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Abstract A technique to control the mesoporous structure

and crystallites present in turbostratic carbon (Ts-carbon)

derived from Fe- and Ni-doped phenolic resin is described.

To eliminate the effect of heat treatment temperature, all of

the Fe- and Ni-doped phenolic resins are carbonized at a

fixed temperature of 1000 �C. The catalyst content in

the obtained Ts-carbon varies from 0.001 to 5 mmol/g.

Mesopores and turbostratic crystallites are formed in the

Ts-carbon samples, and these increase in size as the catalyst

content and its particle size increases. The turbostratic

crystallites assemble to form carbon aggregates with a cup-

stacked, thin tube-like, or coil-like structure. The mesopore

surface area increases proportionally with the amount of

turbostratic crystallites rather than the type of carbon aggre-

gate. It is proposed that the mesopore is surrounded by tur-

bostratic crystallites. Altering the size of the turbostratic

crystallites in Ts-carbon has revealed an effective method for

controlling the size and volume of its mesopores.

Introduction

The importance of mesoporous structures has been recog-

nized, and mesoporous carbon has been applied in the

adsorption of large molecules such as dioxin and vitamins

[1–3] and in electric double layer capacitors [4]. Activation

is widely used to create mesopores in carbon [1, 5–7].

However, during the activation process substantial mass

loss takes place so the obtained mesoporous carbon is

fragile. Recent studies have shown that mesoporous carbon

can be prepared via catalytic graphitization without acti-

vation [8–12], providing an alternative method to facilitate

the formation of mesoporous carbon.

Catalytic graphitization is a solid-state catalytic reaction

of carbon. Carbonization of a carbon precursor with a

metallic compound catalyzes the conversion of carbon with

an amorphous structure into graphite and turbostratic

crystallites. Turbostratic carbon (Ts-carbon), which con-

sists predominantly of turbostratic crystallites, is reported

to possess mesopores [8–12]. Ts-carbon also exhibits a

highly crystalline structure and high electronic conductiv-

ity [13, 14]. Thus, Ts-carbon has shown excellent catalytic

activity for H2S decomposition [15], methanol electrooxi-

dation [16, 17], and oxygen reduction [18]. Moreover,

turbostratic crystallites in Ts-carbon are clustered together

to form aggregates that can possess tube-like and coil-like

structures [8, 16, 19]. These carbon aggregates show

superior features to nanocarbon samples prepared in the

gas phase [16]. Because of these unique features, Ts-carbon

possesses some advantages over conventional porous car-

bon with an amorphous structure. As such, there is a

growing interest in controlling the formation of mesopor-

ous structures in Ts-carbon.

The porosity of Ts-carbon was first noted in 1981 [20],

but about 20 years passed before further studies were

performed. In 2000, the existence of mesopores in

Ts-carbon was first discovered. Maldonado-Hodar et al.

[10] revealed that Ts-carbon contained mesopores with a

wide range of pore sizes from micro- to macropores. Hatori

et al. [11] suggested that the development of mesoporous

structures was related to the growth of metal particles.

Conversely, Zhao et al. [12] proposed that the mesopores

were derived from interspaces between the carbon aggre-

gates. The location of the mesopores in Ts-carbon remains
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unclear. Consequently, control over the size of mesopores

in Ts-carbon has not been accomplished.

Oya et al. [20] reported that the developed porosity of

Ts-carbon was attributed to the presence of turbostratic

crystallites, because carbons with more or less ordered

crystallites do not exhibit such porosity. Recently, we

showed that altering the size of turbostratic crystallites

possibly controls the size of mesopores in Ts-carbon [8].

These reports suggest that the formation of mesopores in

Ts-carbon is related to the turbostratic crystallites. Thus,

the ability to control the size of turbostratic crystallites in

Ts-carbon is needed to produce controlled mesopores in

Ts-carbon.

