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ABSTRACT: The surface properties, chemical compositions,
and crystal structures of manganese oxides can be altered by
redox reactions, which affect their heavy metal ion adsorption
capacities. Here, birnessite nanosheets (δ-MnO2) were
synthesized from the photochemical reaction of Mn2+aq and
nitrate under solar irradiation, and Zn2+ was electrochemically
adsorbed using the as-obtained birnessite nanosheets by
galvanostatic charge−discharge. The effects of current density
and electrochemical techniques (symmetric electrode and
three-electrode systems) on Zn2+ adsorption capacity were
also investigated. The results showed that the maximum Zn2+

adsorption capacity of the birnessite in the presence of
electrochemical redox reactions could reach 383.2 mg g−1

(589.0 mmol mol−1) and 442.6 mg g−1 (680.3 mmol mol−1) in the symmetric electrode and three-electrode system,
respectively; however, the Mn2+ release capacity in the three-electrode system was higher than that in the symmetric electrode
system. With increasing current density, the Zn2+ adsorption capacity decreased. In addition, the system for heavy metal ion
removal driven by electrochemical redox reactions could also be used as a supercapacitor for power storage. The present work
proposes a “green” and sustainable approach for preparing nanosized birnessite, and it clarifies the adsorption mechanism of
birnessite for Zn2+ in the presence of electrochemical redox reactions.
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■ INTRODUCTION

Large amounts of heavy metal ions have been discharged into
the environment with the rapid growth of industries. Many of
these ions are toxic, and can accumulate in living organisms
and thus cause serious health problems.1,2 Zinc, a common
heavy metal ion in the wastewater discharged from industries,
is toxic when the concentration exceeds the allowable limit.3 In
addition, Zn contamination can hinder plant growth.4

Accordingly, different methods for removing heavy metal
ions from wastewaters have been developed. The applications
of membrane filtration and ion-exchange methods are limited
because of the difficulties in regenerating membrane and resin
and the high cost, although the two methods are highly
efficient and rapid.1,5 Chemical precipitation is widely used for
its relatively easier operation and lower cost, but it is less

efficient for the wastewater containing complexing agents or
low-concentration heavy metal ions. Adsorption has advan-
tages in both operation and cost and thus is considered as a
cost-effective strategy.1,2

Manganese oxides have widespread applications in the
adsorption for heavy metal ions because of their properties of
low point of zero charge, eco-friendliness, and abundant
resources.6−8 The adsorption capacities of manganese oxides
for heavy metal ions are different owing to their various
properties including crystal structure, adsorption site, specific
surface area, and micromorphology. Generally, the adsorption
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capacities for Zn2+, Pb2+, and Cd2+ follow the order of
birnessite > cryptomelane > todorokite > hausmannite.9 In
addition, the same type of manganese oxides with different Mn
AOS are different in heavy metal ion adsorption capacities.10

Thus, during the adsorption process, the adsorption capacity of
manganese oxide for heavy metal ions may be improved
through adjusting the properties including chemical composi-
tion and Mn AOS.
Heavy metal ions are mainly coordinated with O in the

MnO6 octahedra of manganese oxides to form inner-sphere
complexes, and redox reactions are seldom considered in the
isothermal adsorption.9,10 Our previous work showed that the
Mn AOS and micromorphology of manganese oxide were
altered during electrochemical redox reactions.11 Manganese
oxides are also widely used in deionization capacitors to
improve the adsorption performance for salt12,13 and heavy
metal14 ions; however, the enhancement of adsorption
capacities is sometimes assigned to the polarization potential
and special structure of electrode materials.12,13 The effect of
electrochemically controlled redox reactions of manganese
oxides on their heavy metal ion adsorption capacities remains
elusive.
Hexagonal birnessite is composed of edge-sharing MnO6

octahedral layers, and the Mn(IV) vacancies in the layers are
considered as strong adsorption sites for heavy metal
ions.6,15,16 In our previous work, birnessite obtained through
the reduction of KMnO4 was used as electrode materials. In
the three-electrode system, the adsorption capacities of
birnessite was 530.0 mg g−1 for Zn2+ and 900.7 mg g−1 for
Cd2+ using galvanostatic charge−discharge. Meanwhile, the
effects of cycle number and pH were also investigated.
However, up to one-third of Mn was released into the solution
from the birnessite electrode during the adsorption process.8,17

