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Abstract: All-organic Li-ion batteries appear to be a sustainable and safer alternative to the currently-
used Li-ion batteries but their application is still limited due to the lack of organic compounds
with high redox potentials toward Li*/Li’. Herein, we report a computational design of nickel
complexes and coordination polymers that have redox potentials spanning the full voltage range:
from the highest, 4.7 V, to the lowest, 0.4 V. The complexes and polymers are modeled by binding
low- and high-oxidized Ni ions (i.e., Ni(I) and Ni(IV)) to redox-active para-benzoquinone molecules
substituted with carboxyl- and cyano-groups. It is found that both the nickel ions and the quinone-
derived ligands are redox-active upon lithiation. The type of Ni coordination also has a bearing on the
redox potentials. By combining the complex of Ni(IV) with 2-carboxylato-5-cyano-1,4-benzoquinones
as a cathode and Ni(II)-2,5-dicarboxylato-3,6-dicyano-1,4-benzoquinone coordination polymer as an
anode, all-organic Li-ion batteries could be assembled, operating at an average voltage exceeding
3.0 V and delivering a capacity of more than 300 mAh/g.

Keywords: organic electrode materials; coordination polymers; DFT; periodic calculations; energy
storage; redox potential; high capacity

1. Introduction

In synchrony with the global priority for a massive installation of sustainable energy
storage technologies, it has been recognized that organic Li-ion batteries are becoming the
incontestable winner in the race with the widely-spread current Li-ion batteries, where
inorganic materials are mainly employed [1,2]. This is a consequence of the inherent
properties of organic materials such as a diversity of structures and compositions and their
tunable modeling, low-environmental footprint, etc. [3-6]. Both inorganic and organic
materials store energy through redox electrochemical reactions, but the mechanisms are
different [1,2]. For the inorganic materials, the electrochemical reaction proceeds thanks
to the redox properties of transition metal ions, which compensate for the charge of Li*
insertion and extraction [7]. Only in certain cases of Li-rich layered oxides is the oxygen
suspected in an oxidation state change as well. [8]. For the organic electrodes, the redox
functional groups or/and metal centers participate in the electrochemical reaction and the
charge compensation is achieved either by cations (i.e., Li*, Na*, Mg?* charge carriers) or
by anions from the electrolyte [9]. Although there are three important classes of inorganic
electrodes [7], organic materials constitute an enormous database of electrodes, including
conjugated carboxylates, amines, sulfonamides and their metal salts, carbonyl compounds,
nitro-aromatics, organic radicals, conductive polymers, Hiickel-stabilized Schiff bases,
nitrogen-redox azo compounds and N-substituted salts of viologen derivatives [3-6,10,11].
Given that the organic electrodes cover a large range of potentials and specific capacities,
all-organic Li-ion batteries can be successfully constructed, thus becoming a priority option
for further development.
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Inside the organic electrode database, metal-organic complexes (MOCs) can be out-
lined since they combine the advantages of the organic electrode materials with, for ex-
ample, the excellent electrochemical properties and ordered structure of the inorganic
ones [12,13]. In addition, with appropriate functionalization, MOCs with polyfunctional or-
ganic ligands can be assembled into 1D-, 2D-, or 3D-coordination polymers. Depending on
the redox mechanism, MOCs can be divided into three groups: those with ‘redox-innocent’
ligands where only the metal changes its oxidation state; complexes where only the ligands
are redox-active; and complexes in which both the metal and the ligands exchange elec-
trons [14-24]. In this respect, a good choice for redox-active metal centers with a variety
of oxidation states is the transition metals, particularly the first-row d-elements, as they
are cheaper and lighter than their next-periods analogs. Among the first uses of MOCs
as electrode materials was the reported in 2009 vanadium acetylacetonate complex acting
as a symmetrical electrode by changing the metal oxidation states of vanadium in the
V(II)/V(III) and V(II)/V(IV) pairs [25]. Besides the development of acetylacetonate-based
complexes [26], different ligands were also implemented such as bipyridine-based [27]
and terpyridine-like [28] in which the ligands support the redox process as well. Like
vanadium, nickel offers a diversity of oxidation states and serves as a coordination center in
MOCs providing an excellent storage performance [29,30]. For example, the Ni-thio-crown
complex operating through Ni(I)/Ni(II) and Ni(II) /Ni(III) pairs retains its structure during
the electrochemical reaction, which enables the use of this complex as an anode and cathode
in an all-organic ion cell [31].

