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Experimental Section

Chemicals and Materials

Manganese(II) nitrate tetrahydrate (Mn(NO3)2·4H2O, 98%, Loba Chemie), Lithium hydroxide (LiOH, 98%, 

Sigma-Aldrich), Sodium hydroxide (NaOH, 99.8%, Ajax Finechem), Potassium hydroxide (KOH, Ajax 

Finechem), Hydrogen peroxide (H2O2, 30%, Chem Merck), Polyvinylidene fluoride (PVDF, Mw~534,000, 

Sigma-Aldrich), Sodium sulphate (Na2SO4, Univar), Acetylene black (TIMCAL), N-Methyl-2-pyrrolidone 

(NMP, 99.5%, Qrec), Polytetrafluoroethylene preparation (PTFE, 60 wt % dispersion in H2O, Sigma-

Aldrich), and Ethanol (C2H5OH, 99.5%, Sigma-Aldrich) are analytical grade and used without further 

purification. Nickel foam (200 g m-2 with a thickness of 1mm, Gelon) and carbon fiber paper (CFP, SGL 

CARBON SE, Germany) were used as substrate. Deionized water was purified by using Milli-Q system (DI 

water, 15 MΩ.cm, Millipore).
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Synthesis of Birnessite Manganese oxide

The birnessite-type manganese oxide with X+, (X+ = Li+, Na+, or K+), as a structural (intercalated) cation 

(X-MnOx) was prepared via the addition of 100 mL solution of 0.6 M XOH·H2O and 1 M H2O2 to 60 mL of 

0.25 M Mn(NO3)2٠4H2O. After stirring at room temperature for 1 h, a dark brown precipitate was 

observed. The precipitate was then filtered and washed with DI water to remove impurities. The 

obtained product was dried at 50 °C for 48 h. Note, XOH·H2O are LiOH·H2O, NaOH·H2O, and KOH·H2O for 

Li-MnOx, Na-MnOx, and K-MnOx respectively.1, 2

Morphological and structural characterizations

The morphologies and surface composition of the as-synthesized layered manganese oxide (birnessite) 

were investigated via Field-Emission Scanning Electron Microscopy (FE-SEM, JSM-7001F, JEOL Ltd.), 

Energy Dispersive X-ray Spectroscopy (EDX, Oxford Instruments), and Transmission electron microscopy 

(TEM, JEOL Ltd., Japan). X-ray powder diffraction (XRD) patterns were acquired using D8 ADVANCE with 

DAVINCI design (Bruker, CuKα of 1 .5418 Å). The chemical structure of the samples was investigated by 

Raman spectroscopy (Senterra Dispersive Raman Microscope, Bruker). In situ Mn K-edge fluorescent X-

ray absorption spectroscopy (XAS) was characterized at Synchrotron Light Research Institute BL. 5.2 

(Public Organization), Thailand. Note, XAS has equipped with Ge (220) double-crystal monochromator 

with an energy range of 3440-12100 eV. The C:Mn ratios were obtained from Inductively coupled plasma 

- optical emission spectrometry (ICP-OES, Agilent Technologies 700 series). 

Electrochemical evaluation

In this work, electrochemical evaluation was performed using a three-electrode configuration in 1 M 

Na2SO4 electrolyte with platinum wire and saturated calomel electrode (SCE) as counter and reference 

electrodes, respectively. Nickel foam current collector was first washed with ethanol and pressed using 

a roller mill to obtain a 0.2 mm thick sheet, then cut into a 1×1 cm2 sheet. The electrodes were prepared 

by mixing active material (Li-MnOx, Na-MnOx, or K-MnOx) with acetylene black (conductive material) and 

PTFE (binder) with a weight ratio of 6:3:1 in ethanol. The slurry was ground continuously to form a 

freestanding dough like pastes. The 1 cm2 freestanding sheet with an active mass of ~3 mg was then 

uniformly pasted over the nickel foam current collector and dried in a vacuum oven at 60°C for 24 
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h. The electrochemical properties were evaluated by cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) using Metrohm AUTOLAB 

potentiostat (PGSTAT302N). Note, the stability test was performed using the GCD technique at 3 A g-1.

