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Abstract: Carbon-doped nanostructured CuMo-based photocatalysts were prepared by solvothermal
synthesis. Two thermal treatments—oxidative and inert atmosphere—were used for the synthesis
of the catalysts, and the influence of spherical carbon structures upon the crystalline phases on the
photocatalytic activity and stability was studied. XRD showed the catalysts are nanostructured
and composed by a mixture of copper (Cu, Cu2O, and CuO) and molybdenum (MoO2 and MoO3)
crystalline phases. The catalysts were used for the degradation of yellow 5 under solar light. A
remarkable leaching of Mo both in dark and under solar irradiation was observed and quantified.
This phenomenon was responsible for the loss of photocatalytic activity for the degradation of the
dye on the Mo-containing series. Conversely, the Cu-based photocatalysts were stable, with no
leaching observed after 6 h irradiation and with a higher conversion of yellow 5 compared with
the Mo- and CuMo series. The stability of Cu-based catalysts was attributed to a protective effect
of spherical carbon structures formed during the solvothermal synthesis. Regarding the catalysts’
composition, sample Cu4-800-N2 prepared by pyrolysis exhibited up to 4.4 times higher photoactivity
than that of the pristine material, which is attributed to a combined effect of an enhanced surface
area and micropore volume generated during the pyrolytic treatment due to the presence of the
carbon component in the catalyst. Scavenger tests have revealed that the mechanism for tartrazine
degradation on irradiated Cu-based catalysts involves successive attacks of •OH radicals.

Keywords: CuMo catalysts; carbon spheres; leaching effect; solar photocatalysis; yellow 5 degradation

1. Introduction

The non-ecofriendly activities of most industries have generated a rapid and pro-
gressive deterioration of water sources in recent years. As an example, the total annual
production of synthetic dyes is more than 800 thousand tons [1,2], and about 50% of
these belong to the category of azo dyes [3], characterized by the presence of the chemical
group N=N within its molecular structure. Synthetic azo dyes are commonly used as food
additives and they have received increasing attention regarding safety assessments [4–6], al-
though there are some controversies regarding their toxicity. For instance, tartrazine—also
known as yellow 5 (Y5)—is fully accepted as a safe food additive both in the EU and in
the US; however, there are some contradictory studies about its impact on health and its
possible carcinogenic effects [7,8]. Turner and Kemp [9] have shown that the increased
incidence of attention deficit hyperactivity disorder in children is linked to tartrazine when
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it is used in combination with benzoates as food additives. In addition, McCann and
coworkers [10] have shown that food additives can cause hyperactive behavior in three-
year-old and eight/nine-year-old children. Thus, removal of food′s additive azo dyes is a
major problem within the framework of sustainable industrial chemistry [11].

It is well known that an effective solution for the removal and degradation of emer-
gent contaminants such as azo dyes from wastewater [12,13] involves so-called advanced
oxidation processes, with heterogeneous photocatalysis being one of the most popular [14].
It has been reported that TiO2 is the best photocatalyst due to several advantages such as its
low electronic band gap energy (3.2 eV), high stability, effectiveness under ultraviolet light,
and relatively low cost. However, TiO2 presents important limitations such as low surface
area and limited absorptivity under solar irradiation (only 5–8%) [15]. Consequently, the
search for semiconductor photocatalysts with improved activity under solar light is still
an open subject. Among different potential transition metals, copper and molybdenum
have received increasing attention due to some advantages such as low toxicity, low cost,
and availability [16,17]. In addition, it has been reported that Cu- and Mo- based pho-
tocatalysts have a high photocatalytic activity in the degradation of different types of
organic pollutants under UV–visible light [18–25]. However, scarce information can be
found about two important limitations of Cu- and Mo-based photocatalysts: their low
surface area and lixiviation issues during the photocatalytic reaction. In this regard, Cu-
and Mo-based photoactive oxides are commonly characterized by low surface areas and
pore volumes [17,19,23]. This limitation can be solved by immobilizing the oxides on a
high-surface-area matrix such as activated carbons [26,27]. Similarly to what has been
observed for TiO2/porous carbon catalysts [20], these high surface areas are expected to
favor the interaction between adsorbed pollutant molecules and the reactive oxygen species
(mainly hydroxyl radical •OH and superoxo anion •O2

−) formed during irradiation of
the semiconductors, leading to the total mineralization of the pollutants. Furthermore,
the immobilization of the Cu- and Mo-based oxides on the carbon matrix can have an
important effect on the stability of the catalysts, by reducing the leaching of the active
species during the photocatalytic reaction. Indeed, the lixiviation of copper-based oxide
photocatalysts has been widely reported [28–31], whereas scarce studies are available for
Mo-based ones [32].

Considering all the above, the objective of this work is to explore the photocatalytic
activity and stability of carbon-doped copper and molybdenum-based oxides for the degra-
dation of azo dye yellow 5 under simulated solar light. We have selected the combination of
Cu and Mo since these two elements are of a great importance for one of the countries of the
present work. In this regard, Chile is one of the most important Cu exporters in the world,
and has recognized stocks of molybdenum. Thus, the search for novel applications for
these elements, complementary to traditional ones, is of great interest for mining industry
in Chile. For instance, the antibacterial activity of elemental copper [33] and the interest-
ing role of molybdenum as catalytic promotor [34] and active phase in electrochemical
applications are well known [35].

For this purpose, we have carefully evaluated the stability of the prepared photo-
catalysts towards the leaching of the metallic species in dark and irradiation conditions;
the findings indicated that the incorporation of carbon in the formulation of the catalysts
prevents the lixiviation of the copper-containing materials as reported by our group [20].
On the other hand, an important lixiviation effect was observed for the Mo-based catalysts
in aqueous phase, which caused a low photocatalytic performance for the degradation of
the studied dye. Despite the lixiviation of Mo-based catalysts being a well-known problem
in thermal-driven catalysis, this is a hot issue with many controversial results in heteroge-
neous photocatalysis, pointing out the importance of deep characterization and leaching
studies. Even though the activity of the prepared materials is quite modest, the two-step
methodology allowed to obtain materials with different active sites, which is most relevant
for the selection of catalyst for specific redox reactions. This is of special interest for the



Catalysts 2022, 12, 46 3 of 28

mining industry in Chile for Cu and Mo, as currently large research efforts are directed to
find novel applications of these elements.

2. Results and Discussion
2.1. Characterization of the Catalysts
2.1.1. Yields and Proximate Analysis

A series of catalysts containing copper, molybdenum, and their mixtures was synthe-
sized by solvothermal treatment, followed by calcination or pyrolysis at different tempera-
tures. Table S1 in the Supplementary Materials (SM) lists the yields obtained for the different
catalysts, which ranged from 30% for sample Cu4 to 80% for sample Cu4Mo4-350-O2. The
yields were estimated considering the nominal values for the carbon matrix (from the
thermal degradation of furfural) and for the metallic oxides (see further details in the
Supplementary Materials (SM)). Table S1 also shows the global yields estimated from
the average yields obtained in the first (solvothermal treatment) and the second (calcina-
tion/pyrolysis) steps. As seen, the average yields were higher than the global yields. The
low global yields (20–30%) in the Cu-based catalysts are due to the low yield obtained in
the Cu4 precursor. On the contrary, Mo-containing catalysts showed higher global yields
with values of 47–73% and 52–60% for the Mo-based and CuMo bimetallic catalysts, re-
spectively. The low yield obtained for Cu4 catalyst cannot be attributed to the temperature
of the synthesis (e.g., the nominal carbon content expected for Cu4 catalyst based on the
decomposition of furfural would be ca. 67 wt.%) or the low solubility of the Cu (O2C5H7)2
precursor (ca. 0.70 g L−1) in ethanol (e.g., yields of 12%, 6% and 3% were obtained for initial
weights of Cu (O2C5H7)2 of 0.25 g, 0.125 g and 0.0652 g, respectively). Indeed, since the
reaction was carried out in an autoclave at high pressure, it would be suggested that some
carbon deposits formed from furfural decomposition would react with CO2 formed from
the decomposition of Cu (O2C5H7)2 [nC + nCO2→2nCO]. This reaction would be efficiently
catalyzed by CuO, leading to the formation of reduced copper phases as observed from
XRD patterns (see discussion below).

Table S2 compiles a summary of the proximate analysis (moisture, volatiles, fixed
carbon, and ash content). For all the catalysts, the experimental carbon contents were
lower than the expected nominal carbon contents, regardless of the metallic precursor. This
behavior could be attributed to the consumption of a fraction of carbon atoms (carbon
deposit from carbon due to the reaction of gaseous species (e.g., CO2) formed from the
decomposition of the precursors in the autoclave). In addition, higher carbon contents
were obtained for the copper-based catalysts compared with the Mo-containing ones.
As expected, the fixed carbon contents were clearly higher in the precursor and in the
pyrolyzed catalysts than in the calcined samples, with higher values for the samples
calcined at the lower temperature. This is important, as it indicates that the amount of
carbon in the obtained photocatalysts can be modulated upon the choice of the temperature
of the thermal treatment; furthermore, low carbon contents may lead to the intercalation
of carbon atoms in the crystalline framework of metallic semiconductors [36], which
is expected to have an important impact in the photocatalytic activity of these hybrid
semiconductor/carbon nanomaterials. The as-prepared catalysts showed different colors
(Figure S1), which is in line with their optical features, as will be discussed below. For
instance, after calcination at 350 and 550 ◦C, Cu4 and Mo4 changed from red-brown color
to dark gray for the Cu series and pale green for the Mo series. This suggests the formation
of CuO and MoO3 crystalline phases in the bimetallic catalysts. After pyrolysis, Cu4-
800-N2 and Mo4-800-N2 catalysts showed grey-dark and blue-dark colors, respectively,
while sample Cu4Mo4-800-N2 displayed a dark brown color. This suggests that besides
carbon deposits, the formation of CuO, MoO2, and intermetallic mixed phases such as
CuMoO4 [37,38] and Cu3Mo2O9 [39,40] could also occur, as will be discussed below based
on the XRD characterization.
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2.1.2. Electron Microscopy and EDS Analysis

Figure 1 shows some selected images from SEM images for Cu-, Mo-, and CuMo-based
catalysts. With the exception of the sample calcined at 550 ◦C, the Cu-based photocatalysts
(Figure 1a–d) are characterized by particles of spherical shapes and crystallites. SEM-EDS
analysis (Figure 2) confirmed that the spherical particles are mainly composed by carbon,
while the crystallites are dominated by copper oxides. A summary of element composition
detected by EDS both in the spherical forms and in the crystalline forms is listed in Table 1.

