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Homopolymers and copolymers of the monolignols syringol (S) and guaiacol (G) were prepared as well-
defined lignin model compounds. Polymerisation was performed by phenol-formaldehyde
condensation, also including the monomer hydroquinone (HQ) to extend the range of redox processes
in these synthetic lignins (SLig). The chemical structures of the SLig samples were characterized by **C
and quantitative 3'P NMR, and the molecular weight was monitored by size exclusion chromatography
(SEC). Subsequently, SLig were incorporated into two different electron-conducting matrix — single-wall
carbon nanotubes (SWNT) and polypyrrole (PPy), respectively. As a result, the hybrid materials, with
a controlled amount of SWNT or with an unknown amount of PPy, were assembled and compared. The
charge storage properties in the investigated materials are attributed to contributions from both the
double-layer capacitance of the conducting matrix, and the faradaic reactions provided by quinone
groups immobilized in the electrodes. The results indicate a considerable improvement of charge

capacity, with the synthetic lignins incorporated in the hybrid materials. With a PPy carrying S, G and HQ,
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a maximum capacity of 94 mA h g~!. Moreover, a low amount of electronic conductor (20% wt of

DOI: 10.1039/c5ta06821e SWNT) is adequate to perform efficient electron communication between redox active quinones and the
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Introduction

A growing demand exists for the efficient and high charge
density storage devices. Hence, the development of inexpensive,
high-performance batteries or supercapacitors for large scale
applications is a challenge. This is essential for sustainable
energy delivery for intermittent solar or wind energy sources.™*
Electroactive organic compounds or polymers involving
reversible redox reactions are considered promising candidates
as electrode materials for charge storage devices. Among large
diversity of suitable organics, those containing quinones have
received the greatest attention, since they have high theoretical
capacity, high electron transfer kinetics, excellent redox
reversibility and are of low cost.*> Much work has been done on
the synthesis and application of more effective quinone or
carbonyl based materials for lithium-ion batteries as well as
supercapacitors.®® In the case of supercaps, the introduction of
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electrode surface, providing 72 mA h g%

redox active moieties into the electrode matrix is a simple
strategy to enhance the capacitance through the reversible
faradaic reactions.'>"*

Interestingly, an unlimited quantity of quinone precursors
occurs naturally in plants, for example in the form of biopoly-
mers consisting of aromatic hydroxyphenolic or methox-
yphenolic groups.’ Thus, one of the most attractive sources of
quinones seems to be lignin which is the second most abundant
natural polymer, binding cellulose fibers together in plants.'®
The lignin derivatives from the pulping industry are delivered as
complex polyphenols** with significantly varying chemical and
physical properties,”® depending on biological sources and
chemical process history. The aromatic phenylpropane moieties
of lignin can be converted into quinones by electrochemical
redox, and thereby form an electroactive group introducing
charge storage capacity in lignin.'* The two-electron redox
reaction of the quinones makes lignin a material of choice to
prepare energy storage systems with increased specific charge
storage density. Hence, lignin derivatives have met with
increasing research interest for energy storage applications in
recent years."” In order to increase the loading of quinones and
retain facile electron transfer between reversible redox couples
of non-conducting phenols and electrode surface, there is
considerable interest in the incorporation of lignin derivatives
into conducting polymer films'”*® or different carbon materials
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such as multi-walled carbon nanotubes® or reduced graphene
oxide.”®

Our earlier research showed the charge capacity of poly-
pyrrole to increase, from ca. 29 mAh g ' toca. 79 mAhg " at1
A g~ ' discharge rate, after introducing lignosulfonate in the
system.'” With other choices of lignin derivatives, lower values
were obtained, as the (sub) tropical alkaline lignin/polypyrrole
(Lig/PPy) system with more phenolic amount than lignosulfo-
nate showed a lower charge capacity <45 mAhg 'at1Ag*
current.”* Recent work on alkaline lignins report enhanced
capacity with polypyrrole.”” Adding extra quinones during the
formation of the hybrid material can enhance charge capacity.*
This can also be done by adding different non-quinone redox
species.* The complexity of polypyrrole chain configuration
and conformation,* together with the ill-defined lignin deriv-
atives with undefined structure,® reactivity”” and purity,>**°
brought many uncertain parameters that may affect the charge
capacity of the Lig/PPy system.

