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Abstract
Methane  decomposition  technology  is  regarded  as  a  promising  pathway  for  one-step  H2

generation  but  suppressed  by  carbon  deposition  and  catalyst  deactivation.  To  solve  these

problems,  a  series  of  NiO/MgAl2-xFexO4 (0.50  ≤ x ≤ 2.00)  catalysts  were  prepared  for

accomplishing  low-temperature  H2 generation  from  catalytic  methane  dissociation  and

alleviating catalyst invalidation through a carbon dioxide reduction strategy. Results indicate

that  a  methane  conversion  of  91.03%  and  a  hydrogen  concentration  of  91.21  vol%  were

achieved at 650 °C using NiO/MgAlFeO4.  Long-term durability experiments were conducted

under  high-temperature and carbon-deposited conditions,  and the NiO/MgAlFeO4 material

still  had highly satisfactory activity and stability after 20 cycles. It  is revealed that the lattice

distortions of Fe-O and Al-O in NiO/MgAl2-xFexO4 could be the dominant factor for boosted

hydrogen  generation  from  methane  decomposition,  synergistically  promoting  methane

activation  and  dehydrogenation.  These  findings  provide  new  implications  for  advanced

catalyst  design,  which  will  substantially  promote  methane  decomposition  in  a  highly

efficient manner.

Keywords: Catalytic  methane  decomposition, Low-temperature  hydrogen  production, Lattice  distortion  modulation,

NiO/MgAlFeO4, CO2 reduction

Highlights
•  Low-temperature methane decomposition with carbon dioxide reduction was proposed.

•  The NiO/MgAlFeO4 catalyst showed excellent catalytic activity and stability in CMD.

•  91.03% CH4 conversion and 91.21 vol% H2 concentration can be obtained at 650 °C.

•  Lattice distortion of MgAl2−xFexO4 dominates graphitization degree of deposited carbon.
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 Introduction

Hydrogen,  as  a  suitable  substitute  for  fossil  fuels,  has  attracted
widespread  attention  owing  to  its  renewable,  clean,  and  carbon-free
advantages[1,2].  Just  as  importantly,  the  calorific  value  of  H2 is
39.4  kWh/kg,  about  2.75  times  greater  than  that  of  other  liquid
hydrocarbon  fuels[3,4].  Hydrogen  production  in  an  efficient  and
continuous manner is highly desired for the sustainable development
of  clean  energy[5−7].  Relying  on  the  abundant  proven  reserves
worldwide,  and  the  technological  advantages  of  a  high  H/C  ratio,
natural gas is widely utilized for generating H2

[8−10].  Among methane-
to-hydrogen  production  pathways,  steam  reforming  of  methane  is  a
commercialized technology and a predominant industrial approach to
producing  hydrogen[11,12].  Nevertheless,  the  process  suffers  from
complicated  procedures,  high  energy  consumption,  and  equipment
costs.  Moreover,  carbon  dioxide  removal  would  also  result  in  a
substantial increase in the cost of producing hydrogen[13].

The  decomposition  of  methane  has  garnered  significant  interest
as a new route capable of generating hydrogen in one step. COx-free
hydrogen could be theoretically produced by methane decomposi-
tion (CH4 → C + 2H2),  which is potentially used in Proton Exchange
Membrane Fuel Cells (PEMFCs)[14,15]. Additionally, solid carbon mate-
rial,  the only  byproduct,  has  a  wide range of  potential  applications
and  economic  value[16,17].  However,  high  temperatures  >  1,200  °C
are  generally  required  to  acquire  reasonable  hydrogen  yields[18].  A
significant  reduction  in  decomposition  temperature  can  be
achieved  by  applying  a  catalyst,  namely  catalytic  methane  decom-
position  (CMD)[19].  Ni-based  materials  have  been  reported  as
promising  candidates  for  CH4 activation,  due  to  their  low  cost  and
high  activity[20,21].  Nevertheless,  carbon  deposition  during  CMD
would result in the coverage of the active sites, thus lowering cata-
lyst performance permanently[22−24].

Catalyst  supports  are  especially  crucial  for  enhancing  active
component  dispersion  and  remaining  catalyst  stability[25].  MgAl2O4

is  an  excellent  spinel  material  used  as  catalyst  support  for  its high
mechanical  strength,  thermal  stability,  and  chemically  inert
properties[26,27].  Nuernberg  et  al.[28] prepared  Ni/MgAl2O4 catalysts
for methane decomposition using a wet impregnation method with
methane  conversion  reaching  up  to  37%  at  550  °C.  They  also  veri-
fied  that  carbon  nanotube  can  be  effectively  produced  under  the
catalysis of Ni/MgAl2O4. Yu et al.[29] conducted the H2-TPR measure-
ments,  and  illustrated  that  the  Ni/MgAl2O4 catalyst  possesses  a
stronger  metal-support  interaction  effect  compared  with  Ni/MgO
and  Ni/γ-Al2O3,  demonstrating  high  activity  and  superior  sintering
resistance in methane decomposition.

