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ABSTRACT: This work presents a novel binder-free nitrogen-doped carbon paper electrode 

(NCPE), which was derived from a N-rich polypyrrole (PPy)/cellulose-chopped carbon 

filaments (CCFs) composite, for Li-O2 batteries. The fabrication of NCPE involved cheap raw 

materials (e.g., Cladophora sp. green algae) and easy operation (e.g., doping N by a 

carbonization of N-rich polymer), which is especially suitable for large-scale production. As-

prepared NCPEs were characterized by XRD, Raman, SEM, XPS, Brunauer-Emmett-Teller 

(BET), and thermogravimetry (TG) measurements. The NCPE exhibited a bird’s nest 

microstructure, which could provide the self-standing electrode with considerable mechanic 

durability, fast Li+ and O2 diffusion, and enough space for the discharge product deposition. 

In addition, the NCPE contained N-containing function groups, which may promote the 

electrochemical reactions. Furthermore, binder-free architecture designs can prevent binder-

involved parasitic reactions. A Li-O2 cell with the NCPE dispalyed a cyclability of more than 

30 cycles at a constant current density of 0.1 mA/cm2. The 1st discharge capacity for a cell 

with the NCPE reached 8040 mAh·g-1 at a current density of 0.1 mA/cm2, with a cell voltage 

around 2.81 V. In addition, a cell with the NCPE displayed a coulombic efficiency of 81 % on 

the 1st cycle at a current density of 0.2 mA/cm2. These results represent a promising progress 

in the development of a low-cost and versatile paper-based O2 electrode for Li-O2 batteries. 

 

Keywords: nitrogen-doped carbon paper electrode, binder-free, Li-O2 battery, bird’s nest 

microstructure, N-containing functional group. 
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1. Introduction 

The rechargeable Li-O2 battery has recently attracted a great deal of attention because of its 

significantly higher theoretical energy density than traditional lithium-ion battery [1-5].  A Li-

O2 battery prototype is composed of a lithium metal anode, Li+-containing nonaqueous 

electrolyte, and a porous O2 cathode (normally carbon-based materials with or without 

catalysts).  The key electrochemical reaction in a Li-O2 battery is 2Li + O2 ⇄ Li2O2, with a 

discharge process (oxygen reduction reaction (ORR)) and a charge process (oxygen evolution 

reaction (OER)) [6, 7]. Although Li-O2 batteries exhibit a great potential and much progress 

has been made, the main issues to be addressed are: 1) How to find a long-term stable 

electrolyte with high O2 solubility and diffusion; 2) How to design a stable O2 electrode with 

excellent electrocatalysts; 3) How to prevent the dendrite formation on the Li metal surface; 4) 

How to protect the electrodes from CO2 and H2O.   

The energy storage capacity, rate capacity, and cycle life are strongly determined by the 

materials and architecture of the O2 electrode [8]. Carbonaceous materials have been 

employed as fillers to provide the cathode with porosity and electronic conductivity [9]. It has 

been well established that a good carbon candidate for Li-O2 batteries should have 

characteristics as follows: i) appropriate pore size/volume; ii) large surface area, and iii) high 

stability. So far, various carbon materials have been systematically studied for Li-O2 batteries, 

such as commercial carbon powders [10], one-dimensional carbon nanomaterials [11], two-

dimensional graphene [12], mesoporous carbon materials [13], and carbon hybrids and 

composites [14-16]. To promote the electrochemical performance, the incorporation of 

heteroatoms in a well-defined way is regarded as a feasible strategy to modify the nature and 

chemical properties of pure carbon [9]. Among those heteroelements, nitrogen (N), having a 

comparable atomic size to carbon and five valence electrons for bonding with the carbon 

atom, has been widely adopted [17, 18]. N-doped carbon can not only improve the Li+ 

diffusion and transfer by generating defects and by withdrawing electrons from the carbon 

atom, but also increase the conductivity of the resulting carbon, which can exhibit a better 

battery performance than pure carbon materials [19-22]. Many approaches have been reported 

for the synthesis of N-doped carbon [22-24]. Those synthetic routes normally require multiple 

or complicate steps, with low yield and high cost, which inevitably limit large-scale 

fabrication. Therefore, to obtain high-performance N-doped carbon by an easy-to-operate and 

low-cost method is really a challenge.  

