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The effect of H2 addition on CH4 decomposition over activated carbon (AC) catalyst was

investigated. The results show that the addition of H2 to CH4 changes both methane

conversion over AC and the properties of carbon deposits produced from methane

decomposition. The initial methane conversion declines from 6.6% to 3.3% with the

increasing H2 flowrate from 0 to 25 mL/min, while the methane conversion in steady stage

increases first and then decreases with the flowrate of H2, and when the H2 flowrate is

10 mL/min, i.e. quarter flowrate of methane, the methane conversion over AC in steady

stage is four times more than that without hydrogen addition. It seems that the activity

and stability of catalyst are improved by the introduction of H2 to CH4 and the catalyst

deactivation is restrained. Filamentous carbon is obtained when H2 is introduced into CH4

reaction gas compared with the agglomerate carbon without H2 addition. The formation of

filamentous carbon on the surface of AC and slower decrease rate of surface area and pores

volume may cause the stable activity of AC during methane decomposition.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Hydrogen is a clean fuel and considered as an attractive

alternative for fossil fuels and renewable energy sources.

Generally, the main sources of hydrogen are fossil fuels,

water, and methane, in which fossil fuels are also the main

source of air pollution that causes considerable damage to the

environment. Conventionally, most of the industrial

hydrogen production is based on the steam methane

reforming (SMR) process, however, large amount of carbon

oxides as by-product leads to the increasing cost of hydrogen

production because of the necessary purification process [1,2].
.

ons LLC. Published by Els

t al., Effect of hydrogen a
rnal of Hydrogen Energy (
Electrochemical splitting of water is a process to produce

hydrogen without COx emission, and some efficient catalysts

have been developed to improve the efficiency of process and

reduce the production cost [3e7].

Catalytic methane decomposition (CMD), another simple

and promising process for production of hydrogen and carbon

material without by-products CO and CO2, has received more

and more attention. Many metal catalysts, such as Fe [8e10],

Co [11e13] and Ni [14e16], were introduced into the process

and proved as effective catalysts to promote methane

decomposition. However, metal catalysts easily suffer the

deactivation because the carbon deposition produced from

methane encapsulates the surface active site of metals
evier Ltd. All rights reserved.
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[17e19]. In comparison, carbon materials are considered as

the alternative catalysts for methane decomposition to

hydrogen owing to several advantages compared with metal

catalysts such as low cost, high-temperature resistance,

tolerance to sulfur and other potentially harmful impurities in

the feedstock, and so on [20,21]. Activated carbon (AC) and

carbon black are considered as more catalytically active ma-

terials than themore ordered ones such as graphite, diamond,

carbon fibers and the carbon nanotubes [20,22], in which AC

exhibits higher initial activity but lower sustainability. The

rapid deactivation of AC catalysts is due to the blocking of the

mouth of AC pores by growing carbon crystallites, which are

generally in irregular agglomerate form [21,23]. Regeneration

of carbon catalysts by carbonaceous deposit combustion with

multiple cycles of reaction/regeneration or continuous supply

of CO2/H2O to methane decomposition can effectively remove

the carbon deposits and recover the carbon catalysts [24e26].

However, the regeneration of carbon catalysts will lead to the

generation of undesirable COx and even destroy the catalyst

itself [27]. The type of carbon deposition is confirmed to be an

important factor to influence the activity of catalyst during

methane decomposition [19]. If the deposited carbon with

higher activity is obtained and the production of the deposits

with low activity is suppressed, the sustainability of AC for

catalytic methane decomposition could be improved without

regeneration. Muradov et al. [20] found that the activity of

carbon deposition produced by decomposition of various hy-

drocarbons toward methane decomposition reaction are

different. Many researchers added various hydrocarbons,

such as ethylene [28,29], ethane [30], propane [20,31], ethanol

[32], etc. to methane for improving the methane decomposi-

tion over carbon. They believed that the addition of hydro-

carbons to methane will affect both the activity of carbon

deposits and the methane decomposition. Malaika et al. [33]

reported on hydrogen production by propylene-assisted

decomposition of methane over activated carbon catalysts.

