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ABSTRACT: Sustainable energy storage materials are needed to

O\
implement necessary transitions to a more sustainable society. /@) O
OH

Therefore, we present novel vanillin (and thus ultimately possibly

HO
lignin)-derived electrode materials for lithium-ion-based energy O
storage systems. In the present approach, vanillin is first modified
in two sustainable steps to afford bisvanillonitrile (BVN). The vanillin blsvamllomtnle

precursor materials for the electrodes are made from BVN and (BVN)

carbon black and are subsequently treated in the atmosphere of
triflic acid in order to polymerize BVN. Used as a cathode material
in a lithium-ion-based energy storage device, the resulting material s st ]
shows capacities up to 90 mAh g~' (respective to the whole T M T e P e
electrode mass). This extraordinary performance can be attributed
to a combination of non-Faradaic and Faradaic charge storage
involving quinone units, which are abundantly found in the polymer backbone. In contrast to conventional organic electrode
materials, excellent contact to carbon as a conductive additive is established by performing the polymerization in a mixture with
carbon (in carbone), allowing the omission of additional unsustainable binder materials. Due to the sustainable synthesis and good
performance, such sustainable electrodes may be applied in future energy storage devices.

electrode CB@BVN CB@p-BVN

KEYWORDS: energy storage, sustainable material, cross-linked polymer, hybrid material, triazine network

1. INTRODUCTION batteries. Indeed, to the best of our knowledge, attempts to
build a lithium-ion-based energy storage device using
abundantly available biomaterials like sustainable polyphenols
derived from lignocellulosic biomass without carbonization
remain unsuccessful to this day.

Previously, we reported ChiVan, a compound created by
grafting vanillin on chitosan using reductive amination.”

In recent years, interest in sustainable sources of energy like
solar, wind, or water power plants has been strongly increasing.
In contrast, electrochemical energy storage devices are still
based on unsustainable resources such as heavy-metal ores, and
thus their replacement with more sustainable materials is

required.”

cIln this regard, electrodes derived from lignocellulosic Although it showed remarkable properties for energy storage
biomass may be especially appealing. The first prominent in an aqueous electrolyte, attempts to build a lithium-ion
biomass-based cathode for lithium-ion batteries included storage device remain unsuccessful. Vanillin-derived polymers
dilithium rhodizonate as an active component,” a small without incorporation of chitosan may be more promising in
molecule resulting in a low cyclability of the battery due to this regard as they do not possess aliphatic hydroxyl groups.
dissolution in the electrolyte. In attempts to reduce this Plenty of other vanillin-based polymers have been reported so
solubility, polymeric species are advantageous, and naturally far, but only few of them keep the phenolic groups intact,
occurring poly‘phenols such as Iignin3 were presented, which is a Prerequisite for electrochemical activity.9 POIY-
Furthermore, synthetic polyphenols derived from sustainable esters'’ or polyimines'' made of dimerized bisvanillin and
phenols such as phenolic acids* or guaiacol and syringol® have
been utilized. Similar bioderived polyphenols like polydop- Received: August 15, 2019
amine have been investigated for lithium- and sodium-ion Revised:  January 17, 2020
batteries exhibiting promising results.”” However, dopamine Published: February 10, 2020

cannot be obtained from natural resources on an industrially
relevant scale, reducing the sustainability of polydopamine in
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diacid or diamine species are an exception, and bisvanillin
without any auxiliary species may also be polymerized by
reductive coupling.12 However, on the one hand, the use of
comonomers reduces the density of redox active functionalities
and the sustainability if they are not biomass-based molecules
themselves. On the other hand, to the best of our knowledge,
attempts to synthesize a bisvanillin polymer by reductive
coupling in large scales remain unsuccessful so far, making it
unsuitable for development of sustainable materials.

Furthermore, regarding their sustainability, also the inactive
components of electrodes need to be considered. Most
polymeric active materials in energy storage devices exhibit
low conductivity and are therefore always composited with
conductive additives such as conductive polymers or carbons.
However, conductive polymers are usually prepared from oil-
derived chemicals and are therefore not sustainable,'> unlike
porous carbons that can be easily prepared from regrown
biomass.'”'> In order to create a good composite with porous
carbon, a polymer has to be soluble in the dispersing medium
for carbon. Solubility in the electrolyte however is a common
cause for shuttling of the polymer between the electrodes and
subsequent self-discharge of the electrodes as well as low
stability. Therefore, highly cross-linked, insoluble polymers are
advantageous for battery applications,'”> which hamper
processability and contact to carbon materials. Besides the
addition of binder polymers, cross-linking after forming a
hybrid material with carbon may help to increase the stability
and performance.'®

