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Abstract Bulk isotropic pyrocarbon was successfully

prepared by hot-wall chemical vapor deposition. The

density of the products was measured by Archimedes

method in ethanol. The structural parameters of pyrocarbon

were derived from X-ray diffraction (XRD) and Raman

spectroscopy. The morphology and texture of pyrocarbon

was characterized by scanning electron microscope (SEM)

and transmission electron microscope (TEM). The results

show that the density of pyrocarbon increases from 1.53 to

1.73 g/cm3 with the increase of deposition temperature.

The d002 spacing decreases gradually from 0.3487 to

0.3449 nm as temperature rises from 950 to 1100 �C. Lc

increases greatly from 6.5 to 10.5 nm, whereas La slightly

rises from 4.0 to 3.6 nm. Under TEM, the fringe lattice

images are composed of curved graphene layers, and the

length of graphene layers is greatly improved with the

increasing temperature. The selected area electron dif-

fraction patterns of the products are complete rings, indi-

cating their isotropic feature.

Introduction

Chemical vapor deposition in hot-wall reactor is the mainly

used process to infiltrate porous carbon preforms or to

deposit bulk pyrocarbon on various substrates. The chem-

ical vapor deposition of pyrocarbon is influenced by the

competitive homogeneous gas phase and heterogeneous

surface reactions [1]. Therefore, the overall kinetics of

pyrocarbon deposition process is controlled by the com-

petition between homogeneous gas phase and heteroge-

neous surface reactions [2].

The critical parameters dominating the deposition of

pyrocarbon are clearly defined and they are precursor gas,

temperature and pressure of pyrolysis, residence time, and

the geometry of the reactor (ratio of the surface area of the

substrate to the free volume of the precursor gas) [3]. The

effect of temperature on pyrocarbon deposition has been

studied systemically. It is reported that (1) the deposition

rate is correlated with the textures, i.e., increasing deposi-

tion rate corresponds to high texture [4]; (2) increasing

temperature leads to a strong increasing deposition rate,

decreasing partial pressure of ethane and increasing partial

pressure of ethene, ethine, and benzene [5]; and (3) the

texture improves from low texture to high texture and then

deteriorates to low texture again with the increase of

temperature [6].

In view of the complexity of chemical vapor deposition

process, deposition parameters (temperature, pressure, gas

phase composition, the ratio of surface area of substrate to

free reaction volume) jointly affect the microstructure and

property of the final product. In the present paper, keeping

other deposition parameters constant, the effect of tem-

perature on microstructure/texture and crystal parameters

of isotropic pyrocarbon (interlayer distance, stack height,

and lateral extension) was investigated.

Experiment

Deposition apparatus

The deposition process was carried out in a hot-wall reactor.

The experiment equipment is schematically displayed in
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Fig. 1. The total length of the reactor is 156 mm. The

deposition chamber, made from 40 mm long high purity

graphite tube with 52 mm inner diameter and 62 mm outer

diameter, was placed at the center of the reactor. A 30-mm-

long high purity graphite tube with 32 mm inner diameter

and 42 mm outer diameter acting as substrate was fixed in

the deposition chamber by a conical shape supporter. The

narrow inlet tube with 10 mm inner diameter benefited

increasing velocity of gas flow and reducing the prede-

composition of the precursor, and the relative wide outlet

tube with 25 mm inner diameter was favorable for exhaust

emission. The deposition temperature was 950, 1000, 1050,

and 1100 �C, and the deposition duration was 20 h. Natural

gas with methane purity of 98% was used as carbon source,

and diluted by argon with purity of 99.999%. The flow rates

of natural gas and argon were separately controlled at 80

and 150 L/h. Natural gas and argon were mixed in mixing

chamber and then introduced into deposition chamber. The

thickness of the final product was about 5 mm.

