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ABSTRACT

As an efficient approach to high-purity hydrogen, the sorption-enhanced steam reforming

(SESR) is usually highly energy-intensive. Herein, the sorbent decarbonation was conducted in the

presence of O2 to enable the exothermic reaction between CaO and cobalt oxides to form calcium

cobaltate  (CCO).  By  utilizing  CCO  as  oxygen  carrier  (OC),  the  chemical  looping  methane

combustion (CLMC) was employed prior to the SESR of glycerol (SESRG). The CCO was pre-

reduced  to  generate  a  multi-functional  material  composed  of  metallic  Co  catalysts  and  CaO

sorbent, which can significantly improve the H2 yield from SESRG. With a simple Pt-doped CCO

acting as pre-catalyst, CO2 sorbent and OC, we realized 70% CH4 conversion and 96 vol.% H2

with  120% yield  for  20 cycles.  The promoting effects  of  Pt  towards  CH4 conversion  and H2

production were rationalized by CH4-TPR, XPS, SEM and TEM. Our results  demonstrate  the

feasibility of process integration and intensification enabled by multi-functional materials.

TOPICAL HEADING: Reaction Engineering, Kinetics and Catalysis

KEY WORDS:  Calcium cobaltate;  Pt;  hydrogen yield; Sorption-enhanced steam reforming of

glycerol; Chemical looping methane combustion 
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1. INTRODUCTION

Enormous attention has  been drawn either  to  renewable carbon-free power sources  or to

alleviating carbon emission in current industrial processes approaching to a decarbonized future.

Hydrogen is deemed as an ideal environmentally benign energy carrier for its combustion only

emits water.1,2 However, nowadays over 90% of global hydrogen is still from fossil fuels,3 thus

making its production unsustainable from a long-term perspective. To address this issue, biomass-

derived feedstocks have shown huge potential in recent decades for producing hydrogen because

of  its  renewability,  less  energy  consumption  and  milder  reaction  conditions  compared  with

conventional methane steam reforming, petroleum refining, coal gasification or water electrolysis

processes.3 Glycerol  as  an  abundant  by-product  from bio-diesel  production  has  already  been

extensively studied for hydrogen production due to its broad availability, relatively high hydrogen

content (57.1 at.% or 8.8 wt.%) and low toxicity.4 So far, high-purity hydrogen (>96 vol.%) can be

produced via steam reforming of glycerol combined with sorption-enhancement techniques.5-9 As

expressed in Eq. (1), the sorption-enhanced steam reforming of glycerol (SESRG) utilizes sorbent

materials  (such as  CaO)  to  in  situ remove CO2 yielded from the  reforming reaction,  thereby

shifting the equilibrium towards hydrogen production. The CO2 fixed in the sorbent in the form of

carbonates makes it convenient for further storage and utilization10, allowing for a facile approach

to carbon emission control.

         C3H8O3(g)+3H2O(g)+3CaO(s)=7H2(g)+3CaCO3(s)  ΔHr,298K = -406 kJ/mol     (1)

However,  to  enable  a  long-term operation,  calcination  at  high  temperatures  (~800  oC) is

usually  required  to  commence  the  endothermic  decomposition  of  CaCO3 to  decarbonate  the
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sorbent, thus making the overall process highly energy-intensive. Fortunately, it should be noted

that the formation of calcium-transition-metal composite oxides (Ca-M-O, M=Co, Cu, Fe) via

solid-state  reactions  between  CaO  and  transition  metal  oxides  may  be  more  energetically

favorable in the presence of oxygen.11-13 Following this strategy, it has been demonstrated that

calcium cobaltate (CCO) was feasible as a stable dual-functional material (SRG pre-catalyst and

CO2 sorbent) for SESRG for up to 120 reaction-decarbonation cycles.14 As depicted in Figure S1a,

the formation of Ca3Co4O9 is exothermic within the calculated temperature range, thus consuming

much less energy compared with the endothermic CaCO3 decomposition. In addition, the Gibbs

free energy changes of the formation of Ca3Co4O9 depicted in Figure S1b are below zero within

the calculated temperature range, in striking contrast with that of CaCO3 decomposition which

only goes below zero at T>827 oC (1100 K). These advantages suggest that the energy efficiency

of sorbent decarbonation could be dramatically improved if CCO material can be formed in the

presence of O2. 

Unfortunately,  the  introduction  of  oxygen  consumes  H2 produced  in  the  next  cycle  of

SESRG, thereby declining the overall H2 yield. To overcome this, CCO reduction needs to be

decoupled from SESRG to avoid H2 consumption. It should be noted that CCO can be readily

reduced to Co and CaO in hydrogen-rich atmosphere, implying that it can be applied as an oxygen

carrier under certain circumstances, depending on the activity and mobility of its lattice oxygen.

On the other hand, as Ca2Fe2O5 has been reported as an efficient oxygen carrier  for chemical

looping methane combustion (CLMC) and Co is also an element in VIII group, 15,16 we proposed

that CCO is a potential  oxygen carrier  (OC) that can be applied for a CLMC process.  As an

important clean fossil  energy from shale gas,  coalbed methane and methane hydrate,17 CLMC
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provides  an efficient way to mitigate  carbon emission.  18-20 It  utilizes  lattice oxygen from OC

rather than air to oxidize methane to produce heat and energy, and a nearly pure CO2 stream can be

readily obtained for further capture and storage after condensation of steam, as expressed in Eq.

(2) and Eq. (3),21,22 where MxOy stands for metal oxides. 

