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Abstract 

Li-ion diffusion and lithiation kinetics in MnO/C nanocomposites were systematically 

investigated through monitoring the change in charge transfer resistance and the ion 

diffusion coefficient and the kinetically predominant process at various charge/discharge 

states. Crystal field analysis and density functional theory (DFT) calculations were 

introduced to reveal the relationship among electronic structure of the phase 

compositions and the displayed electrochemical potential and its profile. The split 3d 

orbitals in Mn ion determines the ordering of electron migration and energy difference, 

leading to the different potential profiles in the lithiated/delithiated process. Phase 

compositions strongly affected the intrinsic properties of the MnO/C nanocomposites 

makes the ion diffusion coefficient increases from ~10-15 to 10-11 cm2 s-1 when the electrode 

progresses from the fully charged to fully discharged state, while both surface redox 

reaction and solid-state diffusion can be the limiting process depending on the states of 

lithiation/delithiation. In addition, the MnO/C anode delivers an energy efficiency of 90% 

in a Li-ion hybrid capacitor, suggesting a promising and competitive application in the 

future.  

 

Keywords: electrochemical potential, solid state diffusion, MnO, impedance, Li-ion 

capacitor 
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Introduction 

Advancements in harvesting renewable energy have been driven by the environmental 

concerns from the utilization of the fossil fuels.1 Energy storage devices have rapidly 

spread in the forms such as smart electronics, electric vehicles, and smart grid stations; 

and have become increasingly indispensable components in the modern society. 

Rechargeable batteries and supercapacitors are the main energy storage devices in which 

electrode materials store ions and electrons and convert electricity into chemical energy 

reversibly in the charge/discharge processes.2 Electrode materials, in general, store 

energy through three mechanisms: intercalation, alloying, and conversion.3, 4 

Intercalation anode materials always possess working voltage plateaus,5, 6 though the 

limited active sites in the host lattices restrict the energy densities of full batteries.7 

Alloying materials react with Li ions to form the alloy phases 8, 9 which leads to rapid 

pulverization from the typically huge volume expansion.10, 11 Conversion materials are 

formed through the breakdown and recombination of chemical bonds in the energy 

storage reactions.12, 13 The theoretical specific capacity and volume expansion of 

conversion materials are in between those of intercalation and alloying materials.14, 15 In 

transition metal oxides,16 sulfides,17 phosphides, 18 and selenides, 19 the metallic transition 

elements as well as the products consisting of alkaline ions and the anions from the host 

materials will be separated during the discharge processes.  

In terms of transition metal oxides, manganese monoxide (MnO) is an ideal material to 

study the relationship between structure and electrochemical performance due to its 

simple cubic crystal structure and its typical voltage profiles with a discharge plateau and 

sloped charge similar to those of most oxides.20-22 MnO holds several advantages as an 

anode material including a relatively high theoretical specific capacity of 756 mA h g-1, a 

relatively low discharge voltage around 0.5 V, low cost due to its high abundance in the 

Earth’s crust, and low toxicity. MnO anode has been extensively studying for improving 

the rate capability and cycling stability, and the general strategy has been to design the 

microstructures for increasing the surface area, introducing the conductive network, and 

tuning the crystallinity.23-26 For example, MnO nanocrystallites mechanically anchored 

by pore-surface terminations of graphene-like carbon nanosheets to form a monolayer 
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structure delivered a high specific capacity with good stability, and the Li ion capacitor 

released a high power density of 15 kW kg-1 with 76% capacity retention after 500o 

cycles.27 A topochemical approach was used to synthesize porous MnO/C microsphere by 

removing ZnCO3 in the mixed carbonates, a high specific capacity of 846 mAh g-1 was 

attributed to the controllable pore sizes.25 However, some challenges still remain for MnO 

anode in storage applications. The formation of interfaces and interphases and the 

changes in the chemical bonds of the reactions are complicated. The relationship between 

the electrochemical diffusion and potential is also important because the diffusion 

characteristics will affect the rate capability and could create a large potential hysteresis 

between the charge and discharge voltage profiles, resulting in a significant energy loss.28 

In particular, MnO displays a discharge plateau, yet a sloping charge curve in the reverse 

reaction as most of transition metal oxides.24, 29 This profile asymmetry between charge 

and discharge has a significant effect on the energy efficiency of full batteries.5  

In this study, MnO was adopted as a model anode to analyze the relationship between 

electrochemical potential and electronic structure of compositions through the crystal 

field analysis and DFT calculation. MnO/C composites were synthesized using a 

hydrothermal method with a subsequent heat treatment involving an inert gas. Apart 

from the characterizations of the structure and capacitance contribution to the 

electrochemical performances, cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) were used to monitor the kinetic processes, evolution of charge 

transfer resistance, and ion diffusion during the charge/discharge processes. On this basis, 

the change of the interface was analyzed and discussed through simulations of a series of 

EIS spectra. Moreover, energy efficiency of the MnO/C anode in a hybrid capacitor has 

been analyzed to demonstrate its potential use and discern underlying challenges. 

