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Abstract 

We investigate the contribution of pseudocapacitance to the overall capacitance of MnO2 

electrodes in pure and alkaline-doped ionic liquids via two spectroscopic methods: step 

potential electrochemical spectroscopy (SPECS) and in situ Raman spectroscopy. For both 

characterization methods, thin-film electrodes of birnessite-like amorphous MnO2 were 

cycled in Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, pure or doped with 

lithium or sodium. SPECS allows determination of the influence of the electrolyte 

composition on the electrochemical behavior of the MnO2 electrodes. Pseudocapacitive 

charge storage can account for over half of the total capacitance with alkaline-doped ionic 

liquids. In situ Raman spectroscopy provided insight into the reversible ion intercalation in 

the MnO2 structure, which appears to be controlled by EMIm
+
 cations. These findings are 

supported by density functional theory (DFT) calculations, which further help unveil the 

charge storage mechanism in birnessite-like amorphous MnO2 thin films operated in pure and 

alkaline-doped ionic liquids. 
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Introduction 

As the demand for energy increases, electrochemical energy storage systems (EESS) are 

becoming more important for various applications, ranging from small devices for the Internet 

of Things, to large scale grid storage. The need for improved performance and safety, as well as 

minimizing environmental impact, has prompted the search for new materials. Accordingly, 

ionic liquids (ILs) are a promising alternative to organic electrolytes for EESS, including 

supercapacitors. These electrolytes have distinctive qualities, especially thanks to their 

solvent-free composition 
1–3

.  

Regarding supercapacitors, these devices require a higher energy density to become 

competitive. An interesting way to improve their energy density is through the use of 

pseudocapacitive materials, which exhibit faradaic reactions with fast kinetics, as well as 

electrochemical signatures similar to those of capacitive reactions 
4
. One such material is 

MnO2, which is currently mostly tested with water-based electrolytes 
5–8

. The use of 

pseudocapacitive MnO2 has been shown to perform well in ILs 
9,10

, but the mechanisms 

induced in this environment, with the absence of solvent, must differ from that in aqueous 

electrolytes. The use of spectroscopy methods on MnO2 electrodes cycled in ILs helps to 

investigate pseudocapacitive behavior in these environments. 

Among other electrochemical characterization methods, step potential electrochemical 

spectroscopy (SPECS) is a recently developed technique providing performance information, 

as well as to separate the total current into several contributions 
11–13

. This method consists of 

applying a series of small potential steps, separated by resting times, to allow the system to 

reach quasi-equilibrium. Contributions from fast process, such as electrochemical double layer 

capacitance (EDLC) and pseudocapacitance, and slow processes, such as diffusion in the 

materials structure and side reactions, can be separated thanks to this technique. For each of 

these separated contributions, SPECS can provide insight into various charge storage processes 

and performance data from cyclic voltammetry at different scan rates.  

To have a more complete view, in situ Raman spectroscopy was also performed on a 

system of similar configuration. MnO2 Raman signature is mostly visible between 400 and 

800 cm
-1

 and displays two main bands, called ν1 and ν2 
14

. For the birnessite structure of MnO2, 

ν1 and ν2 bands are located between 620 – 650 cm
-1

 and 580 – 590 cm
-1

, respectively 
15

, and 

they are highly impacted by the crystallinity of the material (low crystallinity is linked to poor 

definition) 
16

. The birnessite structure is formed from parallel layers of [MnO6] octahedra 

sharing edges. The ν1 and ν2 Raman bands correspond to specific Mn – O bond vibrations, 

linked to symmetric stretching and bending in the basal plan of the octahedra, respectively 
16–19

. The position of these two bands in the Raman spectrum is dependent on the strength of the 

Mn – O bonds in the octahedra, and by extension, the interlayer spacing. Literature in situ 

Raman spectroscopy on birnessite MnO2 electrodes cycled in aqueous electrolyte found a 

reversible evolution of the bands position, which was linked to the insertion and disinsertion of 

cations in the interlayer during cycling 
14,16,20,21

.  

A wavenumber increase of the ν1 band has been observed with the deintercalation of alkali 

metal cations from MnO2 (oxidation), which was attributed to a change in the oxidation state of 

manganese and weakening of the interactions between layers, hence increasing their spacing. 



Conversely, intercalation of the alkali metal cations (reduction of manganese) resulted in a 

decrease in the wavenumber of ν1. This is also related to a partial reduction of Mn
IV+

 to Mn
III+

 

corresponding to a shortening of the Mn – O bonds, stiffening of the layers and lowering the 

interlayer distance. The ν2 wavelength shifted during electrode cycling but in the opposite way 

to ν1, which leads to more separated bands and better spectral resolution when MnO2 is 

oxidized. 

Ultimately, replacing the aqueous electrolyte with an ionic liquid is completely modifying 

the MnO2 environment and so a different mechanism may occur, even with alkali metal 

cation-doped ionic liquids 
22

. 

 

 

Experimental 

Electrodes preparation. 