                  δCH4+MxOy→δCO2+2δH2O+MxOy-4δ                 (2)

                        MxOy-4δ+2δO2→MxOy                        (3)

Scheme 1 Illustration of the combination of SESRG for H2 production and CLMC for Pt/CCO

reduction.

CLMC: Ca3Co4O9(s)+1.5CH4(g)=3CaO(s)+4Co(s)+1.5CO2(g)+3H2O(g) (4)

SESRG: C3H8O3(g)+3H2O(g)+3CaO(s)=7H2(g)+3CaCO3(s) (5)

Regeneration: 3CaCO3(s)+3O2(g)+4Co(s)=Ca3Co4O9(s)+3CO2(g) (6)

Here,  enlightened  by  the  versatility  exhibited  by  CCO acting  as  SRG  pre-catalyst,  CO2

sorbent and OC, we demonstrated that energy-saving decarbonation and improved H2 yield could

be both achieved in a 3-step cycle composed of CLMC, SESRG and OC regeneration/sorbent
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decarbonation using a Pt doped CCO material (Pt/CCO), in which Pt allowed for more effective

methane activation and conversion in CLMC and more efficient H2 production in SESRG. As

illustrated in Scheme 1, CH4 combustion was conducted upon Pt/CCO and it was reduced by CH4

to generate the dual-functional material comprised of CaO, Co and Pt, which was subsequently

subjected  to  SESRG  to  produce  H2 with  >96%  purity.  Finally,  the  post-breakthrough  dual-

functional  material  is  regenerated in  air  to  release CO2 and to form Pt/CCO. These steps are

summarized  by  the  reactions  as  Equation  (4)-(6).  In  addition,  the  overall  energy  balance

calculation suggested that the proposed 3-step process outperformed conventional 2-step SESRG-

sorbent decarbonation in terms of overall energy and CH4 consumption normalized to unit quantity

of H2 produced, as detailed in Scheme S1, Table S1, S2 and S3.  It should be pointed out that

introducing air in the sorbent decarbonation/oxygen carrier regeneration step makes it unable to

obtain  pure CO2 stream.  However,  a  CO2-rich  stream can still  be produced,  enabling  various

downstream applications, such as amine scrubbing CO2 capture and chemical synthesis.23,24 It is

worth mentioning that Abanades, Anthony, Müller and co-workers have proposed 3-step Cu-Ca

loops, wherein CO2 capture, H2 production and CH4 combustion were also integrated in one cycle

enabled by a CaO-CuO catalyst-sorbent-OC material.25-27 It should be stressed that the 3-step cycle

proposed here is quite different from the chemical looping – sorption enhanced steam reforming

(CL-SESR)  process  reported  by  Dou,  Chen  and  co-workers,  since  the  CL-SESR  process  is

essentially a 2-step cycle that utilizes heat produced by oxidation of metals to compensate energy

input in the sorbent decarbonation step, thereby still resulting in H2 consumption in the followed

SESR step.9,28 In this work, the recyclability of the Pt/CCO material was demonstrated for 20

cycles in the proposed 3-step loop with enhanced H2 yield from SESRG and CH4 conversion in
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CLMC compared with  CCO material  without  Pt  doping,  and the  promoting  effect  of  Pt  was

extensively  investigated  by  multiple  approaches  to  rationalize  the  evolution  of  the  Pt/CCO

material over the cycles.

2. EXPERIMENTAL

2.1 Chemicals 

Chemicals involved in this  work are used as received unless  otherwise specified.  Cobalt

nitrate  hexahydrate  (Co(NO3)2·6H2O,  99.99%  metal  basis),  calcium  nitrate  (Ca(NO3)2·4H2O,

99.98% metal basis) and chloroplatinic acid hexahydrate (H2PtCl6·6H2O, ACS regent, containing

37.5  wt.%  Pt)  were  purchased  from  Shanghai  Aladdin  Biochemical  Technology  Co.,  Ltd.

(Shanghai, China).

2.2 Synthesis of Pt/CCO

In a typical synthesis, aqueous solution containing equal molar ratio of Ca2+ and Co2+  was

firstly  prepared  by  dissolving  0.02  mol  of  corresponding  nitrates  in  50  mL deionized  water,

followed by adding the desired amount of H2PtCl6 aqueous solution (0.01 mol/L Pt) to achieve 1

wt.% Pt content in the Pt/CCO material. After vigorous agitation for 30 min at room temperature,

the solution was dried at 120 oC overnight to obtain precursors, followed by calcination at 800 oC

for 4 h in air to obtain fresh Pt/CCO material. The Pt content of the as-prepared Pt/CCO material

was determined to be 1.07 wt.% by a PerkinElmer OPTIMA 7300 DV inductively coupled plasma

–  optical  emission  spectrometer,  as  detailed  in  Supplementary  Text.  The  CCO  material  for

reference purposes was synthesized using the identical procedure without adding H2PtCl6 aqueous

solution. 
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2.3 Characterizations of Pt/CCO

X-ray  diffraction  (XRD)  patterns  were  recorded  on  a  PANalytical  X’Pert  powder

diffractometer with monochromatic Cu Kα radiation (λ=0.15406 nm) at 12°/min scan rate and

0.02° step size to determine the crystal phase of the materials. The generator voltage and tube

current were at 40 kV and 40 mA, respectively. The diffraction peaks were matched using the

International Center for Diffraction Data (ICDD) database.

