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ABSTRACT

In this work, we report a simple approach for the synthesis of highly crystalline
films of ZIF-8 directly grown onto non-functionalized common aluminum
substrates through an easy, short in situ solvothermal methodology. Through
several techniques such as XRD, SEM, EDS, AFM and XPS, it is shown that a
simple, short pretreatment of the substrate with a dilute hydrochloric acid
solution promotes the subsequent solvothermal nucleation and growth of con-
tinuous, homogeneous micrometer thickness and very adherent ZIF-8 films. The
robustness and usefulness of ZIF-8/aluminum are shown by testing it in the
highly exothermic catalytic reaction of carbon monoxide oxidation, in which it
presented a high performance and durability, preserving the metal-organic
framework integrity during reaction time. This behavior demonstrates that the
novel ZIF-8/aluminum systems have a high potential for use in applications at
moderate temperatures demanding a fast heat exchange rate between the metal—
organic framework (MOF) film and the substrate.
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Introduction

Zeolitic imidazolate frameworks (ZIFs) constitute a
family of metal-organic frameworks (MOFs) with
uniform micropores interconnected by cavities, made
up of a metal cation (e.g., Zn>*, Co®") bound to
nitrogen of methylimidazolate anions in a tetrahedral
arrangement which generate a zeolite-type topology
[1]. In particular, ZIF-8 is of interest for its use in
various applied fields since it has a high specific
surface area, thermal stability and chemical stability
[2]. These qualities have sparked a growing interest
in the research of ZIF-8 films. Particular attention has
been given to these films employed mainly for sep-
aration membranes [3] which have been applied in
H, purification [4], separation of alkanes/alkenes [5]
or CO,/CH,4 mixtures [6], among other uses. For this
reason, the synthesis of ZIF-8 films has been carried
out mostly on porous ceramic substrates, such as
alumina [3]. However, it has also been obtained on
other types of substrates to be applied as sensors or
devices based on optical properties [7] including,
among others, non-metallic substrates such as sur-
face-modified glass [8], indium tin-oxide (ITO) glass
[9], nylon [10], polymer [11], carbon nanotubes [12] or
titania [13].
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Several deposition techniques have been employed
to obtain ZIF-8 films, such as layer-by-layer deposi-
tion [14], spin coating [9, 15], self-assembly of
nanocrystals [16], Langmuir-Blodgett [17], chemical
vapor deposition [18], supersonic cold spraying [19]
and pulsed-laser deposition [20]. Another route is the
solvothermal method, which allows obtaining
strongly anchored and well inter-grown polycrys-
talline ZIF-8 films as has been shown on ceramic
substrates [3, 7]. This technique is simple, wide-
spread, does not require expensive equipment and
allows manipulating some properties such as the
microstructure or preferred crystal orientation of the
films by controlling the synthesis parameters [7].
Nevertheless, the growth of ZIF-8 on metal substrates
through the solvothermal method is hampered
because of the low surface roughness and few surface
functional groups of these substrates, which are
mandatory for the nucleation step. ZIF-8 has been
grown on macroporous stainless-steel meshes
[21, 22], but a pre-functionalization of this substrate
was required through a long contact with dopamine
solution or by exposure to pure argon plasma fol-
lowed by treatments with aminopropyltriethoxysi-
lane (APTES), respectively. ZIF-8 films have also been
obtained on zinc plates through a direct in situ con-
version method [23], but it is limited only to the use
of this metallic substrate. Furthermore, adherent ZIF-
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8 films have been obtained on copper substrates
through the secondary growth technique [24]. The
dependence of the synthesis process of a MOF with
the chemical nature of the substrate has meant that to
date there are no reports of direct in situ solvothermal
growth of ZIF-8 onto non-functionalized aluminum.

