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Abstract
We firstly observed that activated carbon (AC) deposited by atomic-layer vanadium pentoxide (V>Os) was used as CDI elec-
trodes to utilize the high dielectric constant for enhancing the capacitance equipped with atomic layer deposition (ALD). It
was demonstrated that the vanadium pentoxide (V,0s) with sub-nanometer layer was effectively deposited onto activated car-
bon, and the electric double-layer capacitance of the AC was improved due to an increase in the surface charge density origi-
nated from polarization, leading to high ion removal in CDI operation. It was confirmed that the performance of modified-AC
increases more than 200%, comparable to that of pristine-AC under 1.5 V at 20 mL min” in CDI measurements.
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1. Introduction turated electrodes. Therefore, CDI performance is strongly related to
the surface properties of the electrode. CDI systems have suggested the
The water demand is continuously increasing, and desalination is following electrode material characteristics for more efficient ion
one of the keys to solve this problem. Moreover, capacitive deion- removal.
ization (CDI) is currently studied since it has many benefits like low For these reasons, the morphology and structure of electrode materi-
energy consumption, easy operation, and environment-friendly process al are crucial factors in CDI performance[l]. Carbonaceous materials
as one of the applicable desalination technologies[1-4]. CDI cell con- have been highly suitable for one of the candidates as the CDI
sists of a pair of porous electrodes with a separator. The carbon elec- electrode. Many carbons and their modification methods - activated
trodes are widely employed, and the blackish water flows between the carbon (AC) made from wood, coconut shell, oil palm wood, and coal
charging electrodes. CDI relies on the electrochemical process which pyrolyzed inert atmoshphere[8-11], carbon aerogels[12,13], gra-
involves the adsorption of ions towards an electrode, and this separa- phene[14-16], carbon nanotube (CNT)[17,18] and carbon-polymer com-
tion mechanism is described by the electric double layer models pro- posite[19,20] - have been introduced for CDI electrode in the water
posed independently by H. Helmholtz in 1883[5]. When each electrode management system. In addition, they have recently been suggested
is charged, a negatively/positively charged layer in the electrode and through several strategies to enhance the desalination efficiency of acti-
a positively/negatively charged layer of ions in the solution makes the vated carbon electrodes. In the various carbons, it was reported that
“double layer.” The ion storage of the interface between the electrode surface modification treatment of activated carbons with nitric acid[21],
and electrolyte can be possible due to the electrostatic force with the sulfuric acid[22], and sodium hydrochlorite[23] was introduced to in-
applied electric field. Consequently, ions are physically adsorbed on crease reactive surface area, respectively. Surface modification not only
the porous electrode, thereby removing the ions from the blackish wa- made oxygen on the surface of carbon materials with functional groups
ter[6,7]. increase which diminished charge resistance and enhanced capacitance,
On the contrary, adsorbed ions can be eliminated by the applied but also capacitance of electrode increase corresponding to micro-pore
electric field or reversed by the polarity of the electrodes from the sa- and surface area increase. However, the extremely high specific surface
area does not increase the capacitance anymore[6] since micropores
1 These authors contibuted equally to this work. (< 2 nm) are not optimal in their adsorption/desorption performance,
T Corresponding Author: Gwangju Institute of Science and Technology (GIST) caused by slow mass transfer rate even if they have a large surface
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area[7]. The total specific capacitance can be represented in the follow-
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Where C is the capacitance, & is the relative static permittivity, &
is the permittivity of free space, A is the electrode specific surface
area, D is the separation between the plates. Therefore, it can be ac-

cessed by the following two methods to increase the capacitance.

