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Abstract C1s X-ray photoelectron spectroscopy (XPS)

spectra of graphene with two to eight pentagons and full-

erene pentagons were simulated using density functional

theory calculation. Peak shifts and full width at half max-

imum (FWHM) of calculated C1s spectra were compared

with those of actual C1s spectra. Introduction of up to four

isolated pentagons had no influence on shifts of the cal-

culated peak maxima of graphene (284.0 eV), whereas the

introduction of six or more pentagons shifted the calculated

peak maximum toward low binding energies because the

number of connected pentagons increased. The presence of

pentagons also influenced FWHMs. Introduction of six

pentagons increased the calculated FWHMs from 1.25 to

1.45 eV, whereas introduction of eight or more pentagons

decreased the FWHMs. The FWHM reached at 1.15 eV by

introducing twelve pentagons (fullerene). These calculated

shifts and FWHMs were close to the actual shifts of gra-

phite (284.0 eV) and fullerene (282.9 eV) and FWHMs of

graphite (1.25 eV) and fullerene (1.15 eV). Based on the

calculated and the actual results, we proposed peak shifts

and FWHMs of graphene with the different number of

pentagons, which can be utilized for analyzing actual XPS

spectra. Proposed FWHMs can be adjusted by measuring

actual FWHMs using each device.

Introduction

Graphene has received enormous attention because of

various possible applications such as electronic devices and

catalyst supports [1]. The presence of pentagons in gra-

phene changes the morphology [2], electronic states [3],

and reactivity of graphene [4]. Quantitative information

such as the number of pentagons per area (i.e., areal den-

sity) in graphene and qualitative information such as

closeness of pentagons are essential to understand such

electrical and chemical properties.

Pentagons have been analyzed by several methods such

as high-resolution transmission electron microscopy

(HRTEM) [5] and Raman [6], infrared (IR) [7], and nuclear

magnetic resonance (NMR) [8] spectroscopies. For exam-

ple, pentagons have been directly observed at grain

boundaries of graphene and defective structures of reduced

graphene oxide by HRTEM [5], but electron irradiation

during observation may cause the structural change and

prevent from observing correct structures. Raman and IR

spectroscopies have been utilized to determine vacancy

defects and Stone–Thrower–Wales (STW) defects in gra-

phene [6, 7], but the peaks solely analyzing pentagons have

not been reported other than fullerenes. In addition, Raman

and IR spectroscopies have disadvantages in quantitative

analysis. Conventional solid-state NMR spectroscopy

requires the large amount of samples for measurement,

which is not suitable for analyzing precious nanomaterials.

Thus, it is urgent to develop other analytical techniques.

X-ray photoelectron spectroscopy (XPS) analysis can be

one of the suitable techniques to analyze graphene with

pentagons quantitatively and qualitatively. Most research

groups have separated the main peak of C1s spectra of

graphene as sp2C and sp3C, and neglected the analysis of

detailed states of bonding of graphene. In terms of
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fullerene containing pentagons, the peak position of C1s

spectra has been reported, but the peak originating from

pentagons of fullerenes has not been separated from

hexagons because all pentagons connect with hexagons [9–

11]. Because of the difficulty to synthesize such reference

compounds currently, computational simulation is neces-

sary as one of the tools to investigate the structure clearly.

Computational simulations of XPS spectra have been

recently utilized to clarify the defective structures of gra-

phene-related materials [12–20]. Since Proctor and Sher-

wood [13] as well as Boutique et al. [14] have started

computational analyses of functional groups on carbon

materials in the 1980s, several groups have reported

assignments of defective structures of graphene-related

materials using calculation [15–20]. Until the present, XPS

analysis of pentagons on graphene has not been reported

except three papers [12, 20, 21] to the best of our knowl-

edge. For example, point defects including one pentagon in

graphene have been analyzed and the peak originating from

the pentagon was shifted to -0.8 eV from a peak origi-

nating from carbon atoms on hexagons [12]. As another

example, peak shifts originating from carbon atoms on

pentagon in single vacancies (from -1.10 to -0.37 eV),

double vacancies (from -1.18 to -0.34 eV), and STW

defects (-0.94 eV) from a sp2C–sp2C peak of graphene

have been reported [20]. These works showed only the

peak shifts originating from either one or two pentagons in

graphene, and influences of the number and closeness of

pentagons on peak shifts as well as the full width at half

maximum (FWHM) were not mentioned.

