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Abstract: Nanostructured films of copper, zinc, and nickel oxides were obtained from a controlled
oxidation of the ternary nickel silver (Cu-Zn-Ni) substrates through a one-pot, green, and low
temperature vapor-based treatment. Brief contact of the alloy with ammonia and hydrogen peroxide
vapors at room temperature originates a mixture of nanometric copper, zinc, and nickel oxides at
its surface. The growths evolve with time and temperature, generating a layered film with highly
dispersed copper nano-oxides/hydroxides on a base of zinc and nickel oxides. The composition,
configuration, and way of obtaining these films make them green catalysts, which are highly active
and stable for a carbon monoxide oxidation reaction.
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1. Introduction

One of the current challenges in catalysis is to develop catalysts free of noble metals
since these elements are expensive and have a low natural abundance, which is why they
are currently considered unsustainable options [1]. This has prompted a growing interest
in the study of catalysts based on non-noble metal oxides given their higher availability,
lower cost, and resistance to poisoning by sulfur compounds and water vapor compared
to noble metals [2]. However, it should be considered that not only the active element is
part of the concept of a green catalyst but also its configuration and the support material.
Pursuing these precepts, microreactors based on nano-oxides have been investigated to
be applied in oxidation reactions, such as the CO oxidation, which is a highly exothermic
reaction with strong environmental-energy implications. On the one hand, it is of interest to
remove carbon monoxide from the atmosphere given the high toxicity of this gas for human
and animal life [3]. Carbon monoxide is a common contaminant of hydrogen streams
that poisons platinum-based catalysts of PEMFC type fuel cells [4]. For the CO oxidation
reaction, catalysts based on noble metals such as Au, Pt, and Pd have traditionally been
used [5–7], although among them, the most widely used systems have been those based on
supported gold such as Au/ZnO-ZrO2, Au/CeO2, or Au/Co3O4-CeO2 [8–10]. However,
as mentioned above, the search for noble metals-free catalysts in recent years has led to
the development of systems based on mono- and multi-metallic oxides. These types of
nanostructured oxides have shown an acceptable catalytic efficiency, for example CuO/ZnO
nanorods, Cu/CeO2 nanosheets, Co3O4/CuO-MnO2 nanowires, CuO/CeO2/ZrO2, and
La-Pt-CoO/Al2O3 nanostructures, and also some of these systems that are shaped as films,
including FeCuOx and FeOx/Pt/Al2O3 [11–18]. Taylor et al. [19] synthesized catalysts by
coprecipitation, making intimate mixtures of ZnO and CuO, which were very active in this
reaction. Wang et al. [20], as well as Jeong et al. [21], found that catalysts based on NiO
nanoparticles were also active and stable in the CO oxidation. Furthermore, Chen et al. [22]
observed that ZrO2-supported CuO-NiO catalysts provided a high level of CO conversion
at low temperatures. Similarly, El-Shobaky et al. [23] found that when the catalyst was
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composed of an intimate mixture of ZnO and NiO, a synergistic catalytic effect developed.
It should be noted that there is a vast literature regarding the effect of the operational
variables of this reaction. Numerous investigations have been carried out applying various
operating conditions, such as space velocity, type of reactor, and reactant concentration,
among others, whose description is outside the scope of this work and can be found in
recent reviews on catalysts for this reaction [24].

It is possible to obtain the above-mentioned types of oxides with nanometric dimen-
sions and highly dispersed onto copper alloy substrates. These types of alloys are relatively
low-cost materials, easily available in a wide range of configurations and have high thermal
conductivity [25]. In particular, this latter aspect is of relevance for the development of
green, efficient catalysts designed to be used in highly exothermic reactions [26]. Taking
these criteria into account, CuOx-based nanostructured films, adherent and adjustable in
terms of their composition and morphology, were synthesized from the oxidation of copper
substrates [27]. When such films were placed in a microreactor, a remarkable catalytic
performance and stability in the CO oxidation was observed [28]. Recently, nanostructured
CuOx-ZnO growths have been obtained from the controlled oxidation of brass substrates,
which provide efficient microreactors due to the intimate contact between both nanometric
oxide phases [29]. In this scenario, the alloy commercially known as German silver is
positioned as an interesting alternative that would make it possible to obtain multi-metallic
nano-oxide films. German silver is a ternary alloy with a general composition of 60–65% Cu,
17–19% Ni, and 17–23% Zn, and it has ductility, machinability at room temperature as well
as resistance to wear and corrosive media [30]. Recently, Amin et al. applied hydrother-
mal synthesis on this type of substrate using NaHCO3 solutions (453 K, 18 h) to obtain
Cu2ZnNiO3 nanowires that were used as photoelectrodes for water splitting [31]. For this
same photoelectrochemical application, Bahnasawy et al. [32] synthesized mixed Cu–Zn
oxide nanoparticles by anodization of German silver followed by its annealing in air at
high temperature.

