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ABSTRACT: Developing multifunctional polymeric binders is key to the )
design of energy storage technologies with value-added features. We report ‘(/\J,/);
that a multigram-scale synthesis of perylene diimide polymer (PPDI), from ‘(/jﬁi "R

a single batch via polymer analogous reaction route, yields high molecular i
weight polymers with suitable thermal stability and minimized solubility in

electrolytes, potentially leading to improved binding affinity toward ° " evce number *

electrode particles. Further, it develops strategies for designing copolymers ‘ )
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with virtually any desired composition via a subsequent grafting, leading to
purpose-built binders. PPDI dye as both binder and electroactive additive
in lithium half-cells using lithium iron phosphate exhibits good o*No

electrochemical performance.
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With nearly three decades of dominance in energy storage produce battery capacity but as structural promoters. The

technologies, lithium-ion batteries (LIBs) continue to same holds true for carbon additives as they are mainly used to
be mainstream power sources for many day-to-day applications improve electronic conductivity across electrodes, but are
such as portable electronics, power tools, drones, and electric incapable of maintaining electrical contact during structural
vehicles. Due to their fast rechargeability and high capacity, Li- changes of electrodes® or electrode deformation upon battery
ion batteries have been an integral part of the development of bending. Therefore, development of an electrochemically
the above applications.” Recently, the construction of the Tesla active polymeric binder (as opposed to passive binders, such
giant power pack exemplifies the huge potential of LIBs for as poly(vinylidene fluoride) (PVdF)) and/or imparting
stationary energy storage. Since its first commercialization in additional functionalities to binders is critical to cope with
1991 by Sony Corp., LIB electrode formulation, materials, and the need to make Li-ion batteries more efficient in terms of
its various components have been gradually evolved, which energy density and to streamline the design of photo-
translates into incremental increases in energy density (~3X) rechargeable and flexible batteries.
and cost reduction, thus promptly responding to the demands Recently, studies have focused on conductive polymer
of consumer electronics.” However, Li-ion batteries now need binders,” which can theoretically allow electrodes to gain up
an overhaul in order to adopt new functionalities such as to 10—15% more active mass loading because a conductive
photo-rechargeability” and mechanical flexibility’ or shape additive such as carbon powder is no longer required to make
conformity as is highlighted by the emergence of wearable active layers electronically conductive. An additional benefit is
electronics and autonomously powered devices. To date, most that by using only battery active materials and conductive
of Li-ion battery research aimed at improving LIBs perform- binders, a more intimate electronic contact can be established
ance metrics is focused on battery active materials, electrolytes, between active particles if a good adhesion of the active layer
carbon additives, separators, and battery packaging.4 But, there to current collectors is achieved. Two types of conductive
is another additive component typically used in battery
electrode formulation that is key to achieving stable electro- Received: September 12, 2019
chemical performance: a polymeric binder. Although used in Accepted: February 19, 2020
small amounts up to 5 wt % in Li-ion electrodes,’ polymeric Published: February 19, 2020

binders are considered as dead volume because they are not
intended to participate in electrochemical reactions that

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsaem.9b01225
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binders have been developed so far, by relying on the polymer
backbone” for conductmty or along the side chain (mediated
by n—n stacking).” These conductive polymers tend to
significantly improve electrochemical and mechanlcal propet-
ties of electrodes when they are functionalized.” For imparting
multiple functions (e.g,, electronic conductivity, surface
compatibility, and binding ability), three main designs can be
considered: first, tailoring the polymer molecular structure via
polymer modification during synthesis;” second, creating
controlled nanostructures via in situ polymerization in the
presence of functionalized dopants (e.g, 3D nanostructured
polymer gels);'? third, making composites via hybridization of
polymer with functional materials.'' Among these, tailoring
polymer structures is very appealing because it allows for the
design of highly functionalized polymers, which could be
directly applied to different battery chemistries (only requiring
the addition of an electroactive material). However, more
versatile and scalable conductive polymer binders still need to
be explored. For this, organic molecules/structures that can be
easily tailored and that are furnished with advanced
functionalities (such as a redox active group) are of particular
interest.