The sample calcined at 550 ◦C showed an important agglomeration of crystallites
(Figure 1c). The calcination at low temperature, e.g., 350 ◦C (Figure 1b), rendered a
material with a mixture of spheres and amorphous parts, which can be attributed to the
cracking of spheres during calcination. The mixture of spherical and crystalline particles
in the Cu-based materials would suggest a high degree of interaction between copper
and carbon matrices, which is in agreement with the high carbon contents in most of the
Cu-based catalysts as discussed above (Table S2). A similar result has been reported for
C-TiO2 photocatalysts prepared from the solvothermal carbonization of furfural in presence
of titanium organic salts [36,41]. Concerning the Mo series, a mixture of spherical and
crystalline shapes was also observed in the prepared materials. However, most of the
samples showed a high degree of fragmentation and agglomeration of material, suggesting
a poor integration between the carbon and Mo-based matrices.
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Table 1. Summary of composition (weight %) of catalysts from EDS analysis using the spectrums
indicated in Figure 2.

Sample C
(wt.%) a

O
(wt.%) a

Cu
(wt.%) a

Mo
(wt.%) a

C
(wt.%) b

O
(wt.%) b

Cu
(wt.%) b

Mo
(wt.%) b

Other
(wt.%) b

Cu4 83.36 13.79 2.85 - 41.01 5.29 53.70 - -
Cu4-350-O2 72.52 20.35 7.13 - 17.43 7.51 75.05 - -
Cu4-550-O2 61.31 23.66 15.04 - 10.28 13.08 76.64 - -
Cu4-800-N2 87.87 4.69 7.44 - 25.17 3.19 71.64 - -

Mo4 76.66 22.20 - 1.14 27.99 24.63 - 42.58 4.80 c

Mo4-350-O2 28.09 31.26 - 40.65 17.24 28.24 - 54.52 -
Mo4-550-O2 14.17 d 17.74 d - 68.10 d 11.41 27.92 - 60.67 -
Mo4-800-N2 41.79 16.45 - 41.77 10.56 20.13 - 69.31 -

Cu4Mo4 61.14 22.04 9.32 7.50 61.00 15.30 16.50 7.21 -
Cu4Mo4-350-O2 48.24 22.56 9.40 19.80 37.85 24.71 11.34 20.05 -
Cu4Mo4-550-O2 36.56 d 27.10 d 12.12 d 27.22 d 32.07 30.49 17.12 20.32 -
Cu4Mo4-800-N2 66.58 10.96 20.63 1.83 33.85 6.05 50.44 9.65 -

a EDS analysis of the spheres; b EDS analysis of fragmented materials or crystals; c This value corresponds to
nitrogen; d EDS analysis of rough spheres in presence of small fragments of material.

A histogram for a deeper analysis of the particle size distribution was performed
for the Cu-based catalysts, as only these showed regular shaped particles (Figure 1m).
It seems to be clear that the precursor and the pyrolyzed samples, Cu4 and Cu4-800-N2,
respectively, are characterized by smaller particles than catalysts submitted to calcination.
Accordingly, the average particle sizes of Cu4 and Cu4-800-N2 were ca. 1.1 µm and 1.8 µm,
respectively; these are clearly smaller than ca. 4.7 µm and 6.3 µm for Cu4-350-O2 and
Cu4-550-O2, respectively. These results agree with a better cohesion between Cu species
and the carbon phase in both samples Cu4 and Cu4-800-N2, in comparison to the calcined
materials, where the increase in the average particle size can be explained by sintering
effects. Furthermore, Mo-based samples displayed a low carbon content as detected in the
proximate analysis (Table S2), which suggests a pronounced evolution of carbon during
the calcination (even at low temperature) and/or pyrolysis steps. The sample calcined
at 550 ◦C (Figure 1g) showed a high crystallinity, and spheres were not detected, suggesting
most of carbon component has been removed by the calcination, in agreement with the data
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from proximate analysis (Table S2). The SEM-EDS analysis for Mo-based and CuMo-based
catalysts is shown in Figures S2 and S3, respectively.

The morphology of the binary catalysts showed a similar trend to that of the Mo series.
In short, a high degree of fragmentation of materials and crystalline forms were observed in
the calcined samples (Figure 1j,k) and few spherical forms were observed in the precursor
(Figure 1i) and pyrolyzed sample (Figure 1l), in agreement with the low carbon contents of
all the series (Table S2). This is an indication of a high degree of interaction between Cu
and Mo in the binary catalysts as discussed below in Section 2.1.4.

As seen in Table 1, the spherical particles are mainly composed by carbon, although
some metallic components were also detected. It is interesting to remark that the Cu series
displayed the highest carbon content in all the catalysts; this is particularly interesting for
the sample calcined at 550 ◦C (ca. 15 wt.%), whose carbon content detected by SEM-EDS is
in agreement with the data from the proximate analysis (Table S2). This result suggests that
for Cu series, the interaction of carbon–copper species would inhibit the decomposition
of the carbon matrix during the calcination. The rest of the samples of the series followed
the same trend concerning the composition of the spherical particles, with the exception
on sample Mo4-800-N2, which displayed a low carbon content after pyrolysis compared
with the precursor (ca. 41.8 against 76.7 wt.%, respectively). This is also indicative of a low
degree of cohesion between carbon and Mo species, in agreement with the low Mo content
(ca. 14.2 wt.%) in this sample within the spheres.

For the bimetallic catalysts, Cu4Mo4-800-N2 sample showed the lowest carbon content
after calcination at 550 ◦C, suggesting a loss of cohesion between carbon and Cu and Mo
species. On the other hand, the particles composed of fragmented crystals are mainly
composed of inorganic phases, with values up to ca. 76.6 and 69.3 wt.%, for the Cu and Mo
series, respectively, as opposed to ca. 50.4 and 20.3 wt.% values for Cu and Mo, respectively,
in the bimetallic catalysts. Thus, it can be concluded that Cu promotes the fixation of the
carbon component in the catalysts.

Figure S4 shows a compilation of TEM images of the catalysts. The precursor samples
of Cu, Mo, and CuMo series of catalysts displayed spherical shapes, with some interesting
differences among them. For instance, sample Cu4 (Figure S4a) showed a smooth surface
with few small fragments, as opposed to sample Mo4 with a rough surface and a high
quantity of fragments (see white arrows inset Figure S4e) on the surface of the spheres.
Finally, Cu4Mo4 catalyst showed a well-defined shell (white arrows inset Figure S4i),
suggesting the presence of a complex composite probably formed independently from Cu
and Mo species. This will be deeply discussed below in Section 2.1.4.

TEM images showed lower spherical particles on the calcined Cu-based and Mo-based
materials, with predominantly crystalline forms, even at low calcination temperatures. In
contrast, pyrolysis did not seem to impact the density of the spherical-shaped particles. The
bimetallic CuMo-based catalysts followed a similar trend, highlighting that the calcined
samples seem to be more amorphous than the Mo-based analogous catalysts. This agrees
with the high carbon content detected by EDS discussed above.

Finally, Figure S5 shows some selected ED patterns of the prepared catalysts. It can
be seen that Cu4, Mo, and Cu4Mo4 precursors produced ED patterns characteristic of
amorphous materials (in agreement with the high dispersion of metallic framework within
the spheres); after calcination at 550 ◦C, the samples became high-symmetry crystalline
forms constituted by CuO, MoO3, and CuO-MoO3 for Cu4-550-O2, Mo4-550-O2, and
Cu4Mo4-550-O2, respectively. Interestingly, the ED pattern of the bimetallic sample is
clearly more complex than those of monometallic samples, suggesting the formation of
intermetallic complex oxides as discussed in Section 2.1.4. After pyrolysis, Mo-containing
catalysts showed a mixture of amorphous and crystalline ED patterns, while Cu4-800-N2
showed a pattern characteristic of amorphous materials. These results indicate that carbon-
containing Cu-based catalysts are characterized by strong cohesive forces leading to high
thermal stability of the materials, as opposed to Mo-based ones.
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2.1.3. Textural Characterization

Figure 3 shows the N2 adsorption–desorption isotherms at −196 ◦C of the prepared
catalysts; Table 2 contains a summary of the main textural properties therein obtained.
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Table 2. Main textural properties of the prepared catalysts obtained from the N2 adsorp-
tion/desorption isotherms at −196 ◦C.

