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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   An innovative strategy for one-step CO-free H2 production from biogas was proposed.

■   The Ce0.8Sm0.15Ni0.05O2-δ catalytic layer was compatible with the ceramic membrane.

■   An accumulative production rate of 10.35 mL min-1 cm-2 of CO-free H2 was achieved.

■   A remarkably high hydrogen yield of 94.5% was achieved.
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Biogas  reforming  is  an  attractive  process  for  green  hydrogen  production;
however,  CO  residual  in  the  obtained  hydrogen  is  usually  eliminated  by
multiple  post-treatment  units.  Herein,  we  report  an  innovative  route  by
coupling  water  splitting  with  biogas  reforming  in  a  catalytic  membrane
reactor to directly produce CO-free H2 and capture CO2 on opposite sides of
the membrane. Notably, a hollow fiber composite membrane consisting of
doped  ceria  and  perovskite  is  employed,  integrated  with  porous  catalytic
layer  Ce0.8Sm0.15Ni0.05O2-δ over  which  Ni  nanoparticles  can  be in-situ
exsolved.  The  catalytic  layer's  compatibility  with  the  ceramic  membrane
ensures  low  ionic  resistance  and  effective  reaction-diffusion  synergy.  An
accumulative  production  rate  of  10.35  mL  min-1 cm-2 of  CO-free  H2 was
achieved  from  water  splitting  on  the  core  side,  while  biogas  reforming
produced CO2 on the opposite side which was ready for capture. This work
provides an alternative option for utilizing sustainable bioenergy to produce
negative-emissions green hydrogen.

 INTRODUCTION
Green hydrogen with  negative  CO2 emissions generated from sustainable

bioenergy  sources,  such  as  biomass,  bioethanol,  and  biogas,  has  garnered
significant  interest,  given  by  the  depletion  of  fossil  fuels  and  the  pressing
imperative  to  combat  global  climate  change.1-6 However,  the  production  of
environmentally  friendly  hydrogen  with  negative  CO2 emissions for  subse-
quent applications, such as fuel cells,  involves a three-step process: i)  utiliz-
ing  thermochemical  processes  (e.g.,  dry  reforming  of  methane  (DRM):
CH4(g)+CO2(g)→2CO(g)+2H2(g))  to  produce  hydrogen;  ii)  ensuring  complete
elimination  of  even  minute  traces  of  CO,  as  their  presence  (≥10  ppm)  can
significantly impair the Pt electrocatalyst in proton exchange membrane fuel
cells;1,7-9 iii) employing post-treatment units to separate hydrogen and CO2.10-15

Although  the  concept  of  generating  CO-free  green  hydrogen  with  carbon
capture directly from renewable bioenergy in a single step, rather than three
steps, is attractive, it presents significant challenges.4,16

Several methods have been suggested for converting methane into differ-
ent  resources  in  membrane  reactors.  While  a  palladium-based  hydrogen-
permeable  membrane  enables  the  direct  extraction  of  pure  hydrogen  from
methane  through  DRM,17-19 it  comes  with  high  costs  attributed  to  the
precious metal Pd. Oxygen-permeable membranes provide the opportunity to
simultaneously  produce  syngas  from  methane  and  CO-free  hydrogen  from
water.20-25 When both sides of the catalytic membrane are exposed to water
and methane respectively, the H2O undergoes a splitting process into H2 and
O2.  The  oxygen  species  then  diffuse  as  O2- and  are  consumed  by  the
methane  over  the  catalytic  layer  on  the  opposite  side  of  the  membrane,
resulting  in  syngas  through  partial  oxidation  of  methane  (POM,
CH4+1/2O2→CO+2H2).26 Once  the  O2 is  transferred  to  the  other  side  and
utilized to convert methane to syngas, the H2 is obtained on the water-split-
ting  side.  The  productivity  of  hydrogen  of  such  reactors  is  typically
constrained by poor stability resulting from the incompatibility between cata-
lysts  and  membranes.  This  includes:  i)  The  failure  of  membrane  materials
due to reactions between the packed heterogeneous catalytic layers,27-32 such
as Ni/Al2O3,28 Pt/SiO2,3 Ni/ZrO2,30 and Co- or  Fe-based perovskite-containing
oxygen-permeable membrane materials. ii) The formation of non-conductive

phases,  such  as  insulating  barium-silicon  oxide  layers,  which  hinder  the
surface reactive sites and disrupt the transport of electrons and oxygen ions,
thereby  reducing  the  oxygen  permeation  flux  and  limit  hydrogen
productivity.33 More  critically,  when  processing  real  biogas  (CH4/CO2

mixtures),  conventional  oxygen-transporting membranes  face  two  funda-
mental  limitations,  including  the  CO2-induced  membrane  degradation
through carbonate  formation,  and  unutilized  CO2 acting  as  inert  diluent  that
suppresses methane conversion efficiency.  Therefore,  it  is  highly  imperative
to elaborate catalytic layers and develop chemically stable (towards both CO2

and reducing agents) catalytic membrane reactors for the production of CO-
free green hydrogen from renewable bioenergy.

