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redox active elusive Cr(III)-tri-
dithiolene-radical complexes as a new class of
pseudo-supercapacitors with high capacitance:
enhancement of energy storage with heavier
chalcogenide
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Chromium, an earth-abundant metal with an accessible redox potential of −0.74 V vs. RHE, emerges as

a promising element for the design of high-energy-density supercapacitors. Beyond their intriguing

chemistry, energy storage devices employing stable redox-active radicals of main-group elements gain

increasing attention for sustainable applications. Herein, the pseudo-supercapacitive properties of two

unprecedented, photo-redox active, air-stable Cr(III)-triradical complexes with the general formula

[Cr(III)(SS-NHC = Ec−)3] (1, E = S; 2, E = Se; (SS-NHC = E) : S2-donor dithiolene ligand) are reported.

Electrochemical anodes fabricated by coating these complexes onto stainless-steel substrates exhibited

excellent supercapacitance performance. Complex 1 delivered a specific capacitance of 145.2 F g−1,

while complex 2 showed a markedly higher value of 340.9 F g−1 at 5 mV s−1, centred at E1/2 = −0.72 V.

Cycling stability reached 81.2% for complex 1 and 87.3% for complex 2 after 3000 cycles. The superior

activity of complex 2 arises from the substitution of sulfur with selenium in the SS-NHC = Ec− ligand,

which enhances redox activity, conductivity, and ion transport. Ragone plot analysis confirmed a higher

energy density (14.63 Wh kg−1 at 252 W kg−1) for complex 2 compared to complex 1 (8.76 Wh kg−1 at

211 W kg−1). Mechanistic studies revealed that complex 1 operated via mixed surface- and diffusion-

controlled processes, whereas complex 2 predominantly followed diffusion control, enabling efficient

charge transport and improved pseudocapacitive behaviour.
1. Introduction

Supercapacitors possess higher energy density than solid-state
capacitors and operate at much lower voltage limits, thereby
bridging the gap between rechargeable batteries and electrolytic
capacitors.1 Their potential as electrode materials lies in their
ability to store energy that is ten to a hundred times greater per
unit mass, volume, or surface area than that of electrolytic
capacitors.2 Consequently, supercapacitors have attracted
signicant research attention from chemists, physicists,
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material scientists, and engineers, not only for the design and
synthesis of new redox-active materials but also for the devel-
opment of devices for next-generation electronics with shorter
charging times and stable voltage outputs.3 The electrochemical
double layer (EDL) supercapacitors store charge via double-layer
formation at the electrode–electrolyte interface, known as the
Helmholtz double-layer, whereas pseudo-supercapacitors store
energy through faradaic redox reactions involving charge
transfer.4 Oen, these two mechanisms are not entirely sepa-
rable in their contribution to overall capacitance, with the latter
sometimes exhibiting up to an order of magnitude higher
energy storage.5 The power storage capacity of a supercapacitor
depends on parameters such as surface area, charge mobility,
and the oxidation state of the metal ions, with the combination
of the metal and ligand also playing a crucial role.3,6 Super-
capacitors are, in many ways, superior to rechargeable batteries,
particularly in terms of power density, rapid charge–discharge
capability, and cycling stability; however, they are generally
limited by their lower energy density and operating voltage
compared to lithium-ion batteries.7 Nevertheless,
This journal is © The Royal Society of Chemistry 2026
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supercapacitors have already been commercialised in devices
ranging from miniature electronic devices to large transport
vehicles due to their distinct advantages.1–7 The global market
value of supercapacitors is projected to increase by approxi-
mately 24% per year, reaching USD 2 billion by 2026. In this
context, it is noteworthy that chromium is the fourth most
abundant transition metal in the earth's crust and theoretically
exhibits the highest specic capacity (1546 mAh g−1) and
volumetric capacity (11 118 mAh cm−3) for a three-electron
process at −0.74 V vs. the reversible hydrogen electrode.8

Despite this potential, most studies have focused on chromium
oxide phases, nanoparticles, and a limited number of molecular
Cr-complexes or composite materials for supercapacitor
studies.9–21 Although extensive research has been conducted on
transition-metal oxides and polymeric materials, molecular
systems integrating both stable radical character and redox-
active metal centres remain largely unexplored for super-
capacitor applications. Incorporating metal-radical frameworks
offers a unique opportunity to couple electronic delocalisation
with reversible charge storage, thereby enabling fast redox-
switching and enhanced capacitance. However, isolating such
metal-radical complexes that are both air-stable and electro-
chemically robust has remained an outstanding challenge.

Stable radicals have found widespread use in various areas of
chemistry, biology, catalysis, and materials science.22 Dithiolene
ligands [S-(R/Ar)C]C(R/Ar)-S] have attracted considerable atten-
tion since the 1960s due to their role as redox non-innocent
Fig. 1 Redox states of dithiolene ligands (a) and Cr(III)-dithiolene compl

This journal is © The Royal Society of Chemistry 2026
cofactors in metalloproteins, acting as a two-sulfur-donor
chelating ligand (Fig. 1a).23,24 A distinctive feature of such di-
thiolene ligands is their ability to adopt different electronic
states-singlet dianion, doublet mono-anionic radical, and neutral
singlet depending on the electrochemical potential [L2− / Lc−

/ L0] (Fig. 1b).22–24 The metal-dithiolene-radical intermediates
are the most intriguing species in biological systems, which are
quite challenging to isolate for characterisation.23,24 In 2017,
Robinson and co-workers reported a chemically distinct and
captivating route to the synthesis of an N-hetero cyclic carbene-
based dithiolene radical anion, which they successfully isolated
as its crystalline lithium salt [(THF)2Li(SS-NHC = S)] (Fig. 1;
bottom, right).25 They extensively investigated its redox properties
and chemical reactivities towards main group elements such as
Si and Ge, producing diamagnetic compounds, while chemical
species of B and Al, retaining the radical character, have been
isolated and characterised.26 The isolation of a neutral alumi-
num(III)-triradical complex containing an octahedral Al(III) ion
was quite remarkable.26b Robinson's group also summarized26b

synthetic efforts of octahedral Cr(III)-diradical and Cr(III)-tri-
radical complexes by Karl Wieghardt et al.27–30 Robinson et al.
clearly stated that the isolation of Cr(III)-triradical complexes of
the dithiolene ligand27,28 by Karl Wieghardt et al. was unsuc-
cessful. Hence, the isolation of the octahedral Al-triradical
complex of the dithiolene radical was unique.26b

This study establishes a new design paradigm for molecular
supercapacitors, demonstrating the rst direct link between
exes (b).

