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• A method to control macro and micro
porosity of catalysts is presented.

• Porosity of the catalyst can be designed
by mathematical functions and then re-
alized by 3D printing.

• A hybrid catalyst with anodized alumina
on an aluminumbodywasmanufactured
and scaled up.

• The catalyst was tested for NO oxidation
to NO2 in a very corrosive media.
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This work presents an example of the design and manufacture capabilities that 3D printing can introduce in ca-
talysis. A multi-purpose catalyst, with fast heat and mass transfer and low-pressure drop has been designed and
manufactured by 3D printing. The novelty of the methodology is the combination of advanced techniques for ac-
curate control on themicropore-level alliedwith a generic framework for the design ofmacropore and structural
levels. The ability to design orderedmacroporous should be combined with adequate and controllable implanta-
tion of surface functionalities.With this combination of advanced techniques formacro andmicro-pore control, it
is possible to produce catalysts that unlock traditional trade-off compromises between diffusion, pressure drop
and heat transfer.
To demonstrate this novel methodology, we have designed and 3D printed a cubic iso-reticular foam in
AlSi10Mg. After producing the support, its entire internal area was anodized to high-surface alumina followed
by Pt deposition.We have verified the reproducibility of this technique bymanufacturing a catalyst for a demon-
stratorwith 8m length. The test reactionwas oxidation ofNO toNO2with themain aim to accelerate this reaction
for additional recovery of energy in the production of nitric acid.
© 2019 Brunel Centre for Advanced Solidification Tecnhnology, Brunel University London. Published by Elsevier Ltd.
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1. Introduction

Around 90% of all the chemical processes currently in use have a cat-
alytic step [1], and 80% of these are based on heterogeneous catalysts
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[2]. Despite the diverse research program targeting catalyst develop-
ment, most heterogonous catalysts are still based on spherical gran-
ules or extruded pellets. Foams and honeycomb monoliths have
niche applications.

Additive manufacturing (AM) or 3D printing (3DP) techniques have
been known for more than 30 years but it is only recently that this fab-
ricationmethod started to be investigated for the design and production
of novel catalysts [3–12]. Most of these initial publications focus on the
properties of the 3D printed materials and describe the benefits of
mixing due to intercalated shape patterns. However, the great and yet
unexplored benefit of using 3DP for catalyst design is that the structure
can be computer designed to satisfy multiple or multi-task criteria.
Manufacturing tailored shapes can allow new operating windows for
catalytic processes, modifying the classical trade-off limitations of oper-
ation. The catalyst shapes can then be optimized to improve flow pat-
terns but also to maximize heat and mass transfer. The works with
catalysts produced by 3DP focused on ceramic or polymer materials
so tackling enhanced heat transfer was not considered in previous
literature.

Alternatives for accelerating heat transfer to or from the reaction
media are the utilization of coated metals [13–15] or supports made of
highly conductive materials like silicon carbide [16,17]. Coating a cata-
lyst that candeliver fast heat transfer can result in spalling and detaching
of the catalytic layer due to stress-induced fatigue [18]. Moreover, if the
structure of the support is intricated, several measures should be taken
to ensure uniformity [19,20]. For introducing washcoats, the viscosity,
pH, particle size and loading will influence the coating uniformity but
may also introduce constraints in the adhesion and metals that can be
applied in situ [21].

3DP has been successfully used for manufacturing diverse types of
objects in architecture [22,23], parts for industry [24], bone implants
[25], etc. Catalysts can be produced with many different materials, but
for harder conditions found in many chemical reactions (temperature,
pressure, pH), metal and ceramic materials are relevant. The combina-
tion of a ceramic porous material and a metallic structure can deliver
enhanced properties that benefitmass transfer (porosity of the ceramic)
and heat transfer (fast conduction through the metal).

This publication presents a methodology for the design and manu-
facture of a catalyst with controlled macropore and micropore struc-
tures. The catalyst is a 3D printed iso-reticular aluminum foam with
anodized surface to generate local porosity to accommodate Pt as the
active metal. AM has been an enabling technology once that the shape
produced in this work cannot be produced by any other means. Using
electrolysis to generate alumina in-situ allows tuning of the micropo-
rosity by changing electrolysis conditions [26]. This alumina outer po-
rosity ensures that diffusional resistances are reduced. Furthermore,
the open macropore 3D printed structure results in low pressure drop
and enhanced flow mixing. Since the catalyst structure is made from
metal, it can transport heat faster (to or from the reactor). The in-situ
generation of alumina ensures a small and uniform layer over intricated
structures while at the same time minimizing thermal stresses.

