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ABSTRACT: Heat distribution and good adhesion of the
washcoat on monolith catalysts are critical to improving catalytic
activity and long-term stability. Compared with cordierite, metal
foam presents a high thermal conductivity coefficient. Also, the
availability of “washcoat” in situ grown on metal substrates opens
the door to eliminating the problem of coating peeling. Generally,
hydrothermal or thermal methods are used for the fabrication of in
situ grown washcoat on metal substrates. In this research, the
aluminum foam monolith vertically aligned Al2O3 nanowire array is
successfully prepared at ambient temperature in an alkaline
solution for the first time. Furthermore, the Pt-loaded Al2O3 nanowire array (0.5 gPt/Lmonolith) is applied to C2H4 degradation.
The catalyst converts 90% C2H4 at 147 °C with a gas hourly space velocity (GHSV) of 20,000 h−1. And a little decrease (1%) is
observed in catalytic activity, even in 15 vol % water vapors. The catalysts show good thermal stability and water resistance property
over 36 h at 300 °C. Above all, this study presents a simple way of in situ growth of washcoat on metal-substrate monolith with
potentially scaled manufacturing. And the monolith catalyst shows good catalytic performance on C2H4, which can be applied for
volatile organic compound treatment.

1. INTRODUCTION
The increasing frequency of haze pollution in China has drawn
widespread attention as a result of fast and energy-intensive
growth over the last several decades. The implementation of
China’s toughest-ever clean air policy results in a significant
reduction in SO2, NOx, CO, and volatile organic compound
(VOC) concentrations. VOCs also contribute significantly to
global warming as reported by the Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment Report in 2013.1

VOC emissions are still primarily caused by industrial
processes and solvent use.2 Many recovery technologies
(such as adsorption, absorption, membrane separation, and
condensation) and oxidative approaches, such as catalytic
oxidation (CO), thermal incineration (TO), biological
degradation, photocatalytic decomposition, and nonthermal
plasma oxidation, have been developed to reduce VOC
emissions.3 CO, which decomposes VOC pollutants over
suitable monolith catalysts at much lower temperatures
(typically 200−500 °C) compared to TO,3 is one of the
most effective and economically feasible technologies to
eliminate dilute VOC (<0.5 vol %) effluent streams.

Ceramics made from synthetic cordierite (2MgO·2Al2O3·
5SiO2) are typically employed as monoliths because of their
resilience under vibration and attrition, as well as at high
temperatures (>1000 °C).4−6 Pt, Pd, or Rh is generally
supported on the high surface area γ-Al2O3 and then placed on

the walls of the cordierite.7,8 Long-term performance in widely
variable exhaust gas circumstances requires good washcoat
adherence to the substrate. The catalytic oxidation device
functions on alternate cycles of heat storage and release of
regenerative beds, resulting in the oscillation temperature of
monolith catalysts, which results in easy adhesion between the
washcoat and the substrate due to the variable coefficient of
thermal expansion. Furthermore, the difference in heat
conductivity coefficients between cordierite (∼0.06 W m−1

K−1) and γ-Al2O3 (∼20 W m−1 K−1) promotes washcoat
peeling.9 The reaction is fast and the conversion is regulated by
mass transfer when the conversion efficiency is high.10 It is
effective at improving mass transfer to the catalyst by
increasing the catalyst quantity and using a high-cell density
substrate (with a larger contact area and smaller cell
width).10,11 However, smaller substrate channel diameters are
associated with larger diffusion boundary layers and higher
pressure drop.12,13 Furthermore, the typical coating process
results in a nonuniform surface topography, which renders the
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catalyst more susceptible to inactivation.14 As noted above, the
deficiencies of cordierite clearly reduce the activity and
longevity of the supported catalysts.

