
Surveying Manganese Oxides as Electrode Materials for Harnessing
Salinity Gradient Energy
Jenelle Fortunato, Jasquelin Peña, Sassi Benkaddour, Huichun Zhang, Jianzhi Huang, Mengqiang Zhu,
Bruce E. Logan, and Christopher A. Gorski*

Cite This: Environ. Sci. Technol. 2020, 54, 5746−5754 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The potential energy contained in the controlled
mixing of waters with different salt concentrations (i.e., salinity
gradient energy) can theoretically provide a substantial fraction of
the global electrical demand. One method for generating electricity
from salinity gradients is to use electrode-based reactions in
electrochemical cells. Here, we examined the relationship between
the electrical power densities generated from synthetic NaCl
solutions and the crystal structures and morphologies of manganese
oxides, which undergo redox reactions coupled to sodium ion
uptake and release. Our aim was to make progress toward
developing rational frameworks for selecting electrode materials
used to harvest salinity gradient energy. We synthesized 12
manganese oxides having different crystal structures and particle
sizes and measured the power densities they produced in a concentration flow cell fed with 0.02 and 0.5 M NaCl solutions. Power
production varied considerably among the oxides, ranging from no power produced (β-MnO2) to 1.18 ± 0.01 W/m2 (sodium
manganese oxide). Power production correlated with the materials’ specific capacities, suggesting that cyclic voltammetry may be a
simple method to screen possible materials. The highest power densities were achieved with manganese oxides capable of
intercalating sodium ions when their potentials were prepoised prior to power production.

■ INTRODUCTION

The salt concentration difference between freshwater and
seawater at coastlines is a largely unexploited yet abundant
source of renewable energy.1,2 The salinity gradient energy that
can be obtained from mixing freshwater with seawater exceeds
0.8 kW·h/m3 freshwater, which is roughly equivalent to
freshwater flowing over a 250 m tall hydroelectric dam into
the ocean.3 It is estimated that the global amount of
harvestable electricity from mixing freshwater with seawater
is 8800 TW·h per year,4 which is equal to 40% of the
worldwide electricity production (21 600 TW·h in 2012).5

Energy can also be obtained using more saline waters, such as
hypersaline lakes and reject brines from desalination plants.1−3

Currently, the two most extensively studied methods used to
harvest salinity gradient energy are pressure retarded osmosis
(PRO) and reverse electrodialysis (RED).3−6 However, both
technologies require selective membranes that either foul
rapidly (PRO) or are prohibitively expensive (RED).4,6,7 To
overcome these membrane-related issues, researchers have
begun studying electrochemical systems that harvest salinity
gradient energy using electrode-based electrochemical reac-
tions.8−17

The performances of salinity gradient energy technologies
are usually compared in terms of electrical power densities (i.e.,

the rate of electricity production normalized to the area of a
membrane or electrode).2 While early electrode-based systems
yielded low power densities (0.03−0.2 W/m2)9 relative to
membrane-based systems (∼1−10 W/m2 for freshwater/
seawater),18 recent electrode-based studies have generated
comparable values (3.3−3.8 W/m2).13,14 Achievable power
densities have increased as a result of improved cell design, the
introduction of a single ion exchange membrane to increase
the cell voltage, and more effective electrode materials.13,14,16 A
major advance in electrode materials has derived from the
transition from purely capacitive carbon-based electrode
materials to electrode materials that charge via a combination
of capacitive and faradaic mechanisms (e.g., Prussian Blue
analogs and manganese oxides).9,10,12−14 Materials that
undergo faradaic reactions are often referred to as
pseudocapacitive when the faradaic reaction rates are
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sufficiently fast that they produce capacitor-like current−
potential relationships.19−22

The promising electrical power densities produced by
faradaic materials has led us to investigate how electrical
power densities relate to a faradaic electrode material’s
electrochemical and physical properties. This work was
motivated by the larger aim of developing frameworks for
rationally selecting electrode materials to use in salinity
gradient energy systems. We examined a suite of 12 manganese
oxides having different crystal structures and/or particle sizes
with respect to their electrochemical properties, physical
properties, and electrical power densities produced from a
NaCl salinity gradient. Manganese oxides are a useful model
system because their syntheses can be adjusted to tune crystal
structures, morphologies, and/or particle sizes23−28 and
because their charge storage mechanisms depend on their
crystal structures. Manganese oxides may interact with Na+ and
Cl− ions via capacitive or faradaic reactions that couple the
reduction of Mn4+ to Mn3+ (or Mn3+ to Mn2+) to the uptake of
Na+.19,29,30 In this work, we refer to surface reactions that may
involve capacitive or pseudocapacitive reactions as “(pseudo-
)capacitive” because electrochemical techniques alone cannot
distinguish between the two reactions. All 12 of the manganese
oxides studied may undergo (pseudo)capacitive reactions at
their surfaces, and a subset may also intercalate sodium ions
(i.e., reversibly insert Na+ into the crystal lattice without
significantly altering the structure) into interlayer regions or
tunnels (Figure 1).21,22,24,25,27,31−34 We used cyclic voltamme-

