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Dynamic coke-mediated dry reforming of methane (DC-DRM) is an unsteady-state strategy to overcome the
limitations of co-feed operation, including the fast deactivation of the catalysts and the loss of valuable Hy in the
reverse water gas-shift reaction. This paper proves the feasibility of DC-DRM on Ni-based catalytic systems,
identifying suitable metal oxides supports and evaluating the role of metallic promoters. A La-promoted Ni/ZrOy
catalyst exhibited excellent and stable catalytic performances at 800 °C approaching complete conversion of the

CH4 and CO;, reactant pulses in the reaction loop, and separation of the Hy and CO product streams. Adding the
redox functionality of reducible oxides (TiO2) in the catalyst support is demonstrated as a powerful tool to enable
direct formation of syngas in the methane pulse with control on the Hy/CO ratio.

1. Introduction

Thanks to the abundant reserves of natural gas, its main component,
methane, represents a readily available alternative to oil-based fossil
fuels. In the last decades, dry reforming of methane (DRM, Reaction (1))
attracted great scientific and technological interests.[1,2] The reason is
in the possibility of simultaneously convert methane and carbon dioxide
to produce a syngas (CO + Hp).

CH, + CO, =2H, +2CO  AHY, = 247 kJmol™ (€))

Compared to the conventional technologies for commercial syngas
production involving steam or oxygen as oxidant (steam reforming of
natural gas with large energy input as heat, autothermal reforming,
partial oxidation), the direct utilisation of CO as reforming agent of CH,4
in the DRM process can result in carbon footprint mitigation and
potentially make it a ‘greener’ alternative.[3,4] Compared to steam
reforming in particular, the energy requirements to provide high-
temperature steam are cut down. Moreover, a syngas with lower Hy/
CO ratio can be obtained as product, which is a more favourable feed-
stock, for example, to promote chain growth reactions in Fischer-
Tropsch synthesis of hydrocarbons or for the direct synthesis of
dimethyl ether.[5-7].

DRM is a strongly endothermic reaction, requiring high temperatures
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to activate the highly stable chemical bonds of both CH4 and CO3 mol-
ecules. Thermodynamic equilibrium analyses of CH4 and CO, mixtures
show that high conversions can be obtained only at very high temper-
atures (T > 800 °C).[8] In such conditions, the global reaction proceeds
via two main routes involving the decomposition of methane (Reaction
(2)) to form solid C and gaseous Hy, and the gasification of C by CO5 to
produce CO by the reverse Boudouard reaction (Reaction (3)). At the
same time, the endothermic reverse water—gas shift (RWGS, Reaction
(4)) can be activated. In this reaction route, the Hy evolved from CH4
decomposition is consumed by reacting with CO5 from the feed. As a
result, the syngas is enriched in CO, with Hy/CO ratio below 1, and
contains undesired Hy0O, demanding additional processing in order to
meet the requirements of downstream operations, as methanol or hy-
drocarbon synthesis.

CHy=C+2H, AH)g =749 kimol™' (2)

C+C0O,=2C0 AHY, = 172.4 kimol™ 3

Hy + CO, = H,O+ CO  AH%, = 41 kimol™' @

The extreme conditions required for achieving high conversions of
CH4 and COg represent an hard proof for the catalyst materials. In fact,
high temperatures usually translates into fast catalyst deactivation. The
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Scheme 1. Representation of Dynamic Coke-mediated Dry Reforming of Methane (DC-DRM) operated in alternating fixed bed reactors. For the purpose of this
investigation, reactant feeds are alternated to a single fixed bed reactor and inert flushing phases (He) are interposed to eliminate possible influences to the catalytic

results deriving from direct mixing of the reactants.

major causes of catalyst deactivation are sintering of the active metal
and accumulation of stable carbon deposits, which can be accompanied
by undesired pressure build-up in fixed bed reactors, abrupt changes in
the thermal conductivity and catalyst fouling.[2,9] In presence of a
catalyst, the formation of stable carbon deposits becomes unavoidable
when big particle sizes are involved.[10] Metal oxides with high thermal
stability are commonly employed as support materials for DRM cata-
lysts. The effect of the support metal oxides on the DRM catalytic per-
formances is frequently investigated.[11] Thanks to its high surface
area, favouring the dispersion of the active metal phase, y-Al,O3 is a
common choice as DRM catalysts support, although phase transitions
are observed at the high temperatures of reaction.[12,13] Good
dispersion of the active metal can be achieved also on SiO2, known for its
inertness as support material.[14] The use of ZrO, as support guarantees
high stability of the DRM performances, balancing between a good ac-
tivity in CH4 conversion and the higher reactivity of the carbon deposits
towards CO».[15,16] Excellent activity in promoting DRM has been
demonstrated over catalytic materials containing platinum-group
metals (PGMs). Noble metal-based catalysts offer often outstanding
performance in terms of reaction temperature and stability. Alternative
catalytic systems containing more abundant transition metals as Fe, Co
and Ni are also widely investigated. Compared to Co and Fe, the higher
resistance of Ni towards oxidation makes it more attractive in the
formulation of highly active DRM catalysts.[1,11,17,18].

The high rate of methane decomposition on Ni-based catalysts
translates into fast coking and deactivation. In fact, CH4 can be chem-
isorbed on Ni with direct cleavage of a C-H bond and stepwise dehy-
drogenation until deposition of a C atom. The C atoms can diffuse on/in
the Ni particles so that carbon deposits grow in the form of whiskers with
a Ni particle at the top. Thus the activity towards CH4 decomposition is
maintained while carbon deposits grow at a constant rate.[2] Partial
passivation of the active Ni surface with sulfur was employed in SPARG
process, sacrificing the overall activity to limit the growth of carbon
deposits.[19] The use of promoters can be an effective strategy to reduce
the deactivation of Ni-based catalysts. The addition of K is an example of
an effective strategy to prevent carbon accumulation during DRM. [20]
Increased dispersion and decrease in crystallite size can be achieved by
using La as promoter, resulting in the enhancement of the DRM per-
formance. [21] Bimetallic catalysts (e.g. Ni-Fe, Ni-Co) are recently
investigated in order to mitigate the carbon deposition.[22-25]
Combining Ni with traces of noble metals positively influences the ac-
tivity while reducing the extent of coking.

Additional limitations to the exploitation of DRM derive from the
intrinsic nature of conventional operational modes, which involve the

co-feeding of the reactants leading to catalyst deactivation and difficulty
in steady operation (vide infra). To overcome the limitations imposed by
co-feed operation and the harsh reaction condition, a possibility is
offered by unsteady-state processes, involving a paradigm change in the
DRM operation mode. A first important benefit targeted by unsteady-
state operation is feedstock and/or product separation, considering
that separation is one of the most energy-intensive processes in chemical
industry. An example is given by chemical looping operated processes,
[26] which consist in the cyclical exposure of the catalytic material to
the alternation of the separate gaseous reactants, commonly an oxidant
and a reductant. Interconnected fluidised bed reactors, rotating reactors
or alternating fixed bed reactors are required in order to expose the
catalyst to the different atmospheres by either physically transporting
the catalyst between the oxidising and the reducing reactors or switch-
ing the gaseous atmosphere of each reactor.[27] This operation mode
has been successfully developed to improve the efficiency of catalytic
combustion of hydrocarbon fuels [28,29].

