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Surface Defect Healing in Annealing from  
Nanoporous Carbons to Nanoporous Graphenes 
Kaoru Yamazaki,*b Shunsuke Goto,a Shunya Yoshino,a Anna Gubarevich,d Katsumi Yoshida,d 
Hideki Katoa and Masanori Yamamoto*ac 

Nanoporous graphene (NPG) materials have the pronounced electrochemical stability of the 
seamless graphene structures developed over the 3D space. We revisited the Raman spectra 
of nanoporous carbons (NPCs) synthesized using θ-/γ-Al2O3 templates and NPGs converted 
from NPCs by annealing at 1800 ºC to identify the type and density of defects. We found that 
both the NPCs and NPGs mostly consist of single-layered graphene with a few single vacancies 
and Stone‒Wales defects. The density of vacancy defect per hexagon in the graphene sheet is 
estimated to be 10‒2 for NPCs, while the annealing reduced the value to 10‒3‒10-4 for NPGs. 
This supports the outstanding chemical and electrochemical stability of the novel porous car-
bon materials. 

Introduction 

Nanoporous graphene (NPG) materials1-6 enjoy the high electro-
chemical stability, high electrical conductivity, and flexibility of 
the continuous three-dimensional (3D) graphene architecture, 
with high surface area and nanoporosity. NPGs are synthesized 
by (i) chemical vapor deposition (CVD) of methane (CH4) using 
nanoparticles of non-transition-metal oxides such as γ-alumina 
(γ-Al2O3)7 and MgO8 as the template, (ii) the subsequent acid 
etching for removing the metal oxides, and (iii) the annealing of 
the obtained nanoporous carbon (NPC) materials to give the 3D 
continuous architecture (Fig. 1). The mechanism of the initial 
NPCs formation at the early-stage CH4-CVD reactions has been 
well-documented based on the reaction kinetics and quantum 
chemistry.1,3 The use of relatively inert CH49 as the gaseous car-
bon source is crucial for kinetically achieving the formation of 
mono-layered carbon.1 

We also revealed that the thermal treatment10-16 of NPCs at 
high temperatures under an inert atmosphere affords the corre-
sponding NPGs by fusing the H-terminated edges,2,17 and this is 
the origin of the electrochemical stability of NPGs. This anneal-
ing following the CH4-CVD synthesis will also improve the in-
tegrity of the graphene architecture by reducing the defect con-
centration, which is helpful to develop stable electrochemical de-
vices using NPGs such as long-lived air‒metal batteries etc.18 
The quantitative evaluation of the defect type and concentration 
before/after annealing will be a starting point for the 

development of state-of-the-art continuous porous carbon mate-
rials based on NPGs chemistry,1,2 but recent investigations on the 
structural changes upon annealing by changing the size of tem-
plates16,19 gave us a qualitative picture. 

In this work, we carefully revisited the Raman spectra of 
NPCs and NPGs to quantitatively analyze the surface defects 
with aids of temperature-programmed desorption (TPD), X-ray 
diffraction (XRD), and nitrogen physisorption analysis. Raman 
spectroscopy has been used for the structure characterization of 
2D graphenes and 1D carbon nanotubes,20-24 and it could also be 
applicable to the curved 3D analogues to provide insights into 
the structural disorders which breaks the translational symmetry, 
such as edges, defects, and grain boundaries of graphene-related 
materials.25-29 The TPD, based on the detection of desorbed mol-
ecules including H2, CO, and CO2, rationalizes the density of 
edges and adatoms,17 while the XRD and nitrogen physisorption 
validate the number of graphene layers in the carbon materials.2 

We found that both the NPCs and NPGs mostly consist of 
single-layered graphene with a few single vacancies and Stone‒
Wales defects. In addition, a significant healing of the surface 

 

 
Fig. 1 Schematic of (top) the NPG synthesis by CH4-CVD1,2 and (bot-
tom) probing NPG structures by Raman spectroscopy. 
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defects in the 2D honeycomb lattice of sp2-carbons during ther-
mal treatment of NPCs to NPGs at 1800 ºC under inert atmos-
phere. 