The specific capacitance (Ccv) was obtained from CV results via the following equation (S1)3-6;    

  
𝐶𝑐𝑣 = ∫𝐼𝑑𝑉/𝑣

𝑚∆𝑉

(S1) 

where   is a total amount of charge that involved in the discharge process (Coulomb) of ∫𝐼𝑑𝑉/𝑣

CV curve,  is the working potential (versus SCE) determined from the discharge potential ∆𝑉

window (V), and  is the total mass of active material used in each electrode (g, 60% of total 𝑚

mass per electrode).

The specific capacitance (CGCD) was calculated from the GCD technique by following equation 

(S2)4, 5, 7; 

 (S2)
𝐶𝐺𝐶𝐷 =

𝐼∆𝑡
∆𝑉𝑚

where  is the applied current (A),  is the discharging time (s), and  is the working potential  𝐼 ∆𝑡 ∆𝑉

window (versus SCE) excluding the iR drop.

The specific capacitance from EIS technique (CEIS) can also be calculated from equation (S3)8, 9;

(S3) 
𝐶𝐸𝐼𝑆 =

‒ 1
2𝜋𝑓𝑍"𝑚

where  is the frequency applied and  is the imaginary component of the impedance at that 𝑓 𝑍"

applied frequency.

Relaxation time constant (τ0) or dielectric relaxation time for supercapacitor. The parameter 

represents the transition of electrochemical capacitor behavior from ideal resistor to ideal 
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capacitor or a minimum time required for fully discharging all the stored charges. The  is 𝜏0

calculated from , where  is a crossing frequency (also denote as resonance 𝜏0 = 1/(2𝜋𝑓0) 𝑓0

frequency) of the plots between |P|/|S| and |Q|/|S| in the complex power analysis diagram 

(normalized complex power vs. frequency), where , ,  and  were calculated using 𝑃(𝜔) 𝑄(𝜔) 𝑆(𝜔)

equation (S4 – S8)7, 10.

(S4)𝑃(𝜔) =  𝜔𝐶"(𝜔)|∆𝑉𝑟𝑚𝑠|2

(S5)𝑄(𝜔) =  ‒ 𝜔𝐶'(𝜔)|∆𝑉𝑟𝑚𝑠|2

(S6)𝑆(𝜔) =  𝑃(𝜔) + 𝑗𝑄(𝜔)

(S7)𝐶'(𝜔) =  ‒ 𝑍"(𝜔)/{𝜔|𝑍(𝜔)|2}

(S8)𝐶"(𝜔) =  𝑍'(𝜔)/{𝜔|𝑍(𝜔)|2}

where  (   represents the maximum amplitude of the ac signal),  is |∆𝑉𝑟𝑚𝑠|2 = ∆𝑉𝑚𝑎𝑥 2 𝑉𝑚𝑎𝑥)  𝑗

imaginary number, and  (angular frequency). The Z’ and Z” represent real and imaginary 𝜔 = 2𝜋𝑓

parts of the complex impedance Z.

The sweep-rate dependences of voltammetric currents can quantitively distinguish the 

capacitance contribution with respect to the response current. The response current could be 

differentiated to surface mechanism and the diffusion-controlled process via equation (S9)11-15;

 (S9)𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣0 .5

where  and represent the surface mechanism and diffusion-controlled effect, respectively. 𝑘1𝑣 𝑘2𝑣0 .5 

The rotating disk electrode (RDE) measurement in a three-electrode system in 1 M Na2SO4 was utilized 

to study the heterogeneous rate constant of electron transfer (k0, cm s-1). 50 mg mixture of 60% active 

material, 30% acetylene black, and 10% PVDF was dissolved in 200 µL NMP and sonicated for 3 h. 2.5 µL 

of the obtained mixture was dropped on a 3-mm glassy carbon rotating disk electrode (GC-RDE) and 

dried in an ambient environment. The coated GC-RDE, platinum rod, and SCE were used as the working 

electrode, counter electrode, and reference electrode, respectively. The EIS analysis was carried out in 
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a frequency range of 100 Hz to 1 MHz with an applied potential of 0.01 V. The k0 is obtained by equation 

(S10).

k0 = 

𝑅𝑇

𝑛𝐹2𝐴𝐶𝑠𝑅𝑐𝑡

(S10)

where R is the gas constant, T is the absolute temperature (K), n is the number of electrons involved in 

the reaction, Cs is the bulk concentration, and Rct is the charge transfer resistance (Ω).