Metal substrates can be covered by a “washcoat” with in situ
growth, resulting in greater adhesion between substrates and
overlayer due to chemical linkages. Open-cell metal substrates,
for example, have been proposed for the removal of gaseous
pollutants,14−17 water treatment,18,19 reforming of methane,20

supercapacitors,21 fuel cells,22 thermal storage,23 and so on.
Furthermore, the coefficient of thermal conductivity of metals
such as Al (∼237 W m−1 K−1) is hundreds of times greater
than that of cordierite, resulting in more uniform temperature
distribution and improved heat efficiency when employed on a
broad scale. Furthermore, as illustrated in Table 1 and Figure

1, metal-foam-based catalysts have an interconnected three-
dimensional channel structure that improves gas mass
transfer.16 Moreover, metal substrates provide an applicable
way to heat monolith catalysts with electricity. Electrical power
applied to electrified conductive monolithic metal-based
catalysts on monolith can cause the release of lattice oxygen
from the catalyst, resulting in much lower reaction temper-
atures.24 As a result, metal foam-based monolithic catalysts will
be a viable option. As is well known, hydrothermal or thermal
methods are used to prepare open-cell metal substrates for in
situ generated washcoat.14,15,18 However, neither hydrothermal
nor thermal methods can easily prepare the monolithic catalyst
at lower temperatures and offer the probability of scalable
production.

We discuss here the fabrication of γ-Al2O3 nanowire arrays
on open-celled aluminum foam (denoted as OAl-foam) by
impregnation in the alkaline solution at room temperature, as
well as the performance of Pt-loaded OAl-foam for C2H4
catalytic oxidation. In comparison to the existing synthetic
approaches, this study presents a simple way of producing
monolithic catalysts with potential applications in manufactur-
ing. Interestingly, the exposed crystal planes of the triangular
prism-shaped γ-Al2O3 nanowires are (101̅), (1̅1̅2), and (1̅21̅).
Compared with γ-Al2O3 facets containing (100), (101), or

(111) facets,26,27 the exposed triangular prism-shaped γ-Al2O3
facets have higher surface energies for strongly attaching Pt,28

consequently disseminating Pt active phase uniformly. The
loaded noble metal evenly spreads as small nanoparticles (<4
nm) or single atoms on γ-Al2O3 of aluminum foam. Catalytic
combustion of C2H4 is chosen as a probe experiment to assess
the activity of the VOC oxidation catalysts. At 147 °C, the
catalyst converts 90% C2H4 at a rate of 20,000 h−1. Water
vapor (15 vol %) has little effect on C2H4 catalytic activity. As a
result, this study proposes a simple and effective approach for
creating a hierarchical γ-Al2O3 framework that may be
employed as a monolith catalyst in VOC treatment due to
its chemical adhesion, activity, thermal stability, and water
resistance.

2. EXPERIMENTAL SECTION
2.1. Materials. An open-cell aluminum foam monolith

from Shanghai Yinfu with <5 mm pores (∼60 cpi) was cut to
obtain a mini-monolith (2.0 cm × 2.0 cm × 0.9 cm; 0.30 g
cm−3) with a mass of ∼1.1 g. Pt(NO3)2·2H2O (15% as Pt) was
purchased from Shanghai Jiuling Chemical Co., Ltd.. NaOH
was purchased from Sinopharm Chemical Reagent Co., Ltd.
2.2. Preparation of the Monolith Catalyst. First,

deionized water was used to ultrasonically clean the open-
cell aluminum foam components. After that NaOH powder
was dissolved in deionized water to obtain a solution with a pH
of 12 and the solution temperature is 40 °C. Next, the cleaned
aluminum foam pieces were added to the solution and a large
number of bubbles were created in the solution. The oxidized
aluminum foam was removed after 4 h, rinsed, and dried in an
oven (at 120 °C). The monolithic catalyst was then created by
impregnating aluminum foam with a Pt(NO3)2 aqueous
solution. Pt loading in aluminum foam was 0.5 g of Pt per
liter. At 50 °C, the loaded Pt-solution aluminum foam was
evaporated for 12 h. The finished products were calcined in air
at 550 °C for 5 h using a 5 °C min−1 heating ramp.
2.3. Monolith Characterization. X-ray diffraction (XRD,

