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A B S T R A C T

Hybrid capacitive deionization (HCDI), which combines a capacitive carbon electrode and a redox active
electrode in a single device, has emerged as a promising method for water desalination, enabling higher ion
removal capacity than devices containing two carbon electrodes. However, to date, the desalination performance
of few redox active materials has been reported. For the first time, we present the electrochemical behavior of
manganese oxide nanowires with four different tunnel crystal structures as faradaic electrodes in HCDI cells.
Two of these phases are square tunnel structured manganese oxides, α-MnO2 and todorokite-MnO2. The other
two phases have novel structures that cross-sectional scanning transmission electron microscopy analysis re-
vealed to have ordered and disordered combinations of structural tunnels with different dimensions. The ion
removal performance of the nanowires was evaluated not only in NaCl solution, which is traditionally used in
laboratory experiments, but also in KCl and MgCl2 solutions, providing better understanding of the behavior of
these materials for desalination of brackish water that contains multiple cation species. High ion removal ca-
pacities (as large as 27.8 mg g−1, 44.4 mg g−1, and 43.1 mg g−1 in NaCl, KCl, and MgCl2 solutions, respectively)
and high ion removal rates (as large as 0.112 mg g−1 s−1, 0.165 mg g−1 s−1, and 0.164 mg g−1 s−1 in NaCl,
KCl, and MgCl2 solutions, respectively) were achieved. By comparing ion removal capacity to structural tunnel
size, it was found that smaller tunnels do not favor the removal of cations with larger hydrated radii, and more
efficient removal of larger hydrated cations can be achieved by utilizing manganese oxides with larger structural
tunnels. Extended HCDI cycling and ex situ X-ray diffraction analysis revealed the excellent stability of the
manganese oxide electrodes in repeated ion removal/ion release cycles, and compositional analysis of the
electrodes indicated that ion removal is achieved through both surface redox reactions and intercalation of ions
into the structural tunnels. This work contributes to the understanding of the behavior of faradaic materials in
electrochemical water desalination and elucidates the relationship between the electrode material crystal
structure and the ion removal capacity/ion removal rate in various salt solutions.

1. Introduction

The scarce availability of freshwater has become a critical issue for
society as population levels increase, water consumption levels scale up
with living standards, and pollution destroys many natural sources.
Nearly four billion people face water scarcity at least one month out of
the year and half a billion people face water scarcity year round [1],
and the World Economic Forum has repeatedly identified a water crisis
as one of the largest global risks in regards to its potential impact [2].
Thus, the development of desalination techniques that can efficiently
provide freshwater at significant scales from salt water (which con-
stitutes 97% of the water available on Earth [3]) are imperative for

achieving an adequate supply of water for the world's population.
Commonly utilized large-scale desalination techniques involve re-

verse osmosis and thermal separation methods. These techniques,
which remove the water (majority phase) from the salt (minority
phase), have downsides including high energy consumption and com-
plex operation [4–7]. At lower salt concentrations, such as those found
in brackish water, it becomes energetically favorable to remove the salt
from the water. An emerging and attractive process for salt removal is
capacitive deionization (CDI). CDI is a low pressure and room tem-
perature process in which water is flown between or through electrodes
while a potential is applied. When a positive potential is applied, ions
are removed from the water via electric double layer adsorption or
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chemical reaction with the electrode material. When the potential is
released or reversed, ions are forced off of the electrodes, thus re-
generating them for subsequent cycling. Advantages of CDI include no
secondary pollution, lower energy consumption when compared to
current desalination techniques, and the potential for energy recovery
from charge stored in the electrodes during ion removal [4–6]. Thus,
CDI is of significant interest for development as a large-scale desali-
nation technique.

CDI typically involves the use of high surface area carbon materials
as electrodes [4–6]. These materials remove ions via adsorption in the
electric double layer on the surface of the electrodes, and ion removal
capacities as high as 21.0 mg of salt (NaCl) per gram of electrode have
been reported for a nitrogen doped graphene sponge [8]. Further,
through incorporation of ion exchange membranes in a configuration
termed membrane capacitive deionization (MCDI), the efficiency of CDI
systems based on carbon materials can be improved [5,6]. However,
similar to supercapacitors, carbon based materials are limited in their
salt adsorption capacity by the surface area available for ion absorption
[6,9]. This limitation can be overcome by utilizing electrode materials
that undergo faradaic reactions with ions in solution. Such chemical
reactions can occur throughout the bulk of the structure and thus are
not limited by surface area. Another approach to desalination, termed
desalination batteries, uses a similar configuration as traditional CDI,
but instead of high surface area capacitive electrodes, two faradaic
materials are utilized as electrodes. Desalination batteries have shown
higher ion removal capacities but slower ion removal rates due to the
sluggish kinetics of ion intercalation compared to adsorption onto a
material's surface [10–13]. More recently, an approach termed hybrid
capacitive deionization (HCDI) has emerged [9], which combines one
faradaic electrode and one carbon electrode (Fig. 1). HCDI systems have
shown improved ion removal capacities over conventional CDI systems
that solely use carbon electrodes, as well as higher ion removal rates
compared to desalination batteries, thus combining the best attributes
of both desalination approaches [9,14].

One promising class of materials for removal of ions from aqueous
solution is manganese oxides, demonstrated by past research directed at
this material system for water desalination [9–11,13]. Several ad-
vantages are associated with utilizing manganese oxides as electrodes
for HCDI systems. First, manganese oxides are a structurally diverse
class of materials, with over 30 known polymorphs [15], resulting in a
wide range of crystal structures and chemistries that can be investigated
and tailored for ion removal in an HCDI system. Second, the inherent
low cost and low toxicity of manganese oxides are advantageous

properties when considering large-scale commercial application of
HCDI systems. Third, the high electrochemical activity of manganese
oxides enabled by the Mn3+/Mn4+ redox pair presents the potential for
high ion removal capacity [16,17]. Fourth, the stability of manganese
oxides in aqueous environments [18] allows for their extended appli-
cation under potential for ion removal from aqueous solutions, and the
hydrophilic nature of manganese oxide surfaces results in manganese
oxide particles being easily wetted with solution to maximize utilization
of active material [19,20]. Such a combination of properties thus makes
manganese oxides exceptionally attractive materials for water desali-
nation applications.

Within manganese oxides there is a unique family of materials with
tailorable tunnel crystal structures, tunnel structured manganese oxides
(TuMOs). These phases, several of which are shown schematically in
Fig. S1, are built from MnO6 octahedra sharing corners and edges to
form structural tunnels with different sizes and shapes. The large tun-
nels contain positively charged cations that stabilize the crystal struc-
ture of the material and thus are often called “stabilizing ions”. Past
work has demonstrated that these open tunnel structures show ex-
cellent cation exchange properties [21,22] and have been utilized ef-
fectively as battery [17,23–25] and supercapacitor [17,18,26] elec-
trodes. Therefore, it is believed that TuMOs can show high performance
in water desalination applications, with the large, open tunnel struc-
tures providing ample crystallographic volume to store ions removed
from solution. Moreover, variation of the synthesis conditions and
stabilizing ions provides control over the specific size, shape, and ionic
content of the structural tunnels, presenting a degree of tunability that
makes TuMOs an ideal materials system for exploring the relationship
between crystal structure and ion removal capacity/selectivity. Another
unique advantage of TuMOs is that they can all be synthesized with a
flexible nanowire morphology that allows for excellent access of solu-
tion and ions to material's surfaces. Notably, Na0.44MnO2 powder,
which exhibited an ion removal capacity of 31.2 mg g−1 in NaCl [9], is
a member of this materials family, indicating the potential of TuMOs for
water desalination applications and providing further reason to in-
vestigate the behavior of materials with different tunnel crystal struc-
tures. However, except for Na0.44MnO2, no other TuMO phases have
been evaluated for HCDI application.

