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ABSTRACT: Li-CO2 batteries are regarded as promising electrochemical devices to 

simultaneously capture CO2 and deliver electric energy. Although efforts are made to 

exploring reaction routes and developing effective catalysts, the discharge and charge 

behaviors at different current densities and the intrinsic mechanisms are not reported. 

Herein, a Li-CO2 battery with a carbon nanotube electrode is investigated. It is found 

that with an increase of the current density, the discharge voltage plateau gradually 
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decreases. After the initial charge polarization, the following charge process shows a 

two-stage charge voltage profile where the first stage is sensitive to the applied 

current density while the second one is not. In addition, the electrode discharged at a 

lower current density has a higher voltage plateau of the first stage. The 

characterization results demonstrate that the discharge product is a combination of 

Li2CO3 and carbon in which crystalline Li2CO3 nanoparticles with the size of 5 nm 

are distributed. Upon charging, rich nanopores with the sizes of 510 nm are observed, 

which may come from the shrinkage of both crystalline and amorphous Li2CO3. Even 

at the end of charge, Li2CO3 and carbon remain on the electrode, resulting in the 

irreversible process. Thus, the first charge stage is proposed to be the decomposition 

of crystal and amorphous Li2CO3, while the second charge stage with a high voltage 

is attributed to the blockage of transport channels and the accumulation of side 

products. Furthermore, for the first charge stage, a low discharge current density leads 

to small sizes of crystalline Li2CO3 combining with amorphous carbon in the products, 

increasing the transport resistance and causing a high charge voltage. On the contrary, 

a high discharge current density results in large sizes of Li2CO3 crystals, improving 

the overall conductivity and leading to a low charge voltage. 

Introduction 

Facing the rapid shrinkage of fossil fuel resources and the continuous increasing 

emission of carbon dioxide (CO2) over the world, it is more imperative than ever to 

explore sustainable energy systems for relieving energy shortage and addressing 

environmental contamination.1–4 Li-ion batteries, limited by the energy density (~350 
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Wh kg−1),5 are difficult to meet the energy-demanding requirement.6 Metal-air 

batteries, due to the higher theoretical energy densities, are regarded as a promising 

electrochemical energy storage technology, especially for long-distance electric 

vehicles.7 As an emerging family of metal-air battery systems, Li-CO2 batteries which 

are assisted with the redox chemistry between Li and CO2, harvest six times more 

energy density (1876 Wh kg−1) than those of Li-ion batteries.8 Ever since the concept 

of taking CO2 as the fuel gas proposed in a primary large-capacity Li-CO2 battery,9 

considerable research interests have been raised for both capturing greenhouse gas 

(mainly CO2) and generating power supply.10–12 Additionally, Li-CO2 batteries have 

access to Mars exploration in a high CO2 atmosphere (96%), which offers excellent 

practical prospects in military and research fields.5,13,14  

In spite of their great merits, many pivotal issues have impeded the development 

and practical application of Li-CO2 batteries15–17 The inactive Li2CO3, an insulator 

and an insoluble product, gradually covers the active sites of the electrode and is 

accumulated to a certain thickness upon discharge operation.18 The dense passivation 

layer not only isolates the reaction intermediates from contact with Li+ ions and/or 

electrons but also results in the substantial difficulty in the oxidation of carbonate 

products during the charging process.19 This eventually leads to a large polarization 

between CO2 reduction reaction (CORR) and CO2 evolution reaction (COER),2013 low 

round-trip efficiency during cycling,21 and poor reversibility on recharge.22 

Meanwhile, the charge potential (often >4.5 V versus Li/ Li+) is such high that 

inevitably induces the decomposition of electrolytes and electrodes to decrease the 
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cycle life.23 Great efforts have been made to dealing with these hinders and enhancing 

electrochemical performance, such as exploring the reaction pathways on 

electrodes,24,25 stabilizing the electrolytes,26 and designing electrode structures for 

enhancing transport.20 Among them, the development of available catalysts is the 

research hotspot of Li-CO2 batteries, which accelerate the sluggish reaction kinetics 

and reduce the high overpotentials.27,28 

Among various electrode materials, carbon materials, such as carbon powder 

(e.g., Super P), carbon nanotubes (CNTs), and graphene, have been employed owing 

to their high electronic conductivity, low cost, large porosity, and light weight.29 Li et 

al. early showed that the Ketjin Black (KB) electrode obtained a discharge capacity of 

