Environmental Chemistry Letters
https://doi.org/10.1007/510311-024-01732-4

REVIEW ARTICLE

=

Check for
updates

Carbon-neutral hydrogen production by catalytic methane

decomposition: a review

Dwi Hantoko'? - Wasim Ullah Khan'? - Ahmed I. Osman3

- Mahmoud Nasr* - Ahmed K. Rashwan® - Yahya Gambo' -

Ahmed Al Shoaibi® - Srinivasakannan Chandrasekar® - Mohammad M. Hossain'2

Received: 22 February 2024 / Accepted: 3 March 2024
© The Author(s) 2024

Abstract

The global hydrogen demand is projected to increase from 70 million tons in 2019 to more than 200 million tons in 2030.
Methane decomposition is a promising reaction for H, production, coupled with the synthesis of valuable carbon nanoma-
terials applicable in fuel cell technology, transportation fuels, and chemical synthesis. Here, we review catalytic methane
decomposition, with focus on catalyst development, deactivation, reactivation, regeneration, and on economics. Catalysts
include mono-, bi-, and trimetallic compounds and carbon-based compounds. Catalyst deactivation is induced by coke
deposition. Despite remarkable strides in research, industrialization remains at an early stage.

Keywords Hydrogen production - Methane decomposition - Metal-based catalyst - Deactivation - Carbon nanomaterials -

Economic evaluation

Introduction

Fulfilling the world's energy needs currently relies heavily
on the consumption of fossil fuels, presenting two critical
challenges: the depletion of these finite resources and the
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escalating emission of greenhouse gases (Sdnchez-Bastardo
et al. 2021; Osman et al. 2023a). While renewable energy
sources offer a sustainable alternative, their widespread
implementation is hindered by technological complexities,
high operational costs, and concerns regarding long-term
feedstock supply chain sustainability (Sgouridis et al. 2019;
Li et al. 2020). To address these challenges and minimize
emissions, the focus must shift to optimizing existing tech-
nologies that efficiently utilize fuel and reduce emissions
(Osman et al. 2023b).

Hydrogen emerges as a promising energy carrier, being
lightweight, abundant, and environmentally friendly, offer-
ing a sustainable alternative that reduces greenhouse gas
emissions (Mason 2007; Lepage et al. 2021). Although
hydrogen is extensively used in industry for ammonia syn-
thesis and oil refining, its future applications in transporta-
tion, power generation, and construction present a grow-
ing demand for pure hydrogen. However, the clean image
of hydrogen is somewhat tarnished by the greenhouse gas
emissions associated with its production (IRENA 2019;
Osman et al. 2022; Nikolaidis and Poullikkas 2017). Despite
the decreasing cost of power production from renewable
sources, the financial challenges involved mean that natural
gas-based hydrogen manufacturing technologies will likely
persist to meet the surging hydrogen demand (Osman et al.
2023c).
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Various methods contribute to hydrogen production, such
as steam/dry reforming of methane (Franchi et al. 2020; Ara-
mouni et al. 2018), water splitting (Voitic and Hacker 2016),
catalytic methane decomposition (Alves et al. 2021), partial
oxidation of methane or oil (Arku et al. 2018), and coal/bio-
mass gasification (Alptekin and Celiktas 2022). Water split-
ting and biomass gasification processes will not become com-
petitive until governments impose carbon fees, and research
is expanded to increase economic viability (Nikolaidis and
Poullikkas 2017; Deka et al. 2022). Among these methods,
catalytic methane decomposition emerges as an environmen-
tally benign method, producing pure hydrogen without car-
bon dioxide emissions and valuable carbon material. Though
mildly endothermic, it demands lower total energy compared
to other methods, thereby reducing operational costs. How-
ever, catalyst deactivation due to carbon deposition and metal
sintering remains a bottleneck issue.

The novelty of this review is to offer a comprehensive
exploration of catalytic methane decomposition catalyst
development, delving into catalytic reaction mechanisms and
materials. While reactor design is integral to this technology,
its discussion is omitted, focusing instead on the current
development of catalytic methane decomposition catalysts,
investigating deactivation behaviors, regeneration systems,
economic potential, and providing insights into challenges
and future developments. All sections of this review paper
are illustrated in Fig. 1.

Hydrogen production processes

Steam reforming of methane (SRM), dry reforming of meth-
ane (DRM), and partial oxidation of methane (POM) are
recent thermochemical techniques for producing hydrogen
from methane, the main component of natural gas. While
steam reforming constitutes the major global industrial
process, accounting for approximately 95% of total global
hydrogen production (Ighalo and Amama 2024), dry reform-
ing of methane presents a promising solution by converting
both methane and carbon dioxide into valuable hydrogen-
rich syngas. However, the current catalyst systems for dry
reforming of methane involve expensive noble metals such
as platinum, ruthenium, and rhodium (Al-Fatesh et al. 2025).
Partial oxidation of methane has been a subject of research
for over half a century, but it has not found widespread appli-
cations in gas-to-liquid processes. Recently, the partial oxi-
dation of methane has gained significance in petroleum and
allied chemical industries for hydrogen gas production. This
process converts methane into syngas (hydrogen + carbon
monoxide), leading to the production of crucial chemical
products (Kumar et al. 2009).

Autothermal reforming, a hybrid process combining par-
tial oxidation with conventional steam reforming, presents
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an innovative approach to hydrogen production. By eliminat-
ing the need for an external heat source, this method offers
the potential to enhance the thermal conversion efficiency of
hydrogen production while simultaneously reducing opera-
tional costs (Carapellucci and Giordano 2020). On the other
hand, catalytic methane decomposition has emerged as a
promising technology for environmentally friendly hydro-
gen production. This reaction exclusively yields hydrogen
in the gas-phase and solid-phase carbon, simplifying the
process by eliminating the need for product separation and
mitigating carbon dioxide emissions. Furthermore, catalytic
methane decomposition is characterized by its moderate
endothermic nature, resulting in lower total energy and heat
demands compared to traditional steam reforming and dry
reforming methods. This reduction in energy requirements is
crucial for lowering operating temperatures and equipment
costs (Zhang et al. 2017). A summary of the key hydrogen-
generating processes from methane is provided in Table 1.

Despite high efficiency and low cost, they produce sig-
nificant COx emissions and require more energy. The high
cost of equipment and the purification of hydrogen limit its
industrial applicability. Additionally, fuel reforming involves
carbon monoxide removal through water gas shift reaction
and selective oxidation, causing large amounts of carbon
monoxide in post-reaction mixtures even after purification.
As a result, catalytic methane decomposition developed
attention as a unique technology for environmentally benign
hydrogen generation. This technology is still in the develop-
ment stage and requires further attention.

Catalytic methane decomposition

Because of the strong C—H bond (440 kJ/mol) and greater
molecular structural symmetry, the thermal decomposition
of methane takes place at higher temperatures (greater than
1300 °C) without the presence of a catalyst (Mitoura dos
Santos Junior et al. 2022). The presence of a suitable catalyst
is believed to reduce the activation energy and decrease the
reaction time at lower temperatures (450-750 °C) (Ashik
et al. 2015). Many researchers have explored the proper cata-
lyst for catalytic methane decomposition reaction at differ-
ent ranges of operating conditions, yet the pathway to make
the industrially competitive catalytic methane decomposi-
tion still needs to be developed. Various catalysts, including
metals and carbon-based catalyst and their modification,
were applied to enhance the methane conversion, selectivity,
hydrogen yield, and to increase the catalytic stability. Tran-
sition metals such as noble and non-noble metals are well
known to be the most active site for catalyst. The detailed
catalytic performance along with reaction conditions of
some of the mono- and bi-metallic catalysts for catalytic
methane decomposition process is summarized in Table 2.
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Fig.1 Content of this review on catalytic methane decomposition.
This figure provides a concise summary of the key aspects covered
in the review paper on catalytic methane decomposition. The fig-
ure highlights various important topics related to catalytic methane
decomposition, including catalyst development, deactivation behav-
iors, regeneration techniques, economic considerations, and future
developments. The central theme of the figure revolves around the
catalytic process of methane decomposition and its significance in the
context of carbon capture and storage (CCS). The figure emphasizes

Catalyst development
Metal-based catalysts
Monometallic catalysts

Nickel-based metal is widely used in catalytic processes
involving methane steam reforming and dry methane reform-
ing. Monometallic, bimetallic, and part of mixed nickel
metallic were widely used for methane decomposition pro-
cesses (Hasnan et al. 2020; Ping et al. 2016; Pudukudy et al.
2017; Shen and Lua 2015). The unsupported nickel oxide
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the role of catalysts in facilitating the decomposition of methane into
valuable products, such as hydrogen and carbon nanomaterials, while
also addressing the challenges associated with catalyst deactivation.
Furthermore, the figure sheds light on the strategies and techniques
employed for catalyst regeneration, which are crucial for maintaining
catalyst activity and prolonging its lifespan. It also touches upon the
economic aspects of methane decomposition, highlighting its poten-
tial as a sustainable and cost-effective process for energy production

(NiO) prepared by the facile method showed highly active
and relatively stable for 360 min for methane decomposi-
tion reaction. The maximum hydrogen yield of 66% was
observed, and bulk metal encapsulated carbon nano chunks
were deposited on the surface of the nickel oxide catalyst
(Pudukudy et al. 2016). The magnetic property of a non-sup-
ported catalyst facilitates easier regeneration and separation
of the catalyst (Fan et al. 2021). Ni/Al,O; was successfully
synthesized using the modified sol-gel method, and promis-
ing results were obtained.

The catalyst showed a high methane conversion of 78.8%
achieved after five cycles and created base growth carbon

@ Springer



Environmental Chemistry Letters

paonpoid uad
-01pAY jo 3y 1od uorssturo
9PIXOIp U0qIed 15aYSIY
oy sey 1] “arnjerodua)
Ppareas)d Je aseyd aanjoe
Jo SuLIAUIS JO PIY) Ul SN
-tnduwr angpns jo 9ouasaid
9} JO UOTRULIOJ UOQIED 0}
anp uoneanoeap o3 suod
are sysAreleo sy “(jowr
/M 1Y - = oHl “H + ‘0D
{ O'H + 0D) (SOMY)
uonoeal JYIys sed 1jem
QSIOAQI YFNOIY) PIASIYOE
uononpoid uagorpAy
[euonIppE Ue 0} 9np Uon
-BI)UOOUOD UdS0IPAY JOYSTH

ssao01d
) ur pJeIduA3 udFoIpAy
oy donpar Aewr 0D + O°H
{ “H + “0D uonoea1 oy
‘K[[euonippy ‘sisA[eed
[12ys—a109 Jo juawdoraaap
oy} pue ‘eseyd aAn)oR o)
Jo uors1adsIp pue 9zIs oy}
Jo uoneziundo ‘santadoid
aseq—proe 110ddns jo uon
-e[npow apnjour wajqoid
SIU[} QJRIAD[[® O} SAATJRUId)[E
Surstwold ‘uoqred Aq
S9)IS 2AT)OR JO 93E300[q
9} 0 NP UONBATIOLIP
JsA[eIed Ul S9I] 93ua[[eyd
JueoyIuSIs 7 "9pIXoIp
uoqIed ur puoq 0= Ay}
pue Queyjow ur puoq H-O
9y Suneanoe jo o[qeded
9q Jsnur pasn sjskTere)
*sose3 9snoyuaaIs Jofew
om) sas1Idwod pasy oy,

Auewan) ‘oIS

uogeurio(] yredwoy)

‘IOULIOJRI QUBYJOW

wea)s apmbry 1y (7)

vsn

ay ur syuefd ‘wnidjeg

‘opmbr a1y Je sjued uad
-01pAy oFeyoed sosdog, (1) %€8 poseq-IN

Auewrian
‘goe[nd ut pajeodoy st
Jowojar jorid apur J[qe[reae J0N paseq-IN

0w/ 90T + = oH(,
Do 00L UBY} I0IEAID) ‘He + 0D ¢ O'H +"HD Suruiojor wedlg

[OW/Y LYT + = oHi
Do 009 UBYI JJBAID  HZ + 00T ¢ 0D + 'HO Surwojar L1

SIYSIYSIH

jueld Sunsixg  Aouaroyye A31ouyg sysA[ered [eordAy,

suonipuod Suneredp uonoedy §500014

9[eos [ermsnpur ue je pakordwo

A[opim A30[0uyd9) paysI[qeIse-[[om B ‘SUllIOjol PIseq-ouByjow IO SeS [eInjeu JO 9JUBUIWOP dY) [89AdI spoyiow uononpoid uoSoipAy [enudjod pue Sunsixe usomiaq uostredwo) | ajqel

pringer

AQs



Environmental Chemistry Letters

suon
-eoy10ads uoqIed morreu
ur AJ[NOLJIP pue ASUAOLJ
A310U9-MmO[ 9pn[oUl
SYOQUSII0q SIT “TOAIMOH
‘uononpoid yoe[q uoqIes o}
onp Aurewr ST QALI [EI0IoW
-WO0d JUALIND )] *$sa001d
oy Jo yuowdo[aAdp ) ul
SNOO0J AU} UTeWaI SUSISap
J0JOBAI QAIIRAOUU] "PAZI[NN
9q p[nod ‘03IeydsIp IoLLIeq
OLI)OJ[AIP PUE ‘OABMOIOTI
‘ewsserd se yons ‘sa0Inos
Suneay 9ANBUIIE SNOLIBA
uonisodwos pagy o)
Jo uonenpour e1a jonpoid
oy ur O/°H Sumyesaxd pue
uorneI3aur A319uU9 Jedy Jo
9SBA SIOYO J] "UOTIBIIWI]
j1odsuer) [ewuIu Io§
u3rsap 1sA1e1ed yim pafd
-n0d uoneINSYUod J0J0BI
3snqo1 e Jo juswdo[oadp
QU Ul SAI] J[9BISQO UTEUI )1
pue ‘uoneprxo fented yim
SUTWLIOJAT WBd)s s9eITU
SoSUQ[[EYo SII JO QWIS oIe
ua3Axo a1nd Jo 1500 Y3y
oy} pue ‘uonewIoy jodsjoy
10§ renudjod Ay} ‘uorjeWLIO)
100S ‘TIAIMOH "PadJ 2y}
ur senunduwr mjns 03
18nqoI STIT oner OD/*H
Q) S9ONPAI IPIXOIP UOGIED
3urpagj-0)) ‘sernjerodurs)
19MO] 18 A[[eonATeied 1o
AJ[euwLIaY) UQALIP 9q Ued J]

VSN ‘eyseiqaN ut juerd
[BIOIQWWOD YI[OUOIA (7)
eruiojire) “uerd uon
-ex)suowap YI[ouoA (1)

J[qe[reA. J0N 1sATe180 SUTAJOAUT JION

ue)SIOqz)
‘qusIey] ‘xordwod [es
-TWAYD pue Ser) UelInys

(Y pue
d ‘M) Paseq-[eIow AqON

“1ID T.0A NILTO %YL-1L (*OUVSIN/IN) Paseq-IN
TereQ) ‘yelt;ed-py
“1LOD 1ead %08-0L S[qe[TeAr JON

[OW/N ¥L + = oHi
. 0001 uey) rea1ny Bz + ©5 ; AS10u0 4+ YD  uonrsodwooop [ewIay ],

uonrsodwos pagy
oy} uo puadap uonoeaI oY)

9'0—+'0 Jo Adreyjue ay) pue ‘oue
=D2/f0 ‘S-S0 =D/0°H -Yw Jo SuruLIoja1 Weals Suruiogor
Do 00ST Uyl 1918310 ‘SuByIoul JO UONBPIXO [enIed [ewLIy)OINY

Do 009
0} [enbs 10 UeY) SS9

[OW/Y 9€ - = oHi,

‘Hz + 0D ¢ 050 + "HD uonepIXo [enIeg

SIYSIYSTH

juerd Sunsixg  Aouaroyye A31ouyg s)sATered [eordAy,

suonipuod JunerndQ uonoeay $59001d

(ponunuoo) | sjqey

pringer

As



Environmental Chemistry Letters

Table 1 (continued)
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problem of metal-based
catalysts. Carbonaceous

catalysts

catalysts are generated dur-
ing the reaction, and the

process appears auto-cata-

lyzed and more economi-

cal. Nonetheless, changes

in the microstructure of the

carbon cause a significant
decline in initial activity

Ongoing attention is directed toward refining catalysts and optimizing operational parameters to enhance the efficiency of methane-based reforming processes. Environmental imperatives, par-

ticularly concerning global warming, are fueling the exploration of cleaner hydrogen production technologies as alternatives to conventional methane reforming. The quest for sustainable solu-

tions underscores the urgency of research and development efforts aimed at advancing cleaner and more environmentally friendly methods of hydrogen production. The details for the reactions
were obtained from Aramouni et al. (2018) and Pham Minh et al. (2021). Energy value of the hydrogen produced/energy input for the production. The values are derived from McHugh et al.