As an example of the capabilities of this design approach, we have
used this catalyst for the bulk oxidation of NO to NO2 in the presence
of water under industrial conditions for the production of nitric acid.
The reaction is extremely corrosive [27], equilibrium limited, and has
a heat of reaction of −114 kJ/mol.

2. Catalyst design methodology

2.1. Generation of catalyst macro-structure

Open-cell foams are porous supports that allow good radial mixing.
Having enhanced radialmixing contributes to transport heat faster to or
from the surroundings. Although a thorough work has been done in
controlling the foam structure to a good extent, small size distributions
still exist in commercial foams. For some very exothermic reactions (or
successive reactions), even small variations in the catalyst structure, the
heat distribution and dissipation can result in a loss in selectivity and
potentially undesired temperature fluctuations [28–30].

The novel design methodology is based on dividing the desired vol-
ume of the foam into an array of space-filling solids to produce a tilling
without voids. In this tilling, each space-filling solid will constitute one
cell. If all cells are of equal dimensions, we set up the basis for the gen-
eration of an iso-reticular foam. Tomake each cell, it is necessary to sub-
tract to the original space-filling solid, a similar solid with smaller
dimensions (centered at the same point), and the walls, to provide in-
terconnectivity between the cells. A given number of desired walls (n)
of each cell are removed by m-sided prisms being m the number of
edges of the cell side. Replicating this operation over all cells in the de-
sired foamdimensions, is possible obtain anopen-cell iso-reticular foam
by design.

Themain advantage of thismethodology is that the strut dimensions
and the foam porosity can be kept as independent variables. In order to
change the porosity without changing the strut dimension, another
space-filling solid should be selected. Moreover, to further promote
mixing, it is possible to rotate the cells with respect to the inlet of
fluid. It has been reported that for lower velocities, the pressure drop
is a function of the rotation angle [31], while for very turbulent flows,
the cell shape and the porosity are the main parameters [32]. Cell rota-
tionwith respect to the flowdirection has also proven to be beneficial to
reduce the height of theoretical plates in chromatography [33].

2.2. Generation of catalyst micro-structure

When the reaction rate is very fast, diffusional resistances can dom-
inate the entire reactor performance. One strategy to deal with such
diffusion-limited problems is to use a catalytic layer only in the external
part of the catalyst structure, resulting in a so-called “egg-shell” catalyst.
Coating is themost used technique for deposition of a catalytic layer in a
structured catalyst. Three-way catalysts are the most popular example
where the catalyst is coated to a cordierite (ceramic) substrate. When
a ceramic material is coated on a metallic substrate, the very different
thermal expansion coefficients can result in spalling if the process has
frequent stops or large thermal oscillations.

In this work we have adopted an alternative approach which con-
sists in the electrolytic anodization of the external layers of aluminum
into alumina. Anodization of aluminum (Al) andAl alloys has been stud-
ied for decades and has applications in multiple areas [26,34,35]. In ca-
talysis, anodization is normally conducted on aluminum foil creating a
stable Al2O3 layer with a perfectly ordered array of pores [36–39]. The
surface area of the catalyst can then be functionalized by deposition of
noble or transition metals [40–42]. It has been shown that the pore or-
dering, pore size, and thickness of the alumina layer can be controlled by
varying anodization conditions such as pH and type of electrolyte
[43–45], potential [46–48], current [49,50] and temperature [51] on
pure aluminum or aluminum with small contaminant content (6060
or 6061 alloys). Sulfuric acid gives the smallest pores, oxalic acid gives
an intermediate pore size and phosphoric acid the largest pore size
[52–55]. A novelty of the present study is to form a nano-porous oxide
layer on the internal surface of the 3D printed cubic iso-reticular foam.