The specific surface area of Pt/CCO was determined by the Brunauer–Emmett–Teller (BET)

method using N2 physisorption at 77 K (-196 oC) by a Micromeritics ASAP 2010 apparatus. The

samples were degassed at 150 oC for 6 h prior to the measurement. 

The surface morphology and microstructure of fresh and spent Pt/CCO were characterized by

a  Zeiss  Merlin  field  emission  scanning  electron  microscope  (FESEM)  operated  at  5.0  kV.

Transmission electron microscopy (TEM) images, high-angle annular dark field - scanning TEM

(HAADF-STEM) images, high resolution TEM (HRTEM) images and energy dispersive X-ray

spectroscopic  (EDS)  element  maps  were  recorded  on  a  JEOL  JEM-2100F  field  emission

transmission  electron  microscope operated  at  200 kV.  Specimens  for  TEM were  prepared  by

ultrasonically dispersing the sample in ethanol, followed by depositing a drop of the suspension

onto a copper microgrid covered with amorphous carbon. 

X-ray  photoelectron  spectroscopy  (XPS)  analysis  of  Pt/CCO  was  carried  out  with  a

ThermoFisher ESCALAB 250Xi spectrometer using monochromatic Al Kα (1486.6 eV) radiation.

High resolution XPS spectra of Co 2p, Ca 2p, Pt 4f along with C 1s and O 1s were recorded. The

binding energies were referenced to the adventitious C 1s peak at 284.8 eV. The obtained XPS

spectra  was  deconvoluted  and  fitted  using  the  XPSPEAK  41  software  with  a  Shirley-type
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background  and  20% Gaussian-Lorentz  factor.  The  XPS  spectra  of  Pt  4f  were  not  fitted  or

deconvoluted due to their low signal to noise ratio.

H2 temperature programmed reduction (H2-TPR) experiments were performed on a Xianquan

TP-5080 apparatus equipped with a thermal conductivity detector (TCD). Typically,  50 mg of

sample was firstly pretreated in N2 (30 cm3/min) at 200  oC for 0.5 h. After cooling it to room

temperature, 10 vol.% H2/N2 (30 cm3/min) was used to reduce the sample from 30 oC to 800 oC at

a temperature ramping rate of 10  oC/min. For samples after CH4 combustion and SESRG, they

were  firstly  treated  in  N2 at  700  oC for  0.5  h  to  desorb  CO2.  The  quantitative  analysis  was

performed to determine the oxygen carrying capacity, by using CuO powder (99.99% metal basis)

as reference to calibrate the TCD signal.

CH4 temperature  programmed  reduction  (CH4-TPR)  experiments  were  performed  on  the

Xianquan TP-5080 apparatus connected to a HIDEN QIC-20 mass spectrometer (MS) equipped

with an electron impact ion source operated at 70 eV. Typically,  50 mg of sample was firstly

pretreated in He (30 cm3/min) at 200 oC for 0.5 h. After cooling it to room temperature, 10 vol.%

CH4/He (30 cm3/min) was used to reduce the sample with the temperature ramping from 30 oC to

800 oC at a heating rate of 10 oC/min and holding at 800 oC for 60 min. The MS was operated in

selected ion monitoring (SIM) mode, by which characteristic ions of H2 (m/z=2), CH4  (m/z=15),

CO  (m/z=28)  and  CO2  (m/z=44)  were  monitored  concurrently.  The  off-gas  from  TCD  was

introduced into the capillary sampling tube of the MS so as to detect H2, CH4, CO and CO2. 

2.4 Performance tests

The performance tests of the Pt/CCO were performed in a quartz tubular fixed bed reactor

with an inner diameter of 9.6 mm and a length of 330 mm. The temperature of catalyst bed was
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monitored by a K-type thermocouple with a diameter of 3 mm. The schematic diagram of the

experiment set-up used for the performance test are given in Figure S2. In a typical experiment,

1.0 g Pt/CCO was mounted  into  the reactor  and heated  to  800  oC in 50 Ncm3/min (standard

milliliter per minute, the same below) N2, then 30% CH4/N2 (50 Ncm3/min) was introduced to the

reactor to start the CH4 combustion for 14 min (the duration is chosen based on the results in

Figure 4b). Thereafter, the reactor was purged with 100 Ncm3/min N2 then cooled down to 550 oC.

A mixture of glycerol and water (Steam/Carbon=4) was fed into the upper part of the catalyst bed

using a syringe pump through a stainless-steel capillary tube (0.3 mm I.D.) at 0.02 mL/min in the

presence of 30 Ncm3/min N2 flow (GHSV=1309 h-1) to start the SESRG reaction for 20 min (the

duration is chosen based on the results in Figure S8). Then, the reactor was heated to 800 oC and

kept for 30 min (the duration is chosen based on our previous work 14) with 21 vol.% O2/N2 (30

Ncm3/min) to regenerate Pt/CCO. And the reactor was purged with 100 Ncm3/min N2 for 10 min

after each cycle. The mole fractions of H2, CO, CH4 and CO2 in the off-gas were monitored by a

GC9790 online gas chromatograph (GC) equipped with a TDX-1 packed column, a methanator, a

TCD and a flame ionization detector (FID). 

