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Abstract: Spatial heating and cooking account for a significant fraction of global domestic energy
consumption. It is therefore likely that hydrogen combustion will form part of a hydrogen-based
energy economy. Catalytic hydrogen combustion (CHC) is considered a promising technology for
this purpose. CHC is an exothermic reaction, with water as the only by-product. Compared to
direct flame-based hydrogen combustion, CHC is relatively safe as it foregoes COy, CHy, and under
certain conditions NOy formation. More so, the risk of blow-off (flame extinguished due to the
high fuel flow speed required for H; combustion) is adverted. CHC is, however, perplexed by the
occurrence of hotspots, which are defined as areas where the localized surface temperature is higher
than the average surface temperature over the catalyst surface. Hotspots may result in hydrogen’s
autoignition and accelerated catalyst degradation. In this review, catalyst materials along with the
hydrogen technologies investigated for CHC applications were discussed. We showed that although
significant research has been dedicated to CHC, relatively limited commercial applications have been
identified up to date. We further showed the effect of catalyst support selection on the performance
and durability of CHC catalysts, as well as a holistic summary of existing catalysts used for various
CHC applications and catalytic burners. Lastly, the relevance of CHC applications for safety purposes
was demonstrated.

Keywords: hydrogen; renewable energy; catalytic hydrogen combustion; catalytic burner; catalysts;
passive autocatalytic recombiner (PAR)

1. Introduction

Hydrogen is a key factor of a global transition to a zero-carbon energy economy [1,2].
As our modern society faces challenges regarding global warming and the depletion of
fossil fuel reserves, while the global energy demand is constantly increasing, the integration
of a new clean energy system is not only essential but inevitable [3-6]. Hydrogen is
widely regarded as a sustainable, environmentally friendly, and economically viable energy
solution. Hydrogen holds several advantages over conventional fossil fuels. In particular,
it can be produced from water through electrolysis using renewable energy sources (RESs;
e.g., solar energy, wind, and hydro). The consumption of hydrogen yields zero greenhouse
gasses (GHGs; e.g., CH4 and CO5), and under certain conditions, low to no NOx.

There are several paths for hydrogen production, e.g., fossil fuel reforming, coal
and biomass gasification, water splitting, ethanol electro-oxidation, and numerous niche
processes [7-19]. Produced hydrogen can be stored and utilized in various ways, e.g., trans-
portation and power generation sectors (fuel cells and internal combustion engines) [20-22],
domestic applications (spatial heating and cooking) [23,24], ammonia and methanol pro-
duction [25,26], and in the petrochemical industry [27] (Figure 1). Hydrogen produced by
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RESs can also be considered as a means to store energy during periods of excess, providing
a solution to the problem of energy intermittence associated with RESs [28,29].

It is estimated that approximately 40% of the global population relies on traditional
bioenergy, which accounts for 9% of global energy use and 55% of globally harvested
wood [30]. Approximately 2.7-2.8 billion people worldwide rely on the combustion of
wood for heating and cooking purposes [31]. Wood fuel combustion does, however, cause
indoor air pollution and deforestation, as well as contributing to climate change [32-34].
GHG emissions due to the wood fuel combustion for cooking account for 1.9-4.3% of global
emissions. More so, in countries such as Ethiopia, Kenya, Uganda, and Rwanda, wood
fuel harvesting greatly exceeds the regrowth rate of woody biomass [35]. By replacing
solid carbon fuel with hydrogen, the impact thereof on climate change can be reduced by a
factor of 14. More so, the utilization of hydrogen reduces fossil fuel depletion and negates
negative health impacts associated with indoor solid carbon fuel combustion [36].

Domestic gas appliances account for a relatively significant fraction of the global GHG
emissions [37,38]. By blending up to 30 mol% of hydrogen into an existing gas network
or using pure hydrogen for domestic and industrial applications can offer significant
decarbonization of domestic energy use [39-41]. It was shown that low-strength steels
(e.g., API 5L A, B, X42, and X46) typically used in the U.S. gas distribution system are
generally not susceptible to hydrogen-induced embrittlement. For metallic pipes, e.g.,
ductile iron, cast and wrought iron, and copper pipes, there is no concern of embrittlement
under general operating conditions in the gas distribution systems. More so, polyethylene
(PE) or polyvinylchloride (PVC) pipe materials and most of the elastomeric materials used
in distribution systems are also compatible with hydrogen. It was also shown that the
addition of up to 50% of hydrogen may not cause the catastrophic failure of the distribution
systems; an acceptable hydrogen addition does, however, depend on the steel used for
high-pressure pipelines [42]. Therefore, hydrogen can offer an economically viable and
socially beneficial solution to the global energy future.
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Figure 1. Hydrogen potential as an enabling chemical for various applications (reproduced from [43]
with permission from Elsevier).
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Many countries have undertaken different policies to reduce global GHG emis-
sions [44—46]. Considering climate protection, developed and developing countries are
inclined to reduce C-emissions and improve indoor air quality by different approaches [47].
In general, countries are differentiated as high-, medium-, and low-performing countries
based on their activities regarding climate change mitigation [47]. For example, Sweden,
Denmark, the UK, and Norway are currently in a group of high-performing countries,
mainly due to high carbon taxes and ambitious climate actions. In the UK, the RES (wind)
accounted for the majority of electricity provided to homes and businesses in 2019, whereas
Norway was the first in the use of fuel cells in ferries. Medium-ranking countries, such
as France, Germany, and China, mainly see hydrogen potentially being used in the trans-
portation sector [48-50]. A significant number of countries (South Africa, Ireland, Turkey,
Japan, Argentina, Russian Federation, Poland, Australia, Canada, and the U.S.) are still in a
low-performing rank, mainly due to relatively passive approaches and insufficient climate
policies [47]. Despite all efforts made by 2021, with the increasing impacts of delayed
climate actions, climate change policies are underwhelming.

As far as the authors could access, no reviews of catalyst materials, devices, and
technologies in the field of catalytic hydrogen combustion (CHC) are available in the public
peer-reviewed domain. This review summarizes the available literature on such materials
and devices and aims to guide future research in the field of CHC.

In this review, we give an overview of the potential use of hydrogen as an energy
carrier by employing its combustion properties. We distinguish the benefits of direct
and CHC and discuss the potential of CHC for domestic (heating) and safety (passive
autocatalytic recombiner (PAR)) applications. This review further provides an overview
of CHC, e.g., reactive metals and support materials used in catalyst fabrication, catalyst
efficiency, and the importance of catalyst support selection. A holistic summary of current
materials and devices used for CHC and safety applications is presented. Lastly, we
propose further research prospects, which may increase the attractiveness of CHC for
domestic and safety applications.

2. Hydrogen as an Energy Carrier

The RES is a natural energy source that, in contrast to fossil fuels, will practically
never deplete. However, there are some challenges associated with using RESs, such as
seasonal and daily intermittent supply (e.g., periods of low wind speeds and low/no
solar radiation). Due to the inconsistency of RESs, significant work has been done on
incorporating RES into existing energy networks. More so, mediating the differences in
RES supply and the general energy consumption is a major limiting factor, if RESs are
incorporated into society [51-54].

The use of hydrogen can be a key element in solving this problem. Here, hydrogen is
considered as a medium to store energy produced by RES in times of excess. When required,
the energy associated with hydrogen can be recovered via the following reaction [55]:

H, + O, — H,O, AH = —285.8 k] /mol. 1)

This hydrogen conversion is done by various means, e.g., direct or catalytic combus-
tion, or by supplying it to a proton exchange membrane fuel cell (PEMFC). The storage
of hydrogen is currently a critical issue and must be solved before establishing economi-
cally and technically viable hydrogen-based energy systems [56]. The main drawback of
hydrogen, when it needs to be stored, is its low gaseous density (0.09 kg/m?) and high
liqueous density (70.9 kg/m?) [57,58]. There are different hydrogen storage approaches
that exist (Figure 2): (i) compressed gas; (ii) liquid; (iii) material-based; (iv) metal hydrides;
(v) chemical storage [59-62].
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Figure 2. Hydrogen storage methods (reproduced from [62] with permission from Elsevier).