3. Experimental methods

3.1. Support preparation

The catalyst macro-structure used in this work is a cubic-cell iso-
reticular foam with a rotation of 45° in one coordinate. The design,
manufacturing and characterization of these structures has been de-
scribed in detail in a previous work [32]. We have proven that the
differences between designed and achieved porosity is very small.
The supports were printed in PRODINTEC (Spain) using the direct
metal laser sintering (DMLS) technique. The equipment used is an
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EOSM280 (Germany) and the material is the EOS commercial alumi-
num alloy AlSi10Mg. To have the possibility of self-supporting and to
further promote fast heat transfer from the tubular reactor, the metal
iso-reticular foam was designed with an external wall that was also
printed. Fig. 1 shows a cross-section over the length of the printed
structure. The “as 3D printed” dimension of the macrostructures
are 2.1 cm diameter and 20.0 cm length. Different experiments
were made on cut-outs of the samples with different lengths (keep-
ing the diameter): 1, 10 and 20 cm.

3.2. Anodization procedure

Before anodization, the aluminum surface was pretreated in two
steps. First, the aluminum structure was degreased by sonication in ac-
etone for 15 min at room temperature. Then, the dried structure was
soaked in 1 M sodium hydroxide (Merck) for 2 min at room tempera-
ture before rinsing with deionized water to remove contaminants and
to smoothen the surface. During the anodization, the pretreated alumi-
num structure was the anode and a solution of 10–15% of sulfuric acid
(puriss, 95–97%, Sigma-Aldrich) was used as the electrolyte. A platinum
coil (0.5mmPt wire, K.A. Rasmussen, Norway)was used as cathode. An
illustration of the electrochemical setup is included in the supporting in-
formation (Fig. S1). A fixed potential was applied to the system during
the anodization process and the current was changing during the reac-
tion going through amaximumbefore reaching an equilibrium. The var-
iation in electrical current was recorded for the entire duration of the
experiments. A typical curve showing the variation of current density
with time is presented in the supporting information (Fig. S2).

There are twomain challenges in anodizing the internal structure of
the 3D printed cellular structure. The first challenge is related to thema-
terial. The most employed aluminum alloy for 3D printing, AlSi10Mg
alloy, has a high (10%) silicon content. Anodizing this alloy is signifi-
cantly different from anodizing pure aluminum or aluminum with
small amounts of other elements (like 6060 or 6061 alloys). During
the anodization of the AlSi10Mg alloy, there will be an enrichment of
Si in the oxide layer. Enrichment of the alloying elements in the anodic
oxide film is a known phenomenon described in the literature [56–62].
The second challenge is related to the anodization of complex shapes.
Two factors can result in a non-homogeneous layer of alumina in the
foam:

(1) the rough inner surface of the structure is not directly accessible
(as in the case of fully exposed thin films),

(2) the gas bubbles resulting from the oxidation of Al to Al2O3will be
trapped inside the foam.

Improved operating conditions to obtain an acceptable alumina
support were obtained after a systematic study of the anodization
parameters. An additional target was to minimize (suppress if pos-
sible) the formation of SiO2 during anodization. We studied the
Fig. 1. Longitudinal cross-section of the 3D printed open-cell foam used
following anodization conditions: concentration of electrolyte, po-
tential, anodization time and length of the structure to be anodized.
The interval of the variables studied in the anodization process is
summarized in Table 1. The effect of each of these variables is provided
in the supporting information. It has been reported in the literature that
sulfuric acid is one of themost suitable for high Si aluminum alloys [63],
and therefor this acid was chosen as electrolyte.

3.3. Catalyst impregnation

Deposition of platinum in the porous oxide layer obtained by an-
odization was performed by wet impregnation [64,65]. Only the
inner surface of the cylindrical structures was exposed to the Pt
source. As platinum source we have used a commercially available
diamminedinitritoplatinum(II) solution: Pt(NH3)2(NO2)2, 3.4% Pt in
dilute ammonium hydroxide from Sigma Aldrich. Before impregna-
tion, the supports were cleaned with pressurized air to remove pos-
sible residues from the anodization process and then dried at 150 °C.
All the samples were exposed to the Pt solution for 2 min. After this
exposure time, the excess solution that was not adsorbed inside the
porous alumina layer was removed by vigorous shaking. Afterwards,
the samples were dried in air at 80 °C overnight. The calcination of the
catalysts was carried out at 300 °C for 6 h and with a heating rate of
3 °C min−1 passing a flow of helium (flow rate = 60–80 cm3 min−1)
through the samples [66]. Before the testing and before using them in
the industrial demonstrator, the sampleswere further reducedwith hy-
drogen (99.999% purity, Yara, Norway) at 300 °C for 3 h.