Aluminum is of technological interest because it
has high thermal conductivity and thermal diffusiv-
ity [25], which is advantageous for its use as substrate
in devices dedicated to applications involving a fast
heat exchange. Some of the applications that could
require a fast thermal response between the metal-
organic framework film and the substrate can occur
in the field of catalysis or adsorption processes,
among others. This property, for example, would
improve the heat conduction to or from the film for a
quasi-isothermal operation of highly endo- or
exothermic catalytic reactions [26] as have been
shown with ZIF-8 film/copper-based microreactors
[27]. ZIF-8/aluminum would also have impact on
real adsorption processes in which a fast heat transfer
rate between the film and the substrate is crucial for
the optimal management of this exothermic process.
It has recently been demonstrated that ZIF-8 films
have heat transport ability [28] which is a key prop-
erty in the development of technologies for the fast,
efficient storage and release of natural gas or hydro-
gen [29]. Additionally, aluminum is low cost, easy to
handle, has high strength/stiffness to weight
ratio, versatility and is commercially available in a
wide spectrum of geometrical shapes. Despite the
above-discussed attractive utilities of ZIF-8/alu-
minum, a detailed analysis of the literature to date
reveals only two articles on this topic, reported by
Zhang et al. [30, 31], who synthesized ZIF-8 films
onto aluminum plates for the purpose of corrosion
protection barrier. They employed polished ultra-
pure aluminum plates pretreated for 24 h with a
solution containing zinc and urea to obtain layered
double hydroxide coatings of ZnAl-COs. Then, in a
second step, the modified Al plate was subjected to
another solvothermal step for 24 h to obtain a ZIF-8
growth.

The aforementioned highlights the need to carry
out new studies toward the development of ZIF-8
films on aluminum substrates. With this objective, in
the present work we report an easy and straightfor-
ward direct in situ growth of ZIF-8 films on alu-
minum through a direct solvothermal treatment of
the substrate. This is the first report of a direct
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synthesis of a continuous and adherent film of ZIF-8
onto 1050-type aluminum foils of industrial use
without surface pre-functionalization. Furthermore,
such ZIF-8 films can be successfully used in appli-
cations requiring a strong demand of heat transfer
between the MOF and the substrate as it is shown
through the highly exothermic catalytic CO oxidation
reaction.

Experimental
Substrate pretreatments

Common and low-cost 1050-type aluminum foils
easily available from non-ferrous metal suppliers
were used (50 pm thickness; Al 99.5%, Si 0.25%, Fe
0.40%, Cu 0.05%, Mn 0.05%, Mg 0.05%, Zn 0.05%, Ti
0.03%), which were cut in 2 x 2.5 cm pieces. To
facilitate their further analysis in the catalytic appli-
cation, some of them were micro-folded with a
homemade device containing two rollers with
micrometer-sized teeth. The substrates were first
cleaned with water and then with acetone in an
ultrasonic bath; afterward, they were subjected to
pretreatments with NaOH or HCI solutions (5 wt.%)
under magnetic stirring from 5 up to 30 min. Finally,
they were washed with water in an ultrasonic bath
for 15 min and dried with Nj.

In situ growth of ZIF-8 films

The synthesis of ZIF-8 films was carried out by a
direct solvothermal treatment of the substrates
employing a previously reported synthetic protocol
that uses methanol as solvent [24]. (NO3),Zn-6H,O
(Sigma-Aldrich, reagent grade 98.0%), sodium acetate
(Cicarelli, pro-analysis), 2-methylimidazole (Sigma-
Aldrich, 99.0%) and methanol (Cicarelli, pro-analysis)
were used in 1:2:2:200 molar ratios, respectively.
Methanolic solutions of 2-methylimidazole and zinc
nitrate were prepared separately under stirring until
the solids dissolved and were then mixed and
maintained under stirring for another 20 min. After
that, the solution was placed in a Teflon-lined auto-
clave together with the substrate which was posi-
tioned through a Teflon support, in vertical position.
The solvothermal treatments were carried out at
120 °C for 10 h after which the samples were with-
drawn and treated in an ultrasonic bath with water
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Figure 1 X-ray diffraction: (a) simulated pattern of ZIF-8 from
its crystallographic file (CCD 602,538) using the Diamond 3.2
software. Substrates subjected to solvothermal treatments:
(b) original substrate; (c) substrate pretreated with acid for
15 min; (d) substrate pretreated with base for 30 min;
(e) recovered powder from the synthesis solution; (f) substrate
pretreated with acid for 30 min.

for 30 s to remove loosely attached solids from the
surface. Finally, the samples were dried in oven
(120 °C, 24 h).