Herein, a series of well-defined lignin models were poly-
merized via phenol-formaldehyde condensation. Two of the
main phenols from lignin, syringol and guaiacol, were used to
mimic the natural hardwood and softwood lignin; hydroqui-
none was introduced to the system to extend the redox potential
window and to add a quinone. The chemical structure, phenol
reactivity and purity of the synthetic-lignin (SLig) derivatives
were obtained by NMR and SEC characterization. Furthermore,
we demonstrate the assembly and charge storage properties of
two hybrid systems: SLig/single-wall carbon nanotubes (SLig/
SWNT) with a controlled amount of SWNT and SLig/polypyrrole
(SLig/PPy) with an unknown amount of PPy in the final material.
PPy and SWNT both store charge and enable a fast electronic
communication between the quinone sites of SLig and the
electrode surface. In order to optimize the electrode perfor-
mance of the SLig/SWNT, the mass ratio was varied in the range
between 50 and 83 (Wt%). In addition, the relationship between
the chemical structure of SLig and the electrochemical prop-
erties of SLig/PPy and SLig/SWNT is also revealed. The amount
of phenolic content, bonding between phenolic groups and
types of phenolic groups were correlated to the electrochemical
properties of the SLig/PPy and SLig/SWNT hybrid electrodes in
a comparative analysis. With the best of these SLig polymers, we
attain charge density values superior to the hybrids of poly-
pyrrole and lignosulfonate.

Results and discussion

Characterization of the synthetic lignin derivatives by NMR
and SEC

Syringol (S), guaiacol (G) and hydroquinone (HQ) monomers
were chosen to prepare synthetic lignin derivatives via
condensation reaction with formaldehyde (Scheme 1). Two
types of homopolymers, PolyS and PolyG, were synthesized by
syringol (PolyS) and guaiacol (PolyG), respectively. Two types of
copolymers were synthesized by copolymerizing syringol and
guaiacol (PolySG); and copolymerizing syringol, guaiacol and
hydroquinone (PolySGHQ). The chemical structure of the
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synthetic lignin derivatives were characterized by 'H, *'P and
3C NMR, and the molecular weights were monitored by SEC.

The hydroxyl groups in the synthetic lignin derivatives were
coupled with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospho-
lane (phosphitylating reagent) and an internal standard to
reveal the type and amount of phenolic hydroxyl groups. The *'P
NMR spectrum in Fig. 1a for the homopolymer PolyS shows
a significant peak at 142.7-143.2 ppm and a relatively small
peak at 141.2-141.7 ppm, which are the spectral range of the
diphenylmethane condensed and biphenyl ethers (4-O-5')
condensed phenolic unit.** This indicates that the syringyl (S)
units in PolyS were mostly condensed during the polymeriza-
tion. In Fig. 1b, the spectrum of the other homopolymer PolyG
showed relatively small peaks at 142.7-143.2 ppm and a prom-
inent peak at 140.0-139.0 ppm, which correlate to diphenyl-
methane condensed phenolic and guaiacyl (G) unit. PolyG
showed much less diphenylmethane phenolic condensation
and no 4-O-5' condensed compared to PolyS. In the spectrum of
the copolymer PolySG (Fig. 1c), peaks are found at 142.7-143.2
ppm, and 140.0-139.0 ppm, which indicate the combination of
the diphenylmethane condensed and biphenyl ethers (4-O-5')
condensed S unit and G unit in the copolymer. In the spectrum
of the copolymer PolySGHQ (Fig. 1d), peaks are seen at 142.7-
143.2 ppm, 140.0-139.0 ppm, and 138.8-137.2 ppm, which
indicate the diphenylmethane condensed, biphenyl ethers (4-O-
5') condensed S unit, G unit and hydroquinone unit in the
copolymer PolySGHQ.

The molecular weights of the homopolymers PolyS, PolyG
and the copolymers PolySG, PolySGHQ were monitored by SEC.
In Fig. 2, the SEC trace showed that the PolyS, PolyG, PolySG and

PolyG
! on
oH

i‘j/o—cu,
Z OH
G HQ

PolySG

PolySGHQ

Scheme 1 Schematic representation for synthesis of synthetic lignin
derivatives via phenol-formaldehyde condensation.
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Fig.1 3P NMR spectra of synthetic lignin derivatives. Homopolymers are (a) PolyS, (b) PolyG; and copolymers (c) PolySG and (d) PolySGHQ. The

internal standard is denoted as IS at 144.4 ppm.

PolySGHQ were mostly high molecular weight polymers
(compared to the standard polymer passing time). This indi-
cated the successful polymerization of the SLig via poly-
condensation with formaldehyde. The SEC trace of PolyS and
PolyG were almost identical, the main peaks found at 22.0 to
23.8 minutes and other less significant peaks at 23.8-24.6
minutes, 24.6-25.0 minutes, 25.2-25.8 minutes and 26.5-26.8
minutes. These indicated that the peak molecular weight of the
PolyS at 15-19 kDa and for PolyG at 15-18.6 kDa, as well as that
the distribution of the smaller molecular weight were similar.
The copolymer PolySG showed main peaks at 22.0 to 23.8
minutes and a peak at 24.6-25.0 minutes and the other small
peak at 26.5-26.8 minutes. This indicates that PolySG has
a similar peak molecular weight of 15-19 kDa and less fractions
of small molecular weights, compared to the homopolymers.
The copolymer PolySGHQ showed the main peak at 20.9-23.8
minutes and the other peak at 24.6-25.0 minutes, which indi-
cated the highest peak molecular weight as 14.7-25.3 kDa, and
a much less fraction of small molecular weight, compared to the
other polymers.

