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A wide variety of surface functional groups, such as oxygen-containing ones and hydrogen, exist at the graphene edge sites 
of carbon materials. Because the presence of these functional groups greatly affects the chemical properties of carbon-based 
materials produced from them, knowledge of the edge site state is essential to understand carbon chemistry. This review de-
scribes the analyses of edge sites and carbon-material structures by temperature-programmed desorption (TPD). Deuterium 
labeling of the protonic hydrogen of oxygen-containing functional groups enables the precise identification of the chemical 
structure of edge sites. Furthermore, the spatial distribution of edge sites in the carbon structure can be determined by the ki-
netic analysis of H2 desorption spectra collected at temperatures above 1000 °C. The average size of graphene sheets forming 
the carbon can be estimated from the number of edge sites. The TPD-based analytical approaches described in this paper help 
provide a better understanding of the carbon structure at the molecular level.
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1. Introduction

Carbon consists of crystallites comprising several stacked sp2 

carbon hexagonal networks. The crystallites are divided into basal 

planes, which form stacking structures via van der Waals forces, and 

edge sites, which consist of carbon atoms at the edges of the planes. 

The carbon atoms on the edge sites have unsaturated sp2 electrons 

and are chemically more active than those on the basal plane; thus, 

they can react with different elements, such as oxygen, to form sur-

face functional groups. As shown in Fig. 1, a wide variety of surface 

functional groups, including oxygen-containing functional groups 

and hydrogen, exist at carbon edge sites. Because the presence of 

these functional groups significantly affects the chemical properties 

of carbon surfaces, knowledge of the state (i.e., quality and quantity) 

of edge sites is essential to understand the chemical properties of 

carbon.

Various analytical methods are used to determine the state of edge 

sites. Edge-site analysis is conducted by evaluating and analyzing 

their characteristics. The characteristics of edge sites can be broadly 

classified into chemical, optical, electronic, and magnetic properties. 

Fig. 2 summarizes the relationships between these characteristics and 

the major analytical methods for edge sites. Many analytical methods 

are used to understand edge sites; however, even with these methods, 

understanding the nature of edge sites is extremely challenging. The 

chemistry of carbon materials is often referred to as “black chem-

istry” because of the difficulty involved in understanding it and the 

fact that carbon materials are generally colored black [1]. Carbon 

materials are black because their π-electrons absorb visible light. The 

π-electrons of sp2 carbons absorb or shield the analytical probes often 

used in analytical methods, such as electromagnetic waves and mag-

netic fields. In addition, the small number of edge sites renders quan-

titation difficult, leading to problems in analytical precision. Carbon 

materials are mainly composed of sp2 carbon and only a very small 
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Fig. 1 Types of functional groups formed at carbon edge sites.
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proportion (a few atomic percent) of edge sites. High-temperature-

treated carbon materials, such as graphite, contain an even smaller 

percentage of edge sites; for example, surface treatment reduces the 

percentage of edge sites to approximately 10−4 at% [2]. Optimizing 

the analytical methods and equipment and increasing their sensitivity 

are challenging but necessary tasks to precisely analyze such a small 

number of edge sites. In addition to the problem of analytical preci-

sion, the author believes that the fact that edge sites are electronically 

coupled to the massive π-electron system of the carbon network is 

a major factor hindering the understanding of these sites. Electronic 

coupling between edge sites and the π-electron system causes not 

only a shift in the infrared (IR) absorption peak of the functional 

group formed on them but also the localization and polarization of 

the π-electrons depending on the edge site state [3], which, in turn, 

cause the electrons themselves to exhibit magnetism [4, 5] and IR 

absorption [6]. The unique ability of the π-electron system to take on 

a variety of states is responsible for the diverse properties of carbon 

materials, but the existence of these electrons is a major barrier to 

understanding edge sites.

Temperature-programmed desorption (TPD) is an analytical 

method that can probe the desorption reaction of functional groups 

at edge sites; it is relatively insensitive to the influence of the carbon 

π-electron system. Here, we use the word “insensitive”, but the influ-

ence of the π-electron system on TPD has not been quantitatively 

clarified. The desorption reaction temperatures of functional groups 

were previously estimated using quantum chemical calculations with 

the aid of a small-molecule model that imitated carbon edge sites [7, 

8]. Although the calculations were based on a small-molecule model, 

the results were in good agreement with the desorption reaction tem-

peratures of the same functional groups in actual carbon materials, 

thus suggesting that the influence of the π-electron system on the 

corresponding desorption reactions is relatively small. The activation 

energy for the desorption reaction is strongly affected by the chemical 

structure of the functional group and, thus, considered to be relatively 

unaffected by the π-electron system. The shapes of the TPD spectra of 

activated carbon and graphite (Fig. 3a and b) are very similar, although 

a large difference in the degree of development of their π-electron 

systems has been observed. Of course, as shown in Fig. 3, the amount 

of desorbed gas differs greatly between these materials because their 

numbers of edge sites completely differ. However, the fact that their 

Fig. 2 Analytical methods for carbon edge sites.

