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A B S T R A C T   

Porous carbons are key functional materials in a range of industrial processes such as gas adsorption and sep-
aration, water treatment, and energy conversion and storage. It is, however, important from a sustainability 
perspective for porous carbons to be synthesized from naturally abundant biopolymers. Nanoengineering of 
porous carbons using facile binder-free techniques presents significant challenges, but is deemed beneficial for 
broadening their field of use and improving their application performance. This paper discusses the processing of 
cellulose-based porous carbons interwoven with cellulose nanofibers to fabricate freestanding nanopapers and 
aerogels, aiming at developing processable, fully sustainable, and all-cellulose-based carbon nanocomposites. 
The aerogels, which have cellular networks, low density and high mechanical strength, were investigated as 
sorbents for CO2 capture and removal of various organics. The presence of rich ultramicropores allows the 
aerogels to adsorb relatively high amounts of CO2, with high selectivity of CO2-over-N2 (up to 111). More 
importantly, the sorbents have high CO2 working capacities and excellent recyclability under temperature swing 
adsorption conditions. In addition, the aerogels can adsorb various organic solvents remarkably well, corre-
sponding to 100–217 times their own weight. The nanopapers are active photothermal materials that can be 
applied as solar absorbers for interfacial solar vapor generation, providing a high evaporation rate (1.74 kg m− 2 

h− 1 under one sun illumination). The nanopapers were also employed as electrodes in flexible, foldable super-
capacitors with high areal capacitances. This study may provide a basis for further development of and new 
application areas for all-cellulose-based nanocomposites.   

1. Introduction 

Porous carbon materials have been the object of research interest 
because of their practical applications in many important industrial 
processes [1,2]. For example, they have been used as sorbents for gas 
separation [3], filters for water and air cleaning [4–6], solar absorbers 
for photothermal conversion [7–9], and electrodes for electrochemical 
energy storage and conversion [10,11]. They usually have high surface 
area and good physicochemical stability and can be produced at low 
cost. More importantly, porous carbons can be prepared from a variety 
of biomass sources and biopolymers [12–16], which gives them an 
advantage with respect to sustainability over other types of porous 
materials such as zeolites, silica, and metal-organic frameworks, which 
usually require non-renewable chemicals for synthesis. 

The conversion of bioprecursors into porous carbons usually involves 
carbonization and activation steps [17,18]. Most of the hydrogen and 
oxygen elements in the bio-precursors are released during the 

carbonization process via pyrolysis in an inert atmosphere (e.g., N2, Ar) 
[19] or with hydrothermal treatment under elevated pressures [20], 
yielding carbon-rich bio-chars with a non-porous structure. When the 
latter step takes place at a high temperature in the presence of an acti-
vation agent (e.g., inorganic base, acid or salts), abundant pores are 
generated in the carbon materials. Obviously, the complicated proced-
ures and the use of corrosive activation agents not only increase the 
manufacturing costs but can also result in environmental problems. In 
addition, the synthesized porous carbons are usually in the form of a 
brittle insoluble powder that has to be processed into specific shapes 
with the assistance of organic binders prior to being used in industrial 
processes [21]. However, the organic binders can block the porous 
channels in the carbon materials, significantly reducing the surface area 
and pore volume, and limiting the potential for specific practical ap-
plications. Therefore, there is an increasing research interest in using 
advanced technology to develop sustainable porous carbons via facile 
synthesis methods and to overcome this poor processability. 
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Cellulose, which is the most abundant biopolymer on earth, is the 
main component of vegetable biomass, including trees, cotton and many 
forms of algae [22,23]. In addition to its traditional applications in 
packaging and the paper-making industry, cellulose has advantages over 
other materials for designing flexible electronic devices [24–26], ther-
mal insulators [27–29] and biomaterials [30–32] because of its unique 
properties, including its one-dimensional nanostructure, rich organic 
functional groups, and good flexibility [33,34]. The carbon-rich content 
of cellulose also offers the advantage of conversion to porous carbons, 
providing an alternative way of preparing cellulose-based high--
value-added products [35–37]. As with other biomass-derived porous 
carbons, conversion of cellulose to porous carbon usually requires 
several steps, involves the use of toxic and corrosive activation agents, 
and results in powders with low processability. Interestingly, Yu and 
co-workers have reported a straightforward route for preparing an ul-
tralight, freestanding, flexible carbon nanofiber-based aerogel that in-
volves direct pyrolysis of a freeze-dried bacterial cellulose aerogel at 
700–1300 ◦C under an argon atmosphere [38].The high crystallinity and 
stability, nanofibrous structure and interconnected three-dimensional 
network of bacterial cellulose are thought to reinforce the structure 
and enhance the mechanical stability and resilience of the obtained 
carbon aerogels. However, this method appears to be only applicable 
when bacterial cellulose is used as the raw material. Direct pyrolysis of 
other types of cellulose usually leads to the formation of nonporous 
carbon powders probably because of the low crystallinity of the raw 
cellulose [39,40]. 