They found that the addition of propylene to the CDM system

effectively reduces deactivation of AC and permits fast stabi-

lization of their catalytic activity at a high level, owing to the

generation of carbonaceous deposit that can be catalytically

active in CDM. However, it is inevitable to producemany other

kinds of gases during the decomposition with addition of

other hydrocarbons, which will complicate the separation

process of products to obtain pure hydrogen and increase the

cost. The addition of hydrogen in reaction system has been

reported to remove the carbon deposits. Otsuka et al. [34]

studied the catalytic decomposition of light alkanes, alkenes

and acetylene over Ni/SiO2, and found that the hydrogenation

of the carbon deposits produced by different hydrocarbons

could be performed at 773 K by introducing and circulating

hydrogen and only CH4 was formed from these carbons. Bao

et al. [35] and other workers [36,37] also considered that not all

the coke but a part inert one causes the catalyst deactivation

and the hydrogenation of inert coke facilitates the effective

removal of coke and helps to revert the catalyst activity.

The addition of hydrogen in methane also affects the type

and amount of carbon deposits, and the catalytic performance

of catalysts in CMD. Kuvshinov et al. [38e40] investigated the

effect of CH4eH2 mixture composition and reaction temper-

ature on catalytic filamentous carbon formation in methane
Please cite this article in press as: Wang J, et al., Effect of hydrogen a
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decomposition over Ni-containing catalyst. They found that

the texture of the produced catalytic filamentous carbon could

be changed by varying the H2 concentration. The amount of

carbon deposition was also greatly enhanced by the H2 addi-

tion. Therefore, H2 plays an important role on the formation of

carbon deposits and improving the activity of Ni-based cata-

lysts during methane decomposition. However, few studies

were reported about the effect of H2 on the catalytic perfor-

mance of AC formethane decomposition and the properties of

resultant carbon deposits. In this paper, the effect of H2

addition amount in methane on hydrogen production and

carbon formation from CH4eH2 mixture over ACs were

investigated.
Experimental

Catalysts

AC was used as the catalyst for catalytic CH4eH2 mixture

decomposition (CMHD). Shenmu coal, a bituminous coal from

China, was used as the carbon precursor and KOH (Shantou

Xilong Chemical Technology Co., China) as the activation

agent for preparation of AC. The coal was physically mixed

with KOH in a mass ratio of 1:2. Thereafter, the mixture was

carbonized in a horizontal furnace under nitrogen atmo-

sphere with a flow rate of 110 mL/min. Carbonization pro-

cedures and washing methods were described elsewhere [41]

with the only difference on carbonization temperature of

850 �C in this work. The resultant AC was labelled as SM-AC.

Characterization

X-ray diffraction (XRD) patterns of the samples were obtained

by a D/MAX-2400 with a Cu Ka radiation at 30 kV and 30 mA.

Scanning electron microscopy (SEM, QUANTA 450) was con-

ducted to record themorphology images of AC samples before

and after CMD reaction. Temperature-programmed reduction

(TPR) was performed in a conventional apparatus equipped

with a thermal conductivity detector. About 0.03 g samplewas

preheated at 400 �C for 30 min before cooling to 120 �C under

Ar atmosphere, then heated to 950 �C at a heating rate of 5 �C/
min under pure H2 atmosphere. The gas product was collected

and analyzed by an online gas chromatograph. Raman spectra

of fresh and spent ACs were measured at room temperature

by using a laser Raman spectrometer (DXR Microscope). The

textural properties of the samples were measured by N2

adsorption at 77 Kwith a physical adsorption apparatus (ASAP

2420). The specific surface area was obtained by Brunauer-

Emmett-Teller (BET) and the micropore volume (Vmic) calcu-

lated by using t-plotmethod. Thermogravimetric (TG) analysis

of the samples was conducted under the air flow of 60mL/min

in a TG analyzer (Mettler Toledo TGA/SDTA851e) to identify

types of carbon deposits generated from CMHD.