 

Experimental 
Materials 
Methane (CH4) was purchased from Sumitomo Seika Chemicals 
Co.,Ltd. with Pure grade (>99.0%) and SEG grade (>99.99%), 
and Taiyo Nippon Sanso Corp. with G1 grade (>99.999%). High 
purity γ‒alumina nanoparticles (γ‒ANPs, SBa-200; γ‒Al2O3, 
particle size: ~9 nm, specific surface area: 203 m2 g‒1) were do-
nated from Sasol Limited. High purity θ‒alumina nanoparticles 
(θ‒ANPs, TM-100; θ‒Al2O3, particle size: ~10 nm, specific sur-
face area: 120 m2 g‒1) were from Taimei Chemicals Co.,Ltd. All 
chemicals were used as received unless otherwise noted. 

Synthesis of Carbon Materials1,2,4 
Synthesis of NPC and NPG using θ‒ANPs (TM-100) and γ-ANPs 
(TM-300) as the templates were reported previously,1,2,4 and the mod-
ified procedure was used to prepare the carbon materials for this work. 
γ‒ANPs (SBa-200, Sasol Limited.) with a BET surface area of 200 m2 
g−1 was used as the nanosized template for the synthesis of single-
walled 3D nanographene by chemical vapor deposition of CH4 (CH4-
CVD). ca. 2 g of SBa-200 was mixed with well-sieved quartz sand (ca. 
7‒8 g, Wako Pure Chemical Industries). The mixture was placed either 
in a horizontal or vertical quartz chamber, then heated to 1173 K (900 
ºC) at a rate of 10‒15 K min−1 under a steady-flow of Ar (90‒225 mL 
min−1). The temperature was maintained for 10‒30 min, and a mixture 
of CH4 (20‒31 vol%) and Ar (80‒69 vol%) was then introduced to the 
chamber for 120‒130 min at 1173 K for γ‒alumina nanoparticles-cat-
alyzed CH4-CVD. The temperature was maintained for 10‒30 min un-
der a steady flow of Ar. The chamber was then cooled down to room 
temperature, and the quartz sand was separated by sieving to obtain 
the carbon/alumina composite. 

The weight ratio of the carbon deposition in the carbon/alumina 
composite was determined via thermogravimetry to calculate the av-
erage number of graphene layers as previously reported. The obtained 
carbon/alumina composite was immersed in an aqueous solution of 
HF (46~47 wt%, 100~200 g, Wako Pure Chemical Industries) at room 
temperature for 5 h with agitation using a shaker (Reciprocal Shaker 
NA-201N, Nissin) to remove the template. Then, the aqueous solution 
was filtered using a hydrophilic PTFE membrane filter (Advantec 
H100A047A or H050A047A, Toyo Roshi Kaisha, Ltd., ø = 0.50 or 
1.00 μm), and the residue was washed with an aqueous solution of HF 
(46‒47 wt%, 200 g, Wako Pure Chemical Industries) and water sev-
eral times. 

When more than 2 g of alumina was used, the template could not 
be fully removed. In this case, the chemical etching process with HF 
was repeated. The carbon on the filter was then washed with water 5 
times. After the filtration, the wet sample was immersed in an organic 
solvent (acetone or isopropyl alcohol), and the mixture was stirred at 
323 K (50 ºC) for 6 h in total. Water was substituted with organic sol-
vents to prevent the graphene architecture from shrinking under the 
intense capillary force of water. The solvents were then filtered off on 
a hydrophilic PTFE membrane, and the obtained carbon was dried 

under vacuum at 373 K (100 ºC) overnight to give the nanoporous 
carbon materials (NPCs). The average number of graphene walls ngra 
was calculated to be ~1.1 by the TG analysis using an equation men-
tioned in the Table 1. NPCs were then annealed at 2073 K (1800 ºC) 
in an induction heating furnace30 or tabletop high temperature electric 
furnace for 0.5‒1 h under a steady flow of Ar to afford the nanoporous 
graphene materials (NPGs). 