Sample SBET
(m2/g) a

Vtotal
(cm3/g) b

Vmicro
(cm3/g) c

Fraction of
Micropores (%) d

Cu4 15 0.029 0.003 10
Cu4-350-O2 4 0.010 0.001 10
Cu4-550-O2 6 0.007 0.001 14
Cu4-800-N2 90 0.073 0.035 48

Mo4 1 0.003 <0.001 0
Mo4-350-O2 10 0.065 0.003 5
Mo4-550-O2 7 0.006 0.001 17
Mo4-800-N2 18 0.039 0.010 26

Cu4Mo4 6 0.044 0.001 2
Cu4Mo4-350-O2 6 0.027 0.002 7
Cu4Mo4-550-O2 4 0.004 <0.001 0
Cu4Mo4-800-N2 14 0.050 0.004 8

a BET specific surface area; b total pore volume evaluated at P/Po ∼= 0.99; c micropore volume evaluated from the
Dubinin–Radushkevich equation; d ratio of micropore volume to total pore volume.
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With the exception of the pyrolyzed sample (Cu4-800-N2), all the materials (Cu-,
Mo- and CuMo-based) showed type II adsorption isotherms according to the IUPAC
classification [42], characteristic of materials with low porosity. The Cu-based sample
prepared after pyrolysis displayed a somewhat type I isotherm character, as seen by the
well-defined knee at low relative pressures indicative of the occurrence of micropores. The
Mo-based catalysts displayed a marked hysteresis loop at high relative pressures (above
0.9), suggesting a contribution of large mesopores and/or interparticle condensation. As
mentioned above, all the samples with the exception of Cu4-800-N2 displayed a nonporous
character with low surface areas and pore volumes (Table 2). For the case of sample Cu4-
800-N2, a surface area of 90 m2/g and a fraction of ca. 48% micropores were obtained.
Thus, it seems evident that the pyrolytic treatment boosted the development of a micropore
structure only in the Cu series; in this regard, this is most likely attributed to the carbon
content, since the Cu4 precursor presented the highest carbon content of all the series
(Table S2).

2.1.4. XRD Patterns

Figure 4 shows the XRD patterns of the prepared catalysts; the corresponding calcu-
lated crystalline indexes (average size of crystallites (D), index number, diffraction angles
(2θ), full width at half maximum (FWHM), the numbers of JCPDS cards used for the
elucidation of the crystalline phases) are compiled in Table 3.
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Table 3. Summary of the main crystalline parameters obtained from XRD.

Sample Crystalline
Phase a

Index
Numbers b 2θ c FWHM

(rad) d
D

(nm) e
JCPDS
Card f

Cu4 Cu (111) 43.26 0.0045 30 01-085-1326
Cu4-350-O2 CuO (111) 38.96 0.0068 20 01-072-0629
Cu4-550-O2 CuO (-111) 35.56 0.0043 32 01-072-0629

Cu4-800-N2

Cu (111) 43.29 0.0036 38 01-085-1326
CuO (111) 38.69 0.0070 19 01-072-0629
Cu2O (111) 36.42 0.0059 23 05-0667

Mo4 MoO3 (021) 25.82 0.0033 43 05-0508
Mo4-350-O2 MoO3 (021) 27.31 0.0032 45 05-0508
Mo4-550-O2 MoO3 (040) 25.75 0.0019 74 05-0508
Mo4-800-N2 MoO3 (040) 25.92 0.0029 48 05-0508

Cu4Mo4 Cu (111) 43.33 0.0041 33 01-085-1326
Cu4Mo4-350-O2 MoO3 (021) 27.29 0.0030 47 05-0508

Cu4Mo4-550-O2
MoO3 (040) 25.69 0.0023 63 05-0508
Cu2O (111) 29.34 0.0026 53 05-0667

Cu4Mo4-800-N2
Cu (120) 43.35 0.0034 39 01-085-1326

MoO3 (111) 26.04 0.0032 44 032-0671
a Main crystalline phase detected in the XRD patterns from Figure 2; b Miller indices; c diffraction angle; d FWHM
is the full width at half maximum (radians); e D is the mean size of crystallites obtained by Scherrer’s expression
(Equation (1)); f JCPDS number cards according to the International Centre for Diffraction Data.

The broad shape of the XRD diffractograms indicates that all the samples have a
nanostructured character; indeed, the average size of the crystallites of the main phases
detected was in the range of 19–38 nm (Cu-based catalysts), 43–74 nm (Mo-based catalysts),
and 33–63 nm (CuMo-based catalysts). Interestingly, reduced crystalline phases such as
Cu, Cu2O, and MoO2 (Figure 4) were observed for the samples prepared upon a pyrolytic
treatment. This is most likely due to the interaction of CuO and MoO3 with the carbon
deposits formed during the thermal degradation of furfural, as discussed above.

Figure 4a shows that the Cu4 sample is mainly composed by Cu (according to JCPDS
card 01-085-1326), with reduced copper nanoparticles of ca. 30 nm. Since this sample
displayed the highest carbon content (Table S2), this would indicate that the carbon matrix
would be responsible of the encapsulation and protection from oxidation of the reduced
copper nanoparticles. These Cu nanoparticles would be formed during the gasification of
carbon deposits by CO2 as discussed above.

After calcination, oxidized forms of copper were predominant (e.g., monoclinic CuO
phase, JCPDS card 01-072-0629) as expected. It is interesting to note that calcination at
350 ◦C allowed a better dispersion of the oxidized copper nanoparticles, with a clearly
lower average particle size of CuO phase (ca. 20 nm) than in the sample calcined at 550 ◦C
(ca. 32 nm). After the pyrolytic treatment, the mean size of the elemental Cu nanoparticles
increased to 38 nm, most likely due to a sintering effect. In addition, both Cu2O and CuO
phases were observed in the pyrolyzed sample (JCPDS card 05-0667), with average sizes of
19 nm and 23 nm, respectively. Similar observations have been reported for the preparation
of Cu-based materials [43,44].

For the Mo-based catalysts (Figure 4b), MoO3 was the main crystalline phase observed
(JCPDS card 05-0508). The average size of these nanoparticles was clearly higher than those
observed for the Cu-based catalysts. It is important to highlight that the XRD pattern of the
Mo4 catalyst was rather amorphous, with several unidentified peaks in the range 3–20◦ that
could be attributed to some molybdenum carbide phase (broad peak at ca. 12.5◦ assigned to
α-Mo2C carbide, JCPDS card 31-412) [45]. This hypothesis is validated by the fact that such
peaks disappeared after the calcination treatments (yet visible in the pyrolyzed sample). In
addition, some reduced MoO2 phases were also detected in the pyrolyzed sample (JCPDS
card 32-0671), which could be formed due to the interaction between carbon deposits and
MoO3 crystallites as reported Liu and coworkers [46].
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The XRD patterns of the bimetallic CuMo series (Figure 4c) showed that the reduced
Cu phase was the main crystalline phase observed in the Cu4Mo4 catalysts, with a mean
size of nanoparticles similar to that observed in the Cu4 sample (33 nm vs. 30 nm, Table 3).
The reduced copper-oxidized crystalline phase such as Cu2O was also observed in the
sample calcined at 550 ◦C; in contrast, the Cu phase remained without oxidation in the
pyrolyzed sample, suggesting that carbon deposits play a protector role inhibiting the
oxidation of elemental Cu. On the other hand, MoO3 crystalline phase was the main Mo-
based phase in the bimetallic samples, and in agreement with Tamboli and coworkers [47],
some peaks can be also attributed to reduced MoO2 phase. In addition, the formation of
intermetallic mixed phases such as CuMoO4 [37,38] and Cu3Mo2O9 [39] was observed.

Equations (1) and (2) show that large quantities of CO2 may be produced upon the
decomposition of the precursors; the released gas would be able to react with the carbon
deposits created upon the degradation of furfural, in agreement with the low carbon content
(ca. 15.7 wt.%) of the bimetallic catalysts (Table S2).

Cu(O2C5H7)2 + (NH4)6Mo7O24·4H2O + 8.5O2 →→CuMoO4 + 6MoO3 + 7H2O + 10CO2 + 6NH3 (1)

3Cu(O2C5H7)2 + (NH4)6Mo7O24·4H2O + 25.5O2→→Cu3Mo2O9 + 5MoO3 + 7H2O + 30CO2 + 6NH3 (2)

Accordingly, the low-intensity peaks observed at ca. 12.5◦ and 16◦ can be ascribed to
CuMoO4 (JCPDS card 01-185-1530) [38], while the small peak at ca. 17◦ can be ascribed to
the intermetallic Cu3Mo2O9 phase [48]. However, the amount of CuMoO4 and Cu3Mo2O9
phases is rather low, for which no important influence upon the adsorption and/or the
photodegradation of yellow 5 is expected.

2.1.5. Optical Characterization by Diffuse Reflectance

Figure 5 shows the UV–visible diffuse reflectance spectra of the prepared catalysts. In
general, the catalysts prepared by the one-step procedure (Cu4, Mo, and Cu4Mo4) showed a
high capacity to absorb photons (lower reflectance) in the entire UV–visible range, followed
by the pyrolyzed (Cu4-800-N2, Mo4-800-N2, Cu4Mo4-800-N2) and the calcined samples
(particularly those calcined at 550 ◦C). This should be linked to the nature of the metallic
oxides present in the calcined catalysts, which also displayed lower carbon contents.

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 29 
 

 

phases is rather low, for which no important influence upon the adsorption and/or the 
photodegradation of yellow 5 is expected. 