Altering the size of turbostratic crystallites has been

accomplished by heat treatment at elevated temperature

[14, 21–23]. The elevated temperature also causes sinter-

ing, which leads to enlargement of the catalyst particles

[24, 25]. The size of the catalyst particle is believed to be

another factor that causes structural changes in turbostratic

crystallites [23, 26, 27]. However, this relationship remains

unclear because the effects of the size of the catalyst and

the heat treatment temperature have not been studied sep-

arately. The objective of this study is to investigate the

correlation between the sizes of the catalyst and turbost-

ratic crystallites to allow control over the formation of

mesoporous structures in Ts-carbon. The size of the cata-

lyst is altered by changing the amount added, and then

carbonizing at a fixed heat treatment temperature of

1000 �C to eliminate the effect of the temperature. Phe-

nolic resin is used as the carbon precursor, and its car-

bonization is catalyzed by Fe or Ni, which are widely used

as catalytic graphitization catalysts [8–28]. To vary the size

of the catalyst over a wide range, the catalyst loading is

performed by two different methods. The sizes of the

catalyst and turbostratic crystallites are estimated by X-ray

diffraction (XRD) and transmission electron microscope

(TEM) studies, while the porous structure of the resulting

Ts-carbon is evaluated by N2 adsorption/desorption

measurements.

Experimental

Sample preparation

Fe- and Ni-containing carbon samples were synthesized

from phenolic resin (resol-type phenol formaldehyde resin,

Gun Ei Chemical Industry Co, Ltd, Japan) containing fer-

rocene or nickelocene (Kanto Chemical Co, Inc, Japan).

The phenolic resin and metallic compounds were mixed in

two ways: by homogeneous mixing in methanol (method

A), or by mechanical mixing using an agate mortar

(method B).

Method A is conventionally employed in studies relating

to Ts-carbon, and was used by us previously [8]. Desig-

nated amounts of ferrocene or nickelocene were dissolved

in methanol and then added to a solution of phenolic resin

in methanol. Each phenolic resin solution containing a

metallic compound was heated until the methanol evapo-

rated and then thermoset for 10 days at 80 �C. Conse-

quently, the metallic compound can be homogeneously

dispersed in the phenolic resin. However, it was difficult to

prepare homogeneous mixtures when the content of nick-

elocene was high. Thus, nickel nitrate hexahydrate (Kanto

Chemical Co, Inc, Japan) was used as an alternative to

nickelocene when the required nickel content was greater

than 0.35 mmol/g.

Method B consisted of mechanical mixing of the

metallic compounds and phenolic resin. First, the phenolic

resin was thermoset for 10 days at 80 �C and subsequently

ground into fine particles. These were then mixed with a

designated amount of ferrocene or nickelocene using an

agate mortar.

The obtained phenolic resins containing Fe or Ni cata-

lyst were subjected to carbonization with fixed heat treat-

ment conditions. The resins were heated to 1000 �C at a

constant heating rate of 5 �C/min, and then maintained at

this temperature for 1 h under a flow of high-purity Ar. The

catalyst content in the obtained carbon samples was

adjusted so that the resins carbonized at 1000 �C contain

0.001–5 mmol/g of metallic Fe or Ni. The carbon samples

thus obtained are named according to their metal content,

metal species, and mixing method, for example, 0.759

Fe-A and 0.0240 Ni-B. The carbon sample produced

without addition of any metallic compounds is termed PF.

Characterization

The Fe and Ni content in the samples carbonized at 1000 �C

were estimated from their ash. The crystalline state of the

turbostratic crystallites and Fe and Ni catalyst were evalu-

ated by XRD (Rigaku, Rint1200) with Cu-Ka radiation. In

this study, the carbon crystal thickness (Lc) is used as an

index value of the size of the turbostratic crystallites. In the

measurement of Lc, high-purity silicon (Silicon powder

640c, NIST) was used as an internal standard. Lc was cal-

culated using the program Carbon Analyzer Version 3.51;

details of the correction and calculations have been reported

previously [29, 30]. The size of the catalyst particles was

estimated using TEM (JEOL, JEM-2100F) and XRD. TEM

was also used to observe nanoscale structure of the

Ts-carbon. N2 adsorption/desorption measurements were

carried out at 77 K using a Belsorp 18 plus analyzer (BEL,

Japan). The volume, size distribution, and surface area of

the mesopores were estimated using the Barrett-Joyner-

Halenda (BJH) method [31].
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Results and discussion