 

Results and Discussion 

Electrochemical Potential Analysis 

Figure 1a shows the potential profiles of the MnO anode as shown in most of reported 

studies.24, 30, 31 A potential plateau appears around 0.5 V during the discharge process, but 
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during the charging process, a sloping curve is displayed. The nature of the conversion 

reaction of MnO is the breakdown and recombination of the chemical bonds. The bond 

dissociation energies have an essential impact on the electrochemical potential along with 

electronegativity of composition elements, which influence the electron distribution and 

the strength of the chemical bonds. The electron configuration, such as the scheme of Mn 

(II) in Figure 1b, determines the order and energy of electrons when they jump into or out 

of the d or f orbitals during a reaction. MnO works as an anode and decomposes to 

metallic Mn and Li2O,  

MnO + 2Li+ + 2e− ↔ Mn + Li2O                                                      (1) 

which displays a potential plateau around 0.5 V during the discharge process.32 Normally, 

the electrochemical potential is calculated by Gibbs free energy change in the whole 

reaction, and the free energy change is defined as 33 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 = ∆𝑈 + 𝑃∆𝑉 − 𝑇∆𝑆 = −𝑛𝐹𝐸0                                      (2) 

the terms P∆V from volume change and T∆S from configurational change are negligible 

as they are of the order of 10-5 and 10-2 eV, respectively. ∆U is the change in internal energy, 

which can be approximated as 2-3 eV to evaluate ∆G in the reaction when the assumed 

temperature at 0 K for DFT calculation.34 Figure 1c shows the crystal structures of 

materials involved in the conversion reaction of MnO anode, and the lattice parameters 

are listed in Table S1. The internal energy of each material including the possible products 

was calculated by density functional theory as shown in Table 1. In order to estimate the 

possibility of the intercalation reaction happened at the beginning, the possible Li-Mn-O 

compounds are hypothesized and the positive energy changes verify that the intercalation 

reaction is impossible to occur in MnO anode. More calculation details are shown in 

supporting information. The electrochemical potential (E0), also be called open circuit 

voltage (OCV) is calculated by the following equation 

𝐸0 = −[𝑈𝐷𝐹𝑇(𝐿𝑖2𝑂) + 𝑈𝐷𝐹𝑇(𝑀𝑛) − 𝑈𝐷𝐹𝑇(𝑀𝑛𝑂) − 2𝑈𝐷𝐹𝑇(𝐿𝑖)]/2𝐹              (3) 

The calculated E0 is 1.5 V that deviates from the experimental discharge voltage as the 

reported calculation.35 The deviation between the experimental and theoretical potentials 

comes from the theoretical calculation using the open circuit voltage and the experimental 
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reflecting the average. Besides, the configuration entropy was not considered when a new 

phase nucleated and grew in the host materials, as was the case for the LiFePO4 cathode.36 

Combined with the DFT calculations on the assumed intermediate phases (Calculations 

details in SI), the results verify that there is difficult to form intercalation or alloying 

phases in conversion reaction of MnO anode. The chemical bond dissociation energy 

(BDE) can give an electrochemical potential close to the real state because the nature of a 

conversion reaction is the breakdown and recombination of chemical bonds. BDE is 

enthalpy change, but roughly equals to free energy change and would be used to estimate 

the discharge voltage owing to the volume and configurational change are negligible as 

mentioned above. The bond energy change in equation (1) can be calculated using the 

following equation 

∆𝑈𝐵𝐷𝐸 = (∆𝑈𝑀𝑛−𝑀𝑛 + 2∆𝑈𝐿𝑖−𝑂) − (∆𝑈𝑀𝑛−𝑂 + 2∆𝑈𝐿𝑖−𝐿𝑖) = −𝑛𝐹𝐸𝐵𝐷𝐸            (4) 

The bond dissociation energies for Mn-O, Li-Li, Mn-Mn, and Li-O are 402, 106, 42, and 

341 kJ/mol, respectively.37 The difference in bond dissociation energies of the MnO 

conversion reaction is 110 kJ/mol so the potential determined by Equation (4) is 0.57 V, 

which is very close to the experimental value. The slight difference between the 

experimental and theoretical calculation of bond energy can be attributed to polarization 

in the half-cell. However, there is still a big difference between the charging and 

discharging potential profiles. Most of the transition metal oxides have a visible potential 

plateau during the discharging process, but they possess sloping profiles that deviate from 

the calculated results during charging22, 29 due to electrons jumping in and out of the d or 

f orbitals, causing a change in energy. Manganese (Mn) is a multi-electron atom with 7 

valence electrons distributed in the 3d and 4s orbitals, and its metallic state has a cubic 

structure. The energy level of each orbital influences the electron occupation and the 

chemical coordination of the cation in its oxides. MnO has a cubic NaCl-type crystal 

structure where the Mn2+ ion coordinates with six oxygens to form an octahedron (Figure 