Further investigations are needed to clarify the adsorption
mechanism and reduce the release of Mn2+.
Hexagonal birnessite is usually prepared through reflux,10,18

hydrothermal,19 or sol−gel7 methods in laboratory. However,
most of these methods require heat energy, high pressure, or
complex operation.20 In addition, with increasing environ-
mental pollution, the current methods for preparing nanoma-
terials need to be re-evaluated from the perspectives of
pollution, energy consumption, and waste production.21

Photochemical methods, especially those using solar energy,
are considered as “green” and sustainable approaches because
of their low energy consumption and less waste produc-
tion.21,22 As a common photocatalyst, NO3

− can produce ROS
including hydroxyl (OH•) and superoxide (O2

•−) radicals
under ultraviolet (UV) irradiation,23,24 which will oxidize low-
valence ions such as Mn2+aq and Fe2+aq to high-valence oxides
or ions.23 As previously reported, δ-MnO2 was generated in the
photochemical reaction of Mn2+aq and NO3

−, and O2
•− rather

than OH• is regarded as the main oxidant.20 The unique
micromorphology of the photochemical synthesized birnessite
may facilitate the electrochemical adsorption for heavy metal
ions. Our previous work has indicated that OH• contributes to
the oxidation of Fe2+ to iron oxide nanominerals.25 Hence, the
effect of OH• formed from NO3

− photolysis on the formation
of birnessite under solar irradiation needs further elucidation.
Here, birnessite nanosheets were obtained through the

photocatalytic oxidation of Mn2+aq, and the synthesized
birnessite nanosheets were used for Zn2+ removal in the
presence of electrochemical redox reactions. The effects of
current density and electrochemical techniques (symmetric

electrode and three-electrode systems) on the adsorption
performance of the birnessite nanosheets were also inves-
tigated. This work elucidates the electrochemical adsorption
mechanism of birnessite for Zn2+ and provides a facile method
for heavy mental ion removal from aqueous solution.

■ EXPERIMENTAL SECTION
Photochemical Synthesis of Birnessite Nanosheets. Birnes-

site nanosheets were fabricated by a photochemical method.20 A
mixed solution containing NaNO3 and MnSO4 was prepared, and
their concentrations were controlled at 200 and 10.0 mmol L−1,
respectively. A NaOH solution at the concentration of 0.1 mol L−1

was added to adjust the initial pH to 8.0. Then, the solution was
poured into 150 mL quartz tubes with a volume of 100 mL in each
tube. These quartz tubes were sealed and transferred to the rooftop
(30.476111°N, 114.353333°E) under solar irradiation. The experi-
ments were conducted from 10:00 to 16:00 during August 15−20,
2016, and the air temperature varied between 23 to 38 °C. The
intensity of solar light was determined to be from 0.24 to 1.78 mW
cm−2 by a UV-A irradiatometer (Photoelectric Instrument Factory of
Beijing Normal University) at 320−400 nm. Only the intensity of
solar light between 320−400 nm was determined because of the
excitation band of nitrate and detection limitation of irradiatometer in
our lab (Supporting Information). The photochemical reaction of
NaNO3 (0.2 mmol L−1) and MnSO4 (0.1 mmol L−1) with a constant
pH of 6.0 (controlled by acetic acid/sodium acetate (5 mmol L−1)
buffer) was also performed to investigate the possibility of the
photochemical reaction in natural environments. The resulting
precipitate was filtered and washed, and then dried at 40 °C
overnight.

Electrochemically Controlled Adsorption of Zinc. The
electrochemical adsorption of Zn2+ was performed in symmetric
electrode and three-electrode system with 30 mL Zn-containing
solution by charge−discharge for 50 cycles at room temperature on a
CT-3008W-5V5mA battery testing system. Detailed electrode
preparations are presented in the Supporting Information. Na2SO4
(0.1 mol L−1) and ZnSO4 were used to prepare Zn-containing
solutions with the initial Zn2+ concentration of 0 to 1800 mg L−1.
NaOH/H2SO4 solution at the concentration of 0.1 mol L−1 was
added to adjust the initial pH of these solutions to 5.0. In the
symmetric electrode system, the current density of charge−discharge
was controlled to be from 0.1 to 0.5 A g−1, and the potential of
charge−discharge was controlled to be from −0.9 to +0.9 V. In the
three-electrode system, the current density of charge−discharge was
controlled at 0.1 A g−1, and the potential (vs SCE) of charge−
discharge was controlled to be from 0 to +0.9 V. The electrodes were
washed to remove the Zn-containing solution after multicycle redox
reactions and then characterized by power X-ray diffraction (XRD)
before drying at 60 °C under vacuum.

