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ABSTRACT
The implementation of catalytic hydrogen combustion (CHC) can mitigate the dependence on solid fuel combustion typically used in Sub-
Saharan Africa as a means of heating. However, low-cost and readily available materials for catalyst fabrication are relatively unexplored. 
Considering the economic constraints regarding platinum group metals generally used for CHC, the cost of support materials and its 
functionalization as catalyst support has to be minimized. Typically, materials such as silicon carbide foam, extruded aluminium oxide-
based ceramics, and titanium oxide mesh/sintered plates are used to withstand the high temperatures associated with CHC. In this paper, 
nanostructured anodized aluminium oxide (AAO) was synthesized as the support material via the anodization of high purity (>99%) 
aluminium (Al). The AAO layer intimately adhered to a metallic Al core acted as a thermal conduit to disperse heat throughout the catalyst. 
Platinum (Pt), considered as the reactive metal, was deposited to the AAO as nanoparticles with a diameter of approximately 19.3 nm. The 
CHC reaction proceeded spontaneously on the surface of the Pt/AAO catalyst. A combustion temperature of 408 ± 18 °C was maintained for 
70 h at a 100 normal (N) mL min−1 hydrogen flow rate. The Pt-particles showed a relatively appreciable increase in particle size (from 19.3 
nm to 25.0 nm), but the significance thereof was not evident during the 70 h CHC procedure.
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INTRODUCTION

It is estimated that 2.8 billion people worldwide rely on the combustion 
of solid carbon fuel, resulting in 4 million premature deaths annually 
due to deaths related to poor domestic air quality.1–3  Solid-carbon fuel 
combustion during household cooking and spatial heating is a serious 
health concern and can lead to various respiratory diseases and 
premature death.1  Children and the elderly are more susceptible to 
such diseases; 4  children in households using solid fuels are more likely 
to develop pneumonia when compared to children in households that 
do not use solid fuels. 5–6  Also, particulate matter has been identified 
as one of the major pollutants and accumulates closer to the ground, 
making it easily inhaled by children under the age of 5 years.7–8 

As an alternative and cleaner fuel, the use of hydrogen as an energy 
carrier is considered a suitable replacement for solid-carbon fuels. This 
consideration is mainly due to the occlusion of pollutant emissions, 
such as COx, SOx, and particulate matter, during combustion.9–10 The 
combustion reaction proceeds according to the following reaction:

H2 + O2 = H2O, ∆H = −57.9 kcal/mol	 (1)

Considering Reaction 1, hydrogen can be combusted in a confined 
space without consequential health implications as the only by-
product is water. Hydrogen is produced via several processes, e.g., 
electrochemical,11–15 photo-electrochemical,16–17 photocatalytic,18–19  
photochemical,20–21 thermochemical,22–23, and various niche and 
biological processes.24–32  Currently, the majority of hydrogen is 
produced from fossil fuels, and trace amounts of by-products such 
as CH4, CO2, and CO will be present.33–34  Likely, the inclusion of the 
latter by-products will not appreciably affect the indoor air quality; 
CO is, however, a major health issue as exposure of more than 100 
ppm is dangerous to human health.35–37 Also, hydrogen produced from 
fossil fuels is not as accessible as electrochemically produced hydrogen 
when considering Sub-Saharan Africa. For instance, decentralized 
and small-scale electrolyzers operating on solar energy can be 

commissioned relatively easily as oppose to large steam-methane 
reformation plants.

It is not uncommon for electrical grids to be unstable or unavailable 
for extended periods in rural areas in developing countries, which in 
turn, negatively affects economic growth.38  Typically, such rural areas 
rely on expensive diesel energy, pricing approximately $1 per kilowatt/
hour (kWh), whereas solar energy is accessible at roughly $0.20 per 
kWh. 39  Therefore, it is evident that the utilization of solar power will 
benefit rural areas where electricity is not easily accessible. However, 
the utilization of renewable energy is curtailed by daily intermittence, 
e.g., periods of low wind speed and night.40  Therefore, an approach to 
store energy is essential for uninterrupted electrical supply.41  Several 
technologies exist, e.g., pumped hydro-storage, thermal energy, and 
batteries.42  The latter technologies are generally employed on a small 
to medium scale and require relatively significant capital investment.

