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Section S1. Manganese oxide syntheses  

β-MnO2-1 (SSA = 4.72 ± 0.02 m2/g) was synthesized via hydrothermal synthesis using an 

established method from literature.1 The initial mixture was stirred in a beaker for 20 min, then 

transferred to a Teflon-lined hydrothermal autoclave reactor (model: CIT-HTC230-V200; Col-Int 

Tech, Irmo, SC, USA) and placed in a muffle furnace at 120°C for 24 h. The resulting mixture was 

cooled to room temperature naturally. The sample was washed by centrifugation (259 rcf, 10 min), 

discarding the supernatant, and resuspending the pellet in fresh DI water. The wash step was 

repeated until the supernatant was clear and the pH was near neutral, then the pellet was dried 

in a vacuum oven (55°C, 12 h). β-MnO2-2  (SSA = 14.4 ± 0.1 m2/g) was synthesized from a 

previously described protocol.2,3 Separate solutions of KMnO4 (0.2528 g) and MnCl2 (0.475 g) were 

prepared by dissolving the salts in 10 mL DI water. The two solutions were combined, stirred for 

1 h, and transferred to a Teflon-lined autoclave to heat at 180 °C for 48 h. The resulting product 

was filtered, and subsequently washed with DI water several times. The solid was dried in air at 

180°C for 18 h. 

Mn2O3 (SSA = 21.91 ± 0.06 m2/g) nanopowder was purchased commercially from US 

Research Nanomaterials, Inc (Houston, TX). 

γ-MnO2 (SSA = 40.78 ± 0.08 m2/g) was synthesized using an acid-digestion protocol 

adopted from Walanda et al. (2009).4 While stirring, 5.0 g of KMnO4 was added to 50 mL of 1 M 

H2SO4 that was preheated to 80°C in a two- neck round bottom flask fitted with a Graham 

Condenser. Cold tap water flowed through the condenser column while the mixture incubated 

for three days at 80°C under stirring. The sample was subsequently washed by centrifugation 

(259 rcf, 10 min), discarding the supernatant, and resuspending the pellet in fresh DI water. The 

wash step was repeated several times until the pH was near neutral then dried in a vacuum oven 

(55 °C, 12 h). 

-MnO2 (SSA = 177.3 ± 0.7 m2/g) was synthesized using an established method from 

literature.2,5 A mixture of 9 mmol Mn(Ac)2·4H2O and 6 mmol KMnO4 (Mn2+:Mn7+ = 3:2) was 

homogenized with an agate mortar for 30 min. The mixture was transferred to a glass vial, 
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capped, and heated at 120°C for 4 h. The resulting solid was cooled, washed several times, and 

dried overnight in air at 80°C. 

Potassium birnessite (KBi, SSA = 7.21 ± 0.03 m2/g) was synthesized by pyrolyzing KMnO4 

that was ground in a mortar with a pestle and spread to a 1 mm thick layer. The sample was held 

at 800C for 5 h with a 1C/min heating ramp and cooled naturally. The powder was then washed 

with excess DI water and freeze-dried for 15 h.  

Triclinic sodium birnessite (TCNaBi, SSA = 28 ± 1 m2/g)  was synthesized using an 

established method from literature.6 The synthesis involves the oxidation MnCl2 in NaOH under 

oxygen flow to precipitate buserite, which was then collapsed to triclinic sodium birnessite with 

drying. In a 1 L wide-neck Erlenmeyer flask, 200 mL of 0.5 M MnCl2 was stirred vigorously using 

a paddle stirrer and bubbled with oxygen at a flow rate of 2-4 L/min (1.5 bar). A 250 mL aliquot 

of 5.5 M NaOH was added quickly to the reaction flask and the solution was allowed to mix and 

oxygenate for 5 h.  After mixing, the solution was centrifuged at 6000 rpm for 20 min and the 

supernatant was discarded. To wash the sample, the pellet was resuspended in approximately 

650 mL of DI water, centrifuged (6000 rpm, 20 min), and the supernatant was discarded. This 

procedure was repeated until the supernatant pH was approximately 9 (about 10 washes). 

Hexagonal birnessite (HexBi, SSA = 29.0 ± 0.2 m2/g) was synthesized by modifying the 

method of McKenzie (1971).7 Briefly, 45 mL of 6 M HCl was added dropwise using a peristaltic 

pump (approximately 20 drops/min) to a 500 mL round-bottom flask containing 300 mL of 0.76 

M KMnO4. The flask was immersed in an oil bath maintained at 110°C and the KMnO4 solution 

was refluxed to minimize the evaporation of HCl and water. The dark purple KMnO4 solution 

turned brown upon the dropwise addition of HCl. After HCl addition, the slurry was allowed to 

boil for 20 min, then cooled naturally to 60°C, and aged in an oven for 16 h at 60°C. The product 

was washed five times using deionized water and dialyzed for two days, at which point the 

electrical conductivity decreased to 34.2 µS/cm. 