For forming a highly cross-linked material, trimerization of
aromatic polynitriles to create crystalline microporous
polymers named covalent triazine frameworks (CTFs) has
been first reported by Thomas et al. under high temperatures
with zinc chloride as the catalyst.'” CTFs and related
amorphous materials have been reported for many applications
such as dye sorption,'® catalyst support,’” gas storage,”’ and
electrodevices exhibiting a high versatility.”' > Later on, the
low-temperature triflic acid-catalyzed polymerization of
aromatic nitriles was used to obtain amorphous microporous
polymers®"** and to prepare hard-templated porous struc-
tures.>> Besides, also nonporous structures are available that
showed remarkable properties for applications such as
photocatalysis.”*

Herein, we aim to expand the polymerization of nitrile-
containing monomers to redox active materials. In order to
prepare nonsoluble polymer electrodes that still can easily be
processed in solution, we developed a new method inspired by
the well-known dispersion polymerization approach and
polymer/carbon nanotube hybrid materials in which the
polymer is synthesized in the presence of nanotubes.”* This
method, polymerization in carbone, utilizes casting of easily
soluble monomers in a slurry with carbon onto the current
collector as the first step. Subsequently, they are polymerized
in the presence of the porous carbon matrix (in carbone)
producing a highly cross-linked and insoluble polymer that is
used as an active material in batteries. This method increases
the contact between the polymer and the conductive carbons,
facilitating the electron flow between the carbon and the
polymer and consequently providing higher capacities.
Specifically, we discuss the hybrid material of a vanillin-derived
polymer that is formed via acid vapor-assisted solid-phase
synthesis and carbon black as a sustainable lithium—organic
energy storage device. The structure and electrochemical
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performance are discussed and compared to similar electrode
compositions.

2. EXPERIMENTAL SECTION

2.1. Materials. Vanillin (Sigma-Aldrich), hydroxylammonium
chloride (Sigma-Aldrich), iron(III) chloride (Fluka), magnesium
sulfate (Acros Organics), triflic acid (TCI), sodium hydroxide
(Sigma-Aldrich), S-hydroxyisophthalonitrile (TCI), carbon black
AB-520 (MTI Corporation), carbon paper Spectracarb 2050A-0550
(Fuel Cell Store), and the solvents acetic acid (VWR International),
ethanol (Fischer), N-methyl-2-pyrrolidone (NMP) (PanReac Appli-
Chem), toluene (Fluka), diethyl ether (Fluka), and ammonia (25%,
Fluka) were used as received.

2.1.1. Synthesis of Vanillonitrile.*® Vanillin (18.26 g, 120 mmol)
and hydroxylammonium chloride (12.50 g, 180 mmol) were dissolved
in acetic acid (100 mL). The resulting mixture was heated under
reflux conditions for 2 h with the formation of an orange solution.
After cooling down, it was poured into diethyl ether (300 mL) and
subsequently washed, once with water and twice with a 5% sodium
hydroxide solution (150 mL in each step). The aqueous phases were
cleaned once with diethyl ether (150 mL). The organic phases were
combined and dried with MgSO,. The solvent was removed under
reduced pressure, and the product was recrystallized from toluene and
dried under vacuum at 80 °C overnight. The procedure yielded 15.19
g (84.9%) of pure vanillonitrile as confirmed by '"H NMR and “*C
NMR.

'"H NMR (400 MHz, deuterated DMSO): d = 10.26 ppm (s, 1H,
OH), 7.35 ppm (d, 1H, aromatic), 7.26 ppm (m, 1H, aromatic), 6.89
ppm (d, 1H, aromatic), 3.81 ppm (s, 3H, —CHj).

3C NMR (400 MHz, deuterated DMSO): d = 55.94 ppm (methyl),
100.94 ppm (aromatic), 11524 ppm (aromatic), 116.09 ppm
(aromatic), 119.67 ppm (nitrile), 126.50 ppm (aromatic), 147.98
ppm (aromatic), 151.46 ppm (aromatic).

2.1.2. Synthesis of Bisvanillonitrile (BVN).>”*® Vanillonitrile (10 g,
50.3 mmol) was mixed with water (240 mL), and a solution of
iron(III) chloride (21.75 g, 100.6 mmol) in water (240 mL) was
added. The mixture was heated under reflux conditions for 4 h and
filtered afterward. The precipitate was collected and purified using
Soxhlet extraction overnight with water as the purification solvent.
The product was further cleaned with ethanol (three times
centrifugation) and dried under vacuum at 80 °C overnight. The
procedure yielded 4.77 g (48.0%) of pure bisvanillonitrile as
confirmed by 'H NMR, *C NMR, and MS, and a low iron content
of 5.19 (SD, 0.082) mg g~' was confirmed with ICP-MS.