J. Mater. Chem. A, 2026, 14, 10178–10198 | 10179
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metal-radical redox chemistry and electrochemical energy
storage.Herein, we report the rst air-stable, redox-active Cr(III)-
triradical complexes that exhibit pseudo-supercapacitive
behaviour. These complexes uniquely combine a high-spin
Cr(III) centre with three ligand-based radicals, creating
a molecular architecture capable of rapid and reversible multi-
electron redox processes. This approach introduces a new
molecular framework for supercapacitor electrode design based
on discrete metal-radical complexes rather than conventional
metal oxides or polymeric materials. Building on the pioneering
work of Robinson and Wieghardt on dithiolene radical chem-
istry, we extended this concept to chromium complexes,
successfully isolating two unprecedented triradical species,
[Cr(III)(SS-NHC = Ec−)3] (1, E = S; 2, E = Se; Scheme 1) and
demonstrating their electrode performance. Notably, the
substitution of sulfur by selenium signicantly enhances energy
storage and cycle stability, attributed to the increased polarity of
the C]Se bond (Fig. 1c).
2. Results and discussion

Karl Wieghardt et al. synthesized the violet colored anionic Cr-
diradical complex [Cr(III)(LSSc

−)2(LSS
2−)]− by reacting anhydrous

CrCl3 with the H2LSS ligand in the presence of triethylamine as
Scheme 1 Synthesis of neutral and anionic forms of Cr(III)-triradical comp
[Cr(III)(SS-NHC = Ec−)2(SS-NHC = E2−)3]

− (1–2)−.

10180 | J. Mater. Chem. A, 2026, 14, 10178–10198
a base.27,28 The lithium salt of the N-hetero cyclic carbene (NHC)
functionalized dithiolene radical anion [Li(THF)2SS-NHC = E]
[E = S, Se] was reacted with anhydrous CrCl2 in THF for 16 h at
RT to obtain a dark green solution of the Cr(III)-triradical
complex [Cr(III)(SS-NHC = Ec−)3] (E = S, complex 1; E = Se,
complex 2) (Scheme 1). Dark green rods of complexes 1 and 2
were grown from n-hexane solution at rt in 55% to 60% yield.
The powders of complexes 1 and 2 are stable till 150 °C. Single
crystals of complexes 1–2 are stable in open air for at least one
day, which has been concluded from UV-vis measurements (see
Fig. S2 and S3). Single crystals of complexes 1–2 take nearly two
weeks for the decomposition of 25% (complex 1) to 50%
(complex 2) in the solid state. The formation of the mono-
anionic complex [Cr(III)(SS-NHC = Ec−)2(SS-NHC = E2−)]− (E =

S, 1−; E = Se, 2−) (Scheme 1) is expected when three equivalents
of mono-anionic dithiolene radical ligand SS-NHC = Ec− react
with Cr(II)Cl2 with the elimination of two equivalents of LiCl.
The neutral Cr(III)-triradical complex [Cr(III)(SS-NHC = Ec−)3] is
formed via a redox reaction between [Cr(III)(SS-NHC = Ec−)2(SS-
NHC = E2−)]− and another equivalent radical ligand SS-NHC =

Ec−, forming the dianionic dithiolene ligand SS-NHC= E2−. The
monoanionic Cr-complex [Cr(III)(SS-NHC = Ec−)2(SS-NHC =

E2−)]− was isolated as green rods in the presence of a bulky
cation, (Ph3P)2CH

+ (Scheme 1), in low yield. Alternatively,
lexes [Cr(III)(SS-NHC= Ec−)3] [complex 1, E= S; complex 2, E= Se] and

This journal is © The Royal Society of Chemistry 2026
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[Cr(III)(SS-NHC = Ec−)2(SS-NHC = E2−)]− was generated in
solution via potassium graphite (KC8) reduction of its neutral
analogue [Cr(III)(SS-NHC = Ec−)3] (Scheme 1). Potassium
graphite (KC8) is a strong, heterogeneous reducing agent.

Complexes 1 and 2 are isomorphous; therefore, only the
structural features of complex 2 are described here. The struc-
ture of complex 1 is detailed in Section 9 of the SI (Single Crystal
X-ray Diffraction section). Complex 2 crystallises in the mono-
clinic C2/c space group. The molecular structure of complex 2
contains three anionic radical ligands, SS-NHC = Sec−, and one
Cr(III) ion (3d3), which adopts a distorted octahedral geometry
with an S6 donor set. The S–Cr–S angle with each chelating S2-
donor ligand is nearly 90° while the angle between the two axes
of opposite Cr–S bonds is nearly 171°.27,28 The corresponding
angles are ∼83–84° and ∼159–164° for the previously reported
anionic [Cr(III)(LSSc

−)2(LSS
2−)]− complex. The Cr–S bond

distances fall in the range of 2.3644(7)–2.3950(7) Å for 1 and
1.386(3)–1.393(3) Å for 2, which are signicantly longer than
those of [Cr(III)(LSSc

−)2(LSS
2−)]− (2.28–2.32 Å).27,28 The C–C bond

distances, for each of the imidazole rings, are in the range of
1.394(6)–1.401(6) Å for 1 and 1.386(3)–1.393(3) Å for 2, which is
similar to that reported in our very recently reported [Fe(III)(SS-
NHC = Sec−)3] complex39b and other metal radical
complexes.25,26

The X-ray photoelectron spectroscopy (XPS) measurement of
complex 1 showed two bands at 575.6 eV and 583.7 eV, for the
2p3/2 and 2p1/2 states, corresponding to the Cr3+ ion (3d3, S = 3/
2) in the system. These values are consistent with the literature
values of binding energies of 2p3/2 and 2p1/2 in the range of 575–
578 and 584–586 eV, respectively.8 The DC magnetic suscepti-
bility measurements were carried out on ground single crystals
of complexes 1–2 in the temperature range of 2–300 K (Fig. 3).
Fig. 2 Molecular structures of the anionic (left; complex 2−) and neutra
counter cation [(Ph3P)2CH

+] of 2− is shown in a light yellow colour. All th
Cr(1)–S(1) 2.3950(7), Cr(1)–S(2) 2.3704(7), Cr(1)–S(3) 2.3644(7), Cr(1)–S(4
89.29(2), S(3)–Cr(1)–S(4) 89.45(2), S(6)–Cr(1)–S(5) 89.44(2), S(3)–Cr(1)–
Tables S1–S3 and Section 9 of the SI (Single Crystal X-ray Diffraction se
complexes 1–2 showing ST = 0 ground state (right), concluded from D
represent the spins on the central octahedral Cr(III) ion, while each red
ligand.

This journal is © The Royal Society of Chemistry 2026
The possible spin states are ST = j3/2–3/2j to j3/2 + 3/2j = 0 to 3
(0, 1, 2, and 3) for the Cr(III) ion [3d3; g z 2] coupling with three
unpaired electrons on ligands [ST = spin state of the complex].
The experimental value of the cT product of complexes 1–2
below 0.15 cm3 Kmol−1 suggests that a very small percentage of
triplet (S= 1) states of complexes 1–2 is populated, while singlet
diamagnetic forms (S = 0) are mainly present. This is also re-
ected in theM vs.H plot (Fig. 3, inset). The spin ground state of
complexes 1–2 is a singlet, which was also previously reported
for octahedral Cr(III)-triradical complexes of N2- and O2-donor
anionic radical ligands [LNNc

− and LOOc
−].29,30 EPR spectra in the

solid-state are shown in the SI.
The weak vibrational Raman bands of complex 1 at 90 and