Sample characterization

The product was divided into three equal parts along its

axial direction (bottom, middle, and top), and the top part

was carefully treated for data collection and analysis. The

density of pyrocarbon specimens was measured by the

Archimedes method in ethanol. X-ray diffraction analysis

(X’pert Pro XRD, Copper target with wave length of

0.1541 nm) of rectangular pyrocarbon specimens (10 9

10 9 2 mm) was performed and the original diffraction

profiles were corrected with Voigt function. The d002

spacing and the apparent stack height (Lc) of the pyro-

carbon were derived from the 2h of (002) peak and full

width at half maximum (FWHM) of (002) peak. Renishaw

inVia plus Raman spectroscopy with a 514 nm Ar ion laser

source was applied to characterize specimens. Raman anal-

ysis was performed by single spot using a 509 objective

lens. The morphology and texture of the pyrocarbon was

observed by scanning electron microscope (SEM JOEL

JSM-6460) and transmission electron microscope (TEM

JOEL JEM-3010). Morphology analysis was performed on

fracture surfaces, and fine powder was scraped off from

bulk pyrocarbon products for TEM observation.

Simulation of homogeneous gas phase reactions

The chemical vapor deposition system was not equipped

with gas chromatography instrument, to better understand

the effect of temperature on the methane pyrolysis, so the

homogeneous gas reactions starting from methane were

simulated with assistance of CHEMKIN package based on

the reported reaction pathways and kinetics of methane

decomposition.

Results

Density

The density of the specimens as a function of deposition

temperature is shown in Fig. 2. It clearly shows that the den-

sity of pyrocarbon gradually rises from 1.53 to 1.73 g/cm3

with the increasing deposition temperature.

X-ray diffraction

Figure 3 is the XRD profile of the four specimens obtained

at different deposition temperatures. The 2h of (002) peak,

FWHM of (002) peak, d002 spacing and Lc calculated

according to Scherrer equation are all listed in Table 1. The

d002 spacing of the specimens slowly declines from 0.3487

Fig. 1 The scheme of the deposition system, 1 natural gas, 2 argon, 3
mixing chamber, 4 deposition substrate, 5 deposition chamber, and 6
cold trap
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Fig. 2 The density of the four specimens obtained by the Archimedes

method as a function of deposition temperature
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to 0.3449 nm with the increase of deposition temperature,

while the Lc increases from 6.5 to 10.5 nm. These clearly

indicate that increasing deposition temperature is beneficial

to improve the crystalline of pyrocarbon.

Scanning electron microscopy

The morphology of fracture surface of the specimens

obtained at different deposition temperatures is shown in

Fig. 4. In Fig. 4a, pyrocarbon obtained at low deposition

temperature (950 �C) is constituted by irregular globular

structure loosely compacted together, and the size of the

pores in Fig. 4a is relatively big. The globular structure are

gradually weakened and the roughness of the globules are

markedly decreased (Fig. 4b–d) with the increasing depo-

sition temperature. In addition, the diminishing pores with

the increase of deposition temperature are responsible for

the upward tendency of density of the four specimens.

Transmission electron microscopy

The texture of pyrocarbon is analyzed by TEM and the

terminology utilized to describe pyrocarbon texture is the

one proposed by Reznik and Hüttinger [7] on the basis of

preferred orientation of fundamental structural units.

According to the differences in orientation angle obtained

from azimuthal intensity scans of SAED patterns [8], four

kinds of pyrocarbon texture are quantitatively defined as

high texture, medium texture, low texture, and isotropic.

Figure 5 shows the fringe lattice images of the four

specimens obtained at different temperatures. In general,

the graphene fringe length and its curvature gradually

increase with the increase of deposition temperature. In

Fig. 5a, the short graphene fringe merely has short-range

order and orients randomly. The graphene fringe length is

evidently increased, and its orientation is improved to a

great extent (Fig. 5b). In Fig. 5c and d, the length and

height of graphene fringe is increasingly improved with the

deposition temperature increasing. The selected area dif-

fraction patterns inserted in Fig. 5a–d are a complete ring,

which demonstrates their isotropic characterization.