CH4eH2 decomposition reaction

CMHD was carried out in a vertical fixed-bed reactor at at-

mospheric pressure. The reactor charged with 0.2 g catalyst

was first heated to 850 �C under nitrogen atmosphere, and
dditive on methane decomposition to hydrogen and carbon over
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then the mixture gas with 40 mL/min methane and a certain

flowrate hydrogen was introduced into reactor with pure N2.

The total volumetric hourly space velocity was set at 30,000

mL/(h$gcat) and the total flowrate of three gases (N2/CH4/H2)

was 100 mL/min. The flowrate of hydrogen is controlled at

0e25 mL/min. The effluent composition was analyzed by an

online gas chromatograph (Techcomp, GC7890II) equipped

with a thermal conductivity detector (packed with 5 A mo-

lecular sieve) and a flame ionization detector (GDX502 packed

column). The spent catalysts containing AC and deposited

carbon are named as SM-AC-xH2, here x stands for H2 flow-

rate. Methane conversion, hydrogen output rate and hydrogen

selectivity were calculated by the following formulas:

XCH4 ¼
�
FCH4 ;in � FCH4 ;out

��
FCH4 ;in � 100% (1)

YH2 ;out ¼
�
FH2 ;out � FH2 ;in

��
m (2)

SH2 ;out ¼
�
FH2 ;out � FH2 ;in

��
2
�
FCH4 ;in � FCH4 ;out

�� 100% (3)

where X, Y, S, F, m represents the methane conversion,

hydrogen output rate, hydrogen selectivity, gas flowrate, and

catalyst mass, respectively.
Results and discussion

Effect of H2 flowrate on methane decomposition

Fig. 1a and b present the time dependence of methane con-

version and hydrogen output rate in CMHD over SM-AC,

respectively. It is observed that methane conversion and

hydrogen output rate sharply decrease in initial reaction
Fig. 1 e Methane conversion, hydrogen output rate and hydrog

AC. (Reaction conditions: reaction temperature, 850 �C, catalyst
30,000 mL/(h·gcat), flowrate of CH4, 40 mL/min).

Please cite this article in press as: Wang J, et al., Effect of hydrogen a
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period, then decline slowly with time in the presence or

absence of H2. In the presence of H2, the initial methane

conversion and hydrogen output rate are smaller than that

without H2 because the addition of hydrogen increases the

content of target product in reaction system, which will

restrain the conversion of methane to hydrogen in terms of

thermodynamics and kinetics. However, the addition of H2 to

CH4 obviously influences the stability. When no H2 is added,

the methane conversion decreases from 6.6% to 0.6% and

hydrogen output rate from 1.1 mmol/(gcat∙min) to 0.085

mmol/(gcat∙min) after 360 min of reaction. Although declining

in initial period, themethane conversion and hydrogen output

rate keeps at least 1.8% and 0.27 mmol/(gcat∙min), respec-

tively, after 400 min of CMHD reaction. As the H2 flowrate

increases from 0 to 10 mL/min, the final methane conversion

increases from 0.6% to 2.7% after 375 min of reaction. How-

ever, when the H2 flowrate is further enhanced to 25 mL/min,

the initial methane conversion declines to 3.3% andmaintains

at 1.8% after 410 min of reaction. It is concluded that the

introduction of part hydrogen is helpful to methane decom-

position and catalytic stability, but the excessive hydrogen

will be unfavorable to the decomposition owing to the reverse

reaction of CMD. As seen from Fig. 1b, similar trend is ob-

tained for the dependence of hydrogen output rate on flowrate

of hydrogen addition and reaction time.

The addition of hydrogen to methane not only improves

the methane conversion and hydrogen output rate, but also

increases the hydrogen selectivity during methane decom-

position. As shown in Fig. 1c, the hydrogen selectivity declines

from 97% to 84% with the lapse of time when no hydrogen is

added. The remarkable decrease of methane conversion with

time on stream causes the dramatic decrease of hydrogen

content, while the content of by-products, mainly C2H4 and
en selectivity in CMHD with different H2 flowrate over SM-

mass, 0.2 g, total flowrate, 100 mL/min, space velocity,
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C2H6, decreases less than that of hydrogen. Therefore, the

hydrogen selectivity decreases as the reduction of methane

conversion. However, the hydrogen selectivity changes little

with time on stream, and even increases a little when

hydrogen is introduced into methane. This indicates that the

introduction of hydrogen promotes the conversion of

methane to hydrogen rather than other by-products such as

C2H4 and C2H6, which may be attributed to the ability of

hydrogen to stabilize the methyl or methylene and thus sup-

pressing the formation of C2H4 or C2H6 by the integrating of

the methyl or methylene.