Among the organic materials with redox-active organic ligands, quinones are emerging as
the primary choice for high-energy electrodes due to their two-electron redox reaction between
Li and the carbonyl groups, the relatively small molecule (contributing to a high theoretical
capacity) of benzoquinone (BQ) and simple modification of the structure [32-36]. From the two
BQ isomers, ortho- and para-, ortho-BQ exhibits a somewhat higher potential than the para-
analog, as well as a higher difference between the potentials of the first and second redox
reaction [9,37]. Due to the latter, para-BQ is more interesting for practical applications.
The potential of quinones can further be fitted to the sought application through the
addition of electron-withdrawing groups such as carboxyl- (ester), cyano- [38], etc., groups.
Quinone ligands, in particular, could be part of more elaborate structures, such as MOCs,
coordination or functionalized polymers [39-41], and metal-organic frameworks [42,43].
The use of polymers with quinone monomers [44] is a recent idea that did not deliver
the desired results at first, due to the structural instability of the polymers. Despite the
discouraging outcomes of the metal-free polymer, coordination quinone polymers are
reported to exhibit the desired stability and good electrochemical parameters [45]. The
coordination polymer constructed by Xiang et al. uses the Li-O bonds as polymer linkers
which eventually lead to decomposition. A recently proposed quinone-based 1D-metal-
organic polymer of Cu experimentally demonstrates the success of the stated strategy—the
combination of redox-active ligands and coordination centers participating jointly in the
redox processes [46]. However, these materials need a more extensive exploration of
their properties by diversification of the metal ions and the ligands. The primary results
are promising—the polymers are stable, the Li insertion is easily possible, and the initial
capacities are good. A further strategy for enhanced conductivity and cycling stability of
these materials is strongly needed.

Irrespective of the extensive research on organic electrode materials, the practical ap-
plication of all-organic Li-ion batteries is still limited due to the lack of organic compounds
with high redox potentials toward lithium [5,47]. Among cathode materials, the highest
potentials at 3.2-3.5 V have been established for conjugated sulfonamides and their Li
and Mg salts [48], while, for anode materials, conjugated carboxylates, azo compounds
and viologen-derived salts display low potentials (i.e., between 0.5 and 0.7 V). The battery
assembled from the above cathodes and anodes will be characterized with an operating
voltage lower than 3.0 V, which is below that of the inorganic Li-ion batteries (i.e., above
3.9 V using layered oxides as cathodes [7] and graphite as the anode). That is why the
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state-of-the-art studies are mainly directed at identifying organic compounds as electrodes
that feature a potential difference of more than 3.0 V.

The aim of this study is threefold: first, to design 0D and 1D redox-active constructs
using the same metal centers and analogous ligands; second, to gain insight into the redox
reactions of the designed coordination complexes and polymers with Li atoms; and third,
to analyze their redox potentials and specific capacities aiming to propose the assembly
of an all-organic Li-ion battery. As metal centers, nickel ions in two oxidation states (i.e.,
Ni(II) and Ni(IV)) are selected since these ions usually enable the achievement of high
potentials in inorganic electrode materials. To find redox-active ligands with weights as
low as possible (to increase the capacity and the gravimetric energy density), we focused
on BQ-based derivatives, since their redox activity is well documented [38]. Thus, the
chosen ligands are para-BQ molecules modified by adding -COO~ and -C=N groups
ensuring the coordination of Ni ions and targeting an enhancement of the redox potential.
The construction of quinone-based Ni complexes and coordination polymers is presented
in Figure 1. To understand the mechanism of the redox reactions of the complexes and
polymers with Li, the corresponding ligands are used as references. The calculations of the
geometry and electronic structure of lithiated complexes and polymers, as well as of the
corresponding redox potentials, are carried out by means of DFT calculations.
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Figure 1. Schematic representation of the designed constructs and the study objectives: 1,4-
benzoquinone functionalized with (a) a -COO™ and a -C=N group (L1) to be used as a ligand
in complexes with Ni(I) and Ni(IV); (b) two -COO™ groups (L2) or (c) two -COO~ and two -C=N
groups (L3), to be used as ligands in coordination polymers with Ni(II) and Ni(IV); the assemblies
comprising Ni(IV) are neutralized by Cl~ ions.

2. Results and Discussion
2.1. Transition Metal Complexes

The redox complexes are built from Ni ions as metal centers and 2-carboxylato-5-cyano-
1,4-benzoquinone (L1) as ligands (Figure 1a). The choice of 1,4-BQ over the ortho-analog is
based on the following reasons: (i) the redox potential profile of para-BQ is more consistent,
as the difference between the redox potentials of the two steps of reduction is closer (i.e.,
2.66 and 2.45 V compared to 3.67 and 2.50 V for ortho-BQ [37]), which is an advantage from
a practical point of view; (ii) due to higher symmetry, the para-BQ ligand offers a smaller
number of positional isomers upon further functionalization; (iii) reduced repulsion of the
spatially separated Li* ions obtained after reduction. For the para-quinone molecule, the
introduction at selected positions of electron-withdrawing groups, such as N=C-groups
and carboxyl- (ester) groups, leads to the enhancement of the redox potentials and ensures
effective complexation with the Ni ions [8-11,32]. All these features are supported by
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4 Li

DFT calculations employing a comparatively simple computational protocol (Table S1).
Concerning the Ni ions, the complex of Ni(II) with two bidentate ligands is neutral, and
the anticipated coordination is square planar or tetrahedral. The complex of Ni(IV) with
the same ligands is neutralized with two Cl™ counterions, thus providing an octahedral
coordination shell. Both complexes should be singlets in case the Ni(II) one is square planar.

