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The film growth of the zeolitic imidazolate framework-8 on a copper-based substrate is reported for the
first time in the literature. The growth mechanism on copper foils is analyzed, and it is demonstrated that
during synthesis the development of the metal-organic framework (MOF) film is sensitive to the in-
teractions produced between the support surface, the solvent and the reactants. In order to compare the
surface interactions during synthesis, Fecralloy foils, porous alumina disks and macroporous cordierite
monoliths are also analyzed. The physicochemical properties of the materials are evaluated by XRD, SEM,
EPMA, AAS, DRIFT and XPS. In dimethylformamide-based media, no ZIF-8 film develops on the copper
surface due to unfavorable interactions that make its growth non selective. At the same time, the for-
mation of a dense ZnO layer is favored, this layer being promoted by decomposition products of the
solvent and the zinc reagent. When water-based media are used, those interactions are modified thus
avoiding the formation of oxide, but the growth kinetics of the ZIF-8 film is still low. On the other hand,
when using mixtures based on methanol with the addition of acetate, continuous, uniform, and adherent
ZIF-8 films can be obtained. Such films develop preferential crystallographic orientations in planes {200}
and {110}, have thicknesses between 5 and 10 microns and good mechanical and thermal stability. The
results obtained provide a platform for the obtention of ZIF-8 films on copper structures, which is
relevant for the development of new structured catalysts based on MOFs.
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1. Introduction

The study and application of metal-organic frameworks (MOFs)
has widely increased in recent years because these materials pre-
sent great design flexibility in terms of their porous architecture,
which ranges from the microporous to the mesoporous scale [1].
MOFs are crystalline solids which consist of inorganic clusters
linked by organic ligands in three-dimensional arrangements and
offer a unique chemical versatility, high internal porosity and
properties that are different from those of traditional porous ma-
terials such as zeolites, porous silicas, or activated carbon. Having
hydrophilic and hydrophobic areas coexisting within the pores and
influencing their adsorption properties, and flexible structures that
show breathing and gate effects where the pores open or contract
during the diffusion of molecules are only two of these advanta-
geous properties [2]. For these reasons, MOFs have a wide range of
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potential applications in different fields such as adsorption [3], gas
separation by membranes [4,5], controlled drug release [6], sensors
[7] and catalysis [8]. In the latter field, most studies have focused on
liquid phase catalysis and, to a lesser extent, on gas—solid hetero-
geneous reactions [9].

A MOF family of potential interest is that of zeolitic imidazolate
frameworks (ZIFs) since they present good thermal and chemical
stability [ 10]. Particularly, ZIF-8 presents a high specific surface area
(1000—1600 m? g~ 1), thermal stability up to temperatures close to
400 °C and good chemical stability in water, alkaline solutions and
organic solvents [11].

The architecture of ZIF-8 is based on Zn?* atoms linked to ni-
trogens of imidazolate anions at connection angles close to 145° in
tetrahedral coordination, forming a three-dimensional network
with a zeolitic topology (SOD type) with cavities of 11.6 A, acces-
sible through windows of 3.4 A [11]. However, their structure is
flexible and allows the entry of molecules that are bigger than this
window size [12].

Supported microporous ZIF-8 films have been studied mainly
for gas separation applications, so that the supports used have been
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porous ceramic materials such as porous alumina in the shape of
discs or tubes [13—29]. Other supports on which ZIF-8 films have
been synthesized include glass slide [30], polysulfone membrane
[31], carbon nanotube bucky-paper [32], nylon membrane [33],
silicon [34] and polymide [35]. Our interest is to synthesize MOF
films on appropriate substrates so as to allow their utilization as
structured catalysts in processes with a high demand of heat
transfer. To the best of our knowledge, no studies on the synthesis
of ZIF-8 films on metallic supports with high thermal conductivity
and diffusivity such as copper or copper alloys [36,37] have been
reported so far. This type of supports has successfully been applied
in zeolite film-based microreactors for the oxidation of CO [38]. The
aim of this work is, therefore, to study the interactions occurred
during the secondary synthesis of ZIF-8 films on the surface of
copper-based foils with a view to supplying useful information for
the development of novel structured catalysts based on these
microporous-phase films.

