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ABSTRACT 

Kraft lignin was catalytic graphitized by iron at 1000 �C in argon, hydrogen, 

CO2, methane, and natural gas atmospheres, respectively. The effect of atmo-

spheric agent types on product distribution (gas, liquid, and solid carbon yields) 

was analyzed. The solid products were characterized by scanning electron 

microscopy, Raman, high-resolution transmission electron microscopy, and 

X-ray diffraction. Experimental results have shown that the degree of graphi-

tization of Kraft lignin depends not only on the highest temperature, but also the 

type of ambient gas phase during heat treatment. Methane and natural gas in 

the ambient gas phase seem to accelerate the formation of multilayer graphene 

materials with a range of 2–30 layers, and hydrogen and carbon dioxide have an 

etching effect on solid carbon species during the catalytic graphitization process, 

while multilayer graphene-encapsulated iron nanoparticles were the main 

products in the case of argon. 

Introduction 

It has been reported that the graphitization of solid 

carbon-based species is mainly affected by the heat 

treatment temperature [1], while other heat treatment 

variables like residence time and heating rate have a 

slight effect on the degree of graphitization of the 

products [2]. It was claimed that ambient gas phase 

had a relatively large effect on graphitization of solid 

carbon [3]. A purging gas is usually used to remove 

the volatiles released from carbonaceous materials 

and generate a protective or a reactive atmosphere 

during the carbonization/graphitization processes 

[4]. There are two types of gases used in the car-

bonization/graphitization process: inert gas [5] and 

reactive gases [6]. Typically, inert gases like nitrogen, 

argon, and helium are used as the purging gas during 

the carbonization/graphitization processes. How-

ever, the carbonization/graphitization process has 

also been carried out with reactive gases like CO2, 

steam (H2O), or hydrogen. The reactive gases can be 
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classifed to two categories: (i) reducing gases, i.e., H2 

and hydrocarbons [7–9], and (ii) oxidizing gases: 

CO2, steam, O2, and air [2, 3, 6]. Graphitization eff-

ciency and graphitization temperature were report-

edly affected by residual elements such as hydrogen, 

nitrogen, oxygen, and chlorine [6]. The presence of 

gaseous oxidizer, e.g., oxygen, carbon dioxide, and 

water vapor, can enhance graphitization of solid 

carbon resources [2]. Noda and Inagaki [2, 3] inves-

tigated the effect of gas phase on graphitization of a 

petroleum coke and a carbon black. The experimental 

results showed that the degree of graphitization of 

carbon was signifcantly affected by the ambient gas 

phase during heat treatment. The presence of oxygen 

in the ambient gas phase accelerates graphitization, 

and carbon dioxide had a similar but lesser effect, 

while no noticeable infuence was detected in the 

cases of nitrogen and argon. Oxygen-containing gases 

were reported to affect the CNT structures [10–13]. 

The formation of amorphous carbon was retarded by 

the presence of mild gaseous oxidizers (e.g., CO2 and 

H2O) [6, 8, 14]. Although nitrogen is usually regarded 

as an inert gas under low temperature, it is active at 

high temperature. Nomura et al. [15] investigated the 

graphitization of solid carbon with uranium carbide 

(UC) under nitrogen atmosphere. Results showed 

that the degree of graphitization increased with 

increasing temperature and increased with decreas-

ing nitrogen pressure. The dependence of graphiti-

zation on nitrogen pressure was well explained by a 

thermodynamic reaction analysis of UC with nitro-

gen gas. Hydrogen has been widely used for pro-

duction of carbon nanotubes (CNTs) and graphene in 

chemical vapor deposition (CVD) process; it plays a 

very important role in activation of surface-bound 

carbon and gasifcation of disordered carbon that will 

inhibit the graphene growth. Graphene could not be 

grown without the aid of H2 in CVD process [9]. 

