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ABSTRACT

Capacitive deionization (CDI) has shown potential in addressing freshwater scarcity. CDI's electrode design is a key to better performance as

it determines the extent of water purification. For carbon electrodes, the pore structure is an important factor influencing removal kinetics

and ion storage. Herein, porous carbon nanofibers with diameters ranging from 277 to 348 nm were fabricated from blends of polyacryloni-

trile (PAN) and cellulose acetate (CA) through electrospinning and carbonization. Surface area and pore properties were adjusted by varying

the proportions of the precursors while ensuring no adverse alteration to the products’ tangible properties. Enhanced pore structure and

specific surface area were evident in the blend-based carbon nanofibers. The blend ratio of 2:8 (CA:PAN) had a high specific surface area

of 925.47 m2/g and a pore volume of 0.7884 cm3/g. Correspondingly, a high specific capacitance of 177.5 F/g was attained. Desalination per-

formance was determined in batch mode using 500 mg/L NaCl solution. A salt adsorption capacity of 6.57 mg/g and charge efficiency of 0.46

was obtained for the blend that had 20% CA. The carbon nanofibers demonstrated good desalination stability when used repetitively indi-

cating their excellent potential for practical application.
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HIGHLIGHTS

• Carbon nanofibers with a hierarchical micro/mesoporous structure and high surface area were fabricated.

• Cellulose acetate was used as a green sacrificial porogen in porous carbon fabrication.

• A blend of polyacrylonitrile and cellulose acetate resulted in carbon nanofibers with high ionic transport and charge transfer performance.

• A desalination capacity of 6.57 mg/g and charge efficiency of 0.46 was achieved.
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GRAPHICAL ABSTRACT

INTRODUCTION

Freshwater is an important resource for domestic, industrial, and agricultural uses. The global demand for fresh water has

exceeded supply due to rapid population growth, industrialization, and the effects of climate change. To meet the pressing
shortage, various methods such as reverse osmosis (Voutchkov 2018; Qasim et al. 2019), thermal distillation (Brogioli
et al. 2018), and electrodialysis (Al-Amshawee et al. 2020) have been successfully used to extract fresh water from noncon-

ventional sources including wastewater, seawater, or underground brackish/saline waters, which are vast but minimally
exploited (Ahdab et al. 2018). However, these methods are hampered by high energy requirements and/or costly maintenance
that renders them expensive for desalination of moderately saline waters (Liu et al. 2021; Tong et al. 2021). Relatively new

techniques such as capacitive deionization (CDI) have gained substantial research interest with much promise for fresh water
production from moderately saline sources at reasonable energy requirements (Suss et al. 2015). The conventional CDI pro-
cess is based on the electric double layer (EDL) where there is electrosorption of ions onto the surfaces of charged porous
electrodes. An electric field is applied between the electrodes to cause ions to be attracted and immobilized in the pores

of the electrode possessing an opposite charge (Ahmed & Tewari 2018). The electrodes are regenerated by short circuiting
or reversing the applied potential resulting in the release of a concentrated salt stream (Porada et al. 2013). When a reversed
potential is applied to regenerate the electrodes, it is recommended to use ion exchange membranes to achieve better control

of the discharge process and prevent possible shift of ions from one electrode to the other (Porada et al. 2012, 2013). The
electrosorptive capacity of CDI electrodes is determined by their pore structure, pore size distribution, accessible surface
area, and availability of functional groups (Liu et al. 2016). Certainly, the electrode materials are a major factor in the per-

formance of CDI (Peng et al. 2020). Typical materials that have been used include graphene (Zhang et al. 2019), carbon
aerogel (Liu et al. 2019), carbon cloth (Myint & Dutta 2012), carbon nanotubes (Nie et al. 2012), different forms of activated
carbon (Alfredy et al. 2019; Elisadiki et al. 2020), carbide-derived carbons (Porada et al. 2012), carbon nanofibers (Nie et al.
2021). These materials possess sufficiently high specific surface area, excellent electrical conductivity, and good chemical
stability, and their different routes of production allow tailoring of their functional properties (Pan et al. 2015). Control of
the porosities of these materials is an important aspect during their fabrication. A hierarchical structure with a uniform dis-
tribution of micropores (,2 nm) and mesopores (2–50 nm) enhances performance in CDI (Wang et al. 2016).