Activation of ZIF-8/Al films

To test the ZIF-8/Al films, they were activated by
incipient wetness impregnation with ethanolic solu-
tions of Pt(NH3)4(NOs), (Sigma-Aldrich, 99.9%). An
exact volume of the solution was added dropwise on
the films to obtain metal loads from 1 to 5 wt.%, and
then, prior to the catalytic test, an in situ reduction
was carried out in He or H, stream at 300 °C. These
conditions were adopted taking into account repor-
ted data for the reduction of platinum precursors
[32]. The systems were named Pt(x)/ZIF-8/Al, where
x is the % wt. of Pt with respect to the mass of the
MOF film.

Physicochemical characterization

X-ray diffraction (XRD) was performed with a Shi-
madzu XD-D1 instrument by scanning the 26 angle at
2° min~! between 5° and 50° (CuKo radiation, A
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15418 A, 30KV, 40mA). The quality and
microstructure of the substrates and films were
examined by scanning electron microscopy (SEM)
with a Phenom World ProX (Netherlands) benchtop
instrument operated at 15 kV. Electron-dispersive
spectroscopy (EDS) was performed with an equip-
ment coupled to the SEM instrument. Thermogravi-
metric analysis (TGA) and single differential thermal
analysis (SDTA) were conducted with a Mettler-
Toledo STARe TGA/SDTA 85le module (25 to
600 °C, 10 °C min~}, air flow, 50 mL min ). Diffuse
reflectance infrared spectroscopy (DRIFT) was per-
formed with a Shimadzu Prestige 8101 M (40 scans,
resolution 4 cm™'). The substrate surface was exam-
ined by X-ray photoelectron spectroscopy (XPS) with
a Multitechnique Specs module (pass energy of 30 eV
with a Mg anode operated at 200 W). The peak of C
1 s at 284.8 eV was taken as internal reference, and
the data processing was performed using the Casa
XPS software. The substrate surface was also exam-
ined by atomic force microscopy (AFM) with an
Agilent 5400 (Keysight Technologies) with a standard
cantilever in intermittent contact-mode obtaining
topography and phase images.

Catalytic characterization

Pt-ZIF8/ Al films were tested in the CO oxidation
reaction through a microreactor module connected to
a continuous flow system in which reactant gases
were dosed by mass flow controllers (Brooks Instru-
ments 4800 series). The module was heated and
controlled through a K-type thermocouple of 0.9 mm
in diameter inserted 1 mm below the surface of the
films. This was operated with a Delta B Series tem-
perature controller programmer in PID mode,
assuring a precise measurement and control of the
temperature of the films during the reaction. The
samples were first heated in He or H, flux
(20 mL min~") up to 300 °C (5 °C min~') and main-
tained at that temperature for 2 h. After that, catalytic
tests were performed with a molar gas feed compo-
sition of 1% CO, 2% O, in He balance with a total
flow of 30 cm®min~'. The measurements were
obtained after stabilizing the microreactor for 15 min
at different temperatures. The CO conversions were
determined by analyzing the gas exit with an on-line
Shimadzu GC-2014 chromatograph equipped with a
TCD detector and a 5A molecular sieve column.
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Figure 2 SEM images of the
aluminum substrate: (a,

b) without treatment; (c,

d) pretreated with acid for

15 min; (e, f) pretreated with
acid for 30 min. Note: the
images a, ¢, ¢ were acquired at
the same magnification (1000
X), whereas the images b, d,
were acquired at a higher
magnification (5000 X).

