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ABSTRACT

The present study revealed the effect of combining one strong-inorganic and weak-

organic protonic acid dopants on the electrical conductivity and electrochemical prop-

erties of flexible free-standing composite electrodes based on polyaniline and nanofib-

rillated cellulose (NFC) or its carboxylated analog (CNFC), synthesized using a bottom-

up approach. Hydrochloric acid (HCl) served as a low molecular weight inorganic

dopant while phytic acid (PhA) and poly(2-acrylamido-2-methyl-1-propanesulfonic

acid) (PAAMPSA)were chosenas theorganicdopants. BothPhAandPAAMPSAacted

as secondary dopants in the dually doped composites through the molecular confor-

mation changes of PANI chains. Synergistic increase in the electrical conductivity is

observed for dually doped PANI-NFCwith the combination of PAAMPSA andHCl in

comparisonwithPhAandHCl.Unlike thePhA, themorphological changes inducedby

PAAMPSA are more favorable for the enhancement of conductivity. Neither the mor-

phological changes,nor thecarboxylationofNFCaffected theelectrochemicalproperties

of the composites as the specific capacitance valueswere influencedmainly by the type

and the strength of the individual acids. The capacitance values per gram of the dually

doped composite with PAAMPSA andHCl increased with the decrease in the NFC or

CNFC loading reaching values above 200 F�g–1measured at 50 mV�s-1 of composite for

the80wt%PANIcontent. These resultshighlight theprofound impactsof the secondary

dopant in PANI on the performance of PANI-based nanocellulose composites.
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Introduction

With the rapid increase in energy and power

demands for the next-generation of flexible and

portable electronics like wearable devices, roll-up

displays and photovoltaic cells, considerable efforts

have been made to explore flexible, low-cost, light-

weight, environmentally friendly and high-perfor-

mance sustainable energy storage devices [1, 2].

Substitution of conventional materials in the fabrica-

tion of energy storage devices by renewable materials

has been encouraged to tackle issues related to the

dependence on fossil fuels and their negative impact

on the environment. In this regard, cellulose is the

most abundant natural polymer on Earth [3]. Com-

pared to regular cellulose substrates, nano-structured

cellulose, namely nanofibrillated cellulose (NFC),

cellulose nanocrystals and bacterial cellulose, exhibits

higher mechanical strength, high aspect ratio, low

density, better optical transparence, and smoother

and more reactive surface with the potential for

tunable functionalization. Those features make the

nanocellulose an attractive choice for various appli-

cations [4, 5]. It can be employed as a matrix for

fabrication of flexible composites with some active

materials that are intrinsically rigid or brittle. A good

example of such brittle materials is electrically con-

ducting polymers (ECP). ECPs like polyaniline

(PANI) have developed into a promising category of

materials for energy storage devices thanks to their

relatively high theoretical capacities (* 100 to

140 mA�h�g-1), rich redox chemistry, versatility as

well as lightweight and inexpensiveness [1, 6, 7].

Nevertheless, because of their poor mechanical

properties and processability (infusibility and limited

solubility in all available solvents), it is very difficult

to produce neat ECP films. Flexible free-standing

electrically conductive films based on NFC and PANI

are very attractive materials for development of high-

performance sustainable energy storage devices

[8, 9]. Electrical conductivity and supercapacitive

behavior of PANI can be influenced by the nature of

the dopant [10, 11]. Doping can be performed by two

routes, namely i) redox doping, in which oxidizing or

reducing agent add/remove electron to/from poly-

meric backbone, or ii) protonic acid doping, in which

the electron number in the polymer backbone stays

unaffected [11]. Recent studies showed that in addi-

tion to the utilization of an individual (i.e., single)

dopant, a secondary doping, as well as the use of

dopant combination, can significantly enhance the

electrical and electrochemical properties of PANI

[10–12]. The primary dopant, which can be a mole-

cule or a macromolecule, is capable of changing

drastically the electronic, magnetic, optic or/and

structural properties of PANI, and leads to a sub-

stantial increase in the electrical conductivity [12]. On

the other hand, the secondary dopant is an appar-

ently inert molecule (e.g., solvent) which can posi-

tively affect the above-mentioned properties and is

accompanied with further enhancement of the elec-

trical conductivity of PANI, even after a complete

removal of the secondary dopant. In some cases, it

can also further enhance the electrochemical proper-

ties [10–14]. MacDiarmid et al. demonstrated that the

impacts of the secondary dopants are based mainly

on the molecular conformation changes of PANI from

compact coil to expanded coil [12]. Secondary doping

of PANI during the synthesis with different combi-

nations of primary/secondary dopant such as sul-

fophthalic acid/sodium laurylsulfate [15], fluoroboric

acid/dodecylhydrogen sulfate [16], hydrochloric acid

(HCl)/sodium dodecyl sulfate [17], HCl/polyacrylic

acid [17] and camphorsulfonic acid/citric acid [10]

has been reported in several studies. They have all

reported an enhancement of the electrical conduc-

tivity properties of doped PANI. Interestingly,

apparently inert solvents like m-cresol can also act as

a secondary dopant for PANI following similar

mechanism of the secondary doping process descri-

bed above [12]. For instance, it has been reported that

a solvent casted camphorsulfonic acid-doped PANI

using m-cresol (solvent) exhibited 103 times higher

electrical conductivity than the cast obtained from

chloroform [12]. Establishment of polar interactions

between the polar m-cresol and the polar chains of

PANI promotes an expanded open coil conformation

of PANI chains.

