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of the [BMIM]DCA-H2O2

propellant with the Cu(vim)2(DCA)2 complex

Yuqi Zhang,ab Yuan Yao,bc Peihao Dou,b Qing Cheng*ab and Yanqiang Zhang *ac

An ionic liquid (IL)-H2O2 propellant offers a green alternative to the traditional hydrazine-N2O4 system. Due

to the weak oxidizing ability of H2O2, typical ILs cannot be spontaneously ignited. To address this issue,

catalytic ignition was proposed, and a series of metal complex catalysts with the formula M(vim)2(DCA)2
(M = Mn, Fe, Co, and Cu) were synthesized. Single-crystal X-ray diffraction analysis shows that the Mn,

Fe and Co complexes adopt an octahedral geometry, while the Cu complex exhibits a planar

quadrilateral geometry. The physicochemical properties (Td, DHc, DHf, and Isp) of the fuels (10 wt%

M(vim)2(DCA)2 + 90 wt% [BMIM]DCA) were evaluated. Dynamic light scattering and UV-vis spectroscopy

analyses confirm that the four complexes disperse well in [BMIM]DCA. Ignition tests reveal that

Cu(vim)2(DCA)2 exhibits the best catalytic performance for the ignition of [BMIM]DCA with H2O2,

achieving tid as short as 21 ms. EPR studies indicate that Cu(vim)2(DCA)2 catalyzes H2O2 to generate

reactive oxygen species ($OH, $O2
−, and 1O2), which subsequently induce the spontaneous ignition of

[BMIM]DCA. DFT calculations reveal that the zero-dimensional geometry of Cu(vim)2(DCA)2 features an

unsaturated Cu center and electron-rich ligand framework. This typical structure enables efficient

electron transfer to activate H2O2, boosting ROS generation and ignition. This work clarifies the crucial

role of the metal center in the IL-H2O2 system and provides an important insight into the catalytic

ignition of the “double-green” propellants.
Introduction

Propellants serve as the power source for spacecra and are
crucial for deep-space exploration. Conventional hydrazine-
N2O4 propellants offer high energy density and specic
impulse.1,2 However, they are ammable, highly carcinogenic,
and corrosive during storage, transport, and operation.3–5 In
1990, the International Green Propellant Working Group was
established to guide the development of sustainable propel-
lants.6 Combining ionic liquids (ILs) with hydrogen peroxide
(H2O2) represents a promising candidate for double-green
propellants. ILs possess low volatility and high structural
tunability,7–9while H2O2 acts as a clean oxidizer.10,11 The IL-H2O2

propellants meet the key requirements for sustainable pro-
pulsion systems. This combination allows precise control of the
fuel-oxidizer ratio and provides stable thrust.12,13

The IL-H2O2 propellants align with green and sustainable
principles but face challenges such as long ignition delay times
(tid) or even non-hypergolic behavior, mainly due to the limited
oxidizing ability of H2O2. The catalytic ignition concept of ionic
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liquids with HNO3 for propellant applications was rst
demonstrated in 2010,14 establishing the foundation for using
catalysts to trigger IL combustion. Introducing catalysts to
enhance the H2O2 decomposition to strongly oxidizing species,
such as $OH, $O2

−, and 1O2, is the key to overcome the ignition
problem.15–18 In recent studies, the tid of ILs-H2O2 has been
found to be still too long for the catalytic ignition of propellants,
such as [N(CH3)4]n(Cu2I3)n and [FcCH2N(CH3)3]2(Cu2I4), which
give tid values of 55 ms and 54 ms for [EMIM][BH3CN]-H2O2,
respectively.19 The xed electronic environment and strong
ionic bonding in these compounds slow down the dissociation
to release active radicals.20–22 Moreover, their high-dimensional
structures introduce signicant steric hindrance that blocks
active sites.23–25 Therefore, more efficient catalysts are required
to address the ignition challenge of the IL-H2O2 propellants.