146 cm−1 are attributed to lattice vibrations, which typically
appear in the 50–200 cm−1 region.31 A sharp band at 219 cm−1 is
assigned to asymmetric Cr–S stretching modes, consistent with
prior studies.32–35 Additional peaks at 425 cm−1 are also linked
to Cr–S stretching vibrations (Fig. 4, le) of complex 1, which
match well with known vibrational frequencies of metal–
sulphur bonds.33,34,36 Furthermore, a sharp band at 475 cm−1 is
attributed to N–C–S deformation vibrations of complex 1, typi-
cally occurring between 400 and 500 cm−1.37 The band at
854 cm−1 was assigned to C–C stretching mode. The medium-
intensity band observed at 972 cm−1 of complex 1 is assigned
to C3N2 aromatic ring deformationmodes, typically occurring in
the 980–1100 cm−1 range.31 The sharp bands at 1170–1246 cm−1

are most like due to the vibrational Raman bands for C–C/C–N
bonds. The symmetric normal mode at 1505 cm−1 can be
attributed to the C]N bond.33b A weak band at 1591 cm−1 may
be due to the vibrational Raman band for the C]C bond. Very
similar bands were observed for the Se-analogue (complex 2)
(Fig. 4, right). Further weak bands at around 600 and 765 cm−1
l Cr(III)-complex [Cr(III)(SS-NHC = Se)3] (complex 2) [E = Se; left]. The
e H-atoms were omitted for clarity. Bond parameters of complex 2 [Å]:
) 2.3914(7), Cr(1)–S(5) 2.3803(7), Cr(1)–S(6) 2.3735(7); S(2)–Cr(1)–S(1)
S(6) 172.64(3), S(2)–Cr(1)–S(4) 171.31(3), S(5)–Cr(1)–S(1) 171.88(3). See
ction) for details on bond parameters of complex 1. Spin structure of
C magnetic susceptibility measurements. Three blue colored arrows
colored arrow represents the spin of each radical of the SS-NHC = E

J. Mater. Chem. A, 2026, 14, 10178–10198 | 10181
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Fig. 3 Plots of cT vs. T (green line) and M vs. H (red line, inset) for the complexes [Cr(III)(SS-NHC = Se)3], [E = Se (complex 2)]. See Fig. S20 (in the
SI) for complex 1.
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reect the C–Se stretching vibrations, commonly found within
the 570–750 cm−1 region.33,37,38

Very recently, well-known [M(dithiolene)2]
n− [M, Cu, Ni; n =

2, 3] complexes were further studied by resonant sulfur Kb
(1s3p) X-ray emission spectroscopy (XES) and resonant inelastic
X-ray scattering (RIXS) to obtain valence excited states and the
core–valence couplings of the complexes.39a The authors
strongly expressed their major concern about the effect of
highly covalent metal bonding interactions, making it chal-
lenging for the formal assignment of metal and ligand redox
states unambiguously.39a EDA-NOCV analyses of [Cr(III)(MeSS-
NHC = Sec−)3] (20) were carried out to get a deeper insight into
bonding, pair-wise spin–spin interaction energy, degree of
covalent characters, and distribution of electron densities
between chromium and the dithiolene ligand (Fig. 5). Dipp
groups in complexes 1–2 were replaced by Me groups in 10–20 for
simplicity of density functional theory (DFT) calculation. The
estimation of covalent character during interactions between
the Cr(III) ion and SS-NHC = Sec− will be most crucial since it is
challenging to explain the preference for the singlet spin
ground state of the Cr(III)-triradical complex (Table S8 and
Fig. S32).

The model Cr(III)-triradical complex [Cr(III)(MeSS-NHC =

Sec−)3] (20) was optimized in the singlet spin ground state and
split into two fragments as [Cr(III)(MeSS-NHC = Sec−)2]

+ and
[(MeSS-NHC = Sec−)]− in the cationic doublet (D) and anionic
doublet (D) respectively for EDA-NOCV calculations breaking
two Cr–S bonds (Fig. 5). The analyses showed that the bonding
interaction energy of a pair of Cr–S bonds is nearly −180 kcal
mol−1, with contributions due to electrostatic and covalent
interaction energies of 54.3% and 41.3% respectively. The pair-
wise stabilisation energy for the interaction between singly
10182 | J. Mater. Chem. A, 2026, 14, 10178–10198
occupied molecular orbitals (SOMOs) of [Cr(III)(MeSS-NHC =

Sec−)2]
+ and [(MeSS-NHC = Sec−)]− fragments with opposite

spins was quantied to be nearly DEorb(1) = −31.2 kcal mol−1,
which is nearly 20% of the total covalent interaction energy
(DEorb) for a covalent p-bond.

Two other dative-type stronger bonding interactions of−40.4
and 46.7 kcal mol−1 [Cr(III)) SS-NHC= Se] from a non-bonded
electron pair on s-atoms were also identied (See Section 13 of
the SI for details). Such an analysis of previously reported Cr-
dithiolene complexes has not been reported yet.27,28 These
results were compared with those of a very recently reported
Fe(III)-triradical complex with a low-spin Fe(III) ion.39b The total
interaction energy and covalent interaction energy are signi-
cantly higher for the Cr-analogue (complex 2), explaining the
stronger antiferromagnetic interaction in this series of
complexes. We also have carried out EDA-NOCV analyses for (20)
c−, keeping in mind previous reports on isolation and charac-
terisation of the anionic doublet complex
[Cr(III)(LSSc

−)2(LSS
2−)]−.27,28 The EDA-NOCV results showed that

the interaction energy between Cr(III) and one of the radical
anions drops by nearly 66 kcal mol−1, which may be due to the
presence of another ligand dianionic state. The covalency in Cr–
S bonds of (20)c− remains nearly the same as in neutral 20, with
a signicant decrease in ionic character by nearly 6% in the
anionic doublet state (20)c− (Fig. S33 and Table S9).

DFT calculations at the anionic doublet state (S = 1
2) of (1

0–20)
c− showed that major spin densities [a (3.286) and b (2.287) spin
densities] are mainly on Cr-centres, which is also reected in
their EPR spectra (Fig. 6). Three unpaired electrons (a) are
accumulated at the central Cr(III) ion while two unpaired elec-
trons (b) are delocalized among the three SS-NHC= E ligands of
(10–20) c− ([Cr(III)(SS-NHC = Ec−)2(SS-NHC = E2−)]−). They are
This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Solid state Raman spectra of Cr(III)-triradical complexes [Cr(III)(SS-NHC= Ec−)3] [complex 1, E= S (left); complex 2, E= Se (right)] measured
using an alpha300 R Raman microscope with a 532 nm laser.
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oppositely oriented. The characteristic four satellites are due to
the 53Cr nucleus (I = −3/2; 9.5% 53Cr) with a coupling constant
of 65–67 MHz (see caption of Fig. 6). The dark green plates of
2c− were isolated in the presence of a suitable cation and
characterized by X-ray single crystal diffraction (Fig. 2, le).
This journal is © The Royal Society of Chemistry 2026
Complexes [Cr(III)(SS-NHC = Ec−)3] (1–2) were further
studied by cyclic voltammetry (CV) measurements, showing
multiple redox processes in the potential range from −0.2 to
−2.2 V (Fig. 7). The rst/second reductions take place near E1/2
= −0.51/-1.11 V (complex 1) and −0.33/-0.72 V (complex 2),
corresponding to a one-electronic process in THF solution [(1/2)
J. Mater. Chem. A, 2026, 14, 10178–10198 | 10183
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Fig. 5 The shape of the deformation densities Dr(1) of complex 20 (S) [S
= 0] with charged [CrL2]