1032 mAh g−1 at 30 mA g−1 and operated to 7 cycles at room temperature.30 Zhou et al. 

introduced graphene and CNTs to improve the capacity to 14774 mAh g−1 and 8379 

mAh g−1, and the cycling stability to 20 times and 29 times at 50 mA g−1, 

respectively.29,31 Dai et al. fabricated B, N-codoped holey graphene to overcome rate 

capability and reversibility barriers, which exhibited an ultrahigh cyclability up to 200 

times at a high current density of 1.0 A g−1.5 N-doped CNTs provided by Cheng et al. 

further enhanced the full capacity to 23328 mAh g−1, prolonged a stabilized cycle life of 

over 360 cycles, and narrowed the potential gap to 1.96V at 1.0 A g−1.19 In addition to 

using carbon materials only, the decoration by metals or metal oxides has been widely 

explored, which can facilitate the interaction between Li2CO3 and carbon and 

markedly reduce the reaction barrier thermodynamically. For example, Mn2O3 

decorated on KB drastically reduced the voltage gap to 1.4 V and kept running over 40 
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cycles (2000 h),32 while the noble metal Ru dispersed on super P exhibited satisfactory 

polarization of 1.7 V and durable cycling stability of more than 70 times at 100 mA 

g−1.33 NiO/CNTs and Cu/N-doped graphene electrodes achieved a superior coulombic 

efficiency above 90% and cycling performance of over 40 cycles.14,34 

IrO2/δ-MnO2@carbon electrode could enable the operation of more than 300 cycles at 

400mA g−1 and 200 cycles at 800mA g−1 without performance decay.35 Mo2C@CNT 

was utilized to stabilize intermediate product Li2C2O4-Mo2C and decreased the charge 

potential not exceeding 3.5 V.36 In view of the complicated chemical/electrochemical 

reaction processes at the interface of CO2-liquid electrolyte-solid electrode, in-depth 

research of fundamental reaction mechanism, especially the behavior feature during 

discharge and charge, can undoubtedly optimize the system components of Li-CO2 

batteries, and further provide useful guidelines for the design of the electrode 

materials.8 Taking advantages of thermodynamic calculations and differential 

electrochemical mass spectrometry methods, the discharge mechanism is proposed as 

4Li+ + 4e− + 3CO2 → 2Li2CO3 + C.33 Additionally, the porous gold electrode was 

introduced to track amorphous carbon apart from conspicuous Li2CO3, and the 

observation of Li2CO3 and carbon is in accordance with other research.37,38 

Subsequently, the insufficiency of the supply rate via the low Li+ ion concentration of 

50×10-3 M and the CO2 volume ratio of 1:5 to Ar has strongly evidenced the 

formation of oxalate species at the beginning of discharge.25 Besides the unique 

reaction process during discharge, two crucial charge mechanisms have been 

proposed, including the electrochemical self-decomposition of solid Li2CO3 using 
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carbon electrode and the reversible reaction of Li2CO3 and amorphous carbon species 

using effective catalysts.19 Zhou et al. have demonstrated the evolution of gaseous 

CO2 as the main product without any O2 upon charging, while the track of 

surperoxide radicals (O2
−) result in the decomposition of organic electrolyte.39 