Currently, compressed gas and cryogenic liquid storage are the most mature hydrogen
storage methods. The conditions required for these storage technologies, i.e., 350-700 bar
for compressed gas and storage temperatures of <—253 °C for liquid storages, confine
these technologies. In the case of gaseous hydrogen storage, storage pressures of <350 bar
result in an insufficient volumetric density. However, modern compressed hydrogen tanks
allow storage pressures of up to 700 bar, which increases hydrogen’s volumetric density to
37 kg/m? [63].

Alternative hydrogen storage approaches include its chemisorption and physisorp-
tion, e.g., ammonia, metal hydrides (chemosorbed by the metal host lattice), metal oxides
(thermochemical reduction and oxidation), metal-organic frameworks, carbon-based ma-
terials (physisorbed on the surface of the pores), and liquid organic hydrogen carriers
(LOHCs) [64-81]. In recent years, sodium borohydride (NaBHj) has been considered
as a hydrogen storage medium [82-84], mainly due to its high hydrogen capacity of
10.8 wt % [85-87]. However, the hydrogen release from NaBH, requires high tempera-
tures [88]. The use of LOHCs has received significant attention in recent years due to its
ease of storage and transportation [65,73,89], and several LOHC-based systems have been
developed [73,90-98]. However, the temperature for hydrogen release is relatively high,
e.g., 200-300 °C for the dehydrogenation of perhydro-dibenzyltoluene over Pt/alumina
catalysts [99]. Thus, onboard dehydrogenation reactor automobiles would be difficult to
operate due to the complexity of the system [63]. Despite the latter, LOHCs are considered
the most suitable medium for hydrogen storage and its transportation [65,73].

3. Direct Combustion of Hydrogen

The study of spatial heating and building energy demand has received attention, as
the topic of sustainability has become more prominent [100-104]. In Europe, the energy
consumption of buildings accounts for 40% of total energy use and 36% of total carbon
dioxide emissions in 2010 [105]. In the UK, domestic gas usage contributes to 9% of
nationwide CO; emissions (2007-2009) [37,104]. In an attempt to lower CO, and NOx
emissions, the addition of hydrogen fuel can be an effective solution [106,107].

Hydrogen blending into existing natural gas networks has received significant at-
tention in recent years. For example, the pilot project “Hydrogen injection in natural
gas on Island of Ameland in the Netherlands” was successfully demonstrated [40]. The
injection of hydrogen up to 20% into the natural gas network was undertaken for four
years. The project evaluation showed that no damage to existing gas boilers and cooking
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appliances occurred during the four years, suggesting that the existing pipeline network
and domestic appliances are not a restricting factor for blending hydrogen up to 20%. It
was also shown that a 20% hydrogen addition decreased COy emission by approximately
2% [40]. Hydrogen blending does, however, affect combustion characteristics. Figure 3
presents a gas cooker ring fuelled by hydrogen-enriched natural gas to illustrate this.

0% H> 10% H> 20% H>

Figure 3. Gas cooker ring fuelled by hydrogen-enriched natural gas (reproduced from [40]).

It can be seen from Figure 3 that with an increase in hydrogen concentration in a
natural gas/hydrogen mixture, the combustion flame occurs closer to the gas port. This
can, however, be expected, considering the increased flame speed of hydrogen when
compared to natural gas [40]. In a study by Nurmukan et al., combustion characteristics,
such as the occurrence of blow-offs (high fuel flow velocity that extinguishes the flame) and
burning velocities, were examined for biogas/hydrogen mixtures [108]. Figure 4 presents
the images of the biogas/hydrogen flames with hydrogen concentrations in the range of
0—40 vol% at the same inlet velocity (top) and the images of the flames at various inlet
velocities before blow-off (bottom).

Top
E

Bottom

1 1 1 1 1
0% 10% 20% 30% 40%

Figure 4. Photographs of premixed flames with hydrogen additions (0-40 vol%) (top) at the same
inlet velocity and the flames at various inlet velocities before blow-off (bottom) (adapted from [108]
with permission from John Wiley and Sons).

The authors stated that the addition of hydrogen leads to the following changes:
more active H radicals, increased initial temperatures of the gas mixture, increased flame
speed, and a higher likelihood of blow-off at elevated hydrogen concentrations. More so,
most of the combustion occurs at the space close to the burner ports which results in a
steep temperature gradient (AT) of the flame and a decrease in reaction zone thickness
(Figure 4). More so, tip opening occurred with a 40 vol% hydrogen addition. The effect
hereof is characterized by two factors: the curvature of the flame tip and the disproportion
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of molecular diffusion of the components of the mixture. However, the effect is more
apparent at higher concentrations of hydrogen [108].

In a study by Di Sarli and Di Benedetto, the laminar burning velocities of hydro-
gen/methane mixtures have been studied. It was found that the laminar burning velocity
increased linearly with an increase in the molar hydrogen content of the fuel mixture [109].
The inclusion of hydrogen in a methane/air fuel mixture also improves the resistance of
the flame to strain-induced extinction [110,111]. The latter is due to the above-mentioned
increased laminar burning velocity of the hydrogen-enriched fuel, thus enhancing the
robustness and stability of the flame.

Notwithstanding complications associated with hydrogen blending to existing gas
networks (e.g., increased flame burning velocity and blow-offs), several such projects have
been undertaken in recent years. For instance, the GRHYD project on hydrogen injection
into a gas grid was carried out in Dunkirk, France in 2017. The hydrogen produced by
electrolysis was steeply introduced (6, 13, and 20 vol%) to the gas network and supplied to
around 200 houses [41]. The HyDeploy project at Keele University in the UK blended up to
20 vol% of hydrogen into the university’s private gas network (approximately 12,000 resi-
dents) [41]. Several projects in Germany blended lower concentrations of hydrogen (up
to 5 vol%) to gas lines. For example, one of the first projects was in Frankfurt, where
grid electricity was used to power a proton exchange membrane (PEM) water electrolyzer,
and the produced hydrogen was injected into the local gas network (up to 2 vol%). In
Falkenhagen, hydrogen produced using wind farm and alkaline electrolysis was blended
(up to 2 vol%) into the gas grid. Another project in Hassfurt injected hydrogen (up to
5 vol%) into the gas grid, when excess renewable electricity was supplied to a 1.25 MW
PEM water electrolyzer [41].

From the results of the above-indicated projects, it may be concluded that European
natural gas pipeline networks have the potential to accommodate a fraction of hydrogen
blending. These projects demonstrated that up to 20 vol% hydrogen can be added to gas
pipelines without modifying the existing infrastructures. A critical considering to be made
before increased hydrogen blending (i.e., >20 vol%) to the natural gas network is to ensure
the reliable and safe operation of existing domestic gas burners.

Hydrogen has some distinctive properties, which contribute to better performance,
such as stability of a burner by suppressing the occurrence of flame blow-off, prevents
yellow-tipping (incomplete combustion by lowering the oxygen requirements), and, as
previously mentioned, lower GHG and NOx emissions compared to natural gas [104].
However, some undesirable effects, such as flash-backs (an explosion caused by a flame
entering the area from which the hydrogen was supplied) and high NO formation at
relatively high hydrogen concentrations, can also be observed [104,112]. Table 1 presents
the combustion properties of hydrogen in ambient air [58,112,113].

Table 1. Physicochemical properties of hydrogen during combustion with ambient air.

Properties Value
Flammability range 4.0-75.0 vol%
Minimal ignition energy 0.02m]
Autoignition temperature 585 °C
Adiabatic flame temperature 2045 °C
Combustion velocity 2.65-3.25m/s
Diffusivity in air 0.63 cm? /s

The minimal ignition energy of hydrogen is 0.02 mJ (within its flammability range),
which is an order of magnitude lower than that of methane (0.29 m]). This property indi-
cated the minute energy required to facilitate hydrogen’s ignition, e.g., a small spark.
The combustion velocity of hydrogen is higher than that of conventional fuels (e.g.,
2.65-3.25m/s compared to 0.37-0.45 m/s for methane). Generally, if the combustion
velocity is high, there is a risk of flash-backs, whereas a low velocity increases the risk of
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blow-off [58]. In the case of hydrogen combustion, the high combustion velocity means
that the risk of flash-backs is higher than that of blow-offs. Therefore, a proper technical
design of the burner is essential, when hydrogen is the intended fuel.