1. Geometric method which can enlarge the specific surface area
2. Dielectric constant method by changing the properties of the ma-
terial

So far, the main study was carried out to enlarge the specific surface
area to increase the effective surface area. It can be formed in electric
double layer capacitance (EDLC). However, this way is no longer a
limitation in increasing the capacitance, and it may have trouble apply-
ing to the actual system due to very slow adsorption/desorption. To
overcome this limitation, we tried to approach the electrode to increase
the dielectric constant instead of the specific surface area. Generally,
the dielectric constant materials are non-conductive materials, which
means they are not appropriate as CDI electrodes. Vanadium pentoxide
(V,05) was considered as a talented material that was widely used for
oxidation and dehydrogenation of organic compounds, electrode mate-
rials for rechargeable aqueous zinc-ion batteries, and lithium batteries
with different morphologies nanorods/nanowires/nanotubes/nanofibers/
nanofelts for non-toxic, low cost and high electrochemical stability, and
a high dielectric constant[24-26]. Moreover, the atomic layer deposition
(ALD) technique is an outstanding alternative to increasing the dielec-
tric constant from new materials. It was reported that ALD protective
films were deposited onto cathode or anode electrode[27,28] and metal
oxide films coated onto an electrode for electrical conductivity were
tried to introduce in lithium-ion batteries[29,30]. In the supercapacitors,
charge-storage films deposited onto electrically conductive -electro-
des[31].

Herein, a coated high dielectric layer on a complex carbon surface
was tried for enhancing dielectric constant in the atomic layer deposi-
tion method with vanadium pentoxide. In this method, a well-con-
trolled ultrathin vanadium pentoxide (V,Os) film was uniformly formed
on the surface of activated carbon based on the sequential use of a gas
phase chemical process. The ALD-modified electrode is keeping the
properties of surface area and conductivity. Thus, it increased total ca-
pacitance by increasing the surface charge density due to the effect of

the dielectric constant while minimizing the reduction in surface area.

2. Experimental section

2.1. Atomic Layer Deposition (ALD)

Film deposition was achieved with a lab-made ALD, developed by
GASONICS, using nitrogen (99.999%) as a carrier and purging gas.
The ALD technique consists of 1) sequentially adding the reaction pre-
cursors, which determine the growth state of the deposited film to be
controlled by the atomic layer scale with excellent coverage and uni-
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formity of deposition. The vanadium source (vanadyl triisopropoxide
VO(OC;Hy); from Sigma Aldrich) was kept at 398 K while the water
source (water vapor) was kept at room temperature. To deposit the
film, vanadium and water precursors were alternately added into the
substrate in the flow of nitrogen carrier gas. The reactor chamber was
circulated in nitrogen gas after each precursor added and pulsed. Each
deposition was made up to the aimed thickness by alternating the fol-
lowing pulse sequence (cycle): t1/t2/t3/t4, where tl, t2, t3, and t4 were
the individual pulse times (in ms) of VTIP, purge (N;), H,O and purge
(Na), respectively. The formation of V,0s proceeds from the reaction
between the vanadium precursor and water: 2VO(OCs;H5); + 3H,O =>
V,05 + 6HOC;H;. Scanning electron micrographs have shown that the
films consist of particles. X-ray diffraction (XRD) patterns of the thin
films were carried out using a Co K radiation source (Co Ka =
1.7890 A) at room temperature.

2.2. Materials and electrode preparation

Commercial activated carbon (P-60, Kuraray Co. Ltd.) was used as
pristine AC (p-AC) in this experiment. The p-AC was mixed with 10
wt% polyvinylidene fluoride (PVDF, Aldrich Co. Ltd.) and dimethyla-
cetamide (DMAC, Aldrich Co. Ltd.) using stir plate for 2 hours. To
prepare the slurry, p-AC and m-AC were homogeneously mixed with
10 wt.% PVDF in a 9:1 weight ratio, respectively. The slurry was then
cast onto the graphite sheet (10 cm x 10 cm) using a doctor blade
and dried at 60 °C for 10 hours. After we created the electrode using
the above method, V,0s was deposited by ALD for preparing modified
AC (m-AC). For the ALD of V,0s, vanadium (V) triisopropoxide
(VTIP, V(OCH(CHs),)s) and water (H,O) were used as precursors with
a nitrogen carrier gas. Through preliminary experiments, we defined
the four-point cycles (0, 10, 30 and 50 cycles) as target cycles. In each
ALD cycle, two precursors are sequentially released into the reaction
chamber. Its cycle consists of continuous exposure to VTIP for 15 s,
N, for 30 s, water for 10 s and Argon gas purges for 30 s. The same
procedure is repeated from 10 to 50 ALD cycles for m-AC.

