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Introduction

Nanoporous graphene-based materials exhibit unique charac-
teristics from the exceptional properties of graphene sheets,
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Template-assisted chemical vapor deposition (CVD) is a promising approach for fabricating nanoporous
materials based on graphene walls. Among conventional metal oxide templates, CaO, produced through
the thermal decomposition of CaCOs, offers improved environmental sustainability and lower production
costs, thereby potentially making it a viable candidate for green template materials. Nevertheless, the
underlying reaction mechanisms of the interaction on the CaO surface during the CVD process remain
indeterminate, giving rise to challenges in regulating graphene formation and obtaining high-quality
materials. In this work, a comprehensive experimental—theoretical investigation has unveiled the CVD
mechanism on CaO. CaO exhibits efficient catalytic activity in the dissociation of CHy, thereby facilitating
a thermodynamically favorable conversion of CH4 to graphene. These findings highlight the potential of
using CaO as a substrate for graphene growth, combining both sustainability and cost-effectiveness.
When the shell-like graphene layer deposited on CaO particles is released through the dissolution of CaO
with HCL, the resulting nanoporous graphene-based materials can be readily compacted by the capillary
force of the liquid upon drying. The folded surfaces, however, can become available for electric double-
layer capacitance via electrochemical exfoliation under a low applied potential (<1.2 V vs. Ag/AgClO,).

along with efficient charge and mass transport within their
nanoporous structure.””” Thus, they have emerged as highly
promising materials for various applications in electro-
chemical devices."”* The performance of these materials is
strongly influenced by factors such as crystallinity and poro-
sity. One compelling synthesis technique is template-directed
chemical vapor deposition (CVD), which offers precise control
over the structure of the resulting templated carbons (TCs) by
forming thin carbon layers onto template surfaces.”” In
addition, this approach also affords the ability to achieve high
crystallinity and enable scalability.>° Previous studies have
successfully utilized nanoporous Ni and Cu templates with
high catalytic activity to fabricate TCs with excellent
crystallinity.' > However, controlling the nanoporosity of TCs
remains challenging due to the low sintering temperatures of
metal templates, which leads to nanostructure collapse during
CVD. To overcome this issue, the usage of alternative tem-

IDepartment of Chemistry, University College London, 2020 Gordon St., London,
WC1H 04], UK

$Digital Environment Research Institute, Queen Mary University of London, Empire
House, 67-75 New Road, London E1 1HH, UK

tElectronic supplementary information (ESI) available: Related energy profiles,
optimized structures, SEM images, N, adsorption/desorption isotherms, and
Nyquist plots. See DOI: https://doi.org/10.1039/d4gc00116h

{Equally contributed and regarded as co-first authors.

This journal is © The Royal Society of Chemistry 2024

plates with high thermal stability, such as MgO"® and Al,0;,"*
has been explored. These metal oxides offer better control over
the nanoporosity of the TCs.

Recently, our group has explored the application of CH,-
CVD on MgO" and Al,0;'® nanoparticles. Comprehensive
research utilizing in situ techniques and quantum chemical
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calculations was conducted to examine the mechanisms involved
in transition-metal-free pyrolytic carbon deposition from CH, on
AlL,O; and MgO.""” Notably, the growth rate of the initial gra-
phene layer was found to be significantly higher than that of the
subsequent stacked layers in both Al,O; and MgO. This preferen-
tial growth allows the uniform coating of the entire metal oxide
nanoparticle surface with single-layer graphene sheets. Following
template removal and high-temperature annealing at 1800 °C, the
resulting material exhibits a unique combination of developed
porosity and a negligible number of carbon edge sites. These see-
mingly conflicting properties provide them with promising poten-
tial in various applications, including a new type of sorbent,'®
durable catalyst supports,” high-voltage supercapacitors, all-
solid lithium-sulfur batteries,”" lithium-oxygen batteries,**>*
and a new type of heat pump.>

Compared to Al,O; and MgO, CaO is a more cost-effective
template, as it can be easily obtained through the low-cost
thermal decomposition of abundant CaC0;.>® Additionally, the
utilization of HCI for CaO template removal, as opposed to HF
for Al,Oj3, facilitates an environmentally preferable process. The
etching reaction using HCl does not yield toxic fluoride bypro-
ducts but instead forms water and benign calcium chloride
(CaCly), thereby minimizing the generation of hazardous second-
ary waste. Prior research has discussed the synthesis of porous
carbons utilizing CaO templates. These templates are derived
from the thermal decomposition of CaCO; nanoparticles at
around 800-850 °C and are subsequently utilized in CVD pro-
cesses at temperatures ranging from 950 to 1200 °C.>”?°
However, previous CVD processes were performed empirically,
relying on a trial-and-error, because the underlying reaction
mechanism governing the graphene formation process has been
unclear. Therefore, it was challenging to precisely control carbon
layers at the molecular level, and such a concept itself did not
exist. As a consequence, these carbon materials exhibit lower
specific surface areas and altered properties compared to single-
layered nanoporous graphene materials.

