed at which the PCL degraded and hence control the release rate of the CPT. Scanning electron
microscopy (SEM) of the NFs is shown below (Figures 1 and 2) and indicates that the PCL NF diameter
ranges between several hundred nanometers and a few microns, which is consistent with previous
reports [39,40]. However, from the SEM characterization in Figure 1, it is clear that the use of NaOH on
the prepared fibrous networks destroyed the smaller fibers (<500 nm) in the network, leaving behind
larger fibers which in fact slowed the release of CPT rather than speeding it up.

X-ray photoelectron spectroscopy (XPS) of the PCL and PCL with pSi (PCL + pSi) NFs was
performed to determine the presence of pSi in the PCL fibers; the resulting XPS of the Si 2p spectra is
shown below in Figure 3. Given the small amounts of silicon expected to be preset, and its likelihood
of appearing on the XPS spectra as a surface contaminant, XPS for PCL NFs and pSi PCL NFs was
obtained by measuring a depth profile of each of the samples. XPS depth profiling involved using
an ion beam to etch off subsequent layers, revealing subsurface information. The depth profile
corresponded to a penetration of roughly 50 nm for each NF sample. The more intense Si 2p signal in
the pSi PCL NFs suggests that the pSi NPs are well embedded into the surface of the NFs. Figure 3
shows characteristic Si 2p peaks at 103 eV for both pSi PCL and PCL NF samples. This binding energy
corresponds to oxidized pSi (pSiO2), which is expected after the pSi NPs are sonicated in DMSO and
subject to oxidation (see experimental section). The small Si 2p signal present in the PCL NF sample is
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a likely a contaminant, since siloxane compounds are widely used as lubricants and release agents
in polymer materials. Siloxanes have a strong tendency to migrate towards polymer surfaces and
at small bulk concentrations, resulting in segregation to the outer surface and causing high surface
contamination [41]. The contaminant is typically characterized as a broad, low intense siloxane peak,
which is consistent with the high resolution Si 2p spectrum shown in Figure 3 [41]. Furthermore,
given that the depth profile measurements only showed an increase in Si 2p signal for the pSi PCL NF
sample, this suggests that the pSi NPs are well within the pSi PCL NF network. The binding energies
with their chemical assignments are shown in the Electronic Supporting Information (ESI), Table S1.
EDX analysis before and after NaOH treatment also corroborated the XPS findings (ESI, Figure S2).

Figure 1. SEM characterization of poly(ε-caprolactone) nanofibers (PCL NFs) with and without
treatment with NaOH. (a,b) No NaOH treatment and (c,d) 24-h NaOH treatment.

Figure 2. SEM characterization of PCL + porous silicon (pSi) NFs with and without treatment with
NaOH. (a,b) No NaOH treatment; (c,d) 24-h NaOH treatment.
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Figure 3. High-resolution Si 2p X-ray photoelectron spectroscopy (XPS) characterization of PCL and
PCL + pSi NFs.

The static water contact angle (WCA) of the PCL fibers was 113.5 ± 8.4◦ (Figure 4a). However,
after a 1-h treatment of the PCL with NaOH, the PCL NFs completely absorbed the 1-μL droplet placed
onto the surface (Figure 3b). This complete wetting of the water droplet into the PCL NFs could be due
to both the increase of the hydrophilicity of the fibers [36] and the opening up of the porous mesh due
to the breakage of smaller NFs and the pitting of the thicker NFs after the NaOH treatment (Figure 4).

Figure 4. Water contact angle (WCA) measurements of (a) PCL without NaOH treatment and (b) PCL
with 1-h NaOH treatment.

3.2. Drug Loading and Release

Throughout this work, the mass of pSi added to the electrospinning solution was balanced to
facilitate the loading of CPT, according to our methodology as detailed in the experimental section.
Every material spun and tested for drug release contained the same initial loading of CPT.

Fluorescence microscopy of the loaded and unloaded materials (Figure 5) below was conducted
in an attempt to track and visualize the location of the pSi NPs and CPT throughout the PCL + pSi
composite materials. Figure 5 demonstrates the fluorescence of the pSi NPs, the PCL only, and the
two different composite preparations in the DAPI (CPT-sensitive) channel. It is clear that the pSi NPs
and the PCL themselves showed no auto-fluorescence. However, upon the addition of CPT, there was
a notable increase in the fluorescence in the DAPI channel for both CPT only and pSi-CPT containing
samples, indicating that CPT was located throughout the network of both sample preparations.
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CPT drug release was monitored from the PCL + CPT and PCL + pSi-CPT composite materials
both with and without the NaOH treatment (Figures 6a and 7a). The PCL only control material did
not show any release or interference in the CPT signal measured at 434 nm. Before NaOH treatment,
the PCL + pSi-CPT showed significantly higher % release from the pSi-containing composite compared
to the PCL + CPT (Figure 6a), possibly due to the pSi creating weak points in the surface of the PCL
fibers, which are more susceptible to hydrolysis and aid in speeding the dissolution of the PCL fiber.

Figure 5. Fluorescence microscopy images of the original pSi NPs, PCL materials, and the two
composite materials in the DAPI channels. All images are taken at the same exposure settings to
facilitate qualitative comparison.

Figure 6. (a) Release curves of camptothecin (CPT) from PCL + CPT and PCL + pSi-CPT composite
materials without NaOH treatment. � = PCL control material, � = PCl + CPT, � = PCl + pSi-CPT;
(b) Viability of SH-SY5Y human neuroblastoma cells upon incubation with PCL and PCL + pSi-composite
materials with or without CPT loading (n ≥ 3).
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Figure 7. (a) Release curves of CPT from (a) PCL + CPT composites and (b) PCL + pSi-CPT composite
materials after 1-h NaOH treatment. � = PCL control material, � = PCL + CPT, � = PCL + pSi-CPT.
Viability of SH-SY5Y human neuroblastoma cells upon incubation with PCL and PCL + pSi-composite
materials with or without CPT loading and NaOH treatment (n ≥ 3).

The untreated PCL + CPT composite and the 1-h NaOH treated PCL + CPT composite showed
release rates of 8.72 ± 3.13% and 5.90 ± 1.25%, respectively (Figures 6a and 7a). The PCL only
materials (Figures 6a and 7a) did not display any release in either the treated or untreated case.
The same materials also possessed average release rates of 0.121%/h and 0.082%/h, respectively.
The untreated PCL + pSi-CPT composite and the 1-h treated PCL + pSi-CPT composite materials
showed final release percentages of 16.48 ± 3.04% and 5.03 ± 1.35%, respectively (Figures 6a and 7a).
The same materials also possessed average release rates of 0.229%/h and 0.070%/h, respectively.

Modeling of the release data (Table 1) revealed that all of the materials best fit the Higuchi
model. This indicates that the release followed a mostly diffusion-controlled process out of the PCL
fiber networks. Using the Ritger-Peppas model to assess the release mechanism via the ‘n’ exponent
revealed that the ‘n’ exponent was always between 0.45 and 1. Therefore, we can assume that the
release mechanism is a non-Fickian (anomalous) diffusion for all samples. This indicates a mixture of
release from the CPT diffusing out of the fibers and some additional effects from the PCL polymer
molecules as the water infiltrates the polymer network.

Table 1. Modeling of the release kinetics and mechanism.

Material Zero-Order First Order Higuchi Hixson-Crowell Ritger-Peppas ‘n’

PCL + CPT 0.899 0.925 0.992 0.558 0.981 0.74
PCL + CPT 1-h NaOH 0.890 0.909 0.991 0.559 0.987 0.70

PCL + pSi-CPT 0.806 0.886 0.966 0.425 0.999 0.63
PCL + pSi-CPT 1-h NaOH 0.823 0.843 0.974 0.531 0.998 0.67

3.3. Cell Viability Assay

Figures 6b and 7b show the cell viability in an LDH assay for all PCL composite samples over
a 4-day time course. The control (untreated) neuroblastoma cells and the cells treated with PCL only
and PCL only with NaOH treatment (1 h) showed virtually 100% cell viability over the 4-day time
period (Figures 6b and 7b). This confirms that neither the pSi nor any residual NaOH left behind after
treatment caused any cytotoxic effect (at least for the LDH assay). In stark contrast, the CPT-loaded
PCL and PCL + pSi materials (Figure 6b) showed a rapid onset of decreased viability within the first
day and this only increased over the full 4-day time course. The viability of the cells exposed to PCL +
CPT and PCL + pSi-CPT samples not pretreated with NaOH showed decreased viability from 80%
to 28% and 76% to 17%, respectively, from day 1 to 2 (Figure 6b). Both samples had 0% cell viability
at day 4. Similarly, the same two sample sets pretreated for 1 h in NaOH dropped in viability from
52% to 12% and 48% to 8%, respectively, from day 1 to 2 (Figure 7b). Again, both samples had 0%
cell viability at day 4 (Figure 7b). These biological results demonstrate that the cell death rate was not
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necessarily affected by the addition of the pSi as a carrier for the CPT, but it was affected by increasing
the dissolution rate via treatment with NaOH.

3.4. General Discussion

PCL materials were successfully fabricated via electrospinning and were able to encase the model
drug CPT or pSi NPs preloaded with CPT. To the best of our knowledge, this is the first time pSi NPs
have been spun through PCL fibers. This simple entrapment of small molecular drugs in a carrier
such as pSi could lead to the development of electrospun constituents that are able to contain sensitive
payloads that would normally not be able to be incorporated directly into these materials. NFs with
small diameters have a large surface area per unit mass, and this work is just one example of how
particles and biological structures can be isolated and protected inside NFs, while remaining accessible
for use when needed. Herein, we show that NFs loaded with pSi can be used as convenient carriers
for the tunable delivery of small therapeutic molecules [42].

The release rates of the small molecular model drug, CPT, can also be modulated both via
incorporation into pSi particles or by direct and intentional degradation (incubation with NaOH)
of the PCL scaffold. The ability to affect the release rate of CPT from these materials also gives rise
to a significant difference in the cell cytotoxicity of the released CPT on SH-SY5Y cells. This can be
exploited for the tunable delivery of therapeutic payloads to areas such as non-resectable tumors.
Furthermore, this work opens up the possibility of delivering a range of therapeutic molecules from
electrospun fibers, potentially leading to the development of smart scaffolds that can allow for cell
growth and infiltration whilst facilitating the release of cell growth-stimulating biological factors.

4. Conclusions

PCL polymeric fibers could be combined both directly with a small molecular drug payload and
a particulate carrier system for the drug payload. Tunable drug release and subsequent cell death
could be achieved by tuning the composition of the PCL composites or pretreating them with NaOH to
generate a porosity that enhances dissolution. Our methodology may open the possibility of protecting
small therapeutic molecules within a porous carrier, such as porous silicon, during the high voltage
spinning process for later sustained long-term release applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/4/205/s1,
Figure S1: Representative pSi NP TEM microscopy images. Particles were found to be typically 161 ± 58 nm with
a pore size of 33 ± 7 nm. Table S1. XPS of PCL and PCL + pSi composite discs. Figure S2: (Top) EDX spectra for
PCl fibers after NaOH treatment. (Bottom) EDX spectra for PCL fibers containing pSi NPs after NaOH treatment.
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Abstract: To overcome the low lithium ion diffusion and slow electron transfer, a hollow micro sphere
LiFePO4/C cathode material with a porous interior structure was synthesized via a solvothermal
method by using ethylene glycol (EG) as the solvent medium and cetyltrimethylammonium bromide
(CTAB) as the surfactant. In this strategy, the EG solvent inhibits the growth of the crystals
and the CTAB surfactant boots the self-assembly of the primary nanoparticles to form hollow
spheres. The resultant carbon-coat LiFePO4/C hollow micro-spheres have a ~300 nm thick shell/wall
consisting of aggregated nanoparticles and a porous interior. When used as materials for lithium-ion
batteries, the hollow micro spherical LiFePO4/C composite exhibits superior discharge capacity
(163 mAh g−1 at 0.1 C), good high-rate discharge capacity (118 mAh g−1 at 10 C), and fine cycling
stability (99.2% after 200 cycles at 0.1 C). The good electrochemical performances are attributed to
a high rate of ionic/electronic conduction and the high structural stability arising from the nanosized
primary particles and the micro-sized hollow spherical structure.