For CH4 combustion, the CH4 conversion ( ) and CO2 selectivity ( ) are calculated

by the following equations

For SESRG reactions, the dry basis N2-free mole fractions of gaseous products ( ,  i=H2,
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CH4, CO or CO2) and the hydrogen yield ( ) are calculated by the following equations

2.5 Thermodynamic and overall energy balance calculation

Thermodynamic calculations were carried out to compare the enthalpy change and Gibbs free

energy change of  CCO formation  and CaCO3 decomposition,  wherein  Ca3Co4O9 was  used  to

represent CCO, see Figure S1 for more details. Quantitative analysis of the dry-basis N2 free mole

fractions  of  H2 and  CO2 at  the  thermodynamic  equilibrium  for  pre-breakthrough  and  post-

breakthrough stages of SESRG was performed using ASPEN Plus V10 software by minimizing

the Gibbs free energy, detailed descriptions of the method and associated results could be found in

Supplementary  material,  Table  S7  and  Table  S8.  The  overall  energy  balance  calculation  was

performed to demonstrate the energy-saving feature of proposed CLMC-SESRG-OC regeneration/

sorbent decarbonation cycle, compared with conventional SESRG-sorbent decarbonation cycle.

The calculation method and associated results are detailed in Supplementary Text, Scheme S1,

Table S1, Table S2 and Table S3.  

3. RESULTS AND DISCUSSION

3.1 Characterizations of the Pt/CCO multi-functional material
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Figure  1 (a)  The  XRD  pattern  and  (b)  H2-TPR  profile  with  CCO  as  reference  of  the  as-

synthesized Pt/CCO multi-functional material.

Figure 2 (a) FESEM image, (b) TEM image, (c) HRTEM image (inset shows the FFT pattern of

the image), (d)~(h) HAADF-STEM image and corresponding EDS element maps of Pt, Co, Ca
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and O (scale bar: 1 μm), (i) overlaps of (d)~(h) of the fresh Pt/CCO multi-functional material.

Noble metals are expected to improve the activation of methane and also the H2 production in

steam reforming  of  glycerol.29-35 A preliminary  screening  of  M/CCO (M=Pt,  Pd,  Rh,  Ru,  Ir)

materials in terms of H2 production via SESRG and CH4 conversion revealed that Pt outperformed

other  noble  metals,  as  illustrated  in  Figure  S3.  Hence,  Pt/CCO  was  applied  for  further

investigation. As shown in Figure 1a and Figure S4a, the formation of CCO phases in Pt/CCO can

be verified by the characteristic  reflections  at  16.5°,  33.3°,  37.2°,  39.5°,  etc.,  probably in  the

stoichiometry  of  Ca2Co2O5,  Ca3Co4O9 or  Ca9Co12O33,  suggesting  that  the  CCO  phase  can  be

preserved after  Pt doping. Huang and co-workers reported the expansion of (002) facet  when

3.7~7.2 wt.% Pt was doped into Ca3Co4O9.36 However, the expansion can be hardly observed due

to the very low content of Pt of 1 wt.% in this work. On the other hand, trace Co 3O4 phase could

also be identified due to the incomplete solid-state reactions between CaO and Co species at 800

oC, as depicted in Figure S4b. The HRTEM image depicted in Figure 2c and Figure S5e-h further

confirmed  the  formation  of  misfit-layered  Co3Co4O9 with  the  characteristic  1.08  nm  interval

between adjacent [CoO2] sublattices along the c-axis.  37,38 On the other hand, neither metallic Pt

nor Pt oxides were identified in the XRD patterns (Figure 1a and Figure S4a) or observed in TEM

(Figure 2b) and HAADF-STEM (Figure 2d) images. The uniform distribution of Pt with Co, Ca

and O in the EDS elemental maps (Figure 2e-i & Figure S5a-d) suggests the doping of Pt into the

bulk CCO phase. In addition, the hierarchical structure with some nanorods on the bulk flake can

be observed in the FESEM image (Figure 2a) regardless of Pt doping, and the structure provided

more  available  solid-gas  interfaces,  thereby  being  more  favorable  for  reactant  conversion.14
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Furthermore, Pt-doping dramatically enhanced the reducibility of CCO. As shown in Figure 1b,

the H2 consumption peaks from the reduction of bulk CCO phase and surface Co3O4 species are

downshifted by 169 oC and 45 oC, respectively, probably owing to the superior H2 activation on

Pt.39,40 It is also noted that the peak located at 322 oC (367 oC for CCO) is much smaller compared

to the peak located at 463 oC (612 oC for CCO), suggesting surface Co3O4 is reduced prior to CCO

species. The BET specific surface area of the as-prepared Pt/CCO was 6.0 m2/g (see Figure S6 for

the isotherm), which could be rationalized by the fact that it was prepared by calcination at 800 oC.

To probe the chemical states of the as-prepared Pt/CCO, we preformed XPS analysis on core-

level Co 2p, Ca 2p and Pt 4f spectra. As depicted in Figure S7a, the Co 2p XPS spectrum could be

deconvoluted to two sets of doublets, corresponding to Co(IV) and Co(III), again confirming the

existence of CCO species featured by altered [CoO2] and [Ca0.5CoO2] sublattices. As it presents an

average oxidation state higher than +3, Co atoms in the layer-structured CCO species are more

electron-donating compared to common cobalt oxides (e.g. CoO, Co3O4, Co2O3).41 The Ca 2p XPS

spectrum (Figure S7b) could also be deconvoluted to two sets of doublets, corresponding to Ca(II)

coordinated to Co at different chemical valence in [Ca0.5CoO2] sublattices.41 As shown in Figure

S7c,  a  set  of  distinguishable  doublets  located  at  ca.  74.0  eV and  ca.  77.3  eV suggested  the

existence of Pt(IV) species, 42,43 due to the substitution of Co by Pt atoms in the CCO lattice via

solid-state reactions between CCO and Pt oxides. With the structural and morphological properties

of Pt/CCO multi-functional material  being clarified,  we therefore subjected it  to  the proposed

CLMC-SESRG-OC regeneration/sorbent decarbonation cycles.  