Previous work has demonstrated that zero-dimensional
complexes can signicantly reduce the ignition delay time of
[BMIM]DCA IL-H2O2 (tid = 30 ms, Fig. 1). Low-dimensional
metal complexes exhibit prolonged stable dispersion in ILs
while facilitating the efficient decomposition of H2O2, thereby
producing highly reactive oxygen species (ROS). The mecha-
nism originates in the optimal d-orbital (metal)–LUMO (H2O2)
overlap, highly reducing the O–O bond cleavage energy.26–28

Exposing the active sites through the design of coordination-
unsaturated, low-dimensional complexes further enhances the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Catalytic ignition of the [BMIM]DCA-H2O2 propellant.
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electron transfer during H2O2 activation, achieving faster cata-
lytic ignition.29,30

In this work, a series of metal complexes, M(vim)2(DCA)2 (M
= Mn/Fe/Co/Cu, vim = vinylimidazole, and DCA = N(CN)2),
were synthesized. Cu(vim)2(DCA)2 exhibited the best catalytic
performance with a minimum tid value of 21 ms. Dynamic light
scattering and UV-vis spectroscopy analyses conrmed the long-
term stability of Cu(vim)2(DCA)2 dispersion in [BMIM]DCA. EPR
spectroscopy revealed that H2O2 was catalyzed to generate ROS
($OH, $O2

− and 1O2), which subsequently triggered rapid igni-
tion through the reaction with [BMIM]DCA.
Experimental

Note! Chemical experiments require strict safety practices.
Reagents must be handled carefully, and their properties must
be understood beforehand. For example, in the IL-H2O2 ignition
tests, although 98% H2O2 vapor is not signicantly toxic, its
strong oxidizing nature demands caution. Direct skin contact
can damage cell structures and cause severe burns. When metal
complexes are used to catalyze the IL-H2O2 reactions, there is
also a risk of accidental ignition of ammable materials. H2O2

quantities must be strictly controlled, as excess can rapidly
produce large gas volumes, potentially leading to explosions.
Therefore, comprehensive safety measures must be imple-
mented, including performing all operations in a functioning
fume hood, wearing safety goggles, and preventing gas
accumulation.
Fig. 2 Synthesis of the M(vim)2(DCA)2 (M = Mn, Fe, Co, and Cu)
complexes.
Materials

All chemicals were commercially available analytical grade
reagents and were used without further purication. 1-Butyl-3-
methylimidazolium dicyandiamide ([BMIM]DCA, 98%) was
purchased from Shanghai Chengjie Chemical Co., Ltd.
Manganese chloride (MnCl2, 99%) was bought from Damas-
Beta. Ferrous chloride (FeCl2, 99.5%), copper chloride (CuCl2,
98%), vinyl imidazole (vim, 99%), sodium dicyandiamide
(NaDCA, 96%), and uoroboric acid (HBF4, 40%) were from
Aladdin Company. Cobalt chloride (CoCl2, 99.7%) was from
Marklin. Triethylamine (TEA, 99%) was from General-Reagent.
Hydrogen peroxide (H2O2, 98%) was purchased from
Shanghai Xushi Science and Technology Co., Ltd.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Synthetic procedures

The synthesis of M(vim)2(DCA)2 (M = Mn, Fe, Co, and Cu) is
illustrated in Fig. 2. The detailed procedures are as follows:

Mn(vim)2(DCA)2 complex. MnCl2 (2 mmol, 0.252 g) was di-
ssolved in H2O (10 mL) with magnetic stirring. EtOH (10 mL)
was added, and themixture was heated. At 60 °C, vinylimidazole
(4 mmol, 0.376 g) and 1.33 M NaDCA solution were added
dropwise, followed by the addition of HBF4 (200 mL) as an acid
regulator. The reaction was kept at 60 °C for 2 h, then ltered to
give a colourless solution. Colourless block crystals formed aer
standing at room temperature for 2 days.

Fe(vim)2(DCA)2 and Co(vim)2(DCA)2 complexes. These were
prepared similarly to the Mn complex. FeCl2 (2 mmol, 0.254 g)
or CoCl2 (2 mmol, 0.259 g) was dissolved in H2O (10 mL), fol-
lowed by the addition of EtOH (10 mL). The mixture was heated
to 60 °C with stirring, then vinylimidazole (4 mmol, 0.376 g),
1.33 M NaDCA solution, and HBF4 (200 mL) were added drop-
wise. Aer stirring at 60 °C for 2 h, themixture was ltered while
the solvent was still hot. The ltrate of Fe(vim)2(DCA)2 was
colorless and that of Co(vim)2(DCA)2 was pink. Aer standing at
room temperature for 2 days, colorless rod-like crystals (Fe) and
orange block crystals (Co) were obtained.