2. Experimental
2.1. Support pretreatments

Foils of electrolytic copper (99.9% purity) 50 microns thick and
brass foils (Cu:Zn = 65:35) 100 microns thick were used. In order to
analyze the surface interactions during synthesis, Fecralloy® foils
50 micron thick (Goodfellow), porous a-alumina disks (Inocermic,
thickness 2 mm, average pore diameter 1.8 um) and macroporous
cordierite monoliths (Corning, 400 cps) were employed as sub-
strates. Metallic foils were cut into 2 x 1 cm pieces, washed thor-
oughly with soapy water and rinsed. Then, the surface was sanded
for 1 min with fine abrasive paper on both sides. The Fecralloy
substrate was the only support which was previously calcined in a
muffle at 900 °C for 22 h in order to generate a surface layer of
alumina [39]. The other supports were not calcined previously to
the ZIF-8 synthesis. The ceramic substrates were not sanded since
their porous nature allows a good retention of seed crystals. Sub-
sequently, all supports were subjected to an ultrasonic bath, first in
water and then in acetone and finally dried and seeded. The latter
was done manually by rubbing ZIF-8 nanocrystals (Basolite Z1200%,
Sigma—Aldrich) using latex gloves, making circular movements for
1 min on both sides of the foils while the excess of crystals was
removed by the gentle brushing of the surface.

2.2. Synthesis methodology

For the secondary synthesis treatments, protocols based on
dimethylformamide [11], methanol [17] and water [40] were used
The reaction mixture consisted of dimethylformamide (DMF, Sig-
ma—Aldrich, 99.0%), 2-methylimidazole (mim, Sigma—Aldrich) and
(NO3)2Zn-6H,0  (Sigma—Aldrich) in a molar ratio of
Zn:mim:DMF = 1:1:129. For the water-based protocol, the same
reagents were used in a molar ratio of Zn:mim:H,0 = 1:57:4552. In
the case of mixtures of methanol (Cicarreli pro-analysis), sodium
acetate (Ac) was added (Cicarreli pro-analysis) with molar ratios of
Zn:Ac:mim: methanol = 1:x:2:200 (wherex =0, 1, 2, 4 and 8). The
solutions of mim and Zn?* were prepared separately in the
respective solvent under stirring and, subsequently, both solutions
were mixed and placed in a teflon vessel together with the sub-
strate in vertical position to minimize the settling of crystals
nucleated in solution during synthesis. Then, synthesis treatments
were carried out in an autoclave varying the temperatures and
times (30 °C—140 °C, 2 h—48 h). Later, the substrates were
removed, rinsed with water to remove residual reagents and/or
loosely adhered deposits and finally dried at 120 °C for 24 h.

2.3. Characterizations

In order to study the crystalline structure of the films and their
thermal stability, X-ray Diffraction (XRD) was performed, both at
room temperature and with programmed temperature (TXRD).
Room-temperature studies were conducted with a Shimadzu XD-
D1 instrument by scanning the 26 angle at 2° min~! between 5°
and 50° (CuKa radiation, A = 1.5418 A, 30 kV, 40 mA), while studies
in temperature were performed, using the same scanning condi-
tions, in a Bruker D8 Advance diffractometer equipped with a Lynx
eye detector in flowing He between 200 °C and 500 °C and taking
measurements after 15 min of stabilization at each temperature.
Diffuse Reflectance Infrared Spectroscopy (DRIFT) in temperature
was performed with a Bruker Equinox 55 with MCT detector. The
sample was placed in the chamber with He flow and the mea-
surement started with a ramp of 5 °C min~! to 400 °C, acquiring
spectra at 5—10 min intervals and taking the spectrum of a polished
aluminum sample as background. The quality and microstructure
of the films were examined by Scanning Electron Microscopy (SEM)
with a JEOL JSM-35C operated at 20 kV. The samples were glued to
the sample holder with Ag painting and then coated with a thin
layer of Au in order to improve the images. In order to study the
distribution of the chemical elements present in the films, Electron
Probe Microanalyses (EPMA) were performed with a dispersive
EDAX equipment coupled to the SEM instrument. The Atomic
Absorption Spectroscopy (AAS) of the liquids was performed with a
Perkin Elmer 800 Analyst with flame atomization. The surface
composition was examined by X-ray Photoelectron Spectroscopy
(XPS) with a Multitechnique Specs module. The binding energies
(BE) of Zn 2p, C 1s, N 1s, O 1s and Cu 2p core-levels were analyzed.
The kinetic energy (KE) in the LMM region of the Zn Auger tran-
sitions was also analyzed. The spectra were obtained with a pass
energy of 30 eV with a Mg anode operated at 200 W. The foils were
supported on the sample holder, subjected to vacuum dehydration
at 150 °C for 15 min and finally evacuated under vacuum prior to
the readings. The peak of C 1s at 284.8 eV was taken as internal
reference. Data processing was performed using the Casa XPS
software.