3.2 Performance of Pt/CCO in SESRG
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Figure 3 (a) Typical dry basis N2-free gaseous product evolution profile of SESRG, the horizontal

dashed  lines  represent  mole  fractions  of  H2 (violet)  and  CO2 (orange)  at  thermodynamic

equilibrium at the pre-breakthrough and post-breakthrough stages, respectively, (b) H2 yield over

CCO, CH4-reduced CCO and CH4-reduced Pt/CCO materials in SESRG measured by online GC.

Reaction conditions for CH4 reduction: 101.325 kPa, 800 oC, 50 Ncm3/min CH4(30 vol.%)/N2, 1 g

CCO or Pt/CCO, 14 min;  reaction conditions  for  SESRG: 101.325 kPa,  550  oC, S/C=4, 0.02

mL/min, 30 Ncm3/min N2 (GHSV=1309 h-1), 1 g CCO or Pt/CCO, 20 min.   

The evolution of mole fractions of dry-basis N2-free gaseous products in a typical SESRG

reaction over the CH4-reduced Pt/CCO material presents three characteristic stages composed of

pre-breakthrough,  breakthrough  and  post-breakthrough  (see  Figure  S8).44,45 In  the  pre-

breakthrough stage, 96.0% H2 can be produced with only 0.7% CO2 emission, demonstrating a

remarkable sorption-enhancement  effect  by  in  situ CO2 capture compared with 69.5% H2 and

24.0% CO2 in the post-breakthrough stage. It was noted in Figure 3a that the enhancement of H2

mole fraction for CH4 reduced CCO and Pt/CCO mainly occurred in the beginning of the pre-

breakthrough stage, suggesting CCO consumed H2 as soon as the SESRG reaction began. After
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pre-reduction by CH4, H2 mole fraction was slightly lower than the thermodynamic equilibrium

value  at  the  pre-breakthrough  stage,  possibly  due  to  consumption  by  reverse  water  gas  shift

reaction  (see  Table S7 and S8 for  details),  whereas  CO2 mole fraction was quite  close to  its

equilibrium value. More importantly, the pre-reduction by CH4 improved the H2 mole fraction and

H2 yield of CCO by 4 percentage points and 6.3 times, respectively, as shown in Figure 3b and

Table S4, demonstrating the CH4 reduction can compensate for the H2 consumption by the oxides

in SESRG step. Moreover, H2 mole fraction and yield were further enhanced by doping CCO with

Pt, suggesting the promoting effect of Pt towards H2 production. It was noticed that the H2 yield

exceeded 100% over the CH4-reduced CCO and Pt/CCO. The excess H2 was probably contributed

by the reforming/gasification of coke deposited during the CH4 combustion (see section 3.4). To

better verify the promoting effect, SESRG tests were also conducted on the H2-reduced CCO and

Pt/CCO materials. As shown in Table S5, H2-reduced Pt/CCO gave both higher H2 mole fraction

and  H2 yield  compared  with  H2-reduced  CCO,  i.e.  96.9% vs.  95.3% and  87.9% vs.  84.2%,

accompanied by the lower CO mole fraction,  i.e.  1.5% vs.  2.7%, suggesting that Pt promotes

SESRG possibly by facilitating water-gas shift reaction (WGSR).46 

3.3 Performance of Pt/CCO in CLMC
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Figure 4 Evolutions of CH4 conversion during the CH4 combustion step for four cyclic CLMC-

SESRG-OC regeneration/sorbent decarbonation tests  over (a) CCO and (b) Pt/CCO (The inset

demonstrates the evolution of CH4 conversion along with CO2 selectivity over the CH4-reduced Pt/

CCO in the 3rd cycle). Reaction conditions for CLMC: 101.325 kPa, 800 oC, 50 Ncm3/min CH4(30

vol.%)/N2, 1 g CCO or Pt/CCO, 14 min; reaction conditions for SESRG: 101.325 kPa, 550  oC,

S/C=4, 0.02 cm3/min, 30 Ncm3/min N2, 1 g CCO or Pt/CCO, 20 min; OC regeneration/sorbent

decarbonation conditions: 101.325 kPa, 800 oC, 30 Ncm3/min O2(21 vol.%)/N2, 30 min.  

Figure  4 shows the  promoting effect  of  Pt  on CH4 conversion.  When the fresh CCO or

Pt/CCO  materials  was  subjected  to  the  CH4 combustion,  a  sharp  decline  of  CH4 conversion

followed by a low-CH4-conversion period was observed, although the initial CH4 conversion can

be high up to ~80%. After that, almost complete CH4 conversion can be reached. The period with

low CH4 conversions can be observed even after four cycles over CCO. The longer period may

result  in  severe  sintering  of  CaO and  Co  at  800  oC,  thereby  deteriorating  both  CO2 capture

capacity and glycerol reforming activity in the subsequent SESRG step, which were identified

after shutting down the CH4 reduction reaction in the low-CH4-conversion period, as depicted in

Figure S9. It was observed that the Pt-doping significantly shortened the period with low CH4

conversions, despite the long-standing period in the 1st cycle. From the 3rd cycle on, it took less

than 8 min to achieve the complete conversion of CH4. The inset in Figure 4b depicts the evolution

of CH4 conversion along with CO2 selectivity for the 3rd cycle over Pt/CCO, wherein three stages

can be clearly distinguished. Stage I was featured by the relatively high CH4 conversion and over

90% CO2 selectivity, suggesting  CH4 was converted largely in the way of complete oxidation.

