
Pseudocapacitive Deionization of Saltwater by Mn3O4@C/Activated
Carbon
Po-An Chen, Shou-Heng Liu, and H. Paul Wang*

Cite This: ACS Omega 2023, 8, 13315−13322 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Capacitive deionization (CDI), a m ethod with notable advantages of relatively low
energy consumption and environmental friendliness, has been widely used in desalination of
saltwater. However, due to the weak electrical double-layer electrosorption of ions from water, CDI
has suffered from low throughput capacity that may limit its commercial applications. Thus, it is of
importance to develop a high-efficiency and engineering-feasible CDI process. Manganese and cobalt
and their oxides, being faradic materials, have a relatively high pseudocapacitance, which can cause an
increase of positive and negative charges on opposing electrodes. However, their low conductivity
properties limit their electrochemical applications. Pseudocapacitive Mn3O4 nanoparticles
encapsulated within a conducting carbon shell (Mn3O4@C) were prepared to enhance charge
transfer and capacitance for CDI. Desalination performances of the Mn3O4@C (5−15 wt %) core−
shell nanoparticles on activated carbon (AC) (Mn3O4@C/AC) serving as CDI electrodes have thus
been investigated. The pseudocapacitive Mn3O4@C/AC electrodes with relatively low diffusion
resistances have much greater capacitance (240−1300 F/g) than the pristine AC electrode (120 F/
g). In situ synchrotron X-ray absorption near-edge structure spectra of the Mn3O4@C/AC electrodes during CDI (under 1.2 and
−1.2 V for electrosorption and regeneration, respectively) demonstrate that reversible faradic redox reactions

cause more negative charges on the negative electrode and more positive charges

on the positive electrode. Consequently, the pseudocapacitive electrodes for CDI of saltwater ([NaCl] = 1000 ppm) show much
better desalination performances with a high optimized salt removal (600 mg/g·day), electrosorption efficiency (48%), and
electrosorption capacity (EC) (25 mg/g) than the AC electrodes (288 mg/g·day, 23%, and 12 mg/g, respectively). The Mn3O4@C/
AC electrode has a maximum EC of 29 mg/g for CDI under +1.2 V. Also, the Mn3O4@C/AC electrodes have much higher
pseudocapacitive electrosorption rate constants (0.0049−0.0087 h−1) than the AC electrode (0.0016 h−1). This work demonstrates
the feasibility of high-efficiency CDI of saltwater for water recycling and reuse using the low-cost and easily fabricated
pseudocapacitive Mn3O4@C/AC electrodes.

1. INTRODUCTION
In response to the shortage and uneven water distribution of
freshwater, developing effective methods for desalination of
saltwater to freshwater is of increasing importance.1−3

Attributable to the environmental friendliness and relatively
low energy consumption, capacitive deionization (CDI) using
carbon electrodes has been widely studied for the desalination
of saltwater.4−6 The CDI cell is generally comprised of two
conductive electrodes coated with high surface area carbon
materials such as activated carbon (AC), carbon nanotubes,
carbon fibers, and graphene.7−10 Under applied voltages (0.6−
1.5 V), electrical double layers (EDLs) are formed on the
surfaces of the carbon electrodes for electrosorption of
opposite ions.11,12 Ions that are captured by EDLs depend
on the capacitance and pore structure of the carbon
materials.13−16 The typical CDI processes based on the weak
electrosorption on EDLs have, however, common drawbacks

of low throughput capacity and electrosorption rates that may
limit their commercial applications.17

Additional faradic electrosorption through redox reactions
can be obtained by incorporating pseudocapacitive materials
such as transition metal/metal oxides and conducting polymers
in the carbon electrodes.18−20 Transition metal oxides with
high pseudocapacitance have been used to provide (or
remove) extra charges through faradic reactions near the
EDLs. For example, expensive ruthenium having a very high
specific capacitance (about 1300 F/g) was used in high-
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performance supercapacitors.21,22 Thus, CDI electrodes having
high capacitances can highly promote their desalination
performances.