Fig. 2 illustrates the XRD patterns of fresh and spent SM-AC

in CMHD reaction. It is observed that the intensity of peaks

ascribed to carbon in the XRD patterns of the spent catalysts

increases, meaning the formation of carbon deposits on sur-

face of SM-AC during the decomposition reactions. Compared

with the SM-AC-0H2, the peak (26�) attributed to graphite

carbon appears on the spent catalysts when H2 is introduced

into CH4, indicating that the addition of H2 to CH4 changes the

type of carbon deposits from methane decomposition. With

the increasing flowrate of H2, the peak intensity of carbon at

26� changes, implying that the crystal properties of carbon

deposits change with the introducing amount of hydrogen,

which may be a factor impacting the activity of carbon cata-

lysts [28,29]. What's more, the trend of the peak intensity of

carbon deposits changing with hydrogen flowrate is similar to

that of methane conversion and hydrogen output rate, which

also indicates that the activity of SM-AC may be affected by

the type or the crystal structure of the carbon deposit on the

surface of SM-AC produced from methane decomposition.

It is clear that the agglomerate carbon deposits are formed

on the surface of SM-AC when no hydrogen is added to

methane, as shown in SEM images (Fig. 3), while some fila-

mentous carbons are generated on the surface of SM-AC-10H2

and SM-AC-25H2 along with the presence of some agglom-

erate deposits. That the filamentous carbon deposit is directly

generated frommethane decomposition over AC catalysts has
Fig. 2 e XRD patterns of fresh catalysts and spent SM-AC

catalysts in CMHD with different H2 flowrate. (SM-AC-xH2:

the spent catalysts containing SM-AC and deposited

carbon, here x is flowrate of H2 added to methane).

Please cite this article in press as: Wang J, et al., Effect of hydrogen a
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been reported only on few researches [42e44]. When the

hydrogen flowrate increases from 10 mL/min to 25 mL/min,

i.e. quarter to five eighths of methane flowrate, the proportion

of filamentous carbon on the surface of AC further increases.

In the SEM images of SM-AC-10H2 and SM-AC-25H2, almost

the same diameter ranges of the filamentous carbons

(25e65 nm) can be found despite the different H2 flowrate. It is

concluded that the presence of hydrogen in methane favors

the generation of filamentous carbon and restricts the for-

mation of agglomerate carbon deposit from methane

decomposition. The filamentous carbon grows more orderly

on the surface than the agglomerate one, which may expose

more active surface and give the methane more access to the

active site on surface of AC catalyst. However, when the

addition amount of hydrogen to methane is too large, such as

25 mL/min, the strong inhibition effect of hydrogen on

methane decomposition in terms of thermodynamics and

kinetics results in lower methane conversion although the

catalysts have higher activity.

TG and DTG curves of SM-AC and SM-AC-xH2 under air

atmosphere are shown in Fig. 4. The temperature corre-

sponding to the maximum weight loss rate (Tmax) of SM-AC is

about 530 �C, while the Tmax of SM-AC-xH2 increases to about

670 �C, obviously higher than the former, indicating that the

SM-AC-xH2 or the carbon deposits formed during methane

decomposition has lower oxidation reactivity than SM-AC. In

addition, when the hydrogen is added to methane, the Tmax of

SM-AC-xH2 decreases with the increase of hydrogen flowrate,

which is related to the different textural properties of SM-AC-

xH2 and types of carbon deposits generated from CMHD.