The adiabatic flame temperature of hydrogen is 2045 °C, which is higher than that of
methane (1875 °C) and liquefied petroleum gas (LPG, 1970-1980 °C) [112]. However, a
higher flame temperature also results in a higher level of NO, emissions. NOy includes
NO and NOy; NO generally forms in the post flame region during fuel combustion and
is oxidized to NO; nearly immediately after its formation [114]. N,O formation during
hydrogen combustion is negligible and accounts for 1-3% of the global N,O emissions [115].

There are three main paths for NOx formation: thermal, prompt mechanisms, and
fuel NOy [116]. Thermal NOy formation occurs, when atmospheric nitrogen oxidizes at
flame temperatures higher than 1527 °C [116,117]. Prompt NOy forms, when hydrocarbon
fuels react with atmospheric nitrogen. In this mechanism, mainly CH and CH; species
react with molecular nitrogen, leading to the formation of amines or cyano compounds
that subsequently react to form NOx. The formation of prompt NOy is dominated at
temperatures lower than 1727 °C; for temperatures higher than 1727 °C, most of NOy is
formed by thermal mechanisms [116].

The formation mechanism of fuel nitrogen varies with the fuel; for example, natural
gas produces mostly thermal NO,, while coal (typically contain 0.5-2.0 wt % of nitrogen)
produces mostly fuel NOy [115,116]. A reaction mechanism of fuel NOy involves reactions
of the oxidation of hydrogen cyanide (when the fuel nitrogen is bound in an aromatic
ring) and ammonia (when fuel nitrogen is in the form of amines) [116]. The formation
of fuel NOy is relatively independent of temperature [115]. Due to the lack of nitrogen
and carbon in hydrogen fuel, the formation of prompt and fuel NOy is prevented during
hydrogen combustion. Nevertheless, the adiabatic flame temperature of hydrogen (i.e.,
2045 °C) is significantly higher than the temperature required for thermal NO, formation.
Du Toit et al. demonstrated that the combustion of 20 vol% hydrogen/biogas fuel results
in a 47.1% reduction in NOyx when compared to the combustion of 100% CHy fuel [118].
Besides the flame temperature, several factors affect thermal NOy formation, including
oxygen content in the fuel, combustion temperature, and/or time at high-temperature,
high-oxygen environment conditions [115].

Due to the wider flammability range of hydrogen compared to those of other fuels
(4.0-75.0 vol% for hydrogen compared to 5.3-15.0 vol% for methane and 1.0-7.6 vol%
for gasoline), the combustion temperature of hydrogen can be reduced by varying the
equivalence ratio (i.e., fuel/oxidant ration). The injection of water or steam into the
combustion zone can also be applied to reduce the combustion temperature; however, this
method is usually used for combustion turbines only [115]. Therefore, the formation of
thermal NOy during the combustion of hydrogen is found to be well controlled and can be
reduced to negligible amounts.

A positive feature of hydrogen is its high diffusivity (0.63 cm?/s for hydrogen com-
pared to 0.2 cm? /s for methane), which helps hydrogen to diffuse to an incombustible
concentration within a short time in the event of accidental hydrogen leakage [112].

It may be concluded from this section that direct hydrogen combustion is expected to
receive significant attention in the coming years due to its likely application in a hydrogen-
energy economy. Hydrogen-enriched fuel offers an intermediate solution towards a
hydrogen-enriched gas network to reduce domestic GHG and NOy emissions. It has
been demonstrated that hydrogen can be blended in a range of 2-20 vol% into existing
natural gas networks, without the need for an expensive overhaul of existing gas appli-
ances [41]. A hydrogen addition of 20 vol% afforded a decrease in COx emissions by
2%. Hydrogen enrichment does, however, reduce the sustainability of the combustion
flame due to the blow-off effect. The effect usually occurs, when the burner is fed with
an insufficiently fuel-rich mixture [119]. More so, the combustion velocity increases due
to hydrogen’s high burning velocity. Therefore, the direct combustion of hydrogen still
suffers from some technical issues and requires further detailed investigation.
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4. CHC

The incentive to employ CHC rather than direct hydrogen combustion is ascribed to
further minimize GHG and NOy emissions, combust lean gas mixtures (i.e., mixture with a
stoichiometrically lower hydrogen-to-air ratio) and increase the combustion stability [120].
Initially, catalytic combustion was developed for natural gas. Its commercial application
(e.g., burners and heaters) has remained limited due to the main reasons of the high price
for catalytic devices (compared to their noncatalytic counterparts) and various technical
reasons (e.g., low catalyst activity and durability). Likely, the application of catalytic
devices will only receive significant interest, when environmental policies dictate lower
harmful exhaust limits [120]. For example, the oil crisis in the mid-1970s generated interest
in hydrogen energy, and different catalytic combustion applications appeared after 1974, as
well as international conferences (e.g., World Hydrogen Energy Conferences (WHECs)),
organizations (e.g., the American Hydrogen Association), periodicals (e.g., the International
Journal of Hydrogen Energy), books, etc. [120,121]. To date, public pressure is rising to
limit global warming that renews interest in hydrogen and imposes further investigation
in CHC applications [39,122].

The main features of any device used for CHC are the catalyst used and the burner de-
sign. The catalyst is of importance here, which consists of two equally important parts, i.e.,
the reactive metal and the support. In cases where the CHC catalyst has sufficient catalytic
activity, the CHC reaction proceeds spontaneously under standard ambient conditions.
For instance, on the surface of nano-sized Pt particles, the CHC reaction can be initiated
at sub-zero temperatures, whereas gaseous hydrogen combustion typically initiates at
585 °C in the absence of a catalyst [120,123]. More so, hydrogen is relatively sensitive
to catalytic combustion as, for instance, the catalytic combustion of methane proceeds at
275-450 °C [58,124-127].

Catalysts containing dispersed nano-sized Pt particles are typically highly active
and are used in various hydrogen-based technologies, e.g., electrochemical hydrogen
compression, PEMFCs, PEM water electrolysis, and LOHC dehydrogenation [73,128-140].
In general, reducing reactive metal loadings has been a primary research focus, and catalyst
development (e.g., catalyst stability and durability) has received relatively limited attention.

Catalyst support materials have a significant effect on the catalyst stability, especially
when the catalyst is intended for high-temperature applications. For CHC, support materi-
als with high thermal resistance are considered. However, in many cases, such supports
have low thermal conductivity, which results in the formation of hotspots. Hotspots
are defined as areas where the localized surface temperature is higher than the aver-
age surface temperature over the catalyst surface [130,141]. Safe and prolonged CHC
is perplexed by the formation of hotspots, if the catalyst support material is unable to
dissipate reaction heat [130,141-145]. The appearance of hotspots may lead to a nonuni-
form catalyst degradation, as well as hydrogen ignition if its autoignition temperature is
exceeded [130,141,142,146].

To avoid hotspot formation, numerous studies have been performed by varying hydro-
gen/oxidizer ratios and by employing diffusive or premixed combustion [141,143,144,147,148].
For example, Haruta et al. compared the thermal distribution of a Ni foam and a ceramic
honeycomb catalyst supports during CHC. It was found that the ceramic support has better
thermal distribution compared to the Ni foam support [143]. Kozhukhova et al. demonstrated
that the thermal conductivity of the Al/anodized aluminium oxide (AAO) support depends
on the quality of the reactive metal impregnation procedure. The authors showed that a uni-
form Pt distribution results in a uniform thermal distribution throughout the support; the AT
was 23 °C. It was shown that even in the case of hotspots formation the ignition of hydrogen
is highly unlikely due to the high thermal conductivity of the AAO support, which is closely
adhered to a metallic Al core. Norton et al. utilized thermal spreaders (a copper thermal
spreader for low thermal resistance and a stainless-steel thermal spreader for intermediate
resistance) to achieve the efficient thermal uniformity of a microburner [144,148]. To guide



Energies 2021, 14, 4897

9 of 32

future research on the development of materials and devices for the catalytic combustion of
hydrogen, current and previous works are summarized in the following sections.