Cu(vim)2(DCA)2 complex. CuCl2 (2 mmol, 0.269 g) was di-
ssolved in H2O (10 mL). DMF (10 mL) was added, and the
mixture was heated to 60 °C with magnetic stirring. At this
temperature, vinylimidazole (4 mmol, 0.376 g) and 1.33 M
NaDCA solution were added dropwise, followed by the addition
of TEA (150 mL). The reaction was stirred at 60 °C for 2 h. Aer
hot ltration, a clear blue ltrate was obtained. The blue needle-
like crystals were formed aer standing at room temperature for
2 days.

Characterization

Single crystal X-ray diffraction (SCXRD) data were collected on
a Gemini E diffractometer with Mo Ka radiation (l= 0.71073 Å).
Data were processed using the Olex2 soware to solve the
structure. Powder X-ray diffraction (PXRD) patterns were
recorded on a Rigaku/Smart Lab SE diffractometer using Cu Ka1
and Co Ka1 radiation, scanning from 5° to 50° at 10° min−1.
Phase purity was veried by comparison with the SCXRD-
simulated patterns. Mixed fuels were prepared by blending
10 wt% catalyst with 90 wt% [BMIM]DCA for physicochemical
tests and ignition evaluation. Thermal stability was assessed on
a Mettler TGA3+ thermogravimetric analyzer under N2
RSC Adv., 2026, 16, 16748–16755 | 16749

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00294c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/7

/2
02

6 
10

:3
7:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
atmosphere, heating from 50 °C to 800 °C at 10 °C min−1. The
heat of combustion (DHc) was measured using an oxygen-bomb
calorimeter. The long-term dispersion stability of the complexes
in IL was studied using a Malvern Panalytical Zetasizer Pro
particle-size analyzer and a Shimadzu UV-3600 PLUS spectro-
photometer (scan range 240–800 nm). Ignition tests were
recorded with a high-speed camera (OLYMPUS i-SPEED3, 1000
fps). Electron paramagnetic resonance (EPR) spectra were
acquired on a Bruker EMXPlus-10/12 spectrometer to detect the
reactive oxygen species. In addition, the formation enthalpy
(DHf) of each complex was computed using the CP2K 2023.1
method (see SI), from which the DHf of the mixed fuel was
derived. Specic impulse (Isp) data for the [BMIM]DCA-H2O2

system with 10 wt% catalyst were calculated through the NASA-
CEA program with an oxidizer-to-fuel (O/F) range of 0.5–6.
Results and discussion
Catalyst structures

The M(vim)2(DCA)2 (M = Mn, Fe, Co, and Cu) complexes were
synthesized, and the crystallographic data are shown in Tables
S1–S5. The complexes were characterized by FT-IR, PXRD and
TG. In the FT-IR spectra (Fig. S1), the peak at 2173 cm−1

corresponds to C^N of the DCA ligand. The peaks at
3137 cm−1, 1358 cm−1, and 1102 cm−1 are assigned to the
unsaturated C–H stretching vibration, C–C/C–N skeleton
stretching vibration, and C–H bending vibration of the imid-
azole ring, respectively. The peak at 1647 cm−1 represents the
C]C stretching of the vinyl group on the imidazole ring. The
PXRD patterns (Fig. S2) show that the experimental diffraction
peaks match the simulated patterns, indicating high purity of
the sample. TG curves (Fig. S3) show decomposition tempera-
tures (Td) of 186 °C (Mn), 218 °C (Fe), 218 °C (Co), and 202 °C
(Cu), demonstrating their good thermal stabilities.
Fig. 3 Structures of (a) Mn(vim)2(DCA)2, (b) Fe(vim)2(DCA)2, (c)
Co(vim)2(DCA)2, and (d) Cu(vim)2(DCA)2. Hydrogen atoms have been
omitted for clarity.