The 16 mm² footprint area electrodes used for SPECS measurements were obtained 

following procedures reported in earlier studies 
10,23–25

. These electrodes were composed of 

microtubes (110 µm high, 4 and 2 µm of external and internal diameter, respectively) 

obtained with microelectronic processes, which allowed for an area enlargement factor (AEF) 

of 40. The 3D microstructure of the electrodes was obtained by etching a silicon wafer 

according to a pattern controlled by photolithography. The etching was performed by deep 

reactive-ion etching (DRIE) up to the desired depth of 110 µm between the microtubes and 

55 µm in the microtubes. Once the silicon etching was complete, and the photoresist mask 

cleaned, the silicon wafer was conformally coated by Atomic Layer Diffusion (ALD) with, 

firstly, 100 nm of alumina (Al2O3) as an insulator, and then 40 nm of platinum (Pt) as the 

current collector. Electrodes used for Raman characterization were commercial 3-electrodes 

systems from Dropsens (C550) with a 16 mm
2
 platinum working electrode, a platinum 

counter electrode and a silver quasi-reference, all on the same surface. 

In order to deposit the MnO2, electrodes were firstly submitted to a cleaning process. 

They were immersed in an aqueous 0.1 M H2SO4 solution with a platinum wire counter 

electrode and a Ag/AgCl reference electrode. Cyclic voltammetry was applied to the working 

electrode over the potential window -0.35 to 1.50 V vs Ag/AgCl at a 50 mV.s
-1

 until the 

disappearance of irreversible redox peaks. The conformal MnO2 thin film was then obtained 

by pulsed electrodeposition. The electrode was placed in an aqueous solution of 0.1 M 

MnSO4 + 0.1 M H2SO4, facing a platinum wire counter electrode and Ag/AgCl reference 

electrode. Two “pulse” steps of 0.3 s duration each (one potentiostatic step at 1.15 V vs 

Ag/AgCl and one is at open circuit potential) were alternated to deposit a thin film of MnO2. 

 

 

Electrolyte preparation. 

For electrochemical and spectroscopic characterization, three electrolytes were prepared 

with ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (EMImTFSI) ionic 

liquid (99.9% purity and < 50 ppm H2O, from Solvionic); i.e., pure EMImTFSI, EMImTFSI 

with 0.5M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and EMImTFSI with 0.5M 



sodium bis(trifluoromethanesulfonyl)imide. The ILs were stored under a passive argon 

atmosphere (< 0.1 ppm H2O and < 0.1 ppm O2). 

Among others, these ILs ionic conductivities and behaviors as electrolyte for 

pseudocapacitors were investigated in previous work 
25

. Their ionic conductivity is between 

1 - 3 mS.cm
-1

 at RT. The concentration of added alkaline salts was also chosen according this 

previous work where 0.5M of LiTFSI and NaTFSI allow to show clear performance 

differences from pure IL without reaching mixture saturation. 

 

 

MnO2 thin film characterization with SEM. 

The thickness of the MnO2 deposit was estimated by comparing electrode 

microstructures before and after electrodeposition by scanning electron microscopy (SEM) on 

a Merlin Zeiss Field Effect microscope. Indeed, the conformality of the deposit was verified 

by measuring the width of the microtubes on a cross section of the electrode. The thickness of 

the deposit was then estimated for each electrode by measuring the differences in sizes 

(microtubes width and hole diameter) on a plan view of a microtube before and after the 

deposit (see Figure S1). This method ensures a consistent homogeneous MnO2 deposit on 

each electrode. By inspecting the surface of the MnO2 closely, SEM characterization 

suggested the structure of the deposit. Indeed, previous work by our team on these mostly 

poorly crystallized MnO2 thin-films showed a porous network of small MnO2 platelets of 

birnessite structure 
26

. This structure shows layers of [MnO6] octahedra, sharing an edge, 

between which cations and small molecules can intercalate in trigonal sites when this 

material is used as an electrode. 

 

 

Electrochemical cells. 

Electrochemical tests were performed in a flat cell for SPECS measurements (See Figure 

S2). A platinum mesh was used as the counter electrode and a silver wire as a quasi-reference 

electrode. The working electrode was placed between the two sides of the cell and then 

secured with two screws. An O-ring between the sides minimizes the risk of electrolyte 

leakage between the electrode and the cell. The working electrode was covered with 1 mL of 

electrolyte, and the reference and counter electrodes were immersed in the upper part of the 

cell. The cell was filled in a glove box with the ionic liquid electrolytes and covered with a 

paraffin film. 

The commercial cells used for in situ Raman spectroscopy measurements were used 

directly after MnO2 film electrodeposition on the working electrode and the deposit of a drop 

of electrolyte. 

 

 

Electrochemical protocol for step potential electrochemical spectroscopy (SPECS). 

Before the application of the SPECS program, cyclic voltammetry (CV) at 10 mV.s
-1

 for 

150 cycles were performed initially on each electrode between 0 and 1 V vs Ag/Ag
+
 until a 



stable behavior was reached. The SPECS experiment follows directly these CVs by cycling 

the electrode with ±10 mV steps, each held for 90 s over the 0 – 1 V vs Ag/Ag
+
 potential 

window. 

The current was recorded after each potential step as a function of time, and usually 

shows a similar evolution with an initial spike in current which then quickly decreased before 

stabilizing. For each step, the evolution of the current can be fitted to the  Eq-1 in which four 

contributions to the total current have been included; i.e., surface induced capacitive current 

iC1, porosity induced capacitive current iC2, diffusional current iD and residual current iR. 

 

                 
  

  
     

  

     
  

  

  
     

  

     
  

 

  
     Eq-1 

With ES the size of the potential step (V), R1 and R2 equivalent series resistances (Ω), C1 

and C2 capacitances (F), t the step duration (s) and B a diffusional parameter (A.s
1/2

). 