4.1. Materials for CHC

The first mention of a flameless catalytic hydrogen burner refers to 1974 by Sharer
and Pangborn [149,150]. Information regarding the catalyst material and experimental
conditions used by Sharer and Pangborn was not reported in detail. The main impediment
for further investigation was the limited availability of effective catalysts at a reasonable
price. Hereafter, CHC was investigated over a flat Pt plate by Mori et al. in 1977 [151]. The
authors demonstrated that the CHC of a hydrogen/air mixture with a concentration of
hydrogen in the range of 2-7 mol% occurred at temperatures below 827 °C. However, it is
worth noting that the Pt plate had to be activated before the test by heating in a 8 mol%
hydrogen—air mixture at 527 °C. From the experimental results, the authors found that the
Pt plate catalyst showed a nonuniform active site distribution and the additional etching
treatment of the Pt plate did not yield a uniform catalytic surface. Although the Pt plate did
not show uniform catalytic activity, no significant AT was observed due to the high thermal
conductivity of Pt that varied in a range of 0.70-0.74 W/cm-K [152-154]. Figure 5 presents
the surface temperature distribution measured in the study, where the x-axis express the
distance x from the leading edge (the area closest to the hydrogen/airflow source) and
the y-axis expresses the difference between the temperature of the gas and the surface
temperature (Ty, — T¢) [151].

1000 — Ug = 4mis
I Uez 2mjs
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MM&R 7 mol%,

SOO_N‘ ""'--.._ 6 mal%,
=g %-
*‘0%0-- ~e. 5 moly,
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- O -~
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Figure 5. Surface temperature distribution of a Pt plate catalyst (reproduced from [151] with permis-
sion from Elsevier).

Further investigations of CHC over Pt-coated thin quartz plates were performed by
Schefer et al. in 1980 [142,155]. CHC was investigated for lean hydrogen/air mixtures
(equivalence ratios: 0.05-0.3) over a pre-heated catalytic plate. The results of the study
can be summarized as follows: (i) little or no CHC occurred at an equivalence ratio of
<0.1; (ii) significant CHC occurred at hydrogen/air equivalence ratios of >0.15 and plate
surface temperatures of >197 °C; (iii) the autoignition of hydrogen occurred at the highest
temperatures (897-997 °C) and an equivalence ratio of >0.25 [142].

In the study by Haruta and Sano in 1981, the authors examined the catalytic activity
for the CHC of different catalysts, using a combustion temperature for 50% hydrogen
conversion (Tq ;) as an evaluation parameter [156]. It was found that oxides of metals such
as Co, Ni, Mn, and Cu were active for CHC with Ty /; of approximately 150 °C (required
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pre-heating for the combustion initiation, the authors did not specify the exact initiation
temperature). Meanwhile, it has been found that Pt and Pd-based catalysts were able to
initiate CHC even at a temperature of <0 °C (with Ty, below 50 °C). The results obtained
by the authors for several catalysts were summarized and presented in Figure 6.

°C

100

Tyy2s
~
E

200

1 n 1 n X 1 i 2 n
300 — 50 100

Heat of formation, kcal/g-atom oxygen

Figure 6. Dependence of catalytic hydrogen combustion (CHC) activities of metal oxides on their
heat of formation (reproduced from [156] with permission from Elsevier).

In another study by Haruta et al. in 1982, the performance of different catalysts
was investigated for a catalytic hydrogen combustor [143]. Four types of catalysts were
examined: a ceramic honeycomb impregnated with Pt, two Ni metal foams with different
pore sizes (11-15 and 35-44 cells/inch) coated with Pd powder, and a ceramic foam coated
with Co-Mn-Ag oxide powder. The authors found the the Pd-coated Ni foam with a bigger
pore size as the catalyst led to the highest combustion efficiency (hydrogen conversion of
>90%), while a nonuniform surface temperature distribution (AT of 220 °C) was observed
during the reaction (Figure 7) [143]. The Co-Mn-Ag-coated ceramic foam catalyst was
found to be suitable for CHC, although it required pre-heating (approximately 50 °C)
for the initiation of the combustion. Besides, it was stated that the catalyst structure has
an appreciable impact on the surface temperature distribution; the ceramic supports are
advantageous over the metal support (i.e., Ni), as they provided a uniform temperature

distribution [143].
7 . o o o
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Figure 7. Distribution of spot temperature over catalyst surface for a Pt/ceramic honeycomb (a), Pd/Ni foam (11-
15 cells/inch) (b), Pd/Ni foam (35-44 cells/inch) (c), and Co-Mn-Ag oxide/ceramic foam (d) (reproduced from [143] with
permission from Elsevier).

A similar observation was made in a study by Mercea et al. in 1982 [157]. Two types of
catalysts were investigated: Pt-coated fibrous plate and Pt-coated SiO, / Al;O3 ceramic. The
authors found that the ceramic support distributed heat more uniformly compared to the
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fibrous support, while the combustion efficiency was lower (approximately 1.0 vs. <0.95
for the fibrous and ceramic supports, respectively). The observed differences in efficiency
were ascribed to the more rapid diffusion of oxygen to the fibrous catalytic surface [157].

In the study by Inui et al., a three-component composite catalyst Ni-Ce,O3-Pt sup-
ported on a ceramic fiber plate (Fiberfrax) was explored and evaluated for CHC. Oxygen
conversion served as an evaluation parameter for CHC reaction [158]. The authors found no
activity for single- and two-component Ni and/or Ce,Os3 catalysts, while two-component
catalysts based on Pt and Ni or Ce;O3 showed high activity (up to 99.1% oxygen con-
version) [158]. It was also found that the three-component (Ni, Ce;O3, and Pt) catalyst
achieved a high catalytic activity (100% oxygen conversion). The synergistic effect of the
reactive metal combination had a beneficial effect on the catalyst activity.

Further, a Ni oxide plate catalyst was studied for CHC in a study by Fakheri et al. [159].
The temperature distribution throughout a catalyst plate was found to be uniform, but the
catalyst showed no or very little activity at temperatures of <410 °C [159]. It is also worth
noting that the Ni oxide catalyst had to be activated before each test by heating in oxygen
at 400 °C for 1 h and then reduced in hydrogen at 400 °C for 1 h.

From 1900 to 1999, the literature review reveals mainly the fundamental studies on
hydrogen—oxygen reaction mechanisms over Pt catalysts, surface kinetic, and numerical
studies [160-165]. Later, the low-temperature (<250 °C) combustion of a lean hydrogen/air
mixture over a Pd-based catalyst was studied using a microreactor by Kramer et al. [166].
In the study, y-Al,O3 washcoat was used as a support material. The authors found a
hydrogen conversion of <40% at inlet temperatures below 125 °C and a near-complete
hydrogen conversion at an inlet temperature of 200 °C. The authors further showed a Pd
catalyst pre-reduced in an Hp /N, atmosphere at 400 °C had a hydrogen conversion of 85%
at an inlet temperature of 100 °C. Moreover, it was found that the presence of water vapor
reduced the conversion at lower temperatures (<125 °C) [166].

A numerical model of a porous Pd/PdOy-washcoated catalyst was created to explore
the effect of the intra-phase diffusion of a channel flow reactor during low-temperature
hydrogen combustion [167]. The thickness of the washcoat varied between 10 to 80 um.
The results indicated that the hydrogen conversion did not exceed 75% for all tests. More
so, the authors estimated the catalyst effectiveness, which is defined as the ratio of the
integrated reaction rate throughout the nonuniform porous washcoat layer to the idealized
reaction rate if the layer were at the same conditions as its outer surface. The decrease in
the effectiveness from 0.6 to 0.4 was observed with an increase in the washcoat thickness
from 40 to 80 um. A reduction ineffectiveness from the ideal value of 1.0 was ascribed to
the intra-phase diffusion in the pores of the washcoat layer. It was shown that the thicker
washcoat results in a lower phase fraction of hydrogen in the washcoat that, in turn, cause
a reduction in surface activity for CHC reaction [167].

Choi et al. studied CHC using a catalytic combustor (10 mm x 10 mm x 1.5 mm) [168].
The authors used a porous firebrick material (Isolite BS) as the support material for the
Pt catalyst. Hydrogen conversion and temperature distribution throughout the catalyst
surface were determined for the catalysts with different Pt loadings (0.4-3.73 wt %). Hy-
drogen conversion was found to be >95%, independently on Pt loading, suggesting the
high catalytic activity of the Pt/Isolite B5 catalyst [168]. It was also found that water,
which is a product of CHC, decreased catalytic activity. It was, however, determined that a
larger hydrogen flow rate and a lower equivalence ratio may suppress water formation.
Although the Pt/Isolite B5 catalyst demonstrated high performance toward the CHC reac-
tion, a significant surface AT (up to 570 °C) was observed for all experimental conditions
(Figure 8) [168].