Among conductive polymers, perylene diimide based
polymers (PPDIs) are an interesting class of materials widely
exploited in photovoltaics.'”> However, since the synthesis of
PPDI materials as processable compounds (with improved
solubility) has been very challenging, they have only been used
so far as redox active material in Li batteries."> But in fact, an
ideal polymer binder for battery application should have a low
glass transition temperature (T,) and adjustable adhesive
properties and to be able to facilitate stacking of its polycyclic
aromatic subunits for electronic conduction. Perylene-based
main chain polymers are readily synthesized from perylene
dianhydride (PDA) by direct imidization, but this produces
highly insoluble, stiff, and unprocessable polymers (similar to
the route in Scheme 1a, black arrows, direct imidization)."*
Alternatively, polyacrylates bearing perylene diimides in the
side chain have been synthesized by nitroxide mediated
polymerizations starting from a perylene-functionalized acryl-
ate,"” in which the synthesis and purification of highly reactive
acrylates are cumbersome and inefficient. We therefore
decided to prepare polyacrylates bearing PDIs in the side
chain by a polymer analogous reaction as shown in the Scheme
1b (4—6), i.e., the reaction of poly(acryloyl chloride) with a
monohydroxy PDI (such as compound 4 in Scheme 1b). Using
this approach, the degree of PDI functionalization can readily
be tuned, attaching different PDIs is facile, and adhesive
properties of the polymer are easily adjusted by a proper
choice of alcohol-functionalized molecules that are attached to
the polymer backbone in a successive step. The reason for this
choice of the polyacrylate backbone is its low T, which should
produce very flexible and easily processable polymer at
ambient conditions. To this end, developing an efficient
scalable synthesis route for such a monohydroxy PDI was the
main challenge of this work.

At least three methods are known for the synthesis of
nonbay substltuted PDIs with different substituents at each
imide posmon 17 However, monohydroxy tetrachloro-PDIs
(such as compound 4 in Scheme 1b) have been previously
synthesized by a one-step reaction in which two different
amines react simultaneously with 1,6,7,12-tetrachloroperylene
dianhydride (tetrachloro-PDA)."® This method yields a
statistical mixture of two symmetric and one nonsymmetric
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Scheme 1. (a) Schematic Representation of the New Scale-
Up Synthesis Pathway Developed; (b) Synthesis of the
Asymmetric Perylene Diimide Alcohols (1—4); (c)
Synthesis of the Desired Analogous Polymers via Grafting
(4-6)
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PDIs. This approach may be acceptable for a quick and small-
scale exploratory synthesis using low-cost starting materials. At
a multigram-scale, however, the separation of the three
products is neither efficient nor easy to perform. To bypass
these bottlenecks in PPDI's synthesis and to achieve an
efficient, scalable and user-friendly synthesis of compound 4,
we developed a new synthesis route, as shown in Scheme 1a,
green arrows (see the Supporting Information (SI)), by
exploiting the chemistry that was recently developed in our
group for preparing nonsymmetrically peri substituted bay-
halogenated perylene tetracarboxylic acid derivates.'”*’
Subsequently to this step-by-step diimidization, 9 g of
alcohol compound 4 was synthesized (with a final yield of 46%
from PDA) and grafted readily on a poly(acryloyl chloride)
(~10000 g mol™"), followed by a treatment with dry methanol

https://dx.doi.org/10.1021/acsaem.9b01225
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http://pubs.acs.org/doi/suppl/10.1021/acsaem.9b01225/suppl_file/ae9b01225_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01225?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.9b01225?fig=sch1&ref=pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.9b01225?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

to react the remaining acryloyl functionalities, to obtain
polymer 6 (as shown in Scheme 1)."** The degree of
functionalization by reaction with compound 4 is 75—80%,
according to the '"H NMR analysis, which implies that the
theoretical molecular weight of the polymer molecules greatly
increases, resulting in a number-average molecular weight (M,,)
of at least 60000 g mol™" (see Supporting Information Figure
S3). Clearly, this value is superior to what has been reported
for materials obtained by the direct polymerization of PDI-
bearing acrylates'> and even the ones obtained by “click”
chemistry.”” Liquid state "H NMR analysis was performed to
determinate the purity and the degree of grafting of compound
4 on the poly(acryloyl chloride). The '"H NMR spectrum of
polymer 6 in chloroform is shown in Figure 1. In this spectrum

]
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protons
/ CH, next to

imide group ~

_J |

Perylene core Compound 6
protons CH; of methyl
CH, next to ester group

}

T T T T
9 8 7

imide group \ /

' I ' T T I T I ' I ' 1 T 1
6 5 4 3 2 1 0
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Figure 1. '"H NMR spectra of compounds 4 and 6 (ie. perylene
diimide and PPDI).