3.4. Characterization methods

The microstructure and composition of the anodized samples were
analysed using scanning electronmicroscopy (SEM, Nova NanoSEM650
from FEI Corp) and energy dispersive spectroscopy (EDS, X-Max 50 Sys-
tem from Oxford instruments). Compositions were determined using
the Aztec software (Oxford instruments) and were based on calculated
standards. Both the surface and polished cross-sections of the anodized
3D printed parts were characterized.

Surface area was determined from nitrogen adsorption at 77 K by a
Monosorb instrument (Quantachrome, USA) with a measurement range
of 0.01–3000 m2/g and typical 0.5% reproducibility. Samples were acti-
vated under vacuum at 150 °C overnight prior to the measurements.

3.5. Reaction testing

NO oxidation experiments were conducted in a set-up unit already
described [27] but instead of the reactor being differential, a Pt-
impregnated 3D printed iso-reticular foam with 2 cm length and 2.1 cm
diameter was used. A picture of catalyst in the reactor is shown in the
Supporting Information. Experiments with 5% of NO were made in the
presence of 20% of water at a pressure of 4.7 bar and 300 °C. These are
similar conditions as the ones found in modern dual-pressure nitric acid
as the catalyst macro-structure. Length: 10 cm; diameter: 2.1 cm.

Image of Fig. 1


Table 1
Summary of variables in the anodization process.

Variable Range

Sulfuric acid concentration 10–15%
Potential 10–22 V
Anodization time 0.5–120 min
Equilibrium current density 1.5–3.5 A/dm2
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plants. These experiments are very corrosive, and they should be per-
formed with extreme caution.

4. Results and discussion

Performing the anodization of the 3D printed parts with higher volt-
age, higher electrolyte concentration and/or longer time, will give an in-
creased Si enrichment. On the other side, softer anodization conditions
(lower voltage, lower electrolyte concentration and short anodization
times) will render lower porosity and a very thin oxide layer. With a
parametric study of the anodization process (described in more detail
in the supporting information) we have observed that it is possible to
decrease the SiO2 content in the external oxide layer from as high as
80wt% down to approximately 10wt% by changing the anodization pa-
rameters. Based on this parametric study, the selected anodization con-
ditions were: electrolyte concentration of 15% H2SO4 in water and
voltage of 15 V.

The length of the 3D printed structures is also crucial for the anodi-
zation. Since the studied foam is covered by an external solid wall, the
concentration of electrolyte inside the structure might locally change,
particularly in the case of longer structures. Moreover, in larger struc-
tures the gas bubbles generated from the anodization process will
take longer to be evacuated from the structures, reducing locally the
surface contact with the electrolyte. In scaling-up anodization condi-
tions, attention should be paid to the overall surface area of thematerial.
Different areaswill affect the overall resistance of the system,whichhad
to be taken into accountwhen scaling up the electrochemical setup and
also the size of the cathode to avoid overheating.

We have studied the anodization of structures with the same diam-
eter (~21mm) anddifferent lengths; 1, 10 and 20 cm. Scanning electron
microscopy (SEM, Nova NanoSEM650 from FEI corp.) and energy disper-
sive spectroscopy (EDS, X-Max 50 system from Oxford instruments) data
were recorded in pre-specified positions of the anodized structures in
order to have a mapping of the size and the composition of the oxide
layer. The structure with 1 cm length was short enough to have a
good contact with the electrolyte in all the sample, and the anodization
process posed no problems to obtain a homogeneous layer in thewhole
part. Also, for the structure with 10 cm length it was possible to opti-
mize the setup and produce a homogeneous oxide layer throughout
the structure. The anodization should be performed using 15 V for a pe-
riod of 15 min with a solution of 15% of sulfuric acid in water as
electrolyte.

For the structure with 20 cm length it was not possible to find anod-
ization conditions giving a homogeneous oxide layer throughout the
structure (see Fig. S5). In all the tested conditions, when using 20 cm
structures, the alumina layer in the center was thinner than in the
extremities.