try experiments conducted at several scan rates to assess the
contribution of surface and intercalation reactions to power
production and charge storage capacity. We then correlated
power density data with characterization data to elucidate
trends between power production and the physical and
electrochemical properties of manganese oxides and thus
identify which parameters might be indicative of material
performance.

■ MATERIALS AND METHODS

All chemical reagents used in this study were analytical grade
and were used without further purification. The deionized
(DI) water used in syntheses and solutions had a resistivity of
>18 MΩ·cm. The syntheses used to produce the 12 manganese
oxides is provided in Section S1.
Inconsistencies exist in the literature regarding how

manganese oxides are named.23,26,35−37 Here, we classify the
manganese oxides using the Greek prefix convention to allow
us to differentiate among manganese oxides with different
lattice arrangements of MnO6 octahedral subunits. Tunneled
manganese oxides were named on the basis of the size of the
tunnel space: β-MnO2 (1 × 1 tunnel), γ-MnO2 (1 × 2 and 1 ×
1 intergrowth), α-MnO2 (2 × 2 tunnel) (Figure 1).23,24

Layered manganese oxides were classified into two groups on
the basis of crystallinity: birnessite and δ-MnO2. We
differentiated between the two on the basis of the X-ray
diffraction patterns. Birnessites exhibit sharp X-ray diffraction
peaks at 5.7° and 11.4° 2θ (Mo Kα; 7.28 and 3.64 Å) while δ-
MnO2 does not.

38 Note that one of the δ-MnO2 specimens (δ-
MnO2-3) has been referred to as amorphous manganese oxide
in the literature due to its poor crystallinity and broad X-ray
powder diffraction peaks.31,34 We classified this sample as δ-
MnO2 because the X-ray diffraction pattern and transmission
electron microscopy images indicated the presence of short-
range-ordered 2D-layer features, consistent with δ-MnO2.

Material Characterization. Phase identification was
performed using X-ray powder diffraction (XRD; Malvern
PANalytical Empyrean X-ray diffractometer, 60.0 kV, 40.0 mA;
molybdenum source: λ = 0.709 Å). All scans were performed
in continuous scan mode within the 2θ range of 2.3078−
30.5976°. A silicon standard was used to perform a background
subtraction on all XRD patterns. Phase identification and
background subtraction were performed in JADE for XRD
software (Materials Data, Inc.). Field emission scanning
electron microscopy (FESEM; FEI Verios G4 XHR SEM,
ThermoFisher Scientific) was used to analyze sample
morphology and particle size. Transmission electron micros-
copy (TEM; FEI Titan3 G2 transmission electron microscope)
was used to analyze crystal lattice structure. Cross-sections of
manganese oxide samples for TEM analysis were prepared
using ultramicrotomy. Powdered samples were prepared using
a Spurr low-viscosity Embedding Kit (Sigma-Aldrich) and
cured overnight at 60 °C. The cured resin was sectioned to 70
nm on a Leica Ultracut UC6 Ultramicrotome (Lecia
Microsystems, Inc., Buffalo Grove, IL, USA). TEM imaging
was performed using a spot size of 3, screen current of 0.5 nA,
C2 aperture of 70 μm, and an exposure of 0.5 s with a binning
of 2 s. The Brunauer−Emmett−Teller (BET) surface area was
collected on each sample by analyzing 0.1 g of powder with a
Micrometric ASAP 2020 Automated Surface Area and
Porosimetry System using nitrogen gas and an analysis bath
temperature of 77 K.