However, the presence of H2 in CVD was reported to 

degrade the crystallinity of graphene and slows 

down the growth rate on the Cu catalyst [16] since 

hydrogen is competing with hydrocarbons on surface 

active sites of the catalyst, which inhibits growth of 

graphene [17]. H2 has strong etching effect on gra-

phene or other ordered carbon species in the presence 

of transition metals, which destroys the ability of 

graphene to form hydrocarbons [18]. Light hydro-

carbons (e.g., methane, ethane, and propane) are the 

most common carbon precursors for the growth of 

ordered carbon forms like CNTs and graphene 

[19–21]. 

Previous experimental results indicated graphene 

formation from lignin both via CVD and thermal 

annealing solid carbon [22–25]. Graphene growth 

from CVD process requires low activation energy 

and tends to form large size graphene sheets. Ther-

mal annealing solid carbon-derived graphene has 

relative small size and requires high activation 

energy. CVD graphene growth requires carbon-con-

taining gaseous precursors. About 50–60% carbon in 

lignin is released as carbonaceous gases, and the rest 

is left as solid. Therefore, a probable way to increase 

the yield and selectivity of graphene materials is to 

gasify the solid carbon residue of Kraft lignin. 

Hydrogen and carbon dioxide have an etching effect 

on amorphous carbon [26, 27]. 

Different types of processing atmospheres will be 

used to investigate the production of graphene 

materials from Kraft lignin. Gases will be selected 

from CH4, H2, CO2, and their mixture to examine 

effects of processing atmospheres on product com-

ponent distributions. The object of current work is to 

investigate catalytic conversion of Kraft lignin to 

graphene nanomaterials in an inert gas—argon, and 

reactive gases—hydrogen, methane, natural gas, and 

CO2 atmospheres. Special attention is paid to the 

nanomaterial formation from Kraft lignin under dif-

ferent gases (H2, CO, CO2, and CH4) through a cat-

alytic graphitization process. 

Experiments 

Materials 

Kraft lignin (KL) was provided by Domtar (North 

Caroline, US), and dried in an oven at 105 �C for 5 h. 

The content of C, H, and O was 65.89, 7.49, and 

26.32%, while proximate analysis showed the content 

of volatile, fxed carbon, and ash as 54.49, 43.11, and 

2.40%. 

The promotion of iron ions on the Kraft 
lignin 

The Kraft lignin with iron ions was prepared by the 

co-precipitation method. Three hundred grams of 

Kraft lignin was frst added to 300 mL tetrahydrofu-

ran in a 2000-mL glass beaker and stirred for 2 h; 
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246.0 grams of iron(III) nitrate nonahydrate was 

added to 100 mL DI water in a 500-mL glass beaker, 

stirred until dissolved completely, followed by add-

ing the iron nitrate solution drop-like to Kraft lignin 

solution and stirred for 2 h. The mixture was kept at 

room temperature for 24 h and then transferred to an 

oven where it was dried at 110 �C for 24 h. 

Thermal treatment under different 
atmospheres 

Different process gases—argon, hydrogen (H2), 

methane (CH4), carbon dioxide (CO2), and natural 

gas (NG)—were compared in graphene nanomaterial 

production from Kraft lignin. Fifteen grams of the 

iron-promoted Kraft lignin was packed in the middle 

of a 1-inch OD, stainless steel tubular reactor. The 

process gas was introduced into the reactor at a fow 

rate of 80 mL/min. The reactor was heated, temper-

ature-programmed with a rate of 10 �C/min to 

1000 �C and kept at 1000 �C for 1 h. The furnace was 

cooled down by 10 �C/min to room temperature. 

Characterization 

X-ray powder diffraction (XRD) patterns of the 

samples were obtained using a Rigaku ultima III 

X-ray diffraction system operated at 40 kV and 

44 mA using Cu-Ka radiation with a wavelength of 
° 1.5406 A, from 20� to 80� at a scan rate of 0 02�s - 1. 

The morphology of the samples was investigated 

with a scanning electron microscope (SEM). The 

sample particle sizes were examined with a JEOL 

JEM-100CX II transmission electron microscope 

(TEM) operated at accelerating voltage of 200 kV. 