The pre-mixed hydrogen/air flow entered the combustor chamber at the bottom and
exhausted at the top. Figure 8a shows that, at the beginning of the test (10-30 s), the drops of
water started appearing at the bottom of the catalyst. After 80 s of the test, the water drops
started to move towards the top of the catalyst and later evaporated due to continuous
heat generation. It was also found that the higher the volume flow rate, the larger heat
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generation occurred during CHC that accelerated the evaporation of water in the initial
stage of the reaction. The same observation was made by decreasing the air/hydrogen
equivalence ratio. The authors found that a larger active surface area can be formed when
a lean hydrogen/air mixture is supplied, resulting in faster water evaporation [168].
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Figure 8. (a) Surface images of the Pt/Isolite B5 combustor chamber at various periods of the
CHC reaction (adapted from [168] with permission from Elsevier); (b) thermal imaging of the
chamber interior at different hydrogen flow rates and periods (reproduced from [168] with permission
from Elsevier).

In another study by Zhou et al., the performance of micro-combustors made of quartz
glass, alumina ceramic, and copper was tested [169]. The authors found a uniform tem-
perature distribution for the copper combustor while the alumina and quartz combustors
showed the formation of hotspots, although all combustors had high stability [169].
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Zhang et al. developed a mesoporous ceramic-coated monolithic Pt-based catalyst
(Pt/Cep6Z1r9 40,/ MgAlyO4/ cordierite) for CHC [170]. The catalyst showed excellent
catalytic activity (hydrogen conversion: >99%) and could quickly initiate the combustion
reaction (less than 150 s) at temperatures as low as —10 °C. A hydrogen conversion of
>95% was obtained for hydrogen concentrations of 3 and 4 vol%. Hydrogen conversion
decreased to <20%, when the hydrogen concentration was between 1 and 2 vol% [170].
Figure 9 presents the SEM and TEM images of the MgAl,O, coating on the cordierite
ceramic prepared in the study.

Figure 9. SEM images of the MgAl,Oy coating on the honeycomb cordierite ceramics: cross-sectional view (a), surface view
(b,c), and TEM image of the MgAl,O4 coating (d) (reproduced from [170] with permission from Elsevier).

Recently, a Pt-based SiC foam catalyst was explored for CHC for a lean 1 vol% hy-
drogen/air mixture in a study by Fernandez et al. [171]. The catalyst initiated the CHC
reaction at room temperature, suggesting the high catalytic activity of the Pt/SiC foam
catalyst. A hydrogen conversion of 100% was achieved during CHC. Later, the Pt/SiC foam
disk catalyst was applied for the development of a catalytic burner suitable for domestic
kitchen applications (discussed in Section 4.2) [147].

In a study by du Preez et al., a stainless-steel mesh (SSM) was used as catalyst support
for Pt-assisted CHC [129]. The authors found that the SSM support did not stabilize Pt
during CHC that resulted in Pt aggregation. The latter observation was ascribed to the
Pt mobility on the metallic SSM support at high temperatures. However, the authors
showed that the functionalization of the SSM support through calcination at temperatures
of 500-1000 °C for 2 h could prevent Pt aggregation during CHC. Figure 10a,c presents
SEM micrographs of Pt/SSM catalysts prepared using the as-received SSM support and the
SSM support calcined at 1000 °C after hydrogen exposure, respectively. Figure 10b presents
an SEM image of the SSM support calcined at 1000 °C. The Pt/SSM catalyst reached
combustion temperatures of 420-520 °C; however, the catalyst had to be pre-heated to
40 °C, before the initiation of CHC reaction occurred [129].

In another study by du Preez et al., Ti mesh was evaluated as a catalyst support for
CHC. The same observation was found by the authors: only the additional calcination of
the Ti mesh at temperatures of 900 and 1200 °C could prevent Pt aggregation during CHC.
Combustion temperatures of >477 °C were achieved by a Pt/Ti mesh catalyst after being
pre-heated to 70 °C [128]. Figure 11 shows the SEM micrographs of the Ti mesh support
calcined at different temperatures (Figure 11a—c) and those of the Pt/ Ti mesh catalyst after
5 h continuous high-temperature (480-530 °C) hydrogen combustion (Figure 11d—f).
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(a) (b) (c)

Figure 10. SEM micrographs of the Pt/as-received SSM catalyst showing Pt aggregation after hydrogen exposure (a),
SSM calcined at 1000 °C (b), and Pt/calcined SSM after hydrogen exposure (c) (reproduced from [129] with permission
from Elsevier).

H D88 x6.0k  10um HMMD12.0x6.0k 10 um

HL D89 x1.5k 50 um HL D87 x15k  50um

(a) (b)

HL D84 x30k 30um

HL D88 x3.0k

(d) (e) ()

Figure 11. SEM micrographs of the Ti mesh support calcined at 600 °C (a), 900 °C (b), and 1200 °C (c); backscattered
scanning electron (BSE) micrographs of the Pt catalyst after 5 h hydrogen combustion prepared using a Ti mesh calcined at
600 °C (d), 900 °C (e), and 1200 °C (f) (reproduced from [128] with permission from Elsevier).

30 um HL D87 x30k 30um

It was demonstrated that the Ti mesh support calcined at 600 °C did not stabilize Pt
and severe aggregation of Pt occurred during CHC; the size of Pt particles ranged between
241.3 and 1280.9 nm. The calcination at 900 and 1200 °C showed good Pt stabilization due
to the presence of a functionalized oxide layer on the Ti surface. The size of Pt particles
was 180.7 nm after CHC for the catalysts prepared using the Ti mesh support calcined at
900 and 1200 °C.

In a study by Kozhukhova et al., an Al/AAO material was employed as a Pt catalyst
support. Figure 12 presents an SEM micrograph of the AAO support and TEM micrographs
of the Pt/AAO catalyst. Pt/AAO catalyst was evaluated for CHC; a stable hydrogen
combustion temperature of 338 °C was maintained for 530 h of continuous CHC [130].
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Figure 12. SEM micrograph of the anodized aluminium oxide (AAO) support (a) and TEM micrographs of the Pt/AAO
catalyst (b,c) (reproduced from [130] with permission from Elsevier).

Figure 12 shows the images of the Pt/ AAQO catalyst before exposure to CHC. As can be
seen, the AAQO layer represented a hexagonally organized array of pores; Pt nanoparticles
formed within the AAO channels. The wet impregnation method provided the formation
of highly dispersed Pt particles at a nanometer size (4.7 nm) after reduction. The latter fact
afforded the high catalytic activity of the Pt/ AAO catalyst (low initiation temperature of
24 °C; quick start-up of 100 s). More so, the stable combustion temperature was maintained
for 530 h of CHC that indicated no Pt aggregation occurred [130].

The latter study demonstrated the importance of the Al core in the Pt/ AAO catalyst
for the stabilization of Pt during CHC [141]. The Pt/AAO catalysts were subjected to a
hydrogen/air mixture in the recombiner section testing station to evaluate the thermal
distribution of the catalysts. It was demonstrated that, due to the Al core present in the
Pt/ AAOQ catalyst, the thermal displacement occurred quickly and uniformly that prevented
the hotspots formation. The AT of 23 °C over 70 mm of the catalyst surface was obtained.
In turn, the Pt stability was enhanced during CHC [141]. Figure 13 shows the TEM
micrographs of the Pt/ AAO catalyst before and after 530 h of continuous CHC.

Figure 13. TEM micrographs of the Pt/AAO catalyst before CHC (a) and after 530 h CHC (b)
(reproduced from [141]).

The average Pt particle size before CHC was 3.0 nm. Figure 13b demonstrates that
some Pt aggregation occurred after 530 h of CHC (the arrows in Figure 13b show Pt
aggregates), although the effect of that on the combustion temperature was not evident.
Therefore, the authors assumed that Pt aggregation was insignificant and did not affect the
catalytic activity of the Pt/AAO catalysts [141].
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In a summary, the catalytic system consists of reactive metal and catalyst supports;
the choice of support material, however, plays a critical role in the development of a
high-performance catalyst. In general, the catalyst for CHC purposes should satisfy the
next following criteria: (i) the catalyst should initiate the combustion reaction of hydrogen
or a hydrogen/air mixture at the lowest possible temperatures (initiation temperature);
(ii) the catalytic activity of the catalyst must afford near-complete or complete hydrogen
combustion (high hydrogen conversion); (iii) the support should have a high surface area,
a high thermal and corrosion resistance, and a high working temperature; (iv) the support
should prevent catalyst aggregation during the CHC reaction; (v) the catalytic system
should be able to maintain high catalytic activity during prolonged high-temperature CHC
reactions; (vi) the catalytic system should provide a uniform heat distribution throughout
the entire catalytic surface preventing hotspot and flame formation; and (vii) the fabrication
of the catalyst support should be economically viable, i.e., low cost.