In a similar fashion, chemical looping dry reforming of methane (CL-
DRM) was proposed using oxygen-carrier catalytic materials that
mediate between the reducing (CH4) and oxidising (CO3) reactant
phases.[27,30-32] Najera et al.[30] proposed a CL-DRM process as an
alternative chemical looping combustion of CH4 which enables uti-
lisation of CO5 as oxidant (Reaction (5)). CHy is oxidised to CO5 and H,O
(Reaction (6)) by reaction with the oxygen of the carrier catalytic ma-
terial (metal oxide ‘MQ’). After that, the carrier material is re-oxidised in
CO4, (Reaction (7)), with simultaneous production of CO. In this process,
CO is the only targeted product with no selectivity towards Hy, which is
wasted during the total oxidation of CH4 to CO2 and H»O by the oxygen
carrier material.

CH, +3C0, = 4CO +2H,0 )
CH, +4MO = 4M + CO, + 2H,0 (6)
4CO, +4M = 4CO + 4MO )

Sorption-enhanced DRM processes based on calcium looping are also
proposed to enhance the conversion of CO,.[33] With the aim of
intensifying CO» utilisation, Buelens et al.[34] combined the reforming
(Ni), redox (Fe) and CO3 sorption (Ca) functionalities in the catalytic
bed, defining a ‘super-dry’ reforming of CHy. In this process, Hy and CO
deriving from CH4 conversion are sacrificed to reduce the oxygen carrier
material with formation of CO5 and H5O, a common trait of CL-DRM
processes.[35] The presence of the CaO sorbent promotes in situ cap-
ture of CO5 to form CaCOs, while H50 is removed from the reactor.
Switching to an inert feed, regeneration of the CaO sorbent takes place
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with release of CO, which is thus inherently separated from the HyO
byproduct.

Several limitations can be pointed out for the CL-DRM. From oper-
ational point of view, achieving chemical looping operation requires
circulating fluidised bed with high catalyst circulation rates. Addition-
ally, sintering and degradation of the oxygen carriers materials repre-
sents an additional source of catalyst deactivation. Moreover, the
employment of oxygen carriers typically results in the formation of total
oxidation products (i.e-H20 and CO;) and low yields of Hy and CO.

In this work, we present an unsteady-state DRM operation able to
provide high conversions of CH4 and CO» and intrinsic separation of the
feed and product streams, while targeting high Hp and CO yield.
Inherent separation of both reactant and product streams is achieved by
periodic switching of the gas feed at the inlet of a fixed-bed reactor. The
global DRM reaction is thus divided in two stages (Scheme 1), the CHy4
decomposition (Reaction (2)) and the C gasification by CO, (Reaction
(3)). Contrarily to conventional DRM operation, the carbon deposits
(coke) represent here the targeted intermediate between the Hy gener-
ation from CH4 and the CO formation from CO,. Accordingly, we coin
this process as a Dynamic Coke-mediated Dry Reforming of Methane
(DC-DRM). In DC-DRM the catalytic system undergoes substantial
transformations during each reactant pulse, transitioning from a coke-
free state in the CO; pulse to a coke-saturated state at the end of the
CH4 pulse. The irreversible accumulation of carbon deposits is tackled
by the cyclic alternation of short reducing and oxidising reactant pulses
in DC-DRM. This approach is expected to limit the irreversible accu-
mulation of carbon deposits, favouring their complete gasification in
each operation cycle and thus extending the stability of the catalyst
performance. Additionally, an intrinsic advantage of the unsteady-state
operation is the elimination of RWGS (Reaction (4)) by precluding the
mixing of the Hp with the CO; feed. The result is a more valuable syngas,
enriched in H, and the avoidance of undesired H,O formation. In this
perspective, it is decisive to select an optimal catalyst for DC-DRM
operation able to provide fast decomposition of CH4 with formation of
carbon deposits that can be efficiently gasified in COs.

The work here presented proves the feasibility of DC-DRM operation
and its potentiality towards full conversion of CO5 and CHy4 reactant to
CO and Hy, respectively. To this scope, Ni-based catalysts were syn-
thesised and tested. The performance of different irreducible (SiOa,
ZrO,, y-Al,03) and reducible (TiO2) metal oxides supports was evalu-
ated, together with the investigation of different metal promoters (La,
Fe, K), with the aim of achieving full conversion of CH4 and CO- in the
catalytic cycle and providing stable operation in DC-DRM conditions.

2. Experimental
2.1. Catalyst synthesis

Aluminum oxide (y-phase, Alfa Aesar, 255 m?> g’l), silicon oxide
(Alfa Aesar, surface area 261 m? g’l) zirconium oxide (Alfa Aesar, 90 m?
g’l) and titanium dioxide (rutile, Alfa Aesar, >99.5%) were employed
as support material. For the TiO2-ZrO, mixed oxide, ZrO, powder was
impregnated in inert (N2) atmosphere with a titanium (IV) isopropoxide
solution (Sigma Aldrich, 97%) to obtain a 20/80 wt% TiOy/ZrO,
composition (Ti/Zr molar ratio = 15/85). The catalyst was then dried at
80 °C overnight and calcined in air at 800 °C for 5 h. Ni was added by
incipient wetness impregnation using nickel nitrate hexahydrate (Alfa
Aesar, >98%) as precursors on the different supports to synthesise the
Ni/Al;03 (15/85 wt%, NA), Ni/SiO5 (15/85 wt%, NS), Ni/ZrO, (15/85
wt%, NZ) catalysts. For the promoted samples, aqueous solutions of
potassium carbonate (Acros, >99%), lanthanum nitrate hexahydrate
(Alfa Aesar, >99.9%) and iron (III) nitrate nonahydrate (Sigma Aldrich,
> 98%) were co-impregnated with the Ni precursor aqueous solution on
the ZrO, support to synthesise the Ni-La/ZrO, (15/5/85 wt%, NLZ), Ni-
Fe/ZrO, (15/5/85 wt%, NFZ) catalysts. After impregnation, the result-
ing mixture was dried overnight at 80 °C and then calcined at 500 °C for
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5 h, if not stated differently. For Ni-K/ZrO5 (15/5/80 wt%, NKZ), ZrO,
was first impregnated with the Ni precursor, dried overnight at 80 °C
and then calcined at 500 °C for 5 h. The resulting powder was further
impregnated with an aqueous solution of K»COs, dried overnight at
80 °C and then calcined at 500 °C for 5 h.

