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Abstract: The novel functionalized porphyrin [5,15-bis-
(ethynyl)-10,20-diphenylporphinato]copper(II) (CuDEPP)
was used as electrodes for rechargeable energy-storage systems
with an extraordinary combination of storage capacity, rate
capability, and cycling stability. The ability of CuDEPP to
serve as an electron donor or acceptor supports various energy-
storage applications. Combined with a lithium negative
electrode, the CuDEPP electrode exhibited a long cycle life
of several thousand cycles and fast charge–discharge rates up to
53 C and a specific energy density of 345 Wh kg@1 at a specific
power density of 29 kW kg@1. Coupled with a graphite cathode,
the CuDEPP anode delivered a specific power density of
14 kW kg@1. Whereas the capacity is in the range of that of
ordinary lithium-ion batteries, the CuDEPP electrode has
a power density in the range of that of supercapacitors, thus
opening a pathway toward new organic electrodes with
excellent rate capability and cyclic stability.

Long-term success in electric mobility and grid-scale energy
storage requires electrochemical energy-storage (EES) sys-
tems with high energy, high power, long cycle life, reliable
safety, and low cost.[1–3] Conventional lithium-ion batteries

(LIBs) based on inorganic materials possess the highest
energy density among the current EES systems, but have
a low power output because of the slow charge/discharge
kinetics.[4,5] In contrast, electrochemical capacitors (ECs) are
known as high-power EES systems; however, they exhibit low
energy densities owing to the limited surface charge-storage
capabilities.[6–8] Furthermore, the use of transition-metal-
based electrode materials raises critical concerns regarding
the depletion of resources as well as expensive and environ-
mentally unfriendly production.[9]

The affordability and innocuous and biologically friendly
nature of organic materials make them both environmentally
and economically attractive. Considerable effort has been
devoted to the development of organic electrodes for
rechargeable batteries, redox-flow batteries, and supercapa-
citors.[10–16] However, the present organic electrode materials
suffer from low electrical conductivity and dissolution into the
electrolyte.[13, 14] Accordingly, the improvement of rate capa-
bility and cyclability is the major challenge for research on
organic electrodes.

Porphyrins are ubiquitous in nature and perform essential
functions of life.[17] The attractive electronic emission and
absorption properties of porphyrin compounds have been
investigated for light harvesting and catalytic applica-
tions.[18–20] Shin et al. initally reported the use of a norcorrole
nickel(II) complex as an electrode material in batteries, the
mechanism for which was proposed on the basis of the
transformation from antiaromatic to aromatic states of the
porphyrin.[16] In fact, 16p and 20p porphyrins, produced by
oxidizing or reducing the 18p porphyrins, have been success-
fully isolated,[21–23] thus suggesting that porphyrins might serve
as bipolar organic electrodes by donating or accepting
electrons at its mesomeric core. Moreover, porphyrins gen-
erally have small HOMO–LUMO gaps that enable the facile
uptake and release of electrons, thus leading to fast redox
kinetics.[24] The use of a porphyrin-based polymer as an
electrode in supercapacitors has been reported.[25] Recently,
porphyrin-based covalent organic frameworks (COFs) have
been investigated for EES. The redox activity of the COFs
relied on the functional groups on the porphyrin, and their
capacity was limited by the relatively high molecular
weights.[26, 27]

Taking the high synthetic cost of antiaromatic porphyrins
into consideration, we were interested in exploring stable and
readily accessible 18p porphyrins as potential electrode
materials for EES. Theoretical calculations show that the
first redox reaction in porphyrin complexes with copper
occurs at the ligand, whereas CuII remains in its initial + 2
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oxidation state.[27, 28] To
avoid the structural
changes induced by the
redox reaction of the cen-
tral metal, we envisaged
that CuII porphyrin com-
plexes would be well-
suited for use as electrode
materials in batteries.
[5,10,15,20-Tetraphenyl-
porphinato]copper(II)
(CuTPP) was initially
probed in a lithium-
based cell; the perfor-
mance, however, was
unsatisfactory, probably
because of its high solu-
bility in the electrolyte
(see Figure S1 in the Sup-
porting Information). In
the light of studies on the
beneficial effects of ter-
minal alkyne groups on
the electronic conductiv-
ity and electrochemistry
of porphyrins,[29–32] we
synthesized a new por-
phyrin complex, [5,15-bis-
(ethynyl)-10,20-
diphenylporphinato]cop-
per(II) (CuDEPP), and
investigated its redox
properties for EES.