An  alternate  approach  to  enhancing  the  CMD  performance
involves  the  construction  of  bimetallic  catalysts.  The  doping  of
noble metals [platinum (Pt)[30], ruthenium (Ru)[31], palladium (Pd)[32]]
or transition metals (cobalt [Co][33], iron [Fe][34]) is reported to further
promote  the  activity  and  the  stability  of  Ni-based  catalysts  due  to
the structural and electronic rearrangements during alloy formation.
The  performance  of  Ni-Fe  alloy-based  catalysts  has  been  reported
and  proven  to  be  effective[35,36].  Chesnokov  &  Chichkan[37] per-
formed the kinetic analysis regarding CMD reaction using Ni-Cu-Fe-
based catalyst, and results demonstrated that the catalyst durability
is  strongly  connected  to  the  carbon  growth  and  carbon  diffusion.
Compared to Ni0,  the diffusion coefficient of carbon atoms in Fe0 is
greater by three orders of  magnitude,  which allows faster diffusion
of  the  carbon  atoms  through  alloy  particles.  This  can  facilitate
carbon transfer and offer prolonged stability[38].  Despite these posi-
tive  studies,  Ni-Fe  catalysts  still  require  further  exploration  to
enhance  its  low-temperature  catalytic  activity  as  well  as  its  resis-
tance to sintering and agglomeration[39,40].

In  this  regard,  we  propose  a  strategy  for  strengthening  low-
temperature CMD via in  situ Ni-Fe alloy formation by incorporating
Fe  into  the  magnesium  aluminate  lattice.  Specifically,  nickel  cata-
lysts  supported  by  MgAl2-xFexO4 spinel  were  synthesized.  On  one
hand, methane dissociation coupled with carbon dioxide reduction
was  conducted  with  the  aim  of  resolving  carbon  deposition  and
catalyst  deactivation;  besides,  the  effects  of  FeO6 and AlO6 octahe-
dral  distortion  on  the  CMD  performances  were  explored  with  the
aim of guiding the design of catalysts.

 Materials and methods

 Material preparation
MgAl2-xFexO4 (x = 0.50,  0.75,  1.00,  1.25,  1.50,  1.75,  2.00) supports were
prepared  using  a  citric  acid-induced  sol-gel  method  as  described
previously[41].  Mg(NO3)2·6H2O,  Fe(NO3)3·9H2O,  Al(NO3)3·9H2O,  and
Ni(NO3)2·6H2O  were  purchased  from  Sinopharm.  Citric  acid  (C6H6O7)
was  used  as  received  from  Aladdin.  Typically,  suitable  metal  nitrates,
Mg(NO3)2·6H2O,  Al(NO3)3·9H2O,  and  Fe(NO3)3·9H2O,  were  added  into
the  deionized  water  according  to  the  magnesium  (Mg)  :  aluminium
(Al) : Fe ratio of 1:(2-x):x (0.50 ≤ x ≤ 2.00). Citric acid was introduced as a
complexing agent,  maintaining a  molar  ratio  of  1.3:1.0  between citric
acid  and  total  metal  ions.  The  obtained  solution  was  stirred  at  80  °C
in a water bath to a viscous state. The gel was dried at 150 °C for 12 h,
and  placed  in  a  muffle  furnace  and  calcined  at  850  °C  for  4 h  under
2  °C/min.  For  synthesizing  NiO/MgAl2-xFexO4 catalysts,  an  aqueous
solution  of  nickel  nitrate  hexahydrate  was  introduced  into  a  suitable
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amount  of  the prepared supports  by  incipient  wetness  impregnation
with a  NiO loading of  12 wt%[42,43].  Seven NiO/MgAl2-xFexO4 catalysts,
x =  0.50,  0.75,  1.00,  1.25,  1.50,  1.75,  and 2.00,  were denoted as  S1−S7
(Supplementary Table S1).

 Catalyst characterizations
The metal concentrations in the fresh catalysts were determined using
ICP-OES (PerkinElmer Avio500).

The  phase  composition  of  the  catalysts  was  examined  by  X-ray
diffraction (XRD)  using Cu Kα radiation (λ =  1.5406 Å)  at  40  kV  and
40  mA.  Diffraction  data  were  collected  over  a  2θ range  of  10−90°
with a scan rate of 7°/min and an increment of 0.02°.

