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 ABSTRACT 

Porous carbon materials are widely used in particulate forms for energy

applications such as fuel cells, batteries, and (super) capacitors. To better hold

the particles together, polymeric additives are utilized as binders, which not

only increase the weight and volume of the devices, but also cause adverse side

effects. We developed a wood-derived, free-standing porous carbon electrode 

and successfully applied it as a cathode in Li-O2 batteries. The spontaneously 

formed hierarchical porous structure exhibits good performance in facilitating

the mass transport and hosting the discharge products of Li2O2. Heteroatom (N) 

doping further improves the catalytic activity of the carbon cathode with lower

overpotential and higher capacity. Overall, the Li-O2 battery based on the new 

carbon cathode affords a stable energy efficiency of 65% and can be operated 

for 20 cycles at a discharge depth of 70%. The wood-derived free-standing carbon

represents a new, unique structure for energy applications. 

 
 

1 Introduction 

Electrode materials with porous structures, particularly 

the ones with hierarchical pores, are highly coveted 

for energy applications such as fuel cells [1, 2], batteries 

[3, 4], and (super) capacitors [5, 6]. Of these, porous 

carbon is probably the most commonly used material, 

owing to its relatively high electrical conductivity, good 

chemical stability, low cost, and non-toxicity [7, 8]. 

However, most commercially available carbon materials 

are in particulate form with their typical sizes ranging 

between nanometers and microns [9], presenting 

challenges associated with their assembly toward 

desired connectivity and mechanical strength for 

practical applications. One of the strategies to overcome 

this drawback is to introduce polymeric additives as 

binders to hold the particles together [10]. While 

widely implemented in many commercially successful 

systems, such approaches introduce undesirable con-

sequences. For example, the addition of these inactive  
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materials invariably increases the weight and volume 

of the devices [11] (e.g., batteries) and complicates the 

manufacturing process [12]. Moreover, the additives 

sometimes introduce unexpected side effects that are 

detrimental to the operation of energy conversion 

and storage devices [13]. This issue can be particularly 

acute in emerging technologies such as Li-O2 batteries. 

For instance, poly(vinylidene difluoride) (PVdF) binder 

plays a critical role in the success of Li-ion batteries, 

but it is reportedly unstable with respect to the 

ubiquitous superoxide species in Li-O2 batteries [14, 15]. 

Furthermore, there have been studies demonstrating 

that the binders used in the cathode may limit O2 

diffusion by blocking the pores and reducing the 

active surface area for Li2O2 deposition [16, 17]. These 

negative issues related to the particulate nature of 

carbon can in principle be resolved by using free- 

standing carbon materials that are much larger in their 

macroscale dimensions but feature pores of similar 

sizes at the micro and mesoscales [18]. Indeed, efforts 

in this direction have provided promising preliminary 

results [19–24]. For instance, Zhang et al. [20] developed 

a free-standing palladium-modified hollow spherical 

carbon cathode to endow good performance to Li-O2 

batteries. Shao-Horn et al. [21] reported functionalized 

multiwall carbon nanotube/graphene composite with 

hierarchical pore structures serving as self-standing 

positive electrodes in lithium batteries. Electrode 

thicknesses up to tens of micrometers were achieved 

with a relatively high density (> 1 g/cm3). 

Toward free-standing carbon with micro and 

mesoscale pores, wood provides an ideal platform, 

offering macroscale structural integrity while presenting 

hierarchical pores inherent to its natural formation 

mechanism [25]. When carbonized appropriately, the 

structural integrity and the porosity can be preserved, 

yielding a carbon scaffold unique in its mechanical 

strength and structure [26]. Based on these con-

siderations, we present a free-standing porous carbon 

derived from yellow pine [27]. To exploit the structured 

pores in wood enabled by microfibers and tracheids 

during the growth, we applied the resulting carbon 

as a cathode in Li-O2 batteries, in which, the transport 

of a multitude of species is critically important [28]. 