3. Results and discussion
3.1. Synthesis employing dimethylformamide (DMF) as solvent

3.1.1. Synthesis on metallic supports

The procedure employed for the synthesis of ZIF-8 crystals
presents an evident analogy with those used to obtain other
microporous materials like zeolites. With respect to the growth of
zeolite films over different types of supports, it is generally
accepted that the same synthesis solutions used to develop crystals
can be used to grow zeolite films. However, this is not the case of
ZIF-8. As a matter of fact, until now the original procedure with
dimethylformamide (DMF) used as solvent for the synthesis of
crystals [11] has not been reported for film growth. Only one work
has been published so far, but this study uses a modified procedure
that employs DMF with triethylamine [29]. In what follows, we
describe our experiments and findings about the application of the
protocol used for powder synthesis to the growth of ZIF-8 films on
copper-based foils.

Figs. 1 and 2 show XRD patterns and SEM images, respectively,
that correspond to syntheses performed on different supports.
These results will be analyzed for each case. Fig. 1b depicts the XRD
pattern obtained for the synthesis carried out on the brass support
employing the protocol that uses DMF. Peaks at 20: 47.6°, 36.4°,
34.5° and 31.9° (asterisks) correspond to a ZnO phase (JCPDS
5-664), while those at 20: 49.74° and 42.63° (circles) are due to the
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Fig. 1. XRD patterns of supports after solvothermal treatments in DMF-based syn-
theses: a) ZIF-8 seeding crystals, b) brass foil; ¢) copper foil, d) pretreated Fecralloy foil,
e) cordierite monolith, f) porous alumina disc.

support (JCPDS 3-1015). Meanwhile, the signals observed at lower
angles (20: 7.4°, 10.4° and 12.7°) are the main features associated
with the ZIF-8 phase [11], which are the same as those obtained for
the seed nanocrystals (Fig. 1a). The low intensity of the ZIF-8 signals
developed on the brass foil indicates that a scarce amount of
crystals is present on this support. On the contrary, the powder
recuperated from the synthesis solution presents ZIF-8 as the main
product (Fig. S1a). After the synthesis, the surface of the brass foil
(Fig. 2a) presents an aspect totally different from that of the seeded
support (Fig. S2a), showing a dense and continuous film that totally
covers the substrate. The said coating, constituted by an inter-
grown, dense film of polyhedral crystals, is 3 um thick (Fig. 2b). On
the other hand, on the top of some zones of this film, big dodeca-
hedral crystals of ZIF-8 were observed. Most probably, these crys-
tals were formed in the solution synthesis and then deposited on
the top of the grown film. EPMA analyses performed on a cross
section of the film (as depicted in Fig. 2b) show Cu and Zn in the
regions close to the support (Table 1). Meanwhile, near the surface,
the proportion of oxygen increased and that of copper decreased.
The atomic proportions confirm that the continuous film is
constituted by ZnO. Since brass contains Zn in its composition, the
ZnO film could be formed, at least in part, taking Zn from the
metallic foil. To gain further insight into this possibility, the syn-
thesis process on pure copper substrates was analyzed.

Copper foils were subjected to the same synthesis protocol
described above, using DMF as solvent. Again, XRD signals corre-
sponding to ZIF-8 and ZnO phases were observed (Fig. 1c). Although
a development of a ZIF-8 film was not produced, big isolated
crystals adhered to a dense ZnO film were detected (Fig. 2c),
similarly to what was observed on brass foils. The different chem-
ical compositions between the continuous film and the deposited
crystals are evidenced by the contrast in the backscattered image
(Fig. S2b). The surface of the film (Table 1) contains Zn and O with
an atomic ratio that corresponds to a ZnO phase, in agreement with
XRD results. The Cu and Zn distribution is shown in the mapping of
the film cross-section (Fig. 2d) and a migration of copper from the
support towards the ZnO film is noteworthy.

