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a b s t r a c t

Recent development in desalination technology can be progressed in terms of fabricated

nanomaterials and operating parameters, as one among energy-storing systems including

fuel cells, capacitors, batteries, and so on. Regarding the examined nanomaterials,

embedded CoCr7C3 nanoparticles onto carbon nanofibers (CoCr7C3@CNFs) were prepared

using a facile electrospinning technique. Characterization techniques, such as XRD, FESEM,

TEM, HRTEM, STEM, and EDX, were served to define the crystallinity, morphology and

chemical composition of the synthesized nanofibers. XRD chart demonstrated the for-

mation of Cr7C3 species along with deposited metallic cobalt in this nanomaterial. The

morphological study revealed the uniform distribution of metallic cobalt and Cr7C3 nano-

particles onto the fibrous CNFs structure. The electrochemical performance of CoCr7C3@-

CNFs was studied in 1.0 M NaCl solution at 5 mV s�1 to record a specific capacitance of

250 F g�1. Electrochemical impedance spectroscopy measurements indicated better elec-

tron transfer properties after introducing CoCr7C3 to the CNFs structure. Furthermore, its

outstanding electrosorption capacity of 20.40 mg g�1 might encourage the preparation of

additional nanocomposites for future capacitive deionization (CDI) technology.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The rapid population growth due to expansions in urban areas

intensifies the demand for fresh water [1,2]. Given that 98% of

water resources is saline water, desalination is basically pro-

posed to compensate for the lack of clean supplies [3]. Electro-

dialysis [4], reverse osmosis [5], and thermal evaporation

methods [6] were widely considered for desalinating salty

water. However, the application of such methods amplifies

the operating costs through high energy demands. They also

cause secondary pollution features due to the reduced oper-

ating efficiency as a result of the membrane fouling [7,8].

These drawbacks compel researchers to exert substantial ef-

forts to develop the aforementioned techniques while

discovering new desalination technologies.

Capacitive deionization systems have been recently intro-

duced as a promising technology for water desalting with

superior activity for long periods, which is governed by an

electrochemical process. A certain potential value is applied

between a pair of electrodes to the constructed electric circuit

to charge salty ions in the saline solution. The formed ions

move towards the electrodes with opposite charges and

adsorbed onto their surfaces forming an electrical double

layer (EDL), which is called the charging step. Once the po-

tential action is reversed, these charged ions are desorbed

from the electrodes' surfaces and transferred back to the bulk

solution [9], which is called the discharging step. The perfor-

mance of CDI system is mainly governed by the cell configu-

ration, flow rate, feed composition, chosen potential, and

electrode materials. The structure and nature of the electrode

material significantly control the adsorption capacity and

electrochemical properties of the formed CDI system. Specific

characteristics should be encountered when selecting a

certain electrode material including increased surface area,

goodmechanical stability, higher electrosorption capacity and

selective surface geometry [10]. Thus far, various carbon

electrode materials with different structures have been

applied in the CDI system. The extraordinary features of

carbon-based nanomaterials suggest them to be investigated

as economic and efficient electrodes in the CDI cells due to

their lowered production cost, increased surface area and

electrical conductivity [1,11e15].

In spite of these numerous advantages of carbon-based

materials in CDI technology, they suffer from low desalina-

tion capacity, and the co-ion repulsion resulting from the

increased ionic concentration in their pores, that in turn limit

their commercialization [16e19]. For this purpose, hybrid

capacitive deionization (HCDI) systems are recently developed

as a trial to improve the obtained electrosorption performance

of CDI. The HCDI system comprises two different types of

electrode materials; one of them is the CDI electrode material

based on EDLmechanism, whereas the second one is a battery

type electrode material based on faradaic reactions, in which

the ions are captured through ion intercalation or electro-

chemical redox reactions. The battery electrode materials are

distinguished by the high ionic adsorptivity and selectivity

that enhance the desalination performance of the HCDI sys-

tem [20,21]. Various materials have been used in the HCDI

system, such as sodium ion battery nanomaterials [e.g.,
sodium manganese oxide [Na4Mn9O18 [16]] and sodium iron

pyrophosphate [Na2FeP2O7 [22]], metal chalcogenides [e.g.,

molybdenum disulphide [23,24]] and metal oxides [e.g., Fe3O4

[25] and Co3O4 [26] nanoparticles onto graphene support].

In recent years, metals, bimetals, and metal carbides sup-

ported carbonaceous materials have been explored as elec-

trode materials in the HCDI system given their high electrical

conductivity and exceptional electrochemical characteristics.