In this report, we present for the first time the performance of
TuMOs that contain tunnels of different dimensions, including α-MnO2

and manganese oxide with todorokite crystal structure. Further, two
novel hybrid tunnel structures with ordered and disordered combina-
tions of 2×n and 3×n tunnels (n = 2, 3, 4, 5, 6) within individual

Fig. 1. Schematic illustration of ion removal from water via a
hybrid capacitive deionization (HCDI) cell. As brackish water is
flown into the cell, an electric potential is applied across the two
electrodes. In the carbon electrode, ions are adsorbed on the
surface of the activated carbon. In the manganese oxide nanowire
electrode, ions chemically react with the surface or intercalate
into the structure of the TuMO nanowires, as is shown on the
right. The tunnel size is defined by the number of MnO6 octahedra
on perpendicular sides of the rectangular tunnels (“X” octahedra
× “Y” octahedra). The ionic radius (RI) [29] and hydrated radius
(RH) [30] are shown for Cl-, K+, Mg2+, and Na+ ions. A co-
ordination of VI is assumed for ionic radii.
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nanowires are synthesized and investigated for the first time. Utilizing
an HCDI configuration, illustrated in Fig. 1, the ion removal perfor-
mance of these materials is studied in aqueous solutions of NaCl, KCl,
and MgCl2, which were chosen due to the common presence of Na+,
K+, Mg2+, and Cl- ions in saline and polluted waters [27,28]. High ion
removal capacities and ion removal rates are achieved for each mate-
rial, demonstrating the advantage of utilizing such redox active elec-
trodes in HCDI for different ionic solutions. Combined structural, che-
mical, and electrochemical analysis of the electrodes provides insight
into the stability and mechanism of ion removal exhibited by the
TuMOs.

2. Materials and methods

2.1. Materials synthesis

α-MnO2 nanowires were prepared by a hydrothermal synthesis
method described elsewhere [31] in which 316 mg of KMnO4 (Acros
Organics) and 108 mg of NH4Cl (Strem Chemicals) were dissolved in
100 mL of deionized water. 20 mL of this solution was added into
23 mL Teflon-lined stainless steel autoclaves (Parr Instruments) that
were heated at 150 °C for 48 h. The product was then filtered, washed,
and dried at 100 °C for 12 h.

Manganese oxide nanowires with todorokite crystal structure (Tod-
MnO2) were synthesized via a process described in a previous work
[23]. The precursor material, Na-birnessite, was prepared via a method
described elsewhere [32] in which a mixed solution of 0.6 M NaOH
(Acros Organics) and 2 M H2O2 (Fisher Scientific) having a volume of
100 mL was added dropwise to a solution of 0.3 M Mn(NO3)2 (Acros
Organics). After washing and filtering, the Na-birnessite was then
placed in 1 L of 1 M MgCl2 (Sigma Aldrich) solution to perform an ion
exchange reaction. After 24 h of stirring in solution, the products were
filtered out and placed in a fresh 1 L solution of 1 M MgCl2 for an ad-
ditional 24 h, resulting in a total ion exchange time of 48 h and con-
version of the Na-birnessite into Mg-buserite. 50 mg of the Mg-buserite
was added to 17 mL of 1 M MgCl2 in a 23 mL Teflon-lined stainless steel
autoclave followed by hydrothermal treatment at 220 °C for 96 h. The
resulting product was then filtered, washed, and dried at 100 °C for
12 h.

The two other TuMO phases investigated in this work were syn-
thesized via hydrothermal treatment of Na-birnessite precursor, based
on a previously reported process [33]. The Na-birnessite was made
following the same procedures as for the Tod-MnO2 nanowires. When
the precipitate was allowed to statically age for only one hour before
filtering and thorough washing, low crystallinity birnessite (LC-Bir) was
created. The LC-Bir was then allowed to dry at 100 °C for 12 h before
100 mg of this powder was mixed into 15 mL of deionized water, added
to a 23 mL Teflon-lined stainless steel autoclave, and hydrothermally
treated at 220 °C for 8 days. After hydrothermal treatment, the product
was filtered, washed, and dried at 100 °C for 12 h. The resulting ma-
terial was termed “Hybrid-MnO2” nanowires, and the structure of this
material is described in detail in Section 3. Increasing the length of the
aging step in the birnessite synthesis from 1 h to 96 h resulted in the
formation of a Na-birnessite with higher crystallinity (HC-Bir). When
the HC-Bir was hydrothermally treated under the same conditions as
the LC-Bir, TuMO nanowires with a greater degree of structural reg-
ularity, termed “2×n-MnO2” nanowires were formed. The structure of
this phase is also discussed in Section 3.

2.2. Materials characterization

X-ray powder diffraction (XRD) for phase analysis was performed
using a Rigaku SmartLab X-ray diffractometer (Japan) with copper Kα
radiation, a step size of 0.02°, and step time of 1 s. The morphology of
all samples was characterized via scanning electron microscopy (SEM)
using a Zeiss Supra 50VP (Germany) equipped with an energy

dispersive X-ray (EDX) spectrometer. EDX spectroscopy allowed for the
evaluation of the chemical composition of the electrode materials be-
fore and after ion removal experiments. For analysis of the cycled
manganese oxide electrodes, the electrodes were thoroughly washed
with deionized water to remove physisorbed ions. For each sample,
EDX spectra were recorded in multiple 10 µm by 10 µm regions, and the
chemical composition was determined by averaging the quantification
of all spectra for a given sample. Cross-sections of the four manganese
oxide nanowire phases were prepared for aberration-corrected scanning
transmission electron microscopy (STEM) by diamond-knife ultra-
microtomy. High-angle annular dark-field (HAADF) images were ac-
quired using a JEOL JEM 2200FS TEM/STEM operated at 200 kV and
equipped with a CEOS probe Cs-corrector.

2.3. Electrode preparation

Electrodes of all materials (α-MnO2, Tod-MnO2, 2×n-MnO2,
Hybrid-MnO2, and activated carbon (YP-50F, Kuraray Chemical)) were
prepared using the same method. The active material, carbon black
(Alfa Aesar), and polytetrafluoroethylene binder (Sigma Aldrich, 60 wt
% in H2O) were thoroughly mixed in a 80:15:5 ratio, respectively, in
ethanol to form a paste, which was then rolled out to form 150–300 µm
thick electrode films. After drying the films at 100 °C for 24 h, in-
dividual electrodes were cut with an area of approximately 340 mm2

for the manganese oxides (approximate mass of ~50 mg) and 650 mm2

for the activated carbon (approximate mass of ~100 mg). Different size
films were cut for the negative and positive electrodes because of the
cell geometry and to ensure a larger mass of the activated carbon
electrode, which is the limiting factor in the capacity of the HCDI
system due to the surface-based ion removal mechanism characteristic
of carbon materials [9,14].