Within the context described above, the present work aims to study the in-situ growth
of Cu–Zn–Ni nano-oxide mixtures from the controlled oxidation of German silver sub-
strates, through a simple oxidation method and under mild conditions. The reason behind
this work is the development of catalysts free of noble metals, based on catalytic films of
mixed nano-oxides in which synergy could be established between such phases in close
contact, yielding efficient films for the CO oxidation reaction.

2. Results and Discussion
2.1. Physicochemical Characteristics of the Nano-Oxide Film
2.1.1. Evolution of Growth with Time

After treatment at 80 ◦C, substrates showed a progressive mass increase with the
extension of the treatment time, which corresponds to the mass of oxygen incorporated
during the oxidation process. First, they increased linearly but over longer periods of time,
they began to attenuate slightly both in flat and micro-channeled substrates (Figure 1a).
This shows that the growth rate of the oxides gradually decreases due to a higher difficulty
in the migration of metals from the interface and/or oxygen from the surface of the film
being formed as its thickness increases. Moreover, a visual change due to the formation
of oxide layers that became denser with the synthesis time was noted, with a progressive
darkening of the substrate surface (Figure S1). In all samples, the diffraction lines of the
substrate showed a marked intensity, indicating the development of thin oxide films. The
integrated area of the most important XRD peak of the substrate (2θ 42.7◦) for the different
treatment times allowed revealing a decrease in its intensity, which correlates well with a
progressive increase in the film thickness, also in line with the mass gain trend (Figure 1b).
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Figure 1. (a) Average mass gain of samples obtained after oxidation treatments (square: flat foils, 
circle: micro-folded foils, filled symbol: 80 °C, empty symbol: room temperature); (b) Integrated 
intensity of the main XRD peaks (42.7°) of foil substrates as a function of the synthesis time at 80 °C. 

In all samples treated at this temperature (80 °C), it was possible to identify Cu(OH)2, 
CuO, ZnO, and NiO species (Figure 2). At short treatment times, CuZnNi(1)80, signals of the 
(020) and (021) planes from the orthorhombic Cu(OH)2 structure (JCPDS 35-505), of the 
(111) planes from CuO (JCPDS 48-1548) and of the (002) planes from the hexagonal ZnO 
structure (JCPDS 36-1451), were distinguished. It should be noted that cupric hydroxide 
persisted at long treatment times, whereas CuO was detectable even at a short synthesis 
time. In the case of ZnO, an intensification of the (002) peak in comparison with the exper-
imental pattern of the powder of this oxide was observed, indicating a preferred crystal-
lographic orientation [33]. When analyzing case by case as the treatment time increased, 
it could be observed for the CuZnNi(2)80 sample that, in addition to the above phases, 
there emerged the peak of the (11-1) plane from CuO, which intensified over time. For the 
CuZnNi(6)80 sample, weak NiO signals began to be observed (JCPDS 47-1049). This evo-
lution of the nano-oxide growth can be better appreciated in the zoom depicted in Figure 
2b. 

Figure 1. (a) Average mass gain of samples obtained after oxidation treatments (square: flat foils,
circle: micro-folded foils, filled symbol: 80 ◦C, empty symbol: room temperature); (b) Integrated
intensity of the main XRD peaks (42.7◦) of foil substrates as a function of the synthesis time at 80 ◦C.

In all samples treated at this temperature (80 ◦C), it was possible to identify Cu(OH)2,
CuO, ZnO, and NiO species (Figure 2). At short treatment times, CuZnNi(1)80, signals of
the (020) and (021) planes from the orthorhombic Cu(OH)2 structure (JCPDS 35-505), of the
(111) planes from CuO (JCPDS 48-1548) and of the (002) planes from the hexagonal ZnO
structure (JCPDS 36-1451), were distinguished. It should be noted that cupric hydroxide
persisted at long treatment times, whereas CuO was detectable even at a short synthesis
time. In the case of ZnO, an intensification of the (002) peak in comparison with the
experimental pattern of the powder of this oxide was observed, indicating a preferred
crystallographic orientation [33]. When analyzing case by case as the treatment time
increased, it could be observed for the CuZnNi(2)80 sample that, in addition to the above
phases, there emerged the peak of the (11-1) plane from CuO, which intensified over time.
For the CuZnNi(6)80 sample, weak NiO signals began to be observed (JCPDS 47-1049).
This evolution of the nano-oxide growth can be better appreciated in the zoom depicted in
Figure 2b.