Nitrogen adsorption-desorption experiments  were  carried  out  at
−196 °C to determine the specific  surface areas and pore structural
parameters of the catalysts. Prior to measurement, all samples were
degassed  at  200  °C  for  6  h  under  vacuum.  The  BET  method  was
applied to calculate surface areas, while the BJH approach was used
to derive pore size distribution and total pore volume.

The  redox  properties  of  the  samples  were  investigated  by  H2

temperature-programmed reduction (H2-TPR) using a Micromeritics
AutoChem  II  2920  instrument.  In  a  typical  procedure,  100  mg  of
sample was loaded into a quartz reactor, pretreated at 300 °C under
an  Ar  flow  for  30  min,  and  then  cooled  to  50  °C  for  1  h.  Once  the
baseline stabilized,  the temperature was raised from 50 to 1,000 °C
at a heating rate of 10 °C/min in a flow of 10 vol% H2/Ar (40 mL/min).
H2 consumption  was  monitored  using  a  thermal  conductivity
detector (TCD).

Transmission electron microscopy (TEM, G2 60−300) was used to
observe  the  morphology  of  fresh  and  spent  catalysts.  Elemental
mapping for nickel (Ni), magnesium (Mg), Al, Fe, and oxygen (O) was
performed  via  energy-dispersive  X-ray  spectroscopy  (EDS).  Prior  to
imaging,  all  samples  were  dispersed  in  ethanol  and  sonicated  for
30 min.

Raman  spectroscopy  (Renishaw  inVia)  was  conducted  to  probe
carbon-related features, with measurements repeated at least three
times per sample. Spectra were collected using a 532 nm laser, 10 s
acquisition time, and a scan range of 40–4,000/cm.

X-ray  photoelectron  spectroscopy  (XPS)  was  employed  to  deter-
mine  the  surface  chemical  states  of  both  fresh  and  used
NiO/MgAlFeO4 catalysts.  The  measurements  were  conducted  on  a
Thermo  Scientific  ESCALAB  250  system  with  a  monochromatic  Al
Kα source (hv = 1,486.6 eV). Binding energies were calibrated using
the C 1s peak at 284.8 eV as the internal standard.

 Catalytic test
The catalytic activity experiments of the samples were carried out by a
fixed-bed reactor  (ID = 8  mm,  length = 600 mm).  Typically,  a  0.400 g
sample  was  placed  at  the  center  of  the  quartz  reactor.  Before  the
methane  decomposition  experiments,  the  reactor  was  flushed  with
50  mL/min  N2 for  20  min.  Then,  the  reactor  was  heated  to  600,  650,
700, 750, or 800 °C at 10 °C/min. Once the temperature was stabilized,
the gas was switched to a 10 vol% CH4-N2 steam (N2 = 45 mL/min) with
a duration time of 10~40 min. Similarly, the reactor was flushed by 50
mL/min N2 for 20 min before the carbon dioxide reduction experiment.
The carbon dioxide reduction test was performed for 60 min under the
atmosphere  of  10  vol%  CO2-N2 stream  (N2 =  45  mL/min)  within
750−900  °C.  The  protocol  for  the  cyclic  experiment  was  established
as  CH4 decomposition  for  40  min  (50  mL/min  10  vol%  CH4-N2)  → N 2

purge  for  10  min  (50  mL/min  N2)  → carbon  dioxide  reduction  for
50 min (50 mL/min 20 vol% CO2-N2) → N2 purge for 10 min (50 mL/min
N2).  The  outlet  gas  mixture  was  detected  by  an  INFICON  Micro  GC
equipped.

 Data analysis
The  gas  productivity  (mmol/min),  the  outlet  flow  rate  of  gas i
(mmol/min),  CH4 conversion  (%),  and  CO2 conversion  (%)  were
calculated as follows:

Ytotal =
Y(N2,out)
C(N2,out)

(1)

Y(i,out) = Ytotal ·C(i,out) (2)

X (CH4) =
Y(CH4,in)−Y(CH4,out)

Y(CH4,in)
×100% (3)

X (CO2) =
Y(CO2,in)−Y(CO2,out)

Y(CO2,in)
×100% (4)

where, Ytotal denotes the total gaseous production rate; Y(i, in) and Y(i,
out) represent the feeding rates of gas i and the production rate of gas
i,  respectively; C(i,  out) is  the concentration of generated gas i (i = N2,
CH4, H2, CO, or CO2). X(CH4) and X(CO2) signify the methane and carbon
dioxide conversion, respectively.