In  this  work,  we  redefine  the  role  of  CO2 in membrane  reactors  by  trans-
forming it  from a stability-threatening impurity to an active reforming agent.
In  stark  contrast  to  previous  methane/water  systems,  an  innovative  biogas
reforming  strategy  for  highly  efficient  CO-free  green  hydrogen  production
with  carbon  capture  is  showcased  through  a  specially  designed  membrane
reactor  (Figure 1).  On the biogas side,  dry reforming alongside POM occurs,
creating self-regulating oxygen potential  that suppresses carbon deposition.
On  the  other  side,  permeated  oxygen  ions  (O2-)  drive  water  splitting  to  pure
H2.  This  paradigm  shift  demands  materials  innovation  to  address  inherent
stability  challenges.  In  this  regard,  we  engineer  a  hollow  fiber  catalytic
membrane  reactor  (CSO-Ni@CSO-SSTF)  comprising  a  CO2-tolerant  dual-
phase  membrane  (Ce0.8Sm0.2O2-δ-Sm0.2Sr0.8Ti0.4Fe0.6O3-δ (CSO-SSTF))  and  a
self-regenerative  Ce0.8Sm0.15Ni0.05O2-δ (CSO-Ni)  porous  catalytic  layer,  where
in-situ exsolved Ni nanoparticles dynamically suppress coking. The excellent
compatibility  and  stability  of  CSO-Ni  and  CSO-SSTF  effectively  prevents
material failure and facilitates the efficient transfer of oxygen ions, enhancing
hydrogen  productivity.  Consequently,  an  accumulated  production  rate  of
10.35 mL min−1 cm−2 of CO-free H2 was achieved from water splitting, repre-
senting  up  to  94.5% of  the  theoretical  overall  hydrogen yield  (CH4 +  2H2O =
4H2 +  CO2).  By  integrating  biogas  reforming,  water  splitting,  and  carbon
capture  into  a  single  reactor,  this  work  establishes  a  scalable  pathway  for
renewable hydrogen production aligned with net-negative emissions targets.

 MATERIALS AND METHODS
 Preparation  of  catalysts  and  hollow  fiber  oxygen-permeable  composite
membranes

Ce0.8Sm0.15Ni0.05O2-δ (CSO-Ni)  catalyst  was  prepared  based  on  the
combined  citric  acid  and  ethylenediaminetetraacetic  acid  (EDTA)  method.
Specifically,  stoichiometric  amounts  of  Ni(NO3)2·6H2O,  Sm(NO3)3·6H2O  and
Ce(NO3)3·6H2O were dissolved in de-ionized water, followed by the addition of
EDTA and citric acid according to the molar ratio of EDTA: citric acid: total of
metal  cations of  1:1.5:1.  Then,  the pH value of  the solution was adjusted to
about  9  using  ammonia  solution.  The  mixed  solution  was  stirred  overnight
and then heated at 120-150 oC for 3 hours to obtain a gel, which was calcined
at 800 oC for 5 h to prepare CSO-Ni catalyst.

The Ni/Al2O3 catalyst was prepared via a wetness impregnation method. A
commercial γ-Al2O3 support (9.83 g) was impregnated with 10 mL of a 0.289
mol/L aqueous Ni(NO3)2 solution. After drying overnight at 110 °C, the mate-
rial was calcined in air at 650 °C for 4 hours, yielding a catalyst with a nickel
loading of 1.7 wt%.
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The  60  mol%  Ce0.8Sm0.2O2-δ-40  mol%  Sm0.2Sr0.8Ti0.4Fe0.6O3-δ (CSO-SSTF)
hollow  fiber  membrane  was  prepared  following  the  phase  conversion  and
sintering method. To produce the hollow fiber membrane slurry, CeO2, Sm2O3,
SrCO3,  Fe2O3,  and  TiO2 were precisely  weighed  according  to  their  stoichio-
metric  ratios  and  introduced  into  a  zirconia  ball-milling  jar.  Deionized  water
functioned as the wet-grinding medium, with zirconia balls utilized for grind-
ing.  The  mixture  underwent  milling  at  500  rpm  for  24  h.  Subsequently,  the
slurry was dried in an oven for 12 h to yield the CSO-SSTF precursor powder.
After that, a casting solution was prepared by ball-milling a mixture of 6 wt%
polyethersulfone (PESF, A-300, BASF), 30 wt% N-methylpyrrolidone (NMP, AR
grade,  purity  >99.8%),  and  65  wt%  fine  powders  in  a  zirconia  ball  mill  jar  at
500  rpm  for  3  h,  ensuring  uniform  dispersion  of  the  polymer  and  powder
components. Subsequently, the casting solution was transferred into the feed
tank  of  a  lab-fabricated  hollow fiber  membrane production  system,  and the
slurry  inside  the  tank  was  pressurized  to  0.4  bar  using  an  air  cylinder.  The
hollow fiber precursor was prepared using a spinneret with an outer diameter
of 1.5 mm and an inner diameter of 1.0 mm. Deionized water and tap water
were used as the internal and external coagulants, respectively. The resultant
hollow  fiber  precursors  were  immersed  in  a  deionized  water  bath  at  room
temperature  for  further  solidification.  The  solidified  hollow  fiber  precursors
were cut into 0.5 m pieces and sintered at 1500 oC for 10 h in air to obtain gas-
tight  membrane.  Eventually,  the  CSO-Ni  or  Ni/Al2O3 catalyst  powders  were
blended with  water  to  create  a  viscous slurry.  This  slurry  was subsequently
applied onto the gas-tight membrane surface via brushing. The coated cata-
lyst layer was then sintered at 1100 °C for 1 hour to enhance the interfacial
adhesion between the catalyst and the membrane surface. Consequently, the
CSO-SSTF  hollow  fiber  composite  membrane  integrated  with  CSO-Ni
(namely  CSO-Ni@CSO-SSTF)  or  packed  with  Ni/Al2O3 catalyst  (namely
Ni/Al2O3@CSO-SSTF) could be obtained.  The preparation method for the 60
mol%  Ce0.85Sm0.15O2-δ-40  mol%  Sm0.6Sr0.4Al0.3Fe0.7O3-δ (CSO-SSAF)  hollow
fiber  membrane mirrors  the  core  steps used for  the  CSO-SSTF hollow fiber
membrane  described  earlier.  The  difference  lies  in  the  precursor  material
composition  and  sintering  parameters.  This  method  employs  CeO2,  Sm2O3,
SrCO3,  Fe2O3,  and  Al2O3 oxide  powders  as  raw  materials,  with  the  solidified
hollow fiber precursors being sintered at 1450 °C for 10 hours to produce the
CSO-SSAF membrane.