It is proposed that mini-grids be implemented, comprising a 
photovoltaic plant coupled with an electrolyzer. The electrolyzer can 
be supplied with excess energy to produce hydrogen from water. 
The electrolyzer can be scaled to meet a specific hydrogen output, 
determining the required energy input. Hydrogen has many uses, 
of which a comprehensive analysis is reported by Bessarabov and 
Millet.43  Hydrogen is, however, typically supplied to a proton exchange 
membrane fuel cell (PEMFC) to convert the chemical energy of 
hydrogen into a current via Reaction 1. However, this approach is not 
feasible for heating purposes as a large PEMFC would be required 
to match the current required for heating. Therefore, hydrogen 
combustion is the most likely approach for heating applications.

A general shortcoming associated with direct (flame-based) 
hydrogen combustion includes the unintentional formation of 
toxic NOx

44–45  which is minute at temperatures less than 800 °C and 
significant at more than 1400 °C.45–46  Considering that the adiabatic 
flame temperature of hydrogen is between 2045 to 2127 °C,47  NOx 
formation is inevitable. Direct hydrogen combustion is further 
perplexed by flashbacks, which occur when hydrogen’s laminar 
burning velocity exceeds the flow velocity of the hydrogen mixture.

Catalytic hydrogen combustion (CHC) is proposed as an alternative 
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form of hydrogen combustion as this type of combustion prevents self-
ignition and mitigates NOx formation. It is achieved by controlling 
the combustion temperature below the temperature required for self-
ignition (570 °C)48–49  and NOx formation. Several materials and devices 
have been developed for CHC for domestic applications. A recent 
review by Kozhukhova presents a summary of materials considerable 
for CHC. 50  Fumey et al. presented a CHC device based on a Pt/porous 
SiC foam catalyst; this device emitted ultra-low NOx levels (8000 times 
below EU Regulations No. 813/2013).46  However, the use of SiC foam 
is likely to lead to an increase in the cost of the catalyst. Du Preez et al. 
reported on the preparation of Pt supported on calcined stainless steel 
and Ti mesh for CHC.41, 49  The Pt/stainless steel mesh showed signs of 
support degradation after prolonged combustion, and the Pt/Ti mesh 
may be considered economically impracticable due to the cost of the 
prefabricated Ti mesh. 

Here we report on the synthesis of a Pt/anodized aluminium oxide 
(AAO) catalyst and its application in CHC. The benefits of using AAO 
as the support material include its low preparation cost (compared 
with other specialized materials). The Al substrate can be prefabricated 
to the desired shape before anodization.51–52  Additionally, the presence 
of metallic Al at the catalyst core allows rapid thermal distribution 
from reaction sites via the intimately adhered AAO/metallic Al core 
boundary, reducing the likelihood of hot spots (defined as areas with 
a higher surface temperature than the average surface temperature).

MATERIALS AND METHODS

Pt/AAO catalyst synthesis

AAO supports were prepared by rapid two-step anodization of 
10 × 10 mm Al (99.999%) sheets with a thickness of 0.25 mm. Before 
anodization, the surfaces of Al sheets were prepared as follows: 
degreased by ultra-sonication in acetone and deionized water, followed 
by electropolishing in a 1:4 v/v mixture of HClO4 and ethanol at room 
temperature for 1 min at 20 V. The prepared Al sheets were thoroughly 
rinsed in deionized water. All anodization procedures were performed 
in a 0.4 M oxalic acid solution using a two-electrode electrochemical 
cell with a 5 × 15 cm stainless steel grid as the counter electrode. The 
oxalic acid solution was vigorously stirred during anodization, and 
isothermal conditions were maintained using a heating-refrigeration 
circulation system (Julabo, CORIO CD-200F, Germany). An adjustable 
power supply unit (RS PRO, IPS603, South Africa) was used as a DC 
power source for electropolishing and anodization procedures. The 
first anodization was performed at 40 °C and 30 V for 30 min. The 
initial AAO layer was removed using 5 vol% H3PO4/1.8 vol% CrO3 
at 60 °C for 45 min. The Al sheet was then reanodized at 45 V for 
120 min. The difference in anodization potentials was implemented 
to reduce the anodization time to 120 minutes as several hours are 
typically used. The indicated rapid anodization procedure was 
considered in this study. The purpose was to prepare an AAO support, 
with limited emphasis on the morphological/structural properties of 
the obtained AAO.

