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Abstract: The development of effective photocatalysts for environmental applications is
still a critical aspect of green chemistry. This study explores copper oxide (CuyO) catalysts
supported on titanium dioxide (TiO,) and zinc oxide (ZnO) for the photocatalytic reduction
of maleic acid to succinic acid under ultraviolet (UV) light in water. The main goal was
to evaluate the performance of CuO/ZnO compared to CuO/TiO; in photoreduction. In
order to improve the efficiency of the first catalyst, an environmentally friendly synthesis,
assisted by polydopamine (PDA), was tested, obtaining the Cu,O/ZnO-PDA catalyst. The
results showed that CuO/TiO; exhibited the highest activity for maleic acid reduction,
obtaining a succinic acid yield and a selectivity of 32% after 24 h of reaction time, but
comparable results could be reached even with Cu,O/ZnO-PDA increasing the reaction
time. Furthermore, the addition of sodium ascorbate as a co-catalyst in the reaction mixture
allowed us to overtake the previous results, leading to a succinic acid yield of 61% and a
selectivity of 67%. These findings suggest that the PDA shell can be a solution for Cu,O
photodegradation, making Cu,O/ZnO-PDA an alternative to the toxic CuO/TiO;.

Keywords: succinic acid; copper oxides; polydopamine

1. Introduction

Maleic acid (MA) is a dicarboxylic acid with a conjugated double bond that can un-
dergo several transformations in a reducing environment; it can isomerize to fumaric acid
(FA) under certain conditions (thermal, catalytic, or photo-induced); this geometric isomer-
ization occurs because FA is thermodynamically more stable [1]. The partial reduction of
MA can produce intermediates such as maleic anhydride [2], depending on the reducing
system used; moreover, the double bond of MA can be cleaved by radical species or further
functionalized, leading to, for example, malic acid [3]. Another reductive transformation is
the hydrogenation of the C-C double bond, producing succinic acid (SA) [4]. The reduction
of MA to SA has garnered significant attention due to the potential of SA as a valuable
building block for a wide range of industrial applications [5], including the synthesis of
biodegradable polymers, solvents, and other fine chemicals [6]. The growing demand for
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sustainable processes in chemical synthesis has driven considerable interest in the develop-
ment of green catalytic systems to produce key platform chemicals. The production of SA
is typically achieved through petrochemical routes [7] or the use of stoichiometric reducing
agents, raising concerns about environmental sustainability; additionally, it often requires
high-pressure conditions or catalysts, such as Pd and Pt, with stoichiometric formic acid as
a reducing agent [4].

Photocatalysis offers a sustainable alternative for reducing MA to SA using solar or
UV light under mild conditions [8]. Catalysts, like TiO; [8] and graphitic carbon nitride
(g-C3Ny) [9], have been effective in aqueous phase reactions. TiO; has demonstrated its
higher stability, efficient charge separation, and strong oxidative potential; however, its
classification as a potential carcinogen [10] has shifted interest toward safer alternatives like
ZnO[11]. ZnO and TiO, have some similarities, such as a wide bandgap and strong UV light
absorption. However, ZnO has limitations related to faster electron-hole recombination [12],
but doping it with metal or non-metal species [13] can achieve performance comparable to
TiO, [11].

This study focuses on Cu,O-based photocatalysts supported on TiO, and ZnO. CuO
is a promising material [14] due to its narrow bandgap (1.2-1.7 eV) [15], visible light
absorption [16], and cost-effectiveness. The application is limited, for example, by pho-
todegradation since it represents a significant drawback for CuO and Cu,O-based photocat-
alysts; photoinduced charge carriers oxidize the material into less active species, leading to
reduce efficiency and durability [17,18]. Protective strategies, such as heterostructures like
CuO/TiO,, employ a Z-scheme charge transfer mechanism [19]; this structure enhances
charge separation by efficiently directing photogenerated electrons and holes to different
composite regions, reducing oxidative stress on CuyO. This mechanism also prevents the ac-
cumulation of holes on the Cu,O surface, which is a key factor in driving photodegradation.
Even an appropriate surface modification [20] can help overcome the photodegradation
problem. A protective surface coating with, for example, polydopamine (PDA) can offer
a dual benefit [21]: this kind of robust coating on the catalyst surface provides physical
protection against oxidative species; additionally, PDA’s redox-active functional groups
(e.g., catechol and amine groups) scavenge reactive oxygen species generated during the
reaction, further mitigating photodegradation. Finally, the PDA shell improves the charge
separation at the CuO/Zn0O interface, facilitating electron transfer and reducing recombi-
nation rates of photogenerated carriers [22]. While not inherently photoactive, PDA can
enhance photocatalytic performance when combined with semiconductors. This facilitates
better charge separation and reduces electron-hole recombination by modifying the catalyst
surface, enhancing its optical and electronic properties [23-25]. This phenomena lead to
greater photocatalytic efficiency while simultaneously addressing stability concerns [26].