Analysis of Obtained Materials 
Wide-angle powder XRD patterns of the obtained samples were rec-
orded using an X-ray diffractometer (Rigaku, MiniFlex 300/600) with 
Cu Kα radiation (λ = 1.5406 Å) generated at 40 kV and 15 mA. Nitro-
gen physisorption measurements were conducted at 77 K using a vol-
umetric sorption analyzer (BEL Japan, Belsorp). The specific surface 
area (SBET in m2 g−1) was calculated according to Brunauer−Em-
mett−Teller (BET) method in a pressure range of P/P0 = 0.05–0.30 for 
the mesoporous materials,31 while P/P0 = 0.01–0.05 was used for the 
microporous materials.32  
 Raman spectra were obtained at room temperature by excita-
tion at 532.2 nm with an Ar laser (100 mW) using a spectrometer 
(Jasco NRS-3300FL). The exposure time for the measurements 
was 120 s, and 10 scans were accumulated. The Raman shift was 
calibrated by the G band (1582 cm−1) of the external standard, 
HOPG33 or high quality graphite sheet (Toyo Tanso, PF-UHP). Na-
noscale analysis of obtained carbon materials was conducted using a 
transmission electron microscope (Topcon EM-002B) at an accelerat-
ing voltage of 200 kV. The lattice resolution for the TEM measure-
ments was 0.14 nm. The exposure time for the high-magnification 
TEM measurements was 1‒10 s. 
 

Results and Discussion 
First, we measured the Raman spectra of NPCs and NPGs syn-
thesized using θ-/γ-Al2O3 as the templates (see the ESI† for the 
details of the method). The Raman spectra I (E) of NPC and 
NPG synthesized using the θ-Al2O3 template were taken from 
our previous report.2 We then deconvoluted these Raman spectra 
by the linear combination of normalized Voigt functions Vi (E)34-

36 and the M-th order polynomial background 𝐵𝐵𝑀𝑀 (𝐸𝐸) =
∑ 𝑏𝑏𝑚𝑚

𝑀𝑀
𝑚𝑚=0 𝐸𝐸𝑚𝑚 (bm: constant) against the Raman shift E, as 

𝐼𝐼(𝐸𝐸)  =   � 𝐴𝐴𝑖𝑖

 

𝑖𝑖
𝑉𝑉𝑖𝑖(𝐸𝐸;  𝜖𝜖𝑖𝑖,  Γ𝑖𝑖,  𝑠𝑠 )  +  𝐵𝐵𝑀𝑀 (𝐸𝐸)      (1) 

where Ai, εi, and Γi are the integrated intensity, peak position, and 
half width at half maximum (HWHM) of the Lorentzian function 
of peak i, respectively. s represents the full width at half maxi-
mum (FWHM) of the Gaussian function, which is the instrumen-
tal function. We set M = 1 for NPC and NPG synthesized with 
θ-Al2O3, and zeolite-templated carbon37 (ZTC), M = 2 for 
stacked NPC and NPG, M = 3 for NPG synthesized with γ-
Al2O3, and M = 7 for NPC synthesized with γ-Al2O3 to improve 
the numerical stability of the deconvolution procedure. We fixed 
s at 13.7 cm‒1, according to the energy resolution of the spec-
trometer. The other parameters are fully optimized using a least-
squares fitting procedure. Each peak intensity Ii (εi) was evalu-
ated as Ii (εi) = AiVi(εi). 
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The measured Raman spectra and deconvoluted peaks of 
NPCs synthesized using θ-Al2O3 (NPC (θ-Al2O3)) and γ-Al2O3 
(NPC (γ-Al2O3)) are shown in Figs. 2a and 2b, respectively. 
Eight pronounced peaks are observed in each spectrum, some of 
which including D’, D+G, and 2D’ peaks have not been ana-
lyzed.2 By the Raman spectra, XRD, and SBET, we found that the 
NPCs and NPGs are mainly monolayer graphene with single va-
cancies38 and heptagons/pentagons39,40 such as Stone‒Wales 
(SW) defects.38,41-44 

We found that NPCs consists mainly of single-layer graphene. Here, 
we focus on the NPC synthesized with the θ-Al2O3 template (NPC (θ-
Al2O3)) since the Raman spectra (Fig. 2b) and structural parameters 
were very close to those of NPC (γ-Al2O3) based on Raman spectra, 

TPD, and XRD. For NPC (θ‒Al2O3), the G band at 1577 cm‒1 in the 
Raman spectrum (Fig. 2a) and the in-plane 10 diffraction of tur-
bostratic carbons in the XRD pattern (Fig. 3) indicate that NPC (θ-
Al2O3) surely has a graphene structure. The single-layered graphene 
architecture of the NPC is supported by the downshifted G’ band33,45 
at 2651 cm‒1 as compared with that of the stacked analogue of graphite 
(~2700 cm‒1),33 which is fitted by a single component.46 The high 
gravimetric surface area (SBET = 2300 m2 g‒1, Fig. S1 and Table 1) 
approaches that of ideal single-layer graphene (2627 m2 g‒1). 