Besides the stability of electrolyte, the composition and architecture of the O2 electrode 

also influences the performance of Li-O2 batteries. Typically, a N-doped carbon-based 

electrode consists of N-doped carbon powder, polymer binder, and catalyst. The multiple 

components complicate the cell preparation and the electrochemical reactions, and also 

impose the challenges on the analysis. In addition, carbon particles in an electrode using 

chemical binder sometimes display a tight aggregation, which inevitably decreases the O2 

diffusion and limits the space for Li2O2 deposition. This consequently leads to a limited 

capacity and a low energy efficiency of the Li-O2 battery [25]. Moreover, the binder 

degradation can clog the O2 electrode surface and then reduce the space for the desired 

discharge product Li2O2 [7, 26]. Binder-free O2 electrode, designed to avoid the negative 

influence of the binder, has been reported and recognized as an appealing alternative for Li-

O2 batteries [18, 25, 27-29]. We have developed a straightforward approach to the 

manufacture of sustainable paper electrodes based on a high-porous polypyrrole 

(PPy)/Cladophora cellulose composite, and thus the possibility to use the carbonized 

derivative as binder-free electrodes for Li-O2 batteries is highly appealing [30-33].  

Herein, we report a novel design of a binder-free N-doped carbon paper electrode (NCPE) 

in the Li-O2 battery derived from a N-rich PPy/cellulose-chopped carbon filaments (CCFs) 

composite. The synthetic strategy combines the low-cost and easily accessible raw materials, 

and a facile operation. The NCPE displays a bird’s nest microstructure, which can provide the 

http://dict.cn/traditional
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electrode with considerable mechanic durability, fast Li+ and O2 diffusion, and enough space 

for the discharge product deposition. The rate performance, coulombic efficiency, and 

cyclability of the Li-O2 batteries with NCPEs were investigated. The function of the NCPEs is 

related to their N-containing function groups and self-standing bird’s nest microstructure. We 

expect that this new designed NCPE can be manufactured and used as an electrode material 

for broad applications (e.g., Li-ion batteries, fuel cells, supercapacitors, etc.).  

2. Experimental 

2.1. Materials 

All chemicals were of analytic grade and used as received without any further purification. 
Cladophora green algae was collected from the Baltic Sea, and the Cladophora nano-

cellulose was extracted from the algae by grinding and acid hydrolysis as previously 

described [34]. Iron (III) chloride nonahydrate (FeCl3·6H2O), hydrochloric acid (HCl) and 

pyrrole (Py) were purchased and used as delivered from Sigma-Aldrich. The carbon filaments 

(CFs) were obtained from Goodfellow, UK. The CFs were simply chopped with a kitchen 

herb-cutter knife on a wooden block so as to obtain a fluffy mass consisting of individual 

CCFs with a maximum length of 5 mm. 1 M lithium perchlorate (LiClO4, GFS, ≥ 99%) in 

dimethyl sulfoxide (DMSO, Aldrich, ≥ 99.9%) was prepared as electrolyte in the Li-O2 

battery.  

2.2. Preparation of the NCPE 

Cladophora cellulose (200 mg) was dispersed in water (40 mL) by sonication for 10 min with 

water cooling. The sonication was carried out with a high-energy ultrasonic equipment 

(Sonics and Materials Inc., USA, Vibra-Cell 750) at an amplitude of 30 % with a pulse length 

of 30 s and pulse-off duration of 30 s. Pyrrole (0.65 mL) and 0.5 M HCl (40 mL) were mixed 

with the cellulose dispersion by magnetic stirring for 5 min. PPy was then formed on the 

Cladophora cellulose fibers via polymerization with FeCl3·6H2O (5.9 g) dissolved in 0.5 M 

HCl (40 mL) as an oxidant. The polymerization proceeded for 30 min under stirring, after 

which the composite was collected in an Büchner funnel connected to a suction flask, and 

washed with 0.5 M HCl (3 L) and 0.1 M HCl (0.5 L). The PPy/cellulose composite precursor 

has been extensively characterized in our previous work [30-32]. The PPy/cellulose 

composite and 200 mg of CCFs were suspended in 200 mL of water using a mechanical 

homogenizer (IKA T25 Ultra-Turrax, Germany) at 6200 rpm for 10 min. The mixture was 

drained on a polypropylene filter and then dried to form a PPy/cellulose-CCFs paper sheet. 

