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A B S T R A C T   

While graphene mesosponge (GMS) is a new type of mesoporous material with the potential for a variety of 
applications, its synthesis process requires costly templates such as Al2O3 and MgO nanoparticles. In this study, 
we present a new synthesis method for GMS, which achieves a high specific surface area of 1720 m2 g–1 by 
employing calcium oxide (CaO) nanoparticles as templates. The CaO nanoparticles with an approximate diam
eter of 86 nm are formed through the thermal decomposition of calcium carbonate nanoparticles. However, the 
calcium carbonate nanoparticles contain a small amount of Mg (2 wt %), and the thermal decomposition process 
also yields impurities, including Mg. When the CaO nanoparticles, including the Mg-based impurities, are sub
jected to chemical vapor deposition, the CaO surface can be coated with a thin carbon layer, primarily consisting 
of single-layer graphene through the specific catalysis of the CaO surface in facilitating the CH4-to-C conversion 
reactions. However, at the same time, the presence of Mg-based impurities leads to the formation of low- 
crystalline carbons, which have a detrimental effect on the subsequent high-temperature annealing at 1800 
◦C, following the template removal process, resulting in an excessive number of edge sits in the GMS. We have 
found that the harmful low-crystalline carbons can be eliminated through heat treatment in air at 350 ◦C. By 
adopting such a removal process, high-quality GMS with a minimal number of edge sites can be produced.   

1. Introduction 

Carbon-based materials have been widely used for many applications 
due to the advantages of their light weight, mechanical strength, 
chemical and thermal stability, and electric conductivity. [1,2] Their 
properties greatly vary depending on their nanostructures, i.e., the 
structures and arrangement of the primal structure unit, graphene. 
Regarding the nanoporous carbons, not only the rational design of 
porous structures but also the precise control of the carbon framework is 
crucial to exhibiting desirable properties and performance. A traditional 
activation process cannot precisely control fine nanostructures such as 
pore-size distribution, graphene stacking number, and chemical forms of 

carbon edge sites. [3] To overcome the limitation in nanostructure 
controllability, a variety of new approaches have been proposed, for 
example, sol-gel synthesis, [4,5] template carbonization, [6–9] exfolia
tion of graphite, [10,11] and direct conversion of porous organic sub
stances. [12–14] Template carbonization especially has a long history, 
pioneered by the SiO2-templated carbon in 1982 [15] and 
NaCl-templated carbon in 1987.[16] Kyotani et al. further extended this 
methodology to 1-dimensional, [17] 2-dimensional, [18] and 3-dimen
sional nanostructured carbons. [19] The use of 3-dimensional tem
plates especially has greatly expanded the range of synthesis possibilities 
for porous carbon materials. Zakhidov et al. have used silica opals as 
hard templates to synthesize carbon inverse opals with ordered 
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macropores. [20] Ryoo’s group and Hyeon’s group independently 
developed methods for synthesizing ordered mesoporous carbons using 
mesoporous silicas as hard templates. [21,22] Not only hard templates 
but also soft templates have been developed to synthesize porous carbon 
materials with ordered porous structures. Ling et al. successfully syn
thesized ordered mesoporous carbons through the carbonization of 
block copolymers, which had mesoscopic structures formed by micro
phase separation. [23] Nishiyama’s group [24] and Meng’s group [25] 
have independently produced ordered mesoporous carbons using sur
factant micelles as soft templates. While the controllability of carbon 
pores has been remarkably improved by the template-carbonization 
techniques, controlling the chemical structure of pore walls, particu
larly the number of graphene layers and the number of edge sites, re
mains a challenging target. In 2016, our group developed a new class of 
material, graphene mesosponge (GMS), based on template carboniza
tion using γ-alumina (γ-Al2O3) nanoparticles as templates. [26] GMS is 
single-walled nanoporous graphene that is almost free from carbon edge 
sites, overcoming the long-standing challenge of achieving high porosity 
and edge-free structure. While conventional porous carbon materials 
with a high specific surface area inevitably contain a significant number 
of carbon edge sites, GMS manages to combine high porosity with a 
structure devoid of edges. With its developed mesoporosity, high surface 
area, high electric conductivity, excellent durability, and mechanical 
flexibility, GMS is expected to be used in many applications, such as new 
types of sorbent, durable catalyst support, [27] high-voltage super
capacitors, [28] cathodes for lithium-air batteries, [29–31] and a new 
type of heat pumps. [32] 