'"H NMR (400 MHz, deuterated DMSO): d = 9.86 ppm (s, 2H,
OH), 7.42 ppm (s, 2H, aromatic), 7.23 ppm (s, 2H, aromatic), 3.89
ppm (s, 6H, —CH,).

BC NMR (400 MHz, deuterated DMSO): d = 56.39 ppm
(methyl), 100.35 ppm (aromatic), 114.08 ppm (aromatic), 119.56
ppm (nitrile), 124.61 ppm (aromatic), 128.14 ppm (aromatic),
147.94 ppm (aromatic), 148.88 ppm (aromatic).

MS (solvent: ACN, eluent: methanol/isopropanol (80/20) with
0.1% formic acid): calculated: 296.08, measured: 296.0 (negative-ion
mode).

2.1.3. Synthesis of p-BVN.>®> A vial (10 mL) containing BVN (50
mg) was placed into a Schlenk tube (Figure S6 in the Supporting
Information) with a volume of ~120 mL. The tube was evacuated,
and 100 mL of argon was added to it followed by 0.6 mL of triflic
acid. The tube was heated to 100 °C for 22 h. Hereafter, the product
was immersed in a 25% aqueous solution of ammonia for 1 h.
Afterward, the resulting polymer was centrifuged, washed with water
and ethanol (two times, SO mL of each solvent, 4000 rpm, 3 min), and
dried under vacuum at 80 °C for 3 h.

2.1.4. Synthesis of CB@p-BVN.>> Carbon black (30 mg) and BVN
(30 mg) were put into a stainless steel jar (12 mL) and ground at 650
rpm for 50 min using a planetary ball mill PM100 (Retsch). Hereafter,
NMP (1 mL) was added before further grinding for 10 min. The
obtained slurry (40 yL) was spread across a circular piece of carbon
paper (11 mm in diameter). The electrodes were dried under vacuum

https://dx.doi.org/10.1021/acssuschemeng.9b04797
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for 17 h at 80 °C before being placed inside a vial (S mL). Two vials
were put into a Schlenk tube with a volume of ~120 mL. The tube
was evacuated, and 100 mL of argon was added to it followed by 0.6
mL of triflic acid. The tube was heated to 100 °C for 22 h. The
electrodes were subsequently immersed into a 25% aqueous solution
of ammonia, water, and ethanol for 1 h each. Finally, they were dried
under vacuum at 80 °C for 3 h.

2.2. Morphology Characterization. The surface morphology
was investigated by means of scanning electron microscopy (SEM)
using a Zeiss Leo Gemini 1550 microscope.

2.3. Physisorption. Nitrogen physisorption measurements were
performed on a Quantachrome Quadrasorb SI porosimeter at 77 K.

2.4. Spectroscopy. The samples for 'H and '*C NMR were
prepared by dissolving the material (10 mg) in DMSO (d, 0.65 mL).
The spectra were measured using an Ascend 400 MHz NMR
spectrometer (Bruker). Fourier transform infrared (FT-IR) measure-
ments were performed using a Nicolet iS 5 FT-IR Spectrometer
(ThermoFisher Scientific). *C solid-state nuclear magnetic resonance
(ss-NMR) spectrum was measured at static magnetic field 14.1 T
(600 MHZ) with a JEOL JNM-ECZ600R/M1 spectrometer (Japan).
A BC single-pulsed NMR experiment was performed at a MAS rate of
16 kHz using a ZrO, 3.2 mm MAS probe. The temperature of variable
temperature cooling air was set to 275 K at a flow rate of 1070—1335
L/h. A nominal pulse angle of 90 °, a pulse length of 2.13 ps, direct
pulse, no CP, no decoupling were used. The "*C measurement ran
with a relax delay of 300 s over 100 scans. The spectrum was
referenced to external tetramethylsilane at 0 ppm as a secondary
reference. Inductively coupled plasma—optical emission spectroscopy
(ICP-OES) was conducted using a Horiba Ultra 2 instrument
equipped with photomultiplier tube detection. The samples were
dissolved in aqua regia and filtered prior to analysis. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using a ThermoScientific K-Alpha* X-ray Photoelectron Spectrom-
eter. All samples were analyzed using a microfocused, monochro-
mated Al Ka X-ray source (1486.68 eV; 400 um spot size). To
prevent any localized charge buildup during analysis, the K-Alpha*
charge compensation system was employed at all measurements. The
samples were mounted on conductive carbon tape, and the resulting
spectra were analyzed using the Avantage software from Thermo-
Scientific.