Wet incipient impregnation was employed to prepare the 
Pt/AAO catalysts; Pt-precursor was introduced to the AAO support 
by submerging the supports in a 10 g L−1 chloroplatinic acid solution 
(H2PtCl6.6H2O, Sigma Aldrich) for 10 s. AAO supports were then 
dried in ambient air and reduced in a 10/90 vol% H2/N2 atmosphere 
at 350 °C for 2 h to obtain nano-sized Pt particles. A heating rate 
of 5 °C min−1 was employed. A horizontal tube furnace was used to 
perform the reduction process (CTF12, Carbolite Gero, England).

The Pt and Al content of Pt/AAO catalyst was determined by 
inductively coupled plasma optic emission spectroscopy (ICP-OES). 
Before ICP-OES analysis, the AAO layer loaded with the Pt-precursor 
was dissolved in 5 vol% H3PO4/1.8 vol% CrO3 at 60 °C for 45 min. The 
Pt loading was expressed as a function of the solubilized Al content, 
representing the AAO layer. Therefore, the metallic core was not 
included when calculating the Pt loading.

Catalytic hydrogen combustion evaluation

The catalytic activity of the Pt/AAO catalyst was evaluated in the 
ambient atmosphere. The catalyst was placed horizontally slightly 
above a 20 mm tube. High-purity hydrogen (99.9%) was supplied 
from an in-house developed hydrogen generator (Hydrogen South 
Africa Infrastructure, South Africa). The hydrogen was introduced at 
the bottom of the tube; the tube acted as a semi-enclosed environment 
for the hydrogen to be pre-mixed with air before reaching the 
catalyst surface. The hydrogen vol% concentration was estimated to 
be approximately 65% before combustion. A k-type thermocouple, 
coupled with an electronic data acquisition system, was placed at the 
centre of the catalyst surface. Temperature measurement was recorded 
every 1 s for the duration of all CHC reactions. Unreacted hydrogen 
was measured in the exhaust using a hydrogen sensor (Model XEN-
5320, Xensor Integration, Netherlands). Reported temperatures were 
based on results obtained from three Pt/AAO catalysts. Each Pt/AAO 
catalyst was evaluated twice; average temperatures were reported 
unless specified otherwise.

Morphological and chemical characterization

Scanning electron microscopy was employed to characterize the 
morphology of AAO samples using an FEI Quanta FEG 250 field 
emission gun (Thermo Fisher Scientific, USA). Samples were placed 
on an Al stub using adhesive carbon tape and coated with a thin 
layer of carbon using a carbon coater (Emscope TB500, UK) before 
analyses. All AAO layer characterizations, i.e., layer thickness, pore 
diameter (Dp), interpore distance (Dc), were performed using ImageJ 
software. 53–54  The Dp value was calculated manually by measuring 
the visible pores. Similarly, for Dc, the distances between the centre 
of a pore and its neighbouring pore were manually measured. For Dc 
and Dp, 250 measurements were taken, and the average and standard 
deviation were reported.

Before and after CHC procedures, the Pt particle size was determined 
by transmission electron microscopy (TEM) by a Tecnai F20 FEI 
instrument (Thermo Fisher Scientific, USA). Before CHC, the Pt-
containing AAO layer was mechanically separated, using a stainless steel 
blade, from the metallic core and extensively ultra-sonicated in acetone. 
After that, the Pt particle size was determined. After CHC procedures, 
a Pt/AAO catalyst was cross-sectioned by a focused ion beam (FIB). 
FIB lamellas were prepared by an FEI Helios Nanolab 650 dual-beam 
scanning microscope (Thermo Fisher Scientific, USA). TEM analyses 
were performed on the lamella to determine the Pt particle size. 