2.2. Catalyst characterization

Powder X-ray diffractograms were acquired on a Bruker D8 Advance
Diffractometer with Bragg-Brentano geometry using monochromatic Cu
Ko (A = 1.5406 fo\) or Co Ko radiation (A = 1.7902 A). BET surface area of
the catalysts was determined from N adsorption isotherms at 77 K using
a Micromeritics TriStar II 3020 instrument. H; temperature pro-
grammed reduction (Hy-TPR) was performed on a TPDRO 1100
(Thermo Fisher Scientific) equipped with a TCD detector. 50 mg of
catalyst material was pretreated at 300 °C for 30 min under N flow (30
mL min~!) and the sample was cooled to 30 °C under Ny. Then the gas
atmosphere was changed to H, (30 mL min~}, 5 vol% in Ny). The sample
temperature was raised from 30 to 800 °C at the ramp rate of 10 °C
min~! monitoring Hy consumption. NH3 temperature programmed
desorption was performed in a Micromeritics Autochem II 2920 in-
strument equipped with TCD detector. Samples were pretreated in He
(25 mL min™Y) for 1 hr at 600 °C (heating rate 10 °C min™1), then cooled
down to 120 °C and saturated with NH; flow for 1 hr (25 mL min?, 1.5
vol% in He). After that, the desorption step took place in He (25 mL
min’l) from 120 to 600 °C (heating rate 10 °C min’l). Thermogravi-
metric analysis (TGA) of the spent samples was carried out in a MET-
TLER TOLEDO SF/1100 thermogravimetric analyser by heating them up
to 1000 °C at a rate of 10 °C min~! under synthetic air flow (100 mL
min~?). The same TGA equipment was employed for CO»-TPD studies.
Catalyst powder were loaded in the TGA analyser and pretreated in Ny
(100 mL min~ 1) at 450 °C (heating rate 10 °C min1). After that, a pure
CO; flow was passed at room temperature (100 mL minf1 1 h). The
atmosphere was then switched to Ny and catalysts were heated up to
450 °C (heating rate 10 °C min~') measuring the weight change asso-
ciated to CO5 desorption. Transmission electron microscopy (TEM) of
fresh and spent samples (after DC-DRM at 800 °C) was carried out on a
Jeol JEM1400 plus TEM instrument.

2.3. Catalytic testing

The configuration of the catalytic reactor setup was similar to the one
described in previous works.[36,37] The gas controlling part consisted
of mass flow controllers (MFCs, Bronkhorst) and two electric 4-way
valves to switch among different gas flows at the inlets. The catalyst
powder was pelletised, crushed and sieved in 200-300 pm range. A
tubular quartz tube reactor (0.4 mm ID, 0.6 mm OD) was filled with 200
mg of catalyst. Before reaction, the catalyst underwent a reducing pre-
treatement under 50 mL min ™' of pure Hj at 500 °C for 1 h, unless stated
differently. The temperature of the bed was controlled by a thermo-
couple inserted in the quartz reactor. Catalytic performance was eval-
uated under DC-DRM conditions at different temperatures (450 °C,
550 °C, 650 °C, 750 °C and 800 °C) and ambient pressure. The
composition of the reactor effluent gas mixture was quantified by FT-IR
spectroscopy (ALPHA, Bruker, 5 s per spectrum). Valve switching and
spectral acquisition were synchronised by LabView software. Each cycle
of operation consisted of the alternation of 4 different phases (XFYF,
where X = 10.6 vol% CO; in He, F = 100 vol% He flush, Y = 11.2 vol%
CHy4 in No, F = 100 vol% He flush, total flowrate 50 mL min~!, unless
stated differently), starting with the oxidising COy stream. In each
experiment, the synchronised FTIR spectra acquisition started with the
first CO4 reactant pulse. The data presented were obtained from the
average of at least 5 cycles of operation, after a stable and reproducible
composition of the effluent was achieved. Conversion of CH4 and CO4
pulses were defined as
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Fig. 1. Reactor outlet gas concentrations obtained by FTIR spectroscopy during
a blank DC-DRM experiment (SiC bed). DC-DRM cycle consists of the alterna-
tion of diluted CO, feed (10.6 vol% in He, 0-300 s), He flush (300-405 s),
diluted CH,4 feed (11.2 vol% in N5, 405-510 s), He flush (510-615 s). Total flow
rate was kept at 50 mL min~!. Results are averaged over multiple stable cycles
of operation.

n, —n,

X = (€))

np
where np, and n; are the moles of reactant (CO3 or CH,) detected during a
blank experiment and the reaction, respectively. Mass spectrometry
(Omnistar, Pfeiffer Vacuum) was implemented to detect IR-transparent
Hj; in the reactor effluent.

2.4. Operando thermal imaging of the catalyst bed

To investigate the spatial development of temperature gradients in
the catalytic bed, an infrared thermal camera (IR camera, Micro-
SWIRtm 320CSX Camera, Sensors Unlimited) is employed and placed
on top of the reactor furnace. A glass-covered window opened at the top
of the reactor furnace allow retrieving the IR radiation emitted by the
hot catalytic bed and record its longitudinal temperature profile.

3. Results & discussion

Unsteady-state operation for dry reforming of methane was achieved
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experimentally by exposing the catalytic bed to the pulsed alternation of
a CHy-containing and a CO»-containing feed for several cycles of oper-
ation. The gas composition of the reactor outlet stream was analysed by
infrared spectroscopy. Fig. 1 reports the gas concentration profiles ob-
tained for a blank experiment, employing a SiC bed. In a typical DC-DRM
cycle, a CO5 pulse (0-300 s) was initially sent to the reactor, followed by
the reducing CH4 pulse (405-510 s). For the purposes of this investi-
gation, inert flushing phases (He, 300-405 s and 510-615 s) were
introduced between the CO5 and CH4 pulses to avoid mixing of the re-
actants phases, to eliminate side reactions activated in co-feed condi-
tions and thus isolate the role of the different catalytic materials.

3.1. Screening of irreducible metal oxide supports

First, SiO,, ZrO, and y-Al,O3 were screened as support materials for
the catalytic system. The Ni precursor was added to the support via
incipient wetness impregnation in order to obtain a final composition of
15 wt% Ni on the metal oxide support. X-ray diffractograms of the
synthesised samples are reported in supplementary information
(Fig. S1). Considering the unsteady-state nature of the DC-DRM opera-
tion, an optimal catalyst should provide high activity in CH4 decom-
position and gasification of the carbon deposits by CO, with high
efficiency. In this regard, the ratio between the converted CO; and the
converted CH4 (Xco2/Xcu4) represents a useful descriptor to evaluate
the catalytic performance. Considering the stoichiometry of the DC-
DRM reaction, a catalyst with Xco2/Xcu4 ratio approaching 1 can pro-
vide high stability of the catalytic process by avoiding the accumulation
of carbon deposits and at the same time guaranteeing the stoichiometric
Hy/CO ratio of 1 in the product stream.