Raman spectra was utilized to clarify the structure of the

deposited carbons over AC. For all the carbon samples, two

main bands are observed at 1340 ± 10 cm�1 (D band) and

1590 ± 10 cm�1 (G band), as shown in Fig. 5. The G band is

attributed to the in-plane carbon-carbon stretching vibrations

of graphite layers, while the D band is ascribed to the struc-

tural imperfection of graphite [45,46]. To better identify the

different structure of carbons deposition, curve fitting tech-

nique was taken [47,48]. Four Gaussian peaks can be seen in

first order Raman process of fitting Raman spectra (see in

Fig. 6), where the G mode in ACs gives rise to a multi-peak

feature named G1 and G2; and D mode to two peaks named

D1 and D2. The fitting parameters obtained from fitting two

Gaussians as G and D bands to the Raman spectra are listed in

Table 1. The position of G1 and D1 are close to those of G

(~1580 cm�1) and D (~1345 cm�1), being ascribed to in-plane

stretching and breathing vibration modes from the basal

planes, while G2 and D2 with lower frequency are ascribed to

sp2 clusters like a-Cs with bond angle disorder [34].

The peak intensity ratio of I(G2)/I(G1) is considered as a

parameter to express the relative content of the bond angle

disorder to order in AC materials [48,49], and the higher the

I(G2)/I(G1), the higher degree of disorder. The lower I(G2)/I(G1)

ratio of the spent AC catalysts than that of freshAC, imply that

themore ordered carbon deposits are produced frommethane

decomposition, and spent SM-ACs have more ordered struc-

ture compared with fresh one. The difference of I(G2)/I(G1)

ratio among the spent ACs under different H2 flowrate means

the different disorder degree of structure. This indicates that

different types of carbon deposits can be obtained through
dditive on methane decomposition to hydrogen and carbon over
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Fig. 3 e SEM images of fresh and spent SM-AC. (a) Fresh SM-AC, (b) SM-AC-0H2, (c) SM-AC-10H2, (d) SM-AC-25H2.

Fig. 4 e TG and DTG curves of fresh and spent SM-AC in air (TG condition: flowrate of air, 60 mL/min; heating rate, 10 �C/
min).
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adding hydrogen to methane and changing the H2 flowrate,

which is consistent with the results of SEM. The I(G2)/I(G1)

ratio increases firstly with the H2 flowrate and then decreases

when H2 flowrate is up to 25 mL/min, which seems similar to

the changes of methane conversion with H2 flowrate, except

for 15 mL/min. This implies that there may present a rela-

tionship between the I(G2)/I(G1) ratio and the activity of the

catalyst. Lowermethane conversion over SM-AC in 15mL/min

of H2 flowrate than that in 10 mL/min of H2 flowrate may be

due to greater suppression to methane decomposition caused

by higher H2 flowrate although the SM-AC-15H2 has higher

I(G2)/I(G1) ratio than SM-AC-10H2. Similar regularity can also

be obtained from the analysis of the width of D1 band, which

correlates well with the degree of disorder over the entire

order-disorder interval [50]. Muradov et al. [20,22] believed

that disordered carbons are, in general, more catalytically
Please cite this article in press as: Wang J, et al., Effect of hydrogen a
activated carbon catalyst, International Journal of Hydrogen Energy (
active than the ordered ones. Therefore, owing to the forma-

tion of filamentous carbon deposits over AC, better stability

was obtained when H2 is added to CH4 for catalytic decom-

position of methane.

Table 2 lists the textural properties of fresh and spent SM-

AC. The specific surface area of SM-AC significantly decreases

after the methane decomposition with or without hydrogen

addition because the pores are blocked by the carbon pro-

duced from methane decomposition, which is also an

important factor causing the deactivation of SM-AC [44,51]. As

for SM-AC-0H2 and SM-AC-6H2, the surface area is less than

10 m2/g, attributed to the blocking of the pores of SM-AC by

carbon deposits, and thus the activity of the carbon catalysts

and methane conversion are very low in steady state. How-

ever, when the flowrate of hydrogen is up to 10 mL/min and

15mL/min, the specific surface area of spent SM-AC increases
dditive on methane decomposition to hydrogen and carbon over
2018), https://doi.org/10.1016/j.ijhydene.2018.07.179
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Fig. 5 e Raman spectra of fresh and spent SM-AC in CMHD

with different H2 flowrate.