In this study, we focus on the reaction mechanisms involved
in the CVD process using a CaO substrate generated through the
thermal decomposition of CaCO; nanoparticles. Our experi-
mental and computational investigations reveal the remarkable
catalytic activity of the CaO surface for CH, dissociation reac-
tions, with a lower energy barrier than MgO and Al,O;. These
exceptional catalytic properties enable milder CVD conditions,
reducing the likelihood of undesirable multi-layered graphene
formation. Moreover, the unique properties of the carbon
material prepared via CaO-mediated CVD are discussed,
especially regarding the formation of loosely stacked structures*°
and its re-exfoliation via an electrochemical method.

Experimental
Characterization of CaCO; and the CaO template

In this work, high-purity CaCO; nanoparticles with a particle
size of ca. 220 nm (SK-I), kindly provided from Shiraishi
Central Laboratories Co., Ltd, were used as precursors of the
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CaO template. The thermal decomposition process from
CaCO; to CaO was analyzed by gas chromatography (GC;
Varian, 490-GC) and thermogravimetry (TG; NETZSCH, STA
2500 Regulus). The changes in the crystal structure and
surface area before and after the heat treatment at 900 °C (SK-I
and SK-I1_900) were evaluated by X-ray diffraction (XRD) on a
Rigaku MiniFlex600 (Cu-Ka radiation, 40 kV, 15 mA, 1.5418 A)
and N, adsorption/desorption at —196 °C was evaluated on a
volumetric sorption analyzer (BEL Japan, BELSORP MAX),
respectively. The Brunauer-Emmett-Teller (BET) method was
applied to the N, adsorption isotherm in the pressure range of
P[P, = 0.05-0.30 to estimate the specific surface area (Sggr).
The base sites of heat-treated CaO were quantified by tempera-
ture-programmed desorption of CO, (CO,-TPD). First, SK-I was
converted into CaO by heating up to 900 °C in a quartz-tube
reactor under He flow. After cooling down to room tempera-
ture, the sample was exposed to He + CO, (1 vol%) gas for
30 min to allow the adsorption of CO, molecules on the base
sites. Then, the sample was heated up to 900 °C at a heating
rate of 5 °C min™" under a He flow, and the CO, desorption
was quantified by GC.'® Also, the acid sites of CaO heat-treated
at 900 °C were quantified using the NH;-TPD technique
similar to that of CO,-TPD, except that the operating tempera-
ture of NH,-TPD was above 100 °C.*

Analysis of the reaction during CH,-CVD using the CaO
template

During the CVD, gas chromatography (CVD-GC) was used to
analyze the initial reaction between CaO and methane. SK-I
(ca. 1 g) was placed in a tube furnace connected to GC and the
sample was heated up to 900 °C with a heating rate of 10 °C
min~' under He flow. To reduce the pressure drop, quartz
sand was mixed with the template. It was confirmed before-
hand that the quartz sand behaved as an inert background
throughout the measurement. When CO, and H,O emissions
from CaCO; became negligible at 900 °C, the He flow was
switched to the mixture gas of He (99 vol%) and CH, (1 vol%),
and the CaO-methane reaction was analyzed. Due to the
upper detection limit of CH,, a small CH, concentration (1
vol%) was used. CH, was supplied from a highly pure CH,
cylinder (99.99%) through a molecular sieve filter to reduce
the amount of CO,, which is inevitably contained as an impur-
ity, down to a negligible level (76 ppm). The gas emission be-
havior on CaO was compared with those on MgO"® and y-ALO;
(TH80/170, Sasol, average particle size is 11 nm).

Density functional theory calculations for the C-H activation
of CH, on the CaO template

The experimental investigation of the CH,-to-C conversion on
CaO has been complemented by density functional theory
(DFT) calculations with the “Vienna ab initio simulation
package” (VASP, version 6.1.1).>" We used the generalized gra-
dient approximation (GGA) exchange-correlation functional
proposed by Perdew-Burke-Ernzerhof (PBE),>* together with
the Grimme’s-D3 dispersion correction, to provide a more
accurate description of the ion-induced dipole interaction.*®

This journal is © The Royal Society of Chemistry 2024
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Valence electrons were described by a plane wave basis set with
an energy cutoff (E.,) of 450 eV to optimize the intermediates
and locate the intermediates and transition state structures on
the reaction energy profile. Optimized intermediates were
obtained by minimizing the forces on each ion until they were
less than 0.05 eV A™'. Monkhorst-Pack k-point samplings of (3 x
3 x 1) were employed for optimized geometries and for the calcu-
lations of CaO surfaces. The conventional cell of CaO was taken
from the Materials Project (ID: mp-1265)>* and fully optimized to
obtain the equilibrium crystal structure at the PBE-D3 level of
theory. The conjugate gradient scheme was used to minimize the
total energy and interatomic forces by modifying the lattice para-
meters and internal atomic coordinates independently. No sym-
metry constraint was applied. The lattice parameter of the opti-
mized cubic unit cell (0.4797 nm) was in excellent agreement
with the experimental value (0.4810 nm).*® The transition state
structures of each elementary step in the CH, decomposition on
CaO were located using the climbing nudged elastic band (NEB)
method.*®