2.1.5. Optical Characterization by Diffuse Reflectance 
Figure 5 shows the UV–visible diffuse reflectance spectra of the prepared catalysts. 

In general, the catalysts prepared by the one-step procedure (Cu4, Mo, and Cu4Mo4) 
showed a high capacity to absorb photons (lower reflectance) in the entire UV–visible 
range, followed by the pyrolyzed (Cu4-800-N2, Mo4-800-N2, Cu4Mo4-800-N2) and the cal-
cined samples (particularly those calcined at 550 °C). This should be linked to the nature 
of the metallic oxides present in the calcined catalysts, which also displayed lower carbon 
contents. 

 
Figure 5. UV–visible diffuse reflectance spectra of the catalysts of the (a) Cu series, (b) Mo series, 
and (c) CuMo-series. 

For the Cu-based series, the absorption band edge associated to d–d transition for 
Cu2+ ions in CuO samples typically reported between 320 and 380 nm [48,49] was not ob-
served. The calcined samples Cu4-350-O2 and Cu4-550-O2 displayed a continuous absorp-
tion with no clear gap (Figure 5a). A similar broad band has been reported by Sohrab-
nezhada and coworkers for Cu/CuO photocatalysts [49]. The authors suggested that in 
presence of ligands or oxygen ions, the d–d transitions would appear in the visible or 
near-IR range. Only samples Cu4-800-N2 and Cu4 presented an increase in diffuse reflec-
tance above 600 nm, attributed to the band absorption edge of the nanocrystalline Cu2O 
[50]. In addition, the localized surface plasmon resonance (LPR) of elemental Cu species 
can be associated with the inflexion of the curve observed at ca. 550 nm in Cu4 sample 
and in the pyrolyzed sample. However, the LPR displayed a low intensity, suggesting a 
marked confinement effect of the Cu-based nanoparticles in the matrix of the catalyst. A 
similar behavior was also observed in the bimetallic catalysts. 

For the Mo-based catalysts (Figure 5b), no clear absorption edge was observed for 
neither the precursor nor the pyrolyzed sample (Mo4 and Mo4-800-N2). In contrast, both 
calcined samples showed a clear absorption edge at around 470 nm, characteristic of indi-
rect MoO3 semiconductors (i.e., O2−→Mo6+ charge–transfer). The absorption edge was 
more intense for the sample calcined at 550 °C, indicating a higher contribution of MoO3. 
This agrees with the crystalline phases detected by XRD for these samples [51]. An esti-
mation of the energy band gap for these materials using the Tauc representation from the 
Kubelka–Munk function (Figure S6) rendered a value of 2.6 eV for Mo4-550-O2, in agree-
ment with the values reported in the literature for MoO3 annealed at 550 °C [51] and 600 °C 
[52], respectively. Furthermore, these differences in the optical absorption features are 
consistent with the different colors observed in the samples (Figure S1). For the bimetallic 
Cu4Mo4 catalysts, the samples showed similar optical features to those of the catalysts 
based on copper and molybdenum, confirming the mixture of phases. The edge 

Figure 5. UV–visible diffuse reflectance spectra of the catalysts of the (a) Cu series, (b) Mo series, and
(c) CuMo-series.

For the Cu-based series, the absorption band edge associated to d–d transition for Cu2+

ions in CuO samples typically reported between 320 and 380 nm [48,49] was not observed.
The calcined samples Cu4-350-O2 and Cu4-550-O2 displayed a continuous absorption with
no clear gap (Figure 5a). A similar broad band has been reported by Sohrabnezhada and
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coworkers for Cu/CuO photocatalysts [49]. The authors suggested that in presence of
ligands or oxygen ions, the d–d transitions would appear in the visible or near-IR range.
Only samples Cu4-800-N2 and Cu4 presented an increase in diffuse reflectance above 600
nm, attributed to the band absorption edge of the nanocrystalline Cu2O [50]. In addition,
the localized surface plasmon resonance (LPR) of elemental Cu species can be associated
with the inflexion of the curve observed at ca. 550 nm in Cu4 sample and in the pyrolyzed
sample. However, the LPR displayed a low intensity, suggesting a marked confinement
effect of the Cu-based nanoparticles in the matrix of the catalyst. A similar behavior was
also observed in the bimetallic catalysts.

For the Mo-based catalysts (Figure 5b), no clear absorption edge was observed for
neither the precursor nor the pyrolyzed sample (Mo4 and Mo4-800-N2). In contrast, both
calcined samples showed a clear absorption edge at around 470 nm, characteristic of
indirect MoO3 semiconductors (i.e., O2

−→Mo6+ charge–transfer). The absorption edge
was more intense for the sample calcined at 550 ◦C, indicating a higher contribution of
MoO3. This agrees with the crystalline phases detected by XRD for these samples [51].
An estimation of the energy band gap for these materials using the Tauc representation
from the Kubelka–Munk function (Figure S6) rendered a value of 2.6 eV for Mo4-550-O2,
in agreement with the values reported in the literature for MoO3 annealed at 550 ◦C [51]
and 600 ◦C [52], respectively. Furthermore, these differences in the optical absorption
features are consistent with the different colors observed in the samples (Figure S1). For the
bimetallic Cu4Mo4 catalysts, the samples showed similar optical features to those of the
catalysts based on copper and molybdenum, confirming the mixture of phases. The edge
absorption band of Cu2O above 550 nm was observed for Cu4Mo4 and Cu4Mo4-800-N2,
while that at around 470 nm corresponding to the presence of a MoO3-like phase was
observed in the calcined samples (Figure 5c).

In summary, the UV–visible diffuse reflectance spectra of the catalysts suggests that
metallic oxides are obtained upon calcination; in the presence of a low carbon content, these
are expected to act as photoactive semiconductors (i.e., generating pairs electron/hole upon
irradiation). However, the series of the precursor catalysts as well as those submitted to a
pyrolysis step seem to display a complex character with mixed optoelectronic properties.
Besides the excitation of photoelectrons, the photo sensibilization of Cu-based catalysts by
the injection of electrons from the excitation of surface moieties is not discarded [36,41]. In
addition, elemental Cu nanoparticles detected by XRD can play the role of the localized
surface plasmon resonance (LPR) injecting hot electrons to the conduction band of Cu2O
and CuO semiconductors. All these optically active sites could give rise to the formation of
reactive oxygen species (ROS); this is addressed below in the general discussion section.

2.2. Adsorption Studies of Dye Y5

Before the photocatalytic assays, the adsorption capacity of the catalysts for the stud-
ied Y5 dye was investigated. Figure 6 shows the adsorption kinetics of dye Y5 in dark
conditions at room temperature on the series of Cu-, Mo-, and CuMo-based photocatalysts,
for an initial concentration of the dye of 5 ppm (ca. 9.36 10−6 mol.L−1). Table 4 contains
a summary of selected kinetic parameters obtained upon fitting the experimental data
to different models (i.e., pseudo first order, pseudo second order, intraparticle diffusion,
according to the expressions in Table S3). The complete fitting plots are shown in the
Supplementary Materials (SM) (Figures S7–S9). With the exception of Mo4-550-O2, the
adsorption of the dye was clearly enhanced after calcination or pyrolysis of the catalysts.
In the case of sample Cu4-800-N2, this observation is attributed to its porosity (Table 2),
while in the case of sample Cu4Mo4-800-N2, this can also be attributed both to the presence
of intermetallic species detected from the XRD patterns (Figure 4), which would promote
the chemisorption of the dye on specific Cu- and/or Mo-based adsorption sites. Overall,
the uptakes of dye Y5 were low, ranging from ca. 2.6% up to 28.4% for Mo-550-O2 and
Cu4Mo4-800-N2, respectively.
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Table 4. Summary of kinetic parameters of adsorption in the dark of Y5.

Sample nads
a

(µmol)
k1

(min−1) b Rk1
c k2

(µmol−1 min−1) d Rk2
e kp

(µmol min−1/2) f Rkp
g C

(µmol) h

Cu4 0.034 0.097 0.945 9.80 0.973 0.002 0.918 0.021
Cu4-350-O2 0.044 0.035 0.886 1.62 0.973 0.005 0.984 0.007
Cu4-550-O2 0.075 0.037 0.969 0.99 0.975 0.009 0.991 0.002
Cu4-800-N2 0.250 0.033 0.941 0.25 0.984 0.030 0.982 0.011

Mo4 0.044 0.080 0.929 1.34 0.930 0.006 0.896 0.003
Mo4-350-O2 0.104 0.050 0.992 1.06 0.949 0.017 0.966 −0.020
Mo4-550-O2 0.030 0.025 0.993 1.28 0.999 0.005 0.973 −0.007
Mo4-800-N2 0.129 0.043 0.850 0.80 0.969 0.011 0.993 0.042

Cu4Mo4 0.035 0.047 0.980 3.21 0.969 0.004 0.995 0.003
Cu4Mo4-350-O2 0.062 0.031 0.994 0.84 0.997 0.009 0.994 −0.010
Cu4Mo4-550-O2 0.057 0.041 0.898 1.63 0.975 0.006 0.991 0.013
Cu4Mo4-800-N2 0.332 0.043 0.985 0.28 0.986 0.041 0.999 0.016

a Amount of dye Y5 adsorbed after 1 h in dark conditions from an initial concentration of
Co = 9.36 × 10−6 mol. L−1; b k1 is the pseudo-first-order rate constant; c R2

k1 is the quadratic linear factor for k1;
d k2 is the pseudo-second-order rate constant; e R2

k2 is the quadratic linear factor for k2; f kp is the IPD rate
constant; g R2

kp is the quadratic linear factor for the kp; h C is the boundary layer thickness constant for the
IPD model.