 Characterization
The X-ray diffraction (XRD) pattern was recorded on Bruker D8 ADVANCE

diffractometer.  The  microscopic  morphology  and  energy-dispersive  X-ray
spectroscopy  (EDXs)  analyses  were  conducted  using  Thermo  Scientific
Prisma E and ZEISS Sigma 500 scanning electron microscopes (SEM). A high
resolution-transmission  electron  microscope  (HR-TEM,  FEI  Tecnai  G2  F30)

was  employed  to  investigate  the  microstructures.  High-angle  annular  dark-
field  scanning  transmission  electron  microscopy  (HAADF-STEM)  was
performed  on  Talos  F200X  with  Super-X  EDS.  X-ray photoelectron  spec-
troscopy  (XPS)  was  conducted  on  a  Thermo  ESCALAB  250Xi  model  X-ray
photoelectron  spectrometer  instrument  (Al  Ka  radiation,  hv  = 1486.6 eV,
150W)  to  analyze  the  surface  of  the  CSO-SSTF  materials  and  CSO-Ni
catalyst.

H2 temperature  programmed  reduction  (H2-TPR)  and  O2 temperature
programmed  oxidization  (O2-TPO)  were  performed  on  a  Micromeritics
AutoChem  II 2920 instrument.  For  H2-TPR,  after  a  standard  cleaning
pretreatment, 100 mg of catalyst in a U tube reactor was heated from room
temperature  to  950 oC  with  a  heating  rate  of  10  °C·min−1 in  a  flow  of  10%
H2/Ar (50 mL min−1). For the spent catalyst, O2-TPO was investigated and the
processes were similar  with H2-TPR except for the replacement of  10 vol  %
H2/Ar with 5 vol % O2/Ar.

CH4 temperature  programmed  surface  reaction  (CH4-TPSR)  was  carried
out using a Micromeritics AutoChem II 2920 instrument connected with on-
line  mass  spectrum  (MS,  ThermoStar  GSD  301  T2).  The  catalyst  was
reduced  in  a  quartz  reactor  at  800 oC  for  2  h  using  10%  H2/Ar  with  30  mL
min−1.  The  quartz  reactor  was  cooled  down  to  the  room  temperature  in  He
with  30  mL  min−1.  After  the  sample  was  cooled  to  50 oC,  the  sample  was
heated from 50 to 950 °C at 10 oC min−1 in flowing 50% CH4/Ar. The effluent
of  H2,  CH4,  CO2,  and  CO  with  the  signals  of  m/e  =  2,  15,  44  and  28  were
detected by MS. CO2 temperature programmed surface reaction (CO2-TPSR)
experiment  was  similar  with  CH4-TPSR  except  for  the  replacement  of  50%
CH4/Ar with 10 vol % CO2/He. The effluent of O2, CO2 and CO with the signals
of m/e = 32, 44 and 28 were detected by MS.

 Water splitting and biogas reforming in the membrane reactor
CO-free  green  hydrogen  production  by  combining  water  splitting  with

biogas reforming was realized in a self-made hollow fiber membrane reactor.
The  hollow  fiber  oxygen-permeable  membrane  integrated  with  CSO-Ni  or
packed with Ni/Al2O3 catalyst was housed in an alumina tube (6 mm diame-
ter and 250 mm length) with a fluorine rubber seal ring. The membrane reac-
tor was positioned in a tubular furnace with a diameter of 20 mm and a total
length of 200 mm. The effective heating zone of the furnace was 5 cm, within
which  the  hollow fiber  membrane  was placed.  The  membrane  had its  ends
sealed  with  silver  paste,  leaving  an  effective  length  of  3  cm  exposed  within
the heating zone, ensuring a uniform temperature profile across this exposed
membrane section. 10% H2/He with 20 mL min−1 was fed in the shell side at
800 oC for 2 h to drive the exsolution of Ni. Then, the CH4, CO2 and N2, as the
sweep  gas,  were  introduced  in  the  shell  side,  while  the  water  and  He  were
flowed into the core side. The helium and CO2 flow rates could be effectively

 