With the oxygen being consumed in Pt/CCO, the reaction proceeded to stage II,  wherein the
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partial  oxidation and pyrolysis of CH4 took place,  featured by descending CO2 selectivity and

ascending CH4 conversion. When the oxygen in Pt/CCO was finally depleted, the reaction entered

stage III, wherein the high CH4 conversion and low CO2 selectivity were a result of CH4 pyrolysis

catalyzed by metallic Co and Pt as detailed later. To sum up, the incorporation of Pt into CCO

significantly promoted the CH4 conversion.

3.4 Recyclability of the coupled CLMC-SESRG process

Figure 5 Evolutions of (a) CH4 conversion, CO2 selectivity and oxygen carrying capacity for CH4

combustion,  and  (b)  dry  basis  N2-free  mole  fraction  of  gaseous  products,  H2 yield  and  pre-

breakthrough  time  in  SESRG  step  during  20  CLMC-SESRG-OC  regeneration/sorbent

decarbonation cycles. “Breakthrough” is defined as the point when dry basis N2-free mole fraction

of  CO2 exceeds  3%,  and  pre-breakthrough  time is  the  duration  when dry  basis  N2-free  mole

fraction of CO2 is below 3%. Reaction conditions for CLMC: 101.325 kPa, 800 oC, 50 Ncm3/min

CH4(30 vol.%)/N2, 1 g Pt/CCO, 14 min; reaction conditions for SESRG: 101.325 kPa, 550  oC,

S/C=4,  0.02  mL/min,  30  Ncm3/min  N2  (GHSV=1309  h-1),  1  g  Pt/CCO,  20  min;  OC

regeneration/sorbent decarbonation conditions: 101.325 kPa, 800 oC, 30 Ncm3/min O2(21 vol.%)/

N2, 30 min.   
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To test the feasibility of the Pt/CCO in the proposed CLMC-SESRG-OC regeneration/sorbent

decarbonation  cycle,  we performed a stability  test  for  20 cycles.  As shown in Figure  5a,  the

average CH4 conversion during Stage I significantly ascended from 7.8% to 78.1% after the first 6

cycles,  implying  the  evolution  of  catalyst  during  the  cycling  test  (see  sub-section  3.5  for

explanation), then stabilized at around 70% with over 90% CO2 selectivity during the following 14

cycles,  suggesting good stability  in  terms of CLMC. The oxygen carrying capacity  of cycled

Pt/CCO calculated from the quantitative H2-TPR analysis (as detailed in Figure S10 and Table S6)

retained at around 0.17 g O/g OC, demonstrating the excellent stability of Pt/CCO acting as OC.

Meanwhile, Pt/CCO also displayed excellent stability towards SESRG. As shown in Figure 5b, the

average H2 mole fraction during the pre-breakthrough stage increased from 90.2 % to 95.0 % after

the first 3 cycles and then stabilized at around 96% in the following 17 cycles. The H2 yield in the

pre-breakthrough stage maintained at around 120%. According to Dou et al.,  H2 yield in SRG

reaction should be close to 100% with S/C ratio higher than 3 at above 500 oC.47 In our case, the

excess hydrogen can be rationalized by the reaction C + H2O ⇌ CO + H2 followed by WGSR at

high S/C ratios, in which the coke was from CH4 pyrolysis. The carbon formation was initially

observed at the beginning of stage II of CH4 combustion step according to the carbon balance. As

shown in Figure S11, the carbon balance dropped from ~100% to 84% at the beginning of stage II,

suggesting that carbon generated from CH4 decomposition started to deposit on the catalyst. At the

meantime,  CO and CO2 were  both  detected  in  stage  II,  indicating  that  CoO must  have  been

reduced to Co. Thus, it is reasonable to conclude a metallic cobalt catalyzed the coke formation. 

As an essential descriptor, pre-breakthrough time demonstrates the SE effect provided by the

CO2 sorbent. And more specifically, the evolution of pre-breakthrough time over cycles reflects
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the recyclability of the sorbent. In this work, an average pre-breakthrough time of 7.5 min was

achieved for 20 cycles. Moreover, there were no noticeable changes of other gaseous products

after the 4th cycle as well.  In summary,  the proposed CLMC-SESRG-OC regeneration/sorbent

decarbonation process is feasible and stable for 20 cycles using a simple Pt/CCO multi-functional

material. 
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Figure 6 XRD patterns  of  Pt/CCO after  (a)  OC regeneration/sorbent  decarbonation,  (b)  CH4

combustion and (c) SESRG steps, respectively, after 1st, 8th, 10th and 20th cycle.