 Results and discussion

 Fresh catalyst characterization
ICP-OES results indicated that the Fe content in the catalyst increased
while  the  Al  content  decreased  with  the  Fe  doping  amounts,  which
aligns with the theoretical ratios (Supplementary Table S2). XRD results
are  displayed  in Fig.  1,  aiming  at  clarifying  the  phase  of  the  fresh
NiO/MgAl2-xFexO4 catalysts.  The  diffractions  of  MgAl2O4 were  mainly
located  at  19.0°,  31.3°,  36.9°,  44.8°,  55.7°,  59.4°,  and  65.2°  (JCPDS  99-
0098).  All  the  fresh  catalysts  with  different  Fe  doping  ratios  showed
diffraction  peaks  around  these  angles  without  the  detection  of  other
impurities, preliminarily confirming the formation of MgAl2-xFexO4 after
Fe incorporation. With the increase in the Fe doping amount, the peaks
shifted  to  lower  angles,  attributing  to  lattice  tensile  strain  caused  by
the substitution of Fe3+ (0.064,5 nm) by Al3+ (0.053,5 nm) in the spinel
structure.  Furthermore,  three diffraction peaks (37.2°,  43.3°,  and 62.9°)
detected  indicate  the  formation  of  NiO.  The  crystallite  sizes  of  NiO
were  analyzed  based  on  the  Scherrer  formula  (Table  1).  It  is  revealed
that  appropriate  Fe  doping  is  beneficial  to  maintain  the  small
crystalline size of  NiO.  However,  excessively  high Fe doping results  in
an increase in the NiO crystalline size. In this regard, S3 and S4 catalysts
are speculated to perform higher catalytic activity and stability during
methane dissociation.

Textural properties of the fresh catalysts are presented in Table 1.
The  S1  sample  possesses  the  largest  BET  surface  area  and  pore
volume, while a gradual decrease could be observed in surface area
and  pore  volume  with  the  further  increase  in  the  Fe  doping
amount[44,45].

The  H2-TPR  results  of  the  fresh  samples  are  presented  in Fig.  2.
Support  reduction followed the procedures  of  MgFeIIIAlO4 → Mg 1-x
FeII

xO → Fe0, which requires the complete separation of Fe with Mg
and Al elements. Therefore, the presence of Al3+ and Mg2+ to some
extent  hinders  the  reduction  of  Fe3+[46].  For  the  catalysts  S1  to  S4,
the reduction peak located at ~430 °C corresponds to the reduction
of  surface  amorphous  NiO,  indicating  relatively  weak  interaction
with  the  support.  The  main  reduction  peaks  located  at  higher
temperatures  were  assigned  to  the  reduction  of  the  NiO  with  a
strong NiO-MgAl2-xFexO4 interaction. Additionally, improving the Fe
doping  amount  (S1  → S4),  the  peak  shifted  to  high -temperature
range, also confirming the increase in the interactions between NiO
and  MgAl2-xFexO4.  The  strong  interaction  leads  to  the  decrease  of
NiO  crystallite  size,  which  is  consistent  with  XRD  findings.  With
further  increase  in  the  Fe  doping  (1.25  ≤ x ≤ 2.00),  two  hydro -
gen  reduction  peaks  obviously  appeared  for  S5–S7  samples.  The
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reduction peak located within the lower temperature range corres-
ponded  to  NiO  → Ni,  while  the  peak  at  a  higher  temperature  was
attributed to the reduction of the MgAl2-xFexO4.  Excessively high Fe
doping promotes lattice oxygen mobility, resulting in the reduction
peak shift towards lower temperatures.

The chemical  states  of  fresh S1,  S3,  and S7 samples  were further
explored by XPS, as shown in Fig. 3 and Table 2. From Fig. 3a, Fe 2p
spectra of S1, S3, and S7 were deconvoluted into four characteristic
sub-peaks.  For  S3,  the  strong  peak  at  711.6  eV  was  assigned  to  Fe
2p3/2, and the peak at 724.9 eV was attributed to Fe 2p1/2, which are
assigned to Fe3+[47].  The Ni 2p spectra of S1, S3, and S7 samples are
illustrated  in Fig.  3b.  The  three  catalysts  exhibited  a  Ni  2p3/2 peak
at 855.9 eV and a Ni 2p1/2 peak at 873.5 eV, indicating the existence
of  Ni2+,  which aligns  with the XRD results.  O 1s spectra  of  fresh S1,
S3,  and  S7  catalysts  are  shown  in Fig.  3c,  in  which  the  peaks  were
deconvoluted into three peaks OI (529.8 eV), OII (531.2 eV), and OIII
(532.3  eV),  corresponding  to  lattice  oxygen,  oxygen  vacancy,  and
surface –OH species in the catalyst respectivel[48]. The ratio of lattice
oxygen to oxygen vacancy (OI/OII) in these three catalysts increased
with Fe doping amounts,  confirming that Fe doping contributes to
the formation of lattice oxygen (Table 2).

