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� Microreactors based on metal-organic
framework films for gas-phase
reactions.

� In-situ growth of homogeneous and
stable ZIF-8 films on copper
microchannels.

� ZIF-8 films activated with highly
dispersed silver species.

� Microreactors with high activity and
stability in the CO oxidation reaction.
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Microreactors of copper foils with microchannels having zeolitic imidazolate framework-8 (ZIF-8) films
were developed. The films were obtained by direct solvothermal synthesis on the microchannels; they
presented micrometric thicknesses and homogeneity, and were activated with highly dispersed silver
species. The MOF-based microreactors showed high activity and stability in the carbon monoxide oxida-
tion, which is a benchmark for exothermic gas-phase reactions. The results could bring new perspectives
in the development of microreactors for heterogeneous catalytic gas-phase reactions based on other MOF
films as supports of active phases.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Microreactors are structured catalytic systems with channels
smaller than 500 lm that have an advantageous performance com-
pared to other conventional catalytic configurations such as pellets
or powders due to the higher mass and heat rates they can achieve
[1]. Additionally, due to their high surface/volume ratio, short res-
idence times are generated which increase selectivity and effi-
ciency in many catalytic processes. As a result of these
properties, microreactors can facilitate the control of highly endo
or exothermic gas-phase reactions, which are difficult to be carried
out in traditional reactors [2]. This type of devices enable featured
performances in several catalytic processes, i.e. water gas shift
reaction, alcohol steam reforming, selective methanation of carbon
monoxide or preferential oxidation of CO [3]. Even though silicon
and stainless steel are the materials most widely reported as sub-
strates in the literature [4,5], the use of substrates with higher
thermal conductivity and thermal diffusivity is an attractive alter-
native because they can improve the heat management towards or
from the catalytic film [6]. For example, this has led to the develop-
ment of microreactors based on substrates of aluminum or copper
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alloys [7–9,12]. However, the deposition of adherent and homoge-
neous catalytic films on the surface of micro-channels is challeng-
ing, particularly on metallic substrates with low surface roughness.
In order to address this issue, consistent alternatives have been
proposed to carry out in situ growth of porous coatings with high
specific surface area followed by the dispersion of the active spe-
cies therein. Thus, zeolite film-based microreactors have been
developed which have been highly effective in several catalytic
reactions [10–13]. The above discussion explains our interest in
developing new porous film-based microreactors, as one of the
tools that could improve such technologies, for example in terms
of dispersion and stabilization of active species. In recent years,
continuous research in new porous materials has led to the devel-
opment of Metal-Organic Frameworks (MOFs), which are crys-
talline solids consisting of inorganic clusters linked by organic
ligands in three-dimensional arrangements. They have a unique
chemical versatility, high internal porosity and properties different
from those of traditional porous materials such as zeolites, porous
silicas, or activated carbon [14]. A MOF’s family with potential
applications in solid-gas heterogeneous catalysis is that of zeolitic
imidazolate frameworks (ZIFs) since they present high specific sur-
face as well as good thermal and chemical stability [15,16]. ZIF-8 is
an archetypical material of this kind, in which Zn2+ atoms are
linked to nitrogens of imidazolate anions at connection angles
close to 145� in tetrahedral coordination, forming a three-
dimensional porous network with a zeolitic topology (SOD type)
[17]. Supported ZIF-8 films have been studied mainly for adsorp-
tion and gas separation applications [18], whereas their use in
heterogeneous catalysis remains as a largely unexplored area.
Recently, a composite membrane microreactor made of ZIF-8/
NaA films on multi-channel stainless steel plates has been applied
in the continuous flow Knoevenagel condensation of benzaldehyde
and ethyl cyanoacetate [19]. In other configurations, Fe3O4@ZIF-8
core-shell microspheres have been used in a capillary microreactor
showing good catalytic activity for the same reaction [20]. Pd/ZSM-
5@ZIF-8 core–shell structures have also been used for liquid phase
hydrogenations of 1-hexene and cyclohexene [21]. To the best of
our knowledge, no studies on microreactors based on metal-
organic framework films for gas-phase heterogeneous catalytic
reactions have been reported in the literature. However, there
are a few reports of MOFs containing metal particles that were
applied as catalysts for the CO oxidation reaction [22,23]. In the
present work, we developed a microreactor based on films of the
zeolitic imidazolate framework-8 (ZIF-8) on metallic microchan-
nels as support for active species, which was applied in the CO oxi-
dation reaction. The intention is to contribute to the development
to film-based microreactors. The in-situ growth of MOF films, their
functionalization with silver species and their catalytic assay in
this model gas-phase reaction are also discussed.
2. Experimental