Electrode Preparation. Electrodes for each manganese
oxide sample were prepared using a drop-cast fabrication
method.13,39 Electrodes were prepared by first heating 5 mL of
n-methyl-2-pyrrolidinone (NMP) to dissolve 10 wt % (0.05 g)
polyvinyldifluoride (PVDF) (Kynar HSV 900, Arkema, Inc.).
Once cooled to room temperature, 70 wt % (0.35 g)
manganese oxide powder and 20 wt % (0.1 g) carbon black
(Vulcan XC72R, Cabot) were added and the mixture was
thoroughly mixed. Using a pipet, 0.5 mL of the mixture was

Figure 1. Representative crystal lattice structures and a hypothesized
charge storage mechanism for the different manganese oxide crystal
structures. All the manganese oxides exhibit some capacitive or
pseudocapacitive surface charge storage. A portion of the materials are
also hypothesized to intercalate sodium ions either in interlayers or in
structural tunnels. The term layered manganese oxides refers to
birnessite and δ-MnO2. See Table S1 for tunnel and interlayer
dimensions.
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loaded onto precut carbon cloth (1071 HCB, AvCarb) and
dried for 8 h in a vacuum oven at 55 °C, which removed the
solvent.
Electrochemical Characterization. Electrochemical char-

acterization tests were performed in a custom-built 3-electrode
cell (Figure S1, volume ≈ 20 mL) with a CH Instruments 630e
Potentiostat (Austin, TX).13 The reactor was assembled with a
titanium foil current collector, Ag/AgCl reference electrode (3
M KCl), and a platinum curly wire counter electrode. Cyclic
voltammetry (CV) was used to measure the specific capacities
of the manganese oxides. The specific capacities were
measured as a function of scan rate (v = 0.1 to 50 mV/s) in
50 mM and 1 M NaCl solutions. All CVs began with a
reductive sweep (0.8 to 0.2 V), followed by an oxidative sweep
(0.2 to 0.8 V). Three scans were run at each scan rate to ensure
material stability and equilibration. Specific capacities were
calculated using the third scan by integrating the current and
dividing by the manganese oxide mass in the electrode:

I t

V m
specific capacity (F/g)

d
T

T

1

2∫
=

Δ × (1)

where I is current (C/s), which is integrated over time with
respect to time, ΔV is the voltage window, and m is the mass of
active electrode material.
To quantify the proportion of the current response that was

due to (pseudo)capacitive reactions relative to intercalation
reactions, we analyzed CVs for materials at several scan rates (v
= 0.5, 1, 2, 5, and 10 mV/s). In a CV, the current response for
a surface (pseudo)capacitive reaction scales directly with v,
while the current response for a redox reaction limited by semi-
infinite linear diffusion is proportional to v1/2.40 Past work has
used this knowledge to quantify how much of the current is
due to (pseudo)capacitive surface reactions (I ∝ v) and
intercalation reactions (I ∝ v1/2) by assuming that intercalation
is a diffusion-controlled process.22,41−43 Note the I ∝ v1/2

relationship is only valid for fully reversible diffusion-controlled
reactions.44 We used an established method for quantifying the
relative contributions of these two processes:22

I avb
peak = (2)

where v is scan rate (mV/s), a and b are fitted parameters, and
Ipeak is the maximum current value achieved during the anodic
or cathodic scan. The b value was calculated for each
manganese oxide by taking the slope of log(Ipeak) vs log(υ)
during the anodic and cathodic sweeps and averaging the value.
The reported b value for each manganese oxide is the average
of these two values, with the error bars representing the
cathodic and anodic values. A value of b = 1 indicates that the
current is controlled entirely by surface (pseudo)capacitive
reactions, while b = 0.5 indicates the current is controlled
entirely by diffusion-controlled reactions, and an intermediate
value indicates the relative contributions of both reactions to
the overall current.40

Electrode Preconditioning. Electrodes were precondi-
tioned to a desired potential immediately prior to performing
each salinity gradient energy experiment. The as-prepared
composite electrodes were conditioned in a 1 M NaCl solution
in the custom-built 3-electrode setup described previously.
Linear sweep voltammetry was performed at 1 mV/s, scanning
from the measured open-circuit potential to the desired poise
potential. Immediately following the linear sweep, electrodes

were held at the poise potential until current was negligible
(∼1 h). The electrodes were rinsed once in DI water and
immediately placed in the concentration flow cell for testing.