 Catalytic methane decomposition
The  CMD  activities  of  the  seven  samples  were  firstly  examined  at
750 °C (Fig. 4). At the initial period of CMD, S1 to S5 samples exhibited
satisfactory CH4 conversion but relatively low H2 concentration and H2

yield,  which  can  be  ascribed  to  methane  selective  oxidation  induced
by the lattice oxygen.  CH4 conversion,  H2 concentration,  and H2 yield
all increase as a function of CMD times. This can be attributed to Ni-Fe
alloy  formation,  thus  enhancing  the  catalytic  performance,  as  proven
by XRD (Supplementary Fig. S1).

As  shown  in Fig.  4a and b,  S1−S5  samples  reached  high  H2

concentrations as a function of time, while S6 and S7 samples exhib-
ited  inferior  performance,  indicating  that  a  certain  amount  of  Al
doping  is  essential.  Of  the  S1−S5  samples,  S3  catalyst  showed  the
best CMD activity and hydrogen evolution rate, and the H2 concen-
tration and the CH4 conversion reached 97 vol% and 100%, respec-
tively,  after  40  min  CMD  (Fig.  4b and d).  The  gas  concentration
evolutions with CMD times by using S1, S2,  S4,  S5,  and S6 catalysts
are  provided  in Supplementary  Fig.  S2.  After  comprehensively
considering CH4 conversion, H2 yield, and quality, the S3 sample was
selected as the optimal catalyst for further exploration.

Raman measurements were carried out to identify graphitization
degree  of  carbon  on  the  spent  S1–S7  catalysts  after  CMD  (Fig.  5).
Three peaks were observed at 1,335–1,348/cm, 1,565–1,580/cm, and
2,670–2,695/cm, corresponding to D, G, and 2D bands, respectively.
D  band  represents  disordered  structures,  which  is  ascribed  to  the
vibration of the sp3-hybridized carbon atom[49]. The G band is due to
the  in-plane  vibrations  of  the  sp2-bonded  carbon  in  ordered

 

Fig. 1  XRD patterns of (a) fresh NiO/MgAl2-xFexO4 (S1−S7); (b) local magnified XRD patterns.

 

Table 1  Textural properties of the fresh catalysts

Sample BET surface
area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter (nm)

NiO crystallite
size (nm)

S1 4.7 0.016 7.9 27.0
S2 3.6 0.012 5.0 20.3
S3 2.4 0.011 12.5 17.1
S4 3.4 0.016 12.6 16.0
S5 2.8 0.013 3.9 22.9
S6 2.3 0.010 3.5 34.1
S7 1.8 0.004 3.2 44.0

 

Fig. 2  H2-TPR profiles of as-synthesized NiO/MgAl2-xFexO4 samples.
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graphite[50,51].  2D  band  is  the  second  order  of  the  D  band[50].  The

intensity  ratio  of  the  D  band  to  G  band  (ID/IG)  is  related  to  the

crystallinity  and  graphitization  degree  of  the  carbon  species.

Carbons with a high ID/IG ratios could favor their oxidation at lower

temperatures[42,52].  Overall,  except  for  the  S7  sample,  the  carbon

obtained  from  the  carbon  deposition  in  other  samples  had  a  rela-

tively high degree of graphitization. Additionally, the graphitization

degree  of  carbon  exhibited  a  first  decreasing  and  then  increasing

trend with the Fe content, and the carbon catalyzed by the S3 cata-

lyst showed the highest ID/IG value.

 Effect of CMD temperatures
CMD  temperature  shows  significant  effects  on  the  methane  decom-
position performance. It can be observed from Fig. 6a, b, and c that the
H2 concentration  CH4 conversion,  and  H2 yield  show  a  gradually
increasing  tendency  with  methane  decomposition  temperatures,
which  is  because  of  the  acceleration  of  the  C-H  bond  cleavage
(Supplementary  Fig.  S3).  Specifically,  the  H2 concentration  and  CH4

conversion  with  applied  S3  catalyst  reached  91.21  vol%  and  91.03%
at 650 °C, respectively,  which implies the significant superiority of the
S3  sample  in  low-temperature  hydrogen  generation  from  CMD.  The
hydrogen  concentration  and  methane  conversion  reached  up  to
95.73  vol%  and  97.82%,  when  the  CMD  temperature  was  raised  to
700  °C  (Fig.  6b and d).  The  NiO/MgAlFeO4 (S3)  catalyst  also
demonstrated  higher  CMD  activity  compared  with  other  reported
studies  under  nickel-based  catalysts,  and  700  °C  was  considered  an
appropriate temperature for methane decomposition (Supplementary
Fig. S4)[34,49,53−55].