Here, CuyO/ZnO-PDA and CuO/ZnO, recently synthesized in our research group to
make antibacterial materials [27], work as photocatalysts under UV light (A = 254 nm) in the
reduction of MA to SA, leveraging water as both the solvent and reducing agent, making
the process more sustainable. The use of the catalytic amount of sodium ascorbate in the
reaction mixture increased both the yield and the selectivity. Ascorbate is a well-known
electron donor [28], frequently employed in photoinduced electron transfer experiments
conducted in aqueous environments [29]; often utilized as a sacrificial electron donor,
ascorbate generates a radical species with a relatively long lifetime, which can efficiently
participate in electron transfer processes [30].

The study highlights the potential of ZnO as a safer support, emphasizing the need for
strategies to overcome its lower stability and faster recombination rates compared to TiO;.
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2. Materials and Methods

Sodium lignosulphonate was a gift from Burgo Group S.p.A., Tolmezzo (UD, Italy);
ethyl alcohol and acetonitrile were purchased from Carlo Erba Reagents, Cornaredo (MI,
Italy). Cup,O > 97% was bought from VWR, Milan (Italy). All the other chemicals were
purchased from Merck and used without any purification.

2.1. Instruments

The sonicator equipped with the probe was a Ultrasonic Processor GEX 400, Cole
Parmer, Vernon Hills (IL, USA), set at an 80% amplitude.

XRD analysis was performed on a Miniflex II Rigaku automated power XRD system
(Cu K« radiation, 45 kV, 100 mA), Rigaku Corporation, Osaka, Japan. Diffraction data
were recorded using continuous scanning at 3° min~!, with 0.010° steps. The identification
of component samples was performed using Match! Software version 3.15 and the Crys-
tallography open database (COD 2023). The samples were dried and ground in a mortar
to obtain a powder; only Cu,O/ZnO-PDA was previously washed with water since the
presence of salts deriving from synthesis hid the XRD profile of the sample.

TEM analyses were performed with a 120 kV JEM-1400 Flash Transmission Electron
Microscope (Jeol Ltd., Tokyo, Japan) equipped with a CMOS camera Matataki and TEM
Center software (Jeol Ltd., Tokyo, Japan). The samples were prepared using 5 mL of a 10 mg
catalyst solution in 30 mL ultrapure water. The solution was sonicated in an ultrasonic bath
for 3 min; then, it was deposited onto 3 mm carbon films on 300 mesh grids made of copper
(Agar Scientific Ltd., Rotherham, UK), and the solvent was left to evaporate for a few hours
at room temperature. The size and shape were determined from electron micrographs
of non-overlapping regions randomly collected using the TEM Center Software (SightX
Viewer Ver.2.1.23.1656); the diameter of the nanoparticles (NPs) was determined as an
average from 50 individual NPs.

NMR spectra were obtained using a 300 spectrometer (7.05 Tesla), Bruker Avance
Billerica, (MA, USA), equipped with a high-resolution multinuclear probe operating in
the range of 30 MHz to 300 MHz. To eliminate the dominant water signal in the 'H
NMR spectra, water suppression was carried out using a presaturation sequence of a
composite pulse (zgcppr Bruker sequence). A co-axial capillary tube that contained a
30 mM D,O solution of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt, was used
as the reference.