Despite these considerable scientific efforts made

to enhance the properties of PANI and to understand

the synergetic effect mechanism of the simultaneous

dual doping, secondary doping of PANI in complex

systems involving more than one component, i.e.,

composites, has been barely investigated. According

to the available literature, secondary doping has not

been explored in flexible free-standing electrically

conductive electrodes based on nanocellulose and

PANI yet despite the tremendous interest aroused in

these materials. The present study reveals the effect
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of the combinations of one strong-inorganic and

weak-organic protonic acid dopants on the electrical

and electrochemical properties of composite elec-

trodes based on PANI and NFC or its carboxylated

NFC (CNFC). To the best of our knowledge, this is

the first study, which explored the effect of the dual

doping, with the objective to improve the electrical

and electrochemical performance of the free-standing

NFC-based composites. The composite electrodes

were prepared using a bottom-up approach as free-

standing flexible films. HCl was selected as a low

molecular weight inorganic dopant that is known to

yield PANI with high values of electrical conductiv-

ity [18]. Phytic acid (PhA) and poly(2-acrylamido-2-

methyl-1-propanesulfonic acid) (PAAMPSA) were

chosen as organic acid dopants. PhA can act as a

dopant as well as a crosslinker of PANI thanks to the

multiple phosphoric acid groups present in its back-

bone [19, 20]. Unlike PhA, PAAMPSA is a polymeric

dopant of PANI formed via polymerization of

2-acrylamido-2-methyl-1-propanesulfonic acid

(AAMPSA). PAAMPSA induces uniform crystalline

nanofibrillar morphology of PANI chains [21]. A

combination of the benefits of these two types of

doping acids, namely desired and controlled mor-

phological features provided by organic acids (PhA

or PAAMPSA) and high electrical conductivity pro-

vided by inorganic acid (HCl), was explored with the

goal to optimize the electrical and electrochemical

performance of the final PANI/NFC and PANI/

CNFC composite films. The impact of the surface

chemistry of the cellulosic fibers (i.e., hydroxyl

groups in NFC and carboxyl groups in CNFC) and

the composite composition on the structural and

morphological features are related performance of

the dually doped PANI-based composites was also

investigated.

Experimental part

Materials

Nanofibrillated cellulose (NFC) was kindly donated

by Weidmann Fiber Technology. Aniline (ACS

reagent,[ 99.5%), 2-acrylamido-2-methyl-1-

propanesulfonic acid (AAMPSA, 99%), sulfuric acid

(H2SO4, 95–98%), phytic acid (PhA, 50 wt% solution

in water), ammonium persulfate (APS, 98%), 2,2,6,6-

Tetramethylpiperidine-1-oxyl radical (TEMPO, 98%),

sodium hypochlorite solution (NaClO, 10 wt%),

sodium bromide (NaBr) and dimethyl sulfoxide

(DMSO) were purchased from Sigma Aldrich. Fum-

ing hydrochloric acid (HCl, 37%) was purchased

from Merck. All chemicals were used as received

without any further purification. All aqueous solu-

tions were prepared using deionized water.

Materials preparation

Synthesis of PANI with various doping acids

Synthesis of PANI was carried out by chemical

oxidative route in the presence of one or two acids for

individual and dual doping, respectively. Acids,

namely HCl, PhA, PAAMPSA (via polymerization of

AAMPSA), PhA/HCl and PAAMPSA/HCl were

used. In a typical PANI synthesis, 300 mg of aniline

was dissolved in 60 mL of an aqueous solution of a

particular acid(s), to keep the concentration of PANI

constant at 0.5 wt% regardless of the doping

agent(s) used. The proportions in molar ratios of

aniline/organic co-dopant (i.e., PhA and AAMPSA)

in the dually doped samples were set to 1:1. Table S1

in the supporting information summarizes the sam-

ple designations together with amount of acid(s) dis-

solved in the reaction medium. The reaction system

was cooled down in an ice bath prior to the dropwise

addition of 5 mL of APS aqueous solution (0.15

w/w%) to initiate the chemical reaction. The reaction

mixture was stirred at 300 rpm overnight. The

resulting PANI in a form of dark green precipitate

was then filtered and washed several times with

deionized water, and subsequently dried at room

temperature for several days to obtain dry powder.

The PANI powders were labeled as PANI(dopant) or

PANI(co-dopant ? dopant) (Table S1).

Synthesis of PANI-NFC composites with various doping

acids

The synthesis of individually and dually doped

PANI-NFC composites was performed following the

same experimental protocol than for PANI powders,

with slight modifications. For PANI-NFC composites,

300 mg of NFC and 300 mg of aniline (weight ratio

aniline/NFC = 50:50 w/w%) were incorporated in

120 mL aqueous solution of a particular acid(s),

adjusting the concentration of PANI-NFC at 0.5 wt%

regardless of the employed doping agent(s). Stirring
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speed was increased to 600 rpm to overcome the

higher viscosity caused by the addition of NFC.

Table S1 summarizes the sample designations toge-

ther with amount of acid(s) dissolved in the reaction

medium. The reaction system was cooled down in an

ice bath prior to the dropwise addition of 5 ml of APS

aqueous solution (0.15 wt%). The reaction mixture

was stirred at 600 rpm overnight. After the poly-

merization was completed, the resulting green dark

precipitate was washed several times. The washed

product was resuspended in 70 mL of deionised

water by sonication for 10 min using sonication bath

(PS 3000, PowerSonic). Afterward, the suspension

was casted on a glass mold with defined shape. The

concentration of PANI in the films was set to

2 mg�cm-2. The casted materials were dried at room

temperature for several days to obtain free standing

films with the weight ratio PANI/NFC of 50:50

w/w%. The composites were labeled as PANI(-

dopant)-NFC or PANI(co-dopant ? dopant)-NFC

(Table S1).