As-prepared paper was heated to 1000 °C at a heating rate of 3°C/min and kept for 1 h under 

a nitrogen atmosphere to form the NCPE. The schematic illustrating of the synthetic 

procedure of the NCPE is shown in Scheme 1. The obtained NCPE was then punched into a 

disc with a diameter of 1.2 cm for directly using as an O2 electrode (Figure S1a in 

Supplementary Information (SI)). In addition, in order to investigate the influence of the 

doping N on the Li-O2 battery performance, a reference precursor of cellulose-CCFs paper 

sheet was also prepared under the similar conditions without the addition of PPy. Thus an 

undoped carbon paper electrode was obtained after annealing. 

http://www.sigmaaldrich.com/catalog/product/sial/41640?lang=en&region=US
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Scheme 1. Schematic illustrating of the synthetic procedure of the NCPE. 

2.3. Preparation of a reference electrode based on the chopped NCPE powder and binder 

 In order to study the effect of binder-free architecture on the Li-O2 battery performance, the 

NCPE was chopped into powder and mixed with binder to prepare a reference electrode. The 

chopped NCPE powder and Kynar 2801 (a copolymer based on PVdF, Arkema) were mixed 

with acetone solvent (≥ 99.0%, Fluka) in a weight ratio of 90:10 by the high energy ball-

milling for 1 h to prepare a slurry. This slurry was then cast drop-wise onto an aluminum 

mesh substrate with a diameter of 1.2 cm. After acetone evaporation, an electrode based on 

the chopped NCPE powder and binder was obtained. 

2.4. Assembly of Li-O2 battery and electrochemical testing   

As-prepared NCPE and the electrode made of chopped NCPE powder and binder were 

transferred to a vacuum furnace (Buchi Glass Oven B-585) in an Ar-filled glove box (H2O 

and O2< 1 ppm), and dried at 120 °C overnight. The Li-O2 batteries were assembled in a 

Swagelok design modified to allow pure and dry O2 to access through the electrode, which 

were set up in O2-filled bottles (Figures S1b-d in SI). The O2 pressure inside the bottle during 

the battery operation was 1 atm, and the volume of O2 was 300 mL, which was 100 times 

more than the required amount for the discharge process. The components followed as: Li foil 

anode, double-layer Solupor separator presoaked in the electrolyte (1 M LiClO4/DMSO), and 

the NCPE or the chopped NCPE powder and binder-based cathode. The weight of each 

cathode was 4.5-6.5 mg. The electrochemical measurements were carried out using a 

Digatron BTS-600 battery system at galvanostatic current densities (0.1 mA/cm2 

(corresponding to ~ 35 mA g-1 based on the N-doped carbon weight for the NCPE), 0.2, 0.4, 

and 0.8 mA/cm2) within a potential range of 2.2-4.5 V vs. Li+/Li.  

2.5. Characterization 

The XRD analysis of NCPE was made by a Bruker D8 TwinTwin X-ray diffractometer 

(XRD), operating at 40 mA and 40 kV, using Cu Kα radiation (wavelength (λ) = 1.5406 Å). 

The Raman spectrum was recorded on a RENISHAW inVia Raman Microscrope at room 

temperature, with an excitation laser wavelength (λ) of 633 nm. The BET surface area and 
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porosity were determined by a nitrogen adsorption apparatus (Micromeritics ASAP 2020). 

Thermogravimetry (TG) measurement was performed on a TGA Q500 thermogravimetric 

analyzer from room temperature to 1000 ºC at a heating rate of 10 ºC/min under the N2 flow 

to study the pyrolysis process of the prepared PPy/cellulose and PPy/cellulose-CCFs. The 

morphology, particle size and element analysis were carried out by a scanning electron 

microscopy coupled with an energy dispersive spectroscopy (SEM/EDS-Zeiss 1550 with 

Aztec EDS). X-ray photoelectron spectroscopy (XPS) measurement was performed by a 

Perkin Elmer PHI 5500 spectrometer, using monochromatized Al Kα radiation (hν = 1486.7 

eV) and an emission angle of 45º.  
 