(2005)

nanotubes (Gao et al. 2019b). Bayat et al. (2015) discussed
the development and characterization of Ni-based catalysts
supported on mesoporous nanocrystalline gamma alumina
(?-Al,05 for methane thermocatalytic decomposition to pro-
duce COx-free hydrogen and carbon nanofibers. The cata-
lysts were prepared with different nickel loadings, and their
activity and stability were investigated. The results showed
that the catalysts with different nickel contents exhibited a
mesoporous structure with a high surface area. Increasing
the nickel content led to a decrease in pore volume and an
increase in crystallite size. The catalytic performance of the
prepared catalysts was influenced by both the nickel con-
tent and the operating temperature. The initial conversion of
catalysts increased with an increase in reaction temperature
but significantly decreased the catalyst lifetime. Scanning
electron microscopy analysis of the spent catalysts revealed
the formation of intertwined carbon filaments, with higher
reaction temperatures leading to smaller nanofiber diameters
and increased formation of encapsulating carbon. The activ-
ity of the Ni-based catalysts was found to be higher com-
pared to other metals such as cobalt and iron group metals.
Nickel exhibited sufficient activity for methane thermocat-
alytic decomposition, and its catalytic activity was higher
than that of cobalt and iron. The mechanism of methane
decomposition and carbon fiber growth involved the detach-
ment of the catalyst particle from the support, forming a
filament with the catalyst particle on the filament’s tip. In
another study conducted by Karaismailoglu et al. (2019),
yttria (Y,05)-supported nickel exhibited stable activity at
higher temperatures due to the enhanced surface area.

In this study, the catalysts were prepared using the
sol—gel citrate method and characterized using various
techniques. Activity tests were conducted in a tubular
reactor, and the results were compared to non-catalytic
reactions. The findings reveal that the presence of the
catalyst significantly influenced methane conversion.
Without a catalyst, methane decomposition did not occur
until a temperature of 880 °C was reached. However, with
the introduction of the catalyst, methane conversion of
14% was achieved at 500 °C. As the reaction temperature
increased, coke formation also increased. Catalysts with
lower nickel content exhibited reduced carbon formation.
Notably, a catalyst with yttria support demonstrated stable
activity at higher temperatures. The authors highlight that
the enhanced surface area of the yttria-supported nickel
catalyst contributed to its stable activity. They suggest that
doping nickel-based catalysts with yttria can improve their
activity and stability in catalytic methane decomposition.
This research provides valuable insights into the potential
of catalytic methane decomposition as a green process
for hydrogen production, with the yttria-supported nickel
catalyst showing promise for stable activity at higher
temperatures.



Environmental Chemistry Letters

(9107) T8 10 pawyy

(88107) T8 10 vyoRq

(9100) 'Te 32 Apnynpng

(9107) Te 1o Apnynpng

U0qIed SNOJUIWE[Y
Jo uononpoid oy 03
SINQLIUOD YOIYM
‘soronted-1N [fews
AoAnerar jo uorsiad
-SIp 9y} Ul spre uon
-njos PIjos 95-0~IN
® jo juowdororap
JUL, "pPaureIqO Sem
UOTSISAUOD SUBYIOU
wnwrxew ay) Sty
—SED/IN Y1 1AQ
"Ky1ATIOR OTIATRIRD UO
joedwr 9[qeIopISUOD

© SB{[ JUUOD BLIDD

Aniqess
1sATeIR0 Sutoueyu
‘s19qQ U0QIed 9pISINO
Kanoe o[qess
urejurewr saponed
uoar 1o3re] paonpoid
-uoneusardwy
P11k ua3oipAy pue
Apiqess 1sATeed
syoedwr Apueoyrugis
s1081n031d oprxo
UOII JO UOT)ONPAI Y],
uoIsSnyIp uoqIed
Y31y st 03 Suimo A
-[1qess onAees 43y
QA3 15ATeIRD Paseq
-9 "15A1eI8D OpIXO
uoar payroddnsun
9y} UO puUNoj Sem
juowagueLre dponIed
payoed-Tlom ay L,
ssaoo1d oy 10§

J[qeIs pue 9ANOR A1oA

sem pue uone3aI3se
3S00[ PAIIQIYXA IPIXO
[oo1u parroddnsup

SOqNIOUBU UOGIED

pue sIaqyoueu uogie)) J[qe[TeA. 10N

SI9qUOUuRU UOQIED) S8

syo0ys ouoydeln J[qe[IeAR JON

syunyo

uoqied adeys Je[n3ory J[qe[reA. JON

€S

dqe[reae JoN

(43

99

00y

081

09¢

09¢

00L

008

008

008

uonejdoaid-0)

uoneu
-Zaxdwr jom juardrouy

uonejdioard ofroe

uonejdioald ofioeq

f0IV—"02D0/IN

f0v/ed

f0%q

OIN

SQ0UQIJY

douewoyred uonisod
-W029p dueYIoU ONA]
-eJed 9y uo WIYSTH

(%)
ad£) uogre)

(w) o

UOISIOAUOD QUBYIRIN (%) PIOIA USS0IpAH uonoedy

(Do) 21
-erodwag,

K3oye1)$ SISOYIUAS

1sh1eIRD)

uonisodwodap sueyW dATRIEd SULINP SUONIPUOD UOTIOBAI JUAISHIP Je SISA[BIBD paseq-[elowl SnoLreA Jo AJIAnde onkere) g ajqeL

pringer

As



Environmental Chemistry Letters

(e6107) T8 19 08D

(0T02) T8 30 Suep

(e6107) T8 19 08D

(Q9107) 'Te 12 yekeq

(29100) e 10 Jekeq

Surrojurs

0] 90URISISAI ST 0}
anp IsA[eredouowr
01 paredwods uors
-IOAUOD SUBYIOW
Toy31y $IqIYXd

1sATe1ed dIf[eIoWIq Y],

uorsnyIp uogred
uonoeal 0y paredwod
S90BJINS JSA[EIRd UO
9jex uonisodep uoq
-Ied I19y3IY B 0} anp
uoneanoeap pider

0 3urpe9[ ‘so3ueyd
QIn)x9) ySnoIyy A
-A1O® 18A7BIRD S109 5

JUSIUOD WNTUAYNY

S)sATeIed OIf[EIeWIq
Ul punoj os[e sem
uoudwouayd Jurio)
-uIs JuedyIusIs ss9f
uoneuLIoy uoged Sur
-yemnsdeous Suniqryur
pue 9JeI UOISNJJIp
uoqred 9y} Jur
-aoxdwr £q Ajqiqe)s
1sA[21BD QYY) paduLYuUd
uonippe uoll oy,
A
1sA1ereo Surduojoxd
pue juowdo[orap
uoqred Jupe[nsdeoud
Sunyuaaaxd ‘oyer uors
-NYIp UOGIeD I9)Se)
e sey 15418180 pd—IN
‘Pd—IN Ul uoisnjip
u0qIed pajeIIIoe)
pue K11A1308 o1ATRIRD
paseaout Ko[e pd—IN

S2qOUBU UOQIE))

SI9QUOURU UOQIE))

S2qIOUBU UOQIED)

SOqNIOUBU UOQIED

pue sIaqyoueu uoqie))

sIaqUoueBU uoqIe)

059

0SL

059

00L

00L

[e3-10§

KoARTeN\Y

[e3-10§ /0D-IN

uoneuSardwy QY v/MI-UN—IN

198108 f0°Iv/00-IN

fOYIV/PI-IN

fOYIV/Pd—IN

SQOUQIY

douewoyred uonisod
-W099p duByIoW ONA]
-eJed 9y uo WIYSTH

ad£) uogre)

L d[qe[leAR JON 08
9L°¢6 d[qe[leAR JON (024
£69 dlqe[leAs JON 08
0L dlqe[leAs JON 009
S6 dlqe[ieAs JON 009
(%) () oum

UOISIOAUOD QUBYRIN (%) PIOIA US0IpAH uonoedy

(Do) 2
-erodwag,

K3oye1)s SISOYIUAS

1s41eIRD)

(ponunuoo) zsjqey

pringer

AQs



Environmental Chemistry Letters

‘[e 19 ueruewelqnsewey|

uonean
-oeap pider Suisned
‘uUonNeWIo} U0qIed
AI[-9300 puE eoIe
90BJINS JOMO] 0 onp
QW) J9AO PISBAIOIP
nq Kyranoe rentur
Y31y poamoys IsA[ered

uoir pajowordun Ay,

(0200)

saroads o[qronpax

puUE ‘UoT}oRINUI

y10ddns ‘uorsiodsip

[eI9W JO UOHRUIqUIOD

91qe3Ins sit 03 onp

Ky1anoe onAkreied

JUQ[[20XD Pajens

(9107) ‘Te 10 ysareJ-1v -uowap 1sATered ayJ,
saroads o1]
-[elewiIq pd—IN ym
1sATe1ed paseq-pd
Jo Ky1Anoe onATeed
JUS[[Q0X? Ul Jun[nsal
‘eaIe 9JBJINS puE
‘uorsadsp auy ‘Ayrury
-[ISAID 9PIXO [OO1U
soduequR CT-VES-IN

(ST0T) 'Te 32 Apnynpngd U0 UONIPPE WNIPE[[Ed
sonradoid [eo
-13ojoydIow 9SIOAIp
M SI9QUOUBU UOQ
-Ied QUOQUSY SWLIO}
UOIIBULIOJ UONN[OS
prjos ny iy
¢‘Surpeor roddoo uo
puadap uonnqrsip
oz1s oronaed pue

(e8107) Te 10 Sa110], JUBISUOD 01 ]

S2qIOUBU UOQIE))

sIaqUouBU UoqIe)

segqnioueu

uoqIed pI[fem-nnjA

SIaqUoueBU UoqIe)

c8 €8

€L L

alqereAe JoN 65

J[qe[IBAR JON JIqe[IeAR JON

4!

081

0cy

0cl

00L

00L

00L

059

uoneudardwr ssaulop 0179D/5d

uoneu

-Zoxdwr jom juardrouy EOYUV/Pd—0D

uoneudarduwr

puE [BWIIOIPAH SI-VAS/Pd-IN

es
uorsng U0 [V/0D-IN

douewoyred uonisod
-W099p duByIoW ONA]

SQOUQIOJY  -eIed oy uo Y3YSIH

ad£) uogre)

(%)

(y) owm

UOISIOAUOD QUBYRIN (%) PIOIA US0IpAH uonoedy

(Do) 2
-erodwag,

K3oye1)s SISOYIUAS 1s41eIRD)

(ponunuoo) zsjqey

pringer

As



Environmental Chemistry Letters

(ey100) T8 10 ye[epemy

(0200) T8 10 By ]

(0200)
‘Te 3 UBTUBWIRIQNSEUIRY]

(0200)
‘Te 10 UBTUBWIRIQNSEUIRY]

OSN/0D—2d
y3noxy) uononpoid
ua3oIpAy 9[qes pue
9AT}OQJJ0 ur 3unynsax
‘armonns snoroduou
& Surwuioy ‘sarod
opIxo wnisaudew
390[q P[NOJ SN
-Ied 3[eqOS puE uoIy
Aniqess
1sA1e180 pasoidur
pUE ‘UOISIOAUOD
QUEBYJOW PIOUBYUD
‘uorsiadsip oronred
[eow paaoxdwr
‘BaTR 90BJINS ISA]
-BJBD PISeAIoUL

uonippe [2IN
1518180 Q179D

/o pajowoxdun uey
JUUOD UOqIed Iy

Suronpoid ‘Kyianoe
onArejed paaoxdwr

1818180 PIseq-9,] uo

uonippe 1j0woid-0)

O1Z2D/0OIN-2d Ut
S9[04d uoneIouagal

om] J1a1Je Apiqess Sur

-INSUQ ‘BaIe 90BJINS
1sA1eI80 paseq-oq
AU} PASBAIdUT WNUIP

-qA[ow Jo uonIppe YL,

soqnioueu
u0qIed PI[[eM-DNIA

uoqreds
onmydeid snojuswey
pue snoydiowry

SUOQIEd0UBU Y|
-Uureyd pue SaINIONIS
-oueu padeys-ooquieg

saqnjoueu uoge)

J[qe[reae JON

6

06

06

06 0LS

¥8 (74

06 gcl

06 gcl

00L

008

00L

00L

uornjeudardwi-o)

uoneugordwr ssoujopn

uoneugordwr ssoulopn

uornjeu3ordwir ssoujop

03IN/0D—q

o1z 0%
/IN-3d

t01Z9D/00~24

LOIZ3D/0N—24

SQOUQIY

douewoyred uonisod
-W099p duByIoW ONA]
-eJed 9y uo WIYSTH

ad£) uogre)

(%)

UOISIOAUOD QUBYIQIA

(y) owm
(9) pPIoIA uaS0IpAH uonoBYY

(Do) 2
-erodwag,

K3oye1)s SISOYIUAS

1s41eIRD)

(ponunuoo) zsjqey

pringer

AQs



Environmental Chemistry Letters

Juuod 1ad
-doo posearour yim
PISBAIOAP UOISIOAUOD
QueYJoW [enIul Inq
‘uoneI3IW uoqIed
pue uondiospe sue
-ypowr Junowoid £q
sarnjerodwa) 10y3y
Je oourwIojIad oNA|
(99107) 'Te 10 1ekeg  -e1ed paoueyue roddo) SI0QUOUBU UOQIE)) 78 9[qe[TeAR JON 009 0SL [98—10S  fOV/ND-IN—°]
soponaed
[erow 9y Aq a10d a2y
Jo 3unyoolq rented
oy} 0} paIngrIIe sem
yorym ‘voneuardwr
uolIl pue 9[eqod
‘[oYOTU 1a)Je paonpal