2.3. Characterization

The surface chemical composition of the m-AC was analyzed using
X-ray photoelectron spectroscopy (XPS, VG Multilab 2000). X-ray dif-
fraction (XRD, Rigaku Miniflex II) was also employed to study the
bulk crystal structure of the p-AC and m-AC. The morphology and
composition change of p-AC and m-AC were observed using field
emission scanning electron microscopy (FE-SEM, JEM-2100) and an
energy dispersive X-ray spectrometer (EDS, Hitachi S-4700). Specific
surface area (SSA) and pore size distribution (PSD) of the p-AC and
m-AC were measured using a Brunauer-Emmet-Teller analyzer (BET,
Bel Japan Inc. Ltd.). In order to measure the capacitance of p-AC and
m-AC, cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were carried out in 0.5 M NaCl solution
using a potentiostat/galvanostat (PGSTAT30, Eco Chemie Inc. Ltd.)
with a two-electrode half-cell. The p-AC and m-AC were used as
working electrodes, with a carbon electrode as counter electrodes,
respectively. The potential was swept between -0.2 V and 0.6 V at dif-
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Figure 1. The schematic of V,0s ALD on the AC, dielectric effect and GPC.

T T T T T T T T T T

V,05

—
QO
~

Intensity (a.u.)

75—

—_
o
~

Intensity (a.u.)

p-AC
m-AC (10 ALD)
m-AC (30 ALD)
m-AC (50 ALD)

“arenm

532 530 528 526 524 522 520 518 516 514
Binding energy (eV)

10
2theta (deg)

Figure 2. (a) The XPS spectra of V,0s, (b) the XRD patterns of m-AC by ALD.

ferent scan rates between 10 and 50 mV s”. For EIS measurement, the
frequency range was from 100 kHz to 10 MHz.

2.4. CDI unit cell tests

The fabricated electrodes were employed as positive and negative
electrodes to assemble the CDI unit cell. The electrosorption ability of
electrodes was performed in a CDI unit cell, made by current collec-
tors, gaskets, and spacers. The NaCl feed solution (1 mM NaCl) flow-
ed into the CDI cell at various flow rate (10, 20 and 50 mL min™)
during the CDI test. The feed solution has an ionic conductivity of 110
uS cm’. Ions in the feed solution were adsorbed on the surface of the
electrode, applying a fixed potential across the cell (1.5 V). The con-
centration variation of NaCl solution was measured with a conductivity
meter (Model-3200, YSI Inc. Ltd.), and salt removal amount was
shown by the average adsorbed NaCl mass in one charging process

divided by electrode mass (mg g).

3. Results and discussion

3.1. Material characterization
Schematic illustration of our designed CDI electrode using ALD and
its function was shown in Figure 1. In contrast to other coating meth-

ods, the ALD technique can be deposited very uniformly and thickness
controllable. The average growth per cycle (GPC) of V,0s using ALD
is 0.13 nm. This GPC is sufficiently small to form a sub-nm-sized lay-
er compared with the macro/mesopore size. Thus, the only surface can
be coated with a very thin layer while maintaining the overall surface
area. This dielectric constant material increases the electric charge den-
sity of the surface resulting from the electrical polarization inside.
Therefore, it is expected that V,Os ultrathin layer would improve the
electric double-layer capacitance (EDLC) of the carbon electrode in
CDI operation.

X-ray analysis techniques are a useful method to analyze the for-
mation of pristine and modified materials. X-ray photoelectron spectro-
scopy (XPS) measurements were taken after ALD cycles to check the
chemical composition of V,0Os formed through the ALD. In Figure
2(a), the difference between V2p;, and the Ols peak, 4 BE(V2p;s—
V2pi5), a value that agrees with the expected value (7.5 eV) reported
in the literature for V,0s[5]. Figure 2(b) displays the XRD patterns ac-
cording to ALD cycles. The diffraction peaks at ~26° correspond to
(002) diffraction planes of the hexagonal graphite structure[32]. The
m-AC showed a similar peak pattern to p-AC; however, peak in-
tensities in m-AC significantly decreased in accordance with forming
V,0s layer which means that the V,Os layer was covered all over the
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Figure 3. SEM images of side and top view on (a) p-AC, (b) m-AC
(10 ALD), (¢) m-AC (30 ALD), (d) m-AC (50 ALD) (C- Carbon (red
color), O- Oxygen (green color) and V — Vanadium (blue color)).

