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H I G H L I G H T S

• Capacitive deionization efficiency
among different MnO2 phases was in-
vestigated.

• CDI efficiency of studied MnO2 de-
creased with increasing negatively sur-
face charge.

• Surface charge effect was likely respon-
sible for different CDI efficiency.
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MnO2 is a common material for the fabrication and design of capacitive deionization (CDI) devices but there is
little information on the role of MnO2 crystal phase on CDI performance. A series of MnO2 (α, β, γ, and δ

phase)were synthesized and fabricated as cathodes for studying the CDI performance as affected by pH in simple
batchmode experiments. Our results revealed that the deionization efficiency decreasedwith increased negative
surface charge as a result of the deprotonated surface. Importantly, this correlation was pH independent and the
surface heterogeneity due to different MnO2 phase was likely responsible for the different degree of surface ion-
ization and consequently the CDI efficiency. Results of electrochemical impedance spectroscopy analyses further
implicated that a highly ionized surface would result in a diffusion layer with a great resistance that conversely
inhibited the access of co-ions in the CDI process. This indicated the applied potential was mainly responsible
for driving ions transporting through the double layer resistance instead of accommodating them
(electrosorption). Based on our results, the surface heterogeneity as a result of different spatially distributed
MnO6 octahedral would be accounted for the varying degree of surface ionization and consequently the discrep-
ancy in CDI efficiency among different MnO2 phases.

© 2019 Elsevier B.V. All rights reserved.

Keywords:

Capacitive deionization
MnO2

Surface charge density
Structure induced surface charge effect

Science of the Total Environment 675 (2019) 31–40

⁎ Corresponding author.
E-mail address: thwang@saturn.yzu.edu.tw (T. Wang).

https://doi.org/10.1016/j.scitotenv.2019.04.172
0048-9697/© 2019 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv



1. Introduction

Rapid population growth and increase in extremeweather events
have impacted the supply of fresh water sources and thus prompted
the industries to desalinate seawater and brackish water (Liu et al.,
2017). Conventional desalination technologies such as thermal
distillation evaporation (Shahzad et al., 2017), reverse osmosis
(Ray et al., 2017), and electrodialysis (Abou-Shady, 2017), though
commercially available, consume intensive energy (Xu et al., 2017).
The awareness in the balance between energy efficiency, water
treatment efficiency and environmental impacts are thus emerging
in the environmental engineering community (Pan et al., 2018).
Capacitive deionization (CDI) has evolved for removing salt or ionic
impurities from aqueous solutions as an alternative (Wang et al.,
2017a). Compared to other conventional technologies, CDI has
several advantages including low operation voltage, high salt
removal capability, low chemical demand, and no secondary wastes
(Ahualli et al., 2017; Linnartz et al., 2017).

Capacitive deionization is an electrochemical desalination process
taking place at the electrical double layers (EDL) developed at the elec-
trode surface (Suss et al., 2015). Murphy and Caudle were among the
early researchers to study ion removal in flow-by cell using carbona-
ceous electrodes (Murphy et al., 1965). By applying an external bias,
an electrostatic field across the electrodes forms electrical double layer
adjacent to the electrode that is capable of retaining ions at the
solution-electrode interface (Liu et al., 2016a). Upon termination of
the external bias, the absorbed ions are readily released into the bulk so-
lution (Prehal et al., 2017). The most frequently employed electrode
materials in CDI cells are carbonaceous materials including carbon
aerogels (Macias et al., 2017), mesoporous carbon (Wang et al.,
2017b), and carbon black derivatives (Liu et al., 2016a; Xu et al.,
2016). Recently, the combination of redox-sensitive transitionmetal ox-
ides with carbonaceous materials significantly improves the electro-
chemical property and current efficiency in ion separation (Choi et al.,
2017). Among various transition metal oxides, manganese dioxide
(MnO2), with several advantages including low cost, high abundance,
environmental friendly, has been widely used in electrochemical appli-
cations such as supercapacitors (Shao et al., 2016). MnO2/carbon com-
posite electrode is known to greatly enhance the specific capacitance
of supercapacitors (Huang et al., 2017) and CDI cells through the combi-
nation of Faradaic reaction and electrical double-layer charging (Yang
et al., 2011; El-Deen et al., 2014).