1a inset). The remaining five electrons in Mn2+ occupy two sets of 3d orbitals with three 

lower energy t2g orbitals and two higher energy eg orbitals (Figure 1b). In the DFT 

calculation, the assumed temperature is 0 K so that the antiferromagnetic (AFM) MnO 

has a D3d poin-group symmetry,38 leading to a mixed t2g orbitals so as to show the a1g 

singlet and the e’g doublet as the DOS depicted in Figure 1d. The invariant eg is often 
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marked by e’’g in D3d symmetry operations.  Since O2- belongs to a weak-field ligand, it 

results in a high-spin crystal field in MnO. During the discharging process, MnO 

transforms to metallic Mn and Li2O, which suggests the two incoming electrons will jump 

into the empty e’g orbitals to reduce Mn2+ to Mn metal. The energy differences for both 

electrons are the same, therefore, the potential profiles during the discharging process are 

plateau-shaped. The belief is that at the initial of the charging process, there are no 

degenerate orbitals in the metallic Mn and the electrons in the 4s orbitals has a higher 

energy level where the electron cloud overlaps in the 4s and 3d orbitals. In forming MnO, 

the Mn(II) ion coordinates with an oxygen octahedron and induces the splitting of 3d 

orbitals. At this moment, the empty 4s orbitals have a lower energy level than the e’g 

orbital, leading to electrons moving from the e’g to the 4s orbitals. This continuous energy 

change is manifested as a sloping potential profile during the charging process.39 The big 

difference between the charging and discharging potential profiles implies a potential 

hysteresis that leads to energy losses in a device. The electronegativity of elements 

influences the strength of chemical bonds and affects the potential hysteresis to some 

extent. Using the electronegativity values, the ionic character of chemical bonds can be 

evaluated through the following equation40 

% ionic character = 1 − 100 × exp [−0.25(𝑋𝑎 − 𝑋𝑏)2]                         (5) 

where Xa and Xb are the electronegativity values of the anion and cation, respectively. The 

electronegativity value of Mn is 1.55 Pauling units and that of O is 3.44 Pauling units. The 

ionicity in MnO is almost 59.1%, meaning the ionic bond dominates the chemical 

properties. Figure S1 shows the charge density difference map of Mn-O from the DFT 

calculations. Mn atoms lose electrons and O atoms receive electrons to form the Mn-O 

bond. The electron cloud is denser around O ions and no electron cloud overlapping 

occurs between Mn and O. The higher ionic character in the chemical bond suggests the 

electrons in the 3d orbital have a lower electron sharing tendency which makes the 

reaction energetics high.41 In addition, the Pauling electronegativity of Li is 0.98 and the 

iconicity of the Li-O bond is almost 78.0%. Thus, the strong ionic bond between alkaline 

ions and anions from transition metal oxides, such as Li2O, is another possible reason for 

the electrochemical potential hysteresis. The energy barriers increase during the charging 

process more than that of the discharge process.42  
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Figure 1. (a) Voltage profile of the MnO anode in a Li-ion half-cell within the voltage window of 0.01-2.5V. The 
discharging voltage profile shows a plateau around 0.5 V versus Li/Li+; however, the charging profile is a sloping curve. 
The inset is the chemical structure of Mn(II) in which the Mn(II) cation and O(II) anion are both octahedral. (b) 
Schematic of the octahedral crystal field splitting. The 3d orbitals in Mn(II) split into two degenerate sets, one 
containing three orbitals with relatively low energy, and the other set with two orbitals of relatively high energy. Five 
valence electrons occupy five orbitals separately because the oxygen anion belongs to a weak field ligand. Therefore, it 
forms a high spin crystal field in MnO. In the DFT calculation, the assumed temperature is 0 K, MnO stays with the 
antiferromagnetic (AFM) state and the orbitals go through the secondary splitting because the D3d point-group 

symmetry mixes the t2g so as to show the a1g singlet and e’g doublet. (c) The crystal structures of Li2O, MnO, metallic 

Li, FCC-Mn, BCC-Mn, and LiMn for internal energies and voltage calculations. (d) Density of states of eg and t2g 

orbitals of Mn(II) ion in AFM state which is in accord with the mixed splitting orbitals in schematic b.  

 

Table 1.  The internal energy in a cell contained one chemical formula of matter (unit: eV) 

MnO Li Li2O FCC-Mn BCC-Mn LiMn LiMnO Li2MnO 

-16.406 -1.903 -14.313 -8.900 -8.839 -7.996 -15.811 -17.356 

 
 

Materials Characterizations 
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Figure 2a shows X-ray diffraction (XRD) patterns of the resulting samples before and after 

calcination. The sample obtained from the solvothermal synthesis can be indexed with the 

standard XRD pattern of manganese carbonate (MnCO3, space group, R-3C, hexagonal, 

4.7901×4.7901×15.694Å, PDF card 44-1472) which has a calcite-like structure with Mn(II) 

exhibiting an octahedral coordination with the anion ligands. More importantly, the formation of 

the carbonate suggests that glucose was oxidized to the carbonate group during the solvothermal 

reactions and combined with the Mn cations. Thermogravimetric analysis/ differential scanning 

calorimetry (TGA/DSC) curves reveal the thermal decomposition of MnCO3 in Figure S2 that 

displays an endothermal peak at 400˚C, implying a decomposition reaction. The drop shown on 

the TGA curve can be attributed to the release of carbon dioxide. To ensure a complete 

decomposition and good graphitization of the residual carbon, the solvothermal product was 

calcined at 650 ˚C for 2 h with nitrogen gas. After the calcination, the main phase transformed 

into manganese monoxide (MnO, space group Fm-3m, cubic, a=4.445Å, PDF 07-0230) which 

adopts a rock-salt structure where the cation and anion both have the octahedral coordination 

(Figure S3). The XRD pattern shows peaks corresponding to MnO, as shown in Figure 2a. 

