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Solar thermal catalytic reforming of natural gas: a
review on chemistry, catalysis and system design
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Solar radiation is an abundant and environmentally benign energy source. However, its capture and

effective utilization is one of the most difficult challenges faced by modern science. An effective way to

capture solar energy is to convert it to chemical energy using concentrated solar power and

thermochemical conversion routes, such as methane reforming. Methane, the main component of natural

gas, is poised to become a leading feedstock in the near term, partly due to recent developments in shale

gas extraction. Solar-to-chemical energy conversion can be achieved by reforming methane into synthesis

gas, a mixture of carbon monoxide and hydrogen, in a single, highly endothermic catalytic process when

reacted with steam or carbon dioxide. This review highlights different aspects of solar thermal reforming of

methane, including thermodynamics, challenges related to catalyst activity and stability and reactor design.

Equilibrium limitations are discussed in detail with respect to solar thermal reforming. Recent developments

in methane reforming catalysis are critically reviewed in a broad scope, addressing catalyst deactivation

drawbacks and focusing on alternative catalysts. The potential of the low-temperature solar methane

steam reforming and the related technological challenges are discussed, including catalyst requirements.

Future directions are also outlined.
1. Introduction

Solar radiation is an abundant energy source, which is, how-
ever, difficult to capture and utilize in an efficient way. Solar
energy can be used for direct electricity generation using
photovoltaic cells.1 Currently, a significant fraction of solar
installations are based on photovoltaics, with a continuously
ol., 2015, 5, 1991–2016 | 1991
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Fig. 1 Four types of solar collectors: parabolic trough (PT), linear
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growing market that already exceeds 100 GW of global
installed capacity. However, the limiting energy conversion
efficiencies and relatively high cost of this technology pre-
clude its growth unless substantial subsidies are provided.
Solar thermal energy conversion, wherein radiant solar
energy is concentrated, absorbed by a receiver and trans-
ferred as thermal energy to a working fluid, is an alternative
option that already features commercial installations totaling
several GWs globally.2–6

Conventional concentrated solar power (CSP) technology
is based on focusing sunlight with a reflecting surface (e.g., a
mirror) to heat a fluid flowing through a collector (Fig. 1).
There are four types of collectors: parabolic troughs (PT),
Fresnel reflectors (FR), solar towers (ST) and solar dishes
(SD),5 with PTs being the most commercially mature technol-
ogy (representing more than 90% of the currently installed
1992 | Catal. Sci. Technol., 2015, 5, 1991–2016
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Fresnel reflector (FR), solar dish (SD) and central receiver, also
known as solar tower (ST). PT and FR are linear focus systems
providing temperatures ranging from ca. 300–550 °C, while SD and ST
are point focus concentrators providing temperatures above 850 °C.
Reproduced from ref. 5.
CSP capacity). The first three types of collectors are mostly
used for centralized electricity generation, while solar dishes
are more suitable for distributed generation. The heated fluid
(e.g., pressurized steam) can be used to supply (solar) heat
for end-use applications or to generate electricity through
steam turbines. Other heat transfer fluids, such as synthetic
oils or molten salts, which have higher heat capacities than
steam, can be also used for electricity generation through
downstream steam generation via heat exchange. An impor-
tant advantage of the CSP technology is that it can be easily
integrated into existing fossil fuel-based power plants that
use gas and steam turbines. In this case, the heat produced
by the fossil fuel combustion can be partially substituted by
This journal is © The Royal Society of Chemistry 2015

Yuriy Román-Leshkov

Prof. Román obtained his B.S.
in Chemical Engineering at the
University of Pennsylvania and
completed his Ph.D. at the Uni-
versity of Wisconsin-Madison
under the guidance of Prof.
James Dumesic working on cata-
lytic strategies to convert biomass-
derived carbohydrates into plat-
form chemicals. Before joining the
department of Chemical Engineer-
ing at MIT, he completed a post-
doc at Caltech, working with
Prof. Mark E. Davis on zeolite

synthesis. His research lies at the interface of heterogeneous catalysis
and materials design, where a wide range of synthetic, spectroscopic,
and reaction engineering tools are applied to study the chemical
transformation of molecules on catalytic surfaces.

http://dx.doi.org/10.1039/c4cy01333f


Catalysis Science & Technology Perspective

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
15

. D
ow

nl
oa

de
d 

on
 0

8/
06

/2
01

5 
04

:3
0:

16
. 

View Article Online
the heat from the CSP plant (originated from solar energy),
reducing fossil fuel consumption, carbon dioxide emissions,
and other types of pollution. Notably, large CSP plants can be
equipped with heat storage systems that allow the supply of
heat or electricity at night.

Recently, there has been a growing interest in using CSP
for solar thermochemical synthesis.5–8 In a CSP solar thermo-
chemical process, concentrated solar radiation is used as a
source of energy (in form of heat) to drive highly endother-
mic reactions. The product of such a process is commonly
referred to as a “solar fuel”, which contains a fraction of
chemical energy that originated from solar energy. There are
several solar thermochemical pathways which include split-
ting of water, reduction of carbon dioxide, gasification or
cracking of fossil fuels (coal, oil, natural gas), biomass gasifi-
cation and natural gas reforming.5,6 Among these, solar
thermal reforming of natural gas is probably the most
promising, due to large resources of natural gas worldwide.
The resulting solar fuel (hydrogen or syngas) can be used as
a chemical feedstock or as a combustion fuel for electricity
generation using gas turbines.7

The potential of natural gas is becoming increasingly
important due to recent developments in horizontal drilling
and hydraulic fracturing technology for the extraction of
shale gas (natural gas trapped within shale formations).
According to the U.S. Energy Information Administration
(EIA), proven reserves of natural gas increased from 191 743
to 283 879 standard billion cubic feet in recent years. These
discoveries have precipitated a decline in natural gas prices
from a high of $13.07 per 1000 standard cubic feet
($462 m−3) in 2008 to an average of $2.01 per 1000 standard
cubic feet on April, 2012.9 The fraction of natural gas sup-
plied by shale gas is expected to increase significantly during
the coming decades, providing security of energy supply,
lowering prices for consumers, and reducing greenhouse gas
emissions by replacing, for instance, coal.

The composition of natural gas varies between gas wells,
but it is mostly composed of methane (CH4, typically >90%)
with small amounts of ethane, carbon dioxide and negligible
quantities of longer-chained hydrocarbons and impurities.
Conventionally, natural gas is converted to synthesis gas
(syngas, a mixture of carbon monoxide and hydrogen) via the
steam reforming process catalyzed by nickel-based catalysts.
Hydrogen production from natural gas (the main source of
hydrogen in chemical industry) also requires additional steps
of water gas shift (WGS) and separation, most commonly by
pressure swing adsorption (PSA). According to the United
State Department of Energy, 95% of the hydrogen produced
in the United States is made by natural gas reforming in large
reforming facilities.

Methane steam reforming (MSR) is a highly endothermic,
reversible process with methane conversion thermodynami-
cally favored by high temperatures and low pressures (vide
infra). The thermodynamic properties of the MSR reaction
require temperatures well above 800 °C in order to obtain
nearly complete methane conversions at elevated pressures
This journal is © The Royal Society of Chemistry 2015
required in industrial installations. In CSP systems, such
high temperatures can be only achieved using solar towers
and parabolic dishes. However, complete methane conver-
sions are not necessary required for applications that involve
electricity generation from solar-enriched natural gas using
gas turbines.7 This allows, in principle, the use of parabolic
troughs that operate at temperatures below 600 °C (ref. 5) for
upgrading natural gas. In addition to the thermodynamic
equilibrium limitations, operating at these lower temperature
regimes also has consequences for catalyst activity and stabil-
ity (this topic is discussed in section 3).

An alternative process (with similar thermodynamic limi-
tations) for syngas generation is methane dry reforming
(MDR), wherein carbon dioxide (CO2) is used as an oxidant
instead of steam. In contrast to steam, CO2 is not readily
available and, despite an apparent potential of this approach
for CO2 sequestration, CO2 separation, storage and supply
are probably too costly to make this route economically feasi-
ble in the near future. There are other routes of methane
conversion such as (commercialized) autothermal reforming
and partial oxidation10–13 and more exotic approaches in the
very first stages of development such as catalytic aromatiza-
tion of methane.13,14 The main disadvantage of the auto-
thermal reforming and partial oxidation is strong dilution of
the reactive stream by nitrogen when air is used as a source
of oxygen (using pure oxygen is disadvantageous from the
economic point of view and for safety reasons).

In this work, we review different aspects of solar thermal
reforming of methane. First, we analyze equilibrium con-
strains of methane steam and dry reforming, considering
also water gas shift, in view of the application of this pro-
cesses to thermochemical natural gas conversion using con-
centrated solar power. Next, the review focuses on recent
developments in methane reforming catalysis (including
Density Functional theory predictions, catalyst deactivation
issues and alternative catalysts) and catalyst requirements for
solar reforming. This is followed by a review of current reac-
tor design solutions for solar reforming of methane. Future
directions and recommendations are also presented.

2. Equilibrium limitations
2.1. Thermochemistry of methane reforming

MSR, eqn (1), or MDR, eqn (2), to form hydrogen (H2) and
carbon monoxide (CO), are highly endothermic, reversible
reactions with the total increase in number of moles:15–18

MSR: CH4 + H2O ⇄ CO + 3H2 ΔHMSR = + 206.1 kJ mol−1 (1)

MDR: CH4 + CO2 ⇄ 2CO + 2H2 ΔHDSR = + 247.3 kJ mol−1 (2)

Although CH4 conversion is thermodynamically favored at
high temperature (temperatures of ca. 800–1000 °C are used
in industry) and low pressure, industrial reformers have to be
operated at elevated pressures ranging from 3 to 25 bar. The
heat is typically supplied by burning a fraction of the natural
Catal. Sci. Technol., 2015, 5, 1991–2016 | 1993
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gas feed. Because of the high reaction enthalpies, heat inputs
that are equivalent to a significant fraction of the feed energy
value (25.7% and 30.8% for complete CH4 conversion in MSR
and MDR respectively, assuming a CH4 heat of combustion
of 802 kJ mol−1) are required. Steam generation for MSR also
consumes a large amount of energy (water heat of vaporiza-
tion is 40.7 kJ mol−1, implying ca. 15% of the CH4 energy
value for steam-to-carbon ratio of 3). In principle, the heat
required for the endothermic reaction and steam generation
can be provided by solar energy using CSP, saving a very
significant fraction of otherwise burned natural gas, while
also reducing CO2 emissions. Evidently, CSP installations will
require additional capital cost investments and can be only
effectively used in the regions that have high solar fluxes
throughout the year. Developing novel catalysts and reformer
designs is critical for the use of CSP in CH4 reforming (these
topics are discussed in sections 3 and 4).

