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ABSTRACT: With a rapid increase of population, delivering
clean and potable water to humans has been an impending
challenge. Here, we report a green method for the preparation
of graphene—chitosan—Mn;0, (Gr—Cs—Mn;0,) composites,
where Gr—Cs hydrogels are first prepared from the self-
assembly of chitosan with graphene oxide (GO) nanosheets;
then Gr—Cs—Mn;0, composites are obtained by oxidizing
Mn(II) ions which are adsorbed by Gr—Cs hydrogels. The
effects of pH and mass ratio of GO to Cs on sorption of
different ions are investigated. Enhanced capacitive deion-
ization performance of Gr—Cs—Mn;0, composites was also
demonstrated. The resultant Gr—Cs—Mn;O, composites
exhibit a hierarchical porous structure with a specific surface

area of 240 m’/g and excellent specific capacity of 190 F/g, much higher than those of pristine reduced graphene oxide
electrodes. Distinguished electrochemical capacity and low inner resistance endow Gr—Cs—Mn;0,, composites with outstanding

specific electrosorptive capacity of 12.7 mg/g.
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B INTRODUCTION

Water crisis has been one of the most serious problems globally
in recent years due to current issues such as population
increase, pollution, and global warming. Design and fabrication
of new materials, techniques, and devices which can provide
safe potable water to humans have been an impending
challenge. Desalination of seawater could be a possible solution
to this problem, but it is not widely used yet because of the
high-power consumption required to make water drinkable.
Capacitive deionization (CDI), an electrosorption process to
force ionic species toward oppositely charged high-surface-area
electrodes under an electric field, is considered as an energy
efficient and cost-effective desalination technology." From a
fundamental point of view, CDI performance usually depends
on the physical and structural properties of the electrode
materials such as specific surface, conductivity, and pore size
distribution. Relatively high specific surface area (SSA) and
better conductivity contribute to a better adsorption capacity.”

Therefore, it can be said that the majority of effort and focus in
CDI research has been put into the development and synthesis
of better electrode materials.> With its wide variety of available
forms and porosity, carbon materials have been found to be the
ideal candidates for CDI application.* Among the various forms
of carbon investigated for CDI, activated carbon,” carbon
cloth,® mesoporous carbon, carbon fiber,*~"° carbon nano-
tubes,"' ™" graphene,"*'® and their composites'” > have been
studied. Recently, graphene, a new carbon material with one-
atom thickness and a two-dimensional plane, has emerged as a
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key material for designing experimental water treatment
strategies owing to their excellent physical, chemical, and
electronic properties.m_27 In particular, graphene/metal oxide
composites are drawing increasing attention to electrode
materials since graphene not only serves as a highly conductive
support material but also provides a Iar%e surface for the
dispersion of metal oxide nanoparticles.”®>° Among transition
metal oxides, manganese oxide-based electrode materials are
one of the most promising electrode materials for commercial
supercapacitors because of their good efficiency, better stability,
high abundance, and low cost, as well as their different
oxidation states of MnO, Mn;O, Mn,0;, and MnO,.>"?*
Furthermore, constructing graphene composite electrodes with
manganese oxide can enhance the electronic conductivity of
manganese oxide with the aim of improving capacitive
performance.>***

Chitosan (Cs), derived from the alkaline deacetylation of
chitin, has been intensively studied due to the properties of
being environmentally friendly, low cost, and available from an
abundant source.*® Owing to a large amount of primary amines
along its backbone, chitosan possesses useful properties
including biocompatibility, biodegradability, and antimicrobial
ability, especially metal ion adsorption activity.*® Recently, GO
nanosheets were reported as being used as reinforced material
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Figure 1. Schematic illustration for the synthesis of Gr—Cs and Gr—Cs—Mn;0, xerogels.

to blend with chitosan for nanocomposite preparation.®” In fact,
the inherent chemical structures of GO and CS have the
potential for cross-linking reactions similar to the curing of
epoxy resin because GO bears with epoxy groups and Cs has
amino groups.”® Additionally, the introducing chitosan can
minimize the restacking effects of graphene sheets as “spacers”
since dried graphene nanosheets naturally aggregate and stack
to multilayers, inducing inferior physical and chemical proper-
ties than that in their exfoliated monolayer state.”**" In view of
favorable adsorption properties of chitosan and inherent
properties of graphene oxide (GO), the composites coupling
of graphene with chitosan can boost the adsorption capacity
and electrochemical properties.*>*'

