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ABSTRACT

Nanocarbon materials such as graphene and graphene nanoribbons (GNRs)

have been studied for various applications such as electrodes and catalysts. For

precise analyses of nanocarbon materials, analyses other than conventionally

used analyses such as Raman and infrared spectroscopies and microscopies are

essential. C1s X-ray photoelectron spectroscopy (XPS) is one of the general

techniques used to analyze the structures of carbon materials. However, XPS has

not been commonly utilized to investigate the structures of carbon materials in

detail. In this work, the relevance of molecular shapes, molecular sizes, and

types of edges on peak positions of C1s XPS spectra were revealed. For example,

adjusted peak positions of C1s spectra of rectangular graphene-like structures

such as GNRs tended to be higher than those of triangle or hexagonal graphene-

like structures at the same atomic ratio of H/C mainly because rectangular

structures of GNRs enhanced the conjugation more than those of hexagonal and

triangle structures of graphene-related materials. Besides, the structures of

graphene-related materials, such as rectangular with either zigzag or armchair

edges, triangle, hexagonal, and the other structures, can be estimated without

using a microscope by measuring combustion elemental analysis, mass spec-

trometry, C1s XPS spectra, and the highest occupied molecular orbital and

comparing them with the tendencies of H/C ratio and molecular weight versus

adjusted peak positions of C1s XPS spectra. Moreover, the reasons for the shift

and the broadening of experimental C1s XPS spectra have been revealed to be
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the charge-up effect caused by the large size of the powder of analyzed

compounds.

GRAPHICAL ABSTRACT

Introduction

Nanocarbon materials such as graphene [1], carbon

nanotubes [2, 3], and graphene nanoribbons (GNRs)

[4] with high conductivity, specific surface area, and

chemical resistance have been applied for various

researches such as electrodes, catalysts, heat dissi-

pation materials, and electromagnetic shielding

materials [5–13]. The performance of nanocarbon

materials for various applications has been known to

be influenced by the amount and the types of edges

of nanocarbon materials [14–18]. Besides, it is known

that zigzag edges are electronically rich and more

reactive than armchair edges [18–22]. It is also known

that the width of GNRs and the size of polyaromatic

hydrocarbons affect the bandgap [22–27]. Thus,

understanding the shapes such as hexagonal, rect-

angular, and triangle (Fig. 1 ai), the molecular

weight, the types of edges such as zigzag edges,

which are similar to Solo, armchair edges, which are

similar to Duo, Trio, Quartet/Quatro, and Quintet

[28–37] (Fig. 1 aii) of nanocarbon materials are

essential for the research of nanocarbon materials.

Various graphene-related materials with different

shapes such as hexagonal [38–42], rectangle (GNRs)

[43–46], triangle [47, 48], circular [40, 42], star-like

structures [42], and the other shapes [49–52] have

been intensively studied for the last two decades.

Atomic-level observations by scanning tunneling

microscope [19, 20, 43, 44, 47] and transmission

electron microscope with aberration corrector [53–56]

have been performed to analyze edges and the other

defects of nanocarbon materials. However, micro-

scopes can only analyze the small region at the

atomic scale and the determination of the bonding

states is another challenge [53, 56]. In contrast, some

evaluation methods such as infrared-ray (IR)

[21, 45, 57–63], Raman [21, 22, 45, 63–67], nuclear

magnetic resonance [45, 68–72], and X-ray photo-

electron spectroscopy (XPS) [22, 23, 71–75] have been

studied to analyze carbon materials precisely by

combining especially with calculation because these

methods can analyze the large region and the aver-

aged information of edge structures can be readily

obtained.

Among these analytical techniques, XPS is one of

the essential chemical state analyses to estimate

structures of carbon materials. XPS has been gener-

ally utilized to analyze the functional groups of car-

bon materials [71–79], metal complex [80, 81], and

some defects such as sp3C [73, 82], point defects
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[73, 83], Stone-Thrower-Wales defects [73, 83], pen-

tagons [63, 77, 84, 85], and heptagons [71, 85, 86].

However, XPS has not been generally utilized to

determine the edge structures and aromaticity except

for our recent work [22, 23, 85]. As related research to

this work, the aromaticity of coals has been investi-

gated, but only the pi-pi* shape-up peaks were

investigated [87]. The broadness of C1s XPS spectra

of anthracene-based graphite has been explained to

be related to the defect peaks at ca. 285 eV which is

shifted from 284.6 eV of sp2C, but the origin of the

defect peaks has not been discussed in detail [88]. The

C1s XPS spectra of aromatic compounds with dif-

ferent sizes such as coronene, circumpyrene, and

circumcoronene have been studied, but the peak

positions have been reported to be similar to each

other [89] probably because of the calculation without

consideration of the highest occupied molecular

orbital (HOMO) energy and non-separated C-H and

C=C peaks. Thus, the influences of the sizes, shapes,

and types of edges of nanocarbon materials on the

peak positions of C1s spectra have not been dis-

cussed in detail and are still unclear. (a) Characteris-

tic structures of carbon materials (b) Conceptual

image of this work.