Keywords: lithium ion battery; lithium iron phosphate; solvothermal method; micro hollow sphere

1. Introduction

As one of the most promising polyanion-type cathode materials for high-power Li-ion batteries
in electric vehicles (EVs) and energy storage, the olivine-structured LiFePO4 has been extensively
studied all over the world since 1997. LiFePO4 possess numerous appealing features, such as
low cost, environmentally benign, good thermal stability, and perfect flat voltage profile at
3.45 V vs. Li+/Li [1–3]. However LiFePO4 suffers from two main disadvantages: low ionic-electronic
conductivity (10−9–10−10 S cm−1) and limited lithium ion diffusion channel (one-dimensional path
along the b-axis), which significantly restricts the rate performance when attempting fast charging
or discharging [4,5]. Tremendous efforts have been exerted to overcome the electronic and ionic
transport restriction by optimizing morphology [6–8], reducing particle size [9–13], decorating the
surface with electricallyconducting agents [14–16], and doping the host framework with supervalent
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cations [17–21]. Among these strategies, size reduction and carbon coating are considered as effective
methods to improve the performance of LiFePO4, but there still remain some fundamental and
technical challenges. Firstly, such electrodes can suffer from undesirable reactions between electrode
and electrolyte, which may arise from the high surface area and high surface energies of materials with
nano size [9,22]. On the other hand, it is difficult to obtain a full carbon layer coating the surface of
LiFePO4 particles, so electrons may not reach all the positions where Li+ ion intercalation takes place
during the charge/discharge process. This can lead to unwanted polarization [14,23–25].

Recent research indicates that carbon-coated LiFePO4 cathode materials made in the form
of hollow microspheres composed of nanoparticles are able to solve the above problems [26–30].
Nanosized particles of LiFePO4 can decrease the Li+ ion migration lengths and improve the kinetics
of LiFePO4, while the hollow micro-spherical structure prevents collapse in the long-term cycles and
improves the contact between electrode and electrolyte. The most prominent improvement caused
by the structure is the small potential drop (or rise) observed just after discharge (or charge) begins
at various charge rates. The hydrothermal or solvothermal methods have been demonstrated to
be one of most popular routes to fabricate hollow micro-spherical LiFePO4 composites with many
advantages: mild synthesis conditions, high purity, highly degree of crystallinity, narrow particle size
distribution, and vast size ranges. Huang et al. prepared hollow micro-spherical structure LiFePO4

with a superior discharge capacity of 101 mAh g−1 at 20 C by using carbon spheres as hard templates
via the hydrothermal method [31]. However, the hard template methods are time-consuming and
costly because of the need for initial synthesis and the final removal of the template. A hollow
microspherical LiFePO4 material synthesized via hydrothermal method with CTAB as surfactant
was reported Lee et al. [32], in which the hollow LiFePO4/C composite exhibited a superior energy
density of 312 W h g−1 at 10 C. However, many impurities were taken into the resultant composite
and the balance between morphologies of particles and impurities were studied in another article [33].
Yang et al. [29] also reported monodisperse LiFePO4 hollow micro-spheres as high performance
cathode materials via solvothermal synthesis using spherical Li3PO4 as the self-sacrificed template,
PEG 600 as a surfactant, and FeCl2·4H2O as the Fe2+ source in an EG (ethylene glycol) medium. All the
above spherical LiFePO4 particles were hollow, which results in a waste of the large interior volume,
bringing a loss of tap density.

In this work, using inexpensive raw material NH4H2PO4 as P source and CTAB as surfactant
in an ethylene glycol (EG) medium, a facile solvothermal route was adopted to synthesize hollow
structured LiFePO4 spheres with a porous interior which resembles the yolk inside an egg but is
composed of carbon-coat primary nanoparticles. The porous spherical shell can permit electrolyte to
permeate quickly invade into the interior of the hollow sphere to obtain good contact with the porous
“yolk” region, leading to an increasing of specific area, which would facilitate both electronic and
lithium ionic diffusion. The as-obtained hollow LiFePO4/C microsphere, which was designated as
LFP-A, shows a high reversible specific capacity of 163 mAh g−1 at 0.1 C, as well as excellent rate
capability and cycling performance.

2. Results and Discussion

2.1. Microstructure

The crystal structures of the two composites were investigated by X-ray diffraction. As shown in
Figure 1, both samples display the orthorhombic phase with a space group Pmnb (62) (JCPDS card
No. 81-1173). The profiles of the reflection peaks are quite narrow, indicating the high crystallinity
of the samples. No obvious diffraction peaks of impurity phases (e.g., Fe2O3, Li3PO4, and Fe2P) are
observed in the patterns, which indicate the high purity of the samples.

The scanning electron microscopy (SEM) images of the two samples are shown in Figure 2.
Uniform spherical particles with a diameter of approximately 1~3 μm are observed in Figure 2a,
and the insert picture shows a broken sphere, exhibiting the likely typical hollow spherical structure of
the LFP-A sample. A magnified image of an incomplete microsphere is shown in Figure 2b, indicating
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that the spherical particles of LFP-A sample is not solid but hollow, with an interior core similar
to an egg yolk. It was also observed that the ~300 nm thick porous wall and yolk-interior of the
hollow spheres are both composed of ~100 nm primary particles and the yolk is not solid, but porous.
The transmission electron microscopy (TEM) micrograph shown in Figure 2c displays a general
image of the hollow microspheres of LFP-A sample with a diameter of 1.2 μm. The high-resolution
transmission electron microscope (HRTEM) image of the primary particles shown in Figure 2d
demonstrates that the nanosized particles are well-crystallized and conformably coated by about
2.5 nm of carbon layers. In contrast, the particles of the sample (LFP-B) synthesized without CTAB
display a nanosized spindle-like morphology, which can be clearly observed in the SEM (Figure 2e)
and TEM images (Figure 2f). Owing to the novel structure, the LFP-A sample obtains a tap density of
1.2 g cm−3, significantly higher than the 0.9 g cm−3 measured for the nanosized LFP-B sample. The tap
density of the LFP-A sample is similar to the value of other microspherical LiFePO4 composites with
a solid interior reported recently [34–36].

The sizes of the primary particles of LFP-A and the whole particles of LFP-B synthesized via
our solvothermal route are smaller than that of the particles synthesized by the hydrothermal route
in our previous work [21]. The size reduction of particles is attributed to the organic solvent EG
which has two hydroxyl groups in its molecule, capable of weak linking to the LFP nanocrystallites
via hydrogen bonds, thus inhibiting the growth of the crystals [15]. Comparing the micrographs of
the two samples, it can be seen that the morphologies of the powders are completely changed with
CTAB involved in the process. The anticipated mechanism for the formation of LiFePO4/C particles
is shown in Figure 3. An EG-water mixture with a certain fraction of CTAB will self-assemble to
form CTAB rod-like micelles in an ordered arrangement. With the decrease of the weight fraction
of CTAB as the mixture was introduced into the Li3PO4 suspension, the growth of CTAB micelles
evolves from a hexagonal crystalline phase to an isotropic solution phase [37,38]. Then, hexagonal
crystalline micelles will serve as templates in the formation of Fe2+-Li3PO4 composite units which will
nucleate further LiFePO4 material and the composite units grow in size to form nano-particles. As the
reaction proceeds, the particle groups assemble to from spheres owing to the residual CTAB molecules,
which gather particles around themselves. After calcination, hollow LiFePO4 spheres can be obtained
because of the decomposition of CTAB. Therefore, the structure changes, from spindle-like solid
particles to hollow microspheres, can be attributed to the presence of the CTAB surfactant. The CTAB
in the solvothermal synthesis also works as a carbon source, and is converted to conductive amorphous
carbon after heat treatment. Meanwhile, it acts as a carbonaceous-reducing agent during heating to
prevent oxidation of Fe2+ to Fe3+.

Figure 1. XRD patterns of LFP-A and LFP-B.
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Figure 2. (a,b) SEM images of LFP-A; (c,d) TEM images of LFP-A; and (e) SEM and (f) TEM images
of LFP-B.

Figure 3. Schematic illustration of the formation of LiFePO4/C particles.
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Figure 4a shows the nitrogen adsorption-desorption isotherms curves for LFP-A sample.
The typical-IV curve and H3 hysteresis indicate the presence of mesopores in the as-prepared LiFePO4

sample. According to the curve, the specific Brunauer-Emmett-Teller (BET) surface area can be
calculated to 31.27 m2 g−1, and the high specific surface area could provide more sites for lithium ion
insertion/extraction, resulting in good electrochemical performance.

Figure 4. (a) Nitrogen adsorption-desorption isotherm curve of LFP-A sample; and (b) TG curves of
the samples with a heating rate of 10 ◦C min−1 in air.

The carbon content in the two samples was estimated by thermogravimetric (TG) measurement
in air and the curves are shown in Figure 4b. It should be mentioned that, in the temperature range
of 250–500 ◦C, the olivine LiFePO4 can be oxidized to Li3Fe2(PO4)3 and Fe2O3, corresponding to
a theoretical weight gain of 5.07%. While the carbon in the samples starts to be oxided to CO2 gas
above 350 ◦C, leading to a weight loss, and is burnt out completely above 500 ◦C, based on the
following Equation (1) [39]:

LiFePO4 + 1/4O2 + xC + xO2 = 1/3Li3Fe2(PO4)3 + 1/6Fe2O3 + xCO2 (1)

where x denotes the carbon content in the composite. By noting the small deviation in mass upon
heating, the percentages of carbon in LFP-A and LFP-B are calculated to be 10.77% and 2.87%,
respectively. The high carbon content of LFP-A is attributed to the addition of CTAB surfactant
and the formation of protective hollow sphere shapes with a porous interior structure.

2.2. Electrochemical Performances

The samples were tested as a cathodic material for lithium ion rechargeable batteries. The loading
of electrode material is ca. 1.73 mg cm−2, with a 8:1:1 weight ratio of LiFePO4/C, acetylene carbon
black and poly(vinylidene fluoride). The electrode area is 1.67 cm2 with a density of around 1.2 g cm−3.
The charge/discharge curves of the synthesized LFP samples are shown in Figure 5. LFP-A composite
delivers a high specific capacity of 163 mAh g−1 at 0.1 C-rate (29.5 × 10−3 mA cm−2) with a long and
flat plateau, which is 95.9% of the theoretical capacity (170 mAh g−1). While the LFP-B sample delivers
a relatively lower capacity of 153 mAh g−1. The LFP-A shows a smaller voltage difference of ca. 31 mV
between the charge and discharge plateaus which means it has smaller polarization, i.e., the interfacial
electrostatic behavior of the hollow microspherical LiFePO4/C composite excel that of the nanosized
spindle-like LiFePO4/C, which exhibits a voltage difference of ca. 52 mV.

The cycling performance of the two samples measured between 2.0 and 4.2 V at a current density
of 0.1 C-rate (29.5 × 10−3 mA cm−2) are displayed in Figure 6. It can be seen that LFP-A and LFP-B
samples both exhibit good capacity retention with continuous charge-discharge processes. The capacity
of LFP-B sample declines from 152 mAh g−1 at the initial cycle to 145 mAh g−1 at the 200th cycle,
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with a capacity loss of 4.5%, while the capacity decay of LFP-A sample after 200 cycles is only 0.8%.
The sample composed of hollow microspheres exhibits a better cycling performance, which can be
attributed to the microporous hollow spherical structure increasing the contact area between the active
materials and the electrolyte.