Here, we report a facile preparation of hierarchical
graphene—Cs (Gr—Cs) and Gr—Cs—Mn;0, xerogels based
on graphene and chitosan for multiple water treatments. On the
one hand, Gr—Cs xerogels have high sorption capacity in the
preconcentration of heavy metal ions because of the functional
groups on the graphene and chitosan surfaces. On the other
hand, owing to the synergistic effect from a combination of
metal oxide materials and conductive graphene networks, the
as-prepared Gr—Cs—Mn;0, xerogels as working electrodes
show enhanced specific capacitance in electrochemical perform-
ance and outstanding specific electrosorptive capacity of CDI
performance. The route for the synthesis of Gr—Cs—Mn;0,
composites mainly involved three steps: (1) Hydrogels of
graphene—chitosan (Gr—Cs) were prepared by noncovalent
interactions. (2) The Gr—Cs xerogels had high adsorption
toward different heavy metal ions, including Mn(II), Pb(II),
and Ni(II). (3) With the aid of high-temperature processing,
Mn(I) ions were transformed to active materials Mn;0,, and
finally Gr—Cs—Mn;0, xerogels were obtained. The detailed
preparation process of 3D graphene-based xerogels is shown in
Figure 1.

B EXPERIMENTAL SECTION

Materials. Natural graphite powder was purchased from J&K
Scientific Ltd. (China). Chitosan with a degree of deacetylation
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>90.0% and a viscosity average molecular weight of 6 X 10* was
purchased from Shanghai Bo’ao Biological Technology Co. Ltd.
(China). Manganese sulfate (MnSO,), lead nitrate (Pb(NO;),), and
nickel chloride (NiCl,) were purchased from Aladdin Reagent Co. Ltd.
(China). All other reagents were purchased from Guangzhou
Chemical Reagent Co. (China) and used without further purification.
Water used in all experiments was deionized and filtrated by a
Millipore purification apparatus with a resistivity of more than 18.0
MQ-cm.

Preparation of Gr—Cs Hydrogels and Xerogels. GO was
prepared from purified natural graphite via the modified Hummer’s
method, and the corresponding details can be obtained in our previous
report.*> Homogeneous suspension of GO (4 mg/mL) was obtained
after the product was ultrasonicated for 2 h in deionized water. In
order to obtain 2.0 wt % chitosan aqueous solutions, 2 g of chitosan
powder was dissolved in 200 mL of glacial acetic acid solution (2.5 wt
%) and stirred overnight. It is well-known that gelation occurs
immediately when GO and chitosan solutions are put together under
acidic conditions, leading to a sharp increase in the viscosity. Thus,
slight inhomogeneity of the hydrogel is inevitable if GO and chitosan
solution are direct mixed.*’ So the pH values of GO solution were
adjusted to 10 by the addition of 1 M NaOH solution to hinder the
formation of the hydrogel when GO and CS were mixed. Then
different amounts of chitosan solutions were added dropwise to the
GO suspension to make the GO/Cs mass ratio change from 5:1 to
10:1 to 20:1. Stable hydrogels can be formed by adding a glacial acetic
acid solution into the mixed viscous solution, because of the decrease
of the amount of negative charge as well as electrostatic repulsion
between GO sheets and chitosan. Finally, the above mixtures were
heated to 90 °C for over 24 h to form the Gr—Cs hydrogels. The
resulting hydrogel was freeze-dried by a vacuum freeze-dryer to
maintain the porous structure. For convenience, the samples are
denoted by Gr—Cs, where subscript n represents the mass ratio of GO
to chitosan. Unless specifically noted, Gr—Cs refers to Gr—Csj,,.

Preparation of Gr—Cs—Mn;0, Xerogels. The obtained Gr—Cs
hydrogel was immersed in the heavy metal ion solution (1 mmol/L)
and continuously stirred for 24 h to ensure full adsorption. Then the
Gr—Cs hydrogels whose networks were full of metal ions were freeze-
dried by a vacuum freeze-dryer again. Finally, the above composites
were annealed at 700 °C for 7 h under a N, atmosphere with a heating
rate of 4 °C/min in a tubular furnace. After high-temperature
processing, chitosans within the composite were calcined into carbon
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phase and manganese ions were transferred to Mn;0,, so as to get the
Gr—Cs—Mn;0, composites. For comparison, Gr—Cs—PbO and Gr—
Cs—NiO composites were prepared in the same route using
Pb(NO3), and NiCl, instead of MnSO,. Pristine Gr hydrogels were
also prepared according to the above procedure in the absence of
chitosan and metal ions.