XRD profiles of the carbon samples formed with or without

metal catalyst are shown in Fig. 1. Adding Fe and Ni

catalyst resulted in the appearance of a sharp peak at 2h
of around 26�. This peak is attributed to the formation

of turbostratic crystallites. As the content of catalyst

increased, the intensity of this peak increased. This means

the proportion of turbostratic crystallites increased with the

catalyst content. In the profiles of Fe-A and Fe-B, dif-

fraction peaks corresponding to a-Fe (at 2h = 44.6�) and

c-Fe (at 2h = 43.6� and 51.0�) were detected. Although

c-Fe is thermodynamically stable above 911 �C according

to the Fe–C phase diagram [32], the c-Fe phase was found

in the carbon samples at ambient temperature. The pres-

ence of c-Fe in Ts-carbon has also been reported in pre-

vious studies [18, 24, 25, 33]. Ozaki et al. [33] suggested

that dissolution of carbon into c-Fe reduced the phase

transition temperature. The dissolution of carbon into

metals plays an important role in the formation of tur-

bostratic crystallites [34]. Although the reason for the

presence of the high temperature phase c-Fe at ambient

temperature is unclear, it is believed that it is related to the

formation of turbostratic crystallites.

In the XRD profiles of the Ni-catalyzed carbon samples,

peaks corresponding to metallic Ni were detected at

2h = 44.4� and 51.8�. As the catalyst content increased,

the peaks from a-Fe, c-Fe, and Ni became narrower and

more pronounced.

The PF sample formed without catalyst possessed a

typical amorphous structure [8]. Doping with Fe and Ni

resulted in the formation of carbon aggregates, which

consisted of turbostratic crystallites (Fig. 2). In our previ-

ous report [8], we observed the morphologies of carbon

aggregates using scanning electron microscopy. Carbon

species formed using Fe- and Ni-based catalysts possessed

whisker and block morphologies, respectively. TEM

observation revealed that each whisker and block consisted

of tube-like and coil-like structures, respectively. In

this study, the structure of the carbon aggregate in the

Fe-containing carbon materials depended significantly on

the mixing method. Sample 0.26 Fe-A exhibited a cup-

stacked structure (Fig. 2a), while 0.241 Fe-B possessed a

thin tube-like structure (Fig. 2b). Conversely, similar coil-

like structures were found in the carbons containing Ni

irrespective of the mixing method (Fig. 2c, d). Therefore,

the type of carbon aggregate formed can be influenced by

the choice of catalyst and mixing method.

As we showed previously [8], Fe- and Ni-containing

carbon samples exhibited N2 adsorption/desorption iso-

therms with a hysteresis loop, which indicates the existence

of mesopores. The hysteresis loops became more pro-

nounced as the catalyst content increased. This means that

the number of mesopores increased with the catalyst con-

tent. Recalling that higher catalyst content also resulted in

increased amount of turbostratic crystallites (Fig. 1), the

increase in mesopores seems to be related to the formation

of turbostratic crystallites. Although a previous study also

mentioned this relationship [35], it did not provide exper-

imental evidence. Clarification of the relationship between

mesopores and turbostratic crystallites necessitates a

quantitative discussion. Thus, the amount of mesopores and

turbostratic crystallites in the samples was estimated as

follows. The mesopore surface area was calculated using

the BJH method. The amount of turbostratic crystallites

(FTS) was estimated from the XRD profile using the same

approach as Ozaki et al. [36]. As shown in Fig. 1, the

Fe- and Ni-containing carbon samples showed a conjoined

(002) diffraction peak at around 26�, which then separated

into a sharp peak and a broad peak. The sharp peak was

attributed to the formation of turbostratic crystallites. FTS is

the ratio of the area of the sharp peak to the total area of the

(002) region. The standard deviation associated with the

estimation of FTS is 0.7.

Figure 3 shows the relationship between mesopore sur-

face area and FTS. The mesopore surface area increased

proportionally with FTS. This clearly demonstrates that the

increase in mesopores is related to the formation of tur-

bostratic crystallites. Note that three lines of best fit can be

drawn for the Fe-A, Fe-B, and Ni-A and B samples. As

seen in Fig. 2, the obtained carbon samples formed three

different types of carbon aggregate. Cup-stacked and thin
Fig. 1 XRD profiles of Fe- and Ni-containing carbons and PF. Fe and

Ni contents (mmol/g) are shown on the right hand side of each profile
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tube-like structures were found in samples Fe-A and Fe-B,

while coil-like structures were observed for samples Ni-A

and B. These results suggest that the type of carbon

aggregate present also affects the mesopore surface area.