Microstructure of the calcined MnO sample looks like batches of grasses where the length of a 

batch is around 1 μm and the diameter is approximately 400 nm (Figure 2b). All have uniform 

size and morphology. Each of them consists of numerous nanoparticles as revealed by the 

transmission electron microscopy (TEM) image in Figure 2c. The center of a single nano-batch is 

darker than the edges because the center of the three-dimensional batch is thicker in comparison 

with the edges so that the electrons are difficult to transmit through. The local area marked by a 

green rectangle (Figure 2d) was magnified and it was found that crystalline MnO nanoparticles 

(~6 nm) were encapsulated in the disordered carbon matrix. The apparent lattice fringes, with 

inter-planar spacing of 2.57 and 2.23 Å, observed in a high-resolution transmission electron 

microscopy (HRTEM) agree with the planar distances of the (111) and (200) in MnO (Figure 2d). 

The energy dispersive spectrum was also collected through energy-dispersive X-ray spectroscopy 

(EDS) attached to the TEM. The elemental composition consisted of Mn, O and C are in 

accordance with the XRD results and the elements contained in the raw materials. EDS mappings 

in Figure 2f-h present the elemental distribution consistent with the batch-like particle shape in 

Figure 2c. The carbonization of glucose provides the final carbon network in the calcinated sample. 

Raman spectrum of the sample was collected and the peak fitting was conducted with the 

Gaussian function for the D- and G-bands and the Lorentzian function for the additional I and D″ 

bands (Figure 2i). The D-band located around 1339 cm-1 originates from a double resonance 

process involving a phonon and a defect, which implies the carbon is disordered. The G-band at 
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∼1589 cm-1 stems from in-plane vibrations and has the E2g symmetry that denotes the 

graphitization of carbon. The I band at ∼1180 to 1290 cm-1 relates to the disorder in the graphitic 

lattice, which can be attributed to the sp2-sp3 bonds or the presence of polyenes. The D″ band at 

∼1500 cm-1 associated with interstitial defects in disordered sp2 bonds implies the carbon being 

amorphous.43, 44 The ratio of the intensity between the D- and the G-band I(D)/I(G) is 0.94 which 

suggests that the carbon in the calcined sample is in an amorphous state. The carbon content 

obtained from the DSC/TG curves is 25.5% (Figure S4) and the electrical conductivity determined 

by a four-point probe direct current technique is 106 S m-1, enough to ensure that charges are 

transferred in the electrochemical reactions. Additionally, the nitrogen adsorption isotherm was 

used to determine the specific surface area through the Barrett-Joyner-Halenda (BJH) method, 

which was found to be 202.2 m2 g-1 with the pore size distribution peak appearing at 4 nm (Figure 

2j). The hysteresis loop between the adsorption and desorption branches imply capillary 

condensation occurred within the mesoporous structure. Assuming that the MnO nanoparticles 

have a spherical shape with a diameter of 6 nm and the theoretical density of MnO is 5.36 g cm-3, 

the calculated surface area should be 93.2 m2 g-1. The big difference between the experimental and 

calculated values suggests the batch-like MnO/C has porous nanostructures. We speculate this is 

because the decomposition of MnCO3 releases CO2 which helps produce more pores in the carbon 

coating and more MnO nanoparticles during the calcination process.  
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Figure 2. (a) XRD patterns of the sample before and after calcination. The sample derived from the solvothermal 

synthesis is rhodochrosite MnCO3 and it transforms to the rock salt structure after calcination at 650 ̊ C. (b) SEM image 

of the calcined sample MnO/C that grows in a batch-like shape. (c) TEM image of a single batch-like nano-particle and 

(d) HRTEM image from a local area of the single particle. The lattice spacings verify the structure of MnO/C. (e) EDS 
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spectrum collected from the single batch particle. The existing elements (Mn, O, C) are in accord with the raw materials. 

Carbon stems from the added glucose in the synthesis process. (f-h) EDS mapping of C, Mn and O. All of the elements 

are distributed homogenously within the whole particle. (i) Raman spectrum of the MnO particles. The D, G, I and D’’ 

bands reflect the graphitization or disordered state of carbon in the calcined sample. (j) Nitrogen sorption isotherm of 

MnO/C and the pore size distribution. The hysteresis loop in the curves suggests the batch-like MnO particles contain 

abundant mesopores. 

 

Lithiation Kinetics and Diffusivity 

As described in the chracterizations section, MnO/C nanocomposite presents a high 

electrical conductivity of 106 S m-1, so no conductive additive was added in preparing the 

electrode in the test electrochemical property and battery performance characterization 

and analyses. The redox characteristics of MnO/C were tested through a cyclic 

voltammogram (CV) within a working voltage window of 0.01-3.00 V and at a sweeping 

rate of 0.1 mV s-1. The CV curves (Figure 3a) show a reducing peak at 0.29 V in the first 

cycle and it shifts to 0.35 V in the following cycles. In this process, the Mn-O bonds break 

down and MnO transforms into Mn and Li2O.  In reverse, the oxidizing peaks at 1.22 V 

overlap during the first three cycles, suggesting MnO is recovered and there is good 

reactive reversibility in the MnO/C anode. CV curves at various sweeping rates (Figure 