Other important reactions that can take place during the
reforming process are the water gas shift (WGS) reaction,
eqn (3), and carbon deposition (coking), eqn (4)–(6).17–22

WGS: CO + H2O ⇄ CO2 + H2 ΔHWGS = − 41.2 kJ mol−1 (3)

MC: CH4 ⇄ C + 2H2 ΔHMC = + 74.8 kJ mol−1 (4)

BR: 2CO ⇄ C + CO2 ΔHBR = − 173.3 kJ mol−1 (5)

RG: CO + H2 ⇄ C + H2O ΔHRG = − 131.3 kJ mol−1 (6)

The exothermic WGS reaction, which is carried out in
separate downstream units in industrial installations, is used
to increase H2 yield from MSR (for H2 production). The WGS
reaction is undesirable for the Fischer–Tropsch process that
ideally requires H2/CO ratios of ca. 2 (the stoichiometry
dictates H2/CO = 3 and 1 for MSR and MDR, respectively,
eqn (1) and (2)). Coking, which is a major problem encoun-
tered with industrial catalysts based on nickel (Ni), can occur
by either methane cracking (MC) or Boudouard reaction
1994 | Catal. Sci. Technol., 2015, 5, 1991–2016

Fig. 2 Carbon formation equilibrium for a steam–methane system (left s
shaded area refers to the carbon formation zone at 30 atm. Limiting curv
ratios (right side) are also shown. Reprinted with permission from ref. 22. Co
(BC), or reverse gasification (RG), eqn (4)–(6),19,21,22 and can
eventually lead to reformer clogging. Thermodynamically
speaking, carbon formation is less favorable at low tempera-
tures and high steam-to-carbon ratios, Fig. 2.22

Industrial reformers are typically fed with steam-to-carbon
ratios close to 3, which are far away from the carbon forma-
tion boundary (Fig. 2), effectively preventing coking, but
resulting in a less efficient operation due to the increased
energy demand for excess steam generation. Handling large
amount of excess steam is particularly undesirable for solar
reforming installations which require significant capital cost
investments. It is imperative therefore to develop novel
catalytic systems that can withstand low steam-to-carbon
ratios without severe deactivation and degradation due to
carbon formation.

2.2. Methane reforming equilibrium

Since methane reforming is a reversible process, its imple-
mentation in solar thermal reforming applications will be
limited by equilibrium, which can be derived from standard
thermodynamic parameters.23,24 In the absence of carbon
deposition, extents of species in equilibrium are expressed in
terms of CH4 conversion in the combined MSR–WGS process
(f1 and f2 are total conversion and conversion to CO respec-
tively, n is number of moles and subscripts f and eq stand
for feed and equilibrium):

f
n n

n1 
CH ,f CH ,eq

CH ,f

4 4

4

(7)

f
n
n2 

CO,eq

CH ,f4

(8)

Extents of species at the equilibrium are defined now as
functions of f1 and f2 (α is feed steam-to-carbon ratio):
This journal is © The Royal Society of Chemistry 2015

ide) and for a steam–methane–carbon dioxide system (right side). The
es for different pressures (left side) and for different CO2/ĲCO2 + CH4)
pyright (2014) AIDIC Servizi S.r.l.
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Equilibrium partial pressures ( pi) are defined now in

terms of species extent ( yi is molar fraction and P is total
pressure):

p y P Pi i
i

i
i

 


 (10)

Eqn (10) is now substituted into the definitions of the
MSR and WGS equilibrium constants:

K
p p
p peq,MSR

CO H

CH H O4 2

 2

3

(11)

K
p p
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2 2

2

 (12)

Rearrangement results in two nonlinear equations:

A
E
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4
2

(14)

Following the same approach, we can derive equilibrium
for the combined MDR-RWGS (reverse water gas shift)
This journal is © The Royal Society of Chemistry 2015

Fig. 3 Equilibrium CH4 conversion for the combined MSR and WGS (le
parametric domain of temperature and pressure. For MSR, a steam-to-carb
process ( f3 is RWGS extent):
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f f f f
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g
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1 2
2

1 2 1 2

1 2 2

(19)

Equilibrium conversions are calculated by solving numeri-
cally eqn (13) and (14) for f1 and f2 (for the MSR + WGS
system) or eqn (18) and (19) for f1 and f3 (for the MDR + RWGS
system); parameters (Aeq and Eeq) are listed in the literature.20

Fig. 3 shows the calculated equilibrium conversions in the
parametric domain of pressure and temperature, which can
be divided into three temperature regimes: low temperature
(<600 °C), intermediate regime (600–900 °C) and high tem-
perature regime (>900 °C). These regimes coincide with the
temperature ranges obtainable by different types of solar
concentrators (Fig. 1). Linear focus systems (FR and PT) cover
the low temperature regime; point focus systems (SD and ST)
typically provide intermediate temperatures, while high tem-
perature regime is exclusively achievable by central receivers
Catal. Sci. Technol., 2015, 5, 1991–2016 | 1995

ft side) and MDR and RWGS (right side) processes is shown in the
on ratio of α = 3 was used in calculations.
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(STs). Evidently, temperatures well above 900 °C (higher for
more endothermic MDR than for MSR) are required in order
to obtain nearly complete CH4 conversions (Fig. 3) which
explains why SD and ST have been historically the systems of
choice in solar reforming applications. Methane conversions
also decrease with increasing pressure (due to the increase
in total number of moles) and, though this decline is much
less pronounced than the dependence on temperature, it is
another important consideration in the design of solar
reforming systems to be operated at the elevated pressures
required for industrial applications. We note that Fig. 3
shows equilibrium (limiting) conversions, which are typically
never reached in commercial applications due to kinetic limi-
tations and restrictions of mass, heat and radiation transfer.

The distribution of products is important in applications
where the solar-upgraded natural gas is used as a feedstock
for the production of chemicals. Fig. 4 shows the equilibrium
CO/H2 ratio for both sets of reactions calculated as ϕCO/ϕH2

using eqn (9) or (16) for the MSR + WGS and MDR + RWGS
processes respectively. At high temperatures, the equilibrium
is mainly established by highly endothermic reforming
1996 | Catal. Sci. Technol., 2015, 5, 1991–2016

Fig. 4 Equilibrium CO/H2 ratios for the combined MSR and WGS (left side)
domain of temperature and pressure.

Fig. 5 Maximum fuel (CH4) upgrade calculated based on low heating value
the combined MSR and WGS (left side) and MDR and RWGS (right side) pro
temperature and pressure.
reactions and the composition is dictated by their stoichiom-
etry, i.e. CO/H2 → 0.33 and CO/H2 → 1 for MSR and MDR
respectively (Fig. 4). For both the Fischer–Tropsch and the
methanol synthesis processes, the ideal ratio is ca. CO/H2 = 0.5.
At intermediate temperatures, the CO/H2 ratios depart from
the reforming stoichiometry (due to exothermic WGS and
mildly endothermic RWGS reactions), but the more desirable
0.33–1 range is never attained (Fig. 4). In the low temperature
regime (<600 °C), a very small amount of CO is produced in
the MSR–WGS process, while CO/H2 ratios >2 are generated in
the MDR–RWGS system. Consequently, parabolic troughs
are rather unsuitable to directly produce syngas for chemicals
because of both low CH4 conversions (Fig. 3) and too low or
too high CO/H2 ratios (Fig. 4).

However, electrical power generation via gas turbines
does not require complete CH4 conversion and can tolerate
virtually any H2/CO ratio. Therefore, low temperature CSP
systems (FR and PT) can be potentially used to upgrade
methane for power generation, as well as high temperature
systems (SD and ST). In this respect, the most important
consideration is whether the natural gas heating value can be
This journal is © The Royal Society of Chemistry 2015

and MDR and RWGS (right side) processes are shown in the parametric

s (products of reforming vs. methane) and equilibrium compositions of
cesses. The fuel upgrade values are shown in the parametric domain of

http://dx.doi.org/10.1039/c4cy01333f


Fig. 6 TEM micrograph of a Ni/α-Al2O3 commercial catalyst (15 wt%
NiO, Research Catalysts, Inc., www.catlyst-central.com) after 160 h on
stream (MSR, T = 500–600 °C, P = 1–5 bar): Ni nanoparticles ranging
from 35 ± 12 nm are dispersed on the α-Al2O3 support.
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significantly upgraded by solar energy in a specific tempera-
ture range. The maximum values of fuel upgrade factor
(UF, eqn (20) and (21), for MSR–WGS and MDR–RWGS
respectively) by methane solar thermal reforming (MSTR) are
shown in Fig. 5, as a function of the reforming temperature
and pressure (100% refers to pure CH4). These values were
calculated using the previously calculated equilibrium
conversions (from eqn (13) and (14) for MSR–WGS and
eqn (18) and (19) for MDR–RWGS) and the low heating values
(LHV) of CH4, CO and H2 (802.3, 241.8 and 283.2 kJ mol−1

respectively). As CH4 is converted to CO and H2, the heating
value of the fuel increases as compared to pure CH4. The
maximum fuel upgrade for MDR is considerably higher than
that for MSR (31.4% vs. 26.5% based on LHVs), due to the
higher reaction enthalpy of MDR.