Recently, our laboratory developed a one-step physical carboniza-
tion/activation process for synthesizing a family of porous carbons from 
Cladophora cellulose (CC), a naturally abundant, highly crystalline cel-
lulose nanofiber extracted from green algae [41].The porous carbons 
had relatively high surface areas and a high capacity for adsorbing CO2 
and volatile organic compounds. Given its intrinsically nanofibrous 
structure, good mechanical strength, and good processability, CC has 

potential as a substrate for processing functional materials into free-
standing nanocomposites [42–48]. Herein, we report a nanoengineering 
approach to the preparation of all-cellulose-based, freestanding porous 
nanocomposites based on interweaving CC-derived porous carbon par-
ticles with CC nanofibers (Fig. 1). The obtained nanopapers and aerogels 
are investigated for versatile applications, including CO2 separation, 
adsorption of organic liquids, solar vapor generation, and flexible 
electrochemical energy storage. 

2. Materials and methods 

2.1. Preparation of Cladophora cellulose-derived porous carbons (CPC) 

CC (FMC Biopolymer, U.S.A, 1 g) powder was placed in a ceramic 
boat and transferred to a horizontal tubular furnace. The temperature of 
the furnace was increased to 400 ◦C at a rate of 3 ◦C min− 1 and was then 
maintained at 400 ◦C for 2 h under N2 flow. Subsequently, the furnace 
was heated to 900 ◦C at the same rate and maintained at this tempera-
ture for an additional 2 h under N2 flow. 

2.2. Acidification of CPC 

100 mg of the obtained CPC was mixed with concentrated sulfuric 
acid and nitric acid (volumetric ratio = 3:1, total volume = 16 mL) in a 
50 mL flask under stirring [49]. The mixture was heated, kept at 60 ◦C 
for 2 h, and then centrifuged. The precipitate was washed several times 
with de-ionized water, until the pH value of the supernatant reached ≈7. 
The obtained solid was dried in an oven at 75 ◦C for 12 h. The 
acid-treated CPC was denoted as a-CPC. 

Fig. 1. Schematic illustration of (a) the preparation of Cladophora cellulose-derived porous carbon (CPC) and acid-treated CPC (a-CPC) from Cladophora cellulose 
(CC), and (b) the formation of an all-cellulose-based porous carbon (CC-CPC) aerogel and CC-CPC nanopaper. 
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2.3. Fabrication of an all-cellulose-based porous carbon (CC-CPC) 
aerogel 

CC and acid-treated CPC (a-CPC) in a mass ratio of 1:1 (7 mg/7 mg) 
were mixed in de-ionized water. Due to the hydrophilicity of cellulose 
and a-CPC the mixed solution forms a homogeneous suspension by 
ultrasonication using a probe sonicator. The obtained suspension was 
poured into a homemade cylindrical vessel. The vessel was subsequently 
frozen in liquid nitrogen for 60 min and the frozen sample was subli-
mated in a freeze-dryer (CoolSafe 110–4) for 24 h [46], which resulted 
in a freestanding aerogel (14 mg, 3 mg cm− 3). 

2.4. Fabrication of an all-cellulose-based porous carbon (CC-CPC) 
nanopaper 

CC and a-CPC were mixed in a mass ratio of 1:1 (30 mg/30 mg) in de- 
ionized water, followed by ultrasonication using a probe sonicator to 
form a homogeneous suspension. The suspension was filtered through a 
Durapore® PVDF membrane filter (pore size: 0.45 μm, diameter: 9 cm) 
and thoroughly washed with de-ionized water. After drying the com-
posite in an oven at 75 ◦C for 12 h, a freestanding CC-CPC nanopaper 
(60 mg) was obtained. 