The bare and cleaned substrate showed a surface with some striations and irregulari-
ties that were present in this common commercial substrate, coming from its manufacturing
process. The elemental EDS mapping corroborated a homogeneous spatial distribution of
Cu, Zn, and Ni with an atomic composition of Cu:Zn:Ni = 66:20:14 (Figure S2). The Cu/Zn
atomic ratio was 3.2, Cu/Ni was 4.6, and Zn/Ni was 1.4 (Table 1). When this substrate was
exposed to the treatment for one hour, CuZnNi(1)80, a change in the surface morphology
was noted with a total coverage of small irregular growths (Figure 3a). Contrasting the
elemental mapping (Figure 3a right) with the XRD, it follows that such growths correspond
to Cu(OH)2, CuO, and ZnO species, while the elemental atomic ratios (Table 1) suggest
that the segregation of these oxides was not selective among them. Elemental mapping
in other sectors of the same sample confirmed this effect (Figure S4). When the treatment
was extended to two hours, CuZnNi(2)80, a surface could be seen covered by crystals in
which two morphologies were distinguished (Figure 3b): regions with dense growths of
prismatic crystals and some regions with small globular growths, whose morphological
detail could be appreciated in observations at higher magnifications (Figure S3). Accord-
ing to the EDS analysis of this sample (Figure 3b right), the first corresponds to copper
oxides/hydroxides while the second corresponds to zinc and nickel oxides, in line with
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the increase in the proportion of both copper and zinc oxides compared to that of nickel
(Table 1). As time progressed, CuZnNi(6)80, the copper oxide evolved to prismatic (µ-PR)
and globular-shaped (µ-GL) micrometer-sized structures with size heterogeneity, as shown
in Figure 3c. A stratification of the oxides was clearly defined with these copper-based
species above an incipient growth of nanoflakes of zinc and nickel oxides, as observed
in higher magnification images (Figure S5). These observations are in agreement with
XRD results. The trend in the elemental atomic ratios of this sample (Table 1) agrees with
a growth that began to be enriched in nickel oxide. Then, the films obtained at 80 ◦C
allowed us to conclude that there was an evolution in the oxide growth onto German
silver substrate, as the upper region of the film was enriched in copper species after up
to six hours of treatment while the lower region was enriched in zinc and nickel species
(Figure 3c right).
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Figure 2. (a) XRD patterns of films grown on German silver substrates at 80 ◦C: (i) substrate;
(ii) CuZnNi(1)80; (iii) CuZnNi(2)80; (iv) CuZnNi(4)80; (v) CuZnNi(6)80; (b) Detail of the diffrac-
tograms between 2θ 33◦ and 39◦.

Table 1. Elemental atomic composition obtained from EDS analyses of films synthesized at 80 ◦C and
at room temperature.

Sample Cu/Zn Cu/Ni Zn/Ni

Substrate 3.2 4.6 1.4

CuZnNi(1)80 3.2 4.3 1.4

CuZnNi(2)80 3.9 8.0 2.1

CuZnNi(6)80 3.4 4.1 1.2

CuZnNi(1)RT 3.2 4.8 1.5

CuZnNi(2)RT 4.6 6.1 1.3
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2.1.2. Growth of Nanooxides at Room Temperature

In view of the good qualities of the growths obtained, the possibility of their develop-
ment at room temperature was analyzed. For this, the treatment was carried out at exposure
times between 1 and 4 h, controlling the autoclave temperature at 25 ◦C and keeping all
other conditions constant, such as the molar ratio of reagents and the arrangement of the
substrates in the autoclave, among others. After these treatments, small mass increases
in the samples were recorded since, as expected, the growth kinetics of the oxide crystals
were much slower than those at 80 ◦C (Figure 1a). The effective development of crystalline
oxide phases was confirmed, even for the sample with the shorter treatment time, as shown
in Figure 4a. In the CuZnNi(1)RT sample, at bulk level, hydroxide and oxide phases of
copper and zinc were observed as can be seen in the enlargement shown in Figure 4b.
As the treatment time increased up to 6 h, the same phases coexisted although with a
higher evolution of copper hydroxides/oxides, showing a picture similar to that previously
discussed for treatments at higher temperatures, where the substrate surface was enriched
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in copper species. Unlike the growths obtained at 80 ◦C, in this case, a bulk growth of NiO
was not observed.