Probing the electrochemical properties of monolignol
monomers and SLig via SWNT

The electrochemical properties of SLig were first investigated by
cyclic voltammetry. In order to get more insight into the redox
behavior of SLig, the monomers (guaiacol and syringol) as well
as ferulic acid, sinapic acid and hydroquinone, were studied for
comparison as reference markers of quinone redox reaction of
SLig on single-wall carbon nanotubes. SWNT are excellent
electrode materials due to their good electrical conductivity,
high porosity, as well as relatively good chemical stability.**
These properties of SWNT can be utilized to promote the elec-
tron-transfer reaction when applied as electrode materials in
energy storage devices or electroanalysis. The surface of SWNT
can be easily modified by noncovalent strong m-m stacking

04 045 05 055 06
PolyS _—
POIVG === Ferulic acid
PonSG — ===~ Sinapic acid
——— Guaiacol
PolySGHQ — ——— Syringol
====Hydroquinone
20.89 22.00 23.00 2400 25.00 26.00 27.00 28.00 29.18 0.0 02 04 06 E(V) 08
Time [min]

Fig. 2 SEC traces of the synthetic lignins PolyS, PolyG, PolySG and
PolySGHQ at UV-vis 280 nm.

This journal is © The Royal Society of Chemistry 2016

Fig. 3 Cyclic voltammograms of ferulic acid/SWNT, sinapic acid/
SWNT, guaiacol/SWNT, syringol/SWNT and hydroquinone/SWNT in
0.1 M HClO,, scan rate 10 mV st
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Fig. 4 Cyclic voltammograms of SLig/SWNT hybrid materials and corresponding various phenol derivatives in 0.1 M HClO4 at 10 mV s

interaction between SWNT and hydrophobic electroactive
molecules.’®® In addition, SWNT being good electronic
conductors, they can act as a network transporting electrons
from the electrode surface to redox active moieties. As seen in
Fig. 3, the cyclic voltammograms of the phenolics (guaiacol,
syringol, ferulic acid, sinapic acid and hydroquinone) exhibit
a well-defined reversible redox couple, typically observed for
adsorbed functionalities with small peak-to-peak separations.
Moreover, the large surface area of SWNT allows to significantly
increase the surface coverage of electroactive species, thus
enhancing the voltammetric signals that can be observed. On
the basis of previous literature reports on molecules containing
similar methoxyphenolic groups, such as capsaicine,* hesper-
idin,** curcumin®*® or eugenol,? it is possible to predict that
the electrochemical oxidation of studied compounds leads to
the development of a reversible redox couple involving o-ben-
zoquinone/catechol moieties.

The oxidative demethoxylation and formation of the revers-
ible redox couple was observed during the first CV scan recor-
ded in 0.1 M HCIOj for all studied systems, with the exception of
hydroquinone. Upon first scan an irreversible oxidation wave is
observed at ca. 0.7 V followed by the development of a redox
couple positioned at lower potentials in subsequent scans (the
representative example is ferulic acid on SWCNT which is pre-
sented in Fig. S1%). This process involves the chemical step
(hydrolysis) resulting in removal of the methanol molecule.***”
Similar behavior was also observed for lignosulfonates adsor-
bed on a gold electrode.*® Different numbers of oxygen con-
taining groups substituted on the aromatic ring result in
different values of E” of the recorded redox signals (Fig. 3). This
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phenomenon can be explained by the existence of electron
donating effect arising from electron-rich oxygen atoms. Thus,
the groups with a higher substitution degree produce redox
couples with lower E” values. This is consistent with data ob-
tained for the studied phenolic compounds. As seen, the
predominant redox couple for molecules possessing two
methoxyl groups, such as syringol (1,3-dimethoxy-2-hydrox-
ybenzene) and sinapic acid, appear at 0.35 and 0.45 V, respec-
tively. For comparison, peaks assigned to guaiacol (2-
methoxyphenol) and ferulic acid are shifted toward more
positive values (0.5 V for guaiacol and 0.55 V for ferulic acid).
The existence of predominant couples can be ascribed to o-
benzoquinone/catechol transitions originating from o-methox-
yphenol oxidation.'”** For syringol, guaiacol and ferulic acid,
a second reversible, minor redox couple can be seen at lower
potential values (see the inset in Fig. 3). Low values of E”
suggest that the peaks can be derived from the additional
substitution of aromatic ring by oxygen containing groups. The
existence of such couples can probably be associated with the
chemical reaction occurring when o-quinones are oxidized.
Since electrogenerated o-quinone moieties are quite reactive
and can lead to Michael adducts by nucleophilic attack, the
potential assisted hydroxylation can occur in aqueous solu-
tion.”” The E” for hydroquinone is in good agreement with the
data reported in the literature.?

