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A simple surface modification technique for carbon 

electrodes in long-cycle Li-air batteries is demonstrated, in 

which a polyimide coating is used to suppress unwanted side 

reactions between the electrode and electrolyte (and/or 

Li2O2). This is found to result in excellent cyclic performance, 

without any significant loss of capacity. 

Rechargeable Li–air batteries are currently the subject of much 

attention due to the expectation that they can could allow energy 

densities to be achieved that are several times greater than even the 

most state-of-the–art lithium-ion batteries.1 However, there are still a 

number of fundamental and practical challenges that need to be 

overcome with regards to their low rate capability, limited cycle life 

and significant overpotential.2 These stem from the fact that the 

electrochemistry of a non-aqueous Li-air cell is based on the 

formation and dissociation of solid reaction products such as Li2O2, 

and since this reversible reaction occurs on the surface of the 

electrode, the properties of the cell are largely determined by the 

nature of the electrode. Carbon has tended to be the base material of 

choice for electrodes because of its high conductivity, low weight 

and wide surface area; and when used as an air electrode, can 

provide redox reaction sites and a large area for the storage of 

reaction products.2 However, recent studies have confirmed that 

carbon is unfortunately also a primary cause of unwanted side 

reactions.3 For example, in the presence of Li2O2 produced by the 

discharge process, carbon can easily react with Li2O2 and undergo 

oxidative decomposition to Li2CO3 at high voltage. Furthermore, the 

surface of carbon promotes electrolyte decomposition during 

discharging and charging cycles, giving rise to organic material such 

as Li carboxylates.3 Since neither the Li2CO3 nor organic material is 

easily dissociated on charging, they tend to accumulate with 

successive cycles and therefore lead to a high overpotential and 

limited cyclic performance in Li-air cells.4  

A possible solution to the problems associated with carbon 

electrodes in Li-air batteries is of course to design a suitable carbon-

free electrode. Indeed, several groups have already made progress in 

this regard using inorganic materials such as Co3O4 and TiC,5 and 

have demonstrated an improved cyclic performance as a result. 

 

Figure 1 Schematic diagram showing the reaction between a carbon-

based electrode and electrolyte (and/or Li2O2) for: (a) an electrode 

employing pristine carbon, and (b) an electrode employing surface-

modified carbon. 

However, this comes at expense of significantly lower capacity 

compared to carbon-based electrodes due to the high weight of 

inorganic electrode materials. Therefore, in this study, we propose 

using a stable surface coating on a carbon electrode as a new 

approach to reducing the instability of carbon-based air electrodes. 

The schematic in Figure 1 shows the difference in structure between 
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a surface-coated electrode and a conventional carbon-based 

electrode. As shown in Fig. 1a, the side reaction between carbon and 

the electrolyte (and/or Li2O2) results in unwanted reaction products 

that reduce electrochemical performance. In contrast, the stable 

coating shown in Fig. 1b limits direct contact between the carbon 

and electrolyte (and/or Li2O2), thereby suppressing the formation of 

unwanted reaction products. Moreover, given that the bulk of the 

electrode is still, it should be possible to achieve a much higher 

capacity than a carbon-free electrode.  

The stable coating material used in this study was a polyimide 

coating layer prepared through the imidization of a polyamic acid 

solution. This produced a highly continuous surface coverage with a 

nanometer thickness, and can provide both chemical and thermal 

stability.6 Indeed, polyimide coatings have already been applied to 

the cathode materials of lithium ion batteries to prevent them 

reacting with the electrolyte, and so it stands to reason that a 

polyimide coating should also prevent the unwanted side reaction 

between a carbon air electrode and electrolyte (and/or Li2O2). For 

the carbon electrode, carbon nanotubes (CNTs) were chosen as these 

have been successfully used for air electrodes in Li-air cells.7  

The TEM images of the pristine and polyimide coated CNTs in 

Figure 2 show that although the pristine CNTs have the smooth side 

walls characteristic of multi-walled CNTs, the polyimide-coated 

CNTs are covered with a film-type shell of polyimide, which has a 

lighter contrast than the side walls of the pristine CNTs. The 

composition of the surface of both the pristine and polyimide coated 

CNTs (highlighted by the red rectangles in Fig. 2e and 2f) was 

investigated by energy-dispersive X-ray spectroscopy (EDS). As 

evident from the insets in Fig. 2e and 2f, the polyimide-coated CNT 

surfaces have a relatively higher N content than the surface of a 

pristine CNT, which confirms the presence of the coating layer. EDS 

mapping was also used to verify the uniformity of the coating layer, 

with the red square in Fig. 1g showing the area that was analyzed, 

and Fig. 2h and 2i showing the resulting EDS maps for C and N. 