2.5. Electrochemical Measurements. All electrochemical
measurements were performed in Swagelok-type cells and tested
using BioLogic MPG2 potentiostats. Lithium foil (Celgard 2325; 13
mm in diameter, 25 um thick), 1 M LiPFy in ethylene carbonate, and
diethyl carbonate (volumetric ratio of 1:1, 100 L, solution used as
obtained from Sigma-Aldrich) were used as a counter electrode,
membrane, and electrolyte, respectively, and a circular carbon
electrode with the active material on top was used as the working
electrode. The electrolyte was chosen as it is one of the most common
choices for carbonyl-based organic lithium-ion batteries, along with
similar carbonyl electrolytes.’® All Swagelok-type cells were assembled
in a glovebox with low water and oxygen levels. Charging—discharging
measurements were performed at constant current density (02 A g_1
for 300 cycles) or at varying current density (20 cycles at 0.05 A g™/,
10 cycles at 0.10 A g™', 10 cycles at 0.20 A g™', 10 cycles at 0.40 A g,
and 10 cycles at 0.80 A g™'). In the displayed charging—discharging
curves, the 15th (for 0.05 A g™') or Sth cycle (for the other current
densities) is shown. Cycling voltammetry was performed by cycling at
25mV s during 100 cycles and at 20 mV sTL15mVs™ 10mVs™,
and § mV s7' for five cycles each. In the displayed cycling
voltammetry curves, always the last cycle of the respective rate is
shown unless mentioned otherwise.

3. RESULTS AND DISCUSSION

3.1. Synthesis of BVN. Bisvanillonitrile (BVN) was
obtained from vanillin in two steps using rather sustainable
reaction conditions and media (Scheme S1). The first step,
which concerns the substitution of the aldehyde with a nitrile
group, was performed according to the previously reported

3057

procedure by Thompson et al.*® In the second step, the
dimerization of vanillonitrile, an oxidative coupling reaction
mediated by iron(III) chloride, was used.””*" As iron cations
may be strongly chelated by BVN, the product was extensively
purified using Soxhlet extraction with water, leaving a
negligible iron contamination in the sample (5.19 mg g ").
The structure was confirmed by 'H and *C NMR as well as
MS (see the Experimental Section and Supporting Informa-
tion).

3.2. Synthesis of p-BVN. BVN was polymerized via an
acid vapor-assisted solid-phase synthesis.”> The resulting
polymer (p-BVN) was characterized by means of FT-IR, ss-
NMR, and XPS.

When comparing the IR spectra of BVN and p-BVN (Figure
1a), the vibration at 3295 cm™ (a), which corresponds to the
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Figure 1. (a) FT-IR spectra of BVN and p-BVN. (b) Solid-state *C
NMR spectrum of p-BVN.

hydroxyl vibrations, reduces in intensity and broadens after
polymerization. Additionally, this peak could also partially
correspond to the nitrogen—hydrogen bond vibration formed
during hydrolysis of nitrile groups, as these two peaks would
overlap. Furthermore, a sharp band at 2230 cm™ (b), which
can be assigned to the nitrile groups, is present in BVN but
disappears during the reaction. As suggested in the literature,*
this observation points to the important role of nitrile groups
in the polymerization of BVN. A sharp band at 1640 cm™" (c),
which appears in the spectrum after the polymerization, points
to the formation of carbonyl groups either in the form of amide
groups upon hydrolysis of nitrile groups or as part of oxidized
hydroxyl groups. Two peaks at 1510 (d) and 1375 cm™" (e)
correspond to aromatic carbon—nitrogen vibrations, which is
characteristic for triazine rings.23’3’3 Furthermore, a sharp
vibration at 1270 cm™ (f), which almost completely
disappears after polymerization, can be ascribed to methoxy

groups and indicates demethylation upon polymeriza-
. 33,39,40
tion.”
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Figure 2. XPS spectra of (a—c)BVN and (d—f) p-BVN. (a and d) O 1s, (b and e) N 1s, and (c and f) C 1s.

The C ss-NMR spectrum (Figure 1b) shows three signals
in the range of 128, 147, and 170 ppm that can be assigned to
aromatic carbons (a), the o-hydroquinone unit (p),*' and
triazine carbons (t),"” respectively. In contrast to the (starting)
reference material BVN, no peak at 56 ppm can be identified,
indicating cleavage of the methyl group in the methoxy unit.
Appearance of triazine carbons and cleavage of methyl groups
strongly support the successful polymerization. Noteworthy,
no clear peaks that would denote quinones or amides are
observed. These usually appear at higher chemical shift and
may overlap with the triazine peak.