Figure 5. Charge/discharge profiles of the two samples at 0.1 C rate. The inset shows the magnified
flat region.

Figure 6. Discharge capacities during continuous cycling of samples at 0.1 C.

Charge and discharge tests at various current rates ranging from 0.1 C to 10 C were performed
and the results are shown in Figure 7. The LFP-A sample exhibits a superior rate performance,
and capacities as high as 163, 152, 145, 137, and even 118 mA h g−1 could be obtained at 0.1, 0.5, 1, 5,
and 10 C rates, respectively. The reversible capacity can be recovered and maintained 161.9 mA h g−1

when the current rate was again returned to 0.1 C. The corresponding values of the sample synthesized
without CTAB are 154, 142, 125, 117, and 102 mA h g−1, respectively. The microspherical secondary
architecture of hollow LiFePO4/C is, hence, suggested to be more favorable for the diffusion of both
electrons and ions.
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Figure 7. Cyclability of discharge capacities at various charge rates.

To obtain more information on the electrochemical properties of the two samples, cyclic
voltammetry (CV) tests were carried out at a scanning rate of 0.1 mV s−1 in the potential range
of 2.2–4.5 V. As shown in Figure 8, the LFP-A sample showed a more symmetric shape and sharper
peak profiles. It exhibits a pair of anodic and cathodic peaks at 3.52 V and 3.34 V, respectively, resulting
in a potential shift of 0.18 V. In the case of the LFP-B composite synthesized without CTAB, the anodic
and cathodic peaks were found at 3.54 V and 3.33 V, respectively, with a potential shift of 0.21 V.
These peaks correspond to the extraction and insertion of lithium ions and the smaller potential
shift illustrates a weaker polarization and possibly an easier kinetic process for LFP-A. It can also
be found that the current flow at redox peaks of LFP-A is higher than that in the LFP-B sample.
The anodic/cathodic current peaks of LFP-A were about 1.1 mA, while the value for the other sample
was about 0.2 mA. These peaks correspond to the extraction and insertion of lithium ions. According to
the Randles-Sevcik equation [40], it can be concluded that the Li+ ion diffusion in the hollow spherical
LiFePO4/C is faster than that in the spindle-like LiFePO4/C.

Figure 8. Cyclic voltammograms of the two composites at a scan rate of 0.1 mV s−1.
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The electrochemical impendance spectra (EIS) plots of the samples are shown in Figure 9a.
Both materials exhibit a semicircle in the high-frequency region and a straight line in the low-frequency
region. The numerical value of the diameter of the semicircle on the Zre axis is approximately equal to
the charge transfer resistance (Rct) [41]. The straight line is attributed to the diffusion of the lithium
ions into the bulk of the electrode material, or so-called Warburg diffusion. The lithium-ion diffusion
coefficient could be calculated by using the following Equation (2) [42]:

D = R2T2/2A2n4F4c2σ2 (2)

where R is the gas constant (8.314 J mol−1 K−1), T is the absolute temperature, A is the surface area of
the cathode, n is the number of electrons per molecule during oxidization, F is the Faraday constant
(96,500 C mol−1), c is the concentration of lithium ion (7.69 × 10−3 mol cm−3), and σ is the Warburg
factor, which is related with Zre via Equation (3):

Zre = Rs + Rct + σω−1/2 (3)

where Zre represents the real part of the resistance in the low frequency region and ω is the
corresponding frequency. The relationships between Z’ and the square root of frequency in the
low-frequency region of the two samples are shown in Figure 9b. From the two curves, Li+ ion
diffusion coefficients (D) of sample LFP-A and LFP-B electrodes are calculated to be 2.32 × 10−12 and
5.05 × 10−13 cm2 s−1, respectively. The result indicates that Li ion diffusion in LFP-A is nearly five
times faster than that in LFP-B. The values of the diffusion coefficients for the two samples are higher
than the literature value for pristine LiFePO4 (~10−14 cm2 s−1) [17]. This further confirms that the
hollow micro-sphere structure is helpful to the rapid Li ion transport.

Figure 9. (a) Electrochemical impedance spectroscopy (EIS) of the two composites and (b) the
relationships between Z’ and ω−1/2 in low-frequency regions.

Comparing the test results of the two samples, it clearly demonstrates the more excellent
electrochemical performance of the LiFePO4/C composite with hollow micro-sphere shells and porous
interior structure. The distinct improvement in electrochemical performance can be attributed to their
successfully designed structural features: (1) the hollow micro-spheres with porous interior structure to
prevent structural collapse in long-term cycling by supplying enough space for the change of volume in
the extraction and insertion of Li+ ions; (2) the nanoparticles comprising the microspheres to promote
good electron transfer and enhance the accessibility of lithium ions [9]; and (3) the porous hollow
microspherical structure also provides good contact with electrolyte which can flood the interior of
the hollow spheres [43]. Even LFP-B, synthesized in the absence of CTAB surfactant, also displays
an excellent electrochemical performance, better than that of pristine LiFePO4 synthesized via the
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hydrothermal route in our previous work, and the electrical performance presented in this work is
compared with other known hollow spherical LiFePO4 composites reported in the literatures, as shown
in Table 1. Its high-scoring properties can be attributed to the nano-dimension particle size and the
uniform carbon coating layer.

Table 1. Comparison of hollow spherical LiFePO4 composites reported recently.

Surfactant
Size/Primary
Particle Size

Initial Capacity
(mAh g−1, 0.1 C)

Cyclic Performance
(mAh g−1, 10 C)

Reference

CTAB 1~3 μm/100 nm 163 118 this work
- 200 nm 151 124 [44]

TRITON H-66 30 μm/100–200 nm - - [28]
TRITON H-66 2 μm/100–400 nm 139 96 [27]

- 2 μm 158 101, 20 C, 2000th [29]
CTAB 240 nm/30–50 nm 135 103 [38]

EDTMP 1–5 μm/20 nm 166 97, 20 C/80, 30 C [45]
CTAB 420 nm 140 133 [32]

3. Materials and Methods

3.1. Synthesis Procedure

All chemicals were analytical grade. The LiFePO4/C sample (LFP-A) was prepared by the
solvothermal method in an autoclaved stainless steel reactor. The Li3PO4 white colloids were firstly
precipitated from the precursors (LiOH, NH4H2PO4) in EG medium (60% EG + 40% water in volume).
Simultaneously, the FeSO4 and CTAB were dissolved into EG solution in another container. After 1 h
stirring, the mixture solution of FeSO4 and CTAB was slowly added into the Li3PO4 suspension under
mild magnetic stirring at room temperature for 15 min. The molar ratio of Li+:PO4

3−:Fe2+: CTAB
was 3:1:1:0.4. Then, the mixture was transferred into a stainless steel autoclave with Teflon lining.
The autoclave was sealed and heated at 180 ◦C for 6 h. The carbon for the LiFePO4 coating was
sourced from a sucrose solution impregnating-drying-sintering procedure. The sintering was done at
650 ◦C for 2 h under 5 vol % H2/Ar atmosphere with a heating rate of 5 ◦C min−1. As a comparison,
another sample named LFP-B was also synthesized via the same process excepting the absence of
CTAB surfactant.

3.2. Characterization

The phase of the sample was analyzed via X-ray diffraction by a Rigaku D\max-2550 X-ray
diffractometer (Rigaku, Tokyo, Japan) using Cu Kα1 radiation, and the micro structure and
morphology were characterized by field emission scanning electron microscopy (SEM, JEOL JSM6700F,
Tokyo, Japan), and high-resolution transmission electron microscopy (HRTEM, JOEL JEM-2010F,
Tokyo, Japan).

3.3. Electrochemical Performance

The electrochemical performances of the samples were evaluated using coin cells (Type 2016).
The cathode was prepared by mixing the fabricated powder as active material (80 wt %), acetylene black
(10 wt %) and poly(vinylidene fluoride) (PVDF) (10 wt %) dissolved in N-methy1-pyrrolidone (NMP).
The slurry was cast onto an Al foil and dried at 80 ◦C for 12 h. Then the foil was cut into circular discs
with a diameter of 1.5 cm by a precision disc cutter (MSK-T06, Hefei KE JING Materials Technology
Co., Ltd., HeFei, China). A 1 M LiPF6 solution dissolved in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (EC:DMC = 1:1 in volume) was used as the electrolyte. The cells were
assembled in an argon-filled glove box with lithium metal as the anode and microporous polypropylene
sheet (Celgard 2400, Celgard, LLC, Charlotte, NC, USA) as a separator.
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The cells were tested at different current densities of charge/discharge within the voltage range
of 2.5–4.2 V using a LAND battery tester (Wuhan LAND Electronics Co. Ltd., Wuhan, China) at
room temperature (25 ◦C). Cyclic voltammetry (CV) curves were tested at 0.1 mV s−1 within the
range of 2.2–4.5 V at room temperature by an electrochemical workstation (CHI660E, Shanghai,
China). Electrochemical impedance spectroscopy (EIS) was undertaken with an amplitude of 5 mV
within the frequency range of 0.01 Hz to 100 kHz by using an Autolab PGSTAT302N (Metrohm,
Herisau, Switzerland).

4. Conclusions

In summary, LiFePO4/C composite in the form of hollow micro-spheres with a porous interior
structure were synthesized through a solvothermal method with the assistance of CTAB surfactant
dissolved in an EG solvothermal reaction medium. The addition of CTAB is responsible for the
morphology change from spindles to hollow microspheres composed of nanoparticles. The as-obtained
LiFePO4/C hollow micro-spheres have a small distribution of diameters between 1 and 3 μm,
with a ~300 nm thickness porous shell or wall composed of ~100 nm length nanoparticles. The porous
shell/wall and loose interior of the hollow spheres make it easy to bring into contact with the electrolyte,
facilitating fast, high-volume electronic and lithium ionic diffusion. Electrochemical measurements
demonstrated that the hollow spherical LiFePO4/C composite displayed excellent electrochemical
performances: large reversible discharge capacity of 163 mAh g−1 at a current density of 0.1 C-rate
(29.5 × 10−3 mA cm−2), good rate capacity of 103 mAh g−1 at the 10 C rate, and superior capacity
retention after various current density cycling. The high-scoring results can be attributed to the hollow
spherical structure composed of nanosized particles, which facilitates fast electrochemical reaction
kinetics and good structural stability. This may provide an effective strategy to produce other LiMPO4

(M = Mn, Co, or Ni) hollow micro-spheres as cathode materials for lithium ion batteries.
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Abstract: The use of nanoporous anodic alumina (NAA) for the development of drug delivery systems
has gained much attention in recent years. The release of drugs loaded inside NAA pores is complex
and depends on the morphology of the pores. In this study, NAA, with different three-dimensional
(3D) pore structures (cylindrical pores with several pore diameters, multilayered nanofunnels, and
multilayered inverted funnels) were fabricated, and their respective drug delivery rates were studied
and modeled using doxorubicin as a model drug. The obtained results reveal optimal modeling of all
3D pore structures, differentiating two drug release stages. Thus, an initial short-term and a sustained
long-term release were successfully modeled by the Higuchi and the Korsmeyer–Peppas equations,
respectively. This study demonstrates the influence of pore geometries on drug release rates, and
further presents a sustained long-term drug release that exceeds 60 days without an undesired
initial burst.

Keywords: drug delivery; nanoporous anodic alumina; complex pore geometry; release
rate; nanotechnology

1. Introduction

A new generation of local drug release platforms with sustained and complex release profiles
for reduced therapeutic doses has emerged to overcome the disadvantages of conventional
treatments—generally oral or intravenous administrations—with considerable adverse effects [1,2].