Adsorption Experiments. To measure the adsorption capacities
of GO—Cs xerogels, 50 mg of xerogels was immersed into 100 mL
pollutant solution containing metal ions. The amounts of metal ions
adsorbed on Gr—Cs xerogels were calculated from the difference
between the initial concentration (¢,) and the equilibrium one (¢.).
The adsorption capacities of the xerogels toward different adsorbates
can be adjusted by changing the GO/Cs mass ratio of the xerogels.
The amount of adsorption ¢ (mmol/g) was calculated according to
the following equation:

(¢0 - Q)U

6= ———

w

(1)

where ¢by and ¢, (mg/L) are the initial and final Mn(II) ion
concentrations, v (L) is the volume of the Mn(II) ion solution, and @
(g) is the weight of the dried Gr—Cs xerogels.

Electrochemical Measurements. The working electrode was
prepared by pressing a paste of Gr—Cs—Mn;0, xerogels (80 wt %),
acetylene black (10 wt %), and polytetrafluoroethylene (10 wt %) onto
a nickel foam plate. Before casting and pressing, the raw mixture was
ground for several hours to increase its homogeneity. A three-electrode
cell system, including a graphene-based electrode, Pt foil, and Ag/AgCl
(3 M KCl) were used as the working, counter, and reference
electrodes. All of the experiments were carried out in 1 M NaCl
aqueous electrolyte.

Cyclic voltammetry (CV) analysis of graphene-based electrodes was
measured using an electrochemical workstation (CHI660C instru-
ments, Shanghai, China). The potential range for CV was —0.6—0.4 V,
and the effects of changes in the scan rate were examined by supplying
S, 10, 20, and 50 mV/s.

The galvanostatic charge/discharge (GC) tests were conducted on
an automatic LAND battery test instrument (CT2001A) to evaluate
the charge—discharge performance in 1 M NaCl aqueous solution.
Here, the specific capacitances Cs were calculated from the slope of
discharge curves by using the following equation:

_IAt
 mAV

)

where C, (F/g) is the specific capacitance, I (A) is the constant
discharge current, At (s) is the discharging time, m (g) is the mass of
working electrode in milligram scale, and AV is the voltage drop upon
discharging (excluding the iR drop).

Electrochemical impedance spectroscopy (EIS) measurements were
also measured by CHI 660C. The amplitude of the alternating voltage
was S mV around the equilibrium potential (0 V) and the data was
collected in the frequency range from 100 mHz to 100 kHz.

Electrosorptive Capacity Measurement. Graphite papers were
used as inert current collectors on the back sides of the electrodes, and
the working electrodes were prepared in the same manner as above in
electrochemical measurements. The size of the electrode was 40 X 40
mm, and each electrode mass was 0.1 g. A flow channel was created by
punching a 1 cm diameter hole in the graphite sheet so that the
solution could be in contact with all sides of the working electrodes
and could run through the spacer to the outer reservoir (Scheme S1).
The electrosorptive capacity of the graphene-based electrode was
conducted in a recirculating system including an electrosorptive unit
cell and conductivity monitor as shown in Scheme S1; details of the
apparatus and experimental procedures were described elsewhere.**
The system consisted of a reservoir, a peristaltic pump (BT-100), the
CDI device, and a conductivity meter. A given potential of 1.6 V was
applied to the CDI cell using a potentiostat (RS1302DQ). The
conductivity of the effluent water was measured by connecting a
conductivity meter (DDS 307) at the position where the solution
exited the cell. NaCl solution with an initial conductivity in a total
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volume of 150 mL was continuously pumped into the unit cell by a
peristaltic pump with a flow rate of 10 mL/min to the feed tank. The
relationship between conductivity and concentration of NaCl solution
can be found in Figure S1. Herein, the electrosorptive capacity (q.,
mg/g) of current electrodes was calculated according to the following
equation:

(Cy—C)V
1= m (3)

where C, (mg/mL) and C, (mg/mL) are the initial and equilibrated
NaCl concentrations, respectively, V' (mL) is the volume of the
container, and m (g) is the mass of active components in two working
electrodes.

Characterization. The concentrations of metal ions left in solution
were determined by atomic absorption spectroscopy (AAS Hitachi
Z200). The morphology of Gr—Cs hydrogels was examined by
scanning electron microscopy (SEM Zeiss EVO18) operating at 10
kV, all samples were sputter-coated with a thin overlayer of gold to
prevent sample charging effects. The X-ray diffraction (XRD) patterns
of pristine Gr hydrogel and Gr—Cs—Mn;0, composites were obtained
using an X’pert PRO diffractometer (40 kV and 40 mA) equipped with
a Cu Ka radiation (wavelength 0.154 nm) at room temperature. FT-IR
spectra were obtained on an FT-IR NICOLET 6700 spectrometer at a

nominal resolution of 2 cm™. Theta probe x-ray photoelectron

spectroscopy (XPS, ESCA Axis Ultra DLD) was used to verify the
valence state of carbon and nitrogen. The Brunauer—Emmett—Teller
(BET) method was utilized to calculate the specific surface area. The
pore size distributions were derived from the desorption branch by
using the Barrett—Joyner—Halenda (BJH) model. Before the measure-
ments, all samples were degassed overnight at 373 K in a vacuum line.