In order to further investigate the polymerization mecha-
nism, we performed XPS measurements of the individual
compounds. In the energy range corresponding to oxygen Is
orbitals (Figure 2a), BVN has one observable peak at $33.04
eV, which can be ascribed to oxygen that is bound to carbon
via a single bond. After polymerization, two peaks with a
similar area appear, one at 533.28 eV, which can be ascribed to
the aforementioned oxygen species, and the second at 532.02
eV, which can be ascribed to oxygen being part of a carbon=
oxygen double bond, suggesting partial oxidation of the sample
during polymerization. As discussed above, such bonds can be
formed either as amide groups or as quinones. We want to
emphasize that the samples were not treated with any
carbonyl-containing solvent that might falsify the carbonyl
signal at 532 eV.

In the energy range corresponding to nitrogen s orbitals
(Figure 2b), BVN has two observable peaks. The most
dominant one at 398.94 eV is characteristic for nitrogen in
nitrile groups. A lower second peak at 402.24 eV is a satellite
peak, which is observable in molecules that have conjugated
electron donors (hydroxyl and methoxyl groups) and acceptors
(nitrile group). While this low intensity peak is still present
after polymerization, the main peak is completely transformed
into two new peaks of similar size. The peaks at 398.24 and
399.99 eV can be ascribed to nitrogen in triazine and amide
groups, respectively. These groups have been previously
reported upon treatment of nitriles with triflic acid.”" However,
as no significant amide peak was observed in ss-NMR, we
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conclude that amide formation is mainly a surface phenom-
enon.

In the energy range corresponding to carbon 1s orbitals
(Figure 2¢), BVN shows two dominant peaks and two peaks of
low intensity. The dominant peaks at 284.74 and at 286.13 eV
can be ascribed to carbon bound to other carbon atoms and
oxygen/nitrogen heteroatoms, respectively. Two weak peaks at
288.92 and 2914 eV indicate oxidized carbon and 7—x
interactions, respectively. After polymerization, the ratio of the
first two peaks changes so that the peak at 284.7 eV is
significantly more intense than the peak at 286.1 eV. This
effect may indicate demethylation of the methoxy groups
present in BVN during the course of oxidation upon treatment
with triflic acid, that is, loss of a heteroatom-bound carbon.
The peak representing the oxidized carbon indeed gets
significantly more intense during the polymerization process,
supporting the assumption of quinone formation in some of
the aromatic groups, as discussed above. It is important to note
though that the intensity of the carbon peaks in XPS analysis is
often falsified by omnipresent carbon impurities.

Elemental analysis additionally confirms the demethylation
of the methoxy functionalities upon acid vapor-assisted solid-
phase synthesis as the carbon content significantly decreases
when comparing BVN and p-BVN and partial hydrolysis of
nitrile groups as the oxygen content increases when comparing
BVN and p-BVN (Table S1 in the Supporting Information).

In summary, we suggest that BVN mainly polymerizes via
trimerization of nitrile groups followed by demethylation. Side
reactions include hydrolysis of nitrile groups and oxidation
during o-quinone formation. Such side products are most
prominently observable in XPS analysis, indicating that they
appear mostly at the surface (XPS is a surface technique).

3.3. Synthesis of CB@p-BVN. In order to increase the
conductivity of the p-BVN, we prepared a hybrid material with
conductive carbon black (CB). For establishing good contact
between the active material and carbon, we first made a slurry
of carbon and BVN, casted the slurry on the current collector,
dried it under vacuum, and subsequently performed the
synthesis of p-BVN in the presence of carbon black (in
carbone) in the same way as described above. The products
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after drying and after triflic acid treatment are denoted as CB@
BVN and CB@p-BVN, respectively. This sequence of
production steps makes later grinding of the hybrid material
and blending with binders unnecessary. Scheme S2 shows the
process.

In Figure 3, we compare the nitrogen sorption isotherms of
the product (CB@p-BVN) to CB after ball milling with NMP

180
> 160 —  [—=— p-BVN adsorption
€ 140 — |~ p-BVN desorption
S 420 3 |~ CB(grinded) adsorption
0 400 —o— CB(grinded) desorption
(|,—) 1] |—e— CB@p-BVN adsorption
80 — | —— CB@p-BVN desorption
® 60
P ]
£ 407
% 20 —
> 0 —

Relative pressure

Figure 3. Nitrogen sorption isotherms of p-BVN (orange), CB-
(grinded) (red), and CB@p-BVN (blue).

(CB(grinded)) and p-BVN. CB(grinded) shows the highest
BET surface area (61.2 m? g'). The isotherm indicates the
presence of a small amount of micropores and a high external
surface area. The significant reduction of the apparent surface
area compared to CB before grinding (Figure S4) is ascribed to
the presence of NMP during the grinding process, which
blocks the majority of the micropores during the nitrogen
sorption measurements due to its high boiling point. The BET
surface area significantly drops during the CB@p-BVN
fabrication (46.7 m® g™') due to the incorporation of
nonporous p-BVN. The incorporation of the polymer not
only results in additional blocking of some micropores but also
especially holds carbon black particles together, reducing the
external surface area. Nevertheless, the isotherm has a similar
shape as that of CB(grinded) and indicates both micropores
and a significant contribution of the external surface area to
nitrogen sorption.