Various MnO2(s) crystal phases have been used to make CDI cells
with great improvement in ion separation performance. Zou et al.
have demonstrated that the NaCl adsorption capacity of α-MnO2/
nanoporous carbon composite electrode is about 3 times (16.9 μmol-
Na/g) greater than that of a commercially available activated carbon
electrode (5.4 μmol-Na/g) operated at 2 V (Yang et al., 2011). The au-
thors have attributed the higher salt removal capacity to the higher ca-
pacitance of α-MnO2/nanoporous carbon composite electrode. Chen
et al. have reported that the desalination capacity of δ-MnO2/MWCNTs
(multi-walled carbon nanotubes) is about four times (6.65 mg-Na/g)
higher than that of virgin MnO2 electrode (1.60 mg-Na/g). Enhanced
salt removal is attributed to the increase in surface area of the carbona-
ceous support (Chen et al., 2016). Liu et al. have reported a superior
electrosorption capacity that is 1.6-fold (9.3 mg-Na/g) greater than
that of pure carbon electrode (5.7 mg-Na/g) using an amorphous-
MnO2/activated carbon composite electrode (Liu et al., 2016b). They
further suggested that the mixed capacitive-Faradaic process, corre-
sponding to the combination of the double-layer charging and the
pseudocapacitive redox reaction of MnO2, is responsible for the signifi-
cant improvement in desalination performance (Liu et al., 2016b). El-
Deen et al. have used a graphene wrapped with α-MnO2(s) and ob-
served electrosorptive capacity higher than that of MnO2-nanorods@
graphene electrode and attributed the improvement in desalination to
the morphology of MnO2(s) (El-Deen et al., 2014).

In summary, it is clear that incorporating MnO2(s) with carbon-
based materials can effectively improve ion separation efficiency in
CDI applications, however, there is little information on the effect of
MnO2(s) crystal phase on the performance of CDI process (Li et al.,
2015). We hypothesize that the crystal structure of MnO2(s) plays a
key role in CDI capacity. In order to verify the above hypothesis, a series
of MnO2 phases (α-, β-, γ- and δ- MnO2) were synthesized and used as
CDI electrodes. The electrodes were characterized for morphology (by
scanning electronmicroscopy, SEM), crystal structure (by X-ray diffrac-
tion, XRD), specific surface area (by N2 adsorption according to the
Brunauer-Emmertt-Teller, BET, equation), and surface acidity (by
alkalimetric titration and zeta-potential measurements). The capacitive
behavior was assessed with electrochemical impedance spectroscopy
(EIS). Batch mode CDI experiments were conducted to determine the
desalination efficiency (in terms of conductivity change). Results were
used to describe the effect of MnO2 phase and related surface charge ef-
fect on the distribution of surface charge density over MnO2 surfaces on
CDI performance.

2. Materials and methods

2.1. Synthesis of MnO2

All chemicals used in this study were purchased from Sigma-Aldrich
and used as received. α-MnO2 was synthesized by dissolving 4.06 g
(26.8 mmol) of MnSO4 and 3.79 g (23.9 mmol) of KMnO4 in 60 mL DI
water, then the mixture was heated at 100 °C under continuous reflux
for 20 h with vigorous stirring (Yang et al., 2011). The as-synthesized
product was filtered, washed with DI water, and dried at 85 °C over-
night. β- MnO2 was synthesized by adding 1.6 mmol of MnSO4 and
1.6 mmol of Na2S2O8 into 20 mL DI water at room temperature. The
mixed solutionwas loaded in a Teflon-lined autoclave for hydrothermal
reaction at 120 °C 12 h (Li et al., 2015). Then, the autoclave was cooled
and products were washed with DI water and dried at 85 °C overnight.
γ-MnO2was synthesized by dissolving 16mmol ofMnSO4 and 16mmol
of Na2S2O8 in 200 mL of DI water, then the mixed solution was heated
under stirred with continuous reflux at 90 °C for 24 h (Li et al., 2015).
The precipitate was filtered, washed with DI water and dried at 85 °C
overnight. δ-MnO2 was synthesized by dissolving 0.38 M of KMnO4 in
50 mL of DI water. The solution was mixed with 1.4 M of glucose in
20 mL DI water (Chen et al., 2016). The brownish gel was then dried
at 85 °C for 24 h followed by calcination at 450 °C for 2 h. The resulting
powder was washed with DI water and dried at 85 °C overnight.