These local drug release platforms face important challenges to ensure efficient therapy: (i) efficient
loading of drugs, (ii) sustained delivery, (iii) avoiding the ‘burst effect’ (high dose release within the
first minutes), (iv) material stability (avoiding degradation), and (v) the possibility to chemically
modify their surface for a selective release [3–8]. Many types of materials are currently used for the
development of these new drug delivery platforms, such as polymers [9], hydrogels [10,11], iron
oxide [12], graphene [13], porous silicon [7], and mesoporous silica [14]. However, most of these
existing carrier materials rapidly degrade at physiological pH or/and show poor drug loading with
drugs mainly attaching to external surfaces and leading to an intense initial “burst” release.

Porous materials have attracted great interest for the development of controlled drug delivery
platforms because of their high effective surface area and tunable pore size [15]. The pore geometry is
one of the main determining factors of the total drug load entering the pores and the release profile.
Three-dimensional (3D) pore structures, with intricate pore geometries and increasing surface area are
promising platform designs for sustained drug release. However, their fabrication can be expensive
and complex.

Nanoporous anodic alumina (NAA), readily and cost-effectively fabricated by electrochemical
anodization, permits obtaining elaborate and reproducible 3D pore geometries. The many physical and
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chemical properties of NAA make this material a versatile and interesting platform for controlled drug
release. NAA has a highly ordered pore distribution, and its well-known electrochemical fabrication
techniques allow for the precise control of pore diameter, interpore distance, pore length, and pore
geometry [16–18]. NAA is highly stable at physiological pH, and has been successfully used in a wide
array of medical and biological applications like orthopedic prosthetics, dental and coronary stents,
cell culture scaffolds, immunoisolation devices, and biomolecular filtration [2,19–21].

Its high effective surface area makes NAA an ideal material for drug delivery applications
providing pores as nanocontainers with regular and controlled structural features for loading active
agents like drugs or molecules [22,23]. Moreover, the surface of NAA can be functionalized to be
selective for specific molecules and covered with biodegradable, chemical, or pH responsive agents to
trigger and regulate the release [24–26].

Although drug release from nanoporous coatings has already been studied, there is a lack of
understanding of the release kinetics from NAA platforms with complex pore geometries and the
dynamics governing them [27].

In this work the drug release kinetics for simple and complex NAA pore structures is investigated.
Pores with straight walls and 3D pore structures with multilayered funnel and inverted funnel
geometries are fabricated by electrochemical anodization, resulting in complex NAA platforms for
drug delivery. Using the chemotherapeutic Doxorubicin, the drug release of these different pore
geometries is studied, and the release mechanism is modeled by mathematical expressions.

2. Materials and Methods

2.1. Fabrication of NAA Structures

All NAA porous structures were prepared by electrochemical anodization of high purity (99.999%)
aluminum plates (Goodfellow, Huntingdon, UK) in phosphoric acid electrolyte. The aluminum plates
were initially degreased with acetone and ethanol to eliminate organic impurities and electropolished
in a mixture of perchloric acid and ethanol 1:4 (v/v) at a constant voltage of 20 V for 6 min. To suppress
breakdown effects and to enable uniform oxide film growth under hard anodization conditions
(194 V in phosphoric acid at −5 ◦C), a protective layer was pre-anodized at a lower voltage (174 V in
phosphoric acid) for 180 min [28]. Subsequently, the voltage was ramped up to 194 V at a constant
rate of 0.05 V/s, and anodized for 20 h. After this first anodization step, the formed NAA layer was
removed by wet chemical etching in a mixture of phosphoric acid (0.4 M), and chromic acid (0.2 M) at
70 ◦C for 4 h, resulting in a hexagonally-ordered pattern of the aluminum surface [29,30].

For all pore structures, the subsequent anodization steps were performed under hard anodization
conditions, and the length of the pores was accurately controlled via the total charge.

A single hard anodization step was performed to obtain straight pores (SP) with a uniform pore
diameter from top to bottom (Figure 1a). The length of the pores of all SP is 30 μm. To widen the pores,
wet chemical etching with aqueous solution of 5% H3PO4 was performed for 0 (SP1), 45 (SP2), 90 (SP3),
and 120 min (SP4).

Normal Funnels (NF) were produced by a sequential combination of hard anodization and pore
widening steps, and labeled according to the final number of layers. NF2 consist of a 15 μm thick top
layer, widened in 5% H3PO4 for 90 min, and a 15 μm thick bottom layer. Similarly, NF3 consist of a
10 μm thick top layer widened for a total of 90 min (2 × 45 min), a middle layer of 10 μm widened for
45 min, and a bottom layer of 10 μm (Figure 1b).

The fabrication of Inverted Funnels (IF) required a thermal treatment at 250 ◦C and 500 ◦C to
change the crystallographic phase of the alumina. The inverted funnels were labeled IF2 and IF3
according to their respective total number of layers (Figure 1c). IF2 consisted of a top layer of 15 μm,
followed by a thermal treatment at 500 ◦C. A subsequent anodization step added a 15 μm thick bottom
layer. Similarly, IF3 consisted of 3 layers, each with a thickness of 10 μm. After the anodization of the
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top and middle layer a thermal treatment of 500 ◦C and 250 ◦C was applied, respectively. In a final
wet chemical etching step, the pores of IF2 and IF3 were widened for 2 h.

All NAA platforms were cut with a circular cutter to obtain samples with the same diameter
(4 mm). All the experiments were conducted in triplicates.

 
Figure 1. (a) Schematic illustration and labeling of the different pore geometries; (b) Schematics of the
fabrication procedures for normal funnels; and (c) inverted funnels.

2.2. Characterization of NAA Structures

All NAA structures were characterized by Environmental Scanning Electron Microscopy (ESEM,
FEI Quanta 600, FEI Co., Hillsboro, OR, USA). The wet chemical etch rate during the pore widening
steps was estimated for samples with and without a 500 ◦C thermal treatment. For the calibration
of the pore widening process, ESEM images were taken in 15 min etching intervals, and the pore
diameter was estimated using a standard image processing package (ImageJ, version 1.51p, public
domain program developed at the RSB of the NIH, Bethesda, Maryland, MD, USA) (Figure S1).

2.3. Drug Loading and Release

Doxorubicin (DOX), a self-fluorescent chemotherapeutic agent, was selected as a model drug.
Drug loading into NAA pores was performed through capillary action by immersing NAA into a
DOX solution of 1 mg/mL. The suspension was stirred overnight in the dark with the NAA structures
immersed. Subsequently, samples were washed with deionized water to remove any residual drug
molecules on the surface of the sample and dried at an ambient temperature.

The release studies were performed in vitro using phosphate-buffered saline (PBS), which is
commonly employed to simulate in vivo conditions for drug release. DOX release was estimated by
directly measuring the photoluminescence of the release medium. This in situ measurement process
is ideal to understand the release kinetics and the short-term release effect since it allows for the
fast and frequent collection of release data. Samples were immersed in 0.5 mL of PBS which was
renewed after every measurement. The fluorescence of the buffer solution was measured at regular
time intervals at room temperature using a fluorescence spectrophotometer from Photon Technology
International Inc. (Birmingham, NJ, USA), with an Xe lamp as the excitation light source, an excitation
wavelength of 480 nm and an emission wavelength of 590 nm. The drug release was monitored by DOX
photoluminescence over 65 days. The fluorescence intensities were converted to the corresponding
concentrations using a calibration curve. All the drug release measurements were taken in triplicates
for every pore structure and statistical analysis was performed.

3. Results and Discussion

Normal Funnels (NF) with two and three layers of different pore diameters were successfully
fabricated. ESEM cross-section images of NF show straight pore growth with no discontinuities (i.e.,
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occluded pores) despite the interruption of the anodization process between layers (Figure 2). The
transition between adjacent layers of different pore sizes is smooth and shows a conical shape. The
pore diameter and the thickness of each NF layer was estimated from ESEM images and summarized
in Table S1.

 
Figure 2. Cross-section Environmental Scanning Electron Microscopy (ESEM) images of a two layered
normal funnel structure (NF2) illustrating (a) the uniform pore growth, and (b) the pore transition.

Inverted Funnels (IF) were also successfully fabricated, and their ESEM cross-section images
are shown in Figure 3 (IF2) and Figure 4 (IF3). For both IF, parallel and perpendicular growth of the
pores as well as conic and clear transitions between adjacent layers of different pore diameters can be
observed. High magnification images show that these conic transitions between layers are more abrupt
for IF than for NF. IF, NF, and SP were anodized to a total length of 30 μm for better comparability
(Table S1).

 

Figure 3. Cross section ESEM images of a two layered inverted funnel structure (IF2): (a) entire bilayer,
(b) detail of the uniform pore growth, and (c) detail of the pore transition.
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Figure 4. Cross section ESEM images of a three layered inverted funnel structure (IF3): (a) entire length
of the inverted funnels, and (b–d) magnifications of the framed areas from top to bottom.

The two distinct pore diameters of the IF2 top and bottom layers suggest that the crystallographic
structure of the top layer was successfully modified by the temperature treatment (500 ◦C). The same
clear transitions between layers are observed in IF3 samples, demonstrating that the intermediate
annealing temperature of 250 ◦C results in an intermediate pore widening rate.

The effect of the temperature treatment on the pore widening process during IF fabrication was
further assessed, and a calibration of the pore widening rates was determined. The pore diameters were
estimated from ESEM images taken after consecutive 15 min pore widening steps for samples thermally
treated at 500 ◦C, and for untreated samples. Figure S1 reveals that the thermally treated samples
have a slower pore widening rate than untreated samples. The alumina matrix of untreated samples
remained intact for up to 2 h of etching, but started to deteriorate after 2.5 h, and fully collapsed after 3
h due to over-etched pore walls. Consequently, to preserve full structural integrity of the thermally
untreated samples, the pore widening was terminated after a maximum of 2 h. In contrast, the pore
structure of thermally treated samples remains intact even after 3 h of etching.

Figure S2 shows the estimated pore diameter as a function of pore widening time, revealing higher
etch rates for the untreated samples (2.5 nm/min) than for the thermally treated samples (1.2 nm/min).
These are brought about by the thermal annealing, which increases the crystallinity, and consequently,
the stability of the alumina, and also further promotes anion diffusion [31]. We further notice that
the pore diameter linearly increases with the pore widening time until an inflection point, where the
pore widening rate decreases considerably. This inflection point corresponds to an interface separating
an outer region with concentrated anionic species from an inner region composed of pure alumina.
The anion contaminated region is easily removed by the pore widening, whereas the region of pure
alumina is more resistant to pore widening [32,33]. The inflection point is observed after 90 min and
150 min of pore widening for non-treated samples and thermally treated samples, respectively.

Figure 5a shows the pore diameter of the top layers of all the fabricated NAA structures. Increasing
pore diameters of samples SP1–SP4 are directly related to the increasing widening time intervals
(Table S1). NF2 and NF3 show top pore diameters similar to SP3 (around 300 nm), and IF2 and IF3
top diameters are similar to that of SP4 (around 200 nm). These similarities allow for studying the
influence of the pore geometry on the release kinetics. Figure 5b shows the total volume of all of the
samples. The pore volumes of SP1–SP4 are clearly related to the pore diameters, whereas the pore
volumes of the layered samples NF and IF depend on the complex geometries of the pores.

The relationship between the total amount of drug load and volume is shown in Figure 6. The
total drug load of straight pores is linearly proportional to the pore volume, as indicated by the linear
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regression for SP1–SP4 (dotted line). Similarly, the total drug load of NF follows the trend of SP
samples, though, with an increasing diversion from this trend with more funnel layers. Interestingly,
the IF samples seem to hold a higher drug load per pore volume when compared to SP, indicating an
influence of the pore geometry on the total drug load. This can be explained by the contour of the IF
pores which encompasses small pore diameters of the top layer, wider pore diameters of deeper layers
and a sharp elbow-like transitions between the adjacent layers (Figure 3c). This intricate geometry
retains a higher total drug load within the pores, making IF structures more efficient for drug loading
than SP structures.