Catalysts 2023, 13, x FOR PEER REVIEW  6  of  13 
 

 

In view of the good qualities of the growths obtained, the possibility of their devel‐

opment at room temperature was analyzed. For this, the treatment was carried out at ex‐

posure times between 1 and 4 h, controlling the autoclave temperature at 25 °C and keep‐

ing all other conditions constant, such as the molar ratio of reagents and the arrangement 

of the substrates  in the autoclave, among others. After these treatments, small mass in‐

creases in the samples were recorded since, as expected, the growth kinetics of the oxide 

crystals were much slower than those at 80 °C (Figure 1a). The effective development of 

crystalline oxide phases was confirmed, even for the sample with the shorter treatment 

time, as shown  in Figure 4a. In the CuZnNi(1)RT sample, at bulk level, hydroxide and 

oxide phases of copper and zinc were observed as can be seen in the enlargement shown 

in Figure 4b. As  the  treatment time  increased up  to 6 h,  the same phases coexisted alt‐

hough with a higher evolution of copper hydroxides/oxides, showing a picture similar to 

that previously discussed for treatments at higher temperatures, where the substrate sur‐

face was enriched in copper species. Unlike the growths obtained at 80 °C, in this case, a 

bulk growth of NiO was not observed. 

 

Figure 4. (a) XRD patterns of films grown on German silver substrates at room temperature (RT): (i) 

substrate; (ii) CuZnNi(1)RT; (iii) CuZnNi(2)RT; (iv) CuZnNi(4)RT; (v) CuZnNi(6)RT; (b) Detail of 

the diffractograms between 2θ 33° and 39°. 

The films synthesized at room temperature after one hour were obtained in a heter‐

ogeneous manner  (Figure  5a), with  some  sectors  rich  in  zinc  and others  in  copper  as 

shown by the elemental mapping of Figure 5b,c. The zinc‐rich regions were made up of 

nanometric grains that densely covered the substrate (Figure 5d) and which, as observed 

in  the  image  of  Figure  5e, were  formations with  an  interconnected  dendritic‐laminar 

shape, whereas in the copper‐rich regions there developed sub‐micrometric growths with 

cubic shape that densely covered these sectors (Figure 5f). A close view shows that they 

were polyhedral/cubic structures with an average size of about 300 nm (Figure 5g), which, 

according to what was determined by XRD and EDS, corresponds to copper oxides/hy‐

droxides. After extending the treatment for 2 h, CuZnNi(2)RT, the surface still evolved in 

line with what was observed by XRD. The prismatic copper formations increased in size 

(Figure 5h), remaining above an underlying layer of laminar formations (inset Figure 5h) 

of Zn and Ni oxides, pointing a stratification process similar to that observed for higher 

20 30 40 50 60

In
te

ns
ity

 (
a

.u
.)

2 (ºC)






v












aSubstrate
CuO
ZnO
Cu(OH)

2

iv

iii

ii

i



34 35 36 37 38



2(ºC)

b

v

iv

iii

ii

i







Figure 4. (a) XRD patterns of films grown on German silver substrates at room temperature (RT):
(i) substrate; (ii) CuZnNi(1)RT; (iii) CuZnNi(2)RT; (iv) CuZnNi(4)RT; (v) CuZnNi(6)RT; (b) Detail of
the diffractograms between 2θ 33◦ and 39◦.

