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another method consisted in heating in air at 500 °C (CAL); and the third one was a sequence of both methods
(CAL-VAP). The synthesized CuOy films/Cu foils were assembled as microreactors and tested for CO oxidation,
showing high catalytic performance and stability in reaction. The physicochemical characteristics of the films
were examined by Scanning Electron Microscopy (SEM), Temperature-Programmed Reduction (TPR), X-ray Dif-
fraction (XRD), Laser Raman Spectroscopy (LRS), Reflectance Infrared Fourier Transformed Spectroscopy
(DRIFTS) and ultrasound tests. The VAP films consisted of thick clustered nanorods containing Cu™ and Cu?* spe-
cies in the outer layer of the coating. The CAL films presented uniform growth of nanoneedles in which the outer
layers were composed mainly of Cu?>*. However, by submitting the CAL sample to the VAP procedure (CAL-VAP),
part of CuO was reduced to Cuy05 species. The developed microreactors with copper oxide nanostructures direct-
ly grown on microchannels with high thermal conductivity represent a low-cost, simple alternative for applica-
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tion in catalytic gas-phase reactions.
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1. Introduction

In recent years, research on catalysts based on copper oxides (CuOy)
has significantly increased since these solids have catalytic activity in
numerous oxidation reactions such as CO oxidation [1-3] and have a
lower cost than other catalytic formulations involving noble metals.
The nanostructured phases of such materials are interesting catalytic
solids since they can provide a high active surface with multiple oxida-
tion states. In addition, it has been shown that their efficiency can be
maximized if they are arranged as highly dispersed nanoparticles on
the surface of microstructured catalysts, also called microreactors [4-
6]. These latter ones consist of three-dimensional structures with fluid
passages of sub-millimeter dimensions, in whose walls a catalytic mate-
rial is deposited. They allow an advantageous catalytic performance in
comparison with the conventional packed-bed powder catalysts be-
cause of the high mass and heat transfer rates they provide [7,8]. On
the other hand, when the aim is to carry out highly endo or exothermic
reactions, it is convenient to use metallic substrates, which allow
obtaining thin walls with high thermal conductivity that facilitate the
heat exchange with the catalytic film [9]. In this context, there emerges
an interest in studying the growth of CuOx nanocrystals dispersed on
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the surface of metallic structures, with the intention of developing
new microreactors.

The synthesis of copper oxide films over copper substrates is an in-
teresting option since they can be obtained from the oxidation of the
substrate itself. Among the alternatives for obtaining such films, solu-
tion-based methods involving hydrothermal treatments are considered
a good option. By applying these techniques, CuO growths with
nanoflower morphology have been obtained using highly alkaline solu-
tions containing (NH,4),S,03g [10] or with surfactant-assisted treatments
employing sodium dodecyl sulfate (SDS) [11]. In addition, different di-
mensionalities and architectures of CuO nanocrystals have been
achieved by adding other surfactants such as cetyltrimethylammonium
(CTAB) or Tx-100 [12] to the alkaline solution. Another strategy that
may be advantageous for coating substrates with complex geometries
is to use gas phase treatments. Recent studies report the growth of
CuO nanowires on substrates with different geometries, such as grids,
foils, wires and monoliths, by direct heating of the substrates in air at-
mosphere [13-18]. On the other hand, a low temperature oxidation
method using ammonia and hydrogen peroxide vapors has also been
used to obtain CuO nanoribbons [19]. Nanostructured CuOy films have
been employed for example in H,0, peroxide detection [10], electrodes
for lithium ion batteries [11,12], NH3 sensing [13] and electrocatalytic
glucose oxidation [19]. To the best of our knowledge, the application
of this type of films in microreactors for a gas-solid catalytic reaction
has not been reported.
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We have recently optimized the gas phase treatments discussed
above, obtaining homogeneous and densely packed copper oxide nano-
structures on the surface of flat copper foils [20]. Based on these studies,
in the present work we analyze the in-situ growth of nanostructured
CuOy films on copper substrates with microchannels, which are then
evaluated in a microreactor module for the catalytic oxidation of CO as
a reaction test.