S5a) were also collected to analyze kinetic characteristics of MnO/C nanocomposite 

during the lithiation/delithiation processes because nanomaterials always have high 

specific surface areas that always endow the reaction kinetics with a simultaneous 

diffusion- and capacitance-controlled process.45-47 The diffusion component relates to the 

Faradaic reaction from the Li+ insertion process, which always occurs in the intercalation, 

alloying, or conversion reaction. The capacitance component corresponds to the surface 

Faradaic reaction which can be thought of as that seen for a pseudocapacitance, and the 

nonfaradaic reaction from the electric double layer capacitance.48, 49 Both of the latter 

capacitive contributions can be separated by analyzing  the various sweeping rates of CV 

curves because the measured current i obeys a power law relationship with the sweeping 

rate υ49, 50 

𝑖 = 𝑎𝜐𝑏                                                                (6) 

Page 11 of 25 Journal of Materials Chemistry A



Page 12 of 25 

 

where a and b are the adjustable parameters, and the b-value can be calculated from log 

i vs. log υ (Figure S5b-c). A b-value close to 0.5 means that the current primarily stems 

from the Faradaic diffusion-controlled process, and a b-value of 1.o implies a capacitance-

controlled process from the surface reactions.45 Figure 3b shows the b-values calculated 

from the log i - log υ relationship at different states of charge/discharge, and it is easily 

concluded that the b-value varies with the state of the electrode. In the discharge process, 

surface adsorption and Faradaic reaction happen when the voltage is higher than 2 V so 

that the b-value close to 1. In this case, the whole process is controlled by ion adsorption 

onto the surface of the electrode material due to its high surface area as verified by the 

nitrogen sorption isotherm tests. The conversion reaction starts at 1.5 V and Li ions 

migrate across the interfaces between the carbon coating and MnO nanoparticles, thus 

the b-value is around 0.51. The b-values in the voltage window of 0.5-0.8V lie around 0.75, 

suggesting the Li-ions adsorb at and diffuse across the surface of the MnO nanoparticles. 

A b-value of 0.49 around 0.3 V signifies a strong diffusion-controlled process relating to 

the breakdown of chemical bonds, as verified in the CV curve (Figure 3a). After the 

breakdown of the chemical bonds, the b-value sits between o.5 and 1.0, implying that 

charge storage is simultaneously affected by the surface adsorption effect from the porous 

batch-like nanostructure as well as the diffusion-limited Faradaic reaction from MnO 

nanoparticles inside. Charged back to 0.3 V, the b-value becomes 0.51, signifying the start 

of the recombination of Mn and O and the diffusion-controlled reaction process. In the 

subsequent charging process, the b-values fall within the range of 0.5-1.0, which suggests 

a mixed contribution from diffusion and capacitance. The diffusion-controlled influence 

stems from the conversion reaction of MnO, and the capacitance-controlled contribution 

originates from the surface and interface of the nanostructured MnO/C. A relatively low 

b-value appears at 1.6 V during the charging process, which corresponds to the interface 

diffusion between the carbon coating and MnO. The interface between the two phases 

induces the ion accumulation or double-layer effect storage generated from different ion 

diffusion rates of the same electric field. From the work of Dunn and his coworkers, the 

capacitance contribution can be separated from the CV curves because the current (i) at 

a fixed voltage (V) equals to the sum of capacitive effect (k1υ) and diffusion-controlled 

contribution (k2υ1/2) as described by 50 
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𝑖(V) = 𝑘1𝜐 + 𝑘2𝜐1/2                                                          (7) 

Figure 3c shows that the capacitance contribution approaches 60% in the CV curve at a 

sweeping rate of 1.0 mV/s, revealing a strong capacitive effect in the nanostructured 

MnO/C electrode. The large surface area is a possible reason for the high capacitance 

contribution due to the formation of an electric double layer between the electrolyte and 

the carbon coating. Since MnO is a semiconductor and carbon is a conductor, the interface 

between them easily becomes a space charge region to store charges, just as capacitors 

do.51 However, this capacitance effect is weak in comparison to that between the electrode 

and electrolyte. The rate capability of the batch-like MnO/C anode was tested in a half cell 

where lithium metal was used as the counter electrode and the testing voltage window 

was 0.01-2.50V (Figure S6a). The first discharge capacity reaches 1215 mAh g-1 and the 

subsequent capacity stabilizes at 1018 mAh g-1 at a current densityof 0.2 A g-1, which are 

higher than the theoretical value of 756 mAh g-1 due to the formation of a reversible solid 

electrolyte interphase (SEI) and the capacitance contribution from interfaces as reported 

in the literature.27, 52-54 Normally, SEI formed on the graphite particle surface prevents 

the co-intercalation of organic solvent molecules for suppressing the exfoliation of 

graphite flake and consumption of electrolyte for enhancing the cyclic stability in 

subsequent cycles.55, 56 However, the poly/gel-like SEI film in transition metal oxide 

anode are reversible owing to the probably catalytic effect from the oxides, and provides 

an extra capacity at low voltage region.53, 54 More details will be further discussed in the 

following EIS analysis. As the current density increases to 6.4 A g-1, the electrode still 

delivers a specific capacity of 256 mAh g-1, which is higher than most of the reported 

results57, 58 with no conductive carbon added to the electrode. The cycling stability of the 

electrode was also tested at a current density of 0.8 A g-1. The specific capacity reaches 

594 mAh g-1 and capacity retention of 80% was observed over 2oo cycles (Figure S6b). 