2.1. Microchannel conformation and synthesis of MOF films

Electrolytic copper foils (100 lm thickness) were cut in
2 � 2.5 cm pieces and then micro-folded employing a home-
made device containing two rollers having micrometer sized teeth.
In order to change the pressure on the foils and optimize the fold-
ing conditions, the space between these rollers was regulated.
After that, the substrates were washed first with water and then
with acetone in an ultrasonic bath after which the ZIF-8 growth
was performed by direct solvothermal synthesis, using a protocol
we have recently optimized to obtain films of this MOF on flat
metallic substrates [24]. The reaction mixture consisted of
(NO3)2Zn�6H2O (Zn, Sigma Aldrich), sodium acetate (Ac, Cicarelli
pro-analysis), 2-methylimidazole (Mim, Sigma Aldrich) and
methanol (Cicarelli pro-analysis) in a molar ratio of Zn:Ac:Mim:
methanol 1:2:2:2000. The reactants were stirred for 30 min and
then placed in a Teflon vessel together with the microchanneled
substrate; the synthesis treatments were carried out at 120 �C
between 1 and 24 h. Later, the substrates were removed, treated
in an ultrasonic bath for 30 s to eliminate residues from the sur-
face, and finally dried at 70 �C.

2.2. Sample characterization

The formation of microchannels was examined by optic micro-
scopy (OM) with a Leica S8 APO stereomicroscope with a Leica LC3
digital camera. Representative cross-section micrographs of the
substrates were obtained and measurements were made to deter-
mine the fundamental dimensions of the microchannels. The
microstructure of the MOF films was examined by scanning elec-
tron 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 sputtered Au in order to
improve the images. For the elemental mapping of the microreac-
tor surfaces a FEG-SEM FEI NanoNova 230 was employed, operated
at an acceleration voltage of 20 kV. Diffuse reflectance infrared
spectroscopy (DRIFT) was performed with a Shimadzu Prestige
8101 M (40 scans, resolution 2 cm�1) in order to analyze vibra-
tional modes of the films. The crystalline structure of the growths
was analyzed trough X-ray diffraction (XRD) with a Shimadzu XD-
D1 instrument (CuKa radiation, k = 1.5418 Å, 2 �C min�1, 30 mV,
40 mA, 2h = 5� to 50�). Calculations of Crystallographic Preferred
Orientation (CPO) were made by means of the formula:

CPO x
y ¼

If x�If yð Þ� Ip x�Ip yð Þ
If x�If yð Þ where I is the integrated intensity, f denotes

the signal in the film, p denotes the signal in the powder, x and y
denotes the considered planes [25]. The substrate surface was
examined by atomic force microscopy (AFM) with an Agilent
5400 (Keysight Technologies) with a standard cantilever in inter-
mittent contact-mode obtaining topography and phase images.
The surface composition of films was examined by X-ray photo-
electron spectroscopy (XPS) with a Multitechnique Specs module.
The binding energies (BE) of Ag3d, Cu2p, Zn2p, C1s, N1s and O1s
core-levels were analyzed. The kinetic energy (KE) in the CuLMM,
AgMNN and ZnLMM regions transitions 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 C1s
at 284.8 eV was taken as internal reference. Data processing was
performed using the Casa XPS software.