The key process of GMS synthesis is chemical vapor deposition (CVD) 
of methane (CH4) on metal oxide, typically γ-Al2O3 or magnesium oxide 
(MgO). It is known that the surface of specific types of metal oxides 
catalyzes the CVD-based conversion of hydrocarbons into graphene 
sheets. [33] As for the GMS synthesis, the entire surface of γ-Al2O3 or 
MgO nanoparticles can be uniformly coated with an extremely thin 
carbon layer, almost corresponding to single-layer graphene, by the 
unique catalysis of these metal oxides over CVD using CH4 as a carbon 
source. [34] By subsequent template removal followed by 
high-temperature annealing at 1800 ◦C, GMS with edge-free graphene 
walls can be obtained. [35] We have examined the detailed mechanisms 
of the transition-metal-free pyrolytic carbon deposition from CH4 on 
γ-Al2O3 and MgO through comprehensive research using experimental 
analysis and quantum mechanical calculations. [34,36] Interestingly, 
γ-Al2O3 and MgO share an intrinsically similar reaction mechanism, 
although γ-Al2O3 and MgO have been known to have different catalytic 
features of solid acid and base, respectively. When CH4 contacts γ-Al2O3 
or MgO at a high temperature, at first, O of the metal oxide is reductively 
eliminated as CO, and the oxygen vacancy sites are formed. Then, the 
oxygen vacancy sites catalyze the CH4-to-C conversion. Moreover, the 
graphene growth rate of the first layer directly attached to the metal 
oxide surface is much larger than that of the following stacked layers in 
both γ-Al2O3 and MgO. [34] The preferential growth of the first gra
phene layer allows for a uniform coating of the entire surface of metal 
oxides with single-layer graphene, enabling the synthesis of GMS 
composed of single-layer graphene walls. Towards the industrialization 
of GMS based on a sustainable process, this work focuses on the pro
duction of GMS with developed porosity using calcium oxide (CaO), a 
solid base similar to MgO, as a further cost-effective template over 
γ-Al2O3 and MgO. Ca is also a ubiquitous element, and CaO can be easily 
obtained by the thermal decomposition of CaCO3, which is abundant in 
nature. In this work, we examine the feasibility of CaCO3 nanoparticles, 
which are mass-produced in the industry with low prices for filler ap
plications. [37] 

There have been many reports on the synthesis of porous carbons by 
a hard-template method using CaCO3 or CaO. One of the major methods 
is the carbonization of the mixture of CaCO3 and solid carbon sources 
such as sucrose. [37–39] In this case, however, the resulting materials 
are composed of disordered carbon frameworks with a large number of 

edge sites and graphene stacking structures. The challenge is to obtain 
nanoporous materials with single-layer graphene walls with an 
edge-free structure. Another method is CVD at 950–1200 ◦C using as 
template CaO formed by the thermal decomposition of CaCO3 nano
particles. [40–43] However, the CVD process has not been precisely 
controlled due to an unclear reaction mechanism, and the resulting 
carbon materials have a significant amount of graphene stacking 
structures. Thus, the maximum specific surface area of the carbon ma
terials is at most 527 m2 g–1, which is much smaller than the theoretical 
value of graphene (2627 m2 g–1). In this work, we carefully examine the 
CVD conditions of CaO generated by the thermal decomposition of 
CaCO3 nanoparticles and figure out the optimal CVD conditions that 
allow uniform coating of the entire surface of CaO with single-layer 
graphene walls. Then, through graphene zipping reactions, which are 
graphene-graphene coalescence reactions occurring at temperatures 
ranging from 900 to 1800 ◦C, [35] we demonstrate the synthesis of 
high-quality GMS with a specific surface area of 1720 m2 g–1 and su
perior oxidation resistance. 

2. Experimental 

2.1. Analysis of CaCO3 and CaO 

In this work, CaCO3 nanoparticles (denoted SK2), kindly provided by 
Shiraishi Central Laboratories Co., Ltd., were used as precursors for CaO. 
SK2 contains approximately 2 wt % magnesium, and its particle size is 
around 28 nm. The results of elemental analysis are presented in Sup
porting Information Table S1. 

The thermal decomposition process from CaCO3 to CaO was 
analyzed by gas chromatography (GC; Varian, 490-GC) and thermog
ravimetry (TG; NETZSCH, STA 2500 Regulus). The detailed heating 
conditions are described in the captions of the corresponding Fig. 1a and 
b, respectively. The changes in crystal structure and surface area before 
and after the heat treatment at 850 ◦C or 900 ◦C were evaluated by X-ray 
diffraction (XRD; Rigaku, MiniFlex600) and N2 adsorption at –196 ◦C 
measured on a volumetric sorption analyzer (BEL Japan, BELSORP 
MAX), respectively. The Brunauer–Emmett–Teller (BET) method was 
applied to the N2 adsorption isotherm in the pressure range of P/P0 =