Synthesis of PANI-NFC composites at different PANI/

NFC ratio

The synthesis of dual-doped PANI(PAAMPSA ?

HCl)-NFC composites at various PANI:NFC ratios

was performed following the synthetic route descri-

bed above (see Section ‘‘Synthesis of PANI-NFC

composites with various doping acids’’). The amount

of NFC was varied while that of aniline was kept

constant (300 mg). The amount of AAMPSA was also

kept constant (600 mg) and the volume of 1 M HCl

aqueous solution was adjusted for each composite

(see Table S1). The sample designations are shown in

Table S1 where the ratio in w/w% of PANI(-

PAAMPSA ? HCl):NFC is denoted at the end of the

sample name.

Synthesis of CNFC and their PANI-based composites

CNFC was synthesized by TEMPO mediated oxida-

tion of NFC [22]. 510 mg of NFC was dispersed in

100 mL of deionized water, and 14.75 mg of TEMPO

and 162 mg of NaBr dissolved in 5 mL of deionized

water were added. NaOH solution (0.5 M) was used

to maintain pH 10.2 all over the reaction. 7 mL of

NaClO was then added to initiate the oxidation. The

reaction was quenched after 60 min by addition of

2 mL of methanol. The resulting CNFC was washed

several times with deionised water in a centrifuge

(10,000 rpm for 5 min). The concentration of -COOH

groups obtained by conductometric titration was

1.56 mmol�g-1.

The synthesis of dual-doped PANI(PAAMPSA ?

HCl)-CNFC composites at various PANI:CNFC ratios

was carried out following the synthetic route used to

prepare PANI(PAAMPSA ? HCl)-NFC (see Sec-

tion ‘‘Synthesis of PANI-NFC composites at different

PANI/NFC ratio’’).

Characterization methods

Dispersive Raman spectrometer

Dispersive Raman spectrometer with the microscope

InVia Reflex was employed for chemical characteri-

zation of samples. Excitation wavelength 785 nm

with laser power of 2 mW was used. Ten accumula-

tions taking 30 s were recorded for one acquisition

and final spectrum is average of 10 acquisitions.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy analysis was car-

ried out with Omicron Nanotechnology X-ray pho-

toelectron spectroscope (XPS) composed of

monochromatic radiation of Al lamp (1486.7 eV) in

constant analyzer energy mode. Deconvolution of

collected spectra was done using CasaXPS software.

Scanning electron microscopy

Surface and bulk morphology of the films was ana-

lyzed using thermo-autoemission scanning electron

microscope (SEM) Mira 3 LMH (Tescan Orsay) under

3 kV of accelerating voltage.

Transmission electron microscopy

The morphology of NFC and CNFC at a nanoscale

level was analyzed using transmission electron

microscope (TEM) 100 kV, model JEM-1010 (JEOL,

Ltd.) equipped with CCD camera MegaView III

(Olympus Soft Imaging Systems). In short, 10 lL of

suspension was deposited on a carbon-coated elec-

tron microscopic grid. Sample contrasting was per-

formed using 1 wt% uranyl acetate. The grid was

dried and then was introduced into the electron

microscope column for analysis.
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Electrical conductivity

Room temperature electrical conductivity was deter-

mined by a four-point method in van der Pauw

arrangement using a Keithley 220 Programmable

Current Source, a Keithley 2010 Multimeter as a

voltmeter and a Keithley 705 Scanner equipped with

a Keithley 7052 Matrix Card. Films were analyzed as

prepared, while reference PANI powders were finely

grinded and then pressed into pellets with a pressure

of 527 MPa for a duration of 5 min. Digital microm-

eter was used to measure sample thickness before the

electrical conductivity measurement. Values of con-

ductivities are provided with approx. 5% accuracy.

Electrochemical characterization

The electrochemical properties were tested in 1 M

H2SO4 electrolyte. A mercury sulfate reference elec-

trode (MSE) with saturated K2SO4 inner electrolyte

(0.65 V vs. SHE) and platinum sheet counter elec-

trode were used in a three-electrode arrangement.

The electrochemical behavior of the nanocomposites

was characterized by cyclic voltammetry (CV) in

potential range from - 0.1 to 0.5 V vs. MSE with scan

rate of 50 mV�s–1 and by galvanostatic charging dis-

charging (GCD) at various constant currents. Poten-

tiostat/galvanostat/FRA EC-LAB SP-300 (Biologic) is

used for these measurements.

The specific capacitance is evaluated from CV

experiment following formula 1:

Csp ¼
r
Emax

Emin

I
m dE

ðEmax � EminÞ �m
ð1Þ

where m is scan rate, m is mass of electrochemically

active components in the material, and Emax and Emin

are the chosen boundaries of the integral. Herein,

specific capacitance is calculated from cathodic part

of CV curve within boundaries from –0.8 V to 0.2 V

vs. MSE. The samples were measured in a form of

small circles, 6 mm in diameter. Mass of these circles

varied from 1 to 2 mg, depending on specific sample.

GCD experiments that were used for establishment

of cycling stability of prepared composites were done

at controlled current of 2 mA (corresponding to cur-

rent density of 0.64 mA�cm–2) in a narrower voltage

window from - 1 to 0.1 V vs. MSE in order to avoid

hydrolysis of PANI.

