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Abstract  Paper is the largest renewable industrial 
substrate produced for various applications and can 
be recycled by disintegrating the fibers and reforming 
the paper. Paper and its fiber constituents lack func-
tions such as electrical conductivity and papermak-
ing itself has not been used for producing electronic 
devices. In this work, we show a potential industri-
ally viable route for introducing cationic charges on 
the cellulose fibers and subsequently show how the 
adsorption of negatively charged ionically and elec-
trically conductive materials onto these fibers from 

aqueous media can be applied at time scales relevant 
to industrial papermaking. This results in electroac-
tive fibers, that can subsequently be used to prepare 
electroactive papers using standard papermaking 
procedures. Since fibers in the paper can selectively 
be coated with different active materials, various 
functions can be added into the paper. To demon-
strate applications, we prepared electroactive papers 
using fibers with adsorbed carbon nanotubes (CNTs) 
and conducting polymers. We achieved conductivity 
of 21  S/m with only 1wt% CNT. We also prepared 
papers with CNTs and black phosphorus, used as 
paper-based lithium, and sodium ion battery (free-
standing) anodes. They delivered a specific capacity 
of 642  mA  h  g−1 at 100  mA  g−1 after 3500 cycles 
with 99.5% columbic efficiency. Furthermore, we 
recycled the papers, and as the disintegration of the 
fibers did not lead to removal of the ionic or electro-
active materials from the fiber surface, the recycled 
papers showed similar electrical and mechanical 
properties to the original papers. This opens the path 
for recyclable paper-based electronics.
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Introduction

The worldwide production of cellulose fibers from 
trees is currently very large, reaching an annual 
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paper production of around 400 million metric tons. 
(Przybysz et  al. 2018) Most of these fibers are used 
in paper making primarily for packaging, hygiene and 
printing products, making it one of the largest sub-
strates that is industrially produced from a renewable 
resource. Cellulose-rich papers are made by dewater-
ing of the wet fibers on large scale paper machines 
at speeds exceeding 1500 m/min, resulting in a ran-
dom-in-plane oriented fibrous network. In paper, the 
fiber–fiber contacts define its main mechanical as 
well as transport/transfer properties, such as stress, 
strain and heat. (Yi et al. 2004; Picu 2011).

Pristine papers lack active functions such as heat 
and electrical conduction, or biological functionality, 
required for different advanced high-value applica-
tions. For this reason, different approaches have been 
used to add functions primarily by adding inks, like 
electroactive inks, metals, bioactive inorganic materi-
als or biopolymers, onto a prefabricated paper using 
techniques like screen printing, roll-to-roll, or digi-
tal print/press.(Martinez et  al. 2007; Hu et  al. 2009, 
2010; Hübler et  al. 2011; Hamedi et  al. 2016; Lin 
et al. 2016) These have resulted in two major catego-
ries of multifunctional paper: (i) Printed electronics, 
which is currently done by adding electroactive inks 
onto or into dry paper to form electronic devices like 
digital electronics, displays, solar cells, and batteries.
(Berggren et al. 2007; Tobjörk and Österbacka 2011; 
Hu and Cui 2012; Pettersson et  al. 2014; Brunetti 
et al. 2019) (ii) Paper microfluidic analytical systems 
also known as µPADs, where hydrophobic regions are 
printed into paper to create microfluidic structures, 
followed by printing of biomolecules and reagents for 
the fabrication of biomolecular analytical systems.
(Yamada et al. 2015; Hamedi et al. 2016).

Adding functions to prefabricated paper, however, 
has four major problems limiting its possibilities: (i) 
de-watering forms closed contacts at the fiber junc-
tions, thus making the fiber contacts less accessible to 
penetration of inks. The fiber is furthermore already 
in a dry-state and wet adsorption on to the dry fibers 
cannot be fully utilized. (ii) It is not possible to fabri-
cate composite papers in which a single fiber carries 
different functional materials to an adjacent fiber. (iii) 
The additional steps posterior to papermaking require 
other machines and factories, thus causing a sub-
stantial added cost and hence a significant barrier to 
implementation. Furthermore, since most papers are 
inhomogeneous in the thickness, it is difficult to print 

well-defined thin films on an uncoated paper. (iv) The 
recycling of paper with functional materials added 
on top is challenging, as the functional inks should 
be removed in a separate process to that of paper 
recycling.(Hu et  al. 2010; Leijonmarck et  al. 2013; 
Nguyen et  al. 2014) Furthermore, paper electronics 
without a feasible recycling route do not necessarily 
have advantage over printed circuit boards.(Sudhesh-
war et al. 2023).