Salinity Gradient Energy Experiments. Salinity gradient
experiments were performed in a custom-built flow cell
previously designed in our lab (Figure S2).39 Graphite foil
current collectors and manganese oxide electrodes were
anchored at the two end plates. Spacer gaskets created
rectangular flow paths (width = 1 cm; height = 3 cm; thickness
≈ 120 μm), and flow channels were separated by an anion
exchange membrane (thickness ≈ 150 μm; Selemion AMV,
Ashai Glass, Japan). High concentration (30 g/L, 0.5 M) and
low concentration (1 g/L, 0.02 M) NaCl solutions were fed
through the two channels at a flow rate of 15 mL/min. Power
was generated and measured by connecting the electrode pair
through an external resistor (Rext), and the cell voltage (ΔE)
was recorded using a potentiostat (VMP3, Bio-Logic). We
measured the average power densities for each manganese
oxide as a function of external resistance (5, 10, 20, 30, or 40
Ω). Power (W) at each time point was calculated by dividing
the cell voltage by the applied external resistance (P = ΔE2/
Rext), and power density (W/m2) was obtained by dividing by
the projected electrode area (A = 2.94 cm2). The average
power density was calculated by averaging the power density
over a complete discharge for three consecutive cycles, with
the reported standard deviation representing the deviation
between the cycles.

■ RESULTS AND DISCUSSION
Manganese Oxide Structures and Tunnel Dimen-

sions. To determine how electrical power densities produced
from sodium chloride-based salinity gradients depended on the
manganese oxide in the electrode, we first synthesized and
characterized 12 manganese oxides with different crystal
structures, morphologies, and/or particle sizes (Table S1).
Eight of the manganese oxides produced powder X-ray
diffraction patterns consistent with a single manganese oxide
phase in the International Centre for Diffraction Data (ICDD)
database (Figure S3). Three of the manganese oxides produced
powder X-ray diffraction patterns that only contained two very
broad peaks at approximately the 16° and 29° 2θ (Mo Kα;
Figure S3i−k), consistent with published patterns for δ-
MnO2.

35,38,45 We will refer to these three oxides as δ-MnO2, as
opposed to birnessite, because they lacked the characteristic
sharp peaks at 5.7° and 11.4° 2θ (Mo Kα; 7.28 and 3.64 Å).38

The last oxide showed X-ray diffraction peaks consistent with
the presence of both ramsdellite (1 × 2 tunnel structure) and
pyrolusite (1 × 1 tunnel structure; β-MnO2; Figure S3d). In
prior work using the same synthesis method, the authors also
observed these two phases in the powder X-ray diffraction
pattern and described the mixture as γ-MnO2.

36,46 We included
the biphasic γ-MnO2 in our study, despite it being a mixture,
because it was previously shown to successfully intercalate
cations in an energy storage cell.46 All 12 manganese oxides
were used for subsequent experiments.
The morphologies for the manganese oxides differed, as

evidenced by SEM and TEM images (Figure S4). Scanning
electron micrographs showed that β-MnO2-1, β-MnO2-2, γ-
MnO2, α-MnO2, and sodium manganese oxide (NMO)
consisted of needle or rod-like crystals (Figure S4a,c,d,h,k,aa);
Mn2O3 and δ-MnO2-3 consisted of spherical crystals (Figure
S4f,g,x,y); hexagonal birnessite and triclinic sodium birnessite
consisted of ribbon or flower-like crystals (Figure S4p,n,o,q);
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potassium birnessite, δ-MnO2-1, and δ-MnO2-2 had large,
irregular crystals (Figure S4l,s,u,v). Cross-sectional TEM
revealed that potassium birnessite, triclinic sodium birnessite,
and hexagonal birnessite had layered structures (Figure
S4m,o,r), consistent with the presence of a sharp peak at 7°
2θ (Mo Kα) [001 face] in the X-ray diffraction patterns.38 For
these three oxides, the stacks appeared to be curved, suggesting
some disorder.38 TEM images of δ-MnO2-1, δ-MnO2-2, and δ-
MnO2-3 showed nanocrystalline (5−20 nm) particles contain-
ing regions that appeared to be stacked layers and regions with
amorphous particles (Figure S4t,w,z). δ-MnO2-1 had larger
crystals and more stacking than δ-MnO2-2 and δ-MnO2-3,
which likely explained its lower BET specific surface area (155
m2/g) relative to the other two oxides (217 and 314 m2/g).
Electrical Power Production from a NaCl Salinity

Gradient. To compare the electrical power density that each
manganese oxide could produce, we fabricated composite
manganese oxide electrodes and tested them in a symmetrical,
dual-channel concentration flow cell (Figure 2a). We used this
cell design because the design was previously shown to
generate the highest electrical power densities when harvesting
salinity gradient energy using electrode-based reactions.13−15