Fig. 3 (a) Comparison of the TPD spectra of activated carbon (MSC30) and natural graphite. (b) Enlarged TPD spectrum of natural graphite.
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TPD spectral shapes are very similar indicates, at least experimen-

tally, that the influence of the π-electron system on the TPD spectra 

is negligible. The author has been developing an analytical method 

to identify carbon edge sites using TPD. TPD is an analysis method 

that probes the desorption reaction of functional groups at edge sites. 

Understanding the chemical process of desorption reaction is essen-

tial for its use, but this understanding is not yet sufficient [9]. On the 

other hand, TPD spectra contain a great deal of information on edge 

sites, which is important information that cannot be obtained by other 

analytical methods. This paper introduces the analysis of edge sites, 

particularly their chemical structure and spatial distribution, using 

TPD and provides a structural understanding of carbon materials 

using this method.

2. Analysis of Carbon Edge Sites

The edge sites of carbon materials have long been studied in efforts 

to discuss the chemical properties of carbon. As shown in Fig. 1, hydro-

gen and oxygen-containing functional groups exist at the edge sites of 

carbon materials, and their qualitative and quantitative determination 

is extremely important to understand their actual state. Here, the au-

thor describes the research related to the qualitative and quantitative 

determination of hydrogen and oxygen-containing functional groups 

at edge sites.

Unlike the carbon atoms within crystallites, the carbon atoms at the 

edge sites of these crystallites have highly reactive and unsaturated 

bonds that react with different atoms, such as oxygen. Figueiredo 

et al. [10] analyzed the oxygen-containing functional groups on the 

surface of activated carbon after various oxidation treatments and 

found that their types varied depending on the oxidation treatment. 

According to the authors, when activated carbon is subjected to 

liquid-phase oxidation, oxygen-containing functional groups mainly 

consisting of carboxyl groups are formed; by contrast, during gas-

phase oxidation, oxygen-containing functional groups mainly consist-

ing of carboxylic anhydrides and lactones are formed. Depending on 

the oxidation conditions, differences in the formation of oxygen-con-

taining functional groups may occur. The oxygen-containing func-

tional groups are described as follows. Oxygen-containing functional 

groups are broadly classified into acidic, neutral, and basic groups. 

Acidic functional groups can neutralize bases and are represented 

by carboxyl and phenolic groups; neutral functional groups include 

carbonyl groups and ether structures; and basic functional groups can 

neutralize acids and include chromene-type and pyrone structures [11].

The aforementioned surface oxygen-containing functional groups 

significantly affect the surface properties of carbon materials, such 

as their electrochemical properties [12–14], catalytic properties [15], 

wettability [16] and adsorption characteristics [17]. Many studies 

have been conducted to analyze the surface oxygen-containing func-

tional groups of carbon materials. These studies are typically accom-

plished using methods such as TPD [18–20], IR spectroscopy [19, 21, 

22], X-ray photoelectron spectroscopy (XPS) [23, 24], and Boehm 

titration [25, 26]. However, even with these methods, determining 

the chemical forms of complex functional groups on carbon is diffi-

cult. IR spectroscopy provides information on the chemical bonds of 

functional groups, whereas XPS provides information on their charge 

distributions. A common feature of these two analytical methods is 

that they provide local information on chemical structures. Thus, they 

cannot distinguish between ethers (C–O–C), lactones, and acid an-

hydrides. Boehm titration provides information on acidic functional 

groups but not on neutral functional groups, such as carbonyl groups. 

The acid strength of acidic functional groups does not directly rep-

resent their chemical form; thus, determining the chemical form of 

these groups using Boehm titration is difficult. Furthermore, edge 

sites are present in the carbon structure at only trace amounts, ranging 

from approximately 1 at% in activated carbon to less than 0.01 at% in 

graphite. Given the difficult of evaluating such trace amounts using 

the existing analytical methods and the complexity of edge sites, their 

chemistry remains largely unknown.