The films synthesized at room temperature after one hour were obtained in a heteroge-
neous manner (Figure 5a), with some sectors rich in zinc and others in copper as shown by
the elemental mapping of Figure 5b,c. The zinc-rich regions were made up of nanometric
grains that densely covered the substrate (Figure 5d) and which, as observed in the image
of Figure 5e, were formations with an interconnected dendritic-laminar shape, whereas
in the copper-rich regions there developed sub-micrometric growths with cubic shape
that densely covered these sectors (Figure 5f). A close view shows that they were polyhe-
dral/cubic structures with an average size of about 300 nm (Figure 5g), which, according
to what was determined by XRD and EDS, corresponds to copper oxides/hydroxides.
After extending the treatment for 2 h, CuZnNi(2)RT, the surface still evolved in line with
what was observed by XRD. The prismatic copper formations increased in size (Figure 5h),
remaining above an underlying layer of laminar formations (inset Figure 5h) of Zn and Ni
oxides, pointing a stratification process similar to that observed for higher temperatures.
As shown in Figure 5i, copper oxides/hydroxides reached more defined facets and sizes
between 0.5 and 1 micron, in line with a more developed crystalline growth. According to
the elemental mappings for the CuZnNi(1)RT sample, the atomic relationships between
the elements were similar to those obtained for the samples obtained at 80 ◦C, while for
the CuZnNi(2)RT sample, said atomic relationships indicate a surface enrichment of Cu
(Table 1), in total agreement with what was observed by XRD and SEM.
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analyzed by EDS in CuZnNi(1)RT; (b) elemental mapping of copper in CuZnNi(1)RT; (c) elemental
mapping of zinc in CuZnNi(1)RT; (d) zinc-rich region of the CuZnNi(1)RT sample; (e) detail of the
growth in zinc-rich region; (f) copper-rich region of the CuZnNi(1)RT sample; (g) detail of the growth
in copper-rich region; (h) SEM of the CuZnNi(2)RT sample; (i) detail of the growth of (h).

It should be noted that the treatment temperature not only modified, as foreseeable,
the kinetics of the growth of the oxides and, therefore, their size, but also their morphology
as observed when comparing the SEM images of Figures 3 and 5. An interesting point
to note is that under identical synthesis conditions, the growths of layered nano-oxides
obtained from this alloy were different from those found in brass (Cu:Zn) [29]. In the
present case, there remain nanometric and stable surface structures of copper hydroxides.
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2.2. Catalytic Performance of CuZnNi Oxides Film

The results presented above show that it is possible to obtain firmly anchored growths
of ternary nano-oxides from a common German-silver substrate, which are potentially
interesting as catalysts for the CO oxidation reaction. In Figure 6a, the light-off curves
obtained with the films synthesized at 80 ◦C are presented and it can be observed that
all of them showed a remarkable catalytic behavior, reaching total conversion between
175 and 200 ◦C. The high activity of the nano-oxides is evident when compared with the
profile of the untreated substrate (Figure 6a). The catalytic curves of the samples showed
a similar and compressed profile in a narrow temperature range. However, the mass of
oxides in each microreactor was very different (Table 2). Taking into account that the
amount of oxygen incorporated during the oxidation treatment (mO) is relative to oxide
mass, the ratio between the CO conversion at 150 ◦C (X150) and this mass of oxygen can be
considered as a relative catalytic activity of the samples (Ra). This parameter clearly shows
that the sample obtained after 1 h was the one with the highest relative activity (Table 2)
and implies that the most superficial fraction of the nano-oxide layer acts efficiently in the
reaction and that a higher increase in the layer thickness does not contribute new active
sites. In other words, the conformation of the oxides in a thin film makes a high contact
surface with the reactant stream, giving high efficiency. To analyze the stability of the films,
the CuZnNi(1)80 sample was analyzed by XRD after the heat treatment in He carried out
prior to the catalytic test. It can be noticed that the copper hydroxide phase decomposes
into highly dispersed copper oxides (Figure S6). It is also notable that weak ZnO signals can
hardly be perceived, with which these species also have enormously redispersed. Moreover,
after subjecting this film to three consecutive cycles of catalytic runs, no changes in the XRD
pattern were observed (Figure S6), signaling the stability in reaction of the nano-oxides.
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The activity of these films is ascribed to the presence of small phases of nano-oxides
in close contact, which act synergically. Pioneering works of Taylor et al. [19] on CuO-
ZnO catalysts obtained by coprecipitation showed the existence of a synergy when a solid
solution is formed, which favors a strong electronic interaction between copper and zinc.
However, this would not explain the case when the oxide phases are found separately.
Recent studies have resumed the analysis of this aspect and confirmed a synergy between
CuO-ZnO [34], which is attributed to electron transfer from ZnO to CuO, generating
electron-rich heterojunctions, which are more favorable for the adsorption and dissociation
of oxygen and the subsequent CO oxidation. Recently, the catalytic behavior of ZnO
crystals with different morphologies onto which small CuO nanoparticles were dispersed
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was analyzed. The modification of the fractions of different exposed facets of ZnO in
contact with CuO led to different degrees of synergy, the (002) plane being the one that
provided the greatest effect [11]. The formation of nanometer-sized CuO and ZnO phases
in close contact on the surface of German silver allows a high number of interfaces that
boost the activity in the CO oxidation reaction. This is also consistent with the catalytic
behavior of growths obtained by the same method, but on copper substrates [16], which
are made up exclusively of nanometric CuOx.