CuDEPP was readily
synthesized and charac-
terized by spectroscopic
and microscopic methods
(see Figures S2–S4).
Scanning electron micros-
copy (SEM) revealed that
the CuDEPP crystals were nanorods with a length of about
4 mm and diameters between 200 and 400 nm (see Figure S5).
Owing to its low solubility in organic solvents, CuDEPP could
not be recrystallized for X-ray crystallography. The crystal
structure of CuDEPP was determined by means of powder X-
ray diffraction (XRD; see Figure S6). Single crystals of the
precursor complex [5,15-bis(trimethylsilylethynyl)-10,20-
diphenylporphinato]copper(II) (CuDEPP-TMS) were iso-
lated, and their structure determined by crystallographic
methods (see Figures S7–S9). Both CuDEPP-TMS and
CuDEPP crystallized in a triclinic system with the space
group P1̄ (see Figures S10 and S11). The packing structure of
CuDEPP showed that the porphyrin rings stack parallel to
one another with offset centers, and that Cu sits between the
C@C triple bonds of neighboring porphyrin molecules (Fig-
ure 1b). The interplanar separation in CuDEPP is about
3.2 c. Thermogravimetry–differential scanning calorimetry
analysis (TGA-DSC) and infrared (IR) spectra at different
temperatures indicated that CuDEPP is thermally stable up

to 220 88C in air (see Figures S12 and S13), which may be
attributed to its aromatic nature and p-stacked structure.

The low solubility of CuDEPP in common solvents
impedes cyclic voltammetric (CV) analysis. On the basis of
the reported redox chemistry of the analogous compound
CuTPP,[33] we propose that the electrooxidation/-reduction of
CuDEPP proceeds by a reversible two-electron oxidation and
a two-electron reduction to form a dicationic species
(CuDEPP2+, 16p) and a dianionic species (CuDEPP2@, 20p),
respectively (Figure 1 c). To explore the intriguing reactivity
of CuDEPP as an electron donor–acceptor, we designed two
different cells according to the corresponding redox mecha-
nisms (Figure 1d): In cell 1, the CuDEPP electrode is coupled
with a Li negative electrode in a LiPF6 electrolyte; in cell 2,
CuDEPP is used as an anode paired with a graphite cathode
in an ionic-liquid electrolyte.

To determine the working-potential window for cell 1, we
first recorded the CV in a voltage range from 4.5 to 0.05 V by
using CuDEPP as the working electrode and Li foil as the

Figure 1. a) Chemical structure of CuDEPP. b) Crystal structure (H atoms are omitted). c) Mesomeric trans-
formations (R1 =ethynyl, R2 = phenyl; the bold line shows the p-conjugation circuit). d) Cell configurations.
PP14TFSI= 1-butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide.
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counterelectrode and reference electrode. During the first
anodic sweep, a distinct irreversible oxidative peak appeared
at 4.2 V (Figure 2a), thus suggesting a reaction between the
electrode and electrolyte. We hypothesize that the CuDEPP
might be changed at the ethynyl substituents in this oxidation
process, as discussed in detail later. (To differentiate it from
the initial CuDEPP, the porphyrin core after the anodic
reaction is denoted [CuDEPP]). The oxidation of [CuDEPP]
to [CuDEPP]2+ might also occur during the initial anodic
scan. The subsequent cathodic peaks at 3.62 and 2.34 V might
be correlated to the reduction reactions [CuDEPP]2+ +

2 e@$[CuDEPP] and [CuDEPP] + 2 e@$[CuDEPP]2@,

respectively. The lowest irreversible reductive signals at 1.27
and 0.78 V are probably associated with the reduction of CuII

to Cu0 (Figure 2 a), as verified by ex situ X-ray photoelectron
spectroscopy (XPS; see Figure S14). In the reverse scan, the
absence of anodic signals implies irreversible changes of the
electrode as a result of a chemical reaction of the porphyrin.
In contrast, the CV in the voltage range of 4.5–1.8 V exhibited
reversible redox pairs at 2.22/2.95 V and 3.55/3.68 V after the
first anodic scan (Figure 2b), which are assigned to the
reversible reactions between [CuDEPP]2+ and [CuDEPP]2@