Our recent work showed that the peak position of

graphene-related materials with zigzag edges was

higher than that with armchair edges and the peak

position of graphene-related materials with zigzag

edges was close to that of graphite (284.3 eV) [22]. A

similar tendency was also observed in the presence of

nitrogen in GNRs [23]. It indicates the possibility of

distinguishing types of edges for GNRs by C1s XPS

spectra. However, the study of XPS analysis of gra-

phene-related materials with zigzag and armchair

edges without hetero atom demonstrated only cal-

culated C1s XPS spectra [22], and not experimental

ones except for tetracene, chrysene, and graphite.

Besides, XPS spectra for graphene-related materials

with edges other than zigzag and armchair edges and

shapes other than rectangular shapes have not been

investigated in the previous work [22]. Experimental

peak positions and the consideration of edges and

shapes are the most essential for analyzing various

nanocarbon materials in the future.

In this work, effects of 1) molecular shapes of

graphene-related materials, such as rectangular, tri-

angle, hexagonal, and others, 2) molecular sizes of

graphene-related materials, and 3) types of edges

such as zigzag edges, which are similar to Solo,

armchair edges, which are similar to Duo, Trio,

Quartet/Quatro, and Quintet on peak positions of

C1s XPS spectra were investigated in detail by com-

bining experimental and calculated XPS analyses

(Fig. 1b).

Experimental

Graphite (HOPG, ZYH, NT-MDT Co.), graphite

powder (SP270, Nippon Graphite Industries, Ltd.),

and various aromatic compounds such as coronene

([ 95.0%, TCI Co., Ltd.), pentacene ([ 99%, Sigma-

Aldrich Co. LLC.), hexabenzocoronene ([ 95%, 1717

CheMall Corp.), dibenzo[b,def]chrysene ([ 98.0%,

TCI Co., Ltd.), perylene ([ 99.5%, Sigma-Aldrich Co.

LLC.), quaterrylene (purity not available, Sigma-

Aldrich Co. LLC.), and triphenylene ([ 98%, Sigma-

Aldrich Co. LLC.) were analyzed experimentally

using two XPS devices (AXIS ULTRA DLD

Figure 1 Structures of carbon

materials and conceptual

image of this work.

a Characteristic structures of

carbon materials. (1) Shapes.

(2) Edges. b Conceptual image

of this work whose peak

positions of C=C were

adjusted by shifting HOMO at

0 eV. (A color version of this

figure can be viewed online).
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(Shimadzu Corp.) and JPS-9030 (JEOL Ltd.). The peak

positions of C1s XPS spectra were adjusted by the

shift of HOMO (Fig. S1). The influence of sizes of

powder of analyzing samples on the peak positions

and full width at half maximums (FWHMs) were also

investigated. The detail is explained in Supplemen-

tary Material.

Calculation

Six kinds of GNR-like rectangular structures (Fig. 2a),

four triangle structures (Fig. 2b), and seven hexago-

nal structures with either zigzag or armchair edges

(Fig. 2c) were constructed as model structures for

calculating XPS spectra. These structures were selec-

ted because graphene with different shapes such as

rectangle [43–46], triangle [47, 48], and hexagonal

structures [38–42] have been reported.

For the rectangular structures, benzene rings in the

vertical direction were numbered from n = 3 to 30

(n = 3, 6, 14, and 30 for zigzag-type structures and

n = 3, 6, 14, and 25 for armchair-type structures), and

carbon atoms in the horizontal direction were num-

bered from 3 to 7 for armchair edges and from 2 to 6

for zigzag edges (Fig. 2a). For example, Armchair_3-3

represented the structure containing 3 benzene rings

(a) (b)

(c) (e)

(d)

Figure 2 Modeled structures with different shapes. a Rectangular structures. b Triangle structures. c Hexagonal structures. d Coronene

dimer and oligomers. e Structures with all Duo edges. (A color version of this figure can be viewed online.).
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arranged in the horizontal direction with armchair

edges and 3 carbon atoms arranged in the vertical

direction. As triangle structures, one structure with

only Quartet (Triangle_1) and three structures with

Quartet and Duo (Triangle_2, Triangle_3, and Trian-

gle_4) were also constructed (Fig. 2b). As hexagonal

structures, one structure with only Duo (Hex-

agon_Z1), three structures with Solo and Duo (Hex-

agon_Z2, Hexagon_Z3, and Hexagon_Z4), one

structure with only Trio (Hexagon_A1), and two

structures with Duo and Trio (Hexagon_A2 and

Hexagon_A3) were constructed (Fig. 2c). Structures

of coronene dimer (Co-Co_2) and oligomers (Co-

Co_4 and 8) with Solo and Duo (Fig. 2d) and struc-

tures with all Duo (A_Duo_3, A_Duo_6, and

A_Duo_14) (Fig. 2e) were calculated. Both Co-Co_1

and A_Duo_1 are coronene molecules, which are the

same as Hexagon_Z1. Structures not shown in Fig. 2

are also calculated, but the same definitions are

applied to those structures.