DFT calculations were used to quantify the process of gas
desorption leading to the formation of an O vacancy and, con-
sequently, to the activation of the (100), (110) and (111) CaO
surfaces. We modelled this process by first computing the
intermediates involved in the CH,-to-C conversion process
(CH4*, CH3*, CH,*, CH*, and C*) and then considering the
CH, (x = 0-3) desorption from the CaO surface with a binding
O* on the CaO surface. The CH, desorption energies (Eqes)
were computed as Egescnor = Ecno) + E(cao-vo) — Ecu, )
where the first term is the energy of the isolated CH,O mole-
cule (e.g. CO and HCHO), the second term is the energy of the
optimized CaO surface with one O desorbed, and the third
term is the energy of the optimized CaO surface with an
adsorbed CH,*. Adsorption energies were computed as E(ags) =
E(adsorbate+slab) - E(adsorbate) - E(slab); where the first term is the
energy of the optimized surface slab with the adsorbate, the
second term is the energy of the isolated optimized adsorbate
molecule, and the third term is the energy of the optimized
bare surface slab. Negative values of E,qs correspond to an
exothermic adsorption process. We used Eges.cor and Eqes.cr,0
as a proxy for the ease of CO and CH,O desorption on CaO
and MgO: lower values of Eqes.cor and Eqes-ch o0 indicate easier
activation of the surface. The energies required for transferring
O from metal oxides (MO either CaO or MgO) were computed
as AEO-trans(MO to Gra) — E(O-Gra/MO—Vo) - E[Gra/MO)’ where the first
term is the energy of the optimized structure with one O trans-
ferred from MO to Gra, the second term is the energy of the
optimized structure with the Gra layer on MO.

Carbon templating

The carbon coated SK-I (C/SK-I) was prepared by a carbon
coating process in a similar manner as mentioned before.
Specifically, 10 g of SK-I nanoparticles were placed in a rotary
kiln reactor and were heated up to 900 °C (10 °C min™") in an
Ar flow. After stabilization for 30 min the gas was switched to a
mixture gas of Ar + CH, (20 vol%), and CVD was carried out
for 40 min. The templated carbon (TC_SK-I) was obtained by

This journal is © The Royal Society of Chemistry 2024
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washing C/SK-I with 5M HCI at room temperature for 5 h, fol-
lowed by replacing water with acetone and drying at 150 °C.
The yield of the deposited carbon was recorded as Yearpon. The
HT annealing was conducted at 1800 °C for 1 h under vacuum
to produce annealed templated carbon (TC_SK-I_A).

Characterization of the templated carbon

Wearbon (Zearbon gtemplate_i) onto the CaO template via CVD was
estimated from the carbon yield obtained after the template
removal process. Wearbon can be converted into the average
stacking number of graphene layers (Ngcx) using the following
equation.

We-areal

Wearb:
Nstack = L (1)

Wgraphene B SBET(template) X Wgraphene

where Wearear [¢ m™?] is the average amount of carbon de-
posited on a unit surface area of the template, calculated
USing the equation We areal = wcarbon/SBET(template)- SBET(tempIate)
is the specific surface area of the template heated at the CVD
temperature (900 °C). Sger of SK1 heat-treated at 900 °C has
the same value of 12 m?> g n. Weraphene 18 the weight of gra-
phene per unit area (7.614 x 10™* g m™?).

The structures of the samples at each synthetic step were
observed using a scanning electron microscope (SEM; S-4800,
Hitachi High-Tech Co., Ltd). Transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM)
images were obtained with a Titan G2 60-300 double Cs-cor-
rector (FEI company) at an acceleration voltage of 60 kV. The
crystallinity of TC_SK-I and TC_SK-I_A was characterized by
XRD (Cu-Ka radiation, 40 kv, 15 mA, 1.5418 A), and also by
Raman spectroscopy on a Jasco NRS-3300FL spectrometer
(excitation wavelength was 532.2 nm). The dy,, value was calcu-
lated using Bragg’s law, according to eqn (2).*’

A
2 sin(0)

door = (2)
where 1 is the wavelength of the X-rays (1.5418 A) and 6 is the
angle of the (002) diffraction peak.

The Raman shift was calibrated by the G-band position
(1582 cm™) of highly oriented pyrolytic graphite (HOPG), and
the intensity was normalized by the G-band (1582 cm™"). The
porous properties of TC_SK-I and TC_SK-I_A were character-
ized by N, adsorption-desorption measured at —196 °C. Total
pore volume (Vioa) was calculated at P/P, = 0.96. The meso-
pore-size distribution was calculated by the Barrett-Joyner-
Halenda (BJH) method applied to the adsorption isotherm.*®
The air-oxidation resistance was characterized by TG in air.
The air-oxidation resistance of templated carbon was com-
pared with YP-50F (Kuraray Co., Ltd), which is a water-vapor-
activated carbon made from palm shells and used for commer-
cial electric double-layer capacitors (EDLCs) owing to its large
surface area (1700 m* g~') and good durability. Advanced
temperature-programmed desorption (TPD) analysis up to
1800 °C was conducted to evaluate Ng,, which indicates the
number of edge sites.*’