described above.
On the basis of the CV results, the voltage range of 4.5–

1.8 V was utilized in the galvanostatic tests for cell 1. Fig-
ure 2c shows a flat voltage plateau at about 4.1 V for the
initial charging, which is consistent with the above-described
irreversible feature in the CV. After the first charging process,
a highly reversible discharge/charge event is indicated.
According to the mass of CuDEPP (50 wt% of the total
electrode), the discharge capacity of 182 mAh g@1 in the 3rd
cycle is close to the theoretical value of 187 mAh g@1

correlated to the four-electron reaction [CuDEPP]2+$
[CuDEPP]2@. The capacity contribution of carbon black of
5 mAhg@1 is neglected herein (see Figure S15). No well-
defined voltage plateau is present in the charge/discharge
profiles, thus indicating rapid multiple redox reactions with-
out clear phase transitions. A similar sloping curve has often
been observed in organic electrodes with pseudocapacitive
behavior,[16, 34–36] and most likely arises from the successive
movement of electrons into the unoccupied molecular
orbitals. Furthermore, the dQ/dV plots reveal subtle potential
peaks implying multiple-electron transfer during discharge
(Figure 2d).

The cycling and rate performance of cell 1 were further
evaluated (Figure 3a). Notably, the discharge capacity grad-
ually increased after 10 cycles and was maintained at
approximately 186 mAh g@1, with a coulombic efficiency of
84% after the 20th cycle at 200 mAg@1 (Figure 3a). This
result implies that the original CuDEPP electrode was
electrochemically altered in initial cycles, as observed by
CV. Our studies confirmed that the initial charging process is
beneficial for cell 1 to achieve a high capacity and stable
cycling behavior and thus can be considered as a “self-
conditioning” process. Discharge capacities of 163, 143, 132,
and 125 mAh g@1 (corresponding to average capacitances of
216, 190, 175, 166 F g@1, respectively) were retained at 1, 2, 4,
and 6 Ag@1, respectively, within 100 cycles. The discharge
capacities were mostly restored when the current was tuned
from 10 to 1 Ag@1, which demonstrates excellent rate
capability. The selected discharge curves in Figure 3b show
only slightly decreased potentials with increasing current and
cycle. Remarkably, even at a high current of 10 Ag@1 (53 C),
the electrode could still deliver a capacity of 115 mAh g@1

(153 Fg@1) within 42 s with a coulombic efficiency of 99 %.
These values correspond to a specific energy density of
345 Whkg@1 and a specific power of 29 kWkg@1. The out-
standing cycling stability of the cell at an extremely high
current is also shown by the characteristic charge/discharge
profiles, in which the voltage curves are virtually unchanged
over 100 cycles (see Figure S16).

Figure 2. a) CV in the range of 4.5–0.05 V. b) CV in the range of 4.5–
1.8 V at a scan rate of 0.1 mVs@1. c) Charge and discharge profiles at
200 mAg@1. d) dQ/dV plots of the discharge curves in (c).
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The long-term cycling performance was also studied at
4 Ag@1 (21 C; Figure 3c). The cell was initially operated for
20 cycles at 200 mA g@1 for “self-conditioning”. A maximum
capacity of 150 mAh g@1 (200 Fg@1) was observed in the 226th
cycle, and the capacity retention was about 85 % for the first
2000 cycles and 60 % after 8000 cycles with a coulombic
efficiency close to 100%. Accordingly, a specific energy
density of 240 Whkg@1 at a power density of 11 kWkg@1 was
observed with a cycle life of more than 8000 cycles. Selected
charge/discharge curves indicate a stable capacity with an
average discharge voltage of 3 V (Figure 3d). Additional
CVs, in which overlapping curves and well-defined redox
peaks at about 3 V were visible, were recorded after the cell
was cycled 2000 times at a current of 4 Ag@1 (see Figure S17),
which further supports the high power capability of the
electrode.

To gain more insight into the mechanism of the beneficial
“self-conditioning” process for cell 1, we carried out post-
mortem analysis. The cycled electrode material had an even
lower solubility in organic solvents than the initial CuDEPP,
which impeded some characterization techniques. On the
other hand, the lower solubility reflects the chemical change
of the material by the electrochemical reactions. The mor-
phology and crystallinity of CuDEPP after the first cycles was
analyzed by ex situ SEM and XRD. The rod shape of
CuDEPP remained unchanged after 10 cycles (see Fig-
ure S18). However, the crystallinity was reduced after the
1st charge and further lowered in the discharged state as
shown by XRD (see Figure S19). This reduced crystallinity
can be ascribed to the decrease in the long-range order of the
crystals by possible chemical changes during the first charging
and the progressive incorporation of PF6

@ and Li+ into the

lattice of CuDEPP in subsequent cycles.[37] The insertion/
deinsertion of PF6

@ in the electrode is also supported by
ex situ IR spectroscopy, in which signals at 838 and 556 cm@1

for PF6
@ appeared after charging and disappeared after

discharging of the cell (Figure 4a). The vanishing of the
C@H stretching band at 3264 cm@1, which is characteristic for
the ethynyl group, after the 1st charge provides clear evidence
of a change in the @C/C@H moiety of CuDEPP (see
Figure S20).