 

Fitting of  Eq-1 to each i-t transient for each step, leads to values for resistance and 

capacitance across the full potential window of the electrode. The role of each contribution to 

the total capacitance can be estimate over a wide range of scan rates, from 0.1 to 10
4
 mV.s

-1
. 

Ultimately, cyclic voltammograms at a chosen scan rate can be reconstructed to present the 

evolution of the four contributions over the potential window 
13,27

.  

 

 

In situ Raman spectroscopy: parameters and electrochemical protocol. 

Before cycling was performed during in situ Raman spectroscopy, the electrodes were 

cycled at 10 mV.s
-1

 for 150 cycles between -0.3 and 0.7 V vs Ag/Ag
+
 (1V potential window) 

to establish stable cycling behavior. The voltammetric cycle realized during the in situ 

experiment was performed between these potential limits, starting at an initial reduced state 

of the WE. Nine potentiostatic steps are performed during the cycle (See Figure S3). Every 

250 mV, a 15 min potentiostatic stage is applied during which a Raman acquisition is 

performed. A scan rate of 10 mV.s
-1

 is used between each of these steps during the full 

cycling of the MnO2 electrode. 

Raman laser power is 0.5 mW and wavelength is 633 nm. These parameters are the best 

compromise between competing requirements for the MnO2 and ionic liquid. All spectra were 

measured between 50 and 1400 cm
-1

 with fifteen accumulations of 30 s each. According to 

the electrochemical protocol, nine spectra are recorded during electrode cycling (one at the 

initial state with a reduced WE, four during oxidation and four more during reduction). 

 

 

Results and Discussion 

 

Current separation following SPECS measurement. 

Figure 1 shows the evolution of the current over the duration of a single potentiostatic 

step in a SPECS experiment. All three electrolyte systems tested, with pure EMImTFSI, 



EMImTFSI + 0.5M LiTFSI and EMImTFSI + 0.5M NaTFSI, are presented. An expanded 

view of the initial current in Figure 1(b) displays a peculiar current variation with the pure 

EMImTFSI electrolyte. Instead of an initial higher current value and a slow decrease to a 

stable value, the initial current is low, increasing out to 0,5 s after the potential step. This 

behavior likely originates from the electrolyte composition. Indeed, EMImTFSI is not 

containing any alkaline cations, as opposed to the two other electrolytes tested in this work, 

or aqueous electrolytes used in other works 
11,13

. Despite its lower viscosity compared to 

alkaline cation-doped ionic liquids, the number of charge carriers per volume unit is lower in 

pure EMImTFSI. This may explain the longer response time following the application of a 

potential difference. Ternary ionic liquids (EMImTFSI with LiTFSI or NaTFSI) have a 

similar current response during a potential step, which agrees with their similar composition. 

R1 and C1, respectively the resistance and capacitance of the contribution iC1, are 

presented in Figure 2 for each system with a different electrolyte. This contribution is 

modeling fast electrochemical processes occurring at the surface of the electrodes associated 

with electrochemical double layer formation. On both graphs, the data are plotted versus the 

total duration of the SPECS analysis. The oxidation and reduction half-cycles applied to the 

electrode are separated with the vertical dotted line. The capacitance values are linked to the 

resistance values; the higher the resistance, the lower the capacitance and the less discernible 

is its evolution. Also, a contribution to the total current is considered irreversible when its 

behavior differs between oxidation and reductions stages, as is the case for these parameters. 

The value of R1 changes substantially during oxidation for the system with pure 

EMImTFSI, then is stabilizing around 20 Ω.cm
-2

 during reduction. This reveals an 

irreversible process occurring in the electrode material in this system. It was also noted that 

the resistance reaches a minimum at 5000 s during the oxidation, corresponding to the 

capacitance peak observed at the same time. For systems with ternary ILs, resistance values 

are higher, around 40 Ω.cm
-2

, due to their higher viscosity, although they are stable over the 

full cycle. The capacitance of all three systems is similar and comprised between 10 and 

60 mF.cm
-1

 with a maximum value at the end of the oxidation half-cycle. 

Figure 3 shows the evolution of R2 and C2 for the three systems. These parameters are 

linked to the element iC2 in the  Eq-1, which is associated with charge storage mechanisms 

slower than those described by iC1. Indeed, iC2 is linked to non-surface charge storage 

mechanisms and is depicting pseudocapacitance and mechanisms related to MnO2 porosity. 

For each system, the evolution of resistance and capacitance is similar to that observed 

for R1 and C1. Ternary ILs show distinguished behavior ; the one with sodium ions shows 

lower R2 values and higher C2 values over the electrode cycling. 

In all cases, R2 values are much higher than R1 values. This may be attributed to the 

kinetic difference between the mechanisms that iC1 and iC2 are representing. Indeed, due to 

volume constraints and ionic interactions, the access to MnO2 porosity and pseudocapacitive 

reactions are slower than electrostatic ion adsorption (EDLC). However, C1 and C2 display 

similar values, meaning that EDLC and pseudocapacitance both allow similar charge storage 



quantity. 

The graphs in Figure 4 show the evolution of a diffusional parameter B and the residual 

current due to parasitic reactions. In  Eq-1, these two parameters are represented by iD and 

iR, respectively. These two mechanisms are the slowest and the low scan rate used for the 

SPECS facilitate their measurement. 