2.1.1. Lithiation of Ni(II)(L1),

The Ni(II)(L1), complex was optimized without symmetry restrictions, both as a
singlet and a triplet. Both converged to a slightly twisted square planar geometry (Figure 2),
the singlet being with lower energy (Table 1), so this is the basic structure to be reduced by
Li further on.
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Figure 2. Stages of lithiation of Ni(II)(L1),—top (a) and side (b) view of the optimized geometries.
Color code: C—gray, H—white, O—red, N—deep blue, Ni—light blue, Li—pink.

Table 1. Multiplicity and N-to-N length (I,,,) of Ni(II)(L1), upon lithiation.

n(Li) 0 2 4 6 8
multiplicity S T S S S
1o, A 18.6 18.5 18.2 18.1 18.0

Two Li atoms were added in the first step of reduction, testing three different initial
geometries: both Li in one ligand and one Li in each ligand in two symmetries—C,, and
Cop. The first one was a singlet with higher energy than the other two. The latter two were
triplets and converged to the same planar C,, symmetry as shown in Figure 2. Each Li
is coordinated by two oxygens—a quinone and a carboxyl one. The addition of the next
two Li atoms resulted in the reduction of the second pair of quinone oxygens with partial
involvement of the cyano-nitrogens. Two more Li atoms were located on the carbon rings,
their Cyy, configuration being preferred to the Cp, one, and the next two Li occupied the
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opposite position on the rings. The optimized geometry at this step (8Li) resulted in the loss
of planarity, indicating that the maximum addition is reached. Indeed, further lithiation
caused decoordination, so the complex was able to accommodate twice as many Li atoms
compared to two free ligands. In the process of lithiation, the complex became perfectly
planar and from linear turned slightly V-shaped, which resulted in the contraction of its
length, measured as the distance between the two nitrogens (Table 1). The length alters due
to the opposite effects of the emerging curvature (contraction) and decomplexation of Ni
(extension), as shown in Figure 3a, but overall, the length varies insignificantly (3—4%).
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Figure 3. Ni(I)(L1); complex: (a) variation in the averaged bond lengths (Ni-O on the right axis) and
bond length alternation (BLA); (b) averaged charges upon introduction of n Li atoms. Numerical
values can be found in Tables S2 and S3.

Other structural changes occurring upon lithiation of the complex are the variation
in the bond lengths within the ligands. The BLA characterizes the quinoid geometries,
giving the difference between the average values of the long and the short C-C bonds in
a quinone ring. As shown in Figure 3, the BLA is substantial in the empty complex, but
quickly decreases with Li uptake due to aromatization of the rings and becomes negative
at n = 8, meaning that the quinoidization changes its direction. Figure 3 also illustrates that
the exocyclic C-C bonds gradually shorten while the C-N (slightly) and the C-O (sizably)
bonds stretch, in support of the BLA data. The Ni-O distance slowly grows upon lithiation
to 6Li and noticeably increases at 8Li indicating the beginning of the complex destruction.

All these changes are reflected in the charge distribution (Figure 3b). The charge
transfer from Li is almost complete—the average Natural Bond Orbital (NBO) charge of
Li is constant at 0.95. The charge of Ni is also quite steady, decreasing from 0.8 to 0.7,
disclosing essentially no participation of Ni(II) in the redox process. The electron density
from Li is transferred most prominently to the oxygens, the carbonyl ones being more
active in the first steps (0—4Li). The nitrogens come into play first at 4Li and so do the
carbon rings.

2.1.2. Lithiation of Ni(IV)(L1),

The results obtained for the complex of Ni(II) demonstrate clearly that, unlike in the
inorganic electrodes, here the transition metal takes no part in the redox process. In the
complexes of Ni(IV), however, a different pattern was expected.

Same as for the Ni(II) complexes, at each stage of lithiation we tested different initial
geometries and different multiplicities. Similarly, only the 2Li complex turned out triplet,
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just 6 kJ /mol apart from a singlet in which the two Li atoms are located close to the C1~ ions
(Figure S1). The obtained optimized geometries of the most stable models are presented
in Figure 4, and the positions of the Li atoms are more or less the same as in Ni(II)(L1),
for 2Li, 4Li, 8Li and 10Li. Only 6Li offers a new configuration due to the presence of C1~.
However, in no case was the release of LiCl from the complex established.
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Figure 4. Stages of lithiation of Ni(IV)(L1),—(a) top and (b) side view of the optimized geometries.
Color code: C—gray, H—white, O—red, N—deep blue, Ni—light blue, Cl—green, Li—pink.

