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Pre-oxidized ultramicroporous carbon cloth with ultrahigh
volumetric capacity and ultralong lifespan for capacitive
desalination
Xinyuan Zhao1, Yongshuo Zheng1, Zhilong Zheng2, Zhizhong Guo1, Tulai Sun3, Jiayi Qin1, Na Qiu1, Zhenyu Zhang4 and Wei Wen 1✉

Capacitive deionization is a promising desalination technique to tackle with freshwater scarcity, due to its facile, energy-efficient
and eco-friendly operation. Carbon materials are primary electrode materials in capacitive deionization devices; however, their
practical applications are limited by the low salt adsorption capacity and poor cycling stability. Here, we report a pre-oxidized
strategy to significantly improve the salt adsorption capacity and cycling lifespan of carbon clothes. By the simple pre-oxidation
treatment, it creates abundant ultramicropores and a superhydrophilic surface, which lead to a high salt adsorption capacity
(31.5 mg g−1 and 13mg cm−3) in 0.01 M NaCl aqueous solution. Moreover, the surface of each carbon fiber is oxidized, combined
with a high mechanical strength, resulting in a stable surface during the cycling process. The retention rate is 74% even after 5000
adsorption/desorption cycles in diluted seawater. This work provides a new avenue to the design of high-performance, low-cost,
and durable electrodes for capacitive deionization applications.
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INTRODUCTION
Freshwater scarcity is one of the most serious issues due to
environmental pollution and rapid population growth1–3. Desa-
lination of seawater or saline water is a sustainable technology to
address the freshwater shortage, owing to a vast amount of
seawater and brine water. The commercial desalination techni-
ques mainly include reverse osmosis and thermal distillation, but
they are energy intensive and costly, especially for the water with
low salt concentrations (typically lower than 1000 mg L–1)4–7.
Alternatively, capacitive deionization (CDI) based on super-
capacitor mechanisms is a promising desalination strategy
because of its facile, energy-efficient and eco-friendly opera-
tion8–12. Carbon materials, including activated carbon, mesopor-
ous carbon, carbon nanotubes, graphene, and carbon aerogel,
are primary electrode materials in a typical CDI system13,14.
However, the practical applications of conventional CDI are
limited by the low salt adsorption capacity (typically
0.1−15 mg g−1) and poor cycling stability (usually below 100
cycles)15–18.
Although battery deionization exhibits high salt adsorption

capacity19–22, the salt removals are selective, which is not suitable
for treating water with complex components such as seawater. It
is noticed that ultramicropores with a size less than 1 nanometer
lead to the anomalous increase in carbon capacitances23,24. It was
recently reported that ultramicropores also endow carbon
materials with high deionization capacities even at seawater-
level high salinity25. Apart from the gravimetric salt adsorption
capacity (g-SAC) per unit mass, the volumetric salt adsorption
capacity (v-SAC) per unit volume is another key figure-of-
merit26,27. Porous carbons with large specific surface area
contribute significantly to g-SAC, but the v-SACs are usually at a
lower level because of the low density. In this regard,

ultramicroporous materials can obtain high specific surface area
and high density simultaneously, due to the minimized pore space
waste. Furthermore, it is expected that free-standing three-
dimensional (3D) materials can maximize electrode capacity via
avoiding the use of any inactive materials (current collectors,
binders, and conductive agents).
Cycling lifespan critically impacts system viability in practical

applications, as electrode degradation increases the desalination
costs28,29. There is also a trade-off between salt adsorption
capacity and cycling lifespan29. It is generally believed that the
oxidation of carbon anode contributes to the diminishing
desalination performance during cycling tests, because anode
oxidation leads to a positive shift in its potential of zero charge,
electrode resistance increase, and pore blockage29–32. Moreover,
high mechanical strength is essential for prolonged use as well.
Now it is highly urgent yet challenging to achieve a CDI electrode
with high adsorption capacity (v-SAC and g-SAC), long cycling
lifespan, and low-cost activation process.
Herein, we demonstrate a pre-oxidized strategy to significantly