2.3. Activation and evaluation of MOF films in a microreactor

Silver was introduced in the films by quasi-incipient wetness
impregnation through the dripping of exact amounts of silver
nitrate ethanolic solutions of known concentrations (0.01 0.02
0.03 M), adding dropwise onto the film an exact volume of these
solutions to obtain the required mass of Ag. Subsequently, films
were exposed under UV radiation (TUV 15 W T8, Philips,
254.3 nm, 2.3 Wm�2, 30 min). Catalysts with different silver con-
tents were thus obtained. Then, Ag/ZIF-8 supported films were
stacked inside a microreactor module placing a flat plate (stainless
steel) between two catalytic foils as shown in the scheme of the
microreactor assembly in Fig. 1. The module counts with heating
cartridges and a PID temperature controller, and reactant gases
were dosed by mass flow controllers (Brooks Instruments 4800
series). The CO conversions were determined with an on-line
Shimadzu GC-2014 chromatograph equipped with a TCD detector



Fig. 1. Scheme of axial cross-section of the microreactor module, showing the housing section in which the catalytic microchannel foils are stacked. The micrograph inset
shows the main dimensions of the microchannels.
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and a 5A molecular sieve column. The composition of the reaction
mixture was 1% CO, 2% O2 in He balance with a total flow of
30 cm3 min�1. Prior to the catalytic tests, the microreactors were
treated in He (30 mL min�1) between room temperature and
200 �C (5 �C min�1) and maintained at that temperature for

60 min. CO conversions (XCO) were calculated as: XCO ¼ CO0�COð Þ
CO0 ;

where [CO]0 and [CO] are inlet and outlet gas concentrations
(mol cm�3), respectively. The reaction rate was estimated taking

into account conversion levels <15% through r ¼ C0
CO �XCO
WAg=F

, where

WAg is the amount of silver loaded in the microreactor (mg) and
F is the gas flow (cm3 s�1). In addition, pseudo-first order kinetic
constants (k) were calculated at different temperatures as:

k ¼ �l n ð1�XCOÞ
WAg=F

.

3. Results and discussion

3.1. Conformation of microchannels

The microfolding of the substrates was adjusted by analyzing
micrographs of cross sections of the samples. From these micro-
graphs, the main dimensions of the microchannels were obtained,
such as the width between the crests (W), depth (D), aspect ratio
(A =W/D) and hydraulic diameter (Hd). As shown in Fig. 2, a good
uniformity in the dimensions of the microchannels was achieved,
since both W and D presented a normal-type distribution profile,
with a low standard deviation. The average value of D was
218 ± 20 lm (Fig. 2a) and a slight right asymmetry in the his-
togram was noticed, while W was 717 ± 20 lm with a slight devi-
ation of the distribution to the left (Fig. 2b). These dimensions
provided an A value of about 3. This good conformation of the 54
microchannels per substrate obtained by this method was proba-
bly promoted by the high malleability of the copper foils. The
hydraulic diameter (Hd) is a characteristic parameter which repre-
sents more realistically the flow behavior of reagents through the
channels. By approximating the cross section of the microchannels
to a triangular shape, an Hd was estimated through the relation-
ship Hd = 4S/P [26], wherein S and P represent the area of the chan-
nel section and its perimeter, respectively. In this way,
microchannels with Hd around 201 ± 16 lm were obtained with
a slight positive bias of the distribution curve (Fig. 2c). Considering
the flow conditions of the gases in the catalytic test, this will pro-
vide the development of a laminar flow (Re = 925) where the Rey-
nolds number was calculated as Re ¼ qtsHd

l q being the density of

fluid, l the dynamic viscosity, ts the fluid velocity and Hd the
hydraulic diameter.
3.2. In-situ growth of MOF films on the microchannels

