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A Lithium-Free Energy-Storage Device Based on an
Alkyne-Substituted-Porphyrin Complex

Zhi Chen*,”® Ping Gao",™ 9 Wu Wang,” Svetlana Klyatskaya,® Zhirong Zhao-Karger,® "’
Di Wang,®? Christian Kiibel,® " Olaf Fuhr,™ ? Maximilian Fichtner,*® " and Mario Ruben*® 9

Porphyrin complexes are well-known for their application in
solar-cell systems and as catalysts; however, their use in elec-
trochemical energy-storage applications has scarcely been
studied. Here, a tetra-alkenyl-substituted [5,10,15,20-tetra(ethy-
nyl)porphinato]copper(ll) (CuTEP) complex was used as anode
material in a high-performance lithium-free CuTEP/PP,,TFSI/
graphite cell [PP,,TFSI=1-butyl-1-methylpiperidinium bis(tri-
fluoromethylsulfonyl)imide]. Thereby, the influence of size and
morphology on the electrochemical performance of the cell
was thoroughly investigated. Three different nanocrystal
CuTEP morphologies, namely nanobricks, nanosheets, and
nanoribbons, were studied as anode material, and the best cy-
clability and highest rate capability were obtained for the
nanoribbon samples. A high specific power density of
14 kWkg™" (based on active material) and excellent recharge-
ability were achieved with negligible capacity decay over
1000 cycles at a high current density of 5 Ag~". These results
indicate that the porphyrin complex CuTEP could be a promis-
ing electrode material in high-performance lithium-free batter-
ies.

Lithium-ion batteries have represented powerful energy-stor-
age devices since they were commercialized in the early nine-
ties. However, a supply risk is discussed for the Li and Co com-
ponents should they continue to constitute the central re-
source in the strongly rising production of electric vehicles, sta-
tionary storage, and portable devices. Therefore, it is crucial to

explore alternatives for new battery systems that no longer
rely on lithium or toxic elements in the electrode/electrolyte
composition. Towards this goal, different strategies have been
developed to address these challenges, including the explora-
tion of new types of rechargeable batteries based on Na*,
K™, Mg*™B CI7™ or F® systems, containing cheap and
abundant elements.” Additionally, beyond their chemical
nature, the nanostructure of the used electrode materials is
also supposed to exhibit significant influence on the energy
and power density.”) Molecular materials have been considered
as potential electrode materials owing to their tunable capaci-
ty, sustainability, and environmental compatibility.”

Although supercapacitors have been shown to deliver very
high power densities, the energy densities achieved so far are
not yet satisfying.”’ Recently, a new concept of dual-ion batter-
ies (DIBs), in which both cations and anions were used as
charge carriers during the electrochemical reactions, was dem-
onstrated and delivered relatively high energy and power den-
sities.”) Generally, in DIBs, the layered graphite cathode is
ready for anion intercalation/de-intercalation whereas cations
are deposited/stripped at the metal anode.

Recently, porphyrin-based materials have attracted consider-
able interest as a new class of organic electrode materials for
electrochemical energy storage.'” As previously shown,'™ the
porphyrin complex of [5,15-bis(ethynyl)-10,20-diphenylporphi-
natolcopper(ll) (CuDEPP) was utilized as both cathode and
anode in lithium-based rechargeable batteries exhibiting both
high energy and power densities. Particularly, we found that
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alkyne substitution on the porphyrin moiety, after an
initial electrochemical formation step, leads to a very
stable electrode consistency showing an increased
stability within 2000 cycles and a capacity retention
of 85%. As an expanded concept, we have now de-
signed and synthesized a tetra-alkyne-substituted
porphyrin {[5,10,15,20-tetra(ethynyl)porphinato]cop-
per(ll) (CuTEP)} complex with the goal to use it as
electrode material and tested the complex in a lithi-
um-free energy-storage system.

Electrode materials have been widely studied in
inorganic-based rechargeable batteries. Increased
rate capabilities are possible by reducing the diffu-
sion distances of the ions in the electrode and in-
creasing the contact area between the electrode
and the electrolyte."”” However, the influence of the
morphology of molecular materials on their per-
formance in electrochemical energy-storage systems
has rarely been studied."” Herein, we investigate
the electrochemical performance of anodes made
from three different morphologies (nanobricks,
nanosheets, and nanoribbons) of the same CuTEP
in a lithium-free device setup with an ionic liquid as electro-
lyte. On the molecular side, four alkyne groups were intro-
duced into the porphyrin skeleton to maximize the cation-n
stacking interactions between the molecules, aiming to devel-
op a highly stable electrode for lithium-free energy-storage de-
vices.