Bruker D8 ADVANCE) with monochromatic Cu Kα radiation
was used to evaluate the phase purity and crystal structure of
the catalysts. To explore surface morphology and elemental
analysis on the catalyst interface, an FEI scanning electron
microscope (SEM, Nova NanoSEM 450) equipped with an
energy dispersive spectroscopy (EDS) detector was utilized to
capture high-resolution pictures. Transmission electron mi-
croscopy (TEM) images were taken using a JEM-ARM200F
(JEOL) at a voltage of 200 kV. After dispersing a limited
number of samples in ethanol, the solution was placed on a
carbon-coated Cu grid and dried at room temperature.
2.4. Reaction System and Activity Measurements. All

of the tests were carried out under atmospheric pressure.
Experiments with ethylene (C2H4) oxidation were carried out
in a micro-reactor with an internal diameter of 30 mm. The
volume of the catalyst was 21.6 mL (six pieces of mini-
monolith). An oven was used to heat the reactor, and the
temperature of the catalyst was monitored using a K-type
thermocouple placed within the reactor and close to the
catalytic bed. When just the bare supports were inserted in the
reactor at temperatures utilized for kinetics tests, no discernible
conversions were seen. The composition of the reactant
mixture was adjusted by adjusting the flow rates of C2H4 (700
ppm), O2 (20 vol %), and N2 while keeping the overall flow
rate constant at 800 L h−1. The parameters were consistent
with a GHSV (gas hourly space velocity) of 40,000 h−1. The

Table 1. Characteristics of Cordierite and Al Foam

Al foam cordierite

thermal conductivity 237 W m−1 K−1 0.06 W m−1 K−1

pore structure 3 dimensions 1 dimension
coating process one step several steps
washcoat−monolith interaction chemical physical
heat distribution even14 not even12,25

Figure 1. Photo of fresh and synthesized aluminum foam. Photograph
courtesy of Shengpan Peng. Copyright 2022.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07237
ACS Omega 2023, 8, 1643−1651

1644

https://pubs.acs.org/doi/10.1021/acsomega.2c07237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07237?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07237?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


operating pressure was one atmosphere, and the pressure drop
(0.015 atmosphere) was ignored. A Fourier transform infrared
(FT-IR) gas analyzer (MKS, MultiGas analyzer, model 6030)
equipped with a liquid-nitrogen cooled mercury−cadmium−
telluride (MCT) detector was used to monitor the
composition of the effluent gases in real-time. The water
resistance of the catalysts was evaluated at a temperature that
achieved 90 percent ethylene conversion in the dry phase. The
reaction gas was then blended with water vapor by heating
ultrapure water injected with a precision syringe. After some
time, the injected water vapor was turned off, and the
concentration of ethylene was measured throughout the

process. The catalysts were tested for 36 h to determine
their stability.

3. RESULTS AND DISCUSSION
3.1. Heat Distribution. To evaluate heat distribution on

cordierite and Al foam, surface infrared thermal analysis is
performed for 200 cpi monolith cordierite, 60 cpi monolith
cordierite, and 60 cpi Al foam, as shown in Figure 2. Two types
of heating methods are shown in Figure 2a. The samples are
placed on a heating platform at a constant temperature of 200
°C, and pictures of infrared thermal imaging in various phases
are shown in Figure 2b,c. The surface temperature of Al foam
rises the fastest and has the most uniform temperature field

Figure 2. (a) Scheme of heating methods of monolith substrates. Infrared thermal images of cordierite and Al foam (b and c).

Figure 3. SEM images of fresh Al foam and oxidized Al foam. (a) Surface structure of oxidized Al substrates; (b) surface structure of fresh Al
substrates; (c) enlarged view inside the light blue box in (a); (d) sectional view of the oxidation Al substrates, and (e) enlarged view inside the gold
box in (d).
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distribution. In addition, the surface temperature (∼140 °C) of
Al foam is closer to the heating temperature (200 °C) after
only 1 s in Figure 2b. In the same time period, though thermal
convection in the channels promptly increases the surface
temperature of walls (∼120 °C), the temperature of the
medium layer of cordierite walls is only around 70 °C. The
temperature difference would lead to washcoat peeling because
of different thermal expansion between substrates and
washcoat. Furthermore, to eliminate the thermal convection
in channels, the temperature increase is observed by side
heating in Figure 2b. The surface temperature of Al foam
increases to 100 °C after 1 s, while 200 cpi monolith cordierite
and 60 cpi monolith cordierite take 1 s to reach 60 °C,
respectively. This result shows the superior thermal perform-
ance of Al foam, which can be attributed to its higher thermal
conductivity compared to cordierite.
3.2. Monolith Characterization. Figure 1 shows photo-