Recently, we needed to apply the secondary synthesis (SS)
approach to obtain a selective growth of uniform ZIF-8 films on flat
copper substrates [24] since by direct synthesis (DS) continuous
films were not developed. In contrast, in the present case, after
subjecting the copper substrates with microchannels to a direct
synthesis for 10 h, the development of a pure ZIF-8 phase on its
surface was obtained. This was verified by the presence of all
XRD indexed signals for this MOF, in addition to the intense signal
of the substrate (Fig. 3). Moreover, such MOF signals matched the
diffraction pattern of the crystals recovered from the synthesis
solution. By reducing the treatment time to 6 h, all the ZIF-8
diffraction peaks can still be detected with appreciable intensity
and are even clearly defined in the sample treated for 2 h. It can
be seen that the intensity of the XRD peaks evolves with increasing
time. However, in the sample obtained at 20 h no noticeable
changes can be observed in the diffractogram compared with the
sample at 10 h, suggesting that modifications no longer occur in
the growth of the MOF film (Fig. 3). Moreover, the relative intensi-
ties of the main XRD signals of the films are similar to those of the
recovered powder. By comparing the relationship between the
integrated intensities of the h1 1 0i, h2 0 0i and h2 1 1i planes from
the growths and those from the powder, the crystallographic pref-
erential orientation indexes (CPO) (110/200) and (211/200) take
values near zero. This indicates a random distribution of the MOF
crystals on the substrate surface, which is a typical behavior of
crystalline growths obtained by DS. Such feature contrasts with
that obtained in ZIF-8 films developed by SS on this type of sub-
strate, which have a strong preferential crystallographic
orientation.

Fig. 4 shows a SEM image of the sample obtained at 10 h
exhibiting a uniform growth of crystals that completely covers
the microchannels, with mean crystal size of about 12 lm and a
film thickness of similar dimensions. The thickness was similar
throughout the entire substrate surface, both at the bottom and
at the top of each microchannel (inset Fig. 4). Moreover, no differ-
ences in either crystal size or film thickness were observed for the
sample synthesized at 20 h, in agreement with the XRD results.
Comparing these growths with those obtained by SS under similar
synthesis conditions (time and temperature), no significant differ-
ences were noticed in terms of crystal size and thickness of the
film, although the extension of the intergrowth clearly changed.
These films showed a somewhat lower intergrowth producing
more defined individual crystals, as shown in Fig. 4. In the sample
obtained after 6 h treatment, a uniform and continuous film was
also observed, although the crystal size and film thickness were
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reduced to about 8 lm. Moreover, for a treatment time of 2 h,
small crystals of about 5 lm grew homogeneously dispersed in
the microchannels but without forming a continuous film
(Fig. 4). In correlation with XRD results, the SEM images of this
sample show that an incipient crystal growth was produced with
some cube-shaped crystals, which began to adopt the typical
dodecahedral shape of ZIF-8 crystals in line with the morphology
of this MOF at the early stages of growth [27]. The direct syntheses
on copper microchannels in open configuration, fully exposed to
the synthesis medium, allowed obtaining uniform MOF films with-
out inhomogeneous deposits which are optimal to be used in a
microreactor. The 10-h sample showed an optimal quality with a
coverage of about 0.4 mg cm�2 of substrate surface area. Moreover,
the high porosity of this film was confirmed which showed a speci-
fic surface area (BET) of about 1417 m2 g�1 that was almost identi-
cal to that of the ZIF-8 powder (1432 m2 g�1). The mechanical
stability is another important quality these films must meet in
view of their application in a gas stream. In this regard, a high
adhesion was noticed since no detachment occurred with the
ultrasound treatment performed during the cleaning after the film
synthesis and a strong anchorage to the substrate was also
observed after the cuts made for SEM observations. Previously,
exhaustive adherence studies of the ZIF-8 films were carried out,
which showed a high adhesion after being subjected to long ultra-
sound treatments and thermo-mechanical cycles in muffle fol-
lowed by the ultrasound test [24].