Raman spectroscopy measurements were carried out 

on a Jobin–Yvon microspectrometer equipped with 

an excitation laser source emitting at 514 nm and an 

incident power around 1 mW on a thin surface. 

Twenty spectra were collected for each sample. The 

crystalline size along the a-axis (La) was calculated 

using the Cançado equation [28]. Surface area of the 

solid samples has been determined by N2 adsorp-

tion–desorption (Quantachrome, Autosorb-1). Prior 

to measurements, the samples were degassed at 

300 �C for 3 h. 

Results and discussion 

Effect of atmosphere on catalytic 
decomposition of Fe-lignin 

The purpose of purging gas use is to remove volatiles 

from the reaction environment during the biomass 

conversion process. Previous works have been done 

in conversion (gasifcation or pyrolysis or combustion 

or liquefaction) of solid carbon resources (biomass or 

coals or chars) under different atmospheres [29]. 

Usually, inert gases like nitrogen are used as the 

carrier gas. However, the pyrolysis process has also 

been carried out with CO2, steam, or hydrogen as the 

purge gas [30]. Some previous efforts [4] have 

demonstrated that the type of carrier gas employed 

affects both the char yield and properties. The pres-

ence of H2 during pyrolysis signifcantly increases the 

yield of tar and the fuidity of coal. Therefore, use of 

hydrogen as the carrier gas may change a char’s 

morphology signifcantly due to the strong associa-

tion between char structure and thermoplastic prop-

erties and evolution of volatile matter [4]. In this 

study, argon, hydrogen, carbon dioxide, methane, 

and natural gas (NG) were used to compare effects of 

purging gas on the catalytic thermal decomposition 

of Kraft lignin. Table 1 lists the product yields of Fe-

lignin decomposition in the fxed bed reactor. The 

result showed that the thermal decomposition of Fe-

lignin under argon atmosphere gave a solid carbon 

yield of 31.3 wt%; the solid carbon yields under CH4 

and natural gas were 36.5 and 36%, respectively, 

which were the highest compared to 14.7 and 28.8% 

obtained under CO2 and H2 atmospheres, respec-

tively. This can be explained by the fact that more 

lignin components are converted into gases or liquid 

products with reactive atmospheres (see supplement 

Table 1). Thermal treatment under the reducing gas 

fow makes these condensable species crack over 

nanosized iron particles. Thermal decomposition of 

Fe-lignin under H2 atmosphere produced 19% liquid 

products (mainly water), the highest compared to 18, 

13.5, 13.2, and 10.1% under Ar, natural gas, methane, 

and CO2 atmospheres, respectively. This is probably 

related to the conversion of oxygen in oil fraction 

which is catalytically converted to water under H2 

atmosphere. Table 1 demonstrates that decomposi-

tion of Fe-lignin under CO2 atmosphere gave gaseous 

phase yield of 75.2%, the highest compared to 52.2, 

50.7, 50.5, and 50.2% under H2, Ar, natural gas, and 
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CH4 atmospheres, respectively. Thermal decomposi-

tion of Fe-lignin under CO2 atmosphere produced the 

least solid carbon and liquid products and more 

gaseous products than other atmospheres. This result 

can be attributed to lignin and its char being gasifed 

by CO2 at high temperature, and can be further 

proved by exhibiting the highest CO yield under CO2 

atmosphere. 

Characterization of solid residue 

X-ray diffraction (XRD) analyses 

Figure 1 shows the XRD patterns of solid residues of 

the 10% Fe-lignin thermal-treated at 1000�C under 

different atmospheres. The type of atmosphere, the 

presence of alloying elements (carbon), and the heat 

treatment temperature infuenced the phase compo-

sition and microstructure of the formed solid resi-

dues of the Fe-lignin samples. 