For  a  fresh  S3  catalyst,  NiO  and  MgAlFeO4 are  the  main  phases.
After  CMD,  Ni-Fe  alloy  and  MgAl0.6Fe1.4O4 were  observed  as  the

 

Fig. 3  XPS analysis of fresh S1, S3, and S7 catalysts. (a) Fe 2p; (b) Ni 2p; (c) Mg 1s, and (d) O 1s.

 

Table 2  Summary of XPS characteristics of S1, S3, and S7 catalysts

Catalyst
Binding energy (eV) Ratio

OI/OII
Ni 2p3/2 Mg 1s Al 2p Fe 2p3/2 OI OII OIII

S1 856.0 1303.5 74.2 711.3 0.58 0.33 0.09 1.76
S3 855.8 1303.4 73.9 711.2 0.63 0.30 0.07 2.10
S7 855.5 1303.3 / 710.7 0.68 0.26 0.05 2.62
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main  phases,  indicating  the  occurrence  of  reduction  and  phase
recombination  of  the  catalyst.  Specifically,  the  diffraction  peaks
appeared at smaller angles relative to metallic Ni, suggesting that Fe
gradually migrated from support to surface with the formation of Ni-
Fe  alloy,  as  also  described  previously[56−58].  In  addition,  the  charac-
teristic peak of graphitic carbon was observed around 26.5° (JCPDS
02-0405), which is the product of methane decomposition.

To further clarify the intrinsic reason for highly efficient CMD, we
calculated  the  lattice  distortion  of  these  catalysts  under  various  Fe
doping  amounts.  Zhang  et  al.[59] previously  quantified  the  lattice
distortion  degree  of  the  Ce  modified  LaFeO3 perovskite  by  the
method reported by Shannon[60,61]. The lattice distortion was carried
out  to  evaluate  the  degree  to  which  the  Fe-O  bond  deviates  from
the  average  one.  The  lattice  distortion  of  MgAl2-xFexO4 supports,
Δ(Fe-O) and Δ(Al-O), were assessed by the following equation:

∆ =
1
6

∑(
Ri−Rav

Rav

)2

(5)

where, Rav is the average bond length of the Fe-O or Al-O bond in the
octahedron,  and Ri is  the  actual  bond  length  of  each  Fe-O  or  Al-O
bond.  Based  on  the  above  equation,  the  configurated  structure  of
MgAl2-xFexO4 support,  as  well  as  the  relationship  between  the  Fe

doping amount x (0.50 ≤ x ≤ 2.00) and the lattice distortion degree of
Fe-O and Al-O bonds, are shown in Fig. 7.

It  can  be  found  that  the  FeO6 and  AlO6 distortion  occurs  with
varying Fe doping amounts.  On the one hand,  Fe  doping amounts
of 0.75, 1.00, 1.25, and 1.50 performed high Fe-O distortions, which
promotes  the  breaking  of  Fe-O  bonds,  thereby  enhancing  the
formation  of  Ni-Fe  alloy;  on  the  other  hand,  Fe  doping  amounts
under 0.50, 0.75, and 1.00 performed high Al-O distortions. This may
alter the electron cloud distribution around Al3+, enhancing its Lewis
acidity and altering its electron density around the active Ni species,
thereby  facilitating  methane  dehydrogenation.  According  to  the
discussion above, the S2 and S3 samples were considered as promis-
ing  catalysts,  which  is  in  full  agreement  with  the  experimental
results, demonstrating synergistic lattice distortions of Fe-O and Al-
O octahetral in boosting CMD activity.