Subsequently, the missing O2 found by Freunberger et al. was detected through its 

corresponding chemical probes.40 Moreover, the kinetic factor can alter the charge 

pathway in which the individual decomposition of Li2CO3 can proceed via either a 

three-electron process (2Li2CO3 → 4Li+ + 2CO2 + O2
− + 3e−) or a four-electron 

process that involves the evolution of O2 (2Li2CO3 → 4Li++ 2CO2 + O2 + 4e−).25 

Although the above-mentioned investigations provide the possible discharge and 

charge reaction mechanisms, it is noteworthy that owing to the solid products formed 

under discharge, the charge process is not a sole process that should be considered 

with the connection to the discharge process. In a similar situation of Li-O2 batteries 

where the product is solid Li2O2,
41 the research demonstrates that the batteries 

discharge at different current densities can greatly affect the charge behaviors owing 

to the different product morphologies (e.g., toroid or film)42 and structures (e.g., 

amorphous).43 However, the electrochemical behaviors of Li-CO2 batteries at different 

discharge and charge current densities and the intrinsic mechanisms have not been 

reported yet.  

Herein, the discharge and charge behaviors of a Li-CO2 battery under different 

current densities were investigated in this work. As CNTs have been widely applied 

with remarkable electrochemical performance in Li-CO2 batteries, CNT-based 
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electrodes were used as a representative of carbon materials. We first tested the 

electrochemical performance of this electrode at different discharge and charge 

current densities with a fixed capacity. Then, the compositions and morphologies of 

the discharged and charged electrodes were characterized. Moreover, combined with 

the observation, the formation and decomposition processes of the hybrid products 

were proposed, and the origin of charge potential at different current densities was 

revealed. This works provides insights into the mechanisms of Li-CO2 batteries, and 

will benefit the development of effective electrode materials and operating strategies 

for improved energy efficiency. 

Experimental 

Electrode fabrication 

The CNT electrodes were fabricated as follows: a mixture of multi-walled CNTs with 

the diameter of 8-15 nm, length of 8-12 μm, and surface area of 233 m2 g−1 and 

polytetrafluoroethylene (PTFE) as the binder with the mass ratio of 9: 1 was 

uniformly sprayed on the surface of a carbon paper (TGP-H-060, 210 μm thickness). 

After drying for 60 min, the electrode was annealed in the muffle furnace in the air at 

250 oC and 340 oC for 1 h, respectively, to make the binder uniformly distribute and 

well connect with the CNTs. Later, electrodes were punched into circular pieces with 

a diameter of 10 mm, and the loading of CNTs was measured to be ~0.8mg cm−2. 

Battery assembly and tests 

The electrochemical performance of the CNT electrode was measured by a 

home-made Li-CO2 battery, which was assembled in an argon-filled glove box 
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(Etelux, Lab 2000) with the oxygen and water concentration of less than 1 ppm. The 

type of lithium metal electrode is 16 mm in diameter and 0.6 mm in thickness. The 

Whatman glass fiber was used as the separator. The punched CNT electrode is 

saturated with 1.0 M lithium bis(trifluoromethanesulfonyl)imide in tetraethylene 

glycol dimethyl ether (LiTFSI/TEGDME) electrolyte, which was saved in the glove 

box after drying over molecular sieves. The galvanostatic discharge and charge tests 

were performed to investigate the CO2 reduction and evolution processes using a 

fixed capacity mode (Neware, CT-3008W). Two groups of experiments were 

conducted: the first one was discharged at different current densities of 50, 100, and 

150 mA g−1, and charged at the same current density of 50 mA g−1; and the other one 

was discharged at the same current density of 150 mA g−1, and charged at different 

current densities of 50, 100, and 150 mA g−1. Both discharge and charge tests were 

carried out at room temperature under a fixed capacity of 1000 mAh g−1. 