Figure 1a shows the XRD pattern of the Fe-Lignin 

sample under an argon fow at 1000�C. The diffrac-

tion peaks contributed by a-Fe (at 44.6�, 65.0�, and 

82.3�) and c-Fe (at 43.6�, 51.0�, and 75.1�) phases were 

observed. Three peaks at 43.50�, 50.64�, and 74.36� 
that corresponded to the c-iron (1 1 1), (2 0 0) and (2 2 

0) planes. The peaks 37.75�, 40.7�, 42.6�, 43.75�, 44.56�, 
44.94�, 45.86�, 49.12�, and 57.8� were assigned to 

cementite, Fe3C with correspondence planes of (1 2 

1), (2 1 0), (2 0 1), (2 1 1), (1 0 2), (2 2 0), (0 3 1), (1 1 2), 

and (2 2 1), respectively. 

The pattern of the Fe-lignin sample thermal-treated 

with hydrogen had peaks at about 43.6�, 51.0�, and 

75.1� (Fig. 1b), all of which were characteristic peaks 

of c-iron (austenite). The Fe-lignin sample thermal-

treated under hydrogen also had peaks at about 44.5� 
and 65�, both of which corresponded to a-Fe (Fig. 1b). 

The difference between the samples from argon and 

hydrogen was that no Fe3C peaks were detected for 

the sample produced under H2 atmosphere. Hydro-

gen is well known for its deleterious effect on the 

mechanical properties of metals and alloys. With the 

existence of H2, Fe3C is decarburized by hydrogen 

through the methane formation reaction (Fe3C ? 2H2 

? 3Fe ? CH4.) [24]: The activity of carbon in Fe3C 

was reported to be much higher than that in iron 

phases, as hydrogen reacts more rapidly with carbon 

in Fe3C than when dissolved in c-Fe. Therefore, with 

the existence of hydrogen, the decarburization rate is 

greater in the case of cementite than that of a-Fe and 

c-Fe. Carbon in alloys with iron is more stable with 

hydrogen than is cementite, which is an endothermic 

compound. Hydrogen reacts with cementite and 

carbon through the following reactions: 

Fe3C þ 2H2 ! 3Fe þ CH4; 

C þ 2H2 ! CH4: 

Figure 1 XRD patterns of 

iron-promoted Kraft lignin 

sample thermal-treated at 

1000�C for 1 h under different 
atmospheres: a argon; 

b hydrogen; c methane; 

d natural gas; and e carbon 

dioxide. 
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There was also a slight peak at 26.55� which cor-

responds to the graphite (002) plane observed from 

the sample under hydrogen atmosphere due to 

methane content increasing along the Fe-lignin sam-

ple bed in the reactor. Hydrogen dominates the 

atmosphere in the inlet of the sample bed, while 

methane concentration is increasing gradually along 

the sample bed in the reactor due to the decarbur-

ization and hydrogen attacking carbon reactions. 

There is an equilibrium of C (graphite)-CH4-H2 sys-

tem in the reactor; graphene (or graphite) structures 

will form over iron particle surface, especially in the 

outlet of the sample bed. 

The XRD pattern of the Fe-lignin sample under 

methane at 1000�C (Fig. 1c) shows three peaks at 

43.50�, 50.64�, and 74.36� that correspond to the c-iron 

(111), (2 0 0), and (2 2 0) planes (PDF#98-000-0258). 

The peaks 37.75�, 40.7�, 42.6�, 43.75�, 44.56�, 44.94�, 
45.86�, 49.12�, and 57.8� are assigned to cementite, 

Fe3C with correspondence planes of (1 2 1), (2 1 0), (2 

0 1), (2 1 1), (1 0 2), (2 2 0), (0 3 1), (1 1 2), and (2 2 1), 

respectively. There are a few reactions occurring 

under methane atmosphere: 

3Fe þ CH4 ! Fe3C þ 2H2; 

CH4 ! Cðc�FeÞ þ 2H2: 

The thermal stability of methane at heat-treating 

temperatures must be considered. There was a peak 

at 26.55� which corresponds to the graphite (002) 

plane observed for the sample of methane atmo-

sphere, and this showed that the graphene structure 

was formed after the thermal treatment at 1000�C. 

Similar solid products (Fig. 1d) were obtained under 

natural gas (NG) atmosphere since methane con-

sists * 95% of NG in volume. 