The presence of the ZnO film onto the copper surface clearly
indicates that the source of Zn comes from the synthesis solution
and its growth prevails against the growth of the ZIF-8 film. Since
this behavior could be related to interactions between reactants
and the metallic surface, synthesis onto non-metallic surfaces were
carried out. Fecralloy® foils were chosen because alumina whiskers
develop after a thermal treatment at high temperature, thus
generating a non-metallic interphase. Ceramic substrates were also
used, as discussed in the following section.

3.1.2. Syntheses on supports with non-metallic surfaces

When a thermally treated Fecralloy support was used, weak
XRD signals of ZIF-8 were developed (Fig. 1d) from isolated crystals
formed in the solution and deposited on the foil (Fig. S2c), together
with some overlapped peaks from ZnO. The EPMA analyses on the
support surface showed small amounts of Al and Zn associated with
the said oxides as well as signals of Fe and Cr coming from the
support (Fig. S3b). An important result is that in this case, a ZnO
phase was only scarcely developed, probably as dispersed and
isolated deposits. Most probably, the alumina surface does not
constitute a compact barrier between the solution and the alloy,
some contact of reactants with the metal surface takes place, and
some small extent of ZnO formation occurs.

When the synthesis in DMF was performed onto totally ceramic
substrates as cordierite and ¢-alumina, only a ZIF-8 pure phase
developed, and ZnO was not observed (Fig. 1). While the cordierite
monolith surface shows a conglomerate of ZIF-8 crystals induced
by the seeded ones (Fig. S2d), a high amount of crystals grows in-
side the channels due to the direct synthesis processes (Fig. S2d).
On a-alumina the MOF growth was developed as a continuous film
constituted by packed crystals (Fig. S2e) of 2 pm thickness (Fig. S2f).
In both supports ZnO was neither produced on the surface nor in
the powder recovered from the synthesis solution. These results
confirm that the contact between the solution and the metallic
surfaces play a fundamental role in the ZnO layer formation.

The solvent could modify both the evolution of the ZIF-8 crystals
formation [41] and the chemistry at the substrate surface. In order
to better understand the effects of the solvent, the synthesis pro-
cess on pure copper supports was carried out using water and
methanol, respectively, and the results are described below.

3.2. Synthesis employing water or methanol as solvents

Copper foils were subjected to a synthesis in a water-based
mixture at 30 °C during 6 h. After that, weak ZIF-8 XRD peaks
developed, but ZnO signals were absent (Fig. S1f). Small crystals
immersed into a thin layer that partially covers the copper surface
were observed (Fig. 2e) and the marks generated during the
sanding process could be still appreciated. The different results
obtained compared to those observed when using DMF evidences
the important role exerted by the solvent in the zinc oxide for-
mation. Besides, some degree of copper dissolution takes place, as
evidenced by the blue color of the solution after the synthesis. The
amounts of copper in solution were determined and they are
shown in Table 2. It can be observed that the copper concentration
increased when the synthesis time increased from 6 h to 24 h, but
for higher times it remained constant. The intensity of the XRD
peaks was similar for synthesis times of 24 h and 48 h, and the
surfaces (Fig. 2f) presented a similar appearance to that of the
sample with the lower synthesis time. The only difference was the
evolution of a foamier surface originated by the dissolution of
copper, as seen by AAS (Table 2). In order to favor the kinetics of the
growth of ZIF-8 crystals onto the substrates surface against the
copper dissolution process, syntheses at 120 °C were performed
but, unfortunately, both surface structure and support leaching
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Fig. 2. SEM images of the surface of copper-based foils subjected to solvothermal treatments. Synthesis in DMF: a) brass foil in top view, b) brass foil in cross section, c) copper foil in
top view, d) mapping in the cross section of the film on copper foil for details see the online version. Synthesis in water: e) copper surface after 6 h; f) copper surface after 24 h.

degree were similar to those obtained at the lower temperature
(Table 2).

In order to better understand the effect of the solvent, we
decided to use methanol instead of water; sodium acetate was also
introduced in order to improve the ZIF-8 growth process. The
addition of sodium acetate was decided taking into account the
findings published elsewhere [15,42]. In this vein, the reacting
mixture used had a Zn:Ac:mim ratio of 1:2:2, and after a 6 h
treatment the support clearly showed ZIF-8 XRD peaks (Fig. 3b)
which gained in intensity when the synthesis time increased to

Table 1
Elemental composition (by EPMA analyses) in the cross section of the films devel-
oped on copper and brass supports using DMF as solvent.