To solve these problems one approach has been to 
incorporate functional particles of similar size to that 
of the fiber itself, such as carbon fibers or graphite, to 
the wet fiber prior to papermaking to make compos-
ite papers; this method provides a two-phase system 
where cellulose fibers only act as the skeleton and 
do not adsorb the particles evenly distributed on the 
fibers.(Mirica et  al. 2013; Kaplan et  al. 2017; Isacs-
son et al. 2020) Another approach involves the modi-
fication of the cellulose fibers of prefabricated paper 
using adsorption or chemistry, followed by adsorp-
tion of particles or polymers. This approach might 
be complex with treatment steps mainly suitable for 
the preparation of a single material/function.(Fugetsu 
et al. 2008; Imai et al. 2010; Koklukaya et al. 2015).

In the present approach for fiber treatment, we 
solve all the four major issues listed above. Our solu-
tion relies on a potential industrially scalable chemi-
cal modification of fibers, which introduces cationic 
charges on the surface of the fibers in wet state. These 
fibers can subsequently adsorb numerous negatively 
charged functional materials ranging from conduct-
ing polymers to nanomaterials like carbon nanotubes 
(CNTs) turning the wet fibers into functional fibers. 
They can then be used alone or in mixtures in a con-
ventional paper-making process to form a fundamen-
tally new form of functional paper at scale.(Isacsson 
et  al. 2022) This is possible because the adsorbed 
materials are not washed away from the fibers dur-
ing the dewatering process, and do not necessarily 
disrupt the formation of strong fiber contacts result-
ing in papers with acceptable mechanical properties. 
Furthermore, a lot can be achieved at modest addi-
tion levels and the adsorbed amount is only around 
1  wt% of the dry paper composite. Here, individual 
fibers can also carry individual function that is differ-
ent from the adjacent fibers and form intimate con-
nections in the paper network once the percolation 
threshold has been passed. The fiber junction of these 
papers thus both forms a strong network to provide 
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strength and acts as a  connection point for the elec-
tronic transport between the fibers, provided the mod-
ification has been performed with care and skill.

Materials and methods

Preparation of cationic fibers

For the preparation of cationic cellulose fibers, the 
previously reported method by Pei et  al.(Pei et  al. 
2013) was used with slight modifications. A softwood 
sulfite dissolving pulp (100  g dry, Domsjö Fabriker 
AB, Sweden) was mixed with 4.78 M NaOH and left 
for 10 min to activate the surface hydroxyl groups of 
cellulose. A dissolving pulp was chosen because it 
has few impurities and is rich in cellulose (93–95% 
cellulose), facilitating a defined system for small-
scale studies. It should be noted that other bleached 
pulps, with higher hemicellulose content, would per-
form similarly.

Afterward, isopropanol (153  g, Sigma Aldrich) 
and glycidyl trimethylammonium (100  g, 99.9% 
purity, Sigma Aldrich) were added to the activated 
fibers and mixed thoroughly. The reaction was carried 
out at 65 °C for 6 h in a hot water bath. Subsequently, 
the reaction mixture was neutralized with 1 M hydro-
chloric acid (Sigma Aldrich), filtered, and washed 
thoroughly with DI water using vacuum filtration. 
The charge density of the fibers was measured using 
polyelectrolyte titration, and the estimated charge 
density was 250 ± 50 µeq/g.

Preparation of black phosphorus

Commercial red phosphorus chunks (of 99.9% purity) 
were purchased from Sigma Aldrich and hand ground 
to powder using mortar pestle. The black phosphorus 
(BP) nanomaterials were obtained by ball milling of 
red phosphorus powders under inert atmosphere. The 
red phosphorus powder was dried in vaccum oven 
at 60 °C for 24 h and then transferred to argon-filled 
glove box maintained at < 0.1  ppm of O2 and H2O. 
The red phosphorus was subjected to high energy 
ball milling using tungsten-carbide vials and balls 
at 300 rpm with ball to powder weight ratio of 20:1, 
respectively, for 20 h in Retsch PM 400 ball mill. The 
obtained black powders were collected and processed 

inside glovebox so as to avoid contamination due to 
self-ignition as ball milled powders are highly reac-
tive upon contact with atmospheric air.