Tensile testing

Mechanical properties of the composite films were

evaluated by tensile tests. Five specimens

(20 9 5 mm) were cut from each sample. A

micrometer was used to measure their thickness

before the test. Measurements were taken at four

different positions for each specimen, and the aver-

age value was used for the calculation. Tensile test

was performed using a universal testing machine (EZ

graph, Shimadzu Corporation) with a 100 N load cell

and a 0.5 mm�min-1 strain rate.

Nitrogen physisorption

The specific surface area (SBET) was measured on a

3Flex analyzer (Micromeritics, Norcross) using the

gas sorption technique. The samples were degassed

at 373 K (12 h) prior to N2 adsorption analysis, in

order to obtain a clean surface. The adsorption iso-

therms were fitted by using the Brunauer–Emmett–

Teller (BET) method for specific surface area.

Results and discussion

PANI-NFC composites doped with different
acids

All PANI-NFC composites doped with different acids

are dark green films with a thickness of approx.

70 lm. Representative photographs of PANI-NFC

composite films are shown in Fig. 1. All films are

mechanically stable and can be rolled up without

breaking.

Chemical structure and morphology

Chemical structure of the reference PANI powders

and PANI-NFC composite films (Fig. 1) doped with

various acids was examined by means of Raman

spectroscopy and XPS.

Raman spectra of all PANI powders depicted in

Fig. 2a display the characteristic peaks corresponding

to the structure of emeraldine salt, typically at

1510 cm-1 (vibrations of N–H in semiquinonoid

structures), 1345 cm-1 (C–N�? vibrations of delocal-

ized polarons), 1175 cm-1 (C–H bending in
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semiquinonoid units), 878 cm-1 (C–N–C out of plane

wagging and benzene ring deformations) and

814 cm-1 (benzene ring deformations) [21, 23, 24]. No

structural changes are observed in PANI-NFC com-

posites when compared to the PANI powders

regardless of the chemical nature of the doping agent,

which is consistent with the formation of emeraldine

salt (Fig. 2b).

The redox states and protonation degrees in PANI

powders and PANI-NFC composites as a function of

the doping acid(s) were assessed by means of XPS

analysis [21, 25–27]. High resolution spectra of

nitrogen were deconvoluted into their components in

order to determine the redox state of PANI and its

protonation levels as a function of the doping acid(s).

It can be noticed that the N(1 s) core-level spectra in

Figure S1 (see in the supporting information) and

Table 1 were deconvoluted into three peaks with

maxima at around 399.4 eV, 400.6 eV and 402.3 eV

corresponding to nitrogen atoms in secondary amine,

semiquinone (delocalized polaron lattice) and proto-

nated imine (localized bipolaron), respectively, with

a level of protonation of about 40 ± 5% in all PANI

powders, suggesting the formation of PANI emer-

aldine salt regardless of the doping acid(s). The

chemical nature and the proportion of the different

chemical states of nitrogen functionalities in PANI-

NFC composites evaluated by fitting the N(1 s) core

spectra (Figure S2 in supporting information and

Table 1) are equivalent to those of their PANI powder

analogs. They exhibited a protonation level of

40 ± 5% comparable to that displayed by the PANI

Figure 1 Representative

photographs of PANI-NFC

composite films prepared with

various doping acids.

Figure 2 Raman spectra of a PANI powders, and b PANI-NFC composites prepared with various doping acids.
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powders. The formation of doped PANI in PANI-

NFC composites is also evident from X-ray diffrac-

tograms (Figure S3 in supporting information) where

the characteristic peaks at 25.3� and 9.0� are pointed

out [28], thus indicating that the crystalline structure

of PANI is not influenced by the chemical nature of

the doping acids. The characteristic peaks of NFC

crystalline structure corresponding to cellulose Ib are

also detected at 15.5�, 16.8�, 20.4�, 22.7� and 34.7� [29].
Therefore, the structural properties revealed by

Raman spectroscopy, XPS and XRD indicate that on

one hand NFC does not affect the protonation levels

of PANI and on the other hand all selected acids act

as good doping agents.

Impact of the chemical nature of the doping

acid(s) on the morphological and textural features of

PANI-NFC composites was examined. SEM pictures

of individually and dually doped PANI-NFC com-

posites are shown in Fig. 3. In comparison with the

fibrillar morphology of pristine NFC, NFC fibers are

thoroughly covered by PANI in all PANI-NFC com-

posites. Apart from this, morphological differences

can be observed. While in all composites globular-

like morphology of PANI on the surface of NFC

fibers is revealed, dissimilarities in the shape of those

globules and their compactness at a nano-scale level

can be associated with the type of the dopant. The

morphology of PANI(HCl)-NFC reveals a high com-

pactness of the globular objects, whereas in PANI(-

PAAMPSA)-NFC and PANI(PhA)-NFC a well-

defined globular-like objects of about 200 nm on the

surface of NFC are formed. Interestingly the mor-

phology of the dually doped PANI-NFC composites

PANI(PAAMPSA ? HCl)-NFC and PANI(PhA ?

HCl)-NFC is a result of a combination of the mor-

phologies caused by each individual dopant. Indeed,

the surface of NFC fibers in PANI(PAAMPSA ?

HCl)-NFC and PANI(PhA ? HCl)-NFC is covered by

much less defined spiky globular-like structures, due

to their higher compactness/coalescence as com-

pared to their HCl-free analogs.