2.2. Characterization of MnO2(s)

The surfacemorphology of allMnO2(s) sampleswas examined using
scanning electron microscope (SEM, JSM700F, JEOL). X-ray powder dif-
fraction (XRD) analysis was performed with D2 Phaser diffractometer
(Bruker, Germany) using Cu Kα radiation (λ = 1.5418 Å) at a scan
rate of 1°(2θ)/min and scan range from 10° to 80°. The specific surface
area (SBET) was measured using a N2-physisorption analyzer
(Micromeritics ASAP 2020). Alkalimetric-acidimetric titration was con-
ducted to characterize the surface acidity of MnO2. MnO2was dispersed
in solutions at ionic strength of 10 and 1.0 mM NaCl and solid/liquid
ratio of 10 g/L. The mixture was let stand for one week to allow full hy-
dration and development of surface hydroxyo groups. After equilibrium
for one week, the mixture was bubbled with N2 gas for 30 min to re-
move dissolved CO2 and then titrated with 0.1 M HCl/NaOH. The pH
was recorded at 2min after the addition of an aliquot of titrant. The sur-
face charge/surface charge density, Q, was calculated by the following
equation (Stumm and Morgan, 1995; Huang and Stumm, 1973):

Cb−Ca þ Hþ
� �

− OH−½ �
� �

=a ¼ ≡MnOHþ
2

� �

− ≡MnO−f g ¼ Q ð1Þ

σ0 ¼ Q � F=s ð2Þ
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where {} indicates the concentration of ionizedMnO2(s) surface species
(defined as the ≡MnOH species, mol/g), [H+] and [OH−] are derived
from the recorded pH, Cb and Ca are concentration (mol/L) of strong
base/strong acid added, a is the quantity of oxide (g), Q is themean sur-
face charge (mol/g), s is the specific surface area (m2/g); σ0 is the sur-
face charge density (C/m2) and F is Faraday constant (96,500 C/mol).

2.3. CDI experiments

To assess the effect of MnO2 phase on CDI performance, the elec-
trodes were fabricated by following steps (Fan et al., 2016). The tita-
nium substrates (1 cm × 1 cm) was acid activated by heating in 6.0 M
HCl solution at 80 °C for 2 h. The activated Ti substrates were then
washed with ethanol and DI water and dried at 85 °C 24 h. The MnO2/
carbon black (CB) paste was prepared by mixing as-synthesized MnO2

(s) (4.5 g of different phase) with CB (0.5 g). Polyvinylidene difluoride
(PVDF, MW = 534,000, 0.4 g) and N-Methyl-2-pyrrolidone (NMP,
8 mL) were used as the binder and organic solvent, respectively. The
mixture of MnO2/CB paste as well as polymeric binder and organic sol-
vent was agitated for 24 h and then spread over the activated titanium
substrate using a blade. The electrode was left at 80 °C for 12 h to evap-
orate all organic solvents remaining in the electrode pores.

In order to determine the CDI efficiency, batch-mode experiment
was conducted in a borosilicate glass beaker containing 50 mL of
1.0 mM NaCl solution. The CDI cell was composed of a MnO2 working
electrode (cathode) and a carbon counter electrode (the anode without
MnO2) separated by 2mmusing transparent tape (3M tape) as spacers
(Scheme 1). As our cathodewasmainly composed of MnO2whose con-
ductivity was much lower than the carbonaceous anode (Scheme 1),
our experiments were conducted at −1.8 V (cathode) although a win-
dow of 0.8 to 1.2 V is usually adopted (Gao et al., 2015; Lado et al.,
2013; Gao et al., 2016). Three testing cells were utilized in each test
(total effective surface area of 3 cm2) and the CDI testingwas conducted
in triplicate (9 CDI cells of eachMnO2 phasewere used). The conductiv-
ity and the concentration of Na+ and Cl− ions were recorded using a
portable conductivity meter (HQ40d, Hach), ICP-MS (Agilent 7500A),
and chloride selective electrode (Metrohm), respectively. The deioniza-
tion efficiency, η, was defined by change of conductivity during the
charging process:

η ¼ C0−C fð Þ=C0 � 100%

where C0 and Cf are the initial and final conductivity of the NaCl
solution.