Figure 1.  Schematic diagram of CO-free green hydrogen production with carbon capture in a membrane reactor by coupling water splitting with biogas reforming.
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controlled  by  the  gas  mass  flow  controllers  (Bronkhorst,  Germany).  The
methane  and  nitrogen  flow  rates  could  be  adjusted  by  the  mass  flow
controllers  (Seven  Star,  China).  Before  use,  all  gas  mass  flow  controllers
required to be calibrated using a soap bubble flow meter.  The compositions
of the effluent gases were detected online using Agilent 7890 gas chromato-
graph  fitted  with  a  TCD  detector.  Specifically,  the  core-side  effluent  was
analyzed  for  hydrogen  (H2)  production  and  potential  shell-side-permeated
nitrogen (N2), while the shell-side effluent was analyzed for reaction products
including methane (CH4), carbon dioxide (CO2), carbon monoxide (CO), hydro-
gen (H2), and nitrogen (N2). Water was removed via a condenser prior to anal-
ysis and was not quantified in the chromatographic measurements. In addi-
tion,  the  trace  CO concentration  on  the  water-splitting  side  was determined
using  a  gas  chromatograph  equipped  with  a  flame ionization  detector  (GC-
FID).

The CH4 conversion (XCH4),  CO2 conversion (XCO2),  CO selectivity (SCO),  CO2

selectivity (SCO2) and hydrogen production rate JH2 were calculated using the
following equations: 
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where Fi is the flow rate of species i, Ci is the concentration of species i and A
is the effective area (1.1 cm2) of the membrane.

 RESULTS AND DISCUSSION
Structural  analysis. A  CSO-SSTF  dual-phase  hollow  fiber  membrane,

characterized by its typical finger-like structure, was meticulously prepared to
facilitate  selective  oxygen  permeation  (Figures  S1-S3).  This  membrane
serves  as  the  foundation  of  the  CSO-Ni@CSO-SSTF  catalytic  membrane
reactor,  fabricated  by  integrating  a  porous  CSO-Ni  catalytic  layer  over  the
surface  of  the  CSO-SSTF  oxygen-permeable  membrane.  As  illustrated  in
Figures 2A & B, the CSO-Ni catalytic layer, with a thickness of approximately
20  μm,  is  closely  adhered  to  the  dense  membrane,  exhibiting  no  signs  of
corrosion or impurities at the interface (Figure S2). This seamless integration
highlights excellent chemical compatibility between the catalytic layer and the
membrane,  which  is  crucial  for  maintaining  long-term stability  and  perfor-
mance. In contrast to traditional Ni-supported catalysts, where Ni nanoparti-
cles  often  suffer  from  agglomeration  due  to  weak  metal-oxide  interactions,
leading  to  coke  deposition  and  degradation  of  catalytic  performance,  this
study  employs  an in-situ exsolution  strategy  to  produce  Ni  nanoparticles.
This  approach  effectively  overcomes  the  durability  issues  associated  with
conventional  catalysts.  The  crystalline  structures  of  both  the  prepared  and
reduced CSO-Ni  catalyst  were thoroughly  characterized using X-ray diffrac-

tion (XRD), with the results presented in Figure 2C. A new peak correspond-
ing to metallic Ni emerged at 2θ=44.6o in the reduced CSO-Ni sample, while
no  peaks  for  NiO  were  detected  in  the  fresh  CSO-Ni  sample.  This  indicates
that  the  Ni  nanoparticles  were  successfully  formed in  a  reductive  H2 atmo-
sphere.34 The catalytically active Ni was initially incorporated into the lattice of
the fluorite host during the crystallization process and subsequently exsolved
from the lattice upon 20% H2 treatment,  resulting in  the formation of  evenly
distributed  Ni  nanoparticles  on  the  CSO  support.35,36 Figure  2D  presents  the
HAADF-STEM image and corresponding elemental mappings (Ni, Ce, and O)
of  the  reduced  CSO-Ni  catalyst,  revealing  the  presence  of  Ni  nanoparticles
with  a  size  of  approximately  30  nm,  which  were in-situ generated  from  the
CSO-Ni  material.  The HR-TEM image (Figure  2E) further  confirms the inter-
planar spacing of CSO (111) and Ni (111). The exsolved Ni nanoparticles are
embedded  on  the  surface  of  the  parent  doped  ceria,  forming  robust  metal-
oxide interfaces. These strong interfaces not only enhance the dispersion and
stability  of  the  Ni  nanoparticles  but  also  facilitate  efficient  electron  transfer
and oxygen  ion  diffusion,  which  are  critical  for  the  overall  catalytic  perfor-
mance.

Surface oxidation states. The surface oxidation states of Ni in both the as-
prepared  and  reduced  samples  were  meticulously  analyzed  using  X-ray
photoelectron  spectroscopy  (XPS). Figure  2F  presents  the  Ni  2p3/2  spectra
for the fresh and reduced CSO-Ni catalysts. In the as-prepared CSO-Ni cata-
lyst,  the  peak at  approximately  855.8  eV is  attributed to  Ni2+,  while  the  peak
centered at around 860.8 eV corresponds to the Ni 2p3/2 shake-up satellite.37