This reveals that both C and N are uniformly distributed over the 

area in question, indicating a homogenous attachment of the coating 

to the surface of the CNT. The FTIR peaks of the polyimide-coated 

CNT further confirm that the coating layer is polyimide, as shown in 

Fig. 3a, with the broad peaks between 1710 -1770 cm-1 being 

associated with the C=O bond of polyimide.6  

To characterize the effects of the polyimide coating, the 

electrochemical performance of air electrodes employing pristine 

and polyimide-coated CNTs were observed and compared. For 

convenience, the electrode employing polyimide-coated CNTs is 

hereafter referred to as the “PI electrode,” and the electrode 

employing untreated CNTs as the “pristine electrode.” Figure 3b 

shows the initial discharge-charge profiles of both electrodes at a 

current density of 500 mA·g-1 within a voltage range of 2.35–4.35 V. 

The capacity was determined based on the total electrode mass 

(CNT+binder), and as shown in Fig. 3b, the PI electrode exhibited a 

slightly lower discharge capacity than the pristine electrode. This is 

most likely attributable to the low conductivity of the polyimide 

layer and/or a decrease in the surface area of the carbon. The 

overpotential appears to increase slightly due to the polyimide layer, 

but this is of minimal importance to the overall performance. The 

surface resistance of the pristine electrode was ~19 Ω/sq compared 

with ~23 Ω/sq for the PI electrode, which indicates that the thin 

polyimide layer does not significantly reduce the conductivity of the 

electrode. What is important, however, is whether the surface 

coating affects the formation of reaction products. To check this, 

XRD patterns of the pristine and PI electrode were acquired before 

and after the initial (full) discharge of the cell (Fig. 3c). Note that 

with both electrodes there is clear evidence that Li2O2 was formed, 

thus indicating that the polyimide layer does not disturb the 

formation of Li2O2. 

 

 

Figure 2 (a, c) TEM images of pristine CNTs; (b, d) TEM images of 

polyimide-coated CNTs; (e) EDS results for pristine CNTs; (f) EDS 

results for polyimide-coated CNTs; (g) TEM image of polyimide-

coated CNTs showing the area analyzed by EDS mapping (denoted 

by the yellow square); (h) EDS map of C; (i) EDS map of N. 

The cyclic performance of the pristine and PI electrodes at a current 

density of 500 mA·g-1 are presented in Fig. 3d, with the cells being 

cycled at a limited capacity of 1500 mAh·gelectrode
-1 in order to 

prevent a large depth-of-discharge.8 The voltage range was 2.0–4.35 

V, and the upper potential (4.35 V) was held until the current density 

reached 2 mA·g-1 during charging in order to facilitate the 

decomposition of reaction products. It can be seen from this that the 

pristine electrode maintained its capacity for 65 cycles, which is 

likely due to the accumulated reaction products (most of those are 
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expected as unwanted reaction products) disturbing the reaction 

between Li ions and oxygen in the electrode. Whereas the PI 

electrode had a greatly enhanced cyclic performance in that it was 

able to maintain its capacity for 137 cycles. This confirms that a 

polyimide coating can play a vital role in improving the cyclic  

performance of carbon-based electrodes for Li-air cells. 

 

Figure 3 (a) FTIR spectrum of pristine and PI-coated CNTs; (b) 

initial discharge-charge profiles of both electrodes; (c) XRD patterns 

of both electrodes before testing and after the initial (full) discharge; 

(d) cyclic performance of the electrodes at 1500 mAh·g-1. 

Also of note is the fact that the capacity of this cycling test (1500 

mAh·gelectrode
-1) was much higher than that of a typical carbon-free 

electrode (usually less than 500 mAh·gelectrode
-1).5 The discharge-

charge profiles in Figure S1 (see supplementary information) also 

revealed that the charge-voltage of the pristine electrode increases 

more rapidly than that of the PI electrode, further confirming the 

superior cyclic performance of the PI electrode.  