In addition to oxygen-containing functional groups, hydrogen is 

present at edge sites. Because carbon is formed by the carbonization 

of organic materials, hydrogen atoms are present in carbon. Most 

edge sites in carbon materials that are not oxidized or treated other-

wise are terminated by hydrogen. Fig. 4a summarizes the changes in 

the numbers of hydrogen and oxygen-containing functional groups 

in various carbon materials as a function of the heat-treatment tem-

perature. The hydrogen content was approximately 1–100 times 

larger than the oxygen-containing functional group content, and the 

difference between these contents decreased as the heat-treatment 

temperature increased. In particular, at heat-treatment temperatures 

below 1800 °C, over 90% of the edge sites were terminated with 

hydrogen, which is the main functional group constituting the carbon 

edge site. The hydrogen and oxygen contents of various carbon mate-

rials are summarized in Fig. 4b. Although the nature and quantity of 

the edge sites varies greatly depending on the type of carbon material 

and heat treatment temperature, the hydrogen content is higher than 

the oxygen content in most of the materials. Although the amount of 

hydrogen in carbon is important for obtaining information on edge 

sites, quantitative analysis is difficult because the weight fraction of 

hydrogen is small, the error due to the effect of adsorbed water is 

large, and hydrogen analysis is spectroscopically difficult. Kashihara 

et al. [27] successfully determined the hydrogen content of graphitiz-

able and non-graphitizable carbons heat-treated at 1000–1800 °C by 

temperature-programmed oxidation using a Karl Fischer moisture 

analyzer. The authors found that the hydrogen content of carbon was 

independent of its structure and depended only on the heat-treatment 

temperature; they also reported that the hydrogen content of high-

temperature-treated carbon was extremely low, ranging from 0.002 to 
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0.007 wt%, after heat treatment at 1800 °C. Determination of the hy-

drogen content of high-temperature-treated carbon is extremely dif-

ficult; indeed, to the author’s best knowledge, only Meyer et al. [28] 

has successfully measured hydrogen contents by burning three types 

of carbon that had been heat-treated at 800–2900 °C. The authors 

reported that the hydrogen content of carbon heat-treated at 800 °C 

was approximately 0.14 wt% and decreased to 0.015–0.002 wt% 

when the heat-treatment temperature exceeded 2000 °C.

3. Temperature-programmed Desorption

3.1 Analysis of oxygen-containing functional groups
TPD (also called thermal desorption spectrometry) was originally 

developed as a method to analyze the adsorbed gases in a sample, 

particularly in the field of catalytic chemistry. It is now widely used 

to analyze not only adsorbed materials but also the surface and near-

surface conditions of various materials. During TPD, the gases gener-

ated by the desorption of surface functional groups are qualitatively 

and quantitatively analyzed by heating carbon in an inert atmosphere 

or vacuum. The quality and quantity of surface functional groups can 

be determined from the TPD spectrum, in which the horizontal axis is 

the temperature and the vertical axis is the desorption rate. TPD has 

been used to analyze many carbon materials since the relationship be-

tween oxygen-containing functional groups on the surface of carbon 

and their desorption temperatures was first reported in 1978 [29]. The 

reported values for the types of carbon materials and their oxygen-

containing functional groups are summarized in Fig. 5 [2, 30–48]. 

TPD analysis has also been recently applied to nanocarbon materials, 

such as reduced graphene oxide and carbon nanotubes (CNTs; e.g., 

single- and multiwalled CNTs). The oxygen-containing functional 

groups of porous carbon materials such as activated carbon range 

from several hundred to several thousand micromoles per gram, with 

some even exceeding 10000 µmol g−1. By contrast, the oxygen-con-

taining functional group content of high-temperature-treated carbon 

is less than 100 µmol g−1, while that of graphite is even less (less 

Fig. 4 (a) Variation in the contents of hydrogen and oxygen-containing functional groups of carbon materials as a function of the heat-treat-
ment temperature. Reproduced with permission from ref. 2. Copyright 2022 Elsevier. (b) Relationship between hydrogen and oxygen 
contents for various carbon materials [48, 67]. The numbers at the end of PFA and PVC carbons indicate the heat treatment temperature 
(°C).

Fig. 5 Numbers of oxygen-containing functional groups in various 
carbon materials.
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than a few micromoles per gram). One of the advantages of TPD as 

an analytical method is that it is applicable to materials with widely 

varying numbers of functional groups.