B RESULTS AND DISCUSSION

Fabrication of Gr—Cs and Gr—Cs—Mn;0, Xerogels.
Gr—Cs composite hydrogels and xerogels can be easily formed
by directly mixing GO aqueous dispersion and Cs solution due
to the epoxy groups on the GO sheets and amino groups on the
chitosan (Figure S2a,b).*® After adjusting to alkaline, a large
number of reactive groups, like —COOH, —OH, and so forth
on the surface of GO sheets, could be neutralized by NaOH.*’
Therefore, the formation of the hydrogel was hindered when
GO and Cs mixed. However, electrostatic repulsion between
GO sheets decreased with the addition of acid solution, as well
as gelation came into being. After heating at 90 °C for over 24
h, 3D graphene networks were formed by hydrothermal
reduction of GO sheets in their aqueous dispersion, owing to
the partial overlapping or coalescing of flexible graphene sheets
via 7—7 stacking interactions.*® Figure S2c¢ shows the Gr—Cs,
(n =S, 10, 20) hydrogels with a different mass ratio of GO to
Cs. We can find that the volume of Gr—Cs hydrogel became
smaller when the amount of chitosan in GO was less. It is
because that chitosan within the hydrogel would prevent 7—x
stacking interactions of graphene sheets. After being dried by a
vacuum freeze-dryer, the lyophilized Gr—Cs hydrogel was
obtained and used to absorb metal ions. As shown in Figure
S2d and S2e, the shrinkage of Gr—Cs was not obviously
compared with the cylindrical vessels. TG curves of Gr, Gr—
Cs;pp Gr—Cs—MnCl,, and Gr—Cs—Mn;O, composites are
shown in Figure S3. The residual weight of Gr—Cs—Mn;0,
composites was 96% due to sufficient calcination. With the
increasing addition of chitosan and MnCl,, the residual weight
of Gr, Gr—Cs,y, and Gr—Cs—MnCl, gradually increased, which
confirmed that chitosan and MnCl, were uniformly distributed
in the graphene sheets.

Table 1 shows the adsorption capacity of Gr—Cs, xerogels
with a different mass ratio of GO to Cs in various pH value
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Table 1. Adsorption Capacity of Gr—Cs Xerogels toward
Different Metal Ions at Various pH Values®

Mn(II) Mn(II) Mn(ID) Pb(1I) Ni(II)
sample pH =4 pH =6 pH =38 pH=6 pH=6
Gr— 0.58 0.8 1.38 1.14 0.58
Csg

Gr— 0.64 0.84 1.46 1.22 0.62
Csyo

Gr— 0.68 0.88 1.58 14 0.84
Csyo

“The unit of all adsorption capacity is mmol/g.

solutions. Herein, three metal ions, Mn(II), Pb(II), and Ni(II),
were chosen to investigate the adsorption performance
experiment. At a pH of 6, the adsorption capacity of Mn(II)
increased with the GO content, from 0.8 mmol/g for GO—Cs;
to 0.84 and 0.88 mmol/g for GO—Cs;, and GO—Cs,y,
respectively. The same phenomenon also can be found in the
adsorption experiment of Pb(II) and Ni(II). It indicates that
GO is a better absorbent for Mn(II) compared with chitosan. It
is well-known that both GO and Cs are good absorbents for
metal ions,***7! but the positive metal ions are more difficult
to adsorb on the positively charged chitosan surface because of
the electrostatic repulsion.43 However, to the best of our
knowledge, the adsorption capacities are comparable with the
reported values of GO and Cs, which can attribute to the
coordination of both GO and CS with metal ions. The pH of
the aqueous solution is an important parameter to determine
metal adsorption capacity onto Gr—Cs hydrogel. As shown in
Table 1, the adsorption capacity of GO—Cs,, for Mn(II) at pH
= 8 (1.46 mmol/g) is much larger than that of pH = 4 (0.64
mmol/g) and pH = 6 (0.84 mmol/g). GO—Cs; and GO—Cs,,
composites showed the same adsorption capacity change as pH
increase. The increase of pH of the chemical environment
caused the deprotonation of the oxygen-containing acidic
groups in the Gr—Cs composites, and the amino groups of
chitosan were not protonated, which established a negative
surface charge density.”> Therefore, at a higher pH, the
nitrogen and oxygen atoms of chitosan, as well as plenty of
oxygen atoms on GO, produced stronger electrostatic
interactions between metal ions and Gr—Cs composites.>® In
Table 1, the adsorption capacity of the Gr—Cs,, composite for
Mn(I1), Pb(11), and Ni(Il) at pH = 6 are 0.84, 1.22, and 0.62
mmol/g, respectively. These data revealed that the Gr—Cs
composite was a suitable absorbent for Pb(II) compared with
Mn(1I) and Ni(Il). Actually, Pb(II) ions have a higher
electronegativity and a larger ionic radius than Mn(Il) and
Ni(Il); thus the affinity between Pb(II) and the Gr—Cs,
composite is larger than that of Mn(II) and Ni(II). Therefore,
the adsorption capacity of Pb(II) was higher than that of
Mn(1II) and Ni(II) ions. In general, all results in Table 1 prove
that GO—Cs xerogels are suitable materials for various types of
heavy metal ion pollution cleanup.