J9joweIp a10d pue uoneu
(9102) ‘T 32 ysared-1v BOIR 00BJINS Y], SIaqUoueRU UOqIe)) 0L J[qe[IeAR JON 081 00,  -Sexdwrjomjuardou]  £QYv/0D-IN—°]
uoneuLIO)

aqmiouru uoqIed Sur
-jowoid ‘uorsiadsip
orontedoueu [oyo1u
PISBAIOUT PUE UOTIRID
-wo[33e pajuaraxd
ourz pue 12ddo)
S9qMIOUBU UOGIED JO
pIe1£ y3iy e paonpoid
pUE UOTIOBII UONIS
-odwooap ay) 10§ A1
-AT)O® ONA[eIRd JoyIIY
pamoys (UZ-nD-IN) (44
(BET0T) Jued puE JemseIeS UONRUIQUIOD [BJOW Y], SoqM)OuBU UOQIED) L8 9[qe[TeAR JON 0S 0S,  uoneuSordwir ssoujopy  -INDIN/UZ-ND-IN

douewoyred uonisod
-WOJJP QUBYIOW INA] (%) (P owmn  (D,) oM
SQOUAIAJD -eJed ) uo JY3IyST adA) uoqre UOISIDAUOD JUBYID 0, 91k uoS0IpAY uoMnORY -eroduwa K32181)S SISAYIUA! 15ATR)R
Jod q UsIHYstH qreD I UIRIN (%) PIe! PAH noeoy L ISOqIUAS 12129}

(ponunuoo) zsjqey

pringer

As



ters
Let
istry

| Chem
ta

en

m

iron

Env

d)
inue
(continu

2

ble

Ta

&

as
lysts :Nal
ata e }
sed ¢ Liang cata
i-ba 1( he d
Ni- eta int api
f I'm intai dr s
.'tyo-ke ain se icle
vi ic m au tic
cti fn 1d lc ar ler
lytic a size 0 el cou nickeicke1 psma1 :
cata ticle nick s of ern hile d car
thehe parles of rtlcler larges’w late ffers
) . a El u
. ilarl)ébyt artic Tler p reovenotubncapslyst SutureS
Sim te rp a Mo na fe ta ratu
ffec large 'le Smlyst. rbon no d ca mpe Sitlon
a hi a a tio se te 0 .
Iso The w at fc a i-ba ioh ep sts
= a '.'t’ cca Y rm 1 1g d ly
o 2 z 20.20) CtlYl yOf th ation he fo ver, ‘Nn at h. Coke cata sur-
a n t e . d
S z % Iytic ; atlohe form: d to How ratio atlonl base-fy thed be
‘5==> v t le 2. e tiv, el- di n
=5 = ac d S ‘o lom: c icki o a
g5 de ted t le ig ea nic m ce
g é% prom(l) partlcn in Ecle a'igfast i)n of ded toforman ative
-L-;Evm icke ow aruci 1_.at ee er n t
S g Z, nlcn as Shand ]3 esult;lnegutlllfs aretittef.gns. nd altzd gre?.
2o s bon, ing °C, int ffor ve diti co ain be
‘5“:3 g inter 50 ein nte ha con e se cg and al.
g £ 2 SLOVe ief issguniﬁcaalyst t?atingome thnd ha\t,i"ityeha er}or'
= < £ i t a c .
= ;;,4:8 a not si ca pe beC.-n ic a ke 9
= E is a re, el ho e 1t1o tic (Fa 019; en
4 :_.o)g - 18 refo ick hars hav 0S taly_ ns 1.2 be
= % B he an or sts ompe ca itio t al. has. ity,
2 . £z 3 b Oftablz fcatalyne dec their conditior ‘;talyﬁi ety
3 &5.5.5 O,Oa e s se etha et atin 0: iron ¢ Iyti ma d
% g ; é 2 = ?SD"E‘ é mOFe-ba tic m t1y du oper 1. 202 d iro cata erfor st an,
% =l ] % o8 g S = 2 ) taly centl her et a porte ood the p ataly-ty In
S £ ” 8 Bl = 3 2| al € C ivity. -
2 < B = g E g Eig‘@ 21 Z forc fon r at hlglogll-l a-sup ave ganCe 1,0 acttv eth
3 3 ENE ZE3 55z o €5 s ttent ility mai min toh enh Fe/A lyst ntm I-
3 =3 Tw:sa;gﬁ‘a'zﬁa 03'§ a bi is lu d 1d ta re ca
& :—-cBEE“QH“OHE .;,E, ta ra A te u he a.e d
HE =3 EX g 23 1 R ¥ 2018 Kgolz)& nateorils resied tgood ing dltfifo“’ 500 o
& g g S 2 < g = g = = s X. = > ; 0 L an ter the ve us. ita I1-
ESE Z‘»QWEQ\EQ 8§O 2 ta, d ma yn tga ed ]pl 0 to h va
28 g o.=3>»2.x°=c° g2 se ze rt )51S ar ec 30 g he
.3 ) = S 2 =8 < L 2 © = re €s1 0 18a taly rep -pr rou tt
) 28 5 8 5} = =] s 5 = th upp 20 cal p Cco rom th tha d
*—';:Q) oo.{.:‘):so _J:_E.ﬁ n S ( ,n ere d f d te n
QQQ omﬂo« 3~«: sy the al. iro w an ing ate ical da
OE.:: gzﬂ E'E‘: d et the sts ion ng a]u,dl te ide
~09 : - an, ha t ly tio ra ev n na Xi
T = = o S "’,g ee thal ata na S as Its eg o
e Z 2 2> ak d c eg re w su.pr'on es
= o 8 < o F Ve (& . T tu tS re m 1T nc
243 5 E ObSertudy’ ;ﬁlg lnt‘fmperfatalyss The bothylpe B The
= 85. is's e.e'fof t 1y.~n~ r
§ g2 = his inclu ious th 1qu he nt tio fo
] oy £ t inc rio of hn re T,a Sl.e
z 5 = s a Cl tu . fic 0 is
§ s gl)”'c% Odsed al Vrmanciion timperioo (t: Signéecompproriarious
€% '>‘T: 2 in fo iza t is or e ow f a-
ER 5"‘» c per ter ion ts p an sh ion o hem
E Sz e cter t s up th s on ¢ , s
" i % %D ; E Th Charaalclnacataly ina s r me talyst rmati stite rOC.eS
& EX 25 g ous alc ated alum ce fo dca he fO- e Wu'on P ction
£ 2 S 24 oP”Iiciplton theform;g;-basiion' Ehem‘tlcinaﬂe redu ents
= = 3 s -p r er t S1 a ca T atm -
5 .;u; 0 SO,p ha pO. mhe ity. tre ma
O 5§82 ¢ cur st’s ts t om tite, t ivity ion for S
2 g pre ataly ligh dec gne ring acti cti the act
= Gl . u i u ich
- % 5 5 the ¢ high thaneas mares’ d lyst Sre_red ads to whic ides
E % ;E g Study th me Such uctu e Cataingp sis le etal’ hprove Of
E v—g % § B Catalyxides’inel Stlz in then durperII)_/iron 2Semcrmanilane
g z sg’,)% iron o spil o rog ane.eo he r rfo et t
: 3 3 5 3 1.r?e andcruclalby hy(:: met}:)n oxlderall’ tand Pr‘: via Iﬁ)pm?:n
5? 4—»(/152 tl’a ides ur ir V~n io Ve f1
1S g £ play Sn oX‘d;peratducedecies‘ Saratlooductlthe deprodutcover
= = . T
- ) % E P < of lrﬁigh_tfially rfytic S[t)he pregen Pbute tznergyatalysthane
S 2L = " 51 S (0] 1 C e
= 5 2 E é g and of p?irve Calils in;()r hydz Conftriendlie iroriytic I;I(Zh(}):el
g s < 5 'onC' 0~g rft talyt t
z 5 5@ s t ea insig ts din IIY. 0 ca 103. d
z @ 2 >2 5 th in lys fin ntally ity he gs ibite da
& > mws_ﬁ as ble ata he me tiv It dM hi e
3 z ~au¢~s lua de .T-on ested fo ALO. x lay he
e o-ﬂo«-\ a e.-n ir he e a 0O, tp t
3 =B B g Vi as 1t10 nv > t est i0,, 1, or of
= = 82 § Fe_bmpost and e rmorieen t03’ Slt Fe/A Supp e” out
sz @ ° 2 S5 deco cien Furthe has (Al dthaA1203 ore F
83 S‘; Ei:’ g f effi es. orts ess owe he € m
g2 o= 0 SS p 0C h T 0s
&) = : Lg 4 % TOCe nt SuPon pr Sult Ssion' o exp
Q Q .
= 2 ? § = giffere osltlThe re nver tion t
E",Q o _w‘&i‘rzm mp ). co liza
o) < g é .:—?—g 8 deco 2017 hane stal
5 g @“w ¢ al. metncry
& 2 8@8% biahest iro
EE-RS g ight the
3 s g h in
g gz 5 role
2 g gagg
g g = 53
g 2 32532
” a < =}
-4 g 8]
°] —_
k=
a
>~
Z )
2
=
b
=}
. 7
ES I
2
)=
O

Springer



Environmental Chemistry Letters

surface area for the formation of carbon nanotubes, which
was important for the catalyst activity.

Pudukudy et al. (2019) compared the catalytic perfor-
mance of Fe/CeO, and Fe/La,05 for methane decomposi-
tion reaction. In this study, the catalysts were prepared using
a co-precipitation method and characterized using various
analytical techniques. The results showed that both catalysts

Fig.2 Possible mechanism for
the growth of carbon nanotubes
on large and small particles of
nickel. Although the methane
dissolution rate of larger-sized
nickel particles is low, sufficient
carbon atoms can be generated
to provide the need for carbon
growth on the step edge, result-
ing in the growth of carbon
nanotubes. On the contrary,

due to the rapid rate of methane
cracking on small-sized nickel
particles, a large number of car-
bon growths at the pre-existing
step sites, forming an encapsu-
lation carbon, and inhibiting the
growth of the new graphite layer

Carbon growth on
large particles
of nickel

exhibited high catalytic activity and stability for methane
decomposition. The Fe/CeO, catalyst demonstrated superior
catalytic stability, with the highest initial and final hydro-
gen yield remaining nearly constant throughout the reac-
tion. The catalyst yielded a maximum hydrogen yield of 66
+ 1% at 800 °C. On the other hand, the Fe/La,0O; catalyst
experienced a substantial drop in the hydrogen yield over the
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course of the reaction, indicating lower catalytic stability.
The reduced catalytic stability of Fe/La,O was attributed to
the encapsulation of metallic iron by carbon deposited on the
catalyst. The structural characterization revealed the pres-
ence of different phases in the catalysts. The fresh Fe/CeO,
catalyst contained CeO, and Fe,O; phases, while the fresh
Fe/La,0; catalyst had La(OH);, Fe,0;, and LaFeO; phases.
However, the reduced samples of both catalysts predomi-
nantly contained cerium and lanthanum orthoferrites. The
study also observed the deposition of multi-walled carbon
nanotubes on the catalysts, with different shapes depend-
ing on the support material. Spiral-shaped multi-walled
carbon nanotubes with a double helical-shaped chain-like
structure were formed on the Fe/La,0O; catalyst, which is
rarely observed in methane decomposition. The nanocarbon
deposited on the Fe/CeO, catalyst exhibited high crystallin-
ity and graphitization. Overall, the study provides valuable
insights for the development of efficient catalysts for COx-
free hydrogen production.

The addition of yttria (Y,03) to the iron catalyst was
found to increase its specific area, and thus, the performance
and stability of the catalyst were maintained at higher tem-
peratures. In this context, Karaismailoglu et al. (2020) inves-
tigated the catalytic methane decomposition using Fe-based
catalysts and explored the effect of the addition of yttria
on the catalyst’s activity, performance, and stability. The
Fe-based catalysts were prepared using the sol-gel method,
and different samples with varying Fe,0,/Y,05/Al,0; ratios
were analyzed. The experimental results showed that the
addition of yttria to the iron oxide catalyst significantly
increased its catalytic activity and stability. At temperatures
of 750 °C and 800 °C, the methane conversions achieved
with Fe,05/Y,05 and Fe,0,/Y,0,/Al,0; catalysts were 29%
and 4%, respectively. This indicates that the Fe-based cata-
lysts are effective for methane decomposition, and the addi-
tion of yttria further enhances their performance.

Moreover, the characterization analyses of the catalysts
revealed that the addition of yttria increased the specific area
of the catalyst. This increase in specific areas contributed
to the improved performance and stability of the catalyst,
even at higher temperatures. The presence of yttria also
prevented the formation of a garnet-type crystal structure,
which could reduce the catalytic activity. Overall, the study
demonstrates that Fe-based catalysts, especially those with
yttria addition, are promising for COx-free hydrogen genera-
tion through catalytic methane decomposition. The addition
of yttria enhances the specific area of the catalyst and main-
tains its performance and stability, making it suitable for
high-temperature applications. These findings contribute to
the development of efficient catalysts for hydrogen produc-
tion from methane, which is crucial for clean and renewable
energy systems.

@ Springer

The utilization of Fe-based catalysts in methane decom-
position was mainly for the generation of high-value,
thin-walled carbon nanomaterial (Li et al. 2011). Awadal-
lah et al. (2017b) successfully synthesized high-quality,
few-layered graphene nano-platelets via catalytic chemi-
cal vapor deposition of methane using unsupported metal
oxides, such as iron, cobalt, and nickel metallic sheets. The
results showed that the unsupported metallic catalysts, par-
ticularly nickel, exhibited efficient catalytic growth activity
for graphene nano-platelets. The unsupported nickel cata-
lyst yielded 254 wt% of graphene nano-platelets, which was
higher compared to the other catalysts. The reduction of the
metal catalysts resulted in the formation of polycrystalline
metallic sheets, which promoted the growth of graphene
nano-platelets on their surfaces. The transmission electron
microscopy images confirmed the formation of zero-valent
metallic sheets after the complete reduction of the metal
oxides. Raman spectroscopy and transmission electron
microscopy analysis revealed that the synthesized graphene
nano-platelets had a few layers, high crystallinity, and good
graphitization.

Furthermore, the as-grown graphene nano-platelets
exhibited significantly higher thermal stability in an air
atmosphere compared to other synthesis methods. The study
highlights the importance of zero-valent metallic sheets
in enhancing the growth of graphene nano-platelets. The
unsupported metallic catalysts, particularly nickel, demon-
strated superior catalytic activity, resulting in high-quality
graphene nano-platelets. These findings contribute to the
understanding of graphene synthesis and pave the way for
large-scale production of graphene nano-platelets with
potential applications in various fields. It was found that
the formation of zero-valent metallic sheets enhances the
growth of graphene nano-platelets, and their mechanism is
illustrated in Fig. 3.