The electrochemical specific capacitance Cm (F g−1) and Zn2+

adsorption capacity Qs (mg g−1) were respectively calculated
according to eq 126 and eq 2:14

C
I t

m V
4

m = Δ
Δ (1)

Q
C C V

m
( )

s
s s0=

−
(2)

In the equations, Δt, I, and ΔV, respectively, represent the
discharge time, current, and potential range; m represents the
birnessite mass on the working electrode and counter electrode; C0
and Cs, respectively, represent the Zn2+ concentration in the initial
reaction system and after electrochemical adsorption; and Vs
represents the volume of Zn-containing solution.

Analytical Methods. XRD characterization was performed on a
D8 ADVANCE diffractometer (Bruker) with Cu Kα radiation.
Analyses of Fourier-transform infrared (FT-IR) spectra were
conducted on a VERTEX 70 spectrometer (Bruker). Field emission
scanning electron microscopy (FESEM, SU8000, Hitachi) was used
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to observe the micromorphology. Transmission electron microscopy
(TEM) analyses were conducted using Talos F200C (FEI). The
ASAP 2020 (Micromeritics) was used to analyze the pore property
and specific surface area. The BJH (Barrett−Joyner−Halenda)
method was applied for the calculation of pore sizes.27 The
proportions of Mn with different valences were analyzed by X-ray
absorption near-edge structure (XANES) spectra collected at the
Beijing Synchrotron Radiation Facility (1W1B beamline), China. The
collection and analysis of XANES spectra are shown in the Supporting
Information. To examine the existence of O2

•− and OH•, superoxide
dismutase (SOD)20 (10 mg L−1) and benzoate (BA)28 (0.4 mmol
L−1) were, respectively, added into the reaction of NaNO3 (0.2 mmol
L−1) and MnSO4 (0.1 mmol L−1) with the initial pH of 6.0 under
solar irradiation. An atomic absorption spectrometer (AAS240FS)
was used to determine the concentrations of Zn2+ and Mn2+. A
CHI660E electrochemical workstation was used to collect the cyclic
voltammetry plots. The scan rate and range were 0.5 mV s−1 and −0.9
to +0.9 V, respectively.

■ RESULTS
Preparation of Birnessite Nanosheets. The photograph

of the solids formed in the photochemical reaction was shown
in Figure 1a. Dark brown precipitates were formed in the
mixed solution of MnSO4 and NaNO3 under solar irradiation
for 6 h, while no solid product was generated under dark
conditions. The XRD pattern and FT-IR spectra of the solid
product formed under solar irradiation indicated the
generation of single-phase birnessite (JCPDS card no. 86-
0666) (Figure 1a and Figure S1). The ratio of d100 to d110 in
XRD pattern was close to √3, indicating the formation of
hexagonal birnessite.29,30

The FESEM and TEM images indicated that uniform sheet-
like birnessite was generated in the photochemical reaction
(Figure 1b,c). The corresponding HRTEM images exhibited
the (001) and (100) planes with an average interplanar spacing
of 0.70 and 0.25 nm (Figure 1d), respectively. The occur of
average interlayer spacing of 0.51 nm was possibly due to the
collapse of birnessite interlayers by dehydration in TEM

sample chamber with high vacuum, which was also observed in
triclinic birnessite.31 The N2 adsorption−desorption isotherm
of the birnessite showed type-IV isotherm and H3-type
hysteresis (Figure S2a).27 The two-dimensional birnessite
had a BET specific surface area of 179 m2 g−1, which was
comparable to that of δ-MnO2 nanoparticles obtained from the
comproportionation of KMnO4 and Mn2+aq.

18 The total pore
volume and average pore diameter obtained using the BJH
method were 0.67 cm3 g−1 and 15.5 nm, respectively (Figure
S2b).

