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During the last century, industrialization intensified in a growing number of countries
around the world, and in various industries, particularly in the chemical, pharmaceutical,
cosmetics, horticulture, food, and petroleum sectors. This intense industrialization has
resulted in the emergence of a large variety of organic pollutants, such as dyes, aromatics,
pesticides, solvents, EDCs (Endocrine Disrupting Chemicals), and PPCPs (Pharmaceuticals
and Personal Care Products). Additionally, various litter is produced as wood or forest
residues, waste from food crops (wheat straw, bagasse), horticulture (yard waste), or
human waste from sewage plants. All this pollution and waste need to be treated and
valorised in order to maintain a safe and clean environment. Numerous innovative catalytic
and photocatalytic processes are being developed to eliminate these by-products of our
industries. In this Special Issue, we are dealing with innovative (photo)catalytic processes
for environmental applications based on metallic or metallic oxide materials. The papers
concern either the (photo)catalytic transformation of various waste to produce high-value
chemicals, or the (photo)catalytic degradation of pollutants. Advances highlighted in the
issue are summarized in the following paragraphs focusing on these two main topics:
photocatalysis for pollutant removal and catalytic valorisation of biomass.

1. Photocatalysis for pollutant removal

In this collection of articles, four different photocatalyst materials were explored for
pollutant degradation: TiO2, ZnO, SnO2, and BiOX (X = Cl, Br, I).

In Kang et al. [1], titania nanopowders were produced with many defects (such as
vacancies, Ti3+, N lattice heteroatoms) to increase their photocatalytic performance in
the visible region for the degradation of malachite green (MG) and the disinfection of
Geobacillus stearothermophilus. These defects were produced thanks to sensitization by (a)
high temperature nitridation in NH3 atmosphere and (b) reduction in H2 atmosphere.
It results in two types of materials: N-doped TiO2, showing absorption in visible range,
and C-doped TiO2, with no visible absorption. As expected, the N-TiO2 sample showed
the best performance under visible light illumination. The MG solution was completely
decolorized after 3 h of illumination, while the endospore suspension was inactivated by
70% after 5 h. It should be underlined that by contrast both commercial TiO2 P25 and
C-TiO2 showed no activity towards the inactivation of the endospore suspension in the
presence of visible light.

N-doping of TiO2 was also performed by hydrothermal synthesis and using urea
as the N source [2]. The research results confirmed that N doping had been successfully
performed, which shifted TiO2 absorption into the visible region, allowing it to be active
under visible irradiation. This photocatalyst was used for Pb(II) removal thanks to photo-
oxidation under visible light to form PbO2. The highest photocatalytic oxidation of 15 mg/L
Pb(II) in 25 mL of the solution could be reached by employing 15 mg TiO2 doped with
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10 wt.% of N, in 30 min and at pH 8. The stability of the removal activity was shown
for three consecutive experiments. The highly effective process of Pb(II) photo-oxidation
under benign conditions, producing less toxic and handleable PbO2 with a recyclable
photocatalyst, suggests an applicable method for Pb(II) remediation on an industrial scale.

A co-doping of titania with N and Fe has also given an increased pollutant removal
rate under visible light. Indeed, Douven et al. [3] developed an ecofriendly synthesis
of N,Fe-co-doped TiO2 thanks to a sol-gel process in water. Crystalline materials were
obtained without any calcination step and all samples displayed a higher visible absorption
and specific surface area than P25. The photoactivity was assessed with the powder samples
on p-nitrophenol showing 65% degradation after 24 h of visible illumination. Coatings of
these materials were performed on steel substrates and their activity was assessed also on
p-nitrophenol under UV-A and on Rhodamine-B under LED light. Degradation activity was
maintained on both molecules. The possibility of producing photocatalytic films without
any calcination step that are active under low-energy LED light constitutes, also, a great
step forward for an industrial depollution development.

The development of methods to produce different shapes of photocatalysts is also
of interest for industrial applications. In particular, the shaping of titania coating on the
inner surface of quartz tubes was successfully performed by Svetlov et al. [4]. In this case,
the introduction of two-phase (gas–liquid) flow with the gas flowing in the middle of the
tube and a thin liquid film of synthesis sol flowing near the hot tube walls allows a TiO2
coating deposition. The liquid flow rate in the annular flow regime allows to control the
coating thickness between 3 and 10 micron and the coating porosity between 10% and 20%.
By increasing the liquid flow rate, the coating porosity can be substantially reduced. The
coatings obtained were active in the reactions of photocatalytic decomposition of methylene
blue and rhodamine B under UV light with no observed catalyst deactivation.

ZnO is also a semiconductor material which presents good photocatalytic property
for pollutant removal. In Mahy et al. [5], a green sol-gel process was used to produce ZnO
with many different morphologies. Crystalline ZnO materials were obtained without any
calcination. The most important parameter controlling the shape and size was found to be
pH, thanks to a DoE plan and statistical analysis of the results. The photoactivity study on
a model pollutant (p-nitrophenol) degradation shows that the resulting activity is mainly
governed by the specific surface area of the material. A comparison with a commercial TiO2
photocatalyst (Evonik P25) showed that the best ZnO nanoparticles obtained can reach
similar photoactivity.

Composite materials with two semiconductors are also developed to enhance the
photoactivity. In Rogé et al. [6], ZnO/SnO2 heterostructures were directly synthesized in
macroporous glass fibres membranes for water treatment. Hydrothermal ZnO nanorods
have been functionalized with SnO2 using an atomic layer deposition (ALD) process.
The covering of ZnO by SnO2 controlled the resulting photoactivity. Indeed, the highest
degradation of methylene blue was obtained with a 40% coverage rate of SnO2 over ZnO.
This covering led also to a passivation of the surface and a better stability of the catalyst
resulting in a more efficient photocatalyst in reuse.

Specific assemblies could also be produced to improve photocatalytic properties.
Indeed, Baranowska–Korczyc et al. [7] produced core/shell Ag/SnO2 nanowires for the
degradation of organic compounds under visible light. In this study, Ag nanoparticles were
coated with SnO2 leading to visible absorption. Rhodamine B and malachite green were
selected as model pollutants. Their degradation was investigated under 450 nm light and
both pollutants were completely degraded after 90 and 40 min, respectively. The efficient
photocatalytic process is attributed to two phenomena: surface plasmon resonance effects
of AgNWs, which allowed light absorption in the visible range, and charge separations on
the Ag core and SnO2 shell interface of the nanowires which prevents recombination of
photogenerated electron-hole pairs.

The last semiconductor photocatalyst explored in this Special Issue was Bismuth
oxyhalides, BiOX (X = Cl, Br, I). These materials were synthesized via a mannitol-assisted
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solvothermal method [8]. The resulting materials had dominant (110) facets, first time
reported with this type of synthesis using mannitol which acted simultaneously as a
solvent, capping agent, and/or soft template. At the lowest mannitol concentration, it
acted as a structure-directing agent, causing unification of nanoparticles, while at higher
concentrations, it functioned as a solvent and soft template. The photoactivity of BiOX was
evaluated on the oxidation of Rhodamine B and 5-fluorouracil, and on the reduction of
Cr(VI). BiOCl and BiOBr photocatalysts presented the best photocatalytic activities leading
to a total degradation or reduction in the model pollutants. This study demonstrated that
BiOX prepared in mannitol solution could be useful for efficiently removing a wide range
of micropollutants.

2. Biomass valorisation

In this second topic, different catalysts were developed for the transformation of
biomass in high added-value molecules. Noble metals supported on various supports in
particular were prepared, characterized, and tested.

In Drault et al. [9], various metals (Co, Ni, Zn, Ag, Cd, Cs, and Au) supported on
silica were used as heterogeneous catalysts for the direct CO2 carboxylation of furoic
acid salts (FA, produced from furfural, derivative of inedible lignocellulosic biomass) to
2,5-furandicarboxylic acid (2,5-FDCA, a building block in the synthesis of green polymers).
An experimental setup was firstly validated, and then several operation conditions were
optimized, using heterogeneous catalysts instead of the semi-heterogeneous counterparts
(molten salts). The preliminary results confirmed the possibility to decrease the reaction
temperature to 230 ◦C, obtaining an acceptable conversion (74%) with the best catalyst,
namely Ag/SiO2.

Ru-based catalysts were also developed for cellulose valorisation. Haynes et al. [10]
focused on the protection of active Ru nanoparticles supported on carbon black (CB) by
various mesoporous silica coatings. The influence of key parameters, such as the protective
layer pore size and the solvent nature of the catalytic reaction were investigated. The results
showed that the hydrothermal stability was highly improved in ethanolic solution with
low water content (silica loss: 99% in water and 32% in ethanolic solution); and that the
silica layer pore sizes greatly influenced the selectivity of the reaction (shifting from 4% to
68% by increasing the pores sizes from 3.4 to 5 nm). The addition of an acidic co-catalyst
(CB–SO3H) led to sorbitol production through the hydrolytic hydrogenation of cellobiose
(used as a model molecule of cellulose), demonstrating the high potential of the presented
methodology to produce active catalysts in biomass transformations.

Finally, catalytic furfural valorisation was also investigated by Al Rawa et al. [11] with
Aux-Pty and Aux-Pdy bimetallic nanoparticles supported on TiO2. In this work, furfural
(FF) was converted into furoic acid (FA) and maleic acid (MA) by a base-free aerobic
oxidation in water. By comparing the monometallic Au-, Pt-, and Pd-based catalysts to the
bimetallic counterparts, the synergetic effect of alloying was evidenced. The monometallic
catalysts were by far less active than the bimetallic catalysts in terms of FF conversion, and
in the formation of FA, MA, and FAO intermediates. The highest selectivity (100%) to FA
was obtained using a Au3-Pd1 catalyst, with 88% FA selectivity using 0.5% Au3-Pt1 with
about 30% of FF conversion at 80 ◦C. Using Au-Pd-based catalysts, the maximum yield of
MA (14%) and 5% of 2(5H)-furanone (FAO) were obtained by using a 2%Au1-Pd1/TiO2
catalyst at 110 ◦C.

In conclusion, this Special Issue entitled “Metallic or metallic oxide (photo)catalysts for
Environmental Applications” gives an overview of the latest advances in the development
of metallic or metallic oxide (photo)catalytic materials, with environmental applications
for the elimination of organic pollutants or the valorisation of biomass. These studies
open the way for the development of new and green processes and present materials for a
better environment.

Finally, we are grateful to all authors for their valuable contributions and to the
editorial team of Catalysts for their kind support, especially to Zerlinda Tian for her constant
help during this Special Issue submission and publication process.
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Abstract: Defect-engineering of TiO2 can have a major impact on its photocatalytic properties for the
degradation of persisting and non-biodegradable pollutants. Herein, a series of intrinsic and extrinsic
defects are induced by post annealing of crystalline TiO2 under different reducing atmospheres. A
detailed optoelectronic characterization sheds light on the key characteristics of the defect-engineered
TiO2 nanopowders that are linked to the photocatalytic performance of the prepared photocatalysts.
The photodegradation of a model dye, malachite green, as well as the inactivation of bacterial
endospores of the Geobacillus stearothermophilus species were studied in the presence of the developed
catalysts under visible light illumination. Our results indicate that a combination of certain defects is
necessary for the improvement of the photocatalytic process for water purification and disinfection
under visible light.

Keywords: photocatalysis; defect-engineered TiO2; solar light; decolorization and disinfection of
water; advanced oxidation processes; metallic oxide nanoparticles

1. Introduction

Semiconductor photocatalysis has attracted great attention in the last decades due
to the potential and prospects it offers in a variety of fields including environmental
remediation, energy production, and organic synthesis [1]. The exploitation of solar energy
in the presence of nanostructured semiconductors and mild environmental conditions may
serve as a reliable alternative to energy-intensive conventional technologies [2,3].

A well-established material for photocatalytic applications is TiO2 (anatase) because
of its high photocatalytic activity, resistance to photo-corrosion, biological inertness, and
low cost. [4–6]. Several strategies have been applied to tackle the main disadvantage of
TiO2, which is its inability to be activated by visible light due to its high band gap energy.
Strategies such as doping with transition-metal ions (Fe, W, Mo, V, and many others),
dye sensitization (Ru-, Os-, Zn-complexes, etc.), as well as non-metal ion doping with
nitrogen serving as probably the most popular and efficient dopant [7–9]. It has been found
that substitutional doping of N introduces p states that, combined with the O 2p states
of TiO2, contribute to its bandgap narrowing. In addition, interstitial N doping couples
with lattice O, creating antibonding states in the bandgap of the material [10,11]. These
states are located close to the valence band (VB) of TiO2, and ionized electrons coming
from the VB can be accommodated. In turn, this increases the concentration of holes in the
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VB. Additionally, electrons from these states can be photoexcited by longer wavelengths
improving the performance of TiO2 under visible light irradiation [12,13].

Recently, the colorful chemistry of TiO2 has been revealed and especially important
was the development of black TiO2 by Chen and co-workers [14]. In the latter case, the
formation of oxygen vacancies, Ti3+ states, as well as of core-shell crystalline-disorder
structures, Ti-H and Ti-OH species, has extended the activation potential of TiO2 even in
the IR region of the light spectrum. Since the discovery of black TiO2 in 2011, there have
been numerous reports of the improved photocatalytic activity and electronic conductivity
of TiO2, leading to enhanced photocatalytic efficiencies both in the degradation of organic
molecules, and the production of solar fuels [14–18].