This dopant(s)-dependent morphological features

observed by SEM are correlated with the textural

differences observed between the components as can

be seen in Figure S4 and Table 2. Interestingly, based

on BET model, all composites exhibited one type of

pores with comparable total pore volume, except for

PANI(HCl)-NFC. PANI(HCl)-NFC did not display

any detectable porosity, hence confirming its high

compactness. Nitrogen physisorption isotherms also

indicated that the BET surface area (SBET) is the

lowest for the composite doped with HCl and the

highest for those doped with PhA or PAAMPSA.

Intermediate values of SBET were recorded for the

dually doped composites. The increase in the SBET in

the presence of organic acids can be correlated with

the morphological changes induced by the latter.

PANI crosslinked with phytic acid can ensure higher

SBET [30]. Indeed, being a crosslinker of PANI thanks

to the multiple phosphoric acid groups present in its

backbone [19], PhA can lead to the formation of well-

defined 3D nanostructures and induce porosity [20].

On the other side, owing to its macromolecular

structure PAAMPSA can act as side chains when

PANI chains are arranged into crystalline structure.

PAAMPSA side chains follow the backbone’s

arrangement and form a layer between the lattices of

PANI. This causes the decrease in d-spacing, and

thus an increase in the SBET [31]. Both PhA and

PAAMPSA acted as secondary dopants in the dually

doped composites through the macromolecular

rearrangements of PANI chains [12].

Table 1 Summary of XPS

data of as-synthesized

materials

NH (%) NH ? (%) NH ? = (%)

Binding Energy (eV) 399 400 402

PANI(HCl) 56.9 30.4 12.7

PANI(PAAMPSA) 61.5 29.4 9.1

PANI(PhA) 57.4 30.0 12.6

PANI(PAAMPSA ? HCl) 59.5 27.8 12.8

PANI(PhA ? HCl) 64.1 24.2 11.7

PANI(HCl)-NFC 60.3 28.4 11.4

PANI(PAAMPSA)-NFC 62.4 23.7 13.9

PANI(PhA)-NFC 65.9 22.0 12.1

PANI(PAAMPSA ? HCl)-NFC 53.8 26.7 19.6

PANI(PhA ? HCl)-NFC 58.1 30.6 11.3
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Electrical and electrochemical properties

PANI-NFC composites doped with weak-organic

acids, i.e., PhA and PAAMPSA, display much lower

electrical conductivities compared to the solely HCl-

doped composite (Fig. 4a). The electrical conductivity

is sorted in this direction: PAAMPSA (0.01 S�cm–1)-

\PhA (0.32 S�cm–1)\HCl (2.43 S�cm–1). The con-

ductivity value of the dually doped PANI-NFC with

PhA and HCl (2.28 S�cm–1) is comparable to that of

the individually doped PANI-NFC with HCl, thereby

indicating that HCl is the main dopant for PANI.

Synergistic increase in the conductivity is however

observed for dually doped PANI-NFC with the

combination of PAAMPSA and HCl (3.43 S�cm–1)

compared to the corresponding conductivity values

of both individually doped PANI-NFC. This phe-

nomenon of two dopants synergy has been already

described in literature for pristine PANI [10–12], but

no mechanism explaining this phenomenon has been

established yet. According to Bhandari et al. [10, 11],

a variation of charge densities takes place along the

Figure 3 SEM micrographs of PANI-NFC composites doped with various acids: a PANI(PAAMPSA)-NFC, b PANI(PhA)-NFC,

c PANI(HCl)-NFC, d PANI(PhA ? HCl)-NFC, and e PANI(PAAMPSA ? HCl)-NFC.

Table 2 Textural properties of

PANI-NFC composites doped

with various acids

Sample name SBET (m2�g-1) Total pore volume (cm3�g–1)

PANI(PAAMPSA)-NFC 17.8 0.035

PANI(PhA)-NFC 17.5 0.035

PANI(HCl)-NFC 9.4 Low porosity

PANI(PhA ? HCl)-NFC 13.7 0.039

PANI(PAAMPSA ? HCl)-NFC 13.8 0.043
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PANI chains when two doping acids are used, thus

facilitating intermolecular charge transport.

Nonetheless, this hypothesis has not been further

verified. Another hypothesis described by MacDiar-

mid et al. is based on the concept of secondary dop-

ing [12]. A secondary dopant is an apparently inert

substance (e.g., solvent) that increases the resulting

conductivity of already doped conductive polymer.

The secondary dopant causes conformational chan-

ges in the polymer, which result in enhancement of

conductivity through more effective p-conjugation.
When secondary dopant is removed from the system,

the changes persist. In our composites, the role of the

secondary dopant would be taken by PAAMPSA.

Unlike PhA, the conformational changes induced by

PAAMPSA are probably more favorable for the

enhancement of conductivity through more effective

p-conjugation [31]. Indeed, as above mentioned, it is

well-known that PAAMPSA can affect the crystalline

morphology of PANI owing to its macromolecular

structure, low glass transition temperature, and

acidic nature. [21, 32]. PAAMPSA can act as side

chains when PANI chains are arranged into crys-

talline structure. PAAMPSA side chains follow the

backbone’s arrangement and form a layer between

the lattices of PANI, [31] which could promote

molecular conformation changes of PANI from

compact coil to expanded coil. [12]. In PANI(-

PAAMPSA ? HCl)-NFC, morphological and textural

changes of PANI induced by the secondary dopant,

Figure 4 a Electrical conductivities, b cyclic voltammograms of the composite films in 1 M H2SO4 at 50 mV�s–1 scan rate, c specific

capacitances in F per g of composite, and d specific capacitances in F per g of PANI evaluated from CV measurements of PANI-NFC

composites doped with various acids.
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i.e., PAAMPSA through the macromolecular rear-

rangements of PANI chains was followed by the

enhancement of the electrical conductivity. The elec-

trical conductivity enhancement cannot be attributed

to a higher degree of doping in the presence of

PAAMPSA ? HCl since XPS analysis clearly showed

that all composites exhibited similar protonation

level around 40% whatever the nature of the dopant.