0.05–0.30 to estimate the specific surface area (SBET). The base sites of 
heat-treated CaO were quantified by temperature-programmed desorp
tion of CO2 (CO2–TPD). [34] First, CaCO3 was converted into CaO by 
heating it from roome temperature up to 900 ◦C in a quartz-tube reactor 
under He flow. After cooling down to room temperature, the sample was 
exposed to a mixture of He (99 vol %) and CO2 (1 vol %) gas for 30 min 
to adsorb CO2 onto the base sites. Subsequently, the sample was heated 
to 900 ◦C at a heating rate of 5 ◦C min–1 under He flow, and the CO2 
desorption was quantified by GC. Also, the acid sites of CaO heat-treated 
at 900 ◦C were quantified using the NH3-TPD technique, similar to the 
CO2-TPD method, except that the adsorption temperature for NH3 was 
100 ◦C. [34] 

2.2. Analysis of the reaction of methane on CaO 

During the CVD, GC was used to analyze the initial reaction between 
CaO and methane (CVD-GC). Approximately 1 g of CaCO3 was placed in 
a tube furnace connected to the gas chromatograph, and the sample was 
heated to 900 ◦C at a heating rate of 10 ◦C min–1 under He flow to 
convert the CaCO3 into CaO. To reduce the pressure drop, quartz sand 
was mixed with the CaCO3 prior to heating. It was confirmed beforehand 
that the quartz sand acted as an inert background throughout the 
measurement. When CO2 and H2O emissions from the CaO, generated 
from CaCO3, became negligible at 900 ◦C, the He flow was switched to a 
mixture of He (99 vol %) and CH4 (1 vol %), and the reaction between 
CaO and methane was analyzed. Due to the upper detection limit of CH4, 
a smaller CH4 concentration (1 vol %) than GMS synthesis (20 vol %) 
was used. CH4 was supplied from a highly-purity CH4 cylinder (99.99 %) 
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through a molecular sieve filter to reduce the amount of CO2, which is 
inevitably contained as an impurity, down to a negligible level 
(76 ppm). The gas emission behavior on CaO was compared with those 
on MgO (US Research Nanomaterials, average particle size is 27 nm) 
and γ-Al2O3 (TH80/170, Sasol, average particle size is 11 nm). 

2.3. Synthesis of GMS 

CaCO3 (2–3 g) was placed in a vertical quartz tube and was heated 
from room temperature to either 850 ◦C or 900 ◦C at a rate of 10 ◦C 
min–1 in an Ar flow. Once the temperature reached either 850 ◦C or 900 
◦C, it was maintained for 30 min for stabilization. Then, the Ar gas was 
switched to a mixture of Ar+CH4 (20 vol %), and CVD was performed at 
the same temperatures for durations specified in Table 1. Afterward, the 
mixture gas was switched back to Ar, and the sample was allowed to 

cooled down in Ar. The resulting carbon-coated CaO (C/CaO) was then 
washed with 5 M HCl at room temperature for 5 h to remove CaO. After 
thoroughly washing with pure water and then acetone, the sample was 
dried at 150 ◦C to obtain carbon mesosponge (CMS). CMS was then 
annealed at 1800 ◦C for 1 h in the vacuum to obtain GMS. 

2.4. Characterization 

The carbon-loading (Wcarbon [g g–1]) onto the CaO nanoparticles via 
CVD was estimated from the carbon yield when the C/CaO composite 
was washed with HCl. Note that it is difficult to determine the Wcarbon 
through TG analysis of C/CaO because it is prone to hydration when 
exposed to air. Wcarbon can be converted into the average stacking 
number of graphene layers (Nstack) by the following equation. 

Nstack =
WM

Wgraphene
=

Wcarbon

Stemplate Wgraphene
(1) 

where WM [g m–2] is the average amount of carbon deposited on a 
unit surface area of the template, calculated by WM = Wcarbon/Stemplate. 
Stemplate is the specific surface area of the template heated at the CVD 
temperature (850 or 900 ◦C). Stemplate of SK2 heat-treated at 850 ◦C is 
21 m2 g–1, while that heat-treated at 900 ◦C is 17 m2 g–1. Wgraphene is 
the weight of graphene per unit area (7.614 ×10–4 g m–2). 