Figure 1e shows the XRD pattern of the Fe-lignin 

sample under CO2 atmosphere at 1000�C, beside the 

diffraction peaks to a-Fe, c-Fe, and Fe3C, where fve 

diffraction peaks at 30.2�, 35.5�, 43.1�, 56.9�, and 62.7� 
were detected, which corresponded to the diffraction 

peaks of (2 2 0), (3 1 1), (2 0 8), (5 1 1), and (4 4 0) of 

Fe3O4. This indicated that the solid residue of the Fe-

lignin sample under CO2 atmosphere at 1000�C con-

tained Fe3O4 particles. Iron oxides are typical prod-

ucts on the surface of the Fe-lignin sample under CO2 

atmosphere: 

CO2 þ Fe ! Fe3O4 þ CO, 

CO2 þ Fe3C ! Fe3O4 þ CO: 

TPD-MS results showed that most of the lignin 

char residue was consumed by the gasifcation reac-

tions (Cs ? CO2 = 2CO) to produce CO under CO2 

atmosphere. The following carburization reactions 

happened when CO dominated the gas atmosphere, 

3Fe þ 2CO ! Fe3C þ CO2; 

2CO ! Cðc�FeÞ þ CO2: 

Based on a calculation by Scherrer equation (see 

supplement Table 2), the crystallite size of Fe3O4 in 

the sample was 41.6 nm. 

Raman spectrum analyses 

The Raman spectra can identify the presence of gra-

phite and disordered amorphous carbon in the sam-

ples. Figure 2 shows the Raman spectrum of thermal-

treated samples of Fe-Kraft lignin under different 

atmospheres. It was notable that the atmosphere had 

no infuence on the position of peaks in Raman 

spectra. However, the atmosphere affected the 

graphitization degree of the samples. The effects of 

different atmospheres on the degree of graphitiza-

tion, preferred orientation, and crystalline size of 

graphite are listed in supplement Table 3. The La 

value was estimated from the Cançado equation. The 

values of ID/IG decreased with the order of H2 -

\ CO2 \ Ar \ CH4 \ NG, an increase in the unifor-

mity of carbonaceous structure, i.e., as the degree of 

graphite increased with the order of H2 \ CO2 \ 
Ar \ CH4 \ NG. From Table 3, it can also be found 

Figure 2 Raman spectra for different purge gases. 
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that the crystalline size of graphite increases with the 

order of H2 \ CO2 \ Ar \ CH4 \ NG. 

Morphology 

The SEM images of the Fe-lignin sample under argon 

atmosphere demonstrated a very fne powder struc-

ture (Fig. 3a, b). This sample was composed of small 

particles at low magnifcation (Fig. 3a). At high 

magnifcation, it was observed that the sample was 

composed of nanoparticles. Spherical-shaped parti-

cles with a uniform particle size were observed for 

the product. These particles had sizes between 5 and 

10 nm. XRD results proved these nanoparticles were 

composed of c-Fe, iron carbide, and graphene. Fig-

ure 3c and d shows SEM images of solid sample 

produced under a hydrogen fow. It shows porous 

structures mixed with nanoplates were formed in the 

solid sample (Fig. 3c). The nanoplates had sizes of 

100 nm–1lm with an overall thickness of approxi-

mately 1–10 nm (Fig. 3d). XRD results demonstrate 

these plates are graphene sheets. The morphologies 

of the Fe-lignin sample produced under CO2 atmo-

sphere were different than samples from argon and 

hydrogen (Fig. 3e, f). At low magnifcation, the sur-

face of the sample treated under CO2 was smooth 

and a layer of nanoparticles dispersed homoge-

neously over the sample surface (Fig. 3e). At high 

magnifcation, it was found that the size of 

nanoparticles ranges from 10 nm to 100 nm (Fig. 3f). 