The number of C and H atoms in structures and the

atomic ratio of H/C (n = ?) for structures shown in

Fig. 2 are summarized in Table 1. As the number of n

becomes infinity, the atomic ratio of H/C of e.g.,

Armchair_3 becomes 67%, whereas those of triangle

and hexagonal structures become zero. In other

words, the effects of the edges become negligible for

triangle and hexagonal structures with large molec-

ular weight because the atomic ratio of H/C becomes

zero, whereas the effects of the edges (e.g., Duo for

Armchair structures and Solo for Zigzag structures)

become constant.

All of the calculations were conducted using

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

09 [90] in a similar way to our previous work

[22, 63, 71–78, 82, 84–86] except for the introduction of

symmetry to calculate structures with large molecu-

lar weight. For the rectangular structures, the triangle

structures, the hexagonal structures, D2h, D3h, and

D6h symmetries were applied, respectively.

For structures of coronene and coronene dimer, and

oligomers and structures with all Duo edges, D2h

symmetry was applied. The symmetry was applied

to calculate large molecules in this work because the

accuracy of B3LYP/6-31g(d) is relatively high and

the calculation of such large molecules using B3LYP/

6-31g(d) without symmetry is difficult, althuogh the

other hybrid functionals are possible to be used

without symmetry for large molecules [63]. The

charge and spin multiplicity of the structures were

set as 0 and 1. After the structures were optimized,

orbital energies for simulated XPS spectra and Mul-

liken charges were calculated. For simulating C1s

XPS spectra, the calculated orbital energies were

used. The HOMO energy was subtracted from each

orbital energy to calculate binding energies

[22, 82, 84]. The calculated orbital energy was multi-

plied with 0.79282 and then 58.92 was further added

to match the experimental and calculated binding

energies (Table S1 and Figs. S2 and S3). Furthermore,

modified asymmetric Voigt-type lineshape [91] was

applied. The ratios of Lorentzian function to Gaus-

sian function, m, and the asymmetry factor, a, were

0.92 (Fig. S4) and 0, respectively, to compensate for

the difference between the calculated and the exper-

imental binding energies. The asymmetry factor (a)
was set to 0 for easy comparison, although the

experimental value was 0.22 for conductive materials

Table 1 The number of C and H atoms of structures, and the atomic ratio of H/C (n = ?) for structures as shown in Fig. 2

Name The number of C atoms The number of H atoms The atomic ratio of H/C at n = ? (%)

Armchair_3 6n 4n ? 2 67

Armchair_5 10n 4n ? 4 40

Armchair_7 14n 4n ? 6 29

Zigzag_2 4n ? 2 2n ? 4 50

Zigzag_4 8n ? 4 2n ? 8 25

Zigzag_6 12n ? 6 2n ? 12 17

Triangle 6n (2n ? 1) 12n 0

Hexagon_Z 6n (n ? 2) ? 6 6n ? 6 0

Hexagon_A 18n (n ? 1) ? 6 12n ? 6 0

Co–Co 24n 8n ? 4 33

A_Duo 14n ? 10 4n ? 8 29
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such as graphite (Fig. S4) [73]. Although the asym-

metry factor and also the ratios of Lorentzian func-

tion to Gaussian function differ depending on the

conductivity, the shapes of spectra are not discussed

in this work in detail for ease of comparison. The

detail of calculation and spectral shape is explained

in Supplementary Material.

Results and discussion

Figure 3 and Table S2 show simulated C1s XPS

spectra of rectangular structures and the summarized

peak positions, respectively. The differences in C1s

peak tops among different types of structures with

sp2C-H are 0.1 eV or less. The differences in C1s peak

Figure 3 Simulated C1s XPS spectra of rectangular structures.

Simulated total spectra are shown as thin lines. Blue lines show the

positions of the peak tops of C1s XPS spectra. Bold lines show the

spectra of sp2C-sp2C, indicating carbon atoms bonded with carbon

atoms. Sp2C-H (Solo), (Duo), (Trio), (Quartet), and (Quintet)

indicate carbon atoms bonded with hydrogen atoms at positions of

Solo, Duo, Trio, Quartet, and Quintet, respectively. Sp2C-H (Solo)

and (Duo) are shown as dashed and fine dashed lines, respectively.

Sp2C-H (Trio), (Quartet), and (Quintet) are shown as dotted lines.

a Armchair_3-n, Armchair_5-n, and Armchair_7-n, where the

value of n is 3, 6, 14, or 25. b Zigzag_2-n, Zigzag_4-n, and

Zigzag_6-n, where the value of n is 3, 6, 14, or 30. (A color

version of this figure can be viewed online.).
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tops derived from sp2C-sp2C and sp2C-H are

0.1–0.4 eV. The adjusted peak tops of C1s spectra

shifted to higher binding energies as the n values of

Armchair_3-n, Armchair_5-n, Armchair_7-n, Zig-

zag_2-n, Zigzag_4-n, and Zigzag_6-n increased.