Zinc Adsorption Driven by Electrochemical Redox
Reactions. Figure 2 shows the cyclic voltammetry plots of

birnessite electrodes for the first cycle in the symmetric
electrode system in Zn2+ solutions at different concentrations.
In the Na2SO4 solution without Zn2+, a relatively rectangular
shape was observed, suggesting that the redox reaction of
birnessite electrode was reversible. In the presence of Zn2+, two
pairs of redox peaks and asymmetrical cyclic voltammetry plots
were obtained. With increasing Zn2+ concentration, the

Figure 1. XRD pattern and photograph (a), FESEM (b), TEM (c) and HRTEM images (d) of the birnessite formed under solar irradiation in
aqueous reaction system of NaNO3 (200 mmol L−1) and MnSO4 (10 mmol L−1) with the initial pH of 8.0 for 6 h. The photograph under dark
conditions was also presented in (a).

Figure 2. First-cycle cyclic voltammetry plots of the birnessite
electrodes in symmetric electrode system at a scan rate of 0.5 mV s−1

in Zn2+ solutions with different concentrations.
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asymmetrical degree and redox current first increased and
subsequently reached the maximum. In Zn/MnO2 batteries,
the insertion−extraction process of Zn2+ takes place during the
redox reactions of Mn(II/III) and Mn(IV).32,33 In this work,
the peak a1/b1 can be assigned to the insertion/extraction of
Zn2+ on the surface of the birnessite, the peak a2/b2 can be
assigned to the reduction/oxidation of Mn(IV) and Mn(II/
III). The asymmetrical redox peaks and cyclic voltammetry
plots demonstrated the incomplete reversibility of the redox
reactions of Mn(IV) and Mn(II/III).
Figure 3 shows the Zn2+ adsorption capacities of birnessite

electrodes in the symmetric electrode system after 50 cycles of

redox reaction and at open circuit in Zn2+ solutions at different
concentrations. The Zn2+ adsorption capacity was 79.9 mg g−1

(122.8 mmol mol−1) in 200 mg L−1 Zn2+ solution, and then
increased with increasing Zn2+ concentration. The maximum
Zn2+ adsorption capacity of birnessite electrode was,
respectively, 31.5 mg g−1 (48.4 mmol mol−1) and 383.2 mg
g−1 (589.0 mmol mol−1) at open circuit and after charge−
discharge. The adsorption capacities of different materials for
Zn2+ are presented in Table S1. The Zn2+ adsorption capacity
of birnessite with electrochemical redox reactions was higher
than the isothermal adsorption capacities of these adsorbents.
The corresponding Mn2+ release from birnessite electrode
increased with increasing Zn2+ adsorption capacity, and the
highest release capacity was 54.0 and 112.2 mg g−1 at open
circuit and after charge−discharge, respectively (Figure S3).
The final pH of the solution after electrochemical redox
reactions increased from 4.51 to 5.79 with the initial Zn2+

concentration increasing from 200 to 1800 mg L−1.
XRD, XANES, and FESEM were used to characterize the

intermediate products in the electrochemical adsorption of
Zn2+. The XRD patterns of the working electrode in symmetric
electrode system after 50 cycles of redox reaction in Zn2+

solutions at different concentrations indicated that no new
phase was formed (Figure 4a). In the study of the effect of Mn
AOS on the d110 value of birnessite and Pb-adsorbed birnessite,
it was claimed that the number of Mn(IV) vacancies increased
with increasing Mn AOS, which would lead to an increase in
the electrostatic repulsion between adjacent cations around
Mn(IV) vacancies and a decrease in d110 value.

34−36 Therefore,
we speculate that the Mn AOS probably decreased, as
indicated by the slight increase in the d110 value with the
increase of Zn2+ concentration (Figure 4b). The crystal

structure of birnessite changed little at open circuit as
indicated by the XRD patterns (Figure S4).
The Combo method was used to further clarify the Mn AOS

from the Mn K-edge XANES derivative spectra of the
birnessite electrodes after redox reactions (Figure 5 and

Table S2).37 Table S2 presents the standard samples used in
the fitting process. The Mn AOS was 3.43 in the as-obtained
birnessite. With increasing Zn2+ concentration, the Mn(IV)
and Mn(III) proportion, respectively, decreased and increased
in the birnessite electrode after electrochemical adsorption.
The Mn AOS values in the birnessite electrodes were

Figure 3. Zn2+ adsorption capacities of the birnessite electrodes in
symmetric electrode system after charge−discharge for 50 cycles and
at open circuit for 12 h in Zn2+ solutions with different
concentrations.

Figure 4. XRD (a) and the corresponding magnified patterns (b) of
the working electrodes in symmetric electrode system after charge−
discharge for 50 cycles in Zn2+ solutions with different concentrations.