Surface oxygen-containing functional groups produce CO, CO2, 

and H2O upon desorption, and the structure and amount of each func-

tional group can be estimated by analyzing the gases desorbed during 

the TPD measurements. Table 1 summarizes the previously reported 

surface oxygen-containing functional groups, desorption tempera-

tures, and desorbed gases. Most oxygen-containing functional groups 

were desorbed at temperatures below 1000 °C, and the desorption 

temperatures varied, even for the same types of oxygen-containing 

functional groups. The desorption temperature of oxygen-containing 

functional groups is affected by many factors, such as the heating rate 

and apparatus configuration [10]. Furthermore, the chemical structure 

of edge sites around these groups affects their desorption temperature. 

For example, if two carboxyl groups are adjacent to each other, their 

desorption temperatures will be lower than that of a single carboxyl 

group [7]. Thus, the results obtained from TPD measurements contain 

a great deal of information about edge sites and contribute greatly to 

the essential understanding of the chemical structures of these sites. 

However, TPD spectra are affected by many factors, such as second-

ary reactions and impurity effects [49], and their interpretation is 

challenging and remains a subject of debate. Thus, further research is 

warranted.

3.2 Accurate analysis of the chemical structure of edge 
sites

As mentioned above, TPD enables the qualitative analysis of 

functional groups based on differences in their desorption reaction 

behavior (i.e., desorption temperature and gas). The desorption reac-

tion of a functional group strongly depends on its chemical form, 

and both the desorption temperature and gas differ depending on 

the functional group. For example, ether, lactone, and anhydride are 

known to desorb as CO, CO2, and CO+ CO2, respectively, and their 

functional groups can be distinguished by the differences in these 

desorption gases. However, some functional groups, including phenol 

(C–OH) and ether (C–O–C), cannot be identified by TPD analysis. 

These functional groups are known to desorb as CO at approximately 

600–700 °C; therefore, they are indistinguishable by TPD analysis 

Table 1 Types of oxygen-containing functional groups, their desorption gases, and desorption temperatures.

Desorption gas Temperature/°C Atmosphere Desorption gas Temperature/°C Atmosphere

Phenol Carboxylic

CO

617–637 [10] He

CO2

100–400 [10] He

600–700 [50] Ar 200–250 [50] Ar

550 [51] He 250 [18] N2

627–657 [52] Vac. 250–300 [51] He

Carbonyl and Quinone 100–400 [53] He

CO

787–827 [10] He 247–287 [52] Vacuum

800–900 [50] Ar 302 [53] He

700–980 [54] Vacuum 277 [55] He

702, 835 [55] He CO+H2O 242, 327 [56] He

700–980 [57] Vacuum Lactone

Ether

CO2

667 [10] He

CO
827 [10] He 350–400 [50] Ar

550 [51] He 450 [51] He

Aldehyde 190–650 [54] Vacuum

CO
280 [58] He 519 [55] He

310 [59] He 150–650 [57] Vacuum

Acid anhydride 627 [20] He

CO+CO2

547 [10] He Peroxide

350–400 [50] Ar
CO2

550–600 [50] Ar

627 [18, 20] N2 597 [52] Vacuum

407–447 [52] Vacuum Phosphorus (C–O–POx)

427–502 [53] He
CO

800 [60] N2

437–657 [55] He 860 [61] N2
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because their desorption temperatures and gases are identical.

During TPD analysis, the desorption behaviors of phenol and ether 

do not completely coincide because phenol contains hydrogen in its 

chemical structure, as shown in Fig. 6, and the hydrogen is desorbed 

as H2 with further increases in temperature. Because H2 desorption 

requires a temperature of over 1000 °C, it has not been evaluated 

or discussed via TPD owing to analytical difficulties. The authors 

reported the analysis of hydrogen-terminated edge sites (edge hydro-

gens) via TPD at temperatures of over 1600 °C [2, 48, 62]. At such 

high temperatures, edge hydrogen is desorbed as H2, and the amount 

of edge hydrogen can be estimated by quantification (see Section 

3.3). The temperature limit for conventional TPD is about 1100 °C, 

and it is not possible to detect the desorption of H2. TPD analysis 

at high temperatures can detect the desorption of CO and H2, which 

may allow us to distinguish between phenol and ether. However, one 

issue that must be considered here is that the H2 desorbed at high 

temperatures includes not only phenol-derived H2 but also edge hy-

drogen-derived H2, and distinguishing between these gases is impos-

sible. The hydrogen in phenol is protonated; therefore, it can easily 

be replaced by deuterium in the presence of D2O. In a previous study, 

activated carbons with deuterium-labeled oxygen-containing func-

tional groups were prepared, and TPD was performed to analyze the 

chemical structure of the carbon edge sites in detail [63]. The TPD 

spectra of activated carbons labeled with deuterium by immersion in 

D2O are shown in Fig. 7; here, a total of eight spectra indicating deu-

terium compounds, H2, CO, and CO2 desorption species are obtained. 