The gas chromatography—mass spectroscopy (GC-MS) apparatus comprised a Thermo
Scientific, Waltham (MA, USA) Focus series gas chromatograph coupled to an ISQ mass-
selective detector equipped with a split-splitless injection system (injections made in
splitless mode) and an HP5 MS (cross-linked 5% phenyl methyl siloxane) capillary column
(15 m length, 0.25 mm diameter, 0.1 um film thickness) using helium as carrier gas at
constant pressure of 50 kPa. The photochemical multiray apparatus assembled by Helios
Italquartz Srl, Cambiago (MI, Italy) was used for photochemical reactions, which contained
ten UV lamps of 15 W power each that emit light centered at 254 nm.

2.2. Catalysts Preparation

CuO/TiO; (1% Cu wt%) was synthesized by impregnating TiO, (P25) with Cu(NOs),
in water, followed by ultrasonication for 1 h and stirring at 95 °C for 4 h; then, the mixture
was filtrated and calcinated at 150 °C for 2 h and finally at 500 °C for 30 min [31].

CuO/Zn0O (3% Cu wt%). ZnO NPs were prepared by a modified protocol using sodium
lignosulphonate as described in the previous articles [27,32,33]: 1 g of Zn(CH3COO),-2H,0,
0.8 g of sodium lignosulphonate, and 0.36 g of NaOH were dissolved in 50 mL of ethyl
alcohol; the solution was left at 80 °C for 12 h; the obtained precipitate was filtered, washed
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with water and ethyl alcohol, and finally calcined at 700 °C for 4 h in air. A portion of
synthesized ZnO NPs (0.1 g) was dispersed in 20 mL of water, and 0.012 g of CuSO4-5H,0O
was added; the solution was kept at 100 °C for 12 h, and finally, the precipitate was filtered
and washed with water and ethyl alcohol and then calcined at 400 °C for 4 h in air [34].

Cup0/ZnO-PDA (71 mg/L of Cu) was synthesized similarly as reported in the previ-
ous article [27], and 0.32 g of dopamine hydrochloride was dissolved in 20 mL of water
and sonicated with the probe sonicator for 5 min. Then, 0.4 g of Zn(CH3COOQO),-2H,0
and 0.012 g of CuSOy4-5H,0, dissolved in 20 mL of water, were added to the dopamine
solution; the mixture was sonicated for 5 min; finally, its pH was adjusted at 8 with a NaOH
solution (final solution volume of 43 mL) then sonicated for a further 5 min while cooling
the container with ice [35].

2.3. Reduction Procedure

An amount of 13 mg of CuO/ZnO was added to 120 mL of MA aqueous solution
70 mM (0.07% molar ratio Cu/MA). An amount of 13 mg of CuO/TiO; was added to 40 mL
of MA aqueous solution 70 mM (0.07% molar ratio Cu/MA). The reaction was tested even
modifying the pH of the reaction mixture to 8 with NaOH solution. An amount of 880 uL
of CupyO/ZnO-PDA solution was added to 20 mL of MA aqueous solution 70 mM (0.07%
molar ratio Cu/MA). An amount of 49 mg of MA was added to 15 mL of CuSO4 aqueous
solution 0.02 mM (0.07% molar ratio Cu/MA). An amount of 5 mg of Cu,O was added
to 10 mL of MA aqueous solution 100 mM (0.7% molar ratio Cu/MA). And an amount of
12 mg of ZnO was added to 120 mL of MA aqueous solution 70 mM.

The photocatalytic reduction of MA was carried out in quartz test tubes sealed with
rubber stoppers and flushed for 15 min with N; to eliminate air. The reaction mixture,
containing the catalyst and the substrate in an aqueous solution, was irradiated under UV
light (A = 254 nm). The reactions were conducted at room temperature (30 °C) for 24-120 h.
At the end of the reaction, the reaction mixture was centrifuged at 3000 rpm for 3 min. The
supernatant solution was collected and subjected to NMR analysis to identify the products
(Figures 52-511).

3. Results and Discussion

Two copper oxide-based catalysts supported on ZnO were prepared and compared to
CuO/TiO,, a photocatalyst widely recognized for its superior photocatalytic efficiency [36].
However, concerns over the potential health risks related to TiO, [10] have driven the
exploration of alternative materials [37], arousing interest in developing less hazardous
photocatalyst supports, such as ZnO.

