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Abstract
The synthesis of new carbonaceous electrode materials for supercapacitors and the discovery of efficient techniques for 
the  CaC2 activation are meaningful subjects. In this study, unique alkynyl carbon materials (ACMs) were effectively synthe-
sized through solvent-free mechanochemical reactions of  CaC2 with  C2Cl6 or  C6Br6. Their components and structure were 
comprehensively characterized, and their supercapacitor performances were examined in detail. The mechanochemistry 
has proved to be an efficient and targeted technique for the reactive activation of  CaC2. The sp-C dominated ACMs feature 
interconnected framework with hierarchical pores, tunable structures, and low cost of raw materials. As electrodes for 
supercapacitors, the ACMs exhibit high specific capacitances in the range of 48.4–132.4 F g−1 with excellent electrical 
conductivities and outstanding cycling stabilities. This work provides an efficient, green, and cost-effective strategy for 
the synthesis of ACMs from wildly available precursors, and a significant assistance for the renaissance of  CaC2 chemistry.
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1 Introduction

The fast depletion of fossil energy and the global envi-
ronmental challenges have greatly inspired the explora-
tion and utilization of sustainable energy storage devices 
[1, 2]. In the last few decades, supercapacitors, especially 
for the electric double layer capacitors (EDLCs), have 
attracted widespread attentions and researches owing 
to their short charge–discharge time, high power den-
sity, and long cycle life. Generally, the electrode materials 
are the key to the electrochemical performance of EDLCs 
[3–5]. To meet the requirements of the high-performance 
electrodes, various carbon materials including activated 
carbons, carbon fibers, porous carbons, carbon nanotubes, 
carbon aerogels, graphene, and alkynyl carbons have been 
widely investigated as electrode materials for EDLCs [5–9]. 
Among them, alkynyl carbon materials (ACMs) with unique 
structures of intriguing electronic properties have shown 
the great potential to become one of the most promising 
electrode materials [8–11]. However, the types of ACMs 
that have been developed are rare, and their synthetic 
methods and appropriate precursors are still scarce [8, 9, 
12]. Therefore, it is necessary to exploit the efficient meth-
ods and new precursors for the synthesis of ACMs with 
unique structures that can deliver excellent supercapacitor 
performance.

Calcium carbide  (CaC2) is a crystalline ionic compound 
that simply composes of  Ca2+ and [C≡C]2−, and thus may 
be served as an ideal precursor for the synthesis of ACMs 
[13]. However, it is very difficult to realize the  CaC2-related 
reactions except its hydrolysis due to the restrictive effect 
of its lattice structure [9, 13–15]. To date, few researches 
have been attempted to straightly synthesize the ACMs 
by  CaC2. Huang et al. synthesized a series of CMs in auto-
clave through radical reactions of  CaC2 and chloralkanes 
[16, 17]. Almost simultaneously,  CaC2-derived CMs have 
been synthesized by Wang et  al. via etching effect of 
fresh chlorine for  CaC2 under medium-high temperature, 
and their supercapacitor performance were investigated 
[18–20]. These studies demonstrate that the synthesis of 
ACMs from  CaC2 is very hard to implement through con-
ventional methods. In addition, in consideration of their 
thermal instability, the alkynyl groups may be destroyed 
during the synthetic processes of these CMs [21]. Thus, it 
is very important to find a suitable method for the efficient 
activation of  CaC2. Recently, mechanochemistry (MC), as 
an effective and green technique, has attracted more and 
more attention owing to its high efficiency, facile operabil-
ity, and environmental friendliness [22–25]. Significantly, 
it has demonstrated inestimable potentials in materials 
synthesis through solid–solid reactions, and especially 

exhibited ultra-high activation effect for the crystalline 
substance [26–30]. Therefore, MC may be used as a viable 
method for the synthesis of ACMs by using of  CaC2 as alky-
nyl source.

In this context, two kinds of ACMs were efficiently syn-
thesized via the solvent-free mechanochemical reaction 
between  CaC2 and  C2Cl6 or  C6Br6 under mild conditions. 
In this study, the synthetic processes under mechano-
chemistry were investigated, the unique structures of the 
ACMs were characterized, and the supercapacitor perfor-
mances of the ACM electrodes were examined. This study 
can hopefully provide an efficient strategy for the ACM 
syntheses, as well as a perspective approach toward the 
reactive activation of  CaC2.