The cell contained two identical manganese oxide composite
electrodes that were exposed to two waters with different
sodium chloride concentrations (30 g/L, 0.5 M and 1 g/L,
0.02 M) flowing at 15 mL/min (hydraulic retention time =
0.14 s). The two flow channels were separated by an anion
exchange membrane. Electricity was produced by alternating
the water flow paths over each electrode in a two-stage process.
When the electrical circuit was closed with a constant

external resistance (see Figure S5 for an explanation for how
the resistance was chosen), the cell produced electricity
(Figure 2b contains an example data set for δ-MnO2-2). In the
first stage of operation, electrical power initially peaked after a
few seconds and then gradually decayed as the cell discharged.
The decrease in power production over time was coupled to a
decrease in the cell voltage, as explained below. When the cell
voltage discharged to a predetermined cutoff voltage (±30
mV), the solution flow paths were switched, resuming
electrical power generation (Figure 2b, Stage 2). The cutoff
voltage value was based on previous work in our lab that
examined its effect on observed peak and average power
densities.13 We could continue to produce electricity over
multiple cycles by periodically switching the flow paths of the
sodium chloride solutions, consistent with previous studies
using the same cell architecture with different electrode
materials.13,14

The cell voltage (ΔVcell, V) was discharged as electricity via
two complementary mechanisms.13−16,47,48 The first mecha-
nism involved the manganese oxide electrodes. Manganese
oxides may develop electrode potentials (E, V) on the basis of
the activity of sodium ions in the solution via (pseudo)-
capacitive and intercalation reactions, in which Na+ uptake is
coupled to the reduction of Mn4+ to Mn3+ and generally
written as

MnO Na e MnOONa2(s) (aq) (s)F+ ++ −
(3)

The actual half-reaction for each manganese oxide depends on
its molecular formula. Since each of the two manganese oxide
electrodes develop a potential based on the activity of Na+ in
solution, the contribution of this mechanism on the cell voltage
(ΔVelectrodes) can be written as

V
RT
F

ln
Na

Naelectrodes
high concentration

low concentration
Δ =

{ }
{ }

+

+

i

k
jjjjjj

y

{
zzzzzz (4)

Figure 2. (a) Schematic of the salinity gradient energy flow cell (cell
dimensions listed in Figure S2). Energy is produced from the uptake/
release of Na+ by the manganese oxide electrodes and transport of Cl−

through the anion exchange membrane. (b) Representative power
density (red curve) and cell voltage (blue curve) profiles generated
over three cycles of flow cell operation using δ-MnO2-2. (c) Measured
average power density for manganese oxide electrodes operating in
the concentration flow cell using 1 and 30 g/L NaCl solutions at a
flow rate of 15 mL/min. Error bars represent standard deviation
between cycles.
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where R is the gas constant [8.314 J/(mol·K)], T is absolute
temperature (298 K in our experiments), and F is Faraday’s
constant (96 485 C/mol). High concentration refers to the 0.5
M NaCl solution, and low concentration refers to the 0.02 M
NaCl solution. Using eq 4, we calculated the theoretical
ΔVelectrodes value in the cell to be 0.080 V. The calculated
activities of Na+ and Cl− were 0.34 for the 0.5 M solution and
0.015 for the 0.02 M solution (Davies model, Visual MINTEQ
ver. 3.0).
The second mechanism that contributed to the cell voltage

was a Donnan potential that developed across the anion
exchange membrane due to the Cl− activity gradient between
the two waters. This voltage (ΔVDonnan) can be described with
the following Nernst equation:13

V
RT
F

ln
Cl

ClDonnan
high concentration

low concentration
Δ =

{ }
{ }

−

−

i
k
jjjjj

y
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zzzzz (5)

