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ABSTRACT: The ordering effects in anthraquinone (AQ) BT
stacking forced by thin-film application and its influence on 120 % O
dimer solubility and current collector adhesion are investigated. ‘
The structural characteristics of AQ and its chemical environment
are found to have a substantial influence on its electrochemical
performance. Computational investigation for different charged
states of AQ on a carbon substrate obtained via basin hopping
global minimization provides important insights into the
physicochemical thin-film properties. The results reveal the ideal
stacking configurations of the individual AQ-carrier systems and
show ordering effects in a periodic supercell environment. The
latter reveals the transition from intermolecular hydrogen bonding
toward the formation of salt bridges between the reduced AQ units
and a stabilizing effect upon the dimerlike rearrangement, while the strong surface—molecular interactions in the thin-film
geometries are found to be crucial for the formed dimers to remain electronically active. Both characteristics, the improved current
collector adhesion and the stabilization due to dimerization, are mutual benefits of thin-film electrodes over powder-based systems.
This hypothesis has been further investigated for its potential application in sodium ion batteries. Our results show that AQ thin-film
electrodes exhibit significantly better specific capacities (233 vs 87 mAh g™ in the first cycle), Coulombic efficiencies, and long-term
cycling performance (80 vs 4 mAh g™" after 100 cycles) over the AQ powder electrodes. By augmenting the experimental findings via
computational investigations, we are able to suggest design strategies that may foster the performance of industrially desirable
powder-based electrode materials.
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1. INTRODUCTION derivatives'’ have been previously investigated as promising
cathode materials for various organic metal ion batteries, > **°
due to their high theoretical capacity of 257 mAh g~.'"~**
Since their redox potential fits well within the voltage stability
window of most battery electrolytes, AQ-based electrodes may
also serve as model compounds for the study of low-cost and
energy-efficient electrodes. In this regard, the increasing
demand for portable, high-power, and low-cost energy storage
has triggered substantial scientific interest to find alternatives
to the resource-limited Li-ion system. Consequently, the
research on sodium (Na) ion batteries (SIBs) has lately been
intensified.”> The choice for Na as the central metal ion is
mainly driven by its high natural abundance, being about ten
thousand times higher than that for Li.**"*® In recent years,

Organic semiconducting materials based on small molecules
like quinones, which build the core semiconductor element,
have gained increasing interest as novel candidates for nature-
derived organic electrodes.” Such molecules are found in the
bark and roots of certain plants and have previously been
utilized as centuries-old natural dyes.” More recently, other
useful commercial applications, such as organic field-effect
transistors (OFETs), organic light-emitting diodes (OLEDs),
and organic solar cells (OPVs), have been added, owing to
their high conductivity and minimum footprint in nature.*~°
These low-molecular-weight carbonyl compounds are process-
able into thin films that demonstrate a long-range order due to
extensive intermolecular 7—7 interactions, resulting in a decent
charge carrier transport and current collector adhesion.””~”

Additionally, carbonyl compounds are also capable of Received: December 2, 2020
reversible charge storage via an enolization-type reduction Revised:  January 11, 2021
reaction and a reverse oxidation reaction of the carbonyl group, Published: February 10, 2021

leading to energy densities and power-rate performances that
are comparable or superior to state-of-the-art lithium (Li) ion
batteries (LIBs).”'°~'* Especially anthraquinone (AQ) and its
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increasing efforts have been made toward the development of
high-capacity materials for Na ion batteries,””*" especially for
organic materials that are inherently eco-efficient and environ-
mentally friendly.'* At the same time, progressive engineering
efforts resulted in feasible approaches toward low-cost
production and recyclability.”'

Major issues that have hindered the utilization of organic
molecules such as AQ in battery applications so far are the high
solubility in polar organic battery electrolytes (i.e., ethylene
carbonate (EC) and dimethyl carbonate (DMC)) and
chemical de%radation, resulting in poor cycle-life perform-
ance.'"'**%> On the other hand, departing from the concept
of small molecules, the polyanionic AQ cathodes recently
proposed are more stable but allow only for much smaller
theoretical capacities.””*> Prior research showed that AQ
pigment molecules are found to associate to form dimers,
trimers, and other polyaggregates.36 Intermolecular dimeriza-
tion decreases the available Na ion storage sites, resulting in a
deviation from the ideal storage capacity of two electrons per
molecule and hence adding to the chemical degradation issue.
On the other hand, dimerization and oligomerization have
been proven to be beneficial to suppress the dissolution of the
organic active materials, resulting in an extended cycle-life
performance, if the formed dimers remain to be redox-active.””
The latter has significant implications for the scale-up
capability of organic small molecules in battery applications.
Although it is found that AQ and other pigment molecules in
general (hydrogen-bonded molecules in particular) tend to be
assembled in very ordered and strongly bound crystalline
structures in their pure, pristine form, their cycle-life is found
to decrease significantly when applied in a powder-based
electrode matrix. Such powder-based systems consist of carbon
additives (such as carbon black) and binders mixed with the
active material, as typically used in the process of battery
electrode preparation in pursuit of an industrially viable
application.”® While the latter may be an important step
toward the scale-up capability of battery electrode preparation,
we show that this leads to a significant decrease in the cycle-life
performance of organic electrodes that are based on low-
molecular-weight compounds as the active storage material.