graphs of virgin and oxidized Al foam, a framework composed
of open cells (≤5 mm) is observed. Figure 3a shows a low-
magnification SEM view of the fluffy material (Al2O3)
spreading uniformly across oxidized Al substrates. Fresh Al
substrates (Figure S1) already have a thick and slightly rough
aluminum surface. To confirm the details of the Al substrate
surface, high-magnification SEM pictures (Figure 3b) show no
flaws, such as fractures, cavities, or heaves. The naturally
formed oxide film (amorphous Al2O3) on aluminum increases
extremely slowly and remains nearly constant in time with a
thickness of 3 nm.29,30 It protects the metal surface from
further deterioration. The SEM picture in Figure 3c shows that
nanowire arrays with triangular prism shapes are formed
vertically on oxidized Al substrates, roughly 10 μm long and
250 nm wide (Figure S2). The central area of the cross-section
in Figure 3d exhibits significantly more metallic shine than the
sides, showing that the primary component inside the oxidized
Al substrates can be mainly metallic Al. And Figure S3 shows
EDS pictures of a cross-section of an oxidized Al substrate,
demonstrating that the major component of the Al foam is still
aluminum. As illustrated in Figure 3d, the oxidized layer is
approximately 20 μm thick, which is much thinner than the
washcoat (50−100 μm) on cordierite. Figure 3e (enlarged
view of Figure 3d) shows an Al2O3 nanowire array on the
buffer layer with a thickness of several microns. The buffer
layer on metallic Al is loose, porous, and much thicker than the
naturally dense passivation oxidation layer.

The XRD pattern of fresh Al foam (Figure 4) clearly shows a
single phase with diffraction peaks (38.5, 44.7, 65.1, and 78.2°)
pertaining to the cubic Al phase (PDF 04-0787). Because the
thickness of the amorphous oxide layer is just a few
nanometers, any distinctive peaks of Al2O3 cannot be observed

on fresh Al foam in the pattern. XRD measurements are also
performed on oxidized Al foam to determine the phase
composition and crystallographic characteristics. The XRD
pattern in Figure 4 confirms that γ-Al2O3 is produced by the
oxidation of aluminum in an alkaline solution. Two peaks at 46
and 67° (in the gray strips), corresponding to the (200) and
(220) planes of γ-Al2O3 nanowires, are much weaker than
those of the standard PDF 75-0921 card, indicating the small
amount of γ-Al2O3.

Figure 5a shows a high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) picture of

Pt dispersion on the γ-Al2O3 surface. The typical picture
demonstrates the formation of extremely tiny Pt particles (less
than 4 nm) on the γ-Al2O3 support, even after calcination at a
high temperature (550 °C) for hours. The inset of Figure 5a
shows the atomic dispersion of Pt on the γ-Al2O3 surface.
Table S1 shows the elemental quantitative analysis performed
by EDS in this investigation. Almohamadi et al.6 coated
powder catalysts with 1.23 gPd/Lmonolthic catalyst on the cordierite
monolith, just 1.5 wt % Pd on the surface of the washcoat layer
was observed. The washcoat offers a vast surface area for the
chemical reaction on cordierite monoliths; nevertheless,
diffusion resistances in the washcoat lead to decreased reaction

Figure 4. XRD patterns of Al foam before and after oxidation.

Figure 5. (a) and (b) High-resolution STEM images of 0.5 gPt/
Loxide Al foam, inset of (a) is single-atom Pt, inset of (b) is the selected
area electron diffraction (SAED) of Pt nanoparticles; (c) SEM images
of γ-Al2O3 nanowires of oxide Al foam; and (d) and (e) selected area
electron diffraction (SAED) of γ-Al2O3 nanowires, and TEM images
(inset) of individual γ-Al2O3 nanowire of oxide Al foam.
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rates.12,16 Despite the fact that the loading is 0.5 gPt/
Loxidation Al foam in this study, the EDS analysis results reveal
6.4 wt % Pt on the surface of Al foam. It means Pt is equally
disseminated on the surface of the Al foam washcoat, which
could reduce the diffusion resistance.