XRD and  H2-TPR were  performed  to  clarify  the  phase  change  in  the  repeated  CLMC-

SESRG-OC regeneration/sorbent decarbonation cycles. As shown in Figure 6a, CCO phases can

still be preserved after multiple cycles, as observed in the fresh Pt/CCO. By subjecting Pt/CCO to

CH4 combustion, it is reduced to CaO and metallic Co, as depicted in Figure 6b. The appearance

of Ca(OH)2 phase was resulted from the hydration of CaO while exposed to moisture in the air.48-50

In the following SESRG step, CaO is carbonated to CaCO3, as evidenced by the emergence of

reflections at 29.5°, 39.4°, 47.5° and 48.5° in Figure 6c. It was observed that CaO suffered from

sintering  during  the  repeated  CLMC-SESRG-OC  regeneration/sorbent  decarbonation  cycles,

possibly owing to CH4 combustion being carried out at 800 oC.51 Nevertheless, this had little effect

on the stability since CaO underwent the solid-state reaction with Co3O4 to form CCO in the

following OC regeneration/sorbent decarbonation step, thus guaranteeing the controllable CaO
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sintering. At this point, we can conclude the major phase changes in CH4 combustion, SESRG and

OC regeneration/sorbent decarbonation, respectively, as expressed in Eq. (4) – Eq. (6), in which

Ca3Co4O9 is used to represent CCO. And as these phase changes occur in the 1st, 8th, 10th and 20th

cycle repeatedly, it is fair to suggest that they behave in a highly reversible manner throughout 20

cycles.  

Figure 7  H2-TPR profiles of Pt/CCO after (a) OC regeneration/sorbent decarbonation, (b) CH4

combustion and (c) SESRG steps, respectively, after 1st, 8th, 10th and 20th cycle.

The  reduction  behaviors  of  CCO  and  Pt/CCO  may  help  us  to  probe  the  role  of  Pt  in

promoting reducibility of CCO. As shown in Figure 7a, the spent Pt/CCO after multiple cycles

shows two distinguishable sets of peaks in the H2-TPR profiles as observed in the fresh Pt/CCO,

indicating that the phase change between CCO and Ca/Co species is highly reversible. The peak

corresponding to bulk CCO phase reduction after cycles shifts to the lower temperature by 12 oC

(463 oC→451 oC) compared to the fresh pre-catalyst in Figure 1b, implying the improved ability
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for hydrogen activation. After the CH4 combustion step, only a small peak can be observed at 600

oC,  as  illustrated  in  Figure  7b.  It  could  be  attributed  to  the  methanation  of  polymeric  coke

originated from CH4 pyrolysis.52 In the following SESRG step, part of the coke would be gasified

by steam as evidenced by the decrease of peak area at 600 oC in Figure 7c. In addition, the absence

of peaks corresponding to the reduction of CoOx and CCO in Figure 7b and Figure 7(c) also

suggests the complete reduction of Pt/CCO in the CH4 combustion step, thereby guaranteeing the

high H2 yield in the following SESRG step.   

3.5 Promoting effect of Pt
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Figure  8 CH4-TPR-MS  profile  of  (a)  fresh  CCO,  (b)  fresh  Pt/CCO,  (c)~(f)  air

regenerated/decarbonated Pt /CCO after 1st, 8th, 10th and 20th cycle. The blue and black line in the

bottom of each panel stands for evolution of TCD signal and temperature, respectively. 

The  CH4 reduction  of  Pt/CCO  was  further  probed  by  CH4-TPR-MS  to  understand  the

promoting effect of Pt. As shown in Figure 8a, the surface Co3O4 is reduced first, evidenced by the

small inverse peak located at 692 oC accompanied by the detection of CO2 according to the MS

signal. The low-CH4-conversion period is then followed, as also observed in the CH4 combustion

step in the 1st cycle of the proposed 3-step process. As the temperature increased, a sharp rise of

TCD signal is observed. It is a transition from complete CH4 combustion to CH4 partial oxidation

and CH4 pyrolysis, as evidenced by the change of CH4, H2 and the appearance of CO in the MS

signal.  Therefore,  the phase transitions  regarding CCO species  can be interpreted as:  [surface

Co3O4 +bulk CCO (692 oC)]→[CoO+CaO+trace Co(692 oC~800 oC 23 min)]→[Co+CaO+C(800

oC 23~40 min)]. It should also be pointed out that the fresh Pt/CCO exhibits a sharper peak in the

CH4-TPR profile  (Figure 8b)  compared to  CCO (Figure  8a),  suggesting  the  reaction  between

Pt/CCO and CH4 is faster, possibly due to the boosted CH4 activation by the in situ generated Pt

species. Similar behaviors can be observed over fresh and spent Pt/CCO, as depicted in Figure 8b-
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f. Notably, the transition from complete combustion to partial oxidation took place at 800 oC for

23 min over the fresh Pt/CCO, while advanced to about 760 oC after the first cycle over the spent

Pt/CCO. It  is  consistent  with the shortened low-CH4-coversion period after multiple cycles as

depicted in Figure 4b. Combining these observations, we speculate that the doping of Pt might

promote CH4 conversion and Pt in the cycled Pt/CCO is possibly very different from Pt in the

fresh Pt/CCO. 
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Figure 9 Morphology and elemental distribution of Pt/CCO after air regeneration/decarbonation

or  CH4 combustion  step  of  the  1st and  the  20th CLMC-SESRG-OC  regeneration/sorbent

decarbonation  cycle.  HAADF-STEM images,  EDS element  maps of  Pt  and Co,  and HRTEM

images are displayed from top to bottom panels successively. The number, 1 or 20, at the upper

right corner of each panel stands for Pt/CCO used after 1st and 20th cycles, respectively. The letter

“Rg” or “Re” stands for Pt/CCO used after OC regeneration/sorbent decarbonation step and CH4

combustion step, respectively.  Red and green color in the element maps stand for Pt and Co,

respectively.