The screening of the support materials was conducted at mild reac-
tion temperatures (550 and 650 °C), in order to highlight the contri-
bution of the support to the reaction. At higher temperatures, extensive
carbon deposition takes place and the peculiar role of the support in the
reaction is less evident. Fig. 2 reports the conversions of the CO3 (Xco2)
and CH4 (Xcy4) pulses (as defined in Eq. (8)) and their ratio Xco2/Xcu4
for the different Ni-supported catalysts.

ZrO,- and y-Al,Os-supported catalysts displayed similar catalytic
activity and, compared to the SiOs-supported catalyst, they exhibited
higher CO5 conversion at both temperatures investigated and higher
CH4 conversion at 650 °C. The results clearly indicate a role played by
the metal oxide support in the catalytic conversion of CO, and CHg.
Uncoordinated surface sites in metal oxides can exhibit acidic or basic
character which directly influences the interaction with gaseous re-
actants. This is particularly of interest in the case of DRM catalysis. It is
commonly recognised that SiO, support does not display prominent
acidic or basic properties while ZrO, and Al;O3 can act as acid-base
bifunctional catalyst.[38-40] NH3-TPD and CO2-TPD tests

I 550 °C
[ 650 °C

Ratio of converted CO,/ CH, (%)

Si02 zro, AlO3
Supports

Fig. 2. CO, and CH4 conversion (Xcoz, Xcus) obtained during DC-DRM at 550 °C and 650 °C on different metal oxide-supported Ni catalysts (left, 15 wt% Ni) and
ratio of converted CO5/CHy (right). DC-DRM cycle consists of the alternation of diluted CO, feed (10.6 vol% in He, 0-300 s), He flush (300-405 s), diluted CH, feed
(11.2 vol% in N5, 405-510 s), He flush (510-615 s). Total flow rate was kept at 50 mL min~'. Results are averaged over multiple stable cycles of operation.
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Fig. 3. Reactor outlet gas concentrations obtained by FTIR spectroscopy during DC-DRM experiments on Ni-ZrO, catalyst (15 wt% Ni, NZ) at different temperatures.
DC-DRM cycle consists of the alternation of diluted CO, feed (10.6 vol% in He, 0-300 s), He flush (300-405 s), diluted CHy4 feed (11.2% in N, 405-510 s), He flush
(510-615 s). Total flow rate was kept at 50 mL min~'. Results are averaged over multiple stable cycles of operation.

(Supplementary Information, Figs. S2-S4) confirmed these acidic and
basic properties for the metal oxide-supported Ni catalysts synthesised
in this work. The adsorption of CO, molecule, a Lewis acid, can be
favoured in presence of surface basic sites, while acid sites promotes the
cracking of methane.[41,42] Decreasing the acidity of the Ni/Al,O3
catalyst by addition of P, Bang et al.[43] observed a decrease in the
initial CH4 and CO; conversion. At the same time, the catalyst with
lowest acidity showed limited deactivation by carbon deposition and
more stable performances, indicating that C gasification by CO5 is
enhanced by the increased basicity introduced by P.

Specifically for DC-DRM operation, the ability to provide both basic
and acidic functionalities at the surface can orient the choice of the
support material, in order to approach a ratio of converted CH4 and CO4
(Xco2/Xcu4) close to 1, an important condition for the stability of the
performances. Our results indicated that, thanks to the good perfor-
mance in CH4 and CO5 conversions and the X¢o2/Xcu4 ratio approaching
1, ZrO, demonstrates promising potential as support for DC-DRM cata-
lysts and thus it was chosen for the following investigations.

3.2. Reaction temperature

Fig. 3 shows the reactor outlet stream composition during DC-DRM
catalytic tests performed at different temperatures on the Ni/ZrO,
catalyst. The results presented were obtained by averaging six cycles of
stable operation. During the CHy4 pulse, solid carbon is deposited onto
the catalyst, and in the subsequent CO5 pulse, it serves as intermediate
for the formation of CO via gasification reaction. For consistency, the
concentration profiles during the CO5 pulse is shown first in the Figures.
In Ni-based catalysts, carbon nanofibers grow on the catalytic material
as a result of the CH4 decomposition. Importantly, the rate of gasifica-
tion of carbon nanofibers by CO; is substantially higher compared to
graphite or other carbon materials (carbon black, activated carbon).[44]
When the temperature is sufficiently high, the CO, pulse could induce
the carbon oxidation, thus complete regeneration of the activity towards
CH,4 decomposition at each cycle, enabling the continuous DC-DRM
operation.

In agreement with the endothermic nature of the decomposition
reaction (Eq. (2)), the conversion of CH4 is expected to increase with
temperature. At the switch to the CH4 pulse (405-510 s), the detection of
CH,4 was immediate at temperatures between 450 and 650 °C. However,
at 750 °C and 800 °C, the signal of CH4 was detected with a delay. The
absence of CH,4 signal above the detection limit of the analytic technique
(ca. 100 ppm) indicates that very high conversion of the reactant feed
was achieved at the beginning of the pulse. Such behaviour reflects the
kinetic enhancement of CH4 conversion at high temperatures and,
accordingly, an increase in the rate of coking.

Above 650 °C, little CO and CO, formation was detected in the CHy4
pulse (405-510 s), revealing the ability of the catalyst to provide oxi-
dising species. Considering the negligible reducibility of the ZrO; sup-
port, oxidation of CH4 to CO and CO, may be caused by the presence of
NiO species, formed upon exposure to the CO, pulse. The coke gasifi-
cation to CO takes place in the CO5 pulse (0-300 s). At 450 and 550 °C,
the coke gasification is limited, thus explaining the low CO2 conversion
profile observed. The concentration of CO in the product stream reached
a maximum and then slowly decayed during the CO5 pulse. However, at
650 °C, the formation of CO becomes favourable and most of the coke
was removed in the first 120 s of the CO, pulse. At even higher tem-
peratures, the kinetic of coke gasification is greatly enhanced bringing to
fast and full conversion of CO,. At 800 °C, the ZrOs-supported catalyst
was able to continuously provide high conversion of CO3 and CH4 in DC-
DRM operation.