Considering the discharge process as an example, 

O2 (from the gas phase) is reduced and bound to Li+  

(from the liquid phase) to form Li2O2 (as a solid). The 

process requires the transportation of O2 from the 

headspace of the battery, Li+ from the anode side 

through the electrolyte, and electrons from the cathode 

[29]. The concerted transportation of these three com-

ponents requires a high surface area for large capacity, 

good electrical conductivity for high current density, 

and adequately large pores for the prevention of 

clogging [30]. All these requirements can be simul-

taneously satisfied by wood derived carbon. The 

channels and pores formed from the well-oriented 

microfibers and tracheids can serve as transport routes, 

through which a facile Li+ and O2 diffusion can be 

ensured. Preservation of the inherent structure of wood 

imparts adequate mechanical strength to carbon to be 

used as a free-standing electrode without excessive 

fabrication processes, eliminating the need for binders 

or conductive additives. Furthermore, we also explored 

the facile doping of N during the carbonization process, 

toward enhanced O2 reduction reaction (ORR) activities 

[31, 32], which is critically important in the Li-O2 battery 

operations.  

2 Experimental 

2.1 Material preparation 

Pristine wood was obtained from yellow pine. The 

carbonization was carried out in two steps. As shown 

in Scheme 1, the wood was first cut into rectangular 

pieces and heated at 240 °C for 12 h in ambient air.  

 

Scheme 1 Preparation of wd-C and wd-NC, and their application 
in Li-O2 batteries. The wood was first cut into rectangular pieces 
and baked at 240 °C for 12 h in ambient air. For wd-C, the resulting 
sample was transferred to a tube furnace under an Ar atmosphere 
for complete carbonization at 900 °C for 2 h. For N-doped carbon 
(wd-NC), the carbonization was carried out at 800 °C with anhydrous 
NH3 for 2 h.  
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The resulting sample was then transferred to a tube 

furnace under an Ar atmosphere (30 sccm (standard 

cubic centimeters per minute)) for complete carboni-

zation at 900 °C for 2 h, to obtain wood-derived carbon 

(wd-C) [33].  

For preparing N-doped carbon (wd-NC), carboni-

zation was carried out at 800 °C, in the presence of 

anhydrous NH3 (Airgas, 75 sccm), for 2 h. The wd-NC 

was not carbonized at 900 °C because wood was found 

to react vigorously with NH3. The wd-C and wd-NC 

were further vacuum dried at 150 °C for at least 12 h in 

the antechamber, before transferring to the glovebox 

(Mbraun, MB20G, with O2 and H2O concentrations < 

0.1 ppm). All the carbon samples with the areal density 

of 19 mg/cm2 at the thickness of 1 mm were used 

directly without further processing. 

2.2 Material characterization 

Scanning electron microscopy (SEM) was performed 

on a JEOL 6340F microscope operating at 15 kV. Raman 

spectra were acquired from a micro-Raman system 

(XploRA, Horiba) using an excitation laser of λ = 

532 nm. The surface area and pore volume were 

evaluated by N2 adsorption/desorption experiments 

carried out at 77 K, using an automatic gas sorption 

analyzer (Autosorb iQ, Quantachrome). For X-ray 

photoelectron spectroscopic (XPS) analysis of the 

carbon electrode after Li-O2 operations, the cell was 

transferred to an O2-tolerant Ar-filled glovebox (H2O 

level < 0.1 ppm, MBraun), and disassembled to extract 

the cathodes. The cathodes were further washed thrice 

with pure anhydrous dimethoxyethane (DME, anhydrous 

grade, Sigma-Aldrich) to remove trapped salts. Sub-

sequently, they were vacuum-dried to remove solvents 

and transferred to the XPS (K-Alpha, Thermo Scientific) 

vacuum chamber with minimal exposure to ambient 

air (< 1 min). X-ray diffraction (XRD) data was obtained 

on a PANalytical X'Pert Pro diffractometer with an 

air-tight sample holder, without exposing the sample 

to ambient air. Mechanical tests were performed with 

a Discovery HR-1 hybrid rheometer. All test samples 

were of the same dimension (9 mm × 8 mm × 3 mm). 

2.3 Electrochemical characterization 

LiClO4 (99.99%, battery grade, Sigma-Aldrich) was first 

baked at 130 °C in the antechamber of the glovebox 

and then dissolved in DME to obtain a 0.1 M electrolyte 

solution. Customized SwagelokTM type cells were 

assembled in the glovebox with Li metal (380 μm in 

thickness, Sigma-Aldrich) as the anode, 2 Celgard 

2,400 film as the separator, and 0.1 M LiClO4 (100 to 

200 μL) as the electrolyte. The assembled batteries were 

then transferred to the O2-tolerant Ar-filled glovebox 

and O2 (ultrahigh purity, Airgas) was purged into the 

cell to replace Ar. Electrochemical characterizations 

were conducted using an electrochemical station 

(Biologic, VMP3).  