+ (D) and SS-NHC = Sec− (D) in doublet states
at the B3LYP-D3(BJ)/TZ2P level with an iso-surface value of 0.001 au.
The eigenvalues jn1j give the size of the charge migration in e. The
charge flow direction of the deformation densities is from pink /
green; the half-filled orbitals (SOMO) are represented by the lavender
and cyan colour combination. Dipp groups in complexes 1–2 were
replaced by Me groups in 10–20 for simplicity of density functional
theory (DFT) calculation.
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+ e− / (1/2)c− + e− / (1/2)2−] ([Cr(III)(SS-NHC = Ec−)3] /
[Cr(III)(SS-NHC = Ec−)2(SS-NHC = E2−)]− / [Cr(III)(SS-NHC =

Sc−)(SS-NHC = E2−)2]
2−).27,28 The electron affinity values of 10–20

are computed to be favourable by 101.5 and 105.4 kcal mol−1,
respectively, at the B3LYP-D3(BJ)/def2-TZVPP level of theory.
Complexes 1–2 were treated with one equivalent of KC8 in THF,
leading to a change in colours. The resultant reaction solutions
were also studied by UV-vis and EPR measurements. The Cr(III)-
radical complexes with octahedral Cr(III) ions chelated by three
sets of O2- and N2-donor anionic radical ligands were well
studied via spectroscopic characterisation and theoretical
calculations by Karl Wieghardt et al.29,30

There is a noticeable change in colour of the THF solution
upon treatment with KC8 (blue to purple for complex 1; sky-
10184 | J. Mater. Chem. A, 2026, 14, 10178–10198
green to bright green for complex 2; Fig. 8 and 9), which was
reected in EPR spectra. The hyperne lines due to the coupling
with 14N nuclei were visible with a coupling constant of 5.11
MHz (1c−) at g z 2 (Fig. 10, le) since the abundance of 14N
nucleus (99.6%; I = 1) is much higher than 53Cr (9.5%; I = −3/
2). The shape of the EPR spectrum of 2c− is due to an axial
nature with a 14N coupling constant of 5.37 MHz near g z 2.27

The electron transfer reduction could occur either at the Cr-site
[Cr(III) /Cr(II)] or at one ligand centre [(L)c− / (L)2−]. The
distribution of Mulliken spin densities at the anionic doublet
state of complexes 1–2 showed that the externally added elec-
tron mostly resides on one of the three dithiolene radical
ligands, leading to the formation of a SS-NHC= E2− [1/2 + e−/

(1/2)c−] (Fig. 8). This means that KC8 mediated reduction is
ligand-centre rather than Cr-centre; [Cr(III)(SS-NHC = E2−)(SS-
NHC = Ec−)2]

− (1c−, E = S) (2c−, E = Se).
UV-vis measurements showed that complexes [Cr(III)(SS-NHC

= Sc−)(SS-NHC = E2−)2]
2− (1/2)2− absorb at 900/950, 652/723,

and 522 nm in THF. The colour of previously isolated anionic
[Cr(III)(LSSc

−)2(LSS
2−)]− was reported to be violet.27,28 [Cr(III)(SS-

NHC= Sc−)3]
− (1/ 12−; E= S) was reported to be dark green in

color. The UV-vis bands of complex 1 at 900, 652, and 522 nm
were shied to 792, 624, and 535 nm, corresponding to the
formation of anionic species (12−) (Fig. 8, top, le). A similar
trend was previously reported for Cr-dithiolene complexes.27,28 A
broad NIR band in the range of 1200–2000 nm disappears on
oxidation of anionic [Cr(III)(LSSc

−)2(LSS
2−)]2− to the neutral

[Cr(III)(LSSc
−)3] complex with two stronger bands at ∼600 nm.27

The computed Mulliken spin densities of (10)2− at the triplet
state are shown in Fig. 9. The shiing of UV-vis bands at 950 and
723 nm (2) to 914 and 660 nm (22−) was observed (Fig. 8, top,
right). These two redox-active neutral complexes were next uti-
lised as an electrode, and their supercapacitor properties were
studied.
2.1 Electrode preparation of complex 1 and complex 2

Dark-coloured redox-active complexes, complex-1 and complex-
2, were coated onto polished stainless steel (SS) substrates using
a cost-effective doctor-blade technique. The electrode slurry was
prepared by homogeneously dispersing 80 wt% of the respective
Cr complex with 10 wt% polyvinylidene uoride (PVDF) and
10 wt% carbon black in N-methyl-2-pyrrolidone (NMP), forming
a uniform, viscous paste. This slurry was then uniformly applied
onto the SS substrates using a blade applicator. The coated
lms were subsequently dried at 80 °C under ambient condi-
tions overnight to produce electrodes suitable for electro-
chemical characterization. The mass loading of the complex 1
and 2 electrodes was determined by weighing the substrate
before and aer coating, yielding an average value of approxi-
mately 1.1 mg cm−2 over an active area of 1 cm × 1 cm.
3. Supercapacitance studies

The electrochemical characteristics of complex-1 and complex-2
electrodes were investigated using a conventional three-
electrode conguration, employing platinum (Pt) as the
This journal is © The Royal Society of Chemistry 2026
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Fig. 6 X-band EPR spectrum (black) of the complexes 1c− (left) and 2c− (right) at rt in THF solution (top) generated via KC8 reduction of
complexes 1 and 2, respectively. Red and black lines represent the simulated and experimental spectra, respectively. Simulation with the EasySpin
program,40 for complex 1: [giso = 1.98484, LWPP (Gaussian broadening) = 0.105484 mT, LWPP (Lorentzian broadening) = 0.155 mT, A(53Cr,
9.501%) = 65.1 MHz, X-band experimental frequency = 9.4492 GHz]. For complex 2: [higher intensity signal at giso = 1.97146, LWPP (Gaussian
broadening) = 0.156 mT, LWPP (Lorentzian broadening)= 0.16 mT, A(53Cr) = 64.76 MHz; lower intensity signal at giso = 1.9609, LWPP (Gaussian
broadening) = 0.493 mT, LWPP (Lorentzian broadening) = 0.80 mT, X-band experimental frequency = 9.448758 GHz]. The Mulliken spin
densities of anionic complex 2c− (q = −1, S = 1/2) calculated at the B3LYP-D3(BJ)/def2-TZVPP level of theory. The percentages of a (3.286) and
b (2.287) spin densities are represented on the left side, and the spin density plot is given on the right side. (Purple colour indicates a spin density
and green colour denotes the beta spin density).
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counter electrode, Ag AgCl−1 as the reference electrode, and Cr-
based thin lms as the working electrodes. Electrochemical
measurements were conducted in 1 M LiCl aqueous electrolyte
across a potential window ranging from −0.2 to −0.9 V. The
areal capacitance was determined from the CV curves using
a standard calculation method to assess the charge storage
performance of the electrodes.

C ¼

ð
I dV

DV � A� v
� 1000

where ‘C’ is the areal capacitance (mF cm−2), ‘
Ð
I dV ’ is the

integral of current over voltage, ‘DV’ is the voltage window (V),
‘A’ is the electrode area (cm2), and ‘v’ is the scan rate (mV s−1).
This journal is © The Royal Society of Chemistry 2026
Areal capacitance of the electrode material was calculated from
these GCD curves using the formula:

CGCD ¼ Ir Dt

DV

where ‘Ir’ is the current density, ‘Dt’ is the discharging time, and
‘DV’ is the potential window in volts.