2.5. Fabrication of CC-carbon nanotube (CNT)-CPC nanopaper 

Multi-walled CNTs, CC and a-CPC were mixed in a mass ratio of 1:1:3 
(10 mg/10 mg/30 mg) in de-ionized water, followed by ultrasonication 
to form a homogeneous suspension. The suspension was filtered through 
a Durapore® PVDF membrane filter (pore size: 0.45 μm, diameter: 9 cm) 
and thoroughly washed with de-ionized water. After drying the com-
posite in an oven at 75 ◦C for 12 h, freestanding CC-CNT-CPC nanopaper 
(50 mg) was obtained. 

2.6. Fabrication of a CC-CNT-CPC nanopaper electrode 

The CC-CNT-CPC nanopaper (1 cm × 2 cm) was pressed onto a piece 
of graphite paper (1 cm × 2 cm). The high electrical conductivity of the 
graphite paper allowed it to be used as a current collector. 

2.7. Fabrication of a flexible supercapacitor 

Two pieces of identical CC-CNT-CPC nanopaper were used as 
working electrodes. A piece of filter paper was used as the separator. The 
electrodes and the separator were immersed into an aqueous 3 M KCl 
solution prior to fabrication of the supercapacitor. The separator was 
then sandwiched between the two nanopaper electrodes and the 
capacitor was sealed in a coffee-bag arrangement, as described in pre-
vious studies [42,45,50]. 

2.8. Characterization 

The morphology of the materials was examined with a scanning 
electron microscope (SEM, Zeiss, Leo Gemini 1530) by using SmartSEM 
software. The samples were loaded on an aluminium SEM pin stub using 
adhesive carbon tape, followed by sputtering with Au for 40 s on the 
surface [51]. The SEM images were processed and analysed by ImageJ 
software. N2 sorption isotherms were recorded on a Micromeritics ASAP 
2020 unit at 77 K. The pore size distributions were analysed based on the 
adsorption isotherms using the DFT model. The samples were degassed 
at 100 ◦C for 15 h under a kinetic vacuum (<10− 5 mmHg) prior to 
measurement. X-ray photoelectron spectra were recorded on an ESCA 
instrument (Physical Electronics, USA). The infrared (IR) spectra were 
recorded on a Bruker Tensor 27 spectrometer. The Zeta potentials were 
recorded by Zetasizer Nano Series (Malvern Instruments). The me-
chanical properties were measured using a Shimadzu Instrument 
(AGS-X) with a loading rate of 3 and 5 mm min− 1 for the aerogel and the 

nanopaper, respectively. 

2.9. Methods 

CO2 adsorption: For evaluating the CO2 adsorption capacity and the 
CO2-over-N2 selectivity, the CO2 and N2 sorption isotherms were 
recorded on a Micromeritics ASAP 2020 unit at different temperatures 
(273, 283 and 293 K) in the pressure range of 0–1 bar. The selectivity of 
the aerogel for CO2 over N2 was calculated from the single component 
adsorption isotherm recorded at the same temperature by applying the 
ideal adsorption solution theory (IAST) [52,53]. The isosteric heat of 
adsorption (Qst) of CO2 was calculated by the Clausius–Clapeyron 
equation [3]. CO2 temperature swing adsorption (TSA) was carried out 
on a thermogravimetric analyzer (Mettler Toledo, TGA/SDTA851e) with 
temperature-programmed setups (Fig. S1). 

Adsorption of organic solvents: The CC-CPC aerogel was immersed 
in different organic solvents and the adsorption capacity of the aerogel 
towards the organic solvent can be calculated based on the weight 
change of the aerogel after the adsorption [38]. 

Interfacial solar vapor generation: A piece of CC-CPC nanopaper 
(diameter: 9 cm) was attached to the surface of a hydrophilic sponge and 
the sponge was floated on water. A solar simulator (General Electric ELH 
Lamp 300W) with a one-sun intensity was placed above the CC-CPC 
nanopaper [47,54]. The light intensity was calibrated by adjusting the 
working distance between the CC-CPC nanopaper and the solar simu-
lator. An infrared camera (FLIR) was used to record the temperature 
distribution on the top surface of the CC-CPC nanopaper. The 
time-dependent mass change in the whole apparatus during the illumi-
nation period was recorded with a precision balance (ME2002, MET-
TLER TOLEDO). 

Electrochemistry: All electrochemical measurements were carried 
out on a CH Instruments 660D potentiostat. For the three-electrode 
measurements, an Ag/AgCl electrode and a platinum film were used 
as reference electrode and counter electrode, respectively. An aqueous 
KCl solution (3 M) was used as the electrolyte. 