2  Experimental section

2.1  Synthesis and characterization of ACMs

In this study, a planetary ball mill was used for the mech-
anochemical synthesis of ACMs. For a typical process, a 
mixture of  CaC2 and  C2Cl6 powder  (CaC2/C2Cl6 = 4.5:1 in 
molar ratio) was added into a 250 mL stainless steel pot 
with approximately 250 g milling balls. Then, the planetary 
ball mill was operated at 550 rpm for 3 h under vacuum 
conditions and ambient temperature. The resultant mix-
ture was washed by dilute nitric acid and ultrapure water 
repeatedly to remove the impurities. Finally, the ACM-1 
was obtained by filtration and vacuum drying, and the 
filtrate was analyzed by ICS-900 ion chromatography to 
measure the ionization of halogen derived from  C2Cl6. 
Similarly, ACM synthesized by  C6Br6  (CaC2/C6Br6 = 4.5:1 in 
molar ratio) under the same conditions is termed as ACM-
2. Furthermore, the as-prepared ACMs were comprehen-
sively characterized by scanning electron microscopy 
(SEM), X-ray energy-dispersive spectroscopy (EDS), high-
resolution transmission electron microscopy (HR-TEM), 
low-temperature nitrogen adsorption, Raman spectros-
copy, X-ray diffraction (XRD), and X-ray photoelectron 
spectroscopy (XPS). The detailed synthetic processes and 
characterization conditions are listed in Supplementary 
Information (SI).

2.2  Electrochemical performance measurements 
of ACMs

The electrochemical performance of ACMs was investi-
gated using three-electrode cell on a CHI 660E electro-
chemical workstation at room temperature. Three test 
methods, including cyclic voltammetry (CV), galvanostatic 
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charge–discharge (GCD), and electrochemical impedance 
spectroscopy (EIS) were employed. Details related to the 
fabrication of ACM electrodes and the test conditions have 
been provided in the Experimental Section in SI. Further-
more, the gravimetric specific capacitance  (Cm, F g−1) of 
the ACM electrodes were calculated using CV and GCD 
curves. On the basis of the CV curves, the  Cm values were 
calculated as follows:

where m (g) is the mass of the ACMs, ν (V  s−1) is the poten-
tial scan rate, ΔV (V) is the range of potential, I (A) is the 
response current, and ∫ IdV is the mathematical integral 
of the CV curve. On the basis of the GCD curves, the  Cm 
values were calculated as follows:

where m (g) is the mass of the ACMs, I (A) is the charge/
discharge current, ΔV (V) is the potential range of charge/
discharge, and Δt (s) is the discharge time.

3  Results and discussion

3.1  Mechanochemical synthesis processes of ACMs

As shown in Table  1, the mechanochemical reactions 
between  CaC2 and polyhalogenated hydrocarbons 
(PHHCs) can reach deep level, as evidenced by the high 
carbon yield and dehalogenation degrees. Notably, the 
experimental carbon yields  (CYexp) are greater than the 
theoretical ones  (CYtheo.). This phenomenon can be attrib-
uted to the existence of insoluble impurities in  CaC2, small 
quantity of halogen residues from PHHCs, and the chemi-
cal adsorption of oxygen on ACM surface, as proved from 
the EDS spectra of the ACMs (Fig. S1). Even if the above 
impurities are ignored, the carbon yields obtained from 
the mechanochemical reactions are still very high. Further-
more, the reactivity of  CaC2 can be effectively activated 

Cm =
∫ IdV

2mνΔV

Cm =
IΔt

mΔV

under mechanochemistry due to the targeted treatment 
on the  CaC2 lattice structure [9, 31, 32]. As shown in Fig. 1, 
once the mechanochemical reactions are triggered, they 
will proceed in a rapid, comprehensive, and deep man-
ner owing to the strong nucleophilicity and electron-
withdrawing effect of the alkynyl group [33]. Thus, the 
mechanochemical synthesis of ACMs can proceed under 
very mild conditions [32, 34]. In addition, the raw materi-
als used here are cheap and abundant, and no hazardous 
materials are released into the environment during the 
ACM synthetic process. Therefore, this mechanochemical 
process can be considered as a green, efficient, and cost-
effective approach for the synthesis of ACMs. 