The structures of the samples at each production step were observed 
by a scanning electron microscope (SEM; S-4800, Hitachi High-Tech Co., 
Ltd.). SK2, which was heat-treated at 850 ◦C, was observed by a scan
ning transmission electron microscope (STEM; FEI Company, Titan 
80–300) for high-angle annular dark-field (HAADF) observation and 
energy dispersive X-ray spectroscopy (EDX). The crystallinity of CMS 
and GMS was characterized by XRD and by Raman spectroscopy on a 
Jasco NRS-3300FL spectrometer (excitation wavelength was 532.2 nm). 
The Raman shift was calibrated by the G-band position (1582 cm–1) of 
highly oriented pyrolytic graphite (HOPG), and the intensity was 
normalized by the G-band (1582 cm–1). The porous properties of CMS 
and GMS were characterized by N2 adsorption-desorption measured at 
–196 ◦C. Total pore volume (Vtotal) was calculated at P/P0 = 0.96. The 

Fig. 1. (a) GC profiles of CO2 and H2O emitted from CaCO3 in He. The heating rate is 10 ◦C min–1. (b) TG curves of CaCO3 in Ar. The heating rate is 10 ◦C min–1 up 
to 550 ◦C and 1 ◦C min–1 from 550 ◦C to 900 ◦C. (c) N2 adsorption-desorption isotherms of CaCO3 before and after the heat treatment at 900 ◦C. After the heat 
treatment, CaCO3 is converted into CaO. (d) The profiles of CO2-TPD and NH3-TPD on CaO formed by the decomposition of CaCO3 at 900 ◦C. 

Table 1 
Summary of CVD conditions (temperature and period) and the properties of 
CMS.  

Entry Conditions Nstack
a Ycarbon

b 

(%) 
SBET

c 

(m2 

g–1) 

Nstack- 

BET
d 

Vtotal
e 

(cm3 

g–1)  

1 900 ◦C, 2 h  3.1  3.9  1232  2.1  2.3  
2 900 ◦C, 1 h 

20 min  
2.2  2.8  1438  1.8  2.1  

3 900 ◦C, 40 min  1.8  2.3  1647  1.6  2.2  
4 850 ◦C, 2 h  1.6  2.5  1684  1.6  2.3  
5 850 ◦C, 1 h 

20 min  
1.4  2.2  1838  1.4  2.4  

6 850 ◦C, 40 min  1.4  2.2  1849  1.4  2.5  
7 850 ◦C, 30 min  1.2  1.9  1475  1.8  2.0  

a The average stacking number of graphene layers calculated by carbon- 
loading amount in C/CaO. 

b Carbon yield. 
c BET surface area. 
d The average graphene stacking number of graphene layers calculated by BET 

surface area of CMS. 
e Total pore volume calculated from adsorption isotherm at P/P0 = 0.96. 
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mesopore-size distribution was calculated by the Barrett-Joyner- 
Halenda (BJH) method applied to the adsorption isotherm. Advanced 
temperature-programmed desorption (TPD) analysis up to 1800 ◦C was 
conducted to estimate the number of edge sites. [44] The oxidation 
resistance was characterized by TG in air. 

3. Results and discussion 

3.1. The properties of CaO generated from CaCO3 

The gas emission during the CaCO3 decomposition was analyzed by 
GC, as shown in Fig. 1a. Only CO2 and H2O were detected. The H2O 
emission at relatively low temperatures is due to the desorption of 
physisorbed water. The intense CO2 emission above 650 ◦C is ascribed to 
the CaCO3-to-CaO conversion. The SK2-type CaCO3 shows a slightly 
lower amount of CO2 emission (9.2 mmol g–1) compared to the stoi
chiometric amount of CaCO3-to-CaO conversion (10.0 mmol g–1), 
probably due to a low level of impurities included in SK2 (Table S1). The 
TG curves of CaCO3 are shown in Fig. 1b. The SK2-type CaCO3 shows an 
initial weight loss due to the desorption of physisorbed water, followed 
by successive weight losses. The total weight loss is 43.6 %, slightly 
lower than the stoichiometric value (44.0 %), as the GC result also 
indicated. 

The XRD patterns of CaCO3 before and after the heat treatments at 
850 and 900 ◦C are shown in Fig. S1. As expected, the CaCO3-to-CaO 
conversion is confirmed in both samples. The amount of impurities 
included in CaCO3 (Table S1) is too small to be detected in the XRD 
patterns. The change of surface area by thermal decomposition of CaCO3 
was analyzed by the N2 physisorption technique. Fig. 1c and S2 show N2 
adsorption-desorption isotherms of CaCO3 before and after the thermal 
decomposition at 900 ◦C (the data after decomposition at 850 ◦C is 
shown in Fig. S3). The surface area of CaCO3 noticeably decreases (from 
78 to 17 m2 g− 1), indicating thermal shrinkage. Next, we quantified the 
amounts of base and acid sites of CaO generated by the thermal 
decomposition of CaCO3 using CO2-TPD and NH3-TPD, respectively, as 
shown in Fig. 1d. CaO shows intense CO2 desorption around 575 ◦C, 
indicating the presence of base sites. The total CO2 desorption amount, 
corresponding to the number of base sites, is 0.40 mmol g–1. On the 
other hand, NH3-TPD results indicate almost no acid sites. [45] 