The similarity observed between the diffusion parameters with the presence of alkaline 

ions indicates that lithium and sodium ions interact in similar ways with the IL and MnO2. 

The evolution of B in the system with pure EMImTFSI was not expected. It may be 

explained by the unusual current behavior measured (See Figure 1(b)) which cannot be 

approached easily with the model. Lastly, the diffusion parameter for pure EMImTFSI should 

have been small because of the sole presence of EMIm
+
 ions which have a lower mobility 

and may be harder to intercalate in MnO2 porosity and between [MnO6] layers. 

Residual currents are similar for both systems, with increasing values near the potential 

limits. This contribution is smaller with pure ILs. This may be explained by the presence of 

the alkaline ions which have more affinity with water, which is itself starting to degrade 

towards the potential limits. 

The behavior of EMImTFSI as an electrolyte presents a unique case, with a current 

maximum in the i-t transient. This cannot be modeled directly using   Eq-1 because of 

the need for an additional contribution, of reverse polarity, to reflect the slow initial response 

of this electrolyte. Thus another capacitive contribution iC0, with R0 resistance and C0 

capacitance,  was added to the  Eq-1. (similarly to iC1 or iC2 contributions already used). 

The graphs in Figure 5 each present the contributions of R0 and C0 to the current measured. 

The evolution of R0 and C0 over the SPECS analysis shows non-reversible behavior between 

oxidation and reduction, which translates to an irreversible transformation in the system. 

Following the previous results, the total current measured during the full cycle of 

oxidation and reduction can be decomposed into four contribution, iC1, iC2 iD and iR for the 

three systems. The evolution of the total capacitance, and its contributions, over different 

scan rates was obtained and is presented in the three following figures. Cyclic voltammetry 

reconstructions at 1 and 100 mV.s
-1

 showing the role of each contribution were also obtained 

and displayed below. 

 

 

Capacitance and CV reconstruction - Pure EMImTFSI. 

Figure 6(a) presents the capacitances of the different contributions to the total 

capacitance of the electrode in pure EMImTFSI as a function of scan rate. In this system, an 

additional contribution (C0) was added ; it is related to the iC0 parameter previously added to 

 Eq-1 in order to allow the model to fit the measured current (See Figure 1(b)). This 

contribution is stable and relatively low for the entire range of scan rates (0.1 – 

10 000 mV.s
-1

), moreover the values are negative and have no significant effect except at fast 

sweep rates and to allow for a good fit with  Eq-1. 



The capacitance values C1 (EDLC) and C2 (pseudocapacitance) are contributing to the 

total capacitance in a similar way, respectively at 35 and 29 mF.cm
-2

 and up to 10 mV.s
-1

. At 

faster scan rates, C2 decreases and the majority of the total capacitance is obtained from C1. 

At scan rates higher than 100 mV.s
-1

, C1 is also decreasing. For both C1 and C2 values, these 

declines can be explained by kinetic limitations. 

The diffusional contribution is negligible in the entire range of scan rates considered, as 

well as parasitic reactions at scan rates higher than 1 mV.s
-1

. However, at low scan rates, the 

parasitic reactions contribute significantly to the total capacitance. For instance, the 

capacitance plateau for this system between 2 and 20 mV.s
-1

 is 57 mF.cm
-2

. 

Cyclic voltammograms at 100 and 1 mV.s
-1

 reconstructed from the preceding SPECS 

data are presented in Figure 6(b) and (c), respectively. The total current measured matches the 

usual experimental behavior and values measured at the corresponding scan rates. It must be 

mentioned that the current of the C1 contribution is higher than the total current at 100 mV.s
-1

 

because of the negative contribution of C0 as visible in Figure 6(a). The comparison of the 

two cyclic voltammograms shows the influence of the scan rate on C2 (pseudocapacitance). 

Indeed, at high scan rate, the current related to pseudocapacitance is highly resistive and far 

lower than the current due to the EDLC. At lower scan rates, its behavior and values are 

similar to the capacitive current. At 1 mV.s
-1

, the current due to parasitic reactions is 

contributing in a non-negligible way to the total current, in particular around the potential 

limits where water degradation occurs, which can be due to residual water content in the ILs 

(< 50 ppm). 

 

 

Capacitance and CV reconstruction - EMImTFSI + 0,5M LiTFSI. 

With EMImTFSI + 0.5M LiTFSI as electrolyte, the contributions to the total capacitance 

show similar behavior to those described in the previous system (See Figure 7(a)) ; the most 

significant difference is the largest contribution of the pseudocapacitance, at 40 mF.cm
-2

 until 

its decrease at scan rates higher than 10 mV.s
-1

. This difference with the system with pure 

EMImTFSI must be explained by the presence of lithium cations, which have a higher ionic 

mobility and participate in the pseudocapacitive reactions of MnO2 
25

. The contribution of the 

EDLC is lower here (25 mF.cm
-2

). As the system configuration is identical, this may be 

explained by lower electrode wetting by the electrolyte. This is supported by the increase in 

viscosity of the IL with the alkaline salt addition. At very low scan rates, the contribution of 

the diffusion can be observed but remains negligible compared to the other contributions, in 

particular that of the parasitic reactions. The capacitance plateau in this system is at 

67 mF.cm
-2

, between 2 and 20 mV.s
-1

. 