Manganese oxides with advantages of low cost, low toxicity,
easy synthesis, and environmental friendliness have noteworthy
pseudocapacitive activity.23−25 Cobalt oxides also gain
prominence due to their high theoretical specific capacitance.26

However, they suffer from relatively low conductivity for CDI
electrode materials, which can be improved by dispersion in
carbon nanofoam, mesoporous carbon, graphite, nanotube
carbon, and graphene.27−30 For example, the capacitance
enhancement of the Co3O4/rGO electrode (from 44 to 472 F/
g) is mainly associated with the pseudocapacitance of the
electrochemically active Co3O4 (Co3O4 + 4OH− → 3CoO2 +
2H2O + 3e−).31 Mn3O4 has many advantages such as multi-
oxidation state and high theoretical capacity (1400 F/g).32 An
rGO@Mn3O4 electrode has multivalent redox states (+2, +3,
and +4) and extended action potential of 1.2 V (compared to
Ag/AgCl) through the oxidation of Mn4+ to Mn7+.33 Mn3+ in
Mn3O4@NPC in the anodic charging step can be oxidized to
Mn4+. In the subsequent cathodic scan, most of the Mn4+ ions
are reduced and a structural reconstruction from Mn3O4 to δ-
MnO2 takes place on the electrode surface.34 Mn3O4@N, P-
doped carbon (Mn3O4@NPC) has higher EDL capacitance
and pseudocapacitance than Mn3O4 and carbonized chitosan
by 50% and 124%, respectively.34 In separate experiments, we
also found that the porous carbon shells of Ag@C and (Cu-
Ag)@C core−shell nanoparticles with desired conductivities
accounted for their relatively high electrosorption rates and
desalination performances.7,35

In this work, new pseudocapacitive core−shell nanoparticle,
i.e., Mn3O4 and Co3O4 (for comparison) encapsulated within a
conductive carbon shell (Mn3O4@C and Co3O4@C),
dispersed AC (Mn3O4@C/AC and Co3O4@C/AC) electrodes
were prepared for CDI. Electrochemical properties of the
Mn3O4@C/AC and Co3O4@C/AC electrodes were inves-
tigated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The chemical structure of

the Mn3O4@C/AC and Co3O4@C/AC electrodes was also
studied by in situ synchrotron X-ray absorption near-edge
structure (XANES) for a better understanding of the faradic
redox reactions during CDI.

2. MATERIALS AND METHODS
The Mn3O4@C and Co3O4@C core−shell nanoparticles were
prepared by the carbonization method.36 Briefly, Mn(II)
nitrate tetrahydrate (Mn(NO3)2·4H2O) (Sigma-Aldrich, 98%)
[or Co(II) nitrate hexahydrate (Co(NO3)2·6H2O) (Alfa Aesar,
98%)] was chelated with β-cyclodextrin (β-CD) (Sigma-
Aldrich) in deionized water (200 mL) at the C-to-Mn (or Co)
mole ratio of 6. The complex was stirred at 298 K for 1 h, dried
at 333 K for 16 h, and carbonized at 673 K for 4 h under
flowing high-purity nitrogen gas (100 mL/min) to form the
Mn3O4@C (or Co3O4@C) core−shell nanoparticles. The as-
synthesized core−shell nanoparticles (10 wt %) were dispersed
in activated carbon (AC) (Goldstar Carbon Tech Inc.) to form
Mn3O4@C/AC and Co3O4@C/AC. After being mixed with
polyvinylidene fluoride (PVdF) (Sigma-Aldrich) (10 wt %)
and N-methyl-2-pyrrolidone (NMP) (Sigma-Aldrich) (20 wt
%) at 298 K for 3 h, they were coated on graphite electrodes
(2.5 × 2.5 cm2). The Mn3O4@C/AC and Co3O4@C/AC
electrodes were then dried at 353 K for 6 h for CDI
experiments.

Images of the Mn3O4@C and Co3O4@C nanoparticles were
determined by high-resolution analytical transmission electron
microscopy (TEM) (JEOL, JEM-3010 and JEOL, JEM-2100F)
and scanning electron microscopy (SEM) (JEOL, JSM-6700)
(at the operation voltages of 200 and 10 keV). The chemical
structure of the core−shell nanoparticles was determined by X-
ray diffraction (XRD) (BRUKER, D8 Advance) with Cu Kα
radiation between 10° to 80° (2θ) at a scan rate of 5°/min
under the working voltage of 40 kV (40 mA). Their surface
chemical structures were also determined by X-ray photo-
electron spectroscopy (XPS, PHI500). Electrochemical proper-
ties of the Mn3O4@C/AC and Co3O4@C/AC electrodes were
studied by cyclic voltammetry (CV) and electrochemical