Figure 5. (a) Top pore diameter, and (b) total volume of the different samples.

Figure 6. Total drug load within the pores versus the respective total volume for various nanoporous
anodic alumina (NAA) structures. Linear regression for straight pores (SP) samples (dotted line).

The influence of the pore geometry on short and long-term drug release has been studied for all
fabricated NAA structures. Figure 7 and Figure S3 show the drug release response for the first 8 h, and
for the complete release time of 1512 h (63 days). All of the NAA structures presented in this work can
be considered as sustained drug delivery platforms due to very long drug release times. Interestingly,
these NAA structures do not present a high initial drug release burst in the first minutes, in contrast to
most drug delivery platforms in the literature [34–36]. The absence of an initial release burst indicates
that the drug delivery from these NAA platforms is more constant in time, and prevents an undesired
high initial dosage. Both the sustained delivery, and the absence of initial burst are relevant and
differentiating properties and address two of the main challenges of localized drug delivery.
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Figure 7. Cumulative drug release of different pore structures: (a) short-term and (b) long-term.

The drug release profile of all the pore geometries can be described by distinguishing two phases:
(i) a short-term release with a higher release rate within the first 8 h, and (ii) a slow and sustained
release where almost the entire drug load is delivered from the NAA after 63 days.

Most of the NAA structures presented here release only around 25–30% of the total drug load
during the short-term release, which is very low compared to the 80% and above of most conventional
structures in the literature [37,38]. Generally, the initial release is attributed to the fast diffusion of
drug molecules residing on the NAA surface, rather than the diffusion of molecules attached to the
walls within the pores. Here, this low short-term release indicates that most of the drug was loaded
inside the pores during the incubation period.

The pore geometries were found to influence the short-term release rates. The 200 nm pore
diameter of the top layer of IF2 and IF3 is similar to SP2, however, their release rates are considerably
lower than SP2. The pore opening of IF acts like a bottleneck for the infiltrating medium and the
eluting drug, hindering the circulation of the medium inside the pore and slowing down the diffusion
of the drug out of the alumina. This effect augments with increasing IF layers: the release rate of IF3 is
lower than that of IF2.

On the contrary, the NF and SP3, with very close top pore diameters of around 310 nm, present
similar release profiles, the geometry of NF does not hinder the circulation of the medium inside of
the pores.

The experimental data for short- and long-term release were modeled to measure the kinetics and
establish the mechanism of DOX release. For short-term release, the experimental data was modeled
using a variation of the Higuchi equation [9,39–41]:

Mt = M0 + K
√

t (1)

where Mt is the cumulative release at time t, M0 is the intercept value at t = 0 and, K is the release
constant that indicates the release velocity.

The fitting of the experimental data for all pore geometries with Equation (1) is presented in
Figure 8, where the cumulative DOX release is plotted against the square root of time during the
short-term release. The fitting is in very good agreement with the experimental data for all pore
geometries, demonstrating that the drug kinetics can be approximated by the square root of time.
Table 1 shows the fitting parameters for each pore structure and Figure 9 depicts their release constant
K depending on the top pore diameter and volume.
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Figure 8. Short-term release data (symbols) and fitting (lines) using the Higuchi equation.

Table 1. Higuchi equation fitting parameters.

Sample Name Release Constant (K) Intercept (M0)

SP1 0.24 ± 0.02 2.34 ± 0.26
SP2 0.30 ± 0.02 2.75 ± 0.29
SP3 0.35 ± 0.02 3.38 ± 0.29
SP4 0.44 ± 0.02 2.01 ± 0.43
NF2 0.28 ± 0.01 2.45 ± 0.21
NF3 0.31 ± 0.01 2.31 ± 0.25
IF2 0.32 ± 0.01 2.28 ± 0.25
IF3 0.27 ± 0.01 1.89 ± 0.20

Figure 9. Release constant K during the short-term release versus (a) top pore diameter and, (b) volume.
The red line corresponds to the linear fitting.

During the short-term release, the release constant K for straight pore structures (SP1–SP4) is
linearly proportional to the pore diameter, following the equation:

K = 0.168 + 6.46 × 10−4·Dp (2)

where K is the release constant in (μg/mL)/min1/2 and Dp is the pore diameter in nanometers.
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IF are the structures with the highest load efficiency, as they retain a higher quantity of drug inside
of the pores than SP and NF, with the same volume or top pore diameter. During short-term release,
IF structures show a lower release constant K than SP structures with the same top pore diameter.
However, if the specific application requires a higher release rate, SP structures are favorable. Even
though SP and NF present similar release rates, the fabrication of SP structures is not as complex as the
fabrication of NF.

For the long-term release the experimental data was modeled with the Korsmeyer–Peppas
equation [6,38,42]:

Mt = Mt0

(
t
t0

)n
(3)

where Mt is the quantity of drug released at time t, Mt0 is the amount of drug released at the reference
time t0 (day 1), t is time in days, and n is the release parameter related to the release rate.

Table 2 shows the values of these parameters fitted for the release of all the pore structures. The
release rate was calculated with the first derivative of Equation (3) [3,22]. Figure 10 shows a good
agreement between the experimental data and the fitting modeled with Equation (3).

Table 2. Korsmeyer–Peppas equation fitting parameters.

Sample Name Mt0 (μg/mL) n Release Rate

SP1 8.43 ± 0.14 0.27 ± 0.01 2.31
SP2 9.93 ± 0.21 0.30 ± 0.001 2.94
SP3 12.49 ± 0.17 0.26 ± 0.00 3.27
SP4 12.55 ± 0.22 0.28 ± 0.01 3.60
NF2 9.70 ± 0.16 0.29 ± 0.00 2.78
NF3 10.14 ± 0.15 0.27 ± 0.00 2.69
IF2 9.00 ± 0.33 0.35 ± 0.01 3.16
IF3 8.91 ± 0.18 0.35 ± 0.01 3.13

Figure 10. Long-term release experimental data (symbols) and fitting using the Korsmeyer–Peppas
equation (lines).

For the long-term release, a linear relation between the release rate and the pore diameter is
observed for SP (Figure 11):

Release rate = 1.95 + 0.004Dp (4)

where Dp is the top pore diameter.
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Figure 11. Release rate versus (a) top pore diameter, and (b) volume, and linear fittings (black
straight line).

NF and SP3 have a similar top pore diameter and release rates. IF have slightly higher release
rates than SP2, which is explained by the quantity of drug remaining inside the pores. During the
short-term release, NF and SP delivered a higher part of their load than IF as their release rates were
higher. Due to this, and the fact that drug loads were completely released from all the structures after
63 days, IF released greater loads during days 8–63 than the other structures, and therefore their release
rate is slightly higher.

4. Conclusions

In this study, NAA platforms with a variety of 3D pore morphologies were fabricated, loaded with
DOX, and the release mechanism was modeled by mathematical expressions. Besides, the influence of
the pore geometry on the drug release kinetics was assessed.

The release profiles for the studied pore geometries revealed two interesting and promising
properties: (i) very long drug release times determining the presented NAA as sustained drug delivery
platforms, and (ii) a constant drug delivery free of an initial release burst to prevent undesired high
initial drug delivery dosages. These findings are advancements to two of the main challenges of
current platforms for advanced drug delivery systems.

The obtained results reveal that the pore geometry influences the total drug load within the pores.
IF retain a higher quantity of drug inside the pores than SP and NF with the same volume or top pore
diameter. The pore geometry also influences the release kinetics. During the short-term release, IF
showed lower release rates than SP with the same top pore diameter.

Moreover, the dynamics of the release of all the pore structures were successfully modeled,
and two different release regimes were differentiated: a short-term and a long-term release. The
short-term release (first 8 h) was modeled by the Higuchi model, whereas for the long-term release the
Korsmeyer–Peppas equations were used.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/8/227/s1.
Figure S1: Pore widening progress for samples with and without temperature treatment; Figure S2: Pore widening
calibration for samples with and without thermal treatment; Figure S3: Cumulative drug release of different pore
structures; Table S1: Average dimensions of the pore structures.
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Abstract: Typically, anodic oxidation of metals results in the formation of hexagonally arranged
nanoporous or nanotubular oxide, with a specific oxidation state of the transition metal. Recently,
the majority of transition metals have been anodized; however, the formation of copper oxides by
electrochemical oxidation is yet unexplored and offers numerous, unique properties and applications.
Nanowires formed by copper electrochemical oxidation are crystalline and composed of cuprous
(CuO) or cupric oxide (Cu2O), bringing varied physical and chemical properties to the nanostructured
morphology and different band gaps: 1.44 and 2.22 eV, respectively. According to its Pourbaix
(potential-pH) diagram, the passivity of copper occurs at ambient and alkaline pH. In order to
grow oxide nanostructures on copper, alkaline electrolytes like NaOH and KOH are used. To date,
no systemic study has yet been reported on the influence of the operating conditions, such as
the type of electrolyte, its temperature, and applied potential, on the morphology of the grown
nanostructures. However, the numerous reports gathered in this paper will provide a certain view on
the matter. After passivation, the formed nanostructures can be also post-treated. Post-treatments
employ calcinations or chemical reactions, including the chemical reduction of the grown oxides.
Nanostructures made of CuO or Cu2O have a broad range of potential applications. On one
hand, with the use of surface morphology, the wetting contact angle is tuned. On the other
hand, the chemical composition (pure Cu2O) and high surface area make such materials attractive
for renewable energy harvesting, including water splitting. While compared to other fabrication
techniques, self-organized anodization is a facile, easy to scale-up, time-efficient approach, providing
high-aspect ratio one-dimensional (1D) nanostructures. Despite these advantages, there are still
numerous challenges that have to be faced, including the strict control of the chemical composition
and morphology of the grown nanostructures, their uniformity, and understanding the mechanism
of their growth.

Keywords: anodization; copper oxides; nanostructures; passivation; nanowires; nanoneedles;
band gap

1. Introduction

Nanostructured anodic oxides have attracted the attention of researchers due to their ease of
fabrication and tailored ordered morphology on the nanometric scale. What is more, the resulting
chemical and physical properties lead to numerous potential applications [1]. The most frequently
studied anodic oxides are hexagonally arranged anodic aluminum oxide (AAO) [1] and nanoporous or
nanotubular anodic titanium oxide (ATO) [2]. Intensive research on those two nanostructured materials

Nanomaterials 2018, 8, 379; doi:10.3390/nano8060379 www.mdpi.com/journal/nanomaterials127



Nanomaterials 2018, 8, 379

has incited significant progress in: electrochemical and optical sensing [3,4], nanofabrication [5],
photonic crystals [6], information optical coding [7], filtration and kidney dialysis [8], drug releasing
platforms [9], biomaterials performance [10], renewable energy harvesting [11,12], the removal
of greenhouse gases [13], magnetic materials [14], surface-enhanced Raman spectroscopy [15],
plasmonic materials [16], structural color generation [17], tunable contact angle surfaces [18,19],
and tunable band gap materials [20].

Currently, the majority of transition metals have been tested as substrates for anodizing.
Researchers have obtained nanostructured anodic oxides as the result of the electrochemical oxidation
of: W [21,22], Sn [23], Zr [24,25], Zn [26,27], Nb [28,29], Fe [30], and FeAl [20,31]. The majority of the
nanostructures obtained by transition metals anodization are composed of oxide, where the metallic
element is at one fixed oxidation state. Furthermore, almost all of the oxides are nanoporous or
nanotubular. So far, the only reported exception is anodically grown ZnO: in this case, the grown oxide
is made of nanowires [26,27].