2.4. Ion removal experiments

The custom-designed cell for HCDI tests is shown schematically in
Fig. 2. Ion removal experiments were performed in batch mode con-
figuration with a 15 mL ionic solution reservoir. Solutions of 15 mM

Fig. 2. Schematic illustration of the HCDI cell used for evaluating the ion removal be-
havior of all TuMO nanowires investigated in this work. The deionization cell consisted of
Delrin exterior (McMasterCarr, USA) (1), conductive tin plated tape as the current col-
lector (3 M™) (2), activated carbon electrode (3), anion exchange membrane (AMV,
Selemion, AGC engineering Co.) (4), Viton fluoroelastomer gasket (500 µm thickness,
McMasterCarr, USA) with a precut flow channel (area of flow channel = 294 mm2) (5),
nylon spacers (Spectrum Laboratories, Inc., USA) (6), cation exchange membrane (CMV,
Selemion, AGC engineering Co.) (7), manganese oxide electrode (8), dip-in conductivity
probe (ET915, eDAQ Pty Ltd, Australia) (9), and salt solution reservoir (10).
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NaCl, KCl, or MgCl2 (Fisher Scientific and Acros Organics) were
pumped through the cell using a peristaltic pump at 20 mL min−1

flow
rate to probe the ion removal performance of the manganese oxides in
different salt solutions. Experiments were performed in a constant
voltage operation mode, alternating between 15 min ion removal step
at 1.2 V and 15 min ion release step at − 1.2 V. Applied potentials of
1.2 V and − 1.2 V were chosen to maximize ion removal capacity while
remaining within the electrolysis stability window of water [5,6]. A
VMP3 potentiostat/galvanostat (BioLogic, France) was used to apply
potential and monitor current in the cell. The conductivity of the salt
solution reservoir was monitored using a dip-in conductivity probe
(Fig. 2). While both the initial conductivity and concentration of the
salt solution can affect the performance of the desalination device, in
this study, the initial concentration of the solutions containing different
cations was fixed. This was done to control for the different molar
masses of the salts and allow for comparison of the desalination per-
formance of a given material across solutions containing various ionic
species.

The conductivity of the salt solutions was converted to the con-
centration of salt present in the solutions via conductivity/concentra-
tion relationships determined using a Malvern Instruments Zetasizer
Nano ZS equipped with a MPT-2 Multi Purpose Titrator. This titration
method produced concentrations vs. conductivity plots in the con-
centration range of 1–1600 mg L−1 for NaCl and KCl and
1–3000 mg L−1 for MgCl2 (Fig. S2). From these plots, the linear re-
lationship between concentration and conductivity can be extracted.
This relationship is applied to conductivity data recorded during ion
removal experiments to obtain concentration vs. time profiles, from
which performance parameters were calculated.

The ion removal capacity (in mg of salt per g of electrode material)
of the HCDI system was calculated using Eq. (1) [9], where C0 and Ci

are the salt concentrations at the beginning and end of an ion removal
step, respectively, V is the volume of the solution being tested, and Mtot

is the total mass of the manganese oxide and activated carbon elec-
trodes in the flow channel of the cell (~ 70 to 80 mg), including the
binder and carbon additives.

=

−C C V
M

Ion removal capacity (
mg
g
) ( )*i

tot

0

(1)

The ion removal rate was calculated by dividing the ion removal
capacity by the step time (s) [9], and the maximum ion removal rate
can be extracted as the maximum of the ion removal rate vs. step time
curve.

Charge efficiency (Λ) of the HCDI system was calculated from the
ratio of the amount of salt removed to the charge passed through the
cell during a given ion removal step [5,6]. Eq. (2) is derived from this
ratio and can be used to calculate Λ, where C0 and Ci are the salt
concentrations at the beginning and end of an ion removal step, re-
spectively, V is the volume of the solution being tested, F is Faraday's
constant, MS is the molar mass of the salt in solution, and Σ is the
charged passed during the ion removal step (obtained from integrating
the current passed during the ion removal step with respect to time).

=

−C C V F
M Σ

Λ ( )* *
*
i

S

0

(2)

At the beginning of each test, several ion removal/ion release cycles
were performed until a “dynamic steady state” condition [34] was
reached in which the net change in conductivity during the ion removal
and ion release steps was nearly equivalent. All reported ion removal
performance was obtained under these conditions, and all experiments
were triplicated in order to ensure reproducibility.

3. Results

3.1. Material characterization

Fig. 3 shows the XRD patterns of the TuMO phases synthesized in
this work. The XRD patterns of α-MnO2 and manganese oxide with
todorokite crystal structure (Tod-MnO2) show strong reflections that
correspond well to past reports for the two respective materials
[21,24,31,35–37]. The XRD patterns of α-MnO2 and Tod-MnO2 can be
readily indexed to a tetragonal I4/m phase (JCPDS file #44-014) and a
monoclinic P2/m phase (JCPDS file #38-475), respectively. Initial ef-
forts, with a LC-Bir precursor, to synthesize a previously reported Na-
2×3 phase with 2×3 structural tunnels [33] resulted in a material
(Hybrid-MnO2) with an XRD pattern exhibiting only a few, broad re-
flections, indicating poor long-range order within the material struc-
ture. In an effort to improve the crystallinity of this material and obtain
the targeted Na-2×3 phase, the HC-Bir precursor was used during
synthesis, resulting in a material (2×n-MnO2) with an XRD pattern
showing a greater number of peaks with decreased widths compared to
the XRD pattern for the Hybrid-MnO2 phase (Fig. 3). Although the
crystallinity of the 2×n-MnO2 phase was improved, the XRD pattern of
this material still did not match the previously reported pattern for Na-
2×3 (Fig. 3). The XRD patterns of 2×n-MnO2 and Na-2×3 do share
many common reflections, but the reflection at ~ 9.2° 2θ (~ 9.6 Å),
corresponding to a spacing of three MnO6 octahedra ((001) reflection),
was not found in the 2×n-MnO2 phase. The 9.6 Å spacing is a defining
structural reflection for the 3 octahedra side length of the characteristic
2×3 tunnels in the Na-2×3 phase.

SEM images (Fig. 4a–d) revealed that the morphology of all four
manganese oxide phases, including the 2×n-MnO2 and Hybrid-MnO2

phases, is that of well-formed nanowires with sharply defined edges,
indicating crystalline materials. The important discrepancy between
XRD patterns of the 2×n-MnO2 phase and Na-2×3 in past reports, as
well as the discrepancy between the poorly crystalline XRD pattern for
the Hybrid-MnO2 phase and its well-defined nanowire morphology,
prompted utilization of cross-sectional STEM analysis to further eval-
uate the structure of the synthesized materials.

Cross-sectional HAADF-STEM images of the nanowires are shown in
Fig. 4e–h. In these images, the longitudinal axis of the nanowires is
oriented parallel to the electron beam, revealing the atomic arrange-
ment in the cross-section of the nanowire and allowing for evaluation of
the differences in the size, shape, and distribution of the structural
tunnels in each material. Fig. 4e shows a cross-sectional STEM image of
α-MnO2, where 2×2 tunnels typical for α-MnO2 can be clearly ob-
served. The 8 Mn columns (denoted by green circles) are arranged in a
square 2×2 fashion with a tunnel side length of 4.6 Å (structural
schematic in Fig. S1a). This tunnel structure is consistent throughout

Fig. 3. XRD patterns of α-MnO2, Tod-MnO2, 2×n-MnO2, and Hybrid-MnO2 phases. *XRD
patterns of Na-2×3 and Na-2×4 are taken from a previous report [33] and are shown for
comparison.
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the entire nanowire (additional STEM images in Fig. S3a), confirming
that this material is composed of 2×2 tunnels, which is in agreement
with XRD data in Fig. 3.