-MnO2-1 (SSA = 155.3 ± 0.3 m2/g) was synthesized using the following redox reaction and 

a 0.67 KMnO4:MnCl2 ratio to precipitate poorly crystalline nanoparticulate MnO2: 

 
2KMnO4 + 3MnCl2 + 4NaOH = 5MnO2 + 2KCl + 4NaCl + 6H2O    (1) 
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Briefly, 300 mL of 0.2 M KMnO4 was added to 240 mL of 0.49 M NaOH solution using a peristaltic 

pump at a flow rate of 256 mL/min, while the solution was stirred vigorously. Following the 

KMnO4 addition, 300 mL of 0.3 M MnCl2 solution was added to the mixture using a peristaltic 

pump (36 mL/min) and the completed mixture was allowed to stir for 10 min. After a settling 

period of 30 min, the supernatant was removed and the sample was washed by centrifugation 

with DI water until a pH of about 6 and a conductivity of 17.7 µS/cm was achieved. 

δ-MnO2-2 (SSA = 217.2 ± 0.3 m2/g) was synthesized via benchtop redox using an 

established method from literature.8 Briefly, 750 mL of 0.15 M Mn(NO3)2 was pumped (10 

mL/min) into a 750 mL solution containing 0.1 KMnO4 and 0.2 NaOH, while stirring. After 

addition, the reaction mixture aged to 20 h under stirring, then the suspension was precipitated 

gravitationally and the supernatant discarded.  The remaining slurry was dialyzed against DI 

water (18.2 MΩ cm) for 9 days at which point the conductivity reached 11.7 µS/cm. The resulting 

slurry was stored in DI water at 4 °C until use. 

-MnO2-3 (SSA = 314.1 ± 0.8 m2/g) was synthesized via benchtop redox using an 

established method from literature.1 by adding 1.25 g of KMnO4 and 2.02 g of MnSO4·H2O to 100 

mL of DI water, which was stirred overnight at room temperature. The dark brown precipitate 

was then washed by centrifuging the sample (259 rcf, 10 min), discarding the supernatant, and 

resuspending the pellet in fresh DI water. The washing step was repeated until the supernatant 

was clear and the pH was near neutral, then the pellet was dried in a vacuum oven (55 °C, 12 h). 

Sodium manganese oxide (NMO, SSA = 2.20 ± 0.02 m2/g)  was synthesized via solid-state 

reaction using an established method from literature.9–11 Briefly, a 0.55:1 mixture of Na2CO3 (58.29 

g) and Mn2O3 (157.87 g) was homogenized with a mortar pestle and subsequently ball milled 

(Norton Chemical Process Products Division, Akron, OH) for 2 h. The powdered mixture was 

calcined in a box furnace (CWF 12/5 Chamber Furnace, Carbolite Gero) held at 750 C for 8 h with 

a heating ramp of 5 C/min. The solid was allowed to cool to room temperature naturally, then 

ground with mortar pestle and passed through a 45 µm sieve for subsequent use.
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Figure S2. Setup for salinity gradient energy 

concentration flow cell showing inlets and outlets.  

Reactor body dimensions: 60 mm X 60 mm x 10 mm; 

spacer gaskets create 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). 

Figure S1. The custom built 3-electrode cell used to perform electrochemical tests. The reactor was 

assembled with a Ag/AgCl reference electrode (3 M KCl), a platinum curly wire counter electrode, and 

titanium foil current collector. 
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Manganese oxidea 
Tunnel 

structureb 
Sizeb 
(Å) 

BET SSA 
(m2/g) 

Specific 
Capacityc 

(F/g) 

Specific 
Capacityc 
(mA-h/g) 

Avg Power 
Density 
(W/m2) 

Peak 
Power 

Density 
(W/m2) 

External 
Resistanced 

(Ω) 

β- MnO2-1 
(1x1) 