The cyclic voltammograms (See Figure 7(b) and (c)) also show more resistive current 

behavior at higher scan rates, mostly because of the contributions made by pseudocapacitance. 

As the contribution of C2 is more significant in this system, the cyclic voltammogram at 

1 mV.s
-1

 shows a box-like signature. 

 



 

Capacitance and CV reconstruction - EMImTFSI + 0,5M NaTFSI. 

The capacitance and reconstructed cyclic voltammograms obtained from the system with 

EMImTFSI + 0.5M NaTFSI are displayed in Figure 8. The same observations can be made 

here in comparison with the system with lithium ions. The main difference is globally higher 

values of capacitance, until their decrease due to kinetic limitations. EDLC gives a 

capacitance of 41 mF.cm
-2

 and pseudocapacitance of 70 mF.cm
-2

. The capacitance plateau, 

between 2 and 20 mV.s
-1

 is at 114 mF.cm
-2

. 

From the cyclic voltammetry at 1 mV.s
-1

 (See Figure 8(c)), it is noteworthy to observe 

the current obtained with pseudocapacitance – a bump is visible around 0.5 V during 

oxidation and reduction which is impacting the total current. This bump indicates the 

presence of a redox mechanism involving the partial insertion of ions in the structure of 

MnO2 at low scan rate. 

 

 

In situ Raman spectroscopy. 

The Raman signature of MnO2 is mostly visible between 400 and 800 cm
-1

 with the 

presence of two main bands, ν1 and ν2 
14

. For birnessite MnO2, ν1 and ν2 positions are around 

620 - 650 cm
-1

 and around 580 - 590 cm
-1

 
15

, respectively. They are assigned to the respective 

vibration modes of the symmetrical stretching and bending in the basal plane of Mn – O 

bonds 
14,17–19

. The definition of these bands depends directly on the crystallinity of the 

MnO2 
16

. As the MnO2 characterized in this work is mostly amorphous, the resolution of 

these bands is limited. 

Compared to aqueous electrolytes, the use of an ionic liquid as the electrolyte with 

birnessite-like MnO2 utterly modifies the electrode material environment, with the absence of 

solvent affecting the cation intercalation mechanism. The use of in situ Raman spectroscopy 

can help to better understand these mechanisms, especially as the addition of alkaline salts 

(LiTFSI and NaTFSI) in the ionic liquid was seen to increase the pseudocapacitive role of 

MnO2 
25

. 

Figure 9(a) shows the Raman spectra of the MnO2 electrode in pure EMImTFSI at 

different charge states, offset with an intensity gap for better clarity. The black, cyan and 

purple spectra correspond respectively to the starting point where the electrode is reduced 

(polarization at -0,3 V vs Ag/Ag
+
), in an oxidized state (+0,7 V vs Ag/Ag

+
), and a final 

reduced state of the electrode (-0,3 V vs Ag/Ag
+
). The spectra, obtained after the removal of 

EMImTFSI bands, show some defects around 300, 740 and 1250 cm
-1

. We have applied a 

Bayesian Positive Source Separation (BPSS) decomposition procedure using our in-house 

developed method for solving curves. Due to the high noise and the low number of spectra, 

only a qualitative analysis is possible. Nonetheless it is possible to separate the signal into 

three distinct spectral sources, corresponding to IL without alkaline metal cations, a second 

source when the Li
+
 cation is present, and a third source with Na

+
 cation. Thus the Bayesian 



decomposition of the signal sources demonstrates that the shifts discussed below are related 

to the presence of either lithium or sodium cations in the given ionic liquid. 

As mentioned above, the two main bands related to Mn – O bonds are visible around 

600 cm
-1

. Figure 9(b) shows a zoom around these wavenumbers and, as expected, ν1 and ν2 

can be seen at 620 - 650 cm
-1

 and 580 - 590 cm
-1

, respectively. 

The spectra are smoothed to help distinguish the evolution of ν1 and ν2 during the 

electrode cycling (See Figure 9(c)). Despite the noise, an evolution of the position of ν1 and 

and ν2 can be observed. Indeed, at the starting point with the electrode in a reduced state, ν1 

and ν2 are centered at 633 and 587 cm
-1

, respectively. After the oxidation of the electrode, the 

band positions move away from each other, shifting to 648 cm
-1

 for ν1 and 578 cm
-1

 for ν2. 

These band shifts are similar to those already observed in other works with MnO2 electrodes 

in aqueous electrolytes 
14,16,18,20

. This phenomenon may then be related to the evolution of the 

structure of MnO2 with the insertion of ions into its structure (interlayer spacing) during 

reduction. Interlayer spaces are then closer when ions are intercalated (reduced state) and 

more spaced when ions are released back in the electrolyte (oxidized state). 

When the reduced state of the electrode is reached again, the band positions have shifted 

to 630 and 588 cm
-1

, respectively. These positions are close to those observed at the initial 

reduced state, which indicate a reversibility of the modifications of the MnO2 structure 

occurring during cycling. This is in agreement with the phenomenon of pseudocapacitance 

attributed to MnO2, which shows a breathing of the crystallographic structure during the 

cycling 
28

. 

Figure 10 shows smoothed Raman spectra, between 200 and 900 cm
-1

, of a MnO2 

electrode cycled in EMImTFSI + 0.5M LiTFSI and in EMImTFSI + 0.5M NaTFSI, 

respectively. The bands ν1 and ν2 can also be observed with these electrolytes, but with 

different shapes and intensities. These differences must be explained by the nature of the 

electrolyte, which leads to different interactions with the MnO2 structure. Here, ν1 and ν2 are 

more distinct with sodium ions than with lithium ions. 