The HAADF-STEM and selected area electron diffraction
(SAED) patterns in Figure 5b proves the presence of metallic
Pt nanoparticles on γ-Al2O3. The morphology of γ-Al2O3
nanowires is investigated on alumina supports (Figure 5c−
e). The SEM picture (Figure 5c) reveals triangular prisms of γ-
Al2O3 nanowires grown vertically with flat surfaces in lengths
and top. Every side of the triangle is less than 250 nm in width.
SAED of individual γ-Al2O3 nanowires is detected to get crystal
face indices (Figure 5d,e). The three sides of the right-angled
triangular prism γ-Al2O3 nanowire are (1̅1̅2), (101̅), and (1̅21̅)
and the growth direction is [111]. γ-Al2O3 oxides are generated
by the thermal dehydration of aluminum hydroxides and
oxyhydroxides.31−33 In particular, boehmite (γ-AlOOH) is the
starting material for the manufacture of the γ-Al2O3 catalytic
support.33,34 There have been publications on the shape
control of γ-Al2O3 facets contained by the (100), (101), and
(111) facets in the form of nanorods, nanoflakes, nanowires,
and so on.35−37 So far, nanocrystals γ-Al2O3 with higher index
facets are rarely reported. Through hydroxide catalysis, a right-
angled triangular prism γ-Al2O3 nanowire encompassed by
(1̅1̅2) and (1̅21̅) higher index facets is successfully synthesized
in this work. In the case of face-centered cubic (fcc), high-
index planes are open-structure surfaces with a high density of
atomic steps and kinks, characterized by a set of Miller indices
(hkl) with at least one index greater than unit.38,39 γ-Al2O3

nanowires have face-centered cubic unit cells. Exposed (1̅1̅2)
and (1̅21̅) facets have a higher density of atomic steps and
kinks than (100), (101), and (111) facets, facilitating metal−
support interactions. Kwak et al.40 discovered that coordina-
tively unsaturated Al3+ centers on the (100) facets of the γ-
Al2O3 support would atomically anchor Pt with Pt−O bonds.
The (1̅1̅2) and (1̅21̅) facets may expose much more low-
coordinated Al atoms. These low-coordinated atoms can
interact aggressively with supported noble metals or function
as active sites for chemical bond breakdown,36 as shown in
Figure 5a inset. As a result, a high fraction of high-energy
exterior surfaces may be beneficial for high catalytic perform-
ance.
3.3. Catalysts Activity and Stability. For C2H4 catalytic

oxidation, Pt-loaded oxidized Al foam (Pt/OAl) is effectively
created. The C2H4 conversion temperature value of the Pt/
OAl monolithic catalyst is much lower than that of the Pt-
loaded fresh Al foam (Pt/Al) monolithic catalyst (Figure S4).
Under the same test conditions, Pt/Al conversion temper-
atures at 10% (T10) is 200 °C, which is around 90 °C higher
than that of Pt/OAl. Furthermore, Figure 6a is the light-off
curves of Pt/OAl at various GHSV levels (20,000, 40,000, and
80,000 h−1), the detailed results are displayed in Table 2.
Although the rise in T90 values with increasing GHSV levels is
clearly visible in Figure 6a and Table 2, T90 is less than 300 °C
even at 80,000 h−1. The catalytic activity of the prepared Pt-
loaded cordierite and Pt/OAl monolithic catalysts was
evaluated for the total oxidation of C2H4 as shown in Table
3. When the GHSV is close to real operating conditions
(20,000 h−1), T50 and T90 of Pt/OAl are 117 and 147 °C,

Figure 6. Catalysts activity and stability (C2H4 700 ppm, O2 20%, N2 balance). (a) Catalysts activity at different gas hourly space velocity; (b)
water resistance of Pt-loaded on oxide Al foam under conditions of 40,000 h−1 at 300 °C; and (c) thermal stability of Pt loaded on oxide Al foam in
a 36 h stream under conditions of 40,000 h−1 at 300 °C.
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respectively. The Pt-loaded cordierite with the same pore size
and Pt loading as Pt/OAl shows poor catalytic performance.
These findings imply that Pt/OAl monolith catalysts can
significantly increase catalytic conversion efficiency compared
to Pt/Al and meet the practical application scenario conditions
(like exhaust gas treatment of vinyl silo). Above all, the
formation of the γ-Al2O3 nanowire array over the Al foam
contributes to the improved catalytic activity.