2. Experimental
2.1. Coating synthesis

Electrolytic copper foils (99.9%, 100 um thickness) in pieces of
2 x 2.5 cm were used. Microchannels were molded (Fig. 1a) by a
home-made device consisting of two micrometric metal rollers whose
spacing allows regulating the folding conditions. In this way, copper
foils with parallel microchannels which had a hydraulic diameter of
about 200 um and good uniformity in size were obtained (Fig. 1b).
The initial mass of the microchannel substrates was similar in all sam-
ples and about of 532.5 £+ 2 mg. After folding the foils, they were
washed with 2 N HCl during 15 min and then with distilled water in ul-
trasonic bath for 10 min after which the oxidation treatments were ap-
plied. Briefly, one method (VAP) consisted in placing the foils
suspended vertically above the liquid level in a flask containing a mix-
ture of 10 mL of NH4OH (Cicarelli, pro-analysis, 37% w/w) and 10 mL
of H,0, (Cicarelli, pro-analysis 100 vol.) and heating at 80 °C for 8 h.
The other treatment (CAL) consisted in heating the foils vertically sup-
ported in static air at 500 °C (2 °C min~") for 8 h. In addition, a sequen-
tial combination was carried out applying first a CAL treatment followed
by a VAP treatment (CAL-VAP). The syntheses by these methods were
performed under conditions we previously optimized with flat copper
foils in which the best morphological characteristics of the oxide layers
were obtained [20].

2.2. Sample characterization

The microstructure of the oxide films was 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. Dif-
fuse Reflectance Fourier Transformed Spectroscopy (DRIFTS) was per-
formed with a Shimadzu Prestige instrument (accumulation 40 scans,
resolution 2 cm™ ') equipped with a MCT detector. X-ray Diffraction
(XRD) was performed with a Shimadzu XD-D1 instrument by scanning
the 26 angle at 2° min~! between 30° and 55° using CuKa radiation
(N = 1.5418 A, 30 kV, 40 mA). The mechanical stability of the films was
evaluated subjecting the samples to a test consisting in an ultrasound
treatment. The samples were immersed in a solvent (water or acetone)

inside a glass vessel and then in an ultrasonic bath (Cole-Parmer, 47 kHz
and 130 W) at 30 °C for different periods. After that, the samples were
dried at 120 °C during 10 min and the weight were measured both be-
fore and after the treatment with a microbalance Mettler Toledo MT5
(0.001 mg accuracy). The reducibility of the films was analyzed by Tem-
perature-Programmed Reduction with Hydrogen (H,-TPR) in a
Micromeritics Autochem Il equipment. First a pretreatment in Ar was
carried out (200 °C, 1 h) and then the TPR was performed in a H,
(5%)/Ar stream with a ramp of 10 °C/min up to 900 °C. Laser Raman
Spectroscopy (LRS) was performed on microreactors using a LabRam
spectrometer (Horiba-Jobin-Yvon) coupled to an Olympus confocal
microscope equipped with a CCD detector cooled to about 200 K. The
excitation wavelength was 532 nm (Spectra Physics argon-ion laser)
and the laser power was set at 30 mW.

2.3. Catalytic evaluations in a microreactor

The substrates with the oxide coatings were stacked inside a
microreactor module, placing two units between a flat steel plate in
such a way that the microreactor was made up of 108 parallel
microchannels. The module was connected to a continuous flow system
equipped with flow mass controllers (Brooks 4800) and it was heated
by heating cartridges controlled with a PID control system by means
of a thermocouple inserted in the housing under the surface of the cat-
alytic foils. Prior to the catalytic evaluation, the microreactors were
heated in He (30 mL min~!) between room temperature and 300 °C
(5 °C min~!) and maintained at that temperature for 30 min. After
that, the catalytic runs were performed using a molar gas feed composi-
tion of 1% CO, 2% O, in He balance employing a total gas flow of
30 cm® min~ . The catalytic measurements were performed after stabi-
lizing the microreactors at different temperatures in heating and cooling
ramps and the stability in reaction was also analyzed by keeping the
microreactors under reaction at a given temperature for long periods.
The CO conversions were determined by analyzing the microreactor
exit with an on-line Shimadzu GC-2014 chromatograph equipped
with a TCD detector and a 5A molecular sieve column. CO conversions
were calculated as: Xco = ([CO]° — [CO]) /[CO]°; where X is conversion,
[CO]° and [CO] are inlet and outlet gas concentrations.