Besides, as the values of n increased, the peak shifts

became smaller and became close to the peak position

of graphite (284.3 eV in Fig. S2a and Table S1).

Comparing the adjusted peak positions of C1s spec-

tra of Zigzag and Armchair structures with compa-

rable molecular sizes, the binding energies of Zigzag

structures were higher than those of Armchair

structures. This trend agrees with the trend of gra-

phene-related materials with zigzag and armchair

edges [22], which are different structures from the

structures used in this work. Unlike the previous

work, we also calculated C1s XPS spectra of many

graphene-related materials including other edges

(Trio, Quartet, triangle, hexagonal, and the others) as

explained below.

Figure 4 shows simulated C1s XPS spectra of tri-

angle structures (Fig. 4a), hexagonal structures with

zigzag (Fig. 4b) and armchair edges (Fig. 4c), cor-

onene dimer and oligomers (Fig. 4d), and structures

with all Duo edges (Fig. 4e). Table S2 shows the

summary of the adjusted peak positions. The differ-

ences in C1s peak tops of sp2C-H among Duo and

Quartet, Solo and Duo, or Duo and Trio in different

types of structures such as Hexagon_Z2, Hex-

agon_Z3, Hexagon_A2, Hexagon_A3, coronene

Figure 4 Simulated C1s XPS spectra of triangle structures. Blue

lines show the positions of the C1s peak tops. Simulated total

spectra are shown as thin lines. Bold lines show the spectra of

sp2C-sp2C, indicating carbon atoms bonded with carbon atoms.

Sp2C-H (Solo), (Duo), (Trio), and (Quartet) indicate carbon atoms

bonded with hydrogen atoms at positions of Solo, Duo, Trio, and

Quartet, respectively. Sp2C-H (Solo) and (Duo) are shown as

dashed and fine dashed lines, respectively. Sp2C-H (Trio) and

(Quartet) are shown as dotted lines. a Triangle. b Hexagon_Z.

c Hexagon_A. d Co-Co. e A_Duo. (A color version of this

figure can be viewed online.).
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dimer, and oligomers are 0.1 eV or less. Thus, it is

challenging to separate the peaks corresponding to

different types of edges in each structure. The dif-

ferences in C1s peak tops derived from sp2C-sp2C

and sp2C-H in each structure are 0.1–0.3 eV. As in the

case of the rectangular structures shown in Fig. 3, the

peak tops of C1s spectra for the triangle, hexagonal,

and other structures shifted to higher binding ener-

gies as the n value of each structure increased. The

degree of shifts became small as the value of n

increased. Comparing the binding energies of C1s

spectra of structures with equivalent molecular sizes

in Fig. 4, the order was

Hexagon_Z[Hexagon_A[Triangle, although the

difference was small. The dependence of the shapes

of graphene-like structures on the peak positions at

various molecular weights is discussed later.

Comparing the adjusted peak positions of C1s

spectra of structures with equivalent molecular sizes,

the peak positions of Co-Co 1 and A_Duo 1, which

are the same structure (coronene) as Hexagon_Z1

(Fig. 4b), are close to the peak positions of Tiangle_1,

and Hexagon_A1, but the degrees of shifts to the high

binding energy of Co-Co_4 (Fig. 4d) and A_Duo_14

(Fig. 4e) were smaller than those of especially Hex-

agon_Z and Hexagon_A as the molecular weight

increased because the gaps between HOMO and the

lowest unoccupied molecular orbital (HOMO–

LUMO) of Co-Co_4 and A_Duo_14 were large even

after the increment of the molecular weight, as

explained later.

Figure 5 shows the relation between either HOMO

or LUMO and the peak top of C1s spectra. For all of

the structures (Figs. 2 and S6-S11), the relation

between HOMO and the peak top of C1s spectra

exhibited linear correlations (Fig. 5a), and the same

tendency was obtained for LUMO. It indicates that

the adjusted peak tops of C1s depend on the

Figure 5 Relation between adjusted peak tops of simulated C1s

XPS spectra and the orbital energies of HOMO and LUMO.

a Relation between the orbital energy of either HOMO or LUMO

and adjusted peak tops of C1s XPS spectra. b Relation between the

HOMO–LUMO gap and the total Mulliken charge of H/ the

number of C. c Relation between the HOMO–LUMO gap and the

total Mulliken charge of H/ the number of H. (A color version of

this figure can be viewed online).
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positions of HOMO. As the HOMO–LUMO gaps

became smaller, C1s peak tops increased and reached

ca. 284.5 eV, which was the upper limit of the peak

tops of C1s spectra. Because HOMO directly influ-

ences the adjusted peak positions of C1s spectra, it is

essential to investigate the dependence of shapes

(Fig. 6a), molecular weight (Fig. 6b), and edge struc-

tures of carbon materials (Fig. 6ab) on the adjus-

ted peak position of C1s spectra.