This large collection of spectra is advantageous because it provides 

a great deal of information on oxygen-containing functional groups. 

However, their interpretation is rather complex. To identify the oxy-

gen-containing functional groups from these TPD spectra, we must 

first consider the desorption mechanism of deuterium compounds. 

Fig. 8a summarizes the desorption mechanism of each deuterium 

compound. The chemical structures shown are distinguishable be-

cause they follow different desorption processes. For example, three 

chemical structures were desorbed as D2O: Cx2, CxPh, and Ph2. Cx2 

forms D2O, which then forms an anhydride and is desorbed as CO+ 

CO2 upon further heating. Similarly, CxPh forms a lactone and Ph2 

forms an ether; therefore, although their D2O formation processes 

are similar, the chemical structures of these three species can be dis-

tinguished because the subsequent desorbed gases are different. Thus, 

the chemical structures of edge sites can be classified into 12 types, as 

shown in Fig. 8b, according to their higher-order chemical structures, 

including the surrounding parts of the functional groups. Table 2 sum-

marizes the relationships between these 12 chemical structures and 

the desorbed gas species. The quantitative results of the edge-site 

chemical structures of the deuterium-labeled samples are shown 

in Fig. 8c. Phenols and ethers can be quantitatively distinguished, 

and even the same functional groups can be distinguished based on 

differences in the chemical structure around the functional group. 

Furthermore, because the analytical principle of TPD is the distinc-

tion between protic and edge hydrogens, both oxygen-containing 

functional groups and edge hydrogens can be accurately quantified. 

The IR spectra of the samples were estimated using DFT calculations 

based on this quantitative result, and the calculated IR spectra agreed 

well with the experimental values (Fig. 8d). Thus, deuterium label-

ing can dramatically improve the accuracy of the TPD method and, 

in turn, lead to a deeper understanding of the chemical structure of 

carbon edge sites.

3.3 Evaluation of the spatial distribution of edge sites
Although edge hydrogen is thermally stable, it can be analyzed 

via TPD by heating up to approximately 1600 °C. Fig. 9 shows the 

TPD spectrum of activated carbon (YP50F); here, the H2 desorption 

peak can be observed in the range of 800–1500 °C. The H2 desorp-

Fig. 6 Desorption behavior of (a) phenolic group and (b) deuteri-
um-labeled phenolic group on the surface of carbon materi-
als. Reproduced with permission from ref. 63. Copyright 
2019 Elsevier.

Fig. 7 TPD spectra of deuterium-labeled activated carbon (MSC30).

Vol. 2 No .2 2023
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tion amount obtained from TPD was consistent with that obtained 

using the combustion method, indicating that most of the edge hy-

drogen contained in the sample is desorbed when the temperature is 

increased up to 1600 °C.

In recent years, the quantitative analysis of edge hydrogen has be-

come increasingly important for understanding the chemical reactiv-

ity of carbon materials. As discussed in literatures [37, 64–66], earlier 

studies have demonstrated that edge hydrogen behaves as an active 

site in carbon surface chemistry. As mentioned above, the quantita-

tive analysis of edge hydrogen by high-temperature TPD is now pos-

sible. However, the qualitative meaning of the H2 desorption spectra 

has not been elucidated although the TPD spectra are inherently inter-

preted in terms of the kinetics of the desorption reaction, and the peak 

Fig. 8 (a) Desorption mechanism of deuterium compounds. (b) Twelve types of edge-site chemical structures distinguishable by deuterium-
labeled TPD. (c) Quantification of the edge-site chemical structures of activated carbon samples. The samples included activated carbon 
(MSC), O2-oxidized activated carbon (MSC-O2), and H2O2-oxidized activated carbon (MSC-H2O2). (d) Calculated (top) and experi-
mental (bottom) IR spectra of the samples. Reproduced with permission from ref. 63. Copyright 2019 Elsevier.