Electrospinning is a simple and robust nanofiber fabrication method that allows for a high degree of control of the nano-
fiber’s functional properties (Xue et al. 2019). Electrospun carbon nanofibers have had significant interests in many
applications including sensors, energy storage, and catalysis (Zhang et al. 2014). Their attractiveness to electrochemical appli-

cations is due to their exceptional properties such as high surface area, tunable porosity, good electrical conductivity, and
freestanding nature without the use of binders (Zhang et al. 2016). A popular precursor for electrospun carbon nanofibers
is polyacrylonitrile (PAN), which has a high carbon yield and a molecular structure suitable for fiber formation (Nataraj
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et al. 2012; Tarus et al. 2022). Its chemical structure is very robust endowing it with good chemical resistance, thermal stab-

ility, and excellent mechanical properties (Bai et al. 2022). However, PAN-based carbon nanofibers possess significant
microporosity, which is disadvantageous to the electrosorption of ions in CDI. Micropores may become trap sites and
increase ion transfer resistance, thus diminishing desalination performance (Wang et al. 2016). It then becomes necessary

to develop carbon nanofibers having a hierarchical pore structure with well-distributed and interconnected micropores
and mesopores. Chemical and physical activation are sound ways of enhancing pore properties and surface area but may
result in lower yields, have lengthy durations for activation, and require high activation temperatures, and the products
may need significant washing to remove residual chemicals (Kim et al. 2017; Yin et al. 2020). The use of porogens/sacrificial

components is a simpler and more straightforward way of enhancing carbon nanofibers’ pore characteristics (Ma et al. 2021).
A sacrificial constituent that gets removed in later processes is added to the precursor solution to create mesopores in the
carbon nanofibers. Blending PAN with sacrificial polymers such as polymethyl methacrylate (PMMA) (El-Deen et al.
2013; Liu et al. 2016), polyvinyl pyrrolidone (PVP) (Wang et al. 2016), and polystyrene (Liu et al. 2016) has yielded
carbon nanofibers with varying but enhanced mesoporosity. Different levels of porosities are possible by varying the pro-
portions of the additives. The type of porogen used is also important as it determines the possible type and size of pores

that are formed (Liu et al. 2016; Ghosh et al. 2019; Yan et al. 2021). For polymers, the solubility parameter of the particular
polymers used in the blend is a critical factor. The sizes of the pores created increase with the increase in the difference in the
solubility parameters of the blended polymers (Jo et al. 2014).

However, the sacrificial nature of pore templates can become a problem environmentally and economically. From many
studies, it is noticed that the pore agents used are wholly synthetic, which raises queries regarding their sustainability.
Obviously, the use of green sacrificial agents offers many advantages, but there is a need to evaluate their effects on electrode
structure and performance. Herein, a precursor blend of PAN and cellulose acetate (CA) is evaluated for porous carbon nano-

fiber fabrication. Even though the two precursors are carbonizing polymers, CA is degradable at relatively low temperatures
(Erdmann et al. 2021) with a low carbon yield (barely 11%) and can work as a pore agent as well as contribute to the fiber
yield (Donnet et al. 2003). The immiscibility of the two polymers in solution (Kim et al. 2000) and their different thermal

properties help in creating a unique pore structure during carbonization (Ju et al. 2009). Importantly, CA is a regenerated
polymer obtained from cellulose, which is largely abundant and renewable, and its use as a sacrificial agent is economically
sensible. As a green polymer, it has been extensively used to fabricate nanofibers through electrospinning for a wide range of

applications and particularly those requiring high sorption performance (Feng et al. 2018; Khodayari et al. 2022). The good
physicochemical properties of CA also help to enhance the fabrication of other materials via electrospinning (Phan et al.
2019).

In this study, porous carbon nanofibers were fabricated through electrospinning and carbonization of a blend of CA and

PAN at varying proportions. With PAN as the principal carbon precursor, gradual increments of CA proportion in the dope
solution were made to determine the highest proportion of CA dosage to fabricate carbon nanofibers with a good pore struc-
ture while maintaining good mechanical integrity. Thermal gravimetric analysis (TGA) and Fourier transform infrared (FT-IR)

spectroscopy were used to highlight the structural evolution of the nanofibers during processing. The morphologies and pore
properties of the obtained carbon nanofibers were analyzed using scanning electron microscopy (SEM) and nitrogen sorption
isotherms. The electrochemical properties and the desalination performance of the produced carbon nanofibers were dis-

cussed with emphasis on the effect of pore structure as a consequence of adding varying CA proportions.