3. Results and discussion
3.1. Growth of nanostructured CuO, films on microchannels

After subjecting the substrates to the CAL, VAP or CAL-VAP treat-
ments, respectively, a weight gain similar for the three samples (CAL:
9 mg, VAP: 9.4 mg, CAL-VAP: 12.4 mg) was recorded, which corre-
sponds to a mass of oxygen gained during the oxidation of the sub-
strates. The surface of these samples turned black indicating the

Fig. 1. Optical micrographs of the as-prepared substrate: a) microchanneled foils; b) close-view of microchannels.
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formation of oxide layers which was confirmed by XRD, indicating a
mixture of CuO and Cu,0 phases (shown below). The analysis of these
films by TPR (Fig. 2) showed for the CAL sample a symmetric signal cen-
tered around 360 °C, while for the VAP sample the profile was asymmet-
ric and displaced towards the lower temperature zone. Meanwhile,
CAL-VAP sample presented a profile similar to CAL but with a contribu-
tion at low temperatures, showing the combined nature of this film. The
signals at lower temperature can be assigned to both small size CuO
crystals similar to those found for supported CuO nanoparticles [6,21]
and also to Cu,0 nanocrystals that show low reduction temperatures
[22]. The total hydrogen consumption with respect to the mass of oxy-
gen gained (H,/O in mmol/mg) exhibited similar values for the three
cases (CAL: 5.03 1072, VAP: 5.17 10~ 2, CAL-VAP: 4.95 10~2). These con-
sumptions, in turn, were lower than those corresponding to the CuO
powder (6.24 10~2) in line with the fact that the films were a mixture
of Cu™ and Cu®™ oxides. Through the H,/O ratios a Cu>™ proportion
as CuO was estimated, being 76 wt% for CAL, 78 wt% for VAP and
74 wt% for CAL-VAP films, respectively.

The SEM image of the VAP sample indicates a total coverage of the
microchannel surface (Fig. 3a) with homogeneous arrangements of
structures in the form of thickly clustered nanorods of about 1 um
length and 150 nm width at the end of the rods on the film surface. In
some sectors they are grouped in formations with a chrysanthemum-
like architecture. The overall thickness of these VAP films is about 13
um (Fig. 3b). On the other hand, the CAL sample presents a uniform
growth of nanoneedles that cover homogeneously the surface of the
microchannels (Fig. 3¢). By the CAL method, a layered growth is pro-
duced with a base of Cu,0 on which a CuO film is developed, from
which CuO nanoneedles grow (Fig. 3d). The cross section shows a
base layer of about 4 um and CuO nanowires of about 9 um in length
and 260 nm in width. It is interesting to note that the nanoneedles are
grouped in the form of islands, which is better visualized in the crests
of the microchannels (Fig. 3¢). This characteristic is similar to that ob-
served on the surface of flat foils and can be due to surface defects in
the bare copper foil which has micrometer size crater-like hollows
[20]. The arrangement of the nanostructures in the CAL-VAP film is
slightly modified with respect to the CAL sample (Fig. 3e-f). Although
the overall thickness of the base film (~5 pm) and the average length
of the needles (~9 um) are maintained, a needles widening (520 nm)
as well as a reduction in the amount thereof is observed.

——CAL
— VAP
—— CAL-VAP

Intensity / a.u.

200 300 400 500
Temperature / °C

Fig. 2. Hydrogen-Temperature Programmed Reduction (H,-TPR) of the CuOy films.

3.2. Mechanical stability of CuO, films onto microchannels

A crucial aspect for the application of these coatings under real con-
ditions is their mechanical stability. Qualitatively, the three types of
films had an acceptable adhesion since there was no severe detachment
during their handling and after the cuts made for SEM analysis (see Fig.
3).In order to analyze this property more rigorously, stability tests with
ultrasound were performed. In Fig. 4 the results for the coatings subject-
ed to different treatment times using both acetone (Fig. 4a) and water
(Fig. 4b) are presented. Initially, a high coating loss is observed which
then reaches stabilization. The VAP film grown on plicated foils (VAP/
P) presents the highest stability (Fig. 4a), while a CAL treatment follow-
ed by VAP (CAL-VAP) remarkably increases the stability of the film with
respect to the CAL case. The adhesion order from highest to lowest was:
VAP > CAL-VAP > CAL. In order to observe the effect of the microchannel
geometry on the coating stability, CAL, VAP and CAL-VAP films grown
on flat substrates were also analyzed (empty symbols). A profile and
order of stability similar to those discussed above were observed. How-
ever, a remarkable increase of the adhesion of the coatings in the foils
with microchannels was verified.