Barakat et al. [27] have encapsulated bimetallic CdeCo nano-

particles into a graphite shell using the solegel technique. A

higher specific capacitance value of 206 F g�1 wasmeasured at

10mV s�1 than that at pristine graphene and activated carbon.

Vengatesan et al. have examined the ions selectivity of sepi-

olite intercalated graphene after doping with Ag [21] and

AgeCu [2] nanoparticles. They displayed increased adsorption

capacities of 20.2 and 16.65 mg g�1, respectively in 600 ppm

NaCl solution at 1.2 V. The Ag and AgeCu doped-sepiolite

intercalated graphene were used as the anode counterpart,

whereas graphene was used as the cathode. The electrode

materials had EDLs and faradaic reactions with high selec-

tivity of Cl� ions. Shi et al. [28] have reported an improved

electro-adsorption capacity (37 mg g�1) with the use of bime-

tallic CoeFe supported metal organic framework-derived

carbon due to the increased specific surface area and elec-

trical conductivity. Srimuk et al. [17] have fabricated Ti3AlC2-

MXene by etching titanium aluminum carbide and casted it

onto the surface of porous separator of the measured CDI cell

in the absence of a binder. An extremely steady behavior was

observed when this cell was operated for continuous 30 cy-

cles. They concluded that MXenes generally behave as ideal

pseudo-capacitors that display a capacitive response when

intercalating both cations and anions between their sheets

into the lamellar structure. A promising deionization activity

was measured for Mo1.33C-MXene with an increased charge

efficiency of 95% and ions adsorption capacity of 15 mg g�1 in

600 mmol L�1 NaCl solution at 1.2 V [29]. Bharath et al. [30]

have composed a CDI system using Ni/Ti3AlC2 and porous

reduced graphene oxide as the anodic and cathodic counter-

parts, respectively to remove F�, Pb2þ and As3þ ionic species

from contaminated groundwater and industrial wastewater.

The prepared cell has displayed increased electrosorptive ca-

pacities of 68, 76 and 51 mg g�1, respectively at a potential

value of 1.4 V using neutral pH solutions. Moreover, ID porous

carbon nanomaterials typically have low charge transfer

resistance and short ion transport pathway. They could be a

good matrix to support and confine the size of pseudo-

capacitive or battery material nanoparticles. Liu et al. [3]

have prepared carbon nanofibers embedded with MoC nano-

particles from natural bacterial cellulose after its incorpora-

tion with molybdate ions through a facile solid-state reaction.

The extraordinary mechanical strength and good pseudo-

capacitive characteristics enabled these nanofibers to act as

a suitable flow-through electrode in CDI technology. This

system could deliver an increased desalination rate as

0.2 mg g�1 s�1 with ultra-high energy consumption of

1.61 J mg�1.

Herein, our study pioneers suggested the fabrication of

mixed metallicemetallic carbides/embedded carbon nano-

fibers as anode materials in the HCDI system. CoCr7C3@CNFs

nanocomposite was introduced as a battery material for
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enhancing the removal of ions during the desalination pro-

cess. Its performance was evaluated based on the obtained

results of the specific capacitance and salt adsorption capacity

terms. Promising values were attained when compared to

those of bare CNFs support. Good stability behavior with

improved desalination kinetics were also measured using

CoCr7C3@CNFs nanomaterial in HCDI configuration.
2. Experimental

2.1. Materials

Poly(vinyl alcohol) (PVA, Mw ¼ 1300 kg mol�1), chromium (II)

acetate, dimer monohydrate, cobalt acetate tetrahydrate,

isopropanol, dimethylformamide (DMF), and poly(vinylidene

fluoride) (PVDF, Mw ¼ 35,000 kg mol�1) were purchased from

Sigma-Aldrich.

2.2. Preparation of CoCr7C3@CNFs nanomaterial

CoCr7C3@CNFs nanomaterial was prepared on the basis of the

described procedure by Yousef et al. [31] that could be sum-

marized as follows: First, solegel was prepared bymixing PVA

solution (10 wt.%) with a solution mixture of chromium (II)

acetate, dimer monohydrate, and cobalt acetate tetrahydrate

in a weight ratio of 4:1 at 60 �C with constant stirring for 5 h.

Second, the prepared solegel was electrospun using a typical

electrospinning setup where the gel was placed in a 10 mL

plastic syringe connected with a stainless steel needle with a

controlled feeding rate of 10 mL h�1 at a distance of 15 cm and

an applied voltage of 18 kV. Third, the obtained electrospun

nanofiber mats were detached from the polyethylene sheet

and were dried overnight in a vacuum oven at 50 �C. Fourth,
calcination of the dried electrospun nanofiber mats was per-

formed at 850 �C for 6 h at a heating rate of 2.3 �C min�1 in

argon atmosphere. For comparison, unsupported CNFs with

metals were similarly prepared.