Fig. 4f shows a cross-sectional STEM image of Tod-MnO2. Although
manganese oxide with todorokite crystal structure is believed to be
built by 3×3 tunnels [21,37], previous reports have shown that the
3×3 tunnels can coexist with tunnels of multiple different 3×n (n = 3,
4, 5, 6, 7) dimensions due to incomplete transformation from the
layered Mg-buserite precursor [24,35,36]. We also find the presence of
several 3×n tunnels (n = 3, 4, 5), which is supported by the XRD
pattern for Tod-MnO2 and corresponds well to past reports, but as can
be seen in Fig. 4f and Fig. S3b, 3×3 (orange circles) and 3×4 (yellow
circles) tunnels dominate the structure. The XRD pattern of Tod-MnO2

(Fig. 3) shows distinct peaks at ~ 9.2° (001) and ~ 18.4° (002) 2θ,
corresponding to d-spacings of ~ 9.6 Å and ~ 4.8 Å, respectively. These
two peaks are also characteristic of the layered precursor Mg-buserite,
which has an interlayer spacing of ~9.6 Å. The XRD pattern for the Mg-
buserite precursor is shown in Fig. S4. The cross-sectional STEM images
in Fig. 4f reveal that all of the structural tunnels in Tod-MnO2 contain at
least one dimension of 3 octahedra (~ 9.6 Å d-spacing), thus resulting
in the strong reflections in the XRD pattern corresponding to this tunnel
dimension. Moreover, the lack of XRD peaks at lower angles (< 8° 2θ)
indicates that there is no systematic presence of tunnels with a side
length larger than 3 octahedra, which is supported by their random
distribution in the cross-sectional STEM images. Hence, through XRD
and cross-sectional STEM, it can be concluded that the structure of the
Tod-MnO2 nanowires is composed of tunnels with 3×n dimensions,
with the majority of the tunnels consisting of 3×3 and 3×4 octahedra.

Fig. 4g shows a cross-sectional STEM image for the 2×n-MnO2

phase that was synthesized using the HC-Bir precursor with the goal of
obtaining the Na-2×3 manganese oxide containing purely 2×3 tun-
nels. It was found, however, that instead of only 2×3 tunnels being
present, 2×2 tunnels (green circles), 2×3 tunnels (red circles), and
2×4 tunnels (blue circles) were each present within a single nanos-
tructure. Additional STEM images (Fig. S3c) show that this configura-
tion of tunnels with the three different dimensions (2×2, 2×3, and
2×4) is systematically present throughout multiple nanowires. As a
result of this combination of well-defined tunnel structures that contain
a common 2 octahedra dimension, this material is referred to as “2×n-
MnO2”.

The XRD pattern of 2×n-MnO2 is shown in Fig. 3 along with the
literature XRD patterns of Na-2×3 (JCPDS file #14-627) and Na-2×4
[33], as well as experimentally obtained XRD pattern of α-MnO2 (2×2
tunnels). The (001) peak at 9.2° 2θ (~ 9.6 Å, or 3 octahedra tunnel side
[33]) for Na-2×3 and (002) peak at 7.4° 2θ (~ 11.9 Å, or 4 octahedra
tunnel side [38]) for Na-2×4 are absent in the XRD pattern of the 2×n-
MnO2, indicating that there is no ordered presence of these tunnel
structures. This conclusion is in agreement with cross-sectional STEM
images in Fig. 4g and Fig. S3c that show a random distribution of the
2×3 and 2×4 tunnels. Despite the difference in XRD patterns at lower
angles, the XRD pattern of 2×n-MnO2 is constructed by many peaks
that overlap with those in the XRD patterns of Na-2×3, Na-2×4, and α-
MnO2 phases. A peak at ~12.7° 2θ (~ 7.0 Å), which is indicative of a
spacing of 2 octahedra [33], is present in XRD patterns of all four
materials. This peak is prominent in the XRD pattern of 2×n-MnO2 due
to the systematic and long-range presence of the 2 octahedra tunnel
dimension that is seen in the cross-sectional STEM images. Moreover, a
multiple of this peak is also found in all four patterns at ~ 25° 2θ.

Fig. 4. SEM (a–d) and cross-sectional HAADF-STEM
(e-h) images of α-MnO2, Tod-MnO2, 2×n-MnO2, and
Hybrid-MnO2: (a, e) α-MnO2, (b, f) Tod-MnO2, (c, g)
2×n-MnO2, and (d, h) Hybrid MnO2. Colored circles
corresponding to Mn columns denote structural
tunnels with different dimensions: green − 2×2
tunnels, red − 2×3 tunnels, blue − 2×4 tunnels,
purple − 2×5 tunnels, orange − 3×3 tunnels, and
yellow − 3×4 tunnels. The yellow box in (h) shows
an area within the nanowire with incompletely
formed tunnels.
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In addition, there are other common peaks in the XRD patterns of
2×n-MnO2, α-MnO2, Na-2×3, and Na-2×4 phases that correspond to
planes of atoms that extend diagonally across and into the tunnel faces
([100] and [010] directions for α-MnO2 [17], [100] and [001] direc-
tions for Na-2×3 and Na-2×4 [33]). All four patterns contain reflec-
tions at ~ 37.5°, 42.0°, and 65.5° 2θ that correspond to such atomic
planes. Further, the 2×n-MnO2 shares a common reflection at ~ 60.0°
2θ with α-MnO2, Na-2×3, and Na-2×4. A summary of these common
reflections is shown in Fig. S5. The different miller indices for each
material at the same 2θ values are due to the different orientation and
size of the unit cells relative to the structural tunnels (see Fig. S1 for
crystal structure schematics illustrating unit cell size and orientation).
Regardless of the different indices, the presence of these common re-
flections supports the fact that the structure of the 2×n-MnO2 nano-
wires is indeed similar to that of α-MnO2, Na-2×3, and Na-2×4. Thus,
combined XRD and STEM analysis corroborate that the 2×n-MnO2

nanowires have an ordered tunnel structure composed of randomly
distributed 2×2, 2×3, and 2×4 tunnels oriented parallel to the
longitudinal axis of the nanowire.

Fig. 4h shows the cross-sectional STEM analysis of the Hybrid-MnO2

nanowires and reveals the tunnel structure of this material to be com-
posed of a highly aperiodic and disordered combination of a number of
different tunnel configurations. There are 2×2 tunnels (green circles),
2×3 tunnels (red circles), 3×3 tunnels (orange circles), and even
larger structural tunnels including 2×5 (purple circles) all present
within a single nanostructure. Additional STEM images (Fig. S3d) show
that this type of structure is typical for the entirety of the nanowires,
with very little periodicity. There are many areas that are poorly or-
dered, as well as areas that include tunnels that are not completely
formed (yellow box in Fig. 4h). Moreover, the Hybrid-MnO2 nanowires
have a greater degree of surface amorphization compared to the other
phases in this work, observed on the edges of the nanowires in the
STEM images. As a result of the random and disordered nature of the
structural tunnels in this material, it is referred to as “Hybrid-MnO2”. It
can also be concluded here that increasing the aging time and thus
crystallinity of the Na-birnessite precursor improves the regularity of
the structural tunnels within the nanowires. XRD patterns of the LC-Bir
and HC-Bir precursors are shown in Fig. S4.

The Hybrid-MnO2 material is distinct from the 2×n-MnO2 due to
the greater variety of tunnel configurations, as well as its significantly
lower degree of structural order. The XRD pattern of the Hybrid-MnO2