The structure of the precursor molecule [5,10,15,20-tetra(tri-
methylsilylethynyl)-porphinato] copper(ll) (CuTEP-TMS), still
bearing the trimethylsilyl (TMS) protecting groups, was deter-
mined by single-crystal crystallographic diffraction (Figures S3
and S4, Supporting Information). The molecule crystallizes in a
triclinic system with the space group P1 with a planar aromatic
porphyrin ring. Subsequently, CuTEP samples of different
nanocrystallinity and morphology were synthesized by control-
ling the reaction temperature and the solvent composition of
the deprotection reaction of the CUuTEP-TMS. Thus, at room
temperature, crystals of nanobrick shape of CuTEP (1a) could
be obtained. SEM revealed that the nanobricks had an average
diameter of 100 nm in length and a width and thickness of
less than 100 nm (Figure 1top). When the deprotection proce-
dure was performed at lower temperatures (0°C), samples with
the predominant shape of nanosheets (1b) were obtained, ex-
hibiting a length of approximately 400 nm and a width of
more than 100 nm, whereas the thickness remained under
100 nm (Figure 1 middle). Interestingly, at temperatures around
room temperature, and after the addition of some drops of
water, samples of nanoribbon morphology (1 c) were identified
(Figure 1 bottom). The length of the nanoribbons can reach up
to 10 pm and their width approximately 100 nm, with a thick-
ness below 100 nm. The three different morphologies of
CuTEP nanocrystals are most likely obtained as a result of dif-
ferent kinetics of the alkyne deprotection reaction of the sub-
strate. At low temperature, the reaction rate was decreased,
which would induce the crystals to grow larger, leading to
nanosheets 1b."¥ Because water can act as proton source in

ChemSusChem 2019, 12, 3737 - 3741 www.chemsuschem.org

CHEM: " SCHEM
Communications

Figure 1. Representation showing the different synthetic protocols leading to the three
different samples 1a, 1b, and 1c¢, the morphologies of which are represented by SEM
images in the middle column.

the deprotection reaction, the improved growth conditions
lead to nanoribbon structures 1¢.'¥

To study the obtained morphologies in more detail, the
three samples were characterized by TEM and powder XRD
(PXRD). TEM analysis reveals the crystalline nature of all three
samples with the presence of lattice fringes visible in low-dose
high-resolution (HR)TEM (Figure 2). The observed crystal sizes
are in accordance with the SEM results. The TEM images and
the PXRD results show that the crystallinity increases from 1a
to 1c. As shown in Figure 2¢, sample 1c exhibits well-shaped

o

Intensity

Figure 2. Representative low-dose HRTEM images of (a) 1a, (b) 1b, and
(c) 1c together with (d) the respective PXRD data of 1a, 1b, and 1c.
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crystals with a single crystalline nanoribbon structure and an
interlayer periodicity of 1.1 nm (inset in Figure 2c), which is
consistent with the first peak of 7.8° in the PXRD result given
in Figure 2d.

The electrochemical characteristics of the CuTEP samples
with different morphologies were determined in an electro-
chemical cell configuration of CuTEP/PP,,TFSI/graphite
[PP,,TFSI = 1-butyl-1-methylpiperidinium bis(trifluoromethylsul-
fonyl)imide], in which CuTEP acts as anode coupled with a
graphite counter cathode. To prevent solvent co-insertion into
the active anode material, the anhydrous ionic liquid PP,,TFSI
was used as electrolyte, with only PP,,* and TFSI™ acting as
charge carriers. The cell configuration during its discharging
process is shown in Figure 3, in which the cation PP,,” and
the anion TFSI™ are proposed to be stored in their respective
electrodes.

| e_
L discharging
CuTEP Ve graphite
e i x W
P S i P

2RFEFE#>
.L/\.l‘, 5

Figure 3. Cell configurations of a CuTEP/PP,,TFSI/graphite cell.