Element® Brass Copper

Surface Interphase Support Surface
Cu 3.73 32.52 58.44 3.09
Zn 52.88 49.71 27.30 52.31
o] 43.39 17.76 14.27 44.6

¢ Atomic percent.

Table 2
Copper leached from supports (by AAS analyses) after the solvothermal treatments
in water-based and methanol-based syntheses.

Water-based syntheses

Time (h) Temperature (°C) Cu in sol. (ppm)
6 70 24
24 70 67
48 70 65
6 120 66
24 120 71
48 120 71

Methanol-based syntheses

Time (h)* Zn:Ac:mim” Cu in sol. (ppm)
12 1:2:2 147

16 1:2:2 134

24 1:2:2 286

12 1:1:2 280

12 1:4:2 46

12 1:8:2 41

2 The syntheses were performed at 120 °C.
b Molar proportions of reactives.
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Fig. 3. XRD patterns of the copper foils treated with the methanol-based protocol: a)
ZIF-8 seeding crystals, b) 6 h with Zn:Ac:mim 1:2:2, ¢) 12 h with Zn:Ac:mim 1:2:2, d)
12 h with Zn:Ac:mim 1:4:2, e) 12 h with Zn:Ac:mim 1:8:2.

12 h (Fig. 3¢). An inspection of the surface after 6 h of synthesis time
reveals a total coverage of the support by a continuous MOF film
(Fig. 4a) which had a thickness of about 5 um (Fig. 4b). As observed
in Fig. 4c, the average size of the crystals at the surface increased
with the synthesis time from about 4 pm (6 h) to 9 um (12 h), and
the film thickness also evolved reaching about 10 um (Fig. 4d).
During these syntheses, a partial dissolution of the support took
place (Table 2), similar to the one observed when water was used as
solvent. The dissolution also increased with the synthesis time but,
as observed in the pictures shown above, the growth of the ZIF-8
film was favored. When a lower concentration of sodium acetate
was used (Zn:Ac:mim = 1:1:2), there was no growth of the ZIF-8
film and, at the same time, the dissolution of copper increased
(Table 2). It has been proposed that the addition of a formiate salt
improves the growth of ZIF-8 crystals due to the combined effects
of competition with the ligand and increase of the kinetics of
growth. This latter factor is originated by a higher deprotonation of
the terminal ligands at the growing crystal surface. Consequently, it
stands to reason that the addition of higher proportions of acetate
should result in the growth of bigger crystals at the copper surface.
In order to corroborate this, experiments with higher acetate pro-
portions were performed. When 1:4:2 or 1:8:2 Zn:Ac:mim ratios
were used, the corresponding XRD patterns of the foils exhibited
intense signals of ZIF-8 (Fig. 3d and e). These phases were devel-
oped as continuous films at the substrate surface which presented a
higher intergrowth and average crystal size as compared with the
synthesis carried out with a 1:2:2 ratio (Fig. 4e). Moreover, the
increase in acetate concentration from 1:2:2 to 1:4:2 resulted in a
decrease of the copper dissolved (Table 2) and in an increase of the
film thickness, which reached c.a. 17 um (Fig. 4f). The subsequent
increase in acetate concentration (1:8:2) changed neither the
copper dissolution nor the microstructural properties or film
thickness. A close observation of the XRD patterns of these samples
(Fig. 3d and e) reveals the development of a preferred crystallo-
graphic orientation of the ZIF-8 films. As a matter of fact, the
relative intensities of several peaks in the diffractograms are
different if compared with those of the powder crystals, which
present random orientations. This effect is frequently observed
in zeolite films obtained by secondary growth and could also