MATERIALS AND METHODS

Materials

PAN (Mw¼ 150,000), CA (Mw¼ 30,000) having acetylation content of 39.8%, and N,N-dimethyl formamide (DMF)

(.99.8%) were purchased from Sigma Aldrich, USA. All chemicals were analytical grade and were used without further
purification.

Fabrication of carbon nanofibers

The electrospinning solutions were prepared at a polymer concentration of 10 wt.% in DMF. The CA:PAN blend ratios were

10:90, 20:80, 30:70, and 40:60 by mass. A pure PAN solution was also prepared for control samples. To prepare the solutions,
a total of 1.12 g of PAN and CA were dissolved in 10 g DMF under continuous stirring at 50 °C for 6 h to achieve homogen-
eity. Subsequently, the polymer solutions were drawn into a 10 mL syringe having a stainless steel blunt-ended needle with
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0.8 mm internal diameter. A high DC voltage power supply (DW-P303–1ACD1, Dongwen High Voltage, China) was used to

deliver the required charge to the solution during the process. Electrospun nanofibers were collected on an aluminum foil
covering a stationary flat stage. The electrospinning process was carried out at a voltage of 15 kV, a solution flowrate of
1 mL/h, and a collection height of 15 cm. The electrospinning setup had a vertical configuration as shown in Figure S1.

The as-obtained nanofibers were stabilized in a muffle furnace by heating at a rate of 2 °C/min in air and holding at 260 °C
for 60 min. The stabilized nanofibers were denoted as SNF, SNF-1:9, SNF-2:8, SNF-3:7, and SNF-4:6 corresponding to CA:
PAN ratios of 0:100, 10:90, 20:80, 30:70, and 40:60, respectively. The stabilized nanofibers were then carbonized in a tube
furnace by heating at 5 °C/min to a temperature of 800 °C, which was held for 60 mins before cooling. The whole carboniz-

ation process was under continuous nitrogen flow at 100 cc/min. The carbon nanofibers obtained from pure PAN were
denoted as CNF, while those obtained from the CA:PAN blends (10:90, 20:80, 30:70 and 40:60) were denoted as
CNF-1:9, CNF-2:8, CNF-3:7, and CNF-4:6 accordingly.

Characterizations

The morphology and diameters of the nanofibers were evaluated using a field emission scanning electron microscope (FE-
SEM; SU8200). Fiber diameters were analyzed from the FE-SEM micrographs using ImageJ (image analysis software).

TGA tests were carried out on a thermogravimetric analyzer (Q600 SDT) under a nitrogen environment. The pore character-
istics and the Brunauer–Emmett–Teller (BET) specific surface area of the carbonized nanofibers were evaluated from
nitrogen adsorption/desorption isotherms at 77 K (Autosorb-iQ, Quantachrome Instruments, USA). Pore size distributions
were determined using the Barrett–Joyner–Halenda (BJH) method.

Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements were performed using an Auto-
lab potentiostat/galvanostat (PGSTAT204, Metrohm) in 6 M KOH solution using a three-electrode system consisting of a

working electrode, reference electrode (Ag/AgCl), and a platinum wire counter electrode at scan rates of 5, 10, 20, 50,
and 100 mV/s. The working electrodes were prepared from individual carbon nanofiber sheets cut into 10 mm� 10 mm
samples. EIS was carried out at a frequency range of 10 kHz–1 mHz and an amplitude of 5 mV. The specific capacitance
(Cs) (F/g) was determined from the CV curves using Equation (1).

CS ¼ Q
2 � v � DU �m (1)

where Q is the integral area of the CV curves, v is the scan rate (V/s), ΔU is the voltage window (V), and m is the mass (g) of
the electrode.