improve the CDI cycling lifespan and salt adsorption capacity. By a
simple pre-oxidation of the carbon cloth in air (Fig. 1a), the surface
of each carbon fiber is oxidized, leading to a more stable surface
during the cycling process (Fig. 1b); whilst the interior of each
carbon fiber still keeps the initial state to ensure low electric
resistance, unlike the high interparticle resistance after the surface
oxidation of particles in power-based electrodes. The surface pre-
oxidation process also creates abundant ultramicropores and a
superhydrophilic surface, which are instrumental in high salt
adsorption capacity. Therefore, the pre-oxidized ultramicroporous
carbon cloth exhibits ultrahigh salt adsorption capacity and
ultralong lifespan.
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RESULTS
Synthesis and characterizations
The pre-oxidized strategy is very simple and facile, which is
suitable for mass production (Fig. 1b, c). Compared with the
smooth surface of the untreated carbon cloth (labeled as CC,
Supplementary Fig. 1), the pre-oxidized ultramicroporous carbon
cloth (denoted as PUCC) exhibits a rough surface and porous
structures (Fig. 1d and Supplementary Fig. 2). As shown in
Supplementary Fig. 3, the diffraction peaks at 25.0° and 43.5° in
the CC and PUCC can be indexed to hexagonal graphite with
poorly crystallized structures. The peak intensity of the PUCC is
weaker than that of the CC, suggesting the reduced carbon
crystallinity after the pre-oxidized process. Raman spectroscopy
was used to further probe the disorder degree in these two
carbon materials by comparing the ratio of the disorder-induced
band (D band at 1350 cm−1) and graphite band (G band at
1582 cm−1). The ID/IG ratio increases from 1.61 to 2.02 after the
pre-oxidized process (Supplementary Fig. 4), verifying an
enhanced surface disordering. In addition, the pre-oxidized
strategy results in the surface oxidation of the carbon material.
By X-ray photoelectron spectroscopy (XPS) measurement, the
PUCC exhibits an enhanced O 1s signal when compared with the
CC (Fig. 1e). The O 1s spectrum can be deconvoluted into three
peaks corresponding to the C–OH, C–O–C, and C=O groups33,34,
while there is only one peak corresponding to C–OH for the CC. As
expected, the oxidation degree of the PUCC declines from the
surface to the interior (Supplementary Fig. 5).
The pre-oxidized process also creates porous structures. The

pore structures were further analyzed by N2 and CO2 adsorption/
desorption experiments (Fig. 2a–c). Low-temperature N2 adsorp-
tion/desorption isotherms (Fig. 2a) shows a Type I shape, where
the sharp increase of adsorption capacity in the low-pressure
region corresponds to the typical characteristic of microporous
materials. As shown in Fig. 2c, the width of the micropores mainly
ranges from 0.4 to 1.0 nm, demonstrating an ultramicroporous
feature. The specific surface area of the micropores in the PUCC is
determined to be 355 m2 g−1 by the low-temperature N2

adsorption/desorption test, which is consistent with that obtained
by the CO2 adsorption measurement (334m2 g−1). On the
contrary, the CC shows a micropore-free characteristic. Addition-
ally, the pore sizes measured by N2 are consistent with the CO2

adsorption measure (Fig. 2b, c), which further verifies the
existence of ultramicropores. Although there are abundant
ultramicropores in the PUCC, the tensile strength is close to that
of the CC, whilst the Young’s modulus is reduced (Fig. 2d). This
tensile strength (2.6 MPa) is much higher than other freed-
standing carbon materials, such as 3D graphene (0.068 MPa)35.
The high mechanical strength is also advantageous to obtain long
cycling life.
Due to the surface pre-oxidation and the formation of

ultramicropores, the electrical resistivity increases (from 1820 to
4310 μOhm m, Fig. 2e). Interestingly, the Seebeck coefficient and
power factor increase by 30 and 322 times, respectively (Fig. 2e, f),
which further affirm surface oxidation of carbon materials during
the activation process36. Like other carbon fiber fabrics, the CC
shows a hydrophobic characteristic, where water droplets gather
on the surface, as shown in Fig. 2g. After the pre-oxidized process,
the PUCC is superhydrophilic (Fig. 2h). As shown in Fig. 2i, j, the
contact angle for the CC was determined to be 143°, while the
water droplet rapidly permeates the PUCC once it touches the
surface.