3.2  Characterizations of ACMs

As shown in Fig. 2a–d and Fig. S2, the SEM images display 
an accumulated roe-like morphology, indicating that the 
as-prepared ACMs are aggregates of carbon nanoparticles 
(CNs) with a micro–mesoporous structure. Obviously, the 
CNs in ACM-2 has bigger size but broader size distribution 
than that in ACM-1 (Fig. S3). In addition, the pore struc-
ture of ACM-2 appears to be more developed than that of 
ACM-1. These differences may be attributed to the exist-
ence of benzene rings in ACM-2, the distinction between 
halogen atoms in PHHC precursors, and the possible struc-
tural rearrangement of ACM-1 during its synthesis. These 
results indicate that the morphology and pore structure of 
ACMs can be modulated through selecting different PHHC 
precursors.

Furthermore, the nitrogen adsorption–desorption 
isotherms of the ACMs shown in Fig. 2e are typical IVa 
type with obvious  H4 hysteresis loops at a relative pres-
sure P/P0 of 0.4–1.0 and pronounced  N2 uptake at low 
P/P0, demonstrating the existence of mesopores and 
micropores in ACM samples [35]. As can be observed 
from Fig. 2f, ACMs exhibit micropores centered at 0.7 and 
1.2 nm and mesopores ranging from 2 to 10 nm. Notably, 
there are more micropores in ACM-2 in comparison with 
ACM-1, which is well consistent with the SEM observa-
tion. Table 2 summarizes the pore structure parameters 
of ACM samples. The  SBET of ACM-2 reaches 648.6 m2 

Table 1  Mechanochemical 
synthesis processes and results

a The actual carbon yield from the experiments
b The carbon yield excluding insoluble impurities from industrial  CaC2
c Results obtained from EDS analysis

Sample PHHC precursor CYtheo (%) CYexp (%)a CYexp (%)b Halogen ioni-
zation (%)

C content 
(weight/atom, 
%)c

ACM-1 C2Cl6 22.4 33.2 24.6 97.8 76.3/82.9
ACM-2 C6Br6 19.38 34.6 26.4 95.1 68.5/82.1
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Fig. 1  Proposed mechano-
chemical synthesis pathway of 
the ACMs

Fig. 2  SEM images of ACM-1 (a, b) and ACM-2 (c, d),  N2 adsorption–desorption isotherms (e), and pore size distribution (f) obtained by the 
density functional theory
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 g−1, which is around twice that of ACM-1 (332.8 m2 g−1). 
Meanwhile, the pore size of ACMs decreases from 
7.71 nm (ACM-1) to 5.34 nm (ACM-2) when the PHHC 
precursor changes from  C2Cl6 to  C6Br6. These results 
illustrate that the rigid brace effect of benzene rings and 
the placeholder effect of large size halogens facilitate 
the formation of the developed pore structure, which is 
beneficial to their application in supercapacitors [36, 37].

As shown in Fig. 3a, b and Fig. S4, disordered and 
layered carbon structures are clearly observed in the 

HR-TEM images of ACMs, and the two types of carbon 
are interconnected with each other via carbon–car-
bon chemical bonds. This stable, cross-linked, porous 
structure is expected to improve the electron conduc-
tion, shorten the ion transport distance, and result in 
an excellent electrochemical performance for ACMs 
when they are used as electrode materials in superca-
pacitors. For ACM-2, the layered carbon is derived from 
highly conjugated planar structure constructed by sp- 
and sp2-hybridized carbon atoms, while that in ACM-1 
may attribute to the structural rearrangement due to 
the instability of the sp3 and sp hybridized structure [38]. 
Especially, lattice fringes were measured to be 3.50 Ǻ for 
ACM-1 and 3.65 Ǻ for ACM-2, which are greater than that 
of grapheme (3.35 Ǻ). This phenomenon can be attrib-
uted to their high electron density of adjacent layers [38, 
39], which is helpful for fast charge transport and excel-
lent supercapacitance.