16750 | RSC Adv., 2026, 16, 16748–16755
The SCXRD structures of M(vim)2(DCA)2 (M = Mn, Fe, Co,
and Cu) are shown in Fig. 3. The Mn and Fe complexes crys-
tallize in the triclinic space group P�1, and the Co complex in the
orthorhombic space group Cmca. They exhibit similar coordi-
nation patterns. Each M(II) center is coordinated by six N atoms
in an octahedral geometry and linked via DCA bridges, forming
one-dimensional (1D) chain structures. In Mn(vim)2(DCA)2, the
Mn(II) ion coordinates with the N atom at the 3rd position of the
imidazole ring in vim, and the Mn–N bond lengths are both 2.2
Å. The coordination environment of Mn(II) is the same as that of
the N atom of C^N in DCA, and the Mn–N bond length is 2.3 Å.
The N–Mn–N bond angles vary from 87.9° to 180.0°. The C–N–
Mn bond angles range from 126.5° to 163.1°. In Fe(vim)2(DCA)2,
the Fe(II) ion coordinates with the N atom of the imidazole ring
in vim, and the bond length is 2.2 Å. The Fe(II) ions alternately
coordinate with the N atom of the C^N group in DCA, and the
bond length is 2.2 Å. The N–Fe–N bond angles range from 88.0°
to 180.0°. The C–N–Fe bond angles range from 126.2° to 163.3°.
In Co(vim)2(DCA)2, Co(II) forms a coordination bond with the N
atom of the imidazole ring in vim, and the bond length is 2.1 Å.
Co(II) forms a coordination bond with the N atom of the C^N
group in DCA, and the bond length is 2.1 Å. The N–Co–N bond
angle ranges from 89.2° to 180.0°. The C–N–Co bond angles
range from 126.7° to 160.8°.

Cu(vim)2(DCA)2, in the triclinic space group P�1, features
a four-coordinate planar quadrilateral geometry, resulting in
a zero-dimensional (0D) isolated molecule. Each asymmetric
unit contains one M atom and two vim ligands. The N atoms at
the symmetric positions of the Cu center are equivalent. There
are two sets of bond lengths and bond angles of the same type.
The Cu–N bond lengths are both 2.0 Å. The N–Cu–N bond
angles of adjacent ligands are 90.2° and 89.8°, respectively,
which are in proximity to a right angle. The N–Cu–N bond
angles between the same ligands are both 180.0°, conrming
a planar geometry. All structures assemble into three-
dimensional networks via van der Waals interactions.
Physicochemical properties of the fuels (10 wt% complex +
90 wt% IL)

The M(vim)2(DCA)2 (M = Mn, Fe, Co, and Cu) complexes were
ground into powder form in a mortar. For each complex, 0.02 g
was added to [BMIM]DCA (0.18 g), and the mixture was ultra-
sonicated for 30 minutes to obtain a uniformly dispersed fuel.
The properties of these fuels are summarized in Table 1.

Aer catalyst addition, the Cu-based fuel exhibits the highest
Td of 266.7 °C (Fig. 4a). The heat of combustion (DHc) was
measured by oxygen-bomb calorimetry (Fig. S5a), and the values
for Mn-, Co-, and Cu-based mixed fuels are 29.6, 28.8, and 32.3
MJ kg−1, respectively. The Fe-based sample could not be burned
by O2 during the test, and no relevant data were obtained. The
DHf of each mixed fuel was derived (Fig. 4b) through Table S6
and eqn (1)–(4) (SI), and the Cu-based mixed fuel shows the
highest DHf of 204.2 kJ mol−1. Specic impulse (Isp) was
calculated using NASA-CEA with chamber pressure Pc = 300
psia and nozzle expansion ratio Pc/Pe = 20.4. Upon catalyst
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of the fuels (10 wt% catalyst + 90 wt% IL)

Propellant fuels Td
a (°C) DHc

b (MJ kg−1) DHf
c (KJ mol−1) Isp

d (s) tid
e (ms)

[BMIM]DCA (IL) 288 — 245.0 267.5 No
Mn(vim)2(DCA)2 + IL 251 29.6 193.3 253.0 Bubble
Fe(vim)2(DCA)2 + IL 242 — 195.9 252.9 61
Co(vim)2(DCA)2 + IL 249 28.8 200.1 252.9 Bubble
Cu(vim)2(DCA)2 + IL 267 32.3 204.2 253.0 21

a Decomposition temperature. b Heat of combustion. c Formation enthalpies. d Specic impulse (O/F = 3.5, F is a mixed fuel and O is 98% H2O2).
e Ignition delay time (average value of three tests).