UF

        
LHV LHV LHV

MSR+WGS

CH CO H4

[%]


      

100
1 41 2 1 2f f f f

22

4
LHVCH

(20)

UF

        
LHV LHV

MDR+RWGS

CH CO4

[%]
(


      

100
1 2 21 1 3 1f f f f f33)LHV

LHV
H

CH

2

4

(21)

This analysis clearly shows that, under identical output
conditions, the high temperature MSTR process can poten-
tially save ca. 25–30% of the fuel (natural gas) as compared
to the conventionally heated reforming that burns this frac-
tion of the natural gas fed for process heating. The upgraded
(solar) fuel can be then used for electricity generation using
high efficiency conversion systems, such as gas turbines, or
utilized as a chemical feedstock for chemical industry after
gas conditioning. Although high temperatures are preferable
from the thermodynamics point of view to maximize conver-
sion, high-temperature CSP systems (ST and SD) require high
capital cost investments. As such, low-temperature MSTR
using PTs is a more attractive option since PTs are a relatively
cheap and mature (commercialized on a large scale) technol-
ogy.5 Operating at low pressures at the upper limit of temper-
atures provided by PTs (550–600 °C) can upgrade ca. 10–15%
of the fuel (Fig. 5), providing a significant increase in electric-
ity output in applications using gas turbines, especially in a
combined cycle (using both steam and gas turbines). It is
important to note that, in addition to solar energy stored in
chemical energy, there is also sensible heat originated from
the solar energy (not accounted for in Fig. 5), which can be
in principle recuperated and used for steam generation and
natural gas preheating.

3. Methane reforming catalysis

Typical methane reforming catalysts consist of transition metal
nanoparticles (e.g., Ni) dispersed on a high surface area ceramic
This journal is © The Royal Society of Chemistry 2015
support (e.g., Al2O3, preferably >100 m2 g−1). Simple synthe-
sis routes such as wet impregnation, incipient wetness
impregnation and co-precipitation are most commonly used
for catalyst preparation. Important catalyst performance
parameters, which are also relevant for methane solar ther-
mal reforming (MSTR) are low cost, high activity and high
durability, in addition to optimal catalytic pellet design, to
provide low pressure drop, efficient heat and mass transfer,
thermal stability and mechanical strength. With regards to
MSTR, catalyst activity is a crucial factor for low-temperature
applications (<600 °C), while at higher temperatures catalyst
stability against sintering and thermal stresses becomes a
dominant issue. Though numerous transitions metals, in-
cluding nickel (Ni), are highly active in methane reforming
at T > 800 °C, their stability against sintering is rather poor,
while recurrent cooling and heating due to the cyclic nature
of solar irradiation can lead to severe thermal stresses.

Industrial methane reforming catalysts are composed of
polydisperse Ni nanoparticles supported on α-Al2O3 with metal
loadings ranging from 10 and 18 wt% (an example is shown
in Fig. 6), frequently promoted with alkaline earth metals,
such as Mg. Ni has been historically the metal of choice for
MSR because of its low price and reasonably high activity at
intermediate and high temperatures above 700 °C. However,
Ni-based catalysts are a poor choice for MSTR applications.
Specifically, Ni is not suitable for MSR operating at low steam-
to-carbon ratios or for MDR because it suffers from severe
coking at these conditions (an example is shown in Fig. 7
(ref. 25)), which can be improved only to certain extent by
modifying support.26,27 In addition, for low temperature
reforming (400–600 °C), Ni has insufficient intrinsic activity
and suffers from fast deactivation via oxidative routes.26

Catalyst deactivation in CH4 reforming reactions can occur
by several pathways, namely sulfur poisoning, oxidation,
sintering and coking. The first three routes have lower
impact since sulfur can be removed from the reformer feed,
Catal. Sci. Technol., 2015, 5, 1991–2016 | 1997
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Fig. 7 TEM micrographs showing extensive formation of filamentous carbon (whisker carbon) during methane dry reforming over a Ni/MgO
catalyst. Reprinted with permission from ref. 25. Copyright (2014) Elsevier.

Fig. 8 Schematic (oversimplified) representation of the combined
MSR–WGS process occurring on the surface of the supported metallic
nanoparticle.
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oxidation does not occur to a significant extent under typical
reforming condition (due to catalyst reduction in the H2-rich
reaction mixture), and sintering is typically slow. Carbon
formation, on the other hand, remains a major challenge,
particularly for Ni-catalyzed methane reforming.19,21,22,28

Carbon deposition on the Ni surface first leads to the block-
age of the active sites and subsequently to the formation of
filamentous carbon (see Fig. 7 (ref. 25)), leading eventually to
mechanical disintegration and catalyst bed clogging.

The development of new, active and stable, catalysts is
therefore of critical importance for MSTR. Many other transi-
tion metals, including iron (Fe), cobalt (Co) and the platinum
group metals (PGMs) can catalyze methane reforming.26,29

However, Fe and Co deactivate rapidly by oxidation under
the methane reforming conditions, while PGMs, which are
typically highly active and stable, are much more expensive.
Nevertheless, PGMs such as Ru, Rh, Ir, Pt and Pd have been
extensively investigated for reforming applications, mostly
for MDR.29–31 Other directions include bimetallic catalysts
(typically Ni promoted with a noble metal),26,32 alternative
catalytic materials such as transition metal carbides,33,34 and
modifying ceramic supports to reduce coking and sintering
and to increase catalytic activity.26,35,36 Next, we outline
recent developments in methane reforming catalysis and
critically discuss related challenges within the context of
MSTR applications.
3.1. Density functional theory predictions

During catalytic methane reforming, CH4 and either H2O or
CO2 first adsorb and dissociate on the catalytic surface, react
and then desorb as products (Fig. 8, MSR–WGS system is
shown). While dissociation of CH4 bonds requires metallic
surfaces, H2O dissociation can also occur on the ceramic sup-
port (Fig. 8), especially if the support features redox-active
centers. The combined MSR–WGS reaction can be described
in terms of elementary steps as shown in eqn (22).37,38
1998 | Catal. Sci. Technol., 2015, 5, 1991–2016
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Note that there are several other possible pathways for
CO formation via various adsorbed intermediates.39 The MSR
This journal is © The Royal Society of Chemistry 2015
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reaction kinetics has been the subject of extensive research,
which is beyond the scope of this review. We refer the reader
to excellent publications on this topic.36,37,40–44 Strong experi-
mental and theoretical evidence exist supporting that CH4

dissociation, i.e. C–H bond activation, is the single rate-
determining step,44 but other studies have suggested that CO
formation can also be the rate-determining step depending
on the reaction conditions.37

Density functional theory (DFT) can be applied to under-
stand the underlying mechanisms of the methane re-
forming catalytic reaction and, importantly, to predict the
reactivity of heterogeneous catalytic systems.45,46 Specifically,
potential energy diagrams can be readily constructed from
the energy profiles of elementary steps for various catalysts
(e.g., Fig. 9a). This allows comparing relative stabilization of
intermediates or transitions states for a particular set of reac-
tion conditions.37 DFT-based predictive modeling can be
used to identify materials, including pure metals and their
alloys, with high catalytic activity in MSR and MDR under
conditions relevant to MSTR applications. The selected candi-
dates can be then tested experimentally to verify that they
indeed have high activity and, importantly, for stability
against sintering, oxidation and coking deactivation, sulfur
poisoning etc.

DFT studies of CH4 reforming reactions on Ni surfaces
have shown that the steps on a catalytic surface are more
active sites for CH4 dissociation,

37,39,47–49 For Ni, it was exper-
imentally demonstrated that the reactivity of the stepped
surface can be higher than that of the terraces by two orders
of magnitude,48 implying also that steps can serve as nucle-
ation sites for carbon deposition.49 DFT studies on Rh and Pt
surfaces also have shown that stepped surfaces are much
more reactive than planar surfaces of the corresponding
metal.50 Recent advances in electronic structure theory allow
the screening of a large numbers of metal phases to find
those with highest predicted rate, selectivity and stability.37,39
This journal is © The Royal Society of Chemistry 2015

Fig. 9 DFT computation of MSR over stepped surfaces of various tran
two-dimensional volcano plot of the turn over frequency (log10) as a func
permission from ref. 37. Copyright (2014) Elsevier.
In addition to the thermodynamic analysis that provides the
framework to create the potential energy diagram of the reac-
tion steps (Fig. 9a), it is possible now to incorporate reaction
kinetics and thus to calculate turn over frequencies
(Fig. 9b).37,39 DFT studies combined with experiments have
shown that Ru and Rh are the most active among noble
metals, while transition metals such as Ni, Co, Fe and Cu are
much less active, Fig. 9b.37 For noble metals, CO formation
was identified as the rate-determining step, while for less
noble metals the rate-determining step was dissociative
adsorption of CH4.

In a recent DFT study, a scan of catalytic activity for MSR
was performed over a wide range of transition metals transi-
tion metal alloys.39 Fig. 10 shows DFT predictions of turn
over frequencies (TOFs) of CO production in MSR under
industrial conditions for several inexpensive earth abundant
metal alloys alongside with noble metals. For some alloys of
Ni, Fe and Co, TOFs are predicted to be comparable to those
of Ru and Rh. So far, the choice of catalyst for MSTR applica-
tions was predominantly restricted to Rh and Ru, due to
their high activity and thermal stability. DFT predictive
modeling is opening new avenues in the search for active
and stable catalysts that can avoid the high cost associated
with platinum group metals.