Table S2 compares the electrochemical performances of the reported MnO anodes with 

our results. The good rate capability and cycling stability in our work can be ascribed to 

the improved kinetics that means the shortened ion diffusion path and accelerated charge 

transfer in MnO/C composite. For examples, the small 6 nm size of the active MnO 

nanoparticles benefits for the diffusion-controlled processes. The high specific surface 

area increases the ion exchange sites and the reaction rate. The porous batch-like 
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nanostructure with interconnected 3-D conductive network ensures excellent charge 

transfer. All of these effects synergistically improve the reaction kinetics of MnO/C anode 

and increase its performance in Li-ion half cells.  
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Figure 3. (a) Cyclic voltammogram curve of the MnO/C anode without the addition of conductive material in a Li-ion 

half cell where Li-ion metal was used as the counter electrode. The reducing peak around 0.35 V and the oxidizing peak 

at 1.22 V represent the conversion reaction of the MnO/C anode in the discharging and charging process, respectively. 

(b) b-values at various voltages. The data were calculated from CV curves at varying sweep rates and used to evaluate 

the diffusion or adsorption-controlled reaction process at different electrochemical stages. (c) The separated capacitive 

contribution (shaded area) of the total charge storage at a sweeping rate of 1 mV s-1. The capacitive contribution is 

around 60 % of the total energy storage state.  

 

In order to further understand the details of MnO/C anode kinetics, especially the ion 

diffusion and charge transfer in the charge/discharge process, EIS was adopted to record 

the change of impedance spectra at different electrochemical states in the 3rd cycle. The 

galvanostatic current density was set at 20 mA g-1 to ensure the reactions achieve 

equilibrium. The cell was allowed to rest for 20 min before collecting the EIS spectra at a 

voltage amplitude of 5 mV.  Figure 4a shows the EIS spectra during the discharging 

process. Initially, the spectrum at 2.4 V consists of a semicircle at high frequency and a 

subsequent straight line at lower frequency. Before the voltage decreases below 1.2 V, all 

spectra are similar in shape, though the slope of the straight line is slightly different. 

However, there are two semicircles present when the voltage was lower than 1.0 V. The 

diameters of the semicircles gradually decrease when the voltage goes down. At 0.2 V, the 

spectrum displays the smallest two semicircles with a straight line. During the charging 

process, the spectra evolve from two semicircles with a linear tail to one semicircle and a 

linear tail (Figure S7a). The charging spectra at fixed voltages exhibit similar shapes and 

sizes as the results in discharging spectra, demonstrating good reversibility of the 

electrochemical reactions in the MnO/C electrode. In general, the EIS spectrum can be fit 

with an equivalent circuit that includes the resistance of the electrolyte (Rs), the resistance 

of the SEI film (Rf), charge transfer resistance (Rct), constant phase element (CPE), and 

the Warburg resistance (ZW). Li-ion diffusion coefficients of electrodes can be calculated 

from the low-frequency plots of EIS spectra based on the following equations 39  

Z′ = R𝑠 + 𝑅𝑓 + 𝑅𝑐𝑡 + 𝜎𝑤𝜔−0.5                                                (8) 

𝐷𝐿𝑖+ = 𝑅2𝑇2/2𝐴2𝑛4𝐹4𝐶2𝜎𝑤
2                                                    (9) 

where ω, A, n, F, C, R, and T stands for the angular frequency, electrode area (0.50 cm2), 

reactive electron number per chemical formula (2), Faraday’s constant (96, 500 C mol-1), the 

molar concentration of Li ions (1.0 × 10-3 mol cm-3), gas constant (8.314 J mol-1∙K-1), and the 
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testing temperature (298 K), respectively. It is noting that Li-ion concentration was assumed 

as the same of electrolyte and stayed constantly owing to Li metal anode provided sufficient 

Li ions for the electrochemical reaction. The Warburg coefficient (σw) was obtained from the 

slopes of Z′–ω−1/2 curves as shown in Figure S7b-c.  The ion diffusion coefficients are shown 

in Figure 4b. At different stages of charge/discharge, the MnO/C electrode has different 

ion diffusion coefficients. The fully charged state at 3.0 V has the lowest coefficient of ~10-

15 cm2 s-1 and the fully discharged state at 0.01 V has the highest coefficient of ~10-11 cm2 

s-1, which is higher than commercial and other nanostructured MnO at the same voltages 

because its smaller particle size (~6 nm) of MnO and higher electrical conductivity (106 

S/m) of carbon coating in comparison with other nanostructured MnO composite, such 

as mesocrystal MnO that has a particle size around 10 nm and electrical conductivity of 

2.97×10-3 S/cm.39 Furthermore, the charged state at a fixed voltage displays a slightly 

higher coefficient than that of the discharged state. The possible reason for the large 

coefficient difference at fully charged and discharged states can be attributed to the phase 

compositions of the MnO/C electrode. In the fully charged state, the phase is cubic MnO, 

which has a strong ionic chemical bond (Mn-O, 402 kJ mol-1)37 and a high atomic packing 

density (~68%) making it difficult for the Li-ion to diffuse through the crystal body. 