In this work, we investigate the mechanistic ordering in AQ_
stacking forced by thin-film application and its effect on dimer
solubility and current collector adhesion. Highly ordered,
thermally evaporated, thin films of AQ on a carbon carrier
substrate are compared to AQ electrodes employing a powder-
based system. While the latter is closer to the industry, the AQ
thin-film approach reveals significant, substrate-dependent
dimerization accompanied by good current collector adhesion,
with mutual benefits toward its potential application in SIBs. In
addition, computational investigations for different forms of
AQ on the carbon carrier are performed, providing manifold
insight into the physicochemical properties of these highly
complex systems at the molecular level.

2. METHODS

2.1. Electrode Preparation. The AQ_thin-film electrodes
were prepared by thermal evaporation of the active AQ
molecules on top of the carbon carrier substrate. Therefore,
carbon carrier discs with a diameter of 17 mm were punched
out of a carbon sheet (MGL370, thickness: 0.3 mm).
Commercially available AQ (97% purity from Sigma Aldrich)
was initially further purified by sublimation using a tube
furnace at 250 °C for 20 h. Afterward, the purified AQ was
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placed in a self-made thermal evaporator. The 200 nm thick
AQ_films were prepared by subliming AQ at 57 °C at a
pressure of 10~° mbar, resulting in an AQ_areal loading of
approx. 28 ug cm™> The AQ powder electrodes have the
following composition: 75% AQ_ (Sigma Aldrich 97%, used
without further purification), 15% binder (PVDF Binder for
Li-ion Battery Electrodes, 99%, MTI Corporation), and 10%
active carbon (conductive acetylene black for Li-ion battery,
35—45 nm particle size, MTI Corporation, batch number
130502). First, AQ was mortared with acetylene black to
obtain a homogeneous mixture of powders. Then, a certain
amount of 4% PVDF solution in NMP (N-methyl-2-
pyrrolidone, 99.5%, VWR) was added to form an inklike
slurry where the ratio of AQ/binder/acetylene black was
75:10:15. Films of 10 ym thickness were thereafter coated on
an aluminum foil, which served as a mechanical support and
the current collector, resulting in an AQ areal loading of
approx. 1.12 mg cm™>. Films were coated using a doctor-blade
machine (Automatic Film Coater with 12”"W X 24”L Vacuum
Chuck and 250 mm adjustable doctor blade, MTI Corpo-
ration).

2.2, Electrode Morphology and Spectroscopy. Scan-
ning electron micrographs (JEOL JSM-7601F field-emission
electron microscope) were acquired with an electron
acceleration voltage of 7 kV using the secondary electron
detector. Infrared spectra (diamond ATR, PIKE GaldiATR,
Bruker Vertex 70) were measured in the range of 4000—400
cm™! with a resolution of 2 cm™ (32 scans per spectrum).

2.3. Battery Assembling and Electrochemical Meas-
urements. The electrochemical measurements were carried
out in a three-electrode ECC-Ref Cell (El-Cell) using a
Biologic VMP3 potentiostat at room temperature. Sodium
metal (Na rod in paraffin oil, VWR, 99.5%) was used as the
counter and the reference electrodes and a glass fiber disc (@ =
18 mm, thickness 1.55 mm, El-Cell) as the separator. The
electrolyte (Solvonic, 99%) used was 1 M NaFSI (sodium
bis(fluorosulfonyl)imide) in a 1:1 (v/v) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC). The cells
were produced in an Ar-filled glovebox (UNI-lab, MBraun)
with the water and oxygen contents below 0.1 ppm. All
potentials are reported vs the Na/Na* reference potential.

2.4. Theoretical Calculations. To investigate the ideal
conformations of AQ, AQ-Na, and AQ-Na, and the respective
dimers, theoretical calculations of the associated surface motifs
on a carbon model system (i.e., graphite) were carried out.
With the aim of keeping the computational effort manageable,
the increasingly successful self-consistent charge density
functional tight-binding (SCC DFTB) formalism was
employed,”** in conjunction with the 3ob parameter set*"**
and the application of the D3 dispersion correction,””** using
the program DFTBPLUS.* This enabled the treatment of
comparably large systems consisting of up to six layers of
carbon, each containing 112 carbon atoms (i.e., 448 valence
electrons per layer). Data visualization of all structures was
carried out using the program VMD.*

To achieve an adequate compromise in system size and
execution time, a 7 X 8 supercell of graphene (56 C, units, 112
atoms) was constructed. Owing to the adsorbed active
molecules, the hexagonal symmetry of the surface structure
cannot be exploited in the calculations; therefore, the cell was
transformed into a Euclidean geometry with the new axes
labeled a and b’ (see Supporting Information, Figure S1). The
latter are arranged along the x- and y-axis of the coordinate

https://dx.doi.org/10.1021/acs.jpcc.0c10778
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Figure 1. ATR-FTIR spectra of AQ thin-film (green line) and AQ powder (red line) electrodes in the frequency range from (a) 4000 to 400 cm™"

and (b) 1800 to 400 cm™.

frame, respectively, while the z-axis represents the nonperiodic
direction. To achieve 2D periodicity in the DFTB calculation,
the unit cell parameter ¢ along the z-direction was set to SO
nm.