Another promising metal for oxide nanostructures fabrication via self-organized anodization is
copper. Copper forms two oxides, namely cuprous oxide Cu2O and cupric oxide, CuO, as well as their
mixtures in various phases such as copper-rich Cu4O3 [32]. A demand for the simple synthesis of
copper oxides’ nanostructures is a result of the electronic properties of Cu2O, CuO, and Cu4O3. CuO is
reported to be a p-type semiconductor with a band gap in the range from 1.2 to 2.16 eV, depending on
the nature of the band gap (direct, or indirect), doping, morphology, and crystal size [32]. For CuO
nanostructures, the smaller the size of the structure, the greater the band gap, observed as a blue
shift in the spectrum. It is worth noting that Bohr’s radius for CuO is ca. 6.6 nm, thus below this
size a strong quantum confinement (QC) is observed [32] (nevertheless, QC is also observed above
6.6 nm, although the phenomenon is much weaker). Cu2O is also a p-type semiconductor with a band
gap over 2.1 eV [32]. However, also in this case, due to the QC, the band gap can be engineered and
controlled during the manufacturing process. For example, a decrease of Cu2O film thickness from 5.4
to 0.75 nm increases the band gap from 2.6 to 3.8 eV [33]. Additionally, according to Musselman et al.,
Cu2O, due to the band gap value around 2.0 eV and theoretical maximum power conversion efficiency
of approximately 20% (PCE), is suitable for applications in heterojunction solar cells [34].

There are numerous methods of Cu2O and CuO nanostructures fabrication, employing diverse
chemical methods including micelle-assisted precipitation, sol-gel methods, and high-temperature
annealing in an oxidative atmosphere. The formation of a wide range of nanostructures such as
nanospheres, nanoflowers, leaf-shaped nanocrystals, nanorings, nanoribbons, multi-pod nanocrystals, etc.
has been already reported and broad reviews reporting the state-of-the-art have been published [35,36].
Furthermore, this variety of nanostructures with high surface-to-bulk atom ratios has triggered research
on numerous applications of Cu2O and CuO nanostructures, such as high-surface area electrode
materials in batteries, photocatalysts in water purification systems, carbon dioxide reduction and water
splitting, high-contact angle functional surfaces, gas sensors, infrared radiation sensors, etc. [35,36].

However, the anodization of copper, leading to the formation of nanostructures, has not been as
intensively explored as other methods and was not even included in the numerous review reports
focusing on the formation of cupric and cuprous oxide nanostructures. However, copper anodization
may bring unexpected benefits in terms of morphology control, the formation of high-aspect ratio
nanostructures, and their doping. Morphological features of nanostructured anodic oxides are tailored
by operating conditions. For example, the pore diameter and intepore distance of anodic alumina
and titania are linear functions of the applied voltage [1,2,20]. Additionally, electrochemical in situ
doping of anodic oxides, due to the application of various additives in the electrolyte, allows one to
dope the growing nanostructures [37]. Therefore, self-organized anodization seems to be a promising
method in copper oxides formation, providing high-surface area nanostructures with a band gap
tunable by operating conditions (size of the nanostructures) and chemical composition (in situ doping).
Per analogiam to the anodization of Al and Ti [1–37], it can be expected that the morphology of the
nanostructures formed by copper anodization can be tailored after the optimization of the operating
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conditions. Moreover, recent advances in Al and Ti anodization, as well as recent high-tech applications,
may provide some inspiration for electrochemical copper oxidation.

2. Passivation of Copper

Pourbaix diagrams (potential vs. pH diagram) provide key information for understanding the
electrochemical oxidation of metals. According to the Pourbaix diagram for copper, it is apparent
that the most suitable electrolytes for copper anodization are the alkaline ones (solutions of bases like
NaOH, KOH, but also salts with alkaline hydrolysis like carbonates and bicarbonates of potassium
and sodium, not researched yet as potential copper anodizing electrolytes) (Figure 1) [38]. It is
also noticeable that electrochemical oxidation may lead to the formation of oxides like Cu2O (lower
potentials) and CuO (greater potentials), as well as cupric hydroxide Cu(OH)2 and water-soluble
coordination anions with hydroxyl ligands, namely Cu(OH)3

− and Cu(OH)4
2−. For anodizing, the

minimal solubility of Cu2O in water is at a pH range from 7.5 to 8.0 [38]. It is also worth noting that
the as-obtained anodic oxides formed on copper are crystalline, while other anodic oxides, like titania
or alumina, are amorphous. The formation of crystalline phases in anodic alumina or titania requires
annealing after the anodization.

Figure 1. Pourbaix diagram for copper at 25 ◦C for total copper species concentration in a solution
equal to 10−6 mol/L (a) and 10−8 mol/L (b). Reproduced with permission from [38]. Electrochemical
Society, 1997.

Due to the formation of two copper oxides and the formation of soluble coordination ions, the
mechanism of copper anodization is much more complex than in the case of other oxides, like AAO.
Gennero de Chiavlo et al. analyzed the oxidation of copper only to the Cu+ oxidation state and,
already at this stage, the occurring phenomena are complex [39]. According to the chemical reactions,
first copper oxidizes and forms metastable CuOH on the Cu surface (1):

Cu + OH− → CuOH + e (1)

Next, cuprous hydroxide, CuOH, may react in two ways, either forming solid Cu2O (2):

2CuOH → Cu2O + H2O (2)

Or bonding the hydroxyl group and forming water-soluble Cu2O2H− (3):

2CuOH + OH− → Cu2O2H− + H2O (3)
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In an alkaline environment, Cu2O2H− may also transform easily into Cu2O2
2−, when OH−

accepts a proton.
The cuprous oxide, under the influence of hydroxyl anions, may transform into the water-soluble

Cu2O2
2− (4):

Cu2O + 2OH− → Cu2O2−
2 + H2O (4)

Furthermore, the formed Cu2O2
2−, anions are metastable and disproportionate into solid,

metallic Cu and water-soluble CuO2
2−, which can be also considered as [Cu(OH)4]2− (5):

Cu2O2−
2 → CuO2−

2 + Cu (5)

Thus, the re-deposited copper may undergo the entire cycle of reactions again, starting from
Reaction (1). According to Ambrose et al., and their voltammetric study of Cu in KOH, a water-soluble
Cu(I) species may also be formed directly from Cu, due to the formation of a coordination anion
(6) [40]:

Cu + 2OH− → Cu(OH)−2 + e Ep = −550 mV vs. Hg
∣∣∣HgO (6)

However, according to Reference [40], Cu2O may also be electrochemically formed by the
following Reaction (7):

2Cu + 2OH− → Cu2O + H2O + 2e Ep = −400 mV vs. Hg
∣∣HgO (7)

The mechanism becomes more complex when the formation of Cu(II) from metallic Cu and Cu(I)
is considered. Copper may oxidize directly to the soluble species like the coordination anion (8) [40]:

Cu + 4OH− → Cu(OH)2−
4 + 2e Ep = −100 mV vs. Hg

∣∣∣HgO (8)

However, the already-grown cuprous oxide, Cu2O, may undergo further oxidation to the
abovementioned soluble species (Equations (4) and (5)), or may form insoluble cupric hydroxide:

Cu2O + 2OH− + H2O → 2Cu(OH)2 + 2e Ep = −100 mV vs. Hg
∣∣HgO (9)

Nevertheless, this Cu(OH)2 deposit may form a soluble species like [Cu(OH)4]2− in an alkaline
environment [40]. According to the fundamental work by Ambrose et al. [40], at greater potentials
Cu(II) may be directly formed by copper oxidation, according to the following reactions (10) and (11):

Cu + 2OH− → Cu(OH)2 + 2e Ep = 0 mV vs. Hg
∣∣HgO (10)

Cu + 2OH− → CuO + H2O + 2e Ep = 0 mV vs. Hg
∣∣HgO (11)

However, CuO and Cu(OH)2 may also transform into soluble species, with copper at a greater
oxidation state, namely Cu(III), when sufficiently high potentials are applied, as in reactions (12) and
(13) [40]:

Cu(OH)2 + 2OH− → Cu(OH)−4 + e Ep = 750 mV vs. Hg
∣∣∣HgO (12)

CuO + H2O + 2OH− → Cu(OH)−4 + e Ep = 750 mV vs. Hg
∣∣∣HgO (13)

As can be deduced, from the abovementioned consideration, copper may form various chemical
products at various oxidation states when it is electrochemically oxidized. This is in opposition to the
anodization of the majority of transition metals. For example, anodizing aluminum provides only Al3+

species, namely Al2O3 and in some cases AlO(OH). Therefore, numerous copper anodization products,
as well as the much more complex mechanism of growth, provide new areas to explore.
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3. Strategies of Copper Anodization

The passivation of copper, due to the abovementioned complexity, triggers numerous topics and
needs for fundamental research. The easiest way to passivate electrochemically metal, that has not
yet been explored in terms of anodization, is the application of a potentiostat with a three-electrode
system, with which potentiostatic experiments in the passivity field are conducted according to
Pourbaix diagram. Stępniowski et al. reported such a study on Cu passivation in 1 M aqueous
solution of KOH [41]. The voltammetric study showed without any doubt two distinct oxidation
peaks, at ca. −450 and −150 mV vs. Ag|AgCl, responsible for metallic copper oxidation to Cu+ and
Cu2+, respectively. Moreover, the morphology of the obtained oxides strongly depends on the applied
potential: for low potentials, micron-sized cubes were formed, mainly made of cuprous oxide, while at
−200 and −100 mV vs. Ag|AgCl, nanowires were grown that were composed of a mixture of cuprous
and cupric oxide (Figure 2). Nevertheless, a photoluminescence study revealed the presence of CuO on
the surfaces of all of the samples, shedding some light on the growth mechanism. This suggests, that
oxidation first occurs from Cu◦ to Cu+ and then, at the surface, Cu+ oxidizes to Cu2+. This is in line
with the above-described considerations of anodic oxides’ growth on copper [40]. It is noteworthy that
the formed nanowires grow gathered in bundles. For example, those obtained at −200 mV (Figure 2C)
grew in bundles 72 ± 14 nm thick, while individual nanowires were 24 ± 5 nm thick. Those formed at
−100 mV were gathered into bundles 90 ± 23 nm thick, while the individual nanowires were 19 ± 7 nm
thick [41]. According to Allam and Grimes, the morphology of the grown oxide can be diverse, but
it can be controlled by the operating conditions, including various additives to the electrolyte [42].
They applied a two-electrode system, using KOH with various salts as additives, in order to check
the influence of the additives on the morphology of the formed oxide. It was found that nanoneedles
formed in a pure aqueous solution of KOH (pH = 11), while an addition of halogen salts such as NH4F
and NH4Cl allowed the formation of micrometric crystals rather than nanostructures (Figure 3).

Furthermore, anodizing in ethylene glycol containing KOH and NH4F also did not allow the
achievement of nanostructures, like those anodized in an aqueous electrolyte. Leaf-like structures
were obtained instead. Table 1 summarizes exemplary anodizing recipes in KOH-based electrolytes.
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Generally, anodization in aqueous KOH electrolytes results in the formation of nanoneedles [42,45–47],
nanowires [41], and nanorods [44]. Specifically, in copper anodization, nanoneedles are as long as
nanowires but their diameter decreases close to their top, while nanowires have quite a uniform
diameter along their length (nanorods are like nanowires, but with a much smaller aspect ratio). A wide
range of the structures’ diameter has been observed; while Stepniowski et al. reported the smallest
nanowire diameter equal 19 nm [41], Xiao et al. [46] reported the formation of nanoneedles with a
diameter of 170 nm (up to 10 μm long) and the formation of nanoneedles 500–550 nm thick was reported
by Wu et al. [47]. Thus, this shows that the anodization of copper provides the possibility to tune the
morphology of the grown oxides in a wide range, making this technique competitive in comparison to
others. Numerous other techniques have limitations in morphology control, while anodization allows
to one obtain high-aspect ratio one-dimensional (1D) nanostructures within a wide range of diameter.