It is worth mentioning that S and Se containing radicals are
experimentally reported to be more conducting, and hence, we
envisioned that they could be advantageous for supercapacitor
properties.41 Imidazolium salt was also shown to be a potential
electrode for supercapacitor studies.42 Thus, the imidazolium
ring, functionalized with three chalcogenide atoms [SS-NHC =

E; E = S, Se], may inherently possess the aspect of
J. Mater. Chem. A, 2026, 14, 10178–10198 | 10185
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Fig. 7 The cyclic voltammogram of complexes Cr(III)(SS-NHC = E)3], [E = S (complex 1) (left); E = Se (complex 2) (right)] in THF at rt containing
0.1 M [n-Bu4N][PF6] as supporting electrolyte, at scan rates of 50/100/150 mV s−1. Glassy carbon was used as the WE (working electrode),
platinum wire as the CE (counter electrode) and Ag wire as the RE (reference electrode).
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supercapacitor properties. Thus, redox-active Cr(III)-triradical
complexes 1–2 were coated on stainless steel to prepare anodes
to explore supercapacitor properties.8–21 The cyclic-
voltammogram (CV) proles of complexes 1 (Fig. 11(a) inset)
and 2 (Fig. 11(b) inset) based on electrodes in 1M LiCl displayed
Fig. 8 (a) (Top) UV-vis spectrum of complexes [Cr(III)(SS-NHC = S)3] (c
solution. (b) UV-vis spectrum of the two-electron-reduced species gener
900 (nm) (complex 1). (Bottom) Anionic and neutral complexes and thei

10186 | J. Mater. Chem. A, 2026, 14, 10178–10198
quasi-rectangular shapes with mild redox features, indicating
a combination of electric double-layer capacitance (EDLC) and
pseudocapacitive behaviour.43–45 This hybrid charge storage
mechanism involves both electrostatic ion accumulation at the
electrode–electrolyte interface and fast, reversible surface or
omplex 1) (left) and [Cr(III)(SS-NHC = Se)3] (complex 2) (right) in THF
ated in situ by reaction with two equiv. KC8 in THF at 350, 652, 522, and
r spin structures.

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 The Mulliken spin densities of the dianionic complex [Cr(III)(SS-NHC = Sc−)(SS-NHC = S2−)2]
2− (10)2− (S = 1) calculated at the B3LYP-

D3(BJ)/def2-TZVPP level of theory [a-spin densities 3.24 (purple) and b-spin densities 1.24 (green)]. The a spin density percentage is represented
on the left side, and the spin density plot is given on the right side. (Purple colour indicates a spin density and green colour denotes the beta spin
density). Dipp groups of 12− were replaced by Me (10)2− on N-atoms.
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near-surface redox reactions.46–49 Fig. 11(a) and (b) depict the
variation of areal and specic capacitance with scan rates for
complexes 1 and 2, respectively.

At a scan rate of 100 mV s−1, the specic capacitance values
for complexes 1 and 2 were calculated to be 40.7 and 87.1 F g−1,
respectively (with corresponding areal capacitances of 44.8 and
95.7 mF cm−2, respectively). As the scan rate decreased,
Fig. 10 X-band EPR spectrum (black) of complexes 12− (left) and 22− (righ
the simulated and experimental spectra, respectively, and the simulation
signal / giso = 2.00975, LWPP (Gaussian broadening) = 0.027 mT, LW
intense signal/ giso= 2.00601, LWPP (Gaussian broadening)= 0.04000
band experimental frequency = 9.4481 GHz]. For 2: [two signals – #1:
broadening) = 0.074055 mT, LWPP (Lorentzian broadening) = 0.059 mT
(Gaussian broadening)= 0.0421275mT, LWPP (Lorentzian broadening)=
GHz].

This journal is © The Royal Society of Chemistry 2026
improved ion diffusion allowed greater access to active sites,
enhancing the capacitive response.50–52 Complexes 1 and 2
exhibited maximum specic capacitances of 145.2 and 320.2 F
g−1, respectively, when measured at a scan rate of 5 mV s−1

(with areal capacitances of 159.8 and 352.2 mF cm−2, respec-
tively). The more signicant increase in capacitance at lower
scan rates for complex 2 suggests a dominant diffusion-
t) after the reaction with KC8 at rt in THF. Red and black lines represent
is done using the EasySpin program.40 [Two signals – #1: more intense
PP (Lorentzian broadening) = 0.034 mT, A(14N) = 4.1 MHz; #2: Less
14 mT, LWPP (Lorentzian broadening)= 0.016mT, A(14N)= 5.1 MHz, X-
more intense signal / gk = 2.02084, gt = 2.01491, LWPP (Gaussian
, At(14N) = 5.4 MHz; #2: less intense signal / giso = 2.00632, LWPP
0.047mT, A(14N)= 5.0 MHz; X-band experimental frequency= 9.4487

J. Mater. Chem. A, 2026, 14, 10178–10198 | 10187
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Fig. 11 Areal and specific capacitance of (a) complex 1 and (b) complex 2 as a function of scan rate ranging from 5 to 100 mV s−1; insets:
corresponding CV curves. Areal and specific capacitance of (c) complex 1 and (d) complex 2 at various current densities; insets: corresponding
GCD curves.
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controlled process, characteristic of pseudocapacitive mate-
rials. This behaviour likely originates from the redox-active
chromium-triradical species within the complex, contributing
to faradaic charge storage.8

The combined EDLC and pseudocapacitive contributions
thus impart complex 2 with enhanced charge storage capability
and electrochemical reversibility across varying scan rates.
Complex 2 (E = Se) outperforms complex 1 (E = S) in terms of
areal capacitance, specic capacitance, and pseudocapacitive
contribution, likely due to its enhanced redox activity and
improved ionic accessibility. This can be rationalized because
the C]Se bond in 2 is signicantly more polar in nature than
the C]S bond in 1.39b Furthermore, galvanostatic charge–
discharge (GCD) measurements were conducted for the
complex 1 and 2 electrodes within the same potential window at
various current densities to assess their capacitive behaviour
further. Unlike CV, which applies a variable potential and
records the resulting current response, GCD involves charging
and discharging the electrode at a constant current between
xed voltage limits, offering valuable insights into charge
storage capacity.53,54 The GCD curves of both complex 1
(Fig. 11(c) inset) and complex 2 (Fig. 11(d) inset) exhibited slight
variation from symmetrical triangular shapes, indicative of
10188 | J. Mater. Chem. A, 2026, 14, 10178–10198
pseudocapacitive behavior as expected for a redox active
material.

GCD measurements revealed that the electrodes of complex
1 (Fig. 11(c)) and complex 2 (Fig. 11(d)) exhibited specic
capacitances of 37.8 and 77.2 F g−1 (areal capacitances: 41.6 and
85.0 mF cm−2, respectively) at a current density of 1.4 mA cm−2.
Remarkably, these values increased to 115.6 and 194.6 F g−1

(areal capacitances: 127.2 and 214.1 mF cm−2, respectively) at
a lower current density of 0.6 mA cm−2. This trend reects the
characteristic decline in specic capacitance with increasing
current density, which is typically attributed to limited ion
diffusion and reduced accessibility of electroactive sites at
higher charge–discharge rates.55,56 The signicant enhancement
in charge storage capacity at lower current densities suggests
that the electrode of complex 2 offers superior electrochemical
performance.