It is visible that the empty complex is planar with an octahedral coordination of Ni(IV),
Cl™ acting as a ligand, as justified by the distance to Ni and the NBO charges (Figure 5a,b).
Upon lithiation, the planarity is disturbed (2Li, 4Li) and a prominent curvature emerges,
reflected in the contraction of the N-to-N distance 1,,,;—in this case, the contraction is more
marked—about 10% (Table 2). The compensating effect of the increasing Ni-O distance
observed in the Ni(II)(L1), complex does not apply to Ni(IV)(L1),—although the average
Ni-O values in Figure 5a appear quite large, two of the bonds persist about 1.9 A at any
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degree of lithiation, while the other 2 (to the oxygens closer to the quinone ones) are longer
than 3.5 A, as these oxygens become part of the Li coordination shell. Analogous is the fate
of the C1~™—as soon as Li is added, C1~ turns from a ligand of nickel into a counterion of
Li*, completely detached from Ni and with a growing negative charge (Figure 5a,b). Upon
further addition of Li, decomplexation of Ni ensues.
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Figure 5. Ni(IV)(L1), complex: (a) variation in the averaged bond lengths (Ni-O and Ni-Cl on the
right axis) and BLA; (b) averaged charges upon introduction of n Li atoms. Numerical values can be
found in Tables 54 and S5. Distances Ni-Cl are not shown after 2Li in (a) as they are too large and not
informative (Table S4).

Table 2. Multiplicity and N-to-N length (I,) of Ni(IV)(L1); upon lithiation.

n(Li) 0 2 4 6 8 10
multiplicity S T S S S S
Lol A 19.0 19.0 18.8 18.0 17.3 17.0

The remaining structural changes differ slightly from the Ni(II) case—a slower BLA
decrease and a milder requinoidization only in the direction of the carboxyl group. The
Li atoms become ions (charges > 0.9), transferring electron density predominantly to the
oxygens of the ligands. The nitrogens and the ring carbons get involved first at 4Li. Unlike
Ni(IT), Ni(IV) also takes part in the charge redistribution, gradually reducing its positive
charge, the profile being strictly parallel to that of the ring carbons.

2.1.3. Redox Potentials of the Complexes Versus Li* /Li’

The calculated standard redox potential profiles for the two complexes are shown in
Figure 6. For the Ni(II) complex, the redox potential profile clearly reproduces the structural
changes and the redistribution of charges with a threshold number of Li (i.e., 4Li). The
profile features two distinct plateaus—one of them at nearly 3.3 V and the other at 1.0 V.
The first voltage plateau at 3.3 V resembles that calculated for the uncoordinated ligand
(Table S1): 3.3 V versus 2.9 V, respectively. In addition, the reduction of Ni(II)(L1), with
the first two pairs of Li takes place at very close potentials, this behavior being typical for
para-BQ derivatives interacting with Li [49]. All these features signpost once again that
Ni(II) does not take part in the redox reaction. The abrupt decrease in the redox potential
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from 3.3 V to 1.0 V is associated with an accommodation of extra Li, surpassing the uptake
of the uncoordinated ligands. Instead of Ni(Il), it is rather the quinoid ring carbons that
take part in the further redox reaction (Figure 3b).

5_
3-\’:_)A_|_
3.0- 41
2.51 > 3]
> .
_2.04 o
o Ll 2]
Ll 1.54
1.04 I 14
0.5 I
O — O

(a) (b)
Figure 6. Redox potential profile (E® vs. Li* /Li") of: (a) Ni(I)(L1), and (b) Ni(IV)(L1), upon lithiation.

The pattern of the gradual involvement of different components in the redox process
in Ni(IV)(L1); is reflected in a different redox potential profile—instead of two distinct
plateaus, the profile is of a staircase type, each degree of lithiation characterized by a
different value of the potential (Figure 6b). This evidences the involvement of Ni(IV) in
the redox reaction in addition to the BQ-based ligands. As a result, the initial potential
reaches a value of 4.7 V, which is much higher than that of the isolated ligand. Moreover,
this potential is commeasurable with the high-voltage inorganic electrode LiNij ,,Mn3,,O4
spinel (4.7 V) [7]. The Ni(IV) complex accommodates more Li atoms than the Ni(II) complex,
reaching a low potential of 0.4 V.

2.2. Coordination Polymers

As seen from the above results, the electrochemical parameters of the complexes are
quite encouraging, but their structural flexibility is a major shortcoming. One way of
circumventing this problem is to fix their structure by locking the complexes in a more
rigid construction. Therefore, we considered modeling 1D coordination polymers of Ni(II)
and Ni(IV) with quinone ligands in periodic boundary conditions.