2.4. Electrochemical measurement

The electrochemical characteristics of MnO2 electrode were
examined by electrochemical impedance spectroscopy (EIS). All ex-
periments were recorded using a CHI electrochemical station (CHI
608E, CH Instrument) with MnO2 electrode as a working electrode
and carbon electrode as a counter electrode in 1.0 mM NaCl solution.
For EIS measurement, either −0.001 V or − 0.7 V bias were applied
in the frequency ranging from 1Hz to 0.1MHz and obtained EIS spec-
tra were fitted trial-and-error with an equivalent circuit using the
Zview software (Scribner Associates Inc.). To minimize deviations
propagating from the fitting processes, the following protocol was
followed based on several approximations and considerations (Liu
et al., 2017; Wang et al., 2016). First, a 2-component equivalent
circuit was adopted. This arrangement was to avoid introducing
additional variables that were not supported by any physical mean-
ings although it is certain that the more variables introduced, the
more precise fittings can be achieved. In this configuration, we
assigned the first component the Stern layer and the second compo-
nent the diffusion layer of the electrical double layer. In this configu-
ration, charge transport usually occurs in the high frequency region
while the motion of ions is often observed in the low frequency
region due to their much heavier mass (in comparison with charges
such as electrons). As both charge transport and ion movement were
expected to occur at the solid/solution interface and the diffusion
layer (additional electric field generated by either surface charge or
applied bias), the simple 2-component model was sufficient to min-
imize the variation propagation resulting from those non-defined
variables. Once the associated physical background of adopted
equivalent circuit was defined, the fitting started with determining
the second component (low frequency region) by giving fixed values
for the first component, i.e., the intercept of the first semicircle was
assigned the resistance (R1) of the first component. We then fixed
the as-obtained R2 and C2 and left the R1 and C1 to be fitted by the
Zview software. In the last step, all four variables were set free for
fitting and the best fitting with the smallest Chi-squared value was
hence determined. This procedure is very important as it avoids
producing unreal values, i.e., a unreal resistance (N 100MΩ).

Scheme 1. Illustration of the CDI experiment setup conducted in this study.
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3. Results and discussion

3.1. Surface morphology and structure characterization

Although all MnO2 phases have the same Mn(IV) oxidation state,
they essentially have different spatially distributed manganese oxide
octahedral (MnO6) being incorporated into the MnO2 unit cell, e.g., α-
MnO2 (2 × 2), β- MnO2 (1 × 1), γ- MnO2 (1 × 1 or 1 × 2) and layered
δ- MnO2. This arrangement results in the uneven distributed electron
density (cloud) in the MnO2 lattice and at the MnO2 surface and conse-
quently different surface chemical behaviors of different MnO2 phases.
In fact, this assumption is exactly the basis of first-principles calcula-
tions to investigate the surface chemistry of different phases and facets
of TiO2 (Albert et al., 2018; Fazio et al., 2018) and MnO2 (Chen et al.,
2017; Yang et al., 2018). In other words, unevenly distributed electron
density at the surface of material results in the existence of surface per-
manent charge (fix charge) and by this manner influences its surface
chemical behaviors. As little redox reactions are involved in the CDI pro-
cess (CDI process is a capacitive adsorption, not a redox reaction such as
water electrolysis) (Xu et al., 2016; Choi et al., 2017), we thus speculate
that the CDI efficiency should bemainly affected by the surface chemis-
try of these MnO2. Taking this into consideration, we probably might
find a universal answer accounting for how the surface chemistry of
MnO2 itself influences the afterward CDI efficiency. Fig. 1 shows the
SEM images and corresponding XRD patterns of as-synthesized MnO2

samples. All synthesized MnO2 samples were well indexed by corre-
sponding diffraction patterns (α-MnO2 (JCPDS 44–0141), β-MnO2

(JCPDS 24–0735) and γ-MnO2 (JCPDS 14–0644) and δ-MnO2 (JCPDS
52–0556)), indicating the success all MnO2(s) synthesis. The appear-
ance of MnO2(s) samples is also different: α-MnO2(s) is consisted of
nanowires; β-MnO2(s) has a nanorod morphology; γ-MnO2

(s) exhibits an appearance of nanoflower composed of stacked rods;

and δ-MnO2(s) contains small nanospheres and nanoplates. Impor-
tantly, none of the synthesized MnO2(s) has significant porous appear-
ance as indicated by SEM images. This explains the low surface areas of
these samples as suggested by BET analyses (Table 1). Although it is
often expected that high surface area would lead to enhanced adsorp-
tion capability (Chen et al., 2016), our results clearly indicates that β-
MnO2(s) has the lowest specific surface area (Table 1) yet exhibits the
highest CDI efficiency (Fig. 2a).