Owing to the m—n stacking between graphene sheets, 3D
graphene networks were formed in lyophilized Gr xerogel by
hydrothermal reduction of GO sheets in their aqueous
dispersion. As shown in Figure 2a, the Gr xerogels have the
interconnected network with the porous structure, and the
pores range from submicrometers to several micrometers.
Figure S4 shows a typical AFM image of single sheets of
prepared Gr. The average thickness of the Gr sheets was about
1 + 0.5 nm, which indicated two or three layers. More detailed
information on Gr can be found in the TEM image of Figure
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Figure 2. SEM images of (a) lyophilized Gr and (b) Gr—Cs. (c,d)
Gr—Cs—Mn;0, xerogels.

SSa. Figure 2b shows that the 3D porous structure of Gr—Cs
hydrogels is maintained well with a slightly increased wall
thickness due to the chitosan covering. The noncovalent
interactions between chitosan and GO are the driving force for
the formation of the supramolecular structures.” As we can see,
the pores in the Gr—Cs hydrogel are dozens of micrometers in
size, much larger than that of pristine Gr hydrogel. This unique
3D morphology and chitosan sheets effectively prevent
restacking of graphene sheets, which can offer open a diffusion
path for the efficient access of both charge and metal ions. As
shown in Figure 2¢ and d, a lot of nanosize nanoparticles are
distributed on the graphene sheets of Gr—Cs—Mn;0, hybrid
composites. Graphene sheets with nanoparticles are more
clearly shown in TEM images of Figure SSb,c. Figure S6 is the
corresponding EDS mapping of C, O, and Mn elements.
Manganese elements were uniformly distributed in Gr—Cs—
Mn;0, composites, providing evidence for successful man-
ganese doping. It further proved that the hybrid Gr—Cs—
Mn;0, composites were successfully fabricated by direct
absorption of metal ions which were transformed to metal
oxide materials after annealing at 700 °C.

The element composition and surface chemical status were
carried out by XPS on the GO, Gr and Gr—Cs—Mn;0,
composites. Figure 3a shows the wide survey scans of the
XPS spectra of all samples. There is only a C 1s peak and very
weak O 1s peak of Gr, and the intensities of the O 1s peak are
much smaller than those in GO, consistent with reduction of
GO. From the XPS spectra of Gr—Cs—Mn;0,, we can observe
a manganese oxidation state from the multiplet splitting of the
Mn 3s and Mn 2p peak. In the Mn 2p region, a 2p3/2—2pl1/2
doublet at 651.0 and 639.3 eV is shown in Figure 3b, and the
splitting width is 11.7 eV. In the Mn 3s region, the splitting
width is 5.4 eV (Figure 3c), which is in agreement with an
earlier report on Mn;0,>* Additionally, more detailed
information on the XPS spectra of Gr—Cs—NiO and Gr—
Cs—PbO is shown in Figure S7.