Material characterization 

The Li-CO2 batteries after tests were disassembled and the CNT electrodes were 

rinsed with the dimethyl ether (DME) solvent in the argon-filled glove box. The 

washed electrodes were dried overnight in the vacuum chamber before the following 

characterization analyses. The signal of Li2CO3 product was confirmed by using 

Philips high-resolution X-ray diffraction system (XRD, model PW 1825) with a 

Cu-Kα radiation source of 40 keV and Fourier-transform infrared-attenuated total 

reflectance (FTIR-ATR) spectroscopy on an infrared spectrometer (Thermo Fischer 

Scientific) with a diamond crystal at the wavenumber range of 750-1750 cm−1. The 
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track of C element was examined by a Jobin-Yvon Horiba LabRam HR Evolution 

Raman spectrometer with a 633 nm laser. The morphologies of the products were 

collected with field-emission scanning electron microscopy (FESEM, JEOL-7500 F) 

at an accelerating voltage of 2.0 kV. The discharged and charged electrodes were 

tracked with the high-resolution transmission electron microscopy (HRTEM, 

JEOL-2010F) at 200 kV, and the scanning transmission electron microscope (STEM) 

mapping was used to demonstrate the elemental distribution at 15 kV.  

Results and discussion 

As shown in Figure 1a the porous air electrodes made of CNTs were discharged to a 

fixed capacity of 1000 mAh g−1 under current densities of 50, 100, 150 mA g−1, 

respectively. During discharge, the voltage plateau is about 2.72 V at a low current 

density of 50 mA g−1, which continuously decreases to 2.65 V at 100 mA g−1, and 

2.59V at 150 mA g−1. To characterize the discharge products, the electrodes were first 

examined by XRD, as shown in Figure 1b. Under the CO2 atmosphere, in addition to 

the two diffraction peaks of the CNT substrate, the diffraction peaks at 21.34°, 30.64° 

and 31.79° can be indexed to the (110), ( 202 ), and (002) lattice planes of Li2CO3 

(JCPDS 87-0729), and the other peaks indexed to Li2CO3 are marked as the shaded 

areas, indicating the formation of Li2CO3. The average crystal size of Li2CO3 is 

estimated by the results of XRD from 1.8 nm (at the current density of 50 mA g−1) to 

3.8 nm (at 100 mA g−1) and then to 5.4 nm (at 150 mA g−1). The existence of Li2CO3 

was further confirmed by FTIR, which corresponds to the absorbance peaks at around 

1415 and 860 cm−1 (marked as the shaded areas), as presented in Figure 1c. 
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Figure 1. Electrochemical performance and characterization of the CNT-based 

electrodes: (a) discharge-charge voltage profiles with a cut-off capacity of 1000 mAh 

g−1 at different discharge current densities (50, 100, 150 mA g−1) and a same charge 

current density of 50 mA g−1. The |dV/dQ| (unit: V (mAh g-1)-1) of the above charge 

voltage curves are also presented, and the scale is adjusted to clearly show the three 

curves. (b) XRD patterns and (c) FTIR spectra after discharge. 

To provide insight into the discharge behaviors of the CNT electrode, we 

examined the morphologies of the pristine and discharged electrodes at different 

current densities, and the SEM images are shown in Figures 2a-d. For the pristine 
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electrode, CNTs are tangled with each other to form a porous network, and the 

surfaces of CNTs are clean (Figure 2a). While after discharge, the smooth surfaces 

turn into rough and are coated with solid products, as demonstrated in Figures 2b-d. 

Besides, with an increase of the discharge current, the product morphology converts 

from floccules or sheet aggregations (at 50 mA g−1) to small particles (at 100 mA g−1) 

and then to thin-platelets (at 150 mA g−1). To further examine the structure of the 

products, TEM characterization of the electrode discharged at 150 mA g−1 was carried 

out, as illustrated in Figure 3. The products grown on CNTs are composed of 

numerous small particles (Figure 3a and 3c), and some “dark dots” can be observed. 