As shown in the Results and Discussion section, this
particular choice of the unit cell is beneficial when studying the
adsorption properties of the oxidized forms AQ-Na and AQ-
Na, while at the same time ensuring that the surface model
remains close to a square, the latter being beneficial to ensure
similar sampling along the reciprocal directions, 1/a and 1/b".
In the next step, this initial structure was subjected to energy
minimization considering both the atomic positions as well as
the 2D lattice constants while keeping the respective angle
fixed. The associated minimum structure yields a unit cell of
1.753 X 1.73S nm. This minimum structure corresponds to a
unit cell size g, of 0.2504 nm per C, unit, being approx.
1.8% larger than the reported unit cell parameter of graphene
of 0.246 nm."’

Next, a total of 85 individual energy minimizations per AQ
monomer were carried out, each starting from a different initial
structure, thereby considering 13 angular increments in the
range [0, 120°] in conjunction with five increments along the
a-axis in the range of [0, dgqn/2] (see the sketch in the
Supporting Information, Figure S1). This optimization
strategy, known as basin hopping,*® enables a discretization
of the underlying potential energy surfaces (PESs) with the
aim of identifying the energetically best binding motif of the
active molecules on the surface. In this approach, several local
energy minimizations from different starting structures are
carried out with the aim of transforming individual basins of
attraction on the potential energy landscape into a collection of
interpenetrating staircases.”® This provides an efficient strategy
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to locate the global minimum, which in the present work
corresponds to the ideal binding motif of the substrates on the
carrier surface.

This procedure was repeated for surface models containing
two, three, and four layers of the carrier material (i.e., systems
containing 224, 336, and 448 carbon atoms corresponding to
896, 1344, and 1792 valence electrons) to monitor the
convergence properties in the binding energy. It is important
to note that all atoms of the system including those of the
carbon carrier were included in the structure optimization, i.e.,
the interlayer separation was optimized for the different
systems as well. The best motifs identified for the four-layer
system were further reoptimized considering five and six layers
of the carrier material corresponding to surface systems
containing 570 and 672 carbon atoms (ie., 2280 and 2688
valence electrons in addition to those contributed by the AQ
molecules). The associated binding potential of the surface—

molecular interaction U, is then estimated as

[]int = l]system - (U

surf

+ nmol'Umol) (1)
with Ugger being the total energy obtained for a specific AQ-
carrier system and Ug,e and U, being the energies of the
isolated n-layer surface model and the n,,, molecular species
obtained at the respective minimum AQ_structures within the
same periodic calculation setup.

To identify the best conformation of the associated dimers
(i.e, AQ,, AQ,-Na,, and AQ,-Na,), a second unit of the active
molecules was arranged in the surroundings of an ideal binding
motif identified in the previous step. In the case of the dimer
structures, U,,, not only accounts for the surface—molecular
interactions but also for the molecular—molecular interactions.
However, when comparing the energies of the isolated

https://dx.doi.org/10.1021/acs.jpcc.0c10778
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Schematic illustration of AQ_thin-film compared to the AQ powder electrodes with conductive carbon and binder additives.

monomers with those of the isolated dimers (ie., energy
minimization carried out in the periodic unit cell but in the
absence of the substrate carrier), U,, can be further
decomposed into contributions arising from the surface—
molecular and the molecular—molecular interactions.

To obtain an estimate of the minimum distance between the
active molecules and the surface, the average z-coordinate of all
atoms in the uppermost layer of the carrier substrate was
determined, while in the case of the active molecules, the
average z-coordinate of a group of atoms was evaluated (e.g,
all carbon atoms of AQ). The averaged atom—surface distance
is then obtained as the difference between the respective
averages.

To assess the performance of the SCC DFTB/30b method,
calculations of a single anthraquinone molecule on a graphene
layer were carried out using 2D-periodic GGA and hybrid
density functional theory (DFT) as implemented in the
CRYSTAL17 program.”” The functionals PBESOL,”’ LC-
wPBESOL,”" HSESOL,”” and B3LYP>® were employed in
conjunction with the newly revised triple zeta valence
polarization (TZVP) basis sets reported by Peintinger and
co-workers.”*>> Due to the dramatically increased computa-
tional demand of DFT methods compared to their DFTB
counterpart, calculations considering only a single layer of the
carrier material proved feasible.

3. RESULTS AND DISCUSSION

3.1. Electrode Morphology and Spectroscopy. The
morphology of the AQ thin-film and AQ powder-based
electrodes is investigated by scanning electron micrographs
(SEM, Figure S2). The AQ thin-film electrodes are
characterized via a highly intertwined and interconnected
network of approx. 10 um thick fibers, determined by the
carbon carrier substrate (Figure S2a,c). The deposited AQ
material (approx. 200 nm mean thickness) covers the
subjacent carbon fibers of the carrier substrate as a thin,
acicular film. Differently, the morphology of the AQ powder-
based electrodes is given by a relatively homogeneous network
of microparticles forming a connected yet porous network of
approx. 10 pm thick film (Figure S2b,d).