Due to the low number of experimental points taken for the kinetics assays, a rigorous
analysis of the rate of adsorption cannot be performed. Notwithstanding, some interesting
features can be noted for comparative purposes on the series of studied catalysts. From
the analysis of the quadratic linear factors, it can be inferred that the adsorption of Y5
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takes place following mixed physisorption and chemisorption mechanisms. For instance,
the average of the regression factors for the pseudo-first (Rk1) and pseudo-second (Rk2)
order kinetics of adsorption on Cu-based catalysts was 0.935 ± 0.035 and 0.976 ± 0.005,
respectively. It is clear that Rk2 shows a very low deviation of ca. 0.5% against 3.7% for Rk1.
This is indicative that chemisorption is the main adsorption mechanism for Y5 on Cu-based
catalysts [48,49]. This trend was similar in the CuMo-based catalysts, and the average of
the regression factors for Rk1 and Rk2 was ca. 0.964 ± 0.045 and 0.982 ± 0.012, respectively.
These values correspond to deviations of ca. 4.7% and 1.2% for Rk1 and Rk2, suggesting Y5
adsorption is mainly chemisorbed.

On the other hand, Mo-based catalysts showed average regression factors for Rk1 and
Rk2 of ca. 0.941 ± 0.067 and 0.962 ± 0.030, respectively. These values represent deviations
of ca. 7.1% and 3.1%, suggesting both physisorption and chemisorption take place on Mo-
based catalysts. According to a mixed adsorption mechanism, the dye would be retained
both in the pores and in the specific active sites of the different metallic oxides present in the
catalysts (as evidenced by XRD). It is clear the values of the second-order fitting (Rk2) are
higher than those of the first-order (Rk1) for all the catalysts, indicating a better agreement
with chemisorption mechanism. In addition, Rk2 values were higher for the Cu-based
series, pointing out that a chemisorption mechanism is favored in these materials, while
Mo-containing catalysts seems to be modulated by both physisorption and chemisorption.
The values of k1 are similar to those reported in the literature for the removal of dye Y5
with high-surface-area adsorbents [1,4,53].

On the other hand, kp values corresponding to the intraparticle diffusion kinetic
constant were remarkably higher for the pyrolyzed samples compared with the other
catalysts in the series. The low values (negative in some cases) of the C constant indicate a
high resistance to mass transfer from the bulk of solution to the surface of catalysts [36].
This fact suggests that the intraparticle (pore and surface) diffusion would be the limiting
step in the adsorption process. This is in good agreement with the faster overall adsorption
rate evaluated from the pseudo-second-order constants (Table 4).

2.3. Photocatalytic Tests on Cu-Based Photocatalysts

Before the catalytic assays, the direct photolytic degradation of the dye under the
same artificial solar irradiation condition was evaluated (Figure S10a); data showed a low
conversion of ca. 9% after 5 h of irradiation under solar light under our experimental
conditions. Figure 7a shows the kinetics of dye Y5 photodegradation over the series of
Cu-based catalysts. The kinetic data on the Cu-based catalysts seem to follow a first-order
reaction-rate mechanism; the corresponding fitting parameters are listed in Table 5. It
is important to mention than 120 min was selected for the estimation of the first-order
apparent rate constant (kapp) since it can be seen that this time corresponds to the half of
yellow 5 degradation observed after 360 min of photocatalytic tests.

For direct photolysis, the obtained degradation rate constant kapp was
0.5 × 10−3 min−1; (Figure S10b) the value is in good agreement with that reported else-
where [54]. The Mo- and CuMo-based catalysts showed much lower photocatalytic activity
that that of the Cu-based series. In addition, the Mo-based catalysts suffered from a high
lack of reproducibility in the results, mainly under irradiation, most likely attributed to the
appearance of additional peaks in the UV-VIS spectra of the solutions that interfere with the
detection of Y5 dye by spectroscopic methods. These peaks have been assigned to various
metastable oxidation sates such as Mo+3 and Mo+5 in solution [32,55], which would be in
agreement with the different Mo species identified by XRD (Figure 4 and Table 3). This also
suggests a strong lixiviation of the Mo- and MoCu-based catalysts (see discussion below).
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Table 5. Summary of kinetic results of Y5 photodegradation on Cu-based photocatalysts under
solar irradiation.

Sample nads
a

(µmol)
kapp × 10−3

(min−1) b Rkapp
c φrel-DP

d

(a.u)
φrel-Cu4

e

(a.u)
Y5conv-6h

f

(%)

Direct
Photolysis

(DP)
- 0.5 0.968 1.0 0.8 9

TiO2-P25 0.960 111 0.950 222 185 100 (1 h)

Cu4 0.034 0.6 0.943 1.2 1.0 16
Cu4-350-O2 0.044 0.9 0.973 1.8 1.5 19
Cu4-550-O2 0.075 0.9 0.989 1.8 1.5 19
Cu4-800-N2 0.250 2.6 0.948 5.2 4.3 40

a amount of Y5 adsorbed after 60 min adsorption in the dark; b first-order apparent rate constant; c linear
regression factor; d photocatalytic activity relative to direct photolysis defined as kapp-i/kapp-DP; e photocatalytic
activity relative to Cu4 catalyst, defined as kapp-i/kapp-Cu4; f conversion after 6 h of irradiation.

The photodegradation of dye Y5 on sample Cu4 and those after calcination was
rather low, with conversions between 16% and 19%, slightly higher than that of direct
photolysis. On the other hand, the pyrolysis rendered an improved degradation yield,
with a conversion close to 40% after 6 h of irradiation. Based on the modest conversion,
no additional measurements on the total organic content were performed to evaluate the
mineralization of the dye. The first-order apparent rate constant of the pyrolyzed sample
was 2.6 × 10−3 min−1, similar to the values reported by other groups for this dye [54,56].
However, it should be noted that the catalysts’ loading in this work is lower than that
reported in other studies [54,56]; thus, it can be inferred that the catalytic activity for
sample Cu4-800-N2 is among the highest values reported for alternative catalysts for the
photocatalytic degradation of yellow 5 or azo dyes [53,57].

Unfortunately, the photocatalytic activity of the present Cu-based catalysts was
clearly lower than that observed on benchmark TiO2-P25 (Figure S10c). In terms of the
first-order apparent rate constant (Figure S10d), TiO2-P25 is ca. 40 times more efficient
than Cu4-800-N2. However, it should be mentioned that such comparison is not fully
fair due to the high-light-absorption features of TiO2 compared with the herein prepared
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Cu-based catalysts, the fact that the latter is only composed by ca. 80% of Cu active phase
(Table S1), and the highest dark adsorption capacity of TiO2 (ca. 4 times higher, Table 5).

Some other studies from the literature have reported different conversion values of
tartrazine on benchmark P25 catalyst. For instance, Souza et al. [54] reported the degrada-
tion of tartrazine dye under UV light on TiO2-P25 under varied conditions (temperature,
heating rate, and time on P25) with first-order apparent rate constants (kapp) ranging from
10.03–22.77 × 10−3 min−1 with a catalyst loading of 0.5 g L−1. For a mean kapp of ca.
16.4 × 10−3 min−1, the photoactivity of P25 was ca. 0.08 min−1 g−1; this value is slightly
lower than that obtained on sample Cu4-800-N2 (ca. 0.09 min−1 g−1) in this study using
artificial solar light (i.e., much higher photoactivity is expected under UV than under
solar light).

Data in Table 5 point out that higher photoconversion values are obtained for the
catalysts showing higher adsorption capacity in the dark, indicating that the affinity of the
dye towards the surface of the catalysts is an important parameter. This is more evident
in the case of sample Cu4-800-N2 that has a high surface area (Table 2). In the calcined
series, given their low porosity, the improved conversion is most likely attributed to the
nature of the chemical species in the catalysts. In this regard, the XRD patterns (Figure 4)
showed oxidized CuO is the predominant phase in the calcined samples, as opposed to the
pyrolytic one where elemental Cu nanoparticles, Cu2O, and CuO have also been identified.
Thus, CuO-based sites are responsible for the increased uptake of the dye in the calcined
samples, and thus the slight improvement in the photodegradation efficiency compared to
Cu4-. This is somehow expected since Y5 is an azo dye with Lewis basic sites, which can be
chemically bonded to Cu (II) sites in CuO.

On the other hand, the photocatalytic degradation performance of the Mo-based
catalysts is compiled in Figure 8. Surprisingly, Mo- and CuMo-based catalysts showed
much lower photocatalytic activity than that of the Cu-based catalysts. In addition, the
reproducibility in the photocatalyst for the Mo-based catalysts was rather poor, mainly for
the assays under irradiation. The kinetic data of Y5 degradation for Mo-based catalysts
show a large dispersion of points (Figure 8a,c) with respect to the first-order apparent rate
constant equation (Figure 8b,d), as seen in the regression coefficients far from unity.
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As a result, negative values of kapp were seen for those samples with a poor fitting
of the experimental data (e.g., some Mo-based catalysts), which is not consistent. This
behavior is explained by the interference in the UV spectra analysis arising from the
appearance of some peaks associated to the release of Mo species in the solution due to
lixiviation of the catalyst. In sum, it can be inferred that the leaching of molybdenum has a
remarkable detrimental effect on the photodegradation of yellow 5.