Additionally, electrochemical impedance spectroscopy (EIS)
was employed to investigate the electrical conductivity, charge-
transfer behaviour, capacitive characteristics, and ion transport
dynamics of these Cr(III)-triradical -based electrodes.57,58 The
Nyquist plots, presented in Fig. 12(a) and (b) for complex 1 and
complex 2, respectively, were recorded over a frequency range of
100 mHz to 10 kHz. The experimental data were modelled using
This journal is © The Royal Society of Chemistry 2026
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Fig. 12 Nyquist plot of (a) complex 1 and (b) complex 2, (c) Nyquist plot circuit fitted for complex 1 and 2, capacitive retention of (d) complex 1
and (e) complex 2 for 3000 CV cycles [(d) for 1 and (e) for 2; 1st, 500, 1000, 1500, 2000, 2500, and 3000, inset bottom] at 200 mV s−1, and (f)
Ragone plot showing energy and power densities of complex 1 and 2 electrodes.
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ZSimpWin soware and tted to the equivalent circuit
R(Q(RW)(QR) as shown in Fig. 12(c). In this circuit, Rs repre-
sents the solution resistance, encompassing the contributions
from the electrolyte, the stainless steel (SS) current collector,
and the electrode–electrolyte interface. The Rct element corre-
sponds to the charge-transfer resistance, reecting interfacial
kinetics associated with redox reactions at the electrode surface.
Meanwhile, RL accounts for leakage current, providing insight
into mass transport limitations during electrochemical
operation.59–61

EIS demonstrates that the electrode based on complex 2
exhibits markedly improved electrochemical properties
compared to complex 1. Specically, complex 2 shows a much
Table 1 Summary of supercapacitor studies of Cr based compounds an

Material Substrate Electrolyte
Voltage w
indow (V)

CrO3/SWCNT 6 M KOH 0–0.8
Cr/GO/POAP Si/SiO2 0.1 M HClO4 0–1
Cr2O3/c Graphite sheet 3 M KOH −0.3–0.5
Cr2O3/c//AC 0–1.5
Cr2O3/MWCNT Nickel grid 1 M KOH −0.04–0.46
Cr2O3/rGO Nickel foam 2 M KOH 0–0.7
LiCl/CrCl3 PCGF 18 M LiCl and

0.5 M CrCl3
0–1.5

Complex 1 Stainless steel 1 M LiCl −0.2–0.9
Complex 2 Stainless steel 1 M LiCl −0.2–0.9

This journal is © The Royal Society of Chemistry 2026
lower solution resistance (Rs = 0.1 U) than complex 1 (Rs = 2.2
U), indicating enhanced electronic conductivity and reduced
electrolyte/contact resistance. In addition, the charge-transfer
resistance of complex 2 is slightly lower (Rct = 3.5 U) than
that of complex 1 (4.7U), suggesting more favourable interfacial
electron-transfer kinetics. Aer 3000 CV, complex 2 retained
87.3% as shown in Fig. 12(d) of its initial capacitance, out-
performing complex 1, which retained 81.2% as displayed in
Fig. 12(e). The enhanced electrochemical stability of complex 2
can be attributed to its lower resistance values, which minimise
energy losses and structural deterioration over prolonged
cycling, underscoring its potential for durable high-
performance energy storage applications.
d complexes 1–2

Specic capacitance
(F g−1)

Capacitance retention
(%) @ cycles Ref.

60@1 mV s−1 100 @ 10 000 10
354@0.5 A g−1 94 @5000 9
68@5 mV s−1 86 @3000 14
21@5 mV s−1 95 @3000 14
257@0.25 A g−1 88 @3000 11
310@1.75 A g−1 92 @3500 13
1546 mAh g−1

(theoretical capacity)
95.4 @ 30 000 8

145.2@5 mV s−1 81.2 @3000 This work
32 @5 mV s−1 87.3 @3000 This work

J. Mater. Chem. A, 2026, 14, 10178–10198 | 10189

https://doi.org/10.1039/d5ta08423g


Fig. 13 Power law plots for (a) complex 1 and (c) complex 2, along with the corresponding b values derived from their respective slopes, are
shown in (b) for complex 1 and (d) for complex 2.
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The Ragone plot of complexes 1 and 2, as presented in
Fig. 12(f), is a critical tool for evaluating supercapacitor effi-
ciency by highlighting the trade-off between energy density and
power density.62,63 Complex 1 exhibits a maximum energy
density of 8.76 Wh kg−1 at a power density of 211 W kg−1, and
maintains a stable energy density of 2.83 Wh kg−1 even at its
peak power density of 474 W kg−1, indicating excellent rate
performance. In contrast, complex 2 shows a higher energy
storage capability, achieving a maximum energy density of
14.63 Wh kg−1 at 252 W kg−1, and retains the same energy
density of 2.83 Wh kg−1 at a power density of 417 W kg−1. These
results suggest that while complex 1 is better suited for high-
power applications due to its superior rate capability, complex
2 is more effective in delivering higher energy output, making it
advantageous for energy-demanding storage applications.

This work reports two discrete molecular chromium(III)
complexes (1 and 2) directly deposited onto low-cost, commer-
cially available stainless-steel substrates. Despite the compara-
tively lower intrinsic conductivity of stainless steel relative to
10190 | J. Mater. Chem. A, 2026, 14, 10178–10198
conventional high-performance current collectors, complex 1
exhibits a specic capacitance of 145.2 F g−1 at 5 mV s−1 with
81.2% retention aer 3000 cycles, while complex 2 delivers
a substantially higher value of 320.2 F g−1 with 87.3% retention
in 1 M LiCl within a potential window of −0.2 to −0.9 V. These
electrochemical metrics are comparable to, and in some cases
surpass, those reported for chromium-based electrodes in the
literature, particularly when considering that the present
complexes were evaluated in their pristine molecular form
rather than within composite architectures. This performance
underscores their inherent charge-storage capability. Further-
more, the use of stainless steel as the current collector provides
a more realistic and application-oriented assessment than
highly conductive substrates such as nickel foam, which can
inate apparent capacitance through parasitic effects. The
combined advantages of chemical stability, mechanical
robustness, corrosion resistance, and straightforward electrode
fabrication render this system a scalable and cost-effective
platform, with clear potential for further enhancement
This journal is © The Royal Society of Chemistry 2026
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Fig. 14 Plots of total charge Qt against the inverse square root of the scan rate of (a) complex 1 and (c) complex 2, and corresponding plots
showing the percentage contributions of each mechanism to the total charge of (b) complex 1 and (d) complex 2 at different scan rates.
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through future composite integration or EDLC-hybridization
strategies.

To clearly evaluate and compare the electrochemical
behavior of both complexes, Table 1 provides a summary of the
essential parameters derived from cyclic voltammetry (CV),
galvanostatic charge–discharge (GCD) tests, and long-term
stability assessments.
Fig. 15 CV plot of total and diffusion-controlled capacitance contributi

This journal is © The Royal Society of Chemistry 2026
The kinetics of these charge storage processes [capacitive
(non-faradaic) and redox (faradaic)] can be evaluated through
a power-law relationship, which helps determine whether the
behaviour is surface-controlled or diffusion-limited: i = anb,64,65,
where i represents the current density, n is the scan rate, and
a and b are tting constants. The exponent b provides insight
into the dominant charge storage mechanism. A b value close to
ons for (a) complex 1 and (b) complex 2 at a 50 mV s−1 scan rate.