The vibrational modes of the AQ thin-film and AQ powder
electrodes were investigated by ex situ attenuated total
reflection (ATR) Fourier transform infrared (FTIR) spectros-
copy (Figure 1). A spectrum from 4000 to 400 cm™" is shown
in Figure la, and the magnified comparison of the low-
wavenumber region, from 1800 to 400 cm™), is shown in
Figure 1b. An ATR-FTIR spectrum of the pure carbon carrier
substrate is given in the Supporting Information, Figure S3
(black line). In general, the signal at around 1670 cm™" is most
characteristic for the AQ active material, originating from the
stretching vibrations of the carbonyl groups (v C=O0) in
quinones that are sometimes characterized by a splitting,
probably due to a Fermi resonance. The ATR-FTIR spectra
show intense bands at 1625, 1590, 1579, 1507, 1474, and 1366
cm™!, which, together with the three bands at 1333, 1322, and
1307 cm™}, belong to the v C=C and ring stretching
vibrations of the active AQ material.>*"® The absorption
signals at 1285 and 1170 cm™ are characteristic of the 5,CH
vibrations of AQ. The region below 1000 cm™ shows
absorptions due to CH out-of-plane bending (8,) vibrations
at 969, 936, 893, 819, and 809 cm™". The intense peak at 693
cm™' is associated with the characteristic ring breathing of
AQ.”” Skeleton deformation (6 skeleton) vibrations show an
absorption signal in the CO, distortion area at 620 cm™".”" ™’

In comparison, the reference ATR-FTIR spectrum of the
pure carbon carrier substrate (Supporting Information, Figure
S3, black line) shows two bands with low intensity at 2916 and
2850 cm™, corresponding to the antisymmetric and symmetric
stretching vibrations (v,, and 1) of aliphatic CH, of the carbon
carrier substrate. Additional bands with even lower intensities
from 1580 to 1500 cm™" and at 1459 cm™" are assigned to v
C=C and CH, bending (5) vibrations of the carbon carrier
substrate, respectively. The noisy signal in the spectra at
around 3700 and 1900 cm™ is characteristic for adsorbed
water vibrations in combination with distortion vibrations of
water vapor in the gas phase. Atmospheric CO, shows a two
bands at 2360 and 2330 cm™" (stretching vibrations) and a
band at ~600 cm™" (distortion vibrations) and contributes to
the noisy signal at around 3700 cm™' (combination
vibrations).®!

https://dx.doi.org/10.1021/acs.jpcc.0c10778
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All IR signals of AQ thin-film and AQ powder electrodes are
identical in wavenumbers, except the carbonyl stretching (v
C=O0) and ring breathing vibrations. These signals are
characterized by a small red-shift of three wavenumbers for
AQ_thin-film electrodes, as shown in Figure 2a. This shift can
be explained due to stronger 7—n interactions between AQ
molecules and AQ with the carbon carrier substrate in the
highly ordered thin-film electrodes, as compared to AQ_in the
powder matrix, where conductive carbon and binder additives
hinder long-range n—z stacking (Figure 2b). The z—x
interactions reduce the electron density in the aromatic
rings, similar to an electron-withdrawing group, which
strengthens the C=O bond and shifts the absorption to
higher wavenumbers.”" While the ratio between the intensities
of v C=O0 and all other bands in the spectra are similar, the
ratio of the ring breathing absorptions differs significantly
(Figure 2a), being 1.1 for the AQ thin-film compared to 1.7 for
the AQ powder electrode (normalized to the v C=O0
intensity). This ratio is known to increase with disorder and
is higher for powder than for highly crystallized films.*®

3.2. Electrochemical Characterization. The apparent
difference in morphology of the two different electrode
structures is further reflected in the direct comparison of
their electrochemical behavior. Cyclic voltammetry (CV)
measurements are used to explore the electrochemical redox
properties of both electrodes. Figure 3 depicts CV measure-
ments of AQ_ thin-film and AQ powder electrodes in the
potential range between 1.0 and 3.0 V, at a scan rate of 10 mV
o1

Both CV measurements are characterized by broad
reduction and oxidation waves. The AQ_thin-film electrode
(Figure 3a) shows two main peak pairs: one (Figure 3a, A/A)
with current maxima at 1.91/2.15 V (vs Na/Na*) and a
second, less pronounced, at 1.67/1.80 V (B/B’). While the first
peak pair (A/A’) can be attributed to the redox reaction of Na
ions with the first carbonyl group of AQ, the second peak pair
(B/B’) is most likely a combination of the reduction reaction
of the second carbonyl group and the reduction of formed AQ
dimers after the first reduction reaction.'” This is corroborated
by the appearance of two additional oxidation waves at 2.55V
(C’) and 2.69 V (D’), next to the two back-oxidation peaks B’
and A’, which have been previously attributed to the oxidation
of formed dimers following the first electron reduction reaction
to the AQ radical anions.'”*® Their oxidation potential is well-
shifted toward higher voltages since these dimers are stabilized
by cations, such as H" or Na', present in the battery electrolyte
solution.”™*” Interestingly, for the AQ powder electrode, the
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first reduction peak is characterized by two peak maxima
(Figure 3b, peak A, and A,), at 1.79 V (A,) and 1.88 V (4,),
next to peak B with its peak current maxima at 1.38 V. Again, a
dimerization reaction may explain the double-peak feature of
the first reduction peak for the AQ powder electrode. This
double-peak feature (A, and A,) for the AQ powder electrode
is only resolved at fast scan rates (>2 mV s™', Figure S4),
while, at the same time, the corresponding back-oxidation peak
C becomes more pronounced at slower scan rates.