In order to better differentiate the stability between coatings, studies
in water were performed (Fig. 4b). The mechanism of ultrasonic cavita-
tion involved in these tests depends on the elastic characteristics (sur-
face tension), viscosity and vapor pressure of the liquid medium in
any ultrasonic wave [23]. A more severe condition is generated when
water is used, given the greater cavitation intensity in this solvent. The
cavitation effect results in a high velocity of fluid movement, e.g.
microjets, which impacts on the surface of the coating generating its
erosion [24]. This test carried out in water (Fig. 4b) allowed us to con-
firm the order of stability of the coatings, as well as the remarkable in-
crease of the stability of the films grown on microchannels compared
to those grown on flat substrates. The question of the origin of this effect
was raised and, in principle, two factors could be considered, i) a better
distribution of the stresses of the film on the surface with undulated ge-
ometry, i) changes in the surface microstructure of the substrate due to
the compression during the folding. To inquire about these possibilities,
a sample with microchannels was flattened by compression and then
subjected to a CAL treatment. The stability assay of this sample (Fig.
4b) showed a level of film adhesion similar to that of the coating on
the flat foil, although the profile was somewhat attenuated at first
(Fig. 4b). This result strongly suggests that the increase of the stability
of the films on microchannels is fundamentally due to a geometric ef-
fect, probably by a better stabilization of the film onto the undulated
surface. It should be remarked that the adhesion differences among
films were only evident after subjecting the samples to the aggressive
ultrasound test, but all coatings were stable under the reaction condi-
tions of the catalytic assays.

3.3. Catalytic performance of nanostructured films in a microreactor

The films were evaluated in a microreactor for the oxidation of car-
bon monoxide. CO is an extremely toxic gas that accumulates indoors
and should be removed [25]; on the other hand it needs to be removed
from hydrogen streams used in fuel cells [26] (through the COProx reac-
tion). But also, this is a highly exothermic and simple gas phase oxida-
tion reaction which is suitable to be taken as a model reaction to
analyze the behavior of the films. Fig. 5a shows that the three types of
coatings were very active. Catalytic performances were analyzed by
first increasing the temperature from 30 to 300 °C (Fig. 5a - inc. T) and
then, decreasing the temperature from the latter to 30 °C (Fig. 5a -
dec. T). The activity trend followed the order CAL < VAP ~ CAL-VAP, al-
though the CAL-VAP microreactor seemed to have a better conversion
over the whole temperature range. We emphasize that no detachments
of the three types of films were observed during the catalytic runs.
Moreover it should be noted that the Cu microchannel plate without
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Fig. 3. SEM images of the as synthesized CuOy films obtained by three different methods: a-b) VAP; c-d) CAL; e-f) CAL-VAP.

CuOy, coatings have a low catalytic activity, reaching a CO conversion of
31% at 300 °C (Fig. 5a).

The high performance of these microreactors can be attributed to
two factors: i) the nanostructured nature of the oxide, considering
that the CO oxidation reaction on CuOy nanostructures is influenced
by the shape and the exposed plane of the oxide [27], ii) its conforma-
tion as a thin film in a microreactor, where a high contact surface is gen-
erated between the reactant stream and the catalytic surface, as well as
the high mass and heat transfer rates given by the microreactor. The cat-
alytic performance of the CAL film is associated with the needle mor-
phology of CuO that presents selectively exposed (—111) planes with
more surface lattice oxygen which can improve the speed of this reac-
tion. The latter follows a Mars-van Krevelen mechanism involving
transfer of oxygen from the oxide network through the solid-gas inter-
face and therefore, the reaction rate will be much higher when more ox-
ygen from the network is exposed at the surface [28]. This sample
exhibited a T°° (temperature at which the CO conversion is 50%) of
190 °C with a X'75/0 ratio of 1.5 (X'”° is the CO conversion at 175 °C
and O is the weight gain of the evaluated catalytic foils in mg). The latter

brings a more precise comparison among films because it takes into ac-
count the slight difference in the amount of oxide among them. These
results are summarized in Table 1. In addition, a hysteresis loop with a
shift towards lower temperatures was observed, which could be due
to kinetic effects frequently reported in the literature on CO oxidation
with supported metal catalysts [29].