Coating (saturating) the fibers with nanomaterials

A cationic fiber dispersion (2 g/L) in water was pre-
pared (fiber dry weight 0.5  g), and 50  mg (meas-
ured dry weight) of either poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS) or 
single-wall carbon nanotubes (SWNTs) from aque-
ous dispersion (1  g/L) was added to this disper-
sion. PEDOT: PSS (ICP 1050) were purchased from 
Agfa and the carboxylic acid functionalized SWNTs 
(P3-SWNTs > 90% purity) were purchased from Car-
bon Solutions Inc. The mixture was stirred using an 
overhead stirrer for 30 min. Here, the fiber concentra-
tion as well as the PEDOT or SWNT concentrations 
are known. Next, 10  mL (using a plastic syringe) 
from the mixture was picked and filtered out the un-
adsorbed PEDOT:PSS or SWNT in a vial—got a 
clear blue or gray dispersion. Then, the dried weight 
was measured to obtain the concentration of the un-
adsorbed PEDOT:PSS or SWNTs. By subtracting that 
from the original PEDOT:PSS or SWNT concentra-
tion in the fiber-water mixture, the adsorbed amount 
was calculated. This procedure was repeated 5 times 
to get an average data point. The PEDOT:PSS or 
SWNTs (dry weight percent adsorbed) varied some-
what between 0.5 wt% and 1.5 wt%.

Dynamic light scattering (DLS)

Zetasizer ZEN3600 (Malvern Instruments Ltd., UK) 
was used. Disposable polystyrene cuvettes were filled 
with sample to a volume of 2  mL in each cuvette. 
Measurements were performed at 25  °C and each 
curve is the average of 10 s measurements. Based on 
the settings, each measurement was repeated 5 times 
for each sample to enable averaging and normalized 
intensity correlation function versus time of each 
sample was obtained. The hydrodynamic diameter of 
the BP and SWNTs in pure water, as well as the zeta 
potential were recorded.

Tensile testing

Tensile testing of the papers was done using Univer-
sal Material Testing Machine Instron 5944 (Norwood, 
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MA, USA) equipped with 500 N load cell, cross-head 
speed of 5 mm/min (strain rate of 10%/min). 5 speci-
mens from each paper were cut into rectangles hav-
ing the length of 5 cm and width of 5 mm and tested 
(to enable averaging). All the tensile tests, and other 
measurements on dried papers and fibers were done 
in a controlled condition room having contstant tem-
perature of 23 °C and a constant relative humidity of 
50%. All the papers were conditioned for 24 h prior to 
measurement.

Fabrication of the composite papers and paper sheets

The coated fibers were mixed in a given ratio in water, 
and mixed for 5 min using an overhead stirrer. All the 
papers (with coated fibers or not coated) were pre-
pared using tap water in a Rapid Köthen equipment 
(Paper Testing Instruments, Austria). The sheets were 
dried at 93 °C under a reduced pressure of 95 kPa for 
10 min. The apparent density of the papers was meas-
ured in the range of 725–760 kg/m3.

Scanning electron microscopy (SEM) imaging

SEM images were captured using the high-vacuum 
field-emission SEM (Hitachi S-4800, Hitachi Corp., 
Japan). The samples were fixed on a metal stub and 
sputtered with 5–6 nm layer of gold–palladium using 
Cressington 208HR (Watford, UK).

Conductivity measurement of individually coated 
fibers

The conductivity of the coated fibers was measured 
by drying individual fibers on a glass plate, paint-
ing the two ends side of each fiber with conduct-
ing silver paint, and measuring the resistance of the 
fiber using two point probe resistance measurement 
(KEITHLEY, Beaverton, USA) from these silver 
contacts.

The length and width of each fibers was calculated 
using image analysis of microscopy photos taken with 
a Zeiss “Stemi” micropscope. These values were used 
to normalize the resistance/square value for each fib-
ers. See Table S1.

Conductivity measurement on composite papers

The electrical conductivity of the papers was meas-
ured using a two-point probe technique. The papers 
were cut into rectangular shapes 5 mm wide and 5 cm 
long. The two edges of the papers were silver painted 
to provide good contact between the metal probe and 
the paper. The electrical resistance of each paper was 
measured using Source Meter 2401 (KEITHLEY, 
Beaverton, USA).