The weak and broad 002 diffraction peak in the XRD pattern also 
indicates that the single-layered structure is dominant for NPC. The 
probability distribution of the number of graphene layers 𝜌𝜌ℓ  is de-
scribed by the Poisson distribution of mean number of layers ℒ as47-49 

𝜌𝜌ℓ =  
(ℒ − 1)ℓ−1

(ℓ − 1)! exp[−(ℒ − 1)]     (2) 

Here, ℓ − 1 means the number of stacking and ℒ − 1 is its average. 
We plotted Eq. 2 for NPCs with setting ℒ = ngra, obtained by the TGA 

in Table 1 and Fig. 3c. For NPC (θ-Al2O3) (ngra = 1.05) as an example, 
95% of the NPCs exit as the mono-layer graphene (ℓ = 1) and the 
rest of 5% are the multilayer domains (ℓ ≥ 2). The minor multilayer 
domain contributes to the weak and broad 002 peak in its XRD pattern. 

The existence of the D band at 1328 cm‒1,50 D’ band26,51,52 at 
1603 cm‒1, D+G band at 2909 cm‒1, and 2D’ band at 3195 cm‒1 
indicates that the NPC contains certain disorders.46 The spectral 
parameters from the deconvolution of the Raman spectrum are 
summarized in Tables 1 and S1. The intensity ratio between the 
G’ and G bands (IG’/IG) monotonically decreases with increasing 
disorder.53 The IG’/IG ratio of NPC (θ‒Al2O3) is 0.43, which is 
smaller than that of pristine graphene (IG’/IG ~ 3).53 

The major disorders in NPCs are single vacancies and SW de-
fects. The type of disorder can be qualitatively analyzed by the 
intensity ratio between the D and D’ bands, ID/ID’.51 The ID/ID’ of 
NPC (θ-Al2O3) is 5.33. This indicates that these NPCs have both 
vacancies and grain boundaries since the ID/ID’ values lie be-
tween that of graphene dominantly with vacancies (~7) and grain 
boundaries (~3.5).51 The shoulder peak at 1163 cm‒1  proves the 
existence of SW defects.42,51,54 The small peak at 2454 cm‒1 can 

 

 

Fig. 2 Experimental (black) and deconvoluted Raman spectra (with 
the polynomial background, orange) of (a) NPC (θ-Al2O3), (b) NPC 
(γ-Al2O3), (c) NPG (θ-Al2O3), and (d) NPG (γ-Al2O3). Templates are 
specified in parenthesis. As previously reported,2 all measurements 
were performed at 2.33 eV (532 nm). 

 

 

 

 

 

 

 

Fig. 3 (a) XRD patterns of NPCs, NPGs, and their stacked analogues either with θ-Al2O32 or γ-Al2O3 as the template. (b) Schematic of the 
origin of each diffraction. (c) Probability of discrete number of the stacked carbon layers calculated by Eq. 2 at a specified nominal layer of 
carbon deposition.  ℒ = ngra were set to be 1.05 for NPC (θ-Al2O3), 1.13 for NPC (γ-Al2O3), and 1.61 for NPC (stacked) as shown in Table 1. 
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be attributed to the SW+D band. The small amounts of gases 
evolved during the TPD analysis (Ntotal in Table 1) indicate the 
minor presence of edges (vide infra). 

The mean distance between defects, R, is related to the inten-
sity ratio of the D and G bands, ID/IG(R), as27 

 

𝐼𝐼D/𝐼𝐼G(𝑅𝑅) = 𝐶𝐶𝐴𝐴
𝑟𝑟𝐴𝐴

2 − 𝑟𝑟𝑆𝑆
2

𝑟𝑟𝐴𝐴
2 − 2𝑟𝑟𝑆𝑆

2 �
exp �−

π𝑟𝑟𝑠𝑠
2

𝑅𝑅2 � − exp
�

−
π(𝑟𝑟𝐴𝐴

2 − 𝑟𝑟𝑠𝑠
2)

𝑅𝑅2 �
 
�

+ 𝐶𝐶𝑆𝑆 �1 − exp �−
π𝑟𝑟𝑠𝑠

2

𝑅𝑅2 � �                     (3) 

where rS = 1.00 nm is the mean radius of the structurally disor-
dered region and rA = 3.00 nm is the mean radius of the activated 
region where the graphitic structure is mostly conserved but the 
symmetry-breaking structure enhances the D band. CA = 4.2 and 
CS = 0.87 are parameters that describe the strength of the influ-
ences of the structurally disordered and activated regions on the 
intensity of the D band, respectively.27 The ID/IG of NPC (θ-
Al2O3) is 2.12 and the mean distance between the defects in NPC 
(RNPC) can be estimated to be 1.64 nm by solving Eq. 3 for 
ID/IG(R) = 2.12. 