A DFT-based screening study of transition metal carbides
(TMC) surfaces for MSR has been recently reported.51 TMCs
are known to exhibit “platinum-like behavior” for certain
reactions.52 The low cost associated with TMCs makes them
attractive candidates to be used as alternatives to noble
metals in MSR. Indeed, TMCs such as Mo2C, WC and Co6W6C
were found to be active and stable catalysts for MDR and
MSR at elevated temperatures and pressures.53,54 However,
in the DFT study of TMC-catalyzed MSR,51 most TMC sur-
faces that were investigated (i.e., metal-terminated and oxygen
covered TiC, VC, MoC and Mo2C) were found to be unsuitable
for MSR, since they were either prone to self-poisoning by the
Catal. Sci. Technol., 2015, 5, 1991–2016 | 1999

sition metals, showing (a) the potential energy diagram and (b) the
tion of O and C adsorption energy at 773 K and 1 bar. Reprinted with

http://dx.doi.org/10.1039/c4cy01333f


Fig. 11 A simplified schematic of the mechanism of MSR

Fig. 10 DFT predictions of the turn over frequency (TOF) of CO production as a function of C and O binding energies (considering interaction
between adsorbates), for MSR under industrial conditions. Inlet and outlet conditions correspond to T = 638 K and 1066 K and P = 14.3 bar and
12.2 bar. Reprinted with permission from ref. 39. Copyright (2014) IOP Publishing Ltd.
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MSR intermediates or showed very high activation energies
for some of the MSR elementary steps. Generally speaking,
the main disadvantage of TMCs with respect to methane
reforming is that the TMC surface is easily oxidized by
either H2O or CO2. This limiting factor restricts the use of
TMCs only to high temperature regimes wherein the inter-
mediates can be more easily desorbed from the TMC
surface and the surface can be more easily reduced. Such
conditions are achieved using point focus solar collectors
(ST and SD), providing a potential for the use of TMCs in
high temperature MSTR.
enhancement by redox support, by removal of the surface CO.

Fig. 12 Influence of the amount of accessible Pt on the activity of
Pt/ZrO2 catalysts for CO2/CH4 reforming at 875 K. Different Pt loadings
(♦) and 0.5 wt% Pt calcined at different temperatures (*) are shown.
Reprinted with permission from ref. 35. Copyright (2014) Elsevier.
3.2. Catalyst supports

Catalyst performance can be significantly modified by
the catalyst support either indirectly, by changing the metal dis-
persion and sintering behavior, or directly, by participating
in adsorption and reaction steps. The role of support for
low-temperature MSR has been recently reviewed, indicating
the positive effects of some support materials (e.g. ZrO2

and CeO2).
26 In another recent review, progress towards the

development of coke resistant Ni-based catalyst for MSR
and MDR was outlined.55 In addition to catalytic activity, the
resistance of the catalyst to mechanical stresses and to high
temperatures is of particular importance for MSTR, due to
the intermittent nature of the solar energy source (day–night
cycles and changing weather conditions) and the high
process endothermicity.

An important feature for the support is oxygen storage
capacity, which can be enhanced by the use of supports with
redox properties (e.g., CeO2, ZrO2). These supports can pro-
vide an additional source of oxygen for the reaction with
adsorbed carbon to form CO, eqn (22), reducing therefore
carbon deposition (a simplified mechanism is shown in
Fig. 11).26,56 Remarkably, there are experimental evidences
that show a linear dependence of catalyst activity on the
amount of metal sites located on the metal–support perime-
ter (Fig. 12),35 suggesting that either the most active metal
2000 | Catal. Sci. Technol., 2015, 5, 1991–2016
sites are those in contact with the ceramic redox support or
that the surface oxygen flux from the support is the rate-
determining step.

For the commonly used α-Al2O3 support, the rate of
carbon deposition can be reduced by the use of alkali or
This journal is © The Royal Society of Chemistry 2015
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alkaline earth metal promoters (e.g., MgO), due to the
enhanced uptake of oxidizing species. Other promoters
(e.g., Ce, La, Zr)55,57 have been found to have a dramatic
effect on the formation of coke over Ni-based catalysts, affect-
ing the amount of carbon deposited and its morphology
(graphitic, filamentous or amorphous).58,59 In a recent work
on low-temperature MSR on Ni-based catalysts, it was shown
that, although coking is severe for Ni/SiO2 and Ni/α-Al2O3,
promotion of Al2O3 with Mg can significantly reduce the rate
of carbon deposition, and the use of Zn results in a dramatic
improvement in the catalyst resistance to coking, Fig. 13.59

A variety of alternative supports have been investigated for
MSR and MDR applications, including SiO2, ZrO2, TiO2,
La2O3, CeO2, as well as mixed oxides.26,55 Numerous studies
have shown that ZrO2 and CeO2 are probably the best
supports for Ni-catalyzed MSR27,60,61 and for PGM-catalyzed
MSR and MDR.35,36,40–43,56,60,62–66 PGMs supported on La2O3

also exhibit high catalytic activity and stability in MDR.67,68

On the other hand, SiO2 was found to be a less suitable
support for methane reforming applications.35,69 Taken
together, these studies show that the use of oxides such as
CeO2 and ZrO2 provides important advantages in terms of
resistance to sintering, catalytic activity and stability with
respect to coke formation. Therefore, CeO2 and ZrO2 are good
candidates for MSTR applications.

Zeolites have been also considered as support materials
for Ni-catalyzed MSR70 and MDR,71 MDR catalyzed by bime-
tallic Ni–Rh catalyst,72 and for Ru-catalyzed MDR.73,74 Some
properties of zeolites such as their microporous structure
and exceptionally high specific surface area make them an
interesting alternative. In addition, the high affinity of zeo-
lites for CO2 adsorption may be advantageous for MDR.
Zeolite-supported PGMs or bimetallic catalysts (e.g. Ni–Rh)
exhibit good catalytic performance in terms of conversion
and stability,72–74 but it is not clear whether their apparent
stability is due to the zeolite support or to the PGM. Nickel
catalysts supported on zeolites deactivate rapidly under the
MDR conditions,72 but zeolite surface modification with
organo-silane groups prior to Ni impregnation can result in
an active and stable Ni-based catalyst for MDR.71
This journal is © The Royal Society of Chemistry 2015

Fig. 13 Effect of support (squares, rhombi, triangles and circles corresp
conversion rate (a) and amount of carbon deposition (b). Reaction condition
ref. 59. Copyright (2014) Elsevier.
Although a significant amount of work has been done
and some promising candidates have been identified, sys-
tematic data on the performance of various supports in MSR
and MDR is difficult to reconcile. Since TOF values, or at
least conversion rates per catalyst amount, are not always
reported, comparison of results from different groups is
problematic. Correctly assessing catalytic activity is critical,
particularly for low temperature MSTR applications where
equilibrium limitations exist (Fig. 3–5). Kinetic limits are
rarely considered, thus restricting tests to a specific (usually
relatively low) space velocity. For MSTR applications, high
space velocities are needed to maximize the throughput of a
solar reactor in order to compensate for the higher capital
cost investment. Long-term catalyst stability (in the order of
hundreds of hours) is also very important but frequently
omitted in academic studies.
3.3. Platinum group metals

PGMs, including Ru, Rh, Ir, Pt and Pd, have been identified
as excellent reforming catalysts for MDR29,31,36,40–44,63,67–69,75,76

and MSR.56,60,64–66,77–81 The use of PGMs for CH4 conversion
is relevant in the context of partial oxidation and dry
reforming, for which the use of Ni is excluded (because of
oxidation and severe coking).30 PGMs are much more stable
against coking than Ni, exhibit much better dispersion and
activity, and sinter much more slowly even at high tempera-
tures. High catalytic activity is particularly important for low
temperature MSTR applications (<600 °C). Progress towards
the use of PGMs for low-temperature MSR was recently
outlined.26 For high temperature MSTR, high thermal stability
of PGMs is an important advantage. However, the implementa-
tion of PGMs is hindered by the high costs associated with
current catalyst formulations featuring relatively high PGM
loadings, typically ranging from ca. 1–5 wt%.41,42,60,62,63,78,81

Numerous studies on the mechanism of PGM-catalyzed
MDR and MSR have shown that, as in the case of Ni, the
most important steps are dissociative adsorption of CH4, H2O
and CO2 and surface carbon oxidation (Fig. 8).35,36,40–44,62,78,82

The identity of the rate-determining step is still strongly
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2001

ond to Ni/SiO2, Ni/Al2O3, Ni–Mg–Al and Ni–Zn–Al) on MSR methane
s: T = 600 °C, P = 1 bar, H2O/CH4 = 2. Reprinted with permission from
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debated.35–37,40–44,56,62,82 In a number of studies it was found
that C–H bond activation is rate-controlling,36,40–43 while other
DFT-based studies suggested that the importance of various
kinetic steps can vary depending on reaction temperature.37,82

The fact that reforming rates typically increase with increasing
PGM dispersion supports the importance of CH4 dissociative
adsorption, which is facilitated on low-coordinated edge and
corner atoms characteristic for smaller nanoparticles.36,41,50,78

There is some controversy with regards to the order of
activity of PGMs in reforming reactions. The following
sequences were suggested: Ru ≈ Rh > Ni ≈ Pd ≈ Pt > Co in
MSR,83 Ru ≈ Rh > Ir > Ni > Pt ≈ Pd in MDR and MSR,31,84

and Pt > Ir > Rh > Ru ≈ Ni in MDR and MSR.36,40–44 While
some authors agree on that Ru and Rh have the highest activ-
ity (Fig. 14a, b),37,78 which is also supported by DFT studies
(Fig. 9b),37 other authors claim that Pt and Ir have much
higher activities than Rh and Ru, in both MDR and MSR
Fig. 15.36 Experimentally measured turnover frequencies
(TOFs) of PGM-based catalysts are shown in Fig. 14 and 15,
as a function of metal phase dispersion.

TOFs of ca. 10–20 s−1 are typically reported for PGMs at
500–600 °C, while for Ni catalysts TOFs are an order of
magnitude lower under same conditions (Fig. 14a). Optimiz-
ing catalyst support can improve dispersion and surface
carbon oxidation (see section 3.2 for detailed discussion), but
mechanistic studies show that TOFs are independent on the
type of support,36,41 indicating that reactions occurring on
the support surface is not kinetically relevant and the role of
support is rather indirect.