In this work, TiO2 nanopowders were synthesized via the sol-gel method and were
then sensitized by (a) high temperature nitridation in NH3 atmosphere and (b) reduction
in H2 atmosphere. The synthesized N-doped and black TiO2 nanopowders were then
tested for their efficiency on the decomposition of a model and non-biodegradable organic
pollutant as well as on the inactivation of highly resistant biological targets, in the presence
of visible light. Both N-doped and black TiO2 are well-known material classes and they
have been extensively studied in the literature. However, a direct comparison of their
efficacy and efficiency in the visible light-driven water remediation coupled to their intrinsic
and extrinsic defects (oxygen vacancies, Ti3+, N lattice heteroatoms) is not common. Our
work showcases how certain defects are associated with the photocatalytic performance of
two important forms of TiO2.

More specifically, an evaluation of photocatalytic efficiencies of the as prepared TiO2
nanopowders under visible light was conducted based on the degradation of an organic,
triarylmethane dye, malachite green (MG). Organic dyes are used in a wide range of
applications including textile, leather, and paper production industries, laser technology,
photoelectrochemical, and dye-sensitized solar cells [19–21]. It is estimated that approx-
imately 7 × 105 tons of dyes are produced annually, while more than 105 tons per year
are released in output flows, severely contaminating aquatic bodies. Organic dyes are
in most cases soluble in water, non-biodegradable, and toxic to humans and ecosystems,
rendering their efficient removal from waterbodies of the outmost importance [22,23]. MG,
in particular, is annually produced in thousands of tons and consumed mainly in the
textile and paper industry [24]. MG is also used as one of the most effective fungicides and
ectoparasiticides in aquaculture and fisheries [25] and may persist in edible fish tissues
for extended periods of time [26]. Furthermore, MG is used in medical applications as a
disinfectant and a biological stain or counterstain for microscopic analysis of cell biology
and tissue samples. In spite of its extended use, MG is a highly controversial material
due to its toxic properties which are known to cause respiratory problems, carcinogenesis,
mutagenesis and teratogenicity [27].

After investigation of the photocatalytic degradation of MG in the presence of the
as prepared photocatalysts and visible irradiation, the study focused on the catalysts
with the optimum photocatalytic properties and their potential to inactivate bacterial
endospores of the Geobacillus stearothermophilus species. After prions [28] and along with
certain protozoans, endospores demonstrate the highest resistance to harsh environmental
conditions, enabling them to survive in dormant state for up to thousands of years and to
germinate when conditions become favorable. Endospores, such as G. stearothermophilus
exhibit a remarkably high degree of resistance to inactivation by most physical treatments
and oxidizing agents [29,30]. Bacterial endospores can serve as excellent reference tools in
inactivation studies, due to the remarkable stability of their suspensions [31].

2. Results

2.1. Characterizations

The morphology of the as-prepared TiO2 samples was observed under ultra-high
resolution cold-field emission SEM, as shown in Figure 1b–e. Photographs of the obtained
powders are also presented in Figure 1a.
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All the nanoparticles in the A-TiO2 sample appear to aggregate and do not show
regular morphology (Figure 1b). However, the post thermal treatments have a significant
effect on the visual appearance and size of the obtained TiO2 nanoparticles. The white color
of the amorphous TiO2 powder (A-TiO2) did not change after heat treatment at 550 ◦C
in air (C-TiO2), but it turned yellow after nitridation (N-TiO2) and grey after hydrogen
reduction (H-TiO2), as seen in Figure 1a. In general, bandgap engineering in order to alter
the absorption properties of a semiconductor produces colored powders and especially the
lattice N incorporation results in yellow-colored TiO2. In the case of intrinsic doping of
TiO2, i.e., induction of intrinsic defects, the appearance of a grey color can be ascribed to
Ti3+ and oxygen vacancies (v••

O ) species that increase in concentration after treatment in
reducing atmospheres. Furthermore, as evident from the comparison of nanocrystals in
Figure 1b–e, the average particle size progressively increases in accord with the received
amount of thermal energy (annealing T × treatment time).

Figure 1. Photographs of the investigated TiO2 nanocrystals (a) and representative SEM images of A-TiO2 (b), C-TiO2 (c),
H-TiO2 (d), and N-TiO2 (e), respectively. Scale bar: 300 nm.
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To determine the crystal structure and possible phase changes after the hydrogenation
and nitridation treatments, the X-ray diffraction (XRD) patterns of the TiO2 samples an-
nealed in the presence of different gases were collected and are presented in Figure 2. All
the TiO2 nanocrystals display almost the same XRD patterns, which can be indexed mainly
to the pure anatase phase. More specifically, the peaks at 2θ = 25.2◦, 37.7◦, 48.0◦, 53.8◦,
55.2◦, and 62.7◦ are indexed to the (101), (004), (200), (105), (211), and (118) crystal planes of
anatase (JCPDS Card No.21-1272), respectively. The intense XRD diffraction peaks for the
H- and N-TiO2 at 2θ = 25.4◦ samples indicate their improved crystallinity, in accordance
with the SEM observations above. The crystallite size of all the samples was calculated
using the Scherrer equation based on the XRD spectra. The results show that the crystallite
sizes are increasing following the trend: A-TiO2 (5.4 nm) < C-TiO2 (13.1 nm) < H-TiO2
(21.6 nm) < N-TiO2 (29.6 nm). The calculated values indicate that calcination under H2
and NH3 atmosphere promoted the growth of the TiO2 naono- grains. Consequently, we
can assume that the surface area of each powder sample decreases with the same trend.
Compared to the C-TiO2, the (101) diffraction peak (Figure 2 inset) of the rest three samples
shows a slight shift towards a lower angle, which can be ascribed to lattice expansion [32].
It is reasonable to assume that this expansion is the result of the lattice disorder and the
interstitial/substitutional N incorporation in the case of the H- and N-TiO2 samples. More-
over, the XRD patterns of the H-TiO2 and N-TiO2 samples show a small amount of rutile
phase. Indeed, the characteristic diffraction peaks at 27.5◦, 36.1◦ and 41.2◦ are attributed to
the (110), (101) and (111) facets of rutile, respectively (JCPDS Card No. 21-1276). The rutile
phase in the C-TiO2 sample is not obvious from the corresponding XRD pattern, but it may
be hindered by the lower degree of crystallinity and obscured by the background signal.

Figure 2. XRD patterns of the prepared TiO2 nanocrystals.

(Scanning) Transmission Electron Microscopy ((S)TEM) was employed for a more
detailed phase identification and structural analysis on the nanoscale. Figure 3 shows
Selected-Area Electron Diffraction (SAED) patterns (a–c) and high-resolution Annular
Bright Field (ABF) STEM images (d–f) from C-TiO2, H-TiO2 and N-TiO2, respectively. The
coexistence of both anatase and rutile phases is identified in all samples, with anatase
being dominant. High-resolution imaging reveals the formation of nanoparticles of high
crystal quality, terminated by well-defined facets. The maximum particle-size is ~15 nm
for C-TiO2, while a slight enlargement up to ~25 nm is observed when TiO2 was annealed
in H2 and NH3 atmospheres, corresponding very well with the sizes obtained by the XRD
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refinement. Additional ABF-STEM images indicative of the difference in the grain sizes
can be seen in Figure S1 as well. Precise measurements of the d-spacings were performed
on high-resolution images, as well as on the corresponding Fast Fourier Transform (FFT)
diffractograms. A lattice expansion in the H-TiO2 and N-TiO2 nanoparticles is detected
with respect to C-TiO2. In particular, the average d-spacing of the anatase (101) lattice
planes in C-TiO2 is 0.347 ± 0.001 nm, while the values increase in the case of H-TiO2 and N-
TiO2 to 0.355 ± 0.001 nm and 0.357 ± 0.001 nm, respectively. This lattice expansion justifies
the left-shift of the XRD peaks presented in Figure 2. Furthermore, as shown at Figure 3d,
the C-TiO2 nanoparticles were terminated by highly crystalline sharp facets, while arrows
at Figure 3e,f indicate the formation of a distorted surface layer of ~1 nm thickness in the
case of H-TiO2 and N-TiO2. This phenomenon is well known and discussed for black TiO2
and was also reported by Wang et al., where surface distortion in TiO2 nanoparticles was
also observed after hydrogen and nitrogen plasma treatments [17,33].

Figure 3. Selected-Area Electron Diffraction (SAED) patterns(a–c) and high-resolution ABF-STEM images (d–f) acquired
from C-TiO2, H-TiO2 and N-TiO2, respectively. Anatase (A) and rutile (R) phases coexist in all samples, with anatase
being dominant. The insets in (d–f) show lower-magnification images, illustrating the overall morphology of the faceted
nanoparticles. Measurements of the A(101) d-spacings reveal a lattice expansion in the case of H-TiO2 and N-TiO2 along
with the formation of ~1 nm surface lattice distortion (annotated by pink arrows).

The absorption properties of the TiO2 powders derived from the diffuse reflectance
measurements at room temperature are summarized in Figure 4. The bandgap energy and
the dominant type of optical transitions can be determined from the onset and linearity
of the absorption edge by applying standard Kubelka–Munk [34] and Tauc [35] treatment
to the DRS spectra in Figure 4a. The absorption spectra, represented by K-M function in
Figure 4b, explain the coloration of TiO2 powders apparent in Figure 1a. The dissimilar
yet spectrally uniform absorption throughout the visible range leads to a white/grey
appearance of the A-TiO2, C-TiO2 and H-TiO2, whereas the yellow color of N-TiO2 is a result
of higher absorption in the blue-green region (400–500 nm). Note that unlike other samples,
N-TiO2 exhibits a prominent absorption band in the visible spectral region centered at
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2.95 eV as indicated by the dashed curve in Figure 4b obtained after deconvolution of
the fundamental edge. The investigated TiO2 powders demonstrate a relatively minor
variation of optical bandgaps as evidenced by the absorption edge positions indicated on
the Tauc plot in Figure 4c. It is worth noting at this point that the direct application of the
Tauc method for bandgap estimation is only appropriate for spectra with fundamental edge
undistorted by manifestation of defects/dopants, localized states and phonon interaction
collectively referred to as Urbach tail. In practice, most accurate estimates can be obtained
through deconvolution of absorption spectra into major constituents, or by employing the
so-called baseline method [36], which was used in the present work. The estimated bandgap
values of the C-TiO2 and H-TiO2 powders appear similar and close to 3.3 eV, whereas
A-TiO2 and N-TiO2 demonstrate slightly blue-shifted fundamental edges at ~3.33 eV. These
values are consistent with the reported bandgaps of amorphous [37,38] and anatase TiO2 [2],
also suggesting that crystallization of anatase leads to a slight reduction of the bandgap in
agreement with earlier studies [39].

Figure 4. Optical absorption properties of the TiO2 powders: diffuse reflectance (a), modified Kubelka-Munk function (b),
Tauc plot assuming indirect (allowed) transitions (c).

In general, there are several factors that can affect the apparent absorption edge (op-
tical bandgap) of the investigated TiO2 powders, such as the level of crystallinity (lattice
disorder/imperfections), strain-induced bandgap modulation (built-in strain in nanoparti-
cles) and doping-induced bandgap modulation (bandgap-narrowing and Burstein-Moss
effects). The bandgap states introduced by defects and dopants are a common cause of
absorption extending into the visible range. Indeed, the red-shift of TiO2 absorption edge
is generally attributed to the localized gap states induced by Ti3+ and N species (inter-
stitial and/or substitutional N ions, whose orbitals hybridize with orbitals from lattice
oxygen) [40,41] as well as to oxygen vacancies [42]. These paramagnetic species have
been evidenced in the case of H-TiO2 and N-TiO2 by our EPR measurement as shown and
discussed later. In the case of N-TiO2, the absorption band seen in the visible spectral
region at 2.95 eV is unambiguously associated with oxygen vacancies (F-type color centers)
according to [43].

The optical emission properties of the TiO2 powders measured in vacuum at 300 K
and 10 K are summarized in Figure 5. The high surface-to-volume ratio of the nanometer
size particles that form TiO2 powders leads to an enhanced role of surface-related effects as
compared to bulk material or a film. The luminescence from surface-related sources of both
intrinsic and extrinsic nature, such as sub-surface defects (e.g., v••

O ) and adsorbed species
on the surface (e.g., -OH), apparently dominate in the room-temperature spectra (PL300K)
shown in Figure 5a, where several characteristic optical signatures are indicated by arrows.
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For reference, their spectral positions are extrapolated as vertical dash-line markers and
shared with low-temperature spectra (PL10K) presented in Figure 5b. At low temperatures,
the non-radiative recombination pathways are suppressed, and surface-related features
become overwhelmed by the increased emission originating from self-trapped exciton
(STE) recombination [44–47] and luminescent defects in the bulk of nanoparticles, which
collectively represent intrinsic properties of the anatase TiO2. There is a consensus in the
literature that the emission in the visible optical spectral range of anatase TiO2 can be
due to two distinct radiative recombination processes involving STEs and localized states
within the bandgap related to surface defects [48]. Indeed, the broad PL band comprises
of several emission components, as indicated by Gaussian deconvolution curves with
shaded areas in Figure 5b. In addition to the dominant STE emission centered at around
2.37 eV, the other major contributions at 2.55 eV and 2.13 eV could be associated with N
species (interstitial and substitutional) incorporated in the TiO2 lattice; such an assumption
was inferred from the calculations by Asahi and Morikawa in [49]. On the other hand,
note that the deconvoluted components in Figure 5b are common to all TiO2 samples,
and thus their respective origins cannot be associated with specific outcomes of different
growth/doping/post-processing of the powders. Instead, according to the literature
reports, the emission peak at 3.16 eV can be attributed to phonon-assisted indirect band
transitions, and the peak at 2.97 eV can be linked to STE localized on TiO6 octahedra [50].
A series of peaks originate from v••

O –the peaks at 2.78 and 2.55 eV are associated with
Ti3+ ions (Ec-0.5 eV), the peaks at 2.37 eV and 1.9 eV are linked to color centers F (oxygen
vacancies occupied by two electrons, v••

O , Ec-0.8 eV) and F+ (oxygen vacancy occupied
by a single electron, v•

O), respectively [51–53]. Note that the peak at 2.37 eV could also be
assigned to STEs as mentioned earlier. The emission around 2.13 eV is possibly due to
transitions involving hydroxyl (OH−) related deep acceptors [52].