RESULTS AND DISCUSSIONS

AAO support structure and morphology

Considering the risk of self-ignition of hydrogen if the surface temperature 
of the material used for CHC, it is essential to ensure that self-ignition is 
prevented. In some cases, the design of a CHC device does accommodate 
controlled self-ignition. For instance, Fumey et al. demonstrated a CHC 
device for cooking that can reach approximately 650 °C by controlled 
self-ignition of hydrogen between two porous sintered SiC disks.55  
However, this is not always the case, and the design of such a device is 
typically more complex and requires specialized materials. Therefore, the 
inclusion of the metallic core as a constituent of the Pt/AAO catalyst was 
considered as it mitigates the risk of self-ignition. Figure 1 shows a cross-
sectioned AAO support and the surface thereof.

It is clear from Figure 1a that a thin metallic core of 5.0 ± 0.5 µm 
(based on 20 measurements taken every 15 µm over the length of the 
metallic core) was preserved after the anodization procedure used in 
this study. The AAO layer was approximately 100 µm thick on both sides 
of the metallic core. The metallic Al core has a thermal conductivity 
of approximately 237 W/m.K,56  which is significantly higher than the 
thermal conductivity of alumina, i.e., 33 W/m.K.57 Though the AAO 
(which consists of alumina) has a lower thermal conductivity than the 
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metallic Al core, it is assumed that due to the intimate contact between 
the AAO and the Al core, the thermal transfer limitations of the AAO 
layer are negligible.

Figure 1b shows that the AAO layer is relatively disorganized and 
consists of numerous pores, with diameters of 86.0 ± 9.4 nm and 
interpore distances of 108.7 ± 7.5 nm, as well as protruding nanowires. 
These nanowires form when the anodization procedure favours AAO 
dissolution over AAO formation. During AAO dissolution, pore walls 
are dissolved, and the corners of hexagonal cells remain intact.51–52  It 
is further noted that the scope of this paper was to evaluate the use of 
AAO prepared from pure Al as catalyst support for CHC applications, 
and refinement of the AAO layer morphology was not considered.

Pt/AAO reactivity

Metal oxides are widely used as catalyst support materials, particularly 
for high-temperature combustion.58–60  The use of Al2O3 is relatively 
widely reported; in some cases, Al2O3-supported catalysts used for 
various catalytic reactions are either pre-heated or require relatively 
extensive reaction initiation periods.61–62  This is also true for CHC in 
some cases, and the catalyst or gas feed has to be pre-heated before 
CHC proceeds spontaneously.41, 49, 63  The autocatalytic activity of 
the proposed Pt/AAO catalyst was investigated as it is considered 
an important property for various relevant catalyst applications, i.e., 
cooker and spatial heating. To evaluate this activity, the temperature 
profile of the Pt/AAO catalyst, with a Pt loading of 0.54 wt%, during its 
initial exposure to hydrogen was determined (Figure 2).

Figure 2 shows that the CHC reaction was spontaneous and initiated 
at an ambient temperature of 23 ± 4 °C after 25 ± 12 s of the catalyst 
being exposed to hydrogen (inset in Figure 2). A steady increase in 
the combustion temperature was observed for 150 s; this period was 

defined as the reaction initiation period. After that, the combustion 
temperature stabilized at 242 ± 3 °C (based on 1650 measurements). 
A relatively similar temperature profile was observed by Kozhukhova 
et al. 64 , which is indicative of an active catalyst as no external energy 
is required to initiate the CHC reaction. A standard deviation of 7.6 to 
106.4% was observed during the reaction initiation period, indicating 
that the values used to calculate the mean from which the standard 
deviation is calculated differed significantly. The observed deviation 
may be ascribed to the differences in the initial reaction temperate, 
i.e., 23 ± 4 °C. Therefore, the CHC reaction is highly temperature-
sensitive, and a higher initial reaction temperature will greatly 
accelerate the combustion rate during the initial stages of CHC. The 
exothermic reaction heat self-catalyzes the CHC reaction and further 
expedite the combustion rate. The effects of lower initial reaction 
temperatures should be considered in future research.

After the combustion temperature stabilized at 242 ± 3 °C, the 
standard deviation did not exceed 9.8%. This temperature was 
maintained for the remainder of the 30 min CHC reaction. At a 
40 NmL min−1 flow rate, the unreacted hydrogen content remained 
below 1 vol% after reaching the stable combustion temperature.