Similarly, the formation of different carbon nanomateri-
als over Fe-based catalyst has been modeled using density
functional theory (DFT) and experimental results. In this
context, Zhou et al. (2017) presented a study on the synthesis
and characterization of iron catalysts for methane decom-
position to produce hydrogen and carbon nanomaterials.
The authors investigated the activity of fused 65 wt% and
impregnated 20 wt% iron catalysts with different additives.
They found that the Fe—Al,O; combination showed the best
catalytic activity. The formation of carbon nanotubes was
speculated to be facilitated by the exposure of Fe’ on Al,)Os.
The optimized temperature for hydrogen pre-reduction and
high activity was determined to be 750 °C. In addition, den-
sity functional theory was used to propose a reaction mecha-
nism over iron catalysts, explaining the formation of graphite
from the decomposition of unstable supersaturated iron car-
bides. The study also proposed a carbon deposition model
to explain the formation of different carbon nanomaterials.
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Overall, the study contributes to the understanding of iron
catalysts for methane decomposition and provides insights
into the formation of carbon nanomaterials. The combina-
tion of experimental results and density functional theory
modeling enhances the understanding of the catalytic pro-
cess and can guide future research in the development of effi-
cient Fe-based catalysts for hydrogen production and carbon
nanomaterial synthesis. Therefore, Fe-based catalysts drive
the commercialization of catalytic methane decomposition,
utilizing high-value carbon by-products to offset hydrogen
production costs and increase revenue (Qian et al. 2020).

Co-based has also been studied for catalytic decomposi-
tion of methane and showed high stability at higher tem-
peratures (Awadallah et al. 2018; Awadallah et al. 2016a;
Dasireddy and Likozar 2017; Silva et al. 2016). The forma-
tion of Co;0, contributed to the catalytic effect and dura-
bility of the Co-based catalyst in catalytic methane decom-
position (Awadallah and Aboul-Enein 2015). The nature of
support also affects the Co-based catalytic performance and
its longevity (Silva et al. 2016; Awadallah et al. 2016a).

A study conducted by Al Mesfer et al. (2021) dis-
cussed the synthesis, evaluation, and kinetic assessment
of a Co-based catalyst for enhancing the catalytic methane
decomposition for hydrogen production. The researchers
developed Co/TiO,—Al,0; catalysts with different cobalt
loadings (10%, 30%, and 50%) using an ultrasound-assisted
wet impregnation method. The catalysts were characterized
using various techniques, and their activity was evaluated
at 600 °C and 1 bar of pressure. The kinetic experiments
for the 50% cobalt catalyst were conducted in the tempera-
ture range of 550-650 °C by varying the methane partial
pressure. The results showed that the prepared catalysts
exhibited good textural properties and high activity, with
the activity and stability being directly related to the cobalt
metal loading. The power-law model, which assumed a non-
linear dependency of reactant partial pressure on the meth-
ane decomposition rates, satisfactorily fits the experimental
data. The apparent reaction order was determined to be 2.46,
and the activation energy was calculated as 65.16 kJ/mol.
The improved wet impregnation method successfully syn-
thesized cobalt nanoparticles under 25 nm at a metal loading
of 50%. The Co-based catalysts demonstrated promising per-
formance in the catalytic methane decomposition reaction,
providing high hydrogen production rates and generating
solid carbon. The use of cobalt as the active metal allowed
for the acceptance of electrons from methane and the acti-
vation of the C—H bond. The results also highlighted the
importance of the catalyst support material, as mixed oxide
supports such as Al,0;-TiO, showed better metal-support
interaction and higher metal dispersion, leading to improved
catalytic activity and stability.

In conclusion, the investigation into monometallic cata-
lysts, particularly those based on nickel, iron, and cobalt,

for catalytic methane decomposition presents a multifaceted
understanding of their catalytic activity, stability, and poten-
tial applications. Ni-based catalysts have been extensively
studied and widely utilized in catalytic methane decomposi-
tion processes due to their high catalytic activity, with sig-
nificant research focusing on optimizing their performance
through various synthesis methods and support materials.
Studies have demonstrated the effectiveness of nickel cata-
lysts, especially when supported on materials such as alu-
mina, yttria, or mesoporous nanocrystalline gamma alumina,
in promoting methane conversion to COx-free hydrogen and
valuable carbon nanomaterials. Similarly, Fe-based catalysts
have emerged as a promising alternative, showcasing good
catalytic activity and stability, particularly at higher oper-
ating temperatures. The addition of yttria has been found
to enhance the performance and stability of iron catalysts,
making them suitable for harsh conditions encountered in
methane decomposition processes.

Additionally, iron catalysts have shown potential for the
generation of high-value carbon nanomaterials, further
highlighting their versatility in catalytic methane decom-
position applications. While Co-based catalysts have also
demonstrated high stability at elevated temperatures and
have been studied for methane decomposition, their utiliza-
tion is limited due to cost and toxicity concerns compared to
Ni- and Fe-based counterparts. Overall, the research findings
underscore the importance of catalyst selection, synthesis
methods, and support materials in optimizing the efficiency
and stability of catalysts for methane decomposition. Further
exploration into catalyst modification and understanding the
underlying mechanisms governing catalytic activity will be
crucial for advancing catalytic methane decomposition tech-
nology toward sustainable and efficient hydrogen production
while also addressing environmental concerns associated
with carbon emissions.

Bimetallic and trimetallic catalysts

The use of multiple metals indicated the starting point of
the second generation of industrial catalysts, overcoming
deactivation by coke deposition. Ni-based mono-, bi-, and
tri-metallic over alumina support have been tested for meth-
ane decomposition at 675 °C and 750 °C. Figure 4 shows
that among the tested catalysts, the bimetallic and trimetal-
lic catalysts had better activity and stability. The decrease
in methane conversion was mainly due to the formation of
encapsulating carbon on the surface of active sites, which
could hinder the access of reactants to the active sites. The
addition of iron to the nickel catalyst increased catalytic sta-
bility by increasing the carbon diffusion rate and preventing
the formation of encapsulating carbon (Bayat et al. 2016b).
On the other hand, the addition of copper could improve the

@ Springer
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Fig.3 Growth of graphene
nano-platelets over the surface
of reduced metallic sheets. The
crystallinity and morphological
structure of the reduced metallic
sheet catalysts significantly
influence both the number

of graphitic layers and the
graphene yield. As shown, the
process involves the catalytic
decomposition of a carbon-con-
taining precursor on the surface
of the metallic sheet, leading

to the formation and growth

of graphene nano-platelets.

The size and orientation of the
metallic sheets play a crucial
role in dictating the morphol-
ogy and quality of the resulting
graphene layers. Understanding
this mechanism is essential for
optimizing graphene produc-
tion processes and tailoring the
properties of graphene nano-
platelets for various applications
ranging from electronics to
energy storage

Metal oxides

Graphene nano-platelets/
cobalt sheets

o1 J02]0:/

Separated graphene
layers

catalytic activity by enhancing the adsorption of methane on
the surface of the catalyst.

In this context, Bayat et al. (2016c) investigated the
catalytic performance of Ni-Fe—Cu/Al,O; catalysts for the
production of COx-free hydrogen and carbon nanofibers
through methane thermocatalytic decomposition. The study
focuses on the effect of adding iron and copper as promoters
to a nickel catalyst and their impact on the catalytic activ-
ity. The results showed that the addition of iron or copper
to the nickel catalyst improved its catalytic performance.
The presence of iron enhanced the carbon diffusion rate and
prevented the formation of encapsulating carbon, leading to
improved catalytic activity. However, it also decreased the
reducibility of the nickel catalyst. On the other hand, copper
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increased methane adsorption and improved both the reduc-
ibility and nickel dispersion on the catalyst surface. Cop-
per's high affinity with the graphite structure hindered the
generation of encapsulating carbon on the nickel surface and
prevented catalyst deactivation. The study found significant
improvement in the catalytic performance of the promoted
catalysts at temperatures higher than 700 °C. The regenera-
tion studies of Ni-Fe/Al,O; demonstrated that the catalyst
could be reused up to 9 times (Fakeeha et al. 2018b). The
addition of a small amount of oxygen (O,) as a regenerative
agent enhanced methane conversion, hydrogen yield, and
catalyst stability.

Fe—-Co/Al,O; catalysts were synthesized and studied to
produce hydrogen and multi-wall carbon nanotubes (Torres
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et al. 2020). Fe—Co/Al,O; catalysts produced higher car-
bon formations and longer stability at low temperatures
(less than or equal to700 °C) by inhibiting the formation of
Fe,C during catalytic methane decomposition in non-doped
catalysts. When the Fe,;C phase was found in the catalyst, it
resulted in shorter multi-walled carbon nanotubes and higher
production of the bamboo type due to its slower carbon dif-
fusion than a-Fe (Torres et al. 2020).

Copper is being used as a promoter of Ni-based catalysts
(Torres et al. 2018a; Awad et al. 2019; Cazaia et al. 2018,;
Li et al. 2017; Li et al. 2016). The 50%Ni-15%Cu/Al,0O;
catalyst resulted in a 75% methane conversion at 750 °C
for 6 h of transmission electron microscopy image demon-
strated that graphene carbon, carbon nanofiber, and multi-
wall carbon nanofiber were encapsulated on the surface of
a 50%Ni-15%Cu/Al,O, matrix (Awad et al. 2019). Another
investigation found that the Ni—Cu/SiO, catalyst showed
catalytic stability at the temperature range of 500-750 °C,
and the deactivated Ni-Cu/SiO, catalyst has recovered its
performance due to the production of disordered carbon (Li
et al. 2017). Moreover, copper doping on Ni-based catalyst
resulted in Ni,,Cu, ) alloys with a larger lattice constant,
allowing carbon diffusion to the particle. It enhanced the for-
mation of denser carbon nanofilaments as well as increased
the carbon formation rate (Torres et al. 2018a).

The incorporation of zinc in minor quantities alongside
transition metals led to a decrease in carbon accumulation

and enhanced the longevity of the catalyst. Saraswat and
Pant (2011) investigated the impact of incorporating 5%
zinc into a catalyst comprising 50% nickel and 50% copper
supported on MCM-22, revealing that the addition of 5%
zinc alongside 50% copper improved the catalyst's surface
area. The catalytic efficiency was enhanced by introducing
the zinc promoter alongside nickel and copper metals. The
results indicate that the highest methane conversion achieved
was 85%, with a carbon yield of 9.47%. The methane conver-
sion increased with an increase in reaction temperature up
to 750 °C and decreased at higher temperatures. The study
highlights the potential of the thermocatalytic decomposi-
tion of methane as an eco-friendly route for producing COx-
free hydrogen and carbon nanotubes.

Other efforts to improve the effectiveness of catalytic
methane decomposition catalysts used noble metals as pro-
moters, such as platinum (Pudukudy et al. 2018), palladium
(Bayat et al. 2016a) (Rategarpanah et al. 2018), ruthenium
(Harun et al. 2020), manganese (Wang et al. 2020; Fakeeha
et al. 2018b), and molybdenum (Awadallah et al. 2013a).
This property of each metal improves the catalyst stability,
which could increase lifetime. A synergetic effect of plati-
num promoter on 20%Ni/CeO, increased the activity and
stability of the catalyst (Pudukudy et al. 2018). Carbon nano-
tubes with hollow channels formed over the Ni/CeO, cata-
lyst were found to be more homogenous than those deposited
on Pt-promoted catalysts. Ni-Pd/Al,O; was synthesized by
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conversion —8— 50NV/Al - 750 °C SONVAL - 675°C
(%) —— 50Ni-10Fe/Al - 750 °C 50Ni-10Fe/Al - 675 °C
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80 MH—M—H—H—A-—A
c
» \\-
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20 A
0 T T T T T T
0 100 200 300 400 500 600

Time on stream (min)

Fig.4 Catalytic performance of mono-, bi-, and tri-metallic nickel-
based catalyst on alumina support at different temperatures of 675 °C
and 750 °C. The promotional effect of iron and copper for nickel cat-
alyst in methane decomposition was observed due to the increasing
carbon diffusion rate, enhancing methane adsorption, and preventing
the formation of encapsulating carbon. Due to the endothermic nature

of the methane decomposition reaction, the increase in temperature
improved the initial methane conversion. However, the methane con-
version and catalyst lifetime were reduced with excessively increas-
ing reaction temperature because of a mismatch between the rates of
carbon formation and migration (Modified from Bayat et al. 2016a,
Bayat et al. 2016b)
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the sol-gel method, and Ni—Pd alloy was created, leading to
high catalytic activity for catalytic methane decomposition
reaction (Bayat et al. 2016a). However, increasing the palla-
dium content reduced the catalytic activity, which the reduc-
tion in surface area and particle agglomeration can explain.

Ni-Mo/Al,0O; catalyst has also been experimentally
investigated for catalytic methane decomposition reaction
(Awadallah et al. 2013b). The addition of molybdenum
with other metals in bimetallic catalysts assisted the meth-
ane conversion and carbon nanotube bundle formation. The
reduction of metal oxides to molybdenum carbides played
an important role in catalyzing methane decomposition.
The presence of molybdenum in a bimetallic catalyst could
improve the stabilization and dispersion of nickel particles
and give an intermediate-strength metal—support interac-
tion; thus, the metal sintering was inhibited (Awadallah
et al. 2013a).

In summary, the exploration of bimetallic and trime-
tallic catalysts for methane decomposition marks a sig-
nificant advancement in industrial catalysis, overcoming
challenges like coke deposition. Tests on Ni-based mono-,
bi-, and trimetallic catalysts showed superior activity and
stability in bimetallic and trimetallic configurations. The
addition of iron enhanced catalytic stability by increasing
carbon diffusion rates, while copper improved activity by
enhancing methane adsorption. Studies revealed significant
performance enhancements at temperatures above 700 °C.
Regeneration studies demonstrated catalyst reusability,
while Fe—Co/Al,O; catalysts exhibited enhanced stability
at lower temperatures by inhibiting Fe;C formation. Cop-
per-promoted Ni-based catalysts showed promising methane
conversion rates, and the incorporation of zinc alongside
transition metals reduced carbon accumulation. These find-
ings underscore the potential of thermocatalytic methane
decomposition for eco-friendly hydrogen and carbon nano-
tube production. Additionally, noble metal promoters such
as platinum, palladium, and molybdenum further improved
catalyst stability, highlighting diverse avenues for enhancing
catalytic methane decomposition.

Carbon-based catalysts

Metal-based catalysts could result in a high initial hydrogen
production and methane conversion; however, the activity of
metal catalysts gradually decreases with time due to the dep-
osition of coke on the surface of the catalyst, which becomes
the main obstacle of metal-based catalysts. To fairly over-
come this drawback, carbon catalysts, both as catalysts and
support, were developed and investigated by many scholars.
A carbon catalyst offers several advantages, such as good
catalytic stability and performance, relatively cheapness,
resistance to sulfur poisoning, and material tolerance at high
temperatures (Zhang et al. 2017). Moreover, the deposited
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carbon nanomaterial over the surface of the catalyst was
reported to help the catalytic activity up to a particular limit
(Srilatha et al. 2016). However, carbon-based catalysts may
also generate undesired by-products, i.e., larger hydrocar-
bons, which could reduce the catalyst activity, hydrogen
yield, and methane conversion. The deposition of graphitic
carbon on a carbon catalyst could block the active site. How-
ever, if the metal is mixed with the carbon materials, the
deposition of filamentous carbon on the catalyst may aid in
boosting hydrogen yield and improve methane conversion,
improving overall process efficiency (Bai et al. 2007).