CuO/TiO, was synthesized by the impregnation method, as reported in the
literature [31], yielding the copper-doped titania catalyst. The CuO/ZnO catalyst, instead,
was synthesized in two steps; first, ZnO NPs were prepared using sodium lignosulfonate, a
by-product of the paper industry, as a template for NPs; then, these NPs were doped with
copper (II) salt and calcined. The resulting catalyst was characterized using XRD and TEM.
XRD revealed a pattern with characteristic signals attributable to the hexagonal wurtzite
structure of ZnO, which were not influenced by the small amount of copper oxide present,
likely undetectable due to the sensitivity limits of the technique (Figure S1A) [27]. TEM
images showed the approximately spherical shape of the CuO/ZnO NPs with dimensions
of 25 £ 11 nm (Figure 1A).
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Figure 1. TEM images of (A) CuO/ZnO NPs and (B) CuyO/ZnO-PDA NPs embedded in PDA shell.
Scale bar: 200 nm.

Another catalyst, composed of Cu;O and ZnO, was prepared using a natural shell
of PDA synthesized from dopamine hydrochloride in a basic solution (Cu,O/ZnO-PDA).
The synthesis of Cu;O-doped ZnO NPs embedded in a PDA shell was easily carried
out in 15 min in a water solution using a probe sonicator. This solution containing the
photocatalyst was characterized by XRD and TEM [27]; the diffractogram showed broad
peaks attributable to ZnO; the signals of copper oxide were not visible due to the low
Cuy0 amount (Figure S1B). To investigate the oxidation state of copper oxide, the same
synthesis was performed without the addition of Zn (using dopamine hydrochloride and
CuSO4-5H,0 as starting materials) [27] since the reduction of CuSOy is not influenced
by the presence of Zn [38], as it is driven by the reducing properties of PDA [39]. The
XRD analysis revealed the characteristic signals of CuyO (broad peaks at 20 values of
37°, 42°, and 61°) [40] (Figure S1C). TEM images showed Cu;O/ZnO-PDA NPs as a
uniform distribution of spherical particles with an average diameter of 14 4= 2 nm, mostly
encapsulated within PDA shells measuring 230 nm in size (Figure 1B).

Initial tests were conducted by irradiating aqueous solutions of MA with 254 nm light
in the presence of the photocatalysts.

The best results were observed with CuO/TiO; at 0.5% molar ratio Cu/reagent,
achieving a 32% yield of SA after 24 h of reaction time with 32% selectivity at full reagent
conversion; it is assumed that other products, undetectable by NMR, have been formed.
The results were not improved by longer reaction times as the catalyst loses its activity over
extended periods, as observed in MA reduction reactions carried out over 24 h under the
same conditions reported above; further pH modifications of the reaction mixture were
tested, but they did not influence the results of the reaction. Instead, the presence of air in
the reactor inhibited the reaction, leading to only FA as the product (32% yield); so, it is
crucial to conduct the process under an inert N, atmosphere.

The CuO/ZnO catalyst was active in the reduction of MA to SA, producing 10% of
yield after 24 h (47% yield of FA with 57% of MA conversion), thus exhibiting a lower
catalytic efficiency compared to CuO/TiO,, which led to 32% of SA yield with a total MA
conversion (FA was not observed). CuO/TiO, was superior in selectivity, reaching 32%,
while CuO/ZnO only achieved 17%.

To enhance the catalytic performance of CuO/ZnO, the reaction time should be
extended. However, our experimental data have shown that the catalytic activity of
CuO/ZnO is limited to short reaction times, as CuO is susceptible to photodegradation.
So, synthesizing a strong CuO-based catalyst that can endure prolonged UV irradiation is
crucial for its successful application in photochemical processes. Maintaining its structural
integrity and active sites while achieving high conversion and selectivity is crucial for a
durable catalyst.
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To deal with this, a protective PDA shell was applied to the CuO/ZnO catalyst.
PDA, derived from the natural oxidation of dopamine, was selected because of its many
advantages: it is eco-friendly, exhibits strong adhesion to various substrates, is easy to
synthesize under mild conditions, and provides chemical stability [41,42]. The synthesis
of the CupO/ZnO-PDA catalyst was sustainably performed in water using an ultrasonic
processor with an immersion probe, taking only 15 min. The presence of PDA with its
catecholamine moiety [43], during synthesis, led to the reduction of copper (II) to copper (I)
(obtaining Cu,0O), as demonstrated in the previous article [27].