Using eq 5, we calculated the theoretical ΔVDonnan to be 0.080
V (Davies model, Visual MINTEQ ver. 3.0). The combined
contributions of ΔVDonnan and ΔVelectrodes yielded a theoretical
ΔVcell value of 0.160 V for all the manganese oxides, which was
close to the experimentally measured open-circuit voltage
measured for δ-MnO2-1, δ-MnO2-2, δ-MnO2-3, hexagonal
birnessite, and sodium manganese oxide (0.15 V, Figure S6).
The remaining manganese oxide samples produced cell
voltages below the theoretical value; ΔVcell was 0.14 V for α-
MnO2, potassium birnessite, and triclinic sodium birnessite
and 0.11 V for β-MnO2, Mn2O3, and γ-MnO2.
Despite the manganese oxide electrodes having identical

theoretical ΔVcell values, the average (and peak) power
densities produced by each electrode varied substantially
(Figure 2c, Table S1). Note that the external resistance used to
collect the highest average power density for each material
varied (10−70 Ω; see Table S1 for the external resistances
used and Figure S5 for a description of how the external
resistance was chosen). The highest average power density is
achieved when the external resistance is equal to the internal
resistance of the entire cell.9,49 Also note that we examined
how the initial potential of the manganese oxide influenced
power production, as described in the following section. The
average power density values were calculated by taking the
mean power density over the entirety of six stages. The highest
average power density detected was 1.18 ± 0.01 W/m2 using
sodium manganese oxide. β-MnO2-1 produced no appreciable
power density because the cell voltage never exceeded the ±30
mV voltage cutoff limit. We showed that the manganese oxide
was necessary for power production by using a control cell
containing composite electrodes that contained no manganese
oxide (data not shown) and did not generate any power. These
measured average power densities are consistent with other
recent studies (0.015 to 3.8 W/m2)12,13,16,50 that used a similar
cell architecture but different electrode materials and sodium
chloride concentrations.
Relationship of Power Density to Charge Storage

Capacity. To understand why the manganese oxide electrodes
produced such markedly different power densities, we
investigated relationships among the manganese oxides’
average power densities and charge storage capacities. We
first examined whether the variations in average power
densities could be explained by the differences in charge
storage capacities. We measured the charge storage capacities
of each manganese oxide by integrating cyclic voltammograms

of the electrodes when using a scan rate (v) of 5 mV/s in 1 M
NaCl solutions. We used this scan rate because 5 mV/s was
approximately equal to the rate at which ΔVcell changed during
power production from salinity gradients for the majority of
materials tested (i.e., the slope of ΔVcell with respect to time in
Figure 2b). The same mass of manganese oxide was present on
each electrode (15 ± 3 mg) to facilitate direct comparisons.
Overall, we expected that materials with larger charge storage
capacities would produce higher power densities because they
would be more resilient to voltage changes for the same
amount of charge passed through the cell. We also anticipated
some deviations from this trend, as cyclic voltammograms were
collected over much wider potential windows (0.6 V) than the
potential window over which the manganese oxide varied
during power generation (∼0.16 V).
We observed a positive linear correlation between average

power density and charge storage capacity (Figure 3; r2 = 0.87;

power density [W/m2] = 0.0025 ± 0.00017(σ) × capacity [F/
g]; the regression was forced through the origin), indicating
that manganese oxides with higher capacities generally
produced higher power densities. A similar positive correlation
was seen between peak power density and charge storage
capacity (data not shown). Among the cyclic voltammograms
for the 12 manganese oxides, 10 materials exhibited rectangular
cyclic voltammograms indicative of (pseudo)capacitive charg-
ing (Figure 4). Two materials, triclinic sodium birnessite and
sodium manganese oxide, differed in that they both contained
distinct peaks, indicative of intercalation reactions (Figure
4g,l). The strong linear trend between average power density
and charge storage capacity indicated that charge storage
capacity measurements may be a relatively simple way to
screen potential electrode materials for harvesting sodium
chloride-based salinity gradient energy.
We examined if the initial potential of the manganese oxide

influenced electrical power production considering that two of
the materials (sodium manganese oxide and triclinic sodium
birnessite) showed peaks in their CVs clearly indicative of

Figure 3. Average power density produced in the flow cell plotted as a
function of specific capacity for each manganese oxide sample.
Specific capacities were calculated from CVs performed in a 3-
electrode cubic cell in 1 M NaCl at a 5 mV/s scan rate. The linear
regression for a sample set without outliers is shown (gray dotted
line); slope = 0.00244 ± 0.00016. Error bars are contained within the
markers for some data points.
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intercalation reactions. For these two materials, power
densities varied depending on their initial potential (Figure
S7). The power densities they produced were the highest for
these materials when the potential was poised to a value near
the midpoint potential for peaks in the cyclic voltammograms.
For manganese oxides that exhibited rectangular, (pseudo)-
capacitive cyclic voltammograms, we did not observe changes
in power production after the electrodes were poised at
potentials within the stable potential window (0.2−0.8 V vs
Ag/AgCl; data not shown). The power densities provided in
Figure 2 and used in the subsequent figures represent the
highest electrical power densities we achieved for each material
as a function of initial potential.
Role of Manganese Oxide Specific Surface Areas. The