In the context of MSTR, Ru is an ideal PGM candidate
due to its relatively low price among other PGMs (only
ca. 100 times more expensive than Ni, while Rh, for example,
is ca. 2000 times more expensive than Ni) and high activity
(Fig. 9b and 14a). It is also stable against sintering at high
temperatures (Ru melting point is 2334 °C) and against
coking. The penalty of the much higher price of the PGM as
compared to Ni can be compensated to some extent by the
superior catalytic performance and lower PGM loadings
2002 | Catal. Sci. Technol., 2015, 5, 1991–2016

Fig. 14 MSR TOF over (a) Ru, Rh, Pt, Pd, Ir and Ni supported by ZrO2 an
(squares), CeO2 (circles), CeZrO2 (triangles) and SiO2 (rhombi) at 1 bar, 50
phase dispersion. Reprinted with permission from ref. 37 and 78. Copyright
(typical PGM loadings are ca. 1–5 wt% vs. ca. 10–18 wt%
required for Ni). Nonetheless, PGM loading has to be drasti-
cally reduced by at least an order of magnitude (to ca.
0.1 wt% at least) for PGM-based catalysts to be of commercial
interest. In this respect, studies describing ultra-low PGM
loading catalyst performance under practical conditions are
lacking, making it difficult to obtain a direct comparison
with Ni-based catalysts over a wide range of operating condi-
tions such as pressure, temperature and space velocity. Such
information would be necessary in order to evaluate the
potential of the use of PGMs in MSTR applications. In a
recent work, catalytic activity of ultra-low loading Ru-based
catalysts in low temperature MSR (400–600 °C) was systemati-
cally evaluated.85 It was shown that the 0.15 wt% Ru/γ-Al2O3

catalyst has intrinsic activity which is two orders of magni-
tude higher than that of the commercial 12 wt% Ni/α-Al2O3

catalyst, featuring also excellent stability in a wide range of
operating parameters.
3.4. Nickel-based bimetallic catalysts

A potentially cheaper alternative to the use of PGMs is
coupling Ni with other metals in order to improve resistance
to coking and sintering and to increase catalytic activity.
Many Ni-based bimetallic catalysts have been investigated so
far for reforming reactions, using noble metals (Pt, Pd, Rh,
Au, Ag)32,55,58,72,86–93 and other transition metals (Cu, Co, Fe,
Mo, Sn)26,32,94 as a secondary phase. Typical precious metal
loadings used for bimetallic Ni-based catalysts range from ca.
0.5–1.5 wt% to as high as 4 wt%.58,88–93 Due to the limited
miscibility of Ni with other metals, the two metals typically
do not interact strongly by forming an alloy, but rather the
second metal acts as a dopant or as a separate phase.

When a PGM is used as a promoter, its surface sites can
facilitate dissociative adsorption of CH4 and initiate rapid
dissociation of H2 and H2 spillover (migration of surface
atomic hydrogen) onto the catalyst support and adjacent
NiO surfaces. This process can facilitate the reduction of the
This journal is © The Royal Society of Chemistry 2015

d Al2O3 at 1 bar, 500 °C, H2O/CH4 = 4 and (b) Rh supported by ZrO2

0 °C, H2O/CH4 = 3. TOF is shown as a function of the catalyst metal
(2014) Elsevier.

http://dx.doi.org/10.1039/c4cy01333f


Fig. 15 Methane conversion turnover frequencies (TOF) in (a) MDR and (b) MSR at 600 °C, over Pt, Ir, Rh and Ru supported by ZrO2 (triangles),
ZrO2–CeO2 (rhombi) and γ-Al2O3 (circles). TOF is shown as a function of the metal phase dispersion. Reprinted with permission from ref. 36.
Copyright (2014) American Chemical Society.
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NiO surface.26,55 Moreover, the addition of PGMs to Ni typi-
cally increases the overall metal dispersion, creating, there-
fore, more active catalytic sites.26,55 Addition of small
amounts of Ag and Au can lead to blockage of highly active
catalytic sites on the Ni surface (step and edge sites) that
are mainly responsible for the nucleation of carbon forma-
tion, hindering therefore coke formation. However, this
approach can also lead to a substantial decrease in cata-
lytic activity.26,32,58,86

Addition of non-precious metals (e.g. Sn, Fe, Co, Cu) to Ni
can also reduce the susceptibility to the carbon formation
nucleation by changing the electronic properties of the
metallic surface, i.e. by displacing Ni atoms from the highly
active step and edge sites.32 Bimetallic Ni–Co and Ni–Cu for-
mulations were shown to be much more stable against
coking than pure Ni.95–97 For example, very little carbon for-
mation was found in a 2000 h stability test at high space
velocity over magnesium aluminum oxide supported Ni–Co
catalyst, Fig. 16a.96 Recently, it was demonstrated that
This journal is © The Royal Society of Chemistry 2015

Fig. 16 MDR over (a) Ni–Co catalyst supported on magnesium aluminum
and with GHSV = 110000 mL (g−1 h−1) and (b) over Ni/Al2O3 (a, b), Ni–Cu/
GHSV = 120000 mL (g−1 h−1), showing CH4 and CO2 conversion rate vs. tim
Wiley and ref. 96; Copyright (2014) Elsevier.
Zr–Al2O3 supported bimetallic Ni–Cu alloys are also resistant
to carbon formation at high space velocities Fig. 16b.95

Doping of Ni with noble metals can provide important
benefits in terms of catalytic activity and stability for MSTR
applications that typically involve high temperatures. The
high price and limited availability of precious metals used as
a second phase can be compensated to some extent by the
mentioned above benefits. However, due to relatively high
loadings, which are currently used (typically ca. 0.5–1.5 wt%),
the implementation of this approach still needs to be vali-
dated from the economic point of view. Moreover, while the
addition of noble metals to Ni typically provides a significant
improvement in the catalyst stability, it may result in sub-
stantial loss of catalytic activity.39 Further research is re-
quired to identify the most suitable secondary metal. System-
atic evaluation of the potential of Ni-based bimetallic alloys
for MSTR applications will also require information regard-
ing the relative order of intrinsic catalytic activity of various
metals in a bimetallic configuration. To date, however, such
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2003

oxide (H2/CO ratio vs. time on stream is shown) at 750 °C, 1 bar
Al2O3 (d, c) and Cu–Ni/Zr–Al2O3 (e) catalysts at 800 °C, 1 bar and with
e on stream. Reprinted with permission from ref. 95; Copyright (2014)

http://dx.doi.org/10.1039/c4cy01333f
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assessments are difficult since TOF values are not always
reported, the lowest concentration of the heterometal dopant
are not investigated, and bimetallic catalysts are not evalu-
ated in and compared to typical industrial conditions.

3.5. Transition metal carbides

Transition metal carbides (TMCs) are a class of earth-
abundant catalysts that feature Pt-like surface electronic
properties.52 TMCs are typically synthesized by carburization
of corresponding transition metal oxides (TMOs) at high tem-
peratures, using either CO, CH4 or higher hydrocarbons as a
source of carbon. Synthesis routes for preparation of high
surface area unsupported TMCs powders have been in devel-
opment since the 1980s.98–100 Recently, it has been shown
that WC, Mo2C and bimetallic Co6W6C are active and stable
catalysts for MDR.33,34,53,54,101–104 Unsupported WC, Mo2C
and Co6W6C were found to be active and, importantly, stable
catalysts for MDR at high temperatures and elevated pres-
sures,33,34,53,54,101,102 Fig. 17. The reported order of catalytic
activity for single metal TMCs was Mo2C ≈ WC > VC > NbC >

TaC,101 while turnover rate of Mo2C was only an order of
magnitude lower than that obtained with Ru/Al2O3.

33

Importantly, the rate of carbon deposition for Mo2C and WC
was very low and comparable to that of PGMs (Rh, Ir, Ru and
Re), which was attributed to the similarity of the electronic
structure between Mo2C and Ru and between WC and Pt.33

The role of support in the catalytic performance of supported
Mo2C catalysts in MDR was also investigated and it was
found that the relative order of catalyst stability was
Mo2C/Al2O3 > Mo2C/ZrO2 > Mo2C/SiO2 > Mo2C/TiO2.

104
2004 | Catal. Sci. Technol., 2015, 5, 1991–2016

Fig. 17 Catalyst stability during MDR over unsupported Mo2C at
T = 1220 K, CH4/CO2 = 1, GHSV = 2800 h−1 and pressure of (a) 1 atm
and (b) 8.3 atm. CH4 conversion (rhombi), CO selectivity (squares) and
H2/CO (circles) ratio are shown. Reproduced from ref. 53.
Fast TMC catalyst deactivation was observed at atmo-
spheric pressure (Fig. 17a), and was attributed to the oxida-
tion of the TMC surface by dissociative adsorption of CO2

on the catalyst surface followed by oxidation of the TMC by
oxygen atoms. An example of the deactivation mechanism
for molybdenum is shown in eqn (23).101 While oxidation of
the TMC occurs at relatively low temperatures (500–850 °C),
the transformation of the transition metal oxide (TMO) back
into the TMC occurs only at high temperatures (>850 °C).
Thus, oxidation and reduction (recarbidation) at the surface
are in competition and catalyst deactivation is dictated by
relative stability of the TMO or instability of the TMC under
the given set of MDR conditions. The increased catalyst
stability at elevated pressures can thus be attributed to the
longer contact time (for a given GHSV), allowing the slower
carbidation reaction to reach equilibrium.101

Mo C 5CO   2MoO 6CO
2MoO 5CH   Mo C 4CO 10H

2 2 2

2 4 2 2

 
  

�
�

(23)

The two main advantages of TMC-based catalysts with
respect to MSTR and MDR in particular are high stability
against sintering and resistance to coking. However, further
work is required in order to understand the nature of the active
phase formed under MDR conditions, since it is not clear if
the surface is metal or carbide terminated at temperatures
above 850 °C. This understanding can help improve the activi-
ties of TMCs, which are currently significantly lower than those
obtained with PGMs. Since the surface of TMC-based catalysts
undergo oxidation at low temperatures under CH4 reforming
conditions,51 they are rather unsuitable for low temperature
MSTR applications. The use of TMCs could be restricted to
high temperature MDR, i.e. to the conditions when the oxida-
tion is less severe and intermediates can more easily desorb
from the TMC surface. Such conditions are definitely relevant
for high temperature MSTR using point focus solar collectors
(solar dishes and solar towers).