2.4. Leaching Studies of the Mo-Based Photocatalysts

For a deeper understanding of the leaching effect of the photocatalysts, a semiquanti-
tative analysis of the copper and molybdenum ions in solution was carried out for all the
catalysts. Table 6 shows a summary with the nominal values of Cu and Mo—corresponding
to the initial composition of the catalysts—and the results of the semiquantitative analysis
after the leaching assays. As seen, the lixiviation extent of copper in all the catalysts was
rather low, with copper ions detected in the range of 0–5 mg L−1.

Table 6. Summary of the semiquantitative leaching analysis of Cu- and Mo-based catalysts.

Catalysts Loading of
Catalyst (mg L−1)

Nominal Cu
(mg L−1)

Cu Leached
(mg L−1)

Nominal Mo
(mg L−1)

Mo Leached
(mg L−1)

Cu4 48.2 21.8 a <5 0 0
Cu4-350-O2 50.3 45.8 <5 0 0
Cu4-550-O2 50.2 49.1 0 0 0
Cu4-800-N2 53.1 41.5 <5 0 0

Mo4 53.4 0 0 39.6 a >30
Mo4-350-O2 52.4 0 0 49.8 >50
Mo4-550-O2 54.6 0 0 53.9 >20
Mo4-800-N2 51.5 0 0 47.0 >5

Cu4Mo4 51.7 16.3 a <10 26.8 >20
Cu4Mo4-350-O2 53.8 25.4 <10 26.5 >20
Cu4Mo4-550-O2 51.8 25.6 <5 25.8 >20
Cu4Mo4-800-N2 49.6 21.8 <10 25.4 >20

a The low concentration of Cu and Mo in these samples is due to the high carbon content in the precursor samples
as discussed above (Table S2).

On the other hand, for most of the Mo-based catalysts, high amounts of Mo ions
were detected in solution after 5 h of irradiation, demonstrating the high instability of
these catalysts, and demonstrating that Mo-based materials prepared by solvothermal
synthesis are not efficient for photocatalytic reactions in aqueous phase. The same trend
was observed for the bimetallic catalysts, with low concentrations of Cu and high amounts
of Mo ions detected in solution. It is important to mention that the evaluation of leaching
effects of Mo-based photocatalysts has been largely omitted in the abundant literature
reporting photocatalytic application of Mo-based catalysts [16,17,22–25]. Thus, our results
indicate that it is necessary to find new methods for the stabilization of Mo-based cata-
lysts for their use in aqueous phase under irradiation, so as to prevent lixiviation of the
metallic phase.

Given the results of these initial tests, further lixiviation assays were carried out in both
dark and irradiation conditions. The quantification of leached Cu and Mo was performed
by using the calibration curves included in the Figure S11. Figure 10 shows the kinetics
of Cu and Mo leaching under irradiation, while Table 7 compiles the quantification of the
amount of each ion leached after 1 h in dark and after 5 h irradiation. It is clear that the
leaching of copper ions under our experimental conditions is negligible for all Cu-based
catalysts, both at dark and after irradiation.

Figure 9 shows the evolution of the UV–visible spectra of the Mo-based photocatalysts
exposed to solar irradiation as a function of time (in the absence of the dye). As seen, an
increase in the absorbance at 208 nm in the UV–visible spectra occurred with the irradiation
time, which demonstrates the lixiviation of Mo species in both Mo4 and the bimetallic
Cu4Mo4 series.
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Table 7. Summary of the kinetics results of Cu and Mo detected in dark and irradiation conditions
relative to nominal contents of elements listed in Table 5.

Catalysts
Leached Cu
after 1 h in

Dark (wt.%) a

Cu Leached after
5 h Irradiation

(wt.%) a

Leached Mo
after 1 h in

Dark (wt.%) a

Leached Mo after
5 h Irradiation

(wt.%) a

Cu4 0.1 0.4 0 0
Cu4-350-O2 <0.1 0.1 0 0
Cu4-550-O2 <0.1 <0.1 0 0
Cu4-800-N2 <0.1 0.2 0 0

Mo4 0 0 69 95
Mo4-350-O2 0 0 60 100
Mo4-550-O2 0 0 15 40
Mo4-800-N2 0 0 10 28

Cu4Mo4 0.1 0.5 32 100
Cu4Mo4-350-O2 0.9 1.0 59 100
Cu4Mo4-550-O2 0.1 0.3 39 100
Cu4Mo4-800-N2 0.1 0.3 10 78

a Percentual values are estimated in terms of the nominal values of Cu and Mo in Table 5.

Overall, most of the Cu-based catalysts showed a leaching lower than 1 wt.%, with
maxima values of ca. 0.4 and 1.0 wt% for Cu4 and Cu4Mo4-350-O2, respectively, after 5 h
irradiation. We attributed the high stability of the Cu-based crystalline phases predominant
in the calcined (e.g., CuO) and the reduced samples (e.g., Cu and Cu2O) to the protective
effect of the carbon matrix [20]; this is also supported by the slightly higher (yet negligible)
leaching of the samples after calcination (with lower carbon content). Thus, the chemical
stability showed by Cu-containing catalysts agrees with the thermal stability due to strong
cohesion forces between carbon and Cu species discussed above from SEM, TEM, EDS, and
ED analysis.

A better cohesion between Cu species and the protective carbon layer may be due
to a stronger oxidative role of ionic copper species [58] compared to ionic molybdenum
species [59] according to Equations (3)–(8).

Cu+ + e−
 Cu (s) Eo = + 0.52 V (3)

Cu2+ + e−
 Cu+ Eo = + 0.16 V (4)

Cu2+ + 2e−
 Cu (s) Eo = + 0.34 V (5)

Mo3+ + 3e−
 Mo (s) Eo = −0.20 V (6)

MoO2 (s) + 4H+ + 4e−
 Mo (s) + 2H2O (l) Eo = −0.15 V (7)

MoO4
2− + 4H2O (l) + 6e−
 Mo (s) + 8OH− Eo = −0.91 V (8)

It is evident from the values of the standard reduction potential that Cu species
can be reduced by carbon atoms due to the high reductive potential of carbon materials,
as reported elsewhere for the reduction of metallic oxides with nanoporous carbons by
thermal treatment under inert gas flow [60,61]. Thus, an intimate interaction of copper with
carbon deposits leads preferentially to the formation of reduced Cu species, as observed
in the XRD patterns discussed above (Figure 4). It can also be attributed to the different
electronegativity of both metals (e.g., 1.9 for Cu; 2.16 for Mo; 2.55 for C), which would favor
the exchange of electrons between Cu/C, over Mo/C.

As an example, sample Cu4Mo4-350-O2 presented higher copper leaching than that
of sample Cu4Mo, which has 5 times higher carbon content (Table S2). In contrast, all
monometallic Mo-containing samples showed a very pronounced leaching effect after 1 h
in the dark and after 5 h irradiation; the effect was much more remarkable upon irradiation.
It can be noted the lixiviation of Mo ions was already rather high (ca. 10–69 wt.%) after ad-
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sorption in the dark. The calcination at 550 ◦C and the pyrolysis treatment introduced some
stability in the Mo series, as these catalysts presented a slightly lower lixiviation behavior.

Interestingly, Mo4 precursor showed ca. 3 times higher carbon content than that of
Mo4-800-N2; the latter showed a better stability in the lixiviation test, which suggests that
not all the Mo-containing crystalline phases would be embedded within carbon deposits.
The higher stability of Mo4 could be related with the formation of reduced phases such as
MoO2 as discussed above (Figure 4). Finally, it is clear from data in Table 7 that Mo leaching
was more pronounced in the bimetallic Cu4Mo series. The lixiviation extent after 5 h or
irradiation reached 100%, with the exception of the pyrolyzed sample (ca. 78 wt.%), where
reduced Mo phases and intermetallic CuMo forms were dominant, thereby improving the
stability under irradiation.

2.5. General Discussion

In this section, some additional aspects such as the stability and reusability of the
catalysts and the degradation mechanism will be discussed to highlight the importance of
the present work.

Regarding stability, herein prepared Cu-based catalysts have proven to be stable
with negligible lixiviation of copper species (as opposed to Mo-based materials), which is
attributed to the protective layers of amorphous carbon as discussed above. However, the
best performing catalyst (sample Cu4-800-N2) showed a modest photoactivity (Figure 7a
and Table 5), which implies that a complete degradation of the dye would require at
least 15 continuous hours of irradiation. Based on this activity, reusability tests on the
photocatalysts are not of interest at this stage, as further experiments should concentrate on
improving its catalytic activity. A similar situation applies for the catalysts of the Mo series.

On the other hand, aiming to gather a better understanding of the mechanism of
photocatalytic degradation of the studied dye, additional catalytic tests were carried out
in the presence of radical scavengers for sample Cu4-800-N2, so as to evaluate the role
of the different reactive oxygen species (ROS). The experiments were conducted by the
addition of benzoquinone (BQ) and isopropyl alcohol (IPA), as scavengers of superoxide
radical (•O2

–) and hydroxyl radical (•OH), respectively. Figure 11 shows the addition of
IPA had a remarkably influence upon the photocatalytic degradation of yellow 5. Indeed,
the kinetics of Y5 disappearance in the presence of IPA was practically negligible, with
only ca. 4% conversion of the dye, compared to 40% in the absence of the scavenger.
Conversely, the presence of BQ had a small influence on the kinetics of Y5 degradation,
with a slight decrease in the conversion to 32%. Thus, it can be concluded the kinetics
of Y5 photodegradation is remarkably inhibited in presence of IPA, which is a scavenger
of •OH. Accordingly, it can be proposed that in the present experimental conditions, the
photodegradation of yellow 5 mainly occurred by the attack of •OH radicals as discussed
as follows.