the characteristic broad peaks of a polymer were observed. The
degree of substitution is easily obtained by integrating the
methyl ester and aromatic perylene protons. The NMR
spectrum suggests that, in contrast to compound 4, in polymer
6 the ortho protons on the perylene core are inequivalent.
Optical characterization of polymer 6 in solution (Scheme
1c), by UV—vis (Figure 2a) and fluorescence spectroscopy,
indicates a strong absorption from 370 to 550 nm and a strong
reduction of the fluorescence quantum yield, @y, by a factor
2.5. While compound 4 is a strongly fluorescent (@ ~ 0.83),
as expected for this type of molecule,"” the fluorescence of
polymer 6 is severely quenched by the close proximity of the
PDI chromophores (@ ~ 0.35). In the solid state, however,
polymer 6 is nonfluorescent. X-ray diffractions (Figure 2b),
obtained with a Cu Ka source, however, display a broad
diffraction pattern, around 20—25°, indicating stacking of the
aromatic planes with a large 4—4.5 A spacing, similar to the
observations reported by Song et al.'® Since we observed this
difference in stacking of our polymer before and after casting
(Figure 2c,d), we carried out small-angle X-ray scattering/
wide-angle X-ray scattering (SAXS/WAXS) measurements to
elucidate the possible morphological changes. For this purpose,
analyses using synchrotron X-rays were performed on the
PPDI powders before casting (i.e., unprocessed PPDI) and
after solubilization of the polymer and evaporation of the
solvent (i.e., processed PPDI). WAXS characterization (Figure
2e) reveals similar spectra of the two powders indicating
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Figure 2. (a) UV—vis absorbance spectrum of the PPDI in
chloroform. (b) X-ray diffraction patterns from as synthesized
PPDI. (c) Unprocessed PPDI obtained as powder form. The yield
from a single batch in small volumes shows its potential for scale-up.
(d) PPDI coated on copper and aluminum current collector as
electrodes (i.e, processed PPDI). (e) Wide-angle X-ray scattering
(WAXS) spectra of unprocessed and processed PPDI powders. (f)
Small-angle X-ray scattering (SAXS) spectra of unprocessed and
processed PPDI powders with a Porod linear fit.

comparable long-range structure. Two broad peaks at 13.2 and
17.4 nm™" are observed, corresponding to d-spacings of 4.76
and 3.6 A, respectively. The latter is in line with typical values
of m—r stacking distances reported in the literature.”*
However, the low intensity suggests that stacking occurs only
on a comparatively small length scale. In this regard, SAXS
provides more insights (Figure 2f). The peak at 4.2 nm™'
points to a microphase separation on a scale of ~1.5 nm. The
strong decrease in scattering intensity in the low-q range for
the processed PPDI stems from the reduction in grain
boundaries, which is due to polymer rearrangement. The
slope and shape of the scattering curve further indicate that
these grains are spherically shaped and are in the micrometer
range. The presumable presence of such porosity after
electrode processing is essential for quick electrolyte uptake,
which may be favorable to ionic conductivity. In addition,
thermogravimetric analysis (TGA) was performed on this
polymer (see SI Figure SS), and this shows a high temperature
of decomposition starting around 350 °C, which is exceptional
for a conductive polymer and close to the very good heat
resistant PVAF (which has a decomposition temperature of
400 °C).”

The next step was to evaluate the electrochemical perform-
ance of PPDI in Li half-cells using commercial lithium iron
phosphate, LiFePO, (LFP) as active material (as working
electrode) and metallic Li (as counter electrode). We chose

https://dx.doi.org/10.1021/acsaem.9b01225
ACS Appl. Energy Mater. 2020, 3, 2271-2277
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Figure 3. Charge/discharge curves of (a) PPDI/CB/PVdF (40/40/20 (wt %)) with a first cycle at C/20 and sequential cycles at C/10 (1C = 65
mA g™'), (b) LEP/CB/PPDI (80/2/18 (wt %)) at C/10 (1C = 170 mA ¢™'), and (c) LFP/CB/PPDI (80/2/18 (wt %)) at 1C (170 mA g™ "). (d)
Cycling performance of LFP/CB/PPDI (80/2/18 (wt %), in blue) and LFP/CB/PVdF (80/2/18 (wt %), in red) at 1C (170 mA g~"). In panels
a—c, dashed lines are charge curves and solid lines are discharge curves.