On the other hand, the activity of the VAP and CAL-VAP
microreactors (Fig. 5a) was higher than CAL, reaching a total conversion
around 225 °C for both cases with a T°° of 166 °C and 163 °C, respective-
ly. The X'7>/0 ratios were 3.2, pointing out the similar catalytic perfor-
mance of both microreactors (Table 1). In these cases, the increased
activity is associated with the higher reducibility and lower oxidation
state of the surface layer of the film oxide. Comparatively, all of the ob-
tained CuO, microreactors presented a better catalytic performance
than those based on Cu-zeolite films (T>° = 320 °C) [30]. The same ten-
dency was observed comparing with the catalytic behavior of powdered
mixed oxides, such as Ce,Sm; _ 4O, nanoparticle mixed oxides (T>°
> 400 °C) [31] and nanocomposite dispersed oxides of CexZr; — O,
(T5° > 380 °C) [32]. Besides, the addition of CeO, as a promoter could
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Fig. 4. Mechanical stability of the films: a) employing acetone; b) employing water (P denotes film on plicated foil; F denotes film on flat foil).

further increase the obtained performance, as has been demonstrated in
catalysts of CuOCeO, powder [33] and with a mixture of supported
nanoparticles of these phases in a microreactor [6].

Both the activity and the adhesion of the films are fundamental fac-
tors for their practical catalytic application. Deciding which is the best
catalytic film is always a compromise situation, but in this case our re-
sults showed that the film obtained by VAP or CAL-VAP has a better cat-
alytic response and also better adhesion, compared to the CAL sample.
However, a third factor should be considered and it is the stability of
the films in the reaction stream over time, as discussed below. After
the catalytic assays, the microreactors were brought to a conversion
level between 70 and 90% and the stability over time in reaction was an-
alyzed. It can be observed (Fig. 5b) that the three coatings were stable in
reaction atmosphere for >24 h. For the VAP microreactor a slight initial
deactivation was noticed and then stabilized which could be due to a
partial sintering of the nanostructures in this sample. It is important to
mention that the signals of carbonaceous species (1360 and
1590 cm~ ') were absent in the Raman spectra of CuOy films after
being under reaction conditions for >24 h. This evidence is consistent

with the fact that the microreactors with nanostructured CuOy films
present a very good catalytic response, being able to maintain a high
level of conversion during a long time, which is the main applied
objective.

To gain further insight about the CuO, films properties and their cat-
alytic performance towards the CO oxidation, other physicochemical
characterizations were carried out as discussed below.

3.4. Physicochemical characterization of the films

The as synthesized VAP film (fresh sample) developed a mixture of
oxides as shown by the diffractogram of Fig. 6. Intense signals corre-
sponding to (111) and (200) planes of Cu,0 phases (JCPDS 5-667), as
well as (110), (—111) and (111), (20-2) of the CuO structure (JCPDS
48-1548) can be observed. Additionally, the main signals of Cu® from
the copper substrate corresponding to the (111) and (200) planes
(JCPDS 4-836) are still observed and no signals of other crystalline
forms were detected. Likewise, the diffractogram of the CAL sample
also indicates the development of a mixture of copper oxides, although
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Fig. 5. Catalytic evaluation of CuOx-based microreactors in CO oxidation: a) Catalytic tests in an increasing temperature program (open symbols) and in a decreasing temperature program

(filled symbols); b) Long time stability in reaction.
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Table 1
Summary of the catalytic results obtained with the CuOx-based microreactors.
CAL VAP CAL-VAP
Am (0), mg 20.6 19.8 232
T°0,°C 190 166 163
T'%0°C 250 225 225
X'7%/Am (0), %/mg 1.5 32 32

a more compact layer is suggested given the greater attenuation of the
substrate signals. Meanwhile, in the CAL-VAP sample, there were few
changes in the XRD pattern compared to the CAL sample. The coatings
were characterized after being subjected to the catalytic tests followed
by the evaluations of stability in reaction for a long time (used samples).
The XRD patterns of the three films (Fig. 6) were similar to those of the
fresh samples, indicating that the phase compositions and bulk propor-
tions of the oxides were not modified.