Capacitive deionization experiments

The CDI cell was of square construction with an effective chamber of 40 mm� 40 mm consisting of carbon nanofiber elec-
trodes, current collectors, silicone gaskets, and a fabric spacer as shown in Figure S3. A schematic of the desalination setup is

shown in Figure 1.
Before assembling in a CDI cell, the electrodes were soaked in 500 mg/L NaCl solution for physical adsorption equilibrium

to occur. Electrosorption experiments were then carried out in batch mode (Figure 1) by continuously circulating 50 mL NaCl

solution with a concentration of 500 mg/L through the cell using a peristaltic pump (Masterflex, L/S series, USA) at a flow
rate of 5 mL/min. Charging and discharging of the cell were done using a potentiostat/galvanostat (Vertex, Ivium Technol-
ogies, the Netherlands). A charging voltage of 1.2 V was applied, while discharging was by short circuit (0 V). A change in
solution conductivity was continuously monitored and recorded using a multiparameter meter (Orion Versa Star Pro,

Thermo Scientific, USA) at 5-s time intervals. The electrosorption capacity (D) (mg/g) and charge efficiency (Λ) of the elec-
trodes were calculated using Equations (2) and (3), respectively.

D ¼ (CO � C) � V
m

(2)

L ¼ m �D � F
1000 �M � Ð i � dt (3)
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where CO and C are the initial and final salt concentrations (mg/L), respectively, V is the volume of the solution (L), m is the
total mass (g) of the electrodes, F is the Faraday’s constant (mol/C), M is the molar mass of NaCl (g/mol), i is the current (A),

and t is the charging time (s).

RESULTS AND DISCUSSION

Nanofiber morphology

The general appearances of the as-spun, stabilized, and carbonized nanofiber sheets are shown in Figure S2. All the obtained
nanofiber webs collected on the aluminum foil had a white color. The thermal treatment conditions applied for the nanofi-
bers, i.e., heating rates and stabilization temperature were based on reported optimized conditions for PAN-based nanofibers

(Barua & Saha 2018). The stabilized nanofiber sheets had a deep brown color for all the samples. After the carbonization
step, the sheets attained a black color. The texture of the thermally treated nanofiber sheets varied with changes in the
amount of CA content. SNF, SNF-1:9, and SNF-2:8 (Figures 2(a)–2(c)) exhibited a soft feel and were very easy to fold without

damage. On the other hand, SNF-3:7 and SNF-4:6 were less soft with lower flexibility and cracked easily as shown in
Figures 2(d) and 2(e), respectively. However, with careful handling, they could be prepared for the carbonization process.
For the carbonized nanofibers, CNF, CNF-1:9, and CNF-2:8 (Figures 2(f)–2(h)) had uniform smooth surfaces with moderate

flexibility and could be readily prepared into electrodes. CNF-3:7 (Figure 2(i)) had poor flexibility and cracked easily but could
be handled and prepared into free-standing electrodes. As shown in Figure 2(j), CNF-4:6 was very fragile and had cracks upon
removal from the furnace and could not be prepared for further tests while maintaining the free-standing form. The different

thermal properties of CA and PAN are the major cause of the change in the physical properties of the thermally processed
nanofiber sheets. The softening point of CA is lower than the temperature that was required for the stabilization of the nano-
fibers. CA cannot be directly carbonized while maintaining its fibrous form as it undergoes melting when heated above its
softening temperature (Ganster & Fink 2013; Fan et al. 2019). Thus, during stabilization, phase separation occurred as the

CA softened within the continuous phase of PAN. It is thought that at relatively high CA proportions, excessive separation
occurred leading to unbalanced tensions and the creation of weak spots in the samples. These effects would become magni-
fied in the carbonized nanofibers as was observed for CNF-3:7 and CNF-4:6. Wang et al. (2020) concluded that the thermal

properties of a composite nanofiber network were determined by the inherent properties of the individual constituents.
As determined from FE-SEM micrographs, the diameters of uncarbonized nanofibers ranged between 516 and 596 nm.

Nanofiber diameter increased with the addition and increase of the CA content. The increase in diameter was mainly due