3 Results and discussion 

The free-standing nature of the wd-NC with good 

structural integrity can be visualized in Fig. 1(a). The 

mechanical properties of the resulting carbon were 

characterized by the engineering compression test. The 

ultimate loading stress before fracturing is shown in 

Fig. 1(b) and Fig. S1 in the Electronic Supplementary 

Material (ESM). For comparison, commercial Vulcan 

carbon (Vulcan-C) powder was molded into a similar 

size and shape but was bonded by 5% PVdF, which 

is commonly used as a cathode in literature [34]. As 

shown in Fig. 1(b), wd-NC bore the highest loading 

stress of 860 kPa. This clearly suggests that wd-NC 

features an adequate mechanical stability suitable for 

free-standing electrode applications. 

During the first step of pre-carbonization, a 67% 

weight loss was measured corresponding to the 

dehydration and evaporation of small molecules. An 

additional 50% weight loss was observed during the 

second step for wd-C (i.e., the total weight of the  

 

Figure 1 (a) Digital photographs showing the structural integrity 
of the freestanding wd-NC cathode. (b) A mechanical test com-
parison for wd-NC, wd-C, and Vulcan-C. wd-NC could bear the 
highest loading stress of 860 kPa. 
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carbonized product is ca. 17% of the original wood 

weight). However, for wd-NC, the resulting substrate 

was measured to be only 11% of the original weight 

of the parent wood. The additional weight loss is a 

result of the reaction between carbon and NH3 to form 

species such as HCN, C2H2, CH3NH2, and CH3C≡N 

[35]. This process activates the carbon material by 

enlarging the surface area and pore volume. Though 

some carbon is consumed in the process, the struc-

tural integrity of the wd-NC remains similar to   

that of wd-C. The microstructure of the resulting 

carbon materials was further characterized by SEM. 

Comparison of the microstructures of wd-C (Fig. 2(a)), 

wd-NC (Fig. 2(b)), and pre-carbonized wood (Fig. S3 in 

the ESM) indicates that the diameters of the channels 

are in the similar range of 10–50 μm. However, the 

micropore volumes of the two samples differed 

significantly (Fig. S2 and Table S1 in the ESM). The 

pore volume of wd-NC reached 0.36 cm3/g, 10 times 

larger than that of wd-C. This difference can be 

rationalized by the aforementioned reaction between 

carbon and NH3, which creates many more pores 

within the carbon structure. Figure 2(c) reveals that 

the hierarchical pore structure inherent to the parent 

wood remained intact, in which, channels enabled  

by the aligned microfibers penetrating through the  

 

Figure 2 SEM images showing the microstructures of wd-C 
and wd-NC samples. (a) and (b) Top views of wd-C and wd-NC, 
respectively. (c) The hierarchical pore structure of wd-NC. (d) The 
inter-channel pores on the walls of wd-NC.  

full thickness of the substrate formed the desired 

interconnected pathways for mass transport required 

in applications such as Li-O2 batteries. In Fig. 2(d),   

a side-view image of the channel walls reveals the 

inter-channel pores on the walls of the carbon with 

an average diameter of 2 μm. These inter-channel 

pores are expected to further enable mass transport, 

by providing additional pathways in the event of 

pore clogging at the extremities of the channels. 

Raman and XPS spectra were obtained to confirm 

the carbonization of wood and N doping. In the Raman 

spectra (Fig. 3(a)), the two peaks corresponding to 

the D-band at ~1,330 cm−1 and G-band at ~1,590 cm−1 

[36] were prominent for both wd-C and wd-NC 

samples, whereas the pristine wood sample featured 

a severe fluorescence effect under illumination. The 

disappearance of the fluorescent behavior in the two 

carbon samples indicates the complete conversion 

from wood to carbon. The slightly higher D/G ratio of 

wd-NC sample indicates marginally poor crystallinity 

of the sample. While the difference may be reflected 

in the conductivity and stability of the cathode materials, 

the effect is expected to be negligible. The N content 

of wd-NC was further characterized by XPS. Figure 3(b) 

reveals the existence of carbon species in the form of 

C–C, C–N, C–O, and C=O. Semi-quantitative elemental 

analysis from XPS yielded 8% of N content on the 

surface of N-doped carbon and 9% O species. In 

comparison, XPS spectrum of wd-C did not show 

any N signal (Fig. S4 in the ESM). Further analysis of 

the N 1s spectrum (Fig. 3(c)) revealed the chemical 

environment of the doped N. The most prominent 

form appears to be pyridinic N represented by the 

peak with a binding energy of 398.2 eV [37]. This 

binding environment has been previously reported 

as the most active for the ORR. For example, Guo   

et al. [32] have shown that the carbon atoms next to 

pyridinic N are the active sites for O2 adsorption, 

which is the initial step of ORR. In the same XPS 

spectrum (Fig. 3(c)), there is also a second peak 

corresponding to pyrrolic N at 400.7 eV. This is 

consistent with the N atom substituting the O atom 

in the 5-membered ring of the carbon precursor [37]. 