After the 30 min CHC reaction, three 6 h CHC reactions were 
performed to mimic the material’s application during relatively 
extended periods of spatial heating. The 6 h heating period was 
selected as it represents a period from 12:00 pm to 06:00 am where 
the residential temperature of low-cost and informal dwellings 
in Johannesburg, South Africa, are at their lowest in May at 14 to 
18 °C.65  Figure 3 shows the average temperature profile of Pt/AAO for 
three 6h CHC reactions at a flow rate of 40 NmL min−1. The average 
combustion temperature and standard deviation were calculated per 
hour for each of the three 6 h CHC reactions.

Figure 1: SEM micrographs of a manually cross-sectioned AAO support 
showing the metallic core and the AAO layer (indicated in red, a) prepared 
in back-scattered mode, and the surface morphology of the AAO layer (b) 
prepared in secondary mode

Figure 2: The combustion temperature profile of Pt/AAO catalyst at a 
hydrogen flow rate of 40 NmL min−1 for 30 min of CHC

Figure 3: The 6h combustion temperature profile of Pt/AAO catalyst at a 
hydrogen flow rate of 40 NmL min−1. The average combustion temperature 
obtained from the 30 min reactions was included in red
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It is evident from Figure 3 that a relatively stable reaction temperature 
was maintained for the 6 h CHC reaction. The combustion temperature, 
calculated for each elapsed hour, ranged between 237 to 240 °C, and the 
standard deviation did not exceed 6.4%. In all cases, the combustion 
temperature per elapsed hour of combustion was slightly below the 
30 min CHC reaction average value (indicated in red). This may be 
ascribed to the cooling effect of randomized local airflow (which 
caused temperature fluctuations), and considering that the combustion 
period was longer than for the 30 min CHC, the effect thereof on the 
average combustion temperature and standard deviation was more 
obvious. Furthermore, the stable combustion temperature observed in 
Figure 3 suggests that the majority of hydrogen (>99%) was consumed. 
It is accepted that some hydrogen slippage is inevitable. Fumey et al. 
showed that hydrogen slippage decreases with increasing burner 
temperature, 46  suggesting that a higher combustion temperature affords 
a higher rate of hydrogen recombination (Reaction 1). Nevertheless, 
considering hydrogen’s low gaseous density, a build-up of hydrogen 
within a dwelling is highly unlikely and will dissipate before reaching 
an explosive concentration of 4 vol%.47 

It may be concluded that Pt/AAO showed suitable reaction kinetics 
at 40 NmL min−1 hydrogen as a stable combustion temperature was 
achieved shortly after being exposed to hydrogen. The majority of 
hydrogen was consumed. The Pt/AAO catalysts were exposed to 
20 to 140 NmL min−1 hydrogen flow rates to evaluate the effects of 
hydrogen flow rate on the combustion temperature. Figure 4 shows 
the combustion temperature profile of Pt/AAO at various hydrogen 
flow rates.

Figure 4 shows that the combustion temperature of the Pt/AAO 
catalyst increased near-linearly from 155 ± 2 to 467 ± 3 °C with 
an increase in the hydrogen flow rate from 20 to 120 NmL min−1. 
Applying the equation shown in Figure 4, a 147 NmL min−1 hydrogen 
flow rate may facilitate a self-ignition temperature of 570 °C. The 
results presented in Figure 4 suggest that the Pt/AAO catalyst may 
be used for spatial heating, water boiling, or food preparation, as a 
relatively wide range of temperatures may be achieved by varying the 
hydrogen flow rate. However, it is crucial that during the development 
of a CHC-based cooker, the design thereof will be a significant factor 
to ensure proper heat transfer from the catalyst to the equipment that 
has to be heated.

Pt/AAO stability

Reduction in the activity of a catalytic system during high-
temperature exposure is typically ascribed to catalyst aggregation – 
defined as the process whereby reactive metal particles agglomerate 
to form larger particles with a reduced reactive surface compared to 
non-agglomerated particles.66  Catalyst aggregation is kinetically slow, 
typically occurring at more than 500 °C and accelerated in the presence 
of water vapour. 66  Catalyst aggregation can be prevented/limited if the 
reactive metal is supported on a suitable material. For instance, Du 
Preez et al. showed that a Pt thin layer forms large aggregates when 

supported on metallic Ti and stainless steel.41, 49  Pt aggregation was 
significantly reduced by functionalizing the Ti and stainless steel to 
obtain native oxides of the two support materials. To evaluate the 
stability of the Pt/AAO catalyst, prolonged CHC was performed at 
100 NmL min−1 hydrogen flow. Figure 5 shows the temperature profile 
of the prolonged CHC.