3.2. The reaction of methane on CaO 

We had previously revealed that surface oxygen of γ-Al2O3 or MgO is 
eliminated as CO when the surface is encountered with CH4 around 900 
◦C. [34] Then, the oxygen-vacancy sites catalyze the CH4-to-C conver
sion reaction. [34] In this study, we have investigated the conversion of 
CH4 using CaO produced through the thermal decomposition of 
SK2-type CaCO3. Fig. 2 shows gas emission profiles during the CVD-GC 
analysis, together with the reference data on γ-Al2O3 and MgO. [34] In 
γ-Al2O3, the CO emission (Fig. 2a), which corresponds to the 

aforementioned reaction between surface oxygen and CH4, gradually 
occurs from the beginning of CVD and continues up to 150 min. After the 
formation of the oxygen-vacancy sites, which activate the surface, the 
CH4-to-C conversion reaction starts at around 50 min, as indicated by 
the H2 emission (Fig. 2b). In MgO, much more intense CO emission 
occurs at the beginning of CVD (Fig. 2a), and the CH4-to-C conversion 
reaction starts much earlier (at around 10 min), as found from Fig. 2b. 
These behaviors indicate that the O of MgO is eliminated more easily as 
CO than in γ-Al2O3, and the MgO surface is more active for the CH4-to-C 
reaction. [34] For both γ-Al2O3 and MgO, the H2 emission continues for 
more than 200 min without termination. [34] It is noteworthy that the 
behavior of CaO derived from SK2 is different from γ-Al2O3 and MgO. 
The initial CO emission from CaO is more intense than MgO. Interest
ingly, the order of CO desorption, a kind of redox reaction, is opposite to 
the bulk reduction reactions. In CaO, intense H2 emission occurs very 
early, indicating a much faster rate of graphene growth compared to 
γ-Al2O3 and MgO. Significant reaction rates are important for the mass 
production of graphene sheets because they shorten the process time, 
enabling better production. 

3.3. The effect of CVD conditions 

From the results shown above, CaO generated from CaCO3 (SK2) has 
high activity towards the CH4-to-C reaction and is expected to play the 
role of a hard template for GMS production. Thus, we tried to determine 
the optimal CVD conditions (temperature and period) for which a high 
SBET is achieved under 20 vol % CH4/Ar feed. CMS is expected to have a 
high SBET approaching 2627 m2 g–1, the value of single-layer graphene, 
when carbon coating is uniform and Nstack is close to 1. Additionally, the 
framework should be free from significant capillary shrinkage after 
template removal to retain the high SBET. The CVD conditions and the 
resulting Nstack and SBET of CMS are summarized in Table 1. Depending 
on the synthesis conditions, a series of materials with reasonably 
continuous properties can be produced, ensuring good reproducibility of 
the current process. The carbon recovery amount (Ycarbon [ %]) upon the 
template removal, which is based on the C/CaO mass, and Vtotal are 
shown together. It is possible to roughly estimate the average graphene 
stacking number (Nstack-BET) of a porous carbon also by the following 
equation when the effect of carbon edge sites is negligible: 

Nstack− BET =
2627
SBET

(2)  

where 2627 (m2 g–1) is the specific surface area of single-layer gra
phene. While Nstack is the calculated value based on the structure of C/ 
CaO, Nstack-BET is calculated based on the structure of CMS after template 
removal. Thus, comparing Nstack and Nstack-BET allows us to estimate the 
degree of structural change mainly caused by capillary shrinkage after 
template removal. If significant capillary shrinkage occurs, it causes re- 
stacking of graphene sheets, resulting in much larger Nstack-BET than 
Nstack. On the other hand, Nstack is considerably larger than Nstack-BET in 

Fig. 2. The results of CVD-GC at 900 ℃ for (a) CO and (b) H2 emissions. CH4 supply was started at CVD time = 0. All the emission curves were normalized by 
dividing the data with the integrated amount during 200 min of the CVD time. 
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Entries 1–3, likely due to the significant formation of porous carbon 
structures from the presence of Mg-based impurities. It is found that 
Entries 5 and 6, which were performed at 850 ◦C for 1 h 20 min and 
40 min, respectively, provide the best results: Nstack is 1.4, SBET is larger 
than 1800 m2 g–1, and Nstack-BET is 1.4, which agrees well with Nstack, for 
both CVD conditions. In Entry 7, Nstack is equal to 1.2, but SBET is slightly 
decreased compared to Entry 6. This indicates that Nstack of 1.4 is the 
best to avoid capillary shrinkage. When Nstack is decreased to 1.2, the 
mechanical strength of the carbon framework becomes compromised. 