In situ X-ray adsorption spectroscopy (In situ XAS)

The oxidation state of Mn under charging (from -0.1 to 0.8 V versus SCE) and discharging process 

(from 0.8 to -0.1 V versus SCE) was studied via coupling of in situ K-edge XAS measurement with 

chronoamperometry. The measurement was performed with a three-electrode set up using 

coated CFP (with the same ink in RDE measurement), platinum rod, and SCE as working, counter, 

and reference electrode respectively. Note, the test cell with the dimension of 2 cm  2 cm  𝑣ó 𝑣ó

3.5 cm was fabricated from acrylic sheets with a square opening space on one of the 2-cm2 sides 

(covered by a Kapton tape). Reference and counter electrodes were placed alongside with the 

working electrode at ca. 1 cm (out of X-rays range). In situ measurement was performed at a 

steady-state current by holding the working electrode at a specific potential of interest for at 

least 15 min before each measurement.16-18

The oxidation state of Mn can be calculated using an empirical equation when located 

between Mn4+ and Mn3+ (S11)19-21 .

Oxidation state of Mn =  
4( ∆𝐸 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

∆𝐸 𝑜𝑓 𝑀𝑛3 +  𝑎𝑛𝑑  𝑀𝑛4 + ) + 3(1 ‒
∆𝐸 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

∆𝐸 𝑜𝑓 𝑀𝑛3 +  𝑎𝑛𝑑  𝑀𝑛4 +
)

(S11) 

Electrochemical quartz crystal microbalance (EQCM)
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To study the resulting mass changes, m, of the Li-MnOx, Na-MnOx, and K-MnOx an in situ gravimetric ∆

monitoring via EQCM method. To prepare the EQCM electrode, 30 mg of active material was dispersed 

in 200 µL NMP and sonicated for 3 h then drop-coating onto the Au/TiO2 quartz crystal electrode (20 µL 

per electrode). The in situ gravimetric monitoring together with linear sweep measurements at 40 mV 

s-1 in 1 M Na2SO4 was conducted in three-electrode configuration with Ag/AgCl (3M KCl) and gold wire 

as reference and counter electrode, respectively. The mass change ( m) can be obtained from the quartz ∆

resonance frequency ( f) via Sauerbrey equation (S12). Note, calibration constant (Cf) is 0.0815 Hz ng-∆

1cm2.22, 23

 (S12) ∆𝑓 =  ‒ 𝐶𝑓∆𝑚

Additional figures

Figure S1. SEM images of birnessite-type layered manganese oxides (δ-MnOx); (a) Li–MnOx, (b) Na–

MnOx, (c) K–MnOx, and (d) their Raman spectra.
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The morphologies of the as-synthesized birnessite manganese oxides were first 

investigated using field emission-scanning electron microscopy (FE-SEM). All birnessite samples 

display organized sheet-like pattern with an average sheet thickness of ca. 5 nm (Figure S1a-c). 

The Raman spectra (Figure S1d) reveal the characteristic vibration of  δ -MnO2 between 300-647 

cm-1. The contribution could be divided into stretching vibration (644-647 cm-1), stretching on 

the basal plane (509-582 cm-1), and Mn-O bending vibration (307-358 cm-1).24, 25

Figure S2. TEM images of birnessite-type layered manganese oxides (δ-MnOx); (a) Li–MnOx, (b) Na–

MnOx, (c) K–MnOx, and (d) their XRD patterns.
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Figure S3. Wide-scan XPS spectra of Li-MnOx, Na-MnOx, and K-MnOx.

Figure S4. XPS spectra of (a) Li 1s of Li-MnOx, (b) Na 1s of Na-MnOx, and (c) K 2p of K-MnOx.
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Figure S5. EDS mapping showing (a) STEM, (b) manganese, (c) sodium, and (d) overlay mapping of 

manganese and sodium of Na-MnOx as well as (e) STEM, (f) manganese, (g) potassium, and (h) overlay 

mapping of manganese and potassium of K-MnOx.
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Figure S6. CVs at different scan rates of (a) Li–MnOx, (b) Na–MnOx, and (c) K–MnOx as well as (d) their 

specific capacitance as a function of scan rates.

 
Figure S7. GCDs at different scan rates of (a) Li–MnOx, (b) Na–MnOx, and (c) K–MnOx.
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Figure S8. (a) Nyquist plots, (b) Specific capacitance calculated from EIS measurements, (c) complex 

power analysis, and (d) Bode plot of Li–MnOx, Na–MnOx, and K–MnOx.