3. Results and discussion 

 

 

Figure 1. (a) XRD pattern, (b) Raman spectrum, (c) N2 adsorption/desorption isotherm curves 

(Inset: the pore size distribution) of the NCPE, and (d) TG curves of PPy/cellulose and 

PPy/cellulose-CCFs samples. 

The XRD pattern of the NCPE is shown in Figure 1a. The diffraction peaks at 2θ = 25.5° and 

42.7° are indexed to the (002) and (101) reflections of graphitic carbon (JCPDS No. 00-023-

0064), respectively [35]. Note that the XRD pattern of the N-doped carbon obtained via a 

pyrolysis process of PPy/cellulose precursor showed the similar result (Figure S2 in SI), 

indicating that the diffraction peaks in Figure 1a mainly correspond to the N-doped carbon in 

NCPE instead of the CCFs. Figure 1b shows the Raman spectrum of the NCPE. The band at 

1373 cm-1 (D-band) originates from defect-induced mode [19], while the band at 1575 cm-1 

(G-band) corresponds to well-graphitized carbon [21], which agrees well with the XRD result. 

Figure 1c shows the N2 adsorption/desorption isotherm curves for the NCPE, which display 

the mesoporous structure (type IV shape) and which yield a surface area of 107 m2·g-1. The 

NCPE has a pore size distribution in the range of 1-65 nm (Inset of Figure 1c). TG analysis 

not only characterizes the pyrolytic treatment, but also provides a feasible means for the 

quantitative analysis of the NCPE components. The NCPE was prepared by a simple 

carbonization of a PPy/cellulose-CCFs composite, during which process CCFs kept the same 

weight. In order to quantify the content of N-doped carbon obtained after the pyrolysis of the 

PPy/cellulose precursor, the PPy/cellulose (without CCFs) was also prepared under the 

similar conditions. Figure 1d shows the TG curves of PPy/cellulose and PPy/cellulose-CCFs 
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samples. Note that the weight changes of the PPy/cellulose and PPy/cellulose-CCFs samples 

have similar trends and the pyrolytic process of a N-rich polymer composite can be divided 

into three steps, which is in good agreement with the literature [36]. Step I (35-120 ºC) 

corresponds to the loss of residual water in the samples. Step II (120-380 ºC) is assigned to 

the loss of volatile components, accompanied by the C-O bond cracking [37]. Step III (380-

1000 ºC) is the carbonization period, connecting with the C-H bond breaking [38]. There are 

64 wt% of N-doped carbon and 36 wt% of CCFs in the NCPE, based on the TG results (the 

estimation follows the equations S1-S4 in SI). 

 

Figure 2. (a) SEM image of the NCPE, (b-d) SEM images of the region enclosed by the red 

frame in (a), (e) SEM image of the region enclosed by the green frame in (a), EDS elemental 

mapping of (f) C, (g) N, and (h) O in the SEM image (e). 

The employment of CCFs can not only provide considerable conductivity and mechanical 

strength for the NCPE, but also support the self-standing electrode as a skeleton. Note that the 
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sample without CCFs was very fragile. Figure 2 presents SEM images of the NCPE and the 

corresponding EDS elemental mapping of C, N, and O.  As depicted in Figure 2a, the CCFs, 

which show an average length of 1 mm, are embedded in the NCPE. The morphology and 

size of CCF were not changed during the annealing (see Figure S3 in SI). During synthesis, 

the cellulose in the PPy/cellulose-CCFs composite acted as a structural and substrate template 

for the PPy coating [33]. Then, the N-doped carbon in the NCPE was obtained via a pyrolytic 

treatment of PPy/cellulose composite precursor. The N-doped carbon in the NCPE exhibited a 

bird’s nest microstructure consisting of branches with a width of ~ 70 nm (Figures 2b-d). The 

branch surface was very rough, due to the pyrolysis treatment of the PPy [39]. This bird’s nest 

architecture with stable integrity can provide the self-standing cathode with mechanic 

durability, fast O2 diffusion, and enough space for discharge product deposition, as well-

studied by previous reports [18, 40]. As presented in Figure 2e, CCFs show the smooth 

surface with a diameter of ~ 7 μm. The N-doped carbon seems firmly attached to the CCFs. 