SEM analysis provides further insights into the structure
formation. As can be seen from Figure 4, CB(grinded)
(without the addition of any binder material) shows a grainy
structure characteristic for carbon black. Upon the addition of
BVN, rod/platelet-like particles appear between the grains,
which can be identified as particles of BVN. Upon polymer-
ization, these structures disappear, and instead, the grainy
carbon black is covered with a web-like structure that can be
ascribed to p-BVN, indicating good contact between CB and p-
BVN.

XPS measurements of the hybrid materials confirm the
formation of the same structures as discussed in the pristine
organic material (Figure SS in the Supporting Information).
The oxygen 1s peak at 532.22 eV in the sample of carbon black
corresponds to oxygen on the carbon surface, which was
introduced as a consequence of ball milling.”’ In the CB@
BVN and CB@p-BVN materials, this peak is also observed but
overlaps with the above described peaks of BVN and p-BVN. A
significantly increased intensity of the carbonyl oxygen peak of
CB@p-BVN in comparison to CB@BVN supports the
formation of quinones and amides in some of the aromatic
and nitrile groups, respectively, during acid vapor-assisted
solid-phase synthesis. Nitrogen on the carbon surface
introduced from NMP during ball milling is observed in the
energy range corresponding to the nitrogen 1s orbital at 400.32
eV. Also here, the observed peaks conform to the samples
without carbon black. Carbon black finally shows three
dominant peaks at 284.67, 285.55, and 28822 eV in the
energy range corresponding to the carbon 1s orbital, which
also dominate the carbon 1s spectra of CB@BVN and CB@p-
BVN, overlapping with the above indicated peaks of BVN and
p-BVN.

Furthermore, thermogravimetric analysis was carried out
(see Figure S7 in the Supporting Information). It was observed
that upon grinding, the thermal stability of carbon black is
reduced, which can be ascribed to the high oxygen content in
CB(grinded) (Table SI in the Supporting Information) that is
a consequence of the modification of carbon upon ball milling.
The TGA curve of CB@p-BVN can be seen as a combination
of CB(grinded) and p-BVN and does not show a significant
weight loss in the range of 400 °C (decomposition

Figure 4. SEM images of (a and b) CB(grinded), (c and d) CB@BVN, and (e and f) CB@p-BVN. The scale bars represent (a, c, and e) 10 ym and

(b, d, and f) 1 pm.
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temperature of BVN). This observation confirms the polymer-
ization of BVN in the presence of carbon black and the
formation of a hybrid material of CB and p-BVN.

3.4. Energy Storage of CB@p-BVN. Cyclic voltammetry
of CB@p-BVN initially shows very weak peaks (Figure S8).
However, with prolonged cycling, an oxidation peak around
3.7 V and a reduction peak around 2.8 V become visible. The
increasing intensity of the redox couple peak and high
overpotential can be explained by the necessary migration of
Li"* cations and bulky PFs~ anions inside the electrode,
resulting in a rearrangement of the CB@p-BVN hybrid
material. Furthermore, before p-BVN can contribute to the
capacity by reversible redox reactions, its o-hydroquinone
moieties (and possible quinone moieties formed upon
polymerization as described above) have to be lithiated
(Scheme S3). Cycling CB@p-BVN at different sweep rates
clearly denotes semireversible behavior (Figure S8b). We
further use electrodes without p-BVN to estimate the
contribution of p-BVN to the overall capacity of the CB@p-
BVN electrodes. These p-BVN-free electrodes (further
denoted as CB(trif)) contain only carbon black (and 10% of
PVDF as a binder for stabilization) and are treated in the same
way as the CB@p-BVN electrodes for better comparison, that
is, are also exposed to triflic acid during electrode formation.
Such CB(trif) electrodes however show significantly lower
performance in cyclic voltammetry without any redox peaks in
the cyclic voltammograms (Figure Sa), demonstrating the
importance of p-BVN for a reversible redox behavior of the
electrodes. Furthermore, the first discharging cycle of the
preformed material (Figure S9) starts at 3.2 V (the open circuit
potential), confirming partial oxidation of hydroquinone
moieties during synthesis.