The peak separation (AEp) between the reduction and
oxidation peak maxima is significantly smaller for the AQ thin-
film electrodes compared to the powder-based AQ electrodes.
A AEp,_n of 024 V and AEp_p of 0.13 V is measured for
the AQ thin-film electrodes, compared to a AEp ,_, of 0.63 V
and AEpp g of 0.82 V for the AQ powder electrodes. In the
thin-film configuration, the stacked AQ molecules, like
pigment molecules in general, are expected to adopt tight
m—m stacking along one crystallographic direction of the carrier
substrate.”®” This aligned orientation of the AQ molecules in
the film is beneficial to obtain a good charge transport in the
electrode film. The electric field, induced by the respective
polarized electrodes, allows for the delocalization of charges
through the already established 7—z network,' resulting in
faster charge-transfer kinetics compared to the inordinate AQ
molecules in the powder-based AQ_electrodes. This stacking
inducing faster charge-transfer kinetics in the AQ thin-film
electrodes, consequently, results in a smaller AE,.”* The fact
that no double-peak feature of the first reduction peak is
observed for the AQ_thin-film electrodes, different from the
AQ powder electrodes (Figure 3), while at the same time two
additional oxidation peaks C’ and D’ are present (Figure 3a),
further corroborates this theory. Once formed, the dimers are
stabilized by cations (Na*) present in the electrolyte and need,
consequently, higher overpotentials to be back-oxidized again.
They therefore only become visible (i.e., well-separated) in
their oxidation peaks.

The shift toward a higher oxidation potential is characteristic
of a barrier-induced charge transfer overpotential present in
the thick (10 ym) powder-based matrix. This is also reflected
in electrochemical impedance spectroscopy (EIS) performed
on both systems. The impedance for the AQ thin-film and AQ
powder electrodes at open circuit potential (OCP) is
characterized by a well-defined semicircle at high frequencies
in the corresponding Nyquist plots (Figure SS). This
impedance is attributed to the charge transfer resistance
(R,), which is in the order of 88 Q for AQ thin-film and 157 Q
for AQ powder electrodes. Although the R, for the AQ_thin-
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Figure 4. Convergence of the interaction energy of two best conformers identified for (a) AQ, (b) AQ-Na, and (c) AQ-Na, as a function of the
number of layers representing the carbon carrier substrate obtained at the SCC DFTB/30b level of theory.

film electrode is only half of that of the AQ powder electrode,
if the R, is normalized to the overall film thickness, being 200
nm for the AQ thin film and 10 pym for the AQ powder, the
specific R is found to be about 28 times higher for the AQ
thin film (44 X 10'—1.6 X 10’ Q m™"). This is expected since
in the AQ thin-film electrode no conductive carbon additive is
used and AQ thin films are known to form a wide-band-gap
semiconductor, having a band gap >3 eV.’® This is also
corroborated by the absolute peak currents being about 10
times higher for the AQ powder electrodes (Figure 3).

In general, our CV measurements are in agreement with
previous literature reports on AQ-based electrodes, in terms of
redox potential, voltammogram shape, and electrochemical
reversibility.17’64’65 Furthermore, the electrochemical inves-
tigations clearly demonstrate that the structural characteristics
(i.e., stacking formation) and the chemical environment (i.e.,
binder and conductive carbon additives) of the AQ molecules
have a substantial influence on their electrode performance. To
deduce what might be the fundamental reason for this
difference between thin-film and powder-based electrodes,
our experimental studies were further augmented via computa-
tional investigations of different charged states of AQ on a
carbon carrier substrate obtained via basin hopping global
minimization using self-consistent charge density functional
tight-binding (SCC DFTB) formalism.

3.3. Theoretical Calculations. The main driving forces of
the crystal formation process in pigment molecules are either
the intra- and intermolecular hydrogen bonds or the n—n
stacking interactions between adjacent planar molecules,
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together with weak van der Waals interactions between chains
of molecules." The overall effect of the aforementioned 7—7
stacking interactions generally leads to stabilization of the
crystal lattice by lowering the energy of the stacked layers in
the AQ crystal and the carbon carrier substrate. Especially, the
interaction energy of the AQ molecules with the carbon carrier
substrate (i.e., graphite) is an important parameter for the
long-term stability of organic-based electrode materials and has
important implications for the physicochemical properties of
these highly complex systems at the molecular level. In the
following sections, the calculation results obtained for AQ,
AQ-Na, and AQ-Na,, as well as the respective dimers on a
graphite model system, obtained via basin hopping global
minimization at SCC DFTB/3ob level of theory, are
presented. These systems are chosen since they represent the
initial step in the film formation of the active AQ material. The
obtained data provide detailed insight into the structural and
associated energetic properties of the AQ-surface, as well as the
intermolecular AQ—AQ contributions. To assess the suitability
of the chosen DFTB level of theory, benchmark calculations of
AQ_ on a single graphene layer against DFT calculations have
been carried out and are included in the Supporting
Information, Section S1.

3.3.1. Monomers. Figure 4a—c displays the dependence of
the interaction energy U, for the two best conformations
identified via basin hopping for each of the three different
molecular configurations (AQ, AQ-Na, and AQ-Na,) consid-
ered. In all three cases, a significant decrease in U, is observed
upon the increase in the number of layers representing the
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carbon carrier substrate, with the change from mono- to bilayer
graphene having the strongest impact on the binding energy.
Interestingly, a similar overall decrease in energy of approx. 13,
16, and 15 kJ mol™ for the three different molecular
configurations is observed when moving from a one- to six-
layer description. For increments beyond n = 4, the interaction
energies remain within 1 kJ mol™! for all cases, and, hence, a
four-layer system can be considered as an adequate
compromise between the accuracy of results and computa-
tional effort.