The formation of multiple defects on a hexagonal ring is neg-
ligible in all NPCs, independent of the template, based on the 
Poisson distribution.55-57 The probability that a hexagonal ring 
has n defects (Pn) can be roughly estimated by a Poisson distri-
bution: 

𝑃𝑃𝑛𝑛 = 𝜆𝜆𝑛𝑛

𝑛𝑛!
exp(−𝜆𝜆)                                                 (4) 

where λ ≡1/ Nring is the mean probability that a hexagonal ring 
has one defect (SW or vacancy). When considering NPC (θ-
Al2O3) as an example, the single, double, and triple defect for-
mation probabilities, P1, P2 and P3, are calculated to be 1.9  
× 10‒2, 1.9 × 10‒4, and 1.2 × 10‒6, respectively, as shown in Fig. 
4, using the value of λ obtained from the Raman spectrum (λRaman 

= 2.0×10‒2), which semi-quantitively agrees with that from TPD 
analysis (λTPD= 4.2×10‒2) as shown in Table 1. λTPD is propor-
tional to λRaman1/2 (Fig. S5). The values of λTPD, λRaman (Table 1), 
and Pn (Fig. 4) indicate that the density of defects in NPCs are 
two orders of magnitude lower than that in ZTC, a nanoporous 
carbon material with a well-defined structure (see ESI for details). 

NPGs obtained by annealing of NPCs at a temperature of 
1800℃ retain the single-layer graphene structure, as confirmed 
by the TEM images (Fig. S6) and nanoporosity (Table 1). The 
measured Raman spectra and deconvoluted peaks of NPGs are 
shown in Figs. 2c and 2d. There also exist eight pronounced 
peaks in the spectra, including the D band at 1330‒1340 cm‒1, 
while the small Ntotal of NPG by TPD analysis (0.16‒0.39 mmol 
g‒1, Table 1) suggests very few edge defects. The nitrogen sorp-
tion isotherms of NPGs (Fig. S1) are classified as type IV with a 
distinct hysteresis loop, and the SBET values derived from the 

Table 1 Intensity ratio of the major bands in the Raman spectra and structural parameters of NPCs, NPGs, and ZTC with various templates. 
set ID/ID’ ID/IG IG’/IG SBET 

/ m2 g‒1 
dp,BJH 
/ nm ngra Ntotal a 

/ mmol g−1 λTPD b λRaman c 

NPC (θ-Al2O3) 5.33 2.12 0.43 2.3×103 [2] 9.2[2] 1.05[2] 3.1[2] 4.2×10‒2 2.0×10‒2 
NPC (γ-Al2O3) 5.07 2.31 0.48 2.0×103 6.9 1.13d --- --- 1.7×10‒2 
NPC (stacked) e 9.44 1.81 0.30 1.4×103 6.2 1.61 --- --- 2.4×10‒2 
NPG (θ-Al2O3) 5.12 1.68 1.39 1.9×103 [2] 9.0[2] --- 0.16[2] 2.6×10‒3 1.1×10‒3 
NPG (γ-Al2O3) 5.31 1.67 1.45 2.3×103 6.2 --- 0.53 7.4×10‒3 1.1×10‒3 
NPG (stacked) e 4.12 0.90 1.37 1.0×103 6.0 --- --- --- 4.9×10‒4 
ZTC (Y) e --- 0.74 0.11 3.6×103 ~1[37] --- 15.4[17] 1.5×10‒1 1.1×100 

 

a amount of evolved gases determined by TPD analysis (Fig. S2); b defined as the number of defects per hexagon based on SBET, Ntotal, and the area of the graphene’s 
hexagon Sh = 0.0523 nm2. λTPD values estimate the defects at the edges of NPGs; c derived from the deconvolution of the original Raman spectra shown in Fig. 2; d 
determined by the thermogravimetric analysis of the carbon/alumina composites as shown in Fig. S3; e the Raman spectra are shown in Fig. S4. 