2.3. Characterization of CoCr7C3@CNFs nanomaterial

Our prepared nanocomposite was physically examined using

XRD, FESEM, TEM, HRTEM, STEM and EDX analysis tech-

niques. The structure and crystallinity of the prepared

CoCr7C3@CNFs were studied using an X-ray diffraction

pattern through the related diffractometer (Rigaku Co., Japan)

by adjusting its wavelength at 1.54056 �A for Cu Ka radiation.

The surface morphology of CoCr7C3@CNFs was studied using

Field-emission scanning electronmicroscope (FE-SEM, Hitachi

S-7400, Japan) equipped with an energy dispersive X-ray

spectrometer (EDX, JEOL Ltd., Japan) and a transmission

electron microscope (TEM, JEOL TEM-2200FS) to explore the

nano-scaled characteristics of the nanomaterial morphology

and its main chemical constituents, respectively.

2.4. Electrochemical measurements of CoCr7C3@CNFs
nanomaterial

Autolab potentiostat workstation [Metrohm Autolab,

Netherlands] was operated through cyclic voltammetry,
chronoamperometry and electrochemical impedance spec-

troscopy measurements to explore the brilliant electro-

chemical activity of CoCr7C3@CNFs nanocomposite for

desalinating water samples. It was working through Nova

2.1.4 software program to illustrate the obtained results of a

constructed electrochemical cell from three-electrodes skel-

eton. Here, the reference electrode was silver/silver chloride

[Ag/AgCl/3.0 M KCl], whereas Pt wire was applied as the

auxiliary electrode. A modified glassy carbon electrode with a

slurry of CoCr7C3@CNFs nanopowder into Nafion-isopropanol

solution was the tested working electrode. This suspension

was prepared by adding 3mg of our nanomaterial to amixture

of 20 mL Nafion and 450 mL isopropyl alcohol and uniformly

distributed by sonication for a half of an hour. The surface of

the examined glassy carbon electrode was carefully polished

using an ultrafine slurry of alumina powder followed by

continuous washing with double distilled water and ethanol.

To a mirror-like working electrode surface, 20 mL of

nanopowdereNafion mixture was introduced and left inside

an air oven with heating at 80 �C for 10 min to confirm the

complete drying of this nanomaterial layer. NaCl solution was

prepared to fill the used electrochemical cell using three

concentrations of 0.1, 0.5 and 1.0 M. The main cyclic voltam-

mograms were conducted within the potential window of

�400 to þ600 mV. Different scan rates were adjusted starting

from 5 up to 100 mV s�1. Meanwhile, the chronoamperometry

study of CoCr7C3@CNFs nanomaterial was investigated into

1.0 M NaCl solution at three potential values of 0.8, 1.0 and

1.2 V within a definite period of 1000 s. Furthermore, the

electrochemical impedance spectroscopy measurements

were carried out using a frequency response analyzer as an

attached instrument to our Auto-lab system. A frequency re-

gion from 10,000 to 0.01 Hz was employed at an equilibrium

and alternating potential amplitudes of 0 and 5 mV,

respectively.

2.5. Desalination performance measurements of
CoCr7C3@CNFs nanomaterial

Modified carbon papers with our CoCr7C3@CNFs nanomaterial

were prepared for examining its desalination behavior using a

homogenizedmixture of this nanopowder into DMF and PVDF

binder through a molar proportion of 80:20. A sonication

process was then sufficient for 1 h to ensure the good

dispersion of CoCr7C3@CNFs into the used solvent. This slurry

was spread over the investigated carbon papers [5 � 5 cm2] by

loading 30 mg of the nanomaterial for each cm2, followed by a

drying step inside an air oven for 12 h at 80 �C. After con-

structing the CDI cells, 50mg L�1 NaCl solution was allowed to

flow through a peristaltic pump [Cole-parmer@, Masterflex:

Model 77800-60] taking into account a moderate passage of

10 mL solution every minute. Potential values of 0.7 and 1 V

were adjusted during the desalination experiments of fabri-

cated HCDI cells with CoCr7C3@CNFs modified carbon papers.