Figure 1. (A) TEM images at 3,000,000 and 300,000 magnifications, (B) XRD patterns with corresponding PDF standard patterns and (C)
deconvoluted C 1s XPS spectra of the pseudocapacitive (a) Mn3O4@C and (b) Co3O4@C core−shell nanoparticles. The specific surface areas and
porosities of the carbon shell nanoparticles are also shown in the inset.
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impedance spectroscopy (EIS) on a three-electrode system
including the counter and reference electrodes. The specific
capacitance (C) (F/g) was determined by C = S/2vm (S: area
of cyclic voltammograms (V.A); v and m: scan rate and
amount (g) of electrode materials coated on the graphite
sheets, respectively).

Real-time chemical structure data of manganese and cobalt
in the Mn3O4@C/AC and Co3O4@C/AC electrodes were
studied by in situ synchrotron X-ray absorption near-edge
structure (XANES) spectroscopy on the Wiggler beamline at
the Taiwan National Synchrotron Radiation Research Center.
The XANES spectra of manganese and cobalt in the energy
range of 7700−7800 and 6500−6700 eV, respectively, extend
to an energy of 50 eV above the edge. During in situ XANES
studies, the synchrotron X-ray passed through the space
between the electrode pair for monitoring the structural
changes of the Mn3O4@C/AC and Co3O4@C/AC electrodes.
The XANES spectra were analyzed by principal-component
and least-squares fittings.

The desalination performance experiments were carried out
with a parallel electrode (2.5 × 2.5 cm2) pair using simulated
saltwater samples ([NaCl] = 100 and 1000 ppm) under +1.2
and 0 V for electrosorption and regeneration, respectively. The
desalination performance (related to electrosorption capacity
(EC), optimized salt removal (OSR), and recycling perform-
ance) of CDI using the pseudocapacitive electrodes was
determined by monitoring the electrical conductivity changes
(normalized to concentration). The EC (mg/g) data were
determined by EC = ΔC·V/W (ΔC: concentration difference
(mg/L); V: saltwater volume (L), and W: composite weight
(g)). The OSR (mg/g·day) represents the amount (mg) of salt
removed per gram of the pseudocapacitive electrode materials
during a predetermined operational time (day).

3. RESULTS AND DISCUSSION
The TEM images of the pseudocapacitive Mn3O4@C and
Co3O4@C core−shell nanoparticles are shown in Figure 1A.
The core−shell nanoparticles are well dispersed in AC. The
core Mn3O4 and Co3O4 having nanoparticle size of 7−9 nm

are encapsulated within carbon shells (thickness: 3−5 nm).
The XRD patterns of the Mn3O4@C and Co3O4@C
nanoparticles and their corresponding PDF standard pat-
terns37,38 are shown in Figure 1B. Characteristic diffraction
peaks of the Co3O4@C nanoparticles are observed at 2θ =
31.3° (220), 36.9° (311), 38.5° (222), 44.8° (400), 55.6°
(422), 59.3° (440), 65.2° (511), and 77.3° (533), suggesting
the existence of Co3O4. The diffraction peaks at 17.9, 28.8,
30.1, 32.3, 36.1, 38, 44.5, 50.7, 54.4, 56.1, 58.3, 59.8, and 64.7°
can be assigned to the Mn3O4 (101), (112), (200), (103),
(211), (004), (220), (105), (312), (303), (321), (224), and
(400) planes, respectively. The weak and broadened bands at
10−15° may be related to the amorphous carbon shell. Specific
surface areas and porosities of the pseudocapacitive Mn3O4@C
and Co3O4@C core−shell nanoparticles have also been
investigated and are shown in the inset of Figure 1B. The
carbon shells in the Mn3O4@C and Co3O4@C core−shell
nanoparticles have specific surface areas of 715 and 645 m2/g,
respectively. Minimal differences in porosities between the
Mn3O4@C (48%), Co3O4@C (45%), Mn3O4@C/AC (52%),
and Co3O4@C/AC (50%) electrodes have also been observed
(Figure 1B). It seems that the effects of porosities of the core−
shell nanoparticles could not be a major contributing factor for
the desalination performance.