3.6. Catalyst selection

While the selection of proper catalyst for a particular MSTR
application will depend on several factors, the operating
temperature regime will have the highest impact. Table 1
below qualitatively summarizes the most critical performance
properties for three classes of catalysts over the three temper-
ature regimes obtainable by solar concentrators. From the
point of view of catalytic activity and stability, the obvious
choice of the active phase is platinum group metals (PGMs)
that provide excellent performance over all temperature
ranges, with a minor tendency to oxidative deactivation at low
temperatures. However, PGMs are very expensive and scarce
which makes their implementation for MSTR very problem-
atic, unless the metal loading is drastically reduced, at least to
ca. 0.1 wt%, while still providing high activity and stability.85

Ni-based catalysts provide reasonable performance in the high
temperature regime, but have a strong tendency towards
carbon formation, limiting their use to high steam-to-carbon
This journal is © The Royal Society of Chemistry 2015
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Table 1 Activity and stability of different types of catalystsa

Catalytic property in
methane reforming

Nickel-based Platinum group metals Transition metal carbides

LT MT HT LT MT HT LT MT HT

Catalytic activity Low Fair High High High High Low Fair High
Coking resistance Low Low Low High High High High Fair Fair
Sintering resistance Fair Low Low High High Fair High High Fair
Oxidation resistance Low Fair High Fair High High Low Fair High

a Legend: LT – low temperature range (400–600 °C) obtainable by parabolic troughs, MT – medium temperature range (600–900 °C) covered by
solar dishes and solar towers, HT – high temperature range (>900 °C) exclusively provided by central receivers (solar towers).
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ratios. Such MSTR applications can be still relevant, if
the problem of handling large amounts of excess steam is
resolved. An interesting alternative is transition metal car-
bides, which can provide fair performance in the intermediate
temperature regime and good performance for high tempera-
ture MSTR applications.

4. System design for methane solar
thermal reforming

The earth receives about 173 PW (1.74 × 1017 watts) of solar
radiation at the top of the atmosphere. Approximately 30% is
reflected back to space and a significant fraction is absorbed
by clouds and oceans so that only about 40% reaches the
planet's surface (this amount is still much higher than the
rate of energy consumption of the entire planet). The irradi-
ance available for terrestrial use is on order of magnitude of
1 kW m−2.2,5 Such fluxes can only generate low tempera-
tures which are insufficient for applications involving solar
thermochemical conversion. It is therefore essential to use
optical concentration devices (see Fig. 1 and section 1 for
details),2,5 which implies special requirements for catalyst
and reactor design. In this section, we review the state-of-the-
art of the reactor design and catalyst performance for MSTR.

4.1. Reactor engineering aspects of solar thermal reforming
of methane

Solar thermal energy can be integrated into a reforming
system either indirectly or directly. The indirect approach is
similar to conventional CSP plants in the sense that a heat
transfer fluid is used to conduct solar heat from the receiver
to the point of use. The difference is that in MSTR systems
the heat transfer fluid is used to heat the reformer. Since
MDR or MSR require temperatures higher than 800 °C to
achieve high methane conversions (Fig. 3), conventional
heat transfer fluids such as steam and synthetic oil cannot
be used, requiring compressed hot gas (e.g., air) instead.
Molten salts, most of which are only stable below 550 °C, can
be mainly used for low temperature MSTR applications (see
section 4.2).

In directly irradiated reforming systems, solar radiation is
focused onto the catalytic element, which implies that the
reformer is an integrated unit that combines the solar
receiver and the catalytic bed in one system. PT and FR
This journal is © The Royal Society of Chemistry 2015
technologies are limited to T < 600 °C, therefore, regardless
of the reactor type, higher temperatures required for MDR
and MSR effectively limit the choice of solar concentrator to
ST and SD. Since the reformer is directly irradiated with
sunlight, heating is much more efficient due to the radia-
tive character of heat transfer in contrast to conventional
conduction–convection, enabling operation at temperatures
as high as ca. 1000 °C. Various solutions of solar energy
integration into reforming systems have been outlined in a
recent review.105

MSTR systems based on indirect approach do not neces-
sary require any special reactor design. The only essential
difference from the conventional reforming is the source
of heat, which is now originated from sun. Therefore, tubular
geometry, similar to that of industrial reformers, can be
used in indirect MSTR systems.106–113 Direct MSTR, on the
other hand, implies many special requirements to the
design of the reformer which should effectively integrate a
solar receiver with a catalytic element. Such reformer has to
fulfill requirements regarding the solar receiver/absorber
(low reflectivity, low emissivity and high thermal shock
resistance), as well as requirements regarding the catalytic
bed (high activity and stability against sintering and cok-
ing). Because of the intermittent nature of the solar radia-
tion, the catalyst should feature high thermal stability and
to be capable of operating under highly dynamic thermal
conditions. The catalytic unit should be designed in such a
way that concentrated solar radiation can be efficiently
absorbed without significant losses. While high tempera-
tures are thermodynamically favored for high methane con-
versions, high-temperature operation is disadvantageous
from the point of view of materials selection and catalytic
element. Several types of directly-irradiated solar thermal
reformers have been developed and demonstrated in solar
tests.114–133

4.1.1. Indirect MSTR: sodium heat pipe reformer. The use
of sodium (Na) heat pipe has been suggested to transfer the
solar heat from the receiver to the reformer, Fig. 18.110–113

In this concept, concentrated sunlight is used to evaporate
liquid Na contained in an evacuated chamber. The sodium
vapor condenses on the reformer tubes in the chamber
releasing the heat of vaporization to drive the endothermic
reforming reaction, and the liquid sodium is collected back
into the absorber by gravity. The approach is in principle
indirect, since there is no direct irradiation of the catalytic
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2005
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Fig. 18 Sodium reflux heat pipe receiver reactor for MSTR: (a) sodium heat pipe concept; (b) schematic drawing of the sodium heat pipe
receiver/reactor containing several reformer tubes; (c) details of a single reformer tube; (d) results of solar-driven MDR experiment using
0.5 wt% Rh/γ-Al2O3 catalyst, showing temperature and conversion profiles along the reformer tube (lines show model prediction). Reprinted
with permission from ref. 111 and 113. Copyright (2014) Elsevier.
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bed, but the solar receiver and the catalytic reformer are
integrated in a single unit. A main advantage of this system
is the excellent heat transfer characteristics of evaporating
and condensing sodium, which results in a more uniform
temperature distribution throughout the chamber. It has
been reported that the flammability of sodium vapors is a
safety concern.

The concept was tested first for MSR using the Na heat
pipe reactor with a single reformer tube (20 kW capacity), using
a commercial 14 wt% Ni/Al2O3 catalyst and simulated solar
radiation (infrared lamps).111,112 The reformer was suc-
cessfully operated at 600–900 °C for many cyclic runs simu-
lating daily insolation profiles. Near-equilibrium methane con-
version was achieved and no catalyst deactivation was observed
when operating with feed steam-to-carbon ratios higher than
2.5. Further work focused on MDR and, since Ni-based catalyst
deactivate rapidly in MDR because of coking, Ru/γ-Al2O3 and
Rh/γ-Al2O3 (commercial, 0.5 wt% PGM) catalysts were tested.110

The Rh/γ-Al2O3 catalyst was found to be more active and stable
and was selected for final demonstration using a real CSP
2006 | Catal. Sci. Technol., 2015, 5, 1991–2016
facility using ST, Fig. 18b–d.113 The solar reformer was
operated at 720–825 °C, 2–5.5 atm, CO2/CH4 = 1.1–1.2 and
methane flow rates ranging from 530–2500 SLPH (standard
liter per hour). Methane conversions of 50–70% were achieved
with an energy input of 1.5–7.8 kW. Experiments were prema-
turely terminated because of operational failure of the sodium
evaporator. No detailed information on catalyst performance
was provided.

4.1.2. Indirect MSTR: molten salt gas–liquid reformer. The
use of solar molten salts (mixtures of alkali metal nitrates
and carbonates) as an intermediate heat transfer fluid has
been proposed for MDR applications, Fig. 19.134,135 The high
heat capacity of molten salts allows for their use as (sensi-
ble) heat storage and can in principle compensate for fluctu-
ations in solar irradiation due to meteorological factors.
However, molten salts which are used in conventional CSP
plants (e.g. NaNO3/KNO3) have low melting point and
decompose above 600 °C, effectively limiting their applica-
tions to temperatures <550 °C. Other molten salts have much
higher melting point and can be used in high temperature
This journal is © The Royal Society of Chemistry 2015
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Fig. 19 Cylindrical liquid bed reactor (a) for MDR using molten salt as a heat transfer fluid and Ni/Al2O3 catalyst dispersed in the molten salt
and the reformer performance after 4 h of operation (b) in terms of CH4 conversion and produced H2/CO ratio as a function of W/F. W and F
represent the weight of the Ni/Al2O3-molten salt mixture and flow rate of CH4/CO2 feed, respectively. W and F ranged from 30 to 50 g and
200–800 N cm3 min−1. The catalyst/molten salt weight ratio was 1. Reprinted with permission from ref. 134; Copyright (2014) American
Chemical Society and 135; Copyright (2014) Elsevier.
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MSTR applications, for example, the K2CO3/Na2CO3 1 : 1 w/w
system melts at ~710 °C.134,135

The reformer based on K2CO3/Na2CO3 molten salt has
been implemented for MDR using non-precious metal cata-
lysts, Fig. 19. The catalyst powder and the salt were mixed
and placed in a lab-scale stainless steel cylindrical reactor
and heated to 950 °C using infrared furnace (Fig. 19a). The
feed (CH4 and CO2) was bubbled through the molten salt
containing the catalyst. Ni, Cu, Fe and W supported on
α-Al2O3 (20 wt% metal loading) were tested, as well as
unsupported FeO catalyst. Ni/α-Al2O3 was found to be the
best among tested transition metal catalysts, while FeO also
showed catalytic activity in MDR, decomposing CH4 and CO2

into CO, H2 and H2O by redox action. As expected, CH4 con-
version increased with increasing residence time, Fig. 19b.
Although the experiments were conducted at very low
space velocities (GHSV < 1600 ml (g−1 h−1), Fig. 19b) and
temperature/pressure conditions wherein nearly full meth-
ane conversion was expected, incomplete CH4 conversions
were obtained. These results suggest the presence of signifi-
cant mass transfer limitations that severely limit the appli-
cability of this approach. In addition, excessive amounts of
soot particulates were found in the reactor after the seven-
day operation of recurrent heating and cooling, indicating
severe coking.