Figure 12 shows two different proposed pathways for the degradation of yellow 5 on
the basis of the scavenger tests, and compares to the results reported in the literature [62–64].
The first pathway proceeds through the cleavage of C–N bond (Figure 12b) due to the attack
of both superoxide radical (•O2–) and hydroxyl radical (•OH) to form structures (3) and (4),
which may suffer a successive attack of •OH to form the structures (5) and (6) and molecu-
lar N2. The second possibility is the cleavage of the N=N azo bond by the attack of •OH
(Figure 12c) to form the structures (7) and (8) in agreement with Ali et al. [63]. In addition,
according to Popadić et al. [62], the catalytic degradation of tartrazine follows different
pathways as a function of the solution pH; at pH = 6, the dominant mechanism follows
a pathway including the attack of •OH radical, suggesting that the existence of a hydro-
gen atom bound to a diazo group is an essential prerequisite for the radical cleavage of
diazo compounds.
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In the present study, tartrazine is in equilibrium with the protonated form (solution
pH ca. 5) as shown by the structures (1) and (2) of Figure 12a. Furthermore, the tests in
the presence of the radical scavenger confirmed the important impact of the formation of
•OH radicals in sample Cu4-800-N2 (Figure 11), thus it is expected that the degradation of
the protonated form of tartrazine follows the pathway of the N=N azo bond. Accordingly,
Figure 12d shows a detailed proposed mechanism including the successive attack of •OH
radical. This mechanism agrees with theoretical density functional theory studies reported
by Mendoza-Huizar [64], who reported that if a nucleophilic attack is considered as initial
attack, it is necessary a second attack by free S-based radicals or electrophiles such as
superoxide radical (•O2

–) to cleave the N=N bond. However, the formation of this S-based
radical is only promoted at basic pH of solution [62], and the scavenger tests from Figure 11
show the formation of •O2– is negligible in our case. All this confirms that the dominant
mechanism for the degradation of tartrazine in Cu4-800-N2 catalyst involves successive
attacks of •OH radical.

It is interesting to point out that in the absence of any photocatalyst (direct photolysis),
the degradation of the dye was of ca. only 9% after 6 h irradiation, and that no complete
bleaching was achieved. Thus, the reaction involves the degradation of the molecule
through the above-mentioned mechanism dominated by the formation •OH radicals and
leading to the gradual bleaching of the dye upon the breakdown of the azo bond. Nev-
ertheless, due to the modest photoactivity of the catalysts, no further experiments were
carried out to determine the mineralization degree or the extent of the degradation upon
identification of the different intermediates. However, based on the high photon flux used
in this work (ca. 5.4 × 1022 photons m2 s−1) and the impact of the hydroxyl radicals in
the reaction (as determined by the scavenger tests), it is expected that the photocatalytic
reaction goes beyond the color fading of the dye [65–68]. Hence, further improvement
of the catalytic efficiency should be necessary before reaching the next level, including
mineralization extent and long-term performance of the studied photocatalysts.

In summary, this work presents a careful study about the Mo leaching in dark and
under UV–visible irradiation showing that contrary to many reports, the present Mo-based
photocatalyst is totally lixiviated in aqueous phases after 6 h UV–VIS irradiation. The
results correlated with the remarkable loss of adsorption sites and photoactivity of catalysts
in presence of Mo. In this regard, it should be mentioned that despite the lixiviation
of Mo-based catalysts in aqueous phase being a well-known problem in thermal-driven
catalysis, this is a hot issue with many controversial results in heterogeneous photocatalysis.
On the contrary, Cu-based photocatalysts were efficiently protected from lixiviation by
means of amorphous carbons in the shape of spheres, leading to a high stability of reduced
copper phases. In addition, despite the activity of the present Cu-based photocatalysts
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being rather modest, the two-steps methodology has allowed to obtain materials with
well-differentiated active sites, confirmed by EDS and XRD analysis. This is of major
importance for the selection of catalyst for specific redox reactions.
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pH = 5. (b) Cleavage of C–N bond. (c): Cleavage of N=N azo bond. (d) Detailed proposed mechanism
based on the successive attack of •OH radical.

3. Experimental
3.1. Materials and Synthesis of Photocatalysts

Tartrazine C16H9N4Na3O9S2 (yellow 5, Y5, formula weight 534.36 g mol−1) from
commercial origin (Sigma-Aldrich, Saint Louis, MO, USA, 85% purity) was used for the
adsorption in the dark and photocatalytic tests. C-doped Cu-, Mo-, and CuMo-based
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photocatalysts were prepared by a two-step procedure. Based on our previous studies,
furfural—a common waste from agricultural (corn, wheat, and sawdust) and biorefinery in-
dustries [69]—was chosen as a precursor for the carbon source in the photocatalysts [36,41].
Several preliminary syntheses were performed at constant weight of furfural and varying
the molar ratio between furfural and the metallic (copper and/or molybdenum) salts,
denoted as nFu:nM. The best yields were obtained for molar ratios of 2.7 and 12 for nFu:nCu
and nFu:nMo, respectively; for the bimetallic catalysts, the best molar ratio of the metallic
components nCu:nMo was ca. 4.4. Accordingly, the samples were labelled as Cu4, Mo4,
and Cu4Mo4. In a typical solvothermal synthesis, a Cu-based catalyst was prepared by
mixing ca. 0.5 g furfural (C5H4O2, Sigma-Aldrich, Saint Louis, MO, USA, 98.5%) and 0.5 g
copper (II) acetylacetonate (Cu (O2C5H7)2, Merck, Kenilworth, NJ, USA, 99.0%)) in 9 mL
absolute ethanol (C2H6O, Merck, Kenilworth, NJ, US, 99.5%). The mixture was stirred
for several minutes in a Teflon tube and then introduced into a stainless-steel autoclave
followed by thermal treatment at 180 ◦C for 16 h. After cooling to ambient temperature,
the solid was recovered from the solution by filtration and washed several times with
absolute ethanol. For the Mo-based catalyst, furfural was mixed with ca. 0.5 g tetrahydrate
ammonium heptamolybdate ((NH4)6Mo7O24·4H2O), Merck, Kenilworth, NJ, USA, 99.3%).
For the bimetallic precursor catalyst, the copper (II) acetylacetonate was firstly added to the
ethanolic solution of furfural, and after few minutes of stabilization, the Mo-based salt was
added and stirred for a few minutes then introduced in the autoclave, followed by thermal
treatment at 180 ◦C for 16 h. Following the hydrothermal treatment and washing, the cata-
lysts were submitted to a thermal treatment: either calcination (air atmosphere) at 350 ◦C
or 550 ◦C for 2 h, or pyrolysis at 800 ◦C for 2 h (100 mL min−1 N2 flow). Calcined samples
were denoted Cu4-350-O2, Cu4-550-O2, Mo4-350-O2, Mo4-550-O2, Cu4Mo4-350-O2, and
Cu4Mo4-550-O2, while the pyrolyzed samples were denoted as Cu4-800-N2, Mo4-800-N2,
and Cu4Mo4-800-N2.

3.2. Characterization of Materials

Proximate analysis (moisture, volatile matter, fixed carbon, and inorganic content) was
performed using a thermogravimetric approach. Briefly, moisture content of the samples
was determined based on the mass loss after two hours at 100 ◦C under static air; inorganic
content was obtained from the remaining weight obtained after calcining tests at static air
within a ceramic muffle at 550 ◦C by 16 h; volatile matter was determined upon the mass
loss in a closed crucible at 850 ◦C for 7 min at static air. The remaining fraction corresponds
to the fixed carbon content.

The porosity of the catalysts was characterized by measuring the N2 adsorption/
desorption isotherms at −196 ◦C in a volumetric analyzer (Micromeritics, Norcross, GA
30093, USA, Tristar). Samples were outgassed at 120 ◦C for 17 h before analysis. The
nitrogen adsorption isotherms were used to calculate the specific surface area (SBET) using
the Brunauer–Emmet–Teller equation, the total pore volume (Vtotal) at a relative pres-
sure of 0.99, and the micropore volume (Vmicro) from the Dubinin–Radushkevich (DR)
formulism [70].

UV–VIS diffuse reflectance was recorded in a Shimadzu UV-2700 (Nakagyo-ku, Kyoto
604-8511, Japan) spectrophotometer equipped with an integrating sphere, using BaSO4 as
reference. Measurements were recorded between 200 and 700 nm in the diffuse reflectance
modes and transformed to a magnitude proportional to the extinction coefficient through
the Kubelka–Munk function, F (R∞). Spectra were collected at 1 nm intervals with a
spectral bandwidth of 2 nm. Powders of the catalysts were pressed in holders of ca. 3 cm
diameter and 5 mm depth.

X-ray diffraction (XRD) patterns were recorded on a Bruker (28359 Bremen, Germany)

D4 ENDEAVOR diffractometer from with CuKα (1.54178
·

A) radiation. Measurements were
carried out over an angular range of 2θ = 3–70◦ with a scanning step of 0.02◦ and a fixed
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counting time of 10 s. Mean size of crystallites (D) was obtained by Scherrer’s formula
(Equation (9)):

D =
K.λ

β cos θ
(9)

where K = 0.89, λ = 0.154178 nm, and β corresponds to the FWHM (full width at half
maximum, expressed in radians) for the analyzed peaks with diffraction angle θ. The
patterns of the samples were identified by their JCPDS number cards, according to the
International Centre for Diffraction Data [71,72].