The dense crystal growth obtained at short synthesis times sug-
gests a promotion of the MOF nucleation on the substrate surface.
The 3D topographic profile of the microchannel surface shows a
fine grain nanostructure (Fig. 5a-i) which is typical of copper elec-
trodeposits, in agreement with the origin of this commercial sub-
strate obtained by lamination of electrolytic copper deposits.
However, the size of these grains is much smaller and they are in
a higher proportion in the substrate with microchannels compared
to the original flat foil (not shown), which most likely originates
from the high compression suffered by the substrate during the
folding process. The creation of this nanoroughness on the
microchannels surface fosters the development of the film by pro-
viding a high density of nucleation sites for the MOF. Meanwhile,
the 3D surface profile of the microchannel which was solvothermi-
cally treated for 1 h, shows a modification of the surface structure
(Fig. 5a-ii) having nanometric formations most probably nuclei of
the MOF in early stages which are deposited on a somewhat



Fig. 4. SEM micrographs of the microchannels with ZIF-8 films synthesized at different times.
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smoother surface. The latter is associated with a partial dissolution
of the substrate that occurs during the solvothermal treatment
under the present conditions. The SEM images of this sample also
confirm the presence of small particles scattered on the substrate
surface (Fig. S1). The height profiles plotted on AFM topographical
images (Fig. 5b-i) indicate that these formations have heights
between 5 and 20 nm and basal diameters between 10 and
50 nm. Moreover, the phase images (Fig. 5b-ii) confirm that such
deposits are of a chemical nature different from that of the sub-
strate, proving the hypothesis that these formations correspond
to the MOF at the early stages of growth. These findings are in
agreement with studies of ZIF-8 crystal growth in methanol, which
indicated a rapid evolution of the MOF formation with a high crys-
tallinity at short synthesis times (30–40 min), where the first crys-
tals can be observed [28].

3.3. Film activation and evaluation in a microreactor

In recent years it has been well-established, on the one hand,
that Ag nanosized catalysts display good low-temperature CO oxi-
dation and reaction stabilities [29] and, on the other hand, that
several types of MOFs can support silver species forming
molecular-scale clusters distributed uniformly throughout the
MOF crystals [30]. Based on the above, we incorporated silver
as active center in the ZIF-8-based microreactors, denoted as
Ag (x)/ZIF-8/MR, where (x) indicates the silver loading (mg) and
MR means microreactor.

The XRD patterns of the fresh silver loaded microreactors show
that during the impregnation process the structure of the MOF
films was unchanged and no extra signals appeared (Fig. 6) indicat-
ing that silver species were highly dispersed in the films. DRIFT
spectra of these same films also show that the bond structure of
the MOF remains intact (Fig. S2), confirming its structural integrity
after the silver impregnation. The microreactors were evaluated in
the CO oxidation from room temperature up to 300 �C, as these
films proved to be structurally stable under inert atmosphere up
to about 350 �C [24]. The obtained CO conversions are shown in
Fig. 7, where results found with the bare ZIF-8/MR microreactor
are also included for comparison. During the growth of ZIF-8 over
the copper foil, some amount of Cu is leached from the substrate
and part of it remains into the film structure [24]. In addition,
we performed EDS analyses and elemental line scan on transversal
cuts of this sample, which confirmed the presence of copper in the
MOF film (Fig. S3).