Green Chem., 2024, 26, 6051-6062 | 6053
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Electrochemical measurement

The electrochemical behavior of TC_SK-I and TC_SK-I_A were
evaluated using a three-electrode cell in 1 M tetraethyl-
ammonium tetrafluoroborate (Et,NBF,)/propylene carbonate
(PC) electrolyte at 25 °C. The working electrode was prepared
by mixing the active carbon (TC_SK-I or TC_SK-I_A), Denka
black (DB, Denka Co., Ltd), and PTFE (polytetrafluoroethylene)
binder (weight ratio of TC_SK-1:DB:PTFE = 90:5:5). The
1 cm” of square electrode sheet was pressed between platinum
mesh (80 mesh). In addition, the activated carbon YP-50F
working electrode was prepared for comparison. The counter
electrode (ca. 10 mg) was prepared from YP-50F (weight ratio
of YP-50F : PTFE = 90: 10) in the same manner as that for the
working electrode. CV was performed under the following con-
ditions: first, the CV pattern was evaluated in the potential
range of 0.2 to 0.5 V versus Ag/AgClO, at the scanning rate of
1 mV s~'. Then, the upper-limit potential was increased by 0.1
V to 1.2 V versus Ag/AgClO,. Each CV scanning was punctuated
by the EIS measurement, which was conducted with a fre-
quency loop from 0.01 Hz to 1 MHz using a perturbation
amplitude of 10 mV at the potential of 0.2 V versus Ag/AgClO,.

Results and discussion
Formation of the CaO template

In this work, the CaO substrate is spontaneously formed
through the thermal decomposition of CaCO; nanoparticles
(SK-1, Shiraishi Central Laboratories Co., Ltd, average particle
size ca. 220 nm) during the heating step of the CVD process
(Scheme 1). SK-I is highly pure CaCOj3, with negligible impuri-
ties, as shown in Table S1.f CaCO; can undergo a one-step
reaction (eqn (3)) to produce solid CaO through thermal
decomposition.?*

CaCO;3(s) — CaO(s) + CO,(g) (3)

The gas emission during heating of the SK-I nanoparticle
up to 900 °C was analyzed using GC, as shown in Fig. 1a.
Initially, a small amount of physisorbed water was desorbed.
The emission of water observed above 250 °C is attributed to

v
LY

G o,

CaCo,
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the decomposition of Ca(OH),, which is present on the CaCO;
surface and can be estimated to be approximately 2.6 wt%
from the water desorption amount (0.35 mmol g~'). As the
temperature reached 650 °C, significant emission of CO, from
SK-I was observed, following eqn (3). The total amount of des-
orbed CO, was measured to be 9.6 mmol g™, which is very
close to the stoichiometric amount of CO, involved in the
CaCO;-to-CaO conversion (9.7 mmol g™'), considering the
2.6 wt% of Ca(OH),. Furthermore, SK-I exhibited a weight loss
value of 43 wt% as depicted in Fig. 1b, corresponding to the
stoichiometric weight decrease (43 wt%) during the thermal
decompositions of CaCO; (97.4 wt%) and Ca(OH), (2.6 wt%)
into CaO. These suggest that the conversion of CaCO; and a
minor portion of Ca(OH), into CaO is completed at the CVD
temperature.

The completion of CaO formation was further confirmed
using XRD analysis. The XRD pattern of SK-I after heating at
900 °C (denoted as SK-I_900) clearly demonstrates the for-
mation of the CaO phase, while the CaCO; phase is absent
(Fig. 1c). Additionally, the XRD pattern of SK-I_900 reveals the
presence of the Ca(OH), phase, attributed to the rapid reaction
between the formed CaO and moisture in the air during
sample transfer.**

In further characterization of the catalyst properties of
the formed CaO, its Lewis base and acid sites were quanti-
fied using CO,-TPD and NH;-TPD, respectively. Such charac-
terization reveals the fundamental properties of solid cata-
lysts. As shown in Fig. 1d, NH;-TPD results indicate the
absence of acid sites. Conversely, intense CO, desorption at
around 550 °C was detected in the CO,-TPD profile, indicat-
ing the presence of solid base sites.*” The total number of
base sites is estimated to be 0.38 mmol g™, significantly
higher than 0.22 mmol g™' observed on the solid base MgO
template, which previously demonstrated the catalytic effect
on the C-H activation of CH,.'> However, it should be
noted that our previous research demonstrated that the
CH,-to-C conversion is not primarily catalyzed by base and
acid sites but by the oxygen-vacancy sites generated under
CVD conditions on Al,0; and MgO. Thus, the CVD mecha-
nism on CaO is of particular interest.

CH
f

[ 4
Se

44'
i
-

CH,-CVD

CaO

Scheme 1 An illustration for the thermal decomposition of CaCO3 into CaO and the subsequent CH4-CVD on to CaO, where the blue, red, brown,

and green balls represent Ca, O, C, and H atoms, respectively.
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Fig. 1 Formation of CaO from CaCOs (SK-I). (a) Gas evolution and (b) weight change patterns of SK-I during heating up to 900 °C in an inert gas. (c)
XRD patterns of SK-I and SK-I_900. (d) The CO,-TPD and NH3z-TPD profiles of SK-1_900.