The carbon graphitization degree after 40 min CMD at 600–800 °C
was  analyzed  by  Raman  spectra  (Fig.  8a).  Three  peaks  in  the  D,  G,
and  2D  bands  of  the  deposited  carbon  can  be  observed.  The  ID/IG

gradually decreased with the CMD temperatures, implying the grad-
ually decreased carbon disorder degree. It is determined that a high
temperature  promotes  generating  highly  graphitized  carbon  with

 

Fig. 4  Effect of Fe doping on the (a) H2 concentration; (b) CH4 conversion; (c) H2 yield; (d) gas concentration of H2, CH4, CO, CO2 under the catalysis of S3
catalyst.
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an  ordered  structure.  The  effect  of  CMD  times  from  10  to  40  min
on  the  carbon  graphitization  degree  was  also  studied  at  700  °C.
Figure  8b displays  the  positive  correlation  between  the  carbon
graphitization  degree  and  the  CMD  time,  i.e.,  extending  the  CMD
time can enhance its graphitization degree.

 Effect of carbon dioxide reduction temperatures
Catalyst  and  carbon  separation  presents  a  significant  challenge  for
gas-solid  CMD  technology.  CO2 is  a  commonly  utilized  gasification
agent and thus was selected for eliminating the deposited carbon from
CMD. The effect of carbon dioxide reduction temperatures from 750 °C
to  900  °C  on  the  carbon  elimination  performance  was  investigated
(Fig.  9).  As we expected, the increase in the carbon dioxide reduction
temperature  showed  a  positive  impact  on  the  carbon  dioxide
reduction,  owing  to  higher  C=O  bond  dissociation  rate  at  high
temperatures. According to the XRD results of the oxidized S3 sample,
the  cycled  catalyst  is  mainly  composed  of  Ni  and  MgFeAlO4,  while
other  phases  such  as  MgFe0.6Al1.4O4 and  (MgO)0.91(FeO)0.09 were  also
detected.  This  confirmed  that  the  main  evolution  of  the  S3  catalyst
is: NiO·MgFeAlO4 → Ni-Fe alloy + MgFe0.6Al1.4O4 → Ni + MgFeAlO4, and
Ni + MgFeAlO4 would be a stable form of the cycled catalyst.

 Stability test
Twenty cycles of methane decomposition (800°C) with carbon dioxide
reduction  (900  °C)  were  performed  to  explore  the  stability  of  the  S3
catalyst  (Fig.  10a−c).  S3  sample  showed  remarkable  catalytic  activity
and  stability  even  after  20th cyclic  experiments.  The  maximum
concentration  of  H2 dropped  slightly  from  97.95  vol%  (1st cycle)  to
95.27  vol%  (20th cycle),  and  the  concentrations  of  CO  remained  at
approximately  97.00  vol%.  The  preeminent  stability  of  the  catalyst

 

Fig. 5  Raman spectra of spent S1−S7 samples after 40 min CMD at 750 °C.

 

Fig. 6  Effect of methane decomposition temperatures on (a) H2 concentration; (b) CH4 conversion; (c) H2 yield using S3 sample; (d) the gas concentrations
of H2, CH4, CO, CO2 under S3 catalyst at 700 °C.
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could be attributed to the in situ formation of Ni-Fe alloy as well as the
re-generation  of  Ni/Mg2Al2-xFexO4 at  the  CO2 reduction  stage.  This
phase  segregation  and  re-organization  suppresses  the  particle
sintering  and  agglomeration,  thus  remaining  significant  durability
under  high  temperature  and  carbon  deposition  conditions.  At  the
initial  period  of  methane  decomposition,  the  phase  NiO  in  the  S3
catalyst  was  reduced  and  combined  with  Fe  segregated  from  the
support  to  form  a  Ni-Fe  alloy,  which  realized  efficient  dissociation  of
methane.  During  the  carbon  dioxide  reduction  stage,  the  Ni-Fe  alloy
was  disassembled.  The  formation  and  disassembly  of  the  Ni-Fe  alloy
promoted  the  dispersion  of  Ni  and  inhibited  the  sintering  and
agglomeration  of  the  catalyst  to  a  certain  extent.  However,  by
counting the start-up time of the S3 catalyst during 20 cycles, we found

that  the  time  required  for  efficient  methane  decomposition  for
hydrogen  production  gradually  increased  with  the  cycle  numbers,
which  can  be  accounted  for  by  the  following  reasons:  (1)  Fe  segre-
gated from Ni-Fe alloy and formed FeOx species on the catalyst surface
after  carbon  dioxide  reduction,  covering  partial  nickel-rich  particles,
thereby prolonging the time required for Ni-Fe alloy formation[40,44,58];
(2)  The  particle  size  of  the  catalyst  gradually  increases  with  cycles,
leading  to  slower  consumption  of  lattice  oxygen  under  methane
decomposition conditions. As a result, the time required for Ni-Fe alloy
formation  increases[42].  Apart  from  the  cyclic  performance  of  the  S3
catalyst  over  20  methane  decomposition-carbon  dioxide  reduction
cycles,  its  phase  evolution  during  the  cycle  was  investigated,  as
presented  in Fig.  10d.  After  20  cycles,  the  phase  components  of  the