The synthetic lignin model with redox functions has been
created by polymerization of guaiacol and syringol as well as
hydroquinone. Further, the SLig/SWNT hybrid materials were
assembled to create the electronic communication between
redox active polymer sites and electrode surface through the

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Cyclic voltammograms of the PolyS, PolyG, PolySG and Pol-
ySGHQ hybrid PPy films recorded at 1 mV s~ in 0.1 M HCIO,. The film
thickness was ca. 1 um (A). Mass changes obtained for the electro-
chemical polymerization of SLig/PPy hybrid films on the gold elec-
trode (B).

highly conducting carbon nanotube support. In order to
investigate the electrochemical performance of the SLig/SWNT
hybrid materials, CV was performed in 0.1 M HCIO,. As seen in
Fig. 4(a) the CV profile for the SWNT electrode shows a typical
double-layer capacitive response with no distinctive redox
peaks. In contrast, the CV of PolyG/SWNT exhibits the well-
defined reversible quinone peaks at 0.48 V. The formal potential
of the redox pair of PolyG/SWNT is very consistent with the
position of guaiacol/SWNT peaks (Fig. 4(b)). On the other hand,
the redox pair of PolyS/SWNT at 0.43 V is shifted to about 80 mV
towards more positive values in comparison to syringol/SWNT
studied as the reference (Fig. 4(a)). The observed difference may
appear due partially to the existence of mixed products gener-
ated during the condensation of syringol. Hence, the present
electrochemical behavior of PolyS/SWNT is rather similar to
guaiacol/SWNT. As seen in Fig. 4(c), the peaks derived from
PolySG/SWNT show electroactivity at a potential between the
values corresponding to that obtained for syringol/SWNT and
guaiacol/SWNT, suggesting the influence of both components
to electrochemical response. As is demonstrated in Fig. 4(d), the
PolySGHQ/SWNT hybrid material exhibits two slightly over-
lapping redox couples. Taking into account the electrochemical

This journal is © The Royal Society of Chemistry 2016
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features mentioned above, the peaks recorded at 0.26 V and 0.45
V should be ascribed to hydroquinone and guaiacol/syringol
electroactivity, respectively.

Electrochemical characterization of SLig/PPy hybrid
electrodes

The SLig/PPy hybrid films were electrochemically synthesized
from 0.1 M pyrrole and tetraethylammonium tosylate in
ethylene glycol (EG) solution with the synthetic-lignin deriva-
tives PolyS, PolyG, PolySG and PolySGHQ respectively. Cyclic
voltammetry was initially performed to characterize the elec-
trochemical properties of SLig/PPy hybrid films. Upon first few
cycles in an oxidative direction an activation process (deme-
thoxylation) and formation of quinones can be observed
(Fig. S21).

The cyclic voltammograms of the different SLig/PPy hybrid
films in Fig. 5A show various contributions of redox activity. A
pair of pronounced redox peaks similar to what is found for
SLig/SWNT and lignosulfonate doped PPy'” show up at ca. 0.5V
for the PolyS/PPy, PolyG/PPy and PolySG/PPy hybrid films. The
formal potential of PolyG/PPy peaks at 0.49 V was the highest
among the hybrid films. This value is in good agreement with
that obtained for PolyG/SWNT (0.48 V). The peak-to-peak
potential separation (AE,) about 100 mV was measured for SLig/
PPy hybrids. Therefore, when compared with SLig/SWNT, they
exhibit larger AE, suggesting that charge propagation between
SLig and PPy is slower than that between SLig and SWNT. This
may partially be due to slow diffusion of ions through the bulk
of PPy electrode, which is a common drawback of conducting
polymer based electrodes.'”** Additionally, in SLig/SWNT, mt—m
stacking interaction can lead to a short distance between the
conjugated carbon skeleton and the redox active sites. Conse-
quently, the conversion of quinone to hydroquinone occurs at
low charge-transfer resistance and rapidly responds to the
applied potential (Fig. 4). The PolyS/PPy film with mostly
condensed unit and PolySG/PPy with partly condensed units
show a similar redox couple at 0.44 V, which is in good corre-
lation with PolyS/SWNT (0.43 V). For the PolySGHQ/PPy hybrid
film, there were two well-pronounced, partially overlapping
features; one at ca. 0.25 V could be associated to HQ units and
the other at 0.44 V could be associated to S, G and weakly

bonded HQ wunits.* The mass changes during the
a b
%w —— 50 wt% :Ef’m
06 — 67 Wt% £ ]
— 80 wt% £