However, in the fully discharged state, there are metallic Mn and Li2O. Aside from the 

relatively weak chemical bond of Li-O (341 kJ mol-1),37 the products in the fully discharged 

state are in the amorphous state or local short-range ordered arrangement,52,31 meaning 

they are loosely packed. Thus, the working ions can easily migrate through the open 

spaces or channels. The EIS spectra at 0.2, 0.8 and 2.6 V in the charge/discharge states 

are plotted together to compare and analyze the effects of the phase compositions in the 

electrode (Figure 4c-d). A schematic of phase evolution and equivalent circuits are shown 

in Figure 4e-f. At the initial discharge process, the phase at 2.6 V is MnO and the 

semicircle in the EIS spectrum stems from the resistance (104 Ω) corresponding to the 

charge transfer in MnO, which agrees with the reported MnO anode at the charging 

state.24, 52, 59 When voltage decreases to 0.8 V, two semicircles appear as per the 

literature.60 The one at the higher frequency still relates to the charge transfer resistance 

(60 Ω) but the other semicircle of lower frequency correlates to the resistance from the 

SEI film (145 Ω). Based on the brick-layer model,61 the capacitances of nanoparticles 
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(CPE1) is far smaller than the capacitances from the interfaces between the SEI and MnO 

particles (CPE2) because the width of interface is smaller than particle size. The simulated 

results listed in Table 2 strongly support this argument. The increase of the resistance at 

0.8 V can be attributed to the formation of a SEI accompanied with the decomposition of 

the electrolyte and the breakdown of MnO. Additionally, the disordered atoms scatter the 

charges leading to an increase in the resistance. At the discharge state of 0.2 V, both 

resistances became smaller. The possible reason for this is that the metallic Mn 

precipitated homogenously to form a conductive network in the electrode. Additionally, 

the composition of the SEI gradually changes, benefiting the formation of Li2CO3 by 

increasing the charge transfer and ion migration but mitigating the LiF formation owing 

to its insulating property.62-64 In the reverse charging process, similar EIS spectra at 0.2 

V with the comparable resistances at the discharge state of 0.2 V, indicating similar 

chemical surroundings in the electrode. When the voltage increases to 0.8 V, the Rct and 

Rf are larger than those of the same discharge state. The possible reason is that the partial 

decomposition of the SEI and Li2O leads to the disappearance of electronic and ionic 

components, resulting in the increased resistances. LiF, an electronic insulator, needs a 

high decomposition voltage of 6.1 V to break its strong ionic bond if the system cannot 

provide enough driving force.65 When charged to 2.6 V, the Rct is around 126 Ω, which is 

higher than that of 104 Ω at the same discharge voltage, suggesting a slightly high-

resistance component remains in the system or a slight change on the particle surface that 

is not fully recovered. The similar EIS spectra under the same charge and discharge 

voltage and the change of the number of semicircles under different voltage suggest a 

nearly reversible SEI owing to the capacitances from SEI occur and then disappear in the 

discharge and charge process. The reason is that the compositions of SEI and electrode 

materials have different dielectric constants that lead to a big difference in capacitances 

as shown in Table 2. In the charge process, the second semicircle at middle frequencies 

disappear, meaning one interface disappears. In fact, the solid electrode material which 

cannot disappear, probably corresponds to the SEI layer. This reversible SEI play a role 

in ion and electron storage reservoir that allows for the high specific capacity and ensures 

a stable cycling performance. The gradually increased ion diffusion coefficient during the 

discharge process accelerates the electrode reactions and enhances the rate capability. It 
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is worth noting that the nanostructured MnO/C anode still favors high ion migration, but 

the reaction is controlled by diffusion at low voltages, such as at 0.3 V. 

  

Figure 4. (a) Electrochemical impedance spectra at different discharge stages. The semicircle changes from one to two 

when the potential decreases from a fully charged state (3.0 V) to a fully discharged state (0.01 V). (b) The Li-ion 

diffusion coefficients of the MnO/C anode under different electrochemical potentials. The difference between the 

coefficient of the fully charged and discharged states stems from the varying phase compositions. (c) A comparison of 

the EIS spectra from different discharge potentials versus Li/Li+. The resistances from the semicircles present a 

remarkable variation, especially when the formation of solid electrolyte interphase starts around 0.8 V owing to the 

decomposition of the electrolyte. (d) EIS spectra at various charging stages. The resistances at 0.8 V increase more than 

that collected at a discharging state, implying a reaction hysteresis between the charging and discharging states at the 

same electrochemical potential. (e) Schematic of the phase transition and composition of the charging and discharging 

Page 18 of 25Journal of Materials Chemistry A



Page 19 of 25 

 

states. The formation of a SEI and the precipitation of metallic Mn change the chemical compositions and states of the 

whole electrode. (f) The equivalent circuit for EIS spectra at different states. An additional circle in the EIS suggests a 

parallel resistance (R) and constant phase element (CPE) in the equivalent circuit and a new interphase is formed in 

the electrode. 