Fig. 6 e Raman spectra with fitting results by using four Gauss

flowrate.
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obviously. This indicates that the surface area, pore or active

sites of AC may lose slower when a certain amount of

hydrogen is added, and the activity of carbon catalyst is partly

kept, leading to higher methane conversion and hydrogen out

rate. Especially, the specific surface area of SM-AC-25H2 is

721 m2/g, significantly higher than that of other spent SM-ACs

and part of pores are not blocked. However, the methane

conversion of SM-AC-25H2 is much less than that of other

spent SM-ACs in CMHD reaction, indicating that the methane

decomposition is suppressed by large amount of hydrogen

even though the surface area, pore, and active sites of SM-ACs

are remained. What's more, although SM-AC-0H2 and SM-AC-

6H2 have similar specific surface area, the methane conver-

sion over SM-AC-6H2 is higher than that over SM-AC-0H2,

indicating that the addition of hydrogen to methane may

promote themethane decomposition. It is thought that higher

methane conversionmay be from two aspectswhen hydrogen

is added tomethane. One is that the specific surface area, pore

or the active sites of AC lose slower when hydrogen is added
ians for fresh and spent SM-AC in CMHD with different H2

dditive on methane decomposition to hydrogen and carbon over
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Table 1 e Fitting parameters of spent catalysts obtained from fitting four Gaussians (G1, G2, D1, and D2) of the Raman
spectra.

Samplesa G1 G2 D1 D2 I(G2)/I(G1)

v(cm�1) G(cm�1) v(cm�1) G(cm�1) v(cm�1) G(cm�1) v(cm�1) G(cm�1)

SM-AC 1603 63 1550 184 1345 120 1322 336 1.85

SM-AC-0H2 1602 62 1565 143 1347 77 1343 325 0.89

SM-AC-6H2 1592 67 1557 201 1344 77 1327 300 0.72

SM-AC-10H2 1591 61 1564 178 1339 85 1337 350 1.22

SM-AC-15H2 1597 60 1566 156 1341 88 1335 310 1.34

SM-AC-25H2 1603 59 1570 142 1346 81 1342 300 1.18

v the center position of peak.

G the full width at half maximum.
a SM-AC-xH2 stands for the spent catalysts containing SM-AC and deposited carbon, here x is flowrate of H2 added to methane.

Table 2 e Textural properties of fresh and spent SM-AC.

Sample SBET
(m2/g)

Smic

(m2/g)
Sext

(m2/g)
Vt

(cm3/g)
Vmic

(cm3/g)

SM-AC 1535 1055 480 0.76 0.49

SM-AC-0H2 8.6 e 8.6 0.08 e

SM-AC-6H2 9.7 e 9.7 0.08 e

SM-AC-10H2 57.6 2.0 55.6 0.10 0.003

SM-AC-15H2 42.2 e 42.2 0.11 e

SM-AC-25H2 721 618 103 0.40 0.26

Fig. 7 e TPR curves of fresh and spent SM-AC catalysts in

CMHD with different H2 flowrate.
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because of the inhibition effect of hydrogen on methane

decomposition; and another is the different activity of the SM-

AC with different types of carbon deposits. It is well known

that the structure and surface defects serve as active sites in

methane decomposition over carbon catalysts [20]. According

to the results of Raman spectra shown in Table 1, the SM-AC

covered by filamentous carbon from CMHD is more disorder

than that by agglomerate carbon deposits, and the former has

higher activity. Therefore, higher methane conversion and

stability were obtained in H2eCH4 gases.

To sum up, when hydrogen is added to the methane, the

effect on methane decomposition are in two aspects, the in-

hibition effect on methane decomposition because of ther-

modynamics and kinetics, and the improvement of catalytic

stability of activated carbon catalyst. The former will lower

methane conversion and the latter will increase methane

conversion. If the former effect is weaker than the latter, the

methane conversion will be enhanced, otherwise, the

methane conversion will decrease. When the addition

amount of hydrogen is more than 15 mL/min, the inhibition

effect is greater than the improvement of catalytic stability of

carbon catalysts; therefore, the methane conversion is lower

than that with 10 mL/min of hydrogen addition to methane.