Table 1. Comparison of Composition Amount by EDS (Unit: atomic %o)
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Figure 4. BJH plot of (a) p-AC, (b) m-AC (10 ALD), (¢) m-AC (30
ALD), (d) m-AC (50 ALD).

Table 2. Comparison of Specific Surface Area, Specific Volume and
Mean Pore Diameter

m-AC m-AC
p-AC p-AC
10 cycles 30 cycles 50 cycles 10 cycles 30 cycles 50 cycles
Carbon (C) 94.83 91.56 88.59 85.50 Specific sg/rface area | oas 1478 1380 1188
Oxygen (O) 5.16 7.87 10.08 1112 (m/g)
Vanadium (V) 0.01 0.56 1.34 338 Specéf&/vgume 0.77 0.72 0.66 0.58
Mean pore diameter
surface of a carbon electrode and its crystallinity was amorphous. (nm) 2 1.95 1.93 1.95
Figure 3 shows the surface and cross-sectional morphologies of the
p-AC and m-AC in field emission scanning electron microscopy 70
(FE-SEM) and EDS mapping were carried out. It targeted four differ- 60 -
ent layered thickness which were 0, 10, 30, and 50 cycles. Figure 3(a) e - "
o E
shows that p-AC has a porous structure with a void about a few tens e “~
) . . . =) (a) e
of nanometer sizes without a vanadium element. However, the dis- € 40 m -
tribution and composition of V,0s were increased according to ALD g o (b) .
cycles and m-AC after 10, 30, and 50 cycles in Figure 3(b,c and d); s
. . . c o
it shows a notable difference compared to p-AC. Notably, it was con- © 201 ©
firmed that vanadium and oxygen portions increase and carbon por- = (d)

tions decrease when ALD cycles increase because vanadium and oxy-
gen were covered with carbon substrate in Table 1.

It was shown as the nitrogen adsorption-desorption isotherms and
the BET surface area, pore volume and pore size distribution of the
obtained p-AC and m-AC in Figure 4 and the data are summarized in
Table 2. The mean pore diameter, mostly composed of micropores, are
not changed regardless of cycle numbers even though the BET specific
surface area deduced from the BJH plot slightly decreased from 1535
m’ g' (p-AC) to 1188 m* g (m-AC, 50 ALD) and specific volume
also decreased from 0.77 m’ g (p-AC) to 0.58 (m-AC, 50 ALD), im-
plying that the V,0s layer was mainly formed in the outer surface of
meso/macro carbons. An ultrathin layer of V,0s through the ALD en-
hanced the surface wettability, contributing to the higher capacitance.
In Figure 5, the degree of contact angle slightly decreased from 67 to
40°, which implied that the increment of the hydrophilicity causes by
the weakness of the surface tension.
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Different samples

Figure 5. Contact angle of (a) p-AC, (b) m-AC (10 ALD), (c) m-AC
(30 ALD), (d) m-AC (50 ALD).

3.2. Electrochemical test

In order to measure the specific capacitance of p-AC, the CVs were
measured between - 0.2 V and 0.6 V in 0.5 M NaCl at room temper-
ature using a potentiostat/galvanostat (PGSTAT30, Eco Chemie Inc.
Ltd.). The CV was employed to determine the electrochemical proper-
ties of the p-AC and m-AC electrodes. The CV curves of the p-AC
and m-AC at a scan rate of 10 mV/s are shown in Figure 6(a). The
p-AC exhibited a rectangular-shaped CV, corresponding to a specific
capacitance of 22.8 F g' from its double-layer region. On the other
hand, m-AC (30 ALD) increased the specific capacitance up to 43.7
F g, an almost two-fold rise in capacitance and this reason was the
surface charge density due to the coating of dielectric material. The
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Figure 6. (a) The cyclic voltammograms of a p-AC and m-AC electrode at a scan rate of 10 mV/s and (b) The EIS patterns of p-AC and m-AC.
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Figure 7. CDI unit cell test at various flow rate (a) 10 mL m”, (b) 20 mL m”, (¢) 50 mL m" and (d) comparison of removed salt quantity between

p-AC and m-AC (30 ALD).