influence their performance in processes that are sensitive to the
porous topology, as adsorption or catalytic reactions [43]. The said
preferential orientations can be characterized by means of a crys-
tallographic preferential orientation index (CPO), which compares
the ratio of the integrated intensities of a pair of XRD peaks of the
film with the intensities of the same planes in the powder material
(please see equation of CPO at the bottom of Table S1) [44]. The CPO
(110/200) and CPO (211/200) were defined and, in both cases, when
they approximated zero, the crystallographic orientation of the
{110} and {211} planes tended to those existing in the powder. On
the contrary, when these CPO tend to unity, those planes are ori-
ented parallel to the substrate surface. The increase in the relative
intensities of the {110} and {211} planes are reflected in the CPO
values. For the sample prepared with Zn:Ac:mim equal to 1:4:2, the
CPO (110/200) was 0.62 and the CPO (211/200) was 0.44. Mean-
while, for the 1:8:2 sample, the indexes were 0.68 and 0.47,
respectively. In this vein, Bux et al. [26] observed a strong crystal-
lographic orientation in ZIF-8 films developed on porous alumina,
but in that case the orientation was for the {200} planes. The
crystallographic orientations of the ZIF-8 films on copper foils are in
agreement with the crystal arrangements observed. ZIF-8 crystals
have dodecahedral shapes in which some faces correspond to the
{110} planes and some edges correspond to the {211} planes [26]. In
the front view of the films (Fig. 4e), a high proportion of the said
edges and planes disposed parallel to the support can be observed.

3.3. Interactions between support surface, solvent and reactives

It is recognized that the secondary synthesis method, in prin-
ciple, has the advantage relative to the direct in-situ synthesis that
allows decoupling the nucleation process in the support, promoting
the development of continuous films as has been widely reported
for zeolite films [45]. However, the results discussed above indicate
that for the growth of the ZIF-8 film by secondary synthesis to be
successful, there are also other key factors playing a role such as the
physicochemical interactions during synthesis in which the
chemical nature of the support, the solvent and the reagents are
involved. When using DMF as solvent, ZnO films on the surfaces of
copper and brass were formed and this oxide acquired a positive
zeta potential in alkaline solutions [46]. Furthermore, the state of
electrical charges on the ZIF-8 growing surfaces can be estimated as
that of suspensions of crystals of this MOF [42]. Then, our specu-
lation is that the non-selectivity for the growth of the ZIF-8 film
should be related to unfavorable electrostatic effects. Considering
this argument, the result on the Fecralloy substrate with the
alumina interface (where only a scarce amount of ZnO grew) sug-
gests an effect by the contact between the metal surface and the
DMF-based mixture. However, the alumina surface of this support
is not totally dense and there are also small amounts of zinc oxide
that may yet generate unfavorable electrostatic environments that
hinder the selective growth of a ZIF-8 film. Following this
reasoning, the high selectivity for the formation of the ZIF-8 films
on ceramic surfaces is consistent with the fact that the surface of
both cordierite [47] and porous a-alumina [48]| has negative
charges in alkaline solutions.

DMF syntheses on copper-containing substrates show an effect
between the surface and the synthesis mixture to produce a surface
ZnO film from the reactive zinc source. DMF decomposes at high
temperatures with the formation of carbon monoxide and dime-
thylamine [49] and the latter has a strong characteristic fishy smell,
which was confirmed when the autoclaves were opened at every
synthesis performed with this solvent. Additionally, when these
syntheses were performed in DMF without the addition of meth-
ylimidazole, ZnO was produced whereas this did not occur when
water mixtures were used (Fig. S1d and e). We propose a plausible
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Fig. 4. SEM images of copper foils treated with the methanol-based protocol: a) 6 h with Zn:Ac:mim 1:2:2 in top view; b) 6 h with Zn:Ac:mim 1:2:2 in side view: ¢) 12 h with
Zn:Ac:mim 1:2:2 in top view; d) 12 h with Zn:Ac:mim 1:2:2 in side view, e) 12 h with Zn:Ac:mim 1:4:2 in top view, f) 12 h with Zn:Ac:mim 1:4:2 in side view.

mechanism for the formation of the ZnO layer as shown in the
scheme of Fig. 5a. The amine from DMF decomposition would
facilitate the formation of zinc complexes from the zinc reagent in
solution, which can be adsorbed on the surface of the copper-based
substrates, similarly to what happens when such metals are sub-
jected to NHs vapors [50]. Subsequently, the amino groups of the
adsorbed complex may be replaced by OH™ to form Zn(OH); which
is then decomposed into ZnO during the solvothermal treatment.
Additionally, some Zn?* in solution also reacts with methyl-
imidazole yielding ZIF-8 crystals in solution.