Figure 5b and c show the relation between the

HOMO–LUMO gap and the total Mulliken charge of

H/ the number of either C or H. The Mulliken charge

was obtained from Figs. S6-S11 and summarized in

Table S3 because of the possible trend depending on

the types of edges. Negative Mulliken charge

becomes higher from -0.37 to -0.12 in the order of

carbon of Solo, Duo, Trio, Quartet, and Quintet, and

the Mulliken charge approached -0.129 (carbon in

benzene) from Solo to Quintet (Fig. S12). It is well

known that carbon atoms on Solo become electrically

rich as observed under scanning transmission elec-

tron microscopy [20] and calculated in our previous

works [21]. Thus, obviously Solo is electronically rich

but this work could obtain the order of Mulliken

charge for all types of edges for hexagonal aromatic

ring structures.

From Fig. 5b, it is obvious that two linear correla-

tions, where the increment of ‘‘Mulliken charge of H/

the number of C’’ accompanies the increment of ‘‘the

HOMO–LUMO gap’’, were obtained depending on

the shapes of graphene-like structures. Comparing at

the same HOMO–LUMO gap, ‘‘the Mulliken charge

of H/ the number of either C’’ of rectangular

structures was larger than those of triangle and

hexagonal structures, indicating that carbon atoms in

rectangular structures are electrically richer than tri-

angle and hexagonal structures at the same number

of carbon atoms.

In the basal plane of graphene-like structures

(Figs. S6-S11), little increase or decrease in the num-

ber of electrons on carbon atoms was observed, and

the Mulliken charges are about 0.00–0.02, which is

equal to 6.00–6.02 electrons. In contrast, the change in

the number of electrons on carbon atoms around the

edges is large (Figs. S6-S11), affecting the electrons on

the C atoms of C-Hs and the C atoms of the adjacent

C=C bond to -0.37–0.25 (= 5.63–6.25 electrons). The

number of electrons in the H of the C-H at the edge

also tends to increase, meaning that Mulliken charge

of hydrogen decreases, as the GNR widens or

lengthens, but the increase is slight, and in some

structures, there is almost no increase. For example,

the Mulliken charge of H on DUO in the center of

structures increases from 0.131 to 0.135 as the width

increases from Armchair_3-3 to Armchair_7-3, but

there is almost no change from 0.129 to 0.130 for

Zigzag structures as the width increases from Zig-

zag_2-3 to Zigzag_6-3 (Fig. S7). Because rectangular

structures contain more carbon atoms close to edges

than the other structures, the Mulliken charge of

hydrogen per carbon is larger for rectangular struc-

tures (Fig. 5b). Therefore, the differences observed in

Fig. 5bc due to the different shapes and in Fig. 6ab,

which will be discussed later, are mainly due to the

larger proportion of C atoms adjacent to the edges or

edges affected by the C-H on edges. However, this

Figure 6 Relation between adjusted peak tops of C1s XPS spectra

and either the atomic ratio of H/C or the molecular weight.

a Relation between the percentage of atomic ratios of H/C and

adjusted peak tops of C1s spectra. b Relation between molecular

weight and peak tops of total C1s spectra. (A color version of this

figure can be viewed online).
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alone does not explain the difference between Arm-

chair structures and Co-Co/A_Duo structures,

because Co-Co and A_Duo structures also contain

many edges.

There are two main differences among armchair,

Co-Co, and A_Duo structures. The first difference is

the presence of zigzag edges at both ends of the

GNRs for armchair structures (Table 2) and the

presence of zigzag-like edges [57] for Co-Co struc-

tures (Table 3). In Co-Co and A_Duo, the HOMO–

LUMO gap is wider due to the absence of zigzag

edges at both ends, and the trend is different from

armchair structures as shown in HOMO orbitals in

Tables 2 and 3. By comparing zigzag-like edges on

Co-Co structures and armchair edges on A_Duo,

HOMO–LUMO gaps of Co-Co structures with zig-

zag-like edges were smaller than those of armchair

edges on A_Duo. The second difference is the ease of

conjugation. As the aromatic ring increases, C=C on

DUO tends to be more doubly bonded than 1.5-

bonded according to Clar’s law [92]. As C=C on Duo

becomes short, being close to double bond, C–C bond

between one of the Cs on Duo and the C bonded to

the C on Duo becomes long, resulting in possible less

conjugation.