The selected area electron diffraction (SAED) pattern in the inset corresponds to the 

(110), (311), and ( 423 ) lattice planes of Li2CO3, verifying that Li2CO3 is formed in 

the products. From the HRTEM in Figure 3b, several visible nanoparticles with the 

grain sizes of roughly 5 nm are distributed among the products, consistent with the 

calculation results from XRD. The zoomed-in perspective in the inset shows the 

well-resolved lattice fringes with an interplanar spacing of 0.211 nm, which 

corresponds to the (112) plane of Li2CO3. Thus, the “dark dots” in the products are 

crystalline Li2CO3, while “light parts” are speculated to be the amorphous Li2CO3 and 

carbon according to the electrochemical reaction occurred in Li-CO2 batteries.33 To 

confirm this, the element mappings in Figures 3d-f illustrate that besides CNTs, C 

and O elements are distributed in the product region (the center of Figure 3c). Apart 

from TEM observation of C element, the Raman spectra of the pristine, discharged, 

partially charged, and fully charged electrodes were tested to further confirm the C 
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evolution. As shown in Figure 4, it is revealed that two main characteristic peaks 

detected at 1340 and 1581 cm−1 correspond to the D and G bands of carbon species, 

respectively, and a broad peak at 1120 cm−1 that is corresponding to Li2CO3 emerges 

at discharge. The intensity ratio of D and G bands (ID/IG) converts from 1.44 (the 

pristine electrode) to 1.71 (the discharged electrode), demonstrating that the 

amorphous carbon (disordered phase) is formed as the discharge process proceeds. 

Hence, the combination of characterization succeeds in providing evidence of the 

track of C elements. Thus, the discharge products are demonstrated to be a 

combination of Li2CO3 and C, and crystalline Li2CO3 particles are distributed in the 

amorphous phases.  

 

Figure 2. SEM images of (a) pristine and (b-d) discharged electrodes at various current 

densities: (b) 50, (c) 100, and (d) 150 mA g−1 with a cut-off capacity of 1000 mAh g−1. 
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Figure 3. TEM images of the CNT electrode after discharge with a cut-off capacity of 

1000 mAh g−1 at current density of 150 mA g−1: (a) CNTs with the discharge products, 

and the inset shows the SAED pattern; (b) HRTEM images of the products, and the 

inset shows the solid particles with a high-magnification; (c) Simultaneously acquired 

image and (d) EDS spectrum imaging for chemical maps of C and O; (e-f) STEM 

element mapping of (e) C and (f) O. 
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Figure 4. Ex-situ Raman spectra of CNT electrodes at the pristine stage, the 

discharged stage with a cut-off capacity of 1000 mAh g−1, the partially charged stage 

with a cut-off capacity of 400 mAh g−1, and the fully charged stage with a cut-off 

capacity of 1000 mAh g−1, respectively. 

The discharged electrodes at various current densities were then charged at the 

same current density of 50 mA g−1. As shown in Figure 1a, after the initial charge 

polarization, the following voltage profiles exhibit two stages: in the first stage, a 

lower voltage plateau is presented, which even decreases with the charge process; 

while in the second stage, the voltage suddenly increases and keeps increasing till the 

end of charge. To investigate the reaction process at different charge states, the results 

of |dV/dQ| are used, which reflect the changes of conductivity upon charging. The 

outlines of |dV/dQ| can be roughly divided into three stages: the rapid increase stage 

owing to the charge polarization (L0), the stage with the appearance of characteristic 

peaks (L1), and the relatively flat stage (L2). It is found that the electrode discharged at 
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a low current density (e.g., 50 mA g−1) has a longer first charge-voltage stage (L1). 

Additionally, with an increase of the discharge current density, the charge voltage 

plateau decreases in the first stage, but increases in the second stage. To elucidate the 

mechanism during the charge process, we conducted another experiment, in which the 

CNT electrodes were discharged at the same current density of 150 mA g−1 and then 

charged using different current densities of 50, 100, and 150 mA g−1. As displayed in 

Figure 5a, the two-stage charge voltage profiles are observed, which is in accordance 

with the phenomena in Figure 1a. In addition, the results of |dV/dQ| indicate that the 

length of each stage almost keeps constant when the charge voltage changes. In the 

first charge stage (L1), the charge voltage increases clearly with an increase of the 

charge current density; but in the second stage (L2), the charge voltages almost exhibit 

the same value. In other words, the charge voltage is more sensitive to the current 

density in the first stage (at around 400 mAh g−1) but becomes insensitive in the 

second stage. Thus, three crucial points during charge (A, B, and C) were employed to 

study the decomposition of discharged products. The point A is the initial charge stage 