Charging and discharging of CB@p-BVN (Figure Sb and
Figure S9a) at different current densities shows belly-shaped
galvanostatic discharging curves, which are characteristic for
devices that store charges in a combination of battery- and
capacitor-like reactions.”* This behavior is often incorrectly
described in the literature as pseudocapacitance.””* The slope
of the discharging curves is the lowest around 3 V, which
corresponds well to the discharging peak in cyclic voltammo-
grams. In contrast, CB(trif) shows triangular galvanostatic
charging—discharging curves, which indicate purely capacitor-
like charge storage. The capacity of CB(trif) is 38.7 mAh g~'
compared to 85.2 mAh g~ for CB@p-BVN (fifth cycle, 0.05 A
g~"), which proves that p-BVN is mainly responsible for charge
storage in CB@p-BVN, in which p-BVN contributes primarily
to Farradaic charge storage, while CB additionally contributes
primarily to non-Farradaic charge storage.

In the past, triazine rings were thought to significantly
contribute to energy storage in CTFs and related materials
used as cathodes in lithium—organic batteries,”*° but this
assumption was disproved later.”” Therefore, we conclude that
the triazine rings in our material rather reduce the solubility
of p-BVN by acting as cross-linking centers. As a mechanism of
Faradaic charge storage in the case of CB@p-BVN, we instead
suggest the reversible redox reaction between ortho-hydro-
quinone and ortho-quinone as shown for similar systems in
aqueous””*® and organic lithium-containing electrolytes*’
(Scheme S2).

In order to even more clearly demonstrate the significance of
p-BVN for charge storage, we further exchanged BVN in the
synthesis of CB@p-BVN by a similar compound, namely, S-
hydroxyisophthalonitrile (HIT), which however does not
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Figure . Electrochemical performance of CB@p-BVN and CB(trif)
in a lithium half-cell setup with lithium as the counter electrode and 1
M LiPF4 in EC/DEC (1/1) as the electrolyte. (a) Cyclic voltammetry
at § mV s (b) Charging—discharging tests at selected current
densities. (c) Discharging capacities as calculated from charging—
discharging tests at different current densities.

provide quinones for charge storage capability. CB@p-HIT
was prepared analogous to CB@p-BVN. Charging—discharging
tests at different current densities (Figure S11) clearly indicate
significantly better performance of CB@p-BVN and the
absence of a belly-shaped discharging behavior in CB@p-
HIT. The surplus capacity of CB@p-BVN when compared to
CB@p-HIT in the range of 20 mAh g™' clearly indicates the
contribution of quinones for charge storage, albeit with
significantly lower capacity than theoretically predicted. The
deviation is likely caused by contribution of phenolic groups to
cross-linking as discussed above, irreversible oxidation
reactions, and limited accessibility of active groups to the
electrolyte. Still, quinone groups in CB@p-BVN enhance the
charge storage properties of this triazine-containing network
significantly. Enhanced charge storage of CB@p-HIT when
compared to CB(trif) may be explained by increased
hydrophilicity*****"** upon introduction of heteroatoms to
carbon. We further note that the capacity of CB@p-BVN is
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lower than the theoretical Faradaic capacity (Supporting
Information). Besides the imperfect structure that clearly is
not an ordered triazine framework, limited contact to the
electrolyte and current collector may explain this behavior to
some extent. Unfortunately, unexpectedly low capacities are
common among organic electroactive materials, even when
they have unambiguous structure, as is the case for crystalline
materials.”®> Optimization and detailed analysis will be the
focus of future studies and described elsewhere.

Figure Sc shows the rate capability of the CB@p-BVN
electrodes, calculated from the charging and discharging curves
at different current densities. An initial discharging capacity of
85.2 mAh g™' at a moderate current density of 0.05 A g~
decreases to 66.4, 57.1, 47.8, and 38.5 mAh g_1 at current
densities of 0.1, 0.2, 0.4, and 0.8 A g_l, respectively, and retains
80% of the initial capacity (68.5 A g~') once the current
density is restored to 0.05 A g~' (capacities represent the fifth
cycle at the respective current density). The decrease in the
discharging capacity at 0.05 A g~ within 60 cycles, some of
them at higher current density, can be ascribed to the
instability of the electrodes, for example, by over oxidation, as
in general organic materials show a relatively low stability
during electrochemical cycling as compared to inorganic
electrodes.

Similarly, charging and discharging for 300 cycles at a
constant current density of 0.2 A g~ results in a constant
decrease in the discharging capacity with the exception of only
the first six cycles, for which a slight increase is noted (Figure
6a). Capacity retention is relatively high, retaining 66.7% of the
discharging capacity after 300 cycles. Comparing EIS before
and after cycling (Figure S12) clearly shows that during
cycling, new interfaces form. The Nyquist plots show a
complex behavior with hints of multiple semicircles after
cycling, denoting the degradation of structures, macroscopic
rearrangements, and the loss of contact, as indicated by
decreasing capacity. The exact mechanism of p-BVN
degradation remains unclear. When comparing samples that
were simply immersed in the electrolyte to samples that were
charged and discharged for 300 cycles (Figure S13), a
significant incorporation of fluorine at the expense of oxygen
is apparent in cycled samples. Thus, energy-dispersive X-ray
measurements indicate that oxygen is partly exchanged by
fluorine from the electrolyte during cycling. Additionally, SEM
images show a flatter surface in cycled samples probably due to
volumetric changes upon cycling (Figure S13).