3.3. Promoters for DC-DRM catalysts

Fast deactivation of the catalyst in conventional DRM is commonly
addressed to accumulation and uncontrolled growth of carbon deposits.
Functionalisation of the catalyst material by addition of metal promoters
is then a strategy to reduce the extent of coking and enhance the catalyst
stability.[45] In the perspective of DC-DRM operation, fast coking is
desirable when associated to the fast and complete conversion of the
CH,4 pulse, as long as complete conversion of C deposits and regenera-
tion of the activity is ensured in the CO4 pulse. In this sense, an ideal
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Fig. 5. Reactor outlet gas concentrations obtained by FTIR spectroscopy during DC-DRM experiments at 800 °C on promoted Ni-ZrO, catalyst (‘NXZ’ where ‘X’ is ‘F’
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diluted CH4 feed (11.2 vol% in Nj, 405-510 s), He flush (510-615 s). Total flow rate was kept at 50 mL min~'. Results are averaged over multiple stable cycles

of operation.

catalyst should maximise the conversion of both CO5 and CH4 pulses,
condition that also reduces the high costs of processing and separation of
the product streams (i.e. CO and Hy). As a consequence, it is convenient
to investigate the role of metal promoters in the catalytic system in terms
of CO, and CHy4 conversions and their ratio. Promoted ZrO,-supported
Ni catalysts were prepared by addition of Fe, K or La metal promoters
(15 wt% Ni, 5 wt% Fe, K or La). Fig. 4 compares the DC-DRM perfor-
mance obtained on the unpromoted and promoted catalysts at different
temperatures.

It is known that K addition increases the basicity of the catalyst,
which favours chemisorption of CO2 and enhances the gasification of
carbon deposits.[46] Looking at Fig. 4, the addition of K (NKZ) drasti-
cally reduced the DC-DRM catalytic activity in terms of both CO5 and
CH4 conversion compared to the unpromoted Ni/ZrO catalyst (NZ) at
all temperatures investigated. At 800 °C, only 11% of the CO, and 46%
of the CH4 pulses were converted in the K-promoted system. The con-
centration profiles obtained at 800 °C (Fig. 5) revealed the presence of
unreacted CO5 and CHy4 in the corresponding pulses. In conventional
DRM, it has been reported that K improves the catalyst stability by
strongly suppressing coke formation.[47] This can be associated to a
retarding effect of potassium on the methane decomposition steps
(methane dissociation and carbon nucleation).[48] In DC-DRM, this
functionality has a negative effect on the global catalytic performance in
terms of both CH4 and CO» conversion, with a substantially low Xco2/
Xcu4 ratio. Rather, fast and extensive coking would be desirable as result
of the complete CH4 conversion, and the carbon deposits are expected to
be efficiently removed in the CO2 pulse.

Studies on bimetallic Ni-Fe catalysts reported a positive effect of Fe
in DRM catalysis, which improves the gasification of carbon deposits
and the resistance to intensive coking.[49] Theofanidis et al.[24]
observed that Fe directly participates in the DRM mechanism, mediating
the oxidation of C deposits by CO2. Thanks to its redox properties, Fe
gets easily oxidised by the gaseous CO» and in turn FeOy species effi-
ciently oxidise the carbon deposits to form CO and regenerate metallic
Fe. H,-TPR measurements confirmed that, in presence of Fe, the total Hy
consumption increases compared to the unpromoted sample and the
reduction peak shifts to lower temperatures (Fig. S5). In terms of cata-
lytic activity towards DC-DRM, the tested Fe-promoted catalyst (NFZ in
Fig. 4) showed little improvement in terms of CO, and CH4 conversion
compared to the unpromoted Ni/ZrO5 system. The increased CO2 con-
version at 650 °C can be explained by the oxidation of the iron present in
the catalyst. By further increasing the reaction temperature, both CO,
and CH4 conversion declined, reaching 22% and 59% at 800 °C,
respectively. From the gas concentration profiles obtained at 800 °C
(Fig. 5), it is possible to gain further insight about the effect of Fe as
promoter. Analysing the CO, pulse region (0-300 s), a residual CO2
signal was detected since the beginning of the cycle associated with a
diminished activity in CO5 conversion. After the initial coke gasification
time (ca. 100 s), CO was steadily consumed during the rest of the pulse
producing CO. The total higher CO, consumption appears then to be
linked to the oxidation of the Fe component which proceeded along the
whole CO; pulse. As a consequence, in the CHy pulse, a strong increase
in the concentration of the oxidation products (i.e. CO and CO,) was
registered, resulting from the partial and total oxidation of CH4 by the
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Fig. 6. Reactor outlet gas concentrations obtained by FTIR spectroscopy during DC-DRM experiments at 800 °C on unpromoted Ni-ZrO, (A-C; 15 wt% Ni) and Ni-La/
ZrO4 (B-D; 15 wt% Ni, 5 wt% La) catalysts with corresponding FTIR signal of water. Long CO; pulse experiments (A-C) consists of the alternation of diluted CO, feed
(9.9 vol% in He, 0-300 s), He flush (300-405 s), diluted CH, feed (10.5 vol% in N, 405-510 s), He flush (510-615 s). Short CO pulse experiments (C-D) consists of
the alternation of diluted CO, feed (9.9 vol% in He, 0-100 s), He flush (100-210 s), diluted CH,4 feed (10.5 vol% in N5, 210-310 s), He flush (310-420 s). Total flow
rate was kept at 50 mL min~'. Results are averaged over multiple stable cycles of operation. For this experiment, catalyst batches calcined at 800 °C were employed.

catalyst lattice oxygen species.

As evident in Fig. 4, the addition of La (NLZ) improved the CO3 and
CHy4 conversions in the whole temperature range, ensuring the best
performance for DC-DRM operation among the studied catalysts.
Looking at the profile obtained at 800 °C (Fig. 5) on the NLZ catalyst,
periods of almost complete CO2 and CHy4 conversion are exhibited dur-
ing the respective pulses. At this temperature and duration of the pulses,
36% of total CO, and 98% of total CH4 fed to the reactor were converted.
The ratio between the amount of CO, and CH4 converted tended to 1,
meaning that most of the carbon deposits can be removed in the CO2
phase, a key condition for the long-term stability of the catalytic activity.
La addition promotes Ni-based catalyst performance for DRM in terms of
activity and catalyst stability. The formation of a LapOCOs3 phase in DRM
conditions mediates the interaction of the catalyst with CO; and en-
hances the gasification of deposited carbon.[50] Moreover, high
dispersion of La demonstrated to protect Ni particles from oxidation and
sintering.[51] In terms of protecting the active metallic Ni phase from
oxidation, the promoting effect of La is evidenced in Fig. 6. In DC-DRM
reaction, the oxidative conditions of the CO; pulse promote oxidation of
the Ni phase, which represents a well-known cause of catalyst deacti-
vation towards CH4 decomposition.[44,52] In the case of unpromoted

Flow direction — sepy

Quartz wool

' Catalyst bed f

25

50

Time (s)