Figure 1 | Representation of the CDI desalination setup.
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to increased solution viscosity as there were more polymer chain interactions within the blend caused by the spirally shaped
molecule chains of CA (Wu et al. 2015). The diameters of the nanofibers reduced after stabilization and carbonization due to

evaporation of residual solvents and heteroatom removal (Zhang et al. 2016). The average diameters of the carbonized nano-
fibers ranged between 277 and 348 nm. Other than the dimension changes, the surfaces of pure PAN carbonized nanofibers
were uniform and unaltered by the thermal treatments (Figure 3(a)). The nanofiber surfaces appear smooth with no obvious
indication of induced porosity. For the blends, however, fiber bends, creases/channels, and broken ends are noticed after car-

bonization. The nanofiber bends and creases increased with the increasing CA content. In addition, high CA content caused
the fibers to appear to adhere to each other and flatten at contact points (Figure 3(c)). This is a prominent feature in CNF-3:7,
which is likely linked to its relatively low surface area and desalination performance (vide infra). The bends and creases of the

blend-based carbon nanofibers can be attributed to the effects of phase separation (Jo et al. 2014) and the different thermal
stabilities of CA and PAN causing the nanofiber matrix to undergo uneven tensions during heating. The fiber fusions and
flattening at junction points for the high CA blends can be attributed to the melting temperature of CA (230–250 °C) (Erd-

mann et al. 2021), which is below the stabilization temperature used. As shown in Figure 3(b), CNF-2:8 shows continuous
channels along the fiber length and within its structure. It is also evident that there is an interconnection between the
outer and inner channels, which is highly favorable for ionic transportation. As for CNF-3:7, it is quite probable that such

interconnections are lost or reduced when fiber fusing and flattening occurs.

Thermogravimetric analysis

Thermogravimetric experiments were carried out to analyze the pyrolysis characteristics of the electrospun nanofibers. A

slight initial weight loss for all the samples was observed below 200 °C due to moisture and residual solvent evaporation.

Figure 3 | FE-SEM images of (a) CNF, (b) CNF-2:8, and (c) CNF-3:7.

Figure 2 | (a–e) Stabilized nanofiber sheets: (a) SNF, (b) SNF-1:9, (c) SNF-2:8, (d) SNF-3:7, (e) SNF-4:6, and (f–j) carbonized nanofiber sheets; (f)
CNF, (g) CNF-1:9, (h) CNF-2:8, (i) CNF-3:7, and (j) CNF-4:6.
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A degradation process at two different rates was observed for PAN as shown in Figure 4(a). The first was a rapid mass loss

which occurred between ∼275 and ∼300 °C. The second stage was at a lower mass loss rate and occurred between ∼300 and
∼500 °C. The first rapid degradation step has been attributed to cyclization and dehydrogenation reactions accompanied by
the evolution of pyrolytic gases. The slower rate of degradation is attributable to the elimination of small oxygen-containing

groups (Wu et al. 2015; Dadol et al. 2020). A one-step mass loss process was observed for CA that occurred from ∼280 to
∼400 °C. Mass loss in CA occurred due to dehydration, deacetylation, and the formation of volatiles (Gaan et al. 2011;
Dadol et al. 2020). A total mass loss of about 60% was observed for PAN. Mass loss in CA was higher at about 89%,
while the CA/PAN blend at a ratio of 30:70 lost about 67% of its mass at 800 °C. Further studies have been proposed to inves-

tigate the interaction between CA and PAN during carbonization (Wu et al. 2015).

FT-IR analysis

The FT-IR spectra of the uncarbonized and carbonized nanofibers are shown in Figure 4. From Figure 4(b), the characteristic

peaks of PAN at 2,936 cm�1, 2,244 cm�1, and 1,451 cm�1 corresponding to stretching vibrations of the C�H and C≡N
bonds and C–H in-plane deformation vibrations, respectively, are maintained in the CA/PAN blend (Wang et al. 2020).
The peak at 1,233 cm�1 characterizing the C–O–C antisymmetric stretch vibrations of the ester groups and the band at

1,747 cm�1 attributed to the C¼O bonds in CA are all maintained in the blend (Wu et al. 2015). This indicates that only
physical blending occurred and the presence of either polymer in the blend does not affect their molecular structures.
After the stabilization and carbonization processes, the nanofibers’ structure had been significantly changed as indicated

by the disappearance of characteristic absorption peaks associated with either polymer as shown in Figure 4(c). The spectra
of carbonized nanofibers from pure PAN and from the blend of CA and PAN show similar absorption peaks at 1,558 cm�1

and 1,205 cm�1, which can be attributed to the stretching and bending vibrations of N–H/C¼C and –C–C bonds, respectively
(Kumar et al. 2007; Xu et al. 2020). Very weak absorption peaks associated with C–N, C¼N, and C–H could still be found on

the spectra, indicating that not all the heteroatomic rings were converted. The presence of heteroatoms in CDI electrodes has

Figure 4 | (a) Thermogravimetric curves of CA, PAN, and CA/PAN blended nanofibers; (b) FT-IR spectra of CA, PAN, and CA/PAN blended
nanofibers; (c) FT-IR spectra of the carbonized PAN and CA/PAN blend; (d) nitrogen adsorption/desorption isotherms of CNF, CNF-1:9,
CNF-2:8, and CNF-3:7.
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been shown to enhance electrochemical performance by increasing the hydrophilicity and electronic conductivity of the elec-

trodes (Kim et al. 2020).