3.2. CDI performance

In order to explore the effect of MnO2 phase on CDI performance,
batch mode tests were conducted in triplicate and the CDI efficiency
was presented in Fig. 2a. Results showed that the β–MnO2

(s) electrode exhibited the highest CDI efficiency over other electrodes
while the CDI efficiency of δ–MnO2 electrode was the lowest. Huang
has reported that the crystal field profoundly influenced the compacted
layer capacity, Ccomp, ofmetal oxides, inwhich the amorphousmetal ox-
ides generally had lower Ccomp than the well crystalline counterparts
(Huang, 1976). While the CDI efficiencies decreased with increasing
pH in all electrodes, the zeta potential became much negative along
with increasing pH too (Fig. 2b). Generally, the CDI efficiency is ob-
served increased with increasing zeta potential (Choi et al., 2017; Shao
et al., 2016). This means the δ–MnO2 electrode should exhibit the
highest CDI efficiency over others as it possesses the most negative
zeta potential. Apparently, zeta potential alone is insufficient to fully ac-
count for the surface charge effect on CDI efficiency among different
MnO2 phase electrodes.

In order to gain better insight into the surface chemistry of different
MnO2 phases, alkalimetric-acidimetric titration of MnO2 suspensions in
two different ionic strengths was conducted (Fig. 3a–d). The surface
charge density of MnO2 (C/m

2) resulting from the ionization of surface

Fig. 1. Representative SEM images and XRD patterns of as-synthesized different phase MnO2. Inserted lattice structures were produced using PowderCell version 2.4 software where the
red and green spheres stand for the Mn and O atom, respectively.
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hydroxyl groups (≡MnOH) was thus determined (Huang and Stumm,
1973; StummandMorgan, 1995). Note that the negative sign in surface
charge density is assigned to the deprotonation of surface hydroxyl
groups herein. It is noted that the surface charge density curves of γ–
MnO2(s) (Fig. 3c) and δ–MnO2(s) (Fig. 3d) in two different ionic
strengths were highly superimposed, indicating that surface ionization
of both phases was unaffected by the ionic strength. Interestingly,
they both were the phases that exhibited the lowest CDI efficiency. By
contrast, the surface charge density curves of α–MnO2(s) (Fig. 3a) and
β–MnO2(s) (Fig. 3b) in two ionic strengths were not superimposed.
This means that ionic strength would shift the degree of surface ioniza-
tion (and therefore the point of zero charge, pHzpc). If all surface hy-
droxyl groups (≡MnOH) were identical and their ionizations were
unaffected by neighboring hydroxyl groups (assuming a homogeneous
surface), then the titration curve should be independent of the ionic
strength (Huang and Stumm, 1973; Stumm andMorgan, 1995). Appar-
ently, the surface ofα–MnO2(s) and β–MnO2(s) were relatively hetero-
geneous in comparison with that of γ–MnO2(s) and δ–MnO2(s). In this
case, each loss of a proton reduces the charge on the polyacid and thus
affects the acidity of the neighboring groups (Huang and Stumm, 1973).
Accordingly, shifted pHzpc in α–MnO2(s) (Fig. 3a) and in β–MnO2

(s) induced by the ionic strength effect was observed (Fig. 3b). Based
on above observations, it is speculated that surface heterogeneity
among different MnO2(s) phases is likely responsible for the degree of
surface ionization and hence the CDI efficiency.

To further explore the dependency between deionization efficiency
and surface ionization, deionization efficiencies in the pH range of 4
and 10 were expressed as a function of surface charge density
(Fig. 3e). The deionization efficiency at pH 3 was excluded as at this
pH the ionic strength has been altered by the pH adjustment. An inter-
esting pattern appeared in Fig. 3e when plotting the CDI efficiency
against surface charge density. Obviously, ionization of surface hydroxyl
groups significantly influences the CDI efficiency among differentMnO2

phases in addition to their surface potential (asmeasured by zeta poten-
tial). A general patternwas that regardless of the crystal phase of MnO2,
high CDI efficiency was always related to high degree of protonated

surface hydroxyl groups (highly positive surface charge density) in a
given MnO2 phase.