 

 

Fig. 4 Probability that a hexagonal ring has n defects, Pn, for NPCs 
(dashed line), NPGs (solid lines), and ZTC (blue dotted line) 
calculated from Eq. 2 with the values of λRaman displayed in Table 1. 
Templates are specified in parenthesis. 

 

 

Fig. 5 (A) Edge fusion and formation of new grain boundary during 
the conversion from NPC to NPG2 and (B) various surface defects, 
including grain boundary (ID/ID’~3.5) and vacancy defects (ID/ID’~7).51 
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isotherms were maintained after annealing (Table 1). The XRD 
patterns of NPGs also show a faint and broad 002 peak, while 
maintaining the 10 diffraction peaks (Fig. 3) These all suggest 
that NPGs also mainly consist of slightly disordered mono-lay-
ered graphene. 

The amount of vacancies and SW defects in NPGs is lower 
than that of NPCs, as confirmed by both Raman and TPD anal-
ysis (Table 1). The narrower the linewidth Γ becomes, the lower 
the defect density will be.53 The Γi values of NPGs are smaller 
than those of NPCs for all observed bands, as shown in Table S1 
and Fig. 2. IG’/IG increases to more than 1.3 in all NPGs, which 
can be used as an indicator of NPG formation. 

Annealing reduces the vacancy defects and creates new grain 
boundaries (Fig. 5), which is consistent with the fact that the po-
sition of the D band is almost the same58 after thermal treatment 
(Table S2). For the single-layered NPGs, both vacancies and 
grain boundaries remain: The value of ID/ID’ =5.33 (Table 1) is 
in between the values of vacancy (~7) and grain boundary 
(~3.5).51 For the stacked NPG (NPG (stacked)), most of the va-
cancies are removed. The parent stacked NPC (NPC (stacked) 
has ID/ID’=9.4 (Table 1), which indicates that it has both sp3 
(ID/ID’ ~13)46 and vacancy defects (~7). The annealing reduced 
the ID/ID’ value changed to 4.12, which is close to the value of 
grain boundary (~3.5).51 

The mean distance between the defects in NPGs (RNPG) can 
also be estimated using ID/IG. The ID/IG of 1.7 for θ- and γ-NPGs 
corresponds to RNPG = 7.0 nm, from Eq. 2. These values indicate 
that there exist vacancy and SW defects per 9 × 102 hexagonal 
rings in NPGs on average. The λRaman for θ- and γ- NPGs is cal-
culated to be 1.1 ×10‒3, which agrees with λTPD. The defect den-
sity decreases to λTPD(NPG) / λTPD (NPC) ≈ λRaman(NPGs) / 
λRaman (NPCs) = 4‒6% upon annealing NPCs. The formation of 
multiple defects on a hexagonal ring is negligible in all NPGs as 
in NPCs (Fig. 2). The red shifts of the SW and SW+D bands in 
NPGs may reflect (i) the strain release by defect healing around 
the last SW sites and/or (ii) the creation of fewer SW defects in 
the new grain boundary. 

The structural analyses of the graphene-based materials using 
Raman spectroscopy and TPD techniques complement each 
other. The Raman spectra can be used to investigate the concen-
tration of surface defects such as SW and point defects. The TPD 
technique is suitable for analyzing the concentration of defects at 
the edges and adatoms of carbon materials, based on the detec-
tion of evolved gases such as H2, H2O, CO, and CO2. Further 
investigation using Raman spectroscopy coupled with the direct 
observation of defects by high-resolution TEM will be a power-
ful means of exploring more sophisticated materials.59,60 

Conclusions 
In this work, we revisited the Raman spectra of NPCs and NPGs 
with aids of TPD, XRD, and nitrogen physisorption analysis. 
Both NPCs and NPGs mainly consisted of single-layer graphene 
sheet, whose major surface defects were single vacancies and 
grain boundaries. SW defects were also observed in all of them. 
The mean density of vacancy defects per hexagon in the gra-
phene framework was 10‒2 for NPCs and 10‒3‒10-4 for NPGs, 
validating their chemical and electrochemical stability. Surface 

defect healing will be the basis for controlling and understanding 
the structure of new NPG analogues in future. 
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