Nitrogen sorption analysis

For carbon-based electrodes to have excellent EDL characteristics, they must possess sufficient surface area and good pore

distribution. Nitrogen sorption tests were performed to determine the pore characteristics and specific surface area of the
nanofibers. Figure 4(d) shows the adsorption/desorption isotherms of the carbon nanofibers at different polymer ratios.
The isotherm of CNF depicted a typical microporous material with low nitrogen uptake signifying its low pore volume

(Cychosz & Thommes 2018). All the blend-based carbon nanofibers exhibited a hysteresis loop (typical type-IV isotherms)
signifying relatively high surface area and the coexistence of micropores and mesopores (Ju et al. 2009; Ghosh et al.
2019). Table 1 summarizes the BET-specific surface area, pore volume, and the average pore diameter of the carbon nanofi-

bers. Generally, surface area and pore volume were in the order CNF-2:8.CNF-3:7.CNF-1:9.CNF. The high surface area
in CNF-2:8 (925.47 m2/g) was mainly due to the interconnected channels along the nanofiber axis allowing access to inner
pores. This is a key to better formation of the EDL and rapid surface kinetics, hence enhancing electrosorption during desa-

lination. The reduced surface area at a high CA amount can be attributed to the flattened and fused nanofibers as observed in
the SEM images of CNF-3:7 (Figure 3(c)), which deterred accessibility of inner pores. Pore blockage due to increased residual
CA-based char and enlargement and merging of mesopores during carbonization could also have contributed to the reduced
surface area (Lee et al. 2015). It is worth noting that the average pore diameters of all the blend-based carbon nanofibers fall

under mesopore classification (2–50 nm), while the pure PAN-based sample is classifiable as microporous (,2 nm). As shown
in Figure 5, CNF-1:9, CNF-2:8, and CNF-3:7 exhibit bimodal pore size distributions up to 50 nm signifying well-distributed
pore sizes in the micropore and mesopore regions and thus possess hierarchical structures necessary for enhanced ionic

transportation in CDI.

Table 1 | Pore properties of the electrospun carbon nanofibers

Sample BET surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm)

CNF 243.17 0.0957 1.574

CNF-1:9 325.83 0.2091 2.567

CNF-2:8 925.47 0.7884 3.407

CNF-3:7 383.76 0.7511 7.829

Figure 5 | BJH pore size distribution plots of CNF, CNF-1:9, CNF-2:8, and CNF-3:7.
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Electrochemical characterization

Figure 6(a) shows the CV plots of the carbon nanofibers at different CA ratios at a scan rate of 5 mV/s. The CV curves exhibit
a quasi-rectangular shape, indicating typical capacitive action. This behavior was certainly due to the presence of pores in the

nanofibers, which facilitated the diffusion and transportation of ions (García-Mateos et al. 2020). The capacitive current is
observed to increase as the CA proportion is increased up to 20% and then decreases for the higher CA content. The low
current in CNF was mainly because of the low specific surface area and lack of mesopores as observed from the BJH
pore size distribution plots. Figure 6(b) shows the specific capacitance values calculated from the CV curves in relation to

the blend ratios and are seen to vary correspondingly to the specific surface area. An increase in capacitance with the increas-
ing specific surface area has been attributed to the availability of more channels and electrosorption sites for diffusion,
transfer, and storage of ions (Zhang et al. 2019). Figure 6(c) shows the CV curves of CNF-2:8 at varying scan rates

(5–100) mV/s. As expected, it is observed that the charge/discharge current increased as the scan rate was increased. The
curves also maintain a quasi-rectangular shape (EDL behavior) even at a large scan rate implying improved rate character-
istics (Wang et al. 2016). The specific capacitances at each scan rate for the different blend ratios (Figure 6(d)) decreased with

an increase in the scan rate. This occurred since at rapid scan rates, sufficient time is not provided to enable diffusion of the
ions into the deeper pores (Liu et al. 2016; Zhang et al. 2019).