Nonetheless, the mesopore surface area was changed pre-

dominantly by the amount of turbostratic crystallites

present. Thus, it is deduced that the mesopore surface

consists of turbostratic crystallites, namely, that mesopores

in Ts-carbon are probably surrounded by turbostratic

crystallites.

The finding that the mesopore surface area is affected by

the amount of turbostratic crystallites in a sample led to

subsequent experiments investigating the influence of the

size of turbostratic crystallites on the mesoporous structure

of Ts-carbon samples. To gauge the size of turbostratic

crystallites, Lc was estimated. This study was also con-

ducted to investigate the relationship between the sizes of

the turbostratic crystallites and catalyst particles. Thus, the

size of the catalyst particles dispersed in Ts-carbon was

estimated by both TEM and XRD. The particle size dis-

tribution of Fe and Ni in the 0.26 Fe-A and 0.970 Ni-B

samples, respectively, were obtained from TEM observa-

tions (Fig. 4). The size of the Fe particles ranges from 10 to

40 nm in 0.26 Fe-A, although most were in the 10–30 nm

range. On the other hand, 0.970 Ni-B exhibits a wider size

distribution of Ni particles. Ni particles with diameters of

more than 100 nm were also observed by Hatori et al. in

Ni-catalyzed carbon [11]. The pinnacle of the Ni particle

size distribution peak is also shifted to 30–40 nm, which is

Fig. 2 TEM observations of tube-like aggregates in samples 0.26 Fe-A (a) and 0.241 Fe-B (b), and coil-like aggregates in 0.940 Ni-A (c) and

0.970 Ni-B (d)
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larger than that of Fe. Comparing the Fe- and Ni-catalyzed

carbon samples, Ni tends to form larger particles than Fe.

In addition to TEM, XRD was also used to estimate the

sizes of the Fe and Ni catalyst particles (Lcat), which were

determined from the full width at half-maximum (FWHM)

of the a-Fe (110) and Ni (111) diffraction peaks, respec-

tively, using the Scherrer equation following the same

approach as previously reported [10, 11, 16, 19, 24, 25, 37].

The Lcat values for samples 0.26 Fe-A and 0.970 Ni-B are

15 and 31 nm, respectively. These values are consistent

with the values obtained for the peak tops of the particle

size distributions by TEM observations. Lcat represents the

most common size of catalyst particle in Ts-carbon. Thus,

the relationship between the size of turbostratic crystallite

and catalyst particle is discussed using Lcat.

Figure 5a shows the influence of the content of catalyst

in the sample on the Lc of the turbostratic crystallites.

While Lc for the Ni-containing carbon samples increased

linearly with increasing catalyst content, the Lc in the

Fe-containing carbon samples remained constant until the

Fe content reaches 0.10 mmol/g. Further addition of Fe

catalyst caused Lc to increase. Figure 5b shows the change

in Lcat with catalyst content. Together with a-Fe, some

Fe-catalyzed samples showed a diffraction peak consistent

with c-Fe (Fig. 1). Therefore, the Lcat for c-Fe was also

determined from the FWHM of the c-Fe (111) diffraction

peak using the Scherrer equation. The changes in Lcat are

similar to those of Lc as the catalyst content increases. The

Ni-containing carbon samples showed a linear increase in

Lcat with Ni content, while Lcat of a-Fe and c-Fe increased

linearly when the Fe content exceeded 0.1 mmol/g. Lcat

values for Fe contents less than 0.07 mmol/g could not be

estimated because of the detection limit of XRD. The

increase in Lc appears to be related to the increase in Lcat.