Therefore, it is more likely that the macromolecular

rearrangements of PANI chains induced by

PAAMPSA was responsible for the conductivity

enhancement through more effective p-conjugation in

PANI expanded coil as supported by the studies of

MacDiarmid et al. [12]

The electrochemical behavior of PANI-NFC com-

posites analyzed by cycling voltammetry (CV) is

illustrated in Figure S5 and Fig. 4b, c and d. Quali-

tatively, the cyclovoltammograms of PANI-NFC

composites and PANI powders are different (Fig-

ure S5). PANI powder-based electrodes show all the

characteristic peaks of PANI: transition between

leucoemeraldine and emeraldine (R1 and O1) at

lower potentials between – 1.0 and 0.0 V vs. MSE and

also transition between emeraldine and pernigrani-

line (R2 and O2) at higher potentials between 0.2 and

0.5 V vs. MSE and broad oxidation and reduction

peaks (R3 and O3) around 0.0 V vs. MSE indicating

quinone/hydroquinone redox switching [33]. On the

contrary, in the case of PANI-NFC composites, the

current peaks are much less pronounced and con-

voluted together. This most likely relates to the more

complex 3D structure of the composite since PANI

redox switching is controlled by the diffusion of acid

molecules from the electrolyte bulk, the porous

structure hindering the mass transport can result in a

non-homogeneous potential distribution and broader

current peaks [34]. Redox potential distribution can

be also caused by interactions among the redox cen-

ters [34, 35], in this case, NFC could be mediating a

specific chemical environment that can promote dif-

ferent interactions among the PANI chains. The

electrochemical performance of all PANI-NFC com-

posites is depicted in Fig. 4b, c and d. As can be

observed, all three composites that contain HCl (i.e.,

PANI(HCl)-NFC, PANI(PhA ? HCl)-NFC and

PANI(PAAMPSA ? HCl)-NFC) as a dopant reach

very similar peak current densities in the CV exper-

iments and thus equivalent specific capacitances

of * 120 F per g of composite. The synergetic

improvement in the electrical conductivity observed

for the composite doped with PAAMPSA ? HCl is

not reflected in the pseudocapacitive behavior of the

latter. On the other hand, the composites doped

solely with PAAMPSA or PhA exhibited inferior

specific capacitance, i.e., * 33 and 88 F per g of

composite, respectively. These results indicate that

the specific capacitances of the composites are cor-

related with the doping strength of the individual

acids [36, 37]. The morphological and textural fea-

tures induced by the secondary dopants (PAAMPSA

or PhA) by the enhancement of the SBET do not affect

the specific capacitances of the composites (see

Fig. 4c and d and Table 2). The textural changes

induced by the secondary dopant are probably not

sufficient (i.e., SBET is not substantially increased) to

affect the electrochemical properties. Based on the

rational screening of a suitable doping acid for PANI

in PANI-NFC composites, the combination of a

polymeric acid, i.e., PAAMPSA, with strong inor-

ganic acid, i.e., HCl, is optimal as HCl confers to the

composite higher conductivity while PAAMPSA

allows improving the mechanical properties, the

dispersibility in water besides its ability to protonate

PANI even in media of higher pH [38, 39].

PANI-based composites doped
with PAAMPSA-HCl: impact
of the composition

Chemical structure and morphology

The effect of mass ratio between PANI and cellulose

matrices (i.e., NFC or CNFC) on the chemical struc-

ture of PANI was examined by Raman spectroscopy

(Fig. 5a and b) and XPS (Figure S6 and Figure S7). All

composites (PANI(PAAMPSA ? HCl)-NFC and

PANI(PAAMPSA ? HCl)-CNFC) at different ratios

PANI to NFC or CNFC exhibited very similar spec-

tral features in accordance with the formation of

emeraldine salt. According to the deconvolution of

the N(1 s) core level spectra (Figure S6 and Table 3),

all composites exhibited a protonation level of

40 ± 5% comparable to that of PANI(PAAMPSA ?

HCl) powder. Interestingly, the deconvolution of the

C(1 s) core level spectra for all composites (Figure S7

and Table S2) show that the proportion of C–O/C–N

at 286.5 eV is the highest (i.e., 44 ± 3%) in the com-

posites containing the lowest content of PANI(-

PAAMPSA ? HCl), i.e., 40 wt%. At higher

PANI(PAAMPSA ? HCl) content (C 50 wt%), the
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proportion of C–O/C–N remains constant at

24 ± 3%. The decrease in the amount of C–O/C–N

with the increase in PANI loading correlates with a

higher coverage of the surface of NFC or CNFC with

PANI since a significant proportion of C–O/C–N can

come from NFC or CNFC surface if the latter is not

fully covered like in the case of PANI(PAAMPSA ?

HCl)-NFC at a ratio of 40:60. The maximum coverage

of the surface of NFC or CNFC is achieved at a

content of PANI(PAAMPSA ? HCl) higher or equal

to 50 wt.%. As a consequence of the surface oxidation

of CNFC, an additional peak appeared at 189 eV

corresponding to –COOH after deconvolution of the

C(1 s) core level spectra for PANI(PAAMPSA ?

HCl)-CNFC composites. In short, the polymerization

of PANI in the emeraldine salt form is not affected by

the carboxylation of the NFC fibers.