Electrochemical performances
The high surface area, superhydrophilic surface and ultramicro-
porous characteristic of the PUCC make it an ideal electrode for
CDI, without the need for additional conductive additives and
binders. The basic electrochemical performances of the PUCC in a
standard three electrode system were measured in NaCl aqueous
solution before using it as an electrode for CDI. The counter
electrode was platinum and the reference electrode is Ag/AgCl
electrode. The PUCC shows a nearly rectangular shape for the
cyclic voltammetry (CV) curves at 1–10mV s−1 when being used as
an anode (−1 to 0 V vs. Ag/AgCl, Fig. 3a), which indicates that the
formation of efficient electrochemical double layers (EDLs) and
fast ion transport across the PUCC.
Thanks to the EDL-based mechanisms, the PUCC can also serve

as a cathode (Fig. 3b). The capacities of the PUCC as anode are
slightly higher than those as cathode (Fig. 3a, b), which can be
attributed to the negative charge on the surface of the PUCC at
neutral pH (Supplementary Fig. 6). The PUCC can function as both
anode and cathode to assemble a symmetric full cell. The
rectangular shape for the CV curves (Fig. 3c) and the nearly

Fig. 1 Schematics and structural characterizations of PUCC. a Schematic diagram of carbon cloth fibers wrapped in a pre-oxide layer.
b Schematic illustration of the preparation procedure of the PUCC. c Optical photograph and (d) FESEM image of PUCC. The scale bars in (d)
and the inset are 1 μm and 1mm, respectively. e O 1 s XPS spectrum of PUCC and CC.
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Fig. 2 The characterizations of PUCC and CC. a Low-temperature N2 adsorption/desorption isotherms of PUCC and CC. b CO2 adsorption/
desorption isotherms of PUCC. c The pore size distributions of PUCC. d Strain-stress curves of PUCC and CC. e Resistivity of PUCC and CC at
room temperature. f Schematic diagram of Seebeck coefficient and power factor of PUCC and CC at different temperatures (50–450 °C). The
phenomena for CC (g) and PUCC (h) immersed in water. Contact angle measurements for CC (i) and PUCC (j).

Fig. 3 Electrochemical performances of PUCC. a CV curves of PUCC at scan rates from 1 to 10mV s−1 as anode (a) and cathode (b). CV curves
(c) and galvanostatic charge/discharge curves (d) of the full cell assembled by two PUCCs. e Areal specific capacitances for PUCC and CC in the
full cells. f Galvanostatic charge/discharge curves of PUCC at various electrolytes in full cells.
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triangular shape for the galvanostatic charge-discharge (GCD)
curves of the full cell (Fig. 3d) also demonstrate its EDL-based
supercapacitive nature. The relationship of the current (i) and
the scan rate (v) obeys a power-law as i= avb, where a and b are
computable values, which could be achieved via the intercept
and slope of the log(i)-log(v) plots (Supplementary Fig. 7),
respectively. Theoretically, a b-value of 1.0 and 0.5 means a
surface-controlled capacitive process and a diffusion-controlled
faradaic intercalation process, respectively. By calculation, the b-
values of the anodic peak and the cathodic peak for the full cell
are 0.99 and 0.91, respectively, suggesting a high capacitive
contribution. The areal capacitance of the full cell assembled by
the PUCC is as high as 473 mF cm−2 at 1 mA cm−2, which is 122
times higher than that of the full cell assembled by the CC
(Fig. 3e and Supplementary Fig. 8). High voltage is beneficial for
obtaining high capacity and thus high salt adsorption capacity.
However, excessively high voltages can exacerbate side reac-
tions, such as water slitting, as shown in Supplementary Fig. 9. In
this regard, 1.6 V was chosen for the full cell measurements. The
full cell based on the PUCC shows the areal capacitances of
443.4, 327.5, 220.0, and 122.5 mF cm−2 at 2, 5, 8, and
10 mA cm−2, respectively, demonstrating its excellent rate
performances. More importantly, except NaCl aqueous solution,
the full cell based on the PUCC also shows high capacitances in
other aqueous solutions, including MgSO4, CaCl2, and KCl
aqueous solution as well as natural seawater (Fig. 3f). This ion-
independent property makes it a promising candidate electrode
for seawater CDI.