Battery test

The multifunctional composite paper was tested as 
free-standing and additive-free negative electrode in 
a half-cell configurations against Li and Na metals, 
respectively, for lithium-ion and sodium-ion batter-
ies. The free-standing composite paper was disc-cut 
to 12 mm diameter and directly used as anode for lith-
ium and sodium-ion batteries. A half coin cell con-
figuration constituting of composite paper as working 
electrode and lithium metal disc as counter/reference 
electrode partitioned by Celgard 2200 grade separa-
tor impregnated with 1 M LiPF6 in 1:1 (v/v) EC:DEC 
electrolyte was fabricated in an argon-filled glove box 
maintained at < 0.1 ppm O2 and < 0.1 ppm H2O. The 
fabricated cells were rested overnight and electro-
chemically tested at specific current density between 
0.002 and 3 V against Lithium in a multichannel bat-
tery tester (Lanhn battery Inc., China). The imped-
ance spectra of the fresh cells were tested at 5  mV 
amplitude between 0.1 and 10 mHz frequencies using 
BioLogic VMP3 Instruments, France. Similarly, for 
sodium cells, 1 M NaPF6 in 1:1 (v/v) EC/DEC + 10% 
FEC as electrolyte and Whatsmans (G/F) grade as 
separator between the working electrode (composite 
paper) and sodium metal disc (counter/reference elec-
trode). The sodium cells were cycled between 0.002 
and 2 V at specific current density (mA/g). The spe-
cific capacity (mAh/g) was calaculated based on the 
wt.% of black phosphorus and CNT combined.

T‑cell configuration

Recycled and non-recycled 100% SWNT/CNT papers 
were characterized in a three-electrode setup with a 
T-cell configuration, where reference and counter 
electrodes were Ag/AgCl (3  M  KCl) and activated 
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carbon mixture, respectively and separated via mon-
olayer microporous polypropylene membrane. Elec-
trolytes with a 1 M concentration, containing H2SO4 
(in water) and 1 M tetraethylammonium (in acetoni-
trile), were subjected to testing. In the case of the 
non-aqueous electrolyte, the T-cells were assembled 
inside a glovebox Lab star eco (MBraun, Germany) in 
argon atmosphere (H2O < 0.5 ppm and O2 < 0.5 ppm).

Electrochemical characterization

The electrochemical performance of the papers was 
evaluated with cyclic voltammetry (CV) and recorded 
with VSP potentiostat (Bio-Logic Cromocol Scandi-
navia, Sweden). Moreover, cyclic charge–discharge 
stability tests were also performed using Landt 
instruments battery testing system (CT2001A, Landt 
Instruments, USA). For the measurement with T-cell 
configuration, CV measurement was performed in 
three electrode configurations. CV measurements 
were recorded at scan rates from 5 to 500 mV/s under 
0 to 1 V and − 0.6 to 1 V potential window in aque-
ous and non-aqueous electrolytes, respectively.

Capacitance values were extracted from the for-
ward CV scan curves for each scan rate, where the 
area under the curve represents the charge accu-
mulated in the device with voltage increase. Subse-
quently, by relating charge and capacitance (C = Q/V; 
C is capacitance, Q is charge, and V is voltage), spe-
cific capacitance values were extracted for all the 
samples in both organic and inorganic electrolytes 
using the following equation;

where the numerator represents the area under the 
curve of forward scan (anodic scan), v and ΔV  repre-
sent scan rate and potential window respectively.

In CV measurements, a potential window of − 0.6 
to 1  V for organic and 0 to 1  V for inorganic elec-
trolyte was used. Exceeding the used voltage window 
resulted in observation of the development of high 
redox current related to decomposing the electrolyte. 
Consequently, the optimized potential working win-
dow has been selected to ensure the reliability and 
accuracy of our results.

C =
∫ IdV

vΔV

Recycling the papers

For recycling, a similar method as for making 
the composite papers was used. The sheets were 
first soaked in DI water overnight and slushed at 
10,000  rpm in a mechanical slusher. Next, Rapid 
Köthen sheet former was used at 93  °C under a 
reduced pressure of 95 kPa for 10 min.