From the EDS elemental mapping, the CCFs mainly consist of the C element (Figure 2f), 

while the N-doped carbon is composed of well-dispersed C, N and O elements (Figures 2f-2g), 

indicating that doping N via the pyrolysis of a N-rich polymer composite was successful. 

 
Figure 3. (a) XPS survey spectrum, (b) C1s and (c) N1s core level spectra of the NCPE. 

The chemical states and surface compositions of the NCPE were studied by XPS. Figure 3a 

displays the survey spectrum (0-600 eV) of the NCPE, which basically includes C, N, and O 

without any other impurities. The amount of doped N for the NCPE was ~ 7 wt%, based on 

the XPS results. The N1s spectrum for the NCPE contained two peaks at 397.7 and 400.4 eV, 

as shown in Figure 3c, which were in good agreement with the binding energies of the 

pyridinic and pyrrolic N [22, 41], respectively. Therefore, it is evident that nitrogen atoms 

were doped into the carbon lattice instead of dangling on the carbon surface. The PPy consists 

of five-membered pyrrole rings, which can be partly converted to six-membered pyridine 

rings during pyrolysis. These N-containing groups introduce the high positive spin density 

and asymmetry atomic charge density, resulting in the formation of defects and/or vacancies, 

which can promote the electrochemical reactions [17, 42-45].  
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Figure 4. (a) The discharge profiles for Li-O2 batteries with NCPEs at various current 

densities of 0.1, 0.2, 0.4 and 0.8 mA/cm2 with a cut off voltage of 2.4 V, (b) discharge/charge 

profiles on the 1st cycle for a Li-O2 battery with the NCPE at a current density of 0.2 mA/cm2 

within a potential range of 2.4-4.5 V vs. Li+/Li, and the cycling response of the Li-O2 batteries 

with NCPEs at constant current densities of (c) 0.1, (d) 0.2, (e) 0.4 mA/cm2, and (f) cycling 

response of a Li-O2 battery with a reference electrode based on the chopped NCPE powder 

and binder at a constant current density of 0.2 mA/cm2 under a specific capacity limit of 480 

mAh·g-1 (based on the weight of N-doped carbon) within a potential range of 2.2-4.5 V vs. 

Li+/Li. 

The capacities were calculated based on the weight of the N-doped carbon in the NCPE, since 

the capacity of a reference cell excluding PPy could be neglected (see Figure S4 in SI), 

meaning that CCFs do not contribute to any capacity. The discharge profiles of Li-O2 

batteries with NCPEs at different current densities ranging from 0.1 to 0.8 mA/cm2 are shown 

in Figure 4a. It can be seen that the 1st discharge capacity of a cell at a current density of 0.1 

mA/cm2 reached 8040 mAh·g-1. The achieved capacity and operating potential decreased with 

increasing current density. When higher current densities of 0.2, 0.4 and 0.8 mA/cm2 were 

used, the 1st discharge capacities were 4759, 2147, and 419 mAh ·g-1, respectively. The 

specific area resistance of the NCPE was around 267 Ω·cm2 (the estimation follows the 

equation S5 in SI). The galvanostatic discharge/charge curves on the 1st cycle for a Li-O2 

battery at a current density of 0.2 mA/cm2 is shown in Figure 4b. The discharge and charge 

capacities were 4759 and 3865 mAh·g-1  respectively, indicating that this cell exhibited a 

coulombic efficiency of 81%. The cyclability and rate performance of Li-O2 batteries with 

NCPEs under a capacity limit of 480 mAh·g-1  at various current densities (0.1-0.4 mA/cm2) 

were evaluated via time-controlled and voltage-controlled modes. As shown in Figure 4c, a 