As a final point, we note that a generally low PL efficiency is observed for all samples,
which is consistent with the indirect bandgap of TiO2 also inferring that photo-generated
carriers recombine mostly non-radiatively via surface defect traps and mid-bandgap states.
The concentration of such non-radiative centers determines quantum efficiency; hence
the total PL yield can be considered as a measure of TiO2 crystallinity. In this regard, the
highest PL yields observed for the N-TiO2 and H-TiO2 powders imply the highest degree
of crystal order among the investigated samples, which agrees very well with the XRD and
TEM results discussed afore.

To further analyze the electronic defects in the different TiO2 samples, EPR studies
were performed and the results are presented in Figure 6. Several EPR signals have been
identified, which are summarized in Table 1. It can be seen that all the studied samples
have EPR signals arising from the presence of oxygen vacancies with varying intensities.
As expected, the H-TiO2 has the strongest EPR signal associated with oxygen vacancies,
which is attributed to electrons localized at the vacancies induced by high temperature
reduction in H2 gas atmosphere. This is in accordance with previous studies on black
TiO2 nanotubes prepared in our labs [54]. Moreover, the presence of oxygen vacancies in
C-TiO2, with a much lower intensity though, is also reasonable and explains the n-type
conductivity of TiO2. In the case of N-TiO2 several additional paramagnetic species have
been detected, such Ti3+, O2

•−, and Nb
•. The latter, as argued by Livraghi et al., denotes

the incorporation of N in the bulk of the TiO2 crystal and it can be either placed interstitially
or substitutionally [55]. The same authors have also identified the presence of superoxide
radicals upon illumination of their N-doped TiO2 samples [55], but these species have
been previously detected in reduced TiO2 surfaces [56,57]. Another interesting finding is
the presence of Ti3+ only in the case of N-TiO2, as indicated by the strong EPR signal at
g = 1.9846. Such a signal arises when excess of electrons is introduced into the crystal and
it is suggested that these additional electrons representing Ti3+ are delocalized over several
Ti4+ lattice ions [58].
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Figure 5. Optical emission properties of the TiO2 powders: PL spectra measured in vacuum at
300 K (a) and 10 K (b). The key emission components are indicated by Gaussian deconvolution
curves/shaded areas.

Figure 6. EPR spectra of paramagnetic species in C-TiO2, H-TiO2 and N-TiO2. Spectra in this
display have not been adjusted for slightly different microwave frequencies or for slightly different
sample weights. The frequencies were 9755.2 MHz, 9755.0 MHz, 9753.3 MHz and 9754.3 MHz for
background, C-TiO2, H-TiO2 and N-TiO2, respectively.
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Table 1. Spin Hamiltonian Parameters of the different paramagnetic species in C-TiO2, H-TiO2, and
N-TiO2 identified by EPR. The uncertainty is about ±0.0006.

Sample

Species *
v••O Ti3+ O2

•− (gzz) O2
•− (gyy) Nb

• (g1)

C-TiO2 2.0020 - - 2.0088 ** 2.0050 **

H-TiO2 2.0033 - - - -

N-TiO2 2.0018 1.9846 2.0235 2.0087 2.0055
* The notation used herein is in accordance with Livraghi et al. [55]. ** It is underlined that the intensity of these
signals is marginal but can still be differentiated from the background signal. A higher resolution graph is given
in the Supplementary Information (SI) in Figure S1.

2.2. Evaluation of Photocatalytic Efficiencies

An evaluation of the photocatalytic efficacy and efficiency of the as prepared nanopow-
ders was conducted in bench scale employing MG as a target molecule, at an initial con-
centration of 5 mg L−1 in the presence of 0.5 g L−1 of photocatalyst and visible light
illumination. The performance of the prepared photocatalysts was compared against the
state-of-the-art and commercially available TiO2 P25 [59]. The concentration of the organic
molecule present in the aqueous suspension (C), divided with the equilibrium concentra-
tion (Ceq), after 15 min of dark adsorption, is plotted as a function of the illumination time
in Figure 7a. Degradation kinetics are described by a pseudo first-order equation based
on the Langmuir–Hinshelwood model, according to which the initial degradation rates,
r0, were calculated and are given in Table 2. The prevalence of the N-TiO2 followed by
H-TiO2 is revealed by the degradation curves of Figure 7. The initial degradation rate of
N-TiO2 is approximately three times higher than that of P25 or A-TiO2. H-TiO2 has a two
times higher degradation rate in comparison to P25, while both have led to the complete
decolorization of the MG solution within 300 min of illumination. On the other hand,
visible light itself led to a mere 23% degradation of MG after 300 min.

Figure 7. Photocatalytic decolorization of MG (a) and inactivation of G. stearothermophilus endospores (b) under visible light
illumination. In all cases 0.5 g L−1 of the corresponding photocatalyst were used.

The photocatalytic inactivation of G. stearothermophilus was conducted in aqueous
endospore suspensions in the presence of 0.5 g L−1 nanopowders and visible light il-
lumination. The number of G. stearothermophilus endospores present in the suspension,
N (cfu mL−1) is plotted as a function of the illumination time (Figure 7b). As it can be
seen, C-TiO2 and P-25 were unable to inactivate G. stearothermophilus even after 5 h of
visible light illumination. On the other hand, and similarly to the decolorization of MG,
Figure 7b demonstrates the efficacy of the N-TiO2 sample also in the oxidative attack on
the endospore suspension. N-TiO2 followed by H-TiO2 led in both cases in enhanced
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photocatalytic efficiencies and after 300 min of illumination approximately 70 and 40%
of the initial endospore content was inactivated. On the other hand, spore viability was
not affected when experiments were performed in the dark (data are not shown), in the
presence of all tested photocatalysts, demonstrating that spore death was induced by the
photogenerated ROS.

Table 2. Initial degradation (r0) rates during photocatalytic oxidation of 5 mg L−1 MG in the presence
of 0.5 g L−1 photocatalyst and visible light illumination.

Photocatalyst r0 (mg L−1 min−1)

- 0.0002 ± 0.00008
A-TiO2 0.007 ± 0.0009
C-TiO2 0.002 ± 0.0003
H-TiO2 0.012 ± 0.007
N-TiO2 0.019 ± 0.002

TiO2 P25 0.006 ± 0.001

3. Discussion

It is well known that the charge-carrier mobility and the band edge positions are
key-factors which determine the photocatalytic reactivity of TiO2. To achieve the solar
degradation of organic pollutants, the photo-generated holes must be able to oxidize OH−

to reactive •HO groups, while the reduction ability of conduction band (CB) electrons
should be able to generate superoxide anion radicals (O2

•−) and superoxide acid. For
pure anatase, the bandgap is 3.2 eV while the conduction band minimum (CBM) and
valence band maximum (VBM) are about −0.37 V and +2.83 V, respectively. The oxidation
ability of the generated holes in the VB is so high that may induce a significant potential
difference between the VB holes and most organic materials, which in turn undermines
the transfer of holes to the target organic material. The superiority of the as prepared
N-doped TiO2 in the disinfection and decolorization of water is primarily attributed to its
improved visible light absorption as identified by our DRS measurements. These are closely
related to the different defects found by our well-aligned EPR and PL data. In addition,
high-resolution ABF-STEM images on N-TiO2 further showcase the formation of point
defects, which are observed as nano-scale crystal lattice distortion (Figure S3). The presence
of the Nb

• species is known to introduce energy levels above the valence band of TiO2 due
to the hybridization of the O 2p with the N 2p orbitals [11,60]. Such hybridization leads
to the uplifting of the density of states (DOS) in the VB region that eventually improves
the mobility of charge carriers. Furthermore, the potential difference between holes and
pollutants is also diminished due to the overlap between O 2p and N 2p states. Apart from
the sub bandgap charge excitation in the N-doped material (i.e., visible light activation), an
increased number of holes is expected that can contribute to its improved oxidizing power.
It should be mentioned that X-ray Photoelectron Spectroscopy (XPS) measurements were
also conducted (refer to SI and Figures S4 and S5) and the N 1 s peak at 399.91 eV implies
that N is placed interstitially in the TiO2 lattice [61]. Interstitial N incorporation correlates
very well with the shift in the (001) peak in the XRD measurements but on the other hand,
the same N 1 s peak is found for the rest of the samples, which is not uncommon even for
undoped TiO2 [10]. Ar+ sputtering can probe further into the bulk of the material, but ion
sputtering in TiO2 is also known to preferentially remove oxygen and reduce the material
(induction of Ti3+ states) [61]. For these reasons, we relied on the EPR and PL data for
our conclusions.

In accordance with the increased holes concentration, the presence of Ti3+ introduces
localized states below the CBM, which may finally render the formation of the conduction
band tail. An excess of electrons and improved electron conductivity are achieved in
the CB region, which can facilitate reducing reactions, e.g., of oxygen gas to superoxide
radicals [60]. Such reactive oxygen species (ROS) can further contribute to the oxidation
of organic pollutants and herein we provide clear evidence of such boosting phenomena.
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This finding also suggests that both v••
O and Ti3+ species are necessary for the improvement

of the photocatalytic efficiency under visible light. This is the reason that H-TiO2 is inferior
compared to N-TiO2. Our PL data at 10 K showed the improved crystallinity of the N-TiO2,
and the decreased amount of non-radiative recombination centers, implying the improved
charge separation of the N-doped sample and its higher intrinsic photocatalytic activity.
Moreover, we see that H-TiO2 can completely decolorize the MG solution after 300 min,
similarly as the N-TiO2, but its efficiency in the endospore inactivation is 40%, while N-TiO2
reached 70%. This observation further correlates with the notion that both defect species
are necessary for improved visible light photocatalysis.

Finally, it should not be neglected that reduced oxides, operating under oxidizing
conditions may not be stable and oxidize themselves. Recycling experiments involving the
H-TiO2 and N-TiO2 samples have been performed for the decolorization of MG solutions.
The results are given in Figure S6 and show the excellent stability of both samples after
three consecutive photocatalytic cycles of 300 min each. The N-TiO2 sample showed no
efficiency degradation, while the H-TiO2 sample retained 95% of each activity after 900 min
of photocatalytic MG decolorization. The structural integrity of the recycled photocatalysts
was also confirmed by XRD, where no changes were observed (Figure S7).

4. Materials and Methods

4.1. Materials

Malachite green carbinol hydrochloride (bis[4-(dimethylamino)phenyl]-phenylmethanol
hydrochloride, C23H26N2O•HCl, CAS No: 123333-61-9, Mr: 382.93) was purchased from
Sigma-Aldrich and was used as received.

TiO2 P25 (Evonik GmbH, anatase/rutile = 3.6/1, BET: 50 m2 g−1, nonporous) was used
for comparative purposes against the synthesized nanopowders. All other reagent-grade
chemicals were purchased from Merck and were used without further purification. Doubly
distilled water was used throughout the study.

B. stearothermophilus endospores were initially purchased impregnated on paper strips
(ATCC 7953, Fluka, 106 cfu/strip). These endospores are highly resistant thermophiles and
can grow at temperatures ≥ 60 ◦C. This particular strain is used as an indicator of proper
autoclave performance and is specified by U.S. military specification MIL-S-36586 as GMP
requirements of the U.S. Food and Drug Administration.

4.2. Synthesis of TiO2 Nanopowders

TiO2 was prepared according to the sol-gel method. The desired amounts of titanium
isopropoxide (TTIP, ≥97%, Merck, KGaA, Darmstadt, Germany, 87560) and absolute
ethanol (Fisher chemicals, E/0650DF/17, Fisher Scientific UK Ltd., Leicestershire, UK)
were mixed in a beaker and placed in an ultrasonic bath for 15 min taking the necessary
precautions to prevent addition of moisture in the TTIP/ethanol mixture. Then, an aqueous
HCl 1 M solution was added dropwise (~1 mL min−1) to the above solution under vigorous
magnetic stirring. The molecular ratio of TTIP/ethanol/H2O/acid was 1/25/8/0.007. The
viscous content of the beaker was vigorously stirred for 16 h and then left to age for 16 h at
room temperature yielding a gel, which was dried at 75 ◦C for 16 h. The resulting white
product (A-TiO2) was ground, washed 5 times with doubly distilled H2O and dried at
75 ◦C for 16 h. This was followed by calcination at 550 ◦C with a heating rate of 2 ◦C min−1

for 60 min, cooling to room temperature, grinding, and storage at room temperature. This
sample is denoted as C-TiO2.

N-doped TiO2 (N-TiO2) was obtained by high temperature annealing in NH3 gas
atmosphere of the C-TiO2 sample. Briefly, the as-prepared TiO2 powder was put in a
ProboStat™ cell (NORECS, Oslo, Norway) under NH3 gas flow at atmospheric pressure
and calcined at 550 ◦C for 4 h with a heating rate of 5 ◦C min−1. Finally, hydrogenated
TiO2 (H-TiO2) was obtained by annealing the A-TiO2 sample under H2 gas atmosphere at
550 ◦C with a heating rate of 5 ◦C min−1 for 2 h.
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4.3. Characterizations

Micrographs were obtained with a Hitachi SU8230 ultra-high resolution cold-field
emission scanning electron microscope (SEM) equipped with a secondary electron (SE)
detector under an acceleration voltage of 3 kV. The TiO2 phase in all the samples was
confirmed using X-ray diffraction (XRD, Bruker D8 Discover, Cu Kα1, Bragg-Brentano)
with a Cu Kα-filtered radiation source (λ = 1.5046 Å), step 0.01◦ (2θ) and a scan rate
of 1◦ min−1.