Our group has demonstrated the effects of defects such

as functional groups and STW defects on FWHMs and

shifts of XPS spectra [21, 22]. Electron-withdrawing

groups such as C=O and C–CN have large effects on shifts

as well as FWHMs of main peaks consisting of sp2C–sp2C.

Pentagons have a similar role to C=O and C–CN because

of their electron-withdrawing nature [23]. It is possible that

the presence of pentagons also affects the shifts of main

peaks as well as FWHMs.

In this work, the effects of the number and the position

of introduced pentagons on C1s shifts and FWHMs were

analyzed using computational simulation of C1s XPS

spectra. In addition, influences of connectivity of pen-

tagons in graphene on C1s spectra have been studied.

Experimental

Computation

Graphene terminated with hydrogen atoms on zigzag and

armchair edges (C100H26) was utilized (Fig. 1) as a basic

structure in this work. The reason for selecting C100H26 as

the basic structure is shown in Fig. S1 (Supplementary

material: SM). The introduced positions of pentagons and

the numbering of the positions are indicated in the structure

(Fig. 1). All of the structures used in this work are shown

in Fig. 2. Zero (Fig. 2a), two (Fig. 2b), four (Fig. 2c), six

(Fig. 2d), and eight (Fig. 2e) pentagons were introduced in

the basal plane of graphene. Peak positions and FWHMs of

XPS spectra of isolated pentagons such as two (Fig. 2b)

and four (Fig. 2c) pentagons in graphene and connected

pentagons such as six (Fig. 2d) and eight (Fig. 2e) pen-

tagons in graphene were estimated to determine the exis-

tence of isolated pentagons and connected pentagons. For

comparison, C60 fullerene with twelve pentagons (Fig. 2f)

was also calculated. These structures include mainly three

types of carbon atoms such as C1 (sp2C–sp2C on hexa-

gons), C2 (sp2C–H), and C3 (carbon atoms on pentagons).

All of the following calculations were conducted using

B3LYP/6-31g(d) integral = grid = ultrafine of Gaussian

09 [24]. After the structures were optimized using the

keyword of opt, population analyses for simulated XPS

spectra using the keyword of pop = full gfprint were

conducted. Charge of the structures was set as either 0 or 2,

but the charge was basically equal to 0 unless stated. Spin

multiplicity was set as 1 for all calculations. Binding

energies of these model structures were obtained from the

orbital energy, which was calculated from the highest

occupied molecular orbital (HOMO) level to each orbital.

It has been known that the initial and final state effects

have an influence on the XPS spectra [25–27]. However,

we simulated the XPS spectra using only the initial state

effect by applying the scaling factor to the spectra in this

work because of the simplicity of this method with good

Fig. 1 Positions of introduced pentagons and the numbering of the

positions in graphene terminated with hydrogen atoms. Two pen-

tagons: Position 1. Four pentagons: Positions 1 and 2. Six pentagons:

Positions 1, 2, and 3. Eight pentagons: Positions 1, 2, 3, and 4 (Color

figure online)
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correlation between actual and calculated results [21, 22].

For simulating C1s spectra using the calculated binding

energy, the scaling factor of 1.038, obtained from the

actual value of graphite (284.0 eV from valence band edge)

divided by the calculated value of graphene terminated

with hydrogen atoms (273.7 eV from HOMO level), was

multiplied to all of the calculated binding energies to

compensate for the difference between the calculated and

the actual binding energies instead of the application of the

final state effects.

The number of orbitals was counted every 0.05 eV to

simulate C1s spectra (Fig. S2, SM). Furthermore, modified

asymmetric Voigt-type lineshape [28] was applied to

obtain simulated XPS spectra which resemble actual XPS

spectra (Fig. S3a, b, SM). Different values of ratio of

Lorentzian function to Gaussian function (m) calculated by

the following equation were applied to XPS spectra for the

better fitting of actual spectra (Figs. 3 and S3c).

m ¼ Lorentzian function= Lorentzian functionð
þGaussian functionÞ

ð1Þ

Different values of asymmetry factor (a) [28] were also

applied to XPS spectra for the better fitting of actual

spectra (Figs. 3 and S3c). All of the maximum intensities

of C1s spectra were adjusted at 1.0 for fair comparisons

(Fig. 3). The number of electrons of carbon atoms in each

structure was obtained using the Mulliken population

analysis. The averaged numbers of electrons were obtained

by adding the number of electron (6.000) for carbon atoms

to the negative value of Mulliken charge.