Raman spectroscopy

The Raman spectrum of the four specimens in Fig. 6 shows

two first order lines locating at about 1350 cm-1 (D band)

and 1588 cm-1 (G band) and two second-order lines

locating at about 2700 and 2900 cm-1. The first-order lines

are correlated to the intralayer disorder, while the second-

order lines are believed to relate to structural changes along

the c axis [9–11]. The growing intensity of D band indi-

cates the increase of in-plane disorder in the graphic

structure, and the reducing intensity at full width at half

maximum (FWHM) reveals the improvement of graphiti-

zation. Furthermore, the ratio of the D band intensity to that

of G band is frequently used to empirically calculate the in-

plane crystallite size La with the following equation [12,

13]:

La nmð Þ ¼ 4:4 ID=IGð Þ�1 ð1Þ
In Fig. 6, with the increase of deposition temperature,

the D band slightly decreases, whereas the FWHM of the G

band increases. All these indicate the in-plane disorder

reduces, while the graphitization is significantly promoted

with the increase of deposition temperature, which is

consistent with the results originating from XRD and TEM.

In-plane crystallite size, La, calculated from Eq. 1 is

plotted in Fig. 7. La slimly changing from 3.6 to 4.0 nm is

obtained as the deposition temperature varies from 950 to

1100 �C. These conspicuously suggest that raising depo-

sition temperature improves crystallite size of pyrocarbon.

Discussion

The effect of temperature on pyrocarbon formation

The formation mechanism of pyrocarbon involving with

the elementary reactions and process of carbon formation is
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Fig. 3 XRD profiles of the pyrocarbon samples obtained at different

temperatures

Table 1 XRD results of the pyrocarbon samples obtained at different

temperatures

2h (�) FWHM of (002) peak (�) d002 spacing

(nm)

Lc

(nm)

950 �C 25.53 2.73 0.3487 6.2

1000 �C 25.75 2.64 0.3457 6.5

1050 �C 25.78 2.01 0.3454 8.5

1100 �C 25.82 1.62 0.3449 10.5
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directly related to pyrocarbon texture, which ranged from

isotropic to low, medium, and high texture [7].

According to the elementary reactions of methane

pyrolysis [14–18], the relationship between the deposition

temperature and the gas phase reactions was simulated

using CHEMKIN package under the assumption that

mixture gas flew in plug flow pattern in deposition cham-

ber. The simulation results are shown in Fig. 8.

Resulting from its low reaction constant at low deposi-

tion temperature, only less than 2% methane was pyrolyzed

(950 and 1000 �C). As the deposition temperature rise,

more and more methane molecules were involved in

pyrolysis reactions. Hydrogen as the main byproduct was

in low quantity at 950 and 1000 �C. At 1100 �C, the yield

of hydrogen sharply increased. Ethane and ethene as the

primary products of methane pyrolysis were the predomi-

nant intermediates, which would play an important role in

the formation of pyrocarbon. Benzene, the primary aro-

matic hydrocarbons, began to emerge at 1050 �C, and its

yield was greatly raised at 1100 �C.

The effect of temperature on the deposition

of pyrocarbon

Starting from the nucleation and the growth processes on a

given substrate, the heterogeneous surface reactions were the

decisive step controlling the rate of pyrocarbon deposition

[19]. For chemical vapor deposition in hot-wall reactors, the

ratio of the area of the substrate surface to the free reaction

volume (AS/VR) was a decisive parameter. For a large surface

area of the substrate, heterogeneous surface reactions were

favored and a large amount of reactive intermediates were

removed from the gas phase. For a high reactor volume, a

great amount of reactive species probably were in a low

fraction [20]. The AS/VR value of deposition chamber in

these experiments was relative low, about 0.18 mm-1. This

low AS/VR value would theoretically favor homogeneous gas

phase reactions and reactive intermediates with heavy

molecular weight should be formed. However, ethane and

ethene were the main components according to the simula-

tion results. This disparity between the theoretical and sim-

ulation results may be ascribed to the relatively short

residence time. The precursor gas in deposition chamber was

renewed in short residence time and the formation of inter-

mediates with heavy molecular weight was badly inhibited.