With EMImTFSI + 0.5M LiTFSI as the electrolyte and at the starting point with a 

reduced electrode, ν1 and ν2 bands are respectively centered at 620 and 582 cm
-1

. The band 

positions are shifting to 633 and 577 cm
-1

 when the electrode is oxidized, then shift back to 

622 and 586 cm
-1

 after its reduction. The shift and its reversibility are similar to the ones 

observed above with pure EMImTFSI, but with different positions of ν1 and ν2. As it was 

highlighted in previous work, alkaline ions are participating in the pseudocapacitive reactions 

of MnO2, together with the IL cations 
25

. The presence of these lithium cations in the structure 

of MnO2 when the electrode is oxidized must impact its structure, particularly the interlayer 

space, thus modifying the position of ν1 and ν2 bands. 

The positions of ν1 and ν2 bands and their evolution in the system with NaTFSI are 

similar to those observed for the LiTFSI system, meaning that the cation addition leads to 

similar structural evolution of MnO2 during cycling. At the starting point with a reduced 

electrode, ν1 and ν2 are centered at 618 and 587 cm
-1

, respectively. The bands are respectively 



shifting to 638 and 582 cm
-1

 after oxidation, then to 620 and 587 cm
-1

 after reduction of the 

electrode. 

Figure 11 presents an overview of the positions and shifts of the ν1 and ν2 bands versus 

the charge of the electrode. This graph allows us to better picture the shifts of ν1 and ν2 and 

the differences between the three systems. In both systems, the band ν2 has similar positions 

and is less impacted by the electrochemical cycling than ν1. The band ν1 gives more 

information. Indeed, its position, in systems with alkaline ions, is systematically a higher 

wavenumber than in the system with pure EMImTFSI. Regarding previous observations, a 

higher wavenumber of the band position is related to a smaller interlayer space 
14,20

. This may 

be explained by stronger ionic interactions between MnO2 and alkaline ion intercalated 

during reduction. This will be discussed below in the context of the DFT calculations. 

As observed in previous work 
6
 and with the SPECS measurements previously depicted, 

alkaline ions are participating in the pseudocapacitive reactions, this implies that these 

cations must be intercalated partially in the interlayer space. However, the shift amplitude of 

ν1 is similar for all systems, indicating that the modification of the MnO2 structure (i.e. 

interlayer spacing) during the electrode cycling has a same amplitude for the three systems. 

The EMIm
+
 cation which is present in the three systems may be the origin of these 

similar behaviors. Due to their larger size and H-bonding ability, EMIm
+
 cations appear to 

dominate the change in interlayer spacing upon cycling. This suggests that not only alkaline 

cations are intercalated in the MnO2 interlayers upon reduction. Instead they are accompanied 

by EMIm
+
 cations, which dictate the decrease in the interlayer distance upon reduction sweep. 

The reverse trend is observed upon the oxidation sweep where cations are leaving the 

interlayer space leading to its increase. 

The smaller radii of lithium and sodium ions, compared to EMIm
+
, suggest that these 

ions occupy vacant spaces that EMIm
+
 ions cannot reach and that alkaline ions intercalation 

does not impact the interlayer space during the electrode cycling. The interlayer distance is 

thus fixed by intercalated EMIm
+
 cations in all cases, and the alkaline cations enter in 

addition to the largest EMIm
+
 cations’ “pit prop” effect. Subsequently, with additional 

alkaline cations, the ionic density is higher for a same volume, which translate to a larger 

number of ions participating to the pseudocapacitive charge storage, leading to an increase in 

the overall capacitance as also observed from the SPECS measurements. 

The presence of redox bumps observed in the cyclic voltammograms obtained from 

SPECS measurements in Figure 7(c) and Figure 8(c) is then in good agreement with these 

assumptions. Both SPECS and in situ Raman analysis indicate that cation intercalation occurs 

upon reduction and that this process is reversible. Moreover, the structural change related to 

this intercalation and more specifically the width of the interlayer spacing is ruled by the 

presence of intercalated EMIm
+
 cations, while the value of the capacity related to this 

phenomenon is ruled by the number of co-intercalated Li
+
 or Na

+
 cations. 

 

 



DFT calculations. 

The cationic intercalation behavior is examined further via DFT calculations. The 

three-atom unit cell for monolayer MnO2 system relaxes to a 2D-hexagonal layer of 

edge-joined octahedra with in-plane lattice parameter 2.924 Å, adopting a 3μB/MnO2 unit 

spin state in agreement with literature (see Figure S4) 
29

. The multi-layered MnO2 structure 

(starting from symmetry broken triclinic to avoid symmetry trapping) with no interlayer 

species spontaneously relaxes to AA-stacked hexagonal layers. The three-atom unit cell 

requires high k-point density (in this case at least 6x6x6); doubling the k-point grid changed 

the unit cell parameters by less than 0.001 Å. The spacing between Mn layers is then 4.251 Å 

(i.e. the distance between planes defined by the average Mn atom centre positions in each 



layer,  

Figure 12(a)). System spin is varied, the system adopts a stable spin state of 3μB/Mn 

atom, in agreement with literature. Experimentally, birnessite is a hydrous phase with a water 

layer between the MnO2 sheets, with exact composition varying depending on the salt 

concentration of the water. When we add water giving MnO2.H2O 



(  

Figure 12(b)) the interlayer spacing increases to 7.040 Å, in good agreement with 

experimental literature value of 7.19 Å (noting that the experimental material also contains 

vacancies and interlayer Mn cations) 
30

. 