Therefore, the size of the structures where platinum was deposited
was 10 cm length. This procedure was repeated for 80 parts. Fig. 2
shows SEM images of one of the aluminum structures. EDS of this sam-
ple shows about 30% SiO2 in the oxide layer. Fig. 2a shows themorphol-
ogy of the anodized struts inside the structure. It is expected that with
the overall rugosity of the sample, the results will be very different
than the perfect honeycomb arrays reported in thin and straight alumi-
num films. Fig. 2b–d show detailed views of a cross-section of the oxide
layer. Fig. 2b shows the grain structure where the anodized alumina on
the surface is darker. Fig. 2c shows a further magnification where is
possible to see that the alumina oxide is ordered at the grain level. In
Fig. 2d the Si rich areas are colored red for clarity. It can be seen that
some of the Si is also diffusing to the surface which explains the 30% of
SiO2 compared to the 10% of silicon in the alloy. Similar pictureswere re-
corded for some of the 80 samples prepared with good reproducibility.

Fig. 3 shows SEM results where measurements of the thickness of
the alumina layer were recorded in different positions. Several mea-
surements confirmed that the thickness of the oxide layer is between
3 and 4 μm in different parts of the structure. These samples have a
SiO2 content of approximately 30–35% in the oxide layer. The larger
amount of SiO2 in the surface is caused partially by some migration of
Si to the surface but also due to some dissolution of the alumina in the
external layer. In the case of this alloy, some alumina grains are “peeling
off” during the anodization process leaving the structure of SiO2 that can
be seen also in Fig. 3. We did not account the SiO2 layer to estimate the
size of the Al2O3 oxide layer.

The generation of alumina on the surface of the 3D printed iso-
reticular foam structures results in a net increase of the surface area.
BET measurements show an increase in the surface area from 0.1 m2/g
(foam) for an untreated aluminum sample to 1.5 m2/g(foam) for an an-
odized sample. The small value of surface area is due to the largemass of
the aluminum body. The surface area of the porous alumina (assuming
that alumina density is 4.0 g/cm3 and silica is 2.65 g/cm3), is estimated
to be ~50 m2/g(Al2O3).

One of the benefits of the direct anodization process is that the oxide
layer is chemically attached to the metal body. This should render a
much higher mechanical resistance in case of thermal oscillations. In
cases where the temperature of the process is approx. 300–350 °C and
with possibility of frequent stopovers, it is desired that the catalyst is
stable. To test the resistance of the produced 3D printed anodized
foam, one sample was heated to 350 °C over night and then cooled
down before it was hit mechanically. Fig. 4 shows SEM images before
and after the heat and “mechanical” treatment. The results show that
the sample can withstand some thermal and mechanical treatment,
which indicates that the anodization procedure produces an alumina
layer that is stable for demanding operating conditions. However,
more tests should be done to determine the overall resistance, particu-
larly to thermal oscillations.

The distribution of the platinum introduced by wet impregnation
was examined by SEM. Fig. 5 shows SEM images of both the surface
(Fig. 5a) and the cross-section (Fig. 5b). The results indicate that plati-
num is quite evenly distributed, both over the surface and through the
porous layer. The size of the Pt particles/clusters was estimated to be
in the range 20–50 nm.

The individual cells of the 3D printed iso-reticular foam were de-
signed with a strut half-thickness of 0.15 mm for a 2 mm overall cell
length. An observed oxide thickness of 3 μm in all the available area of
the struts imply that the fraction of alumina is ~2% of the foam. The
value calculated from the BET measurements, indicate that this value
is approx. 3 wt%. This can be explained by the difference between the
real surface area (including the rugosity as observed in Fig. 2) and the
design surface area. The total amount of platinum on the sample is
0.12wt%determined byweightmeasurements during the sample prep-
aration. This corresponds to an average of 4.1 wt% Pt in the alumina
layer.

This catalyst was developed to perform the oxidation of NO to NO2

for the synthesis of nitric acid. The NO oxidation is an homogeneous re-
action normally regarded as a fast reaction. However, in the industrial
production of fertilizers, the rate of heat exchange is faster than the
rate of conversion [27]. The conversion of NO in industrial plants at
300 °C is approximately 24%, which is far away from the equilibrium
conditions (~95%). If the rate of NO oxidation is increased by a catalyst,
additional energy can be recovered in existing units contributing to a
process intensification strategy that can be retrofitted to existing plants.