XRD results proved these were Fe3O4 nanoparticles 

formed through the oxidation process on the surface 

of the Fe-lignin sample. The surface morphologies of 

the solid product under methane are illustrated in 

Fig. 3g and h. The product had a typically folded and 

wrinkled sheet structure. XRD results proved these 

were multilayer graphene nanoplatelets. These gra-

phene nanoplates consisted of several sheets of gra-

phene with an overall thickness of approximately 

1–10 nm depending on the controllable process con-

ditions. The product under a natural gas fow showed 

a similar morphology to that under methane atmo-

sphere (Fig. 3i, j). 

Figure 4 displays HRTEM images of the catalytic 

thermal-treated Fe-Kraft lignin samples under dif-

ferent atmospheres. Small and uniformly distributed 

iron particles were observed in the sample produced 

under argon (Fig. 4a–c). HRTEM images of the sam-

ple showed the nanoparticles in the sample were 

core–shell structure with the diameter of the core 

nanospheres approximately 3–5 nm. The carbon 

shells exhibiting ordered planes of the graphene 

structure were observed with 2–10 layers (Fig. 4b). As 

shown in the HRTEM image (Fig. 4a), Fe@C with 

uniform particle size was homogenously embedded 

in the amorphous carbon framework (gray matrix). 

Figure 4d–f shows bright-feld HRTEM images of 

thermally treated Fe-Kraft lignin sample under H2. 

Core–shell nanoparticles were the main products in 

the sample (Fig. 4d). Nanoiron particles were trap-

ped loosely in graphene shells (Fig. 4e). The lattice 

space of the dark particle was measured (Fig. 4f), to 

be 0.208 nm, which corresponds to (111) interlayer 

space of c-Fe. HRTEM image also showed the for-

mation of graphene nanosheet in the sample under 

hydrogen (not shown here). HRTEM images of the 

sample produced under CO2 atmosphere are shown 

in Fig. 4g–i. Sphere- or rectangle-shaped nanoparti-

cles were observed in this sample (Fig. 4g); these 

particles were usually encapsulated in 1 to 2 layers of 

graphene (Fig. 4h). Figure 4i shows that Fe3O4 com-

posed the top layer of core particle where more than 

95% of the particles ranged from 5 to 12 nm. Multi-

layer graphene nanoplatelets refer to the graphene 

nanoplates consisting of several sheets (with a range 

of 2–30 layers) of graphene with an overall thickness 

of approximately 1–10 nm depending on the con-

trollable process conditions. Figure 4j–l shows the 

HRTEM images of Fe-lignin sample carbonized at 

1000 �C under methane atmosphere. For the Fe-lignin 

sample carbonized with CH4, the product contained 

many graphene sheets as shown in Fig. 4j and k. 

Figure 4j demonstrates that graphene sheets contain 

3–10 layers. As shown in Fig. 4l, the iron carbide was 

loosely encapsulated by 3–5 layers of graphene shell. 

HRTEM images (not shown here) of the sample 

produced under natural gas showed similar results of 

the sample under methane. 

Effect of atmosphere on graphite/graphene 
production from Fe-lignin samples 

Different processing gases were used to investigate 

the production of graphene materials from Kraft 

lignin. The solid products were characterized by 

scanning electron microscopy (SEM), Raman, high-

resolution transmission electron microscopy 

(HRTEM), and X-ray diffraction (XRD); the results 

are summarized in Table 4. XRD pattern (Fig. 1) 

shows a-Fe, c-Fe, and Fe3C phases observed for the 
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Figure 3 SEM images of 

iron-promoted Kraft lignin 

sample thermal-treated at 

1000�C under different 
atmospheres for 1 h: Ar (a, b), 

H2 (c, d), CO2 (e, f), CH4 (g, 

h) and NG (i, j). 
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Figure 4 HRTEM images of iron-promoted Kraft lignin sample thermal-treated at 1000�C under different atmospheres for 1 h: Ar (a–c), 

H2 (d–f), CO2 (g–i), and CH4 (j–l). 