Thus, we conclude that the best CVD condition is Entry 6 (850 ◦C for 
40 min). Note that Entry 5 and 6 yield similar results, but a shorter CVD 
time is more cost-effective for practical applications. The CMS prepared 
by this condition was further converted into GMS, as discussed in the 
next section. We previously reported that the optimum CVD conditions 
for γ-Al2O3 and MgO are 900 ◦C for 2 h and 900 ◦C for 50 min, 
respectively.31,39 As shown in Fig. 2, CaO is more active for the CH4-to-C 
conversion than γ-Al2O3 and MgO. Thus, the optimum CVD conditions 
for CaO are even milder than those for γ-Al2O3 and MgO. 

3.4. The properties of CaO-derived GMS 

GMS was synthesized from CMS obtained by Entry 6. A whole syn
thesis scheme is shown in Fig. 3a (route I), together with SEM images of 
each synthesis step (Fig. 3b-f). The CMS and GMS samples thus obtained 

are denoted as CMS(SK2-I) and GMS(SK2-I), respectively. As calculated 
from Fig. 1d and S3, the SBET of SK2 decreases from 78 m2 g–1 to 21 m2 

g–1 when heated at the CVD temperature of 850 ◦C. Thus, the average 
particle size calculated from SBET increases from 28 nm to 86 nm (Fig. 3b 
and c). Also, numerous tiny particles (< 10 nm) are generated by ther
mal decomposition at 850 ◦C (Fig. 3c). These nanoparticles were further 
analyzed by HAADF-STEM and EDX, as shown in Fig. 4. HAADF-STEM 
image (Fig. 4a) displays that the tiny particles are attached to large 
particles with the size of about 100 nm, as shown in Fig. 3c. The Ca-EDX 
and O-EDX images (Fig. 4b and c) clearly indicate that the large particle 
is CaO. On the other hand, the Mg and O positions in Figs. 4c and 
d overlap well with the nanoparticles in Figs. 4a and e. Thus, we 
conclude that Mg (2 wt %) included in SK2 is deposited as tiny MgO 
particles (< 10 nm) by the thermal decomposition, as illustrated in 
Fig. 3a. Since both CaO and MgO catalyze the CH4-to-C conversion 
(Fig. 2), their surfaces can be uniformly covered with a carbon layer. 
Indeed, the sample morphology remains unchanged before (Fig. 3c) and 
after (Fig. 3d) CVD. The carbon-loading amount of C/CaO is estimated 
as 2.2 wt %, so that the SK2 powder to turn dark gray during CVD. 
Fig. 3e shows the SEM image of CMS(SK2-I) after HCl treatment. Since 
the size of CaO is as large as 86 nm, the carbon layer deposited on the 
CaO shows wrinkles caused by capillary shrinkage. Nevertheless, Nstack- 

BET of CMS(SK2-I) is the same as Nstack, indicating that the shrunk gra
phene layer forms a bellows-like structure without stacking each other. 

Fig. 3. (a) Schematic illustration of the synthesis process of GMS from CaCO3 (SK2) by the procedure of Entry 6. (b–h) SEM images of (b) CaCO3, (c) CaO formed by a 
heat-treatment of CaCO3 at 850 ◦C, (d) C/CaO, (e) CMS(SK2-I), (f) GMS(SK2-I), (g) CMS(SK2-II), and (h) GMS(SK2-II). 
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Also, Fig. 3e shows dots corresponding to carbon deposited on the tiny 
MgO particles. When CMS(SK2-I) is turned into GMS(SK2-I) via heat 
treatment at 1800 ◦C, the wrinkled structure is not noticeably changed 
(Fig. 3f). On the other hand, the dots disappeared, indicating that these 
are thermally unstable carbon. 

To examine the thermal stabilities of the two types of carbons in CMS 
(SK2-I), their oxidation behaviors were analyzed by TG in air, as shown 
in Fig. 5. The weight loss occurs stepwise: a small fraction (6.0 %) is 
burnt below 350 ◦C, and then the major component is burnt above 500 
◦C. To remove the former portion, which is ascribed to a low-crystallin 
carbon structure, CMS(SK2-I) was heat-treated at 350 ◦C in air. Such a 
purification technique is commonly used for carbon nanotubes. [46] The 
resulting CMS(SK2-II) shows only the wrinkled carbon framework 
(Fig. 3g). Thus, it is confirmed that the first slight weight loss (< 350 ◦C) 
in Fig. 5 corresponds to the oxidation of the dots found in Fig. 3e. 
Furthermore, CMS(SK2-II) was heat-treated at 1800 ◦C to prepare GMS 
(SK2-II) as shown in Fig. 3h. 