4.1.3. Indirect MSTR: molten salt tubular reformer. A
composite material containing the Na2CO3 molten salt
loaded with ceramic particles (to increase heat capacity) was
used as a heat transfer medium and MDR was performed in
a double-walled tubular receiver/reformer (~1 kW capacity),
with a 2 wt% Ru/γ-Al2O3 commercial catalyst (spherical
pellets with a diameter of 3 mm) loaded in the inner tube
and the Na2CO3/MgO composite molten salt filled in the shell,
Fig. 20a.133 Experiments were conducted at atmospheric pres-
sure and ca. 920 °C using simulated solar radiation (electric
furnace), Fig. 20b. Nearly complete CH4 conversion was
obtained using CO2/CH4 = 3 in the feed and residence time of
This journal is © The Royal Society of Chemistry 2015
0.3 s (GHSV = 12500 h−1), Fig. 20c, d. Due to the high heat
capacity of the heat transfer medium, it was possible to main-
tain CH4 conversion at a significantly high level for 1 h
without heating (simulating cloud passages), Fig. 20c. The
tubular double-walled design using a composite molten
salt/ceramic is promising, due to its simplicity and the high
heat capacity of the heat transfer/storage medium. It is
unclear, however, whether it is possible to effectively concen-
trate sun radiation on such a receiver and more complex
design solutions would be probably required to integrate the
tubular receiver/reformer into a real CSP system (ST and SD).
The use of 2 wt% PGM loading is clearly not feasible from the
economic point of view, but the reformer design is flexible in
this respect, allowing incorporation of any catalyst.

4.1.4. Direct MSTR: volumetric receiver-reactors. Early
designs of direct MSTR systems were based on a tubular
geometry.114 In the directly irradiated tubular receiver/
reformer, the concentrated solar radiation is absorbed by an
exterior metallic wall of the reactor, which transfers the solar
heat to the catalytic bed inside the tube. More advanced solu-
tions are based on volumetric receiver–reformers (also called
direct catalytic absorption receiver reactors).115–126,128–132 In a
volumetric receiver–reformer, concentrated solar radiation
illuminates directly (through a transparent window) the
catalyst bed, a ceramic monolith (honeycomb, ceramic or
metallic foam) coated with a catalyst. Ceramic and metallic
foams that provide high gas permeability and, at the same
time, effective and uniform absorption of solar radiation are
preferable over honeycomb monoliths. Such solar reformers
can in principle operate at very high temperatures (even as
high as 1000–1100 °C), since the temperature limit of con-
ventional metal tubular reformers is eliminated and due
to much higher heating rates by direct solar irradiation.
High temperatures are advantageous thermodynamically and
kinetically (high equilibrium conversions and reaction rates)
but imply restrictions related to the thermal stability of
the ceramic monolith and the catalyst. Two most common
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2007
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Fig. 20 Solar thermal MDR using a tubular double-walled receiver/reformer and 2 wt% Ru/γ-Al2O3 catalyst (indirect MSTR): (a) design of a
double-walled reactor tube; (b) experimental setup; (c, d) transient variations of reactor temperature and conversion during the cooling mode
(c) and on/off cycles (d). Reprinted with permission from ref. 133. Copyright (2014) American Society of Mechanical Engineers.
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catalysts used in direct MSTR studies are rhodium (Rh) and
ruthenium (Ru). Both are highly active (see section 3.3 for
detailed discussion) and have excellent thermal stability,
which is of crucial importance for direct MSTR applications.

Solar MDR was successfully demonstrated using a direct
absorption receiver reactor and a 150 kW capacity parabolic
solar dish.119,121 The reformer integrated into a CSP system
(Fig. 21a, b) contained the directly irradiated catalytic ele-
ment, a porous alumina (92 wt% α-Al2O3 and 8 wt% mullite)
foam disk coated with Rh catalyst (Fig. 21c). The foam disk
was first coated with γ-Al2O3 to increase the specific surface
area (by an order of magnitude) and then with Rh (0.2 wt%).
The absorber temperatures ranged from 550–1100 °C,
depending on insolation conditions such as passing clouds.
Interestingly, it was observed that during the cloud passage
the insolation dropped from ~600 W m−2 to almost zero,
showing that solar reforming is very challenging.

Though the reformer demonstrated good performance,
absorbing ca. 100 kW of solar power and giving methane
conversions up to 70%, major issues with the catalytic ele-
ment degradation and catalyst deactivation were encoun-
tered. Considerable surface dislocation and cracks of random
length and direction were observed after the reformer opera-
tion due to high thermal stresses. In addition, the Rh content
was very non-uniform and significant sintering of the Rh
nanocrystallites was observed. In the untested catalytic
2008 | Catal. Sci. Technol., 2015, 5, 1991–2016
element Rh was homogeneously dispersed on the surface as
2–6 nm nanoparticles, while in the tested absorber the Rh
nanoparticles size ranged from 8–28 nm on the front surface
to 4–14 nm on the back of the absorber. This indicated devel-
opment of strong temperature gradients across the catalytic
element during the operation. As a result of the significant
loss of the active surface, Rh catalyst deactivated, in addition
to the mechanical fracture of the foam disk. Notably, no
carbon formation was observed.

To improve the resistance of the catalytic absorber against
thermal stresses, it was suggested to use metallic foams, as
an alternative to fragile ceramic foams.126 Rh, Ru and Ni were
applied as the active catalytic phase on the alumina coated or
non-coated Ni–Cr–Al foam disk, which was used as the cata-
lytic absorber. In the MDR experiments with solar-simulated
heating (Fig. 22a), Rh and Ru catalysts showed better perfor-
mance than Ni (Fig. 22b) using 2–5 wt% metal loadings.
Methane conversion of 73% was achieved at GHSV = 8500 h−1

at atmospheric pressure, while ~50% of the incident irradia-
tion reaching the absorber was stored as chemical enthalpy.

Another material that can be used as a catalytic absorber
is silicon carbide (SiC). Solar thermal MDR was successfully
demonstrated using ceramic foam catalytic absorber reformer
(Fig. 23) integrated in a central receiver solar tower facility.124

Two ceramic foam structures, made from α-Al2O3 and SiC
ceramics, with γ-Al2O3 as a high surface area support material
This journal is © The Royal Society of Chemistry 2015

http://dx.doi.org/10.1039/c4cy01333f


Fig. 22 Schematic of experimental setup for solar-simulated MDR using a Ni–Cr–Al metal foam absorber (a) and transient CH4 conversion
obtained with different catalysts deposited on the metallic foam directly (closed symbols) or as γ-Al2O3 supported (open symbols) (b). Operating
conditions: CO2/CH4 = 1, T = 870 °C, P = 1 atm pressure and GHSV = 8500 h−1. Reprinted with permission from ref. 126. Copyright (2014)
American Chemical Society.

Fig. 21 Schematic of the direct catalytic absorption receiver reactor (a), parabolic dish solar concentrator with the installed volumetric receiver–
reformer (b) and the catalytic absorber element (alumina foam coated with Rh/γ-Al2O3 catalyst) before test (c) and after MDR operation (d).
Reprinted with permission from ref. 119 and 121. Copyright (2014) Elsevier.
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and Rh as an active metal phase, were tested. The solar
receiver–reformer absorbed ca. 200–300 kW of solar power.
Typical operating temperatures ranged from 700–800 °C and
methane conversions over 80% were reached at 3.5 bar. The
catalytic elements were characterized prior to solar experi-
ments and afterwards. The reformer performed very well
during solar operation, but significant coke deposition that
resulted in catalyst deactivation was observed, Fig. 23b.
This journal is © The Royal Society of Chemistry 2015
Though for some time research in the field of MSTR
focused predominantly on MDR (mostly due to the difficulty
of the excess steam utilization in MSR), some recent studies
demonstrated the potential of MSR in MSTR applications. A
lab-scale MSR was investigated under direct irradiation from
a solar simulator using a volumetric receiver–reactor with
quartz window and SiC foam catalytic absorber, Fig. 24.132

The ceramic foam was coated with Al2O3 and, consequently,
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2009
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Fig. 23 Direct catalytic absorber receiver reactor for MDR: (a) schematic of 300 kW solar receiver–reformer with α-Al2O3 or SiC ceramic foam
used as an absorber and catalyst support and (b) CH4 conversion obtained during the characterization of the catalytic element before and after
the solar test, showing intensive coking. Reprinted with permission from ref. 124. Copyright (2014) Elsevier.

Fig. 24 MSR in a volumetric receiver–reactor using a SiC ceramic foam absorber and different supported catalysts (Pd, Ru and Ni): (a) schematic
diagram of the experimental setup used for solar-simulated MSR; (b) photographs of the SiC foam coated with catalyst by spray and wash-coat
methods and (c, d) effect of GHSV on the reformer performance at 750 °C, atmospheric pressure and H2O/CH4 = 3 (in the feed), in terms of CH4

conversion (c) and CO selectivity (d). Reprinted with permission from ref. 132. Copyright (2014) American Society of Mechanical Engineers.
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with three different catalysts: Ni (commercial), Ru and Pd
(5 wt% PGM loading). The reformer was operated at 750 °C,
atmospheric pressure and H2O/CH4 = 3 in the feed. All three
catalysts showed very similar performance and no coke
formation was observed. Importantly, the reformer was tested
over a range of space velocities and only relatively minor
decrease in methane conversion was observed even at high
2010 | Catal. Sci. Technol., 2015, 5, 1991–2016
space velocity (Fig. 24c, d). It should be noted, however, that
very high PGM loading was used (5 wt%).