The present review has pointed out that although numerous studies on identifying
suitable catalysts for CHC purposes have been performed, the majority of catalysts do
not fully meet the criteria as outlined in the above text. Nonetheless, the summary of the
existing catalysts for CHC may be found useful, when a high-performance catalyst is to be
developed. Table 2 presents a summary of the existing catalysts used for CHC and short
comments regarding the catalysts” limitations and performances for CHC purposes.

Table 2. A summary of the catalysts used for CHC purposes.

Catalyst Support Comment Reference, Year
Pt plate - Nonuniform active site distribution. [151], 1977

Pt Quartz plate Pre-heating required; flame formation. [142], 1980

Nonuniform distribution of a surface temperature
Pd Ni foam (AT > 200 °C); high combustion efficiency (>90% [143], 1982
hydrogen conversion).
Uniform temperature distribution (AT of approximately
Pt Ceramic honeycomb 50 °C); high efficiency (approximately 90% of [143], 1982

hydrogen conversion).

Co-Mn-Ag oxide (20:4:1
atomic ratio)

Uniform temperature distribution (AT of approximately
50 °C); high efficiency (93% hydrogen conversion);
pre-heating required (50 °C).

Ceramic foam [143], 1982

High combustion efficiency (1.0); nonuniform

Pt Fibrous plate temperature distribution (AT up to 120 °C). [157],1982

Pt Ceramic plate High efﬁcienfi}ils(tg.ii? t;i:)iliit}ez zgéfgrcr; temperature [157], 1982

Ni (14.6 wt %) Cera(rli‘ii;efriz‘;g’late No activity. [158], 1983
CeyOs (4.0 wt %) Ceramic fiber plate No activity. [158], 1983

(Fiberfrax)

Pt (0.5 wt %)

Ceramic fiber plate
(Fiberfrax)

High combustion efficiency (96.6% of oxygen
conversion; the amount of absorbed hydrogen was
0.53 mg/g catalyst).

[158], 1983

Ni (13.9 wt %)-Ce,O;3
(3.4 Wt %)-Pt (0.4 wt %)

Ni plate

Ceramic fiber plate
(Fiberfrax)

High combustion efficiency (100% of O, conversion and
the amount of absorbed hydrogen was
2.83 mg/g catalyst).
Pre-heating required (367 °C); Activation by heating in
oxygen at 400 °C for 1 h and reduction in hydrogen at
400 °C for 1 h before every test required.

[158], 1983

[159], 1988
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Table 2. Cont.
Catalyst Support Comment Reference, Year
Pd y-Al,Os washcoat Low catalytic activity (hydrogen conversion: <85%); [166], 2002
strong dependence on the presence of water.
o . High hydrogen conversion (>95%); nonuniform
Pt(0.4-3.73 wt %) Isolite B5 temperature distribution (AT up to 570 °C). [168], 2008
Low thermal conductivity (AT up to 1300 °C);
Pt Quartz glass hotspot formation. [169], 2009
Pt Alumina ceramic Low thermal conductivity (A.T up to 1050 °C); [169], 2009
hotspot formation.
Pt Coper Relatively uniform tempera(ljture distribution (AT up to [169], 2009
100 °C).
Pt 7:0 The catalytic activity was higher for Pt/Pd-based TiO,
Pd TiOz catalysts; 100% hydrogen conversion was obtained for [172], 2010
2 TiO; catalysts at 100 °C.
Pt/Ceq 62402/ MgApOs Cordierite High hydrogen conversion (>95%); required input [170], 2012

hydrogen concentration of >3 vol%.

Pt (0.27 wt %)

Low catalyst dispersion (8.5%); high catalyst efficiency
SiC foam (100% of hydrogen conversion); CHC initiated at [171], 2016
room temperature.

Pt (38.3 ug of Pt per
4 cm? of support side)

The support required pre-treatment by calcination at
SSM 500-1000 °C; pre-heating required (40 °C); Pt [129], 2019
aggregation occurred.

Pt (43.6 pg of Pt per
4 cm? of the support side

The support required pre-treatment by calcination at
Ti mesh 900-1200 °C; pre-heating required (70 °C); Pt [128], 2020
aggregation occurred.

Pt (1.01 wt %)

High thermal conductivity (no hotspots formation);

Al/AAO CHC initiated at room temperature.

[130], 2020

Pt

High thermal conductivity (AT was 23 °C); CHC
Al/AAO initiated at room temperature; high hydrogen [141], 2021
conversion (>96%).

As can be seen from the review presented in Section 4.1 and Table 2, the investigations
on CHC have been mainly done using Pt and Pd as reactive metals. Pt and Pd are most
active for CHC among other metals and metal oxides providing the highest hydrogen
conversion and high resistance to chemical attack (e.g., insensitive to sulfur poisoning). Ad-
ditionally, these catalysts are easily prepared in a highly dispersed form on most supports;
therefore, only small amounts (0.1-0.5 wt %) are usually required for preparing catalysts
with high activity. However, several studies have revealed that when combining Pt and
some metal and/or metal oxides, the high activity in hydrogen conversion can be reached.
Metal oxide catalysts typically show lower catalytic efficiency and require higher initia-
tion temperatures, although under specific experimental conditions they can show higher
efficiency comparable to Pt and Pd. A persisting issue is that Pt and/or Pd as a catalyst
can result in the occurrence of aggregation during high-temperature combustion (>500 °C),
especially in the presence of water [173]. However, it was shown that the water release
can be suppressed by the higher rate of hydrogen flow and, therefore, the aggregation
limit can be extended. More so, du Preez et al. suggested that formed water vapor has a
short residence time on the surface of a Pt/SSM catalyst and is rapidly displaced from the
surface of the SSM support by natural convection caused by reaction heat. However, in
this case, the authors mainly referred to the degradation of the SSM support caused by
exposure to water vapor and did not refer to Pt aggregation [129].

From Table 2, it can be seen that ceramic supports are the most widely used for CHC
reactions. This may be ascribed to their potential to limit catalyst aggregation and, in some
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cases, provide a relatively uniform thermal distribution throughout the catalyst surface. Of
these ceramics, Al,O3 and TiO; are widely applied. Al,O3 has a relatively low bond energy
with Pt compare to TiO,, suggesting that catalyst aggregation is likely to occur [174]. TiO,,
on the other hand, is well suited for CHC but is considerably more expensive than Al,Os.
Nagai et al. showed that a mixed Ce-Zr-Y (CZY) oxide affords a Pt/CZY oxide catalyst
with excellent Pt distribution and stability, i.e., Pt particle size of about 1 nm and Pt stability
when calcined at 800 °C for 5 h (aging treatment) [174]. Therefore, it may be concluded that
although numerous catalyst supports have been identified, significant research effort is
still required to explore more suitable supports. More so, the relevant support fabrication
procedures should be identified, keeping in mind that economic feasibility is a primary
determining factor of identifying a process. If any form of production upscaling is to be
considered, it has to be executable at a low cost.

4.2. Devices for CHC

The areas where devices using CHC may play a role include residential applications
(e.g., cookers, radiant heaters, and boilers), engines (e.g., turbines), industrial (e.g., burners,
heaters, and engines), and safety (e.g., passive autocatalytic recombiners) applications.
Although the commercial application of catalytic devices is relatively limited, many studies
are under the development stage and several prototypes have been designed and tested up
to date.

Justi and Selbah applied the CHC reaction in secondary galvanic batteries that produce
hydrogen during battery charging. The catalyst consisted of Pd on a hydrophobic support.
Using the recombination catalyst, a heating installation using CHC was developed [58].
Mercea et al. examined the CHC over a Pt-based catalyst for spatial heating [175]. A heater
was placed in a room with a total area of 7.5 m? and continually operated for 30.5 h; the
room temperature increased from 13.5 to 17.5 °C and remained constant for 8 h. At the end
of the test, the hydrogen concentration was determined to be low (0.00015%), indicating
near-complete hydrogen combustion [175].