Note that theoretically the surface charge density determined by ti-
tration is not always equal to the surface charge density recorded by
zeta potentialmeasurement. This is because the former is simply as a re-
sult of surface ionization while the latter would be the combination of
surface charge resulting from the surface ionization and the fix charge
originated from uneven distributed electron density. For instance, the
highly negative zeta potential in δ–MnO2 (Fig. 2b) is likely as a result
of its unique layered structure. This speculation is based on the recent
molecular dynamics simulations, which suggested that there are three
distinct surface sites at layer-structured muscovite actively responsible
for Na+ ions adsorption. Identified surface sites included a Si4Al2
ditrigonal cavity site, an Al site, and a site that allow accommodation
of hydrated Na cations (Kobayashi et al., 2017). While the latter two
sites are essentially attributed to surface hydroxyl groups that exist in
allMnO2 phases, the unique ditrigonal cavity site resulting from the suc-
cessive MnO6 octahedral network of δ–MnO2 is likely accounting for its
much negative zeta potential over other phases (Fig. 2b). This means
that unlike other 3D structured MnO2 phases (α-, β-, and γ-MnO2),
the surface charge of δ–MnO2 is mainly resulted from its layered struc-
ture (fixed charged as a result of uneven distributed electron density)
instead of the ionization of surface hydroxyl groups.

Aside from the intrinsic difference in the 2D/3D configuration, ques-
tion remains on how the structure effect influences the ionization of
surface hydroxyl groups and consequently the CDI efficiency among
α-, β-, and γ-MnO2 phases. A likely explanation would be that the sur-
face potential arising from the ionized surface hydroxyl groups would
concurrently decrease Cl− adsorption (co-ion exclusion effect) (Gao
et al., 2015; Lado et al., 2013; Gao et al., 2016). As shown in Fig. 3e,
adsorption of Na+ (red dataset) was unaffected by the positive
surface charge, some of their removal efficiency were even higher
than the changes in conductivity (black dataset). This is likely a
result of applied negative potential in CDI process (cathode). On
the contrary, the removal efficiency of Cl− (blue dataset) was
obviously much lower than that of Na+ and conductivity in the
same condition. As the conductivity of a solution can be expressed
as the sum of all individual ions (both cation and anion) of the
electrolyte (the Kohlrausch's law), reduced (electro)adsorption of
Cl− as a result of ionized surface hydroxyl groups consequently de-
creased the CDI efficiency. On the other hand, the relative heteroge-
neous surface of α–MnO2(s) and β–MnO2(s) influenced the degree
of surface ionization and therefore the structural ordering of the
water layer immediately adjacent to the solid surface (Huang and
Stumm, 1973). This allowed α–MnO2(s) and β–MnO2(s) have high
Cl− (electro)adsorption affinity and therefore high CDI efficiency.

Table 1

Surface area and porous properties of as-synthesized MnO2 samples determined by BET
analyses.

Samples Surface area
SBET (m

2/g)
Pore size
d [nm]

Pore volume
V (cm3/g)

Micropore volume
Vmicro (cm

3/g)

α-MnO2 47.2 31.2 0.36 8.7 × 10−3

β-MnO2 13.6 22.3 0.07 8.5 × 10−4

γ-MnO2 43.3 9.0 0.07 2.2 × 10−3

δ-MnO2 97.5 51.3 0.57 7.0 × 10−3

Fig. 2. (a) CDI efficiencies and (b) zeta potentials as a function of pH of different MnO2 electrodes.
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3.3. EIS analyses

In order to explore the electrochemical behavior of different MnO2

phases in CDI process, additional EIS measurements were conducted
with β–MnO2(s) and δ–MnO2(s) electrodes (as they possessed the
highest/lowest CDI efficiency among all electrodes). The frequency de-
pendence of the impedance of the carbon (as a reference), β–MnO2

(s) and δ–MnO2(s) electrodes collected in the working solution
(1.0 mM NaCl, pH = 7) is shown in Fig. 4. For the control electrode,
three impedance regions (Hz b 102 Hz, 102 Hz – 104 Hz, and N 104 Hz,
respectively)w/o applying bias were noted. Interestingly, the difference
between the first two regions was not significant and they both were

independent to the increasing frequency. The third impedance region,
however, decreased significantly with increasing frequency. Given the
movement of ions and electrons would be observed at low and high
frequency region, respectively (Li et al., 2018; Wang et al., 2014),
reduced impedance at high frequency region is simply reflecting the
conductive nature of carbon black. On the other hand, the observed im-
pedance at the two low frequency regions presumably suggested that
ions could transport readily in the tortuous paths in the carbonaceous
electrode without experiencing any significant dragging force. Impor-
tantly, impedance of carbon electrode was unaffected by the applied
bias, meaning again the conductive nature of the carbonaceous
electrodes.