Results and discussion

The major industrial routes for large scale fiber pro-
duction involve chemical and mechanical treatments. 
Fibers from fully delignified wood usually have a low 
surface charge and can therefore only adsorb a lim-
ited amount of oppositely charged  functional mate-
rials through self-assembly in water.(Agarwal et  al. 
2009) To solve this problem, we prepared cationically 
charged cellulose fibers, using a similar method to 
that used for cationic starch in industry. This method 
in short involves the conversion of alkali-activated 
surface hydroxyl (-OH) groups on cellulose to quater-
nary ammonium groups by reaction with glycidyl-tri-
methylammonium chloride (Pei et al. 2013; Ho et al. 
2011) (see Fig. 1A). This chemical route results in an 
estimated fiber charge of around 300 µequiv/g. These 
charged groups further enable an efficient adsorption 
of anionically charged materials onto the cellulose 
fibers in aqueous media, at a concentration below 
1 wt%, and with a dewatering time of less than 1 min 
which is required for industrial papermaking. Our fib-
ers therefore open the path of adding numerous func-
tional materials onto the fibers by simply adding a 
pretreatment step prior to paper making.

The majority of functional materials (especially 
conducting polymers, 1D, and 2D materials) are 
negatively charged which aids in their dispersion in 
water. They can therefore adsorb homogeneously 
onto the cationic fiber in water. We have chosen sev-
eral of the most important electroactive materials; 
single-wall carbon nanotubes (SWNTs), black phos-
phorus (BP) of irregular-shape, and the conducting 
Poly(3,4-ethylenedioxythiophene):poly(styrenesul
fonate) (PEDOT:PSS), all dispersed and stabilized 
in water, to coat the cationic fibers by mixing these 
materials with the fiber suspension. This was simply 
achieved by adding the dispersion to the fiber-water 
mixture during stirring and after 30  min the fibers 
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were dewatered which resulted in a 10 wt% wet fiber 
pad in which the coated material constituted around 
1 wt% of the solid content (see Fig. 1 and Figure S1).

By mixing uncoated and coated wet fibers at dif-
ferent ratios we could also prepare a number of differ-
ent composite papers. To show a major advantage of 
our paper making process for multifunctional papers, 
we demonstrate that these papers are easily recycla-
ble. We recycled the composite papers, containing 
5% to 100% coated fibers (either with PEDOT:PSS 
or SWNTs), by re-dispersing the papers into fibers 
in water (see Fig.  2A). Figure  2B shows examples 
of papers containing different amounts of functional 

fibers coated with PEDOT:PSS or SWNTs (ranging 
5–100% coated fibers).

The maximum conductivity of SWNTs composite 
papers (21.7 S/m) was around ten times higher than the 
PEDOT:PSS papers (2.8  S/m), at the highest fraction 
(see Table S2). This can be attributed to the formation 
of a denser network of particles alongside each fiber 
in the case of SWNTs, due to their higher aspect ratio 
compared to PEDOT:PSS. (Li et al. 2007) The SWNTs 
have aspect ratio of around 1000 and so compared to 
spherical and larger PEDOT:PSS particles, (Leaf and 
Muthukumar 2016) the SWNTs adsorbed on the fiber 
will hence have a larger number of contacts and there-
fore a denser conductive network that can explain the 

Fig. 1   Schematic diagrams 
showing A the cationiza-
tion of the fibers. B The 
active nanomaterials used 
here to adsorb on cationic 
fibers (from left to right: 
single wall carbon nano-
tubes, black phosphorus, 
PEDOT:PSS). C Optical 
images from wet cationic 
fibers coated with (from 
left to right) SWNT, black 
phosphorus, PEDOT:PSS, 
at 1 g/L (top) and 10 wt% 
(bottom). D Their respec-
tive schematics. SEM 
images from fiber surfaces 
coated with E SWNTs, 
F Black phosphorus, G 
PEDOT:PSS. H and I 
SEM images from the fiber 
network at different magni-
fications



8843Cellulose (2024) 31:8837–8849	

Vol.: (0123456789)

lower resistance of SWNT coated fibers, and conse-
quently higher conductivity of the SWNT composite 
papers (see Table  S1 and Fig.  2C). Since paper fol-
lows a random 2D network percolation, its conductiv-
ity should depend only on the conductivity of the indi-
vidual fibers. To test this hypothesis, we measured the 

conductivity of individually coated fibers to 44 ± 10 
kOhm/square for SWNT-coated fibers and 361 ± 31 
kOhm/square for PEDOT-coated fibers (see Table S1). 
These values indeed differ by around an order of mag-
nitude indicating that the fiber–fiber contact resistance 
is negligible. Therefore, we considered an individually 