This analysis suggests that the doped N can potentially 

improve the ORR activity. Further details on this 

aspect will be discussed later in this article.  
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Figure 3 Raman and XPS characterizations confirming the 
carbonization and N doping of wd-NC (a) The two Raman peaks 
corresponding to the D-band at ~1,330 cm–1 and G-band at 
~1,590 cm–1 of carbon are prominent for both wd-C and wd-NC 
samples. (b) The XPS spectrum of C 1s electrons, revealing the 
bonding environment of C in wd-NC. (c) The XPS spectrum of N 
1s electrons, confirming the N doping in wd-NC and revealing 
the chemical environment of N. The most prominent component 
is the pyridinic N with the binding energy of 398.2 eV. 

Next, we studied the electrochemical activity of the 

wood-derived freestanding carbon by incorporating 

it in Li-O2 batteries, as a cathode material. First, we 

compared the performance of wd-NC with that of 

wd-C to investigate the effect of the hetero-atom   

(N atoms) on the Li-O2 battery performance. As 

shown in Fig. 4, the discharge capacity for wd-NC is  

 

Figure 4 Voltage profiles of wd-NC and wd-C cathodes with the 
same current density of 0.08 mA/cm2 (4 mA/g). Compared to wd-C, 
the average roundtrip overpotential of wd-NC decreased from 1.65 
to 0.75 V and the areal capacity increased 5 times. 

1.86 mAh/cm2, ~5 times higher than that of wd-C 

(0.38 mAh/cm2). The value is comparable to those 

measured for particulate carbon cathodes bonded by 

polymers (1–10 mAh/cm2). The discharge potential 

increased from 2.55 (wd-C) to 2.70 V (wd-NC) as 

calculated from the plateau value of the discharge 

profile. 

This phenomenon can be explained by the intrinsically 

high catalytic activity of the N-doped carbon, which is 

supported by previous experimental and computational 

studies [31, 32]. The NH3 doping process can further 

activate the carbon by creating more micropores and 

enlarging the surface area. More significantly, the 

average recharge potential decreased from 4.20 to 3.45 V, 

suggesting that the discharge product may have a 

more intimate contact with the cathode, leading to 

more facile decomposition of Li2O2. Overall, the average 

overpotential of the charge/discharge process decreased 

from 1.65 to 0.75 V for wd-NC with 5 times increase in 

its capacity. The remarkable performance improvement 

further highlights the positive effect of N doping. 

To demonstrate the practicality of the free-standing 

wd-NC cathode, we then characterized the test Li-O2 

battery cell at different charging/discharging rates. 

As shown in Fig. 5(a) and Fig. S5 in the ESM, as the 

current density varied between 0.04 and 0.20 mA/cm2, 

the discharge voltage plateau decreased from 2.75 to 

2.40 V, and the charge voltage plateau increased from 

3.3 to 4.4 V. This indicates that the N doping facilitates 

the ORR kinetics more effectively than that of the 

oxygen evolution reaction (OER). Galvanostatic cycling 
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tests were carried out under a constant current density 

of 0.08 mA/cm2 (with the capacity being limited to 

1.5 mAh, or 70% depth of full discharge). As presented 

in Fig. S6 in the ESM, for the first 20 cycles, the battery 

exhibited a stable discharge plateau of 2.5 V. However, 

the energy efficiency decreased from 70% to 60% after 

5 cycles. Such poor stability of the carbon cathode has 

been observed by us as well as others [38]. We have 

previously shown that passivating the carbon cathode 

or decorating it with catalysts or a combination of 

both processes could improve the cycling performance 

by reducing the parasitic chemical reactions [30].  

Further, we analyzed the discharge and recharge 

products. This task is of paramount importance because 

proving that the electrochemical characteristics are 

indeed related to Li2O2 formation/decomposition is 

critical. For this, we conducted XRD characterizations. 