The conductivity change of their ionic effluentswasmeasured

with time using a suitable conductivity meter [Hanna instru-

ment, Model: Hi2300]. The related calibration plots were

drawn and the salt concentration was derived. Moreover, the

specific capacitance and electrosorptive capacity of CoCr7-
C3@CNFs nanomaterial were determined.

https://doi.org/10.1016/j.jmrt.2021.09.129
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Fig. 1 e XRD chart of CoCr7C3@CNFs nanopowder.
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3. Results and discussion

The XRD pattern of CoCr7C3@CNFs nanomaterial was illus-

trated in Fig. 1. Three types of species were shown in this

chart. A defined peak at 2q value of 26.3� could denote (002)

plane of carbon nanofibers based on the JCPDF card number:

41-1487 with d spacing of 3.37 �A. Cobalt metal was also

apparent through three standard peaks at 2q values of 44.35�,
51.65� and 73.95� referring to (111), (200) and (220) indices,

respectively. This was in a good agreement with the JCPDF

card number: 15-0806 details for Face Centered Cubic crys-

talline structure. Moreover, Cr7C3 species in the prepared

nanocomposite was confirmed by observing its specific

diffraction planes at 39.10� (150), 42.90� (112), 43.90� (151),

49.50� (331), and 52.00� (161) according to the reported data in

the JCPDF card number: 36-1482 [31]. FESEM images of CoCr7-
C3@CNFs nanomaterial in Fig. 2(A, B) demonstrated the for-

mation of good nanofibrous structure without any beads.

Furthermore, ultrafine nanoparticles were uniformly distrib-

uted on the interior side of these fibers as clearly detected

from the corresponding TEM image in Fig. 2(C). The highly

resolved picture of this selected nanofiber revealed the crys-

talline structure of metallic species as the core part that was

enveloped by an amorphous carbonaceous shell [see Fig. 2(D)].

Defined lattice fringes were obviously shown with an average

distance of 2.2 �A between the related ones for metallic cobalt

and Cr7C3 species. This could indicate the increased solubility

of Co in Cr7C3 besides its good stability inside the nano-

material crystalline structure. Lined TEM-EDX analysis results

in Fig. 3 confirmed this conclusion, where the metallic species

was fully distributed as white nanoparticles within the stud-

ied nanofiber line [see Fig. 3(A)]. The distribution charts of

carbon, cobalt, and chromium were presented in sections

[Fig. 3(B�D)], respectively, supporting the successful prepa-

ration routes of this nanocomposite.

The electrochemical performance of CoCr7C3@CNFs

nanomaterial was compared with that of bare CNFs by

employing a cyclic voltammetric study in Fig. 4(A). It was

carried out in 1.0 M NaCl solution at 10 mV s�1 in the potential

region from �400 up to þ600 mV. A quasi-rectangular shaped

cyclic voltammogram was obtained for CoCr7C3@CNFs in

addition to the formation of a defined redox peak describing

Co/Co(II) transformation based on the following reaction:

Co þ 2Cl� / CoCl2 þ 2e� (1)

This result revealed that the prepared nanocomposite had

both EDL and pseudo-capacitive properties. These character-

istic features were absent in the corresponding cyclic vol-

tammogram of CNFs to confirm the predominance of EDL

behavior. Extending the potential window of CoCr7C3@CNFs

nanomaterial towards more negative potential values [up to

�1000mV] [as shown in Fig. S1 in the Supporting information]

still supported the availability of having Faradaic and non-

Faradic reactions at its surface. Moreover, increased inte-

grated surface area could be clearly seen in the related cyclic

voltammogram of CoCr7C3@CNFs when contrasted to that of

CNFs. The incorporated metallic species in this nano-

composite could account for its facile electron transfer
process resulting in an efficient Faradaic reaction with

numerous accumulated ions at the electrode surface.

Increased contact area and lowered interfacial resistance are

the main advantages of metallic-supported CNFs that can

increase their electric capacitance showing a superior elec-

trochemical performance [32]. The observed redox peaks

demonstrated an increased selectivity for adsorbing anionic

species through a Faradaic step instead of a columbic inter-

action [33,34]. The cyclic voltammograms of CoCr7C3@CNFs

nanocomposite in NaCl solutions in different concentrations

[0.1, 0.5 and 1.0 M] were presented in Fig. 4(B) at 50 mV s�1.

They all still displayed the pseudo-capacitive shape with

increased values for the integrated surface area as the con-

centration of salty ions in the solution increased. This could be

explained by the increased rate of the electro-adsorption

process in highly salted solutions resulting in improved

pseudo-capacitive properties [1]. Furthermore, variable sweep

rates were applied during this cyclic voltammetric measure-

ment in 1.0 MNaCl solution at CoCr7C3@CNFs nanomaterial in

Fig. 4(C) as 5, 10, 25, 50, 75 and 100 mV s�1. Quasi-rectangular

curves were obtained even after increasing the scan rate up to

100 mV s�1 to ascertain the extraordinary pseudo-capacitive

characteristics of this nanocomposite and the possibility of

having easy reversible Faradaic reactions at the electrode/

electrolyte interface as chargeedischarge processes [35]. The

electro-adsorption mechanism of Cl� ions at CNFs surface

was also examined in Fig. S2 in the supporting information.