Table 2. Summary of the catalytic behavior of microreactors in the CO oxidation reaction.

Sample mO a T50 X150
b Ra

c

CuZnNi(1)80 5.9 142 63.6 10.8

CuZnNi(2)80 10.0 140 67.2 6.7

CuZnNi(4)80 13.7 142 64.3 4.7

CuZnNi(6)80 17.5 141 63.9 3.7

CuZnNi(1)RT 0.5 138 65.9 146.4

CuZnNi(2)RT 2.3 151 48.2 20.5

CuZnNi(4)RT 3.4 182 18.6 5.4
a Mass of oxygen incorporated by synthesis of the evaluated samples (mg), b CO conversion at 150 ◦C, c Relative
activity: X150/mO.

Regarding the films synthesized at room temperature, it can be observed that they
exhibited a notable performance that in some cases was even better than the ones obtained
at a higher temperature (Figure 6b). Among the analyzed samples, CuZnNi(1)RT stands
out since it showed the lowest T50 (Table 2) in addition to the fact that the preparation of
this catalyst implied a short treatment time (1 h) and without any energy consumption. The
behavior of this catalytic film stands out if compared with that of similar films obtained
by the same method onto copper [28] or brass substrates [29], showing the lowest T100
and T50 values as well as the highest Ra value. The high activity of this film is due to
highly dispersed small nanometric CuOx and ZnO phases in close contact, which are also
firmly stabilized onto the surface of the substrate, probably because they were generated
through the direct growth from the substrate itself. Moreover, these films exhibited catalytic
stability as observed in the consecutive runs performed applying ascending and descending
temperature ramps (Figure 7a).

Given the outstanding behavior of the CuZnNi(1)RT film, it was subjected to a time-on
reaction stability test bringing it to a temperature (~160 ◦C) that allowed its operation at
conversions of 70–80% (Figure 7b). An initially slight deactivation was observed, which
reduced the conversion level by 18% up to 12 h but then reached a stabilization, and the
microreactor remained stable, giving the same level of conversion until the end of the 24 h
test. This is a remarkable quality of this catalyst since it allowed an efficient and constant
operation during a long reaction time under demanding conditions (conversions higher
than 70%). This fact represents one of the main objectives when pursuing a development of
a microreactor with an applied intention, in order to achieve the highest CO conversion
at the lowest temperature and stability over time. Finally, it is proper to note that these
oxide-based microreactors have extra potential given the surface topography of the catalytic
film, which has intercrystalline nanometric interstices that make possible its subsequent
modification with promoters such as ceria nanoparticles [35,36], which can further improve
its performance in this reaction.
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3. Materials and Methods
3.1. Synthesis of Nanostructured Oxide Films

Thin foils of German silver (100 µm thickness) of common purity, cheap and easily
available from non-ferrous metal suppliers, were used as substrates. First, they were
washed with neutral soap and then in an ultrasonic bath with deionized water for 15 min
and dried (80 ◦C, 10 min). Before synthesis, the foils were treated with a 5 wt. % HCl
solution for 15 min, rinsed for 10 min with deionized water in an ultrasonic bath, and then
put under the oxidation treatment. For the treatment, the substrates were placed vertically
using a Teflon support in an autoclave above an equivolumetric mixture (10 mL) of H2O2
(Cicarelli pro-analysis 100 vol) and NH4OH (Anedra pro-analysis 28 wt. %). The treatments
were carried out in a drying oven at 80 ◦C or at room temperature (25 ◦C) for different
times (1–16 h) after which the foils were washed with deionized water, dried (80 ◦C,
10 min), and finally weighed to determine the mass gain. The samples were denoted as
CuZnNi(x)y, where x indicates the synthesis time in hours and y accounts for the treatment
temperature (◦C).