The species identified by Laser Raman Spectroscopy (LRS) on solid
materials can be associated with outer-layer compositions in compari-
son with those obtained by XRD, which are more related to bulk [34].
Therefore, this technique was applied to get more insight about the
presence of different copper species. LR spectra of the nanostructured
CuOy coatings, as synthesized and after being under reaction conditions
are shown in Fig. 7. The spectrum of the fresh VAP sample presents the
characteristic phonon modes of Cu,O (151, 219, 420, 510 and
630 cm™ ') [35-37] and CuO (299, 347 and 630 cm™ ') [38,39]. Besides,
an important shoulder at 580 cm ™! was visualized and it is associated
with Cuy0s in agreement with studies by Kriiger et al. [39]. This latter
phase is not commonly observed in most literature reports because im-
portant kinetic factors prevent the formation of Cus03 as a suboxide or
intermediate during the reduction of CuO [40]; (a) O atoms need to be
removed from well-defined positions of the CuO lattice, and (b) a sub-
stantial distortion (activation energy of about 0.06 eV per atom) in the
cell parameters of CuO is required to obtain Cu,0s. The most intense
XRD reflection of this phase (JPCDS 83-1665) located at 26 = 35.7°
(202) is very close to the most intense signal of CuO at 26 = 35.6°
(11—1) and also to the (111) signal of Cu,0 at 26 = 36.4°. For this
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Fig. 6. XRD patterns of the as synthesized and evaluated CuOy films.
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Fig. 7. LR spectra of the as synthesized and evaluated CuOy films.

reason the Cuy03 phase was not appreciated in the XRD patterns in
which intense and broad peaks of CuO and Cu,0 were present (Fig. 6).

The same spectral characteristics of the fresh VAP sample is identi-
fied in the spectrum of the used VAP sample (Fig. 7), indicating that sim-
ilar CuOy species remained in this coating after being used in reaction.
However, there were changes in intensities: a decrease in the signal of

D
0
(=]

= 1130

 CAL-VAP used

1CAL-VAP fresh

Intensity / a.u.

CAL fresh

1200 1100 1000 900 800 700
Wavenumber / cm”

Fig. 8. DRIFT spectra of the as synthesized and evaluated samples.
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Cu405 (580 cm™ ') was observed simultaneously with an increase in the
signals of Cu,0 (151, 219, 420, 510 and 630 cm™ '), suggesting the re-
duction of the former species during the reaction. In brief, the VAP pro-
cedure induced the formation of Cu™ and Cu?™ species in the outer
layer of the coating. The LR spectra of fresh and used CAL were fairly
similar (compare Fig. 7) and the three signals of CuO were visualized,
suggesting that the outer layers were composed mainly of Cu? " species.
After submitting the CAL sample to a VAP procedure (fresh CAL-VAP),
part of CuO was reduced to Cu,0s in view that the characteristic phonon
modes were observed in the LR spectrum (Fig. 7). These same Cu species
were present after the reaction (Fig. 7). The reduction of CuO during the
VAP step was probably due to the presence of an excess of NH3 during
this treatment, as we reported in a previous work [20].

The DRIFT spectra of fresh and used coatings are present in Fig. 8. An
only phonon mode at 669 cm™ ! is observed in the fresh VAP spectrum
which was attributed to Cu™ from the Cu,0 nanoparticles. Although this
mode for bulk Cu,0 was expected around 622 cm™ !, the decrease of its
crystal size induced a displacement to a higher frequency [41]. On the
other hand, in the CAL sample two signals at 968 and 1050 cm ™!

were observed. These IR signals were above the fundamental modes
of CuO and are characteristics of small particles of this oxide after
being treated at high temperatures [42]. The third signal observed at
1130 cm™ ! can be related to O3 (superoxide like oxygen bond). The IR
spectrum of CAL-VAP sample displayed the phonon signals of CuO, O3
and one at 669 cm™'. The latter one was related to Cu™ in Cu405 species
[39], in agreement with the results obtained by LRS. The spectra of the
samples after being maintained under reaction are similar to those of
the fresh samples, indicating that no significant changes in the physico-
chemical nature of the nanostructures take place during the reaction.
In this context, the outer layers of the CAL coating mainly consisted
of Cu?™* species whereas on the surface of VAP and CAL-VAP coatings,
Cu™ and Cu?* species coexisted. Therefore, the active sites were differ-
ent from CAL film with respect to VAP and CAL-VAP films causing the
different catalytic performance of the microreactors. It has been
established that the reaction rate for CO oxidation at the temperature
range used in this work decreased with the increment of copper oxida-
tion state, Cu™ being higher than Cu®™" [43]. Moreover, in the VAP and
CAL-VAP samples there is a certain proportion of Cus03 species which