The morphology of the particles was verified by scanning electron microscopy (SEM)
using a microscope JEOL (MA 01960, USA) equipment, model JSM 6380LV with an energy
dispersive X-ray detector (EDS) from Oxford instrument working at 10 mm and operating
at 20 kV. A small amount of sample was ultrasonically dispersed in isopropanol, and a
drop from the suspension was deposited on a glass coverslip. The measurements were
carried out through adding a double-sided conductive carbon type. Transmission electron
microscopy (TEM) was performed in a microscope JEOL (MA 01960, USA) JEM 1200EX II2,
operating at 100 kV, containing a GATAN (Pleasanton, CA 94588, Estados Unidos) camera.
Some samples were selected, and electron diffraction (ED) patterns were taken to verify
the amorphous and crystallinity structure. Samples were dispersed in ethanol (99.98%),
using an ultrasonic cleaner for 15 min. After this time, the sample was deposited on the
carbon-coated copper screen, and after drying, the samples were analyzed.

3.3. Adsorption and Photocatalytic Tests

The photocatalytic tests for the degradation of Y5 dye were performed at 25 ◦C in a
cylindrical open-to-air photochemical batch reactor (Pyrex, total volume ca. 250 mL), at a
constant catalyst loading of 0.25 g L−1 (i.e., 31.5 mg photocatalysts suspended in 125 mL of
Y5 solution). The initial concentration of Y5 was 5 ppm (ca. 9.36 µmol L−1; ca. 1.17 µmol).
The catalysts were initially equilibrated in the dark for 60 min to allow the dispersion of
the dye before irradiation. The suspension was irradiated for 6 h using a solar simulator
box equipped with a Xe-lamp (irradiance ca. 1950 W m−2; 5.4 × 1022 photons m−2 s−1).
Several aliquots of 2.5 mL were taken out and filtered (0.45 µm PVDF filter) at various
intervals for measuring the concentration of the dye. The concentration of Y5 as a function
of irradiation time was analyzed by UV–VIS spectroscopy (Perkin Elmer, Waltham, MA,
USA, UV–vis Lambda 365) at 426 nm. As a first approach, the photocatalytic activity of
the materials was analyzed assuming a first-order reaction-rate mechanism [73], and the
first-order apparent rate constants (kapp) were used to evaluate and compare the efficiency
of the different tests catalysts.

3.4. Lixiviation Tests

About 6.3 mg of catalyst was suspended in 0.125 L water (loading ca. 0.05 g L−1) and
stirred by 1 h in dark conditions, followed by irradiation for 5 h using the simulated solar
light under an irradiance of ca. 1950 W m−2. The concentration of copper and molybdenum
ions in solutions was measured by a semiquantitative analysis using colorimetric test
strip standards for copper (Mquant Merck 1.10003.001) and molybdenum (Mquant Merck
1.10049.001). Quantitative analyses were performed by UV spectrophotometry of Cu (II)
and Mo (III) in solution at 290 nm and 208 nm, respectively, using high-purity Cu (acac)2
and MoO3 as standards.

3.5. Scavenger Tests

The reactive oxygen species (ROS) were evaluated for the best-performing photocata-
lysts by the use of chemical scavengers as benzoquinone (BQ) and isopropyl alcohol (IPA),
for the capture of superoxide radical (•O2) and hydroxyl radical (•OH), respectively. The
following experimental conditions were used for the scavenger tests: 5 ppm of a Y5 solution
was prepared, and after homogenization, 90 mL of this solution was mixed with 35 mL
of isopropyl alcohol (IPA). For the case of benzoquinone (BQ), 500 mL of Y5 solution was
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vigorously mixed with 3 mg of benzoquinone. Then, 125 mL of the solution containing the
dye and the scavenger was used to perform the catalytic tests and indicating above, using
a catalyst load of 0.25 g.L−1 of Cu4-800-N2. Aliquots were taken after 1 h adsorption in
the dark, and along the photodegradation experiments after some periodically times, and
filtered (0.45 µm PVDF filter). The changes of Y5 concentration were followed by UV-VIS
spectroscopy and compared against results observed in the absence of scavengers.

4. Conclusions

A series of carbon-containing copper-, molybdenum- and bimetallic CuMo-based
catalysts were prepared by a two-step methodology and tested for the photocatalytic
degradation of dye Y5 from solution. The influence of thermal treatments (calcination
and pyrolysis) on the composition of the catalysts and on their adsorption kinetics and
photocatalytic performance was explored. Some correlations were found between the
kinetic parameters of adsorption and photocatalytic activity with the textural properties
and intermetallic crystalline phases of the prepared catalysts. The pyrolyzed sample was
the most active photocatalyst of the Cu series, showing up to 40% conversion of the dye
Y5 at low loadings; this is attributed to the combination of adequate surface area and
photoactive Cu species. Furthermore, leaching of Cu catalysts was negligible in all catalysts,
indicating a high stability most likely attributed to the spherical carbon structures formed
during the solvothermal synthesis. Thus, it can be concluded that Cu promotes the fixation
of the carbon component in the catalysts. In contrast, Mo-based and CuMo bimetallic
catalysts displayed a low activity (ca. 10–20%) for the degradation of the dye, with no clear
trend for the effects of the calcination or pyrolysis treatments. These catalysts also suffered
from important lixiviation, with this effect more pronounced in the Mo-based catalysts.
Based on this lixiviation performance, it may be concluded that Mo catalysts obtained from
solvothermal approaches are not adequate for photocatalytic applications. On the other
hand, carbon-containing Cu-based catalysts are characterized by strong cohesive forces
leading to a high thermal and chemical stability of the material. This is of special interest for
the mining industry in Chile for Cu as currently large research efforts are directed to find
novel applications of this element. Despite a modest activity, the two-steps methodology
used allowed to obtain different active sites in the Cu-based photocatalysts, as confirmed
by EDS and XRD analysis. This is of major importance for the selection of catalyst for
specific redox reactions. On the basis of the scavenger tests, it has been shown that the
mechanism for tartrazine degradation on irradiated Cu-based catalysts involves successive
attack of •OH radicals.

At present, further experiments of optimization of operative variables including
concentration of pollutants, loading of catalysts, and type of irradiation, including CPC
photoreactors, have shown that the best photocatalyst of the present series is efficient for
the degradation of low concentration of yellow 5 under solar irradiation.

Supplementary Materials: The following results are also available online at https://www.mdpi.
com/article/10.3390/catal12010046/s1. Table S1. Yields of synthesis and stoichiometric expressions
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analysis of the prepared catalysts. Table S3. Summary of kinetic models for the analysis of the kinetic
data of Y5 adsorption. Figure S1. Images of the Cu-, Mo-, and CuMo-based photocatalysts prepared.
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(c) Mo4-550-O2; (d) Mo4-800-N2. Figure S3. Composition of SEM-EDS analysis of CuMo-based
catalysts. (a) Cu4Mo4; (b) Cu4Mo4-350-O2; (c) Cu4Mo4-550-O2; (d) Cu4Mo4-800-N2. Figure S4.
Transmission electron microscopy images. (a) Cu4; (b) Cu4-350-O2; (c) Cu4-550-O2; (d) Cu4-800-
N2; (e) Mo4; (f) Mo4-350-O2; (g) Mo4-550-O2; (h) Mo4-800-N2; (i) Cu4Mo4; (j) Cu4Mo4-350-O2;
(k) Cu4Mo4-550-O2; (l) Cu4Mo4-800-N2. Figure S5. Selected ED patterns of catalysts. Figure S6.
Tauc representation from the Kubelka–Munk function of Mo-based materials. Figure S7. Fitting
of the experimental kinetic data for Y5 adsorption on the Cu-based photocatalysts, using differ-
ent models: left: pseudo first-order; middle: pseudo second-order; right: intraparticle diffusion
model. (a–c) Cu4; (d–f) Cu4-350-O2; (g–i) Cu4-550-O2; (j–l) Cu4-800-N2. Figure S8. Fitting of
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the experimental kinetic data for Y5 adsorption on the Mo-based photocatalysts, using different
models: pseudo first-order; middle: pseudo second-order; right: intraparticle diffusion model.
(a–c) Mo4; (d–f) Mo4-350-O2; (g–i) Mo4-550-O2; (j–l) Mo4-800-N2. Figure S9. Fitting of the experimen-
tal kinetic data for Y5 adsorption on the CuMo-based photocatalysts, using different models: left:
pseudo first-order; middle: pseudo second-order; right: intraparticle diffusion model. (a–c) Cu4Mo4;
(d–f) Cu4Mo4-350-O2; (g–i) Cu4Mo4-550-O2; (j–l) Cu4Mo4-800-N2. Figure S10. (a) Kinetics of Y5
disappearance upon direct photolysis. (b) Linear regression of the kinetics data from Figure S10a.
(c) Kinetics of Y5 disappearance on irradiated TiO2-P25. (d) Linear regression of the kinetics data
from Figure S10c. Initial concentration: 5ppm; Figure S11. Calibration curves for the determination
of copper (290 nm) and molybdenum (208 nm) ions in the leaching tests: (a) Cu(acac)2; (b) expressed
as equivalent Cu(II) in Cu(acac)2; (c): MoO3; (d) expressed as equivalent Mo(III) in MoO3.
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