3.2. Sample Characterization

The oxide formation was analyzed by X-ray diffraction (XRD) with an Empyrean
PANalytical instrument (2◦ min−1, CuKα, λ = 1.542 Å, 40 kV, 45 mA). The morphology
and coverage of the oxides were studied by scanning electron microscopy (SEM) with an
FE-SEM Zeiss Σigma instrument operated at 30 kV with a secondary electron detector
InLens and a backscattering electron detector STEM module. The morphological detail in
some samples was analyzed using the same instrument operated at 20 kV. Elemental micro-
analyses in small regions and elemental mappings were carried out by energy-dispersive
X-ray spectroscopy (EDS) with a device coupled to the SEM instrument having a detector
Oxford EDS with an area of 80 mm2. For the analyses, 20 keV of energy, 60 µm aperture,
and a Live Time of acquisition of 120 s were used. The working distance (WD) was 8.5 mm.

3.3. Catalytic Performance in a Microreactor

Films grown on substrates with microchannels were tested in the CO oxidation through
a microreactor module designed in our group, as indicated in previous work [37]. This
was connected to a continuous flow system, equipped with mass flow controllers (Brooks
4800) and a PID temperature controller. Microreactors containing catalytic units with
117 microchannels, and with a mean hydraulic diameter of 300 microns, were evaluated.
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Before evaluation, samples were pre-treated in He (30 mL min−1) up to 225 ◦C or 250 ◦C,
depending on the final temperature of the catalytic evaluation, respectively (5 ◦C min−1)
and kept at this temperature for 30 min. Then, the catalytic reaction was carried out
with a gaseous mixture of 1% CO and 2% O2 (molar composition) in He balance with a
total flow of 30 cm3 min−1. Measurements were made after stabilizing the samples for
10 min at different temperatures. CO conversion was obtained by analyzing the outlet
gases with an on-line chromatograph (Shimadzu GC-2014) with a thermal conductivity
detector (TCD) and a packed 5A zeolite column. CO to CO2 conversion was calculated as
X = ([CO]◦ − [CO])/[CO]◦; where X is the conversion, [CO]◦ and [CO] are the carbon
monoxide concentrations before and after the reaction, respectively.

4. Conclusions

Growths of Cu(OH)2 and CuO nanostructures were obtained applying a simple
oxidation treatment to German silver at 80 ◦C, which changed the morphology with time
from micrometric prismatic structures to globular-shaped oxide clusters. Meanwhile, as the
treatment time elapsed, zinc and nickel oxides began to stratify above such copper species
as nanosheets that grow from the substrate surface. These films showed a high catalytic
performance in the CO oxidation reaction being active and reaching total conversion at
175 ◦C with a T50 of 142 ◦C and a stable catalytic response. When the vapor-based oxidation
treatment was performed at room temperature, thin nanostructured films made of mixtures
of copper oxide/hydroxide, zinc oxide, and nickel oxide highly dispersed on the substrate
surface were produced. Among these synthesized films, the one obtained after one hour of
treatment showed an outstanding catalytic behavior given the small and highly dispersed
CuOx and ZnO phases in close contact, which developed a synergy and were also firmly
stabilized onto the substrate surface. Furthermore, they were quite stable under reaction
conditions, keeping the nature of the active sites and reaching stable conversion levels
under long reaction times. This novel microreactor was not only active and stable in the
CO oxidation reaction but it came very close to the ideal concept of a green catalyst. This
catalyst was made up of non-noble metal active phases placed onto a low-cost non-ferrous
alloy support as a thin film, operating in a microreactor, and was obtained through a very
simple and fast method (1 h) using a green oxidant, such as H2O2, and without energy
consumption.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13060932/s1. Figure S1. Photographs of samples obtained at
80 ◦C after different synthesis time; Figure S2. SEM image and elemental mappings of bare German
silver substrate: (a) SEM view of a region analyzed by EDS (magnification 1000 X); (b) elemental map
of Cu; (c) elemental map of Zn; Figure S3. SEM image of the CuZnNi(2)80 sample; Figure S4. SEM
image and elemental mapping of the CuZnNi(2)80 sample in another sector: (a) SEM view of the
region analyzed by EDS (magnification 4000 X); (b) elemental map of Cu; (c) elemental map of O;
(d) elemental map of Ni; (e) elemental map of Zn; Figure S5. SEM of the CuZnNi(6)80 sample;
Figure S6. XRD patterns of the CuZnNi(1)80 sample: (a) fresh; (b) after pretreatment in He at 200 ◦C;
(c) after successive catalytic runs.
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