CDI performances
To further explore the CDI performances of the PUCC, a CDI cell
was assembled, as schematically shown in Fig. 4a. The CDI device
was operated on a constant current mode. Each of the adsorption-

desorption measurement was performed until little conductivity
change was observed. In the electrochemical salt absorption
process, sodium ions are adsorbed on the anode and chloride ions
are adsorbed on the cathode, which lead to a conductivity
decrease; while for the electrochemical salt desorption process,
the ions are desorbed from the electrodes into the electrolyte
solution, causing a conductivity increase. The corresponding salt
concentration change vs. time are shown in Fig. 4b. The salt
adsorption value for the PUCC is 31.5 mg g−1 at 0.1 mA cm−2 in a
voltage range of 0–1.6 V (Fig. 4b), corresponding to a high v-SAC
of 13 mg cm−3, which is 8 times that of the CC. The charge
efficiency η is one of the most significant parameters for CDI
performances, which represents the ratio of the ionic removal
charge from the water to the total electrical charge of the
electrode. The charge efficiency is as high as 90% for the PUCC
during the salt absorption process.
The effect of the voltage range, salt concentration, and current

density on the g-SAC was also investigated. As shown in Fig. 4c
and Supplementary Fig. 10, the g-SAC increases with voltage
range and salt concentration, while it decreases with current
density. The salt removal capacity is calculated as 19.5, 31.5, and
33mg g−1 at the voltage range of 1.4, 1.6, and 1.8 V, respectively.
At a larger voltage range, the increase in the electrical charge
(Q= C × U) contributes to the g-SAC, but it causes more side
reactions. Higher salt concentration with lower resistance can
enhance the transport flux of ions36, making the g-SAC higher.
Higher current density leads to lower electrical charge37–39 and
thus lower g-SAC. The ion removal/release time becomes shorter
with increasing current density. The excellent CDI performances of
the PUCC were visualized in Fig. 4d. The v-SAC of the PUCC is the
highest among binder-free carbon-based 3D electrodes35,40–43.
The high adsorption capacity can be ascribed to the super-
hydrophilic surface and ultramicroporous structures.

Fig. 4 The CDI performances of PUCC in NaCl aqueous solution. a Schematic diagram of the CDI device. b Electro-sorption and electro-
desorption process of PUCC and CC at 0.1 mA cm−2. c The effect of current density, voltage, and initial concentration of the solution on the
adsorption capacity. d Comparison of g-SAC and v-SAC of the free-standing 3D carbon-based CDI electrodes.
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As the desalination function of the PUCC is independent of ion
types, it is expected that the PUCC can be also applied to the
desalination of the water with complex ion compositions. As a
conceptual presentation, we tested the CDI performances of the
PUCC in a diluted seawater. To obtain large enough changes in
conductivity, the natural seawater was diluted by 50 times before
the CDI test. Under a constant current mode, the g-SAC achieves a
high value of 30 mg g−1 (Fig. 5a). After the desalination process,
cations, including Na+, Mg2+, and K+ are adsorbed on the PUCC
anode (Fig. 5b), and there are abundant Cl− and SO4