Using a 2x2 supercell allows exploration of sequential Li and Na intercalation, i.e. 

MnO2.Mx(H2O)1-x (M=Li, Na, x=0, 0.25, 0.5, 0.75, 1). System spin is varied, the most stable 

structure consisting of (4-x)Mn
4+

 atoms with spin 3μB and xMn
3+

 atoms with spin 4μB, due to 



charge transfer from the intercalated metal. 

 

Figure 12(a) and Table 1 show the variation in interlayer spacing with increasing Li
+
/Na

+
 

concentration. Initial metal intercalation does not strongly change interlayer spacing since the 

remaining H2O dominates, but as the H2O is increasingly substituted the interlayer spacing 

drops, with the change most notable for the smaller Li ion. At 100% metal substitution of the 

H2O, interlayer spacing drops by 1.764 Å and 1.256 Å for Li
+
 and Na

+
 respectively. 



In contrast, insertion of EMIm
+
 causes an increase in the interlayer spacing of 0.800 Å, 

the EMIm
+
 preferentially adopting a flat configuration with the methyl group lying in the 

molecular plane (rotating the methyl group perpendicular to the molecular is 0.84 eV less 

stable and thermodynamically unlikely to occur). As such intercalated EMIm
+
 should 

dominate interlayer spacing, holding the layers a fixed distance apart independent of 

Li
+
/Na

+
/H2O (de)intercalation processes. However, significant substitution of EMIm

+
 by 

Li
+
/Na

+
 will lead to a gradual decrease in interlayer spacing, similar to that seen with the 

water. 

 



Figure 12(b) shows the change in Mn-O bond lengths with intercalation, as the 

associated Jahn-Teller distortion and Mn charge results in symmetry breaking. The bond 

lengths follow the overall trend in the experimental Raman signature, with a shift to increased 

Mn-O lengths with increasing metal intercalation. The fluctuations in the histogram of bond 

lengths reflect symmetry breaking due to variations in the hydrogen bonding networks that 

form between the remaining water molecules. For EMIm
+
 a larger 3x3 supercell is required to 

incorporate the molecule and hence has lower concentration of EMIm(MnO2)9, which helps 

explain why the Mn-O bond lengths are largely restored to their hydrated values when 

EMIm
+
 is intercalated. 

The LiMnO2 result demonstrates that interlayer stacking translation plays only a minor 

role, since the interlayer spacing for ABC-stacked triple layers from GGA(PBE)+U 

calculations is close to ours at 4.829 Å 
31,32

. The difference in interlayer spacing between 

LiMnO2 and non-hydrated MnO2 is 0.752 Å, close to the Li
+
 effective ionic radius (0.76 Å). 

NaMnO2, also results in distortion of the triclinic cell, with Mn-Mn distances varying between 

2.91 and 3.24 Å, as previously observed in the literature 
33

. The difference in interlayer 

spacing between MnO2 and NaMnO2 of 1.260 Å is this time slightly higher than the Na
+
 

effective ionic radius (1.02 Å). 

In summary, substitutional insertion of Li
+
 and Na

+
 into hydrated MnO2.H2O leads to a 

decrease in interlayer spacing of up to 1.764 Å and 1.256 Å for Li
+
 and Na

+
 respectively. 

Note however that spacing change is not linear with metal concentration; at 50% Na
+
 

substitution (already a high metal concentration) the decrease is only 0.238 Å. This is similar 

to 0.35 Å variations seen in interlayer spacing by in-situ X-ray diffraction (XRD) in 

Na-cycled MnO2 
20

. In contrast, water substitution by EMIm
+
 increases interlayer spacing by 

0.800 Å, the EMIm
+
 lying with its methyl group in the molecular plane. Thus, we expected 

that EMIm
+
 intercalation will dominate interlayer spacing behaviour, holding the layers apart 

and facilitating rapid Li
+
/Na

+
 (de)intercalation. Only in zones where EMIm

+
 is substituted by 

Li
+
/Na

+
 will the interlayer spacing drop. In these cases, a higher ion density can be achieved, 

resulting in local increases in Mn-O bond lengths and corresponding shifts in Mn-O Raman 

frequencies. 

 

 

Conclusions 

The two spectroscopy methods presented in this work allow an in-depth understanding of 

the charge storage behavior of MnO2 thin film electrodes in ionic liquid-based 

supercapacitors. Firstly, the Step Potential ElectroChemical Spectroscopy (SPECS) was used 

to characterize MnO2 electrodes in ionic liquids. The current delivered by the electrode, in 

pure EMImTFSI, EMImTFSI + 0.5M LiTFSI and EMImTFSI + 0.5M NaTFSI, was 

separated between double layer capacitance, pseudocapacitance, diffusion and side reactions 

with this technique. The reconstruction of capacitance contributions for each system 

highlighted the role of pseudocapacitance itself and also of alkaline ion addition, which are 

increasing the pseudocapacitive charge storage component with respect to overall capacitance. 

The voltammograms obtained in ternary ionic liquids at low scan rates present redox peaks 

indicating a partial ion intercalation in the MnO2 structure. 