similar porphyrin complex CuDEPP"% ' the intercalation/de-

intercalation of TFSI™ into the graphite cathode has been
proved by XRD and Raman studies, in which a graphite peak
was shifted from 20=26.48 to 25.38° in XRD,"™ and the ap-
pearance/disappearance of a new G’ band at 1610 cm™' was
observed in Raman spectra. The operando Raman spectrosco-
py also showed that the electrochemical activity mainly origi-
nates from the conjugated porphyrin ring." The intensity of
the oxidation peak at 3.6 V generally decreased during the ini-
tial five cycles, and the curves were more stable in the follow-
ing cycles, indicating the self-stabilization of the cell. This
result suggests that CuTEP is activated during the first electro-
chemical process, which could benefit the following electro-
chemical reaction. In Figure S6b-d (Supporting Information),
the CV curves of the three cells obtained after initial five cycles
at a high scan speed of 5mVs™' are presented. As can be
seen, the three CV curves for the 1a, 1b, and 1c¢ samples over-
lap after the initial five cycles, indicating that the cell retains
highly reversible capability regardless of the nanostructure of
the active electrode material. Stable peaks at 3.2 and 1.5 as
well as 2.0 and 1.1V were clearly observed in a voltage range
of 0.0-4.0 V. Notably, sample 1c shows a slight difference com-
pared with other two cells, with the peaks becoming different
in shape. This could be owing to the increased capacitance
contribution of 1c at the electrode surface.

The galvanostatic charge-discharge tests for the CuTEP/
PP,,TFSI/graphite cell were performed in a voltage range of
4.0-0.0 V at different current rates of 0.5-20 Ag™' (Figure 4a).
Initial discharge capacities of 84, 79, and 87 mAhg™' were ob-
tained for 1a, 1b, and 1c¢, respectively, at a current density of
0.5Ag™" (4.4 Q), which are lower than the theoretical value of

To test the reversibility of this lithium-free cell,
cyclic voltammetry (CV) measurements were per-
formed by using graphite as working electrode,
CuTEP as counter electrode, and PP, TFSI as electro-
lyte in the potential range of 4.0-0.0V at various
scan rates (Figure S6, Supporting Information). In the

first anodic sweep at a scan rate of 0.2mVs™, a
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were observed for 1c (Figure S6a, Supporting Infor-
mation), which are associated with the intercalation/
de-intercalation of TFSI” into the graphite cath-
ode.®<M% Erom the second to the fifth cycle, the
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late into the graphite crystals, and PP,,” cations in-
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teracted with the CuTEP anode. The de-intercalation
peaks at 2.7, 2.0, and 1.1V in the first cathodic
sweep indicate a multistep electrochemical reaction
that is potentially correlated with a multistage de-in-
tercalation process of TFSI™ anions from the graphite
cathode.™™9 As in our previous work based on the
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Figure 4. Electrochemical performance of the CuTEP/PP,,TFSI/Graphite cell with three dif-
ferent morphology samples of 1a, 1b, and 1c. (a) Rate performance (discharge capacity)
of three cells cycled at different current densities. (b) First galvanostatic charge-discharge
curves of the three cells at 0.5 Ag~". (c) Cycling performance (discharge capacity) of
three cells with 1a, 1b, and 1c. The cells were cycled at 0.5 Ag™" for initial 20 cycles,
and at 5Ag~" for additional 1000 cycles in a voltage range of 4.0-0.0 V. (d) Selected gal-
vanostatic charge-discharge curves of Tcat 5Ag™".
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the CuTEP anode based on a two-electron transfer [CUTEP —
CuTEP?7, 114.5 mAh g™, calculated according an Equation (1) in
the Supporting Information]. An average cell potential of 1.7 V
was obtained with similar charge/discharge curves during the
electrochemical reaction for the three samples (Figure 4b).
During the first seven cycles, the capabilities slowly reduce to
stable capabilities of 78, 72, and 81 mAhg™' for 1a, 1b, and
1¢, respectively, at a current density of 0.5 Ag™". The decrease
of capacities can be considered as the stabilization process of
the active materials upon the initial electrochemical process, in
which the ions open the channel for stable diffusion."™ The
nanobrick sample 1a and the nanoribbon sample 1c exhibit
similar rate capabilities with stable capacities of 43 and
41 mAhg™' at 20 Ag™, respectively. Notably, a reversible dis-
charge capacity of 43 mAhg™' was provided within 12s at a
high current density of 20 Ag™' (174 Q). If the mass of CuTEP
electrode is used for the calculation, this high rate capability
corresponds to a high specific power of 14 kWkg™'. When the
current density was lowered again to 1 Ag™', the capacities of
1a and 1c still reproduced their initial values. However, for the
nanosheet morphology 1b, the capacity decreased from 72 to
27 mAhg~" when the rate was increased from 0.5 to 20 Ag~".
It is clear that both size and morphology of the nanocrystals
affect the rate capabilities. Smaller-sized CuTEP, derived from
the sample 1a, clearly enables a larger reaction interphase and
faster PP,,* diffusion kinetics, affording higher capacities and
power densities. Moreover, the 1D nanoribbon morphology ef-
fectively enhances the ion diffusion and fosters faster charge
transport, leading to a higher power density for 1¢."'<'