(Fig. 3) agrees with the STEM images, with fewer, broader peaks pre-
sent compared to the pattern for the 2×n-MnO2. There are also small,
broad peaks present at ~ 6.1° 2θ (~ 14.5 Å) and ~ 8.1° 2θ (~ 10.9 Å).
Although these peaks do not directly correspond to d-spacings ascribed
to 3 and 4 octahedra tunnel side lengths, it is believed that the larger
spacing may exist due to a large number of 2×5 tunnels present within
the structure, and both peaks indicate a small degree of ordering of
larger tunnel dimensions. The Hybrid-MnO2 XRD pattern is compared
to α-MnO2, Na-2×3, and Na-2×4 in Fig. 3, revealing overlapping
peaks between the structures. A peak present at ~ 12.7° 2θ (~ 7.0 Å) is
indicative of a spacing of 2 octahedra and in agreement with the cross-
sectional STEM images that show a large number of tunnels with a 2
octahedra dimension. There are also peaks in the Hybrid-MnO2 XRD
pattern at 37.5° and 65.5° 2θ, which were previously shown to be
present in the XRD patterns of the 2×n-MnO2, α-MnO2, Na-2×3, and
Na-2×4 phases. These peaks indicate that although the Hybrid-MnO2

contains significantly less order in terms of tunnel dimensions, the
structural tunnels seen in the cross-sectional STEM analysis do extend
along significant lengths in the nanowires. The order along the long-
itudinal axis is also supported by the ability to obtain cross-sectional
images showing atomic columns of Mn atoms, which would not be
possible if the Mn atoms in the walls of the tunnels were disordered
along the longitudinal axis of the nanowires. Thus, combined XRD and
STEM analysis show that the Hybrid-MnO2 is a disordered, random
combination of structural tunnels with dimensions beyond 2×2, 2×3,

and 2×4.
SEM images of α-MnO2, Tod-MnO2, 2×n-MnO2, and Hybrid-MnO2

are shown in Fig. 4a-d. Each material possesses a high aspect ratio,
flexible nanowire morphology. The α-MnO2, Tod-MnO2, and 2×n-
MnO2 phases consist of nanowires of similar dimensions, with lengths
of up to several microns and diameters ranging from 20 to 100 nm. The
Hybrid-MnO2 phase is composed of nanowires with similar lengths as
the other three phases but smaller diameters of 10–50 nm, and the
smaller diameter indicates the Hybrid-MnO2 nanowires have a higher
surface area than the other three TuMO nanowire phases. The nanowire
morphology is believed to be advantageous for water treatment appli-
cations since it allows for excellent access of water and ions to mate-
rial's surfaces. Additionally, nanowires can accommodate larger
amounts of strain associated with ion intercalation, an advantage that is
characteristic of such nanoscale dimensions [39,40]. The long, flexible
nature of the nanowire morphology allows for facile free-standing film
formation, which is attractive for the future utilization of these mate-
rials in flow-through capacitive deionization devices.

EDX spectra (Fig. S6) reveal the nature and amount of stabilizing
ion present within the structural tunnels of the four manganese oxide
phases. α-MnO2 is stabilized by K+ ions, Tod-MnO2 is stabilized by
Mg2+ ions, and both 2×n-MnO2 and Hybrid-MnO2 are stabilized by
Na+ ions. Notably, these stabilizing ions are the same cations as in the
salt solutions tested during ion removal (solutions of NaCl, KCl, and
MgCl2). It has been shown that these stabilizing ions not only act as
templates for the formation of specific tunnel structures, but also sta-
bilize the structure and facilitate the diffusion of ions during repeated
insertion/extraction of the electrochemically cycled ions in energy
storage systems [33,41]. As a result, the presence of stabilizing ions in
tunnel space is advantageous for repeated ion removal and release. The
compositions of the TuMO phases determined via EDX spectra are re-
ported in Table S1. Since the amount of stabilizing ions is relatively
small (maximum of 0.25 cation per Mn), there are unoccupied sites
within the tunnel structures that provide volume for insertion of ions
from solution during HCDI experiments.

3.2. Ion removal capacity

Each of the TuMO phases investigated in this study was tested in
15 mM NaCl, KCl, and MgCl2 solutions to evaluate the relationship
between structural tunnel parameters (size, shape, and distribution of
structural tunnels) and ion removal performance. The ion removal ca-
pacities (Fig. 5a) were calculated from the concentration vs. time plots
shown in Fig. S7. These plots show four complete ion removal/ion re-
lease cycles, demonstrating that the four TuMO phases can effectively
remove ions from solutions, indicated by a decrease in concentration
when a + 1.2 V potential is applied. The cations are removed via
electrochemical reaction with the manganese oxide electrode, and the
Cl- anions are removed via adsorption onto the activated carbon elec-
trode, similar to the previously reported HCDI systems [9,14]. More-
over, the shape of the concentration vs. time curves corresponds well to
previous CDI experiments done in batch mode [8,42]. Upon reversal of
the applied potential to − 1.2 V, ions are released back into solution
(increase in concentration in Fig. S7), effectively regenerating the
electrodes for subsequent ion removal. This regeneration is proven by
the following ion removal cycle showing similar behavior to the pre-
vious cycle.

Fig. 5a shows the maximum ion removal capacities exhibited by
each material in NaCl, KCl, and MgCl2 solutions. In order to compare
capacity values for solutions with different molar masses, the ion re-
moval capacities are normalized by the molar mass of the salt (NaCl,
KCl, or MgCl2), resulting in units of μmol g−1. The same plot shown in
Fig. 5a is illustrated in Fig. S8a in mg g−1. Ion removal capacities in
both μmol g−1 and mg g−1 are summarized in Table 1. The ion removal
capacities exhibited in a given solution varied for each material, in-
dicating that the distinct crystal structure of each material contributes
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to the ion removal capacities.
The α-MnO2 nanowires exhibited the highest capacity of

435 μmol g−1 (32.2 mg g−1) in a KCl solution and demonstrated lower
ion removal capacities in the other two solutions in the order of
KCl>NaCl>MgCl2. The Tod-MnO2 nanowires demonstrated the
highest capacity of 402 μmol g−1 (23.3 mg g−1) in a NaCl solution,
with the order of ion removal capacities of NaCl>KCl>MgCl2. The
2×n-MnO2 nanowires achieved the highest capacity of 479 μmol g−1

(27.8 mg g−1) in a NaCl solution, with the order of ion removal capa-
cities of NaCl>MgCl2>KCl, while the Hybrid-MnO2 nanowires
achieved the highest capacity of 600 μmol g−1 (44.4 mg g−1) in KCl
solution, with the order of ion removal capacities of
KCl>NaCl>MgCl2. The α-MnO2 and Hybrid-MnO2 nanowires de-
monstrated their highest respective capacities in KCl solution, while the
Tod-MnO2 and 2×n-MnO2 nanowires demonstrated their highest re-
spective capacities in NaCl solution.

The two TuMO phases with the most variety in terms of tunnel di-
mensions, the 2×n-MnO2 and Hybrid-MnO2 nanowires, showed the
highest overall ion removal capacities. The highest capacity of
479 μmol g−1 (27.8 mg g−1) in a NaCl solution and the highest

capacity of 454 μmol g−1 (43.1 mg g−1) in a MgCl2 solution was ex-
hibited by the 2×n-MnO2 phase, and the highest capacity of
600 μmol g−1 (44.4 mg g−1) in a KCl solution was exhibited by the
Hybrid-MnO2 phase. The two materials contain larger structural tunnels
than the α-MnO2 nanowires, and it can be seen that both the 2×n-
MnO2 and Hybrid-MnO2 nanowires achieve higher capacities than the
α-MnO2 nanowires in each solution. These results suggest that larger
structural tunnels allow for improved ion removal capacities compared
to smaller structural tunnels. Thus, efficient deionization of brackish
water may require a crystalline material with a distribution of tunnel
sizes for not only maximum ion removal capacity in a given solution,
but also for effective removal of ionic species with varying radii from
solution.

Following the trend of larger ion removal capacities for materials
with larger structural tunnels, it would be expected that the Tod-MnO2

nanowires would demonstrate the highest ion removal capacities in
each solution tested due to the larger 3×3 and 3×4 tunnels. However,
our results show that the ion removal capacities exhibited by the Tod-
MnO2 are lower than that of the 2×n-MnO2 and Hybrid-MnO2 phases
(Table 1). This phenomena was attributed to the divalent nature of the

Fig. 5. (a) Maximum ion removal capacities (in μmol g−1) for α-MnO2, Tod-MnO2, 2×n-MnO2, and Hybrid-MnO2 nanowires. (b–e) Ion removal capacities (in mg g−1) through 20 cycles
for (a) α-MnO2, (b) Tod-MnO2, (c) 2×n-MnO2, and (d) Hybrid-MnO2.