Electrochemical impedance spectroscopy (EIS) of all samples was further studied to probe the effect of 

structural cations on the intercalation process of the electrolyte ions. Figure S8a shows Nyquist plots of 

the birnessite with different structural cations. The charge transfer resistance (Rct) increases in the order 

of Li-MnOx (7.1Ω) < Na-MnOx (14.2 Ω) < K-MnOx (29.5 Ω). The increase of Rct implies that the Na+ 

diffusion becomes more difficult as the ionic size of the available structural ion increases.26 The specific 

capacitances calculated from EIS at an applied frequency of 1 mHz (Figure S8b) are 305, 208, and 141 F 

g-1 for Li-MnOx, Na-MnOxand K-MnOx, respectively. The response frequency or relaxation time (τ0) was 

obtained from the resonance frequency of the complex power analysis diagram in Figure S8c. The τ0 

represents the transition time from resistive to capacitive behavior or the minimum time required to 

dissipate a half of the stored charge. Li-MnOx exhibits a smallest τ0 of 1.7s followed by Na-MnOx (3.7s) 

and K-MnOx (5.4s).27 This could further indicate the effect of structural cations on the diffusion capability 

of the electrolytic ions to the available sites.10 As presented in the Bode phase diagram (Figure S8d), the 
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Li-MnOx shows the highest faradaic characteristic as the phase shift at low-frequency region shows the 

highest deviation from the 90 (67.1) followed by Na-MnOx, (70.0) and K-MnOx (71.6).

Figure S9. (a) Stability test of Li–MnOx, Na–MnOx, and K–MnOx at 3 A g-1.

Figure S10. In situ Mn K-edge XANES spectra at different applied potential for (a) Li–MnOx, (b) Na–

MnOx, and (c) K–MnOx.
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Figure S11. (a) In situ Mn K-edge XANES spectra and (b) the Mn oxidation state derived from XAS 

measurement of Li-MnOx, Na-MnOx and K-MnOx.

Figure S12. Nyquist plots of (a) Li–MnOx, (b) Na–MnOx, and (c) K–MnOx coated on glassy carbon 

rotating electrode (GC-RDE) at different rotation rates.

The EIS was also performed at different rotation rates of 0, 400, 625, 900, 1225, 1600, 2025, and 2500 

rpm, which are shown as Nyquist plots in Figure S12a-c. In addition, the equivalent circuit obtained by 

EIS fitting process is given in Figure S12d. When the rotation rate increases, the Rct slightly decreases 

due to the contribution of forced convection between the bulk electrolyte and the electroactive surface. At 

low-frequency region, a clear shift toward the y-axis was observed, due to a better electrolyte ions-

diffusion process for in K-MnOx and Na-MnOx. Also, the more pronounced shift was noted with 

increasing the rotation rates. However, the curve at low-frequency region was slightly shifted for Li-

MnOx, confirming the superiority in term of ion diffusion as observed in the previous section.
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Figure S13. FE-SEM images of the pristine birnessite-type layered manganese oxide (δ-MnOx) electrodes; 

(a) Li–MnOx, (b) Na–MnOx, (c) K–MnOx, as well as the birnessite-type layered manganese oxide after 100 

cycles of CV test at 10 mV s-1; (d) Li–MnOx, (e) Na–MnOx, (f) K–MnOx.

In order to evaluate the morphology of the materials after electrochemical evaluation, the field 

emission-scanning electron microscopy (FE-SEM) technique was utilized after cyclic voltammetry (CV) 

for 100 cycles. After the electrode fabrication process, all the birnessite manganese oxides become 

more compact but can still retain their sheet-like morphologies as displayed in Figure S13a-c. After CV 

test at 10 mV s-1 for 100 cycles, the morphologies of Li-MnOx, Na-MnOx, and K-MnOx are shown in 

Figure S13d-f, respectively. No significant change was observed after the 100 cycles of CV as the sheet-

like structure is retained, which could further confirm the electrochemical stability of birnessite 

manganese oxides upon the charging-discharging process.
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Table S1. E0 and Mn valent states derived from in situ Mn K-edge XANES spectra.

Table S2. The ratio between structural cation to Mn of the as-prepared Li–MnOx, Na–MnOx, and K–

MnOx as well as after 100 cycles of CV
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