The chemical structure of the carbon shell in the Mn3O4@C
and Co3O4@C core−shell nanoparticles has been studied by C
1s XPS spectra. Figure 1C shows that the deconvoluted C 1s
XPS spectra of the core−shell nanoparticles have three peaks at
291, 287, and 285 eV which are associated with π−π*
interactions, C-O and/or C�O (C-O/C�O), and C-C,
respectively.39−42 The carbon shell of the core−shell nano-
particles may have π−π* interactions with the core Mn3O4 and
Co3O4 to yield the C-O/C�O species.39,40 During
pseudocapacitive CDI, for example, under 1.2 V, electron
transfers between water and the carbon shell may also involve
redox reactions to form the C-O or C�O species. These
electron transfer routes enable the carbon shell of the Mn3O4@
C and Co3O4@C core−shell nanoparticles to serve as an
electron reservoir in the pseudocapacitive CDI process.41−43

Cyclic voltammetry (CV) curves and capacitances of the
AC, Mn3O4@C/AC, Co3O4@C/AC, Co3O4@C, and
Mn3O4@C electrodes are shown in Figure 2. Capacitances of

Figure 2. Cyclic voltammograms, capacitances, and plots of log(scan
rate) versus log(peak current) of the (a) Mn3O4@C/AC, (b)
Co3O4@C/AC, (c) Mn3O4@C, (d) Co3O4@C, and (e) AC
electrodes at sweep rates of 25, 50, and 100 mV/s in NaCl (1.0 M)
solution.

Figure 3. Electrochemical impedance spectra (EIS) of the (a)
Mn3O4@C/AC, (b) Co3O4@C/AC, and (c) AC electrodes. The EIS
spectra in the high-frequency region are also shown in the inset.
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the Mn3O4@C and Co3O4@C electrodes with non-rectangular
shapes of the CV curves are 370 and 251 F/g, respectively.
Intensities of the pseudocapacitive Mn3O4@C and Co3O4@C
electrodes increase with a similar shape as the scan rate is
increased from 25 to 500 mV/s, suggesting the electrochemical
stability of the pseudocapacitive electrodes. Moreover, the
redox reactions are reversible at scan rates between 25 and 500
mV/s, signifying that the pseudocapacitance of the oxides is
associated with the faradic redox reactions. It should be noted
that the AC electrode has a much less specific capacitance (120
F/g) than the Mn3O4@C/AC and Co3O4@C/AC electrodes
(1300 and 420 F/g, respectively) at the scan rate of 25 mV/s.
The peak current intensity (i) has a certain relationship with
the scanning rate (v) (log(i) = log(a) + blog(v)).44 The b
value generated by the slope can be used to determine the
desalination control mechanism of the electrode. Theoretically,
a slope value of 1.0 suggests that the electrochemical reaction
occurs on the surface of the electrode, while a value of 0.5
indicates that the current is controlled by a semi-infinite
diffusion-controlled process.45 As shown in Figure 2, the
Mn3O4@C, Co3O4@C, and AC electrodes have b values of
0.73, 0.76, and 0.65, respectively, suggesting the high
possibility of more capacitive and less diffusion-controlled

contributions to desalination performance by the pseudocapa-
citive core−shell nanoparticles.

Resistivities of the pseudocapacitive Mn3O4@C/AC and
Co3O4@C/AC electrodes were determined by electrochemical
impedance spectroscopy (EIS) at a frequency range between
0.01 and 100 kHz in a NaCl (1 M) aqueous solution. In Figure
3, a nearly straight line is observed in the Nyquist plots at the
low-frequency region for the Mn3O4@C/AC electrode,
suggesting a fast diffusion and electrosorption of ions to the
electrode, which may be associated with the Warburg
impedance that may reduce the diffusion resistance.46 In the
high-frequency region, the Nyquist plots for the Mn3O4@C/
AC electrode exhibit a relatively low electrical resistance and
high electron transport as this electrode has a smaller arc
diameter than the Co3O4@C/AC and AC electrodes.