Underlying mechanism of the CVD process

Generally, the CVD process relies on the decomposition of the
carbon precursor gas to form a graphene sheet. In this work,
CH, underwent a series of C-H activation reactions at elevated
temperatures during the CVD process, resulting in the coating
of the template surface with graphene sheets. The CVD
process can be represented by the following basic reaction.*®

(4)

Recently, we reported that the catalysis of graphene for-
mation on pristine MgO and Al,O; is insufficient. However,
their surfaces can be activated at elevated temperatures
(around 900 °C) by CH, to generate oxygen-vacancy sites in
accordance with the following reaction.®

nCH; — C,, + 2nH,

M-O + CH; — M* + CO + 2H, (5)

In eqn (5), M refers to a metal (either Mg or Al), and M* rep-
resents the oxygen vacancy site. Subsequently, the created
vacancy sites serve as reaction centers for converting CH, into
C, promoting graphene growth. Accordingly, MgO (US3310, US
Research Nanomaterials, particle size ca. 30 nm) and Al,O;
(TH 80/170, Sasol, particle size ca. 10 nm) exhibit analogous
gas emission patterns during the CVD process (Fig. 2a and b)
despite the inherent catalytic difference between Al,O; (solid
acid) and MgO (solid base). Initially, CO emission occurs due
to the surface activation process described in eqn (5). The sub-
sequent evolution of H, originates from the formation of gra-

This journal is © The Royal Society of Chemistry 2024

phene (eqn (4)). Thus, the total amount of deposited carbon
per unit area on the substrate (Y [molc m™2]) could be esti-
mated using eqn (6),

Yc = (Yn,/2) — Yco

(6)

where Yy, (moly, m™?) and Yo (molco m™?) are the cumulative
amounts of H, and CO production per unit area of the sub-
strate, respectively. On the other hand, the number of carbon
atoms included in a single-layer graphene per unit area (nga
[molc m™?]) is 6.344 x 107> molc m~>. Consequently, the
average stacking number of formed graphene layers (Ngrac
[layers]) could be estimated using eqn (7).

Yc

NGra

7)

Fig. 2a and b illustrate the gradual formation of graphene
on MgO and Al,O;, achieving Ngr,c values of 0.73 and 0.42
after 240 minutes of the CVD process at 900 °C, respectively.
On the other hand, CaO derived from SK-I nanoparticles exhi-
bits prompt graphene coating involving an intense H, gene-
ration, attaining an Ng, ¢ value of 1 within 15 minutes of the
CVD process (Fig. 2c). The rapid deposition is attributed to its
significant catalytic effect on the CH,-to-C conversion.
Notably, the intensity of the H, evolution is an order of magni-
tude greater than what is observed for MgO and AlO;.
Specifically, the H, emission per unit surface area during the
first 50 minutes of the CVD process follows a distinct order:
CaO (248.4 pmol m™2, highest) > MgO (15.6 pmol m™~2) > AL O

Ngrac =

Green Chem., 2024, 26, 6051-6062 | 6055
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strate. The supply of CH,4 starts at a CVD time of 0. In all the cases, only Hp, CO, and CH,4 were detected by a gas chromatograph. The data of the

CVD process utilizing the MgO substrate was taken from reference.!®

(1.9 pmol m™, lowest). This trend underscores the superior cata-
lytic activity of CaO in the CH, dissociation reactions. Moreover,
the gas evolution patterns observed during the CH,-CVD process
indicate a significant amount of CO emission when using CaO
(Fig. 2c). This evolution continues even after Ngnc reaches 1.
Specifically, the total CO emitted during CaO-mediated CVD is
4.04 ypmol m™>, In contrast, the CO desorption from Al,O; and
MgO is likely to terminate before the Ngn ¢ value reaches 0.5,
with total emitted CO amounts of only 0.52 and 1.37 pmol m™>,
respectively. The potential origins of these differences will be
further discussed in the next section.

The mechanism of CH, dissociation on CaO was further
characterized using DFT calculations. As shown later, a scan-
ning electron microscope (SEM) image of SK-I 900 reveals
diverse particle shapes, suggesting the presence of diverse crys-
tallographic planes comprising both flat and stepped surfaces
(Fig. S1t). Thus, catalytic CH,-to-C conversion was computed
using flat (100) and (111) as well as stepped (110) surfaces
(Fig. 3). The energy profiles of the CH,4-to-C conversion on flat
Ca0(100) and CaO(111) surfaces (Fig. 3a and b) show high
energy barriers for the homolytic C-H bond dissociation of
CH, of 4.39 and 4.48 eV, respectively. These results imply that
CH, activation is not significantly active on flat-O-sites. In con-
trast, stepped-O-sites on CaO(110) exhibit substantially lower
energy barriers, and therefore, higher activity for the initial
dissociation of CH, than the (100) and (111) surfaces (Fig. 3c).
Specifically, the C-H cleavage steps of CH, to form CH3;* and
CH,* are spontaneous processes at the top oxygen site, as indi-
cated by nearly zero energy barriers of 0.18 and 0.05 eV,
respectively (Fig. 3c). It is important to note that these acti-
vation energies on the stepped surface are significantly lower
than those on Al,0; and MgO.'>'” The resultant CH,* species
can subsequently undergo conversion to graphene through
either the oxidative pathway of C-H activation, involving the
formation of CH* and C* with moderate barrier energies of
2.95 and 2.50 eV, respectively (Fig. 3c), or the non-oxidative
pathway of C-C coupling.’”” These findings align with the
observed rapid H, emission at the start of the CVD process,
suggesting that dissociation of CH, might occur even before
O-vacancy sites form.