Impedance spectroscopy (EIS) was performed to evaluate the charge transfer and ionic conductivity characteristics of the
carbon nanofibers. Figure 7 shows the Nyquist plots of the carbon nanofibers at a frequency range of 100–10 mHz. The size of

the semicircle in the high-frequency region gives information regarding charge transfer resistance at the interface of the elec-
trode and the electrolyte as well as the mobility of the ions at the electrode surface. A small semicircle indicates better
accessibility and shorter ion diffusion paths (Liu et al. 2016; Ekabutr et al. 2018). The electrochemical activity and morpho-

logical properties of the electrode materials strongly influence these characteristics (Kim et al. 2020). The straight-line slope in
the low-frequency region characterizes the ionic diffusion process. A steep slope tending toward the imaginary resistance

Figure 6 | (a) CV curves and (b) the specific capacitance of CNF, CNF-1:9, CNF-2:8, and CNF-3:7 at a scan rate of 5 mV/s; (c) CV curves of CNF-
2:8 at different scan rates; and (d) specific capacitance of the different electrodes at varying scan rates.
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(-Z’’)-axis indicates better ionic diffusion. From the Nyquist plots (inset) in Figure 7, it is noted that the sizes of the semicircles

in the high-frequency region reduced significantly with the presence of CA. This indicated that charge transfer resistance was
high for unblended carbon nanofibers and decreased with an increase in CA amount to reach the lowest for CNF-2:8. The
improvement in charge transfer resistance was mainly due to the increased specific surface area, improved pore structure,

and rougher surfaces of the carbon nanofibers with the increasing CA content. The blended carbon nanofibers exhibited
better ionic diffusion than the unblended ones as indicated by the slopes of the plots at the low-frequency region. The
plots for the blended carbon nanofibers tended more toward the -Z’’-axis, as compared to the unblended carbon nanofibers
implying easier ionic diffusion and appropriateness for CDI application.

Desalination measurements

Upon application of a potential to the CDI cell, ions present in the solution were adsorbed into the electrode pores and the
conductivity of the water started to decrease accordingly as shown in Figure 8(a). The initial drop in conductivity for all the

samples was quite rapid. It then started to slow down and reached a constant level, indicating that the electrodes were satu-
rated and could not adsorb more ions. For all the samples, constant conductivity was reached in less than 25 min. The extent

Figure 7 | Nyquist plots of CNF, CNF-1:9, CNF-2:8, and CNF-3:7.

Figure 8 | (a) Change in solution conductivity with time during the desalination process for the electrode samples and (b) electrosorption
capacity of the carbon nanofibers at different blend ratios.
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of ion removal for all the blend-based carbon nanofibers was significantly larger when compared to the pure PAN-based

sample. This is attributable to the micro–mesoporous structure of the blends that allowed for rapid and easy transport of
ions. On the other hand, the highly microporous structure of CNF resulted in the blocking of ions and overlapping of the
EDL, which occurs when the pore size is similar to EDL thickness (Shui & Alhseinat 2020). Upon discharging the CDI

cell, water conductivity started to increase gradually due to desorption of ions from the electrodes. As shown in Figure 8(b),
the calculated electrosorption capacity was the lowest for the unblended carbon nanofiber electrodes. It was the highest for
the CNF-2:8 electrode, which had a capacity of 6.57 mg/g, consistent with the CV performance and the BET-specific surface
area results. The electrodes from CNF, CNF-1:9, and CNF-3:7 had electrosorption capacities of 1.79 , 3.33, and 4.53 mg/g,

respectively. The charge efficiencies were determined to be 0.15, 0.29, 0.46, and 0.43 for CNF, CNF-1:9, CNF-2:8, and
CNF-3:7, respectively. The improved performance of the blend-based carbon nanofibers is attributable to the micro–mesopor-
ous structure that was created during carbonization. The decrease in electrosorption capacity observed for CNF-3:7 in

comparison to CNF-2:8 was attributed to the reduced specific surface area in the nanofibers possibly due to the fiber
fusion and flattening that was observed from the SEM images. Also, the enlargement and merging of mesopores during car-
bonization at a higher CA proportion could have been a factor to the reduced capacity. Reduced specific surface area due to

pore enlargement and merging of mesopores has been reported in other studies using different pore-forming agents (Lee et al.
2015).