As mentioned earlier, the cyclic performance of a non-aqueous Li-air 

cell is highly affected by unwanted side reactions such as the 

formation of Li2CO3 and decomposition of the electrolyte.3,4 Given 

this, the enhanced cyclic performance of the PI electrode could 

easily be explained by the polyimide layer preventing direct contact 

between the electrode and the electrolyte and/or Li2O2. To confirm 

this SEM images were obtained for the pristine and PI electrodes, 

which as shown in Fig. 4c and 4d, revealed the surface of both 

electrodes to be covered with reaction products after the initial 

discharge. Most of these products were subsequently dissociated 

after initial charging, but as shown in Fig. 4e and 4f, some reaction 

products appear to have remained. The morphology of both 

electrodes during this initial cycle was essentially identical, but a 

very pronounced difference became apparent after 50 cycles. As 

shown in Fig. 4g, most of the CNT fibers of the pristine electrode 

became fully buried under reaction products, even when in a charged 

state, which implies that its access to the electrolyte would be 

seriously impeded. In contrast, the polyimide coating resulted in far 

less accumulation of reaction products, with the surface of the PI 

electrode after 50 cycles still clearly exhibiting fiber-like shapes, 

vacant space and numerous holes allowing easy access to the 

electrolyte. This reduction of accumulated reaction products is 

therefore considered a major factor in the enhanced cyclic 

performance of the PI electrode. 

To investigate the nature of the reaction products in greater detail, 

FTIR spectra were collected from the pristine and PI electrode after 

50 cycles (charged state). As shown in Fig. 5 the spectra of the 

pristine electrode exhibited peaks at 400-500, 600-700, 1350-1500, 

and 1500-1700 cm
–1 (marked with ★) that are considered to be the 

result of organic materials such as CH3CO2Li and HCO2Li created 

by side reactions with the electrolyte (note that HCO2Li has a similar 

FTIR spectrum to CH3CO2Li). Meanwhile, the broad peak between 

1400-1500 and sharp peak at ~ 500 cm
–1 are attributed to Li2CO3, but 

this is very difficult to identify given its similarity to the FTIR 

spectrum of Li2O2 that has been exposed to air. 

 

Figure 4 SEM images of: (a) a pristine electrode before cycling; (b) 

a PI electrode before cycling; (c) a pristine electrode after initial 

discharge; (d) a PI electrode after initial discharge; (e) a pristine 

electrode after initial charge; (f) a PI electrode after initial charge; 

(g) a pristine electrode after its 50th charge; (h) a PI electrode after 

its 50th charge. 

To make matter worse, some of the Li2CO3 peaks overlap with the 

peaks of the organic material. Nevertheless, it is clear that there is a 

greater accumulation of reaction products associated with unwanted 

side reactions on the pristine electrode after 50 cycles, as evidenced 

by the lower intensity of the relevant peaks in the spectrum of the PI 

electrode (see Figure S2 in the supplementary information for a 

Page 3 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

magnified view of Fig. 5a). This further confirms the effectiveness 

of the polyimide coating, in that although the side reactions still 

occur, their impact on the cyclic performance is greatly reduced. 

Nyquist plots of cells employing pristine and PI electrodes before 

test and after 50 cycles (charged state) can be found in Fig. S3 (see 

supplementary information), and these indicate that although there is 

no difference in impedance prior to testing, the impedance of the cell 

with a PI electrode is lower after 50 cycles. 

 

Figure 5 FTIR spectra of pristine and PI-coated electrodes after 1 

and 50 cycles (charged state)  

 

Conclusions 

The application of a polyimide coating to CNTs used in the 

fabrication of an electrode materials for long-cycle Li-air batteries 

has been shown to effectively suppress unwanted side reactions 

between the electrode and electrolyte (and/or Li2O2) by preventing 

their direct contact. The reduced buildup of reaction products that 

results from this is considered the main reason for the greatly 

enhanced cyclic performance that was observed in the case of a Li-

air cell based on a polyimide-coated electrode at a capacity much 

greater than can be achieved with current carbon-free electrode 

technologies. 
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