Following H2 reduction, a new characteristic peak at 852.2 eV emerges, which
is attributed to metallic Ni0. This observation confirms the successful exsolu-
tion of Ni nanoparticles in the reduced CSO-Ni catalyst, aligning with the XRD
and STEM results depicted in Figures 2C & D.38 Notably, the presence of Ni2+

species in the reduced sample suggests partial re-oxidation of Ni nanoparti-
cles upon exposure to atmospheric  oxygen,  likely  due to the strong interac-
tions between Ni and the doped ceria support. Figure 2G illustrates the Ce 3d
spectra for both the fresh and reduced CSO-Ni catalysts. The peaks labeled V
and  U  correspond  to  Ce  3d5/2  and  Ce  3d3/2,  respectively.38,39 The  peaks
labeled  V0 and  V’ are  attributed  to  Ce3+,  while  the  peaks  labeled  V1,  V’’,  and  V’’’
are  related  to  Ce4+.  Upon reduction,  the  concentration  of  Ce3+ in  the  CSO-Ni
catalyst  increases  from  19.6%  to  33.4%,  indicating  a  significant  rise  in  the
number  of  oxygen  vacancies.3 This  increase  in  oxygen  vacancies  not  only
enhances the mobility  of  oxygen species but also significantly improves the
catalytic performance for CO2 adsorption and activation. To further elucidate
the behavior  of  the CSO-Ni catalyst  under reducing conditions,  H2-tempera-
ture-programmed reduction (H2-TPR) experiments were conducted, with the
results  presented  in Figure  2H.  For  the  CSO  support,  the  low-temperature
peak  at  around  512  °C  is  attributed  to  H2 consumption  by  surface-capping
oxygen  (Ce4+ to  Ce3+),  while  the  high-temperature  peak  at  around  710  °C
corresponds to H2 consumption by lattice oxygen (Ce4+ to Ce3+), leading to the
formation of oxygen vacancies that serve as active sites for CO2 adsorption
and activation.22,40 The CSO-Ni  catalyst  exhibits  strong reduction features at
335°C, primarily due to the exsolution of nickel from the lattice.41 The peak at
275°C is attributed to the reduction of surface oxygen related to the substitu-
tion of Ce4+ by Ni2+ in the CeO2 lattice.3 Approximately 57.9 % of the initial Ni2+

species  were  reduced  during  the  H2-TPR  process,  highlighting  the  robust
interaction between Ni and the support. The H-spillover effect over the CSO-
Ni  interfaces  significantly  enhances  the  hydrogen  consumption,  increasing
from 0.21 mmol gcat

−1 for the CSO support to 0.31 mmol gcat
−1 for the CSO-Ni

catalyst.  Additionally,  the  high-temperature  reduction  peaks associated with
cerium  reduction  shift  to  lower  temperatures,  indicating  improved  lattice
oxygen  mobility.42,43 This  enhanced  mobility  of  lattice  oxygen  is  crucial  for
improving the catalytic  activity  of  the  CSO-Ni catalyst,  facilitating more effi-
cient CO2 activation and overall reaction kinetics.

Catalytic  activity. The  performance  of  the  catalytic  membrane  reactor  in
producing  CO-free  hydrogen  through  the  coupling  of  water  splitting  and
biogas reforming was evaluated using a  self-made membrane reactor  inte-
grated  with  the  CSO-Ni  catalyst  (Figure  3 and Figure  S4). Water  and  simu-
lated biogas (CH4 and CO2) were introduced into the core side and shell side
of  the  membrane,  respectively.  On the  core  side,  H2O combines  with  e- and
undergoes  a  splitting  process,  resulting  in  the  formation  of  hydrogen  and
oxygen  ions  (H2O  +2e-→ H2+  O2-),  and  subsequently  the  generated  oxygen
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ions  diffuse  to  the  shell  side  driven  by  the  oxygen  chemical  potential
gradient.26 Meanwhile, on the shell side, the dry reforming of methane (DRM,
CH4+CO2→2CO+2H2)  takes  place  over  CSO-Ni  catalyst  to  form  syngas  (H2

and CO).  Simultaneously,  any  unconverted  methane  reacts  with  the  pene-
trated oxygen to produce additional CO, H2 and electrons according to partial
oxidation of methane (POM, CH4+O2- → CO+2H2+2e-).28 The electrons gener-

 

Figure 2.  (A&B) The cross section SEM images of the CSO-Ni@CSO-SSTF catalytic membrane. (C) XRD patterns of the CSO-Ni catalyst before and after reduction pretreat-
ment. (D) HAADF-STEM image and corresponding elemental mappings and (E) HR-TEM image of CSO-Ni after 20% H2 reduction at 800 oC for 2h. XPS spectra of the fresh
and the reduced CSO-Ni catalyst. (F) Ni 2p3/2, (G) Ce 3d. (H) H2-TPR profiles of CSO-Ni catalyst and CSO support.
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ated  in  this  process  migrate  back  to  the  core  side  to  maintain  local  charge
neutrality,  ensuring  the  overall  electrochemical  balance  of  the  system.  The
selective  permeation  of  oxygen  ions  through  the  CSO-SSTF  membrane
ensures that the oxygen generated from water splitting is effectively utilized
in the reforming process, thereby maximizing hydrogen production and guar-
anteeing  the  production  of  CO-free  hydrogen  on  the  water-splitting  side.
Figure 3A evaluates the effect  of  the CH4 concentration in  simulated biogas
on CO-free green H2 production. 0.5 mL min−1 CO2 and 19.5 mL min−1 (CH4 +
N2) were introduced into the shell side; 20 mL min−1 H2O and 10 mL min−1 He
were introduced into the core side.  As the methane concentration increases
from  5%  to  12.5%,  the  CO-free  green  hydrogen  production  rate  gradually
increases from 0.54 mL min–1 cm–2 to 0.82 mL min–1 cm–2. This trend indi-
cates that  higher methane concentrations enhance the contribution of  POM
to methane  conversion,  as  shown in Figure  3B.  The  increased  POM activity
not only improves the overall  hydrogen yield but also ensures more efficient
utilization  of  methane,  thereby  enhancing  the  overall  efficiency  of  the
process.