6056 | Green Chem., 2024, 26, 6051-6062

Next, we discuss the mechanism of the CO emission from
CaO in eqn (5). One of the possible pathways involves CH,*
species, which can be easily formed on the CaO(110) surface
(Fig. 3c). CH,* can react with the nearby oxygens, forming for-
maldehyde (CH,O) and desorbing favorably from the surface
(AEges—cH,0 = —3.53 €V), as shown in Fig. 4a. The evolved CH,0
can rapidly decompose into CO and H, at CVD temperatures,*'
according to eqn (5). Another possible pathway for CO evol-
ution from C* was also computed. The CO desorption energies
(AE4es.cox) from adsorbed C* on CaO with (100), (110), and
(111) facets are +1.0, +1.1, and +0.9 eV, respectively (Fig. 4b
and S27). These values are lower than the AEges cox of +1.5 eV
reported for the dominant MgO(100) surface,'® suggesting the
occurrence of the route via C*. Also, it is noteworthy that the
CO evolution did not cease even after N, c reaches 1. Thus,
we also simulated the interaction between a formed graphene
layer and the underlying CaO. As displayed in Fig. 4c, the pres-
ence of a surface graphene layer destabilizes the oxygen atoms
in the CaO and further induces a transfer of oxygen to the
outer surface of the graphene layer. The energy required for
the oxygen transfer on the stepped CaO(110) surface was calcu-
lated to be merely 0.6 eV (Fig. 4d), which is significantly lower
than the 5.0 eV for the MgO(110) surface (Fig. S31), suggesting
the unique oxygen desorption pathway in CaO. It should be
noted that this oxygen transfer process is self-limiting due to
the rearrangement of the CaO structure after deoxygenation
(Fig. 4d and Fig. S4t), rendering neighboring sites less active.
Following the oxygen transfer process, the CH, molecule pre-
ferably combines with the acquired oxygen to form CH;OH
(Fig. 4e) through the reaction shown in eqn (8), which further
decomposes to generate CO at the CVD temperature.*'
Notably, Fig. 2c reveals that CO emission terminates once the
Ngra,c value reaches 2.0, implying a dynamic nature of the
surface interactions and the influence of the graphene layer in
modulating the reaction pathways.

Graphene-O + CH,; — Graphene + CH;OH (8)

Since O-vacancy sites could be generated on the CaO sur-
faces along with the CO evolution, we simulated the CH, dis-
sociation of the CaO surfaces with oxygen-deficient sites. As

This journal is © The Royal Society of Chemistry 2024
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shown in Fig. 3d-f, CaO with O-vacancy sites exhibits an
energy profile comparable to the pristine CaO surfaces. This
further highlights the intrinsic activity of the CaO surface in
catalyzing the CH, dissociation reactions, regardless of the for-
mation of surface vacancy sites, in contrast to the cases of
MgO ** and Al,O;' surfaces. These findings offer a compre-
hensive explanation for the observed gas evolution pattern
during CVD utilizing the SK-I substrate (Fig. 2c), where the
intensive emission of H, and CO simultaneously occurred at
the onset of CVD. Moreover, the conversion of CH, to C* on
the CaO surface proceeds exothermically (Fig. 3), which is in
contrast to the endothermic process observed on Cu,** Ni,*
MgO," and Al,0; " surfaces, further positioning CaO as a dis-
tinct catalyst for converting CH, into graphene via CVD.

Templated carbon and its distinct electrochemical behavior

The feasibility of the CaO substrate for the synthesis of gra-
phene-based porous materials was further assessed. First, a
carbon-coated composite (denoted as C/SK-I) was prepared via
CVD at 900 °C for 40 min. The resulting composite shows the
carbon-loading amount (Wearbon) Of 0.92 wt%. Note that Wearbon
was estimated from the carbon-recovery amount after template
removal, as it was the most reliable method to determine the
carbon loading in the experiments performed in this study.
The Wearbon value of 0.92 wt% corresponds to an average
number of 1.0 stacked layer (Nguei)- The detailed calculations