(S)TEM investigations were conducted on an FEI Titan G2 60–300 kV equipped with a
CEOS DCOR probe-corrector, monochromator and Super-X EDX detectors. Observations
were performed at 300 kV with a probe convergence angle of 24 mrad. The camera length
was set to 77 mm and simultaneous STEM imaging was conducted with 3 detectors:
HAADF (collection angles 98.7–200 mrad), ADF (collection angles 21.5–98.7 mrad), and
ABF (collection angles 10.6–21.5 mrad). The resulting spatial resolution achieved was
approximately 0.08 nm. For the (S)TEM study, the TiO2 powders were dispersed in ethanol
with ultrasonic support and drop-casted onto Cu-grids supported by holey-C films.

The optical absorption properties were investigated at room temperature by means of
diffuse reflectance spectroscopy (DRS) using a ThermoScientific EVO-600 UV−Vis spec-
trophotometer. The emission properties were attained by measuring photoluminescence
(PL) of the powder samples in vacuum at 10 K and 300 K using a 325 nm wavelength
He-Cd cw-laser as an excitation source (power density < 10 W cm−2). The emission was
collected by a microscope and analyzed by an imaging spectrometer system (Horiba Jobin
Yvon, iHR320 coupled to Andor iXon888 Ultra EMCCD) with a spectral resolution below
0.2 nm. Low-temperature measurements were realized using a closed-cycle He refrigerator
(Janis, Inc. CCS450).

Electron paramagnetic resonance (EPR) spectra were recorded at room temperature
using a BRUKER EleXsyS 560 spectrometer operating at X-band frequencies and an ER
4122 SHQE cavity. The sample was placed in a 4 mm OD Wilmad quartz tube located in
the cavity center by a Teflon rod. Spectra were obtained at 5 mW microwave power (16 dB
attenuation), receiver gain 76 dB and 0.4 mT modulation width at 100 kHz modulation
frequency. The central magnetic field was fixed at 338 mT and the sweep width at 20 mT at
1 k points resolution. The field sweep time and the time constant were 84 s and 165 ms,
respectively. Among the samples, the microwave frequency varied between 9753.3 and
9755.0 MHz. 10 spectra were added for each sample.

4.4. Preparation of G. stearothermophilus Endospore Suspension

The G. stearothermophilus endospore suspension was prepared as previously de-
scribed [31]. After staining with the Schaeffer–Fulton method [62] and enumeration
employing a reverse phase microscope, it was found that the suspension consisted of
at least 98% endospores. To determine the initial concentration of the prepared endospore
suspension, serial dilutions were performed in triplicates and the samples were plated
and incubated on plates containing tryptic soy broth (TSB) as described in Section 4.5.
It was found that the initial concentration of the purified endospore suspension was
approximately 4 × 107 cfu mL−1.

4.5. Enumeration of G. stearothermophilus Endospores

To evaluate the efficiency of photocatalytic inactivation of G. stearothermophilus, sam-
ples were collected in duplicates and spread on 9 cm agar plates containing TSB (casein
peptone 17 g L−1, soya peptone 3 g L−1, K2HPO4 2.5 g L−1, NaCl 5 g L−1, glucose 2.5 g L−1,
bacteriological agar 15 g L−1) under sterile conditions. The samples collected during the
photocatalytic experiments were incubated for 5 min at 100 ◦C to induce sporulation of
endospores to vegetative cells (thermal activation). 20 µL of each activated sample were
added to 3 mL of melted TSB containing 0.7% (w/v) agarose (pure plate method) and were
spread under sterile conditions onto the plates. The plates were then incubated for 24 h at
60 ◦C and BSE colonies were enumerated by direct counting.
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4.6. Photocatalytic Experiments

The photocatalytic oxidation of MG was performed in a bench-scale photocatalytic
reactor of 300 mL capacity, equipped with a central visible lamp (Osram Dulux S, 9 W/71,
emission range: 400–550 nm, maximum emission: 450 nm) and inlet and outlet ports for
bubbling CO2 free air, under constant magnetic stirring, at a working volume of 250 mL.
Potassium ferrioxalate served as a chemical actinometer [63] to determine the incident
photon flow of the irradiation source, which was 57 × 10−6 Einstein L−1 min−1. Photo-
catalytic experiments were conducted at initial pH of 5.0 ± 0.1 and constant temperature
(25 ± 0.1 ◦C). Maximum adsorption of the dye onto the photocatalyst’s surface, in the
absence of light, was achieved within 30 min. The photocatalyst particles were removed
from the MG solution by employing a 0.45 µm filter.

The photocatalytic inactivation of BSE endospores was performed in sterile polystyrene
6 well plates with lid (Greiner). Each well served as a cylindrical 12 mL photocatalytic
reactor. The appropriate amount of the stock endospore suspension was diluted in sterile
distilled H2O and was added to a single well of the plate. The catalyst was then added at the
desired concentration, resulting to a 10 mL working volume. The plate was illuminated by
a system of 4 parallel lamps emitting visible irradiation (length: 45 cm, Osram L 15 W/840.
Lumilux cool white, emission range: 400–700 nm, maximum emission: 550 nm), connected
with a voltage regulator, placed 5 cm above the surface of the endospore suspension.
The intensity of the incident irradiation at this distance was measured using a Photome-
ter/Radiometer PMA 2140 (Solar Light Co., Glenside, PA, USA) equipped with a global
range detector, which measures irradiance within the range of 400–1100 nm and found to
be 2 ± 0.1 mW cm−2. Photocatalytic inactivation took place at room temperature, under
constant magnetic stirring. Samples of 20 µL were collected in duplicates at various time
intervals in sterile Eppendorf tubes, diluted up to a final volume of 200 µL with sterile,
distilled H2O, and kept in the dark. After the end of the photocatalytic process the samples
were spread on TSB plates and enumerated as described in Section 4.5. All experiments
were repeated three times, under identical experimental conditions.

4.7. Analytical Methods

A UV-Visible spectrophotometer (UV-1700, PharmaSpec, Shimadzu, Randburg, South
Africa) was employed to follow changes in the concentration of MG, based on the linear
dependence between the initial concentration of the insecticide and its absorption at 617 nm.
The standard deviation of the optical density values was within ±5%.

5. Conclusions

In this work, TiO2 nanopowders were prepared via a sol-gel synthesis route followed
by anatase formation after annealing at high temperature in air atmosphere (C-TiO2).
In order to obtain visible light activated photocatalysts, the sol-gel prepared powders
were subsequently annealed in hydrogen gas (H-TiO2) or ammonia stream (N-TiO2). An
extensive physico-chemical characterization revealed the presence of several lattices as well
as electronic defects. Clearly, the N-TiO2 sample showed an absorption shoulder stretching
in the visible region and down to 2.5 eV, as showed by the DRS spectra. It also showed the
highest degree of crystallinity and a suppressed number of non-radiative recombination
centers, which are related to the identified defects via the EPR measurements (v••

O , Ti3+,
O2

•− and Nb
•). These defects are known to introduce energy states inside the bandgap

of the material and facilitate its activation with light in the visible region, in accordance
with the DRS and PL data. On the other hand, the hydrogenation of the C-TiO2 sample led
to an increased amount of oxygen vacancies, which are charge compensated by localized
electrons in the form of Ti3+ species. The latter species were not seen by EPR but only a
strong signal assigned to oxygen vacancies, thus leading to the conclusion that the excess
electrons were not delocalized in the Ti atoms. The H-TiO2 sample was still not visible light
active and retained the bandgap of the C-TiO2 of approx. 3.3 eV.
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The efficiency of the synthesized photocatalytic nanopowders was assessed based
on the decolorization and disinfection of water and two model systems were studied for
this purpose: malachite green, a triarylmethane dye and G. stearothermophilus endospores,
respectively. As expected, the N-TiO2 sample showed the best performance in both cases
under visible light illumination. The MG solution was completely decolorized after 3 h of
illumination, while the endospore suspension was inactivated by 70% after 5 h. It should
be underlined that both TiO2 P25 and C-TiO2 showed no activity towards the inactivation
of the endospore suspension in the presence of visible light.

This work studies and exemplifies the colorful chemistry of defective TiO2 and pro-
vides a direct comparison of the photocatalytic activity under visible light between white
(C-TiO2), grey (H-TiO2) and yellow (N-TiO2) TiO2. The ability to tune and induce certain de-
fects can have a major impact on the photocatalytic efficiency and intrinsic properties of the
material. Photocatalysts activated by visible illumination are highly desirable, especially
for practical applications regarding water purification and disinfection.
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(blue), H-TiO2 (green) and N-TiO2 (red). Atomic percentages are given on the graph, Figure S5:
XPS spectra of N 1 s of A-TiO2 (black), C-TiO2 (blue), H-TiO2 (green) and N-TiO2 (red), Figure S6:
Recycling experiments and Figure S7: Post-operation XRD results.
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Abstract: The photocatalysis process over N-doped TiO2 under visible light is examined for Pb(II)
removal. The doping TiO2 with N element was conducted by simple hydrothermal technique and
using urea as the N source. The doped photocatalysts were characterized by DRUVS, XRD, FTIR
and SEM-EDX instruments. Photocatalysis of Pb(II) through a batch experiment was performed for
evaluation of the doped TiO2 activity under visible light, with applying various fractions of N-doped,
photocatalyst mass, irradiation time, and solution pH. The research results attributed that N doping
has been successfully performed, which shifted TiO2 absorption into visible region, allowing it to
be active under visible irradiation. The photocatalytic removal of Pb(II) proceeded through photo-
oxidation to form PbO2. Doping N into TiO2 noticeably enhanced the photo-catalytic oxidation of
Pb(II) under visible light irradiation. The highest photocatalytic oxidation of 15 mg/L Pb(II) in 25 mL
of the solution could be reached by employing TiO2 doped with 10%w of N content 15 mg, 30 min
of time and at pH 8. The doped-photocatalyst that was three times repeatedly used demonstrated
significant activity. The most effective process of Pb(II) photo-oxidation under beneficial condition,
producing less toxic and handleable PbO2 and good repeatable photocatalyst, suggest a feasible
method for Pb(II) remediation on an industrial scale.

Keywords: doping N; TiO2; Pb(II); photocatalytic-oxidation; visible light

1. Introduction

Lead (Pb), along with Cd, Hg, Cr(VI) and As, is categorized as the most toxic heavy
metal [1]. Lead in the form of Pb(II) ion can be present intensively in wastewater of
many industries, such as storage batteries, mining, metal plating, painting, smelting,
ammunition, oil refining and the ceramic glass [2–7]. Pb(II) ion is non-biodegradable
and tends to accumulate in living tissues, causing various diseases and disorders, such
as anemia encephalopathy (brain disfunction), cognitive impairment, kidney and liver
damage, and toxicity to the reproductive system [2–6]. The permissible limit of Pb(II)
in drinking water is 0.005 mg/L according to the current US Environmental Protection
Agency (USEPA) standard, while WHO determines the limit is 0.01 mg/L [3]. In fact, the
actual concentration of lead in wastewater is as high as several hundred milligram per liter.
Therefore, the removal of lead from wastewater before the heavy metal ions contacted with
unpolluted natural water bodies is important and urgent.

In recent years, adsorption has become one of the techniques that is frequently applied
for Pb(II) removal, because it is a very effective technique in terms of initial cost, simplicity
of design, ease of operation and insensitivity to toxic substances [2–6]. Several adsorbents
that have been devoted for removal of Pb(II) include palm tree leaves [2], mesoporous
activated carbon [3], modified natural zeolite [4], magnetic natural zeolite [5] and sulfonated
polystyrene [6]. However, when the adsorbent is saturated with concentrated Pb(II) ions, it
becomes solid waste with higher toxicity, which creates new environmental problems.
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Currently, remediation of Pb(II) containing water by the photo-oxidation process
through photo-Fenton method [7], under TiO2 photocatalyst [8], and photo-assisted elec-
trochemical [9] have also been developed. Furthermore, oxidation of Pb(II) by manganese
salt has been studied [10]. Oxidation seems to be the most interesting method since Pb(II)
oxidation resulted in the non-toxic precipitate PbO2 and is more easily handled [7–10].

With respect to the photocatalysis process, TiO2 as a photocatalyst has recently re-
ceived considerable attention for the removal of persistent organic pollutants (POPs),
including phenols [11], tetracycline [12], dyes [13] and linier alkyl benzene sulphonate [14]
due to its cost-effective technology, non-toxicity, quick oxidation rate and chemical sta-
bility [11–26]. The practical application of TiO2 is, however, significantly restricted by
its low visible absorption due to its wide bandgap energy (Eg) ≈ 3.20 eV [15–26] and
immediate charge (electron and hole) recombination [19–22]. With such wide a band gap,
TiO2 can only be excited by photons with wavelengths shorter than 385 nm emerging in UV
region [15–26]. In fact, UV light only occupies a small portion (about 5%) of the sunlight
spectrum [15,19–21,23,24], which limits TiO2 application under low-cost sunlight or visible
irradiation. Moreover, the fast charge recombination leads to a less effective photocatalysis
process [19–22].

Therefore, an effort has made to overcome these deficiencies by doping TiO2 structure
with either metal elements [23–26] or non-metal elements [15–22]. Non-metal dopant
has been reported to give be effective in narrowing the gap or decreasing the band gap
energy (Eg) of TiO2, compared to the metal dopant. This is because the size of non-metal
elements are smaller than the metal dopants [15–22], allowing them to be inserted into the
lattice of TiO2 crystal facilely. Among the non-metal dopants that have been examined,
N is the most interesting due to the very effective shift of the band gap energy into
the lower value [16–21]. It has also been reported that N-doped TiO2 materials exhibit
strong absorption of visible light irradiation and significant enhancement of photocatalytic
activity [16–24].