Fig. 3.As-determined surface chargedensity as a function of pHof (a)α−, (b)β−, (c)γ−, and (d) δ−MnO2 in 10mM(filled) and1.0mM(open)NaCl solutions and (e) thedependency of
deionization efficiency as well as Na+/Cl− removal ratio and surface charge density among different MnO2 phases.
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In β–MnO2 electrode, introducing activeMnO2 slightly increased the
impedance of the electrodes, likely arising from the boundary resistance
at MnO2 and carbon interfaces. However, the impedance dropped sig-
nificantly to a level comparable to that of carbon electrode when bias
was applied. This indicated that boundary resistance at MnO2 and car-
bon interfaces was not significant. Similarly, the impedance of the δ–

MnO2 electrode without applying bias was rather comparable to that
of β–MnO2 electrode in the same condition.When charging, the imped-
ance of the δ–MnO2 electrode at low frequency region however in-
creased significantly. This suggested that ion transporting at δ–MnO2

electrode would experience an additional dragging force. To quantita-
tively interpret this interface behavior, collected EIS spectra were fur-
ther fitted with a 2-component equivalent circuit where the first and
the second component represented the electrical behavior occurring
at the electrode/electrolyte interface and the diffusion layer, respec-
tively (Fig. 5). This arrangement was to avoid introducing additional
variables that are not fully supported by any physical meanings al-
though it is certain that themore variables introduced, themore precise
fittings can be achieved. This assignmentwas also based on the observa-
tion shown in Fig. 5 where there were only two significant semicircles
noted in the Nyquist plot. As shown in Fig. 5a, the complex plane data
contains low frequency data on the right side of the plot and those col-
lected at higher frequencies are on the left. The Nyquist plot of the con-
trol electrode (carbon electrode) exhibited two semicircles, each of
which was representative of association with a single time constant el-
ement due to charge transfer phenomenon across the frequencies.
Fitting results quantitatively revealed that the charging slightly de-
creased the resistance at the solid-electrolyte interface but had limited
influence on the resistance and capacitance at the solid-electrolyte in-
terface and the diffusion layer (within the experimental standard devi-
ation). In the case of β–MnO2(s) electrode, slightly increased resistance
and dramatic decreased capacitance by almost three orders of magni-
tude were noted when no bias was applied. On the contrary when
biaswas applied, determined resistance and capacitance at the diffusion
layer became rather comparable to that of the carbon electrode. This
means that the surface ionization and the structural ordering of the
water layer immediately adjacent to the solid surface due to the surface
heterogeneity of β–MnO2(s) would not significantly reduce the access
of Cl− to β–MnO2 (s) surface, which explains its high CDI efficiency. In
the case of δ–MnO2(s) electrode, the determined resistance and capac-
itance at the solid-electrolyte interface when no additional bias was ap-
plied were similar to that of β–MnO2 electrode. However, an insulator-
like resistant developing at the diffusion layer was identified, which
remained three orders of magnitude greater than that of carbon and
β–MnO2(s) electrode even when bias was applied. This can be realized

as highly ionized δ–MnO2(s) would adsorb counter ions to compensate
the surface charge and therefore a dense double layer capacitor was de-
veloped that inhibited the accommodation of co-ion in CDI process
(Ghaemi et al., 2008). This arrangement later resulted in a high resis-
tance region developing at the diffusion layer that reduced the access
of co-ions approaching the surface (Fig. 3e). Accordingly, the low CDI
performance of δ–MnO2 electrode, mainly as a result of reduced Cl−

(electro)adsorption, can be realized that the majority of applied bias is
wasted by driving Cl− across the resistance at the diffusion layer, not
for accommodating them. Based on our EIS results, it is clear that the
crucial factor regulating the CDI efficiency would be the degree of ioni-
zation of MnO2(s).