A comparison of the desalination performance of the prepared carbon nanofibers with other works using carbon nanofi-

bers from different precursors is given in Table 2. Relatively similar performance is noted for the electrodes prepared in this
study with other porous carbon nanofiber-based electrodes that rely solely on the EDL mechanism for electrosorption.

Electrode cycling stability tests were performed on CNF-2:8 using NaCl solution with an initial concentration of 500 mg/L.
The process involved repetitive electrosorption and desorption cycles using constant current with a terminal charging voltage

of 1.2 and 0 V for discharging. For the cycles that were performed, the electrodes exhibited good cycling stability as shown in
Figure S5. The electrodes had an electrosorption capacity of 5.83 mg/g after 35 cycles, indicating stable behavior.

To summarize, the properties of polymer-based carbon nanofiber electrodes for EDL-driven electrochemical applications

need careful control during fabrication. The choice of precursors and their compositions significantly affect these properties.
The suitable chemical properties of PAN for carbon fiber fabrication make it an ideal precursor, while green polymers such as
CA are important to ameliorate functional properties. As demonstrated in this work, CA is a good enhancement agent to

PAN-based carbon nanofibers. CA solution has excellent properties for electrospinning and helps reduce the total amount
of PAN required during processing. However, the amount of CA that can be blended with PAN to produce good-quality
carbon nanofiber sheets is limited by the carbonization conditions required for polymer-based precursors and the target
pore structure of the end products. Significant thermal degradation of CA in blends with high CA % causes the end products

to be too fragile for the intended application. Also, too high amounts of CA could lead to a diminished micro–mesopore struc-
ture and increased macro porosity due to higher burn-off of CA. Generally, for optimum performance, optimization of CA
amount in PAN/CA blends is necessary, taking into consideration the ease of material processing, functional properties,

and the intended applications.

Table 2 | Performance comparison of different carbon nanofiber-based electrodes

Precursor
CV
electrolyte

Specific capacitance
(F/g)

NaCl concentration
(mg/L)

Cell voltage
(V)

Salt removal (mg/
g) Ref.

PAN (CO2 activated) 6 M KOH 228 192 μS/cm 1.6 4.64 Wang et al. (2012)

PAN/PMMA 1 M NaCl 53.6 500 1.2 5.61 Liu et al. (2016)

PAN/DMSO2 1 M NaCl 42.7 500 1.2 8.1 Pan et al. (2015)

PVP/TiO2 1 M NaCl 217 2,000 1.4 15.5 Guo et al. (2020)

PAN/NiO (HCl
etching)

1 M NaCl 157.9 500 1.2 6.2 Hussain et al.
(2018)

PAN/PVP (H20
etching)

6 M KOH 202 100 1.2 6.51 Wang et al. (2016)

PAN/CA 6 M KOH 177.5 500 1.2 6.57 This work
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CONCLUSIONS

In this work, micro/mesoporous carbon nanofibers were fabricated through electrospinning and subsequent stabilization and
carbonization of a blend of PAN and CA at varying ratios. Among the electrodes that were compared, CNF-2:8 attained the
highest specific surface area and pore volume that were, respectively, 2.8 times and 7.24 times higher than in plain CNF. Cor-

respondingly, CNF-2:8 had the highest specific capacitance of 177.5 F/g, which was 36.1, 27.4, and 13.1% higher than those
of CNF, CNF-1:9, and CNF-3:7, respectively, at a scan rate of 5 mV/s. In desalination, the electrosorption capacity was in the
order CNF-2:8(6.57 mg/g).CNF-3:7 (4.53 mg/g).CNF-1:9 (3.33 mg/g).CNF (1.79 mg/g). The optimum performance by

CNF-2:8 was attributable to the high surface area and the combined microporous and mesoporous structure, which enhanced
ion transfer, ion storage capacity, and access to electrosorption sites. In addition, the electrodes exhibited excellent cycling
stability retaining ∼90% of the initial capacity after multiple electrosorption/desorption cycles. The observed performance of

the CA/PAN blend-based electrode demonstrates its high potential for application in desalination via CDI.
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