LFP”° because, alongside its commercial importance as one of
the most stable cathode materials, electrodes containing
conventional PVdF binders normally require up to or more
than 10% carbon,””*® especially if the active particles are bare
(non-carbon coated) LFP, because LFP is an insulator.
Therefore, electrochemical performance heavily depends on
such a critical amount of carbon additive to provide the
required level of electronic conductivity across LFP-based
electrodes, and this therefore can serve as a benchmark for
evaluating the role of PPDI in providing electronic
conductivity in battery electrodes.

During electrode fabrication we noted that PPDI had a very
low solubility in N-methyl-2-pyrrolidone (NMP), which is the
commercial standard solvent used in Li-ion battery industries
for making battery electrodes. It is worth mentioning that
intensive research is underway to avoid NMP*’ as battery
solvent because of its toxicity in addition to its energy intensive
evaporation and recovery lines. Instead, PPDI tends to dissolve
freely in solvents such as chloroform, toluene, and
chlorobenzene. This is based on the observation that when
PPDI only (Figure 2c) is dissolved in these solvents, it
produces high-quality coatings, as shown in Figure 2d. Using
these solvents purely for electrode processing is still impractical
since they evaporate too quickly, making it impossible to cast
battery slurry onto the current collector. Therefore, a solvent
mixture of chlorobenzene and NMP with a 1:1 volume ratio
was used to dissolve PPDI for processing the slurry with LFP,
resulting in homogeneous coatings that strongly bind to the
current collector. Despite the fact that this mixture allows for
processing the slurry and coating, identifying suitable single
solvents for both PPDI dispersion and battery electrode
ingredients is still necessary for commercial application.

2274

However, here our main aim is to demonstrate the suitability
of PPDI as an active binder in place of a passive binder (PVdF)
(Figure 3a—d). All electrodes were made via casting
procedures under identical conditions (except PVdF electrodes
that were cast using pure NMP solvent as this is the industrial
standard), and no additional electrode optimization proce-
dures were performed such as calendaring. Here the ideal is to
replace both PVdF and carbon additive completely as PPDI
can in principle act as both the binder and electronic
conductor. But practically, while the electroactive PPDI
polymers can readily replace the passive PVdF binder, PPDI
electronic conductivity is limited due to electron diffusion
through only 7—7 stacked perylene domains.

We therefore added carbon black (CB) but only as low as
2%, to improve electron pathways (percolation) among PPDI
conductive domains, LFP and aluminum current collector.
Therefore, the final electrode composition was altered to
80:2:18 (wt %). We chose a high amount of binder (18 wt %)
to ensure a pronounced difference between PPDI and PVdF.
Therefore, the aim of this study is not to optimize LFP battery
performance but to demonstrate that a fluorine-free and
multifunctional binder based on PPDI is achievable (for
processing Li-ion cathodes). At this carbon weight percent, the
sheet resistance measurements show electrodes containing
PPDI/LFP exhibit lower resistance (av ~313 ©/[]) than the
electrodes containing PVAF/LFP (~640 Q/[); see Support-
ing Information for more details.

Since PPDI is electroactive, the evaluation of its practical
capacity was performed by blending 40 wt % PPDI with 40 wt
% CB and 20 wt % PVdF. This ratio was chosen for assessing
the full electrochemical activities of PPDI as an active material.
PPDI has a theoretical capacity of ~65 mAh g™' (via exchange

https://dx.doi.org/10.1021/acsaem.9b01225
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of two Li ions), but the practical capacity, as shown in Figure
3a, is ~50 mAh g~', with a prominent voltage plateau (redox
potential) around 2.6 V vs Li*/Li. Also, CV data of PPDI only
(Figure S9 in the Supporting Information) on Al foil confirms
PPDTI’s redox activity and an electrochemical stability up to 3.9
V vs Li*/Li. Therefore, the electrochemical activity of PPDI
binder, in tandem with LFP, can improve battery capacity as
confirmed by the small first plateaus at 2.6 V during charging
in Figure 3b,c, which is not typical for electrodes processed
with PVdF.

At C/10 cycling (where C/10 means that the full charge of
the battery is reached in 10 h), electrodes composed of 80 wt
% LFP, 2 wt % CB, and 18 wt % PPDI (Figure 3b) have
average voltage plateaus of 3.35 V (discharge) and 3.51 V
(charge) vs Li*/Li in the first cycle. At 1C (Figure 3c), an
increase in polarization by ~0.21 V can be seen but PPDI
electrodes displayed surprisingly a much higher cycling stability
at this rate. To explain this phenomenon, we hypothesize that
at faster rates less PPDI are lithiated, which lessens structural
changes of the polymer matrix, thus making PPDI as a more
efficient conductive binder. At this same composition,
electrodes using the inert PVAF as binder exhibited very
poor electrochemical performance (high polarization, >0.65 V)
and their capacities faded significantly just after a few cycles, as
shown Figure 3d (more information and galvanostatic cycling
tests can be found in Figure S7).