3.4. Structure induced surface charge effect

Above discussions illustrate how ionization of MnO2(s) surface af-
fects the CDI efficiency. We speculate that the degree of surface ioniza-
tion is likely regulated by the structure among different MnO2 phases,
specifically the structure induced surface charge effect on the surface
heterogeneity. Recently, Ganesan and Murugan employed first-
principles calculations to explore the water oxidation occurring at α-
MnO2(s) surface (Ganesan and Murugan, 2016). They indicated that
an initial step of water oxidation is involved in dissociating water di-
mers into hydronium intercalated within the network and hydroxide
ions accommodated at the oxygen vacant site that strongly interact
with Mn atoms in the tunnel of a hydrated α-MnO2(s) compound. Fur-
ther, the coulombic attraction of a hydronium ionwith awatermolecule
leads to the formation of a Zundel cation (H5O2

+) in the tunnel. Dawson
and co-workers conducted another first-principle calculations focusing
on oxygen vacancy formation and metallic behavior at a β-MnO2 grain
boundary (Dawson et al., 2015). Their calculations reveal that the for-
mation of oxygen vacancies produces spin-polarized states along with
ametallic behavior at the grain boundarywith defect charge distributed
over a number of oxygen andmanganese sites and both of them are im-
portant to the electrochemical performance of β-MnO2. Ghaemi and co-
workers experimentally demonstrated that higher specific capacitance
of layered δ-MnO2(s) than that of γ-MnO2(s) was attributed to the for-
mer being capable of physically adsorbing higher amount of water mol-
ecules that consequently influenced the proton diffusion process of
tunnel structured MnO2 (Ghaemi et al., 2008). Based on the above ex-
perimental results and calculations, it is clear that the structure, partic-
ularly the different size of the tunnel structure among the MnO6

octahedral, strongly influences the electrochemical performance of dif-
ferent phase of MnO2. Considering that recent first-principle calcula-
tions of anatase TiO2(001) surface suggest that its high surface

Fig. 4. Impedance dependency as a function of frequency of control (carbon), β–MnO2 and δ–MnO2 electrodes.
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reactivity is due to the large surface tensile stress, which can be easily
suppressed by a stress-release mechanism (Shi et al., 2017).We further
speculate that tensile stress resulting from the tunnel structure among
the MnO6 octahedral is strongly related to the surface heterogeneity

and afterwards reactivity of surface ionization. This surface defect effect
might be responsible for the discrepancy in CDI efficiency by different
MnO2 phases, which has never been included and discussed in CDI pro-
cess previously. Importantly, Shi and co-workers further indicated that

Fig. 5. (a) Illustration of physics background of adopted equivalent circuit (watermolecules are presented as two red circles attached on the blue circle, plus andminus signs are referred to
cation and anion, respectively) and Nyquist plots and fittings of (a) AC; (b) β–MnO2; (c) δ–MnO2 electrodes; black: no bias was applied; red: applied – 0.7 V bias.
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the anatase(001) surface with few defects, which can be achieved by
adsorption of water, is important in improving the reactivity (Shi
et al., 2017). Consistentwith the aforementioned speculation, the struc-
tural ordering of the water layer immediately adjacent to the solid sur-
face induced by surface ionization (Huang and Stumm, 1973) would
profoundly influence the access of ions moving across the diffusion
layer and consequently affect the CDI efficiency. Nonetheless, observed
structure induced surface charge effect in this study should be further
interpreted at the molecular rather than the mean-field level such as
the classical Gouy-Chapman theory and DLVO theory as these theories
have limitations in describing certain phenomena at the solid-
electrolyte interfaces (i.e., adsorbed ion-ion correlations and hydration
forces) (Kobayashi et al., 2017). This information will be the scientific
base for designing high efficiency CDI electrodes in the future.

4. Conclusion

In this study, the discrepancy in CDI efficiency brought by different
MnO2 phases was explored by alkalimetric-acidimetric titration and
electrochemical impedance spectroscopy analyses. The deionization ef-
ficiency decreased with increasing degree of surface ionization of hy-
drous MnO2(s), which was independent of the pH and the MnO2

phases. The structure induced surface charge effect on the surface het-
erogeneity induced by different phase of MnO2 played an important
role in CDI efficiency. A highly charged surface would induce a high re-
sistance in the diffusion layer that reduces anion (electro)adsorption
and consequently compromises CDI efficiency. Furthermore, detailed
exploration concerning the adsorbed ion-ion correlations and hydration
forces at the solid-electrolyte interfaces atmolecular levelwould be cru-
cial to gain insight into the observed structure induced surface charge
and its effect on CDI efficiency.
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