As the catalyst for the catalytic methane decomposition
process, many kinds of carbon and metal-carbon compounds
have been utilized, such as wood char (Dufour et al. 2008),
biochar (Patel et al. 2020), activated biochar (Harun et al.
2020), graphite (Guil-Lopez et al. 2011), activated car-
bon (Harun et al. 2020; Pinilla et al. 2007), carbon black
(Liu et al. 2018), ordered mesopores carbon (Shilapuram
et al. 2014), and multi-wall nanotubes catalyst (Guil-Lopez
et al. 2011). Table 3 shows the development and modifi-
cation of carbon-based catalysts to improve their activity
performance.

Activated carbon and carbon black are the most often
utilized carbon-based catalysts due to their higher activity
and greater stability. The catalytic performance of activated
carbon and carbon black has been compared (Liu et al. 2018;
Yang et al. 2020). The results indicated that the deactivation
behavior of the activated carbon and carbon black differed
with reaction time. The deposited carbon on the catalyst
surface varies in form, orientation, and chemical structure.
The outwardly developing cone-like graphene layers and
tubular-shaped nanostructures contribute to the catalyst's
porosity and activity. The uneven, cross-linking graphene
layers of activated carbon and the spherical bent graphene
layers of carbon black may be responsible for the disparity
in carbon deposition (Liu et al. 2018). Activated carbon had
a high initial methane conversion but was easily deactivated,
whereas carbon black had a lower initial methane conver-
sion but improved long-term stability (Yang et al. 2020), as
depicted in Fig. 5.

On the other hand, the catalytic activity of biochar and
activated char formed is determined by the physiochemi-
cal properties of the catalyst and the textural morphology
of the deposited carbon (Patel et al. 2020). Interestingly,
the growth of crystalline carbon deposition on the original
catalyst may act as a fresh catalyst for catalytic methane
decomposition reactions. Furthermore, the amorphous
carbon catalyst exhibits better catalytic performance than
the structure form (Muradov 2001). To further elevate the
advantages of carbon-based catalysts, ordered mesoporous
structure carbon has been synthesized to enhance the cata-
lyst activity (Shilapuram et al. 2014). The synthesis of
ordered mesoporous structure carbon nano-rods (CMK-3)
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and cubic ordered mesoporous structure carbide-derived
carbon (DUT-19) is displayed in Fig. 6. Cubic ordered
mesoporous structure carbide-derived carbon catalytically
performed better than ordered mesoporous structure car-
bon nano-rods due to its larger surface area, higher pore
volume, and lower threshold temperature. The results
revealed that carbon deposition on the catalyst induced
deactivation of the catalyst with considerable surface
aggregation with block porous structures. The regenera-
tion of a deactivated active carbon catalyst utilizing carbon
dioxide as an activating agent was also investigated under
various regeneration settings. Finally, following three
repeated deactivation (850 °C, 480 min) and regeneration
cycles (925 °C, 120 min), the catalytic activity of the cata-
lyst may be completely recovered (Pinilla et al. 2007), as
presented in Fig. 7.

Recently, researchers studied the possibility of enhancing
the performance of carbon catalysts by adding active met-
als (Harun et al. 2020; Bai et al. 2007; Wang et al. 2017).
Robust Ni/carbon was successfully synthesized by selective
steam gasification of pine sawdust. Highly dispersed Ni/car-
bon was directly applied for in situ catalytic methane decom-
position, which provides stable methane conversion (greater
than 90%) at 850 °C for 600 min (Zhang et al. 2018). The
carbon microfibers synthesized by needle-less electrospin-
ning were used as catalyst support and impregnated with
nickel, copper, and cobalt metals, and transition metal phos-
phite was tested at 800 °C for methane decomposition. The
morphology, heat treatment, and type and content of incor-
porated transition metals and metal phosphides play a vital
role in controlling parameters in the catalytic decomposition
of methane (Sisakova et al. 2019).

Harun et al. (2020) compared the performance of ruthe-
nium-activated carbon (Ru—AC), activated carbon, and acti-
vated biochar catalysts for the catalytic decomposition of
methane at 800 °C. As shown in Fig. 8, activated biochar
and ruthenium-activated carbon showed higher hydrogen
production as compared to activated carbon after 60 h of
reaction time; ruthenium-activated carbon and activated
biochar still exhibited 21% and 51% of methane conversion,
respectively. The high surface area of activated biochar
(3256 m%/g) plays a more crucial role in the catalytic activ-
ity than that of ruthenium—-activated carbon (693 m?%/g) and
activated carbon (776 m2/g). But the surface area of acti-
vated biochar was decreased to 1893 m?%/ g, after 8 h of reac-
tion. Surprisingly, after 50 h of reaction, activated biochar
still had a higher surface area (746 mz/g) than fresh Ru—AC
(693 m?/g). They concluded that the initial high surface area
and the carbon nanotube growth in activated biochar played
an important role in stability for the long reaction run. The
interaction of metal support plays a crucial role in carbon
nanotubes growth and catalyst deactivation. The growth of
carbon nanotubes could separate ruthenium from activated

carbon, and ruthenium particles were deposited by carbon,
leading to deactivation after a long run.

Carbonization of coal with ferric nitrate (Fe(NO;),)
addition under potassium hydroxide (KOH) activation was
used to directly produce Fe-doped carbon catalysts. The car-
bonization at low temperatures resulted in the high initial
conversion of methane, whereas active sites of Fe-doped
carbon catalysts catalyst generated at higher temperatures
were mostly created from metal (Fe) particles, resulting in
improved stability but reduced initial catalytic performance
(Wang et al. 2017).

From the literature survey, it can be briefly concluded
that carbon-based catalyst offers several merits over metal
catalysts due to their availability, durability, and low cost.
In addition, the carbon produced during the process could
catalyze the reaction, eliminating the need for an addi-
tional catalyst. The separation of the carbon product from
the catalyst may not be necessary. Unfortunately, the lower
methane conversion and hydrogen yield of carbon catalysts
limit the practical use of this catalyst in the catalytic meth-
ane decomposition process. Furthermore, carbon catalysts
remain a significant problem, particularly because the reac-
tion mechanism must be defined in order to increase cata-
lytic performance further. In-depth, the relationship between
carbon catalyst features such as surface area, porosity, struc-
tural functionality, and its role in reaction processes remains
unknown.

Furthermore, it appears that regeneration of the deacti-
vated carbon catalyst is required for the continuing cata-
lytic breakdown of methane. If regenerative agents such as
oxygen, air, or steam are utilized during the regeneration
process, both the deposited carbon and the original carbon
catalyst may be gasified or burned. Doping active metals
such as nickel, iron, and cobalt are believed to enhance cata-
lytic activity; nevertheless, deactivation of carbon-supported
catalysts is inevitable due to catalyst encapsulation by car-
bon deposition and/or metal carbide formation.

In summary, carbon-based catalysts offer stability and
performance advantages over metal-based ones but can
generate undesired by-products. They include various forms
such as activated carbon, carbon black, and biochar. The
morphology and properties of the deposited carbon signifi-
cantly influence catalyst performance. Adding active met-
als such as nickel and cobalt can enhance catalytic activity.
Regeneration of deactivated carbon catalysts is crucial for
sustained methane breakdown. However, deactivation due
to carbon deposition and metal carbide formation remains a
challenge for carbon-supported catalysts.

Role of the support

The catalyst support plays a role in the catalytic activity
and metal-support interaction. Suitable support with proper

@ Springer
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Table 3 (continued)

References

Catalyst performance remarks

Hydrogen yield (%) Methane conver-

Reaction

Temperature

Q)

Synthesis strategy

Catalyst

sion (%)

time (min-

ute)
550

Wang et al. (2017)

The amount of iron and carbonization

58

Not available

850

Activated carbon doped by 30 wt%

Fe—activated

temperature affected the textural
properties of the catalyst. The

iron

carbon

specific surface area decreased with

increasing iron amount but increased

hydrogen output and methane con-

version

This table presents the synthesis strategies, reaction conditions, and performance evaluations of various carbon-based catalysts utilized in methane reforming processes. Each entry details the
catalyst type, synthesis method, reaction temperature, reaction time, hydrogen yield percentage, methane conversion percentage, and specific catalyst performance remarks. Commercially avail-

able activated carbons, carbon blacks, and activated biochar are among the catalysts evaluated, along with nickel- and ruthenium-doped carbon catalysts. Insights into catalyst stability, activity,

and surface properties are provided, offering valuable information for further research and development in catalytic methane decomposition

preparation techniques could enhance the catalytic perfor-
mance. The excellent support should have favorable prop-
erties such as a high surface area, coke resistance, thermal
stability, and mechanical resistance. The high surface area
will help to create strong metal-support interaction, leading
to enhanced dispersion of metal active sites over the surface
of support materials. Salam and Abdullah (2017) revealed
that the acidity of the support would also help the catalyst to
become thermally stable from sintering and coke deposition
due to the appropriate metal and support interaction. Metal
oxide compounds such as Al,0O;, Si0,, MgO, TiO,, La,0;,
CeO,, ZrO,, and their combination were used as catalyst
support (Ahmed et al. 2016; Awadallah et al. 2018; Torres
et al. 2018b; Németh et al. 2019; Srilatha et al. 2018; Al
-Fatesh et al. 2020; Rastegarpanah et al. 2017a). Further-
more, the utilization of carbon-based material as a support
has also been studied (Harun et al. 2020; Wang et al. 2017).

Ni-based catalysts on different support materials (SiO,,
TiO,, graphite, ZrO,, MgO, Al,0;, SiO,-Al,0;, and
MgO-Si0,) have been catalytically tested (Takenaka et al.
2001). They reported that nickel catalysts on SiO,, TiO,,
and graphite support exhibited high activities and long life
of reaction time, while the remaining supports were inac-
tive for reaction due to fast deactivation. Interestingly, they
reported that pore structures of the support materials play a
key role in the catalytic lifetime. The silica support without
pore structure resulted in the best catalytic activity and long-
est catalyst lifetime.

Chesnokov and Chichkan (2009) synthesized bimetallic
and trimetallic supported on Al,O5 using mechanochemi-
cal activation for catalytic decomposition of methane. The
results implied that the high dispersion of Al,O; particles
between the metals and their alloys reduced the contact
between the metals, preventing the metal sintering. This
contributed to the stability of the catalysts and their ability
to operate at high temperatures. A similar finding was also
reported where the metal particles of nickel and cobalt could
be well-attached and distributed inside the Al,O; support
matrix after being treated at high temperatures (Gao et al.
2020a). However, a gradual deactivation of the catalyst was
still observed with increasing reaction time due to the block-
age of the active surface by produced carbon nanotubes.

The aerogel catalysts containing bimetallic transi-
tion metals supported on aerogel composite supports
(9Ni-1Co/Al,05-TiO,) were successfully synthesized and
exhibited higher catalytic performance than single support
(9Ni—-1Co/Al,03). The composite support could improve
the metal-support interaction and enhance the disper-
sion of active metals, resulting in better catalytic activity
and a lower deactivation rate of the catalyst (Gao et al.
2019a). The formation of nickel aluminate (NiAl,O,) spi-
nel structure is suppressed with the addition of titanium
dioxide (TiO,), leading to an increase in catalytic activity
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Fig.5 Catalytic activity of Methane

conversion
(%)

activated carbon and carbon
black catalyst at 850 °C and
900 °C; herein after denoted as
activated carbon-850, activated
carbon-900, carbon black-850,
and carbon black-900. Activated
carbon showed a high initial
methane conversion, but it
deactivated quickly. In contrast,
carbon black has shown stable
activity at lower methane con-
version. The carbon formed on
activated carbon was the most
amorphous. Meanwhile, carbon
black produces structured or
more crystalline carbon (modi-
fied from Yang et al. 2020)
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(Awadallah et al. 2014b). The strong metal-support inter-
action between nickel and TiO, was also reported to give
a high dispersion of nickel particles on the surface of TiO,
(Shen and Lua 2015).

The nature of support also affects the Co-based catalytic
performance and its longevity in catalytic methane decom-
position (Silva et al. 2016; Awadallah et al. 2016a). Vari-
ous binary oxides (ZrO,-MgO, ZrO,—Al,0;, ZrO,~La,0;,
and ZrO,—CeO,) supported cobalt have been investigated
(Awadallah et al. 2018). The results showed that the addi-
tion of secondary oxides to the zirconium dioxide (ZrO,)
support played a crucial role in the performance of the
cobalt catalyst. Among the supported catalysts, Co/Zr-Mg
exhibited the highest activity in terms of hydrogen yield.
The moderate interaction between cobalt oxide and the mag-
nesium oxide (MgO) support, leading to the formation of
CoMgOx species, enhanced the dispersion of cobalt (11, III)
oxide (Co;0,) and prevented its aggregation on the catalyst
surface.

On the other hand, the Co/Zr-Si catalyst had the lowest
activity due to the agglomeration of Co;0, on the silicon
dioxide (SiO,) support. The researchers also observed that
the deposited carbon on the spent catalysts mainly consisted
of multi-walled carbon nanotubes. This finding is significant
as it demonstrates the potential for the production of valu-
able carbon nanomaterials alongside hydrogen generation.
Overall, the study highlights the importance of the sup-
port material in influencing the activity and stability of the
cobalt catalyst for methane decomposition. The addition of

@ Springer
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secondary oxides to the ZrO, support can enhance the cata-
lytic performance and prevent catalyst deactivation. These
findings contribute to the development of efficient catalyst
systems for COx-free hydrogen production, which is cru-
cial for clean energy applications. The findings revealed
that metal-support interaction plays an important role in
the performance of Co-based catalysts. However, due to
cost and toxicity concerns, Ni- and Fe-based catalysts are
more extensively utilized in methane decomposition than
Co-based catalysts.