Figure 5. Linear combination fits of the Mn K-edge XANES
derivative spectra for the working electrodes in symmetric electrode
system of Zn2+ solutions at different concentrations. Open circles are
the first derivative spectra, dashed lines are the best-fitted curves, and
solid lines are the residuals.
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respectively 3.51, 3.45, 3.42, and 3.40 after electrochemical
adsorption in 0, 200, 600, and 1000 mg L−1 Zn2+ solutions.
Although the accuracy of the Mn AOS is about 0.04 valence
units obtained from the Combo method,37 it showed a
downward trend with increasing Zn2+ concentration, which
was consistent with the change of d110 value in the XRD results
(Figure 4b). These results further demonstrated the incom-
plete reversibility of redox reactions of birnessite during the
electrochemical adsorption.
Figure S5 shows the FESEM images of the birnessite

electrode after electrochemical redox reactions. In the Na2SO4
solution without Zn2+, the micromorphology of birnessite was
altered from nanosheets to nanoparticles. The nanosheets
gradually disappeared, and cross-linked networks were formed
with increasing Zn2+ concentration, further suggesting the
changes in the micromorphology of birnessite during the
electrochemical oxidation−reduction.
Effects of Rate and Degree of Redox Reactions on

Zn2+ Adsorption. The redox rate of birnessite can be
adjusted by changing the current density, which affects the
electrochemical adsorption capacity. Figure S6 shows the
electrochemical specific capacitance of birnessite electrode in
the symmetric electrode system at different current densities in
200 mg L−1 Zn2+ solution. The electrochemical specific
capacitance showed a decreasing trend with increasing current
density. Figure 6 shows the Zn2+ adsorption capacity of
birnessite electrode after electrochemical redox reactions in the
symmetric electrode system at different current densities. The
Zn2+ adsorption capacity and Mn2+ release capacity were,
respectively, 29.0 and 45.0 mg g−1 when the current density

was controlled at 0.5 A g−1. With decreasing current density,
the Zn2+ adsorption capacity and Mn2+ release capacity,
respectively, increased and decreased (Figure 6a and Figure
S7). The XRD patterns indicated that no new phase was
formed during the electrochemical redox reactions of birnessite
at different current densities (Figure S8).
The electrochemical adsorption for Zn2+ was performed in

the three-electrode system to investigate the effect of
electrochemical technique on Zn2+ adsorption capacity (Figure
6b). In 200 mg L−1 Zn2+ solution, the Zn2+ adsorption capacity
of birnessite reached 82.0 mg g−1 (126.0 mmol mol−1) and
increased with the increase of Zn2+ concentration. In 1000 mg
L−1 Zn2+ solution, the Zn2+ adsorption capacity reached the
maximum of 442.6 mg g−1 (680.3 mmol mol−1), and the
corresponding maximum Mn2+ release reached 179.0 mg g−1

(Figure S9). In the end, the Zn/Mn molar ratio in the
electrode was close to 1:1. Compared with those in the
symmetric electrode system, the maximum Zn2+ adsorption
capacity and Mn2+ release capacity in the three-electrode
system were higher. The weaker XRD diffraction peak of (001)
plane after electrochemical redox reactions indicated a higher
degree of redox reaction in the three-electrode system (Figure
S10).

■ DISCUSSION

Photochemical Formation Mechanism of Birnessite.
As the precursor of many kinds of manganese oxides including
cryptomelane and todorokite,38 birnessite is widely present in
various geological settings, such as surface coatings and crusts,
terrestrial ore deposits and deep-sea nodules.39,40 The
formation and transformation of birnessite affect the geo-
chemical cycling of some major nutrients and toxic
elements.38−40 To examine the existence of OH• and O2

•−,
BA and SOD were, respectively, added into the reaction of
NaNO3 (0.2 mmol L−1) and MnSO4 (0.1 mmol L−1) with the
initial pH of 6.0 under solar irradiation (Figure S11). After the
addition of BA, the consumption of Mn2+aq decreased. No
obvious consumption of Mn2+aq was observed in the reaction
with SOD. These results indicate that the main oxidant is O2

•−

rather than OH• during the photochemical reaction. The
decrease in the consumption of Mn2+ after the addition of BA
may be caused by the inhibition of the generation pathway of
O2

•−.41 The concentrations of Mn2+ and NO3
− are low in

natural environment. For example, the concentration of nitrate
can reach up to 0.2 mmol L−1 in some eutrophic waters.42