XPS analysis

Graphite powder (SP270, particle size: 4 lm, Brunauer–

Emmett–Teller (BET)-specific surface area: 265 m2 g-1)

was provided from Nippon Graphite Industries, Ltd in

Japan. This graphite consists of ca. ten layers of graphene

as geometrically calculated from the BET-specific surface

area. In this work, graphene terminated with hydrogen

atoms (Fig. 2a) was utilized for the calculated XPS anal-

ysis, but graphite containing ten layers of graphene was

used for actual XPS analysis. It was because metal sub-

strates under graphene synthesized by a chemical vapor

deposition (CVD) method have an effect on the work

function of graphene (4.20–4.55 eV) [29, 30], indicating

that variation of peak shifts of XPS spectra can be gener-

ated depending on the types of substrates. It is necessary to

adjust the peak top of XPS spectra for measurement of

Fig. 2 Optimized structures of graphene, pentagon-containing gra-

phene, and fullerene. All the edges were terminated with hydrogen

atoms (white sphere). C1 is carbon atoms on hexagons which bonded

with carbon atoms. C2 is carbon atoms bonded with hydrogen atoms.

C3 is carbon atoms on pentagons (pink spheres). a Graphene

terminated with hydrogen atoms. b Two pentagons. c Four pentagons.
d Six pentagons. e Eight pentagons. f Twelve pentagons without

hydrogen atoms (fullerene) (Color figure online)
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graphene depending on the types of substrates. Thus, we

analyzed graphite instead of analyzing graphene on various

substrates. Fullerene (C60) was purchased from Kanto

Chemical, Ltd. in Japan.

XPS analysis (AXIS ULTRA DLD, Shimadzu Corp.)

was conducted using X-ray gun of Mg at 10 mA and 10 kV

and pass energy of 40 eV. Samples were placed on con-

ductive tapes (3 M X-7001) for XPS analysis. The binding

energies at peak maxima of C1s spectra of graphite and

fullerenes were obtained after adjusting energies at valence

band edge to 0 eV. As another method, Au4f7/2 of gold

nano powder (99.9 %, \100 nm, Sigma-Aldrich Corp.),

was set at 83.8 eV [31]. Two methods to adjust binding

energy were described above, but adjustment of energies at

valence band edge to 0 eV was basically used in this work

unless stated. The modified asymmetric Voigt-type line-

shape [28] was applied to separate the waveform of XPS

spectra. All of the maximum intensities of C1s spectra

were adjusted to 1.0.

Results and discussion

Figure 3a–f shows C1s spectra simulated for the structures

depicted in Fig. 2a–f. The peak maxima originating from

C1 (a thin line) and C2 (a dashed line) in Fig. 3a were at

284.0 and 283.7 eV, respectively. The peak maximum of

C2 was lower than that of C1 in binding energy because

hydrogen atoms donate electrons to carbon atoms of C2

(Fig. S4, SM) [21, 22]. The peak maximum of C3 in gra-

phene with two pentagons was at 283.4 eV (a dotted line in

Fig. 3b), whose binding energy was the lowest among

those of C1, C2, and C3 because of electron-withdrawing

nature of pentagons (Fig. S5, SM). In Table 1 and Fig. 3,

the binding energies of peak maxima of C3 for graphene

with two, four, and six pentagons were the lowest among

peak maxima of C1, C2, and C3 of each spectrum (Fig. 3b–

d), but the binding energy of the peak maximum of C2 for

graphene with eight pentagons (282.6 eV in Fig. 3e) was

lower than that of C3 (282.7 eV in Fig. 3e). This change

Fig. 3 Simulated C1s XPS spectra of structures shown in Fig. 2

using asymmetric Voigt-type lineshapes. Simulated original spectra

are shown as bold lines. Peaks originating from carbon atoms on

hexagons which bonded with carbon atoms (C1), carbon atoms

bonded with hydrogen atoms (C2), and carbon atoms on pentagons

(C3) are shown as thin, dashed, and dotted lines, respectively.

a Graphene terminated with hydrogen atoms. b Two pentagons.

c Four pentagons. d Six pentagons. e Eight pentagons. f Twelve

pentagons without hydrogen atoms (fullerene). Values of m and a
(Fig. S3c, SM) were applied to each spectrum
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was induced by the connection of all eight pentagons in

graphene (Fig. 2e) and the decrease in the number of

electrons on carbon atoms (Table 1; Fig. S6, SM).