In the case of the fully oxidized form of AQ, the best binding
motifs display an ideally stacked conformation shifted by
Ageapn/2 (see the experimental section) within the direction of
the hexagonal lattice. Due to the overall apolar nature of the
AQ molecule, the conformation parallel to the a-axis is
effectively equal in energy as its rotated counterpart (i.e,, Conf.
1 and 2 in Figure 4a). Along with the interaction energy, the
average atom—layer distances are well-converged if at least four
layers of the carrier material are included in the model system.
While the carbon and hydrogen atoms of the AQ display very
similar average atom—surface distances of 0.306 and 0.307 nm,
the oxygen atoms are consistently found at smaller distances
with the respective average value being 0.292 nm. This implies
that the C=O0 bonds are slightly tilted toward the surface.

At first sight, a different situation is obtained when
considering the reduced forms AQ-Na and AQ-Na,. The
conformers rotated by 60° with respect to the a-axis appear
lower in energy compared to the respective motifs aligned
parallel to the a direction. However, this is a result of the
periodic setup of the calculation system in conjunction with
the long-range nature of Coulombic interactions. In the lower-
energy motifs (Conf. 1) the ion—ion distance within the
periodic cell is larger compared to the arrangement parallel to a
(Conf. 2), which is an artifact introduced by the limited size of
the calculation cell. However, aside from the differences in
energy imposed by the cell geometry, the structural properties
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of these conformers are highly similar: in all cases, the ideally
stacked arrangement of the fully oxidized AQ molecule is
retained. Interestingly, the Na"—O distance enables the ions to
position close to the center of a six-membered ring structure at
the surface of the carrier, which results in an average surface—
Na" distance of approx. 0.235 nm. This, on the other hand, has
a minor impact on the average molecule—surface distance.
While the increase in the average surface—C and surface—H
distances is in the range of at most 0.003 nm, the average
surface—O distance is increased by 0.08 and 0.023 nm upon
one- and two-fold reductions of AQ. This implies that in the
fully reduced form, the C—O~ bonds display a slight tilt away
from the surface.

The magnitude of the calculated molecular—surface
interaction energy U, is effectively doubled when moving
from the oxidized to the fully reduced form of the AQ moiety,
which results from the increased Coulombic character of the
interaction. This finding appears to be counterintuitive and
contradictory to the results of the experimental measurements,
showing that the reduced species show a higher desorption
rate. However, the adsorption at the surface is in competition
with the associated solvation process and, typically, the free
energy of solvation AG,,, is dramatically increased in
magnitude (i.e., showing more negative values) if the species
in question carries a net charge (e.g., compare the hydration
free energy of 51mp1e monovalent ions*®®” with that of an
apolar molecule,’® such as CO,). This is typically true in the
case of the associated enthalpy of solvation AH,, and in many
cases also in terms of the entropic perspective AS,."
Especially, when considering polar solvents, the dissolution of
Na ions and the reduced AQ moiety can be expected to be
favorable in both the enthalpic and the entropic contributions.

As a consequence, the data presented in this study can only
provide information with respect to the mode of binding and
the associated structural properties of the active molecules at
the surface of the carbon carrier substrate. However, without
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consideration of the species in solution, no information about
the actual equilibrium between adsorption and solution can be
given, since the latter depends strongly on the solubility of the
species in the given solvent, which may be further influenced
by local thermal effects.

3.3.2. Dimers. Upon electrochemical investigation, inter-
molecular dimerization of AQ molecules can be inferred,
suggesting that the charged state of the formed dimers is
dependent on the chemical surroundings. To determine how
the formation of dimers may impact the charge-storage
characteristics of the AQ _thin-film and powder-based electro-
des, theoretical calculations examining the ordering effects of
the respective dimer systems in a periodic supercell environ-
ment are performed. Figure Sa—c depicts the ideal conformers
identified for the dimer chains of AQ, AQ-Na, and AQ-Na,,
respectively. In each case, a four-layer representation of the
carrier is considered, since it provides an adequate compromise
between the accuracy of results and computational demand.

In the case of the fully oxidized form, the best structural
arrangement at the surface still displays the stacked
conformation observed for the individual monomers, while,
at the same time, two intermolecular hydrogen bonds between
the oxygen atom of one molecule and the C—H group of the
second AQ can be identified. As a consequence, the two
molecular units are located at an offset of two unit cells (i.e.,
2a4,0,) along the a direction. Although the H-bonds do not
display an ideal linear arrangement and a C—H group has to be
considered as a very weak H-bond donor, this particular
conformation displays the lowest interaction energy of —270.9
k] mol™" when compared to other possible conformers of the
molecules at the surface (data not shown).

It should be noted that the interaction energy, Uy, obtained
according to eq 1, considers not only the molecule—surface
interactions but also the respective AQ—AQ_ contributions.
Comparing this value with two times U, obtained for the best
monomeric structure on a four-layer carrier given as —250.8 kJ
mol ™! results in a difference of —20.1 k] mol~". The latter value
agrees well with the interaction energy between two energy-
minimized AQ molecules of —20.8 k] mol™" (in the same
periodic environment but in the absence of the carrier
substrate), implying that the binding to the surface results in
a minor rearrangement of the dimer linked to slightly
unfavorable molecular interactions.

The ideal conformer of the dimer in the AQ-Na case shows
some similarities to the fully reduced form discussed above. In
this case, the two molecular units are shifted by only one unit
cell (ie., agmph) in the a direction, while being moved apart by
one unit along the b’ direction to accommodate the two Na
ions (see Figure Sb). The latter again occupy the central
position of a six-membered ring of the carrier, as seen earlier
for the respective monomer. It can be seen that the combined
dimeric units form a 1D chain of molecules along the surface,
which explains this particular choice of the cell dimensions for
the system representing the carrier material, i.e, each AQ-Na
unit occupies an equivalent of 4 unit cells along the b’
direction.