Table 2 Relationships between desorbed species determined by 
TPD measurement and chemical species formed on carbon 
edge sites. The label in parenthesis indicates the gas spe-
cies divided into its source functional groups as a result of 
peak separation of TPD spectra.

Desorbed species Chemical species

D (from D2 and DH) Ph1+Cx1
D2O Cx2+CxPh+Ph2
DHO PhH+CxH
CO2 (Carboxylic) Cx1
CO2 (Lactone) CxPh+Lactone
CO (Anhydride) Cx2+Anhydride
CO (Phenol/Ether) Ph1+Ph2+Ether
CO (Carbonyl) Carbonyl+CxH
H (from H2 and DH) Edge H
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temperatures and shapes should contain qualitative information about 

the desorbed species. The author performed a kinetic analysis of the 

H2 desorption spectra collected in TPD measurements [67]. Arrhenius 

analysis of these spectra indicated that the H2 desorption reaction was 

caused by the association of edge hydrogens and that the reaction 

order was 2. Furthermore, the apparent activation energy for the H2 

desorption reaction estimated by Arrhenius analysis was consistent 

with that of the edge-hydrogen association reaction estimated by den-

sity functional theory calculations. The H2 desorption reaction rate 

DH2(T) observed via TPD at absolute temperature T was determined 

using the Polanyi–Wigner equation [68] by considering the concen-

tration of edge hydrogen in the carbon sample at this temperature 

AH(T) as follows: 

H d2
H2 H H

1 A 1D (α A ) ex( ) p ,2( ( )2) d T ν ET T
dT β RT

− − ⋅ ⋅  
 

= =     ··· (1) 

where ν is the frequency factor, β is the heating rate, αH is the activity 

coefficient, Ed is the activation energy of the desorption reaction, and 

R is the gas constant. To calculate AH(T), we assume that the edge 

hydrogen is uniformly distributed in the sample, and that the concen-

tration of the edge hydrogen at 1600 °C (the maximum TPD tempera-

ture) is zero. Under these assumptions, AH(T) can be calculated using 

the following equation: 

1873.15
H H2A 2 D  ( ) ( ) .

T
T T dT=     ······································· (2) 

At the peak temperature TP of the H2 desorption spectrum, the follow-

ing equation is satisfied: Fig. 9 TPD spectra of activated carbon (YP50F).

Fig. 10 (a, b) Relationship between the peak temperature (TP) and concentration of edge hydrogen AH(rt). The points in each plot indicate the 
sample number in the reference. The black dashed lines indicate the relationship in Equation (6). (c) Spatial distribution of edge sites in 
graphite particles demonstrated in our previous study. Reproduced with permission from ref. 2. Copyright 2022 Elsevier.

Vol. 2 No .2 2023
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2
H P
2
( )A T 0.d

dT
=     ······················································· (3) 

From the above equations, the concentration of edge hydrogens at 

temperature TP, AH(TP), can be expressed using TP as follows: 

d d
H P 2 2

PP

1A T exp .T2 T
( )

H

βE E
Rα νR

 ⋅  
 

=     ······························ (4) 

When fitting the hydrogen desorption spectrum with a Gaussian func-

tion, AH(TP) can be expressed as follows by assuming that all edge 

hydrogens are desorbed in the TPD run. 

H P H
1A T A rt2( ) ( ).=     ·················································· (5) 

where AH(rt) is the concentration of the edge hydrogen at room tem-

perature. Give this relation, Equation (4) becomes synonymous with 

the following equation: 

d d
H 2 2

PP

1 1A rt exp .2 T2 T
( )

H

βE E
Rα νR

 ⋅  
 

=    ···························· (6) 

A plot of AH(rt) versus TP for a wide variety of carbon samples is 

shown in Fig. 10. The TP values of these samples were obtained by 

fitting the H2 desorption spectra with a Gaussian function. Because 

AH(T) (including AH(rt)) is calculated under the assumption that 

the edge hydrogen is uniformly distributed in the structure of the 

carbon sample (Equation (2)), AH(rt) and TP must satisfy the rela-

tionship shown in Equation (6) (this relationship is also reflected by 

the dashed line in the figure). A carbon sample falling outside the 

dashed line indicates that the edge hydrogen atoms are nonuniformly 

distributed in the carbon structure. For commercially available acti-

vated carbon, carbon black, and carbon obtained by heat treatment 

below 1200 °C, the relationship between AH(rt) and TP is satisfactory. 

However, this relationship does not apply to high-temperature-treated 

carbon, graphite, and CNTs, indicating that the edge hydrogens are 

nonuniformly distributed in the structure of these carbon samples. 