75

100

CO, pulse

Quartz wool

Ni/ZrO, catalyst (Fig. 6A), water signal is detected in the reactor outlet
stream during the CH4 pulse. The water formation indicates the presence
of an oxygen source in the catalyst, which can be identified in a partially
oxidised Ni phase formed upon exposure of metallic Ni to the long CO4
pulse. In the reducing pulse, the NiO species can be reduced by the H,
produced or by the CHj itself, as indicates the small release of CO, at the
beginning of the pulse. Keeping Ni in a reduced state is fundamental to
maintain high CH4 decomposition yields. DC-DRM operation intrinsi-
cally guarantees a limitation of the extent of Ni oxidation, thanks to the
short oxidising pulse. By reducing the CO5 pulse duration to the carbon
gasification period (i.e. time of maximum conversion of CO,, 0-100 s in
Fig. 6A), the extent of Ni oxidation can be partially reduced, as shown in
Fig. 6B. Ni oxidation by CO, is drastically prevented in the La-promoted
catalyst, as shown by the decreased release of water in the CH4 pulse
(Fig. 6C) compared to the unpromoted sample, likely due to a prefer-
ential interaction of CO2 with the basic La-derived phase. By optimising
the duration of the CO; pulse and limiting it to the carbon gasification
period (0-100 s in Fig. 6C), a minimum water release is detected in the
CH4 pulse, indicating the almost full suppression of the Ni oxidation
phenomenon in presence of La (Fig. 6D).This allows to obtain almost
total conversion of the COy pulse together with the prevention of Ni
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Fig. 7. Operando IR thermal camera imaging of Ni-La/ZrO, (15 wt% Ni, 5 wt% La) catalytic bed during DC-DRM operation at 800 °C. Images acquired during diluted
CO;, pulse (0-100 s, left) and diluted CH,4 pulse (210-310 s, right). Reactor outlet gas concentrations are reported in Fig. 6D.
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50 nm

Fig.8. TEM micrographs of the fresh NLZ sample calcined at 500 °C (A-C) and spent NLZ samples after DC-DRM at 800 °C with reactions stopped at the end of the
CH,4 pulse (D-F) and at the end of the CO, pulse (G-I). DC-DRM cycle consists of the alternation of diluted CO, feed (9.9 vol% in He, 0-100 s), He flush (100-210 s),
diluted CH,4 feed (10.5 vol% in N5, 210-310 s), He flush (310-420 s). Total flow rate was kept at 50 mL min L. After stopping the reaction, the catalysts were brought

to room temperature in inert flush (He) at 10 °C min~! cooling rate.

oxidation, thus improving the long-term stability of the catalyst
performances.

In such operating conditions, it is possible to perform continuous DC-
DRM operation on the NLZ system with about 99% conversion of CHy
and 96% conversion of CO», having CO as main product in the oxidising
pulse and H; as main product in the reducing pulse. Quantitative eval-
uation of the Hy produced was conducted by implementing mass spec-
trometry during DC-DRM at 800 °C on NLZ (Supplementary
Information, Fig. S6). The results confirmed the selective conversion of
CH4 to Hj and its production in amounts comparable to the stoichiom-
etry of decomposition reaction.

3.4. Operando IR thermal imaging

In DC-DRM, coke acts as intermediate between the Hy production
from CH4 and the subsequent CO generation from CO,. The alternation
between the two short reactant pulses is expected to increase the sta-
bility of the process compared to conventional co-feed operation. Fast

coking of the catalyst is targeted in the CH4 pulse, then the reactant feed
is switched to CO- to selectively and effectively gasify the coke to CO.

Since both CH4 decomposition and C gasification by CO, are endo-
thermic reactions, monitoring the temperature of the catalyst bed during
reaction can provide insights about the coke-mediated mechanism of
DC-DRM. Fig. 7 shows the temperature profile of the catalyst bed ob-
tained during the CO5 and CH4 pulses of DC-DRM at 800 °C on the NLZ
catalyst (catalytic results shown in Fig. 6D).

A clear temperature decrease was observed for both phases. During
the CHy4 pulse, the reduction in temperature took place simultaneously
from the front to the end of the catalytic bed until the end of the
reduction pulse. This indicates that the catalyst is actively converting
CHy, releasing Hj in the product stream and accumulating C over the
surface of the whole catalyst bed. Considering the homogeneous activity
of the bed, accumulation of carbon deposits at the front positions may be
favoured in fixed bed configuration, resulting in spatial gradients of coke
accumulation. High CH4 conversion was maintained for the entire
duration of the pulse, indicating that the reactant feed was switched
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Fig. 9. Reactor outlet gas concentrations obtained by FTIR spectroscopy during DC-DRM stability test at 800 °C on La-promoted Ni/ZrO, catalyst (15 wt% Ni, 5 wt%
La, NLZ). DC-DRM cycle consists of the alternation of diluted CO; feed (9.9 vol% in He, 0-100 s), He flush (100-210 s), diluted CH, feed (10.5 vol% in N, 210-310
s), He flush (310-420 s). Total flow rate was kept at 50 mL min~'. Results presented are averaged of cycles 2-10 (left) and cycles 31-45 (right) of operation.

before catalyst deactivation.

Interestingly, thermal imaging of the bed during the CO, pulse
showed a clear ‘cold spot’ that propagated in the direction of the flow,
reflecting the progress of the endothermic gasification reaction along the
catalytic bed. The carbon deposits accumulated in the previous CHy
pulse were gasified to CO resulting in high CO4 conversions (96%). The
cold spot represents a portion of the catalytic bed in which intense
gasification of the C takes place, with CO, being largely converted. The
removal of C species was completed progressively along the catalytic
bed, as indicated by the ‘cold spot’ moving towards the end of the bed.
At the end of the CO, pulse (100 s), the majority of the carbon deposits
were gasified and unreacted CO» started to be detected in the reactor
effluent stream.

3.5. Transmission electron microscopy (TEM)

The insights into the coke-mediated mechanism obtained by oper-
ando IR thermal imaging were further confirmed by Transmission
Electron Microscopy (TEM). Fig. 8 presents the TEM micrographs ob-
tained for the fresh and spent NLZ catalyst samples. For the fresh NLZ
sample calcined at 500 °C (Fig. 8A-C), the absence of big agglomerates
indicated a good dispersion of the Ni and La phases on the ZrO, support.
In Fig. 8C in particular, small particles (1-2 nm) were spotted on top of
the ZrO, particles (10 nm), suggesting a high dispersion of the active
phases obtained with the synthesis. To investigate the formation of coke
and the effectiveness of its gasification during DC-DRM at 800 °C, spent
samples were collected after stopping the reaction at the end of the CHy4
pulse (Fig. 8D-F) and at the end of the CO; pulse (Fig. 8G-I). The high
temperatures of reduction pre-treatment and DC-DRM reaction pro-
moted the sintering of the metallic Ni phase, which tended to form ag-
glomerates of size up to 100 nm. As expected, extensive coking of the
catalyst took place in the CH,4 pulse, resulting in the pervasive growth of
carbon-based structures on the catalyst (Fig. 8D). There is consolidated
knowledge about the decomposition of light hydrocarbons on Ni, with
formation of two main types of carbon structures, namely carbon
whiskers and graphitic layers.[48] Our results indicates that bigger Ni
agglomerates (>50 nm) were generally encapsulated in thin graphitic
layers, while smaller Ni particles detached from the support and
dynamically participated to the growth of carbon whiskers, forming
filamentous hollow carbon structures of various diameters and lengths.
This finding is in agreement with in situ TEM investigations that
observed a dynamic reshaping of nickel nanocrystals taking place during
the growth of carbon nanofibers on Ni.[53,54] TEM micrographs of the
spent sample after the CO; pulse (Fig. 8 G-I) shows that the majority of
the carbon species were effectively removed to form CO and the catalyst
was regenerated. A wide distribution of sizes for Ni phase was found,
with sintered particles in the range of 50-80 nm. At reaction conditions,

however, sintering did not cause deactivation of the catalyst
performances.