 

Fig.  7  Lattice  distortion  analysis:  (a)  bond  structure  of  MgAl2-xFexO4, x =  0.50,  0.75,  1.00,  1.25,  1.50,  and  1.75,  corresponding  to  MgAl1.50Fe0.50O4,
MgAl1.25Fe0.75O4, MgAl1.00Fe1.00O4, MgAl0.75Fe1.25O4, MgAl0.50Fe1.50O4, and MgAl0.25Fe1.75O4, respectively; (b) Fe(Al)O6 octahedral distortion as a function of
Fe doping.

 

Fig. 8  Raman spectra of (a) spent S3 sample after 40 min CMD at 600−800 °C; (b) spent S3 sample after 10−40 min CMD at 700 °C.
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Fig. 9  Effect of carbon dioxide reduction temperatures on the (a) CO concentration; (b) CO2 conversion of S3 sample.

 

Fig. 10  Cyclic stability test of S3 sample: (a) H2 concentration during 20 cycles; (b) CO concentration during 20 cycles; (c) Variation of H2 concentration
with time and catalyst activation time in the 1st, 5th, 10th, 15th, and 20th cycles (based on 92 vol% H2 concentration); (d) XRD patterns of significant stages
within 20 cycles of reacted S3 sample.
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S3 catalyst  were basically  in  line with the 1st cycled state,  except that
a  small  proportion  of  MgFe0.6Al1.4O4 was  transformed  into
Mg0.5Fe0.5Al2O4. This clarifies the slower lattice oxygen migration rate of
the  cyclic  S3  sample,  i.e.,  the B-site  Fe  in  MgFexAl2-xO4 was  migrated
into the A-site MgxFe1-xAl2O4, thus lowering the lattice oxygen mobility.

To  observe  the  microscopic  morphology  and  element  distribu-
tion of S3, TEM-EDS was performed on the fresh, 1st cycled, and 20th

cycled  samples  (Supplementary  Fig.  S5).  Fresh  samples  were  made
of stacked nanosheets with grooves,  while the groove morphology
disappeared  after  one  CH4 decomposition  and  carbon  dioxide
reduction  cycle,  confirming  the  occurrence  of  phase  segregation
and re-organization. EDS mapping results demonstrated that the Ni,
Fe, and Al elements of fresh and 1st cycled S3 samples were homo-
geneously distributed. After 20 cycles, partial Ni, Fe, and Al elements
were  found  to  be  separated  from  each  other.  This  indicates  that
some  phases  did  not  undergo  recombination,  possibly  due  to
incomplete removal of the deposited carbon, which leads to phase
isolation.

 Conclusion

A  series  of  novel  Fe-doped  nanostructured  supports,  MgAl2-xFexO4,
were prepared by a sol-gel method, and impregnated with Ni to form
an NiO·MgAl2-xFexO4 catalyst. The effects of Fe doping, as well as other
influencing  parameters,  on  the  reactivity  and  stability  of  the  catalyst
and  the  CMD  performance  were  investigated.  Results  showed  that  a
proper  quantity  of  Fe  doping  showed  a  favorable  impact  on  the
improvement  of  the  catalyst  performance.  Among  the  synthesized
catalysts,  Ni/MgAlFeO4 demonstrated  the  highest  catalytic  activity,
achieving a 97 vol% H2 concentration and a 100% methane conversion
at 750 °C with the generation of deposited carbon with relatively low
graphitization  degree.  Additionally,  the  catalyst  showed  satisfactory
stability  over  20  methane  decomposition  and  carbon  dioxide
reduction  cycles,  with  only  a  slight  decrease  in  H2 concentration
observed.  This  splendid  performance  is  owing  to  the  formation  high
dispersed  Ni-Fe  alloy  with  the  induction  of  Al-O  and  Fe-O  bond
distortion.  In  a  typical  cycle,  the  catalyst  evolves  from  NiO·MgFeAlO4

to  Ni-Fe  alloy  with  MgFe0.6Al1.4O4 and  to  Ni  with  MgFeAlO4,  demon-
strating  the  occurrence  of  phase  segregation  and  recombination.
Moreover,  the  inhibition  of  Ni-Fe  phase  segregation/reconstruction
and  the  slowing  down  of  lattice  oxygen  migration  rate  owing  to  the
phase  transformation  from  MgFexAl2-xO4 to  Mg0.5Fe0.5Al2O4 are  the
dominant factors affecting the multi-cycle activity of catalysts.
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