——83wt%
-———SWNT

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 50 60 70

80 BID
specific capacity (mAh/g) PolySGHQ (wt%)

Fig. 6 Charge—discharge curves for SWNT and PolySGHQ/SWNT
hybrid material with different mass ratios in 0.1 HClO4 at 1A g~* (a). The
relationship between charge storage capacity and mass ratio between
PolySGHQ and SWNT (b).
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Fig. 7 Specific charge capacity at 1 A g~* (A) and specific capacity as
a function of discharge current density (B) of the synthetic lignin
derivative PolyS/PPy, PolyG/PPy, PolySG/PPy and PolySGHQ/PPy
hybrid films.

electropolymerization of SLig/PPy films were estimated by using
EQCM. As seen from Fig. 5B, linear mass-time profiles were
recorded. All of SLig/PPy materials present a very similar mass
(192-197 pg).

Charge storage properties of SLig/SWNT and SLig/PPy hybrid
electrodes

The formation of the SLig/SWNT hybrid is a valuable strategy to
obtain synergetic effects between the redox active polymer sites
and a highly conducting carbon support. Moreover, it is
possible to control the SWNT fraction in the final hybrid
material by tailoring the mass ratio between SLig and the
conductive matrix. This is in contrast to galvanostatic synthesis
where the content of PPy in the final electrode material cannot
really be controlled by optimization of the synthesis solu-
tion.””'® Even so, the electrosynthesis can provide an effective
and convenient one-step approach to the incorporation of SLig
into the PPy film, though the mass ratio of both components in
this case is unknown.

The charge-discharge curves of the pristine SWNT and Pol-
ySGHQ/SWNT hybrid electrodes prepared with different mass
ratios is shown in Fig. 6(a). SWNT store charge only in an
electrochemical double-layer, which has been proved by its
linear charge-discharge profile. The specific charge stored in
pristine SWNT is 9.4 mAh g~ " (56 F g~ ') in the studied potential
range. The PolySGHQ/SWNT hybrid exhibits two plateaus in the
ranges of 0.52-0.47 V and 0.32-0.25 V which implies a change in
the mechanism towards pseudocapacitive storage. These fara-
daic contributions of PolySGHQ/SWNT are attributed to the fast
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electrochemical redox reaction of quinones due to the immo-
bilized polymer.

The galvanostatic charge-discharge measurements show
that the faradaic contribution delivered by synthetic lignin
activity dominates in the total capacity of the hybrid material.
The results show that the hybrid material composed of 20 wt%
of SWNTS and 80 wt% of PolySGHQ possesses the highest
specific charge capacity of 72 mA h g~ " that corresponds to 432
F g ' (Fig. 6(a)). Further increase of the redox polymer content
above 80 wt% gives rise to a significant drop of specific charge
capacity to 47 mA h g~ (Fig. 6(b)). As can be seen in Fig. 6(b),
a significant influence of the PolySGHQ content in the Pol-
ySGHQ/SWNT material on the charge storage capacity was
observed. However, this contribution cannot be analyzed within
a linear model based on the SWCNT fraction. The present
values of charge storage capacity for PolySGHQ/SWCNT are
comparable to that previously obtained for lignin polypyrrole
(75 mA h g ') composite.'”

The charge-discharge tests of SLig/PPy hybrid films were
performed at 1 A g~ ', (Fig. 7A). Both PPy and SLig contributed to
charge capacity in the SLig/PPy films. The phenolic amounts of
PolyS, PolyG, PolySG, and PolySGHQ are collected and corre-
lated with the specific capacity of the SLig/PPy hybrid films in
Table 1. The mass ratio of SLig and pyrrole in the electrolyte
used for electropolymerization was set at 1:1. However, the
mass ratio in SLig/PPy is unknown.

At the 1 A g~ " discharge rate, within the potential range of
0.1-0.7 V, the SLig/PPy films yielded higher specific capacity
than the PPy film, which gave 30 mA h g~ *.*® Similar to the SLig/
SWNT hybrids, the SLig/PPy materials exhibit a pronounced
plateau region in the range of 0.55-0.40 V corresponding to the
reduction of quinone species. The specific charge capacity
increased to 49 mA h g (for PolyS/PPy) and 62 mA h g~ * (for
PolyG/PPy) with increasing amount of the total phenolic groups
from 15.7 mmol g " (PolyS/PPy) to 17.9 mmol g~ ' (PolyG/PPy).
The specific capacity further increased to 94 mA h g~ ' (specific
capacitance 563 F g~") for the PolySGHQ/PPy film with lower
total phenolic amount in the PolySGHQ, 16.4 mmol g~ '. This
demonstrates that the charge storage capability increases with
increasing amount of redox species of the S and G unit based
SLig/PPy films; PolySGHQ/PPy film with HQ unit showed higher
specific capacity than the S and G unit based SLig/PPy, regard-
less of the phenolic amount. Due to the unknown mass ratio