This latter observation motivated the use of in situ Raman spectroscopy to obtain a better 

understanding of the mechanisms occurring during the cycling of MnO2-based electrode. For 

the first time, this technique was performed on MnO2 electrodes in ionic liquid electrolytes. 

Monitoring of one full cycle of oxidation and reduction of the electrode shows the evolution 

of the structure of MnO2, with a smaller interlayer space at the reduced state when ions are 

intercalated and a larger interlayer space when ions are deintercalated at the oxidized state. 

The comparison of the position of Raman bands related to the Mn – O bounds as well as DFT 

results show a difference between systems with doped ionic liquids and pure ionic liquid: the 

presence of alkaline ions decreases the interlayer space due to stronger ionic interactions. 

However, independently of the presence or nature of alkaline cations, the “breathing” of the 

interlayer space during oxidation and reduction is of the same amplitude. According to this 

observation and DFT results on the EMIm
+
 ion intercalation, it seems the ionic liquid cation 

is defining the interlayer space in birnessite MnO2. Additional alkaline cations may then 

occupy specific vacancies inaccessible by the ionic liquid cations, increasing the ionic density 

without further volumetric changes. This may explain the redox peak on voltammograms and 

the larger pseudocapacitive part observed with SPECS with the presence of alkaline cations. 
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Tables 

 

Table 1 : DFT calculated interlayer spacing (Mn-Mn) as a function of intercalated metal 

species in MnO2.Mx(H2O)1-x, M=Li, Na. Also included is MnO2 with no intercalated species 

for comparison, and with intercalated EMIm
+
 (see text).   

 

  

Interlayer Spacing (Å) 

% Metal % H2O Na
+
 Li

+
 

0 100 6.767 

25 75 6.767 6.761 

50 50 6.529 5.700 

75 25 5.825 5.515 

100 0 5.511 5.003 

0 0 4.251 

EMIm
+
 0 7.567 

 

 

  



Figures  

 

 

Figure 1 : (a) Current vs time evolution, measured during one potentiostatic step (90 s 

duration). (b) Zoom on the current evolution at the first seconds of the step. 

  



 

 

Figure 2 : Evolution of (a) resistances R1 and (b) capacitance C1, attributed to electrode 

surface mechanisms, during SPECS measurement. Oxidation and reduction are separated by 

the vertical dotted line. 

  



 

 

Figure 3 : Evolution of (a) resistances R2 and (b) capacitance C2, attributed to electrode 

surface mechanisms, during SPECS measurement. Oxidation and reduction are separated by 

the vertical dotted line. 

  



 

 

Figure 4 : Evolution of (a) the diffusion parameter and (b) the residual current. Oxidation and 

reduction are separated by the vertical dotted line. 

  



 

 

Figure 5 : Evolution of (a) resistance R0 and (b) capacitance C0 during SPECS measurement. 

These parameters are only used for the system with pure EMImTFSI. 

  



 

 
Figure 6 : (a) Evolution of capacitance versus scan rate for each contribution to the total 

current in pure EMImTFSI. (b) Cyclic voltammetry reconstruction for each contribution at 

100 mV.s
-1

 and (c) at 1 mV.s
-1

. 



 

Figure 7 : (a) Evolution of capacitance versus scan rate for each contribution to the total 

current in EMImTFSI + 0.5M LiTFSI. (b) Cyclic voltammetry reconstruction for each 

contribution at 100 mV.s
-1

 and (c) at 1 mV.s
-1

.  



 
Figure 8 : (a) Evolution of capacitance versus scan rate for each contribution to the total 

current in pure EMImTFSI + 0.5M NaTFSI. (b) Cyclic voltammetry reconstruction for each 

contribution at 100 mV.s
-1

 and (c) at 1 mV.s
-1

. The dashed gray line are guidelines for the eyes 

to emphasize the presence of broad redox peaks on the black plot. 



 

Figure 9 : Raman spectra of the MnO2 electrode in pure EMImTFSI, (a) between 50 and 

1400 cm
-1

 after removal of EMImTFSI bands, (b) between 200 and 900 cm
-1

 and (c) after 

smoothing noise. Hatched parts cover defects after the removal of EMImTFSI spectrum, for a 

better legibility. 

 



 

Figure 10 : Raman spectra, between 200 and 900 cm
-1

 and after noise smoothing, of a MnO2 

electrode in (a) EMImTFSI + 0.5M LiTFSI an (b) EMImTFSI + 0.5M NaTFSI. 

  



 

 

Figure 11 : Evolution of the positions of ν1 and ν2 bands versus the charge state of the 

electrode and the electrolyte used. 

 



 

Figure 12 : (a) Mn-Mn interlayer spacing (Å), x-axis indicates MnO2.Mx(H2O)(1-x), M=Li, Na. 

MnO2.EMim and MnO2 are marked as dotted lines. (b) Histogram of DFT calculated Mn-O 

bond lengths (Å) for MnO2 with various intercalated species. 

 



 

Figure 13: DFT optimized layered MnO2 structures showing interlayer spacing (a) pure 

MnO2, (b) MnO2.H2O, (c) LiMnO2, (d) NaMnO2 and (d,e) EMIm
+
. Mn-Mn interlayer spaces 

in Å. In (e), oxygen atoms are hidden and Mn-O bonds drawn wireframe for clarity.   

 