3. Results and discussion 

3.1. Materials design and characterizations 

The raw CC powder was composed of micro-flower-shaped particles 
of a few microns in diameter with a wrinkled surface, while the micro- 
flowers were composed of intertwined nanofibers with a thickness of 
≈30 nm (Fig. S2a) [55]. The nanofibrous structure led to the formation 
of mesopores with a diameter of 30 nm and a relatively high surface area 
of 85 m2 g− 1 for CC (Figs. S2c–d). Interestingly, the CPC had similar 
morphology to that of the typical micro-flower-shaped, nanofibrous, and 
mesoporous CC remaining after carbonization (Figs. S3a–c). The high 
stability of the nanostructure can probably be associated with the high 
crystallinity of CC (~95%) (Fig. S2b). As revealed by the N2 sorption 
isotherms, the surface area of the obtained CPC reached 507.2 m2 g− 1 

and rich micropores were generated (Fig. 2a). The formation of micro-
pores in the CPC was probably the result of a self-activation mechanism 
involving gaseous products such as water vapor and CO2 molecules, 
generated in situ during the pyrolysis of CC, which served as activation 
agents and templates [15,56,57]. As a result, the CPC had a hierarchical 
porous structure containing both micropores and mesopores with pore 
size distributions centred at 0.7–1.2 and 34.3 nm, respectively, which is 
consistent with our previous results (Fig. 2b) [41]. 

Since most of the hydrophilic groups are removed during the 
carbonization process, the CC-derived carbon is hydrophobic and cannot 
be easily dispersed in water, which limits its processability in water 
(Fig. 1a). Therefore, the CPC was treated with acid to introduce car-
boxylic acid groups on the surface, with the aim of increasing its hy-
drophilicity and water dispersibility. Comparison with the IR spectrum 
of CPC, a new and strong peak at 1700 cm− 1 was observed in the IR 
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spectrum of a-CPC. The signal can be assigned to the C––O stretching 
vibration, which suggested the formation of carboxylic acid groups in a- 
CPC. Meanwhile, the strong shoulder peak at 288.7 eV observed in the 
high-resolution C1s XPS spectrum can be attributed to the carbons of the 
C––O and O–C––O groups, suggesting the presence of carboxylic groups 
in a-CPC (Figs. 2d and S4). In contrast, the untreated CPC had negligible 
bands in the infrared (Fig. 2c) and C1s XPS spectra [41] in those regions, 
indicating a lack of carboxylic groups. Consistently, a-CPC had a more 
negative zeta potential (− 75 mV) than that of CPC (− 40 mV) due to the 
presence of rich carboxylic acid groups in a-CPC (Fig. S5). As expected, 
a-CPC was easily dispersed in water to form a homogeneous suspension, 
which displayed a clear Tyndall effect (Fig. 1a and Fig. S6). More 
importantly, the porous structure of the carbon material was not 
significantly changed after the acid treatment. The a-CPC had a surface 
area of 496.2 m2 g− 1, which was slightly lower than that of CPC 
(Fig. 2a). The nanofibrous structure and hierarchical porous structure 
were retained in a-CPC, although the micro-flower-shaped particles of 
CPC were broken into smaller pieces during the acidification. 
(Figs. S3d–f). 

The good water dispersibility and hydrophilic features of the a-CPC 
inspired us to process the carbon material into freestanding nano-
composites, aiming at facilitating their practical applications. Because of 
its unique nanofibrous structure and good processability, CC was used as 
a flexible substrate for assembling the a-CPC into freestanding nano-
composites. Specifically, probe ultrasonic treatment of a mixture of a- 
CPC and CC with a mass ratio of 1:1 in water formed a homogeneous 
aqueous suspension. Freestanding nanopapers and aerogels were pre-
pared form the suspension by filtration and freeze drying, respectively 
(Fig. 1b). Importantly, the good processability and shapeability of the 
carbon-based nanocomposites improve the chances of developing their 
practical applications. 