Table 1
Maximum ion removal capacities in μmol g−1 (and mg g−1) and maximum ion removal rates in μmol g−1 s−1 (and mg g−1 s−1) for α-MnO2, Tod-MnO2, 2×n-MnO2, and Hybrid-MnO2

nanowires in an HCDI cell in 15 mM solutions of NaCl, KCl, and MgCl2.

Material α-MnO2 Tod-MnO2 2×n-MnO2 Hybrid-MnO2

Salt solution NaCl KCl MgCl2 NaCl KCl MgCl2 NaCl KCl MgCl2 NaCl KCl MgCl2

Maximum ion removal capacity (μmol g−1) (mg g−1) 381 435 254 402 374 360 479 438 454 471 600 397
22.1 32.2 24.1 23.3 27.7 34.2 27.8 32.4 43.1 27.3 44.4 37.7

Maximum ion removal rate (μmol g−1 s−1) (mg g−1 s−1) 1.91 1.82 1.73 1.93 1.78 1.69 1.60 1.61 1.72 0.80 2.23 1.24
0.111 0.135 0.164 0.112 0.132 0.161 0.093 0.119 0.163 0.046 0.165 0.118
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stabilizing Mg2+ ions in the Tod-MnO2 structure, as opposed to
monovalent stabilizing ions (Na+ and K+ ions) in the other three TuMO
phases. Assuming that the electrochemical activity of TuMO phases
during ion removal is associated with the Mn4+ to Mn3+ reduction
induced by insertion of positively charged ions from the salt solution,
higher ion removal capacities can be expected for the manganese oxide
phase with the higher manganese oxidation state. Stabilizing ions in the
TuMO nanowires, however, partially reduce the manganese oxidation
state. The oxidation state of manganese in the four TuMO phases in this
work was evaluated from the chemical composition analysis (Table S1).
The lower oxidation state of manganese calculated for Tod-MnO2 is
likely to reduce its ion removal capacity, despite the large structural
tunnels, which is in agreement with our experimental results. There-
fore, the nature of the stabilizing ions plays an important role in the
HCDI performance of TuMO phases.

To further evaluate the relationship between structural tunnel size
and ion removal capacity in each solution, ion removal capacities for all
TuMO phases were compared to both the ionic and hydrated radii of the
three cations in solution (radii shown in the legend in Fig. 1). It was
found that the ion removal capacities of the TuMO nanowires corre-
lated with the hydrated radii of the ions being removed from solution,
rather than the ionic radii. The lowest capacity for α-MnO2 nanowires
in MgCl2 solution indicates that the smaller 2×2 tunnels do not favor
the removal of the cations with the largest hydrated radius, Mg2+ ions.
The Tod-MnO2, which contains larger 3×3 and 3×4 structural tunnels,
notably demonstrates higher capacities in MgCl2 solutions, indicating
that the larger tunnel structures allow for improved removal of larger
hydrated cations. This trend is supported well by the capacities of the
2×n-MnO2, which in addition to containing the 2×2 tunnels char-
acteristic of α-MnO2 nanowires, also contains 2×3 and 2×4 tunnels.
The 2×n-MnO2 nanowires demonstrate nearly the same capacity as α-
MnO2 in a KCl solution, but in NaCl and MgCl2 solutions, the nanowires
achieve higher ion removal capacities than α-MnO2 nanowires (26%
increase in NaCl solution and 79% increase in MgCl2 solution, Table 1).
Moreover, the Hybrid-MnO2 nanowires also exhibit higher ion removal
capacities in NaCl and MgCl2 solutions compared to the α-MnO2 na-
nowires (Table 1). Thus, these results show that the smaller tunnels do
not favor the removal of larger hydrated cations, while the larger
tunnels allow for enhanced removal of larger hydrated cations com-
pared to the smaller tunnels.

The ion removal capacities of the four manganese oxides over 20 ion
removal/ion release cycles are shown in Fig. 5b–e. Concentration vs.
time plots (Fig. S7) show that the HCDI electrodes can repeatedly re-
move ions from solution and subsequently regenerate by releasing ions
back into solution, with stable capacities exhibited through 20 cycles
for all materials in NaCl, KCl, and MgCl2 solutions. The slight variability
in capacity is attributed to the dynamic nature of the flowing system
and has been observed in the past for deionization systems with ion-
exchange membranes [43]. The structural stability of the TuMO phases
was verified by XRD analysis of the electrodes after 20 ion removal/ion
release cycles (Fig. S9). Comparison of the XRD patterns of the pristine
and cycled electrodes revealed that the crystal structure of each mate-
rial is maintained after 20 ion removal/ion release cycles in NaCl, KCl,
and MgCl2 solutions, indicating promising structural stability of TuMO
phases in electrochemical systems in aqueous media. The cycling plots
shown in Fig. 5b–e demonstrate the feasibility of using redox active
TuMO nanowires as HCDI electrodes, since the electrodes can re-
peatedly remove and release ions from solution, maintaining high ion
removal capacities.

The charge efficiencies of the TuMO nanowires in HCDI experiments
are shown in Fig. S10. The charge efficiency is a ratio of the amount of
salt removed from solution to the amount of charge passed through the
electrode [5,6], where a higher charge efficiency corresponds to lower
energy consumption [6]. The amount of salt removed is calculated by
converting the ion removal capacity to moles of salt removed, and the
amount of charge passed through the electrode is calculated by

integrating the current signal with respect to time during ion removal
cycles (current vs. time plots shown in Fig. S11). It can be seen in the
plots of charge efficiency vs. cycle number (Fig. S10) that for all ma-
terials tested, the charge efficiency of the device remains above 80% in
each solution. For the α-MnO2 nanowires, lower charge efficiency is
observed in MgCl2 solution. Notably, this is the same solution in which
this material exhibited its lowest ion removal capacities, further sup-
porting the observation that the smaller tunnels are not efficient for the
removal of larger ions from the solution. Also, the material with the
highest overall ion removal capacity in both NaCl and MgCl2 solutions,
2×n-MnO2, demonstrated the most stable values of charge efficiency.
On the other hand, the Tod-MnO2 nanowires showed more sporadic
behavior in terms of charge efficiency, and the Hyrbid-MnO2 nanowires
also showed less stable behavior after 10 cycles in NaCl and MgCl2
solutions. However, in a KCl solution (in which the Hybrid-MnO2 na-
nowires exhibited the highest overall ion removal capacity), the charge
efficiency of the Hybrid-MnO2 remains stable at above 90% over 20
cycles. Although factors such as the cell geometry, operational para-
meters, and the inclusion of both the anion and cation exchange
membranes can improve charge efficiency in a given (H)CDI cell
[43,44], the high values obtained in this work further demonstrate the
efficacy of using TuMO nanowires as electrodes in HCDI.

The desalination mechanism of TuMO nanowires was investigated
via analysis of electrode chemical composition before and after ion
removal experiments. EDX spectra, used to evaluate M:Mn (M=Na, K,
Mg) ratio, are shown in Fig. S12 for the pristine electrodes and for
electrodes that were stopped at the end of the ion removal step after 20
ion removal/ion release cycles. The EDX spectra clearly show the pre-
sence of peaks for Na, K, and Mg after electrodes were tested in NaCl,
KCl, and MgCl2 solutions, respectively, suggesting that the cations re-
moved from solution are chemically bound in the crystal structure of
the manganese oxides. These results indicate that the mechanism of ion
removal is based on a redox process, either intercalation of the cations
into the crystal structures of the materials or redox pseudocapacitance.
Further explanation of the ion removal mechanism of the TuMO phases
can be found in Section 4. The EDX spectra also show that the stabi-
lizing ions (K+ ions for α-MnO2, Mg2+ ions for Tod-MnO2, and Na+

ions for 2×n-MnO2 and Hybrid-MnO2) remain in the structure after ion
removal experiments and thus are not released into solution.