Fig. 5. (a) 3D representation of the topographic AFM images: (i) microfolded copper foil; (ii) microfolded copper foil subjected to a solvothermal treatment for 1 h. (b) AFM
topographic (i) and phase (ii) images of the copper foil treated at 1 h. The height profiles (1) and (2) were taken on image b-(i).
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Thus, the bare ZIF-8/MR itself develops CO oxidation activity
reaching the temperature for 50% of CO conversion (T50) at
280 �C. This activity is associated with dispersed copper species
in the MOF film, since it has been demonstrated that ZIF-8 crystals
are inactive for this reaction [22]. Moreover, we show that after the
impregnation of a small amount of silver, the CO conversion
increased (Fig. 7) for Ag(0.5)/ZIF-8/MR, reaching T50 at 250 �C as
a consequence of the activities of both copper and silver species.
In order to investigate the activity of these microreactors, two
other catalysts with higher silver loadings were tested; they were
denoted Ag(1.0)/ZIF-8/MR and Ag(1.5)/ZIF-8/MR. As shown in
Fig. 7, the T50 was 210 �C and 225 �C, respectively. Interestingly,
the CO oxidation activity increased when the silver loading
increased from 0.5 mg to 1.0 mg, but the same effect was not
observed for the microreactor loaded with 1.5 mg. Reaction rates
calculated at 200 �C take similar values when comparing Ag(0.5)/
ZIF-8/MR (6.10�5 mol.s�1.g�1) and Ag(1.0)/ZIF-8/MR (7.10�5 mol.
s�1.g�1) but decrease for the Ag(1.5)/ZIF-8/MR sample
(4.10�5 mol.s�1.g�1). These results indicate that for lower loadings,
active silver species are readily accessible in the ZIF-8 porous films,
but with higher silver amounts metal species probably either block
the ZIF-8 pores or sinterize. The reaction rate value calculated for
the best catalytic microreactor among those studied in this work
(Ag(1.0)/ZIF-8/MR) is higher than that calculated from data
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extracted from the literature [23] for Ag-MOF (3.10�5 mol.s�1.g�1)
and somewhat lower than that of the active gold supported in ZIF-
8 (1.10�4 mol.s�1.g�1) [22]. For each evaluated microreactor, the
catalytic experiments were performed by duplicate and the results
were highly repetitive. As shown in Fig. 7, CO conversions were
measured increasing the temperature up to 300 �C and then
decreasing it in the opposite way; besides, a hysteresis loop was
observed for Ag(1.0)/ZIF-8/MR and Ag(1.5)/ZIF-8/MR. This phe-
nomenon has been frequently reported in the literature for CO oxi-
dation on supported metallic catalysts and it can be ascribed to
kinetic behaviors [31] or changes in the structure of the active sites
[32]. In our case, given the reversibility observed of the hysteresis
loop in consecutive evaluations, structural changes of the active
phase are discarded. For the most active sample, Ag(1.0)/ZIF-8/
MR, pseudo-first order kinetic constants (k) were calculated using
CO conversions lower than 15% and the Arrhenius plot was built as
shown in Fig. 8. By linearization, the activation energy (Ea) was
obtained, which presented a value according to that reported in
the literature for nano-silver catalysts (supported on SiO2) in this
reaction [33] and demonstrates the absence of diffusive constraints
in the MOF film. The catalytic results show the effective implemen-
tation of the MOF-based microreactors for this highly exothermic
reaction, having a high activity and stability in the reaction. MOF
films allow the proper dispersion of silver species, acting as an
effective support for stabilizing and preventing their agglomera-
tion during the reaction. Following the catalytic tests, stability
was evaluated by keeping the catalytic films under reaction atmo-
sphere at high conversion levels for a period of 24 h. As shown for
the most active microreactor (inset in Fig. 8), the conversion was
maintained over time and even a slight increase was noticed,
demonstrating a long-term stability behavior.
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After the catalytic tests the units were disassembled and char-
acterized by XRD (Fig. 6) and DRIFT. Fig. S2 shows the DRIFT spec-
trum of samples which were cycled in catalytic evaluation ramps.
In agreement with the catalytic behavior, the spectrum reflects the
physicochemical integrity of the film subjected to reaction since all
characteristic vibrational modes of the ZIF-8 are observed, keeping
the bond connectivity in the MOF intact. The imidazolate structure
remained unchanged in view of the absence of the typical intense
imidazole absorption band in the 2250–3300 cm�1 region and its
associated signal at 1850 cm�1 [34]. Furthermore, the CH bending
mode of the imidazolate was observed at 1147 cm�1 and also the
rest of the MOF’s bond structure remained unchanged, as the
stretching mode of C@N at 1585 cm�1 and the bands in the
1350–1500 cm�1 region associated with the vibration of the ring
[35]. The diffractograms of the evaluated microreactors (Fig. 6)
confirmed that the structural integrity of the crystalline structure
of the MOF remained unchanged with highly dispersed phases of
silver in view that no signals of silver appeared in the Ag(0.5)/
ZIF-8/MR and Ag(1.0)/ZIF-8/MR samples. However, in the Ag(1.5)/
ZIF-8/MR sample a weak Ag0 signal was observed at 38.1 � (JCPDS
4-783) pointing to a certain agglomeration of silver particles in
agreement with the reduction in the reaction rate observed for this
sample.
Table 1
XPS results of the ZIF-8-based microreactors.