The doping N into TiO2 has been performed by sol-gel [16,18,20,21], hydrothermal [21],
coprecipitation [19], and plasma-assisted electrolysis [17] methods. Furthermore. according
to the related research reports that have been reviewed by Gomez et al. [21], hydrothermal
is believed to be the best method, since a large amount of N can be doped, which cannot
occur by using other methods. In addition, in this method, the longer time for photocatalyst
ageing is not required and the direct using TiO2 powder is possible, suggesting a simple and
low-cost process [23]. The hydrothermal method has been employed for doping transition
metals [23], but to the best of our knowledge, it has not been explored for N doping.

Many studies of using N-doped TiO2 under visible light for degradation of dyes [17]
and para-nitrophenol [18], as well oxidation of NO2 gas [19] and H2 gas production [16],
have been used. However a research of using N-doped TiO2 for catalysis of the Pb(II)
photo-oxidation and removal under visible irradiation is not traceable.

Under the circumstances, preparation of N-dopedTiO2 by hydrothermal method is
addressed and photocatalytic activity of N-doped TiO2 is systematically evaluated for
photo-oxidation of Pb(II) in the aqueous media driven by visible light. Moreover, the
efficiency of the photocatalysis process strongly depends on the operating parameters,
including the content of the dopant [16,17,19,20,24], reaction time [12,14,15,23,24], the
photocatalyst mass [12,14,24] and the solution pH [8,12,14,24]. Therefore, it is necessary
to find the optimal process parameters through laboratory treatability tests. This study
is hoped to contribute to the development of doped TiO2 photocatalysts and toxic metal
remediation technology.
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2. Results and Discussion

2.1. Characterization of TiO2–N Photocatalyst

2.1.1. By Diffuse Reflectance UV/Vis. (DRUV/Vis.) Method

The DRUV/visible spectra of the photocatalyst samples were displayed as Figure 1.
From the spectra, the wavelengths of the absorption edge could be determined that were
displayed in Table 1. As expected, doping TiO2 with N atom can shift the absorption
into longer wavelength emerging visible region, due to the narrowing their gaps. The
narrowing resulted from the insertion of N atom into the lattice of TiO2 crystal. The evident
narrowing gap was represented by decreasing band gap energy (Eg) values, as exhibited in
Table 1. It is also notable that an increasing amount of introduced N caused Eg to decline
more effectively. Some studies have also reported similar findings [15,19,20,24,27].

θ

Figure 1. The DRUV Spectra of (a) TiO2, (b) TiO2–N (5) (c) TiO2–N (10) and (d) TiO2–N (15).

Table 1. The effect of N doped into TiO2 on band gap energy.

Photocatalyst Wavelength (nm) Band Gap Energy (eV)

TiO2 387.5 3.20
TiO2–N(5) 405.2 3.06

TiO2–N(10) 411.9 3.01
TiO2–N(15) 418.9 2.96

The diminution of Eg implied that N atoms have successfully been doped in the
TiO2 crystal [19–21]. A doping generally can take place through substitutional and/or
interstitial mechanisms and can be distinguished based on the lowering Eg values [27].
According to Ansari et al. [27], the decreasing Eg into 3.06 from 3.20 eV ıs due to the
presence of substitutional mechanism, that is, replacing oxygen of TiO2 by nitrogen dopant;
meanwhile, lowering Eg toward less than 2.50 eV assigns to the interstitial mode, referring
to the addition of nitrogen atoms into the TiO2 crystal. However, some others [19–21]
have been proposed that reduce Eg into 3.0–2.9 eV and can be a form of interstitial doping.
Reducing Eg up to 3.06–2.96 eV as observed in this present study reveals that N doping
involves a combination of substitutional and interstitial mechanisms [27].

2.1.2. By X-ray Diffraction (XRD) Method

The XRD patterns of TiO2 and TiO2–N photocatalysts are displayed in Figure 2.
Several 2θ values of 25.25◦, 37.52◦, 48.02◦, 53.58◦, 54.88◦, 62.61◦, 68.78◦, 70.33◦ and
75.07◦ are observed, which match with Miller index as (101), (004), (200), (105), (211),
(204), (116), (204) and (215) of the lattice planes for anatase TiO2 as listed in JCPDS card
no. 21-1272) [16,17,20].
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Figure 2. The XRD patterns of (a) TiO2, (b) TiO2–N (5), (c) TiO2–N (10) and (d) TiO2–N (15).

In the XRD patterns of all N-doped photocatalysts, additional phase, except anatase,
is not observed, indicating that the N dopant did not agglomerate to reach the macro
level [20]. This finding is in accordance with the result reported previously [16–20].

It is also observable that doping N caused a decrease in the XRD intensities, and the
intensities gradually declined with the enhancement of N amount. The decrease of the
intensities was partially due to TiO2 crystallinity damage, due to the incorporation of N
dopant in the TiO2 lattice [16,21]. The increase of the partially damaged generated more
amorphous phase, as demonstrated clearly by the XRD pattern of TiO2–N (15) having
highest N content. A similar finding was also delivered by Li et al. [16] and Mahy et al. [18]
and was reviewed by Gomez et al. [21]. The slight crystallinity damage to TiO2–N (5) was
possible as a result of an interstitial doping [27]. Meanwhile, the more significant damaged
as found in TiO2–N (10) and TiO2–N (15) may be caused by substitution of oxygen in the
TiO2 lattice by nitrogen dopant atom, or by a simultaneous interstitial and substitutional
mechanisms [27]. This XRD data should agree with the trend of Eg decreasing.

2.1.3. By Fourier Transform Infra Red (FTIR) Method

In Figure 3, it is apparent that some characteristic bands of urea at the wavenumbers
of 3448 cm−1 are associated with O-H stretching, 3346 cm−1 is related to N-H deformation,
1661 cm−1 is assigned to C=O bond, 1604 cm−1 originated from N-H (NH2) and 1465 cm−1

is due to C-N vibration [28]. Furthermore, the spectra of all TiO2–N samples are similar to
those of un-doped TiO2, where several characteristic peaks of TiO2 are observed at around
3400, 1630 and 700–500 cm−1 of the wavenumbers. Many studies also reported the same IR
spectra [13,15,16,18,21]. The peaks appearing at 3400 were attributed to the Ti–OH bond,
a band at ~1630 cm−1 to the OH bending vibration of chemisorbed and/or physisorbed
water molecule on the surface of TiO2, and the strong band in the range of 700–500 cm−1 to
stretching vibrations of Ti–O–Ti bond [13,15,16,18,21].
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Figure 3. FTIR spectra of (a) urea, (b) TiO2, (c) TiO2–N (5), (d) TiO2–N (10) and (e) TiO2–N (15).

In comparison with the undoped TiO2, the spectra of all TiO2–N samples display
additional peaks at around 2160, 1427–1430 and 1288–1295 cm−1. The peaks look shaper
for TiO2–N with higher N content. The peaks at 1426–1430 and 1270–1290 cm−1 were
attributed to the vibrations of the N-Ti bond [16,21]. The appearance of the Ni-Ti bond
in the samples suggests that N atoms have been incorporated into the TiO2 lattice. The
peak at 2155–2160 cm−1 can be assigned for carbide (C2

2− or –C≡C–) species that possi-
bly corresponded to the residual of the incompletely decomposed urea [16], during the
hydrothermal at 150 ◦C and calcination at 400 ◦C. According to Li et al. [16], the complete
removal of the carbide species and urea decomposition into N element can be obtained
by calcination at the temperature of 450 ◦C. Lastly, there is also a weak peak at 2368 cm−1

appearing in the spectra of all samples that was neither from TiO2 nor from urea. Hence,
the peak possibly originated from the laboratory impurity contaminating KBr, which was
used for pelleting the samples.

2.1.4. By Scanning Electron Microscope (SEM)

In order to investigate the surface morphology of the N-doped TiO2 photocatalyst,
their SEM images were taken, which are displayed in Figure 4. The particles of TiO2 are
seen clearly as crystalline forms. The less crystalline phase is demonstrated by the images
of all N-doped TiO2, and the amorphous form is observed for TiO2–N (15) with highest
amount of N dopant. The similar images due to the higher dopant content have also been
reported by Khan et al. [19]. The less crystallin phase may infer the incorporation of N into
the TiO2 structure [16,21]. This phenomena matched well with the XRD data.
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Figure 4. The SEM images of (a) TiO2, (b)TiO2–N (5), (c) TiO2–N (10) and (d) TiO2–N (15).

2.2. Photocatalytic Activity TiO2–N under Visible Light in the Removal of Pb(II)

2.2.1. Influence of N Doping

The activity of the doped photocatalyst was evaluated by applying it to the photo-
catalysis of Pb(II) under visible light process, as well as under dark and UV irradiated
conditions for comparison. The results of the Pb(II) removal are illustrated in Figure 5.

Figure 5. The effectiveness of the Pb(II) photo-oxidation over (1) TiO2, (2) TiO2–N (5), (3) TiO2–N
(10) and (4) TiO2–N (15); under dark condition; and UV and visible light irradiation (photo-
catalyst weigh = 15 mg, volume of Pb(II) solution = 25 mL, Pb(II) concentration = 15 mg/L,
reaction time = 30 min and solution pH = 7).

It can be seen in the figure that N-doped TiO2 posed higher activity in the Pb(II) photo-
catalytic removal both under visible and UV lights compared to the undoped TiO2 activity.
The same trend has also been acquired by many authors [16–20,23,24]. The figure also
shows that the Pb(II) ions could be removed under dark conditions, due to the adsorption
of Pb2+ on the TiO2 surface. It is inferred that the photocatalytic removal is initiated and/or
accompanied by the adsorption step [18]. The enhancement of the visible photocatalytic-
oxidation was promoted by lowering band gap energy (Eg), that allowed TiO2 to be
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activated by visible light generating a lot of OH radicals for oxidation [16–20,23,24]. The
reactions of the formation of OH radicals and Pb(II) photo-oxidation were presented as
Equation (1), Equation (2) [11–14] and Equation (3) [7–9]. The effective photocatalytic-
oxidation of Pb(II) under visible light provides a potential and promising method to be
applied on a larger scale for industrial wastewater treatment.

TiO2-N + hv → TiO2-N + h+ + e− (1)

H2O + h+ → OH + H+ (2)

Pb2+ + 2.OH → PbO2 + 2H+ (3)

TiO2-N + h+ + e− → TiO2-N + heat (4)

Doping N could also considerably improve the photocatalyst activity under UV ir-
radiation, which can be promoted by slower recombination of e− and h+ (electron and
hole) pair, that is, generated during light exposure, as presented in Equation (4). It should
be noted that the recombination proceeds naturally and can cause photo-oxidation or
reduction reactions. Therefore, inhibition of the recombination needs to be afforded. The
recombination can be retarded by doping, since the N dopant can act as electron-hole sepa-
ration center [17,19,21] by capturing the electrons, which can prevent the recombination.
Hence, doping N atom essentially narrows the band gap of TiO2 for the photo-excitation or
red shift and simultaneously delays the recombination rate of photogenerated electron–hole
pair. The synergic role gives rise to the high effective photo-oxidation.

Moreover, the photocatalytic oxidation of Pb(II) under UV light is seen to be more
effective than that of under visible light. The Eg of TiO2 is 3.2 eV that is equal to UV light,
enabling TiO2 to be activated by UV irradiation, and hence more OH radicals could be
provided. In contrast, the energy of visible light t is lower than the Eg of TiO2, conse-
quently TiO2 was less active in generation of OH radicals [19], which resulted in the lower
photo-oxidation.

Figure 5 also illustrates that higher amount of N-doped raised the photo-oxidation effi-
ciency and reached maximum at 10% of N. The improvement was promoted by increasing
their activity under visible light due to the lower Eg. Additionally, more N dopant content
may improve the retardation of the recombination, further enhancing the Pb(II) oxidation.
On the contrary, at the N content beyond its optimum value, the Pb(II) oxidation seems to
be detrimental. The excess of N dopant (15% N) considerably decreased the crystallinity of
TiO2, which extended the amorphous phase, as described above. The greater amorphous
portion in TiO2 structure could adsorb more water molecules that prevent the formation
of OH radicals [19]. It is also possible that the residue of urea in TiO2–N (15) covered
the active sites on the TiO2 surface, thereby inhibiting the OH radical formation. These
conditions explain the decrease in the photo-oxidation. Same finding was also found by
some studies [16–20]. Based on their Eg values, 15% of N-doped photocatalysts posed
lowest Eg, suggesting the highest visible light absorption, and this showed the highest
photo-oxidation effectiveness. In fact, the highest photo-oxidation result was shown by
TiO2–N with 10% of N content. It is therefore obvious that both Eg value and the content
of N dopant played role in the photocatalysis process. In this case, the N content exhibited
higher role than the Eg value did.

2.2.2. Influence of Irradiation Time

As seen in Figure 6, prolonged irradiation time up to 30 min could considerably
improve the photo-oxidation, but upon further expansion of the irradiation time longer
than 30 min, a plateau of the photo-oxidation is observed. The similar trend data was also
noted previously [12,14,15,23,25].
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Figure 6. The influence of the irradiation time on the Pb(II) photo-oxidation (photocatalyst
weight = 15 mg, volume of Pb(II) solution = 25 mL, Pb(II) concentration = 15 mg/L, and solution
pH = 7).

With the extended time, the contact between the light and TiO2 proceeded to be
more effective, producing more OH radicals. In addition, with the prolong time, a greater
collision frequency occurred between the hydroxyl radicals and ion Pb(II) in the solution.
This conductive condition, therefore, promoted more effective photooxidation of Pb(II).
The longer process than 30 min resulted in a greater amount of the PbO2 deposited on the
surface of TiO2–N. Covering the TiO2 surface by PbO2 can limit the visible light tht reaches
the active surface of TiO2. As a consequence, the production of the OH radicals could not
be enhanced [23], so that the OH radicals available remained same, leading to constant
photo-oxidation. Moreover, the short optimum time for the most effective Pb(II) removal is
beneficial in terms of application on an industrial scale.