The peakmaximumof calculated C1s spectra of graphene

(284.0 eV) was slightly shifted to 283.9 eV by introducing

six pentagons, and the peak maximum was dramatically

shifted to lower binding energy as the number of connected

pentagons increased. The peak maximum reached up to

282.7 eV by introducing twelve pentagons (fullerene)

(Figs. 2f and 3f; Table 1). These tendencies were well

matched with results simulated without C2 (C1 ? C3 in

Table 1). Actual peakmaxima of C1s spectra of graphite and

fullerenes analyzed in this work were 284.0 and 282.9 eV

from valence band edge, respectively (Fig. 5). The actual

peak shift of the C1s spectrumof fullerene deviated from that

of graphite was -1.1 eV, whereas the calculated peak shift

of the C1s spectrum of fullerene deviated from that of gra-

phene was -1.3 eV (Table 1).

The reported empirical binding energy of the peak

maximum of a C1s spectrum for graphite (284.3 eV), on

the other hand, was lower than that for C60 (284.7 eV)

(Table 1) [32]. Similarly, the reported calculated binding

energy of the peak maximum of the whole C1s spectrum

for pyrene (from 289.7 to 290.1 eV), which was utilized as

a substitute of graphite in the paper, was lower than that of

C60 (290.5 eV) [32]. The opposite tendency between our

results and reported values [32] can be explained by the

difference of standards. In this work, the peak maxima of

empirical C1s spectra of graphite and C60 using Au4f7/2 as

a standard were 284.3 and 284.6 eV, respectively. The

peak maxima of calculated C1s spectra of graphene and

C60 using vacuum level as a standard in this work were

284.3 and 285.1 eV, respectively. Thus, the reported data

(284.3 eV for graphite and 284.7 for fullerene in [32] )

were similar to our actual data using Au and calculated

data using vacuum level. However, we utilized the valence

band edge as a standard (Fig. 5) instead of Au to eliminate

possible various factors.

Several groups have reported that the work functions of

graphite and C60 are 4.73–4.80 and 6.16–6.50 eV [33, 34],

respectively. In this work, the calculated work functions,

which were determined from energy differences between

HOMO level [35] and vacuum level, were 3.98, 4.03, 4.13,

4.30, 5.56, and 5.99 eV for graphene with zero (graphene),

Table 1 Peak shifts and FWHMs of C1s spectra

Number of pentagons 0 2 4 6 8 12

Ratio of the number of carbon atoms (C1:C2:C3) 100:26:0 60:22:10 46:18:20 32:14:30 10:8:40 0:0:60

Empirical data

from a reference

Whole C1s spectrum

[32]

Peak top (eV) 284.3

(Graphite)

– – – – 284.7

Simulated data

from a reference

Whole C1s spectrum

[32]

Peak top (eV) 289.7–290.1

(Pyrene)

– – – – 290.5

Empirical data in

this work

Whole C1s spectrum Peak top (eV) 284.0 – – – – 282.9

FWHM (eV) 1.25 – – – – 1.15

Simulated data in

this work

Whole C1s spectrum

(C1 ? C2 ? C3)

Peak top (eV) 284.0 284.0 284.0 283.9 282.7 282.7

FWHM (eV) 1.25 1.30 1.35 1.45 1.25 1.15

C1 ? C3

(Hexagon ? Pentagon)

Peak top (eV) – 284.0 284.0 283.9 282.8 –

FWHM (eV) – 1.25 1.45 1.55 1.25 –

C1 (Hexagon) Peak top (eV) 284.0 283.9 283.9 283.9 283.0 –

Peak shift from C1 of

graphene to C1 (eV)

0 0.1 0.1 0.1 -1.0 –

FWHM (eV) 1.15 1.20 1.15 1.30 1.20 –

C2 (C–H) Peak top (eV) 283.7 283.9 284.0 283.9 282.6 –

Peak shift from C1 to C2

(eV)

-0.3 -0.2 -0.1 -0.2 -0.4 –

FWHM (eV) 1.15 1.20 1.20 1.15 1.15

C3 (Pentagon) Peak top (eV) – 283.4 283.6 283.6 282.7 –

Peak shift from C1 to C3

(eV)