J. Mater. Chem. A, 2026, 14, 10178–10198 | 10191
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Fig. 16 (a) Successive one-electron reductions of the Cr(III)-triradical complex, [Cr(III)(SS-NHC = E)3]. (b) Pseudo supercapacitor anode made of
the Cr(III)-triradical complex, [Cr(III)(SS-NHC = E)3]. Blue, red and pink propellers represent neutral, mono-anionic, and di-anionic forms of
[Cr(III)(SS-NHC = E)3]. Each blade-like black-coloured symbol represents the dithiolene ligand (SS-NHC = E), which could be either the radical
mono-anionic and/or non-radical dianionic form here. From the electrochemical studies, it was found that complex 2 predominantly functions
through a diffusion-controlled process (pseudo supercapacitor)87, which has been elaborated in the figure.
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1.0 indicates a surface-controlled capacitive process, while an
a value near 0.5 reects a diffusion-limited intercalation
mechanism.66,67 This evaluation is crucial for optimising elec-
trode materials and tailoring them for either high-power or
high-energy applications. To determine the b value, a plot of
10192 | J. Mater. Chem. A, 2026, 14, 10178–10198
log(i) versus log(v) was constructed within the potential range of
−0.3 to −0.7 V for both complexes 1 and 2, as shown in
Fig. 13(a) and (c). The slope of the linear t provides the b value,
which helps identify the charge storage mechanism. Fig. 13(b)
and (d) show the potential-dependent variation of b, with
This journal is © The Royal Society of Chemistry 2026
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Fig. 17 Plausiblemechanism for charging and discharging of an anode
made of the Cr(III)-triradical complex via the pseudo supercapacitive
pathway. The blue and red propellers represent the neutral andmono-
anionic Cr(III)-triradical complex.
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average values of 0.75 and 0.53 for 1 and 2, respectively. These
values suggest that complex 1 exhibits a mixed mechanism,
dominated by diffusion-controlled pseudocapacitive behaviour
with a notable surface capacitive contribution. In contrast,
complex 2 mainly follows a diffusion-controlled mechanism
with minimal surface capacitive involvement. This difference is
further supported by the CV proles, where complex 2 shows
broader and more intense redox peaks, indicative of diffusion-
governed charge storage, while complex 1 displays characteris-
tics of both surface and redox-based processes. To gain a more
detailed understanding of the charge storage mechanism, Tra-
satti's analysis was employed to qualitatively distinguish
between the surface-capacitive contribution (Qs) and the
diffusion-controlled contribution (Qd f n−0.5). The overall
charge storage behaviour is described by using the following
relationship.68,69

Qt = QS + Qd and Qt = QS + kn−0.5

To further evaluate the charge storage behaviour, a plot of
total charge (Qt) versus the inverse square root of the scan rate
was used to extract the surface capacitive contribution (Qs) from
the y-intercept, as shown in Fig. 14(a) and (c). The relative
contributions of surface-capacitive and diffusion-controlled
mechanisms are illustrated in Fig. 14(b) and (d). While the
surface-controlled charge remains relatively constant across
different scan rates, the diffusion-controlled contribution
becomes more prominent at lower scan rates. At a high scan
rate of 100 mV s−1, complex 1 displays a diffusion-controlled
contribution of about 47.4%, which increases signicantly to
81.5% at 5mV s−1. In comparison, complex 2 exhibits a stronger
diffusion-dominated behaviour, contributing 68.9% at 100 mV
s−1 and increasing to 91.8% at 5 mV s−1. This comparison
indicates that complex 2 favours diffusion-limited processes
more than complex 1, suggesting its higher reliance on ion
transport within the bulk for charge storage.

Furthermore, the contribution of the diffusion-controlled
process was also validated using Dunn's method. As shown in
Fig. 15(a) and (b), the tted results for 1 and 2 at a scan rate of
50 mV s−1 clearly distinguished the capacitive (green region)
and diffusion-controlled (blue region) contributions to the total
current response. Notably, complex 2 exhibits a signicantly
higher diffusion-controlled contribution of 88.54%, compared
to 66.78% for complex 1. This enhanced diffusion contribution
in complex 2 is consistent with earlier electrochemical analyses
and indicates improved ion transport and redox activity, further
conrming its superior pseudocapacitive behaviour over
complex 1. To rationalise the supercapacitor behaviour, CV
measurements (Fig. 7) and Hirshfeld surface maps (Fig. S36 and
S38) of complexes 1–2 were referred.

In the past, several studies have investigated chromium-
based nanocomposites, such as chromium oxides and
suldes, for supercapacitor applications, motivated by chro-
mium's variable oxidation states and rich redox chemistry. Most
prior reports primarily rely on inorganic chromium oxides
incorporated into composite architectures, oen with conduc-
tive supports, to enhance electrochemical performance. Lota
This journal is © The Royal Society of Chemistry 2026
et al.10 demonstrated that decorating single-walled carbon
nanotubes with CrO3 primarily improves cycling stability,
achieving nearly 100% capacitance retention over 10 000 cycles,
albeit with modest capacitance values. Ashtiani et al.9 high-
lighted the role of chromium–graphene interfacial interactions
in a Cr–GO hybrid system, where surface functionalisation
enabled high pseudocapacitive contribution and resulted in
J. Mater. Chem. A, 2026, 14, 10178–10198 | 10193
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a specic capacitance of 354 F g−1. Kansal et al.14 showed that
morphology-controlled Cr2O3 nanostructures facilitate revers-
ible Cr3+/Cr4+ redox reactions, leading to improved capacitance
retention, while also enabling asymmetric device operation in
an extended voltage window of 1.5 V. Sha et al.11,12 further
demonstrated that highly conductive current collectors, such as
nickel grids or nickel foam, signicantly enhance the apparent
capacitance of Cr2O3-based electrodes through improved charge
transport. Similarly, Chen et al.13 conrmed that coupling Cr2O3

with carbon nanotubes markedly reduces capacitance fading,
underscoring the importance of carbonaceous additives in
stabilising chromium oxide electrodes. More recently, Sun
et al.8 introduced a Cr-ion storage system employing a highly
Fig. 18 Proposed mechanism for charging and discharging of an anod
pathway.