The aerogel was mechanically strong and relatively elastic. Although 
it was lightweight with a density of ≈3.0 mg cm− 3, no significant 
volumetric deformation of the aerogel (0.01 g) was observed when a 
glass bottle (8.03 g, 803 times heavier than the aerogel) was placed on 

top of the sample (Fig. 3a). The mechanical properties of the aerogel was 
further studied with standard compression tests. The compressive stress- 
strain curve of CC-CPC aerogel showed three deformation stages 
(Fig. 3b), which is commonly observed for aerogels with typical cellular 
networks [46,58]: (1) an elastic deformation region where the stress 
increases linearly at low strains of ε < 13%; (2) a plateau stage observed 
at strains of 13% < ε < 40%, indicating the deformation of the macro-
pores; and (3) a densification region at ε > 40%, suggesting close contact 
and further compression of the cellular walls in the aerogel. The 
compressive Young’s modules (E), yield strength, and ultimate stress of 
CC-CPC aerogel were 140, 18, and 87 kPa, respectively. The specific 
modulus (E/ρ) and ultimate stress (σ/ρ) of CC-CPC aerogel reached 
≈46.7 MPa cm3 g− 1 and ≈29.0 MPa cm3 g− 1, respectively. These values 
are much higher than the values of the pure CC aerogel (Fig. S7), and are 
comparable with those of carbon nanofiber [59], silica [60], and ce-
ramics- [61] based aerogels (Table S1). The increased mechanical 
properties of the CC-CPC aerogel can be explained by the reinforcement 
of a-CPC in the nanocomposite. Analysis of the microstructure of the 
aerogel gave some insight into its mechanical properties. SEM images 
showed that it was composed of aligned cellular frameworks with pores 
of ≈20 μm in size that were formed by the sublimation of ice crystals 
during the freeze-drying process (Figs. 3c–d). The walls of the cellular 
framework were composed of interwoven porous carbon particles and 
CC nanofibers to form highly crosslinked networks (Fig. 3e). Therefore, 
the high mechanical strength of the CC-CPC aerogel can be attributed to 
the interconnected cellular framework and the highly crosslinked and 
interwoven nanostructures. 

3.2. Adsorption and separation applications 

The hierarchical porous structure of the CC-CPC aerogel inspired us 
to investigate its potential application in adsorption and separation 
processes. The rich (ultra)micropores in the carbon materials and the 
CC-CPC aerogel were predicted to trigger strong interactions with CO2 
molecules (Fig. S8), making the materials suitable for CO2 capture and 

Fig. 2. (a) N2 adsorption and desorption isotherms of Cladophora cellulose-derived porous carbon (CPC) and acid-treated CPC (a-CPC) measured at 77K; (b) pore size 
distributions of CPC and a-CPC; (c) infrared spectra of CPC and a-CPC; (d) high-resolution C1s X-ray photoelectron spectrum of a-CPC. 
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separation (Fig. 4a). As expected, the CPC powder showed high CO2 
adsorption capacities (1.29 and 2.77 mmol g− 1 at 0.15 and 1.0 bar (273 
K), respectively). In comparison, the a-CPC sample showed slightly 
lower CO2 adsorption uptakes (1.21 mmol g− 1 at 0.15 bar, 2.11 mmol 
g− 1 at 1.0 bar; 273 K; Fig. S9a) because of a reduced surface area. 
Although the CC-CPC aerogel had a moderate surface area and con-
tained ≈50 wt% of CC with negligible ability to adsorb CO2 (Fig. S9b), it 
showed relatively high CO2 adsorption capacities (0.44 and 1.12 mmol 
g− 1 at 0.15 and 1.0 bar, respectively). It seemed that the presence of CC 

did not affect the CO2 adsorption on the a-CPC, probably because of the 
homogeneous dispersion of the CC and the a-CPC in the nanocomposites 
ensuring that the accessible pores in a-CPC were not blocked. Remark-
ably, the aerogel demonstrated high IAST CO2-over-N2 selectivity (up to 
111 for a gas mixture with a CO2/N2 ratio of 15 v%/85 v%; Figs. 4b and 
S10, Table S2). This high selectivity can be attributed to the molecular 
sieving effect by the ultramicropores in the a-CPC. The curved CO2 
adsorption isotherms revealed a strong binding affinity between the CO2 
molecules and the samples. The isosteric heat adsorption (Qst) of CO2 

Fig. 3. (a) The freestanding all-cellulose-based porous carbon (CC-CPC) aerogel and the sample loaded with a glass bottle; (b) compressive stress–strain curves for the 
CC-CPC aerogel; SEM images of the CC-CPC aerogel showing the (c–d) cellular and (e) interweaving network. 