To further clarify the structures of the composites, XRD
experiments were carried out. As depicted in Figure 3d, all of
the diffraction peaks in the XRD patterns exhibit a strong
intense (002) peak at 20 = 25° and no (001) peak at 10.3°,
indicating that most of the oxygen-containing groups on basal
planes of the carbon networks have been removed.
Furthermore, we can find that all the Gr—Cs composites
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Figure 4. Nitrogen sorption isotherms and pore size distribution (inset) of (a) Gr, (b) Gr—Cs—Mn;0,, (c) Gr—Cs-NiO, and (d) Gr—Cs-PbO.

show a similar XRD pattern to the pristine Gr except the peaks
of metal oxide, which means that the introduction of chitosan
had no significant effect on the macroporous network of Gr—
Cs composites. It can be seen that the peaks at 28.9°, 36.1°,
38.1°, 44.7°, and 60° in the Gr—Cs—Mn;0, composites can be
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indexed to Mn;0O,, which are in good agreement with the
reported values in JCPDS card (018—0803).>° Furthermore,
different metal ions, like Pb(II) and Ni(II), were also absorbed
by Gr—Cs hydrogels and transformed to metal oxide. The
characteristic peaks at 26 around 37°, 43°, and 62° appear in
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of the EIS for Gr and Gr—Cs—Mn;0, electrodes. (d) GC curves at a current of 1 A/g of Gr—Cs—Mn;0, electrodes.

Gr—Cs—NiO hybrid composites, which are attributed to
diffraction from the (101), (012), (110), (113), and (202)
planes (JCPDS 044—1159).>*%7 The diffraction peaks at 30.5°,
31.3°% 32.5° 34.2° 49.2° 53.2° and 60.2° in Gr—Cs—PbO
composites are consistent with the JCPDS (005-0570) of
PbO.>® More detailed information is also confirmed by the FT-
IR observations (Figure S8).

Large specific surface area and suitable pore size distribution
is crucial for electrode materials. As shown in Figure 4, the
isotherms of all tested materials can be classified as type IV with
a typical H3 hysteresis loop. A slight increase of adsorption at
low relative pressure indicates some microspores in the
material, while the hysteresis loops at relative pressures above
0.4 clearly show the presence of mesoporosity. The adsorption
curves further increase at relative pressure close to unity,
indicating the presence of large interparticle voids. It can be
concluded that this sample contains macropores together with
the mesopores, in which macropores are resulting from the
removal of chitosan and mesopores are attributed to the gas
release through the high-temperature calcination process. The
BET specific surface area of Gr—Cs—Mn;O, is measured to be
240 m?/g (Figure 4b), which is much higher than that of Gr
(120 m*/g, Figure 4a). The high specific surface area of Gr—
Cs—Mn;0, is due to the incorporation of chitosan effectively
prevents the aggregation of individual graphene sheets during
the thermal treatment. As shown in Figure 4c and d, Gr—Cs—
NiO and Gr—Cs—PbO have a specific surface area of 210 and
165 m?*/g, respectively. The values are smaller than that of Gr—
Cs—Mn;0, but still larger than that of Gr hydrogel. The BET
surface area, pore volumes, and average pore size of all samples
are shown in Table S2. These results demonstrate that the Gr—
Cs annealing strategy is an efficient way to obtain a graphene
electrode with enlarged specific surface area and a wide pore
size distribution.
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Electrochemical Performance. To investigate the per-
formance of Gr—Cs—Mn;0, as electrodes, various electro-
chemical measurements were performed. Cycle voltammetry
(CV) was first carried out in a three electrode system to
evaluate the electrosorption ability of Gr—Cs—Mn;0,
composites. Figure Sa displays CV curves of Gr—Cs—Mn;0,
at different scan rates from 5 to 50 mV/s in 1 M NaCl aqueous
solution. When the scanning rate increases from S to 50 mV/s,
the current density response increases accordingly. No
significant change in the shape of the CV curve can be
observed, indicating the good rate property of the Gr—Cs—
Mn;O, composite electrode.® However, the Gr electrode
displayed an increased distortion from the typical rectangular
shape with the increase of scan rate (Figure $S9a). Compared to
the pristine Gr, the Gr—Cs—Mn;0, electrode shows a larger
CV enclosed area, which indicates larger specific capacitance
and better electrosorption performance. These values agree well
with the higher surface area observed for Gr—Cs—Mn;0,,
which undoubtedly facilitates the adsorption of the ionic
species.” The superior electrochemical properties of Gr—Cs—
Mn;0, hybrids are also highlighted by their excellent cyclic
stability. Figure Sb shows the CV curves of Gr—Cs—Mn;0,
electrodes at a scan rate of 50 mV/s during 1000 cycles. We can
find that their CV curves keep the original shapes with a little
change after 1000 cycles. The satisfied electrochemical stability
should be attributed to the high electroactive regions and short
diffusion lengths provided by stable 3D structures of the Gr—
Cs—Mn;0, network.""