 

Figure 2. Top-view FE-SEM images of the surface morphology of the oxides formed via copper
passivation in 1.0 M KOH at −400 (A); −300 (B); −200 (C); and −100 mV (D). Reproduced with
permission from [41]. Elsevier, 2017.

 

Figure 3. Top-view FE-SEM images of effects of Cu anodization in: (a) 0.15 M KOH + 0.1 M NH4Cl at 6
V for 300 s; (b) 0.2 M KOH + 0.1 M NH4F at 6 V for 300 s; and (c) aqueous solution of KOH (pH = 11) at
10 V. Reproduced with permission from [42]. Elsevier, 2011.

Additives, compounds added to the electrolytes, allow the modification of the morphology,
as detailed in the abovementioned publication [42]. It is worth noting that recently a manufactured
nanoporous material made of Cu2O, CuO, Cu(OH)2, and CuF2 was obtained with a pore diameter
ranging from 6 to 15 nm [49]. Typically, the majority of the anodic oxides formed on copper are made
of nanowires, nanoneedles, or nanorods. Nanoporous morphology is typical for oxides grown on
other metals. Moreover, the pores formed via copper anodization have smaller diameters than the
majority obtained by aluminum anodization. However, the ordering of the pores formed on copper
is much poorer, compared to highly-ordered AAO. Nevertheless, the formation of porous oxide on
copper confirms the vast variety of morphologies possible to obtain by anodization.

It is also worth noting that, analogous to aluminum anodization, and in the case of copper
anodization, both potentiostatic and galvanostatic approaches are used. At a constant voltage
(potentiostatic approach), the voltage resulting in the formation of anodic oxides in KOH-based
solutions ranges from 4 to 30 V in two-electrode systems. When the galvanostatic approach is used,
the current density ranges from 0.5 to 4.0 mA/cm2 (Table 1). Due to the alkaline hydrolysis, potassium
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oxalate was also successfully applied in copper anodization [43], producing a microporous mixture of
CuO and CuOx due to the appropriate pH of the applied electrolyte (compare to the Pourbaix diagram,
Figure 1). Thus, this shows there is still much to explore in the anodization of copper. THe Pourbaix
diagram shows numerous opportunities for copper anodization at a more ambient pH. Carbonates
and bicarbonates of alkali metals would be ideal for further fundamental research in this field.

Wu et al. recently reported the behavior of copper in 0.1 M NaOH during cyclic voltammetry
scans. According to their findings, copper in NaOH oxidizes in a few stages: at low potentials, Cu2O is
first formed, then Cu2O at the surface is oxidized to CuO, and finally, Cu(OH)2 forms the outer
layer of the oxide structures [50]. These findings are analogous to the recent results for Cu oxidation
in 1 M KOH [41] and they are also in line with the Pourbaix diagram, where at lower potentials
copper oxidized to Cu2O and then, at greater potentials, oxidized to CuO (Figure 1). Anodization
in NaOH-based solutions also allows the formation of various nanostructures. The most desired
nanostructures are nanoneedles and nanowires, due to their high surface area, like those formed in 1 M
NaOH (Figure 4). Table 2 summarizes the recipes for copper anodization in NaOH-based solutions.

 

Figure 4. FE-SEM images of nanostructures grown on copper in 1.0 M NaOH at −200 mV vs. Ag|AgCl
for 10 min at room temperature (RT). Images taken at different magnifications (A–C). Unpublished
research by Stępniowski et al.
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According to Table 2, it is apparent that various approaches were tested to grow anodic
oxides on Cu in NaOH-based electrolytes. Here also the three-electrode approach using cyclic
voltammetry [50,53] or constant potential [51,55,57] was applied. In a two-electrode approach,
galvanostatic anodizing was applied with current densities in the range of 0.06 mA/cm2 [52] up
to 5 mA/cm2 [54,58]. The concentration of NaOH in the applied electrolyte was used in the
range from 0.1 [50,51] to 3.0 M [54], but also in this case, various additives were used to grow
the nanostructured oxides, namely: NaCl with ethylene glycol [56], NaClO2 in order to enhance
oxidation [57], and NH4Cl [58]. The application of sodium hydroxide-based electrolytes allowed the
achievement of oxides with various morphologies, such as nanoparticles [51,53,55], nanowires [52,54],
dendrites [53], nanoneedles [50], and nanosheets [56]. Also in this case, copper anodization offered
a wide range of nanoneedle diameters and a high aspect ratio, overcoming the limitations of other
techniques (Table 2).

In further applications, especially in physical ones such as photovoltaics, chemical cleanness is
crucial. Unfortunately, in the majority of the research, detailed chemical composition analyses, mainly
X-ray photoelectron spectroscopy (XPS), have revealed the simultaneous presence of Cu2O, CuO,
or even Cu(OH)2 in the grown nanostructures [56–58]. For energy harvesting applications, such as
PV (photovoltaics) or photocatalytic water decomposition, Cu2O is the most demanded among the
copper species and its nanostructured form provides numerous surpluses thanks to its high surface
area. To face the challenge of chemical composition homogeneity, Zhang et al. reported three methods
of transforming Cu(OH)2 nanostructures into Cu2O [58]. One of them was hydrolysis with hydrogen
peroxide (14):

2Cu(OH)2 + 2H2O2 → Cu2O + O2 + 3H2O (14)

Another involved the annealing of the anodized samples in hydrogen at 280 ◦C (15):

2Cu(OH)2 + 2H2 → Cu2O + 3H2O (15)

And the third involved a reaction with glucose (used in electrochemical glucose sensing) that
allowed the reduction of Cu(OH)2 to Cu2O (16):

2Cu(OH)2 + CH2 − (CHOH)4 − CHO → Cu2O + CH2 − (CHOH)4 − COOH + 2H2O (16)

The obtained cuprous oxide had improved ability in photocatalytic oxygen generation from
water, although the best results (the most efficient oxygen production) were achieved with the samples
treated with hydrogen peroxide. This means that the reduction of copper from Cu(II) to Cu(I) was the
most efficient. Therefore, the nanostructures obtained by Cu anodization can be chemically reduced,
forming high-surface area material made of Cu2O. Such numerous options of cuprous oxide as well as
cupric oxide nanostructuring allow researchers to apply these nanostructures in various devices.

4. Properties and Applications of Anodic Nanostructures Grown on Copper

The high surface area and chemical composition that could be tailored via anodization
encouraged scientists to apply these materials in areas such as tunable contact angle surfaces, sensing,
and renewable energy harvesting.

As mentioned above, the copper species formed via anodization are at various oxidation states.
Also, chemical post-treatments can be applied to oxidize or reduce the formed nanostructures. Thus,
they can form redox couples with various chemical compounds, providing reactions that can be
electrochemically sensed. One such reaction is glucose oxidation to gluconic or glucuronic acid
(see Equation (16)). However, the C–C bonds in glucose may undergo dissociation during the
electrochemical oxidation and form shorter products like formats, or even carbonates. Simultaneously,
active surface Cu(III) species are reduced to Cu(II) [43]. Satheesh Babu and Ramachandran anodized
Cu in potassium oxalate in order to obtain an electrochemical glucose sensor [43]. This allowed
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the formation of CuO with a developed surface area, which is desired in sensing applications.
Applied potassium oxalate solution as the electrolyte allowed the incorporation of oxalates into
the CuO, in the form of Cu(II) oxalate. This in situ doping approach has already been intensively
researched for other anodic oxides, like alumina [37]. However, it was shown in this work [43] that
the in situ doping of CuO is also possible and beneficial for sensing applications. The electrochemical
sensor made of Cu coated with CuO and copper oxalate was found to have a sensitivity as high as
1.89 mA·mM−1·cm−2 with a detection limit equal to 50 nM. Additionally, the sensor was found to
work in the presence of other interfering compounds like ascorbic acid and uric acid, as well as in
samples of human blood serum, confirming its outstanding selectivity towards glucose.

Due to the developed surface area and diverse morphologies of the formed anodic films,
the modification of the wetting of the surface can be provided by copper anodization. There are
two main approaches describing the behavior of liquids on surfaces with nanostructures on the
top (and mixed approaches as well): Wenzel’s approach, in which the nanostructures are deeply
penetrated by the liquid, and Cassie-Baxter’s method, in which the liquid does not penetrate the
nanostructures and air remains trapped inside them. According to Jiang et al., the nanostructures
grown via copper anodization are in the Cassie-Baxter state [52]. They anodized copper in 1 M NaOH
(Table 2) and obtained Cu(OH)2 nanowires that were hydrophilic (wetting contact angle was 4.5◦ and 0◦

for water and CH2I2, respectively). Due to the provided modification of the surface with the chemical
bonding of FAS-17 (2H,2H-Perfluorodecyltriethoxysilane), the contact angle increased significantly
to 154◦ and 133◦ for water and CH2I2, respectively [52]. FAS-17-modified CuO nanostructures were
also used to research anti-corrosion applications of the as-formed hydrophobic coating. Xiao et al.
reported the formation of CuO nanoneedles in KOH that were 7–10 μm long and ca. 170 nm in
diameter (Table 1) (Figure 5A,B) [46]. Post-treatment with FAS-17 allowed the increase of the wetting
water contact angle up to 169◦, providing superhydrophobicity (Figure 5C,D). Furthermore, the
limited contact between the surface and surrounding liquid environment (Cassie-Baxter state) hinders
galvanic coupling with the material underneath, consequently improving the corrosion performance.
After Cu anodization for 40 min in 2 M KOH at 2 mA·cm−2 at 15 ◦C, the corrosion potential increased
from −254 to −212 mV, while the corrosion current density recorded in 3.5% NaCl decreased from
19.58 μA·cm−2 to 9.11 μA·cm−2 [46]. Further surface chemical modification by FAS-17 bonding
increased the hydrophobicity and consequently increased the corrosion potential to −124 mV and
decreased corrosion current to 0.66 μA·cm−2. After one week of immersion in 3.5% NaCl, the corrosion
performance of the anodized and chemically modified copper remained satisfactory: the corrosion
current density was then 0.99 μA·cm−2 and the corrosion potential was −134 mV (Figure 5E,F). Thus,
morphologically and chemically generated hydrophobicity could hinder the charge transfer at the
electrolyte-sample interface, as confirmed by electrochemical impedance spectroscopy (EIS)-derived
charge transfer resistance, which was 2.47 kΩ·cm2 for anodized and modified samples vs. 0.25 kΩ·cm2

for pristine Cu and 0.44 kΩ·cm2 for the only anodized surface.
Another application, using the superhydrophobic effect admitted to the morphology of anodic

oxides grown on copper, employs a pH-responsive water permeation mesh [45]. Cu(OH)2 nanoneedles
formed in KOH (see Table 1 and Figure 6A–C) were coated with gold and then thiols, HS(CH2)9CH3

and HS(CH2)10COOH, were chemically bonded to the surface. At a low pH, such a nanostructured
mesh had a contact angle equal 153◦, which did not allow water to pass through the mesh (Figure 6D).
However, increasing pH to 12 significantly decreased the contact angle (ca. 8◦) and consequently the
mesh was permeable to water [43]. What is even more interesting, the pH-response time was about 3 s.
Moreover, this system was reversible and switching the pH allowed one to switch contact angle and,
consequently, the permeability. It is also important to note that the starting material had a complex
geometry in the micro scale (mesh) and it was successfully anodized. Therefore, this paper shows
that samples with sophisticated morphology can be anodized, providing cuprous and cupric oxide
nanostructures on the surface. Typically, when Al or Ti are anodized, the starting material samples
are plates or rods. Very often, due to the complex geometry of the metallic substrate, anodization

137



Nanomaterials 2018, 8, 379

is impossible because the anodic dissolution of metals occurs at the exposed edges of the sample.
Reporting the anodization of Cu mesh enables numerous opportunities in other applications, where
already the starting material must have complex geometry, but formation of surface nanostructures
would be beneficial and in-demand.