The associated total interaction energy of —608.4 k] mol ™ is
considerably more negative than two times the value of the
respective AQ-Na monomer in the associated orientation (ie.,
Conf. 2 in Figure 4b) of —385.9 kJ mol™, indicating a strong
cooperative effect in this particular configuration. The
respective difference of —222.5 kJ mol™' can again be
attributed to the molecular AQ—AQ _interaction, which, due
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to the associated ion—dipole interaction, is considerably
stronger compared to the fully oxidized form. However, the
latter value is significantly higher than the corresponding AQ—
AQ interaction energy of —271.4 kJ mol™' obtained for the
same system minimized in the absence of the carrier. The
associated difference of nearly 50 kJ mol™ is due to the
rearrangement of the AQ molecules at the surface of the
carbon substrate.

Finally, the dimer of the fully reduced form is considered, in
which case a notable difference in the structure is observed.
Each AQ-Na, unit now occupies S unit cells along the b’
direction. However, the respective regions for the individual
moieties intersect, and the entire dimer structure can be
accommodated within 8 unit cells along the b’ direction.
Inspection of the optimized structure reveals that the AQ
residues are not shifted along the a direction anymore but
arranged in a parallel fashion (see Figure Sc). This is in
contrast to the ideal structures for the oxidized and partially
reduced forms discussed above. The reason for this new
structural motif results from the fact that the Na ions are now
arranged on both sides of the C—O~ groups, thus forming two
salt bridges between the oxygen atoms of the two AQ residues.
The Na ions are also not located at the ideal positions in the
center of a six-membered ring at the surface, which is a result
of their close vicinity and the associated Coulombic repulsion.
Of all of the dimer structures considered, this motif showed the
most negative interaction energy of —717.8 kJ mol™!, which is
again lower than two times the value of the associated
monomer, being —486.0 kJ mol L. In this case, the difference
amounts only to —231.8 kJ mol™" as opposed to interaction
energy of —360.1 kJ mol™' obtained for AQ,-Na, in the
absence of the carrier, which implies a significant loss in the
molecular interaction energy of 128.3 kJ mol™' upon binding
to the surface. This loss in the molecular interaction energy
could explain why, in the thin-film configuration, the dimers
remain electronically active over long-term galvanostatic
cycling, while the dimers that are formed in the powder-
based system are too stabilized to be electronically accessible.
In general, the calculated results obtained in this study clearly
demonstrate the benefit of augmenting experimental studies
via computational investigations and form the basis for further
theoretical studies, thereby considering enlarged unit cells to
accommodate a larger number of active molecules, as well as
the formation of stacked configurations of these molecules on
the carrier substrate material.

In summary, our theoretical calculations suggest the
transition from intermolecular hydrogen bonding toward the
formation of salt bridges between the reduced AQ_ units
accompanied by a stabilizing effect upon a dimerlike
rearrangement. In addition, the strong surface—molecular
interactions in the thin-film geometries are found to be crucial
for the formed dimers to remain electronically active. This
dimerization, in combination with long-range order due to
extensive intermolecular 7—7 interactions, results in a decent
charge carrier transport and current collector adhesion, both of
which are expected to be of mutual benefit for potential
applications in secondary ion batteries.

3.4. Sodium lon Battery Half-Cell Cycling. To
investigate the potential application of the ordering in AQ
stacking, forced by thin-film application, and its effect on dimer
solubility and current collector adhesion, Na ion battery
cycling was performed. Long-term galvanostatic constant
current battery half-cell cycling (GCPL) of AQ thin-film and
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from 3.0 to 1.0 V.

AQ powder electrodes at a 1C rate, with C being defined as the
maximum theoretical capacity (being 257 mAh g™') obtained
in 1 h, is shown in Figure 6.

Figure 6a,c compares the galvanostatic cycling characteristics
for AQ thinfilm (Figure 6a) and AQ powder electrodes
(Figure 6c). The discharging behavior (cell voltage upon
sodiation) for the AQ _thin-film electrode is characterized by a
sloping curve (ie, a varying cell voltage), while the AQ
powder electrode shows distinct voltage plateaus (i.e., a stable
cell voltage) at about 2.0 and 1.5 V upon sodiation and 1.8 and
2.1 V upon desodiation. This difference in the shape of both
the CV response as well as the discharging cell voltage,
between the AQ thin-film and AQ powder electrodes, can be
explained by the morphology difference of the two electrodes.
In the thin-film configuration, the stacked AQ molecules
interact via their z-system. Upon electrochemical reduction or
oxidation, the z-system is capable of storing electric energy as
delocalized charge carriers, similar to conjugated polymers.”””"
Therefore, the AQ thin-film electrode has no sharp redox
potential (different from conventional battery electrode
materials). Instead, the AQ thin-film electrode demonstrates
a floating potential that is altered by the degree of sodiation. As
the degree of sodiation changes upon charging/discharging, a
constant change of the half-cell voltage is implied (Figure 6a),
resulting in the observed sloping voltage curve. Since the
charged AQ molecules are electronically more separated in the
powder-based electrodes, only small domains of intermolecular
m—r stacked AQ are present; hence, the sodiation level does
not significantly affect the molecules. Due to the isolated
redox-active AQ_ unit, the powder-based electrodes feature
redox reactions at a very distinct potential and, consequently,
demonstrate voltage profiles upon sodiation with stable
charge/discharge voltages (Figure 6¢). A similar effect has
been previously reported for redox polymers having a
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nonconducting backbone in combination with distinct redox
units attached to them.””””* Different from state-of-the-art
conducting polymers,”"”* the redox polymers are characterized
by a stable voltage plateau upon charge/discharge cycling.