To investigate the role of the carbon electrode in this system, EDX
analysis was performed on the activated carbon electrodes before and
after ion removal experiments. Cycled electrodes were analyzed before
and after washing with copious amounts of deionized water. The EDX
spectra of the cycled activated carbon electrodes (Fig. S13), which were
stopped after the ion removal step, show a clear Cl peak. No other peaks
related to the cations in solution are present, indicating that the carbon
does remove only the Cl- ions. After washing of the electrode, the Cl
peak in the EDX spectrum disappears, confirming that the Cl- ions are
removed from solution via adsorption in the electric double layer on the
surface of the activated carbon, which agrees with past reports on the
mechanism of ion removal in CDI [5,6]. Hence, the two electrodes in
the HCDI system remove ions from solution via two different mechan-
isms, with the manganese oxide electrodes removing ions via redox
reactions and the carbon electrodes via formation of the electric double
layer.

3.3. Ion removal rate

Further investigation into the process of ion removal was made by
calculating the ion removal rates for each material/solution combina-
tion in this study. This parameter is calculated from the instantaneous
ion removal capacity (in μmol g−1 or mg g−1) divided by the step time
(s) and represents the speed at which ions are removed from solution
[9]. The maximum ion removal rates in μmol g−1 s−1 (normalized for
molar mass of the salts being removed) are shown in Fig. 6a. The same
values are shown in Fig. S8b with the units of mg g−1 s−1 for

B.W. Byles et al. Nano Energy 44 (2018) 476–488

483



comparison and summarized in Table 1 (in both μmol g−1 s−1 and
mg g−1 s−1). We found that the three materials with more well-defined
crystal structures, α-MnO2, Tod-MnO2, and 2×n-MnO2, exhibited
comparable ion removal rate behavior across all solutions tested. Each
material achieved similar ion removal capacities in the range of
1.69–1.93 μmol g−1 s−1 in solutions of NaCl, KCl, and MgCl2.

Plots of ion removal rate vs. cycle time for one ion removal cycle
(Fig. 6b–e, in mg g−1 s−1) show that the α-MnO2 and Tod-MnO2 na-
nowires exhibit similar ion removal behavior, with the ion removal rate
quickly increasing within the first 30 s and then steadily decreasing and
approaching a lower limit throughout the rest of the 15 min cycle. This
behavior corresponds to the fast initial removal of cations and anions by
the manganese oxide and carbon electrodes, respectively, followed by
slowing ion removal through the remainder of the cycle as the elec-
trodes become saturated. Combined with the fact that α-MnO2, Tod-
MnO2, and 2×n-MnO2 nanowires demonstrate similar ion removal
capacities, these results indicate a similar mechanism of ion removal for
materials with more well-defined structures. Moreover, the ion removal
rate vs. time curve in Fig. 6b for α-MnO2 in a KCl solution is different
from the curves for α-MnO2 in NaCl and MgCl2 solutions in that the ion
removal rate value does not decrease as quickly after the maximum
value is achieved. Higher ion removal rates are maintained for a longer
period of time in KCl solution, and this correlates with α-MnO2 ex-
hibiting its highest capacity in KCl solution. Likewise, for the other
three TuMO phases, higher ion removal capacities correlate with higher
ion removal rates maintained for longer periods of time.

The Hybrid-MnO2 nanowires exhibited slightly different ion re-
moval patterns compared to the other TuMO phases in this work.
Notably, the Hybrid-MnO2 nanowires demonstrated a much higher ion
removal rate of 2.23 μmol g−1 s−1 in a KCl solution (Fig. 6e), and a
higher ion removal rate is maintained throughout the whole cycle.
These results are in good agreement with the highest overall ion

removal capacity of 600 μmol g−1 exhibited by Hybrid-MnO2 nano-
wires in a KCl solution. In NaCl and MgCl2 solutions, though, the Hy-
brid-MnO2 nanowires demonstrated lower ion removal rates of
0.80 μmol g−1 s−1 and 1.24 μmol g−1 s−1, respectively. However, as
was the case in a KCl solution, higher ion removal rates were main-
tained throughout the whole cycle, resulting in comparatively high ion
removal capacities for this material. This observation is particularly
apparent in a NaCl solution, where the lowest overall ion removal rate
is achieved, but this rate is maintained without the sharp decrease that
is observed for all other material/solution combinations. These results
indicate different ion removal behavior for the Hybrid-MnO2 nanowires
that consists of continuous removal of Na+ ions from solution at a
constant rate throughout the whole cycle. This difference is also evident
in the slope of the concentration vs. time plot for the Hybrid-MnO2

nanowires in NaCl solution (Fig. S7).
We believe that the different ion removal rate behavior observed for

the Hybrid-MnO2 nanowires (both the markedly higher ion removal
rate in KCl solution and the constant ion removal rate in NaCl solution
throughout the cycle) is a result of several materials parameters that
distinguish the Hybrid-MnO2 nanowires from the three TuMO phases
with more well-defined crystal structures. As described in Section 3.1,
the Hybrid-MnO2 nanowires exhibit smaller diameters, a greater degree
of surface amorphization, and a much more disordered and distorted
structure that could result in tortuous and discontinuous diffusion
pathways. The combination of larger, more open tunnels and tortuous
ion diffusion pathways may result in the slower ion removal rates but
relatively high ion removal capacities observed for the Hybrid-MnO2

nanowires in both NaCl and MgCl2 solutions. However, this does not
explain the high ion removal rate observed in KCl solution, for which
there seems a beneficial relationship between the K+ ion and the
structure and morphology of the Hybrid-MnO2 nanowires that results in
superior ion removal behavior. More work is needed to fully understand

Fig. 6. (a) Ion removal rates for α-MnO2, Tod-MnO2, 2×n-MnO2, and Hybrid-MnO2 nanowires expressed in μmol g−1 s−1. (b–e) Ion removal rate (in mg g−1 s−1) vs. time plot for one ion
removal cycle for (a) α-MnO2, (b) Tod-MnO2, (c) 2×n-MnO2, and (d) Hybrid-MnO2.
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the complex structure of the Hybrid-MnO2 phase and how it relates to
the effective removal of ions from KCl solution.

4. Discussion

The performance of TuMO nanowires in this work compare favor-
ably with those reported for both CDI and HCDI systems in the past.
Table 2a shows the ion removal capacities and ion removal rates of
carbon and carbon/metal oxide composites reported in earlier works.
Ion removal capacities as high as 21.0 mg g−1 and 17.4 mg g−1 have
been demonstrated by nitrogen-doped graphene sponge and composite
activated carbon/TiO2 electrodes, respectively [8,45], in NaCl solutions
with similar concentrations to this work. In an MCDI system, values as
high as 22.4 mg g−1 have been reported with carbon electrodes [9].

In Table 2b, the ion removal capacities and ion removal rates of the
TuMO phases presented here are compared to several other reports on
faradaic electrode materials utilized in an HCDI configuration with
activated carbon as the opposite electrode. Past reports on HCDI sys-
tems demonstrated capacities of up to 31.2 mg g−1 for the metal oxide
Na0.44MnO2 and 40.8 mg g−1 for the Prussian blue compound FeFe
(CN)6 in NaCl solutions [9,46]. In this work, capacities of 22.1, 23.3,
27.8, and 27.3 mg g−1 were achieved for α-MnO2, Tod-MnO2, 2×n-
MnO2, and Hybrid-MnO2 nanowires in NaCl solution, respectively. Al-
though parameters such as the cell configuration, applied potential, ion
exchange membranes, solution strength, and flow rate vary between
reports, it can be seen that the ion removal capacity of the TuMO na-
nowires studied in this work is consistent with the other faradic ma-
terials investigated thus far for electrochemical water desalination.
While in Table 2b only comparison of static electrode HCDI systems is
made, an HCDI cell architecture based on manganese oxide deposited
on carbon opposite a carbon flow electrode demonstrated promising
performance in overcoming the saturation limit of the carbon [48].
Such flow-electrode architecture represents the ability to investigate
the capacity of manganese oxides without the limit of the carbon
counter, and TuMOs can potentially exhibit even higher ion removal
capacities in such a system compared to the performance reported here.