The Nyquist plots for the Gr and Gr—Cs—Mn;0, electrodes
are displayed in Figure Sc. The Nyquist plot shows two regions
between Z' (impedance axis) and —Z” (real axis) appeared with
the semicircle and nearly vertical lines in the high and low
frequency zones, respectively. The intercept of the semicircle
on the real axis at high frequency represents the equivalent
series resistance (Rs). The Rs value of Gr—Cs—Mn;0, is
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Figure 6. (a) CDI profiles of Gr, Gr—Cs, and Gr—Cs—Mn;0, electrodes under 1.6 V. (b) Electrosorption capacity and removal efficiency of Gr—
Cs—Mn;0, electrode in NaCl solutions with respect to different initial concentrations. (c) Regenerated electrosorptive capacity of Gr—Cs—Mn;0,

electrode.

smaller than that of Gr, which makes a negligible contribution
to the overall electrode resistance. In the high frequency region,
the diameter of the semicircle corresponds to the charge
transfer resistance (Rct), which can be measured by the
impedance axis.> As shown in Figure Sc, the Gr—Cs—Mn;0,
electrode has a lower transmission resistance than the Gr,
suggesting the decreased limitation of the electrochemical
reaction. At the low-frequency region, a more vertical straight
line is evident for the Gr—Cs—Mn;0, electrode than for the Gr
sample, which indicates the faster ion diffusion behavior of the
Gr—Cs—Mn,0, electrode.*

As shown in Figure Sd, the GC curves of all electrodes
display symmetric and linear shapes with a low potential drop
(iR drop), indicating that Gr—Cs—Mn;0, electrodes exhibit
good stability in repeat charge—discharge processes. According
to eq 1, the Cs of Gr—Cs—Mn;0, is 190 F/g, larger than that
of Gr because of the longer discharge time. Generally, the Cs is
an effective parameter to investigate the performance of the
CDI electrode material. Therefore, it implies that the Gr—Cs—
Mn;0, composites with a higher specific capacitance and better
cyclability and stability would enhance desalination efficiency
by the incorporated materials. The key to the high electro-
chemical performance of this hybrid can be ascribed to two
reasons: On the one hand, the hierarchical pore structure
prepared from the self-assembly of chitosan chains with GO
nanosheets can facilitate jon diffusion during the electro-
chemical procedure. On the other hand, intercalated Mn;0O,
during graphene synthesis has a great impact on enhancing the
energy density through optimizing the ion accumulation into
graphene sheets. In conclusion, the Gr—Cs—Mn;0, composites
exhibit excellent electrochemical capacity with low inner
resistance and high reversibility because of the synergistic
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effect of the high capacitance of Mn;O, coating and the porous
structure of Gr—Cs network.

CDI Performance. Desalination performances of the
fabricated electrodes were investigated by batch mode experi-
ments which were conducted in NaCl solutions with various
initial concentrations at a working voltage of 1.6 V. The
potential difference given herein exceeded the 1.23 V threshold
to compensate for the circuit system resistance, and hence no
hydrolysis happens in these cases.> As shown in Figure 6a, the
solution conductivity of all electrodes decreased correspond-
ingly with the operating time, which demonstrated quick
adsorption of the salt ions after the voltage was applied.
Apparently, the Gr—Cs—Mn;0, electrodes performed faster
and had a higher adsorption amount compared to pristine Gr
and Gr—Cs electrodes because of easy surface accessibility for
ion adsorption from the saline solution to the electrode surface.
According to eq 3, the electrosorptive capacity of 12.7 mg/g for
Gr—Cs—Mn;0, was obtained, much higher than 6.5 mg/g for
Gr and 7.93 mg/g for Gr—Cs electrodes. This result shows that
Gr—Cs—Mn;0, with higher SSA and enhanced specific
capacitance has the higher electrosorption capacity. This
tremendous improvement in the salt removal can be attributed
to good incorporation and low agglomeration of chitosan and
Mn;0, into graphene sheets.

As shown in Figure 6b, the total capacity increase but salt
removal efficiency decrease as the ion solution concentrations
increase. The electrosorptive capacities are 9.32, 11.38, 12.76,
13.79, and 14.83 mg/g as the initial concentrations of the NaCl
solutions are 100, 200, 300, 400, and 500 ps/cm, whereas the
salt removal rates are 27, 16.5, 12.3, 10%, and 8.6%,
respectively. It is obvious that the higher initial concentration
of solution is, the larger the adsorption capacity that can be
obtained at equilibrium. This is because the overlapping effect
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of the electrical double layer on the micropores decreases at
higher salt concentrations. > However, when the concentration
of NaCl exceeds a certain value, the absolute increased number
of ions in solution is far larger than the amount of the adsorbed
ones, which results in the declines of adsorption rate
contrariwise. In fact, the electrical double layer thickness is
inversely proportional to the solution concentration. Therefore,
with a lower concentration, the electric field can extend to a
longer distance since the solution is less effective in holding the
charge.®* It brings the phenomenon that the higher initial
concentration of NaCl solution is, the worse the salt removal
efficiency becomes.