Results and discussion
Influence of the substrate pretreatment

When the solvothermal treatment of bare aluminum
foil was carried out, the sample showed an XRD
pattern with two intense signals at 26 38.5° and 44.8°,
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characteristic of the aluminum structure (JCPDS
4-787), while neither alumina nor ZIF-8 signals were
detected (Fig. 1b). However, a highly crystalline solid
was recovered from the synthesis solution (Fig. 1e)
which presented all the indexed signals of ZIF-8, as
shown in the simulated XRD pattern (Fig. 1a). This
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Figure 3 Photographs of the aluminum substrate: (a) without
treatment (b), pretreated with acid for 15 min; (c) pretreated with
acid for 30 min.

result points a difficulty in the ZIF-8 nucleation onto
aluminum and highlights the fact that, in addition to
the synthesis parameters, the chemistry of a substrate
surface determines the nucleation on it after which
the growth could proceed as a continuous film [24].
In order to modify the surface, pretreatments with
dilute aqueous solutions of HCl or NaOH were car-
ried out. When aluminum was pretreated with the
basic solution up to 30 min or with the acid solution
up to 15 min, and then subjected to the solvothermal
step, the results were the same and no growth of ZIF-
8 developed (Fig. 1c,d). By contrast, and notably,
when the acid pretreatment of the substrate extended
up to 30 min, a highly crystalline ZIF-8 growth was
reproducibly obtained onto the aluminum foil
(Fig. 1f), which underlined the determining effect of
the substrate surface characteristics in the nucleation
and growth of ZIF-8 films. The characteristic ZIF-8
phase confirmed by XRD (Fig. 1e) correlated with the
infrared spectrum of this sample (Fig. S1), which
showed all the vibration modes of the ZIF-8 structure
[2].

The substrate exhibited a smooth surface (Fig. 2a)
with some nanometric indentations most probably
due to the micro-folding process. The close-up image
in backscattering mode showed particles about 1 pm
in size of an element of higher atomic weight
embedded at the surface (Fig. 2b). The global EDS
analyses indicated a main atomic composition of
aluminum and oxygen in line with a surface layer of
alumina, added to small amounts of iron which is the
main impurity present in this 1050-type aluminum
(Fig. S2). When the aluminum was pretreated with
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the basic solution, circular craters about 2 microns in
size developed with an enrichment in iron and
depletion in oxygen, compatible with a leaching of
the alumina layer (Fig. S3). Anyway, as shown above,
on the substrate thus treated, after the solvothermal
step the nucleation of ZIF-8 did not proceed. When
the acid pretreatment was applied for 15 min, scat-
tered craters about 5 micron-size, typical of a corro-
sion process, appeared at the surface (Fig.2c, d)
remaining small amounts of oxygen and iron
(Fig. S4), but, as above shown, in this case there was
no growth of the MOF either after the solvothermal
treatment. On the other hand, when the acid pre-
treatment extended up to 30 min the substrate turned
darker (Fig. 3c), while the corrosion progressed being
the surface drastically modified with a gnawed tor-
tuous structure with craters 20-40 pm in size
(Fig. 2e). Moreover, formations of a lighter elemental
composition with smooth surfaces developed
(Fig. 2f) which exhibited an amorphous aspect in
agreement with the absence of extra XRD signals in
this sample. The global composition indicated a
chlorine- and oxygen-rich surface, while punctual
analyses clearly showed the elemental distribution
(Fig. 4 right); (i) the amorphous structures had a
higher content of oxygen and chlorine compatible
with an aluminum hydroxychloride phase; (ii) in the
sectors of the bulk substrate only aluminum and
oxygen were present; (iii) in the regions of bright
particles, iron was concentrated. The elemental
mapping confirmed the compositional distribution
(Fig. 4 left).

Surface characteristics of the substrate

The surface of aluminum showed an Al 2p XPS
spectral region with signals at a binding energy (BE)
of 74.9 eV that corresponds to aluminum of Al,O3
[33] and another at 72.6 eV, compatible with Al°
(Fig. 5a). Given the superficial nature of this analysis,
the presence of metallic aluminum suggests a partial
breakdown of the native surface alumina layer,
probably during the folding process, exposing some
underlying regions of the bulk substrate. This implies
that in the pretreatment, the acid must react with
both phases. Furthermore, a strong signal in the O 1 s
region was observed at 531.6 eV (Fig. 5b), compatible
with oxygen of Al,O3 [33]. By integrating the signals
and considering the response factors of each element,
the Al(74.9) /O atomic surface ratio was 0.60 agreeing
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Figure 4 EDS analysis of

aluminum pretreated with acid

for 30 min: on the left,

elemental mappings; on the (ii)
right, punctual elemental

analyses in different sectors

(spots).