Even CupO/ZnO-PDA was used in the photoreduction of MA to SA, yielding 9% of
SA with a selectivity of 15% after 24 h of reaction time (the secondary product was FA with
a yield of 24% and a selectivity of 40%), 17% of SA with a selectivity of 24% after 48 h (FA
19% with a selectivity of 27%), and 25% of SA with a selectivity of 27% after 72 h (FA 7%
with a selectivity of 8%). These results were comparable to those obtained in the presence
of CuO/TiO; (32% of SA yield with 32% of SA selectivity after 24 h) (Table 1 and Figure 2).

Table 1. Conversion of MA and yield in SA during the time (24, 48, and 72 h) of aqueous MA
photoreduction reaction, employing Cu,O/ZnO-PDA as photocatalyst under 254 nm.

Reaction Time (h) % SA Yield % FA Yield % MA Conversion
(mol/mol) (mol/mol) (mol/mol)

24 9 ” -

48 17 o -

72 25 = .

100
%
80
60
40
ooooooooooooooooo ‘
20 | T aeeesenettt 0
ceeeet o
o deE
0 20 40 - .
time (h)
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Figure 2. Conversion of MA and selectivity to SA during the time (24, 48, and 72 h) of aqueous MA
photoreduction reaction, employing Cu,O/ZnO-PDA as photocatalyst under 254 nm.

Despite light exposure, the PDA-coated catalyst remained efficient over 72 h, consis-
tently yielding 25% SA.

Sodium ascorbate, a sustainable and biocompatible reducing agent [44], was added to
the reaction system to further enhance reaction outcomes. Sodium ascorbate offers several
advantages: it is non-toxic, water-soluble, and compatible with green chemistry principles.
When added in equimolar amount relative to the substrate, significant improvements were
observed; after 72 h, the reaction achieved 78% yield of SA with excellent selectivity of 78%.

A test was conducted in deuterated water to determine whether the ascorbate was the
direct hydrogen donor for the substrate or if the hydrogen came from the water, as initially
intended. In the D,O experiment, the conversion of MA (20%) was observed by the H
NMR spectrum, but the signal corresponding to SA was found with an integration value
equal to half of that observed when the experiment was carried out in water (Figure 511);
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this suggested the formation of the deuterated SA (yield 18%), confirmed by GC-MS
analysis, which identified a molecular mass signal corresponding to that of SA + 2. These
results imply that sodium ascorbate is not the direct hydrogen donor but acts as a radical
initiator, promoting electron transfer in the reaction; in fact, the photolysis of ascorbic acid
in an inert atmosphere and water can result in the formation of radicals, like ascorbate
radicals and superoxide radicals [45,46]. More research is needed to define the actual
mechanism of the reaction.

To assess the ascorbate efficiency as a co-catalyst, its amount was reduced, employing
a substrate-to-ascorbate ratio of 1:5.5. This adjustment yielded comparable results to those
obtained with equimolar ascorbate relative to the substrate. The reaction achieved a 26%
SA yield with a selectivity of 57% after 24 h of reaction time, a 45% SA yield with the same
selectivity after 48 h, and a 61% SA yield with 67% selectivity after 72 h (Figure 3).

—e—Ascorbate equimol
100

—e—Ascorbate Cat

% MA conversion

time (h) 80
(a)

—e— Ascorbate Equimol
100

20 —e—Ascorbate Cat

% SA Selectivity

0 20 40 60 {ime (h) 80

(b)

Figure 3. (a) Conversion of MA during the time in photoreduction reaction catalyzed by Cu,O/ZnO-PDA
in the presence of sodium ascorbate as co-catalyst or added in equimolar ratio to MA. (b) Selectivity
to SA during the time in MA photoreduction reaction catalyzed by CuyO/ZnO-PDA in the presence
of sodium ascorbate as co-catalyst or added in equimolar ratio to MA.