 

Table 2. The Resistances (Rs, Rct, and Rf) and Capacitances (CPE1, CPE2) 

 States  Voltage (V) Rs (Ω) Rct (Ω) Rf (Ω) CPE1 (F) CPE2 (F) 

Discharge 

2.6 2.5 104 - 2.13×10-5 - 

0.8 2.6 66 173 3.01×10-5 1.68×10-3 

0.2 2.5 42 53 3.12×10-5 1.57×10-3 

Charge 

0.2 2.3 44 53 4.70×10-5 1.82×10-3 

0.8 2.7 135 234 1.49×10-5 9.35×10-4 

2.6 2.5 142 - 5.00×10-5 - 

 

Performances in Li-ion Capacitor 

The electrochemical potential and diffusivity of electrode materials have significant 

impacts on the performances of a device, especially the energy density and efficiency. 

Choosing a stable cathode with a slight or no voltage hysteresis can effectively reveal the 

true performance of MnO/C in a full cell. Activated carbon (AC) has excellent chemical 

stability and a high specific surface area so it is generally used in electrodes for 

supercapacitors.66 A commercial AC derived from a coconut shell with a specific surface 

area around 1,800 m2 g-1 was adopted as a cathode to build a Li-ion capacitor with MnO/C 

as the anode (Figure 5a). A Celgard polymer film and packaged porous Li metal foil was 

used to separate the cathode and anode as well as to compensate for the Li consmpution 

during the first lithiation of the MnO/C anode as well as to avoid the complex process for 

preparing a pre-lithiated anode and an assembly capacitor in two steps.67 In the half cells, 

the AC cathode has a maximum voltage of 4.5 V and the MnO/C anode reaches a 

minimum voltage of 0.01 V versus Li/Li+ (Figure 5b). Taking into consideration the 

discharge voltage plateau of the MnO/C anode around 0.5 V, the working window of the 

capacitor was set to 0.1-4.0 V. The capacitor ran over 20 cycles at a current density of 0.1 

A g-1 to activate the anode (Figure 5c). The initial capacity was 405 mAh g-1 with a 

Coulombic efficiency of 75% meaning that lithiation of the anode consumed Li ions, 

forming an SEI. In the following cycles, the Coulombic efficiency stayed at 100% and the 
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specific capacity slightly increased. Even when the current density increased to 25.6 A g-

1, the capacitor still delivered a specific capacity of 57 mAh g-1 within 9 s, reaching a high-

power density of 11,160 W kg-1. When the current density returned to 0.1 A g-1, the capacity 

was very similar to the initial capacity. The capacitor was cycled at 5 A g-1 for 1000 cycles 

and the specific capacity maintained at around 300 mAh g-1 and displayed an undetected 

degradation during the long-term cycling process (Figure 5d). This excellent cycling 

stability exhibits a huge competitive advantage in comparison to the reported Li-ion 

capacitors, such as the VN//AC,68 MnO//CNS,27 and TiC//AC 69 systems. The energy 

efficiency of Li-ion batteries is defined as the ratio between the discharge and charge 

energy densities.70 The energy efficiency of the MnO/C//AC capacitor reaches 90% at a 

current density of 0.1 A g-1, which is slightly lower than the value of 95% for the 

Li3V2(PO4)3//Li4Ti5O12 battery.70 The reason for the lower energy efficiency stems from 

the voltage polarization of the anode, because the discharge energy density of the 

capacitor is the area encompassed by the charge voltage curve of the anode and the 

discharge voltage curve of the cathode.5 This work shows that discovering the reasons 

behind the voltage profiles is valuable for designing desirable electrode materials and 

fabricating high-efficiency energy storage devices. 
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Figure 5. (a) Schematic configuration of the hybrid Li-ion battery. The MnO/C anode and activated carbon cathode is 

separated by a Celgard polymer separator and packaged porous Li metal for compensating the Li ion consumption of 

the anode during the first cycles. (b) The voltage profiles of both electrodes and their working windows. The voltage 

difference between the cathode and anode is the maximum voltage window of the full capacitor. (c) The rate capability 

of the MnO/C//AC hybrid capacitor within a working voltage window of 0.1-4.0 V. The capacitor at 25.6 A g-1 can deliver 

a power density of 11,160 W kg-1 within 9 s. (d) The cycling stability of the hybrid capacitor at a current density of 5 A g-

1 shows no degradation over 1000 cycles. 

 

Conclusions 

The thermodynamics calculation and crystal field analysis revealed that the bond 

dissociation energy correlates with the discharge potential of MnO. The different electron 

ordering of split 3d orbitals determines the potential profiles and the energy difference 

from the t2g and eg orbitals leads to the potential hysteresis in the charge/discharge 

process. For the MnO/C anode, the diffusion and surface reaction contribution were 

found to vary significantly at the different charge/discharge states; Li ion diffusion 
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coefficient changed from ~10-15 cm2 s-1 at the fully charged state to ~10-11 cm2 s-1 at the 

fully discharged state. The continuous changing phase compositions, especially the 

precipitated Mn and partially amorphous oxide, are likely to reduce the charge transfer 

resistance and enhance the ion migration during the discharging process. The high 

specific surface area and smaller size of MnO/C nanostructures allowed us to achieve the 

high reversible capacity of 1018 mAh g-1 with the capacitance contribution of around 60%, 

and an energy storage efficiency of 90% was attained in a MnO/C//AC capacitor. These 

fundamentals on ionic diffusion and electrochemical potential and the practical example 

are helpful to understand a given material and help us design and/or tune a desired 

material for high efficient energy storage. 
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