Recently, an alternative design for the catalytic absorber
was suggested, based on an array of ceramic pins used as
catalyst support (Fig. 25).129,131 Such configuration was
shown to be very stable against thermal stresses and the volu-
metric receiver–reformer with the “Porcupine” type catalytic
This journal is © The Royal Society of Chemistry 2015
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Fig. 25 MSR in a volumetric receiver–reformer with an array of ceramic pins used as an absorber element: (a) schematic view of the reformer;
(b) two (alumina) catalytic absorber sections before and after inserting ceramic pins; (c) TEM image of the 2 wt% Ru/MnO–α-Al2O3 spent
catalyst and (d) stability test showing solar reformer performance over a time period of 500 h at 1100 °C, in terms of H2/CO (rhombi)
and H2/(CO + CO2) ratios. Reproduced from ref. 129. Reprinted with permission from ref. 131. Copyright (2014) American Society of
Mechanical Engineers.
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absorber was successfully tested for MSR using central re-
ceiver solar tower facility.131 Ru supported on MnO promoted
α-Al2O3 (6 wt% PGM) was selected as a catalytic system, due
to its high activity, stability against coking and relatively low
price. Promotion with MnO effectively hindered sintering of
Ru nanoparticles even at temperatures as high as 1100 °C. It
should be noted that the Ru loading used were too high for
commercial applications.

4.2. Low temperature solar thermal reforming of methane

Low temperature MSTR (<600 °C) has a number of important
advantages over high temperature solar reforming systems. It
was recently suggested to use PTs to provide the heat for
MSR using indirect MSTR, with molten salts as heat transfer
and storage medium.106–109 The indirect MSTR approach
allows for easy incorporation of solar reformers into the
existing PT CSP plants and the reformer design does not have
any special requirements, Fig. 26. In fact, tubular reformer
geometry very similar to industrial reformers can be used.
The use of PTs and molten salts intrinsically results in low
methane conversions. Another issue is low activity of
Ni-based catalysts at low temperatures and their tendency to
fast oxidation deactivation. Carbon formation that at low
temperatures occurs mainly by exothermic Boudouard coking
and reverse gasification, eqn (5) and (6), is also a concern.
This journal is © The Royal Society of Chemistry 2015
The use of hydrogen selective membranes to shift the MSR
equilibrium towards H2 generation is a promising approach
(Fig. 27). Selective separation of H2 by Pd-based membranes
can allow obtaining nearly complete conversions even at low
temperatures.24 The price of Pd and the membrane durability
are the main obstacles.
4.3. Catalyst selection in solar thermal reforming systems

Historically, catalyst selection in MSTR applications was
based mainly on its stability against coking and sintering,
the two major problems encountered in Ni-catalyzed methane
reforming. Table 2 below outlines progress in implementa-
tion of different methane reforming catalysts in various
MSTR systems, summarizing section 4.1. A typical choice of
the active phase is Rh or Ru, due to their exceptional stability
against coking and sintering and high activity. However, the
high cost associated with current active phase loadings
makes the use of PGMs impractical for MSTR applications.
Catalysts based on Ni can be still used in MSTR, but only
for MSR applications with high steam-to-carbon ratio, which
is disadvantageous from the point of view of solar facilities
design and operation. Alternatives are clearly required,
including (but not restricted to) PGM-based catalysts with
ultra-low metal loadings (e.g., below 0.1 wt%), bimetallic and
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2011
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Fig. 26 The concept of low temperature MSR using indirect MSTR with molten salts as a heat transfer fluid: (a) simplified scheme of the hybrid PT
CSP plant with molten salt loop, heat storage coupled to low temperature SMR and electrical power generation plant and (b) schematic of the
molten salt-heated tubular catalytic packed bed reformer. Reprinted with permission from ref. 106; Copyright (2014) Wiley and ref. 107; Copyright
(2014) International Association for Hydrogen Energy.
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multimetallic catalysts based on cheap transition metals and
catalysts based on transition metal carbides.

5. Concluding remarks and future
perspectives

Solar thermal catalytic reforming of methane is a promising
route to increase the efficiency of fossil fuels utilization. This
is particularly true for the countries that have abundant solar
radiation and large resources of natural gas. Solar reforming
can be integrated into power generation cycles or used for
production of important chemical feedstocks from methane.
The most promising approach is methane steam reforming
and, while methane dry reforming may be attractive due to
the potential of carbon dioxide sequestration, carbon dioxide
streams are not readily available. An interesting alternative
is combined steam-dry reforming, which can be used when
natural gas has significant fraction of carbon dioxide.

Though the potential of solar reforming is clear, its prac-
tical implementation is very challenging. There are many
technological issues that were not resolved yet, even after
several decades of quite intensive research. As a result, wide-
spread commercialization of solar reforming has not been
2012 | Catal. Sci. Technol., 2015, 5, 1991–2016
achieved, although important proof-of-concept facilities are
already operational. Among drawbacks are high capital cost
investments of solar installations, problems related to ther-
mal stability of the reformer materials and, particularly,
shortcomings related to solar thermal reforming catalysis.

The conventional methane steam reforming catalyst formula-
tions are well established, but commercial Ni-based catalysts,
though cheap and reasonably active at high temperatures, are
unsuitable for solar thermochemical conversions. Ni-based cata-
lysts have low activity and suffer from fast oxidation deactivation
at low temperatures, moderate sintering at high temperatures,
and, mainly, coking. Coke formation is suppressed in industrial
settings by using high steam-to-carbon ratios, but using excess
steam in solar thermal applications is problematic because of
low throughput in infrastructure with high capital cost.

Solar thermal reforming of methane calls for the develop-
ment of new catalysts. Ideally, these next-generation catalysts
should be cheap, active and stable against oxidation, coking,
sintering and poisoning. Unfortunately, the most active and
stable catalysts are based on expensive noble metals. New
directions involve using bimetallic and multimetallic configu-
rations (alloys) that provide alternative surface electronic
properties to modulate reactivity and offer different levels of
This journal is © The Royal Society of Chemistry 2015
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Fig. 27 Hydrogen generation by indirect MSTR via low temperature MSR, CSP, molten salts as heat transfer fluid (a) and catalytic membrane
reactors (b). Reprinted with permission from ref. 109. Copyright (2014) AIDIC Servizi S.r.l.

Table 2 Performance of different types of catalysts in various solar thermal reforming systemsa

Catalyst Reactor CSP PI, kW Reaction Feed rate T, °C Ox/C f Durability

14 wt% Ni/α-Al2O3 (ref. 111) HPTR smd 6 MSR 1350 SLPH 600–900 2–6 0.5–1 Stable
0.5 wt% Rh/α-Al2O3 (ref. 113) HPTR ST 2–8 MDR 1000–5700 SLPH 650–800 1.2 0.5–0.7 Reformer failure
20 wt% Ni/α-Al2O3 (ref. 134) MSB smd — MDR 1000–1500 mL

Ĳgcat
−1 h−1)

950 1 0.6–1 Coking (soot formation)

20 wt% Fe/α-Al2O3 (ref. 135) MSB smd — MDR 1000–1500 mL
Ĳgcat

−1 h−1)
950 1 0.3 Coking (soot formation)

2 wt% Ru/γ-Al2O3 (ref. 133) MSTR smd 1 MDR 5000–12 500 h−1 920 3 0.9 Stable
0.2 wt% Rh/γ-Al2O3 (ref. 119
and 121)

DCAR SD 100 MDR 20 000–35 000 SLPH 550–1100 1 0.4–0.7 Sintering, fracturing

5 wt% RhĲRu)/γ-Al2O3 (ref. 126) DCAR smd 3–5 MDR 8500 h−1 870 1 0.7 Stable
2–20 wt% Rh/γ-Al2O3 (ref. 124) DCAR ST 200–300 MDR — 700–860 1.4 0.8 Coking
5 wt% RuĲPd)/γ-Al2O3 (ref. 132) DCAR smd 1 MSR 10 000–100 000 mL

Ĳgcat
−1 h−1)

500–750 3 0.2–0.9 Stable

2–6 wt% Ru/α-Al2O3 (ref. 129
and 131)

DCAR ST 10–20 MDR 6000–14 100 SLPH 720–900 1.2 0.4–0.8 Stable

a Legend: HPTR – (sodium) heat pump tubular reactor, MSB – molten salt bath, MSTR – molten salt tubular reformer, DCAR – direct catalytic
absorption reformer, CSP – concentrated solar power, ssf – solar simulator furnace, PI – irradiation power, SLPH – standard liter per hour,
Ox/C – oxidant (H2O or CO2)-to-methane carbon ratio, f – methane conversion.
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stability. Some of them, hopefully, are not that expensive, suf-
ficiently active and stable enough for solar thermal reforming
applications. Another direction is optimizing the catalyst
support to improve metallic phase dispersion and to enhance
carbon containing species oxidation and, again, various
metal–ceramic support configurations can provide many
This journal is © The Royal Society of Chemistry 2015
degrees of freedom. The use of transition metal carbides is
an attractive alternative to catalysts based on platinum group
metals. Novel nanostructured catalyst designs could allow
drastic reduction of the active phase loading, which can
make noble metals relevant and economically competitive for
solar thermal reforming applications.
Catal. Sci. Technol., 2015, 5, 1991–2016 | 2013
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An attractive route for methane upgrading is low temper-
ature solar thermal reforming using parabolic trough solar
concentrators. The parabolic trough technology is mature
and relatively inexpensive but limited to temperatures below
600 °C. Though thermodynamic equilibrium dictates rela-
tively low methane conversions for these temperatures, this
limitation can be overcome by the use of hydrogen selective
separation membranes. Moreover, high methane conversions
are not necessary required for power generation applica-
tions, wherein natural gas upgraded by solar energy is used
as a fuel for gas turbines. Low temperature regime allows
for the use of cheap materials and simple designs for the
reformer but imposes special requirements for the reform-
ing catalyst which has to be very active, stable to oxidation
and resistant to coking at the same time. Development of
such catalysts would rely on density functional theory
predictions (to identify most active metals and metal alloys)
and careful design of the catalyst morphology at nanoscale,
to optimize metal–support interactions and to reduce the
active phase loading.
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