– -0.7 -0.5 -0.5 -0.3 –

FWHM (eV) – 1.20 1.15 1.20 1.15 –

Averaged number of electrons of one carbon

atom on one pentagona
– 6.066 6.060 6.034 6.008 –

a Averaged number of electrons of one carbon atom on one pentagon: the calculated method is shown in SM
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two, four, six, eight, and twelve (fullerene) pentagons,

respectively (Table 2). Previously explained negative shifts

of the peak maximum of whole C1s spectra were well

correlated with the increment of these work functions as

the number of pentagons increased (Table 2; Fig. 4a),

because valence band edge becomes close to the atomic

nucleus and the binding energy of the C1s peak of gra-

phene with pentagons becomes smaller than that of gra-

phene without pentagons.

Table 1 shows peak shifts from C1 of graphene without

pentagons to C1 of graphene with pentagons, which is

written as ‘‘Peak shift from C1 of graphene to C1’’. It also

shows peak shifts from C1 to C2 as well as peak shifts from

C1 to C3. C1 was negatively shifted from 284.0 to

283.0 eV as the number of pentagons increased from zero

to eight. The peak shifts of C2 for graphene with and

without pentagons ranged from -0.1 to -0.4 eV,

indicating that the shift from C1 to C2 was small. The peak

shifts of C3 for graphene with two, four, six, and eight

pentagons from C1 were -0.7, -0.5, -0.5, and -0.3 eV,

respectively (Table 1; Fig. 3). The increment of peak shifts

from C1 to C3, i.e., from -0.7 to -0.3 eV, can be

explained by an averaged number of electrons of one car-

bon atom on one pentagon. The averaged numbers of

electrons of one carbon atom on one pentagon were 6.066,

6.060, 6.034, and 6.008 in graphene with two (Fig. S5,

SM), four, six, and eight pentagons, respectively (Table 1).

Especially, connection of pentagons reduced the number of

electrons (Fig. S6, SM) and caused the positive peak shifts

of C3 (Fig. 4b).

The number of pentagons in graphene also had an

influence on FWHMs of C1s spectra in addition to the shift.

Calculated FWHMs of whole C1s spectra of graphene

(1.25 eV for graphene including peaks originated from C–

Table 2 Comparison of work function between this work and reported data

Number of pentagons 0 2 4 6 8 12

Ratio of the number of carbon atoms (C1:C2:C3) 100:26:0 60:22:10 46:18:20 32:14:30 10:8:40 0:0:60

Calculated work function in this worka (eV) 3.98 4.03 4.13 4.30 5.56 5.99

Empirical work function from a reference (eV) [33] 4.73 (Graphite) – – – – 6.16

Empirical work function from a reference (eV) [34] 4.80 (Graphite) – – – – 6.50

a Work function: energy difference between HOMO level and vacuum level

Fig. 4 Dependence of physical

properties on the number of

pentagons. a Dependence of

work functions and peak

maxima of whole C1s spectra

on the number of pentagons.

b Dependence of averaged

numbers of electrons of one

carbon atom on one pentagon

and peak shifts of C3 from C1

on the number of pentagons.

c Dependence of FWHMs and

peak maxima of C1s spectra on

the number of pentagons
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H bonding and 1.15 eV for graphene excluding peaks

originated from C–H bonding) and fullerenes (1.15 eV) in

Table 1 and Fig. 4c were equal to actual FWHMs of whole

C1s spectra of graphite (1.25 eV) and fullerenes (1.15 eV)

in Fig. 5a. FWHMs increased to 1.30, 1.35, and 1.45 eV by

introducing two, four, and six pentagons in graphene,

respectively (Table 1; Fig. 4c). The reason for the small

FWHMs of the calculated and actual C1s spectra of gra-

phene (1.25 eV) and fullerenes (1.15 eV), compared with

those of graphene with two to eight pentagons, is the

presence of either similar or same states of C–C bonding,

respectively. For example, graphene terminated with

hydrogen atoms contains only two types of carbon atoms

such as hexagonal sp2C–sp2C (C1) and sp2C–H (C2). C1

and C2 are close to each other. Fullerene contains only one

type of pentagonal sp2C–sp2C (C3). The increment of

pentagons increased the presence of different states of C–C

bondings and FWHMs became wide similar to our previ-

ously reported results of FWHMs of C1s spectra for gra-

phene with oxygen- and nitrogen-containing functional

groups [21, 22]. The FWHM of whole C1s XPS spectra

(C1 ? C2 ? C3) basically depended on the degree of the

calculated peak shifts of C1, C2, and C3 spectra as well as

the ratios among the numbers of carbon atoms of C1, C2,

and C3 (Fig. 3). Especially, the ratio between the number

of carbon atoms with the highest binding energy (C1) and

that with the lowest binding energy (C3) mainly influenced

FWHMs. The number of carbon atoms of C2 is less

important than those of C1 and C3. The ratio between C1

and C3 of graphene with six pentagons was close to each

other (C1:C3 = 32:30) and this specific ratio increased

FWHMs significantly.