Haruta and Sano carried out fundamental investigations on the identification of the
most suitable catalysts for CHC, advantages of hydrogen fuel, and catalytic burner de-
sign [146,176]. Two catalytic burners with dissimilar hydrogen inlets were fabricated: (i) hy-
drogen was introduced at the bottom; (ii) hydrogen was distributed uniformly (Figure 14).
More so, two catalysts, i.e., Pt/Ni foam and Co-Mn-Ag oxide, were evaluated in the burners
catalysts [146].

The authors observed a large AT (up to 514 °C) across the catalyst surface when a
bottom hydrogen-distributed burner was utilized. Hotspots formed due to the nonuniform
temperature distribution ignited hydrogen at the bottom of the catalyst, which resulted in
unwanted flame formation. The uniformly distributed hydrogen burner had a relatively
uniform temperature distribution (AT was 147 °C for the Co-Mn-Ag catalyst and 200 °C
for the Pt/Ni foam catalyst). Combustion efficiencies of >64.7% were obtained for all tests
for both burners; however, a combustion efficiency of >96% was obtained at an operating
heat input of 1.0 kcal/cm? /h [146].

A prototype of a hydrogen flame-assisted catalytic burner was featured in the 1975
Homestead project of Roger Billings. This project consisted of a two-story residence
that was heated using hydrogen, along with hydrogen-run kitchen appliances, fireplaces,
outdoor grills, automobiles, and farm tractors [120,177]. A thick stainless-steel wool mat
was used as a catalyst; this mat surrounded the burner ports and inhibited the mixing
of air and hydrogen to create a stable hydrogen-rich zone around the burner head [120].
Further investigations were focused on the design of catalytic burners and heaters that
utilized natural gas as a fuel. However, those attempts were commercially unsuccessful
due to the lower durability of the catalyst and the lower inertia (response time of the burner
temperature to change in fuel flow) of the burner assembly compared to those of the open
flame burners. Nevertheless, developed catalytic devices still can be used to assist in the
design of burners and heaters for hydrogen and hydrogen-enriched fuel. For example,
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Pyle et al. in 1991 examined a commercially available catalytic space heater (Platinum
CAT intended for propane and natural gas fuels) for CHC [178]. However, there was no
commercial follow-up because of the absence of a sufficient market [120].
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Figure 14. Schematic construction of catalytic burners with a bottom hydrogen distributor (a) and a
uniform hydrogen distributor (b) (reproduced from [146] with permission from Elsevier).

The application of CHC for a hydrogen storage system was demonstrated in a study by
Johnson and Kanouff in 2012 (Figure 15). A heater based on a Pd/carbon powder catalyst
was fabricated as part of the development of a metal hydride hydrogen storage system.
The heater operated by CHC used hydrogen from the storage to produce heat required for
the hydrogen delivery. Figure 15b shows a process flow diagram for the catalytic heater;
hydrogen from the storage tank is mixed with air and injected into a reactor to heat the
metal hydride. Up to 30 kW of heat at the flow of a 10 vol% hydrogen/air mixture can be
produced. The authors showed that 75% of hydrogen was converted to heat [179].
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Figure 15. (a) Catalytic heater fuelled by hydrogen; and (b) process flow diagram for the catalytic heater (reproduced
from [179] with permission from Elsevier).

A prototype of a catalytic hydrogen cooker/stove was developed by Vogt et al. and
presented at the European Fuel Cell Forum in 2011. Highly porous SiC ceramics coated
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with Pt was used as a catalyst for a novel catalytic burner. By supplying the catalytic cooker
with hydrogen and air separately, the safe operation of the cooker was achieved. Hydrogen
was supplied below the porous Pt/SiC catalyst, and the air was supplied to the top through
the nozzles of steel tubes (Figure 16a). The gases then mixed on the catalytic surface, where
the CHC reaction occurred. An efficiency of up to 70% as well as the uniform temperature
distribution (Figure 16b) was achieved during the operation [180]. Figure 16¢ shows the
Pt/SiC disk used in the catalytic burner.

(c)

Figure 16. (a) Catalytic hydrogen burner with air supply channels; (b) infrared image of the Pt/SiC burner at an operating
temperature); (c) Pt/SiC disk (reproduced from [180]).

Further study by the authors was focused on the improvement of the burner design.
The stove consisted of four porous Pt/SiC disks arranged in layers and installed in a
round stainless-steel casing (Figure 17). Each Pt/SiC disk served as follows: (i) a diffuser
SiC disk 1 (porosity of 100 pores per inch (ppi)) served for the initial uniform hydrogen
distribution; (ii) a Pt/SiC (80 ppi) disk 2 served as a primary combustion disk; (iii) a
diffuser SiC disk 3 (40 ppi) served to improve hydrogen and air distribution; and (iv) a
Pt/SiC disk 4 (60 ppi) served as a combustion disk. The air was supplied from the tubes
above the combustion disk 2 perpendicular to the hydrogen flow preventing flash-back
due to the lack of oxygen below the disk. The results showed that only traces of harmful
NOx (<9.5 ppmv) can be obtained at operating temperatures below 800 °C. However, the
authors stated that improved catalytic behavior and better thermal conductivity can be
achieved [147]. More so, SiC is a relatively expensive material, and although it can be
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produced using materials considered as waste in certain industries [181], its fabrication
requires significant energy input.
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Figure 17. Schematic of the catalytic hydrogen burner with Pt/SiC foam disks (reproduced from [147]
with permission from Elsevier).

It may be concluded from this section that only a few catalytic devices for CHC were
developed, although they show promising perspectives as a replacement of conventional
flame burners. It was demonstrated that only traces of harmful exhausts can be obtained
during the operation of the catalytic hydrogen-fueled burner. Lastly, limited CHC-based
devices have been developed and tested for task-specific applications. It is therefore
proposed that, if hydrogen is to be considered as a fuel source, domestic and industrial
applications should be expanded. More so, the potential of hydrogen as an indoor fuel is
relatively unexplored and requires further investigation.

5. CHC for Hydrogen Safety Purposes

An important commercial application of CHC is found in nuclear power plant (NPP)
applications. In the case of a severe accident, hydrogen can be produced unintentionally
due to the reaction of the zirconium cladding of the fuel rods with steam and by over-
heated reactor fuel. Accidentally released hydrogen may reach an explosive concentration
(i.e., 4-75 vol%) within the reactor core and, if ignited, can cause damage to structures
and equipment and loss of life in NPPs. To mitigate the latter risk, passive autocatalytic
recombiners (PARs) can be installed. PARs are safety devices that allow hydrogen removal
through CHC reaction from the catalytic surface. A generalized operation of a PAR is
presented in Figure 18, showing the hydrogen-containing airflow through the PAR.

The PAR represents a rectangular box with catalytic sections inside. The recombiners
function without any external power source and come into action spontaneously when
hydrogen is introduced. The CHC reaction starts on the catalytic surface and generates
water vapor and exothermic reaction heat according to reaction 1. Reaction heat causes
natural convection within the PAR by forcing hydrogen-depleted air out of the PAR and
allowing hydrogen-containing air to enter at the bottom. The hydrogen removal usually
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starts at a non-flammable hydrogen concentration (1-2 vol%), thereby preventing the
formation of explosive mixtures with the air [58].

Water vapour, air and
unreacted hydrogen

Catalystplates @ 3

Hydrogen and air flow

Figure 18. Schematic of a typical passive autocatalytic recombiner (PAR) design (reproduced
from [182]).

Generally, PARs are mounted in many power plants around the world. There are
several PAR manufacturers worldwide: Siemens and NIS (Alzenau, Germany), Atomic
Energy of Canada Ltd. (AECL, Chalk River, ON, Canada), Electrowatt Engineering Ltd.
(Zurich, Switzerland), AREVA (Courbevoie, France), and ISPC Russian Energy Technolo-
gies (RET, Moscow, Russia). The main catalyst materials used in PAR applications may
be divided into four groups: (i) cartridges filled with ceramic spherical Pd-coated pellets,
(ii) a thin stainless-steel plate wash coated with a y-Al,O3 layer that supports a noble metal
(plate-type recombiners), (iii) metallic catalysts (metallic plate coated with catalyst powder
without an intermediate ceramic coating), and (iv) ceramic rods coated with a noble metal.
Some of the catalysts are presented in Figure 19.