CH4,(g)+Ni
*
(s)�2H2,(g)+C×Ni

*
(ads)

C×Ni*(ads)+O
*�CO(g)+Ni

*
(s)+V

��
O

CO2,(g)+V
��
O�CO(g)+O

×
O

To  further  elucidate  the  catalytic  mechanism  of  our  catalytic  membrane,
temperature programmed  surface  reaction  (TPSR)  was  employed  to  exam-
ine the surface reaction between CH4 and the CSO-Ni catalyst, as depicted in
Figure 3C. In this experiment, the catalyst was exposed to a flow of 50% CH4

in  a  helium  atmosphere  following in-situ reduction.  As  the  temperature
increases  from  600 oC  to  900 oC,  significant  CH4 consumption  and  H2

production were observed, which can be attributed to the dissociation of CH4

on the active Ni sites ( ). Simultaneously, the forma-
tion of  CO occurs as a result  of  the carbon being oxidized by lattice oxygen
species  on  the  CSO  support,  following  the  Langmuir-Hinshelwood  surface
reaction mechanism ( ).44,45 This process leads to the
formation  of  oxygen  vacancies.  In  the  catalytic  membrane  reactor,  these
oxygen vacancies are re-oxidized by gaseous CO2 ( , Figure
S6)46,47 and  penetrated  oxygen  from  H2O  conversion  on  the  core  side.  The
high  mobility  of  lattice  oxygen  over  the  CSO  support  and  the  chemical
compatibility  between  the  membrane  and  the  CSO-Ni  catalyst  facilitate  the
rapid diffusion of oxygen species from the adsorption site to the three-phase
boundary  of  the  Ni  sites,  CSO  support,  and  CH4.  This  efficient  diffusion  is
crucial  for  the  oxidation  of  carbon  produced  from CH4 conversion,  ensuring
that the catalytic process remains active and selective.

To optimize the overall  process sustainability  and energy utilization,  while
maximizing  the  H2 production  rate  and  facilitating  carbon  capture  in  the
catalytic membrane reactor, the effluent gases (unconverted CH4, H2, CO, and
CO2) from the shell side were recirculated back into the reactor. This strategy
ensures  sustained  participation  of  unreacted  CH4,  H2,  CO,  and  CO2 in  the
reforming  process,  thereby  enhancing  the  overall  conversion  efficiency  and
elevating the CO2 concentration. As shown in Figure S5B, continuous recircu-
lation enables effective utilization of oxygen generated from water splitting on
the core side, maintaining a high rate of methane conversion and minimizing
the  formation  of  undesired  by-products.  After  16  cycles  of  this  recycling
process,  the  methane  concentration  on  the  biogas  reforming  side  was
effectively reduced to zero. The final product CO2 was ready for capture, while
the  CO  concentration  in  the  exhaust  gas  was  measured  to  be  2.9%  on
the  shell  side.  This  low  CO  concentration  does  not  affect  the  purity  of  the
hydrogen  produced  via  water  splitting,  ensuring  the  production  of  CO-free
hydrogen. The hydrogen production rate, with an accumulative rate of 10.35
mL  min–1 cm–2,  was  achieved  through  the in-situ removal  of  the  oxygen
generated from water splitting on the core side. This rate corresponds to up
to 94.5% (3.78 mol H2/mol CH4) of the theoretical hydrogen production value
(4 mol H2/mol CH4), as shown in Figure 3D. 1 mL min−1 CO2, 3 mL min−1 CH4

and 16 mL min−1 N2 were introduced into the shell side; 20 mL min−1 H2O and
10  mL  min−1 He  were  introduced  into  the  core  side.  The  notation “4  mol
H2/mol CH4” indicates that when 1 mole of methane on the shell side is fully
converted  into  CO2 and  H2O,  it  requires  2  moles  of  oxygen.  Concurrently,  4
moles  of  water  (H2O)  on  the  core  side  undergo  decomposition,  yielding  4
moles  of  hydrogen  gas.  Compared  with  the  reported  literatures  (Table  S1),
this hydrogen production rate is competitive with the highest values achieved
in  membrane  reactors  for  water  splitting.  Notably,  these  previous  studies
were conducted with the exclusive presence of methane on the sweep side,
whereas our simulated biogas contains both CO2 and CH4,  which presents a

more challenging  environment.  This  comparison  underscores  the  robust-
ness and efficiency of our catalytic membrane reactor in handling real-world
biogas compositions.