This journal is © The Royal Society of Chemistry 2024

for Wearbon and Ngeerc are provided in the Experimental section.
This composite was then subjected to chemical etching, yield-
ing templated carbon (denoted as TC_SK-I). Moreover, its
structure evolution by high-temperature (HT) annealing at
1800 °C was also investigated. The resulting sample is denoted
as TC_SK-I_A. The SEM images of each synthetic step are
shown in Fig. S1.} As described above, SK-I (Fig. S1at) shows
diverse particle shapes. It can be observed that the particle
size of the substrate slightly decreased upon heating up to
900 °C under an inert atmosphere (Fig. Sla and bt), as also
indicated by the increase in the Sgzgr value from 10 to 12 m?
¢~' (Fig. S51). The morphology of the C/SK-I composite
(Fig. Sict) resembles that of SK-I1_900 (Fig. Sibt) without
noticeable localized carbon deposition, suggesting a uniform
coverage of the CaO surface with a thin carbon layer.
Subsequently, CaO was eliminated through HCI etching, with
the pH neutralized using deionized water. The water was then
substituted with acetone to mitigate capillary forces during
drying. Despite the use of acetone with smaller surface tension
than water, the carbon framework experienced considerable
contraction after chemical etching, attributed to the signifi-
cantly soft nature of the large spherical structures consisting
of minimally stacked graphene walls (Fig. S1d1).*® On the
other hand, the structural change after HT annealing is not
evident (Fig. S1d and et), suggesting the thermal stability of
graphene fragments formed via CaO-mediated CVD, which

Green Chem., 2024, 26, 6051-6062 | 6057
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accords to the excellent thermal stabilities of graphene walls
formed on Al,0; and MgO."> The TEM image of TC_SK-I_A
shows the shrunken framework structure (Fig. 5a), resembling
those observed in the SEM image. An atomic-resolution TEM
image (Fig. 5b) of TC_SK-1_A, alongside a bright-field STEM
image (Fig. 5¢) and its corresponding fast Fourier transform
(FFT) (Fig. 5d), reveals distinct hexagonal patterns indicative of
the graphene lattice structure.

The crystallinity of TC was examined by XRD analysis and
Raman spectroscopy. The XRD pattern of TC_SK-I exhibits a
carbon 002 peak at around 26° (Fig. 5e), corresponding to the
stacked graphene structures. Additionally, TC_SK-I shows 10

6058 | Green Chem., 2024, 26, 6051-6062

(around 44°) and 11 (around 77°) peaks, corresponding to in-
plane diffractions of graphene building blocks in turbostrati-
cally stacked structures.**** TC_SK-I displays an intense 002
peak, though its Ny value is 1.0 layer. This is attributed to
the loosely stacked structures that arise due to structural con-
traction upon template removal.”® Indeed, the average inter-
layer spacing (doo,) value for TC_SK-I (3.67 A) is higher than
that of highly ordered graphitic carbon (3.34 A). In previous
research, the sizes of Al,O; (5-7 nm) and MgO (20-40 nm)
nanoparticles were much smaller than the current CaO nano-
particles (ca. 150 nm), and the formation of loosely stacked
structures is attributed to the larger particle size of CaO. As

This journal is © The Royal Society of Chemistry 2024
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demonstrated earlier, the CaO surface exhibits a unique cataly-
sis of graphene growth, which is comparable to or even
superior to that of Al,O; or MgO. Consequently, the thermal
stability of the loosely stacked structures consisting of gra-
phene formed by CaO-mediated CVD is further investigated.
After HT annealing, the 10 and 11 peaks become intense, indi-
cating the development of in-plane crystallinity. Additionally,
the doo, value decreased to 3.48 A, indicating a transition of
the loosely stacked structures into more tightly stacked struc-
tures.>® The development of ordered structures is consistent

This journal is © The Royal Society of Chemistry 2024

with the results of Raman spectroscopy. The G bands become
sharper and distinguishable from the D band (Fig. 5f), pre-
senting the enhanced crystallinity of the sp®> carbon
network.*®*” The appearance of D and resolved D’ bands in
TC_SK-I_A can be attributed to the presence of defect sites.*®
As explained later, there are very few edge sites in TC_SK-I_A.
Therefore, the observed D and D’ bands can be attributed to
the topological defects (5- and 7-membered carbon rings)
formed due to the coalescence between neighboring graphene
boundaries.'®*® In monolayer or few-layered graphene

Green Chem., 2024, 26, 6051-6062 | 6059
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materials with high two-dimensional crystallinity, the 2D band
often exhibits greater or comparable intensity than the G band
by a more distinct two-phonon double resonance process.’®
Also, the 2D band of rarely stacked graphene downshifts to
that of highly oriented pyrolytic graphite (HOPG).>" TC_SK-I_A
displays a significantly enhanced and downshifted 2D band,
which matches the stated criteria of rarely stacked graphene.