10194 | J. Mater. Chem. A, 2026, 14, 10178–10198
concentrated electrolyte, achieving exceptional long-term
stability and low-temperature performance, emphasising elec-
trolyte engineering rather than intrinsic material properties as
the dominant performance factor. The oxidation state of the
central chromium ion in complexes 1–2 remains unchanged
functioning through redox-active radical ligands bonded to the
Cr(III) ion [Fig. 16a].
3.1 Organic molecules and radicals for electrochemical
energy storage

Over the past several years, redox-active stable organic radicals
[discrete molecules and polymers containing radicals], were
e made of the Cr(III)-triradical complex via the hybrid supercapacitive

This journal is © The Royal Society of Chemistry 2026
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employed for electrochemical energy storage, taking advantage
of the ability to reversibly transfer single electron or multiple
electrons transfer without the decomposition or irreversible
unavoiding and underised side reactions with another species
in the neutral or charge state.70–77 In addition, stable radicals
were shown to act as redox shuttles in Li-ion batteries for
overcharge protection.78 The importance and reports on stable
radicals for electrochemical energy storage have been sum-
marised by Wheeler et al.77 Three decades ago, organosulfur
compounds [lithium carbamate; (R2N)2-CS2Li] were studied
towards electrochemical energy storage application in a battery,
showing the highest capacities, but were limited due to poor
cyclability and sluggish redox kinetics.79,80 In comparison,
redox-active closed shell organic compounds, which can form
reversible open-shell radical anions and closed-shell dianions
during electrochemical battery performance, possess higher
power capabilities, high redox potentials, and good tunability,
but suffer from the lowest capacities.81–84 Seferos et al. sum-
marised the utility and the upsurge of organic molecule-based
electrode materials for energy storage.85 In the past, S and Se
containing stable organic radicals were also shown to be
signicantly conducting and could be advantageous from the
perspective of supercapacitor properties.41 This property
generally enhances the supercapacitive performances.

In this context, the dithiolene ligands [L = SS-NHC = E; E =

S, Se] have the ability to adopt different electronic states,
a singlet dianion (L2−), doublet mono-anionic radical (Lc−), and
neutral singlet (L) depending on the electrochemical potential
[L2− / Lc− / L0] (Fig. 1b).22–25,39b The C]Se bond of ligand SS-
NHC= Se is inherently more polar than the C]S bond of ligand
SS-NHC = S due to the poor orbital overlap between the 2p
orbital of the C-atom and 4p orbital of the Se-atom (Fig. 1c).
Both complex 1 and complex 2 are redox active in the voltage
range from 0.0 to 1.0 V in THF solution (Fig. 7) with E1/2 =

−0.51 V (complex 1) and E1/2 = −0.72 V (complex 2), respec-
tively. Electrically neutral Cr(III)-triradical complexes [CrL3;
complex 1, complex 2] are theoretically found to be electron
hungry [CrL3 + e− / CrL3

−; Fig. 16(a)]. The electron affinity
values of 10–20 [Dipp groups in complexes 1–2 replaced by Me
group in 10–20 for simplicity of calculation] were computed to be
favourable by 101.5 and 105.4 kcal mol−1, respectively, at the
B3LYP-D3(BJ)/def2-TZVPP level of theory. The best super-
capacitor performance was shown in the voltage range from
−0.2 to −0.9 V (Fig. 15).
3.2 Mechanism of pseudo-capacitive behaviour of Cr(III)-
triradical complexes

There are three types of supercapacitors: electric double layer
capacitors (EDLCs), pseudo-capacitors and hybrid super-
capacitors.86 Both the Cr(III)-triradical complexes (1–2) are
moderately stable in air in the solid state at room temperature
(Fig. S2 and S3). Cycling stabilities of complexes 1–2 are 81.2%
and 87.3% aer 3000 cycles, respectively (Fig. 12d and e).
Electrochemical analyses showed that complex 1 operates via
a mixed surface-capacitive and diffusion-controlled mecha-
nism, while complex 2 predominantly functions through
This journal is © The Royal Society of Chemistry 2026
a diffusion-controlled process, enabling better charge transport
and superior pseudocapacitive performance compared to
complex 1.

The electrode made of complex 2 (Cr–Se) stores electrons on
one of the ligands [L = SS-NHC = Se] of the CrL3 forming
anionic complex CrL3

− [CrL3 + e− / CrL3
−; Fig. 16(a)] during

charging of the electrode Fig. 17]. The electrons are gradually
lost from the surface of the electrode and adjacent anionic
complex CrL3

− [anionic form of complex 1] leading to the
formation of neutral complex CrL3 [complex 1] in the working
potential range [-0.2 to −0.9 V]. The electron from anionic
complex 1 [CrL3

−] can be transferred from the inner layer con-
taining anionic complex CrL3

− to the neutral complex CrL3 and
nally to the electrode, as shown in Fig. 17. The electrochemical
behaviors suggest that complex 1 is more like a hybrid super-
capacitor meaning a combination of EDLC and pseudo-
capacitive behavior [i.e.mixed surface- and diffusion-controlled
mechanism; exhibiting both faradaic and non-faradaic
processes] (Fig. 18).88 In comparison, complex 2 predominantly
functions through a diffusion-controlled process (pseudo
supercapacitor)87 which is elaborated in Fig. 16.

4 Conclusion

In conclusion, we have successfully isolated two redox active
elusive Cr(III)-triradical complexes (1–2) as dark crystalline
solids containing three anionic dithiolene radical ligands for
the rst time, achieving air stability for a day, unlike the anionic
Cr(III)-diradical complexes synthesized by Wieghardt et al.,
which could not be extended to isolable triradicals.27,28 They
have been structurally characterized by X-ray single-crystal
diffraction. The spin ground state and nature Cr(III)-radical
interaction have been studied by magnetic measurements.
These complexes have been further spectroscopically charac-
terized by UV-vis, IR, Raman, and EPR measurements. The
redox properties have been studied by CV measurements,
showing the formation of anionic doublet species (1/2)c− which
have been characterized by EPR and UV-vis measurements in
solution as well. The nature of chemical bonding and pair-wise
bonding interactions between the central Cr(III) ion and anionic
radical ligand have been studied by EDA-NOCV analysis. The
distributions of electron densities in both neutral complexes 1/2
and their corresponding anions (1/2)c− were studied by
computation of Mulliken spin densities. Finally, these redox-
active, well-characterised, atomically precise Cr(III)-triradical
complexes 1–2 were coated on stainless-steel substrates. Inter-
estingly, they exhibited good to excellent supercapacitor
performance. The detailed supercapacitive studies showed that
complex 2 consistently outperforms complex 1. At 5 mV s−1,
specic capacitances were 145.21 F g−1 for complex 1 and
a markedly higher 340.9 F g−1 for complex 2, both centred at
around E1/2 = −0.72 V. Cycling stability aer 3000 cycles was
also superior for complex 2 (87.3%) compared to complex 1
(81.2%). The enhanced performance of complex 2 is attributed
to substituting E = S of the SS-NHC = Ec− ligand in complex 1
with the heavier chalcogenide E = Se in complex 2, which
improves redox activity, electrical conductivity, and ion
J. Mater. Chem. A, 2026, 14, 10178–10198 | 10195
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transport. Ragone plot analysis further conrmed the advan-
tage of complex 2, delivering 14.63 Wh kg−1 at 252 W kg−1,
compared to 8.76 Wh kg−1 at 211 W kg−1 for complex 1.
Electrochemical analyses were carried out by power-law, Tra-
satti, and Dunn's methods, which revealed that complex 1
operates via a mixed surface- and diffusion-controlled mecha-
nism, whereas complex 2 predominantly follows a diffusion-
controlled process, enabling more efficient charge transport
and superior pseudocapacitive performance. To the best of our
knowledge, this represents the rst supercapacitive study of
a stable metal-radical complex, forging a direct link between
metal radical redox chemistry and electrochemical energy
storage while establishing a new design paradigm for molecular
supercapacitors powered by carbene-based radical
ligands.25,26,39b,70–88
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