Fig. 9. SEM images of the microreactors evaluated in reaction: a-b) CAL; c-d) VAP; e-f) CAL-VAP.
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have been associated with a high activity in the CO oxidation because it
allows the formation of adsorbed CO, and O, species of high reactivity
due to the oxygen deficiency and low-valence Cu™ sites of this phase
[44]. Furthermore, these latter films contained a higher proportion of re-
ducible oxide species in comparison with those of the CAL film as shown
by TPR (Fig. 2); thus, the higher reducibility of the active sites, the
higher activity in the CO oxidation [28]. Besides, the catalytic activity
tests for either VAP or CAL-VAP microreactors presented a similar
behavior as shown by the curves with empty and filled symbols in
Fig. 5a, respectively.

The morphological characteristics of the films after the catalytic
evaluations (Fig. 9) are in line with the previous characterizations. It
can be seen that the oxide nanostructures are generally maintained, al-
though slight modifications are observed. The VAP sample retains the
nanostructure of densely packed nanoribbons both on the sides and
bottom of the microchannels walls (Fig. 9a, b) with nanostructures
that did not change significantly their dimensions (200 nm) with re-
spect to those of the fresh film. In the CAL sample, the needle morphol-
ogy is maintained with dimensions similar to those of the fresh sample
(~8.5 um length, 270 nm width), although a smaller amount of needles
is observed (Fig. 9¢, d). Meanwhile, the CAL-VAP sample (Fig. e, f) also
retained the needle morphology of the structures on the surface al-
though these are somewhat shorter (4.5 pm) and wider (610 nm) com-
pared to those of the fresh sample. In addition, a smaller proportion of
needles was noted and small grains were observed on the film surface
at the bottom of the needles (see inset in Fig. 9e), suggesting a probable
transformation of the latter into nanocrystals during the catalytic use.

In brief, the catalytic performance of the CuOy films can be
comprehended through their physicochemical properties. By SEM was
demonstrated that a dense surface layer of CuO4 nanostructures were
produced in all the cases, favoring a good contact between the reactant
stream and the catalytic surface. Considering the results obtained by
XRD, FTIR and LRS it can be inferred that the crystalline phases and
their proportions in each film remained the same after being under re-
action for >24 h, which is also in agreement with the catalytic stability
observed in reaction during that time. Besides, the analysis of LRS and
DRIFT spectra pointed out that VAP films contain Cu™ and Cu®> ™ species
in the outer layer of the coating, with a certain proportion of the highly
active Cu405 phase, while CAL films presents mainly Cu?*. However, by
submitting the CAL sample to the VAP treatment (CAL-VAP), part of CuO
was reduced to Cu,0 and Cu405 species. The latter are recognized by
having a higher intrinsic activity on CO oxidation than that of Cu?™,
therefore it can be responsible for the higher activity (lower T°°, and
shift of the light-off temperature) of VAP and CAL-VAP microreactors.
This is also in line with the TPR results, which showed that VAP and
CAL-VAP films had a greater reducibility.

4. Conclusions

Homogeneous arrays of copper oxide nanostructures that totally
covered the surface of copper microchannels were obtained by simple
gas phase oxidation methods. VAP films had thickly clustered nanorods
about 1 um length and 150 nm width; CAL films presented a uniform
growth of nanoneedles 9 um in length and 260 nm in width, whereas
CAL-VAP films presented a widening as well as a reduction in the
amount of the needles. The films exhibited high mechanical stability
with a level of adherence that followed the order VAP > CAL-VAP
> CAL. In addition all films grown on microchannels showed a remark-
able increase of the adhesion as compared to those grown on flat sub-
strates, probably due to a better stabilization of the films onto the
micro-undulated surface. The oxide layers showed a high performance
for the CO oxidation reaction using a microreactor, following an activity
order VAP ~ CAL-VAP > CAL and all of them were stable under reaction
conditions maintaining a high level of conversion for >24 h. The charac-
terizations showed that the outer layers of the CAL film mainly
consisted of Cu?* species, whereas on the surface of VAP and CAL-

VAP coatings Cu™ and Cu?®* species were present. Moreover, VAP and
CAL-VAP films presented a higher proportion of reducible oxides with
a certain proportion of Cuy0s, associated with their higher catalytic ac-
tivity. The CuOx-based microreactors obtained represent a simple, low-
cost alternative that shows good catalytic performance in the catalytic
CO oxidation.
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