Table 2  The pore structure parameters of ACMs

Samples SBET  (m2 g−1) Smic  (m2 g−1) Pore 
volume 
 (cm3 g−1)

Pore size (nm)

ACM-1 332.8 54.5 0.642 7.71
ACM-2 648.6 114.7 0.866 5.34

Fig. 3  HR-TEM images and the corresponding FFTs of a ACM-1 and b ACM-2, XRD patterns (c), and Raman spectra (d)
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The XRD patterns of ACMs (Fig. 3c) exhibit two strong 
reflections at around 26° and 44° accompanied by some 
weak reflections. The former coincides well with the (002) 
and (10) reflections of graphite (PDF 41-1487), indicating a 
certain content of well-ordered graphitic carbon in ACMs; 
while the latter is attributed to the reflections of SiC (PDF 
49-1428),  C0.14Fe1.86 (PDF 44-1289), and FeSi (PDF 38-1397), 
indicating the chemical insertion of the impurity elements 
in ACMs. These results are in good agreement with the HR-
TEM observation and EDS analysis. Notably, compared with 
ACM-1, ACM-2 has broader (002) reflections and lower crys-
tallinity (Table S2). This result indicates the structural diver-
sity of ACM-2 owing to the rotation effect of the alkynyl 
group and irregular cross-linking between monomers 
when the PHHC precursor changes from  C2Cl6 to  C6Br6 [38, 
40]. In addition, the Raman spectra of ACMs are presented 
in Fig. 3d. D-band at 1335 cm−1 attributed to the disorder 
carbonaceous structures and G-band at 1580 cm−1 attrib-
uted to the typical graphite bond stretching are observed, 
indicating the existence of defects in the crystalline carbon 
structure of ACMs [41, 42]. This result is consistent well with 
those obtained from XRD and HR-TEM above. Furthermore, 
the intensity ratio between D and G bands  (ID/IG) of ACM-2 
is 1.21 (Table S2), which is smaller than that of ACM-1 (1.38), 
indicative of a higher graphitization degree. This result 
reveals that more defects are formed in ACM-1 due to the 
possible structural rearrangement. The high graphitic struc-
ture of ACM-2 is expected to improve its electron conduc-
tion and supercapacitor performance [43].

To further investigate the structural features of ACMs, 
XPS spectra were recorded. As shown in Fig. 4a, C 1s peak 
at 284.8 eV and O 1s peak at 532.7 eV are observed. The 
former indicates that carbon is the main element of ACMs, 
and the latter is attributed to the chemical adsorption of 
 O2 and slight oxidization of C≡C bonds on ACMs surface 
[9, 11, 44], which can improve the wettability of electrode 
materials in electrolytes. After fitting with a combination 
of Lorentzian and Gaussian functions, the high-resolution 
asymmetric C1s peak is mainly deconvoluted into four 
sub-peaks at around 284.6, 285.1, 285.5, and 286.5 eV 
(Fig. 4b), assigned to binding energy of C=C (sp2), C≡C 
(sp), C–C (sp3), and C–O bonds, respectively [8, 44]. To 
further confirm the structure of ACMs, the area ratio of 
the sub-peaks is calculated. For ACM-1, the area ratio of 
sp2/sp/sp3 is 12/3/1, confirming that the structural rear-
rangement occurs during its synthetic process; while the 
area ratios of sp2/sp for ACM-2 is 1/1, confirming that its 
structure features benzene rings linked through alkynyl 
linkages. These results provide a powerful demonstration 
for the inferences about the ACMs structure and synthetic 
process (Fig. 1).

3.3  Electrochemical performance of ACM electrodes

Figure 5a and Fig. S5a-b show the CV curves of ACMs at 
different scan rates. The typical rectangular shapes without 
obvious redox peaks indicate their representative capaci-
tive behavior and low contact resistance [45, 46]. Even 
at high scan rate of 30 mV s−1, their CV curves still retain 
quasi-rectangular shape without obvious distortion, dem-
onstrating the excellent rate capabilities due to the perfect 
electrical double layers with high reversible systems. Nota-
bly, the ACM-2 electrode has much higher  Cm value than 
ACM-1 electrode (Table S3) due to its structural advantage.