2.2.1. Coordination Polymers of Ni with 2,5-Dicarboxylato-1,4-benzoquinone (L2)

The results obtained so far attest that the main participants in the redox reaction are
the oxygen atoms in the carbonyl and carboxyl groups, so our first models contained only
these functional groups; thus, ligand L2 is 2,5-dicarboxylato-1,4-benzoquinone (Figure 1b).
The optimized structures of the coordination polymers of Ni(II) and Ni(IV) at the feasible
degrees of lithiation are shown in Figure 7.

Indeed, in the first step of lithiation (2Li), only oxygens are involved in both oxidation
states of nickel. The second pair of Li atoms (4Li) is coordinated at the same oxygens; this
results in partial decoordination of Ni (in both states), which remains attached only to two
oxygens. Although in the next step (6Li) the lithium atoms were placed initially on top
of the carbon rings, they preferred again the proximity to oxygens in the Ni(Il) polymer
and Ni became three-coordinated by oxygen; in the Ni(IV) polymer, Li persisted at the
rings but Ni remained two-coordinated by an oxygen and a C1~. Further on (8Li), Ni
coordination with two oxygens is restored and retained even at 10Li in the Ni(IV) structure,
while completely lost in the Ni(II) one.
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Figure 7. Optimized geometries of the step-by-step lithiated coordination polymers of (a) Ni(II) and
(b) Ni(IV) with 2,5-dicarboxylato-1,4-quinone (L2). Color code: C—brown, H—white, O—red, Ni
—gray, Cl—green, Li—pink.

As a result, the length of the elementary unit oscillates within 4% for both polymers
(Table 3). Naturally, the length depends not only on the coordination of Ni but on the
variation in all structural parameters. As seen in Figure 8, the BLA drops faster in [Ni(I[)L2],
due to a faster extension of the carbonyl bond. The growth of the C-O bonds in the carboxyl
group, parallel to the shortening of the C-COO bond, indicates that after the aromatization
of the ring, new quinoidization takes place, this time in direction of the carboxyl groups.
Therefore, the BLA value becomes progressively negative. The C1~ ions serve as ligands
up to 4Li and are fully decoordinated from Ni thereafter, which is well supported by the
charge values, which grow from —0.4 to —0.9 (Figure 9).

Table 3. Elementary unit length (ley) of the polymers with L2 upon lithiation.

n(Li) 0 2 4 6 8 10
[Ni(ID)L2] leu, A 8.86 8.87 8.91 8.56 8.56 8.73
[Ni(IDL2] leu, A 8.91 8.83 8.59 8.69 8.70 8.70

The charge profiles of the two polymers show both similarities and differences (Figure 9).
The electron density transferred from Li is >0.9 in the first step (2Li) and slowly decreases
upon further lithiation. At any degree of reduction, Li charge is higher in [Ni(IV)L2],. The
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negative charge of oxygen progressively increases, steeper in the first steps for [Ni(II)L2],
and the last steps for [Ni(IV)L2],. Ni is being reduced more moderately in the first steps
and with a leap at 6Li, in line with the observed decoordination. The carbon ring gradually
accumulates electron density in [Ni(II)L2],, switching from positive to negative values,
which explains why when placed on top of the ring, Li remained there; in [Ni(IV)L2], it
moved away, as the ring retained the overall positive charge—the released electron density
from the metals was adopted by the chloride ligands instead.
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Figure 8. Variation in the averaged bond lengths and BLA of (a) [Ni(I)L2], and (b) [Ni(IV)L2],.
Arrows instruct which axis corresponds to the values of the structural parameters. Numerical
quantities can be found in Tables S6 and S7.
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Figure 9. Averaged AIM charges in the lithiated (a) [Ni(II)L2], and (b) [Ni(IV)L2],. Numerical values
can be found in Tables S8 and S9.

Both the bond length and charge profiles of [Ni(II)L2], reveal a more drastic change at
2Li and milder changes thereafter, so it is no surprise that after the initial value of 2.7 V, the
potential profile features a radical drop of about 1.7 V, while from 2Li to 10Li the changes
are less than 1V (Figure 10a). The monotonous variations in the structural data and charge
distribution of [Ni(IV)L1], upon lithiation are reflected in a regular staircase profile of the
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potential with steps of ~0.8 V per two Li atoms added, the first step is at 3.3 V (Figure 10b).
The initial potential of [Ni(IV)L2], is higher than that of [Ni(II)L2],, as was observed for
the respective complexes. It is of importance that in the initial and final stage of lithiation,
the redox potentials for the coordination polymers are lower than that of the corresponding
complexes. Taking into account the dissimilar computational approach and that the ligands
are different in number and position of the functional groups, the direct comparison of
complexes and polymers is illegitimate. Yet, when the ligand-to-metal ratio is 2:1, Ni(II)
remains redox-innocent, while at a 1:1 ratio, Ni(Il) is involved at a comparatively early
lithiation stage (after 4Li).
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Figure 10. Redox potential profile (E% vs. Li* /Li%) of: (a) [Ni(I)L2], and (b) [Ni(IV)L2], upon lithiation.