In fact, as shown in Fig. 7a, in Armchair_3, where

the benzene rings are bonded to each other to form

linear chain structures, even though the molecular

weight of Armchair_3 becomes larger (up to 1904),

the length of C=C on Duo is almost the same and

approximately 1.39 Å. In contrast, the lengths of C=C

on Duo in the structures of Co-Co and A_Duo are

also the same but much shorter (1.37 Å) (Fig. 7a). As

shown in Fig. 7c, the length of the C=C bond on Duo

in the structure of Armchair_3-3 drawn by Gauss-

View’s software is approximately 1.39 Å and the C=C

bond is drawn as 1.5 bond rather than a double bond,

whereas that of the C=C bond on Duo in the structure

of A_Duo_3 is as short as 1.37 Å and the C=C bond

is drawn as double bond. From the above and other

results, it was found that the lengths of C=C on Duo

are particularly long in the Armchair structures,

while those in other structures (Co-Co, A_Duo, Tri-

angle, and Hexagon_A) are short. The relation

between the length of bonding and binding energy of

N1s orbital has been reported [93]. Therefore, the

bond length of C=C is also considered to be one of the

important factors for the shift of C1s XPS spectra.

In addition to the change in the length of C=C on

Duo, the bond length between the C on Duo and C

next to Duo is also crucial (Fig. 7bc). The long bond

length between C on Duo and C next to Duo and the

shortening of C=C on Duo probably cause the part of

Duo to be less related to conjugation, resulting in a

wider band gap. In addition, a steric hindrance is

present between two C-Hs on Duo [59, 60], and this

steric hindrance may also have affected the C=C

length explained above, but in the case of the same

Armchair with different lengths in width (especially

the less rotatable Armchair_5 and Armchair_7), the

difference is difficult to explain by the steric hin-

drance. Thus, the difference is considered to come

from the change in the conjugate state. These changes

in the length of Duo and C=C surrounding Duo are

important not only in the XPS discussion but also in

other studies because they affect the peak positions of

D’ band, which is related to the quadrant stretching

vibration of C=C derived from the defect structure in

Raman and IR spectroscopic analysis [94].

In the triangle and hexagonal structures, the Solo

edge is prevented from extending longer by the

presence of Quartet, Trio, and Duo. Thus, the elec-

trons on carbon atoms in the Solo in triangle and

hexagonal structures are less likely to be conjugated

than rectangular structures with zigzag edges even

when the molecular weight increases, and the trian-

gle and hexagonal structures are expected to have

wider band gaps than Armchair_Z.

Comparing the lengths of C=Cs on Duo in Fig. 7ab

with those between C on Solo and C next to Solo

(Fig. 8a) as well as those of C=C next to Solo (Fig. 8b),

it is found that the lengths of C=C between C on Solo

and C next to Solo (Fig. 8a) as well as the C=C next to

Solo (Fig. 8b) are longer than those of the C=C of Duo

(Fig. 7a) and the C=C between the carbon atom on

Duo and the neighboring bonded carbon atom

(Fig. 7b), respectively. In Zigzag_2 (Fig. 8b), as the

molecular weight increases, the C=C next to Solo

becomes much longer, much closer to the single

bond, which makes it easier to conjugate at Solo and

the next C on the edges of GNRs, resulting in a nar-

rower HOMO–LUMO gap even at small molecular

weights. Although not directly related to this XPS

study, the longer C=C next to Solo correlates with the

smaller force constant in Raman and IR analyses [95],

which leads to a lower shift in the G band for GNR

with zigzag edges, although it has not been explained

in our previous work [22].

Figure 5c shows that as ‘‘the Mulliken charge of H/

the number of H’’ increases, ‘‘the HOMO–LUMO
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Table 2 HOMO and NHOMO of rectangular structures. a Armchair edges. b Zigzag edges. The numbers without parentheses are

HOMO–LUMO gaps, and the numbers in parentheses are orbital energies of HOMO. (A color version of this table can be viewed online.)

(a)

(b)
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Table 3 HOMO and NHOMO of triangle, hexagonal, and the other
structures. a Triangle structures. b Hexagonal structures. c The other
structures. The numbers without parentheses are the HOMO–LUMO
gaps, and the numbers in parentheses are the orbital energies of

HOMO. In case that two structures are shown and only one energy is
listed, the HOMO and NHOMO have the same energy. For two similar
structures in this table, the left side is HOMO and the right side is the
NHOMO. (A color version of this table can be viewed online.)

(c)

(b)

(a)
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gap’’ decreases, which is the opposite trend of Fig. 5b.

As the molecular weight becomes large, the averaged

Mulliken charge on hydrogen, which is written as

‘‘total Mulliken charge on hydrogen/ the number of

hydrogen’’, increased (Figs. 5c and S6-S11). The

HOMO–LUMO gaps of Triangle and Hexagon_A

structures were larger than those of the rectangular

structures at the same ‘‘Total Mulliken charge of H/

the number of H’’, while those of Hexagon_Z and

Co–Co were similar to those of rectangular struc-

tures. Among rectangular structures, the HOMO–

LUMO gaps of structures with zigzag edges are

smaller than those of structures with armchair edges

at the same ‘‘Total Mulliken charge of H/the number

of H’’. In a similar way to Zigzag structures, the plots

of Hexagon_Z were positioned in the area of rectan-

gular structures, probably because zigzag edges in

Hexagon_Z tend to lower the HOMO–LUMO gap.