3.6. Stability of La-promoted Ni/ZrOz

The accumulation of solid carbon deposits in catalytic DRM reactors
leads to several complication, including catalyst fouling, pressure build-
up and reactor blockage.[55] DC-DRM principle of exposing the cata-
lysts to short reducing and oxidising pulses is expected to limit the
irreversible accumulation of stable carbon deposits in CHy, facilitating
their complete gasification in CO, and regenerating the catalytic activity
at each cycle. Fig. 9 shows the results obtained for a NLZ catalyst during
extended catalytic activity tests at 800 °C (45 reaction cycles).
Comparing the catalytic activity of the initial cycles (2-10) with the last
15 cycles of operation (31-45), a remarkable stability of the perfor-
mances was observed in terms of CO, and CH4 conversion, with the
absence of noticeable deactivation trends. These results indicates the
ability of the NLZ system to provide high and stable conversion of CO,
and CH,4 in DC-DRM conditions. After the last CO; pulse of the stability
test, the reaction was stopped and the catalyst cooled down in He for ex-
situ investigation.

The high reaction temperature and highly reducing conditions of DC-
DRM are expected to promote the sintering of Ni particles. The changes
observed in X-ray diffractograms before and after the stability tests
(Supplementary Information, Fig. S7) indicated the presence of sintering
phenomena involving both the Ni crystallites and the supports, as
already shown in TEM micrographs of the spent NLZ sample (Fig. 8).
This is expected, considering that the reaction was performed at tem-
perature substantially higher than the calcination conditions (500 °C,
air). The Ni and support sintering at high temperatures was also evident
from the drop of the BET surface area of the spent sample after DC-DRM
stability test (Table S1). However, the activity of the catalysts in DC-
DRM was not undermined by the observed formation of Ni crystallites,
indicating that their growth is controlled on the ZrO, support. The
exposure of the catalyst to short oxidative/reducing pulses seems to
prevent fast and irreversible deactivation of the catalytic system. In fact,
a NLZ catalyst synthesised with calcination at 800 °C showed similar
catalytic behaviour (Fig. 6B-D), despite the agglomeration of NiO in the
fresh sample suggested by the increased degree of crystallinity for the
NiO reflexes in XRD (Fig. S7). Interestingly, no drops in the BET surface
area after reaction was noticed for the NLZ catalyst calcined at 800 °C
(Table S2). These results confirmed that the ZrO,-supported catalytic
system is able to withstand DC-DRM reaction conditions and control the
sintering of active metals and support without any noticeable deacti-
vation trend in the first 4.5 h of operation.

Extensive coking is another common cause for catalyst deactivation
in DRM. When the NLZ catalyst was tested for conventional DRM
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Fig. 10. Reactor outlet gas concentrations obtained by FTIR spectroscopy during DC-DRM stability test at 800 °C on La-promoted Ni/TiO; catalyst (15 wt% Ni, 5 wt
% La, NLT). DC-DRM cycle consists of the alternation of diluted CO, feed (0-100 s), He flush (100-210 s), diluted CH,4 feed (210-310 s), He flush (310-420 s). Total
flow rate was kept at 50 mL min~!. Results presented are averaged of cycles 2-10 (left) and cycles 31-35 (right) of operation.

(800 °C, 50 mL min_l, CO3 10 vol%, CH4 10 vol%), a fast pressure build-
up was registered in the reactor (>0.5 bar), requiring to stop the reaction
after 15 min of operation. Compared to the co-feed conditions, the
separation of the CO, and CH,4 pulses in DC-DRM prevents the accu-
mulation and uncontrolled growth of carbon deposits and allows the
complete regeneration of the catalyst at each cycle. Similarly, no in-
crease in pressure drop has been observed during cyclic alternation of
CH,4 decomposition and C gasification by steam on Ni-based catalysts.
[56] Notwithstanding, analysis of the NLZ catalyst after DC-DRM
revealed the presence of a limited amount of carbon deposits after 45
cycles of operation at 800 °C. Thermogravimetric analysis (Supple-
mentary Information, Fig. S8) indicated the presence of solid carbon
deposits in the spent NLZ catalyst, which were removed in air below
600 °C. Although the extent of carbon accumulation did not cause
deactivation of the catalyst, optimising the catalytic material for com-
plete carbon gasification can be beneficial for long-term operation.
Extending the length of the CO, pulse can improve the gasification of
coke, at the price of purity of the product stream and of the Ni oxidation
enhancement. Engineering of several reaction parameters, including the
volumetric flow rate and composition of reactant feeds, together with
the optimisation of the catalyst composition can target the full removal
of carbon deposits in view of long-term utilisation of the catalyst.

3.7. Reducible metal oxide supports for DC-DRM

Compared to irreducible metal oxides, the employment of a reduc-
ible metal oxide support offers the possibility of directly oxidising CHy4 in
the reducing pulse thanks to the active participation of the lattice oxy-
gen to the reaction. The introduction of an additional oxidant species,
represented by the lattice oxygen species of the reducible oxide, is also
expected to enhance the selective gasification of carbon deposits, thus
limiting their accumulation. Employing TiO; rutile as support material,
a La-promoted Ni catalyst (15 wt% Ni, 5 wt% La) was prepared by
incipient wetness impregnation and tested for DC-DRM. The results of a
long-term catalytic test (45 cycles) are shown in Fig. 10.

In the first 10 cycles of operation, the TiO,-supported system (NLT)
exhibited high conversions of CO, and CHg4. Noticeably, the behaviour in
the reducing CHy4 pulse was significantly different from the one observed
in the ZrOs-supported counterpart. Employing the reducible TiO, as
support enabled a constant supply of lattice oxygen species for the se-
lective oxidation of CHy4 or carbon deposits to CO. Direct participation of
the TiO» lattice oxygen in the selective oxidation of CH4 was already
observed in Chapter 4. The high stability of surface oxygen vacancy in
rutile TiO is expected to favour the removal of lattice oxygen which can
efficiently oxidise the carbon deposits on the catalytic surface.[57].

This contribution of lattice oxygen from the support to form CO
directly changes the composition of the product mixture in the CH4 pulse

10

from pure Hjy to a Hy-rich syngas mixture (Supplementary Information,
Fig. S9). By proper tuning of the lattice oxygen diffusion rate, as well as
the composition of the reactant stream, a versatile and valuable syngas
mixture can be targeted as direct product of the CHy pulse, bringing
additional benefits to the process including the softening of technolog-
ical requirements associated with pure Hy streams (explosion limit,
thermal conductivity, pipelines specifications). In the subsequent
oxidative pulse, high CO; conversion were maintained, confirming the
ability of the systems to provide efficient gasification of the carbon de-
posits together with the replenishment of the lattice vacancies and
reoxidation of the metal oxide support.