correlation between average power density and charge storage
capacity led us to investigate why the manganese oxides
exhibited such a wide range of charge storage capacities. We
first examined how manganese oxide charge storage capacities
related to specific surface areas. Plotting charge storage
capacity (υ = 5 mV/s, 1 M NaCl) against BET specific surface
area values yielded a strong positive correlation when four
outliers were removed: potassium birnessite, triclinic sodium
birnessite, hexagonal birnessite, and sodium manganese oxide
(Figure 5; r2 = 0.92, n = 8; power density [W/m2] = 1.1492 ±
0.0793 × capacity [F/g]; the regression was forced through the
origin). The positive correlation between charge storage

capacity and BET specific surface area suggested that a
considerable amount of the capacities for eight of the materials
(i.e., not the outliers) was attributable to (pseudo)capacitive
reactions at their surfaces. This trend is consistent with past

Figure 4. Cyclic voltammetry scans (0.5 mV/s, 1 M NaCl electrolyte) for each manganese oxide sample. CVs were performed in 3-electrode cubic
cells with a Ag/AgCl reference electrode and Pt counter electrode. Three cyclic sweeps were performed for each material; the first sweep (dotted
line) and third sweep (solid line) are reported here.

Figure 5. For each manganese oxide sample, we compared specific
capacity (from CVs at a 5 mV/s scan rate in 1 M NaCl) as a function
of BET specific surface area (SSA). The linear regression for the
sample set without outliers is shown (gray dotted line); slope =
1.1492 ± 0.0793. Error bars are contained within the markers for
some data points.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c00096
Environ. Sci. Technol. 2020, 54, 5746−5754

5751

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00096/suppl_file/es0c00096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00096/suppl_file/es0c00096_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00096?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00096?ref=pdf


studies demonstrating that manganese oxide charge storage
capacities positively correlate with BET specific surface area
values.21,32 The four outliers exhibited higher ratios of charge
storage capacities to BET specific surface area values than the
other eight manganese oxides (Figure 5). The most likely
explanation for this observation is that these oxides charged
predominately through intercalation mechanisms. To deter-
mine if this was the case, we performed additional experiments
in which we examined cyclic voltammograms over a series of
scan rates for each oxide.
Charge Storage Analysis of Manganese Oxide

Electrodes. We collected cyclic voltammograms for each
oxide as a function of scan rate (v = 0.1−50 mV/s) in 1 M
NaCl over a potential window of 0.2 to 0.8 V vs Ag/AgCl. The
manganese oxides’ charge storage capacities, which were
calculated by integrating cyclic voltammograms, were larger
at lower scan rates and in the more concentrated NaCl
solution (Figure S8).22,29,51 We examined the peak current
(Ipeak) value in the cathodic and anodic scans as a function of v
to estimate the relative contributions of (pseudo)capacitive
surface reaction (Ipeak ∝ v) and diffusion-controlled inter-
calation reaction (Ipeak ∝ v1/2) processes.22,51,52 We initially
estimated the relative contributions of these two mechanisms
by approximating the b value (eq 3), with b = 1 indicating a
purely (pseudo)capacitive process, b = 0.5 indicating a purely
diffusion-controlled intercalation process, and 0.5 < b < 1
indicating a combination of the two.22 In 1 M NaCl, the b
values for the manganese oxides range from 0.60 (sodium
manganese oxide) to 0.92 (α-MnO2), indicating that the
relative contributions of (pseudo)capacitive and intercalation
reactions differed substantially among the oxides (Table 1).
We used these data to test our hypothesis that the four outliers
in Figure 5 charged predominately through intercalation
mechanisms.