Finally, we emphasize the importance of the polymerization
in carbone, that is, in the presence and in tight contact with
carbon. In order to quantify the necessity of the polymerization
process, we compare the CB@p-BVN electrodes to conven-
tionally fabricated organic electrodes having the same active
material and carbon support in the same ratio on the current
collector with a similar loading. The capacity of these
conventional electrodes in which a slurry of the active material
p-BVN (45%), carbon black (45%), and PVDF as the binder
(10%) is prepared by means of ball milling is summarized in
Figure 4b (denoted as CB + p-BVN + PVDF). The discharging
capacity of CB@p-BVN grossly outperforms CB + p-BVN +
PVDF (Figure 6¢). In early cycles, the improvement in the
capacity by the polymerization in carbone fluctuates between
17 and 32% and soon stabilizes around 21%. This magnitude
greatly exceeds the expected improvement of 10% due to the
omission of the binder and is explained by the better contact
between the components after polymerization in carbone. We

3061

2 100 100
g B o
f 80 ¢ Charging — 80

- Discharging r =
< o Sl
2 40 LI 40 O
5 e
(1]

20 — 20 5
& C i
C 04T T 1 1 1 1T 1°
0 50 100 150 200 250 300
Cycle Number
( ) 100 100
o < - o
— >~
f,: 80 * Charging L 80 Z
E 60 + Discharging - 60 g>*
2 40 - 40 @
o - L2
[0} &=
20 — 20
& 5 ]
D LA B R L B
0 50 100 150 200 250 300
Cycle Number
(c)
35
30 o,
.,

Improvement / %
N N
o [$)]

-
[$)]

I ! T T T T
150 200 250

o
o
o

100 300

Cycle Number

Figure 6. Electrochemical performance of CB@p-BVN and CB + p-
BVN + PVDF in a lithium half-cell setup with lithium as the counter
electrode and 1 M LiPF4 in EC/DEC (1/1) as the electrolyte. Every
third data point is displayed for clarity. (a) Capacity of CB@p-BVN at
0.2 A g™' as calculated from charging—discharging tests. (b) Capacity
of CB + p-BVN + PVDF at 0.2 A g™* as calculated from charging—
discharging tests. (c) Comparison of the discharging capacities of
CB@p-BVN and CB + p-BVN + PVDF in (a) and (b), respectively.

note that upon polymerization in carbone in the presence of
the same binder, the resulting PVDF-containing electrodes
(made of 45% BVN, 45% carbon black, and 10% PVDF)
behave similarly to CB@p-BVN (Figure S14). The presence of
a binder is therefore neither important for stability reasons nor
is the lower capacity in binder-containing electrodes after
conventional manufacturing a result of the binder content. A
significant increase in the capacity is observed due to in
carbone polymerization, confirming the importance of the
good contact between the polymer and the conductive
additive. However, the final Faradaic capacity is still lower
than the theoretically calculated one, suggesting that the
contact between the polymer and the carbon black is still not
optimal. In contrast to most other organic electrodes, however,
the CB@p-BVN electrodes may easily be fabricated without
any fluorinated chemicals, increasing the sustainability of the
process while simultaneously increasing the capacity.

4. CONCLUSIONS

A novel cathode material derived from lignocellulosic biomass
was presented. Specifically, vanillin, which can industrially be
synthesized from lignin, was modified in two easy and
sustainable steps affording bisvanillonitrile. The latter has a
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high density of redox active groups and two nitrile
functionalities, allowing the formation of a highly cross-linked
aromatic network upon trimerization of the nitrile groups in
the presence of triflic acid. For the fabrication of the electrodes,
a novel approach was developed, in which a composite of
monomer and carbon black was first formed. Upon polymer-
ization, tight interactions in the hybrid material were obtained.
Not only did this method allow the omission of a binder as the
redox active polymer is formed around the grains of carbon
black and thus served as an efficient binder itself but it also
allowed for a better contact between the carbon black and
polymer, significantly improving the charge storage perform-
ance. To the best of our knowledge, the presented hybrid
energy storage material is the first report of a lignin-derived
cathode for lithium-ion-based energy storage and may hence
contribute to more sustainable energy storage devices in the
future.
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