This bare carbonaceous nanomaterial exhibited near rectan-

gular curves when cyclized in NaCl solution at altered scan

rates within the potential window [�1000 to 0mV]. No defined

redox couples were detected in the whole study for CNFs

suggesting the prevalence of EDL properties at its solution

interface. The specific capacitance of CNFs and CoCr7C3@CNFs

nanomaterialswas evaluated by integrating thewhole surface

area of obtained cyclic voltammograms at varied sweep rates

using the following equation:

Cs ¼

Z
idV

2vDVm
(2)

https://doi.org/10.1016/j.jmrt.2021.09.129
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Fig. 2 e FESEM (A, B), TEM (C) and HRTEM (D) images of CoCr7C3@CNFs nanomaterial.

Fig. 3 e Lined TEM-EDX analysis picture (A) and the respective distribution charts of its elements [carbon (B), cobalt (C) and

chromium (D)].
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Cs in this equation can refer to the specific capacitance in

ʽF g�1ʼ while y defines the sweep rate in ʽV s�1ʼ. On the other

hand, V is the potential in volts and i describes the current in

ʽAʼ. Themass of active component in the formed nanomaterial

is also included in ʽgʼ. The derived Cs values were drawn

against different scan rates in Fig. 4(D). At lower scan rates,

there is a good opportunity for an increased number of the

electrolyte ions to diffuse inside the numerous pores of the

electrode surface getting an increased electro-adsorption rate.

Accordingly, increased Cs values are predicted at lowered scan

rates as seen in Fig. 4(D). By comparing the estimated values at

5 mV s�1 for both CNFs and CoCr7C3@CNFs, 1.91 times incre-

mentwas gained in Cs after including themetallic species into

the nanofibrous structure. This obtained Cs value at CoCr7-
C3@CNFs [250 F g�1] was still higher than that reported at ni-

trogen doped porous carbon [136.61 F g�1] [36], 75 wt.% TiO2

supported onto reduced graphene oxide [140 F g�1] [37], and

Cd-doped Co/C [206.1 F g�1] [27]. The synergistic effect be-

tween binary metallic carbides and supported carbonaceous

nanofibers in CoCr7C3@CNFs nanomaterial could appreciably

confirm this enhancement in themeasured Cs value [21,38,39].

Moreover, increased electrical conductivity and ions selec-

tivity were shown in this nanocomposite besides its improved

contact area and facilitated charge transfer process at its

surface as will be concluded from the coming EIS study.

Further increase in the scan rate resulted in lowered Cs values
Fig. 4 e (A) Cyclic voltammograms of CNFs and CoCr7C3@CNFs na

extending from ¡400 up to þ600 mV at 10 mV s¡1. The corresp

varied concentrations (0.1, 0.5 and 1.0 M) were depicted in sectio

cyclic scans of this nanocomposite in 1.0 M NaCl solution [5, 10

capacitances of CNFs and CoCr7C3@CNFs were plotted against t
at both studied nanomaterials; however, increased specific

capacitances were still measured at CoCr7C3@CNFs within the

investigated scan rate range.

The electrochemical impedance spectroscopy measure-

ments were suggested for CNFs and CoCr7C3@CNFs nano-

materials to examine their electron transfer properties. They

were carried out in the frequency range of 10,000e0.01 Hz at a

potential value of 0 mV with adjusting the AC perturbation

potential at 5 mV. The variation of log Z as a function of log F

was shown in Fig. 5(A) for the prepared nanopowders. It was

observed that log Z value continuously decreased with

increasing log F for both CNFs and CoCr7C3@CNFs nano-

materials until log F value reached 2.74; afterwards, it nearly

stabilized. Over the whole selected frequency region, the

impedance value was greatly decreased after adding mixed

cobalt and chromium carbides to CNFs nanostructure. This

outstanding electric transfer rate at CoCr7C3@CNFs could be

also explored from the corresponding Nyquist plots in

Fig. 5(B). This plot for CNFs displayed two curved portions in

the high and low frequency regions. When the diameter of

this semicircle in the high frequency side was measured, it

referred to the charge transfer resistance value at the elec-

trode surface. It was 534 Ohm cm2 for CNFs as a much

increased resistance value when compared to that at CoCr7-
C3@CNFs. A compressed Nyquist plot, on the other hand,

could be attained when mixed metallic carbides@CNFs were
nomaterials in 1.0 M NaCl solution in the potential window

onding ones of CoCr7C3@CNFs in salty solutions having

n (B) at 50 mV s¡1. Different rates were controlled during the

, 25, 50, 75 and 100 mV s¡1] in section (C). The specific

he used scan rate during the study in section (D).