Fig. 4 (a) Decomposition temperature and (b) heat of formation of the
fuels (10 wt% catalyst + 90 wt% IL).
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addition, all mixed fuels exhibit a similar Isp value of 253.0 s (O/
F = 3.5, Fig. S5b), as the complexes share the same ligands.

Stability of 10 wt% complex in [BMIM]DCA

Aer ultrasonication, the mixed fuels are transparent liquids.
To determine whether the complexes form colloidal dispersions
or true solutions in [BMIM]DCA, Tyndall experiments were
performed. As shown in Fig. 5 and Fig. S7, pure [BMIM]DCA
shows no Tyndall effect, while all complexes + [BMIM]DCA
mixtures exhibit clear Tyndall beams, conrming colloidal
dispersion rather than dissolution.

Long-term dispersion stability was evaluated using dynamic
light scattering (DLS) and UV-vis spectroscopy with Cu(vim)2(-
DCA)2 as an example. DLS (Fig. S8) shows that the particle sizes
of Cu(vim)2(DCA)2 are 369.6 nm in [BMIM]DCA. UV-vis
absorption spectra of M(vim)2(DCA)2 (M = Mn, Fe, Co, and
Cu) + [BMIM]DCA mixtures are shown in Fig. 6 and S9.
Compared to the solid-state UV-vis spectra of pure complexes
(Fig. S4), the absorption bands of mixtures are red-shied due
Fig. 5 Tyndall effect of Fe(vim)2(DCA)2 + IL and Cu(vim)2(DCA)2 + IL.

© 2026 The Author(s). Published by the Royal Society of Chemistry
to the solvation of [BMIM]DCA.31,32 Strong absorption bands
appear at 346 (Mn), 362 (Fe), 288 (Co), and 359 nm (Cu),
assigned to the charge-transfer transitions of p/M(II).33–36 The
strong absorption bands were monitored over 25 days (seven
measurements) and showed no signicant changes in position
or intensity, conrming the long-term dispersion stability of
complexes in [BMIM]DCA.
Ignition delay time measurements

Pure [BMIM]DCA and H2O2 are non-hypergolic. In the three-
component system (IL; 98% and H2O2; catalyst), the ignition
is primarily driven by the oxidizer H2O2. It means that the
catalyst mainly promotes the decomposition of H2O2 into ROS,
which then triggers the ignition with ionic liquid. The catalytic
ignition performance of M(vim)2(DCA)2 in the [BMIM]DCA-
H2O2 was evaluated by drop tests (Table 1). A droplet of mixed
fuel (10 wt% complex + 90 wt% [BMIM]DCA) was dropped into
a vial containing 1.5 mL of 98% H2O2. Ignition was recorded
with a high-speed camera at 1000 fps. The ignition delay time
(tid) is dened as the interval from droplet-liquid contact to the
appearance of an open ame, and values are the average of
three tests. The results show that only rapid bubbling was
Fig. 6 (a) UV-vis spectrum of Fe(vim)2(DCA)2 + [BMIM]DCA. (b)
Absorbance plot of Fe(vim)2(DCA)2 + [BMIM]DCA at 362 nm. (c) UV-vis
spectrum of Fe(vim)2(DCA)2 + [BMIM]DCA. (d) Absorbance plot of
Cu(vim)2(DCA)2 + [BMIM]DCA at 359 nm.

RSC Adv., 2026, 16, 16748–16755 | 16751
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Fig. 8 Comparison of the tid of IL-H2O2 with reported catalysts.
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observed for Mn- and Co-based fuels. As shown in Fig. 7, the Fe-
based fuel has an average tid of 61 ms, with a standard deviation
of ±1.0 ms. In comparison, Cu(vim)2(DCA)2 exhibits better
catalytic performance with an average tid of 21 ms and a stan-
dard deviation of ±0.5 ms.