In the light of studies on the electrochemically assisted
attachment of a porphyrin to the electrode surface through
ethynyl linkages[38, 39] and the electrochemical-oxidation-
induced polymerization of functionalized porphyrins,[40–43]

we propose that the CuDEPP molecules could be immobi-
lized on the electrode and/or undergo electrochemical
polymerization to link ethynyl groups. This hypothesis is
further supported by the HOMO values of the CuDEPP
monomer and dimer (0.28 eV higher than that of the
monomer), as increasing polymer lengths correlate to
decreasing LUMO and increasing HOMO energies (see
Figure S21). The small LUMO–HOMO gap in the polymer-
ized molecule is consistent with the enhanced electrical
conductivity of the material. The charge-transfer resistance of
the CuDEPP electrode was significantly reduced after the
initial cycling (see Figure S22), thus strongly supporting the
enhanced electrical conductivity after self-conditioning. An
extended mechanistic study is undergoing.

To further explore the bipolar reactivity of CuDEPP, we
configured a lithium-free system as cell 2 (Figure 1d). CV was
performed with graphite as the working electrode and
CuDEPP as the counterelectrode in PP14 TFSI (see Fig-
ure S23). In the first anodic sweep, a pair of redox peaks

Figure 3. a) Rate capability. b) Discharge curves. c) Cycling performance. d) Charge/discharge profiles.
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associated with the intercalation/deintercalation of TFSI@

anions into/from the graphite presented at 3.51/3.14 V.[44,45]

Three additional reduction peaks at 2.57, 1.73, and 0.66 V in
the first cathodic sweep indicate a multistage deintercalation
of TFSI@ anions.[44,45] The galvanostatic tests for cell 2 were
carried out at an operating voltage between 4.0 and 0.0 V. An
initial discharge capacity of 94 mAhg@1 was observed at
1 Ag@1 (see Figure S24), which is close to the theoretical value
based on two-electron transfer (CuDEPP!CuDEPP2@,
93.5 mAh g@1). When the cycling performance was tested at

5 Ag@1 (53 C), a reversible discharge capacity of 44 mAh g@1

was retained after 200 cycles (Figure 4b). Selected charge/
discharge curves show an average cell potential around 2.0 V
with stable cyclability at 53 C (Figure 4c), thus implying
a high power density of the cell. Good rate capability was
demonstrated at a current from 1 to 10 Ag@1 (see Figure S24).
Notably, a discharge capacity of 32 mAh g@1 was obtained
within 12 s at 10 Ag@1 (106 C), corresponding to a specific
power of 14 kWkg@1.

The reversible intercalation of TFSI@ anions into the
graphite layers was verified by means of SEM, EDX, and
XRD (see Figure S25). The XRD patterns (Figure 4d) of the
charged graphite indicate that the characteristic 002 diffrac-
tion peak (2q = 26.488) of graphite shifted to a lower diffrac-
tion angle (2q = 25.388), thus indicating a lattice expansion, and
almost returned to its original position after discharge.

In summary, the porphyrin CuDEPP is a highly promising
electrode material in various battery systems. In contrast to
the slow discharge/charge processes in conventional LIBs, the
CuDEPP electrode exhibits a rapid redox conversion involv-
ing the transfer of up to four electrons. In a lithium-based cell,
a CuDEPP electrode could deliver an initial capacity of
210 mAhg@1. The cell could be operated more than 8000
times at high currents with good capacity retention. Stable
capacity and high energy density at a high specific power have
been demonstrated. Furthermore, CuDEPP could be used as
an anode in a lithium-free cell with good cyclability and rate
capability. Unlike common organic electrodes, the redox
activity of the CuDEPP molecule is based on its relevant
mesomeric structures, and the ethynyl groups improve battery
performance. The multifunctional electrode material
CuDEPP and its outstanding properties open up new path-
ways for the design of organic electrode materials.
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