2.2.2. Coordination Polymers of Ni with 2,5-Dicarboxylato-3,6-dicyano-
1,4-benzoquinone (L3)

The results for the nickel coordination polymers with L2 are gratifying in respect of the
impressive Li uptake (i.e., 10 Li atoms per elementary unit without destruction compared
to 8-10 Li per two ligands in the isolated complexes) and the stable lower redox potentials.
A further improvement would be the increase in the initial potential. As already seen, a
viable strategy for increasing the potential is the introduction of more electron-withdrawing
functional groups. Therefore, we modeled coordination polymers of Ni(Il) and Ni(IV) with
another ligand, containing two C=N groups in the structure of L2, namely L3 (Figure 1c).
The redox potential of L3 is higher than that of L2. The optimized geometries of these
polymers upon stepwise lithiation are shown in Figure 11.

In [Ni(II)L3], the first two lithium atoms are bicoordinated by two oxygens each as in
[Ni(II)L2],, while in [Ni(IV)L3], Li is tricoordinated by two oxygens and a chloride ion even
in this first step. At 4Li and 6Li the C=N nitrogen is also involved in the Li coordination in
both polymers, lithium being bicoordinated in [Ni(II)L2], and tricoordinated in [Ni(IV)L3],.
At 8Li the two newly added atoms were placed at the ring—above and below—and
remained there while at 10Li, the coordination in both polymers cannot be strictly defined.
Ni(II) is tetracoordinated at all stages of lithiation up to 8Li and essentially decoordinated
at 10Li. In contrast, Ni(IV) stays tetracoordinated at all stages of lithiation considered. From
6Li on, however, Ni(IV) completely loses the chloride ligands, which are entirely ‘usurped’
by 2 or 3 lithiums.

Both polymers feature well-organized and compact structures due to the steady Ni
coordination. This is reflected in the stable repeating unit length, which is remarkably
constant in [Ni(IV)L3], and declines only at 10Li in [Ni(I[)L3], (Table 4).

The structural changes invoked by the Li uptake in [Ni(II)L3], (Figure 12a) resemble
those in [Ni(I[)L2], (Figure 8a), except for the more marked decrease in the C-COO bond
and the less prominent shrinkage of the C-CN bond, while the C=N and C-O bonds
grow continuously. All these observations are in line with the BLA data indicating fast
aromatization and further requinoidization along the C-COO and C-CN bonds, more
expressed along the former. The presence of Cl~ ions in [Ni(IV)L3], slows down these
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effects versus [Ni(II)L3], but speeds them up compared to [Ni(IV)L2], (Figure 12b). The
major structural changes occur during the first three steps (0-6Li) for both polymers,
becoming milder upon further lithiation.

0

O

L3
%%%% 0Li %g%§%§%§:

Q o ] o 3 Q q Q
oy o4}y oYy 074
o4 /0 04 Mo o4 Mo o« o .
o L

6 Li
8 Li
-Q -Q ~Q *Q
o
MMW%& 10 Li
0 [+ 2] [« -
(@) (b)

Figure 11. Optimized geometries of the step-by-step lithiated coordination polymers of (a) Ni(II)
and (b) Ni(IV) with 2,5-dicarboxylato-3,6-dicyano-1,4-benzoquinone (L3). Color code: C—brown,
H—white, O—red, Ni —gray-large, N—light blue-gray-small, Cl—green, Li—pink.

Table 4. Repeating unit length (ley) of the polymers with L3 upon lithiation.

n(Li) 0 2 4 6 8 10
[Ni(ID)L3]n leu, A 8.98 8.97 8.93 8.95 8.87 8.24
[Ni(IV)L3]n leu, A 8.93 8.92 8. 96 8.94 8.95 8.97

The charge variation profiles of both polymers (Figure 13) reveal that while Li main-
tains a constant charge greater than 0.8 throughout the lithiation, the electron density at all
other atoms grows in a fairly monotonous manner. In [Ni(II)L3], more distinct charge drops
occur for the carbonyl oxygen at 2Li and for Ni at 4Li and 8Li (Figure 13a). In [Ni(IV)L3],,
charge drops are more discernable at 4Li for Cl and at 6-10Li for Ni (Figure 13b).