BE Cu 2p3/2

(FWHM)a
KE Cu
LMMb

a’c BE Ag 3d3/2

(FWHM)a
KE A

ZIF-8/MR fresh 932.9 (2.4) * * – –
ZIF-8/MR used 932.8 (2.5) * * – –
Ag(1.0)ZIF/MR fresh 932.7 (2.2) 915.9 1848.6 368.2 (1.4) 357

Ag(1.0)ZIF/MR used 932.2 (2.4) 916.1 1848.4 367.9 (1.5) 358

a Binding energy (BE) in eV.
b Kinetic energy (KE) in eV.
c Modified Auger parameter: a0 = KE (Cu LMM) � KE (Cu 2p3/2) + 1253.6 eV.
d Modified Auger parameter: a0 = KE (Ag MNN) � KE (Ag 3d3/2) + 1253.6 eV.
* Very small signals that do not allow the parameter calculation.

Fig. 9. X-ray mapping image of the Ag(1.0)/ZIF-8/MR sample before reaction: (a) S
The XPS analysis of both the microreactor without silver, ZIF-8/
MR, and the more active Ag(1.0)/ZIF-8/MR, demonstrated the pres-
ence of copper on the MOF crystal surface, which was higher in the
Ag(1.0)/ZIF-8/MR sample (Fig. S4). In this case, the Cu2p signals
exhibit an acute shape with no satellites, which together with
the Auger parameter (a) calculated from the spectrum in the
CuLMM region, indicate the presence of Cu1+ in both the fresh
and used samples (Table 1), which is due to a partial lixiviation
of the substrate during synthesis. They are highly dispersed, as
they were not detected by XRD. On the other hand, the small
amount of surface copper in the ZIF-8/MR samples (about 0.01%
Cu), makes it difficult to calculate a, although its presence explains
the activity of this microreactor.

The Ag(1.0)/ZIF-8/MR sample shows electronic transitions of
Ag3d (Fig. S4) with similar values of binding energies (BE) in the
fresh and evaluated microreactor (Table 1). Since it is difficult to
distinguish the oxidation state of silver species in this region, the
Auger parameter was obtained from the AgMNN transitions which
yielded a value of 726.2, thus confirming the presence of Ag0 spe-
cies both in the fresh and used samples [36]. Besides, the concen-
tration of surface silver remained constant (about 0.02% Ag). This
confirms the stability of those species, without surface segregation
or change in their characteristics. The N/Zn ratio in all samples was
g MNNb a’d BE Zn 2p3/2

(FWHM)a
KE Zn LMMb BE O 1s

(FWHM)a
N/Zn

– 1021.7 (2.5) 987.4 531.6 (2.8) 2.8
– 1021.5 (2.5) 987.6 531.2 (3.0) 2.2

.8 726.2 1021.9 (2.6) 988.6 531.3 (3.0)
530.4 (1.4)