Fig. 2   A A schematic showing the recycling process of the 
composite papers coated with SWNTs. B An optical image 
shows the composite papers; the fibers are either coated with 
SWNTs (top) or PEDOT:PSS (bottom). The composite papers 
made from 5 to 100% coated fibers. C Electrical conductiv-
ity of the composite papers before (filled symbols) and after 
recycling (hollow symbols). The experimental data were fitted 

using the power law model (black curve for SWNTs and blue 
dashed curve for PEDOT:PSS papers before recycling. Tensile 
data showing: D Young’s modulus, and E stress at break, F 
strain at break of the composite papers vs. coated fibers (%). 
The hollow symbols, also in this case, show the data for recy-
cled papers
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coated fiber (with either SWNT or PEDOT:PSS) as the 
conductive unit and fitted the experimentally measured 
conductivity data with the power law model:

Where σ is conductivity of the composite, σ0 is the 
conductivity of the paper with 100% coated fibers, ϕ 
is the volume fraction of the conductive component 
(coated fibers), ϕc is the percolation threshold (vol-
ume fraction) and t is the critical exponent (defined as 
2 by Lyons et al.(Lyons et al. 2008) for similar fiber 
networks). By fitting this model to our experimental 
data (see Fig.  2C), the estimated percolation thresh-
old was around 2% for the coated fibers which is rela-
tively low for macroscopic fibers and comparable to 
that of nanocomposites.(Li et al. 2007). Interestingly, 
the conductivity of the SWNTs composite papers 
did not change more than 8% after 10 folding cycles, 
upon complete folding to 180°  and unfolding of the 
paper (see Figure S2). This is an indication for fold-
ing stability.

The tensile results in Fig.  2D–F show similar 
Young’s modulus, stress at break and strain at break 
for different compositions. This suggests that the 
increased number of coated fibers in the composi-
tions do not alter the ductility and mechanical per-
formance of the paper. This advantage can be related 
to the low fraction (only 1 wt%) of the nanomateri-
als (PEDOT:PSS or SWNT) coated on the fiber and 
in the whole paper. Due to slightly shorter fibers (see 
Figures S3 and S4) of the starting material, however, 
the absolute mechanical properties of the papers are 
lower compared with traditional papers used for pack-
aging and printing applications.(Yoshihara and Yosh-
inobu 2014).

The advantage of this work is that recycling does 
not deteriorate or remove the adsorbed conductive 
materials on the fibers. To quantify this, we meas-
ured the conductivity of the composite papers before 
and after recycling (see Fig. 2C). The results showed 
similar conductivity values (particularly for SWNT 
coated fibers) after recycling, supporting the hypoth-
esis that the nanomaterials strongly adhered to the 
fiber surface and were not washed away during the 
recycling process. We noticed a larger drop in con-
ductivity for the recycled PEDOT:PSS papers which 
could be a result of the polymer aging in long con-
tact with air.(Shi et al. 2022) The conductivity of the 

𝜎 = 𝜎
0
(𝜙 − 𝜙

c
)t 𝜙 > 𝜙

c

recycled paper is however still high enough for many 
applications and this process can be further optimized 
in future developments.

The composite papers can in summary be recycled 
without removing the electroactive materials from 
the recycled fibers. The tensile data of the recycled 
papers showed similar stress at break compared to the 
pristine composite papers, whereas there is 35–50% 
decrease in the strain at break while the Young’s 
modulus even showed 40–70% increase. These 
changes in mechanical properties are known to occur 
for regular paper. This is, however, to our knowledge 
the first demonstration of a process which allows for 
industrial recycling of electrically interactive papers 
using conventional processing.

To further analyze not only the electronic but also 
the electrochemical properties of the SWNT-coated 
composite papers, we fabricated supercapacitors 
using the recycled papers as electrodes (see materials 
and methods, and Figure  S5). Even after recycling, 
the supercapacitors showed good capacitance values 
reaching 40 F/g at lower scan rates, and around 5 F/g 
at higher scan rates (around 100 mV/s). These results 
are promising performance, considering that we have 
only 1wt% SWNTs in the paper overall. These papers 
can then be used for recyclable batteries and superca-
pacitors. In the next step, we demonstrate Li and Na 
ion batteries.