Associated with adsorption and desorption on the sur-

faces of substrate, these heterogeneous surface reactions

remained challenges, though many studies had been carried

out to better understand these intrinsic mechanisms [21–25].

A detailed chemical route from ethane to benzene and to

pyrocarbon was qualitatively proposed to explain these

experimental data.

According to the simulation results, to form pyrocarbon,

these small linear hydrocarbons, ethane and ethene, had to

(a) 

(c) (d)

(b) 

Fig. 4 The fracture surface morphology of the four specimens obtained at different temperature: a 950 �C, b 1000 �C, c 1050 �C, d 1100 �C,

respectively
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transfer to six-membered ring network as the basic struc-

tural unit through a series of intermediate states. The

overall procedure was shown in Fig. 9. For ethene, its

molecules firstly were activated through continuous

collision with other molecules in gas phase and dissociated

into vinyl and hydrogen before they were chemisorbed

onto the active sites locating at the surface of substrate. The

(a) (b)

(c) (d)

Fig. 5 Transmission electron microscope of pyrocarbon obtained at different deposition temperature: a 950 �C, b 1000 �C, c 1050 �C,

d 1100 �C. The SAED patterns of pyrocarbon are inserted in a, b, c, and d, respectively

1200 1400 1600 1800 2000

0

2000

4000

6000

8000

10000

12000

14000

1100°C 
1050°C 

1000°C 

Raman shift (cm-1)

R
am

an
 in

te
ns

ity
 (

a.
u.

)

950°C 

Fig. 6 The Raman spectrum of the four specimens as function of

deposition temperature
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chemisorbed vinyl was subsequently collided by molecules

coming from gas phase to form N-C4H5. At last, six-

membered ring was produced via successive vinyl addition

reaction. For ethane, it initially had to be di-r-hybridized to

form ethene, and the following reaction pathway for ethane

was the same with that of ethene.

At 950 �C, ethane and ethene on one hand contributed to

the further growth of basic structural unit and on the other

hand to the formation of new growth sites. However, their

low fraction limited the expansion of basic structural unit

along a, b, and c direction. That was why the value of Lc and

La were small (Table 1; Fig. 7) and the length of graphene

layers were short (Fig. 5a). With the increase of deposition

temperature, the mole fraction of ethane and ethene were

slowly increased, and consequently, the value of Lc and La

were accordingly raised to 6.5 and 3.7 nm (Table 1, Fig. 7).

The length of graphene layers were markedly prolonged

(Fig. 5b). At 1050 �C, benzene started to show its influence

on pyrocarbon deposition and formation. The Lc value

sharply increased from 6.5 to 8.5 nm. But benzene played a

significant role in the improvement of Lc and La at 1100 �C.

The value of Lc and La reached to 10.5 and 4.0 nm. With the

increase of ethane, ethene, and benzene, the densification of

pyrocarbon was slightly promoted and the pores were slowly

eliminated. But the size of the pyrocarbon particles did not

change remarkably, and this may be attributed to the pre-

dominant role of ethane and ethene (Fig. 8).

Conclusions

In the present paper, the influence of deposition tempera-

ture on the microstructure of isotropic pyrocarbon was

studied. According to the above discussion, the following
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conclusions could be drawn for isotropic pyrocarbon at

950–1100 �C.

(1) With methane as the main carbon source, homoge-

neous reactions in the gas phase are dominated by

formation of small linear hydrocarbon species.

(2) With the increase of deposition temperature, the

density of isotropic pyrocarbon increases from 1.53 to

1.73 g/cm3.

(3) The crystalline of isotropic pyrocarbon is markedly

improved, i.e. Lc is increased from 6.5 to 10.5 nm,

and La is raised from 3.6 to 4.0 nm.

(4) The length of graphene layer is remarkably increased.
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