Furthermore, the GCD curves of the ACMs (Fig. 5b and 
Fig. S5c-d) exhibit symmetrical triangular shapes, indicat-
ing a typical double-layer capacitive behavior due to the 
reversible adsorption and desorption of the electrolyte 
ions [47, 48]. The  Cm values of ACM-1 and ACM-2 elec-
trodes calculated from the GCD curves at 0.1 A g−1 reach 

Fig. 4  XPS spectra of ACMs: a survey scans, b narrow scans of car-
bon fitted with the combination of Lorentzian and Gaussian func-
tion
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48.4 and 132.4 F g−1, respectively, and the ACM electrodes 
show good  Cm retentions with increasing current density 
(Table S3). These results demonstrate that the reasonable 
selection of PHHC precursors can effectively regulate the 
pore structures of ACMs and further improve their capaci-
tance performance [49]. In addition, Fig. 5c presents the 
long cycling performance of ACM electrodes. The capaci-
tance retention at 1 A g−1 is 97.9% and 93.9% for ACM-1 
and ACM-2, respectively, after 1000 charge–discharge 
cycles, which is indicative of their excellent reversibility 
and good electrochemical stability.

The Nyquist plots obtained from EIS measurements for 
ACM electrodes are presented in Fig. 5d. The straight lines 
with high slope values at low frequency regions reveal 
that the ACM electrodes show near-ideal electric-double-
layer capacitor behavior with excellent pore accessibility 
for the electrolyte ions [50, 51]. The semicircles with small 
diameters at the high-frequency regions indicate their 
low charge–discharge resistances. More importantly, the 
equivalent series resistance (ESR) value is 0.42 Ω for ACM-1 
and 0.39 Ω for ACM-2, respectively, as obtained from the 
x-intercepts of the Nyquist plots. The low ESR values reveal 

the high charge–discharge rates and excellent electrical 
conductivities of the ACM electrodes.

Table 3 compares the performance of ACMs with other 
carbonaceous electrode materials. Considering their 
relative low specific surface area, the ACMs exhibit supe-
rior electrochemical performance with  Cm values range 
of 48–132 F g−1 as compared with other CM electrodes 
reported previously [7, 8, 52–56]. The relative high capaci-
tance, good rate performance, and excellent electrical 
conductivity of ACM electrodes can be attributed to their 
structural advantages, including optimized pore structure, 
high electron density, and excellent interconnected frame-
work. Furthermore, the structure of ACMs can be adjusted 
in accordance with the relevant requirements of the elec-
trode materials used in supercapacitors. Meanwhile, the 
synthetic process is cost-effective and environmentally 
friendly, resulting in viable massive production of ACMs. 
Therefore, the as-prepared ACMs have the great potential 
to be a new candidate for electrode materials with excel-
lent supercapacitor performance.

Fig. 5  Electrochemical performance of ACM electrodes: a CV curves, b GCD curves, c long cycling performance, and d Nyquist plots 
obtained from EIS measurements
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4  Conclusion

In summary, two kinds of ACMs have been synthesized 
from  CaC2 and PHHCs  (C2Cl6 or  C6Br6) through mechano-
chemical reaction under mild conditions. The reactivity of 
 CaC2 can be effectively activated under mechanochem-
istry, and the ACMs are obtained via successive nucleo-
philic substitution of halogens in PHHCs with the activated 
alkynyl groups. The as-prepared ACMs feature unique 
structures of hierarchical pores, atomic layer structures, 
interconnected frameworks, and specific alkynyl pres-
ences. Meanwhile, the structure of ACMs can be adjusted 
by selecting the appropriate PHHC precursors. Benefiting 
from these structural merits, the ACM electrodes exhibit 
superior electrochemical performance, including high spe-
cific capacitances of 48.4–132.4 F g−1, excellent electrical 
conductivities with 0.39–0.42 Ω of ESR, and outstanding 
cycling stabilities with 93.9–97.9% of capacitance reten-
tion after 1000 cycles at 1 A g−1. This novel strategy may 
provide a perspective approach for efficient synthesis of 
unique ACMs for supercapacitors, as well as a significant 
insight into the reactive activation of  CaC2.

5  Supporting information

Experimental section, material preparation details, 
electrode fabrication, and supplementary results and 
discussion.
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