Because of the higher correlation of Fig. 5b than c,

Fig. 5b can be utilized to analyze the shapes of gra-

phene-related materials.

Figure 6 shows the dependence of shapes (Fig. 6a),

molecular weight (Fig. 6b), and the edge structures of

graphene-like materials (Fig. 6ab) on the

adjusted peak tops of C1s spectra. The percentage of

atomic ratios of H/C and adjusted peak tops of C1s

spectra showed a high linear correlation except for

some structures that reached the maximum peak

position of C1s spectra and saturated at ca. 284.5 eV

(Fig. 6a).

Interestingly, rectangular structures showed a dif-

ferent trend from the other structures such as trian-

gle, hexagonal, Co-Co, and A_Duo structures in

Fig. 6ab. It is mainly because the HOMO–LUMO

gaps of rectangular structures tend to become much

smaller than those of the other structures (Fig. 5a).

Thus, the adjusted peak positions of C1s spectra of

rectangular structures such as GNRs tended to be

higher than those of the other structures at the same

atomic ratio of H/C (Fig. 6a). One of the reasons is

that rectangular structures of GNRs enhanced con-

jugation. At less than 40% of the percentage of the

atomic ratio of H/C, peak tops of C1s spectra of

Armchair_7, Zigzag_4 and Zigzag_6 saturated at

284.3–284.5 eV. The orbital energies of HOMO of the

corresponding structures saturated with the values at

-3.8 eV- -3.6 eV, whose values depend on structures,

and HOMO–LUMO gaps were 0.3 eV or less

Figure 7 Bond lengths of C=Cs either a on Duo or b between C

on Duo and C next to Duo and c the examples of the bond length

analyzed in a and b. The bond lengths of C=Cs were obtained from

edges in the middle of each structure. (A color version of this

figure can be viewed online).
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(Fig. 5a). Thus, peak tops of C1s saturate, as the

atomic ratios of H/C become smaller (Fig. 6a) and

the molecular weights become larger (Fig. 6b). As the

widths of armchair and zigzag GNRs increase, peak

tops of C1s spectra shifted higher (HOMO energy

becomes higher and HOMO–LUMO gap becomes

smaller (Fig. 5)). The tendency is consistent with the

well-known reported electronic states [24, 96]. From

the results explained above, this work could show the

correlation between electronic states and C1s XPS

spectra.

For all structures, adjusted peak tops of C1s spec-

tra increase with the increment of molecular weight

(Fig. 6b). As the molecular weight becomes large, the

atomic ratios of H/C become constants (Table 1) and

the orbital energies of HOMO and the peak positions

of C1s become unchanged (Table S2). HOMO ener-

gies of rectangular structures tend to approach the

Fermi level at a relatively small molecular weight (ca.

1,000), reaching the peak position of C1s XPS spec-

trum to the binding energy of graphite (284.3 eV) or

even higher. The experimental binding energy for

graphite is 284.3 eV (Table S1), but in Figs. 5a and 6b,

the maximum value of the peak positions exceeds

284.3 eV. This is because the HOMO of graphene-like

structures used to calculate the scaling factor is far-

ther from the Fermi level than those of structures that

exceed 284.3 eV.

Unlike other rectangular structures, Armchair_3

saturated the adjusted peak top of C1s spectra at

283.1 eV (Fig. 6b). One of the reasons is the lower

limit of the atomic ratio of H/C for Armchair_3

(Table 1), causing a large HOMO–LUMO gap

(Table S2). However, the adjusted peak positions of

C1s spectra for triangle and the hexagonal structures

increased without saturation up to the molecular

weight of ca. 2,700 (2,640 for Triangle_4, 2,630 for

Hexagon_Z4, and 2,706 for Hexagon_A3). It is

expected that the adjusted peak tops of triangle and

hexagonal structures keep increasing up to the peak

position of graphite because triangle and hexagonal

structures reach graphene as the molecular weight

increases (Table 1).

Using the relation in Fig. 6a, the shape of the gra-

phene-related materials can be estimated by mea-

suring the sample using combustion elemental

Figure 8 Bond length of C=C either a between C on Solo and C

next to Solo or b between Cs next to Solo and c the examples of

the bond length analyzed in a and b. The bond lengths of C=Cs

were obtained from edges in the middle of each structure. (A color

version of this figure can be viewed online).
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analysis and XPS. For example, the H/C can be

obtained from the experimental measurement of

combustion elemental analysis, and the peak posi-

tions of C1s spectra and the HOMO positions can be

determined from the experimental measurement of

XPS (Fig. S1 and S2). Thus, it is possible to distinguish

the structures among rectangular and triangle/

hexagonal. Besides, if the molecular shape is known

and the peak positions of C1s and HOMO can be

obtained by calculation, the molecular weight can be

estimated from Fig. 6b. For example, if the molecular

shape is Zigzag_2 and the peak top of measured C1s

XPS spectra is 283.2 eV, which is not plotted in Fig. 6,

the molecular weight is estimated to be 228 (C18H12).