In our previous study, we analyzed the molecular structures of high-

temperature heat-treated carbons, such as graphite, using accurate 

analytical techniques [2]. In this study, we demonstrated that natural 

graphite particles contain edge sites only on their surface; such sites 

are not found within the particles. Additionally, the surrounding 

region of the particles exhibited complex disorder at the molecular 

level, with a large number of edge sites, as shown in Fig. 10c (details 

are provided in Section 4). This result implies that the edge sites of 

graphite are distributed locally within a portion of its carbon struc-

ture. This property of graphite is related to the fact that almost all 

graphite samples deviate from the relationship between AH(rt) and TP. 

Similar to graphite, CNTs and high-temperature-treated carbons also 

deviate from this relationship, thereby implying that these samples 

may also contain locally distributed edge hydrogens in their carbon 

structures. The H2 desorption spectra obtained by high-temperature 

TPD include information on not only the amount of edge hydrogens 

but also their spatial distribution in a carbon structure. Such informa-

tion cannot be obtained by other techniques such as elemental analy-

sis, thus suggesting that TPD is an extremely powerful, irreplaceable 

tool for edge-site analysis.

4. Determination of Carbon Structure from  
the Amount of Edge Sites

Aso et al. [69, 70] applied the elemental composition method to 

analyze the organic structure of carbon materials heat-treated below 

1000 °C and determined the average size of a graphene sheet (Fig. 

11a), L, from the number of edge sites [70]. This size was reported to 

be larger than that obtained from XRD analysis (La) and TEM obser-

vations (LTEM). As illustrated in Fig. 11b, the difference in graphene 

size can be attributed to the fact that XRD and TEM cannot accu-

rately measure the length of a curved graphene sheet.

This structural analysis of carbon based on the number of edge 

sites is also useful for investigating high-temperature-treated carbons. 

The same analysis was performed on non-graphitizable and graphitiz-

able carbons treated at high temperatures (1200–1800 °C); here, the 

structure of non-graphitizable carbon was found to be formed by the 

extremely complex bending of large graphene sheets. Furthermore, 

the sheet sizes of high-temperature-treated carbons depended only 

on the heat-treatment temperature, regardless of the type of carbon 

(non-graphitizable or graphitizable) [48]. Table 3 summarizes the 

results of the determination of edge sites and values of L, LTEM, and La 

Fig. 11 (a) Structural model of a graphene sheet. (b) Conceptual 
image of the process of obtaining the graphene sheet size 
from the number of edge sites. (c) Chemical structure of 
edge sites formed in a graphite particle. Reproduced with 
permission from ref. 70. Copyright 2004 Elsevier.
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for the carbons in heat-treated polyfurfuryl alcohol (PFA) and polyvi-

nyl chloride (PVC), where L is calculated using the coronene-based 

models shown in Fig. 12. The values of L depend only on the heat-

treatment temperature, regardless of the structures of the PFA and 

PVC carbons, although these are completely different. L calculated 

from the number of edge sites was consistently larger than LTEM and 

La for both samples. This finding may be attributed to the fact that L 

reflects the entire graphene sheet, whereas La refers only to the size 

of the crystallites and LTEM is the result of a two-dimensional analysis 

of the cross-section of the graphene sheet; hence, La and LTEM do not 

reflect the entire three-dimensional curved graphene sheets. Accord-

ing to XRD and TEM observations, the structure of PFA carbon is 

considered to be a disorderly arrangement of small graphene sheets of 

approximately 5 nm; however, these small graphene sheets are con-

nected to each other and may be expected to form a complex curved 

large graphene sheet.

The advantage of structural analysis using the number of edge sites 

is that it can determine the average size of a complex aligned and 

curved graphene sheet. Thus, it may be a powerful tool for under-

standing the actual carbon structure. This technique can be applied to 

graphite to obtain an actual picture of edge sites that are disordered 

at the molecular level (Fig. 11c) [2]. Two types of graphite samples 

(NG50 and NG160) with different particle sizes were prepared by 

fractionating natural graphite powder (Alfa Aesar; purity, 99.9995%). 

These graphite samples were heat-treated under vacuum at 1800 °C 

for 1 h for surface cleaning and denoted as NG50HT and NG160HT, 

respectively. The numbers of edge sites in these samples were much 

smaller than those in PFA and PVC carbons, as shown in Table 3. 