The addition of MgO to Al,O; support has received great
interest from many researchers due to its excellent proper-
ties, e.g., high melting point and high thermal and mechani-
cal properties that can be used for catalyst supports. The
mixed metal oxides called magnesium aluminate (MgAl,O,)
spinel with mesoporous nanocrystalline, and high surface
area can be prepared through co-precipitation, sol-gel, solid-
state reaction (Rastegarpanah et al. 2017a). MgO is a popular
catalyst support for carbon nanotube growth and deposition
due to its high metal dispersion and carbon growth. It can be
easily removed from deposited nanocarbons through normal
acid treatment without damaging its structure or crystalline
quality. Rastegarpanah et al. (2017b) investigated the effect
of MgAl,O, as a support for Ni-based catalyst on methane
decomposition under various operating conditions. The find-
ing showed that the mesoporous nanocrystalline structure of
a catalyst with a high surface area was observed. However,
with the increase in MgO/Al,Oj;, the surface area decreased
while the average pore diameter increased.
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Fig.6 Synthesis of a cubic
ordered mesoporous structure
carbide-derived carbon (DUT-
19) and b ordered mesoporous
structure carbon nano-rods
(CMK-3). The mesoporous,
carbonaceous catalysts cubic
ordered mesoporous structure
carbide-derived carbon and
ordered mesoporous structure
carbon nano-rods were tested
for hydrogen and carbon forma-
tion via methane decomposition.
The ordered mesoporous struc-
ture carbon nano-rods showed
better catalytic activity than that
of cubic ordered mesoporous
structure carbide-derived carbon
due to its higher pore volume.
The carbon deposition on the
outer surface and agglomeration
of particles and/or carbon tubes
contributed to the deactivation
of the catalyst
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In addition to acting as a catalyst, carbon-based materials
are widely used as a support in heterogeneous catalysts. Car-
bon black and activated carbon are widely used for support
due to their physicochemical properties, allowing for large
surface areas and high porosity for active site dispersion.
They are mainly derived from natural resources, even though
a series of activation treatments are necessary to develop
a desired property. But it still offers lower cost compared
to conventional metal support. Nowadays, a wide range of
new and advanced nanocarbon materials such as graphene,
carbon nanotubes, fullerene, and their derivatives are being
specially developed for many applications (Saha and Dutta
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2022; Gamal et al. 2021). Carbon-based materials are recog-
nized as the most promising direction to develop next-gen-
eration nano-engineered catalytic materials (Ampelli et al.
2014). Besides its advantages, carbon supports can be easily
gasified or burned when the oxidants (air, oxygen, steam,
and carbon dioxide) are used during catalyst regeneration.
The role of carbon in catalysis mechanisms is still required
in detail for the improvement of the catalytic activity. The
role of support in the catalytic decomposition of methane is
summarized in Table 4.

In summary, catalyst support greatly influences activ-
ity and stability. Suitable supports offer high surface area,
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Fig.7 The profile of hydrogen production was examined after regen-
eration cycles under various regeneration conditions, specifically
at 900 °C for 4 h and 925 °C for 2 h. The investigation focused on
the regeneration of a deactivated carbon-based catalyst using carbon
dioxide as the regenerative agent. Throughout successive deactiva-
tion—regeneration cycles, a noticeable decline in the initial methane
decomposition rate was observed. Concurrently, there was a gradual

decrease in the textural properties of the catalyst, indicating changes
in its structural characteristics over the regeneration cycles. These
findings shed light on the dynamic behavior of the catalyst during the
deactivation and regeneration processes, which is crucial for under-
standing and optimizing its long-term performance (modified from
Pinilla et al. 2007)

Fig. 8 Hydrogen production 0.35
from catalytic methane decom-
position using activated carbon
(AC), Ru-activated carbon
(Ru—-AC), and activated biochar
(AB) catalysts at 800 °C. The
catalytic activity of activated
biochar derived from Douglas-
fir biomass was compared with
commercial activated carbon
and ruthenium-doped activated
carbon. It is worth mention-

ing that surface area plays

an important role in catalyst
performance. A higher surface
area provides higher space for
methane to be absorbed on the
surface of the catalyst (modified
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resistance to coke deposition, and thermal stability. Vari-
ous compounds such as Al,O;, SiO,, and MgO serve as
effective supports. Carbon-based materials, including
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graphene and carbon nanotubes, also play a crucial role.
Overall, support selection significantly impacts catalytic
efficiency.
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Catalyst deactivation mechanisms
and reactivation pathways

Catalytic decomposition of methane catalyst deactivates
largely due to high-temperature metal sintering and unavoid-
able co-product carbon formation. One of the most common
challenges in the catalytic decomposition of methane is the
deactivation of the catalyst during the reaction. Generally,
during a catalytic process, the activity and product selectiv-
ity of a catalyst do not remain permanently intact. However,
the extent of deactivation varies from one catalyst to another
since some of the catalysts show rapid deactivation while
others maintain their catalytic performance for as long as
months. The factors behind catalyst deactivation include
metal particle agglomeration, also known as sintering, and
catalyst poisoning due to the presence of certain gas, such
as hydrogen sulfide, carbon formation, also called coking,
and attrition and/or mechanical degradation (Abbas and
Daud 2009). Sintering, in general, involves metal particle
enlargement or agglomeration at elevated temperatures,
which leads to loss of the specific surface area available for
reactant adsorption and subsequent activation. The following
paragraphs highlight only two factors such as sintering and
coking, leading to catalyst deactivation during the catalytic
decomposition of methane.

Sintering

The higher reaction temperatures promote metal agglom-
eration and/or sintering that leads to catalyst activity loss
since sintering is an irreversible deactivation pathway (Arku
et al. 2018; Aratjo et al. 2021; Eggenhuisen et al. 2013). A
heterogeneous catalyst comprises active metal components
and support material; hence, one can divide sintering into
active metal sintering (AMS) and/or support sintering (SS).
Active metal sintering indicates the perpetual growth of
active metal particles into larger ones. Sintering involves
two major mechanisms: (1) atomic migration, better known
as Ostwald ripening, in which a particle is first released from
a metal that is later taken by another neighboring particle;
(2) particle migration, in which two metal particles traveling
over the surface of a support bump into each other to form a
larger metal particle. Particle migration dominates at lower
temperatures, while higher temperatures facilitate atomic
migration, in particular during long-term reactions (Gao
et al. 2020b). Besides reaction time and temperature, catalyst
composition, structure, and support morphology also play
a role in defining the sintering. On the contrary, solid-state
diffusion, grain boundary diffusion, and surface diffusion, as
well as volatile molecule condensation and/or evaporation
and phase transformation, are the factors affecting the sinter-
ing of support (Pham Minh et al. 2021). One of the examples

of phase transformation with respect to temperature includes
variation in alumina crystal phase from ?-phase to a-phase
at elevated temperatures between 1000 and 1125 °C, leading
to a sharp reduction in the specific surface area (Argyle and
Bartholomew 2015).

Metal-based catalyst deactivation

Several studies have discussed catalyst deactivation with an
aim to extend the lifetime of the catalyst during methane
decomposition. These studies are mostly focused on discuss-
ing the parameters that influence deactivation, the stability
period of the catalyst prior to its deactivation, and the time
it takes a catalyst to deactivate completely. Table 4 clearly
illustrates the catalytic deactivation behavior of numerous
catalysts over time during the catalytic decomposition of
methane. It also covers various parameters, such as the ini-
tial conversion of methane and/or yield of hydrogen, along
with these values at time (¢). The results provide insight into
the loss of catalytic activity over time for different catalysts.

The by-product of methane decomposition comprises
various forms of carbon with different chemical structures,
including graphitic carbon, amorphous carbon, filamentous
carbon, and carbon structure with a higher carbon/hydrogen
ratio called polyaromatic carbon (Li et al. 2011). Table 5
depicts the influence of different catalysts, gas hourly space
velocity (GHSV), and temperature on the amount and types
of carbon produced by the catalytic decomposition of meth-
ane; as can be seen, different catalysts resulted in different
amounts of deposited carbon. It has been agreed among the
scientific community that the deposition of carbon over the
surface of the catalyst is mainly accountable for catalytic
deactivation (Zhang and Smith 2004).

In the first step, methane dissociatively adsorbs over the
surface of the metal, followed by dissolution into products
along with desorption of hydrogen. Subsequently, carbon
adsorbed over the catalyst surface diffuses through the metal
and precipitates at the rear-end of the metal, leading to the
formation of filamentous carbon. However, during carbon
growth, metal crystallites get separated, and these detached
metal crystallites facilitate further growth of carbon fila-
ments for a prolonged time before these crystallites are
encapsulated with carbon and eventually get deactivated
(Figueiredo 1982).

Scientists have also presented various other carbon
growth mechanisms in the recent past. According to Baker
et al. (1972), carbon growth comprises four basic steps, i.e.,
(a) the chemisorption of methane via C—H bond breakage at
the front-end of a catalyst particle, (b) chemisorbed hydro-
gen accumulation into molecules and subsequent desorp-
tion into gaseous phase, (c) carbon diffusion through bulk
of the catalyst from the front-end to the rear-end, and (d)
formation of carbon nanomaterials via carbon nucleation
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Table 4 Catalytic deactivation behavior of various catalysts over time during methane decomposition, along with parameters such as initial
methane conversion and hydrogen yield at a time (¢)

Catalyst ~ Support Reaction conditions  Initial Yy, /XCH4 (%) Yy, /XCH4 (%) Time (¢) (hour) References
T (°C)/ at time (t)
GHSV(L/h g )
NiO No support 800/4.5 45/Not available 49/Not available 6 Pudukudy et al. (2016)
Fe,0; No support 800/4.5 36/Not available 46/Not available 6 Pudukudy et al. (2016)
Ni AlLO4 650/42 Not available/79.2  Not available/68.7 1 Gao et al. (2019b)
Co AlLO4 650/42 Not available/64.7  Not available/37.8 1 Gao et al. (2019b)
Ni Zeolite Socony 700/6 77/Not available 62/Not available 3 Awadallah et al.
Mobil-5 (ZSM-5) (2016b)
Ni Sio, 700/6 77/Not available 13/Not available 3 Awadallah et al.
(2016b)
Ni Santa Barbara Amor- 700/9 46/Not available 39/Not available 7 Pudukudy et al. (2015)
phous-15 (SBA-15)
Ni-Pd Santa Barbara Amor- 700/9 59/Not available 47/Not available 7 Pudukudy et al. (2015)
phous-15 (SBA-15)
Fe WO;-ZrO, 800/4 49/46 41/39 4 Fakeeha et al. (2020)
Fe La,05 + ZrO, 800/4 92/83 79/78 4 Fakeeha et al. (2020)
Fe—Ni La,05 + ZrO, 800/4 91/92 92/93 4 Fakeeha et al. (2020)
Fe CeZr0O, 700/6 83/85 33/36 2 Ramasubramanian
et al. (2020)
Fe—Co CeZr0O, 700/6 90/90 52/54 2 Ramasubramanian
et al. (2020)
Fe-Mo  CeZrtO, 700/6 90/90 50/45 2 Ramasubramanian
et al. (2020)
Co SiO, 700/6 80/Not available 38/Not available 7 Awadallah et al.
(2016a)
Co MgO 700/6 81.5/Not available ~ 65/Not available 7 Awadallah et al.
(2016a)
Co Al O, 700/6 81.5/Not available ~ 90/Not available 7 Awadallah et al.
(2016a)
Fe—Co MgO 700/6 45/Not available 86/Not available 9.5 Awadallah et al.
(2014a)
Ni Al,0,—CeO, 700/6 42/Not available 50/Not available 6.5 Ahmed et al. (2016)
Ni AlLO4 700/6 39/Not available 47/Not available 6.5 Ahmed et al. (2016)
Ni CeO, 700/6 41/Not available 38/Not available 6.5 Ahmed et al. (2016)
Ni Si-Al 700/6 79/Not available 32/Not available 6.5 Awadallah et al.
(2013c¢)
Co Si-Al 700/6 65/Not available 42/Not available 6.5 Awadallah et al.
(2013¢)
Ni—Co Al,05TiO, 650/26.3 Not available/69.3.5 Not available/66.3 1 Gao et al. (2019a)
Ni—Co Al,05TiO, aerogel ~ 650/26.3 Not available/72.5  Not available/72.5 1 Gao et al. (2019a)
Ni HZSM-5/MCM-41 620/36 78/66 78/Not available 6 Alalga et al. (2021)
Ni HZSM-5 620/36 74/60 74/Not available 6 Alalga et al. (2021)
Ni MCM-41 620/36 71/55 72/Not available 6 Alalga et al. (2021)
CG Norit No support 850/0.30 75/60 30/15 8 Pinilla et al. (2007)
Ni Carbon 850/ Not available Not available/80 Not available/90 10 Zhang et al. (2018)

The data sheds light on the evolution of catalytic activity over time for different catalysts, offering valuable insights into their performance
dynamics. Results elucidate the loss of catalytic activity over time, which is crucial for understanding catalyst stability and informing future
research in methane decomposition processes. T refers to temperature, GHSV refers to gas hourly space velocity, Yy, refers to hydrogen yield,
and Xy, refers to methane conversion
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at the rear-end of the catalyst. The same group of research-
ers have also proposed three-step carbon growth during the
catalytic decomposition of methane. Initially, the adsorption
and decomposition of hydrocarbons take place over the cata-
lyst's active sites. In the next stage, carbon species dissolve
through active metal from the hotter front-end face, which
is exposed to the gaseous phase, to the cooler rear-end face
and eventually carbon precipitates to form filamentous car-
bon. Ultimately, growing carbon encapsulates the catalyst's
active sites, and hence, the growth rate is decreased. It can
be inferred that the rate of catalyst deactivation is correlated
with the rate of carbon diffusion. Hence, to maintain the
activity of a catalyst, the rate of carbon diffusion needs to be
higher than the rate of carbon growth, else carbon encapsula-
tion of the catalyst leading to its deactivation is inevitable.

It has been reported that carbon formation is linearly
proportional to the reaction temperature and has an inverse
relationship with the partial pressure of methane (Vil-
lacampa et al. 2003). Catalysts may start to disintegrate at
higher amounts of carbon formation. Furthermore, the fac-
tors affecting the catalytic activity with respect to carbon
growth (Amin et al. 2011), include (a) stronger adsorption
of the carbon on active sites covers the active sites and pre-
vents the feed gas from approaching active sites; (b) active
site gets completely encapsulated by carbon formed over the
surface of the catalyst; (c) carbon negatively influences the
textual properties of the catalyst by blocking the pores and
eventually access of feed gas inside the pores; (d) can lead
to disintegration of catalyst pellets associated with the for-
mation of sturdy carbon filaments; and (e) carbon formation
under extreme conditions can end up physically blocking
the reactor tube.

The catalyst deactivation has also been found to be a
function of the operating parameters such as partial pres-
sure of reactant (methane) and product (hydrogen), operat-
ing temperature, and feed gas flow rates and/or gas hourly
space velocities (Villacampa et al. 2003; Ermakova et al.
2000). The widely investigated role of operating temperature
and feed gas flow rate has shown that these parameters are
vital in affecting both the rate of methane decomposition and
catalyst deactivation. At higher reaction temperatures, higher
decomposition rates promote the rate of carbon nucleation.
Hence, the rate of carbon nucleation is too fast for carbon
diffusion to catch up and eventually, nickel active sites start
deactivating due to their coverage with deposited carbon,
leading to rapid catalyst deactivation (Zhang et al. 2011).
In the case of feed gas flow rates or space velocities, it is
evident that higher space velocities cause quick deactiva-
tion of catalysts in comparison with lower space velocities
associated with the competitive imbalance between carbon
nucleation and carbon diffusion at higher space velocities.
Therefore, higher amounts of hydrogen and carbon are pro-
duced at lower space velocities. It can be concluded from

the above discussion that both higher space velocities and
operating temperatures lead to catalyst deactivation; how-
ever, higher reaction temperature produces more amounts
of hydrogen than that of higher space velocities.