The cycling stability of the three samples was tested at a
high current rate of 5Ag™" (44 C) after initial 20 cycles at
0.5 Ag™". Both cells with the samples 1a or 1c¢ show a stable
discharge capacity of 55 mAhg™', which was retained for
1000 cycles (Figure S7a, Supporting Information, and Fig-
ure 4¢). Sample 1b showed a discharge capacity of 56 mAhg™
in the first cycle at 5Ag~', which decreased to 45 mAhg™
after 1000 cycles (Figure S7b, Supporting Information). Aver-
age coulombic efficiencies of 96, 94, and 98% were reached
for 1a, 1b, and 1c, respectively. It is supposed that at smaller
crystal size the kinetics of PP,,* interaction with CuTEP elec-
trode will be enhanced. As previously reported,'' the elec-
trode’s nanoribbon morphology could offer a pathway for fast
charge extraction without too much recombination losses, and
hence can overcome the small-excitation diffusion-length issue
for organic semiconductors. In addition, the nanoribbons used
for electrode preparation could interconnect with each other,
enabling fast electron transport,"'“'® and thereby lower con-
tact resistance in nanoribbons than nanoparticles would be
reasonably expected. This could be the reason for better cycle
stability in 1c samples. Meanwhile, relatively unstable coulom-
bic efficiency is observed in sample 1b after long cycles (Fig-
ure S7b, Supporting Information), which may originate from its
poor rate capability at a high current density. Charge and dis-
charge curves of 1c exhibit slope characteristics indicating that
no two-phase system is involved in the charge storage (Fig-
ure 4d). Compared with the charge/discharge curve in the first
cycle (Figure 4b), a slight discharge potential decay was no-
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ticed during the cycling, implying that the polarization might
increase upon long-term cycling at a high current rate. In con-
trast to our previous work,®*'™ electrodes based on the newly
synthesized [5,10,15,20-tetra(ethynyl)porphinato]copper(ll)
complex show an ultrafast charge and discharge capability and
good cycling stability even at high current densities. To further
identify the capacity contribution of carbon black (CB), a blank
reference CB/PP,,TFSI/graphite cell was fabricated. At a current
density of 0.5Ag™', its discharge capacity rapidly decreased
from 43 to 19 mAhg™" in the first 50 cycles. In the following
cycles at a high current density of 5 Ag™', a negligible capacity
of 4 mAhg~" was obtained (Figure S8, Supporting Information),
which is much lower than for the CuTEP electrodes. These re-
sults prove that the main capacity contribution comes from
the CUTEP material.

In summary, a new tetra-acetenyl-substituted copper(ll) por-
phyrin complex CuTEP has been proposed as an anode materi-
al in a Li-free CuTEP/PP,,TFSI/graphite cell [PP,,TFSI=1-butyl-
1-methylpiperidinium bis(trifluoromethylsulfonyl)imide]. By re-
ducing the preparation temperature during deprotection, the
size of nanocrystals of CuTEP can be enlarged, ranging from
nanobrick (1a) to nanosheet (1b) samples. Addition of water
leads to formation of the nanoribbon product (1c). All three
different morphologies show good electrochemical energy-
storage properties, that is, stable cyclability and high power
density. The 1a and 1c¢ show an improved rate capacity and
cycling stability compared with 1b. For the 1a and 1¢, dis-
charge capacities of 43 and 41 mAhg™"' at a high current densi-
ty of 20 Ag™' could be obtained, providing a maximum specif-
ic power of 14 kWkg™ (based on active material). A discharge
capacity of 55 mAhg™' was obtained at 5 Ag™' without observ-
able capacity decrease after 1000 cycles. Future work will focus
on the further optimization of the electrode/electrolyte materi-
als of the battery systems. The battery chemistry in this study
on porphyrin-based organic materials may lead to the develop-
ment of flexible energy-storage devices with high power densi-

ty.
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