Regarding ion removal rate and ion removal capacity in beyond
NaCl solutions (KCl and MgCl2), TuMO nanowires demonstrate superior
performance to previously reported materials (Table 2c). For the first
time, we show the behavior of the HCDI system in beyond NaCl solu-
tions. The scarce studies on the behavior of carbon electrodes in solu-
tions beyond NaCl reported ion removal capacities of 190 μmol g−1 and
197 μmol g−1 for activated carbon in KCl solutions in CDI systems and a
capacity of 117 μmol g−1 for activated carbon in a MgCl2 solution
[49,55]. The TuMO nanowires in this work exhibit capacities two to
three times larger than the values for activated carbon in KCl and MgCl2
solutions. This high performance is particularly important for desali-
nation of brackish water that contains a number of ionic species beyond
NaCl.

An advantage of HCDI is its fast deionization rates that are com-
parable to carbon based systems, and the magnitude of the maximum
deionization rates achieved in this work is higher than those reported
for Na0.44MnO2 and Na2FeP2O7 in NaCl solutions (0.074 mg g−1 s−1

and 0.081 mg g−1 s−1, respectively) [9,14]. Markedly higher values
were achieved in NaCl for α-MnO2, Tod-MnO2, and 2×n-MnO2 nano-
wires (Table 2b), and this can be partially attributed to the incorpora-
tion of the cation exchange membrane, which can facilitate improved
ion removal rates [34] and agrees well with the high ion removal rates
demonstrated by the Prussian blue compound FeFe(CN)6 in a system
containing both anion and cation exchange membranes [46]. None-
theless, such high ion removal rates were also achieved for the TuMO
nanowires in KCl and MgCl2 solutions, demonstrating the effectiveness
of the materials at quickly removing ions from solution in the HDCI
configuration.

The fast ion removal rates demonstrated by the TuMO nanowires in
this work indicate that an additional mechanism beyond the diffusion-

limited intercalation of ions into the crystal structures of the TuMO
phases contributes to the ion removal capacity. The charge storage
mechanism of manganese oxides has been extensively investigated in
the past [18,26,56–58], and in aqueous solutions, it has been shown
that manganese oxides can react with cations in a solution through two
distinct mechanisms. The first mechanism is the adsorption of cations
onto the surface of the manganese oxides, resulting in pseudocapacitive
behavior, and the second mechanism is the intercalation of cations into
the crystal structure of the materials, with both mechanisms involving a
change of the oxidation state of Mn. For the TuMO phases in this work,
despite the similar morphologies and thus available surfaces of the α-
MnO2, Tod-MnO2, and 2×n-MnO2 nanowires, different ion removal
capacities were obtained for each material/solution combination. The
differing capacities indicate that the ion removal capacity is not de-
pendent strictly on the surfaces of the TuMO nanowires, and the crystal
structures of these materials likely contribute to the ion removal pro-
cess as well, with ions from solution intercalating into the structural
tunnels of the manganese oxides. This is supported by past reports
proving that ions from aqueous solution intercalate into the crystal
structures of TuMO phases [59,60], as well as by past reports on bir-
nessite MnO2 that have shown both surface pseudocapacitance and
intercalation reactions can occur in manganese oxides [56,59,61,62].
Moreover, TuMO nanowires have been shown in the past to have re-
latively modest surface areas (~ 30 to 65 m2 g−1) [38,63–65], and
therefore, the large ion removal capacities achieved from these mate-
rials cannot be purely surface based, considering that materials with
significantly higher surfaces areas (i.e. porous carbons) achieve lower
ion removal capacities [5,6,66].

We believe that both pseudocapacitance and intercalation con-
tribute to the ion removal capacities of the TuMO nanowires studied in
this work. The high ion removal rates achieved by the TuMO phases,
and how quickly such rates occur after the application of a positive
potential, indicate that the pseudocapacitive mechanism may dominate
ion removal at first. This fast ion removal step is likely to be followed by
a diffusion-limited intercalation of ions into the structural tunnels of the
TuMO nanowires. This intercalation process leads to the high ion re-
moval capacities obtained in these materials and defines differences
between the capacities of the different structures. This proposed me-
chanism of ion removal makes manganese oxides very attractive for
HCDI because of their combined high ion removal rate and high ca-
pacities. However, more detailed study of the proposed mechanism is
necessary to fully understand the process by which ions are removed
from solution.

With each material demonstrating distinct capacities in the three
solutions tested in this work, it presents the idea of tailoring the crystal
structures of faradaic materials to specific ion removal applications.
There is a need for materials with crystal structures that can selectively
remove targeted ions from natural or wastewater sources, as well as a
need for materials that can effectively remove a range of ionic species
from solution. Tailoring structures to these specific applications will
require the development of a better understanding of the relationship
between the ion removal mechanism of the active materials (i.e. dif-
fusion-limited intercalation or pseudocapacitance), the free volume
available within a crystal structure for ion removal, and the relative size
of the ionic species to be removed. In terms of tunnel manganese oxides,
by understanding the relationship between tunnel size, shape, and ionic
content, the performance of these materials can be optimized for either
maximum ion removal capacity or selective ion removal. The results
shown here demonstrate that smaller structural tunnels do not favor the
removal of larger hydrated cations such as Mg2+. Moreover, the larger
tunnels allow for greater removal of larger hydrated cations compared
to smaller tunnels. Thus, it is expected that as the ion size increases,
such as for inorganic and organic pollutants, the relationship between
structural tunnel size and ion size will be critical for maximum ion
removal capacities. This logic can also be extended to materials with
other tailorable crystal structures, such as layered materials in which
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interlayer spacing can be carefully controlled. By manipulating inter-
layer spacing, it may be possible to achieve not only high ion removal
capacities, but also a large degree of selectivity. Hence, through careful
crystal structure engineering and understanding of the ion removal
mechanisms, the performance of redox active electrodes for HCDI can
be further enhanced.

5. Conclusion

In this work, for the first time, we demonstrate the use of redox
active TuMO nanowires as efficient electrodes for hybrid capacitive
deionization. The performance of four TuMO phases, including two
never previously reported before materials with ordered and disordered
combinations of structural tunnels with different dimensions, was in-
vestigated in NaCl, KCl, and MgCl2 solutions. High ion removal capa-
cities were achieved for all material/solution combinations, demon-
strating the effectiveness of the manganese oxides for brackish water
desalination. It was shown that in the HCDI system, the manganese
oxide electrodes remove ions via chemical reaction with the host crystal
structure while the carbon electrodes store ions from solution on the
surface in the electric double layer. Moreover, high ion removal rates
(up to 0.011 mg g−1 s−1 in NaCl solution) were achieved due to the fast
redox processes occurring in the TuMO nanowires. Our results de-
monstrate that in aqueous electrochemical systems the crystal struc-
tures of the active materials should be tailored to the hydrated radius of
the ions in solution, not ionic radius. It was found that the moderate
ability of the α-MnO2 nanowires, which contain smaller structural
tunnels, to remove larger hydrated Mg2+ ions can be overcome by in-
creasing the tunnel size, as demonstrated by the performance of Tod-
MnO2, 2×n-MnO2, and Hybrid-MnO2 phases with larger tunnels. Thus,
TuMO nanowires were shown to be a promising family of materials for
application as faradaic electrode materials for water desalination via
HCDI.
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