The structural and charge alterations are reflected in the redox potential profiles
(Figure 14). As in all Ni(Il) structures presented, the profile of [Ni(II)L3], is simpler with
just three steps: the first (2Li) due predominantly to the carbonyl group reduction; the
second, to the Ni involvement (Figure 14a). At this stage, the potential reaches the lowest
value (i.e., at 0.4 V) and this potential remains nearly the same in a broad range of Li uptake
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(i.e., from 4 to 10 Li). The picture is different for [Ni(IV)L3], where the entire system is
involved in the reduction. To the more prominent potential drops contribute mainly CI at
4Li and Ni at 6Li (Figure 14b). Overall, the presence of the C=N groups raises the initial
potential by ca. 0.5 V (Figures 10 and 14).
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Figure 12. Variation in the averaged bond lengths and BLA of (a) [Ni(II)L3], and (b) [Ni(IV)L3],.
Arrows instruct which axis corresponds to the values of the structural parameters. Numerical
quantities can be found in Tables 510 and S11.
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Figure 13. Averaged AIM charges in the lithiated (a) [Ni(II)L3], and (b) [Ni(IV)L3],. Numerical
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Figure 14. Redox potential profile (E9 vs. Li* /Li% of: (a) [Ni(I)L3], and (b) [Ni(IV)L3], upon lithiation.

2.3. Construction of an All-Organic Li-Ion Battery

Based on the calculated redox potentials and the Li uptake, the theoretical capacity and
the gravimetric energy density are determined (Table 5). The Ni(IV)-bearing complex and
polymers outperform the Ni(I) counterparts in terms of energy density. For all modeled
polymers, as well as for the Ni(IV) complex, the lithiation was terminated at 10Li not
because of potential drop to negative values but due to Ni decoordination symptoms.
The decomplexation of Ni upon further addition of Li mimics the well-known conversion
reaction occurring during Li-storing by transition metal oxides [50]. However, this process
is beyond the scope of our study and, therefore, the number of Li atoms is restricted to 10,
where the complex is still stable. It is worth noting that ten Li atoms per repeating unit in
each polymer is an admirable number, signifying substantial capacity and energy density.

Table 5. Summarized electrochemical parameters of the designed constructs.

Coordination . Capacity, Energy Density,
Compounds AE? (Initial), V Tmax mA.h.g_yl V%.);l.g—l ’
Ni(I[)(L1), 3.38 8 522 1121
Ni(IV)(L1), 4.74 10 556 1495
[Ni(ID)L2], 2.68 10 1061 977
[Ni(IV)L2], 3.33 10 828 1467
[Ni(I[)L3], 3.17 10 885 1073
[Ni(TV)L3], 3.95 10 717 1469

Another parameter of importance is the redox potential. The nickel complexes and
polymers cover a broad range of redox potentials varying from the highest value at 4.7 V
to the lowest one at 0.4 V. The large difference in the redox potentials is beneficial for the
construction of an all-organic Li-ion battery from Ni complexes and Ni polymers.

The comparison shows that the Ni(IV)-bearing organic compounds display higher
redox potentials than their Ni(II) counterparts. This is a consequence of the more effective
participation of Ni(IV) in the redox reaction with Li than Ni(II). Moreover, the Ni(IV)(L1),
complex exhibits an initial redox potential of 4.7 V, which is among the highest potentials
reported for organic compounds (Figure 15). The specific capacity delivered at this potential
is also significant (111 mAh/g). It is noticeable that, at the second step, Ni(IV)(L1); also
has promising properties: it delivers a much higher capacity (i.e., 222 mAh/g) at a redox
potential which is still high (i.e., 3.3 V). Taking into account the first and second redox steps
(Figure 6b), an average redox potential of 4.0 V and a specific capacity of 333 mAh/g are
estimated. For the sake of comparison, one of the best organic cathodes, namely triptycene
tribenzoquinone (TT) with a 3D structure, provides a specific capacity of 387 mAh/g at a
redox potential of 2.9 V [49].
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Figure 15. Voltage-capacity plot of organic-based electrode materials reported in the literature
(PTPAn [51], Lig-p-DHBD.2DMF [47], Mg(Liy)-p-DHT [52], Li,-BDC [53] and ZnTPA [54]—black
labels and circles), and in this study (colored labels, full circles for the high potential and patterned
circles for the low potential); the most prospective structures designed in this study (in red) for the
construction of an all-organic rechargeable Li-ion battery.

Contrary to the nickel complexes, the nickel polymers permit lower redox potentials
to be reached at the final stage of lithiation. Among all nickel polymers and complexes,
[Ni(II)L3], polymer displays the best properties: the redox potential is 0.45 V and the
specific capacity is 531 mAh/g (Figure 15). These parameters are close to the best properties
reported in the literature for ZnTPA: 0.79 V and 626 mAh/g [55].

Based on the highest and lowest redox potentials of the designed metal-organic
constructs, an all-organic Li-ion battery could be assembled from Ni(IV)(L1), as a cathode
and [Ni(II)L3], as an anode. This battery would operate at an average voltage exceeding
3.0 V by delivering a capacity of more than 300 mAh/g. For the sake of comparison, one of
the best all-organic batteries consisting of two redox polymers, poly(2-vinylthianthrene)
and poly(2-methacrylamide-TCAQ), is characterized by an operating voltage higher than
1.3 V and a theoretical capacity of more than 100 mAh/g [55].