In contrast with metal-based catalysts, the deactivation
of a carbon-based catalyst is, in fact, a catalyst transforma-
tion phenomenon in which active sites in the fresh catalyst
sample change to inactive/deactivated sites in the post-reac-
tion catalyst sample. It can be inferred that in carbon-based
catalysts, disordered/unstructured types of carbon convert
into more structured/ordered carbon. It has been reported
that the activation energy of 227.1 kJ/mol in the case of
growth of carbon crystallites is much lower than the activa-
tion energy (316.8 kJ/mol) of the formation of carbon nuclei
during catalytic decomposition of methane (Muradov et al.
2005). The activation energy data indicate that crystallite
growth outperforms nucleation rate, and this rapid crys-
tallite growth of carbon could result in turbostratic and/or
pseudo-order carbon formation, leading to activity loss. The
operating conditions are found to play a role in influencing
the catalyst’s capacity in accommodating the carbon, hence
implying that the amount of carbon formed is not the sole
factor behind catalyst deactivation (Moliner et al. 2005).
The impact of operating conditions can be divided into two
categories: activated diffusion effect (ADE) and molecular
sieve effect (MSE). In the case of the activated diffusion
effect, methane diffuses in the molecular form inside the
smaller-sized pores, and this molecular methane diffusion
rate increases at elevated reaction temperatures, leading to
enhanced carbon deposition inside pores. Hence, catalytic
methane decomposition over-activated carbon catalysts take
place inside pores at elevated temperatures. In the molecular
sieve effect, carbon deposition is strongly related to block-
age of the pore mouth. In fact, with the progression of car-
bon formation, the pore mouth starts to shrink, leading to
loss of access to the inner surface of the pores for methane
adsorption/activation. It can be concluded that in the case
of carbon-based catalysts, loss of active sites is not only
controlled by carbon formation, but experimental parameters
also affect the rate of catalyst deactivation as demonstrated
by the activated diffusion effect and molecular sieve effect
(Ashik et al. 2015).

In conclusion, catalyst deactivation during catalytic meth-
ane decomposition is primarily attributed to high-tempera-
ture metal sintering and co-product carbon formation. The
diverse catalyst behaviors observed underscore the complex-
ity of this process. Sintering, characterized by metal particle
enlargement and support structural changes, is irreversible
and influences catalyst stability. Carbon formation, on the
other hand, occurs due to methane decomposition over active
sites and subsequent carbon growth, ultimately encapsulat-
ing the catalyst's active sites and leading to deactivation.
Operating conditions such as temperature and gas flow rates
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Table 5 Effect of different catalysts, gas hourly space velocity, and temperature on carbon yield and types in the catalytic decomposition of

methane
Catalysts Support Tempera- GHSV Gram (car- Gram (carbon)/ Carbon morphology References
ture (°C) (mL/ bon)/gram gram (catalyst)
earl) (CHygeca)
50 wt% Ni SiO, 750 1800 0.504 Not available ~ Carbon nanotubes Saraswat and Pant
(2013b)
50 wt% Ni/5 wt% Cu 0.531 Not available
50 wt% Ni/10 wt% 0.619 Not available
Cu
50 wt% Ni/15 wt% 0.467 Not available
Cu
50 wt% Ni/20 wt% 0.374 Not available
Cu
50 wt% Ni MCM-22 750 1800 Not available  3.63 Multi-walled carbon ~ Saraswat and Pant
nanotubes (2011)
50 wt% Ni/5 wt% Cu Not available  4.26
50 wt% Ni/5 wt% Not available  4.26
Cu/5 wt% Zn
50 wt% Ni/10 wt% Not available 5.5
Cu
50 wt% Ni/10 wt% Not available  5.45
Zn
Nij s/Al Mixed metal 700 6000 Not available  0.11 Carbon nanotubes Guo et al. (2018)
oxides
(MMOs)
Ni, /Al Not available  0.49
Ni,/Al Not available  2.02
Niy/All Not available ~ 4.55
Nig 5 Al,O4 Not available  0.67
Ni, Not available ~ 1.15
Ni, Not available  1.36
Nij Not available ~ 1.29
85%Fe ZrO, 700 8000 Not available  13.5 Carbon nanotubes Ermakova and
Ermakov (2002)
Al O, Not available 14
TiO, Not available  17.4
SiO, Not available 45
69 wt% Fe Al O, 700 6000 Not available ~ 2.28 Multi-walled carbon ~ Torres et al. (2012)
nanotubes
800 6000 Not available ~ 4.25
850 6000 Not available  2.30
900 6000 Not available ~ 3.02
800 3000 Not available 3.6
800 8000 Not available 4.8
12.3Fe/1Mo (molar ~ Al,O4 750 1500 Not available  1.92 Bamboo shaped Torres et al. (2014)
ratio)
MgO 750 1500 Not available  8.26 Tubular
Carbopack C No support 850 3800 Not available  0.08 Carbon crystallites Suelves et al. (2007)
Carbopack B 3800 Not available  0.12
Carbon black (Fluke 3800 Not available  0.65
05120)
Carbon black (Fluke 9500 Not available  0.69
05120)
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Table 5 (continued)

Catalysts Support Tempera- GHSV Gram (car- Gram (carbon)/ Carbon morphology ~ References
ture (°C) (mL/ bon)/gram gram (catalyst)
gcat'h) (CH4feed)
Carbon black (Fluke 3800 Not available  0.212
03866)
Carbon black (Black 3800 Not available  0.22
pearls 2000)
Industrial carbon 3800 Not available  0.28
black (HS-50)
Commercial acti- 3800 Not available  0.45
vated carbon (CG
Norit)
Commercial acti- 9500 Not available  0.60
vated carbon (CG
Norit)

This comprehensive table showcases the crucial role played by catalyst composition, support material, and operating conditions in determining
both the carbon yield and morphology during the catalytic decomposition of methane. By systematically varying these parameters, valuable
insights have been gained, enabling the optimization of the process for the production of desired carbon products with enhanced efficiency and
selectivity. The findings presented here offer significant contributions toward the development of optimized catalytic systems, particularly for the
synthesis of specific carbon products such as carbon nanotubes and multi-walled carbon nanotubes, which hold great potential for diverse appli-
cations across various industries. GHSV refers to gas hourly space velocity, and CH,g,4 refers to methane feed

play crucial roles in catalyst performance, affecting carbon
deposition and pore blockage. Understanding these mecha-
nisms is pivotal for designing robust catalysts for methane
decomposition applications.

Catalyst regeneration

The regeneration of the deactivated catalyst is the key issue
for a continuous hydrogen production method. The research-
ers frequently propose two different catalyst regeneration
techniques: air regeneration Eq. (1) and steam regeneration
Eq. (2), with carbon dioxide regeneration Eq. (3) being uti-
lized to a lesser extent. Air regeneration involves oxygen
reacting with deposited carbon, resulting in a mixture of
carbon oxides. Carbon dioxide regeneration involves carbon
reacting with carbon dioxide, producing carbon monoxide
and a mixture of carbon oxides. The best method depends on
the operation's overall economics. The conclusion remarks
of the regeneration test for different catalysts are summa-
rized in Table 6.

C+0, > CO, AH,y, = —394.7 kl/mol )
C+H,0 > CO+H, AH,y;= 135.9 kl/mol @)
C+CO, > CO AH,y, = 174.5 kI/mol 3)

The steam regeneration of used catalysts is divided
into two stages: pure hydrogen production in the first
stage and hydrogen polluted with carbon monoxide

and carbon dioxide in the second (Zhang and Amiridis
1998). They regenerated a deactivated 16.4% Ni/SiO, at
550 °C under a steam environment, restoring its activity
and revealing nickel's metallic form and carbon pockets.
Transmission electron microscopy results showed fila-
mentous residual carbon with thinner walls, suggesting
that initial solid filaments were more resistant to steam
gasification. Therefore, it is suggested to propose an air
oxidation cycle followed by consecutive cycles to elimi-
nate resistant carbon.

From an energy perspective, utilizing a technology capa-
ble of generating sufficient energy to offset a portion of the
energy required for methane cracking is highly desirable.
One such technology is air regeneration, which offers dis-
tinct advantages. In contrast, steam regeneration results in
increased hydrogen production; however, it is an endothermic
process. On the other hand, air regeneration is exothermic,
providing an additional energy benefit. Moreover, the faster
the regeneration process, the higher the catalyst circulation
rates can be achieved. Notably, air regeneration outperforms
steam regeneration in terms of speed. It is worth mentioning
that during air regeneration, localized hotspots may arise,
leading to the oxidation of specific active sites. Consequently,
a reduction step is necessary before reusing the catalyst for
methane cracking (Zhang and Amiridis 1998). Sintering can
occur in high-temperature zones, reducing the exposed nickel
surface area (Aiello et al. 2000). In steam regeneration, on the
other hand, the catalyst bed temperature may be kept more
homogenous, preventing sintering. Steam regeneration pre-
vents sintering by maintaining a homogeneous catalyst bed
temperature. Additionally, the reduction of catalytic activity
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after regeneration is due to a shift in nickel atom orientation
from nickel (Rahman et al. 2006).

Economics

Currently, hydrogen production is still dominated produced
from fossil energy sources such as coal, natural gas, and
oil, of which 76% comes from natural gas, 23% from coal,
and less than 2% arises from water electrolysis (Zhang et al.
2022). Color codes are frequently used in manufacturing
processes to differentiate between different kinds of hydro-
gen generation and power use, as shown in Fig. 9. Methane
reforming methods are commonly utilized for hydrogen
generation and emit massive volumes of carbon dioxide,
which not only pollute the environment but also need the
deployment of downstream treatments owing to the growth
in carbon dioxide emission tariffs. Hydrogen from steam
methane reforming has an emission factor of around 285 g/
kWh-H, (9.5 kgCO,/kgH,), and coal gasification has an
emission factor of around 675 g/kWh-H,, accounting only
for energy use and process emissions (IRENA 2019). Addi-
tional carbon dioxide separation steps (Wibowo et al. 2021),
carbon capture and storage (CCS) (Zhang et al. 2022), and
carbon capture and utilization (CCUS) (Lim et al. 2023)
need to be considered.

On the other hand, methane decomposition has the lowest
specific economic emissions of 40 kgCO,/MWhy,, compared
to steam methane reforming (293 kgCO,/MWhy,,) and even
steam methane reforming coupled with carbon capture and
storage (133 kgCO,/MWhyy,). In the case of electrolysis, the
specific carbon dioxide emissions are influenced by elec-
tricity production technologies; besides using renewable
electricity for electrolysis, higher specific carbon dioxide
emissions cannot be avoided. At present, carbon capture
and storage technologies are performed by capturing carbon
dioxide in the gaseous form and transporting it to the storage
site. However, carbon capture and storage needs consider-
able investment in infrastructure, and thus, its implementa-
tion is still a time-consuming process and may increase the
price of hydrogen.

The techno-economic evaluations of several hydrogen
production technologies are recently reported. Parkinson
et al. (2019) estimated that the costs of current hydrogen pro-
duction from steam methane reforming range from 1.52 to
2.32 USD/kgH,, with an average of 1.89 USD/kgH, for natu-
ral gas prices from 4.80 to 12.26 USD/GIJ. The production
of hydrogen by steam methane reforming, coal and biomass
gasification, and water electrolysis has been economically
studied (Mueller-Langer et al. 2007). Their study revealed
that steam methane reforming is currently the most favorable
hydrogen production method from a techno-economic point
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of view. The specific total capital investment and hydro-
gen production cost of steam methane reforming without
carbon capture and storage were calculated to be 522,475
USD/MW,, and 60 USD/MW,,, respectively. Higher specific
total capital investment and hydrogen production cost were
found for steam methane reforming with carbon capture
and storage, which is approximately 598,773 USD/MW,,
and 66 USD/MW,,, respectively. Likewise, Simbeck and
Chang found steam methane reforming to be a less expensive
hydrogen generation technique than coal gasification, bio-
mass gasification, petroleum coke gasification, and/or water
electrolysis (Simbeck 2002). They found that the production
of hydrogen from steam methane reforming varied and was
affected by the sequential hydrogen delivery. Additionally,
the production cost of large-scale steam methane reforming
also depends on the natural cost price (share of 70-75%) and
an extra 10-23% of the cost for carbon capture and storage
(Mueller-Langer et al. 2007).

Gasification of coal could be competitive with steam
methane reforming when the price of natural gas is enor-
mously high. The hydrogen production cost available in the
literature is 1.42-2.77 USD/kgH, (average of 2.04 USD/
kgH,) for coal prizes from 1.96 to 4.03 USD/GJ (Parkin-
son et al. 2019). Compared to steam methane reforming, the
specific total capital investment of coal gasification without
and with carbon capture and storage were 1,273,844 USD/
MW, and 1,459,612 EURO/MW,; respectively (Mueller-
Langer et al. 2007). Mueller-Langer et al. (2007) calculated
that the production cost of hydrogen from coal gasification
with carbon capture and storage is around 65 EURO/MW,,,,
which is more expensive than that of without carbon capture
and storage (50 EURO/MW ). The lower hydrogen produc-
tion cost might be explained by the lower coal price com-
pared with the natural gas price. Currently, there are only a
few commercial uses of biomass gasification for hydrogen
generation; however, if the present technological limitations
are overcome, this can be a financially feasible choice. The
supply chain and price of various biomass feedstocks have
a significant impact on the sustainable operation of biomass
gasification plants. It is believed that the utilization of bio-
mass will receive more and more attention to deal with net
Zero emissions.

On the other hand, hydrogen production by electrolysis
of water has recently been developed as it can be pow-
ered by renewable electricity. Yet, electrolysis cannot
be applied in wide-scale hydrogen production to meet
the hydrogen economy due to the cost of electrolyzers
and renewable electricity. The lower production costs of
renewable electricity could be achieved when the capital
investment for renewable electricity production plants can
be reduced. The specific investment of water electrolysis
and the production cost of hydrogen are estimated to reach
1.82 million USD/MW,, and 130 USD/MW,, respectively
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Table 6 Catalyst regeneration under different operating conditions and oxidative agents

Catalyst Oxidative agent Regeneration  Concluding remarks References
temperature
°O
40Fe/Al,04 Carbon dioxide 750 The regeneration catalyst would not be able to Qian et al. (2019)
agglomerate as big as the fresh catalyst and could
not completely oxidize deposited carbon by carbon
dioxide oxidation due to the limited oxidation
capacity of carbon dioxide
Fe/Si0O, 10% oxygen 500 Carbon deposition was burnt off as carbon dioxide. Ayillath Kutteri et al. (2018)
The regeneration could maintain the catalyst activ-
ity, but the selectivity toward carbon nanotubes
formation decreased
Ni/CeZrO, 2.8 vol% H,0/Argon 900 The oxidation of deposited carbon took place at lower Lamacz (2019)

temperatures, and the complete regeneration was
obtained at 650 °C. The formation of hydrogen

was not only from the carbon oxidation but also
water dissociation on zero-valent nickel and oxygen
vacancy of CeZrO,

Activated carbon  Carbon dioxide 900-1000

Higher regeneration temperature increased the long-

Abbas and Daud (2009)

term stability of the catalyst

Ni/MgO 2.8 vol% H,0/Argon 900

The carbon on the Ni/MgO was oxidized at 700 °C,

Lamacz (2019)

but re-oxidation was not complete. Hydrogen was
produced from the oxidation of carbon deposits and
partial re-oxidation of the nickel

CG-Norit Carbon dioxide 925

High temperatures are required to effectively remove

Pinilla et al. (2007)

all remaining carbon that has impacted the textural
properties of the catalyst

Ni/?-ALO, Air 500

After oxygen regeneration, the catalyst fragmented

Rahman et al. (2006)

into a fine powder, presumably due to regeneration
or porous alumina support disintegration during
filament growth

15Co-30Fe/Al,0; 10% oxygen/nitrogen 500

The performance of regenerated catalysts showed a

Fakeeha et al. (2018c)

lower activity at a higher cycle number. The coke
deposition could be the reason for deactivating the
catalyst. Thus, some of the iron active sites of cata-
lyst could not completely regenerated

The table presents a comprehensive overview of catalyst regeneration procedures, considering various operating conditions and oxidative agents.
Each regeneration method, including air, steam, and carbon dioxide, exerts distinct effects on catalyst performance and longevity. Steam regen-
eration stands out for its ability to enhance hydrogen production while maintaining catalyst stability. On the other hand, carbon dioxide regenera-
tion exhibits notable impacts on catalytic activity over repeated cycles. Crucial information regarding temperature effects and observed changes
in catalyst behavior is provided for each entry. This comprehensive understanding of different regeneration pathways is vital for optimizing cata-

lyst performance in continuous hydrogen production processes

(Mueller-Langer et al. 2007). Regardless of this, water
electrolysis may likely be practical for regions without
access to natural gas (remote areas or standalone grids), or
if hydrogen is applied as an energy storage of electricity.
The techno-economic evaluation of hydrogen production
by dual fluidized bed biomass gasification (DFB), biogas
steam reforming (BSR), and electrolysis with their nec-
essary downstream separation and purification steps was
reported (Yao et al. 2017).