Li-O2 cell with the NCPE presented a cyclability of more than 30 cycles at a current density 

of 0.1 mA/cm2. Note that there were two potential stages during the charge process. The first 

could be assigned to the Li2O2 oxidation, while the other may correspond to electrolyte 

decomposition [46, 47], and/or the LiOH oxidation [5]. LiOH could be formed due to the 

introduction of water into the system via the DMSO solvent, and/or the DMSO oxidation by 

reactive oxygen species (e.g., LiO2 and Li2O2) [48, 49]. The overpotentials increased 

gradually with the cycle number, mainly due to the increased charge potentials. In addition, 

the discharge capacity dropped after 30 cycles (Figure S5a in SI).  Besides the fact that 
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DMSO is not completely stable, the instability of contact interface between Li metal and 

DMSO could be another reason for the sudden death of the battery [50, 51] (see Figure S6 in 

SI). The batteries sustained 14 and 5 cycles with a capacity limit of 480 mAh·g-1 at constant 

current densities of 0.2 and 0.4 mA/cm2, respectively (Figures S5b and 5c in SI). The cell 

overpotential on the 1st cycle increased from 0.68 to 0.99 V, when raising the current density 

from 0.1 to 0.4 mA/cm2 (Figures 4c-e). 

In order to know how the unique architecture of the NCPE benefits the battery performance, 

the cycling response of a Li-O2 battery with a reference electrode based on chopped NCPE 

powder and binder was studied, as shown in Figure 4f. It can be seen that the cell 

overpotential (1.34 V) on the 1st cycle was much higher than that (0.85 V) for a cell with the 

NCPE. Additionally, the battery only sustained 2 cycles with a capacity limit of 480 mAh·g-1, 

and there was an obvious capacity loss on the following 3rd cycle. There can be two possible 

reasons for this poor cyclability. One is that an aggregation of electrode materials due to the 

binder addition impeded the O2 diffusion and limited the Li2O2 deposition space, which was 

supported by the SEM image of this binder-containing electrode (Figure S7 in SI). The other 

may be that the binder-involved side reactions interfered with the electrochemical processes 

[52]. This experiment confirms the advantages of bird nest’s structure and binder-free design. 

Since pyrrole is the N precursor in this work, the only way to study the N-doping effect is 

to exclude pyrrole (i.e., without the formation of PPy before carbonization) in the synthesis. 

The cell with the electrode excluding PPy showed very low capacity (Figure S4 in SI), 

indicating that N groups and other components formed via the carbonization of PPy are 

important functional materials for Li-O2 battery.   

4. Conclusion 

The fabrication of NCPE can be considered as a green chemistry process, since it uses cheap 

raw materials (e.g., Cladophora sp. green algae) and involves easy operations (e.g., doping N 

via the pyrolysis of a N-rich polymer composite). The NCPE displays a bird’s nest 

microstructure, which could provide the self-standing electrode with mechanic durability, fast 

O2 diffusion, and enough space for discharge product deposition. The N-doped carbon in the 

NCPE provided the N-containing function groups, which can promote the electrochemical 

reactions. The 1st discharge capacity for a Li-O2 cell with the NCPE at the current density of 

0.1 mA/cm2 reached 8040 mAh·g-1 with a cell voltage around 2.81 V. In addition, the cell 

with the NCPE presented a cyclability of more than 30 cycles at a constant current density of  

0.1 mA/cm2. It exhibited a coulombic efficiency of 81 % on the 1st cycle at the current density 

of 0.2 mA/cm2. We think that this new designed NCPE can make a contribution to improving 

the energy density (without metal and binder) and preventing some parasitic reactions (e.g., 

from binder degradation) for Li-O2 batteries.  
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Figure S1. Images of (a) NCPEs, and a Swagelok design (b) modified with (c, d) an airtight 

container with inlet and outlet valves. 
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Figure S2. XRD pattern of N-doped carbon obtained by a pyrolysis process of PPy/cellulose 

precursor. 

 

Figure S2 shows the XRD pattern of the N-doped carbon obtained via a pyrolysis process of 

PPy/cellulose precursor. The diffraction peaks at 2θ = 25.5° and 42.7° correspond to the (002) 

and (101) planes of graphitic carbon, respectively. 