Fig. 4. (a) CO2 and N2 adsorption isotherms for the all-cellulose-based porous carbon (CC-CPC) aerogel recorded at 273 K and 0–1 bar; (b) CC-CPC aerogel CO2-over- 
N2 selectivity calculated using ideal adsorbed solution theory (IAST) and the single-component CO2 and N2 adsorption isotherms recorded at 273 K; (c) isosteric heat 
adsorption of CO2 calculated from the Clausius–Clapeyron equation; (d) gravimetric CO2 adsorption isotherm recorded at 298 K and the desorption processes at 
elevated temperatures; (e) cyclic adsorption-desorption isotherms of the CC-CPC aerogel; (f) adsorption capacities of the aerogel for various organic liquids. 
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was derived from the CO2 adsorption isotherms recorded at different 
temperatures (273, 283 and 293 K) by applying the Clausius–Clapeyron 
equation. The aerogel showed a moderate Qst value of 30.8 kJ mol− 1 at 
low coverages (Fig. 4c), accounting for a typical strong physisorption 
process, which means that the sorbent can be reactivated with low en-
ergy consumption using swing adsorption techniques (e.g., temperature 
swing adsorption (TSA), vacuum swing adsorption). The reactivation 
and recyclability of the aerogel as a CO2 sorbent under TSA conditions 
were evaluated by recording the cyclic CO2 adsorption-desorption iso-
therms on a thermogravimetric analyzer (TGA) with a temperature- 
programmed setup (Fig. S1) [41]. The sorption of CO2 by the aerogel 
was illustrated by the weight change shown on the TGA curve. The 
saturated CO2 adsorption by the aerogel at 25 ◦C was 3.27 wt% (Fig. 4d). 
The aerogel was easily reactivated at elevated temperatures. As shown 
in Figs. 4d, 28.4 and 44.8, and 70.7% of the adsorbed CO2 was released 
when the temperature was raised to 40, 50, and 70 ◦C, respectively. This 
suggests that high CO2 working capacities can be achieved at relatively 
low regeneration temperatures. In addition, there was no significant 
decrease in the CO2 adsorption after 10 TSA cycles (Fig. 4e), indicating 
great stability and recyclability of the aerogel as a CO2 sorbent. Given 
the advantages of high CO2-over-N2 selectivity, good recyclability, and 
easy regeneration, the freestanding aerogel can potentially be used as a 
sorbent for post-combustion carbon capture (for instance, separating 
CO2 from flue gases). 

Because of its high overall porosity (99.8%) and good mechanical 
stability, the aerogel is also an ideal sorbent for removal of organic 
pollutants such as organic substances and oils. Five typical organic 
solvents (chloroform, acetone, tetrahydrofuran, benzene, and toluene, 
the most common organic pollutants in air and water) were employed 
for the adsorption study [38]. The capacity of the aerogel to adsorb the 
organic solvents was defined as weight gain per unit weight of the 
aerogel after immersing it in the organic liquid (wt %). The aerogel 
exhibited exceptionally high absorption capacities of ≈100–217 times 
its own weight for these organic liquids (Fig. 4f), comparable to the 

adsorption capacities of top-performing carbon-based materials such as 
the ultralight anisotropic cellulose/graphene aerogel (80–197 times its 
own weight) [62] graphene and CNT hybrid foam (80–140 times) [63], 
and the fire-resistant carbon nanofiber aerogel (106–312 times) [38] 
(Table S3). 

3.3. Interfacial solar vapor generation 

The obtained CC-CPC nanopaper had a high surface area of 225.9 m2 

g− 1 and rich micro- and mesopores (Figs. 2b and S8b). The a-CPC par-
ticles were interconnected by CC that formed a homogenous structure in 
the nanopaper (Figs. S11a-b). The cross-section SEM images of the 
nanopaper clearly showed a layered structure (Figs. S11d–f). In addi-
tion, the CC-CPC nanopaper displayed high mechanical strength; the 
tensile strength and Young’s modules reached 66.6 MPa and 3.4 GPa, 
respectively, which were higher than the corresponding values for the 
pure CC nanopaper due to the presence of a-CPC reinforcing the paper 
(Fig. S12). 