3. Methods

All calculations were performed using the density functional theory. The calculations
of the complexes in the gas phase were carried out with the Gaussian 16 [56] program, using
the Becke approximation for the exchange energy [57] and the Lee-Yang—Parr approxima-
tion for the correlation energy [58] with a triple-zeta Pople-style basis set 6-311++G** [59-62].
This protocol was chosen as it provides good reproducibility of the experimental values for
the electrode potential of quinones (Table S14). The optimized geometries were true minima
on the potential energy surface confirmed by frequency analysis. The thermochemistry
was estimated at 298.15 K. The charge transfer was assessed by NBO analysis [63,64].

The calculations of the 1D-coordination polymers were carried out in periodic bound-
ary conditions using the VASP 5.4.4 program [65-67] with the spin-polarized PBE general-
ized gradient approximation [68] and the projector-augmented wave (PAW) method [69,70].
A plane-wave energy cut-off of 700 eV was applied and the I'-point was used to sample
the Brillouin zone. The electronic partial occupancies were calculated according to the
Gaussian smearing scheme with a smearing parameter of 0.05 eV. This protocol was found
functional in our previous studies [43]. The positions of the atoms were relaxed until all
forces acting on the atoms became less than 0.01 eV/A. The charge distribution in the
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periodic calculation was quantified with the Bader program [71] according to Bader’s
quantum theory of atoms in molecules (QTAIM) [72]. The VESTA program [73] was used
for structure visualization.

The electrochemical potential at each step of lithiation was calculated according to
the equations:

AGpyr = G(LiyMOC) — [G(LixMOC) + (y — x)G(Li)] )

E® = —AGpgr /2zF )

where x and y are the number of lithium atoms in two consecutive steps of metal insertion,
z is the number of electrons transferred, F is the Faraday constant, G is the equilibrium
free energy, and G(Li) is the energy of one Li atom in the gas phase. The utilization of Li(y)
instead of Li( as a reference is justified by benchmark calculations (see Table S14) which
show very large deviations with respect to the experiment when the extrapolated energy
of one lithium atom in the solid state is used. Therefore, G(Li(g)) was used as a reference
value. Concerning the calculation of the coordination polymers, it has been shown that for
solid systems, the difference between the internal and the free energy is negligibly small
and the electrode potential can be estimated using the former instead of the latter [74,75],
which was utilized for the periodic structures.
The capacity and the energy density of the electrode material were calculated according
to the expressions:
Capacity = zF/(3.6M) 3)

Energy density = F / Edz/(3.6M) @)
with M being the molar mass of the material.

4. Conclusions

The purpose of this study was the design of hybrid electrode materials for lithium-ion
batteries combining transition metal ions with organic redox-active counterions. Para-
BQs, traditionally undergoing reduction by two Li atoms to convert into aromatic lithium
derivatives of benzohydroquinone, were functionalized with electron-withdrawing groups
and used as ligands in complexes and coordination polymers of Ni in two oxidation states:
Ni(II) and Ni(IV). Molecular modeling with first principles quantum-mechanical methods
was utilized: BLYP/6-311++G** for the complexes and PBE/PAW in periodic boundary
conditions for the polymers. The obtained structures exhibited a propensity to interact with
a markedly higher number of Li atoms compared to their building moieties alone.

The analysis of the obtained results revealed features that can be summarized as follows:

In the complexes, the C=0-containing functional groups are the most efficient electron-
acceptors, the C=N becoming active at a later stage of Li insertion and Ni coming into
play last (if at all). The Cl~ ligands in the complex of Ni(IV) adopt substantial amounts
of electron density, which slows down the aromatization of the quinones and allows a
higher number of Li atoms to be accommodated. The incorporation of redox-active ligands
into complexes with transition metal ions increases the Li uptake per ligand and favorably
enhances the electrochemical characteristics but invokes unwanted structural deformations
and decomplexation of Ni.

Locking the geometry by constructing 1D coordination polymers improves the struc-
tural stability for both oxidation states of Ni—the polymers retain planarity and demon-
strate negligible variation in the unit cell length. When present, the C=N nitrogen is as
active as the oxygens with respect to electron density redistribution. Although the reduc-
tion in all systems under study is initiated in the organic fragment, in the polymers, nickel
also starts being involved at an early stage.

The electrochemical potential profiles of all Ni(I) structures are simple, with one or
two distinct drops. Those of Ni(IV) are more complex, with specific (almost equidistant)
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values for each degree of lithiation. The higher redox potentials are achieved for the Ni(IV)-
bearing organic compounds due to their more effective participation in the reaction with
Li. Among all designed complexes and polymers, Ni(IV)(L1), delivers a relatively good
capacity at a high potential, while [Ni(I)L3], is characterized by a stable low potential and
large capacity. Thus, Ni(IV)(L1), and [Ni(II)L3], could serve as a cathode and an anode,
respectively, in an all-organic Li-ion battery.
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