Moreover, water resistance is an important sign of catalyst
suitability. C2H4 conversion on Pt/OAl is measured at 300 °C
in the presence of 5, 10, and 15 vol % water vapor (Figure 6b).
The C2H4 conversion is reduced from 92.0 to 91.2, 90.3, and
89.6%, respectively. These results clearly show that water vapor
has little effect on C2H4 oxidation activity. The activity of
catalysts coated on cordierite is substantially more sensitive to
water vapor,6,14 owing to capillary condensation of water in
catalyst nanopores.41 The washcoat on cordierite is con-
structed by powder with an abundance of pores, in which water
undergoes a gas-to-liquid phase transition due to confinement
induction. On one hand, liquid water will clog pores and
impede mass transport. Active sites will be covered, on the
other hand, resulting in reversible inactivation. However, with
the exception of the nanowire array, there are essentially no
nanopores on the oxidized Al foam, which basically inhibits
catalyst reversible deactivation caused by capillary condensa-
tion water. The thermal and hydrothermal stability of these
catalysts is also critical in real-world applications. The catalytic
performances of Pt/OAl for C2H4 degradation are tested for 36
h under dry and humid circumstances (5 vol %) at 300 °C
(Figure 6c). Figure 6c demonstrates that the C2H4 conversion
varies little in dry or humid circumstances at 300 °C, indicating
that the Pt/OAl monolithic catalyst maintains high stability.
Specially, C2H4 conversion is 93% without water in the first 6
h. After injecting 5 vol % water vapor, the C2H4 conversion
decreases to 91% and remains steady during the next 13 h. And
then the C2H4 conversion efficiency is recovered with no
declining trend after turning off the water vapor. Finally, after
the stability test, the nanoarray morphology of the Pt/OAl
monolith does not change according to SEM (Figure S5).
3.4. Growth Mechanism of γ-Al2O3 Nanowires over

the Substrate. A putative physicochemical mechanism is
presented to explain the interaction of Al foam with an alkaline
solution. The dense oxidation layer formed in air on fresh Al
foam is difficult to be removed as shown in Scheme 1 (Stage
0). Under alkaline circumstances, hydration of the oxidation
layers largely involves the hydrolysis of Al−O−Al bonds to
create Al−OH species.42 Extensive hydration eventually results
in oxyhydroxide or hydroxide phases such as AlOOH and

Al(OH)3, which are thermodynamically more stable at room
temperature than Al2O3. And then, the mobile species in the
Al2O3 layer are OH− ions (or H2O molecules), and their
transport rates are fast enough to account for the kinetics of
the Al corrosion process (AlOOH + Al → Al2O3 + H2) at the
interface of Al and Al2O3 (Stage 1).43 These stages can be
supported by XPS analysis. To confirm the surface
components of the oxide layer on Al foam, as well as their
valence states, further analysis by XPS was carried out. As
Figure 7a illustrates, Al 2p spectra fitted by a Lorentzian−
Gaussian display three significant peaks, where one, located at
the binding energy of 73.7 eV, is attributed to the oxidation
layer on fresh Al foam, the second one, centered at 70.9 eV,
indicates the existence of Al metal, and the last one, centered at
71.4 eV, indicates the existence of transition state Alδ+ (0 < δ <
3) at the junction of thin oxidation layer and Al metal. In light
of the information obtained from Figure 7b, the O 1s XPS
spectra of fresh Al foam exhibit dual peaks for different oxygen
species. The main peaks denoted as Olat. at 530.9 eV elucidate
the lattice oxygen on the oxidation layer surface, while the
shoulder peaks denoted as O atom linked to Alδ+ (O-Alδ+) at a
lower binding energy of 529.0 eV. As a comparison, Al 2p
(Figure 7c) and O 1s (Figure 7d) of oxidized Al foam show
different XPS spectra. First, the peak of metal Al vanished
because of the oxidation of Al and the generation of a thick
oxidized layer. Second, detected Al−OH species suggest that
the hydration of the oxidation layers leads to the hydrolysis of
Al−O−Al bonds. And then the Al corrosion process (AlOOH
+ Al → Al2O3 + H2) at the interface of Al and Al2O3 occurred
kinetically.