Figure 5 shows that a relatively stable combustion temperature of 
408 ± 18 °C (based on 250 833 measurements, all data points included) 
could be maintained for 70 h of high-temperature CHC. Some 
deviations in the combustion temperature were observed – these are 
mainly ascribed to ambient temperature fluctuations in the day-night 
cycles. Also, irregular airflow and the associated cooling effects were 
observed and are ascribed to natural airflow and building ventilation 
(e.g., fume hoods). Kozhukhova et al. employed similar catalysts 
and obtained comparable combustion temperature profiles. 64, 67  Du 
Preez et al. performed the CHC reaction under similar conditions 
using different supports and obtained relatively similar combustion 
temperature profiles.41, 49 

The stable combustion temperature observed in Figure 5 may 
indicate that catalyst aggregation was prevented or insignificant. To 

Figure 4: The effect of hydrogen flow rate on the combustion temperature of 
Pt/AAO

Figure 5. The combustion temperature profile of Pt/AAO catalyst at  
100 NmL min−1 H2 flow rate 

Figure 6: TEM image of Pt nanoparticles present on a section of mechanically 
separated AAO layer before the prolonged CHC procedure (a), a FIB cross-
sectioned lamella of the AAO layer after the prolonged CHC procedure (b), 
and a representative area taken from (b) showing Pt nanoparticles
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determine this, the Pt particle size before any and after prolonged 
CHC procedures were determined (Figure 6).

The particle size of the Pt particles shown in Figure 6a was 
19.3 ± 9.6 nm. Some fractured AAO pieces formed during sample 
preparation and are indicated. These pieces can be identified as non-
circular/randomly shaped. Figure 6b shows a FIB cross-sectioned 
lamella at low magnification and the pore walls and channels of the 
prepared AAO layer. The relatively disordered pore arrangement can 
be seen in Figure 6b, which was expected when considering Figure 1b. 
After the prolonged CHC procedure, the average Pt particle size of the 
particles presented in Figure 6c increased to 25.0 ± 4.6 nm. Though 
a relatively significant particle size increase was observed, the effect 
thereof on the catalytic activity of the Pt/AAO catalyst was not evident 
when considering Figure 5.

The bond energy between Pt and the support material affects 
the aggregation likelihood. Bartholomew stated that the rate of Pt 
aggregation of a Pt/Al2O3 is greater than that of a Ni/Al2O3 due to 
greater Ni-Al2O3 interaction.66  A study by Kozhukhova et al. showed 
preliminary results that an AAO prepared by the anodization of 
a silicon-rich Al alloy could yield support suitable for CHC. Pt 
aggregation was insignificant after more than 500 h of CHC.64  
The combustion temperature obtained by Kozhukhova et al. was 
338 ± 11 °C, which is slightly lower than the temperature presented in 
Figure 5. Nevertheless, catalyst aggregation was insignificant in both 
cases. It is proposed to evaluate prolonged CHC (>>70 h) using the 
catalyst prepared in this study in future research.

CONCLUSIONS

A nanostructured Pt/AAO catalyst, employable in prolonged CHC 
applications, was prepared. The applied anodization process preserved 
a metallic Al core at the centre of the catalyst support, which promoted 
heat displacement from reaction sites. By doing so, hot spot formation 
was mitigated, which lowered the likelihood of hydrogen’s self-
ignition.

It was determined that the CHC reaction became spontaneous 
after approximately 25 s of the catalyst being exposed to hydrogen 
under standard ambient conditions. The starting reaction temperature 
had a relatively significant effect on the initial temperature profile of 
the catalyst temperature profile - nevertheless, a stable combustion 
temperature of 408 ± 18 °C was maintained for 70 h. The average 
Pt particle size increased from 19.3 to 25.0 nm after the prolonged 
CHC procedure. This increase suggests that though some catalyst 
aggregation occurred, the adverse effect on the catalytic activity (i.e. 
combustion temperature) of the Pt/AAO catalyst was not evident.
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