Birnessite nanosheets were also observed in the reaction of 0.1
mmol L−1 MnSO4 and 0.2 mmol L−1 NaNO3 with a constant
pH of 6.0 under solar irradiation (Figure S12), indicating the
possible photochemical formation of birnessite in natural
environments.
In previous reports, hexagonal birnessite nanosheets could

be obtained by the exfoliation of three-dimensional birnessite,
which involves protonation, exfoliation, and self-assembly.43,44

Here, the specific surface area of the hexagonal birnessite
nanosheets formed through one-step photochemical reaction
reached 179.0 m2 g−1. Large specific surface area and two-
dimensional structure facilitate the rapid electrochemical
reaction by providing more effective active sites.7,19 Compared
with traditional methods for the preparation of birnessite
nanosheets, the photochemical method shows advantages of
simple operation, energy saving, and environmental sustain-
ability.

Figure 6. Zn2+ adsorption capacities of the birnessite electrodes after
charge−discharge for 50 cycles in symmetric electrode system at
different current densities in 200 mg L−1 Zn2+ solution (a) and in a
three-electrode system of Zn2+ solutions at different concentrations
(b).
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Zinc Adsorption Mechanisms and Influencing Fac-
tors. The Zn2+ adsorption capacity of the birnessite nano-
sheets in the presence of electrochemical redox reactions was
significantly higher than that at open circuit. In the
electrochemical adsorption, the potential of the working and
counter electrodes (vs SCE) varied within −0.1 and +0.8 V
(Figure S13), and there were redox reactions of Mn(III) and
Mn(IV).8,45 In deionization capacitors, the ions are removed
by electrostatic adsorption.46,47 In deionization battery
systems, the redox reactions of CuHCF electrodes facilitate
the adsorption of salt ions.48 In this work, the redox reactions
of birnessite electrode were applied to improve Zn2+

adsorption capacity. The charge−discharge process of MnO2
can be expressed as MnO2 + xM+ + xe− ⇌ MnOOMx (M

+ is
protons or alkali metal ions).49 The insertion and extraction
processes of M+ are reversible due to its weak electrostatic
action with manganese oxides, and thus Na4Mn9O18 electrode
material can be used for seawater desalination.50 In the
presence of heavy metal ions, inner-sphere complexes can be
formed.9 The adsorbed Zn2+ could not be fully released into
the solution in the charge processes, resulting in the
incomplete reversibility of redox reactions, as indicated by
the asymmetrical redox peaks and cyclic voltammetry plots in
the presence of Zn2+. Accordingly, the adsorption capacity for
Zn2+ can be enhanced through the not fully reversible redox
reactions.
The not fully reversible redox reactions changed the Mn

AOS and chemical composition of birnessite. In Mg/MnO2
batteries, birnessite can be reduced to MgMn2O4 in the
discharge processes.51 In our previous work, the trans-
formation of Mn2O3 nanoparticles to flower-like birnessite
occurred in the charge−discharge processes of pseudocapaci-
tors.11 When the electrochemical reactions of flower-like
birnessite were conducted in Zn2+ solution, ZnMn2O4 and
Mn3O4 nanoparticles were observed during the constant-
potential electrolysis process,45 and Zn-buserite nanosheets
were obtained during the charge−discharge process.8 After
electrochemical redox reactions, the Mn AOS of the birnessite
decreased in this work (Figures 4 and 5). In addition, the
release of Mn2+ could provide more vacancy sites, which may
also lead to enhanced Zn2+ adsorption capacity of birnessite.
During the discharge process, the birnessite could gain
electrons, leading to the adsorption of Na+, H+ and Zn2+ on
the electrode surface for charge balance. During the charge
process, the adsorbed Na+ and H+ can be released into the
solution due to good reversibility, while Zn2+ could be
enriched on the electrode due to the not fully reversible
redox reactions. Hence, the changes in the Mn AOS and
chemical composition of birnessite facilitate the adsorption of
Zn2+.
The change in the micromorphology of birnessite also

contributes to the electrochemical adsorption. During the
electrochemical reactions of birnessite, redox reactions occur
on the electrode surface.8,49,52 Compared with constant
potential electrolysis, cyclic redox process provides more
adsorption sites and a better contact between the Zn2+ ion in
the solution and birnessite inside the electrode by cyclically
changing the micromorphology of the birnessite, which
facilitates the electrochemical adsorption of Zn2+.8,45 The
increase in the initial Zn2+ concentration contributed to the
rapid redox reactions on the surface of birnessite electrode.
Therefore, the increase of initial Zn2+ concentration may lead
to the increase of adsorption sites and capacity.