https://doi.org/10.1016/j.jmrt.2021.09.129
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Fig. 5 e Variation of log Z with log F during EIS measurements of CNFs and CoCr7C3@CNFs nanomaterials in section (A) with

their corresponding Nyquist plots in section (B). This study was carried out in the frequency range from 10,000 up to 0.01 Hz

at 0 mV with an AC perturbation potential of 5 mV.
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scanned in the chosen frequency range confirming its lowered

electrical resistance value [66 U cm2].

Galvanostatic chargeedischarge curves of CoCr7C3@CNFs

nanomaterial were studied in 1.0 M NaCl solution within the

potential region [from �400 up to þ600 mV] in Fig. 6(A). Varied

current values were examined as 0.1, 0.3, 0.5, 0.7 and 0.9 A g�1.

A triangular shape was clearly attained for all curves at the

chosen currents; however, their symmetry was improved as

this current value increased [0.5e0.9 A g�1]. Moreover, char-

geedischarge processes at higher currents were completely

performed within shorter periods when compared to those at

lowered ones, suggesting an ideal electro-capacitive perfor-

mance with superior reversibility. The stability of CoCr7C3@-

CNFs nanomaterial was tested by measuring its performance

during consecutive 20 chargeedischarge cycles at 0.1 A g�1 in

1.0 M NaCl solution using a potential window starting from

�400 and ended at þ600 mV. The result of this experiment in
Fig. 6 e (A) Galvanostatic chargeedischarge plots of CoCr7C3@CN

range starting from ¡400 mV and reaching to þ600 mV during

the electric circuit was open. Current values of 0.1, 0.3, 0.5, 0.7

behavior of this nanocomposite when 20 repetitive chargeedis

0.1 A g¡1.
Fig. 6(B) showed a stable shape for the operated runs to ensure

the nanocomposite ability to desalinate water samples with

increased efficiency for long periods.

Before investigating the electro-adsorption behavior of

CoCr7C3@CNFs as an anode material inside a batch mode

HCDI cell, the working potential value should be optimized.

For this purpose, a chronoamperometric experiment was

followed at three selected potentials as 0.8, 1.0 and 1.2 V in

1.0 M NaCl solution for 1000 s [see Fig. S3 in the supporting

information]. A steady state was rapidly observed after few

seconds from the run start at potential values of 0.8 and 1.0 V

to conclude the suitability for working at lowered potentials.

Given that an increased current density was recorded in the

stable region when 1.0 V was considered, this might support

its choice as the optimal value for further electro-adsorption

studies. On contrary, a rapid current density decrease was

obviously shown until the end of chronoamperometric test
Fs nanomaterial in 1.0 M NaCl solution in the potential

the charge step and returned in the reverse direction when

and 0.9 A g¡1 were applied in this study. (B) The stability

charge cycles were employed in this salty solution at

https://doi.org/10.1016/j.jmrt.2021.09.129
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when a higher potential was applied [1.2 V]. This could be

explained by the continuous electrolysis of saline solution

when operating these increased voltages through the formed

cell.

Asymmetrical CoCr7C3@CNFs//CNFs batch mode HCDI

system was constructed and NaCl solution with initial con-

ductivity of 1000 mS cm�1 was allowed to flow through a con-

stant rate of 10 mL min�1. A defined potential of 1.0 V was

applied to allow the chance for the electrolyte salt ions to

move towards the respective electrodes with opposite

charges. This migration was rapidly observed within the first

12e16min from the experiment start as depicted in Fig. 7(A) to

reveal the improved efficiency of this nanomaterial for

electro-adsorbing the solution ions. This result could be

concluded from the fast decrease in the solution conductivity

with time. At a certain time, the electrode surface was satu-

rated with these ions; hence, a steady conductivity value was
Fig. 7 e Plots of changed salty solution conductivities (A) and n

CoCr7C3@CNFs with time during the flow of 1000 mS cm¡1 NaCl

1.0 V. (C) Variation of the conductivity of salty solution with in

CoCr7C3@CNFs nanomaterial. (E) Altered conductivities of 1000

surface using 0.78 V in comparison with that at 1.0 V. The deriv

when different initial conductivities of NaCl solution (D) and im
nearly measured. A comparable curve was also presented for

CNFs//CNFs cell in Fig. 7(A); however, its noticed solution

conductivity was much lower than that shown for mixed

metallic carbide incorporated nanopowder.