(which is also the termination of the discharge process), while point B is the turning 

point between sensitive and insensitive stages during charge, and point C is the 

termination of the charge process. The XRD patterns of the electrodes at different 

stages are investigated in Figure 5b. At point A, the three strong peaks are assigned to 

be the (110), ( 202 ), and (002) planes of Li2CO3, which become weaker and even 

disappear at point B, indicating the decomposition of Li2CO3. The FTIR spectra in 

Figure 5c and the Raman spectra in Figure 4 also show that Li2CO3 is reduced at 
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point B. Meanwhile, the ID/IG ratio of the Raman spectra converts from 1.71 (point A) 

and to 1.74 (point B) and then to 2.01 (point C), revealing that amorphous carbon still 

remains on the electrode upon charging.  

 

Figure 5. Electrochemical performance and characterization of the CNT-based 

electrodes at different stages: (a) discharge-charge profiles with a cut-off capacity of 

1000 mAh g−1 at a same discharge current density of 150 mA g−1 and different charge 

current densities (50, 100, and 150 mA g−1). The |dV/dQ| (unit: V (mAh g-1)-1) of the 

above charge voltage curves are also presented with the stage L1 marked as the shaded 

area, and the scale is adjusted to clearly show the three curves. (b) XRD patterns and (c) 

FTIR spectra at the different charged stages. 
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Further, the morphology of the electrode charged at 400 mAh g−1 at point B was 

characterized. Compared with the electrode at point A (Figure 2d), the surfaces of the 

thin-platelet-like products are melting and become irregular, as shown in Figure 6a. 

From the TEM image in Figure 7a, no “dark dots” can be observed. Surprisingly, rich 

pores are detected to embed inside the residual products, most of which are close to 

the surfaces of CNTs. From the high-resolution image in Figure 7b, no crystalline 

Li2CO3 nanoparticles are presented. Instead, the sizes of pores are 510 nm, which are 

equal to or greater than those of Li2CO3 nanoparticles (5 nm) in Figure 3b. Previous 

investigations have shown that the crystalline Li2CO3 has a little higher diffusivity 

and ionic conductivity than the amorphous phase.44–46 Thus, the amorphous Li2CO3 

may provide charge transport channels for the delithiation and charge transfer process, 

inducing the preferential decomposition of crystal nanoparticles. These nanopores 

indicate that the crystalline Li2CO3 nanoparticles are consumed and the amorphous 

region also contributes to being excavated upon charge. Combining with the TEM 

results, the characteristic peaks of the |dV/dQ| arise from the phase transition of the 

crystal Li2CO3 in the first charge stage (L1). Certainly, the average sizes of crystalline 

Li2CO3 and the states with C species can affect the intensity, width, and position of 

the peak, which are related to the discharge current density. Consequently, the battery 

discharged at different current densities has different charge voltage profiles even at 

the same charge current density. From Figures 7c-f, the element mappings of C and O 

illustrate the residual carbon and Li2CO3, consistent with the XRD, FTIR, and Raman 

results.  
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Figure 6. SEM images of the CNT electrode charged with the current density of 150 

mA g−1 at (a) point B (the turning point between sensitive and insensitive stages) and (b) 

point C (the end of charge).  

 

Figure 7. TEM images of the CNT electrode at point B: (a) CNTs with the discharge 

product; (b) HRTEM images of the residual products, and the inset shows the pore sizes 

(marked with white circles); (c) Simultaneously acquired image and (d) EDS spectrum 

imaging for chemical maps of C and O; (e-f) STEM element mapping of (e) C and (f) 

O. 

At point C, from the XRD patterns in Figure 5b, most peaks assigned to Li2CO3 
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disappear, while some peaks still remain, indicating the remaining of Li2CO3 in the 

products. The result can be confirmed by the FTIR spectra in Figure 5c, although the 

surfaces of CNTs seem to be smooth without visible product particles in Figure 6b. 