2.2.3. Influence of Photocatalyst Weight on the Photo-Oxidation of Pb(II)

The photo-oxidation of Pb(II) sharply increases with the elevation weight of the
photocatalyst, as demonstrated by Figure 7. The increase of the photocatalyst weight
provided more OH radicals that could enhance photodegradation.

Figure 7. The influence of the photocatalyst mass on the Pb(II) photo-oxidation (volume of Pb(II)
solution = 25 mL, Pb(II) concentration = 15 mg/L, reaction time = 30 min and solution pH = 7).
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This trend data is in perfect accordance with the data resulted by some studies [8,12,14,23].
The larger weight that exceeded the optimum level caused a detrimental in photodegrada-
tion. The excessive photocatalyst elevated the turbidity of the mixture that inhibited the
light penetration [8,14,23]. The other possible reason is that the large photocatalyst dose
allowed for agglomeration that depleted the active photocatalyst surface; thus, less photo-
oxidation efficiency was obtained [12]. The mass producing maximum photo-oxidation is
found as 15 mg for 25 mL of the Pb(II) solution, which is equal to 0.6 g/L of the photocata-
lyst dose. Such a dose is believed to be cost-effective on a larger scale.

2.2.4. Influence of Solution pH

The initial pH is one of the most effective parameters in photocatalytic processes,
which influences on the adsorption of the substrate on the photocatalyst surface and hence
the degradation. The success of the adsorption is dictated by the suitability of the substrate
and the photocatalyst surface charges [12]. It is notable in Figure 8, raising solution pH up
to 8 was found to noticeably enhance the photo-oxidation. The further elevation of the pH
decreased the photo-oxidation.

Figure 8. The influence of solution pH on the Pb(II) photo-oxidation (photocatalyst weigh = 15 mg,
volume of Pb(II) solution = 25 mL, Pb(II) concentration = 15 mg/L and reaction time = 30 min).

In the solution with low pH, the surface of TiO2 was protonated to form positive
charge (TiO2H+), inhibiting the OH radicals formation [8,12,14,23]. On the other side,
the cationic of Pb2+ was formed predominantly in the solution [7,8], which repulsed the
adsorption of Pb2+ on the surface of the protonated N-doped TiO2. These simultaneous
conditions led to less effective photo-oxidation. When the pH was gradually increased
up to 8, the protonation of TiO2 gradually depleted, which generated a greater amount of
OH radicals. In such a pH range, a large number of Pb2+ were available [7,8], enabling it
to interact with TiO2 surface effectively. This condition was very conducive to reaching
high photo-oxidation. At pH higher than 8 (base condition), the surface of TiO2 was found
as anionic TiO- species that were inhibited to release OH radicals [8,12,14,23]. In the base
solution, Pb(OH)2 precipitate was formed [7,8], which constrained the light penetration,
consequently limiting the photocatalyst to produce the OH radicals. The lower number of
OH radicals available and the presence of the precipitate explained the significant decline
of the photo-oxidation. From the data, it is found that the most effective process took place
at neutral pH and has the potential to be applied on an industrial scale.
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2.2.5. Detection of PbO2 Produced from the Photo-Oxidation

In order to detect the result of Pb(II) oxidation, the SEM-EDX analysis of TiO2–N (10)
before and after being used for Pb(II) photo-oxidation was executed, and the SEM images
and the EDX spectra were displayed as Figures 9 and 10, respectively. At the SEM image of
TiO2–N (10) after being used for photo-oxidation, the small particles (arrow signs) over
the surface of TiO2 are observable, which were not seen in the image of TiO2–N (10) before
it was used. The particles were very likely of PbO2 resulting from the photo-oxidation
of Pb(II).

Figure 9. The SEM images of (a) TiO2–N (10) before and (b) TiO2–N (10) after being used for Pb(II)
photo-oxidation.

Figure 10. The EDX spectra of (a) TiO2–N (10) before and (b) TiO2–N (10) after used for Pb(II)
photo-oxidation.
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The presence of PbO2 was strongly supported by EDX spectra of TiO2–N (10) after
being used for oxidation, which demonstrates the appearance of Pb peaks. Such peaks were
invisible in the spectra of TiO2–N (10) before used for oxidation. Other supporting data is
ascribed by increasing intensity of oxygen peak compared to the intensity of oxygen in the
spectra of TiO2 –N (10) before used. The increase of the intensity assigned the increase of the
oxygen amount that could be contributed by PbO2 material. Furthermore, the intensities
of Ti, N and C peaks found in TiO2–N (10) after used were notably reduced, due to the
incorporation of Pb and oxygen atoms into the photocatalyst.

The quantitative compositions of TiO2–N (10) before and after being used for Pb(II)
photo-oxidation that was derived from the EDX spectra by data processor in the machine
are displayed in Table 2. Generally, the compositions were consistent with EDX spectra.
The appearance of carbon element in both photocatalysts could be due to laboratory
impurity and the residue of the incomplete decomposed urea, which are also observed in
the respective FTIR spectra. The considerable quantity (5.20%) of Pb formed implied the
effective photo-oxidation of TiO2–N (10) under visible irradiation. Hence, there is obvious
evidence that the photo-oxidation of Pb(II) yielded of PbO2, by following the reaction in
Equation (4). The formation of PbO2 from Pb(II) photo-oxidation well agrees with the
finding reported previously [8,9]. The formation of the solid PbO2 is beneficial in terms of
solid waste treatment due to the less toxic and handleable waste.

Table 2. The composition the doped photocatalyst based on the EDX data.

Element
The Content of the Element in TiO2–N(10) (% Mole)

Before Photo-Oxidation After Photo-Oxidation

Ti 27.10 21.40
O 47.40 52.30
N 15.30 11.40
C 10.20 7.60
Pb - 5.20
Na - 2.10

In addition to Pb, the new peak associated with Na element is also observable. The
presence of Na could be originated from NaOH solution that was added to elevate pH
into 8, from pH 4 of the solution during photo-oxidation. In the solution, NaOH was
ionized into Na+ and OH- and the positive ion of Na+ adsorbed on the surface of TiO2
photocatalyst having more electrons or negative charged surface. The Na was kept to
attach on the surface of TiO2–N (10) that was detectable by EDX analysis.

2.2.6. The Activity of the Doped-Photocatalyst with the Repetition Used

In order to know the activity of the N-doped TiO2 photocatalyst after repetition use,
in the present study the photo-oxidation of Pb(II) under optimal condition over TiO2–N
(10), after being used in several times, was observed. The results are presented as Figure 11
and Table 3, exhibiting a gradual decrease of photoactivity with more repetitive use.

The first use of TiO2–N (10) photocatalyst resulted in 24.5 mg/g of the Pb(II) photo-
oxidation, which was about 98% toward the initial Pb(II) concentration, referring to the
high photoactivity of TiO2–N (10). In the second use of the photocatalyst, an insignificant
decrease of the Pb(II) photo-oxidation was obtained—22.63 mg/g, or about 91%. Such
photo-oxidation result implied that the activity of TiO2–N (10) photocatalyst remained
high after being used once. Additionally, the very low decrease of the photo-oxidation
could be effected by of 24.5 mg/g of the Pb occupation on the photocatalyst surface, which
still could provide appreciable active surface of the photocatalyst. The appreciable surface
active allowed the photocatalyst to have effective contact with visible light, to further
produce suffice of OH radicals for the photo-oxidation.
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Figure 11. The activity of TiO2–N (10) on the Pb(II) photo-oxidation with several repetitions.

Table 3. The activity of repeatedly used TiO2–N (10) photocatalyst.

Repetition of
TiO2–N(10) Use

Pb Resulted from the
Photo-Oxidation over

TiO2–N(10) (mg/g)

Pb(II) Photo-Oxidized
(%)

Total Pb Resulted from the
Photo-Oxidation Distributed

over TiO2–N(10) Surface
(mg/g)

1st 24.53 98.12 24.53

2nd 22.63 90.50 47.16

3th 20.33 81.30 67.49

4th 13.76 55.02 81.25

The third repetitive use of the photocatalyst in the Pb(II) photo-oxidation yielded
20.30 mg/g or about 81 %, which was less than that that resulted from the second-use
photocatalyst. The result of the photo-oxidation (81%) suggested the decent activity
of the third-use photocatalyst. The slight depletion of the photo-oxidation could have
been generated by the photocatalyst that was covered by 47.13 mg/g of the total Pb.
This covering surface of the photocatalyst was believed to keep adequate surface area of
the photocatalyst, which could effectively keep contact with the visible light to produce
adequate number of OH for photo-oxidation.

When the photo- oxidation of Pb(II) process was conducted by applying the third-
use photocatalyst through fourth process, the photo-oxidation drastically declined into
13.76 mg/g or around 55%. This low photo-oxidation result showed that the photocatalyst
suffered from the activity. This significant decrease of the photo-activity was induced by
smaller surface area of TiO2–N (10) because of the covering by large Pb about 67.43 mg/g.
Such noticeable covering obviously prevented the interaction between the photocatalyst
with the visible light, which resulted in lack of OH radicals. From the data, it is clear
that the repeatedly used photocatalyst up to three times showed significant activity in the
Pb(II) photo-oxidation. Hence, the photocatalyst is believed to have promise in terms of
application on an industrial scale.
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3. Materials and Methods

3.1. Materials

The chemicals used in this research were TiO2, urea, Pb(NO3)2, HCl and NaOH, which
were purchased from E. Merck with analytical grade and were used without any purification.

3.2. Methods

3.2.1. Doping Process of N on TiO2

Doping was performed by hydrothermal method reported previously [23] with small
modification. TiO2 powder (about 1 g) was dispersed in 200 mL of 1 g/L urea solution
in water solvent. The mixture was placed in autoclave and then was heated at 150 ◦C
for 24 h. The doped TiO2 -N that resulted was dried at 100 ◦C for 30 min and continued
by calcination at 400 ◦C for 2 h. The sample was kept for characterization and activity
evaluation. With such an amount of urea, theoretically, N content in TiO2 was about 5 % w.
The same procedure was repeated for urea with 2 g/L and 3 g /L of the concentrations,
giving approximately 10% w and 15% w of N content in the doped TiO2 respectively.
Therefore, the doped photocatalyst samples were coded as TiO2–N (5), TiO2–N (10) and
TiO2–N (15).

3.2.2. Characterization of N-Doped TiO2

The doped photocatalysts obtained were characterized by using Pharmaspec UV-
1700 Diffuse reflection ultra violet (DRUV) spectrophotometer to determine their band gap
energies (Eg). The DRUV spectra were recorded in the wavelength (λ) range of 200–700 nm.
The values of Eg were calculated based on the wavelengths of absorption edge by following
relationship of Eg = 1240/λ [20]. The wavelengths of absorption edge were estimated based
on the intersection of the straight lines of Y-axis with X-axis [20].

A Shimadzu 6000X-XRD machine with radiation source of Cu Kα (1,54056 Å) was
operated at 30 mA of the current and 40 kV of the voltage to detect the crystallinity of
the samples. The XRD patterns of the samples, having about 200 µm of the particle size,
were scanned in the range of the 2 tetha of 5–80◦ with scanning rate was 5◦/min. Fourier
transform infrared (FT-IR) spectra with the wavenumber of 4000–400 cm−1 of the KBr pel-
leted samples were recorded on Prestige 21 Fourier-Transform Infrared spectrophotometer.
From the FTIR spectra, the characteristic chemical bond vibrations could be found. In
order to get the surface morphology of the samples, the SEM-EDX images of the samples
were taken by Hitachi SU 3500 Scanning Electron Microscopy and Energy Dispersive X-ray
(SEM-EDX) equipped with Coating Hitachi MC1000 ION SPUTTER 15 mA and 20 s. In this
analysis, the samples were initially metalized by gold coating. All the instruments used are
available at Gadjah Mada University, Yogyakarta, Indonesia.

3.2.3. Photo-Oxidation of Pb(II) in the Solution over TiO2–N Photocatalyst

The photo-oxidation of Pb(II) was conducted by batch technique in the apparatus seen
in Figure 12. The Pb(II) solution 15 mg//L 25 mL in a beaker glass was mixed with 15 mg
of TiO2–N (5), and the glass was put in the photocatalysis apparatus. Next, the beaker
glass in the apparatus was irradiated with three wolfram lamps Philip 20 watt as source
of visible light, accompanied by magnetically stirring with 200 rpm of the stirring rate for
30 min. The Pb(II) left in the solution was analyzed by Perkin-Elmer 110 AAS machine.
The concentration of the Pb(II) was determined by extrapolation on the corresponding
standard curve. The same procedure was copied for processes under dark condition, under
UV irradiation emitted from 20 watt black light blue (BLB)-type UV lamps, for process
with TiO2–N containing N of 10% and 15%, and for processes with various irradiation
times (5, 10, 20, 30, 45 and 60 min), photocatalyst weights (1, 5, 10, 15, 20 and 25 mg) and
solution pH values (4, 6, 8, 10 and 12). When one parameter was varied, other parameters
were kept to be constant. In addition, the repetitive use of the doped photocatalyst in the
photo-oxidation was also preceded by following the same procedure. Each experiment
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was repeated three times, and the deviation of the photo-oxidation of Pb(II) results were
found to be 5–10%.

 

 

 

Figure 12. A set of apparatus used for Pb(II) photo-oxidation processes composed of: (a) melamine
box, (b) visible or UV lamps, (c) magnetic stirrer plate, (d) photocatalyst powder, (e) magnetic stirrer
bar and (f) sample solution.