The AQ thin-film electrode exhibits a specific sodiation
capacity of 233 mAh ¢! for the first and 163 mAh g™ for the
second sodiation/desodiation cycle. This is substantially higher
compared to the initial specific sodiation capacity of the AQ
powder electrode, being 87 mAh g~! for the first and 83 mAh
g~! for the second sodiation/desodiation cycle. Additionally, in
terms of stability, 43% of the initial AQ thin-film electrode
capacity (100 mAh g™') is found to be still accessible after 15
and 34% (80 mAh g™') after 100 and 26% (67 mAh g~', Figure
S6), after 250 sodiation/desodiation cycles at a rate of 1C. The
decrease in capacity measured in the galvanostatic cycling
experiments can be attributed to three main deactivation
mechanisms: chemical degradation (i.e., dimerization), swel-
ling of the electrode, and dissolution of the active species.”® It
is interesting to notice that the long-term stable specific
capacity of the AQ thin-film electrode, being about one-third
of the initial capacity, would fit the specific capacity of a
transition from AQ monomers (2¢” per AQ with Cy, of 257
mAh g7') to AQ dimers (2e” per 2AQ with Cy, of 128 mAh
g_l), with some additional, minor material loss upon swelling
of the electrode and dissolution. Dimerization is a known
possibility to suppress the solubility of organic molecules,
which has been utilized before. For example, in a recent study,
Yao et al. were able to show that AQ material dissolution can
be substantially mitigated if simple AQ_ is replaced by the
synthesized dimer (AQ-C White Heart Suit C-AQ).” Their
reported capacity retention for the dimer, of approx. 31% after
100 cycles, is remarkably similar to our results of 34% over the
same cycle numbers for the AQ_thin-film electrodes.
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Differently, for the AQ powder electrode, only 11% of the
initial capacity (10 mAh g™') is still accessible after 15 and
almost none (5% or 4 mAh g™') after 100 sodiation/
desodiation cycles. Not surprisingly, the AQ thin-film electrode
in this work exhibits higher Coulombic efficiencies (CEs)
compared to the AQ powder electrode in the course of 100
sodiation/desodiation cycles (Figure S7). While the CE for the
AQ_ thin-film electrode is 97.2% in the 15th sodiation/
desodiation cycle, it drops to a minimum of only 82.9% for the
AQ powder electrode. Consequently, the GCPL measurements
show higher specific gravimetric Na storage capacities and
significantly better long-term stabilities of the AQ_thin-film
electrodes over AQ powder electrodes. Therefore, SIB half-cell
cycling results in this work confirm the conclusions drawn
from the theoretical calculations and provide encouraging
results that invite future exploration of thin-film AQ electrodes
for their potential application in various metal ion batteries.

4. CONCLUSIONS

In conclusion, we found that the structural characteristics (i.e.,
crystal formation) and the chemical environment (i.e., binder
and conductive carbon additives) of the AQ molecules have a
substantial influence on their electrochemical performance. IR
analysis reveals significantly stronger 77—z interactions and a
lower degree of disorder in the AQ thin-film over the AQ
powder electrodes. This has been further augmented by
computational investigations of different charged states of AQ_
on a carbon carrier substrate obtained via basin hopping global
minimization at the SCC DFTB/3ob level. Examining the
ordering effects of the different molecular species employing
the respective dimerlike systems in a periodic supercell
environment enabled the decomposition of the associated
energetic contributions into surface—molecular and molec-
ular—molecular interactions. Both are found to increase in
magnitude upon reduction of the AQ moiety, thereby
reflecting the transition from intermolecular hydrogen bonding
toward the formation of salt bridges between the reduced AQ
units. Of all of the different structures considered, the
dimerlike structure of the fully reduced form (AQ,-Na,) is
found to show the most negative interaction energy with the
carbon substrate in combination with a significant loss in the
molecular interaction energy upon binding to the surface. This
weakening of the intermolecular interaction energy is essential
for the formed dimer chains to remain electronically active
toward Na ion storage. The stronger 7—x interactions, in
combination with differences in morphology of the AQ_thin-
film over the AQ powder electrodes, are further reflected in the
direct comparison of their SIB performance. It is found that the
AQ_thin-film electrode exhibits significantly better specific
capacities (233 vs 87 mAh g~' in the first cycle), Coulombic
efficiencies, and long-term cycling performance (80 vs 4 mAh
g! after 100 cycles) over the AQ powder electrode.
Additionally, both CV and galvanostatic cycling point toward
the formation of AQ dimers upon repeated battery cycling in
the thin-film electrode, corroborating the theoretical calcu-
lations. The additional stabilization upon dimerization may
explain the better cycling stability of the AQ_thin-film over the
AQ powder electrode. Therefore, future studies on powder-
based electrode materials should focus on combining the high
conductivity in the powder matrix with the strong surface—
molecular interactions in thin-film geometries. In combination,
this may foster the performance of industrially desirable
powder-based electrode materials for secondary batteries.
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