SEM images of PANI(PAAMPSA ? HCl)-NFC and

PANI(PAAMPSA ? HCl)-CNFC composites are

shown in Figs. 6 and 7, respectively. Globally, the

composites prepared from CNFC have a more com-

pact structure compared to their NFC-based coun-

terparts. This morphology is a result of the

defibrillation of cellulose fibers after TEMPO oxida-

tion treatment as evidenced by TEM analysis. (Fig-

ure S8). TEM images highlight a finer structure and

higher degree of defibrillation in CNFC compared to

NFC. This was corroborated by the excellent colloidal

Figure 5 Raman spectra of a PANI-NFC, and b PANI-CNFC composites doped with PAAMPSA-HCl at different PANI to NFC or CNFC

ratios.

Table 3 Summary of XPS

data of as-synthesized

materials

NH (%) NH ? (%) NH ? = (%)

Binding Energy (eV) 399 400 402

PANI(PAAMPSA ? HCl)-NFC_40:60 62.7 18.4 19

PANI(PAAMPSA ? HCl)-CNFC_40:60 58.5 20.4 21.1

PANI(PAAMPSA ? HCl)-NFC_50:50 53.8 26.7 19.6

PANI(PAAMPSA ? HCl)-CNFC_50:50 63.4 21.0 15.6

PANI(PAAMPSA ? HCl)-NFC_60:40 57.6 25.5 16.9

PANI(PAAMPSA ? HCl)-CNFC_60:40 60.4 21.9 17.8

PANI(PAAMPSA ? HCl)-NFC_65:35 66.3 23.6 10.1

PANI(PAAMPSA ? HCl)-CNFC_65:35 59.5 25.9 14.6

PANI(PAAMPSA ? HCl)-NFC_80:20 59.4 27.5 13.2

PANI(PAAMPSA ? HCl)-CNFC_80:20 55.9 24.4 19.7
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stability of CNFC in aqueous medium. Consequently,

the spiky globular-like structures of PANI(-

PAAMPSA ? HCl) covering CNFC are smaller and

the coating layer is finer than in the case of NFC. As a

consequence of this morphology, the SBET is close to

zero in the composites prepared from CNFC

(Table 4) unlike those processed from NFC. NFC-

based composites show much more prominent fib-

rillar morphology with cellulose fibrils covered by

globular-like structures of PANI(PAAMPSA ? HCl)

layer.

At lower amount of PANI(PAAMPSA ? HCl)

(i.e., B 50 wt% PANI(PAAMPSA ? HCl)), naked

cellulosic fibers are visible in both types of composites.

These morphological observations are in a good

agreement with XPS results. SBET of NFC-based com-

posites increases with the increase in PANI(-

PAAMPSA ? HCl) content up to 50 wt%., which

corresponds to themaximumcoverage ofNFCsurface.

Electrochemical behavior of PANI(PAAMPSA ? HCl)-

NFC and PANI(PAAMPSA ? HCl)-CNFC composites

Electrochemical behavior of PANI(PAAMPSA ?

HCl)-NFC and PANI(PAAMPSA ? HCl)-CNFC

composites as a function of the composition is illus-

trated in Fig. 8. Cyclic voltammetry was carried out

in a three-electrode setup measurement at 50 mV�s–1
scan rate to evaluate the effect of ratios between

PANI and NFC in the prepared composites on their

charge storage properties. The results are summa-

rized in the histograms (Fig. 8a). According to

expectations the capacitance per gram of the whole

composite shows an increasing trend with decreasing

amount of NFC, which is consistent with the fact that

each composite contains the same mass of PANI

(thus, wt. ratio of PANI:NFC increases). An interest-

ing conclusion can be drawn from the results when

the values of capacitances are taken relative to the

Figure 6 The SEM micrographs of PANI(PAAMPSA ? HCl)-NFC composites at a ratio PANI to NFC: a 40:60, b 50:50, c 60:40,

d 65:35 and e 80:20. : The arrows point to the presence of naked cellulosic fibers in some composites.
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mass of PANI as is shown in Fig. 8b. It is clear that

the charge storage properties of these composites are

not influenced by the amount of cellulose matrices or

the type of the matrix in case of all composites, except

for the samples with lowest loading of PANI. In other

words, the degree of PANI utilization is comparable

for all composites. This trend can be connected to the

surface coverage of the cellulose fibers with PANI.

The comparison of the electrochemical results with

nitrogen physisorption isotherms (Table 4) suggest

that there is no correlation between SBET evaluated

from physisorption measurements and capacitance.

According to BET, PANI(PAAMPSA ? HCl)-

CNFC_50:50 is a very compact and non-porous

material (with low SBET of 0.5 m2�g–1) while its

capacitance is comparable to more porous films

based on non-carboxylated NFC with much higher

SBET (such as PANI(PAAMPSA ? HCl)-NFC_50:50

providing 13.8 m2�g–1). This can mean that the charge

storage occurs at the superficial layer of the com-

posite and that the bulk is not utilized in any way,

probably because of the non-porosity of the

Figure 7 The SEM micrographs of PANI(PAAMPSA ? HCl)-CNFC composites at a ratio PANI to CNFC: a 40:60, b 50:50, c 60:40,

d 65:35 and e 80:20. : The arrows point to the presence of naked cellulosic fibers in some composites.