 

Figure 5. Top-view FE-SEM images of CuO nanoneedles formed in 2 M KOH at 15 ◦C, 2 mA·cm−2

for 25 (A) and 40 min (B); behavior of 3.5% NaCl solution on their surface after the chemical bonding
of FAS-17 (C,D) and their corrosion performance after 1 (E) and seven days of immersion in 3.5%
NaCl (F). CuO NAA-1 and CuO NAA-2 indicate anodization for 25 and 40 min, while FAS denotes
the subsequent modification with FAS-17. Reproduced with permission from [46]. Royal Society of
Chemistry, 2015.

Figure 6. SEM images of Cu mesh subjected to anodization in 2 M KOH at 1.5 mA·cm−2 (A–C) and
water permeation performance after anodization, Au sputtering, and functionalization with thiols
(E,F); water droplet size was 4 μL (D,E) and pH was 2 (D) and 12 (E). Reproduced with permission
from [45]. American Chemical Society, 2012.

One of the applications in which cupric oxide nanostructures formed via anodization may bring
significant input is renewable energy harvesting [59]. Cu2O (a p-type semiconductor) coupled with
ZnO (an n-type semiconductor) can be used as an efficient hetero-junction photovoltaic cell. However,
so far only around a 6% power conversion efficiency (PCE) of Cu2O-based photovoltaic cells has
been reported, versus 23% of the theoretical PCE value [59]. Numerous nanostructuring approaches,
including the above-discussed anodization, may bring progress in the PCE. Due to the electronic
structure of Cu2O and CuO, nanostructures obtained by copper anodization will find applications in
renewable fuel generation, namely in photoelectrochemical (PEC) water splitting. The semiconducting
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photocathode has a suitable band gap for water splitting reactions, which is within the band gap of
Cu2O and CuO.

It is important to note that the band gap of CuO is smaller than that of Cu2O; moreover, both the
valence and conduction bands of CuO are lower than those of Cu2O. Briefly, after the excitation of
the photocathode made of Cu2O-CuO film, when the excited electron will exceed the band gap of
Cu2O, it can reduce its energy down to the conduction band of CuO and by further reduction cause the
decomposition of water, generating gaseous hydrogen and oxygen. Nevertheless, one should be aware
that corrosive reactions, like Cu2O or CuO reduction, may occur as well, affecting the performance
of the photocatalyst over time. Zhang et al. reported an extensive study on copper anodization for
photoelectrochemical water splitting [56]. They investigated a few strategies of copper anodization,
employing various current densities and post-treatments such as post-annealing, causing calcinations
and improving the crystallinity of the formed nanoneedles (Table 2). The reported research confirmed
that the mixed oxide nanoneedles, consisting of a Cu2O-CuO system, have the best performance
towards PEC water splitting. The greatest photocurrents were recorded for Cu/Cu2O/CuO and
Cu/Cu2O/Cu(OH)2, namely −1.54 and −1.28 mA/cm2, respectively, at no external voltage (0 vs. NHE
— Normal Hydrogen Electrode). Nevertheless, due to the mentioned corrosion of cupric and cuprous
oxide, their stability dropped over time. Cu/Cu2O/CuO and Cu/Cu2O/Cu(OH)2 preserved after
20 min represented 74.4% and 85.8% of their performance, respectively. Pure Cu2O film, after 20 min
of performance, had only 30.1% of its primal conversion efficiency (simultaneously harvesting a much
lower current density: −0.65 mA/cm2).

Photocatalytic oxygen generation is another method of renewable energy harvesting, enabling the
storage of energy. In order to generate oxygen from water, photo-generated holes have to recombine
on the surface of the catalyst, according to Equation (17) [58]:

2H2O + 4h+ → O2 + 4H+ (17)

This reaction lays in the band gap of Cu2O, thus nanostructures formed by Cu anodization are also
suitable for this application. However, in contrast to PEC water splitting, in this case the presence of
CuO would affect the yield of the reaction. Thus, the authors [58] worked out three various approaches
to reduce Cu(II) to Cu(I), mentioned in the previous section (Equations (14)–(16)). According to the
authors, the oxygen generation reaction occured efficiently due to the contact of metallic Cu with
Cu2O, as it allowed the rapid acceptance of electrons generated by metal, with a simultaneous rapid
conversion of holes on the catalysts’ surface. Thus, the formation of charge imbalance was hindered
due to this junction. Among three post-treatment methods, hydrolysis with hydrogen peroxide
obtained the greatest oxygen production yield, providing 233.27 μmol from 1 mg of catalyst in 8 h of
its performance, while methods obtained results below 185 μmol of O2 [58].

On the other hand, the post-treatment of the grown anodic oxides with KMnO4 was reported
by Arurault et al. [57]. This enabled the oxidization of the grown anodic film to CuO and Cu3O2.
The highly-developed surface area combined with the chemical composition increased solar light
absorption. Thus, it was demonstrated that anodic oxides grown on copper are suitable for solar
cell applications.

A brief review of anodic oxides grown on copper with their applications is presented in Table 3.
It leads to the conclusion that the major applications of anodic oxides grown on copper result from
their chemical composition and nanostructured morphology. However, most applications are reported
for anodic oxides in the form of nanoneedles. This form of nanostructure provides high-surface area
for photocatalytic reactions high wetting contact angle (after functionalization), and high sensitivity.
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5. Anodization versus Other Nanostructured Copper Oxide Fabrication Methods

According to the abovementioned applications, 1D cuprous and cupric oxide nanostructures may
bring valuable contributions to many fields. Thus, a variety of the Cu2O and CuO synthesis techniques
are being developed by researchers. The literature study shows that the self-organized anodization of
copper may be attractive for few reasons (Table 4):

• It employs inexpensive equipment;
• It is time-efficient;
• It is an easy technique to scale-up, as it employs self-organization (no template required);
• It does not require numerous steps, only electropolishing and one step of the

electrochemical oxidation;
• It allows for the control of geometry and provides 1D nanostructures with a high aspect ratio.

On the other hand, there are numerous competitive chemical techniques, like precipitation, sol-gel,
or hydrothermal synthesis, but 1D nanostructures obtained with those methods have much smaller
aspect ratios. Moreover, the chemical syntheses are multistep processes. Additionally, some of the
steps take tens of hours to complete. Template-assisted techniques that also employ atomic layer
deposition (ALD) may provide high aspect ratio 1D nanostructures made of cuprous and cupric oxides;
however, these methods are also multistep (the formation of template also must be taken into account)
and employ expensive tools (ALD).

Therefore, the self-organized anodization of copper, resulting in the formation of 1D
nanostructures, may nowadays attract much more attention due to the offered solutions and potential
applications of the nanostructures.

Table 4. Drawbacks of currently applied copper oxides nanostructuring methods vs. solutions offered
by anodizing.

Fabrication Method Drawbacks of the Method Solution offered by Anodizing Reference

Hydrothermal synthesis

Small aspect ratio of
one-dimensioanl (1D)

nanostructures; requires a few
steps of synthesis

High aspect ratio of 1D nanostructures can be
easily achieved by lengthening the time of

anodization; facile, easy-to-scale-up two-step
synthesis (electropolishing + anodizing)

[35,36]

Atomic layer deposition
Requires templates and expensive

equipment to grow 1D
nanostructures

Method based on easy to scale-up
self-organization; inexpensive,

electrochemical method
[35,36]

Solution-based chemical
precipitation

Small aspect ratio of 1D
nanostructures Relatively high aspect ratio (see Tables 1 and 2) [35,36]

Template techniques
(i.e., Anodic Aluminum

Oxide, AAO and
subsequent deposition)

Numerous steps of synthesis
(formation of template, deposition,

removal of the template)

An easy-to-conduct, two-step synthesis
(electropolishing + anodizing) [59]

Sol-gel techniques Multistep process,
time-consuming method

Anodization can be minutes long, in order to
achieve a surface covered by oxide nanoneedles [60]

6. Conclusions and Challenges

The self-organized anodization of copper allows one to obtain anodic oxides with various
morphologies, including nanoneedles, nanowires, or even nanoporous structures. Furthermore,
the chemical composition of the formed nanostructures can be varied using appropriate experimental
conditions in anodizing and various post-treatment procedures. The literature reveals that
nanostructured oxides grown on copper can contribute to glucose sensing in the presence of interfering
compounds and in human blood serum. Furthermore, the nanoneedles grown by copper anodization
are capable of forming superhydrophobic surfaces, including smart, pH-responsive permeation
systems. Copper anodization also contributes to renewable energy harvesting research: it enables the
photocatalytic decomposition of water to hydrogen and oxygen. When the photocatalyst is made of a
Cu2O-CuO mixture, it can generate oxygen from water.
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The current state-of-the art review also revealed numerous challenges in copper anodization:

1. There are challenges in the formation of anodic copper oxides: generally, only KOH- and
NaOH-based electrolytes were used for anodizing. The Pourbaix diagram revealed many
more opportunities. Thus, electrolytes in a pH range from ca. 7 to 11 could provide different
morphologies and more uniform chemical compositions. Potassium oxalate, used as an anodizing
electrolyte, shows that there is still much to explore in this field.

2. A full systemic study of the influence of the operating conditions (type of the electrolyte, voltage,
time, temperature) on the morphology of the grown nanostructures has not yet been reported,
though this would be beneficial for all researchers working in the field of applications of copper
and cuprous oxide nanostructures. In this field, the formation of nanostructures via anodization
with a diameter smaller than ca. 7 nm, in order to observe a significant QC effect, would be
also challenging.

3. There is also a demand to quantify the chemical composition of the grown nanostructures versus
the operating conditions of anodization. It would be beneficial from both a fundamental point of
view (understanding the mechanism of growth with hard, experimental data) and for applications
in which chemical purity is crucial, such as photovoltaics.

4. In contrast to all anodic oxides, nanostructures grown by copper electrochemical oxidation are
crystalline. From a fundamental point of view, investigating the crystal orientation would be
important, so as to determine whether the anodization of a planar sample, in a constant electric
field, induces the growth of oriented, crystalline nanowires and nanoneedles.

In summary, anodization, a relatively novel approach in copper oxides nanoengineering, allows
one to obtain a variety of morphologies, thus contributing to state-of-the-art emerging applications.
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Acknowledgments: Wojciech J. Stępniowski cordially acknowledges financial support from the Kosciuszko
Foundation in New York, NY, USA. Both authors would like to express their gratitude to the Loewy Family
Foundation for the financial support through endowment at Lehigh University.

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

References

1. Jani, A.M.M.; Losic, D.; Voelcker, N.H. Nanoporous anodic aluminium oxide: Advances in surface
engineering and emerging applications. Prog. Mater. Sci. 2013, 58, 636–704. [CrossRef]

2. Kowalski, D.; Kim, D.; Schmuki, P. TiO2 nanotubes, nanochannels and mesosponge: Self-organized formation
and applications. Mater. Today 2013, 8, 235–264. [CrossRef]

3. Wierzbicka, E.; Sulka, G.D. Fabrication of highly ordered nanoporous thin Au films and their application for
electrochemical determination of epinephrine. Sens. Actuator B Chem. 2016, 222, 270–279. [CrossRef]

4. Kumeria, T.; Rahman, M.M.; Santos, A.; Ferre-Borrull, J.; Marsal, L.F.; Losic, D. Nanoporous Anodic Alumina
Rugate Filters for Sensing of Ionic Mercury: Toward Environmental Point-of-Analysis Systems. ACS Appl.
Mater. Interfaces 2014, 6, 12971–12978. [CrossRef] [PubMed]
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