Figure 6 and Table 3 show proposed FWHMs and peak

maxima ofwhole C1s spectra, which can be utilized for actual

XPS analysis. Actual measured results (Fig. 5a) were merged

with calculated results (Fig. 4c; Table 1) to obtain proposed

peak maxima accurately (Fig. 6; Table 3). In the analysis of

actualmeasured results, the valence band edge of graphite and

C60 was set as 0 eV (Fig. 5b) for fair comparison between the

peakpositions ofC1s spectra of graphite andC60. Introduction

of six pentagons increased the proposedFWHMup to1.45 eV

(Fig. 6; Table 3), and it slightly shifted the proposed peak

maximum from 284.0 eV to a low binding energy of

283.9 eV. Introduction of eight pentagons decreased the

proposed FWHM compared to six pentagons and shifted the

proposed peak maximum to 282.9 eV (Fig. 6; Table 3). The

binding energy is high for graphenewith zero to six pentagons

(from 284.0 to 283.9 eV) and became low by introducing

eight pentagons ormore (282.9 eV). By separating Fig. 6 into

two regions such as below and above six pentagons, the

number and the position of pentagons can be determined using

FWHMs and peak shifts. For example, a C1s spectrum with

284.0 eV of peak position and 1.30 eV of FWHM indicates

Fig. 5 Actual C1s XPS spectra

and spectra at valence band

edge of graphite and fullerene.

a C1s spectra. b Spectra at

valence band edge. Black line

graphite. Red line fullerene

(Color figure online)

Fig. 6 Proposed FWHMs and peak maxima of whole C1s spectra of

graphene including zero to eight pentagons and fullerene. The peak

maxima of actual spectra of graphite and fullerene in Fig. 5 were

utilized for adjustment. This figure can be utilized even with different

FWHMs influenced by the types of the devices by adjusting the

FWHMs of calculated C1s spectra to those of actual C1s spectra of

fullerene and graphite for each device
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existence of two isolated pentagons in graphene, which con-

tains 11 % of carbon atoms on pentagons in graphene with

hydrogen atoms (C1:C2:C3 = 60:22:10).

Graphene with one STW defect was also simulated

(Fig. S7; Table S1, SM) because the STW defect is one of

the well-known defect observed in graphene. The peak top

of normal graphene (284.0 eV) (Table 1) increased to

284.2 eV by introducing one STW defect in graphene

(Table S1) because of the decrement of the work function

(Tables 2 and S1). The FWHM of normal graphene (1.25)

(Table 1) increased to 1.40 eV (Table S1) by introducing

one STW defect because of the increment of different

states of C–C bondings.

Conclusion

Introduction of pentagons in graphene influenced the peak

shifts and FWHMs of calculated C1s spectra. The binding

energy of the peak maximum of calculated C1s spectra

originated from carbon atoms on pentagons was lower than

that originating from carbon atoms on hexagons because of

electron-withdrawing nature of the pentagons. Introduction

of six or more pentagons shifted the peak maximum of

simulated spectra of graphene to low binding energy and

reached the lowest binding energy by introducing twelve

pentagons (fullerene). The negative peak shifts of the cal-

culated C1s spectra related to the increment of the work

function. The FWHM of a C1s spectrum of graphene

(1.25 eV) increased up to 1.45 eV as the number of pen-

tagons increased up to six because the number of different

states of carbon–carbon bondings was maximized. The

FWHM decreased down to 1.15 eV by introducing twelve

pentagons (fullerene). These results indicate that the

number and the position of pentagons in graphene can be

estimated by analyzing the FWHMs and the peak shifts of

C1s spectra. The FWHMs of graphene and fullerene are

different depending on the types of measured XPS devices,

but the FWHMs of graphene with pentagons can be easily

adjusted by measuring actual FWHMs of graphite and

fullerene.
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