To make the paper-based batteries, we first mixed 
50% of the fibers (required to form the paper) with 
BP dispersion. Black phosphorus (BP) can be pre-
pared as a negatively charged aqueous dispersion 
(see materials and methods) with atomically layered 
structure of phosphorus (P) atoms. (Sun et al. 2014) 
P has the ability to react with both sodium and lith-
ium ions making it a suitable component in batter-
ies.(Jin et al. 2020; Subramaniyam et al. 2022). As 
shown in Fig.  1F and Fig.  3A, the BP network on 
the fiber does not appear to have many connection 
points, mainly due to the low aspect ratio of BP and 
its rather large particle diameter and the influence 
this has on the deposition process (Ondaral et  al. 
2010). Therefore, we exposed the BP coated fibers 
(after washing) to a SWNTs dispersion leading to 
an excess adsorption of SWNTs and hence an elec-
trically conducting network among the BPs on the 
individual fibers. To further enhance the electrical 
conductivity of the paper formed from these treated 
fibers, they were mixed with another 50% of fibers 
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coated with only the SWNT dispersion followed 
by washing and paper preparation. It should be 
remembered that in order to achieve a high cycling 
capacitance it is necessary to have a homogene-
ous, and electrochemically active structure, where 
the BP and the SWNTs form regular contacts in the 

fiber–fiber joints. (Park and Sohn 2007) In these 
papers, the BPs are in contact through SWNTs on 
the nanoscale, and the BP + SWNT-coated fibers 
are in intimate contact with the electrical conduc-
tors, i.e. SWNT-coated fibers. The SEM image in 
Figs. 3B, S6 and S7 show an example of a randomly 

Fig. 3   A Schematic showing a composite paper electrode 
where half of the fibers are coated with SWNTs and the other 
half coated with SWNT-BP. B SEM image showing a fiber 
contact between a BP-SWNT coated fiber acting as energy 
storage fiber and a pure SWNT coated fiber acting as a con-
ductor. The higher magnification images from each fiber show 
the different surface morphologies. C Photo of an anode paper 

used for the batteries. D Nyquist plot showing impedance 
spectra of the composite paper at frequencies between 0.1 and 
10  mHz. (The inset shows a zoomed-in section of the curve 
and equivalent electrical circuit), E 3500 cycles of charge/dis-
charge for Li+, in a half cell with the paper electrode at differ-
ent rates
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distributed fiber contacts coated with different 
materials.

This approach is particularly interesting as the fib-
ers should be coated and washed first, then mixed at 
a given composition to enable full control over the 
final composition of the functional materials in the 
composite paper. For instance, if we coat the cationic 
fibers with an aqueous dispersion containing 50/50 
w/w BP and SWNT, we would end up with fibers of 
a different composition since the affinity of the sepa-
rate nanomaterials to adsorb onto the fibers is differ-
ent. This can be related to difference in diffusion and 
charge of the particles, which is apparent when com-
paring SWNTs and BPs (see Figure S8).

Another advantage of this method is that the BP 
and SWNT together constitute only 1  wt% of the 
entire paper. The high-performance at this low frac-
tion can be related to the homogenously coated indi-
vidual fibers, as well as high number of fiber con-
tacts in the paper. (Corte and Kallmes 1962; Yi et al. 
2004).

The Nyquist plot shows the impedance behavior of 
the original composite paper as electrode against Li 
(see Fig. 3D) along with equivalent electrical circuit 
(Fig.  3D inset). The latter consisted of components: 
(i) at high frequency, R1 (= 5.02 Ohm) represent the 
resistance of Li migration in electrolyte and the sepa-
rator; (ii) the damped semi-circle at the middle fre-
quency represented with 2 similar groups in series 
to other with each containing resistances in parallel 
to constant-phase-elements, (R2||CPE1, R3||CPE2, 
Fig. 3D inset). The latter group represents resistance-
to-charge-transfer (Rct = R3 = 277.7 Ohm) while for-
mer group accounts to resistance at the interfacial 
layer.; (iii) inclined line represents the Li mass diffu-
sion at low frequency. Therefore, the electrically con-
ductive paper exhibited low Rct and hence, was tested 
as negative electrode for lithium-ion batteries between 
0.002 and 3 V as shown in Fig. 3E. When tested for 
Li+ battery at 20 mA g−1, the composite paper deliv-
ered a discharge capacity of 2715.8  mA  h  g−1 with 
an initial reversible 34.3% Coulombic efficiency 
(CE). This drastic irreversible first cycle loss could be 
due to formation of solid-electrolyte-interface layer 
at a lower voltage which entraps the lithium ions. 
(Zhang et  al. 2006) The specific capacity, however, 
drops for a few initial cycles that is probably due to 
the slow diffusion of electrolyte into the interspaces 
of the rigid cellulose/SWNT networks which in turn 