Table 1 Phenolic content and peak molecular weight of the synthetic lignin derivatives and the specific capacity of the SLig/PPy hybrid films

G unit
(mmol g™)
139.6-139.0 ppm

Condensed unit
(mmol g™ )
143.5-141.4 ppm

HQ unit
(mmol g™)
Sample code

139.0-136.0 ppm

Specific capacity of
the SLig/PPy film
(PPy) (mA h g™")

Peak molecular
weight” (kDa)

Redox functional
groups (mmol g~ )

PPy — — —
PolyS 15.7 — —
PolyG 6.2 11.7 —
PolySG 11.9 4.7 —
PolySGHQ 8.0 3.4 5.0

“ Peak molecular weight from RI-SEC at 22.4-23.4 minutes.
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15.7 14.9-19.0 49
17.9 14.6-18.6 62
16.6 14.7-19.0 57
16.4 14.7-25.3 94
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Fig. 8 Respective specific capacitance versus specific current of contributing capacitances due to PPy and quinones (SLig, HQ) of PolySGHQ/
PPy (A), PolyG/PPy (B), PolyS/PPy (C) and PolySG/PPy (D) electrodes extracted from the slopes of the galvanostatic discharge curve.

between PPy and PolySGHQ, the causes of such improvement of
charge storage in PolySGHQ are not clear. The plausible expla-
nation may be an enhanced access to quinone moieties in
PolySGHQ/PPy in comparison to PolyS/PPy and PolyG/PPy.
Compared with the discharge plot in Fig. 7A of S and G unit
based SLig/PPy films, a rapid decline is seen at the potential
range ca. 0.35-0.10 V, whereas the discharge plot of the Pol-
ySGHQ/PPy film showed a consistent decline rate in this range.
This indicated that introduction of a low redox potential species
(<0.50 V) such as HQ to the model synthetic-lignin was more
efficient than the increase of the phenolic amount of redox
species higher than 0.50 V. The specific capacity of the SLig/PPy
hybrid films at various current densities can be seen in Fig. 7B.
The specific capacity decreases at higher currents. The fastest
drop of specific capacity versus current density can be observed
for PolySGHQ/PPy. However, the charge storage capacity of 57
mAh g " (62%) is still obtained at the high current density of 16
A g~ '. Furthermore, at 16 A g~ ', PolyG/PPy, PolyS/PPy and Pol-
ySG/PPy hold 80%, 90% and 87%, specific capacity of that at 1 A
g !, respectively, suggesting a good rate capability.

Different capacitance values are obtained within the studied
potential range. From the inverse of the slopes of galvanostatic
discharge curves, the separated capacitances contributions
from PPy and SLig can be distinguished (Fig. 8).

HQ and SG fractions in PolySGHQ/PPy contributed to ca. 800
F g, while PPy provided ca. 280 F g~ . PolyG, PolyS and PolySG
exhibited lower values of capacitances at 1 A g~ (measured
between 0.55 and 0.40 V) in comparison to PolySGHQ which is
in good agreement with the CV data (Fig. 5A). It is worth
mentioning that the PPy capacitance is higher than that

This journal is © The Royal Society of Chemistry 2016

estimated from the CV in Fig. 5A at 1 mV s~ ' (210 F g ). The
influence of discharge rate on individual capacitances in the
range of 0.55-0.40 V (quinones) is important, especially in the
case of PolyG, PolyS and PolySG. Such behavior was typically
observed for pseudocapacitive materials involving quinones."”**

Conclusions

The characteristic monolignols syringol (S) and guaiacol were
used to polymerize well-defined synthetic-lignins PolyS, PolyG
and PolySG via polycondensation with formaldehyde. To extend
the redox potential window, hydroquinone (HQ) was introduced
to the synthetic-lignin PolySGHQ as a low oxidation potential
phenolic unit. The methylene bridges in the chemical structure,
which were revealed by '*C NMR, and the molecular weight
peak over 14 kDa shown by the SEC trace, confirmed the success
of the SLig derivative polymerization. The phenolic content in
the SLig was measured by *'P NMR. By combination with
different amounts of single-wall carbon nanotubes, the corre-
lation between the loading of the electronic conductor and the
charge storage capacity of the assembled SLig/SWNT hybrid
material, was investigated. The charge performance of the Pol-
ySGHQ/SWNT is highest when the content of SWNT is 20 wt%.
Thus, a low amount of electronic conductor (20% wt) is
adequate to provide good access to the quinones and efficient
electron communication between redox active phenolics and
the electrode surface. The specific capacity was enhanced by ca.
7 times from 9.4 mA h g~' (pure SWNT) to 72 mA h ¢™* (Pol-
ySGHQ/SWNT), at the current density of 1 A g~ . The PolySGHQ/
PPy film showed the highest specific capacity of 94 mA h g™*
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(563 F g~ 1) after introducing the HQ unit with low oxidation
potential (<0.5 V, pH = 1), whereas PolyG with the higher
phenolic amount showed a lower specific capacity of 62 mA h
g " According to the results, the introduction of HQ, possess-
ing a redox potential <0.5 V (at pH = 1) enables a larger
improvement of charge storage capacity for the lignin deriva-
tive/polypyrrole system. The chemical procedure highlighted
here is a promising way to develop advanced electrodes for
energy-storage applications from the cheap and easily acces-
sible organic materials.