However, after 45 cycles of operation, the TiO-supported catalyst
showed a marked deactivation, with extensive loss in both CO, and CH4
conversions (Fig. 10). At the same time, the supply of lattice oxygen
during the CH4 pulse was preserved and the release of CO was not
affected by the deactivation of the catalyst. Thermogravimetric analysis
(Fig. S8) of the spent catalyst revealed no weight loss trend under
heating in air up to 1000 °C, indicating that the catalyst is able to effi-
ciently remove the carbon deposits, also thanks to the contribution of
oxygen species from the support lattice. Those findings excluded the
contribution of solid carbon accumulation in the deactivation of catalyst
observed for the TiOy-supported catalyst. XRD of the spent catalyst
(Fig. S7) revealed that narrow metallic Ni reflexes with strong intensity
were found in the spent NLT catalyst, indicating the aggregation of Ni
particles into big crystallites. Takenaka et al.[58] reported that at low Ni
loadings (2.5 wt%), the Ni/TiO5 system can provide stability of perfor-
mances in cycles of CH4 decomposition and regeneration by CO,.
However, a Ni loading of 10 wt% on TiOj led to fast deactivation of the
catalyst towards CH4 decomposition, due to agglomeration of the Ni
particles in bigger aggregates. Considering the high loadings employed
in this work (15 wt% Ni, 5 wt% La), the low surface area and porosity of
the TiOg-supported catalyst compared to the ZrO,-supported counter-
part (Table E1) clearly favoured the aggregation of the Ni particles and
the deterioration of the catalytic activity observed.

The addition of TiO5 to form binary oxides is known to strongly in-
crease the number of surface acidic sites and their strength.[59] In the
case of TiO,-ZrOy, both acidity and basicity are enhanced by incorpo-
ration of TiO».[60] In order to combine the stability of performances
provided by an irreducible oxide as support (ZrO,) with the possibility of
tuning the product composition and introducing an additional route for
coke gasification by a reducible support (TiO3), a mixed oxide was
synthetised targeting a surface doping of ZrO, with TiO,.

For this purpose, ZrO, was impregnated with a Ti isopropoxide so-
lution under inert atmosphere to ensure the dispersion of the Ti pre-
cursor in the pores of the ZrO, template. After this, the catalyst was dried
at 80 °C and calcined at 800 °C in air to ensure the formation of the
mixed oxide. XRD of the TiO,-ZrOy support (Supplementary
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Fig. 11. Reactor outlet gas concentrations obtained by FTIR spectroscopy during DC-DRM stability test at 800 °C on La-promoted Ni/TiO,-ZrO, catalyst (15 wt% Ni,
5 wt% La, NLTZ). DC-DRM cycle consists of the alternation of diluted CO, feed (0-100 s), He flush (100-210 s), diluted CH4 feed (210-310 s), He flush (310-420 s).
Total flow rate was kept at 50 mL min'. Results presented are averaged of cycles 2-10 (left) and cycles 31-35 (right) of operation.

Information, Fig. S10, TZ) showed only reflexes associated to the ZrOy
phase, suggesting the high dispersion of the Ti-derived phase.

A La-promoted Ni catalyst (NLTZ, Ni 15 wt%, La 5%) was then
prepared by incipient wetness impregnation of the TiO,-ZrO, mixed
oxide support. NH3-TPD studies on the NLZ and NLTZ samples indicated
that the addition of TiOs in the support slightly increased the acidity of
the catalyst (Fig. S11, Table S3). Fig. 11 shows the results obtained for
CL-DRM at 800 °C on the NLTZ catalyst. Compared to the TiOz-sup-
ported catalyst, the NLTZ system exhibited higher stability of the per-
formances, with high CO2 conversion maintained after 45 cycles and
limited deactivation in terms of CH4 conversion. Compared to the ZrO,-
supported catalyst, an additional oxidative route was activated by the
insertion of TiO,, which was able to provide lattice oxygen species and
led to the formation of CO in the CH4 pulse. The distinct catalytic
functionalities introduced by ZrO; and TiO, materials were still recog-
nised in the last 15 cycles of DC-DRM operation, although the slight
increase of CH, signal detected at the outlet in the last 15 cycles suggests
a possible weakening in the synergetic behaviour of the two oxidic
phase.

Functionalising the ZrO4 support with a reducible oxide as TiO, can
enhance the oxidation of the carbon deposits, while maintaining high
stability of the catalytic performances and potentially leads the pro-
duction of a Ha-rich syngas directly in the CH4 pulse (Fig. S12).

4. Conclusions

With the aim of overcoming the limitations of the conventional co-
feed operation, we propose in this work an alternative unsteady-state
process named dynamic coke-mediated dry reforming of methane (DC-
DRM). In DC-DRM, CO; and CH4 reactant pulses are alternatively sent to
the catalytic bed, targeting their complete conversion and achieving the
complete separation of the Hy and CO product stream. Separation of the
Hy and CO; streams also suppresses the undesired reverse water—gas
shift reaction, which consumes valuable H; product in co-feed operation
to produce steam. Exposure of the catalyst to short oxidising and
reducing pulses can enhance the stability of the system, preventing
accumulation of carbon deposits which brings to deactivation and
catalyst fouling.

Ni-based catalyst for DC-DRM were synthesised and investigated.
Among the irreducible metal oxides tested as support material, ZrOy
acted as a stable template to the active metal component by containing
sintering and ensuring high and comparable CO, and CH4 conversion.
On the Ni/ZrO, catalytic system, the effect of different metal promoters
(La, Fe, K) on the conversion of CH4 and CO5 was also evaluated. The
addition of Fe resulted in increased oxidation of the catalyst in CO3 and
resulted in total oxidation of CH,4 to undesired CO». The presence of K,
and the increased basicity of the catalysts, provoked substantial loss in

11

both CH4 and CO; conversions. Distinctively, an enhancement of the DC-
DRM performance was found for the La-promoted Ni/ZrO, system
(NLZ), which enhanced the conversion of CO; and suppressed the
oxidation of the Ni component. Operando IR thermal imaging of the
catalytic bed gave relevant insights into the endothermic reaction routes
involved in DC-DRM. Fast coking takes place homogenously along the
bed during the decomposition of CHy4, while during the CO; pulse, a
‘cold spot’ representing the endothermic gasification of C progressively
moves along the flow direction until complete removal of the carbon
deposits. The Ni-La/ZrO, catalyst provided stable activity and
approached complete conversion of the CH4 and CO5 reactant pulses to
Hs and CO, respectively, in 45 cycles of operation at 800 °C.
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