quite well with a superficial layer of alumina (Al/
O =0.66). In line with the SEM observations, the
AFM image of the aluminum showed a smooth sur-
face with maximum height variations of about 12 nm
(Fig. 6a), while the analysis in amplitude mode
clearly showed the contours of surface grains
(Fig. 6b). By contrast, the topographic AFM image of
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the substrate pretreated with the acid solution for
30 min showed a rougher surface (Fig. 6c), with
depressions and ridges up to around 220 nm in
height. Furthermore, a nanometric grain structure
(~ 50 nm) was observed which was confirmed in the
corresponding amplitude image (Fig. 6d). In addi-
tion, in some sectors of this substrate, smoother
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Figure 5 XPS of the
substrate: (a) Al 2p region; (a)
(b) O 1 s region.
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surfaces were detected which contrasted sharply
with the grain structure of the aluminum, as can be
observed in the amplitude image of Fig. 6e. Likewise,
the corresponding phase image (Fig. 6f) confirmed
that such regions were of a different chemical nature
from that of the substrate (as marked in Fig. 6e,f),
proving that they corresponded to the chlorinated
phase formed by the acid pretreatment. In this mode,
the interaction of the tip of the instrument with the
sample produced a change in the phase of the
applied sine wave. The registration of the said phase
difference is linked to the mechanical and viscoelastic
properties of the surface constituents of the material.

The aluminum chemistry indicates that it is spon-
taneously passivated in air forming a nanometric
layer of alumina, boehmite and other partially
amorphous phases. Under normal conditions, alu-
minum reacts slowly with water generating a layer of
Al(OH)3 (i), but in a basic (ii) or acidic medium (iii)
the said amphoteric layer dissolves [34]:

Al(OH); + HO™ - AI(OH),~ (aq) (ii)
AI(OH); + 3 HY - A** + 3 H,0 (i)

Moreover, in the particular case of contact with an
aqueous hydrochloric acid solution, a redox reaction
takes place with the aluminum hydroxide, forming
aluminum trichloride (iv):

3 HCl(aq) + AI(OH); — AICl; + 3 H,O (iv)

Furthermore, hydrochloric acid has a redox reac-
tion with metallic aluminum, forming aluminum
trichloride with evolution of hydrogen (v). During
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the acid pretreatments, after a certain contact time, a
gas evolution was observed:

6 HCl + Al — 3 Hax(g) + 2 AICI; (v)

But in reaction (iv), AlCl; is formed by a stepwise
chlorination mechanism where species of aluminum
hydroxychlorides (Al(OH),Cl;.,,) are produced [35].
Taking into account the evidence of the chlorine- and
oxygen-rich phase on the substrate exposed for
30 min to the hydrochloric acid solution, it follows
that an aluminum hydroxychloride phase was
formed onto this substrate.

Characteristics of the ZIF-8 films

On the acid-pretreated aluminum, a ZIF-8 growth
developed as a continuous film that covered all the
substrate surface (Fig. 7a). The film exhibited a dense
packaging of intergrown crystals that emerged up to
the surface with the typical ZIF-8 polyhedral shape,
ranging in size from 5 to 8 pm (Fig. 7b). The average
total layer thickness was about 10-12 um (Fig. 7¢),
with a compact and well-anchored bottom layer at
the interface with the substrate (Fig. 7d). The latter
allowed a strong anchoring of the ZIF-8 film which
was verified because neither detachment nor peeling
was observed when subjecting the sample to the
ultrasonic bath after the synthesis as well as after the
cuttings performed for the SEM studies. The weight
gain due to the ZIF-8 growth showed a good repro-
ducibility of the obtained films in several syntheses,
being 8.1 & 0.7 mg per foil. It should also be noted
that compact ZIF-8 films of similar characteristics
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Figure 6 AFM analysis: (a) topographic image of the bare
substrate; (b) amplitude mode image of the bare substrate;
(c) topographic image of the substrate pretreated with acid for
30 min; (d) amplitude mode image of the substrate pretreated with

were obtained on flat aluminum foils subjected to the
same acid pre-treatment (Fig. 7e,f), indicating that
with this procedure homogeneous growths can be
obtained on substrates of different geometries. ZIF-8/
Al films showed high thermal stability, ensuring that