When using both water or methanol mixtures, developed ZIF-8
phases were obtained in solution and the greater selectivity of the
ZIF-8 film growth in methanol should be associated with in-
teractions in the nearby copper surface. Cravillon et al. [42] re-
ported that an excess of neutral mim species in the synthesis
mixture can act as capping agents of the growing ZIF-8 crystals
because the surface terminal ligands have a low extent of depro-
tonation, facilitating the finalization of the crystal growth. Taking
this into account, Mc Carthy et al. proposed that by adding sodium
formate linkers, the surface of ZIF-8 crystals is fully deprotonated
[15] which gives a larger crystal growth. In line with this claim, in
our synthesis with acetate, ZIF-8 nuclei with highly deprotonated

surfaces will be generated ie. with a high density of negative
electrical charges. Moreover, the state of charges at the surface of
the copper support can be estimated taking into account those of
metallic copper, copper oxides and hydroxides, which have high pH
values for the IEP (isoelectric point) of about 9.5 [51]. This situation
favors the interaction between the copper surface and ZIF-8 nuclei
and thus allows the development of the ZIF-8 film as shown in
Fig. 5b. The results obtained when water was used as the solvent
are also in agreement with the proposed mechanism. As a matter of
fact, in this case the measured pH of the synthesis mixture was 9.5,
and for this value the Zeta potential of ZIF-8 nuclei in aqueous
suspension is of about +20 mV (Fig. S4). Thus, in this case the film
growth is not favored.

3.4. Surface composition and stability of ZIF-8 films

The ZIF-8 films obtained on copper foils exhibit a surface
elemental composition according to the said microporous phase.
All films synthesized with different acetate ratios show XPS signals
in the Zn 2p3); and Zn 2pq; regions with binding energies (BE)
around 1021.4 and 1044.5 eV, respectively (Fig. 6 left), compatible
with Zn?" of the ZIF-8 structure as seen in crystals of this MOF [52].
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Fig. 5. a) Scheme of the proposed mechanism for ZnO film formation onto copper-
containing substrates in DMF-based synthesis, b) scheme of the ZIF-8 growth on
copper substrates in methanol-based synthesis.

These species were confirmed by analyzing the Auger spectra in the
Zn LMM region (Fig. 6 right), which showed characteristic signals at
KE around 987.5 eV [52]. This value differ from values for metallic
zinc and zinc oxide which are located at higher KE [53]. When
analyzing the Cls and N1s regions (Fig. S5), symmetrical signals
around 398.7 eV for N1s and 284.8 eV for C1s were found which are
consistent with N and C of the ligand [54]. Moreover, signals of Cu
2p3)z centered at 932.2 eV which are typical of Cul"* (Fig. S5), were
found and no satellite peaks characteristic of Cu’>* were observed
[55]. These surface copper species are in low proportion (Table 3)
and probably come from the dissolution of the support during
synthesis. O1s signals around 531.0 eV were also observed which
are shifted with respect to that of oxygen from ZnO at 529.7 eV [55]
and are associated with acetate species adsorbed at the surface of

Intensity / a.u.

987.5 ;

Cc

1050 1040 1030 1020 1010 975 980 985 990 995 1000

Binding Energy (eV) Kinetic Energy / eV

Fig. 6. XPS spectra in the Zn2p region (left) and Auger spectra in the Zn LMM region
(right) of samples synthesized in methanol with different Zn:Ac:mim ratios: a) 12 h
with Zn:Ac:mim 1:8:2, b) 12 h with Zn:Ac:mim 1:4:2, ¢) 12 h with Zn:Ac:mim 1:2:2.

Table 3
Elemental surface composition of ZIF-8 films obtained with different Zn:Ac:mim
ratios as determined by XPS.

Sample N/Zn C/Zn C/N Cu/Zn
1:2:2 1.80 6.14 342 0.08
1:4:2 1.97 5.97 3.03 0.85
1:8:2 2.01 6.09 3.02 0.14

the ZIF-8 films. This is confirmed by calculating the C/N atomic ratio
that should be 2 and in all cases was about 3 (Table 3). As
mentioned above, the acetate intervenes in the formation mecha-
nism of the film as a competitive ligand on the surface of the
growing crystals. Additionally, since the theoretical N/Zn and C/Zn
atomic ratios should be 4 and 8, respectively, the calculated values
(Table 3) indicate a surface enrichment with zinc.