SAC, as the salt adsorption capacity of fabricated nano-

powders, was estimated using the following equation:

SAC¼ðC0 � CÞV
m

(3)

Here, “C0 and C” symbolize the concentration values of

tested salty solution at the experiment start and after reach-

ing the saturation level when a sufficient number of salty ions

were adsorbed at the electrodes surfaces. The solution volume

is represented by “V”, while the weight of the examined

electrode nanomaterial is considered in the above equation as

“m”. After constructing CoCr7C3@CNFs//CNFs HCDI cell and

applying a definite potential value of 1.0 V, SAC values were
anomaterial electrosorption capacities (B) of CNFs and

solution at 10 mL min¡1 with applying a potential value of

itial concentration of 250 mS cm¡1 as a function of time at

mS cm¡1 NaCl solution with time at this nanocomposite

ed electrosorption capacities were clarified in bar diagrams

posed potentials (F) were examined.

https://doi.org/10.1016/j.jmrt.2021.09.129
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Table 1 e The electrosorption capacity of CoCr7C3@CNFs nanomaterial as compared to that of previously studied carbon-
based nanocomposites in NaCl solution.

Nanomaterial Applied
potential/V

NaCl
concentration

Electrosorption
capacity/mg g�1

Reference

Mo1.33C-MXene 0.8 600 mM 15.00 [29]

MoS2/CNTs 0.8 100 mM 18.00 [45]

TiO2/activated carbon (700 �C) 1.2 100 mg L�1 6.90 [46]

TiO2/CNTs 1.2 500 mg L�1 4.30 [47]

Holey graphene hydrogel 1.2 300 mg L�1 12.00 [48]

Graphene sponge 1.2 500 mg L�1 14.90 [49]

Porous carbon obtained from bimetalliceorganic framework and

doped with nitrogen

1.4 500 mg L�1 16.63 [50]

Hollow mesoporous carbon spheres coated with graphene 1.6 68.5 mS cm�1 2.30 [51]

Co3O4/reduced graphene oxide 1.6 250 mg L�1 18.63 [26]

CoCr7C3@CNFs 1.0 1000 mS cm�1 20.40 This work
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periodically calculated at different time intervals and plotted

in Fig. 7(B) in a comparison with the obtained result using

CNFs//CNFs cell. Passing a certain potential value inside the

formed HCDI cell was found to play its crucial role in

adsorbing the ionic species with an appreciable rate within

the first 15 min at both working electrodes. Afterwards, a

steady SAC value was nearly recorded where a new adsorp-

tion process at the electrode surface was almost prohibited

due to its full saturation. Within the whole experiment time,

CoCr7C3@CNFs working nanocomposite displayed increased

SAC values when related to those of bare GNFs. At the stable

state, GNFs and CoCr7C3@CNFs nanomaterials showed SAC

values of 7.9 and 20.4 mg g�1, respectively to illustrate the

extraordinary enhancement of mixedmetallic carbides-based

nanofibers adsorption ability. The effect of altering the solu-

tion concentration during the desalination process on the ef-

ficiency of examinedHCDI cell was explored in Fig. 7(C), where

the conductivity of NaCl solution with initial concentration of

250 mS cm�1 was followed with time inside a cell containing

CoCr7C3@CNFs as the active anodic component. The same plot

trend was also observed for a lowered solution initial con-

ductivity; however, the related SAC value was calculated as

17.6 mg g�1 as 1.16 folds lower than that attained using NaCl

solution with initial conductivity of 1000 mS cm�1 [see the bar

diagrams in Fig. 7(D)]. The longer diffusion path and increased
Fig. 8 e The electrosorption capacities of CoCr7C3@CNFs were d