Furthermore, the numbers of edge sites in the graphite samples de-

creased significantly with heat treatment. The L of the heat-treated 

graphite samples was extremely large, and, surprisingly, its value 

was almost equal to their particle size. This finding indicates that the 

edge sites exist only around the particles. The structure of the graph-

ite sample obtained after heat treatment is understood to consist of 

Fig. 12 Coronene-based models used to calculate the size of a graphene sheet (L) and the corresponding equations used to calculate L from the 
numbers of edge sites. In the equations, Nedge, a0, free sites, H, C, ether, carbonyl, anhydride, and lactone correspond to the total num-
ber of edge sites, lattice parameter of the a-axis (0.2461 nm), and numbers of free sites, hydrogen atoms, carbon atoms, ether, carbonyl, 
acid anhydride, and lactone groups per unit weight of each carbon sample, respectively. The free sites represent the edge site of the 
triplet carbene/carbyne and the doublet σ-radical sites, and its amount was calculated from the amount of electron spin determined by 
magnetic susceptibility measurements. Reproduced with permission from ref. 48. Copyright 2014 Elsevier.

Table 3 Amounts of total edge sites and sizes of the carbon layer (L) calculated using the coronene-based model for 
different carbon samples and crystallite sizes determined by the image processing of the TEM images and 
X-ray diffractograms.

Sample Total edge sites /µmol g−1 L/nm LTEM/nm La/nm

PFA1200 1240–1400 30–33 5.1 3.6
PFA1500 260–390 105–158 5.2 4.2
PFA1800 41–95 430–1000 5.5 4.2
PVC1200 1130–1250 33–35 27 4.2
PVC1500 310–340 121–132 42 6.8
PVC1800 35–37 720–1170 60 8.4
NG50 6.5 6300 O.L. 320
NG150 5.3 7800 O.L. 670
NG50HT 0.62–0.74 55000–66000 O.L. 370
NG150HT 0.15–0.20 207000–271000 O.L. 650
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stacked graphene sheets equivalent in size to the graphite particles. 

As imagining that such an extremely large graphene sheet could be 

generated by heat treatment at 1800 °C is difficult, we can reason-

ably assume that the graphite sample had a similar carbon structure 

before heat treatment. In other words, the edge sites of the graphite 

sample before heat treatment were located around its particles, where 

a large number of edge sites exist, as shown in Fig. 10c. This finding 

indicates that the edge sites of graphite are locally distributed in one 

part of its carbon structure. Such a distribution is consistent with the 

aforementioned kinetic analysis of the hydrogen desorption spectrum. 

Although a definitive answer to how the edge sites of graphite are 

formed has not yet been obtained, they are believed to be formed by 

pulverization and other processes during manufacturing.

The same type of analysis has recently been used to evaluate the 

structure of extremely complex materials such as graphene oxide 

[71], and the applicability of this method is expected to expand. The 

precise analysis of edge sites and their application to the structural 

analysis of carbon materials can be used to obtain a detailed under-

standing of the actual carbon structure and appearance of edge sites, 

which cannot be achieved by other types of analyses.

5. Conclusion

This review describes the analysis of carbon edge sites via TPD 

and discusses carbon structures in terms of the number of edge sites. 

Oxygen-containing functional groups and hydrogen atoms exist at 

carbon edge sites, and their nature and quantity vary depending on 

the carbon material. Furthermore, the average carbon structure can 

be predicted from the number of edge sites obtained by TPD to gain 

a deeper understanding of the carbon structure. Edge sites provide 

information on not only the chemical properties of carbon materials 

but also their structural characteristics. However, TPD cannot always 

identify functional groups. To solve this problem, we introduced 

the deuterium-labeled TPD method, in which protonic hydrogen is 

labeled with deuterium. The spatial distribution of edge sites can be 

determined by evaluating the hydrogen desorption spectra collected 

during TPD. By combining these experimental and analytical meth-

ods, TPD may be expected to be of great help in understanding the 

molecular structures of carbon materials. The TPD spectrum is a two-

dimensional representation of the relationship between the desorption 

temperature and rate of a desorbed gas, which initially seems simple. 

However, the essence of TPD is the desorption reaction, which in-

volves the chemistry of carbon surfaces. Obtaining a deeper under-

standing of TPD will allow us to obtain more accurate insights into 

the essence of carbon surfaces. Although TPD is not fully understood 

even in the field of carbon materials, future improvements and in-

novations in analytical techniques could lead to remarkable advance-

ments in our understanding of TPD.
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