Carbon materials have intrinsically high solar absorption and are 
highly efficient at solar thermal conversion. Various carbon-based solar 
absorbers have been investigated in solar vapor generation (SVG) 
studies with potential direct application in desalination and water pu-
rification processes [64–66]. As expected, the freestanding CC-CPC 
nanopaper with a high loading of a-CPC (≈50 wt%) exhibited strong 
optical broadband absorption in the region of the solar spectrum 
(250–2000 nm) (Fig. 5a). In addition, the thermal insulation properties 
of cellulose and the high porosity of the nanopaper could result in low 
thermal conductivity, which would enable heat localization and thus 
increase the efficiency of the energy transfer during the SVG process. 
Based on the given thermal conductivity of cellulose and carbon and the 
overall porosity of the nanopaper, the thermal conductivity was calcu-
lated as 0.0579 W m− 1 K− 1 (Tables S4–5), which is much lower than that 
of traditional solar absorbing materials such as carbons, semiconductors 
and plasmatic metals commonly used for SVG [67,68]. A qualitative 

Fig. 5. (a) Optical absorption of the all-cellulose-based porous carbon (CC-CPC) nanopaper in the region of the solar spectrum; (b) the interfacial solar vapor 
generator; (c) the time-dependent surface temperature on the CC-CPC nanopaper (the infrared image shows the temperature distribution on the surface of the 
nanopaper after being illuminated for 1 h); (d) the loss of water from the CC-CPC nanopaper under one sun illumination. 
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experiment was carried out to further evaluate the thermal conduction 
behaviour of the nanopaper. Specifically, one side of the nanopaper was 
heated to 80 ◦C and the temperature distribution across the nanopaper 
was recorded by an infrared camera (Fig. S13). The temperature dis-
tribution showed a sharp temperature decay away from the heating 
centre, which suggests that heat conduction was largely prohibited in 
the nanopaper because of its low thermal conductivity. Furthermore, the 
flexibility of the freestanding nanopaper allowed us to design an inter-
facial SVG system and to achieve ideal thermal management. The 
localized thermal energy can be directly applied to a thin layer of water 
at the interface instead of to the bulk of the water. Therefore, the energy 
transfer efficiency and the evaporation rate can be significantly 
increased in comparison with the volumetric heating approach [64]. 

Motivated by these advantages, we used the CC-CPC nanopaper as a 
solar absorber in a prototype interfacial solar vapor generator. Specif-
ically, the nanopaper was closely attached to the top surface of a hy-
drophilic sponge. The sponge not only acted as a water transporter but 
also separated the nanopaper from the bulk of the water. Once the 
nanopaper was exposed to the light (one sun intensity), the surface 
temperature increased to > 40 ◦C in ~10 min and finally stabilized at 
~45 ◦C, which gave a constant temperature difference of ~30 ◦C from 
the surroundings. The vapor generation rate was 1.74 kg m− 2 h− 1 under 
one sun illumination, which is much higher than that of bulk water 
under the same conditions and even surpasses the theoretical maximum 
value for bulk water (1.47 kg m− 2 h− 1) that assumes 100% energy ef-
ficiency [69]. The high evaporation rate can be explained by the fact 
that the vaporization enthalpy of the water is substantially reduced in 
the confined nanopores in comparison with the bulk water [70,71]. In 
addition to the low thermal conductivity, we reasoned that the homo-
geneous distribution of the a-CPC particles in the nanopaper would also 
enhance heat localization during the SVG process since the carbon 
nanoparticles are separated by the insulating cellulose nanofibers and 
the heat loss from the individual carbon nanoparticles to the sur-
roundings would be limited. Meanwhile, the porous layered nano-
structure of the nanopaper (shown in the cross-section SEM images) 
could facilitate water transport and accelerate the evaporation rate 
(Fig. S11). Future studies focusing on the influence of the nanostructure 
and morphology of related solar absorbers on energy transfer efficiency 
and evaporation rate would be greatly beneficial to the community for 
the tailored design of highly efficient SVG materials and devices. To 
conclude, the integrated advantages of the high photothermal conver-
sion ability, low thermal conductivity, and nanoporous structure of the 
nanopaper and good thermal management are crucial factors for 
achieving an efficient SVG process. 

3.4. Flexible electrochemical energy storage devices 

The cellulose-based porous carbons with their relatively high surface 
area have potential as electrode materials for various electrochemical 
applications. In addition, the developed nanoengineering approach al-
lows the porous carbons to be processed into freestanding nanopapers, 
which provides an opportunity to design flexible electrodes for flexible 
and wearable electronic applications, such as flexible supercapacitors. 
In this context, a-CPC, CC and multi-walled CNTs were processed into a 
freestanding CC-CNT-CPC nanopaper. The carbon nanoparticles were 
interwoven with the CNTs and CC to form the highly crosslinked 
structure of the nanopaper (Fig. S14). The CNTs acted as conducting 
bridges between the carbon nanoparticles in the nanopaper to achieve 
high conductivity and a good electrochemical performance. In addition, 
adding CNTs could reinforce the nanopaper and increase its mechanical 
flexibility and stability. 