Table 4 Textural properties of PANI(PAAMPSA ? HCl)-NFC and PANI(PAAMPSA ? HCl)-CNFC composites

Sample name SBET (m2 �g–1)

PANI(PAAMPSA ? HCl)-NFC_40:60 5.0

PANI(PAAMPSA ? HCl)-NFC_50:50 13.8

PANI(PAAMPSA ? HCl)-NFC_60:40 13.5

PANI(PAAMPSA ? HCl)-CNFC_50:50 0.5
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composites according to the nitrogen physisorption

isotherms. Therefore, incomplete surface coverage of

NFC or CNFC fibers would lead to decrease in charge

storage capability. However, we have to be aware

that the SBET values for all the composites are rela-

tively small when compared to standard superca-

pacitive electrodes based on activated carbons [40].

The enhancement in electrode–electrolyte area (e.g.,

by incorporation of high surface area carbon fillers),

thus can be used to increase the charge storage

capacity of the material.

The mid-term cycling stability of the composites

upon the simulated electrochemical load was probed

by GCD experiments in three-electrode set-up. The

composites were subjected to 500 cycles at controlled

current of 2 mA (corresponding to current density of

0.64 mA�cm-2) in a potential window from - 1 to

0.1 V vs. MSE. The used potential window encom-

passes only the leucoemeraldine-emeraldine redox

transition to avoid excessive composite degradation

by hydrolysis of PANI. An example of a charging–

discharging curve that was used for capacitance

evaluation can be seen in Fig. 8c. The charge–dis-

charge plateaus corresponding to redox transition are

located in the potential range between 0.1 and – 0.5 V

vs. MSE, which is in good agreement with the CV

Figure 8 a The specific capacitances in F per g of composite evaluated from CV measurements at 50 mV�s-1 for various PANI/NFC or

CNFC ratios; b specific capacitances in F per g of PANI evaluated from the CV measurements at 50 mV�s-1 for various PANI/NFC or

CNFC ratios; c potential dependence on charge–discharge capacity evaluated from GCD experiments at 0.64 mA�cm–2 in the potential

window from - 1 V to 0.1 V vs. MSE; d Relative specific capacitance of the composite films as a function of the number of cycles

evaluated form the GCD experiments.
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measurements (Fig. 4). The evolution of capacitance

for the composites is depicted in Fig. 8d. All com-

posites, except for those with the lowest loading of

PANI, show very similar cycling stability–after 500

cycles, the capacitance decreased by about 15% of the

initial value. Interestingly, composites with the low-

est loading of PANI show an increasing trend of

capacitance with number of cycles. This phenomenon

could be caused by the inhomogeneity of the com-

posite. Incomplete coverage of the fibers with PANI

exposes the highly hydrophilic cellulose to the

aqueous electrolyte. Gradual wetting of the fibers can

then lead to exposing more of the PANI to the elec-

trolyte, thus increasing the PANI utilization and, in

turn, the capacitance of the film.

Mechanical properties of PANI(PAAMPSA ? HCl)-NFC

and PANI(PAAMPSA ? HCl)-CNFC composites

Enhanced mechanical strength and elastic modulus

are displayed by the composites with the increased

loading of NFC or CNFC as can be seen in Fig. 9

thanks to the outstanding mechanical features of

NFC and CNFC. For instance, the composites con-

taining more than 50 wt% NFC or CNFC loading

exhibited the highest tensile strength and elastic

modulus. In this loading range, CNFC-based com-

posites displayed improved mechanical properties

compared to their NFC analogs, thanks to the finer

structure and higher degree of defibrillation of CNFC

after TEMPO oxidation treatment (Figure S8). In

addition, all composites containing higher than

35 wt% loading of NFC or CNFC can be readily rol-

led up thanks to their high flexibility as both cellu-

losic matrices act as a mechanical skeleton capable of

high deformations. Abundant hydroxyl and car-

boxylate groups present on the surface of NFC or

CNFC can interact with PANI, and hence may be

responsible for the enhancement in the mechanical

properties of the composites.

Conclusions

The present study shed the light on the effect of the

dual doping of PANI chains via combination of pri-

mary (HCl) and secondary (PhA or PAAMPSA)

dopants in NFC-based flexible pseudo-capacitor

electrodes on the morphological, textural and related

electrical and electrochemical properties. Both PhA

and PAAMPSA induced morphological and textural

changes (increase in the SBET) in the dually doped

PANI-NFC composites. Synergistic increase in the

electrical conductivity in the case of the dually doped

PANI-NFC with PAAMPSA and HCl (i.e., PANI(-

PAAMPSA ? HCl)-NFC) was correlated with a more

favorable morphological changes in the composites.

Interestingly, the morphological and textural features

induced by the secondary dopants (PAAMPSA and

PhA) by the enhancement of the specific surface area

do not significantly affect the capacitances of the

composites evaluated from electrochemical

Figure 9 a Elastic modulus and b ultimate tensile strength of PANI(PAAMPSA ? HCl)-NFC and PANI(PAAMPSA ? HCl)-CNFC

composites at various PANI to NFC or CNFC ratios as a function of composition.
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measurements. These were rather correlated with the

doping strength of the individual acids. Despite the

significant difference in their SBET, the electrochemi-

cal behavior of the composites PANI(PAAMPSA ?

HCl)-NFC and PANI(PAAMPSA ? HCl)-CNFC

were comparable and the utilization of PANI for

charge storage was not significantly affected by the

composition of the film (weight ratio of the con-

stituents) or nature of NFC matrix. While the TEMPO

oxidation of NFC surface (i.e., CNFC) does not affect

the electrical and the electrochemical performance of

the dually doped composite films, it does enhance the

mechanical properties of the latter by acting as a

mechanical skeleton capable of higher deformations

as compared to NFC.
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