Since the gas velocity is very high (~20 m/s), the iso-reticular foam
was designed to have a higher porosity which will render a lower



Fig. 2. SEM images of a structure with 1 cm length anodized with 15 V for 15 min in a solution of 15% sulfuric acid, where a) shows the anodized struts inside the structure, b–d) are the
cross-section of one oxide layer. In d) the superposition of the SEM picture and the EDS mapping is shown which enhances visualization of Si rich areas.
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pressure drop. Moreover, the egg-shell catalyst should contribute to
minimize diffusional effects. Keeping the catalytic layer in direct contact
with an aluminum body should also enhance the heat transfer to the
surroundings in this exothermic reaction.

Experimentswere performed for different amounts of oxygen in two
different samples of the produced foam. The oxidation results are shown
Fig. 3. SEM images of a structure with 10 cm length anodized using 15 V for 15 min in a solution
close to the edges of the structure (a) as in the center of the structure (b).
in Fig. 6 for two different samples to demonstrate the reproducibility of
the method. The temperature at the exit of the reactor is increased by
less than 1 K after the reaction started. This is expected because of the
high heat transfer coefficient of the foams (U ~ 1000 W/m2/K) [32].
The conversion with 8% of oxygen in the gas phase (conditions at the
plant) is approx. 50% in a very small piece of catalyst, demonstrating
with 15% sulfuric acid in water as electrolyte. The thickness of the oxide layer is the same

Image of Fig. 2
Image of Fig. 3


Fig. 4. SEM images of a structure with 10 cm length anodized using 15 V for 15min in a solutionwith 15% sulfuric acid inwater as electrolyte before (a) and after (b) heat andmechanical
treatment at 350 °C.
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that this catalyst can be used for process intensification of existing nitric
acid plants.Moreover, the good reproducibility of the experimental data
indicates that the generation of macro and micro-porosity is reproduc-
ible and homogeneous. Once that themethodology to produce homoge-
neous catalysts was validated, we have produced 80 foam catalysts (of
10 cm length and 2.1 cm diameter) of such catalysts in order to fill a
demonstrator unit with a length of 8 m.

5. Conclusions

Thiswork presents a newmethodology for catalyst design andman-
ufacture allowing full control of catalyst structure. The main advantage
of this methodology is the preparation of structured catalysts with hy-
brid properties. Hybrid properties can be obtained by a targeted design
ofmacro-structures to facilitate heat transfer and by selective treatment
of the produced surface to increase conversion. Indeed, using 3D print-
ing techniques, a scalable structured catalyst can be designed and
manufactured to the cell and strut level. Additionally, using lattices
with different geometrical shapes is possible to expand the classical lim-
itations and trade-offs between mass, energy and momentum transfer.

In thisworkwehave also demonstrated that is possible to generate a
layer of anodized alumina with homogeneous thickness in an intricated
Al support produced by 3D printing. Such layer can reduce spalling
Fig. 5. SEM images showing the platinum distribution a) view from the top to a section of the su
superimposed.
problems since is chemically linked to the support. This hybrid struc-
ture has multiple advantages for reactions that are fast and very exo-
thermic (or endothermic); the thin layer of alumina will minimize
diffusion limitations resembling an egg-shell catalyst and the fast
and local contact between the catalytic layer and a metallic body
helps in fast heat removal.

The anodized cubic iso-reticular foamwas used for impregnation of
Pt as a catalyst for the oxidation of NO to NO2. We have seen a much
faster heat transfer when compared with an empty tube or with a clas-
sical alumina catalyst. Moreover, the conversion of NO to NO2 was
around 50% using a small catalyst, which is much higher than the
existing 24%.

Thiswork shows one of the possibilities of using 3Dprinting as a tool
for preparation of hybrid catalysts. Using 3D printing as manufacturing
technique for catalysts can result in increased versatility leading to
shapes that cannot be achieved with traditional manufacturing. Such
materials can be particularly useful in reactionswhere diffusion, mixing
and/or heat transfer limit the performance.
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