4. Conclusions

The N-doped TiO2 photocatalyst was successfully prepared using the hydrothermal
method, which narrowed the band gap energy, allowing it to absorb visible light. It was
found that doping N on TiO2 structure could improve its activity in the Pb(II) photo-
oxidation under visible light irradiation. The most effective Pb(II) photo-oxidation (98%)
from Pb(II) 15 mg/L in 25 mL solution was reached by using TiO2–N with 10% of N
fraction, by applying the condition of 15 mg of the doped photocatalyst, 30 min and pH 8.
It is also evident that PbO2 is produced from the Pb(II) photo-oxidation. The doped TiO2
photocatalyst with three repetitions demonstrated sufficient activity in the photo-oxidation.
The low photocatalyst dose, short reaction time and neutral pH used to achieve the highest
effective process are beneficial factors allowing the method to be applied for the treatment
of industrial-Pb(II)-containing wastewater.
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Abstract: An eco-friendly photocatalytic coating, active under a cost-effective near-visible LED system,
was synthesized without any calcination step for the removal of organic pollutants. Three types of
doping (Fe, N and Fe +N), with different dopant/Ti molar ratios, were investigated and compared
with undoped TiO2 and the commercial P25 photocatalyst. Nano-crystalline anatase-brookite particles
were successfully produced with the aqueous sol-gel process, also at a larger scale. All samples
displayed a higher visible absorption and specific surface area than P25. Photoactivity of the catalyst
powders was evaluated through the degradation of p-nitrophenol in water under visible light
(>400 nm). As intended, all samples were more performant than P25. The N-doping, the Fe-doping
and their combination promoted the activity under visible light. Films, coated on three different
substrates, were then compared. Finally, the photoactivity of a film, produced from the optimal
N-Fe co-doped colloid, was evaluated on the degradation of (i) p-nitrophenol under UV-A light
(365 nm) and (ii) rhodamine B under LED visible light (395 nm), and compared to undoped TiO2

film. The higher enhancement is obtained under the longer wavelength (395 nm). The possibility of
producing photocatalytic films without any calcination step and active under low-energy LED light
constitutes a step forward for an industrial development.

Keywords: photocatalysis; Fe/N doping; titania; aqueous sol-gel process; LED visible light

1. Introduction

The last centuries have seen a steady increase in human activities, causing a remarkable
technological development and soaring human populations. However, the industrial expansion
has brought atmospheric, ground and water pollution, all harmful for humans and the environment [1].
Indeed, major pollution can cause human diseases like breathing problems, cardiovascular problems,
cancers, neurobehavioral disorders, etc. It can also affect global warming, which worsens climate
change, increases sea level rises and causes serious damage on e.g., animals and flora [1]. Major
anthropogenic pollutants are aromatic compounds, pesticides, chlorinated compounds, SOx, NOx,
heavy metals or petroleum hydrocarbons [1]. In order to decrease this emitted pollution, various
chemical, physical and biological treatments exist [2,3]. Some molecules (like micropollutants and
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pharmaceuticals) are not eliminated or degraded by these processes and additional specific treatments
are required to remove this small residual fraction of pollution. Among the possible methods,
photocatalysis is a technique well-developed in the past years [4].

This technique consists of a set of redox reactions between organic pollutants and radicals or other
active species. A semiconductor photocatalyst and any UV light source are required since the first
active species are generated by the illumination of the photocatalyst [5,6]. This mechanism promotes
the production of highly reactive species able to react and decompose organic molecules. In the best
case, the final decomposition products are CO2 and H2O [5,6].

The most common photocatalyst is titanium dioxide (TiO2) under the anatase phase [7–9].
The amount of energy required to activate anatase TiO2 is high. Indeed, the width of its band gap
(3.2 eV) corresponds to a light source with a wavelength inferior or equal to 388 nm [10]. This wavelength
corresponds to UV radiation, which is more energetic than visible light.

The conventional light sources used for photocatalytic processes have several disadvantages like
a high energy consumption, a high operational temperature (600–900 ◦C), difficulty in operation, and a
short life span of between 500 and 2000 h [11–13]. In recent years [13–17], research has focused on the
development of alternative lighting systems for photocatalytic water treatment using light-emitting
diodes (LED). This lighting presents several advantages: it is cost-effective, eco-friendly, compact,
with a narrow spectrum and a very long life span (> 50,000 h) [13–17]. However, UV LEDs have low
efficiencies, with e.g., [18] taking pride in 20% external quantum efficiency for a 275-nm monochromatic
LED. Decreasing the band gap of the photocatalyst, i.e., shifting toward visible LED, is thus very
effective regarding the energy consumption.

The use of TiO2 as photocatalyst has two main limitations [10]: (i) the fast charge recombination
and (ii) the large band gap value. Indeed, if the recombination of the photo-generated species
(e− and h+) is fast, the production of radicals is low and the degradation is less effective. Furthermore,
as explained above, if the band gap is large, the energy required for the electron transfer is high and
only UV radiation can be used.

To prevent these limitations, several studies have been carried out. Regarding the improvement of
the recombination time, the major modification of TiO2 materials is the addition of metallic nanoparticles
or metallic ions as Ag [19,20], Au [19,21], Pt [22,23], Pd [20], Fe3+ [24–27] or Cu2+ [24,25,28]. In this
case, the metallic nanoparticle or metallic ion plays a role of electron trap allowing to increase the
recombination time [29]. Combination with other semiconductors has also been investigated [10]
such as TiO2/ZnO [30], TiO2/CdS, TiO2/Bi2S3 [10] or TiO2/ZrO2 [31]. In this case, synergetic effects
lead to a better charge separation or an increased photostability. In order to extend the activity under
visible light and therefore reduce the band gap, TiO2 materials have been modified with different
elements or molecules: (i) metallic ions [25,28,32] such as Cu [33] or Fe [26], (ii) dye molecules such as
porphyrins [34–36] or (iii) non-metallic elements such as N [37–39], P [40,41], S [10,42] or F [10,43].

Depending on the application requirements, TiO2 can be used as a powder or a film. Typically,
the as-synthesized material is amorphous and has no photoactivity; it is subsequently calcined to
increase its crystallinity and so, the photoactivity. For practical applications in water treatment,
photocatalytic coatings are more convenient. Unlike powders, they do not require any filtration step.
Nevertheless, increasing the amount of photocatalyst implies increasing the area of the coated surface,
while it simply implies a higher concentration in the case of powders. In terms of design, increasing the
coated surface is a challenging topic if one wants to fulfill space constraints and maximize illumination.
Furthermore, calcination may be detrimental to the substrate. For example, stainless steel loses its
anticorrosive properties after a high temperature treatment.

This study aims to develop an eco-friendly and efficient photocatalytic coating, active under
a cost-effective near-visible LED system for the removal of organic pollutants. To reach this goal,
the research was conducted in two steps: (i) crystalline TiO2-based photocatalysts powders were
prepared without any calcination step by a sol-gel process in water and the composition was optimized
to extend photoactivity toward the visible range, then (ii) the best materials were coated on three
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different substrates (bare and brushed stainless steel and glass substrates) to assess its efficiency on
organic pollutants removal under a near-visible LED light source.

TiO2 was co-doped with Fe and N in order to extend its activity toward the visible region and
reduce the charge recombination. Different amounts of Fe and N were tested. The corresponding
pure and single-doped catalysts were also synthesized. The powder materials were characterized
by nitrogen adsorption–desorption, X-ray diffraction, inductively coupled plasma–optical emission
spectroscopy, diffuse reflectance and X-ray photo-electron spectroscopy. The photocatalytic activity
of the powder samples was evaluated through the degradation of p-nitrophenol (PNP, C6H5NO3)
under conventional halogen visible light (λ > 400 nm). The degradation experiments highlighted
the influence of the dopants on the visible activity. The optimized materials were deposited on bare
and brushed stainless steel and glass substrates. The photoactivity of those samples were assessed
on the basis of the degradation of (i) PNP under UV-A light (365 nm) and (ii) rhodamine B under
near-visible LED light (395 nm). The degradation efficiency was compared to the one obtained with
pure TiO2 coatings. In order to demonstrate the feasibility of an industrial development, one of our
photocatalysts was synthesized in a pilot-scale equipment of 10 L and compared to the corresponding
material obtained at laboratory scale.

2. Results and Discussion

2.1. Sample Crystallographic Properties

The X-ray diffraction patterns (XRD) of pure and three doped TiO2 catalysts are presented in
Figure 1. Similar XRD patterns were obtained for the other samples.

 

λ

● ▲ ■ ♦Figure 1. X-ray diffraction (XRD) patterns: (•) pure TiO2, (N) TiO2/Fe0.5, (�) TiO2/N43 and (�)
TiO2/Fe0.5/N43. (A) Reference pattern of anatase and (B) reference pattern of brookite. Sample names
and compositions are listed in Table 1.
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Table 1. Textural and optical properties of TiO2-based photocatalysts.

Sample
Fe

Content
mol/mol%

dXRD

nm
± 1

SBET

m2 g−1

± 5

VDR

cm3 g−1

± 0.01

Vp

cm3 g−1

± 0.01

dBET

nm
± 1

Eg,direct

eV
± 0.01

Eg,indirect

eV
± 0.01

P25 – 1 182–83 47 0.03 – 1 31 3.45 3.05
Pure TiO2 – 1 5 180 0.09 0.10 9 3.25 2.90

TiO2/Fe0.25 0.32 4 195 0.10 0.10 8 3.25 2.80
TiO2/Fe0.5 0.56 5 180 0.10 0.10 9 3.20 2.75
TiO2/N10 – 1 5 185 0.10 0.10 8 3.15 2.90
TiO2/N30 – 1 4 185 0.09 0.09 8 3.15 2.90
TiO2/N43 – 1 5 220 0.11 0.11 7 3.20 2.90
TiO2/N75 – 1 4 210 0.11 0.11 7 3.20 2.90

TiO2/Fe0.25/N10 0.28 4 155 0.08 0.08 10 3.10 2.80
TiO2/Fe0.25/N30 0.27 4 200 0.10 0.10 8 3.10 2.75
TiO2/Fe0.25/N43 0.27 4 240 0.12 0.12 6 3.10 2.80
TiO2/Fe0.25/N75 0.31 4 235 0.12 0.12 7 3.15 2.70
TiO2/Fe0.5/N10 0.54 5 185 0.10 0.10 8 3.05 2.70
TiO2/Fe0.5/N30 0.54 4 210 0.11 0.11 7 3.1 2.65
TiO2/Fe0.5/N43 0.55 4 230 0.12 0.12 7 3.05 2.65
TiO2/Fe0.5/N75 0.53 4 220 0.11 0.11 7 3.05 2.65

1 Not measured; 2 measured from anatase peak; 3 measured from rutile peak; SBET: specific surface area estimated
by the BET theory; VDR: specific micropore volume estimated by the Dubinin–Raduskevitch method; dBET: mean
diameter of TiO2 nanoparticles calculated from SBET values; dXRD: mean diameter of TiO2 crystallites calculated
using the Scherrer equation; Eg,direct: direct optical band gap values estimated with the transformed Kubelka–Munk
function; Eg,indirect: indirect optical band gap values estimated with the transformed Kubelka–Munk function.

All samples are mainly composed of anatase with a small amount of brookite. The crystallite
size, dXRD, determined by the Scherrer equation (Equation (12) in Section 3.4) is 4–5 nm (Table 1)
regardless of the nature or content of the dopant [33]. The calculated crystallite size could be slightly
underestimated because of the presence of a small amount of brookite. The phase quantification is
presented in Table 2. For all samples, the distribution between anatase and brookite phases was quite
similar with ~90% of anatase and ~10% of brookite.

Table 2. Semi-quantitative analysis of sample crystallinity.

Sample
Anatase Content

%
Brookite Content

%
Rutile Content

%

P25 80 – 20
Pure TiO2 89 11 –

TiO2/Fe0.25 90 10 –
TiO2/Fe0.5 90 10 –
TiO2/N10 91 9 –
TiO2/N30 89 11 –
TiO2/N43 91 9 –
TiO2/N75 90 10 –

TiO2/Fe0.25/N10 90 10 –
TiO2/Fe0.25/N30 88 12 –
TiO2/Fe0.25/N43 91 10 –
TiO2/Fe0.25/N75 89 11 –
TiO2/Fe0.5/N10 88 12 –
TiO2/Fe0.5/N30 89 11 –
TiO2/Fe0.5/N43 90 10 –
TiO2/Fe0.5/N75 92 8 –

2.2. Textural Properties and Morphology

The nitrogen adsorption–desorption isotherms are presented in Figure 2 for four samples:
pure TiO2, TiO2/Fe0.5, TiO2/N43 and TiO2/Fe0.5/N43. All other isotherms have a similar shape with a
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steep increase of the adsorbed volume at low pressure followed by a plateau. This corresponds to
a microporous solid from the BDDT classification (type I isotherm) [44]. The corresponding specific
surface area, SBET, total pore volume, Vp, and micropore volume, VDR, are reported in Table 1.
The specific surface area varies between 155 and 240 m2 g−1, while the total pore volume varies between
0.08 and 0.12 cm3 g−1. The samples are essentially microporous, as the total pore volume is identical to
the micropore volume. These surface properties are consistent with the ones usually found in literature
for samples prepared with this peptization–precipitation method [33,45].
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Figure 2. Nitrogen adsorption–desorption isotherms: (•) pure TiO2, (N) TiO2/Fe0.5, (�) TiO2/N43 and
(�) TiO2/Fe0.5/N43.

A model developed earlier assumes that these materials are composed of spherical, non-porous
TiO2 nanoparticles between which small voids exist (i.e., < 2 nm, micropores) [26,33]. Thus, a particle
size, dBET, can be estimated from the SBET value and Equation (11) (see Section 3.4). The values are
reported in Table 1. For all samples, the dBET is around 7–8 nm. The values are consistent with the
ones determined by XRD and are independent of the nature and content of the dopant. Therefore,
the assumption made before is realistic, and each spherical nanoparticle would correspond to one
crystallite. This morphology is confirmed by transmission electron microscopy (TEM) observations
from Figure 3 (see below).
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Figure 3. Transmission electron microscopy (TEM) pictures of (a) pure TiO2 and (b) TiO2/Fe0.5.