CV curves of m-AC exhibited a rectangular shape without the redox
peaks at a voltage window from -0.2 to 0.6 V, which indicated pre-
dominant capacitance with EDLC. The EIS measurement was per-
formed to study the electrochemical frequency behavior and equivalent
series resistance (ESR) of the capacitor system. The Nyquist plots of
p-AC and m-AC were tested in the frequency range from 10 MHz to
100 kHz. In Figure 6(b), All of the electrodes showed a comparable
ESR at around 0.3 £, which can be established from the intersection
point on the real axis of the Nyquist plots. The semicircle at high fre-
quency explained the interfacial charge transfer resistance and the var-
iation was consistent with specific capacitance. In the low-frequency
region, the 45° sloped portion of Warburg impedance revealed the
electrolyte ion diffusion behavior[33]. The variation in electrolyte ion
diffusion behavior is consistent with that of BET results since low ion

diffusion resistances mean short diffusion path lengths of the ions in
the electrolyte[34]. In conclusion, the m-AC (30 ALD) showed the best
capacitance due to its dielectric constant effect maintaining a large sur-
face area, which rapid ion diffusion and efficient charge transfer.

3.3. CDI unit cell tests

CDI unit cells were assembled and used to evaluate the performance
of the carbon electrode for ion removal. Figure 7 shows the ion re-
moval rates of electrodes based on p-AC and m-AC, in terms of the
change in the conductivity of feed and effluent solutions. In a typical
CDI test, a voltage is applied across the unit cell and ions in the elec-
trolyte are adsorbed on the electrode surface, decreasing the ionic con-
ductivity in the solution. The ionic conductivity of the effluent solution

eventually increases with time due to saturation. The electrosorption

Appl. Chem. Eng., Vol. 33, No. 3, 2022
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capacity was defined as the adsorbed ion amounts per gram of
electrode. Also, it can be calculated by the conductivity variation of
solutions during the charging process. The m-AC as the electrode was
tested in the CDI unit cell. Conductivity transients in solutions during
the charging process at different flow rates with an initial conductivity
of 110 puS/cm. Once the potential was applied, the cation and anion are
adsorbed onto the surface of the oppositely charged electrodes. The
electrical conductivity of the NaCl solution dramatically decreased at
the starting point in the CDI processes. It was evident that the CDI
process is closely associated with the flow rate. With the increase in
flow rate from 10 to 50 mL min”, the ionic adsorption efficiency be-
came lower due to the decrease in residence time and the total electro-
sorption capacity gradually decreased from 9.8 mg g’ to 1.2 mg g'.
Compared to the p-AC, the m-AC electrode possessed a relatively
higher electrosorption capacity. Notably, in the case of m-AC (30
ALD), it showed 165% and 205%, 275%, respectively at various flow
rates (10, 20 and 50 mL min™). These results are very significant be-
cause a high proportion of the EDLC formed in the pores near the sur-
face as the speed of the flow increases. It can be explained by the
more surface electric charge density in macro/mesopores, which can
have strong electrostatic interactions with the electrodes in the presence
of the applied electric field. The results showed that the m-AC (30
ALD) electrode has more of an advantage in the CDI process.

4. Conclusion

The ultrathin layer of V,0s on activated carbon was successfully
prepared with different numbers of ALD cycles (0, 10, 30, and 50).
The material prepared with 30 cycles of V,0s ALD showed significant
enhancement in EDLC compared to pristine-activated carbon (p-AC).
The physical changes of surface composition enhanced the electric
double-layer capacitance of AC, following the increasing of electric
charge density as well as increasing wettability for adsorption on the
electrode surface. These properties led to improved CDI performance
of m-AC in terms of ion removal efficiency and capacity compared
with p-AC. The findings of this work can provide evidence on the po-
tential of m-AC in water desalination and softening applications.
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