Fig. 6a shows XRD patterns of CMS and GMS synthesized via routes I 
and II. CMS(SK2-I) has broad peaks of carbon 002 and 10, corresponding 
to graphene stacking and planar graphene structures, respectively. [47] 
Other small peaks are ascribed to inorganic impurities derived from the 
CaCO3 sample (Table S1). When converted into GMS(SK2-I), both car
bon 002 and 10 peaks become more intense, suggesting the development 
of graphene stacking structure and planar graphene structure. The XRD 
pattern of GMS(SK2-II) is very similar to that of GMS(SK2-I) because the 
amount of the low-crystalline carbon is only 6.0 wt % (Fig. 5). 

The quality of graphene walls was further analyzed by Raman 
spectroscopy (Fig. 6b). The presence of the G-band in CMS and GMS 
samples indicates that these materials comprise graphene sheets. The G’ 
band (also expressed as 2D band) can have a higher intensity than the G 
band in monolayer graphene [48,49] or few-layer graphenes with 

specific orientations. [50] Also, in monolayer and few-layer graphenes, 
the wavenumber of G’ band is lower than that of G’ band of graphite 
(2714 cm–1). [26] The G’ bands of both GMS samples satisfy the above 
conditions, suggesting that a large amount of monolayer or few-layer 
graphene is present in the GMS frameworks. The D and D′ bands 
correspond to defects that disrupt the symmetry of the hexagonal carbon 
rings in graphene. [30] There are two types of defects in graphene-based 
sp2-carbon materials: edge sites and topological defects. The latter is 
non-hexagonal carbon rings in the graphene basal plane, including 5, 7, 
and 8-membered carbon rings. As will be discussed later, GMS possesses 
a minimal number of carbon edge sites. Consequently, an intense D band 
and a distinct D’ band can be ascribed to the abundance of topological 
defects within the GMS framework. [26,30,35] 

Fig. 6c shows N2 adsorption-desorption isotherms of CMS and GMS. 
GMS(SK2-I) retains almost the same isotherm shape as that of CMS(SK2- 
I). As found from the mesopore-size distributions (Fig. 6d), GMS(SK2-I) 
retains the mesoporosity of the CMS(SK2-I) precursor, and such 
behavior is a unique feature for successful GMS synthesis. [26] Note that 
the porosity of GMS(SK2-II) is almost the same as that of GMS(SK2-I) 
because the amount of the low-crystalline carbon contained in CMS 
(SK2-I) is only 6.0 wt %. Despite the presence of small amounts of 
low-crystalline carbon in GMS(SK2-I), the physicochemical properties of 
GMS(SK2-I) and GMS(SK2-II) are indistinguishable by XRD, Raman 
spectroscopy, and N2 physisorption. However, this does affect the 
amount of carbon edge sites in the corresponding GMSs, as shown in the 
next section. 

3.5. Edge-free structure and oxidation resistance 

A distinct advantage of GMS is the concomitant high porosity and 
negligible number of carbon edge sites. These seemingly conflicting 
properties enable GMS to behave as high-performance and highly du
rable electrode materials for supercapacitors, fuel cells, and secondary 
batteries. [28,30] To quantify the number of edge sites, we performed 
high-sensitivity vacuum TPD up to 1800 ◦C. [44] When a carbon ma
terial is heated, its edge sites terminated by H or O undergo decompo
sition, releasing H2, CO, CO2, and H2O. The amount of carbon edge sites 
can be roughly estimated by the total gas emission amount (Ngas). It was 
observed that GMS(SK2-I) shows a considerable amount of gas emission 
(Ngas = 1.1 mmol g–1) in comparison to the reported values for typical 
GMS (< 0.2 mmol g–1). [26,34] A possibility is that the low-crystalline 
carbon was turned into not planar graphene walls but small carbon 
clusters having some dangling bonds, which can be easily oxidized when 
the sample was exposed to air after the 1800 ◦C treatment. Although the 
porosity of GMS(SK2-I) (SBET = 1734 m2 g–1, Vtotal = 2.4 cm3 g–1) is 
satisfactory, it has many edge sites that cause corrosion in electro
chemical applications. [51] We have produced CMS(SK2-II) through 
route II depicted in Fig. 3a, eliminating the presence of low-crystalline 
carbon, and subsequently transformed it into GMS(SK2-II). As we ex
pected, GMS(SK-2-II) rarely shows gas emission (Fig. 7a), and its Ngas is 
as low as 0.16 mmol g–1. Moreover, GMS(SK-2-II) possesses a 

Fig. 4. (a) HAADF-STEM image and (b-e) EDX mapping images of CaCO3 for (b) Ca, (c) O, (d) Mg, and (e) an overlay image of Ca+O+Mg. EDX images are taken at 
the same position as (a). The same positions of representative tiny particles are highlighted with dotted circles in (a) and (d). 