probably provided a high resistance-to-charge trans-
fer (for more information see Figure S9). The results 
also show that the electrochemical performance 
slowly increases with cycle numbers at high current 
density of 50 and 100 mA g−1. This increasing trend 
could be due to the enhanced electrolyte diffusion 
and an improved accessibility of active sites for ions 
and electronic transports within the cellulose fiber. 
(Dong et al. 2022) Overall, the composite paper bat-
teries delivered a specific capacity of 642 mA h g−1 at 
100  mA  g−1 even after 3500 cycles with 99.5% CE 
which is a high performance for a no-additives free-
standing electrode which could enable building an 
inexpensive and flexible battery for electronics. When 
tested as flexible anode for sodium ion battery (Fig-
ure  S10), the electrochemical performance was par 
well in the initial cycle at 20 mA g−1 but deteriorates 
at 100 mA g−1 which might be due to the slow trans-
port of Na+ owing to its large atomic radius and low 
electrochemical potential of sodium as compared to 
lithium.

These preliminary results can pave the way for 
using industrial paper making process for the fabrica-
tion of both Li+ as well as Na+ batteries. Even though 
the initial energy storage values are not in par with 
state-of-the-art batteries, we think these batteries can 
find application areas for example in printed electron-
ics. (Cheng et al. 2013; Yao et al. 2017; Poulin et al. 
2022).

Conclusions

In summary, we were able to prepare conductive 
composite papers, using an industrially scalable 
chemical modification of the fibers, where cati-
onic charges were covalently attached to the fibers 
in wet state. The charged fibers could subsequently 
adsorb negatively charged functional materials in 
water, ranging from conducting polymers, such as 
PEDOT:PSS, to nanomaterials such as CNTs, turn-
ing the wet fibers into electrically conductive paper. 
This process was fast and could easily be imple-
mented as a part of paper making. The functional-
ized fibers could be used alone or in mixtures with 
other fibers in a conventional paper-making process 
to form a fundamentally new form of functional 
papers at scale. This is possible since the adsorbed 
components are not washed away from the fibers 
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during the paper dewatering process, and do not 
disrupt the formation of strong fiber–fiber joints 
that are necessary to form papers with acceptable 
mechanical properties. The joints can form a strong 
network and act as an efficient connection point for 
the electronic and ionic transport between the fibers. 
The conductive coated nanomaterials were strongly 
adsorbed onto the fibers and the paper could there-
fore be recycled without degrading the electrical 
function of the composite papers. This indicates 
that efficient fiber–fiber contacts are reformed after 
the recycling process. We also used these fibers to 
fabricate lithium and sodium ion paper batteries. In 
these paper batteries, half of the fibers were coated 
with black phosphorus (and carbon nanotubes) 
and the other half with only carbon nanotubes for 
increasing the conductivity of the formed paper. 
Future improvements should focus on increasing the 
strength of paper made from coated cationic fibers 
and to use other electroactive materials such as 2D 
materials, new generations of conducting polymers, 
or even active cellulose derivatives (Koga et  al. 
2022; Fukuhara et al. 2021).

The chemical modification of cationic fibers can 
also be done using industrial processes, such as 
kneading mixer machines (Willberg-Keyriläinen 
et al. 2019) and decreased water content to substan-
tially increase the yield.

This work can open new possibilities for using 
industrial papermaking as a route towards future 
recyclable electroactive devices, such as capacitors, 
batteries, digital devices, and sensors.(Mirica et al. 
2013; Lin et  al. 2016; Hajian et  al. 2019; Mogera 
et al. 2022; Yang et al. 2022).
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