Comparison of the tid of IL-H2O2 between the reported and
our catalysts is shown in Fig. 8. Iodine-containing catalysts,
such as 10 wt% [N(CH3)4]n(Cu2I3)n (tid = 55 ms)19 and 10 wt%
[FcCH2N(CH3)3]2(Cu2I4) (tid= 54ms)19 in [EMIM][BH3CN]-H2O2,
were found to have relatively longer ignition delays. In these
systems, iodine is believed to lower the Gibbs free energy of the
reaction between H2O2 and [EMIM][BH3CN], thereby promoting
the reaction.37,38 Several non-iodine catalysts have been reported
with shorter ignition delays, including 10 wt% Cu(AIM)4(BH3-
CN)2 (tid = 37 ms),39 13 wt% Cu2[C(CH3)COO]4$2CH3OH (tid =

30 ms),29 and 10 wt% Cu(vim)2(DCA)2 (tid = 21 ms) in [EMIM]
[BH3CN]/[BMIM]DCA-H2O2. The improved performance in
these systems is generally attributed to Cu(II) directly catalyzing
H2O2 decomposition to generate ROS, which enables rapid
ignition with the ILs. In this work, low-dimensional
coordination-unsaturated complexes, such as Cu(vim)2(DCA)2,
offer fully exposed active sites. Concurrently, the vim ligand
modulates the electron density of the metal center and facili-
tates direct H2O2 adsorption and activation, ultimately yielding
faster ignition.
Analysis of the catalytic mechanism

EPR spectroscopy was applied to monitor the reactive oxygen
species (ROS) generated during the catalytic process. For safety,
tests were conducted using 30% H2O2. As shown in Fig. 9, the
ROS ($OH, $O2

−, and 1O2) produced upon catalysis by 10 wt%
Cu(vim)2(DCA)2 + 90 wt% [BMIM]DCA were trapped with 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) for $OH/$O2

− and 2,2,6,6-
tetramethylpiperidine (TEMP) for 1O2.40–42 The lifetime of $OH is
very short (<1 ms) and its diffusion ability is limited, although it
possesses the highly oxidizing ability.43 In contrast, $O2

− and
1O2 have millisecond-scale lifetimes and can diffuse over longer
distances, enabling sustained and effective reaction with
Fig. 7 Ignition delay times of (a) 10 wt% Fe(vim)2(DCA)2 + IL and (b)
10 wt% Cu(vim)2(DCA)2 + IL with H2O2 recorded using a high-speed
camera (1000 fps).

16752 | RSC Adv., 2026, 16, 16748–16755
[BMIM]DCA.44–46 Hence, $O2
− and 1O2 are considered the

primary ROS responsible for the ignition of the [BMIM]DCA-
H2O2 propellant.

To investigate the weak interactions in the Cu(vim)2(DCA)2
complex, an Independent Gradient Model (IGM) analysis was
performed. Fig. 10a and S11 show the 3D structure of the
complex from the top and side views. Green isosurfaces are
clearly visible between the imidazole rings, which indicate the
p–p stacking interactions. The electron distribution of
Cu(vim)2(DCA)2 was then calculated (Fig. 10b), as the HOMO is
mainly distributed on the ligand and the LUMO is located near
the Cu site. In addition, the GAP value of the catalyst is only
0.306, and electron transfer in the catalyst is relatively facile,
Fig. 9 Signals of the ROS ($OH, $O2
− and 1O2) during the catalytic

decomposition of [BMIM]DCA-H2O2 by Cu(vim)2(DCA)2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) IGM isosurfaces of Cu(vim)2(DCA)2. (b) DFT-calculated HOMO and LUMO of Cu(vim)2(DCA)2. (c) Density of states of Cu(vim)2(DCA)2.
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thereby promoting the catalytic activity at the Cu site. The
density of states (DOS) calculations show that the Fermi level
(EF) is embedded into the valence bandmaximum (VBM), giving
the complex metallic properties to some degree (Fig. 10c). This
feature enables efficient electron transfer through p–p conju-
gation for the efficient activation of H2O2 during the catalytic
process.