In stage 2, when the tensile strength of the dense oxidation
layer and the atmospheric pressure surpasses H2 bubbles
pressure, H2 bubbles spontaneously generate at the Al−Al2O3
interface and fill between the interface, leading to the
prohibitive corrosion reaction (AlOOH + Al → Al2O3 +
H2).

44,45 In the Al foam, H2 bubbles can flow from the
interface into fractures in Al substrates because of the lower
tensile strength at the position of inside cracks (as shown in
Figure S1), which promotes the AlOOH + Al → Al2O3 + H2
reaction. In stage 3, the produced Al2O3 shows increased phase
volume compared to Al, decreasing the tensile strength of the

Table 2. Catalysts Activity at Different Gas Hourly Space
Velocity

parameters 20,000 h−1 40,000 h−1 80,000 h−1

T10 (°C) 98 112 118
T50 (°C) 117 131 138
T90 (°C) 147 196 292

Table 3. Catalysts Activity with Different Support at 20,000
h−1

support T10 (°C) T50 (°C) T90 (°C)

cordierite 179 190 310
Al foam 98 117 147

Scheme 1. Assumption Diagram of Nanowire Growth
Mechanism
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dense oxidation layer, and more hydrogen production raises
the internal gas pressure. Until the oxidation layers are broken
into particles (as shown in Figures S7 and S8), the specific
structure (nanoarray) of Al2O3 starts to grow on the buffer
layer (Stage 4). The rough cross-section in Figure 8, for

example, provides evidence that the oxidation layer is smashed
into small grains. The porous oxidation layer and buffer layer,
as shown in Figure 3e, ensure that Al will react with water
continually.46,47 Furthermore, the nanowires grow longer with
time, while the width remains constant in stage 5. Specially,
when the reaction time is long enough, nanowires will form
bundles as shown in Figure 8c. These observations indicate
that the nanoarray may be formed by the production of grains
in the buffer layer. The Al/Al2O3 in the buffer layer transfers to
Al2O3 and produced H2, requiring more space. The gap formed
between adjacent particles facilitates the flow of H2, which
hinders the migration of Al ions between Al2O3 particles,
resulting in the growth of generated Al2O3 in a specific
direction with a structured framework. The increased reaction
temperature causes H2 bubbles to overflow with smaller sizes,
creating smaller grains, and forming crossing ribbon nanoarrays
with thickness of tens of nanometers, as illustrated in Figure
8d. The structural alteration can be described by the depicted
process in Scheme 1. The phenomena of γ-Al2O3-modified Al
constantly reacting with pure water and producing hydrogen at
ambient temperature and atmospheric pressure have been
thoroughly studied.47

4. CONCLUSIONS
We have shown a simple method for the in situ development of
γ-Al2O3 nanowire arrays on Al foam using an alkaline solution,
making the manufacture of monolithic catalysts more reliable.
In addition, γ-Al2O3 nanowires loaded with Pt metals are
applied for C2H4 catalytic oxidation. Because of its hierarchical
structure, Pt/AlO exhibits high activity and thermal stability
for C2H4 oxidation under dry conditions as well as in water
vapor (5, 10, and 15% volume percent). For the first time, the

Figure 7. XPS spectra of fresh Al foam and oxidized Al foam: (a) and (c) Al 2p and (b) and (d) O 1s.

Figure 8. SEM of cross-section of oxidation Al foam with pH = 12
(the reaction times of a, b, and c are different; the reaction times of c
and d are different.)
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new-type γ-Al2O3 material is manufactured as regular nano-
wires with higher energy (1̅1̅2) and (1̅21̅) facets, which have
higher density of atomic steps and kinks interacting
aggressively with supported noble metals. As a result, the Pt-
loaded oxidation Al foam used in this study exhibits the
benefits of lightweight, high mechanical resilience, ease of
manipulation, uniform distribution of temperature, and strong
adherence to the Al substrate. Overall, the Pt-loaded oxide Al
foam is projected to be an efficient and scalable monolithic
catalyst in VOC treatment.
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