2− on the
PUCC cathode (Supplementary Fig. 11). The EDX mapping results
validate the EDLs mechanism for the CDI process. For practical
applications, it needs many CDI devices in series connection to
meet the required desalination amounts. When two CDI devices
are connected in series, they indeed exhibit double desalination
amount to that of a CDI device (comparing Fig. 5c with Fig. 5a),
demonstrating the application potential. During the desalination

process, electric charge is stored on the electrode and it can be
utilized during the ions release process. For example, after the
charge process (namely the desalination process), the CDI device
can light an LED panel (Fig. 5d).
Cycling lifespan of electrodes is another key parameter for CDI,

which determines the desalination costs. Typical carbon materials
usually demonstrate dozens of cycles (Supplementary Table
1)35,42,44–55. On the contrary, the CDI device based on the PUCC
electrodes displays stable desalination capability for 5000 cycles,
where the retention rate is as high as 74% (Fig. 5e), owing to the
pre-oxidized strategy. After 5000 cycles, the microporous surface
area still remains at a high level of 474m2 g−1 (Fig. 5e). The
microporous surface area of the PUCC after cycling test is even
higher than that of the pristine one, whose exact mechanisms are
still unclear and need further investigations. The surface states of
the PUCC after 5000 cycles are also similar to those of the pristine
one (Supplementary Fig. 12). Furthermore, the electrical resistivity

Fig. 5 The CDI performances of PUCC in diluted seawater. a An electrosorption-desorption cycle of PUCC at 0.1 mA cm−2. b FESEM image
and corresponding elemental mappings of PUCC anode after the electrosorption process. c The electrosorption-desorption process for two
devices connected in series. d A LED panel can be lighted by a CDI cell during the ion desorption process. e Cycling stability of PUCC. The
insets in (e) show the CO2 adsorption/desorption isotherms and resistivity of PUCC after the cycle test.
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of the PUCC anode only increases by 4.4% (4310 vs. 4498 μOhm m
for the pristine and cycled PUCC), as shown in the inset in Fig. 5e.
In addition, the appearances of the ion exchange membranes
during the cycling process keep basically unchanged (Supple-
mentary Fig. 13), further verifying the good cycling stability. It is
also worth mentioning that the pre-oxidized strategy in the
current investigation is universal and can be applied to other
carbon materials. For example, the pre-oxidized carbon paper
shows more enhanced electrochemical performances than the
unmodified carbon paper (Supplementary Fig. 14).

DISCUSSION
A pre-oxidized strategy was developed to significantly improve
the cycling lifespan and salt adsorption capacity of carbon clothes
for CDI applications. After the simple pre-oxidized treatment, the
PUCC electrode integrates multiple advantages of (1) ultramicro-
porous structure; (2) superhydrophilic surface; (3) high electrode
tensile strength of 2.6 MPa; (4) pre-oxidized and stable surface; (5)
high conductivity compared with power-based electrodes; (6)
100% of active materials/electrode ratio (free of current collector,
conductive additive, and binder). Thanks to the above unique
characteristics, the PUCC exhibits ultrahigh salt adsorption
capacity (13 mg cm−3 and 31.5 mg g−1) and ultralong lifespan of
5000 cycles. This work can provide a new avenue to design high-
performance, low-cost, and durable electrodes for water treat-
ment and renewable energy in the future.

METHODS
Synthesis
The synthesis method was similar to our previous report56.
Commercial carbon cloth textiles (thickness: 0.33 mm) were
purchased from HeSen Co., Ltd (Shanghai, China). The carbon
cloth was calcinated at 450 °C for 2 h in air to obtain the pre-
oxidized ultramicroporous carbon cloth.