The electrochemical performance of the nanopaper electrodes was 
initially assessed using a typical three-electrode setup in a 3 M KCl 
aqueous electrolyte. The relatively low charge transfer resistance and 
high frequency resistance observed from the electrochemical impedance 
spectrum suggested fast charge transfer and efficient electrolyte 

transportation in the electrode, respectively (Fig. S15). This can be 
attributed to the interconnected conductive network and the hierar-
chical porosity and hydrophilic nature of the nanopaper. The nanopaper 
electrodes had double-layered capacitive characteristics, as indicated by 
the nearly rectangular shapes of the cyclic voltammetry (CV) curves 
(scan rate: 5–400 mV s− 1; potential window: − 1.0–1.0 V vs Ag/AgCl) 
and the highly symmetrical triangular shapes of the galvanostatic 
charge/discharge (GCD) curves (current density: 0.5–10 mA cm− 2) 
(Figs. S16a–b). The areal capacitance of the nanopaper electrodes 
reached 275.2 mF cm− 2 under a current density of 1.0 mA cm− 2. When 
the contribution of the CNTs and the current collectors was eliminated, 
the active material a-CPC had high capacitances of up to 261.4 F g− 1 at a 
current density of 1.45 A g− 1 (180.9 mF cm− 2, 1.0 mA cm− 2) (Figs. S16c- 
d and S17), i.e. higher than those of various other cellulose-derived 
carbon materials [37,72,73]. Given their good flexibility and high ca-
pacitances, the nanopaper electrodes were assembled into flexible 
symmetrical supercapacitors in a coffee-bag arrangement (Fig. 6a). The 
CV curves recorded at different scan rates displayed similarly 
near-rectangular shapes (Fig. 6b). In addition, the shape of the CV curves 
was almost unchanged by increasing the potential window from 0 to 1.0 
V to 0–2.0 V vs Ag/AgCl (Fig. S18). The areal capacitance of the device 
reached 92.3 and 86.6 mF cm− 2 (current density: 0.5 and 1 mA cm− 2) 
within 0–1.8 V vs Ag/AgCl (Figs. 6c–d) respectively. More importantly, 
the device displayed a good rate capability; 93.8, 67.8, and 39.1% of the 
capacitances were retained at higher current densities of 1, 5, and 10 
mA cm− 2, respectively. Because of the increased operational potential 
window and the high capacitances, the energy and power densities of 
the devices were high, with maximum outputs of 41.3 μWh cm− 2 and 
9.0 μW cm− 2 (Fig. S19), respectively. These values are comparable with 
those of rGO/CNTs [74], graphene/graphite-paper [75] and graphene 
[76] based supercapacitor (Table S6). Remarkably, the device showed 
excellent flexibility and was able to provide a constant output when 
bent, twisted and even folded. The CV curves for the devices were almost 
unchanged under these different configurations. The individual devices 
can be assembled in parallel or in series. These integrated units with 
high output densities could supply power for flexible and wearable 
electronics (Fig. 6e). A proof of concept application showed that the 
flexible supercapacitor could power a red light-emitting diode (LED) 
(Fig. 6f). 

4. Conclusions 

CC has been used as both a bioprecursor and a flexible substrate in 
nanoengineering procedures to develop CC-CPC nanocomposites. The 
strategy involves physical carbonation of the cellulose followed by 
interweaving the obtained porous carbons with cellulose nanofibers to 
form freestanding aerogels and nanopapers. It is noteworthy that no 
organic binder was used in the process, so that the porous channels and 
high surface area of the porous carbons could be easily accessed. More 
importantly, the freestanding form of the nanocomposite greatly facili-
tated its practical application. For instance, the highly porous aerogels 
can be used directly as sorbents in the post-combustion capture of CO2 
and as filters for removal of toxic organics. The photothermally active 
nanopapers enable the transfer and application of absorbed solar energy 
onto the surface of water to significantly increase the evaporation rate 
and solar vapor generation efficiency. In addition, the nanopapers can 
potentially be integrated as flexible electrodes in the design of various 
flexible electronic applications, such as energy storage devices, sensors, 
and displays. The transfer of knowledge from this study into the areas of 
materials design and manufacturing could promote the development of 
fully sustainable, freestanding functional materials with specifically 
tailored compositions and connectivity for application in energy and 
environmental fields. 
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