These results demonstrated that Cu,O/ZnO-PDA, when combined with optimized
ascorbate amount, achieves catalytic performance better than the benchmark CuO/TiO,
along 72 h of reaction time. Analyzing the data reported in Figure 4, an initial production
of FA from MA was observed, accompanied by a simultaneous reduction to SA, while
the selectivity for the desired product remains comparable throughout the reaction time,
suggesting that the initial reaction step involves the isomerization of MA to FA (step not
catalyzed), followed by subsequent catalyzed reduction to SA [47] (Figure 5).
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Figure 4. Conversion and yields during aqueous MA photoreduction to SA employing Cu,O/ZnO-PDA
as photocatalyst and sodium ascorbate as co-catalyst under 254 nm.
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Figure 5. Reaction scheme of MA conversion to FA and SA.

The effectiveness of the newly prepared catalyst was supported by conducting control
reactions using its individual components (ZnO, CuyO, or CuSOy) as photocatalysts under
identical reaction conditions. These tests yielded no SA and only resulted in a conversion
to FA (32% after 12 h).

The tuned system was able to overcome the copper oxide photodegradation problem
thanks to the presence of a PDA shell around the photocatalyst, and it can boast high
selectivity in the reduction reaction of MA to SA thanks to the presence of ascorbate in
the co-catalytic amount. Extending the lifespan of the catalyst exposed to UV light, and
thereby the reaction times, can result in higher yields while aligning with the principles of
green chemistry.

4. Conclusions

ZnO was chosen as an alternative semiconductor to TiO, and doped with copper
oxides to improve catalytic efficiency. However, the proposed catalysts, which were less
efficient than CuO/TiO,, required longer reaction times, which were hindered by the
photodegradation of CuyO. As a result, it was not possible to achieve outcomes comparable
to those obtained with CuO/TiO,. To address this, the catalyst was protected with a PDA
shell to extend its lifespan, thus maintaining activity beyond 72 h of reaction. This allowed
the catalyst to produce results comparable to the reference material. Furthermore, adding
a co-catalytic amount of sodium ascorbate increased the reaction selectivity, achieving
significantly higher yields and selectivities for SA compared to the TiO,-based reference
system. Incorporating PDA as a protective shell represents a promising strategy to address
the photodegradation of copper oxide-based catalysts. By leveraging sustainable materials
and improving catalyst durability, this work contributes to the development of more
environmentally friendly photocatalytic systems, able to produce SA from MA in water
with catalytic sodium ascorbate amount under UV light. In this way, it was possible to
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obtain a SA yield of 61% with a selectivity of 67%. Studies on the reaction mechanism to
have experimental evidence on the role of ascorbate will need to be conducted.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app15031631/s1, Figure S1: XRD pattern of CuO/ZnO (A) and
CuyO/ZnO-PDA (B); Figure S2: IHNMR photoreduction of MA carried out in H,O without any
catalyst at 0 h reaction time; Figure S3: THNMR photoreduction of MA carried out in H,O without any
catalyst at 12 h reaction time; Figure S4: "THNMR photoreduction of MA carried out in H,O employing
the catalyst Cu,O/ZnO-PDA with equimolare sodium ascorbate at 0 h reaction time; Figure S5:
"HNMR photoreduction of MA carried out in HyO employing the catalyst Cu,O/ZnO-PDA with
equimolare sodium ascorbate at 24 h reaction time; Figure S6: 'HNMR photoreduction of MA
carried out in HyO employing the catalyst Cu,O/ZnO-PDA with equimolare sodium ascorbate at
72 h reaction time; Figure S7: THNMR photoreduction of MA carried out in H,O employing the
catalyst CupO/ZnO-PDA with sodium ascorbate in co-catalytic amount at 0 h reaction time; Figure S8:
"HNMR photoreduction of MA carried out in H,O employing the catalyst Cu,O/ZnO-PDA with
sodium ascorbate in co-catalytic amount at 24 h reaction time; Figure S9: "THNMR photoreduction of
MA carried out in HyO employing the catalyst Cuy O/ZnO-PDA with sodium ascorbate in co-catalytic
amount at 48 h reaction time; Figure S510: THNMR photoreduction of MA carried out in HyO
employing the catalyst Cu,O/ZnO-PDA with sodium ascorbate in co-catalytic amount at 72 h
reaction time; Figure S11: 'THNMR photoreduction of MA carried out in D,O employing the catalyst
CupO/ZnO-PDA with sodium ascorbate in co-catalytic amount at 24 h reaction time.
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