PVdEF electrodes with an optimal ratio of CB, i.e., 10 wt %,
were also made for comparing performances (Supporting
Information). To sum up, PPDI electrodes deliver better
capacity and cyclability compared to electrodes with PVdF.
The electrochemical trends observed on electrodes with PPDI
are similar to what has been reported on carbon coated LFP
electrodes (containing an optimal amount of carbon
additives).” Remarkably, cycle life performance at a 1C rate
in Figure 3d shows almost no capacity fade (except for the first
and second cycles) and the capacity is also similar to that of
the PVdF-based electrode at higher carbon content (see SI
Figure S6). Their Coulombic efficiencies (discharge/charge
capacity ratio) were nearly 100% at this rate, which is
indicative of electrochemical reversibility of the charge/
discharge cycles of electrodes with PPDL

Our study shows that battery electrodes processed with
PPDI binder can considerably minimize the use of carbon
additive and can replace PVDF, both of which are considered
to be the dead volume of electrodes. This also means if suitable
single solvents able to disperse both PPDI and battery
ingredients to an optimal degree were identified, PPDI
electroactive binder could virtually eliminate the need of
carbon additive. The implication is that over 98% of the
battery electrode mass can be of electrochemically active
particles/phase, leading to improved energy density. We
therefore remark that adhesive properties of active layers
when PPDI is used as binder calls for further investigation to
determine suitable substrate pretreatments and solvents to
process slurries into electrodes with a strongly adhesive active
layer on current collectors as well as additional electrode
optimization. Nevertheless, these good electrochemical results
obtained with very low amounts of conductive additives (as
small as 2% carbon) establish that Li-ion battery electrodes can
benefit from PPDI dyes’ multiple roles, as they can serve as
active binder, electroactive material, and light harvester.

In conclusion, we have presented a new and scalable
approach to synthesize processable perylene diimide (PPDI)
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polymers. We demonstrated a facile way of grafting a hydroxyl-
functionalized PDI and an aliphatic alcohol onto a polyacrylate
chain, which can be used to systematically adjust the relevant
properties of polymer binders such as adhesion, flexibility, and
electrolyte compatibility. This opens up the possibility of using
PDIs with different substitution patterns to tune the
conductivity and redox potential of polymer binders in a
systematic manner. Compared with the conventional PVdF
electrodes (with 10% CB and 10% PVdF and with 2% CB and
18% PVdF), PPDI electrodes (with 2% CB and 18% PPDI)
offer improved capacities due to PPDI’s electrochemical
activity, which effectively minimizes the use of carbon additive
and eliminates the passive binder (PVdF). Further optimiza-
tion of PPDI can be performed, notably by finding the best
compromise between binding ability and conductivity via the
adjustment of the degree of monohydroxy PDI grafted and by
improving the electronic conductivity via the stacking of PDI
side chains. If an optimized conductivity performance can be
reached, it is possible to consider the elimination of all
additional conductive additives, thus gaining up to 10—15%
more mass loading of active particles/phase in Li-ion electrode
formulation, leading to improved energy densities. Considering
PPDIs light absorption in the visible spectrum (ca. S50 nm),
PPDI-functionalized dyes as Li-ion electrode binder point to
new opportunities for developing energy storage technologies
with in-built photofunctionality.
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B ABBREVIATIONS

CB, carbon black

DCM, dichloromethane

DMAP, (4-dimethylamino)pyridine

LFP, lithium iron phosphate

PDA, perylene-3,4,9,10-tetracarboxylic dianhydride

PDI, perylene diimide

PDI-OH (4), monohydroxy tetrachloroperylene diimide
PMADE (1), 1,6,7,12-tetachloroperylene-3,4,9,10-tetracar-
boxy monoanhydride dibutyl ester

PMIDE (2), tetrachloroperylene monoimide dibutyl ester
PMIMA (3), tetrachloroperylene monoanhydride mono-
imide

PPDI, polymer of perylene diimide
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PVdF, poly(vinylidene difluoride)
p-TsOH, p-toluenesulfonic acid
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