As shown in Figure 4, Raman spectra also evidence that the high ID/IG ratio (2.01) 

means undecomposed carbon, while may induce the decomposition of the electrolyte 

and/or carbon electrode due to the high charge potential (e.g., > 4.3 V) at the second 

charge stage, with the results of |dV/dQ| presented in Figures 1a and 5a. The reason 

may be as follows: first, the electrochemical reactions occur on the carbon electrode is 

irreversible, during which only part of targeted Li2CO3 can be decomposed as 

reported by Zhou et al.;25 second, carbon is inactive as the catalyst towards the 

decomposition of solid Li2CO3,
30 resulting in a high charge voltage (i.e., >4.5 V) that 

causes the decomposition of CNTs and the electrolytes.47 As a result, Li2CO3 can be 

detected even after full charge, indicating that a Li-CO2 battery can hardly be stably 

discharge-charge cycled using a CNT electrode only. 
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Figure 8. Schematic illustration of the proposed discharge and charge mechanisms of 

Li-CO2 batteries with CNT electrodes. 

Based on the above results, the discharge and charge mechanisms of Li-CO2 

batteries with CNT electrodes are proposed as schematically illustrated in Figure 8. 

Upon discharging, CO2 dissolved in the electrolyte is reduced on the electrode surface, 

which meets Li+ and forms carbon and Li2CO3. Since carbon is insoluble in the 

non-aqueous electrolyte, the generated carbon will immediately precipitate on the 

electrode surface. While for Li2CO3, it may dissolve in the electrolyte to a certain 

amount,48 and then start to precipitate when the concentration reaches the saturation 

value. As a result, nucleation and growth of Li2CO3 can occur on the electrode, 

resulting in the formation of crystalline Li2CO3 nanoparticles. Besides, amorphous 

Li2CO3 can also form at the places without sufficient nucleation sites. Thus, at the end 
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of discharge, the products present the morphology composed of numerous 

nanoparticles in which crystalline Li2CO3 nanoparticles are well distributed (Figure 

3). Upon charging, the decomposition of Li2CO3 crystal nanoparticles (5nm) and 

amorphous phases causes the remaining carbon to get together with each other, 

building up a layer of the visible self-supporting shell and further leads to the 

formation of nanopores with the size of 510 nm after the first charge stage (Figure 

7). With the charge deepening, as carbon can hardly be decomposed using the CNT 

electrode (Figure 4),19 the shrinking Li2CO3 is surrounded by extremely passivated 

carbon film and turns into “isolated islands”. In addition, the high charge voltage 

causes the decomposition of electrode and electrolyte, resulting in carbonate-based 

side products that passivate the electrode surfaces.49,50 Thus, even after fully charged, 

the electrode is distinct from the pristine one, as confirmed by the results of Raman, 

XRD, and FTIR shown in Figures 4, 5b, and 5c. 

According to the proposed mechanisms, the discharge and charge behaviors in 

our experiments are explained as follows: The reaction interfaces of Li2CO3/electrode 

and Li2CO3/electrolyte play dominant roles in the charge reactions of Li-CO2 batteries. 

Different contact modes determine the mass transfer resistance and electrons transport. 

In virtue of the priority of electric flow, the superficial Li2CO3 toward the electrode 

surface is preferentially consumed, and the product collapses in a certain direction. In 

addition, thanks to the good electronic conductivity of carbon involved in the products, 

the decomposition of Li2CO3 can also initiate locally at the Li2CO3/electrolyte 

interface at the same time. In both cases, the product thickness is reduced along with 
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charging, decreasing the transport resistance of species and electrons, leading to a 

stable and even decreasing charge voltage in the first stage. Thus, the plateau value 

depends on the effective conductivity of the formed products and is sensitive to the 

applied charge current density. At a low discharge current density (e.g., 50 mA g−1), 

the low electrochemical reaction rate leads to a low formation rate of Li2CO3. 