nanomaterial was continuously operated into HCDI cell by flowin

1.0 V. (B) KimeYoon Ragone plots of CNFs and CoCr7C3@CNFs n
resistance with lowered ionic mobility, when NaCl solution

with initial concentration of 250 mS cm�1 was tested, could

deactivate the desalination kinetics at CoCr7C3@CNFs nano-

material surface. This might be attributed to the increased

hydration energy that was required to pass through the acti-

vation energy barrier. Accordingly, the electro-adsorption

equilibrium state was attained after longer time when

related to the case of examining 1000 mS cm�1 NaCl solution

[16,35,40e42]. The conductivity of NaCl solution was also

determined with time when the applied potential onto HCDI

cell containing CoCr7C3@CNFs nanomaterial as an anodic

counterpart was 0.87 V. The results of this experiment were

compared with the related one at 1.0 V in Fig. 7(E). Decreasing

the potential value of the desalination process was found to

decrease the efficiency of electro-adsorbing the salty solution

ions onto the electrodes surfaces where increased conduc-

tivities of NaCl solution were noticed when 0.78 V was

imposed onto the constructed HCDI cell in comparison with

those at 1.0 V. The strength of electric driving force onto the

solution ions was pronounced when increased potential

values were applied to efficiently motivate them for electro-

adsorption onto the suitable HCDI cell electrodes surfaces

[21,43,44]. SAC value of 13.3 mg g�1 was consecutively calcu-

lated for CoCr7C3@CNFs nanomaterial at 0.78V as a lowered

one than that shown at 1.0 V [20.4 mg g�1] [see the bar
rawn in section (A) at different cycle numbers when this

g 1000 mS cm¡1 NaCl solution with a rate of 10 mLmin¡1 at

anopowders.
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diagrams in Fig. 7(F)]. This enhanced desalination behavior of

CoCr7C3@CNFs could be ascertained when its electrosorption

capacity was compared with the reported values of some

related carbon-based nanopowders in Table (1) [26,29,45e51].

SAC value of CoCr7C3@CNFs was much higher than that of

hollow mesoporous carbon spheres coated with graphene

[2.30 mg g�1] [51], TiO2/CNTs [4.30 mg g�1] [47] and TiO2/acti-

vated carbon (700 �C) [6.90 mg g�1] [46], while it was compa-

rable to those measured at porous carbon obtained from

bimetalliceorganic framework and doped with nitrogen

[16.63 mg g�1] [50], MoS2/CNTs [18.00 mg g�1] [45] and Co3O4/

reduced graphene oxide [18.63 mg g�1] [26].

The stability of CoCr7C3@CNFs nanomaterial performance

when continuously cyclized for repeated runs was examined.

Its respective HCDI cell was operated over 30 cycles usingNaCl

solution with initial conductivity of 1000 mS cm�1 at 1.0 V with

a flow rate of 10 mL min�1. A superior stable desalination

behavior was shown within the studied cycles with SAC

values that ranged between 20.4 and 18.8 mg g�1. This corre-

sponding slight decay in SAC with cycle number in Fig. 8(A)

revealed the enhanced regeneration of CoCr7C3@CNFs activity

during its reuse for de-adsorbing the salty solutions. The

desalination kinetics of CNFs and CoCr7C3@CNFs nano-

powders could be also investigated by following the desali-

nation rateedesalination capacity dependence as KimeYoon

Ragone plot in Fig. 8(B). The related curve for CoCr7C3@CNFs

was at the upper right hand side with respect to that of CNFs

indicating better kinetics during the desalination step at

mixed metallic carbides nanomaterial surface [28,52].
4. Conclusion

This study verified the surprising role of supporting carbon

nanofibers with binary cobalt and chromium carbides, using a

simple electrospinning process with subsequent heating at

850 �C and their activity for desalinating water from chloride

ions. An outstanding specific capacitance of 250 F g�1 was

attained in 1.0 M NaCl solution at 5 mV s�1. Electrochemical

impedance spectroscopy measurements demonstrated the

appearance of a compressed Nyquist plot for CoCr7C3@CNFs

with a decreased charge transfer resistance of 66 Ohm cm2

compared with a value of 534 Ohm cm2 for CNFs. Character-

istic triangular-shaped galvanostatic chargeedischarge

curves of the prepared nanocomposite were shown in the

potential range of �400 up to þ600 mV using altered current

values with increased symmetry through shorter time periods

at 0.5e0.9 A g�1. The enhanced adsorption performance of

CoCr7C3@CNFs could be clearly deduced when measuring its

SAC, recording a value of 20.4mg g�1 as 2.58 times higher than

that at CNFs. This advanced behavior was ascribed to a

number of reasons. The porous structure of formed nanofibers

could provide increased surface area for a good contact be-

tween the metallic nanomaterial and investigated solution.

This could create increased number of available adsorption

sites resulting in improved electrosorption capacity. Addi-

tionally, doping CNFs with binary metallic carbides possessed

enhanced conductivity of formed nanomaterial that in turn

motivated the ions transfer during the desalination process.

The promising results of our designed binary metallic carbide
nanospecies onto carbon nanofibers surface could open a

wide window for manufacturing comparable nanocomposites

as a way for promoting CDI application technology.
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