Catalytic  stability. The  stability  of  the  CSO-Ni@CSO-SSTF  catalytic
membrane  reactor  was  evaluated  and  compared  with  that  of  the
Ni/Al2O3@CSO-SSTF, as depicted in Figure 4. Figures 4A & B reveal that the
membrane  reactor  packed  with  the  heterogeneous  Ni/Al2O3 catalyst experi-
enced a pronounced deactivation over a 100-hour operation period.  Specifi-
cally,  the  CH4 conversion  rate  plummeted  from  27.1%  to  11.8%  (Figure  4B),
while the H2 production rate correspondingly decreased from 0.22 mL min–1

cm–2 to  0.02  mL  min–1 cm–2 (Figure  4A). This  significant  decline  in  perfor-
mance can be attributed to the inherent characteristics of the Ni/Al2O3 cata-
lyst. The non-uniform distribution of active sites and the potential for coking
or sintering of the Ni particles over extended periods can lead to a rapid loss
of catalytic activity. Additionally, the physical separation between the catalyst
and  the  membrane  in  this  configuration  may  result  in  inefficient  oxygen
transport  and  utilization,  further  exacerbating  the  deactivation  process.  In
stark contrast, the membrane reactor integrated with the homogeneous CSO-
Ni catalyst demonstrated remarkable stability over the same 100-hour dura-
tion.  It  maintained  a  consistent  CH4 conversion  rate  of  62.8%  and  an  H2

production rate of 0.36 mL cm–2 min–1. Notably, the initial hydrogen produc-
tion rate in the CSO-Ni integrated membrane reactor was significantly higher
than that in the Ni/Al2O3 packed reactor (0.36 mL cm–2 min–1 versus 0.22 mL
min–1 cm–2, Figure  4A).  This  superior  performance  can  be  ascribed  to  the
unique  synergistic  interaction  between  the  homogeneous  CSO-Ni  catalytic
layer and the oxygen-permeable membrane, as illustrated in Figure 4C.

The homogeneous nature of the CSO-Ni catalyst ensures a uniform distri-
bution of  active sites,  which enhances the overall  catalytic  efficiency.  More-
over,  the  intimate  integration  of  the  CSO-Ni  catalytic  layer  with  the  oxygen-
permeable  membrane  facilitates  the  direct  transport  of  reactive  oxygen
species to the active sites.  This seamless interaction promotes a more effi-
cient  and  rapid  oxidation  process,  thereby  sustaining  high  CH4 conversion
and H2 production rates over extended periods. The enhanced oxygen trans-
port  kinetics in the CSO-Ni integrated reactor can be attributed to the elimi-
nation of the intermediate steps required in the Ni/Al2O3 reactor (Figure 4C).
In  the  latter,  oxygen  ions  transported  to  the  membrane  surface  must  first
react  to  form  molecular  oxygen  (O2),  which  then  diffuses  through  the  gas
phase to reach the active sites on the Ni/Al2O3 catalytic layer for participation
in  the  POM  reaction.  This  multi-step  pathway  not  only  limits  the  oxygen
transport kinetics but also introduces additional potential  points of failure or
inefficiency in the overall reaction process. The CSO-Ni integrated reactor, by
bypassing  these  intermediate  steps,  achieves  a  more  direct  and  efficient
utilization of oxygen, resulting in a higher initial hydrogen production rate and
sustained performance over time.
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Figure 3.  (A)  Effects  of  CH4 concentration  in  CSO-Ni@CSO-SSTF  reactor.  (B)  The
contribution of POM and DRM to methane conversion (XCH4) in (A) calculated based
on the CO2 conversion. (C) CH4-TPSR profiles of CSO-Ni catalyst. (D) The accumula-
tive production rate of CO-free green hydrogen and accumulative selectivity of CO2
in a CSO-Ni@CSO-SSAF reactor.
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To further elucidate the reasons behind the observed stability  and perfor-
mance of the different catalytic membrane reactors, a series of post-reaction
characterizations  were  conducted  on  the  catalytic  layers  and  membranes
after a 100-hour test period. Oxygen temperature programmed oxidation (O2-
TPO) measurements were performed to assess the extent of carbon deposi-
tion on the catalysts. The results revealed significant carbon deposition over
the deactivated Ni/Al2O3 catalyst, as evidenced by the CO2 desorption peak of
1.08 mmol gcat–1 (Figure 5A).48,49 This extensive coking is a common cause
of  catalyst  deactivation  in  methane  conversion  processes,  as  it  blocks  the
active sites and hinders the transport of reactants and products. In compari-
son, the CSO-Ni catalyst exhibited a much lower amount of coke deposition,
with  only  0.28  mmol  gcat–1 of  CO2 desorption  observed.  This  indicates  the
improved oxygen transport in the homogeneous catalytic layer and the high
stability of the in-situ exsolved Ni active sites, which are less prone to coking
and sintering.  The  crystal  structure  of  the  spent  CSO-SSTF membrane was
analyzed by X-ray diffraction (XRD). As shown in Figure 5B, the surface of the
spent  membrane  in  contact  with  the  Ni/Al2O3 catalyst  exhibited  significant
changes in its crystal structure. The SSTF perovskite structure was found to
be  destroyed,  and  new  phases  such  as  TiO2,  (Fe0.53Al0.47)2O3,  and  Sr3Al2O6

appeared. These new phases are attributed to the reaction between the SSTF
perovskite phase and the Ni/Al2O3 catalytic layer. This structural degradation
was  further  confirmed  by  scanning  electron  microscopy  (SEM)  analysis,