Formation of filamentous carbon

Usually, filamentous carbon is formed on metal catalysts in

methane decomposition [8,11,15,52], which is caused by the

driving force of the pronounced gradient of carbon concen-

tration existing between the front and trailing faces of the

metal particles. However, few works reported on the forma-

tion of filamentous carbon on carbon catalysts, especially on

AC. Zhang et al. [44] reported that fibrous carbons were
Please cite this article in press as: Wang J, et al., Effect of hydrogen a
activated carbon catalyst, International Journal of Hydrogen Energy (
produced in methane decomposition over hierarchical

micro-/macro-mesoporous carbons from CLR. They believed

that the special pore structure and the limited oxygen content

of the carbon are responsible for the formation and growth of

fibrous carbons. Suelves et al. [42] used different carbon blacks

as catalysts for methane decomposition and found that car-

bon filaments appeared on the surface of HS-50 after reaction.

They considered that the presence ofmetallic impurities is the

cause for formation of carbon filaments. However, these two

causes mentioned above may be not the main reasons for the

formation of filamentous carbon in this work because the

catalysts used in CMD and CMHD are identical, and the for-

mation of filamentous carbon happens only whenH2 is added.

Fig. 7 shows the TPR curves of fresh SM-AC and spent SM-

AC. It is clearly observed that a peak at 400e700 �C appears

for SM-AC, but the peak disappears for the spent SM-ACs,

which suggests almost consumption of oxygen-containing

surface groups during the methane decomposition [41,53,54].

There seems no other difference presenting between the TPR

curves of spent catalyst in CMD and that in CMHD, except for a

weakpeak from450 to 500 �C for SM-AC-10H2 andSM-AC-25H2.

It is inferredthata littleoxygencontainingsurfacegroupofSM-

AC is still remained after CMHD reaction, whichmay promote

the activation of methane and sustain the activity of SM-AC.

It can be assumed that the hydrogen introduced to

methane limits the formation of agglomerate carbon deposits,
dditive on methane decomposition to hydrogen and carbon over
2018), https://doi.org/10.1016/j.ijhydene.2018.07.179
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but promotes the growth of filamentous carbon. That is to say,

the presence of hydrogen is themain reason for the formation

of filamentous carbon. The competitive adsorption of

hydrogen and methane causes the methane to occupy less

active sites on surface of AC, and the active sites adsorbing

methane molecule may be separated and isolated by those

adsorbing hydrogen molecule. The formation rate of carbon

crystal nucleus are decreased by the presence of hydrogen,

and the crystal nucleus is less possibly aggregated with each

other. According to thermodynamics equilibrium, the intro-

duction of hydrogen partly restrains the decomposition of

methane, slows down the decomposition, and the rate of

carbon nucleus formation decreases, which also may prevent

the sharply deactivation of AC and the formation of agglom-

erate deposits. While the sustained activity of AC promotes

the decomposition of methane, the formation and growth of

crystal nucleus. The mechanism and further reason of the

formation of filamentous carbon are not clear. We considered

that the conflict between inhibition of hydrogen addition and

promotion of activity carbon to methane decomposition may

cause the formation of filamentous carbon.
Conclusions

The addition of hydrogen inmethane obviously influences the

catalytic performances of SM-AC and the carbon structure

formed from methane decomposition. The stability of the

carbon catalystwas significantly improved although the initial

activity of SM-AC decreased when a certain amount of

hydrogen was added to methane. The addition of hydrogen

improves themethanedecompositionoverSM-ACbut restricts

the reaction at excessive amount. What's more, the filamen-

tous carbon deposits are formed on surface of the AC catalyst

with the introduction of hydrogen into methane besides the

production of irregularly agglomerate carbon deposits. The

part of surface areaandpores are remainedafterCMHD,which

may be the cause for higher stability of SM-AC in the presence

of hydrogen. The combined action of the competitive adsorp-

tion of hydrogen and methane, the promotion of AC catalyst,

and the inhibition of hydrogen to methane decomposition

leads to the generation of filamentous carbon and limits the

formation of irregularly agglomerate carbon deposits.
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