On the other hand, the ZIF-8 films had good adhesion since they
were not detached by handling during the cutting performed to the
SEM studies. Additionally, the films analyzed by XPS were sub-
jected to an ultrasonic cleaning in methanol for 5 min and it was
observed that the films remained firmly bonded to the substrate.
However, taking into account that possible applications of the
systems studied in this work belong to the field of catalysis, a more
specific and rigorous stability test was designed besides the stan-
dard ultrasound test mentioned above. The synthesized sample
was subjected to an ultrasound test in acetone bath during 15 min.
The mass loss was measured together with the microscopic
observation of the damage caused at the surface. On the other hand,
thermo-mechanical stability was evaluated subjecting a sample to
thermal stress by sharply cycling temperature between 250 °C and
25 °C, ten times. After that the ultrasound test was performed again
and the surface was inspected. The temperature range for cycles
was selected in view of a possible application, which is CO prefer-
ential oxidation (COProx). The mass loss in both cases was negli-
gible (in the order of the error of the balance) and no damage or
erosion was observed on the coating surface (Fig. S6). This implies a
very good adhesion of the ZIF-8 coatings to the copper surface.

With regard to the intrinsic thermal stability of the films,
although there are data for ZIF-8 crystals that were determined
mainly by TGA, the behavior of this phase as a film on a substrate of
high thermal conductivity may be different. Therefore, TXRD and
DRIFT studies were conducted. In Fig. 7a, it can be seen that at room
temperature the most representative XRD signals of the MOF at
20 = 7.4°,10.4°; 12.7° and 18.0° are present and remain unchanged
when the sample is brought up to 350 °C and even after keeping it
at that temperature for 1 h (350-1). However, when the tempera-
ture reached 400 °C, a slight decrease in the intensity of all XRD
signals began, indicating the start of the collapse of the MOF film
structure which is manifested fully at 450 °C. Fig. 7b shows the
DRIFT spectra of the ZIF-8 film on copper foil on a temperature
ramp. In the sample with the ZIF-8 film, the typical signals of this
MOF were observed at room temperature, which mostly corre-
spond to vibration modes of the imidazolate ring [11] as observed
in the ZIF-8 powder (Fig. 7b). By increasing the temperature all
signals are maintained, indicating the stability of the bonds in ZIF-8
to about 380 °C from which the bond structure begins to collapse.
Finally, after spending an hour at 400 °C (400-1), a spectrum similar
to the uncoated copper foil was reached. The TXRD and DRIFT re-
sults show that the maximum temperature at which these ZIF-8
films on copper foils could be used without losing their physico-
chemical characteristics is about 350 °C. Such limits are compatible
with gas-phase reactions at moderate temperatures, like CO
oxidation, in which these films, suitably functionalized, could be
applied as structured catalysts. The search for new catalytic phases
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Fig. 7. Thermal evolution of the ZIF-8 film on copper foil: a) temperature-programmed XRD patterns (TXRD), b) temperature-programmed DRIFT spectra.

in the form of films is one of the tools to achieve better perfor-
mances in catalytic processes and, in this sense, the use of MOF
films can play an important role.

4. Conclusions

The growth of zeolitic imidazolate framework-8 (ZIF-8) films on
copper-based foils was investigated. Synthesis protocols using
different solvents as dimethylformamide (DMF), water and meth-
anol on different supports were analyzed. By employing DMF no
ZIF-8 film growth on copper-based supports was achieved, while
the formation of a dense layer of ZnO was favored. The decisive role
of the surface chemistry was confirmed by obtaining the selective
formation of ZIF-8 films on substrates with ceramic surfaces under
identical synthesis conditions. Furthermore, in water, the formation
of the oxide film on copper surfaces was inhibited. However the
growth kinetics of the ZIF-8 film was still low. In contrast, using a
methanol-based mixture in the presence of acetate, the precursor-
support interactions were favored leading to a selective growth of
continuous, uniform and adherent ZIF-8 films on copper substrates.
These films totally and uniformly covered the foils and exhibited
partial crystallographic orientations on the {110} and {211} planes.
Moreover, ZIF-8 films had good mechanical stability remaining
firmly bonded to the substrate and also good thermal stability,
preserving their physicochemical characteristics up to about
350 °C. The information obtained has implications in the devel-
opment of new structured catalysts based on films of this MOF.
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