Three of these four manganese oxides exhibited the lowest b
values (sodium manganese oxide: 0.60 ± 0.02; potassium
birnessite: 0.62 ± 0.08; triclinic sodium birnessite: 0.74 ±
0.09), consistent with our hypothesis. The final outlier,
hexagonal birnessite, did not fit the trend, however, as the b
value was much higher (0.90 ± 0.01). We suspect the reason
why that hexagonal birnessite exhibited such a high specific

charge storage capacity relative to the BET specific surface area
is that the BET measurements contained an artifact, despite
being measured twice (specific surface area (SSA) = 29.0 ±
0.2, n = 2 measurements). This SSA was surprisingly low given
that TEM images indicated nanoparticulate 5−10 nm flower-
like particles (Figure S4q). One reason the BET measurements
may have yielded an inaccurate specific surface area value was
that the hexagonal birnessite may have contained Na+, which
has been shown to influence BET measurements.28,38

On the basis of the b analysis, the remaining eight
manganese oxides charged predominately through surface
(pseudo)capacitive reactions (b values range from 0.82 to 0.90,
Table S2). This indicates that, even though many of these
oxides could potentially intercalate Na+ into tunnels or
interlayers (Figure 1), those processes only contributed a
small fraction (<20%) to their overall capacities under the
conditions tested. Overall, these analyses supported our
conclusion that power production correlates with specific
capacity, and intercalation reactions can enhance material
performance by increasing charge storage capabilities, regard-
less of surface area.

Implications for Power Generation from Salinity
Gradients. Our results collectively indicate that power
production from NaCl salinity gradients using manganese
oxide electrodes can occur via (pseudo)capacitive reactions at
manganese oxide surfaces or intercalation reactions (if the
material is capable of intercalation). For the 12 manganese
oxides surveyed, there was a strong linear correlation between
the average electrical power density they produced when
harvesting salinity gradient energy and their specific capacities
recorded from cyclic voltammograms collected at a scan rate
similar to the change in voltage observed when harvesting
salinity gradient energy (i.e., 5 mV/s). This linear correlation
suggests that cyclic voltammetry may be a simple means for
screening potential materials for harvesting salinity gradient
energy.
The data also demonstrate that manganese oxides capable of

intercalation yield higher electrical power densities than those
that rely solely on (pseudo)capacitive reactions. We found
that, in order to maximize the electrical power densities of
manganese oxide electrodes capable of intercalation, the
electrodes must first be poised to a potential near the effective
reduction potential of the intercalation reaction. This finding is
particularly important given that the potentials of the
intercalating electrode materials were not prepoised prior to
harvesting salinity gradient energy in past studies,9−11,13,14,53

and therefore, prepoising electrodes may also improve the
performance of previously studied materials that exhibit
distinct intercalating peaks in cyclic voltammograms. For the
manganese oxides that produced electricity primarily through
surface (pseudo)capacitive reactions, electrical power densities
strongly correlated with BET specific surface area values and
specific capacitance values, indicating that (pseudo)capacitive
materials could be improved by maximizing their specific
surface area values, a trend that can be applied to other active
materials that rely predominantly on surface reactions.
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stucture on the Charge Storage Properties of Chemically Synthesized
Manganese Dioxide. Chem. Mater. 2002, 14 (9), 3946−3952.
(22) Wang, J.; Polleux, J.; Lim, J.; Dunn, B. Pseudocapacitive
Contributions to Electrochemical Energy Storage in TiO2 (Anatase)
Nanoparticles. J. Phys. Chem. C 2007, 111 (40), 14925−14931.
(23) Post, J. E. Manganese Oxide Minerals : Crystal Structures and
Economic And. Proc. Natl. Acad. Sci. U. S. A. 1999, 96 (March),
3447−3454.
(24) Devaraj, S.; Munichandraiah, N. Effect of Crystallographic
Structure of MnO2 on Its Electrochemical Capacitance Properties. J.
Phys. Chem. C 2008, 112 (11), 4406−4417.
(25) Musil, M.; Choi, B.; Tsutsumi, A. Morphology and Electro-
chemical Properties of α-, β-, γ-, and δ-MnO2 Synthesized by Redox
Method. J. Electrochem. Soc. 2015, 162 (10), A2058−A2065.
(26) Feng, Q.; Kanoh, H.; Ooi, K. Manganese Oxide Porous Crystal.
J. Mater. Chem. 1999, 9, 319−333.
(27) Liu, Y.; Wei, J.; Tian, Y.; Yan, S. The Structure−Property
Relationship of Manganese Oxides: Highly Efficient Removal of
Methyl Orange from Aqueous Solution. J. Mater. Chem. A 2015, 3
(37), 19000−19010.
(28) Marafatto, F. F.; Lanson, B.; Peña, J. Crystal Growth and
Aggregation in Suspensions of δ-MnO2 Nanoparticles: Implications
for Surface Reactivity. Environ. Sci.: Nano 2018, 5 (2), 497−508.
(29) Costentin, C.; Porter, T. R.; Saveánt, J. M. How Do
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