As shown in Fig. 6(a), the XRD pattern unambiguously 

 

Figure 5 Rate capability and cycling performance of wd-NC. (a) Upon increasing the current density from 0.04 to 0.20 mA/cm2, the 
discharge voltage plateau decreased from 2.75 to 2.40 V, and the charge voltage plateau increased from 3.3 to 4.4 V, indicating that the 
N-doping facilitates the ORR kinetics more effectively than that of the OER. (b) Galvanostatic cycling tests under a constant current 
density of 0.08 mA/cm2 and 70% depth of full discharge (Absolute capacity of each cycle: 1.5 mAh). The average voltages and the 
energy efficiency for each cycle are plotted against the cycle number. The energy efficiency decreased from 70% to 60% after 5 cycles and
remained stable afterwards.  

 
Figure 6 Li2O2 detection. (a) XRD patterns of wd-NC before discharge (bare), after the 1st cycle discharge (discharged) and the 1st cycle 
recharge (recharged). The peaks at 32.8° and 34.8° in the discharged sample match the documented diffraction peaks of Li2O2 (JCPDS 
74-0115). (b) and (c) XPS spectra of Li 1s and O 1s confirming the formation and decomposition of Li2O2. After discharge, the peaks at 
55.0 eV (Li 1s) and 531.8 eV (O 1s) increased dramatically, indicating the formation of Li2O2. After recharge, O 1s and Li 1s signal 
intensities decreased significantly, indicating the decomposition of Li2O2.  
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confirmed the formation of Li2O2 upon discharge. 

The peaks at 32.8° and 34.8° match the documented 

diffraction peaks of Li2O2 (JCPDS 74-0115). A shifted 

peak corresponding to the by-product Li2CO3 at 31.5° 

was also observed in the same XRD pattern. The slight 

shift (−0.3°) compared to the standard pattern (JCPDS 

87-0729) is commonly observed for solution-derived 

samples [39], and is associated with the solvation of 

the Li+ ions. XPS spectra were also collected to verify 

the composition of Li2O2 (Figs. 6(b) and 6(c)). After 

discharge, the peaks at 55.0 eV (Li 1s) and 531.8 eV 

(O 1s) increased dramatically, indicating the formation 

of Li2O2. After recharge, O 1s signal at 534.0 eV and Li 

1s signal at 55.0 eV were observed with much lower 

intensities, indicating the decomposition of Li2O2 [40].  

SEM images shown in Fig. 7 further support Li2O2 

formation/decomposition. The surface of pristine 

wd-NC appears smooth and clean (Fig. 7(a)). After 

discharge, Li2O2 particles are observed to accumulate 

both within the pores and on the surface of the carbon 

walls (Fig. 7(b)). After a full recharge, these particles 

disappeared (Fig. 7(c)). The SEM images together with 

the XRD and XPS results strongly support that the 

formation and decomposition of Li2O2 correspond to 

the discharge and recharge electrochemical charac-

teristics. A quantitative detection of Li2O2 by iodometric 

titration was not successful in this study [30, 41]. This 

is due to the large surface area and tortuosity of our 

free standing wood-derived N-doped carbon, resulting 

in the strong adsorption of iodine.  

4 Conclusion  

In summary, we investigated a new free-standing 

porous carbon material as a promising cathode material 

for Li-O2 battery. This material takes advantage of the 

spontaneously formed hierarchical porous structures 

derived from wood. The structure is expected to 

facilitate both mass transport and discharge product 

storage. Moreover, we doped the heteroatom (N) to 

further improve the catalytic activity of the carbon 

cathode toward a lower overpotential and higher 

capacity. We have unequivocally confirmed that the 

initial electrochemical process involves the desired 

reactions of Li2O2 formation and decomposition. The 

free standing nature and the mechanical strength of 

wood-derived carbon aid in overcoming the need  

for additional current collectors and binders, thereby 

improving the overall energy density, and reducing 

possible parasitic chemical reactions. Moreover, the 

renewability of wood with its unique structure could 

potentially provide a cost-effective route for porous 

electrodes toward large-scale production. Further efforts 

to improve the cell performance can be anticipated by 

protecting the carbon surface using strategies previously 

demonstrated by us and others. 
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Figure 7 SEM images confirming the formation and decomposition of Li2O2. (a) Clean surface of bare wd-NC. (b) After discharge, 
the Li2O2 particles were observed to accumulate on the surfaces of wd-NC. (c) After the full recharge, the Li2O2 particles decomposed 
revealing the surface of the wd-NC. 
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