In  order  to  verify  our  hypotheses,  SEM  and  TEM  were  performed  to  understand  the

promoting  effect  under  microscopic  scale.  As depicted  in  Figure  S12,  the  hierarchical  micro-

structure with nanorods on the bulk plates could still be observed in the FESEM images of spent

Pt/CCO materials, indicating that the promotion of Pt does not change the surface morphology. 

As shown in Figure 9 and Figure S13, clear bright dots can be observed on the CCO flakes in

HAADF-STEM  images  after  the  first  CLMC-SESRG-OC  regeneration/sorbent  decarbonation

cycle. They are identified as PtO2 particles according to lattice fringes in the HRTEM images.

Unlike the uniform distribution of Pt in the fresh Pt/CCO, PtO2 particles ranging from 5 nm to 25

nm were formed during regenerating Pt/CCO in oxidative atmosphere. It is also worth mentioning

that, apart from PtO2 particles, the remaining Pt is homogenously dispersed with Co as the fresh

Pt/CCO material does, indicating that the PtO2 is probably from the agglomeration and oxidation

of meta-stable Pt during the formation of CCO phases in the presence of O2. It should be noted

that a set of doublets located at ca. 77.5 eV and ca. 73.9 eV can be observed for air regenerated Pt/

CCO cycled after both the 1st and the 20th cycle (Figure S14), corresponding to Pt(IV) species
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consisting of both surface PtO2 nanoparticles and substitution of Co by Pt in CCO lattices. The

preservation of Pt(IV) species suggests the chemical states of Pt evolve in a highly reproducible

manner throughout the 20 cycles, indicating the agglomeration of Pt is highly controllable. The

newly  formed  surface  PtO2 may  be  crucial  for  boosting  CH4 conversion  in  the  next  CH4

combustion step, probably due to the catalytic activity of Pt from the in situ reduction of PtO2 and

the surface Pt0-Pt4+ dipoles during the reduction,  which may lower C-H bond energy,  thereby

promoting the activation of CH4.53 

Interestingly,  after  CH4 combustion,  the  surface PtO2 particles  would be reduced and re-

homogenized with metallic Co. As depicted in Figure 9, the PtO2 particles become invisible and Pt

is uniformly distributed with Co after CH4 combustion. Moreover, the EDS line scanning profile

and  element  maps  of  the  particles  formed  after  CH4 combustion  clearly  show homogeneous

dispersion  of  Co  and  Pt,  as  demonstrated  by  Figure  S15.  These  results  jointly  suggest  the

formation of Pt-Co alloy  54, which is responsible for promoting H2 production in the following

SESRG step. Moreover, the signal of Pt could barely be detected by XPS (Figure S16), again

indicating the formation of Pt-Co alloy rather than Pt-Co core-shell structure. The agglomeration

and re-homogenization of Pt in the multifunctional material is highly repeatable during the 20

cycles as revealed by Figure 9 and Figure S13, demonstrating the structural stability of the multi-

functional material proposed here. 
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Scheme  2 Illustration  of  the  evolutions  of  Pt/CCO  in  the  proposed  CLMC-SESRG-OC

regeneration/sorbent decarbonation cycle.

At  this  point,  the  evolutions  of  Pt/CCO  multi-functional  material  can  be  concluded  to

rationalize the good and stable performance in the CLMC-SESRG coupling process, as illustrated

in Scheme 2. After 1st cycle, PtO2 particles are formed on the surface of CCO flake while the

remaining Pt homogeneously disperses in the bulk CCO phase. During the combustion of CH4

using the lattice oxygen as oxidant, the PtO2 would be reduced to metallic Pt, accompanied by the

reduction of bulk CCO phase to CaO and Co. After being completely reduced, metallic Pt can be

homogenized with metallic Co possibly in the form of Pt-Co alloy. In the following SESRG step,

CaO  is  gradually  carbonated  to  CaCO3.  And  then  the  following  OC  regeneration/sorbent

decarbonation step under oxidative atmosphere merges CaO and cobalt oxides into each other’s

lattice to form CCO via a solid-state reaction  37. Since Pt does not involve in the formation of

CCO, it would be stripped off from metallic Co, resulting in the agglomeration on CCO surfaces

and being oxidized to  PtO2.  Thereafter,  the PtO2 further  undergoes  a  solid-state  reaction with
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CCO, leading to the substitution of Co in CCO lattice  36.  At proper durations of regeneration

period, the surface PtO2 particles and homogeneous distribution of remaining Pt would be co-

existed to facilitate the activation and conversion of methane. 

4. CONCLUSIONS

In this work,  energy-saving decarbonation and improved H2 production from glycerol were

achieved over a Pt/CCO multi-functional material  with hierarchical micro-structures under the

proposed  3-step  CLMC-SESRG-OC  regeneration/sorbent  decarbonation  scheme.  The  overall

energy was 56% less than the conventional SESRG cycle using CaO as sorbent material, and the

H2 yield was 6.3 times higher than that of 2-step SESRG-sorbent decarbonation cycle using CCO

material. It was demonstrated that 70% CH4 conversion with over 90% CO2 selectivity in terms of

CLMC, and 120% H2 yield with 96% purity in terms of SESRG can be achieved for 20 cycles.

Furthermore, the highly reproduceable promoting effects of Pt towards CH4 conversion and H2

production were attributed to the formation of surface PtO2 particles on the CCO flake as well as

the homogeneous dispersion of remaining Pt in CCO phase and re-homogenization of Pt with Co

to form Pt-Co alloy. Our results herein highlight the significance of process intensification and

provide an innovative example of multi-functional materials for the combination of H2 production

and methane abatement. 
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