Experimental
Materials

Single-wall carbon nanotube (SWNT) conductive aqueous ink (1
mg mL "), dimethylformamide (DMF), pyridine, cyclohexanol,
chromium(m) acetylacetonate, 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane (phosphitylating reagent), deuterated
chloroform (CDCl;), diethyl ether, heptane, acetone, formalde-
hyde water solution (37%), 2,6-dimethoxyphenol (syringol, S), 2-
methoxyphenol (guaiacol, G), 4-hydroxy-3-methoxycinnamic
acid (ferulic acid), 3,5-dimethoxy-4-hydroxycinnamic acid
(sinapic acid) hydroquinone (HQ), pyrrole, tetraethylammo-
nium tosylate, ethylene glycol (EG), perchloric acid (HClO,)
were purchased from Sigma-Aldrich. Pyrrole was distilled at 131
°C, the other chemicals were used as received.

General procedure for the polymerization of polysyringyl
(PolyS) and polyguaiacyl (PolyG). Syringol (1 g, 6.5 mmol) or
guaiacol (0.81 g, 6.5 mmol) were added to formaldehyde (0.47 g,
5.9 mmol) 37% water solution in test tubes, respectively, molar
ratio was set to 1:0.9 (phenolic monomer : formaldehyde).
Oxalic acid (0.01 g, 1 wt%) was added as a catalyst. The reactions
were allowed to proceed at 110 °C for 12 hours. The finished
products were dissolved in EtOH and precipitated in distilled
water to remove residues, and freeze-dried. The dried products
were precipitated in 500 mL diethyl ether to remove the
unreacted monomers followed by vacuum drying. The products
were isolated as light brown powders. The interpretation of **C
NMR (300 Hz, CDCl;) spectra were based on the literature:*
PolyS 6 (ppm) = 25.13-32.31 (methylene bridges: orthol ortho,
paral ortho and paral para), 56.19-56.30 (-O-CH3), 60.47 (-C-
OH), 91 (hemiacetal carbons CH3;0-CH,-OH), 118.4-120.2
(unsubstituted para carbons), 124.63-130.98 (meta carbons and
substituted ortho carbons), 136.93-138.66 (substituted para
carbons), 145.45-146.30 (phenoxy carbons). PolyG 6 (ppm) =
31.95-41.17 (methylene bridges: orthol ortho, paral ortho and
paral para), 56.00 (-O-CHj3), 111.23-121.39 (unsubstituted ortho
and para carbons), 131.2-134.5 (substituted para carbons),
143.7-146.4 (phenoxy carbons). The phenolic content of the
products were measured by *'P NMR.

Polymerization of copolymers PolySG and PolySGHQ

PolySG. Syringol (1 g, 6.5 mmol) and guaiacol (0.814 g, 6.5
mmol) at a molar ratio of 1:1 were added to formaldehyde
(0.957 g, 11.8 mmol) 37% water solution in test tubes, respec-
tively, phenolic monomer : formaldehyde molar ratio was set to
1:0.9. Oxalic acid (0.027 g, 0.1 mmol) was added as the catalyst.
The reactions were allowed to proceed at 110 °C for 12 hours.
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The finished product was dissolved in EtOH and precipitated in
distilled water to remove residues and freeze-dried. The dried
products were precipitated in 500 mL heptane to remove the
unreacted monomers followed by vacuum drying. The products
were isolated as light brown powder. The phenolic content of
the product was measured by *'P NMR.

PolySGHQ. Syringol (0.349 g, 2.2 mmol), guaiacol (0.273 g, 2.2
mmol) and hydroquinone (0.242 g, 2.2 mmol) at a molar ratio of
1:1:1 were added to formaldehyde (0.47 g, 5.9 mmol) 37%
water solution in test tubes, respectively, and the phenolic
monomer : formaldehyde molar ratio was set to 1 : 0.9. Oxalic
acid (0.027 g, 0.1 mmol) was added as the catalyst. The reactions
were allowed to proceed at 110 °C for 12 hours. The finished
product was dissolved in EtOH and precipitated in distilled
water to remove residues and freeze-dried. The dried products
were precipitated in 500 mL diethyl ether to remove the
unreacted monomers followed by vacuum drying. The products
were isolated as light brown powder. The phenolic content of
the product was measured by *'P NMR.