sample under argon; diffraction peaks to a-Fe, c-Fe, 

and graphene were detected for the solid sample 

under hydrogen atmosphere; the diffraction peaks to 

a-Fe, c-Fe, Fe3C, and Fe3O4 were found for the sample 

under CO2 atmosphere; a signifcant diffraction peak 

to graphene was observed for the samples produced 

under methane and natural gas. Raman results (Fig. 2 

and supplement Table 3) demonstrate that the values 

of ID/IG decrease with the order of H2 [ CO2 [ 
Ar [ CH4 [ NG as the degree of graphite increases 

with the order of H2 \ CO2 \ Ar \ CH4 \ NG and 

the crystalline size of graphene increases with the 

order of H2 \ CO2 \ Ar \ CH4 \ NG. SEM images 

(Fig. 3) show the morphologies of solid samples 

obtained from Kraft lignin under different atmo-

spheres: 5–10 nm nanoparticles for the sample under 

argon; 100 nm–1 lm nanosheets with thickness of 

1–10 nm for the sample under hydrogen; 10–100 nm 

Fe3O4 nanoparticles on sample surface for the sam-

ple under carbon dioxide; 10 nm–2 lm graphene 

nanosheets with thickness of 1–3 nm for the sample 

under methane; and 10 nm–1 lm graphene nanosh-

eets with thickness of 1–10 nm for the sample under 

NG. HRTEM images (Fig. 4) show the morphologies 

and microstructures of solid samples obtained from 

Kraft lignin under different atmospheres: graphene-

encapsulated iron particles with 3–5 nm core and 

2–10 layers of graphene shell for the sample under 

argon; iron nanoparticles trapped loosely in graphene 

shells and graphene nanosheets for the sample under 

hydrogen; iron nanoparticles encapsulated in 1 to 2 

layers of graphene and Fe3O4 nanoparticles for the 

sample under carbon dioxide; graphene nanosheets 

and graphene-encapsulated iron particles for the 
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sample under methane; graphene nanosheets and 

graphene-encapsulated iron particles for the sample 

under NG. 

The experimental results show that the degree of 

graphitization of Kraft lignin depends not only on the 

highest temperature, but also on the kind of ambient 

gas phase during heat treatment. Methane and nat-

ural gas in the ambient gas phase seem to accelerate 

the graphitization, and hydrogen and carbon dioxide 

have an etching effect on solid carbon species during 

the catalytic graphitization process, while no notice-

able infuence is detected with argon. 

Conclusion 

Multilayer graphene sheets were produced by cat-

alytic graphitization of Kraft lignin under argon, CO2, 

methane, NG, and hydrogen atmospheres. The 

degree of graphitization of Kraft lignin depends not 

only on the highest temperature, the type of ambient 

gas phase during heat treatment also has a vital effect 

on the degree of graphitization of Kraft lignin. 

Methane and natural gas in the ambient gas phase 

could accelerate the formation of multilayer graphene 

materials, and hydrogen and carbon dioxide have an 

etching effect on solid carbon species during the 

catalytic graphitization process. The graphene-en-

capsulated iron particles were the main products 

under argon; and Fe3O4 nanoparticles and graphene-

encapsulated iron particles were formed under car-

bon dioxide. 
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Graphene coating of silicon nanoparticles with CO2—en-

hanced chemical vapor deposition. Small 12:658–667. 

https://doi.org/10.1002/smll.201502880 

[8] Hata Kenji, Futaba Don N, Mizuno Kohei, Namai Tatsunori, 

Yumura Motoo, Iijima Sumio (2004) Water-assisted highly 

efficient synthesis of impurity-free single-walled carbon 

nanotubes. Science 306(5700):1362–1364 

[9] Vlassiouk I, Regmi M, Fulvio P, Dai S, Datskos P, Eres G, 

Smirnov S (2011) Role of hydrogen in chemical vapor 

deposition growth of large single-crystal graphene. ACS 

Nano 5:6069–6076. https://doi.org/10.1021/nn201978y 

[10] Son IH, Song HJ, Kwon S, Bachmatiuk A, Lee SJ, Benayad 

A, Park JH, Choi J-Y, Chang H, Rümmeli MH (2014) CO2 
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