Fig. 5g shows the N, adsorption-desorption isotherms of
the samples. The Sggr value of TC_SK-I (469 m* g ') is signifi-
cantly lower than the theoretical value of single-layer graphene
(2627 m* g™ "). This is ascribed to the framework shrinkage
upon template removal. After the HT treatment, TC_SK-I_A
exhibits a slight increase in Sppr value (Sgpr of 612 m* g™%).
This presents the rearrangement of graphene building blocks
at high temperature. Conversely, the pore-size distributions
remain primarily unchanged upon annealing (Fig. S6t), indi-
cating no significant alterations in the pore structure. The
amount of carbon edge sites was quantified through high-sen-
sitivity vacuum temperature-programmed desorption (TPD) up
to a high temperature of 1800 °C.>** As shown in Fig. S7a,t
TC_SK-I_A released a much smaller amount of gas compared
to YP-50F, a commercially available activated carbon by
Kuraray Co., Ltd. The total gas emission amount (Ng,) of
TC_SK-I_A is as small as 0.23 mmol g~'. This value is much
lower than that of YP-50F (3.4 mmol g~ *)."® The small number
of edge sites imparts a high thermal stability of TC_SK-I_A,
showing a high onset combustion temperature (Tonset) Of
670 °C (Fig. S7bt). This Tynser is much higher than that of
YP-50F (585 °C).

Next, the electrochemical properties of loosely stacked
structures consisting of graphene formed via CaO-mediated
CVD were investigated.”® We compare the electrochemical
behaviors of TC_SK-1, characterized by its loosely stacked struc-
ture, and TC_SK-I_A with a tight stacking, using a three-elec-
trode cell in 1 M Et,NBF,/propylene carbonate. Fig. S8a and b¥
present the cyclic voltammetry (CV) profiles of the TC_SK-I
and TC_SK-I_A electrodes, respectively. The capacitance of
both electrodes increases as the upper limit potential is
expanded from 0.5 V to 1.2 V vs. the Ag/AgClO, reference elec-
trode. This is typical behavior of graphene-based materials
influenced by the reduction in quantum capacitance depen-
dent on the density of states.>* Both voltammograms do not
show noticeable anodic peaks, indicating no apparent cor-
rosion reactions up to 1.2 V. The absence of significant cor-
rosion and chemical changes was further supported by the
overlapped Nyquist plots (Fig. S9f) throughout the
measurement.

To elucidate the alterations observed in CV profiles, we eval-
uated the average anodic and cathodic currents spanning a
potential range of 0.2-0.5 V against Ag/AgClO, (denoted as I
and I, respectively), and shown in Fig. 5h and i. The
TC_SK-I_A electrode displays a consistent increase in 1) as the
upper limit potential expanded to 1.2 V (Fig. 5i). Conversely,
1" experienced a slight decrease initially, followed by satur-
ation (Fig. 5i). When the potential range is narrowed again, the
values of I and I almost return to their initial values, indi-

6060 | Green Chem., 2024, 26, 6051-6062
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cating that the changes of 17 and V) depending on the poten-
tial range are both reversible. One possible explanation for this
transient shift could be the delayed ion desorption, influenced
by the kinetic effects within the narrow pore confines.
Conversely, the TC_SK-I electrode demonstrated a progressive
rise in both I and 1) once the upper limit potential sur-
passed 0.9 V (Fig. 5h). Specifically, at an upper limit potential
of 1.2 V, both I and I increased notably by 16.7% and
5.9%, respectively, from their initial values. Such irreversible
capacitance enhancement is known as electrochemical acti-
vation,>® and it is ascribed that loosely stacked structures are
irreversibly expanded by the invasion of ions at an elevated
potential (Fig. 5j).

Thus, electrochemical activation has been demonstrated in
loosely stacked structures consisting of graphene formed by
CaO-mediated CVD. Electrochemical activation at a relatively
low potential is valuable to enhance the energy density of an
EDLC without undesirable side reactions, as electrochemical
activation can create minimal necessary pores inside a dense
carbon matrix. On the other hand, once the loosely stacked
structures turn into tight stacking structures by HT treatment,
the electrochemical activation becomes not applicable. These
results provide valuable insight for improving the volumetric
energy density of EDLCs using graphene-based highly porous
materials which are produced through metal-oxide-mediated
CcvD.>

Conclusions

In summary, we have elucidated the mechanism of the process
of CVD on a sustainable template of CaO nanoparticles
derived from the thermal decomposition of CaCOj, a cost-
effective and readily available natural resource. CaO exhibits
remarkable catalytic activity towards the CH,4-to-C conversion
even without forming oxygen-vacancy sites, which are necess-
ary in the cases of MgO and Al,O;. Without the need for a pro-
longed activation period prior to the CVD process, the CaO
template proves effective in reducing the duration of the CVD
period. Moreover, the CaO template can be efficiently removed
with HCI, which precludes the generation of toxic byproducts
typically associated with HF etching. This approach is consist-
ent with the tenets of green chemistry, emphasizing the mini-
mization of ecological impact and enhancement of resource
efficiency in chemical process design, advancing progress
toward manufacturing graphene-based functional materials.
Furthermore, upon HT annealing, the resulting material exhi-
bits enhanced oxidation stability while retaining its mesopor-
osity. Intriguingly, our findings also propose the potential
electrochemical exfoliation of loosely stacked graphene sheets
at potentials less than 1.2 V vs. Ag/AgClO,, adding a novel
aspect to our understanding of the capabilities of the material.
These multifaceted benefits, from sustainable synthesis tech-
niques to electrochemical properties, highlight the practical
potential of graphene-based materials.

This journal is © The Royal Society of Chemistry 2024
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