The first type of catalyst (a prototype PAR developed by the NIS) was investigated in
a study by Blanchat and Malliakos in 1999 (Figure 19a). The catalytic section contained one
row of 44 catalytic cartridges. The results showed that CHC was initiated after approxi-
mately 10 min of hydrogen exposure (1-6 vol% of hydrogen in the air). The reaction was
initiated in a hot and steamy atmosphere (102 °C and 50 mol% water vapor) [183].

Reinecke et al. studied the second plate-type recombiner section (Siemens type) [184].
Figure 19b,c presents a schematic and a photograph of a plate-type catalyst recombiner
section. The catalyst represented stainless-steel plates coated with a Pt/washcoat arranged
in parallel with the gas mixture flow. The authors determined a fast self-start characteristic
(the surface temperature of 100 °C was achieved in 5 min), while a AT of approximately
200 °C throughout the catalyst surface was obtained. It was also mentioned that the plate-
type catalysts for PARs can lead to the unintended ignition of hydrogen due to the overall
overheating of the catalyst and the nonuniform temperature distribution.
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Outlet

Inlet

(0) (d)

Figure 19. (a) Cartridge-type catalyst section in a PAR (reproduced from [183] with permission from Elsevier); (b) schematic
of the plate-type catalyst section (reproduced from [184] with permission from Elsevier); (c) photograph of the plate-type
catalyst section (reproduced from [185] with permission from Elsevier); (d) rod-shaped catalyst section in the PAR developed
by ISPC RET (reproduced from [186] with permission from Springer Nature).

The third catalyst type was utilized in the KATAREK facility developed by Electrowatt
Engineering Ltd. The catalyst represents a full metallic plate without an intermediate
ceramic coating obtained by the direct coating of a catalyst powder (Pd 95 wt %, Ni 4 wt %,
and Cu 1 wt %) by a high-temperature injection (plasma spraying) [187].

The fourth type of catalyst section was developed by ISPK RET; the catalyst section
represents a metallic frame with rod-shaped catalytic elements inside and is presented in
Figure 19d. A similar catalyst section was tested in a study by Malakhov et al. in 2020; the
catalyst manufacturer was not specified. The authors found a AT of 341.2 °C over a tubular
ceramic Pt/ Al,O3 washcoat catalyst [131].

Furthermore, PARs are also considered by the mining industry as an accident risk
mitigation system. It is widely recognized that hydrogen-fuelled trucks are considered as a
suitable replacement for diesel-powered vehicles in underground mines. Such a replace-
ment will result in a cleaner atmosphere for underground workers, decreasing the number
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of harmful exhausts. However, the use of hydrogen in confined spaces is accompanied by
the risk of accidental hydrogen release and the formation of explosive mixtures with the
air. Detailed research on a hydrogen leak in a semi-closed space (such as in underground
mining conditions) was carried out by Malakhov et al. [188]. The experiment was carried
out in the HySA mining platform (HySA Infrastructure, Potchefstroom, South Africa) test
facility for green mining (Figure 20). The test was conducted under different hydrogen
release pressures and leak orifice sizes, and the results obtained were compared the results
stimulated with computational fluid dynamics (CFD). The authors found that CFD simula-
tions can be helpful in the development of mitigation strategies for hydrogen safety issues
in mining [188].

Figure 20. HySA mining platform test facility for green mining (reproduced from [188] with permission from Elsevier).

In another study by the authors, detailed research on the thermal distribution of a
catalytic unit in a PAR was carried out. The authors showed that the ability of the catalyst to
distribute heat is a key when the PAR is to be installed in confined spaces. The performance
of the PAR was evaluated for inputs of hydrogen concentrations in a range 2-5 vol%. In
addition, the experimental results were compared with CFD simulated results, and they
were in good agreement [131]. Therefore, PARs will likely play a key role in underground
mining and NPPs’ accident mitigation in the future.

6. Future Research

CHC has been the subject of numerous scientific investigations, but relatively few
have been concerned with the design of domestic burners and heaters. The present review
of CHC materials and technologies has pointed out the absence of commercial hydrogen
cooking and heating devices. The key obstacle to CHC technologies was identified as the
lack of durable and high-activity catalysts.

Therefore, further research and development are required. For example, the catalyst
activity (hydrogen conversion; self-start characteristics) and durability may be further
enhanced. In addition, the cost of the catalyst can be reduced without diminishing catalytic
activity. The modification of supports and the optimization of the catalyst preparation
method might be positive approaches for future research. If the design of a catalytic burner
is considered for further investigations, the specific features and issues of CHC reaction
presented in the present review should be taken into account. Studies regarding the thermal
distribution of the catalysts are still limited in the open domain, and the characterization
thereof is essential for the comprehensive understanding of an optimal burner design.
More so, the catalyst performance for PAR applications can be also improved towards
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better thermal conductivity and self-start characteristics. Computational and kinetic studies
are still not fully explored. CFD should be considered as a tool in better simulating and
predicting catalyst behavior, which must be compared with real-world behavior.

7. Conclusions and Perspectives

In this review, the potential of hydrogen combustion as part of a hydrogen-energy
economy was demonstrated. More so, the benefits and issues surrounding direct and
CHC were presented. It was further shown that CHC can be employed to mitigate issues
associated with direct hydrogen combustion, i.e., NOy formation, and blow-outs. A holistic
synopsis of various aspects of catalytic hydrogen combustion was therefore presented here.

The beneficial effects of hydrogen blending into the existing natural gas network
were also demonstrated. For example, it was shown that the hydrogen injection up to
20% decreased COy emissions by 2%. Several projects in European countries (such as
France and Germany) and the UK blended hydrogen into the existing gas networks; these
projects demonstrated that up to 20 vol% hydrogen can be added without modifying the
existing gas infrastructures. It was also demonstrated that the hydrogen addition changes
some flame properties, such as the initial flame temperatures of the gas mixture and flame
speeds, and leads to a higher likelihood of blow-off at elevated hydrogen concentrations.
More so, the hydrogen addition to the methane fuel improves the resistance of the flame to
strain-induced extinction.

It was shown that although numerous catalysts and their supports have been in-
vestigated for CHC, significant work is required to identify and develop a catalyst with
enhanced catalytic activity and durability while remaining economically competitive with
traditional gas burners currently used. It was demonstrated that Pt is likely the most
suitable reactive metal for hydrogen-related reactions. Numerous studies have been carried
out towards reducing Pt loading and, consequently, the price of the catalyst. However,
catalyst prices can be further reduced by utilizing inexpensive support materials and
support fabrication processes.

The main issues of the catalyst support materials for CHC applications were identified
as follows: (i) low thermal conductivity; (ii) high cost of catalyst supports (e.g., ceramics
foams); (iii) supports degradation at high temperatures; and (iv) inability of supports to
prevent reactive metal aggregation. To date, ceramic materials are considered suitable
supports for CHC applications. However, their widespread utilization is restricted by their
high cost. Therefore, the identification and development of suitable catalyst supports are
still required.

We demonstrated that the thermal conductivity of the catalyst support is a key prop-
erty of the catalyst if one is intended for use in heating (catalytic burner/cooker) and
safety (PAR) applications. If the support does not dissipate heat generated during CHC
reaction efficiently, the hotspot formation is likely to occur. These hotspots may result
in the autoignition of hydrogen, if its autoignition temperature is exceeded. More so, a
hotspot results in the localized rapid degradation of catalysts, e.g., reactive metal sintering.
It was demonstrated that, in general, the majority of catalysts suffer from low thermal
conductivity. A recent work has shown that a Pt/ AAQO catalyst, which contained a metallic
Al core, had an AT of 23 °C, which is significantly lower than values reported elsewhere.

The potential of hydrogen utilization as an energy carrier was demonstrated for
domestic applications (e.g., catalytic burner/cooker). Pt/SiC has been successfully in-
corporated in high-temperature CHC-based cookers. More so, catalytic materials can be
employed in various CHC-based devices, eliminating issues regarding direct hydrogen
combustion. From an environmental point of view, CHC devices generate trace amounts
of harmful NOy (e.g., <9.5 ppmv) at operational temperatures below 800 °C.
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