which  revealed  severe  corrosion  of  the  perovskite  grains  (Figure  5C).  Such
corrosion leads to a decrease in the oxygen permeation flux,  thereby affect-
ing the overall  performance of the membrane reactor.  Conversely,  the spent
membrane  surface  in  contact  with  the  CSO-Ni  catalyst  retained  its  original
crystal structures, including the fluorite-type phase (JCPDS No. 75-0159) and
perovskite phase (JCPDS No. 84-0443), with no detectable impurity peaks in
the  XRD  pattern  (Figure  5B).  Additionally,  no  significant  corrosion  was
observed  even  after  100  hours  of  operation  at  high  temperatures,  as
confirmed by SEM analysis (Figure 5D). This indicates the excellent chemical
stability  and  compatibility  of  the  CSO-Ni  catalyst  with  the  SSTF membrane,
which is crucial for maintaining the structural integrity and oxygen transport
properties of the membrane. The average size of Ni nanoparticles in the CSO-
Ni catalyst exhibited a slight increase to approximately 60 nm after undergo-
ing a long-term stability test (Figure S7B). Although some aggregation of the
metallic  particles  occurred,  they  remained  well-dispersed  on  the  fluorite
surface  and  were  still  discernible  in  the  XRD  pattern  (Figure  S7D).  This
suggests  that  the  Ni  nanoparticles  in  the  CSO-Ni  catalyst  are  highly  stable
and resistant to sintering under the reaction conditions, which is essential for
maintaining  their  catalytic  activity  over  extended  periods.  Consequently,  the
CSO-SSTF catalytic membrane reactor, integrated with a homogeneous CSO-
Ni catalytic layer, demonstrated enhanced oxygen transport and resistance to
deactivation  over  time.  This  resulted  in  a  simultaneous  stable  and  active

 

Figure 4.  Long-term stability of the CSO-Ni@CSO-SSTF or the Ni/Al2O3@CSO-SSTF by coupling water splitting with biogas reforming at 930 oC. Shell side: 1.25 mL min−1

CO2, 2.5 mL min−1 CH4 and 16.25 mL min−1 N2; Core side: 20 mL min−1 H2O and 10 mL min−1 He. (A) Hydrogen production rate JH2. (B) CH4 conversion. (C) Schematic diagram of
the biogas reforming on CSO-Ni or Ni/Al2O3 catalysts in the membrane reactor. R1: bulk diffusion resistance, R2: contact resistance.
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hydrogen production  rate  along  with  carbon  capture.  The  improved  perfor-
mance  can  be  attributed  to  the  homogeneous  distribution  of  active  sites  in
the CSO-Ni catalyst, the efficient oxygen transport facilitated by the intimate
integration  of  the  catalyst  and  the  membrane,  and  the  excellent  chemical
stability  and compatibility  of  the  CSO-Ni  catalyst  with  the  SSTF membrane.
These  findings  highlight  the  potential  of  the  CSO-SSTF catalytic  membrane
reactor  for  sustainable  and  efficient  hydrogen  production  from  methane
conversion processes.

 CONCLUSIONS
In summary,  this study presents a novel  and highly efficient  approach for

the  production  of  CO-free  green  hydrogen  with  negative  CO2 emissions
through the utilization of  a catalytic  composite membrane reactor that  inte-
grates a dense ceria and perovskite membrane with a homogeneous porous
Ce0.8Sm0.15Ni0.05O2-δ (CSO-Ni) catalytic layer. This innovative integration effec-
tively  addresses  the  critical  challenges  associated  with  catalyst  and
membrane  compatibility,  thereby  significantly  enhancing  the  efficiency  and
stability  of  the  hydrogen  production  process.  Through  meticulous  reactor
optimization,  the  system  achieves  a  low  CO  concentration  of  4  ppm  in  the
produced  hydrogen  while  maintaining  a  high  production  rate  of  10.35  mL
min–1 cm–2 from  water  splitting,  corresponding  to  94.5%  of  the  theoretical
yield.  This  high  efficiency  can  be  attributed  to  the  synergistic  interaction
between  the  dense  ceria  and  perovskite  membrane  and  the  homogeneous
CSO-Ni catalytic layer,  which promotes efficient oxygen transport and water
dissociation. Moreover, the concurrent capture of CO2 with an 85.5% selectiv-
ity on the opposite side of the membrane underscores the system's capabil-
ity for integrated carbon capture, contributing to negative CO2 emissions. The
enhanced stability of the reactor,  demonstrated over a 100-hour continuous
operation,  is  primarily  attributed  to  the  high  coke  resistance  of  the  CSO-Ni
catalyst, facilitated by the in situ exsolved Ni nanoparticles, and the excellent
chemical  compatibility  between  the  catalyst  and  the  membrane  materials.
This work represents a significant contribution to the field of chemical engi-
neering, offering a practical and sustainable solution for hydrogen production
that aligns with the global  imperative for  carbon neutrality.  This work repre-
sents  a  significant  milestone  in  the  field  of  chemical  engineering,  offering  a
practical  and  sustainable  solution  for  hydrogen  production  that  aligns  with
the global imperative for carbon neutrality. The findings of this study pave the
way for  further  research  and  development  in  sustainable  hydrogen  produc-
tion technologies, with the potential to revolutionize the way we produce and
utilize hydrogen as a clean energy carrier.
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