Many academics have suggested the catalytic decompo-
sition of methane to produce hydrogen as a viable transi-
tion technology toward the hydrogen economy. The pro-
duction cost of hydrogen from the catalytic decomposition

of methane is expected to be 1.57-1.67 USD/kgH, (Yousefi
Rizi and Shin 2022). When the value of the carbon product
(carbon black) exceeds 611 USD/ton-carbon, and the cost
of carbon dioxide emission allowance is less than 49 USD/
tonCO,, hydrogen generation based on catalytic decompo-
sition of methane would be economically feasible (Yuan
et al. 2008). Meanwhile, it was reported that the thermal
decomposition of methane (TDM) would be competitive
with steam reforming when the product carbon value of
295 USD/ton-carbon and carbon tax of 115 USD/ton-CO,
are achieved (Parkinson et al. 2019). Carbon black is com-
posed of elemental carbon with tiny particle sizes and may
be utilized as a reinforcing ingredient in rubber goods as
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Fig.9 Hydrogen production
pathways. The manufacturing
processes employ hydrogen
color coding, distinguishing
between different hydrogen
types based on their produc-
tion methods. Green hydrogen,
generated from renewable
energy sources such as solar
or wind energy, undergoes
water electrolysis. Gray and
brown hydrogen result from
methane steam reforming and
coal gasification, respectively.
Blue hydrogen is produced by
combining either gray or brown
hydrogen with carbon capture
and storage techniques. Tur-
quoise hydrogen, derived from
methane pyrolysis, yields solid
carbon as a by-product
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well as a pigment source in paints and inks. Carbon black
costs between 500 and 2000 EURO per ton, depending on
quality (Keipi et al. 2018). It has also been reported that the
catalytic decomposition of methane could produce various
carbon, which has economic value (Mitoura dos Santos
Junior et al. 2022).

The estimated prices of carbon products produced from
methane decomposition, as found in a study by Mitoura dos
Santos Junior et al. (2022), are as follows: Carbon black
ranges from 400 to 2000 USD per ton, carbon fibers range
from 25,000 to 113,000 USD per ton, and carbon nanotubes
have an estimated price range of 100,000-600,000 USD per
ton.

Keipi et al. (2018) conducted a comprehensive cost—bene-
fit analysis of hydrogen generation methods including meth-
ane decomposition, steam reforming, and water electrolysis
on a small, medium, and large scale. The results showed that
the product of carbon plays an economical role in small or
medium industrial-scale on-site hydrogen production. The
cost of centralized hydrogen production by steam reforming
methane is very cheap; however, the necessity for hydrogen
transportation raises the cost of hydrogen production. The
cost of hydrogen transportation has been calculated to be
75 USD/MWhy,, for transportation distances longer than
100 km and 36 USD/ MWhy,, for distances less than 50 km
(Yang and Ogden 2007).

In conclusion, as methane decomposition does not pro-
duce carbon dioxide, it will be more competitive than other
technologies for hydrogen production for industrial applica-
tions. Strict regulation is needed to deal with this issue. Fur-
thermore, for a thorough economic and environmental evalu-
ation of hydrogen energy chains, the additional expenses for
hydrogen storage, transportation, and consumption should
be addressed. Despite their economic competitiveness, large-
scale hydrogen plants have hurdles because of the increased
effort required to create the infrastructure network for stor-
age, transmission, and distribution. A small-moderate-size
hydrogen production facility, on the other hand, would
allow for the alleviation of these concerns at the penalty of
increased hydrogen production costs. Therefore, a compre-
hensive assessment of hydrogen production, storage, distri-
bution, and utilization needs to be economically analyzed,
depending on the needs of specific regions. A summary of
hydrogen production is listed in Table 7 to give insight into
hydrogen production from different pathways.

Perspective

Catalytic methane decomposition has been investigated
for over a century; however, this technology has yet to be
commercialized and faces severe challenges. The catalyst
is currently being designed in the laboratory, and the most

significant challenge is catalytic activity loss caused by
poisoning, coking (carbon deposition), mechanical deterio-
ration, and sintering. It is difficult for catalysts to exhibit
both high activity and long-term stability. The fundamental
issue is that carbon, an unavoidable by-product of catalytic
methane decomposition, hinders active sites from interacting
with methane. A considerable deal of study has been done
on the deactivation process. Deactivation through carbon
encapsulation is the primary mechanism of catalyst inac-
tivation. Higher methane conversion rates are achieved by
some metal-based catalysts at the expense of increasing car-
bon dioxide emissions. The oxygen molecules are acquired
mostly from the support or from oxygen-containing func-
tional groups on the support surfaces, reducing the benefits
of catalytic methane decomposition. Furthermore, metal car-
bide production causes deactivation, which is a significant
barrier to employing metal-based catalysts.

The specific impact of carbon surface structure on cata-
lytic methane decomposition performance in carbon-based
catalysts is currently under discussion. Although faults and
outlying edges are commonly mentioned as being important
in the formation of active cores, there is no direct crucial
proof. Controlling these areas intentionally and successfully
throughout the preparatory phase remains challenging. Con-
trolling the initial carbon catalyst and the produced carbon
during the catalytic methane decomposition reaction, which
might result in an autocatalytic reaction process, is complex.
Although the synergistic effect of metal and carbon is often
utilized to explain catalyst activity augmentation, the par-
ticular approach and procedure are unknown.

Many studies indicate that regeneration of the catalyst is
the best technique for overcoming deactivation. Even ignor-
ing the issue of retaining the activity of the regenerated cata-
lyst, catalyst regeneration encounters secondary emissions
and carbonaceous waste. According to studies, the amount
of carbon dioxide and/or carbon monoxide generated during
the regeneration process is roughly similar to that produced
during the steam reforming process. This not only decreases
efforts to regulate emissions, but it may also contaminate
the generated hydrogen, needing further purification to get
clean hydrogen.

As aresult, the regeneration process has had a significant
impact on the primary aim of the catalytic methane decom-
position development. Carbon is widely regarded as a high-
value-added commodity that necessitates the separation of
carbon and catalyst. The unique characteristics of carbon
allow for a wide range of applications (Fig. 10). Another
key issue is knowing how to appropriately collect carbon
without interfering with the function of the catalyst. Finally,
finding a market for the carbon produced in the process is a
crucial hurdle before considering commercial implementa-
tion. According to the catalytic methane decomposition pro-
cess's economic analysis, the sales price of carbon products
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Table 7 Recent hydrogen production costs via different routes

Process conversion Capital cost (million Plant size (ton/day) Feedstock Hydrogen cost References
USD) price (USD/
GI) USD/kg USD/GJ
Steam reforming 591 1200 7.70 1.96 11.72 Council (2004)
33 379 9.86 3.00 21.11 Ramsden et al. (2013)
148 120.5 4.87 1.65 11.63 Molburg and Doctor
(2003)
268 298.8 12.26 2.70 19.05 Mueller-Langer et al.
(2007)
591 1200 7.70 1.96 11.72 Council (2004)
107 150 6.70 1.68 11.81 Ewan and Allen (2005)
356 446 391 1.58 11.13 Khojasteh Salkuyeh et al.
(2017)
Not available 87 Not available Not available Not available Muradov (2000)
245 208.8 6.60 3.19 2242 Keipi et al. (2018)
Steam reforming with ~ Not available Not available Not available 1.83 12.93 Council (2004)
carbon capture and
storage
Not available Not available Not available 2.23 15.69 Molburg and Doctor
(2003)
Not available Not available Not available 2.98 20.94 Mueller-Langer et al.
(2007)
Not available Not available Not available 2.69 18.94 Ewan and Allen (2005)
Not available Not available Not available 1.80 12.68 Hosseini and Wahid
(2016)
Not available Not available Not available 3.19 22.45 (Khojasteh Salkuyeh
et al. 2017)
Not available Not available Not available 2.52 17.77 Muradov (2000)
Not available Not available Not available 4.15 29.18 Keipi et al. (2018)
Coal gasification 1609 1200 2.10 1.28 9.00 Council (2004)
1732 770.7 2.55 1.74 12.24 Kreutz et al. (2005)
652 298.8 4.03 2.24 15.85 Mueller-Langer et al.
(2007)
423 150 2.11 2.29 16.12 Ewan and Allen (2005)
Coal gasification with ~ Not available Not available Not available 1.95 13.70 Council (2004)
carbon capture and
storage
Not available Not available Not available 3.32 23.44 Davison et al. (2009)
Not available Not available Not available 2.33 16.41 Mueller-Langer et al.
(2007)
Not available Not available Not available 3.13 22.08 Ramsden et al. (2013)
Methane decomposition 422 196.5 1.03 2.89 20.44 Mondal and Ramesh
Chandran (2014)
8 2.16 10.15 3.62 25.42 Keipi et al. (2018)
849 547 5.90 2.39 16.85 Parkinson et al. (2017)
515 274 5.90 2.05 14.45 Parkinson et al. (2018)
Parkinson et al. (2017)
242 152.9 7.54 2.15 15.22 Lane and Spath (2018)
Water electrolysis
Wind electrolysis 1033 USD/kW Not available Not available 6.14-7.44 43.24-52.39  Levene and Sverdrup
(2006)
738 USD/KW Not available Not available 10.30 72.51 Nikolaidis and Poullikkas
(2017)
1328 USD/kW Not available Not available 5.25 36.97 Mason (2007)
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Table 7 (continued)

Process conversion Capital cost (million Plant size (ton/day) Feedstock Hydrogen cost References
USD) price (USD/
USD/kg USD/GJ
GJ)
Solar electrolysis 590 USD/kW Not available Not available 8.80-35.41  61.93-249.28 Nikolaidis and Poullikkas
(2017)
1353 USD/kW Not available Not available 4.93 34.68 Mason (2007)
Nuclear electrolysis 1181 USD/kW Not available Not available 9.15-10.52  64.5-74.11 Parkinson et al. (2017)
738 USD/kW Not available Not available 6.13-11.78  46.77-82.95 Nikolaidis and Poullikkas

(2017)

It highlights capital costs, plant sizes, feedstock prices, and resulting hydrogen costs across different processes such as steam reforming, coal
gasification, methane decomposition, and water electrolysis (including wind, solar, and nuclear electrolysis). The data underscore the economic
viability and comparative advantages of each production route. While steam reforming remains prevalent despite high capital expenses, methane
decomposition emerges as a potentially cost-effective alternative. Water electrolysis, particularly utilizing renewable energy sources, offers envi-
ronmentally sustainable options with competitive hydrogen costs. Nuclear electrolysis presents a promising avenue with relatively lower capital
outlays. This comprehensive analysis aids policymakers, researchers, and industry stakeholders in navigating the evolving landscape of hydrogen
production economics, facilitating informed decisions on technology adoption and investment

and methane are the most important factors impacting the
economic feasibility of hydrogen generation.

Conclusion

This review paper provides a comprehensive analysis of
catalytic methane decomposition for carbon—neutral hydro-
gen production. The escalating global demand for energy,
coupled with the need to reduce greenhouse gas emissions,
highlights the significance of exploring sustainable energy
carriers such as hydrogen. The review emphasizes the poten-
tial of catalytic methane decomposition as a promising ave-
nue for hydrogen production, along with the synthesis of
valuable carbon nanomaterials. The review highlights the
advancements in catalyst development for catalytic meth-
ane decomposition, including metal-based catalysts such as
monometallic, bimetallic, and trimetallic catalysts. It also
explores the role of carbon-based catalysts and the signifi-
cance of support materials in enhancing catalytic perfor-
mance. The analysis of catalyst deactivation mechanisms,
particularly coke deposition and metal sintering, sheds light
on the challenges associated with catalytic methane decom-
position. However, the review underscores the importance of
catalyst regeneration techniques to maintain catalyst activity
and prolong its lifespan.

From an economic perspective, the review evaluates
the feasibility of catalytic methane decomposition and
its potential for cost-effective hydrogen production.
With global hydrogen demand projected to increase
significantly in the coming years, catalytic methane

decomposition offers a promising solution due to its
lower energy requirements and simplified process com-
pared to traditional reforming methods. The review also
emphasizes the need for further research and develop-
ment to address the challenges and optimize the eco-
nomic viability of catalytic methane decomposition.
Statistical data from the review support the significance
of catalytic methane decomposition as a sustainable
energy production method. The projected increase in
global hydrogen demand from 70 million tons in 2019 to
over 200 million tons in 2030 underscores the growing
importance of hydrogen as an energy carrier. The analy-
sis of different hydrogen production processes, including
steam reforming, dry reforming, and partial oxidation
of methane, highlights the advantages and limitations of
each method. The moderate endothermic nature of cata-
lytic methane decomposition, resulting in lower energy
requirements and operational costs, further strengthens
its potential as a viable option for hydrogen production.
Overall, this review paper provides valuable insights
into the catalytic methane decomposition process, cata-
lyst development, deactivation mechanisms, regeneration
techniques, and economic considerations. It serves as a
roadmap for future research and development in catalytic
methane decomposition, aiming to contribute to the sus-
tainable evolution of hydrogen production technologies
in the broader context of environmental chemistry. By
harnessing the potential of catalytic methane decomposi-
tion, we can pave the way for a carbon—neutral future and
mitigate the challenges associated with energy supply
and greenhouse gas emissions.
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Fig. 10 Applications of carbon nanomaterials. Carbon nanomaterials,
including single-walled nanotubes, fullerene, multi-walled nanotubes,
graphene, and their composites, are being applied in many fields. Due
to their special properties, carbon nanomaterials have been utilized
for energy storage, such as batteries and supercapacitors, polymer and
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