1.8

.3 726.2 1021.4 (2.5) 988.5 531.2 (2.7)
529.7 (2.3)

5.5

EM of the analyzed sector; (b) Cu mapping; (c) Zn mapping; (d) Ag mapping.
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similar to that of the coatings obtained by SS [24] and somewhat
smaller than the theoretical one, which suggests Zn enrichment.
Nevertheless, in the evaluated silver-loaded sample that ratio
increased twofold (Table 1). Moreover, the signals in the O1s
region can be correctly adjusted with two components (Table 1),
one around 530 eV in agreement with Cu and Zn oxides [37] and
another around 531 eV which can be associated with surface
hydroxides, without discarding the contribution of some oxygen
of acetate species remaining from the synthesis. The presence of
surface zinc oxide was confirmed for the fresh and used Ag(1.0)/
ZIF-8/MR samples in view that the KE of the electronic transition
in the ZnLMM Auger region was around 988.6 eV [37]. On the con-
trary, for the ZIF-8/MR samples, these signals were located at
987.6 eV, in agreement with zinc in the ZIF-8 structure [24].

The elemental X-ray mapping of the evaluated Ag(1.0)/ZIF-8/
MR sample taken over a sector of the film as shown in Fig. 9a, indi-
cates a uniform distribution of Zn as a consequence of the homoge-
neous coverage of the substrate with crystals of this MOF (Fig. 9b).
The presence of a certain amount of Cu in the crystals was also
observed (Fig. 9c) although its higher concentration was noticed
at the slightly separated intercrystalline voids which were magni-
fied during the long-lasting mapping acquisition. On the other
hand, silver was distributed very evenly in the MOF films, although
some deposits were observed in intercrystalline regions as a conse-
quence of the impregnation process (Fig. 9d). Even though there
are some reports that use TEM analyses for the study of metal par-
ticles in MOFs, it has been reported that TEM induces MOF degra-
dation leading to the agglomeration of the initially formed
particles, so it cannot provide true information about either the
size or the location of the nanoparticles [38]. The silver distribution
in our microreactors agrees well with the XRD, EDS mapping and
XPS results and confirms the high dispersion of this active phase
properly stabilized in the microporous structure of the MOF, even
after being subjected to repeated catalytic tests, in correspondence
with the high in-reaction activity and stability that this sample
exhibited.

4. Conclusions

Uniform microchannels in copper foils were obtained employ-
ing a microfolding procedure, which showed uniformity in their
characteristic dimensions with hydraulic diameters of about
200 lm. Subsequently, on these substrates it was possible to
obtain homogeneous films, a few micron thick, of the Zeolitic Imi-
dazolate Framework-8 (ZIF-8) through direct in-situ growth. The
term ‘‘homogeneous” refers to the uniform growth of crystals that
completely covers the microchannels, with a similar thickness
along the substrate, which is an optimum condition for a catalytic
application. The presence of a nanostructured surface in the sub-
strate provided a high density of nucleation sites for the MOF, gen-
erating a uniform and well-anchored growth of crystals that
completely covers the microchannels. Subsequently, such films
were functionalized with silver species as active centers through
the impregnation with silver solutions; then, they were success-
fully applied in a microreactor for CO oxidation. The microreactors
showed a high activity and stability in this highly exothermic
gas-phase reaction, as a consequence of the fact that the ZIF-8
films allow a high dispersion of the active phases avoiding their
sintering and keeping unchanged the metal-organic framework
structure during the reaction. MOFs have a high surface area,
adjustable pore size and shape, and possibility of functionalization
of their porous walls. Therefore, the results of this work can open
new opportunities for the application of other MOF films as
carriers of active species in catalytic heterogeneous gas-phase
reactions using microreactors.
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