Good regeneration performance of the utilized electrodes is
an important parameter for ensuring the future long life of the
CDI cell. Figure 6c shows the regenerated electrosorptive
capacity of the Gr—Cs—Mn;0, electrode, and the electro-
sorptive capacities are 12.7, 11.4, 10.6, 9.3, and 8.4 mg/g from
the first to fifth time. It is noteworthy that Gr—Cs—Mn;0,
electrodes could be regenerated very well just by turning off the
cell voltage, confirming that the CDI is an energy eflicient
desalination technology without secondary pollution, which is
critical for large scale application. The decrease of regenerated
electrosorptive capacity of Gr—Cs—Mn;0, can be ascribed to
two reasons: (1) Ions of opposite charge can simultaneously
move toward the electrode from the bulk solution after Gr—
Cs—Mn;0, electrodes were regenerated by turning off the cell
voltage. As a result, all adsorbed ions were not desorbed from
the Gr—Cs—Mn;0, electrode surface, and a portion remained
inside the porous graphene electrode.”® (2) During cycles,
Faradaic reactions between functional groups such as carbonyl
and phenolic groups on the carbon electrode and cations also
decreased the active sites on the electrodes for ion adsorption.*®
Therefore, due to the limited ion adsorption capacity of the
electrode, the number of ions that are adsorbed to the electrode
gradually deceases during the operation cycle.”’

To investigate the electrosorption behavior, we use the
classical Langmuir and Freundlich models to fit the curve of the
Gr—Cs—Mn;0, electrosorption isotherm of NaCl solution
with various initial concentrations, as shown in Figure 7. Here
the Langmuir and Freundlich models can be predigested as

q, K. Ce

Langmuir: q. = ﬁ
¢ + L*e

(4)
The linear form of the Langmuir model could be expressed as

Ce _ Ce

9, 4a.K q,

1

©)
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where g, is the amount of NaCl adsorbed at equilibrium, g, is
the maximum adsorption capacity, C, represents the equili-
brium concentration, and K is the Langmuir constant related
to the sorption energy.

Freundlich: g, = KCl/" (6)

The linear form of the Freundlich model could be expressed as

1
1 = —log C, + log K,
og qe n og L. 0g Kg (7)

where Kp is a Freundlich constant, which indicates the relative
adsorption capacity of the adsorbent, and 1/n is the
heterogeneity factor representing the deviation from lineari?r
of adsorption and is also known as the Freundlich coeflicient. 8
Parameters of Gr—Cs—Mn;0, electrode for Langmuir and
Freundlich isotherms are shown in Table S3. We can see that
the values of r, which is the correlation coefficient of the linear
regressions derived from the linear regressions of the
Freundlich equation, is larger than that from the linear
regressions of Langmuir equation. The Freundlich adsorption
equation is derived from Henry’s law, which is obtained under
conditions of low concentrations of solute.®’ Furthermore, the
Freundlich constant 1/# is smaller than 1, which is a favorable
process. It can be attributed to the molecular interaction
between adsorbents and the adsorbates.*” Thus, all the results
demonstrated that the Freundlich equation can better fit the
electrosorption curves of the Gr—Cs—Mn;0, electrode.

B CONCLUSIONS

We have demonstrated a facile approach to prepare Gr—Cs and
Gr—Cs—Mn;0, xerogels by incorporation of chitosan and
Mn;0, into graphene sheets. First, Gr—Cs xerogels prepared by
the noncovalent interactions possess high adsorption capacities
of heavy metal ions. Subsequently, uniform distribution of
Mn;0, plus the porous conductive graphene network can be
obtained with the aid of high-temperature processing. The
synergistic effect of the high capacitance of Mn;0, coating and
the porosity left by chitosan ofters Gr—Cs—Mn;0, hybrids a
superior electrochemical performance with good cycling
stability and low inner resistance. The enhanced electro-
chemical properties of the Gr—Cs—Mn;0, electrodes lead to
an outstanding specific electrosorptive capacity of 12.7 mg/g,
which is much higher than a pure pristine Gr electrode. We
expect that Gr—Cs—Mn;0,, composites prepared by this green
method will facilitate the fabrication of suitable and promising
materials for high-performance CDI electrodes.
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