To obtain more a detailed insight into the effect of

catalyst size, Lc was plotted against Lcat (Fig. 6). For the

Ni-containing carbon samples, Lc increased proportionally

with Lcat (Fig. 6a). For the carbon samples produced using

an Fe catalyst, Lc also increased with Lcat calculated from

the a-Fe and c-Fe diffraction peaks. However, the line of

best fit for c-Fe possessed a comparatively better R2 value

than that for a-Fe. These results demonstrate that the cat-

alytic formation of turbostratic crystallites is probably

related to c-Fe rather than a-Fe. It is suggested that under

the conditions used, c-Fe possessed higher catalytic activity

for forming turbostratic crystallites than a-Fe. On the other

hand, Anton [38] reported the activity of a-Fe. Although

the catalytic activity of a-Fe was not determined in this

study, it is notable that the size of the catalyst particles is a

crucial factor in determining the size of the turbostratic

crystallites formed.

As inferred above, the mesopores in Ts-carbon most

likely exist among turbostratic crystallites. Thus, the mes-

opore surrounded by turbostratic crystallites is expected to

be influenced by the size of the turbostratic crystallites. The

size distributions of mesopores in the Fe- and Ni-contain-

ing carbon samples with various Lc values were calculated

by the BJH method (Fig. 7). Carbon samples with smaller

Lc contained smaller mesopores of around 2 nm. As Lc

increased, pores around 3–20 nm developed. As a conse-

quence of the increased mesopore size, the mesopore vol-

ume increased. These results suggest that the size and

volume of mesopores in Ts-carbon are related to the

development of turbostratic crystallites. To gauge this

quantitatively, the mesopore volume was plotted against Lc

(Fig. 8). The mesopore volume increased linearly with Lc

in the Fe- and Ni-containing carbon samples. Note that the

mesopore volume and Lc for Fe-A and Fe-B can be

approximately expressed by the same linear equation, even

though Fe-A and Fe-B contain different types of carbon

aggregates (Fig. 2a, b). These results suggest that the

mesopore volume in Ts-carbon is related to the size of

turbostratic crystallites rather than the type of carbon

aggregate. However, for the Fe- and Ni-containing carbon

samples, the relationship between Lc and mesopore volume

was not expressed by the same equation. There should be

inherent structural differences in the mesopores formed by

turbostratic crystallites produced by Fe or Ni catalysts.

Although the origin of the structural difference is not clear,

the mesopore size and volume depended predominantly on

Lc. Thus, it is concluded that the control over the size and

Fig. 5 Change in the XRD parameters of Fe- and Ni-containing

carbon samples as a function of the catalyst content. a Size of

turbostratic crystallites (Lc); b size of catalyst particles (Lcat) for a-Fe,

c-Fe, and Ni
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volume of mesopores in Ts-carbon is made possible by

altering the size of turbostratic crystallites, which can be

achieved simply by changing the content of metal catalyst.

Conclusions

In conclusion, a technique has been developed to control

the mesoporous structure and size of carbon crystallites

in Ts-carbon. Mesopores and turbostratic crystallites are

formed in Ts-carbon samples produced from Fe- or Ni-

doped phenolic resin that is treated at 1000 �C. The tur-

bostratic crystallites assemble to form different carbon

aggregates depending on the catalyst and the mixing

method used. Our results clearly demonstrate that the

surface area of the mesopores is predominantly related to

the amount of turbostratic crystallites present rather than

the type of the carbon aggregate. Thus, it is proposed that

the mesopores in Ts-carbon are surrounded by turbostratic

crystallites.

The effect of the size of catalyst particles dispersed in

Ts-carbon on the size of turbostratic crystallites was clar-

ified. Lc increases proportionally with Lcat for c-Fe and Ni,

indicating that c-Fe and Ni possess catalytic activity for the

formation of turbostratic crystallites. Our results suggest

that the size of the catalyst particles is a crucial factor in

determining the size of turbostratic crystallites.

Increasing Lc increases the size and volume of the

mesopores in Ts-carbon linearly, irrespective of the type of

carbon aggregate. Therefore, altering the size of turbost-

ratic crystallites is an effective method for controlling the

size and volume of mesopores in Ts-carbon.

The techniques presented in this study will allow the

production of Ts-carbon with tailored porous and crystal-

lite structures. These materials promise high catalytic

activity and selectivity. A study of the microporous struc-

tures in Ts-carbon is in progress.
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