222,2 nm
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acid for 30 min; (e) topographic image of another sector of the
substrate pretreated with acid for 30 min; (f) amplitude
mode image of another sector of the substrate pretreated with
acid for 30 min.

they can be used in applications up to about 400 °C,
as shown by the TGA profile obtained from small
strips cut from the material (Fig. 8a). Beyond this
temperature, the structural collapse of ZIF-8 began
due to the linker combustion, similar to that observed
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Figure 7 SEM images of
ZIF-8 films on aluminum:

(a) growth in micro-channeled
foil; (b) close view in hill side
area; (c) transversal cut;

(d) close view in transversal
cut; (e) growth in plain foil;
(f) close view.

for the recovered powder crystals (Fig. S5). The total
mass loss was about 1 wt.%, matching very well with
the mass of MOF grown on the substrate, while the
structural collapse occurred in two steps at 467 °C
and 482 °C (Fig. 8b) as also shown by the exothermic
evolutions in the SDTA profiles at the same temper-
atures (Fig. 8c).

In situ growth mechanism of ZIF-8
onto aluminum

Since both the micro- and nano-topography of the
substrate surface was modified with both basic and
acid pretreatments as demonstrated by the SEM
characterizations, no direct relationship can be
established between these properties and the
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evolution of the ZIF-8 phase, which proceeded in
only one case. The most significant difference
between all the samples subjected to solvothermal
treatments was observed in the substrate pretreated
with hydrochloric acid for 30 min. Only in this case,
the solvothermal nucleation and growth of a contin-
uous ZIF-8 film proceeded as shown by the SEM,
FTIR and XRD studies, while the characterization of
the said substrate by SEM-EDS and AFM showed a
hydroxychlorinated phase onto its surface. Based on
this evidence, it is reasonable to infer that the pres-
ence of the said chlorinated phase intervenes in the
growth mechanism of the ZIF-8 film, as proposed
below. The formation process of ZIF-8 requires the
deprotonation of N; to form the imidazolate anion,
and this step is preceded by the complexation of a
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Figure 8 Thermal stability of ZIF-8/Al films: (a) TGA profile;
(b) derivative of TGA; (c) SDTA profile.

cation with N3 which increases the acidity of imida-
zole [36]. It is evident that the said reactivity onto the
surface of the substrate was promoted by the pres-
ence of aluminum hydroxychloride sites which are of
cationic nature [37]. Then, this favored the binding of
2-methylimidazole to the support surface, polarizing
the proton of the pyrimidine group and facilitating
the reaction of this group with the Zn*" species
present in the reaction medium, which propagates
the formation of ZIF-8 nuclei over the aluminum
surface. Once the nucleation proceeded, the subse-
quent anchoring of the growing crystals was pro-
moted by the highly tortuous nature of this substrate
surface, which generates a continuous, dense growth
of firmly anchored ZIF-8 crystals at the interface with
the substrate. The growth mechanism of the ZIF-8
film onto the aluminum foil can be outlined as shown
in Fig. 9).

Applied behavior of ZIF-8/Al films

The firmly anchored ZIF-8 films onto the aluminum
substrate provide an attractive alternative for those
applications that require a fast heat exchange. To
evaluate their usefulness, they were doped with
platinum and tested in the highly exothermic and
model CO oxidation reaction. The objective was not
to improve a catalyst formulation for this reaction,
but to analyze whether the ZIF-8/Al films could be
used in an application with a high thermal demand.
It can be observed that Pt(3)/ZIF-8/ Al exhibited high
activity with a total CO conversion (T'%) at 275 °C
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Figure 9 Outline of the ZIF-8 growth on aluminum substrate:
(a) cleaned substrate; (b) pretreatment with HCI solution for
30 min and formation of a surface aluminum oxychloride phase;
(c) anchoring of 2-methylimidazole to the chlorinated sites;
(d) nucleation of ZIF-8 at the surface; (e) growth of a continuous
ZIF-8 film.