Characterizations
The morphologies of the samples were observed by a field
emission scanning electron microscope (FESEM, S-4800, Hitachi,
Japan) and an aberration-corrected transmission electron micro-
scope (TEM, Titan G2 60-300, FEI Co., Hillsboro, OR). Before the
TEM characterizations, the samples were treated by ion milling on
a focused ion beam (FIB) in SEM. X-ray diffraction (XRD)
measurements were conducted on a XRD-6000 diffractometer
(Shimadzu) with Cu Ka radiation at 40 kV and 25mA
(λ= 1.5406 Å). Raman tests were carried out with a Dxr2 xi system
(Thermo Fisher Scientific) with a Nd:YAG intracavity doubled laser
operated at 532 nm. The X-ray photoelectron spectra (XPS)
characterization was carried out on a Escalab Xi+ instrument
(Thermo Fisher Scientific, US) with Al Ka radiation at 100 eV and
15.0 kV. The base pressure of the analyzer chamber was 8 × 10–10

Pa. The binding energies were calibrated by using the contain-
ment carbon at 284.8 eV. The low-temperature N2 adsorption-
desorption analysis was performed at 77 K using a Micromeritics
ASAP 2020 (Micromeritics Instrument Corp.). Prior to the nitrogen
adsorption-desorption measurements, the samples were degassed
at 150 °C for 14 h to dislodge the physisorbed gases. The CO2

adsorption-desorption test was performed at a temperature of
273 K. The contact angle tests used the optical contact angle
measuring instrument (Kruss DSA100, GRE), which measures the
static contact angle using the sessile drop. The tensile test was
conducted on a universal testing system (INSTRON 3343, US)
according to the test standard of GB/T 3923. The sample size was
20mm× 80mm. The fracture strength and elongation at break of
the sample were determined by the spline method. The thermo-
electric properties and resistivity of the sample were tested on a

Seebeck coefficient and resistivity test system. The Zeta potential
measurements of PUCC in different pH solutions were conducted
by a Zeta meter (Anton Paar SurPASS 3).

Capacitative performance tests
The electrochemical tests were carried out in a conventional
three-electrode configuration by a CHI660E electrochemical
workstation (Chenhua, China). The Ag/AgCl electrode and Pt
electrode were used as the reference electrode and the counter
electrode, respectively. The CC and PUCC were used as working
electrodes. The electrolyte was 1 M NaCl aqueous solution.
Symmetry full cells constructed by two PUCC electrodes were
also assembled and measured. The areal capacitance (CA, F cm–2)
of the electrode was calculated from the galvanostatic charge/
discharge (GCD) curves by Eq. 1 as follows,

CA ¼ It
AU

(1)

where U is the potential window (V), A represents the electrode
projected area (cm2), I is the current (A), and t means the
discharge time (s).

CDI tests
The CDI experiments were conducted in a continuously
recycling system including a unit cell, a peristaltic pump,
conductivity monitor, a tank for the water, and a battery tester
(CT2001A, Land) at constant current mode. For the water flow
loop, the feed solution was continuously pumped into the unit
cell and the effluent was returned to the tank. The feed solution
with a volume of 100 mL was NaCl aqueous solution (initial
concentration: 10 mM) or diluted seawater (the dilution times is
50 times so that the salinity change in the treated solution was
large enough to be measured accurately). The flow rate was
10–100 mL min–1. The sizes of the electrodes were 7 cm × 7 cm.
The ion exchange membranes were placed in front of each
electrode to block the co-ions. The variations in conductivity and
voltage were recorded.
The gravimetric salt adsorption capacity (g-SAC, mg g−1) and

volumetric salt adsorption capacity (v-SAC, mg cm–3) was
calculated by Eqs. 2 and 3 as follows,

g� SAC ¼ ðC0 � CeÞ ´ V
m

(2)

v � SAC ¼ ðC0 � CeÞ ´ V
Ve

(3)

where C0 (mg L–1), Ce (mg L–1), and V (L) were the initial solution
concentration, the solution concentration at equilibrium, and the
total volume of the feed solution, respectively. The m (g) and Ve
(cm3) mean the mass and volume of the electrode, respectively.
The charge efficiency (η) at one cycle was examined by Eq. 4 as

follows,

ηð%Þ ¼ g� SAC
Mw

´
F

R
Idt

´ 100 (4)

where F represents the faradaic constant (96485 Cmol−1), I is the
applied current (A), and Mw is the molecular weight of NaCl
(58.44 gmol−1).
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