In addition, the pH in the experiment was much higher than
the point of zero charge of birnessite (∼2 to 3).9 The final pH
of the solution increased with increasing initial Zn2+

concentration. Hence, the negative charge on the birnessite
surface would increase with increasing initial Zn2+ concen-
tration, which may also contribute to enhanced Zn2+

adsorption capacity with increasing initial Zn2+ concentration.8

In our previous work, the hierarchical birnessite obtained
from the reduction of KMnO4 was transformed into Zn-
buserite and ZnMn2O4 after multicycle galvanostatic charge−
discharge in Zn2+ solution. The XAFS results indicated that the
Zn2+ was inserted into the interlayer and was adsorbed below
or above the Mn(IV) vacancies of birnessite.8 In this work, Zn-
buserite and ZnMn2O4 were not observed. Thus, the Zn

2+ was
likely adsorbed below or above the Mn(IV) vacancies.16 The
Zn/Mn molar ratio reached about 1:1 in the electrode after
electrochemical adsorption in the three-electrode system. We
speculate that the Zn-rich manganese oxide may have the
similar structure of quenselite (Pb2+Mn3+O2OH) with the
substitution of Pb2+ by Zn2+.6 Another possibility is that the
MnO6 octahedral layer is dioctahedral with the Mn vacancies
capped on each side by Zn, which is similar to the structure of
gibbsite.53 In this case, the stoichiometry would be
ZnMn3+/4+O2−x. Hence, the Zn2+ adsorption capacity may
also be improved by adjusting the arrangement of MnO6

octahedra during the electrochemical redox reactions.
The Zn2+ adsorption capacity of birnessite electrode

decreased with increasing current density. During charge−
discharge, the redox reactions of birnessite occur mainly on the
surface of electrode.8,49,52 Due to the diffusion limit of Na+, the
electrochemical specific capacitance of birnessite electrode
decreases with increasing current density in the super-
capacitors.52 The same change of electrochemical specific
capacitance was observed in this work (Figure S6). Hence, we
speculate that the diffusion of Zn2+ or Na+ limits the rate of
electrochemical reactions at high current density.
Compared with that in the symmetric electrode system, the

higher degree of redox reactions and release of Mn2+ in the
three-electrode system lead to higher Zn2+ adsorption capacity
of birnessite (Figures 3 and 6b). However, the Mn2+ release
capacity was also higher in the three-electrode system (Figures
S3 and S7b). Under the condition of maximum adsorption
capacity, the Zn2+ adsorption amounts corresponding to per
unit of Mn2+ release were, respectively, 3.42, 2.47, and 0.58 mg
mg−1 in the symmetric electrode system, the three-electrode
system, and at open circuit. Thus, the symmetric electrode
system has an advantage in reducing the Mn2+ release capacity.
During the heavy metal ion removal, energy consumption is

also a big challenge for membrane filtration and some
traditional electrochemical processes including electrodeposi-
tion and electrocoagulation.5 After charge−discharge for 50
cycles in symmetric electrode system, the Coulombic efficiency
of birnessite electrode reached about 100% at different current
densities (Figure S6). The electric power was consumed and
transformed into chemical energy during the charge process.
We can obtain the electric power during the discharge
processes, which is accompanied by the Zn2+ adsorption on
manganese oxides. Therefore, the electrochemical adsorption
system driven by electrochemical redox reactions could also be
used as a supercapacitor for power storage.
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■ CONCLUSIONS
Two-dimensional birnessite nanosheets were readily synthe-
sized through the photochemical reaction of NO3

− and Mn2+aq
under solar irradiation. The Zn2+ adsorption capacity of the as-
obtained birnessite can be enhanced by electrochemical redox
reactions due to the changes in Mn AOS, surface properties,
and chemical compositions. With increasing current density,
the Zn2+ adsorption capacity decreases. Compared with that in
the symmetric electrode system, the highest Zn2+ adsorption
capacity in the three-electrode system is higher. However, the
symmetric electrode system has an advantage in reducing the
Mn2+ release capacity. In this work, the method for the
preparation of birnessite under solar irradiation is “green” and
sustainable, and the system for heavy metal ion removal driven
by electrochemical redox reactions could also be used as a
supercapacitor for power storage.
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