The catalytic activation of H2O2 by Cu(vim)2(DCA)2 is illus-
trated through a proposed cycle in Fig. 11a. The planar quad-
rilateral structure of Cu(vim)2(DCA)2 exposes the axial (z-
direction) active sites of Cu(II). The process begins with H2O2

adsorption onto the Cu(II) center along the z-axis to form
intermediate I. Subsequently, weak coordination of the second
oxygen lone pair to Cu(II) yields intermediate II, followed by
cleavage of the O–O bond to generate intermediate III con-
taining two Cu–O bonds. One Cu–O bond then breaks, releasing
a hydroxyl radical ($OH) and producing intermediate IV. The
$OH group participates in hydrogen bonding with another H2O2

molecule to form intermediate V. Subsequently, electron
transfer within the H–O bond of H2O2 generates a proton, $O2

−

Fig. 11 (a) Proposed catalytic ignition process of Cu(vim)2(DCA)2 with H

© 2026 The Author(s). Published by the Royal Society of Chemistry
and 1O2, thus forming intermediate VI. Cu(II)–H2O releases
a water molecule, and the catalyst returns to its original
Cu(vim)2(DCA)2 structure.29 The generated ROS ($OH, $O2

−, and
1O2) attack the [BMIM]+ and DCA− ions of IL, and initiate chain-
oxidation decomposition to CO2, H2O, N2, thereby achieving
rapid ignition.

Gibbs free energy of the catalytic ignition process was
systematically studied by the DFTmethod (Fig. 11b). The results
show that H2O2 was adsorbed onto the Cu site with an
adsorption energy of −0.38 eV, forming hydrogen bonds with
the N atoms of the ligand. The subsequent O–O bond cleavages
to form 2 *OH with an energy barrier of 0.52 eV. Aer releasing
one $OH radical, a second H2O2 molecule interacts with the
remaining *OH via hydrogen bonding. The hydrogen transfer
fromH2O2 to *OH occurs with a barrier of 0.40 eV and generates
*H2O and *OOH. Finally, the desorption of H2O regenerates the
active catalytic sites. The unsaturated Cu center and electron-
rich ligands improve the production of reactive oxygen
species, resulting in the rapid ignition of the [BMIM]DCA-H2O2

propellant.
2O2. (b) Gibbs free energy changes in Cu(vim)2(DCA)2.
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Conclusions

A series of complexes, M(vim)2(DCA)2 (M =Mn, Fe, Co, and Cu)
catalysts, were synthesized. X-ray single crystal diffraction
shows that the Mn, Fe, and Co complexes adopt 1D octahedral
structures, while Cu(vim)2(DCA)2 is a 0D planar quadrilateral
complex. The physicochemical properties of mixed fuels con-
sisting of 10 wt% M(vim)2(DCA)2 and 90 wt% [BMIM]DCA were
measured or calculated. The Cu-based mixed fuel exhibits
comprehensive performance: Td = 266.7 °C, DHc = 32.3 MJ
kg−1, and DHf = 204.2 KJ mol−1. Aer the addition of the
catalyst, all fuels exhibited similar specic impulse (Isp) values
(253 s, O/F = 3.5). Dispersion stability tests indicated that
Cu(vim)2(DCA)2 forms a colloidal dispersion in [BMIM]DCA,
and UV-vis spectroscopy conrmed the long-term stable
dispersion of all complexes without sedimentation over 25 days.
In catalytic ignition tests, Cu(vim)2(DCA)2 gave the shortest
ignition time with tid = 21 ms. EPR studies revealed that
Cu(vim)2(DCA)2 catalyzes H2O2 to generate $OH, $O2

−, and 1O2,
which subsequently trigger the rapid chemical ignition of
[BMIM]DCA. This high activity was further investigated by DFT
calculations. The zero-dimensional geometry of Cu(vim)2(-
DCA)2, with its unsaturated Cu center and electron-rich ligand
framework, enables efficient electron transfer and promotes the
generation of reactive oxygen species, leading to fast ignition.
This work elucidates the pivotal role of the metal center in the
IL-H2O2 system and offers valuable insights into the catalytic
ignition of green propellants.
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