Consequently, Li2CO3 can grow to a small size with the amorphous carbon to form a 

well-distributed structure, which increases the transport resistance of species and 

electrons to resolve the crystalline particles, leading to a high charge voltage plateau 

(Figure 1a). On the contrary, the high discharge current density (e.g., 150 mA g−1) 

drives products to nucleate and grow very rapidly, resulting in large sizes of Li2CO3 

particles, improving the overall conductivity and leading to a low charge voltage 

plateau. The similar phenomena have also been reported in non-aqueous Li-O2 

batteries, in which the Li2O2 formed at lower current densities exhibits higher charge 

voltage.51 After the first charge stage, Li2CO3 nanoparticles massively decompose, 

accompanied with the amorphous Li2CO3 around the crystals, which may break the 

architecture for transport channels (e.g., forming pores) of both ion deintercalation 

(e.g., Li+) and the gas emission (e.g., CO2), causing the sharp jump of the charge 

voltage. In the second charge stage, the residual amorphous Li2CO3 is tightly wrapped 

with carbon. Since the produced carbon is hard to decompose on the surfaces of CNTs, 

the passivated carbon may affect and/or even block the species transport channels 

(e.g., CO2 and Li+), giving to a very high charge voltage. As the charging process goes 

deeper, the applied current density may drive the decomposition of the electrolyte 
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instead of the discharge products when the voltage is higher than 4.3 V. Consequently, 

the second charge stage is insensitive to the charge current density. While for the 

products formed at a lower current density (e.g., 50 mA g−1), due to the large number 

of crystal Li2CO3, the first charge stage is longer so that the charge voltage only 

climbs near the end of charge, leading to a shorter second charge stage. Thus, the 

growth mode of discharge products strongly influences the charge voltage. Tuning the 

crystalline structures and improving the activity of electrode materials toward the 

decomposition of discharge products for both carbon and Li2CO3 are worth in-depth 

studies. 

Conclusions 

In summary, we have investigated the discharge and charge behaviors of Li-CO2 

batteries with CNT electrodes under different current densities. When increasing the 

discharge current density, the discharge voltage plateau gradually decreases, and 

product morphology shifts from floccules or sheet aggregations to small particles and 

then to thin-platelets. The product compositions are detected to be a combination of 

Li2CO3 and carbon, in which crystalline Li2CO3 particles are distributed in the 

amorphous Li2CO3 and carbon phases. After the initial charge polarization, a 

two-stage charge voltage profile can be exhibited in the following charge process in 

which the first stage is sensitive to the applied current density while the second one is 

insensitive. In addition, for the electrode discharged at a low current density, the 

voltage plateau of the first stage is high. Through the optical observation, it is found 

after the first charge stage, the crystalline Li2CO3 nanoparticles disappear, but rich 
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nanopores with the size of 510 nm are embedded inside the residual products. 

Further characterization indicates that both the crystalline and amorphous Li2CO3 is 

shrinking upon charging, which may be the reason for the formation of nanopores. 

Even at the end of charge, Li2CO3 and carbon remain on the electrode, resulting in the 

irreversible process. Thus, we propose that the first stage is associated with the 

decomposition of crystal and amorphous Li2CO3, and the break of transport channels 

causes the sharp jump of the charge voltage, while the second stage is attributed to the 

blockage of transport channels and the accumulation of side products. Further, a low 

discharge current density can lead to the small sizes of crystalline Li2CO3 particles 

combining with amorphous carbon in the products, increasing the transport resistance 

of species and electrons and causing a high charge voltage plateau. On the contrary, 

the high discharge current density (e.g., 150 mA g−1) drives products to nucleate and 

grow very rapidly, resulting in large sizes of Li2CO3 crystals, improving the overall 

conductivity and leading to a low charge voltage plateau The findings in this work 

provide will benefit the development of effective electrode materials and operating 

strategies for improving the energy efficiency of Li-CO2 batteries. 
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