Methods

NMR experiments were performed on a BrukerAvance 300 MHz
instrument. "H NMR and "*C NMR spectra were acquired at 45°
pulse angle by inverse gated proton decoupling and delay time
was 1 second. *'P NMR spectra were obtained using cyclo-
hexanol (6 = 144.5 ppm) as an internal standard, with 90° pulse
angle by inverse gated proton decoupling and delay time was 2
seconds. The remaining phosphitylating reagent and its water
adduct were identified at 6 = 174.7 ppm and ¢ = 131.8 ppm,
respectively. The polymer (20 mg) sample was dried at 40 °C in
an oven overnight to remove water and then dissolved totally in
100 pL DMF. 100 pL DMF/pyridine (1 :1, v/v) solution con-
taining cyclohexanol (1.1 mg, 1.1 x 10~> mmol) as the internal
standard and chromium(m) acetylacetonate (0.5 mg, 1.4 x 10>
mmol) as the relaxation agent was added subsequently. Phos-
phitylating reagent 100 pL was added to the lignin mixture and
CDCIl; 500 pL was then added. The final mixture was vortexed
and transferred to a 5 mm NMR tube for *'P NMR analysis.

Size exclusion chromatography (SEC) used for
measuring the molecular weights of the lignin samples, using
a 10 mM NaOH aqueous solution as the mobile phase on 3 TSK-
gel columns (3000 PW, 4000 PW, 3000 PW) coupled in series.
The flow rate was 1 mL min ™', and detection was achieved by
UV at 280 nm. The system was calibrated with polystyrene
standards with specific molecular weights ranging from 0.342 to
805 kDa. The Millennium 2 software supplied by Waters was
used to process data.

Galvanostatic polymerization of synthetic-lignin/polypyrrole
(SLig/PPy) film and cyclic voltammetry (CV) of the SLig/PPy films
were performed on an Autolab PGStat 10 (EchoChemie, the
Netherlands) in a three-electrode system. Lignin (16.7 mg) was
totally dissolved by ultrasonication in 2.5 mL ethylene glycol
with tetraethylammonium tosylate (75.4 mg, 0.1 M) as the
dopant and distilled. Pyrrole (16.7 mg, 0.1 M) was added to
prepare 1:1 mass ratio solution. This solution was used for
galvanostatic polymerization of SLig/PPy films on a glassy

was

This journal is © The Royal Society of Chemistry 2016
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carbon working electrode (A = 0.07 cm™?) by application of
constant current density (0.4 mA cm™?) for 19 minutes. All the
results reported in this work refer to Ag/AgCl (3 M KCl) reference
electrode. The counter electrode was a platinum wire. The SLig/
PPy film rinsed by using distilled water, and CV was subse-
quently performed in 0.1 M HCIO, aqueous solution in the
range of —0.2 to 0.7 V. For galvanostatic charge-discharge tests,
a constant current was applied between 0.1 and 0.7 V.

An electrochemical quartz crystal microbalance (QCM Q-
Sense E4) was used to measure the mass deposition on a gold
quartz crystal (A = 1 cm?) of the SLig/PPy film during the gal-
vanostatic polymerization in a three-electrode system, with Ag/
AgCl as the ref. electrode and platinum as the counter electrode.
The frequency change was monitored during the deposition at
0.4 mA cm ™ for 19 minutes and analyzed by the Sauerbrey
equation to deduce the mass. The deposited mass of the
different SLig/PPy composites on gold (4 = 1 cm?®) were 197 g
(PolyS/PPy), 196 ng (PolyG/PPy), 197 ug (PolySG/PPy) and 192 ug
(PolySGHQ/PPy).

The SLig/SWNT hybrid materials were prepared as follows.
The single-wall carbon nanotube solution (1 mg mL™") was
added to the SLig ethanol solution (1 mg mL ") in four volume
ratios: 1:1, 2:1, 4:1 and 5:1 respectively to prepare the
solution with 50 wt%, 67 wt%, 80 wt% and 83 wt% of SLig. All
the mixed solutions were sonicated for 10 minutes for homo-
geneous dispersion. Working electrodes with SLig/SWNT were
prepared by drop-casting (1 pL, 1 pg) the mixture solution on
a glassy carbon electrode surface and dried properly at 60 °C in
an oven. The SLig/SWNT electrodes were charged and dis-
charged respectively at 1 A g~ " current density and at 0.1 V to 0.7
V in three electrode system containing 0.1 M HCIO, of the
supporting electrolyte. Electrochemical characterization by
cyclic voltammetry was performed for the materials prepared by
drop-casting (1 pL, 1 pg) the mixed solutions (50 wt%) of SWNT
and each studied compound (guaiacol, syringol, hydroquinone,
ferulic acid, sinapic acid, PolyG, PolyS, PolySG, PolySGHQ).
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