 

The weight ratios of N-doped carbon and CCFs in the NCPE were estimated from the 

following formulas, according to the TG results: 

x1 + y1 = 100 %                                                                                                                      (S1)                                                                                              

38.8%·x1 + y1 = 49.6 %                                                                                                                                       (S2)                                                                                                             

x2 = (38.8%·x1)/49.6                                                                                                                                             (S3)                                                       

y2 = y1/49.6                                                                                                                              (S4)                                                                  

where x1 and y1 are the weight ratios of PPy/cellulose and CCFs in the PPy/cellulose-CCFs 

sample (before calcination), respectively; x2 and y2 are the weight ratios of N-doped carbon 

and CCFs in the NCPE (after calcination), respectively. Before the calcination, there are 

PPy/cellulose and CCFs in the PPy/cellulose-CCFs sample (x1 + y1 = 100 %). After the 

calcination, the CCFs weight (y1) should not change, while the N-doped carbon is obtained 

from the PPy/cellulose (38.8% · x1), since the residual weight ratio is 38.8% for the 

PPy/cellulose sample (Figure 1d). Therefore, the total residual  of PPy/cellulose-CCFs 

(49.6 %) after the calcination should be the sum of y1 and 38.8%·x1. From equations S1 and 

S2, x1 and y1 are equal to 82 % and 18 %, respectively. After the calcination, the sum of N-

doped carbon and CCFs in NCPE sample is 49.6 % as compared to PPy@cellulose-CCFs 

sample. Thus the weight ratios of N-doped carbon and CCFs could be calculated from x2 = 

(38.8%·x1)/49.6 and y2 = y1/49.6, respectively.  
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Figure S3. SEM images of (a) the cellulose-CCFs paper sheet, and (b) undoped carbon paper 

electrode obtained via the annealing of (a). 

 

Figure S3 presents SEM images of the cellulose-CCFs paper sheet and the derivative undoped 

carbon paper electrode thereof. Note that the morphology and size of CCFs were not changed 

after the heat treatment.  

 
Figure S4. The discharge/charge profiles of a cell with an undoped carbon paper electrode at a 

current density of 0.2 mA/cm2 within a potential range of 2.2-4.5 V vs. Li+/Li. 

 

Figure S4 shows the discharge/charge profiles of a cell with an undoped carbon paper 

electrode at a current density of 0.2 mA/cm2 within a potential range of 2.2-4.5 V vs. Li+/Li. 

Compared to the discharge capacity (4759 mAh·g-1) of a cell with the NCPE running at the 

same current density, the discharge capacity of this cell could be neglected (the discharge 

process only took ~ 3.5 min). This provides an evidence that the N-doped carbon is the 

functional material that contributes to battery capacity, and N-containing function groups can 

promote the electrochemical reactions.  

 

 

R = ΔEdischarge/ΔI = (E1-E2) /(I2-I1) =  (2.81-2.73) ×1000/(0.4-0.1) = 267 Ω·cm2                   (S5)          

where R (Ω·cm2), ΔEdischarge (V), and ΔI (A/cm2) represent the specific area resistance, 

discharge potential difference, and current density difference, respectively. E1 and E2 are the 

cell voltages corresponding to the batteries discharging at current densities of 0.1 and 0.4 
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mA/cm2, respectively, while I1 and I2 are the current densities of 0.1 and 0.4 mA/cm2, 

respectively.  

 

Figure S5. Discharge capacity vs. cycle number for the batteries with NCPEs cycled at current 

densities of (a) 0.1, (b) 0.2, and (c) 0.4 mA/cm2. 
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Figure S6. Image of destroyed Li foil for a Li-O2 battery after 30 cycles under a specific 

capacity limit of 480 mAh·g-1 at a constant current density of 0.1 mA/cm2.  

  

 

Figure S7. SEM image of an electrode based on chopped NCPE powder and binder. 

 

The SEM image of a reference electrode based on chopped NCPE powder and binder is 

shown in Figure S7. It can be seen that there was an obvious aggregation of the N-doped 

carbon, due to the binder addition.   

 

 