By in situ XANES spectroscopy, the molecular-scale data for
redox reactions of the pseudocapacitive electrodes during CDI
have been determined. Component-fitted XANES spectra of
the Mn3O4@C/AC electrode under 0, +1.2, and −1.2 V during
CDI are shown in Figure 4. The in situ XANES spectra of the
Mn3O4@C/AC electrode show the existence of Mn3O4 (57%),
Mn2O3 (6%), and MnO (36%). In the CDI process under +1.2
V, more negative and positive charges on the negative and

Figure 4. Component-fitted XANES spectra of the Co3O4@C/AC and Mn3O4@C/AC electrodes under (a) 0, (b) +1.2 (for electrosorption), and
(c) −1.2 V (for desorption (regeneration)) during CDI.
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positive electrodes, respectively, are contributed by the faradic
r e d o x r e a c t i o n s

+
+
X Yooo(Mn O )@C (Mn O (91%) MnO(6%))@C
e

e
3 4 2 3 . Also, the

Mn3O4@C electrode has a high pseudocapacitance (370 F/g)
with an enlarged redox potential window.47 During desorption
for regeneration under −1.2 V, the reversible faradic redox
reactions in a similar but reverse way can also promote the
release of ions from electrodes. Furthermore, the carbon shell
of the core−shell nanoparticle serves as an electron reservoir to
rapidly transfer the faradic redox electrons to or from the AC

electrodes. The Co3O4@C/AC behaves similarly as well, i.e.,
t h e r e v e r s i b l e f a r a d i c r e d o x r e a c t i o n s

+
+
X Yooo(Co O )@C (Co O (74%) CoO(13%))@C
e

e
3 4 2 3 d u r i n g

CDI under +1.2 and −1.2 V for electrosorption and
regeneration, respectively. It is demonstrated that the
pseudocapacitive M3O4@C/AC and Co3O4@C/AC electrodes
involving reversible faradic redox reactions in the CDI
processes have relatively high electrosorption and regeneration
efficiencies.

Figure 5A shows the electrosorption kinetics of the
Mn3O4@C/AC and AC electrodes. Their reaction rate
constants are well-fitted to the experimental data (R2 > 0.99)
using the pseudo-first-order kinetic model (Table 1). The AC
electrode has a rate constant (k) of 0.0016 h−1, while the
pseudocapacitive Mn3O4@C/AC electrodes have much higher
k (0.0049−0.0087 h−1). The enhanced electrosorption
efficiency of the Mn3O4@C/AC electrodes is contributed by
their high pseudocapacitance causing reversible faradic redox
reactions.

Desalination performances associated with optimized salt
removal (OSR) (mg/g·day), electrosorption efficiency (EE)
(%), and electrosorption capacity (EC) (mg/g) of the
pseudocapacitive electrodes for CDI of simulated saltwater
samples ([NaCl] = 100 and 1000 ppm) have been examined.
Electrosorption (+1.2 V) and desorption for regeneration (0

Figure 5. Electrosorption of saltwater ([NaCl] = 100 ppm) by the
(A) Mn3O4@C/AC and (B) Co3O4@C/AC electrodes containing
the core−shell nanoparticles ((a) 0, (b) 5, (c) 10, and (d) 15 wt %)
during CDI under +1.2 V (electrosorption), 0 V (desorption for
regeneration), and −1.2 V (desorption for regeneration) for 6 h.

Table 1. Pseudocapacitive Electrosorption Rate Constants
(k) (the Pseudo-First-Order Reaction) for CDI of a
Simulated Saltwater Sample ([NaCl] = 100 ppm) under
+1.2 Va

electrodes Mn3O4@C (wt %) k

Mn3O4@C/AC 5 0.0049
Mn3O4@C/AC 10 0.0066
Mn3O4@C/AC 15 0.0087
AC 0 0.0016

a(R2 > 0.99).