Fig. 5. TG curve of CMS(SK2-I) under air. The heating rate is 5 ◦C min–1. The 
first weight loss ends at 350 ◦C, as indicated by a dotted line. 
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developed porosity (1720 m2 g–1, 2.3 cm3 g–1). The small number of 
edge sites significantly enhances the oxidation resistance of carbon 
materials. [26,34] 

Finally, the oxidation resistance of GMS(SK2-II) is compared with 
those of reference carbon materials by measuring combustion TG curves 
in Fig. 7b. As indicated in Fig. 7b, GMS(SK2-II) exhibits superior 
oxidation resistance compared to the reference carbon materials. The 
enhanced oxidation resistance of GMS(SK2-II) is attributed to the 
removal of the low-crystalline carbon. 

The developed graphene domains (Fig. 6a and b), the abundance of 
topological defects (Figs. 6b and 7a), a low Ngas emission of 
0.16 mmol g–1 (Fig. 7a), well-developed porosity (Fig. 6c and d), and 
high oxidation resistance (Fig. 7b) all demonstrate that high-quality 
GMS can be synthesized using the method reported in this work. We 
have previously documented that GMS possesses unique functions in 
various applications compared to conventional carbon materials such as 
graphite, carbon black, activated carbons, and carbon nanotubes, due to 
its specific structure. Its high surface area and edge-free structure make 

it suitable for fabricating supercapacitors with high-voltage stability. 
[28] The developed mesoporosity and edge-free structure also offer 
advantages as cathode materials for Li-O2 batteries. [29,30] Further
more, its edge-free and topological-defect-rich properties are crucial for 
serving as durable catalyst supports with an abundance of anchoring 
sites for catalysts. [27] In the current work, we do not present these 
performance data to avoid redundancy with our previous publications. 

In the wet synthesis process of manufacturing CaCO3 nanoparticles, 
[52] it is essential to add inorganic impurities to restrict particle growth, 
like the use of Mg in SK2. Although these impurities contribute to the 
formation of low-quality carbon moieties, we have demonstrated that it 
is possible to selectively remove these moieties through mild oxidation 
in air at 350 ◦C to obtain high-purity GMS materials. However, the 
multi-step procedure for GMS production may increase costs. Therefore, 
it would be desirable to establish a synthesis route capable of 
mass-producing CaCO3 nanoparticles without inorganic impurities to 
eliminate the need for the removal process of low-quality carbon moi
eties in the future. Additionally, further reduction in the particle size of 

Fig. 6. The characterization results of CMS and GMS synthesized via routes I and II. (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption-desorption isotherms, and 
(d) Mesopore-size distributions. 

Fig. 7. Gas (H2, H2O, CO, and CO2) evolution patterns of (a) GMS(SK2-II) during the high-sensitivity TPD measurement up to 1800 ◦C. The total gas emission amount 
(Ngas) is described. (b) Combustion TG curves. The heating rate is 5 ◦C min–1. The data of reference carbon materials (activated carbon YP-50 F; carbon blacks BP, 
and KB) were taken from ref. [26,34]. 
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the CaO template remains a challenge. As demonstrated in this work, the 
yield of carbon using CaO with a diameter of 86 nm is limited to 2–3 %, 
which is much lower than the yield of 12–14 % achieved with Al2O3 of 
approximately 7 nm. [26] Thus, decreasing the particle size of the 
template is crucial to increase the yield of carbon. Several methods exist 
for fabricating CaCO3 nanoparticles in liquid [53] and gas phases, 
[54–56] and it is anticipated that new fabrication techniques will be 
developed in the future. 

4. Conclusions 

In this study, we utilized CaO generated from CaCO3 nanoparticles as 
a solid template for synthesizing GMS. Initially, the CaCO3 particles are 
28 nm in size, which increase to 86 nm upon heating to 850 ◦C, trans
forming them into CaO. During this process, about 2 wt % of Mg, present 
as an inorganic impurity in CaCO3, is converted into tiny MgO particles 
(< 10 nm). Applying CVD to the thermally decomposed product coats 
the CaO nanoparticles with a high-quality graphene layer, catalyzed 
distinctly by CaO, whereas the MgO particles result in the formation of 
low-quality carbon. After removing the template and subsequent high- 
temperature annealing at 1800 ◦C, GMS is produced. However, the 
presence of low-quality carbon significantly reduces the chemical sta
bility of GMS. We have developed a remedy by treating the material in 
air at 350 ◦C, which effectively removes the detrimental low-crystalline 
carbons. This optimized synthesis process enables the production of 
high-quality GMS characterized by a minimal number of edge sites, 
evidenced by very low gas emission (0.16 mmol g–1) during high- 
temperature TPD analysis. Additionally, the high-quality GMS exhibits 
well-developed porosity (1720 m2 g–1 and 2.3 cm3 g–1), presenting 
promising opportunities for various applications. 
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