and 50% conversion (T°) at 248 °C (Fig. 10), whereas
when activation was conducted in Hy, no significant
differences were observed (Fig. S6). Considering the
Pt-MOF film as the catalytic phase, the said conver-
sions were obtained at a GHSV of 25,000 h™! similar
to those reported by Liu et al. for encapsulated Pt
clusters within ZIF-8 powder crystals [38]. The
activity shown by the films was due to the dispersed
platinum species in the ZIF-8 structure, because the
MOF by itself is inactive in this reaction [39] and the
efficient performance achieved implied a high
accessibility of the active species dispersed in the thin
film of the MOF.
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Figure 10 Catalytic behavior of Pt-ZIF-8/Al films in the CO
oxidation reaction.
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Figure 11 XRD patterns of Pt-ZIF-8/Al films after the catalytic
tests.

When the metal loading was lower as in the Pt(1)/
ZIF-8/ Al sample, the activity decreased (T*° 286 °C)
highlighting the accessibility and efficient utilization
of the dispersed species in the film with the higher
metal load (Fig. 10). Then, this sample was disas-
sembled from the microreactor and re-impregnated
to obtain the Pt(2)/ZIF-8/Algg sample which was
activated, its activity (T*° = 242 °C) being similar to
that with 3 wt.% of Pt obtained in a single impreg-
nation step. Then, the same sample was re-
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impregnated to obtain a 3 wt.% Pt, activated, and as
shown in Fig. 10, this Pt(3)/ZIF-8/Algg sample
exhibited a higher performance than that obtained in
a single impregnation step (T'% =250 °C;
T*° = 230 °C). With consecutive impregnations, more
dilute precursor solutions were used allowing a
gradual incorporation of small amounts of metal
which provided their higher dispersion. However,
when the film was re-impregnated up to a 5% wt.
loading, the activity decreased a bit because it satu-
rated the dispersion capacity of the MOF. A key
feature to be remarked about ZIF-8/Al films is that
after the catalytic tests all fully maintained their
structural integrity as well as a high Pt dispersion
given the absence of its main signal which should be
at 26 39.8° (JCPDS 4-802) (Fig. 11). It is noteworthy
that even in the Pt(3)/ZIF-8/Algg sample that was
subjected to three consecutive catalytic runs, reaching
temperatures up to 300 °C, both the ZIF-8 structure
and the metallic dispersion were preserved (Fig. 11).
The CO oxidation is a highly exothermic reaction (-
283 k] mol™") in which considerable temperature
rises occur within the catalytic phase. Pt-ZIF-8/Al
films were stable and maintained their activity over
time due to the fast removal of the reaction heat
through the highly thermal conductivity substrate,
which suppressed the hot spot formation and pre-
vented both the sintering of the active species and the
structure of the MOF.

Conclusions

The growth of ZIF-8 films on industrial-type alu-
minum foils through a low-cost, easy methodology
employing a direct solvothermal treatment was
obtained. To achieve the film growth, it was only
necessary to treat the substrate by a short (30 min)
contact with a dilute (5%wt.) hydrochloric acid
solution which produced a highly tortuous surface
with aluminum hydroxychloride-type sites that
induced the solvothermal nucleation and growth of
the MOF. The applied methodology is very simple
and fast, avoiding long and expensive procedures,
and represents a new contribution to the current state
of knowledge in the field of ZIF-8 coatings. The
obtained ZIF-8 films were homogeneous, continuous,
about 10 pm in thickness and exhibited a compact
inter-grown and highly adherent layer in tight con-
tact at the film/substrate interface. Moreover, it was
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shown that such ZIF-8/Al films are effective for use
in a highly exothermic process such as the CO oxi-
dation reaction, avoiding the sintering of dispersed
active phases and preserving the structural integrity
of the MOF after repeated reaction cycles. The results
achieved are encouraging to move forward in the use
of ZIF-8/Al films for applications at moderate tem-
peratures in which a fast thermal response can be a
critical factor.
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