Thus, the structure is presumed to be Zigzag_2-4.

Using Fig. 6b, the molecular shape can be narrowed

down to some extent among various molecular

shapes by obtaining the molecular weight experi-

mentally from the mass spectrometry and the

experimental peak positions of C1s spectra and

HOMO. In other words, by utilizing combustion

elemental analysis, mass spectrometry, C1s, and

HOMO, it is possible to estimate the structure of

graphene-related materials.

Table 2 shows HOMO and the next HOMO

(NHOMO) of rectangular structures with either

armchair (Table 2a) or zigzag edges (Table 2b).

Electron densities of HOMO reveal a more detailed

relationship between the shape/types of edges/the

molecular sizes and the orbital energy of HOMO,

which directly relates to adjusted peak positions of

C1s spectra. By increasing the width of armchair

structures, zigzag edges appeared on both sides of

Armchair_7 and the zigzag edges became HOMO of

Armchair_7-6 and 7-14. It has been reported that

carbon atoms on zigzag edges become electrically

rich as observed under scanning transmission elec-

tron microscopy [20] and calculated in our previous

works [21]. Rectangular structures with zigzag edges

have higher conjugation at the HOMO level than

those with armchair edges, generating conductive

path on zigzag edges and causing a smaller HOMO–

LUMO gap.

Table 3 shows HOMO and NHOMO of triangle,

hexagonal, and other structures. For triangle struc-

tures in Table 3a and hexagonal structures in

Table 3b, both HOMO and NHOMO are shown

because the two orbital energies were close to each

other, whereas the energies of HOMO and NHOMO

of other structures are a little far from each other

(Tables 2 and 3). As the molecular weight of hexag-

onal structures becomes large (Table 3b), HOMO for

Hexagon_Z are localized on zigzag edges, while

those for Hexagon_A are delocalized in the basal

plane as for triangle structures (Table 3a) because

both Hexagon_A and triangle structures contain

armchair edges. A similar tendency was observed in

previous work [97]. Armchair_7 (Table 2a), Co-Co

(Table 3ci), and A_Duo (Table 3cii) have the same

width except for the concaved shape of Co-Co and

A_Duo. The peak positions of C1s spectra for Co-Co

are closer to those for A_Duo than those for Arm-

chair_7 (Fig. 6b and Table S2). As the molecular size

of Co-Co and A_Duo became larger, HOMOs were

localized in the middle of the molecule (Table 3)

because Co-Co and A_Duo contain no zigzag edges

on both sides, unlike Armchar_7.

Using the results of this work, peak tops of C1s

spectra of graphene-related materials can be pre-

dicted from the molecular shape and molecular size,

if the molecular structures of graphene-related

materials had regularity. The molecular shape and

molecular size can also be estimated from experi-

mental peak tops of C1s spectra if molecular struc-

tures of the graphene-related materials had

regularity. Especially, by combining this technique

with other techniques such as infrared spectroscopy

[57] and Raman spectroscopy [22], the estimation of

structures becomes much more reliable. However, it

has to keep in mind that the peak position of carbon

materials with low molecular weight may be influ-

enced by the sizes of power of analyzed samples due

to a charge-up effect (Fig. S13). Samples in the form of

fine powder tend to show the smaller FWHM

(Fig. S13c) and the lower peak position (Fig. S13ab)

than those of coarse powder. The spectral shapes are

also influenced by the analytical conditions such as

pass energy (Fig. S14) and the conductivity of sam-

ples [82]. Therefore, the appropriate analysis condi-

tions have to be applied in order to utilize the method

in this work.

Conclusions

The influence of shapes and molecular weight of

graphene-like structures on adjusted peak positions

of C1s XPS spectra was investigated by calculating

C1s XPS spectroscopy in addition to the experimental

C1s XPS spectra of the model compounds with
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various edge structures and we suggested the esti-

mation methods of molecular structures of graphene-

related materials from C1s XPS spectra. This work

revealed that the adjusted peak positions of C1s XPS

spectra of rectangular structures such as GNRs ten-

ded to be higher than those of triangle, hexagonal,

and the other structures at the same atomic ratio of

H/C mainly because rectangular structures of GNRs

enhanced the conjugation more than those of hexag-

onal and triangle structures of graphene-related

materials and HOMO becomes close to Fermi level.

Besides, as the molecular weight increased, the

HOMO energy approached the Fermi level, causing

the shift of the adjusted peak position of the C1s XPS

spectrum of graphene-related materials close to that

of graphene, although some structures showed much

low binding energy of C1s spectra even though the

molecular weight increased. Since H/C, molecular

weight, and the difference between C1s XPS and

HOMO can be experimentally obtained by combus-

tion elemental analysis, mass spectrometry, and XPS,

the relationship obtained in this work between the

adjusted peak position of C1s XPS spectra and either

the H/C ratio or molecular weight can be utilized to

estimate the shapes and types of edges of graphene-

related materials.
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