Table 2. Electrosorption Efficiency (EE) and
Electrosorption Capacity (EC) of Pseudocapacitive
Electrodes for CDI of Saltwater under 1.2 V

electrode materials EE (%) EC (mg/g) ref

RuO2-AC 36 11 19
Mn3O4 nanowires 44 23 48
MnFe2O4/porous rGO 17 8.9 49
MnO2-rGO/rGO 26 21 50
Mn3O4@C/AC 48 25 this work
Co3O4@C/AC 32 17 this work

Figure 6. (A) Electrosorption and (B) current profiles of ions during
pseudocapacitive CDI of saltwater ([NaCl] = 1000 ppm) by the (a)
AC, (b) Co3O4@C/AC (Co3O4@C: 15 wt %), and (c) Mn3O4@C/
AC (Mn3O4@C: 15 wt %) electrodes. Their charge efficiencies (Λ),
electrosorption efficiency (EE), electrosorption capacity (EC),
optimized salt removal (OSR), and recycling performance for 10 h
are shown in the insets.
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and −1.2 V) of the AC and Mn3O4@/AC electrodes for CDI
of saltwater ([NaCl] = 100 ppm) are shown in the inset of
Figure 5A. The Mn3O4@C/AC electrodes have relatively high
EEs under the reversed voltage (−1.2 V) for desorption
(regeneration). In the first electrosorption cycle, the EEs of the
Mn3O4@C/AC and AC electrodes are 35% and 20%,
respectively, suggesting that the pseudocapacitance contribu-
tions of the Mn3O4@C to EE can be as high as 10%. The effect
of the pseudocapacitive Co3O4@C nanoparticle content (5−
15 wt %) in electrodes on EE is shown in Figure 5B. The EC
and OSR of the Mn3O4@C/AC electrode for CDI of saltwater
([NaCl] = 100 ppm) are 18 mg/g and 432 mg/g·day,
respectively, which are greater than those of the Co3O4@C/
AC (14 mg/g and 336 mg/g·day) and AC electrode (10 mg/g
and 240 mg/g·day). As expected, their EEs increase as more
pseudocapacitive M3O4@C nanoparticles are added into the
AC electrodes, signifying that the pseudocapacitance is
essential to the desalination performance. A comparison of
the EE and EC for CDI of saltwater using different
pseudocapacitive electrodes is shown in Table 2. It is clear
that the Mn3O4@C/AC electrode has comparable EE and EC
with Mn3O4 nanowires48 and is much better than other
pseudocapacitive electrodes.

Figure 6A shows electrosorption of saltwater ([NaCl] =
1000 ppm) using the AC, Co3O4@C/AC, and Mn3O4@C/AC
electrodes. The Mn3O4@C/AC electrode with a high EE
(48%) and OSR (600 mg/g·day) has a better desalination
performance than the other electrodes. In the first cycle, the
EC of the Mn3O4@C/AC electrode can be as high as 25 mg/g.
It is worth mentioning that the Mn3O4@C/AC and Co3O4@
C/AC electrodes have enhanced EEs (56 and 39%) and ECs
(29 and 20 mg/g) as reversed voltage (−1.2 V) is applied for
desorption (regeneration). On the contrary, an insignificant
effect by the reversed voltage (−1.2 V) operation is observed
with the AC electrode without pseudocapacitance. The current
profiles of the AC and M3O4@C electrodes are shown in
Figure 6B with charge efficiencies between 40 and 79%. The
pseudocapacitive Mn3O4@C/AC and Co3O4@C/AC electro-
des exhibit relatively high charge efficiencies that can also lead
to reduced energy consumption.

4. CONCLUSIONS
Pseudocapacitive Mn3O4@C/AC electrodes have a relatively
high specific capacitance (1300 F/g) with much higher
electrosorption rate constants (0.0049−0.0087 h−1) than the
AC electrode (0.0016 h−1). In situ X-ray absorption near-edge
structure spectra of the Co3O4@C/AC and Mn3O4@C/AC
electrodes show that Co3O4 and Mn3O4 are oxidized to Co2O3
(74%) and Mn2O3 (91%), respectively, during pseudocapaci-
tive CDI. The desalination performances with a high optimized
salt removal (600 mg/g·day), electrosorption efficiency (48%),
and electrosorption capacity (EC) (25 mg/g) of the
pseudocapacitive electrodes for CDI of saltwater ([NaCl] =
1000 ppm) are much higher than those of the AC electrode
(288 mg/g·day, 23%, and 12 mg/g, respectively). The
Mn3O4@C/AC electrode also has a maximum EC of 29 mg/
g under +1.2 for electrosorption and −1.2 V for desorption
(regeneration). This work demonstrates the feasibility of the
highly enhanced desalination performances for CDI of
saltwater to freshwater using the low-cost and easily fabricated
pseudocapacitive Mn3O4@C/AC electrodes.
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