1.89 4.72 ± 0.02 10.9 1.82 < DLe < DLe 70 

β- MnO2-2 1.89 14.4 ± 0.1 24.5 4.08 0.036 ± 0.002 0.06 50 

Mn2O3 N/A N/A 21.91 ± 0.06 45.8 7.64 0.078 ± 0.004 0.14 40 

γ- MnO2 (1x1), (1x2) 1.89, 2.3 40.78 ± 0.08 73.7 12.3 0.17 ± 0.01 0.30 30 

α- MnO2 (2x2) 4.6 177.3 ± 0.7 155 25.9 0.61 ± 0.02 1.23 10 

Potassium Birnessite 

Layered  
sheets 

7.0 

7.21  ± 0.03 85.2 14.2 0.207 ± 0.007 0.43 40 

Triclinic Sodium Birnessite 28 ± 1 299 49.8 0.538 ± 0.006 0.22 20 

Hexagonal Birnessite 29.0 ± 0.2 311 51.8 0.72 ± 0.03 1.39 10 

δ- MnO2-1 

Layered  
Sheets 

7.0 

155.3 ± 0.3 219 36.5 0.445 ± 0.006 1.02 20 

δ- MnO2-2 217.2 ± 0.3 301 50.1 0.83 ± 0.02 1.83 10 

δ- MnO2-3 314.1 ± 0.8 327 54.5 0.73 ± 0.01 1.75 10 

Sodium manganese oxide N/A N/A 2.20 ± 0.02 373 62.2 1.18 ± 0.01 0.63 10 

Table S1. Material characterization, capacity, and salinity gradient energy data for manganese oxide electrodes 

aColor coding in the Manganese oxide column groups samples of the same crystal structure. 

b Manganese oxide phases were confirmed with XRD and tunnel structures and sizes were derived from literature for each confirmed phase. 

c Specific capacity calculated from cyclic voltammetry at 5 mV/s scan rate in 1 M NaCl. 

d The external resistance used during salinity gradient energy concentration flow cell experiments. 

e No power measurement was recorded because cell voltage never exceeded the cutoff voltage of ± 30 mV 
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Figure S3. Powdered X-ray diffraction (pXRD) patterns for manganese oxide samples. 
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Figure S3 (continued). Powdered X-ray diffraction (pXRD) patterns for manganese oxide samples
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Figure S4. SEM (A, C, D) and cross-sectional TEM (B, E) of β-MnO2-1 and β-MnO2-2: (A, B) β-MnO2-1, (C-E) β-
MnO2-2. Red box in (E) highlights the 1x1 tunnel structure of β-MnO2-2.  
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Figure S4 (continued). SEM of Mn2O3 (F, G), γ-MnO2 (H, I), and α-MnO2 (J, K).  
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Figure S4 (continued). SEM (L) and cross-sectional TEM (M-O) of potassium birnessite and triclinic sodium 
birnessite: (L, M) potassium birnessite, (N,O) triclinic sodium birnessite. Red box in panels (M) and (O) highlight the 
sheet-like layers characteristic of δ-MnO2/birnessite structures. 
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Figure S4 (continued). SEM (P, Q, S) and cross-sectional TEM (R, T) of hexagonal birnessite and δ-MnO2-1: (P-R) 
hexagonal birnessite, (S, T) δ-MnO2-1. Red box in panels (R) and (T) highlight the sheet-like layers characteristic of 
δ-MnO2/birnessite structures.  
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Figure S4 (continued). SEM (U, V) and cross-sectional TEM (W) of δ-MnO2-2: Red circles in (W) highlight the nano-
crystalline structures in δ-MnO2-2. 
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Figure S4 (continued). SEM (X, Y, AA, BB) and cross-sectional TEM (Z) of δ-MnO2-3 and sodium manganese 
oxide: (X-Z) δ-MnO2-3, (AA, BB) sodium manganese oxide. Red circles in (Z) highlight the nano-crystalline structures 
in δ-MnO2-3.
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Figure S5. A representative average power density curve for δ- MnO2-3 in the SGE concentration flow 

cell. Each point on the curve is generated by averaging the power density over three successive power 

cycles at the designated applied external resistance. The reported value is the highest point on the curve. 

We measured the average power densities for each manganese oxide as a function of external resistance 

(5, 10, 20, 30, or 40 Ω), with the average power density reported being the largest value measured (Table 

S1).  

Figure S6. A representative open circuit voltage curve for δ- MnO2-2 in the SGE concentration flow cell. 
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Figure S7. Cyclic voltammograms (left axis) and average power density 
measurements (right axis) for sodium manganese oxide (top graph) and triclinic 
sodium birnessite (bottom graph). Prior to measuring power in the salinity gradient 
flow cell, electrodes were poised at various potentials within the relevant stable 
potential window to show of the effects of electrode conditioning on performance. 
Faradaic materials (shown above) performed best when poised at the relevant 
midpoint potential of the faradaic redox couple. Poising (pseudo-)capacitive 
manganese oxides did not impact power production (data not shown). 
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Figure S8. Specific capacity of composite manganese oxide electrodes as a function of scan rate in (a) 1 

M NaCl and (b) 50 mM NaCl electrolyte. Specific capacity was calculated by integrating the current 

generated during cyclic voltammetry and dividing by the mass of the manganese oxide in the electrode.  
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