The isotherm of Evonik P25 (Figure S1 in Supplementary Materials) typically corresponds to a
macroporous solid. At high pressure, the adsorbed volume increases asymptotically like in type II
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isotherm (macroporous solid) [44]. The SBET and VDR values are lower than pure and doped TiO2

samples ones with values of 47 m2 g−1 and 0.03 cm3 g−1 respectively.
The morphology of the samples was visualized with a transmission electron microscope. The same

morphology was observed for all samples with aggregates of spherical nanoparticles. The diameter of
the nanoparticles is in the range of 5 to 8 nm. This size was similar to the crystallite size measured by
XRD (Table 1). Pure TiO2 and TiO2/Fe0.5 TEM micrographs are presented in Figure 3 as examples.

2.3. Optical Properties

Optical properties were evaluated by diffuse reflectance spectroscopy. Figure 4 presents the
evolution of the normalized Kubelka–Munk function F(R∞) with wavelength, λ, for the pure TiO2,
TiO2/Fe0.5, TiO2/N43, TiO2/Fe0.5/N43 and Evonik P25.
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Figure 4. Normalized Kubelka–Munk function F(R∞) calculated from DR-UV-Vis absorbance spectra
and transformed via the Kubelka–Munk function for (•) pure TiO2, (N) TiO2/Fe0.5, (�) TiO2/N43, (�)
TiO2/Fe0.5/N43 and (N) Evonik P25.

There is a clear shift of the curves towards longer wavelengths for all samples compared to
Evonik P25, suggesting an activation under UV-Visible light. This result is in accordance with similar
photocatalysts produced by different methods such as hydrothermal methods [46], sonochemical
methods [47], and sol-gel methods in alcohol requiring calcination [48]. The pure TiO2 is already
shifted toward the visible compared to P25. This is probably due to nitrogen insertion during the
synthesis [39]. Nitric acid is used as peptizing agent in the aqueous synthesis, leading to nitrogen
insertion. The N-doping is confirmed by the XPS measurements (see Section 2.4). Adding iron to pure
TiO2 modifies the slope of the pure TiO2 curve while adding nitrogen shifts it. The co-doped sample
combines both effects (slope+ translation) with, as a result, a higher shift than the single-doped samples.

The transformed Kulbelka–Munk function (F(R∞)hν)1/m as a function of the energy enables to
estimate the direct and indirect band gap values, taking m equal to 1

2 and 2 respectively. The values are
reported in Table 1. Both Eg,direct and Eg,indirect decrease with doping, suggesting a positive effect of
iron and nitrogen on the activation under UV-Visible.

2.4. Sample Composition

The actual iron content, determined by inductively coupled plasma–optical emission spectroscopy
(ICP-OES), is consistent with the intended content of iron introduced during the synthesis of the doped
samples (Table 1).
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The survey X-ray photo-electron spectroscopy (XPS) spectrum for the pure TiO2 sample is
presented in Figure S2 (Supplementary Materials). The different peaks (carbon, oxygen, nitrogen,
titanium) are labelled. Similar spectra were obtained for all other samples. The intensity of the peaks
representative of nitrogen is too low to make them visible on the general spectrum. Iron is not detected
by XPS. This is probably due to the small amount and homogeneous distribution of iron in the sample.
This has already been observed in literature [49].

Spectra specific to Ti 2p, O 1s, N 1s and C 1s are presented in Figure 5 for the TiO2/Fe0.5/N43 sample.

 

 

(a) (b) 

(c) (d) 

Figure 5. X-ray photo-electron spectroscopy (XPS) spectra of the TiO2/Fe0.5/N43 sample: (a) Ti 2p

region, (b) O 1s region, (c) N 1s region and (d) C 1s region.

The Ti 2p spectrum (Figure 5a) shows the Ti 2p1/2 and Ti 2p3/2 peaks at 464 and 459 eV respectively.
They are attributed to Ti4+ species in TiO2 [39,50].

As for the O 1s spectrum (Figure 5b), the sample’s peak at 530 eV is associated to Ti–O in TiO2.
The tail at higher binding energy in the O 1s peak is difficult to exploit because of the presence of a
significant amount of oxygen caused by carbonaceous contamination accumulating at the surface of
the sample (inherent to XPS and unavoidable) or bonded to nitrogen. The O 1s/Ti 2p ratio is around
2.5 which is close to the stoichiometric ratio in TiO2. The gap between 2 and 2.5 is due to this oxygen
involved in the surface carbonaceous contamination.

The C 1s contribution is divided into four components (Figure 5d). The C–(C,H) contribution
at 284.8 eV is a classical aliphatic carbon contamination used to calibrate the measurements. In our
standard routine procedure for decomposing the C 1s contribution, we define the contribution of
carbon involved in simple bond with O or N at 1.5 eV higher (286.3 eV). The signals at a binding energy
of around 288 eV are attributed to the contribution of C multiple-bonded to O. The other samples show
comparable decomposition of the C signal.

In the case of the N 1s spectrum (Figure 5c), two peaks are visible for pure TiO2: one centered on
400 eV and one around 407 eV. According to literature, a N 1s peak around 400 eV may correspond
to interstitial Ti–O–N [50,51] leading to visible absorption. This activation under UV/Visible light is
consistent with the diffuse reflectance measurements (Figure 4). Indeed, a higher visible absorption is
observed in N-doped samples compared to Evonik P25. Other impurities such as ammonium ions
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also show an XPS peak at about 400 eV [52]. Since ammonium chloride was used for the N doping,
the presence of NH4+ could lead to a misleading interpretation of XPS results. This is the reason why
samples were washed several times. The second peak at 407 eV may be linked to residual nitrate due
to the residual nitric acid from the synthesis as shown in [39].

The two peaks related to nitrogen are present in all XPS spectra but there is no clear difference
between the samples and the N/Ti ratios are quite similar for all samples. This has already been
observed in the literature [53,54]. Even if increasing the amount of nitrogen during the synthesis does
not seem to have an impact on the surface composition of the samples (XPS), all samples are actually
different, as shown by diffuse reflectance tests (Section 2.3) and photocatalytic activity tests (Section 2.5).
One possible explanation is the inhomogeneous repartition of nitrogen along the depth of the samples.
Furthermore, even if the presence of photoactive N dopant is revealed by other techniques (optical
absorption, Electron Paramagnetic Resonance), the signal sometimes seems to escape XPS detection,
as pointed out by [52]. In Smirniotis et al. [53], the relative atomic concentrations of N in N-doped TiO2

(aerosol synthesis) do not vary significantly between samples obtained with different concentration
of nitric acid. Furthermore, the relative atomic concentrations obtained by XPS differ from the ones
obtained by energy-dispersive X-ray (EDX) spectroscopy. In Gil et al. [54], nitrogen is not detected.

Let us mention that the small changes in the XRD patterns and in the N-signal in XPS show that
the amount of nitrogen that is actually incorporated in the TiO2 lattice is probably small, and clearly
lower than 10 to 75%. So, in the label of the samples, the N content corresponds to the starting one.

2.5. Photocatalytic Activity of the Powders

Adsorption tests performed in the dark showed a mean adsorption of PNP of 3%. Results of the
degradation tests are presented in Figure 6 for all samples. All samples have a better activity under
visible light than P25 (~12% of PNP degradation), even for the pure TiO2 (~25% of PNP degradation).
As previously explained, due to the synthesis method and the use of nitric acid, all the samples are
doped with nitrogen, even the pure TiO2 sample. The best sample, TiO2/Fe0.5/N43, reaches a PNP
degradation of 67%.

 

~ ~

λ
Figure 6. p-Nitrophenol (PNP) degradation (%) under visible light (λ > 400 nm) for all samples after
24 h of reaction time.

Both dopants have a positive effect on the degradation of PNP under the conditions of the
catalytic experiments. For Fe single-doped TiO2, 0.25 mol% of Fe enhances the photocatalytic activity,
but increasing its content beyond that value becomes detrimental to the degradation of PNP [26].

During the peptization, the metal ion dopant species (Mn+) are hydrolyzed, leading to the
formation of [Mx(OH)y](nx−y)+. Hydroxylated species associated to Fe3+ dopant are known to be
particularly stable, therefore increasing the –OH density at the surface of the catalyst [26]. This could
explain the enhancement of the photocatalytic activity of the Fe3+-doped samples owing to a higher
production of hydroxyl radicals and a higher hydrophilicity. Furthermore, the reduction of the band gap
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value for Fe-doped samples (Table 1) suggests the presence of an intra-band gap level, thus reducing
the energy required to activate the samples, i.e., shifting the activity toward visible.

The mechanism of organic pollutant degradation by pure TiO2 is well-established [55]. By absorbing
the energy brought by the light, free electrons (e−) and holes (h+) are generated and can react with O2

and H2O respectively to generate the corresponding oxidative species O2
− • and •OH.

The use of Fe3+ induces the photo-Fenton effect, i.e. the photo-reduction of ferric ions into ferrous
ones by reacting with water in the presence of light:

Fe3+ + H2O + hν→ Fe2+ + •OH + H+ (1)

where h is the Planck constant (6.63 × 10−34 J.s) and ν is the light frequency (Hz).
There is therefore an increased production of hydroxyl radicals •OH which can degrade

organic pollutants.
Furthermore, Fe3+ can act as charge trapping sites, hindering the e−-h+ recombination process.

The photo-generated holes and electrons trapped by Fe3+ can easily be transferred to surface –OH
groups and adsorbed oxygen at the surface of TiO2 to produce •OH and O2

− radicals (see Equations (2)
to (8)) [25,28,33]. This induces an enhanced photocatalytic activity.

Fe3+ + h+→ Fe4+ (2)

Fe3+ + e−→ Fe2+ (3)

Fe2+ + O2(ads)→ Fe3+ + O2
− (4)

Fe2+ + Ti4+→ Fe3+ + Ti3+ (5)

Ti3+ + O2(ads)→ Ti4+ + O2
− (6)

Fe4+ + e−→ Fe3+ (7)

Fe4+ + OH− (ads)→ Fe3+ + •OH(ads) (8)

However, a high Fe3+ concentration is detrimental to the photocatalytic activity because Fe3+ acts
as e−-h+ recombination center through cyclic redox reactions without the generation of active radicals
available for the photocatalytic degradation process.

Adding N to TiO2 has a positive effect on the degradation of PNP. The higher the amount of
N, the higher the degradation of PNP. The molar percentages, included in the label of the samples
(Table 1), correspond to the amounts of nitrogen introduced during the synthesis. Samples containing
nitrogen were washed three times in order to remove the excess of salts and therefore to eliminate the
residual NH4

+ and Cl−. In fact, the NH4
+ ions show an XPS peak at about 400 eV, the same binding

energy as the N photoactive species in TiO2/N.
The reasons for the enhancement of the photoactivity with N-doping are still not clear, regarding

the chemical nature of doping centers and the modification of the band structure. Now authors
mostly agree on the fact that the presence of N leads to a band gap narrowing, with an interband gap
some tenths of electronvolts over the valence band. The nitrogen species can be incorporated to the
TiO2 lattice in a substitutional or interstitial position. In the substitutional position, a nitrogen atom
substitutes an oxygen at a regular lattice site while in the interstitial position the nitrogen atom is
chemically bound to a lattice oxygen. Substitutional N-doping can be excluded in our study, since
the corresponding peak around 396-7 eV is never present. This is consistent with literature, where
the substitutional nitrogen is usually only observed for materials prepared by physical methods [56].
At this stage, even if interstitial N-doping is generally favored in sol-gel chemistry and consistent with
the 400 eV peak [38], the decomposition of the N peak does not allow to claim the presence of Ti–O–N
interstitial species only.
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The highest photocatalytic activity is obtained for co-doped samples, assuming a combination of
positive effects of both dopants.

The obtained photo-efficiency can be compared with literature. However, the large range of
operating conditions reported in the photocatalytic experiments makes the comparison difficult.
Indeed, the pollutant, its concentration, the illumination, or the catalyst amount were often different
from one study to another.

In Gil et al. [54], sol-gel N-doped TiO2 photocatalysts were synthesized and tested on the
degradation of different emergent pollutants as caffeine, diclofenac, ibuprofen and salicylic acid.
The photoactivity was evaluated under UV radiation with very low pollutant concentrations (1–15 ppm)
and a catalyst concentration of 0.1 to 1 g/L. The degradation was faster than in our study, only 2 h,
due to the higher energetic light used (UV radiation vs. visible light).

In Smirniotis et al. [53], N-doped TiO2 is produced by a flame aerosol method to enhance visible
activity. The degradation of phenol was conducted for 2 h and the comparison with commercial
Evonik P25 was performed. The catalyst concentration was 1 g/L and the phenol concentration was
5 × 10−4 M. The best N-doped catalyst degraded 50% of phenol while P25 degraded only less than 5%.
Our model pollutant, PNP, is a more complex molecule than phenol. The reaction time was therefore
higher (24 h). However, when comparing our best sample with P25, the gain in photoactivity was
similar to Smirniotis et al. [53].

In Suwannaruang et al. [57], Fe/N co-doped TiO2 was synthesized via sol-gel hydrothermal
method. The photoactivity was evaluated on the degradation of ciprofloxacin (20 mg/L corresponding
to 6 × 10−5 M) under LED illumination (no information available about the wavelength) and a catalyst
concentration of 1 g/L. The best catalyst (2.5 % N–1.5 % Fe) degraded 67% of ciprofloxacin after 6 h.
Our best catalyst, TiO2/Fe0.5/N43, degraded 67% of PNP after 24 h with a concentration of 10−4 M.

In Aba-Guevara et al. [49], Fe/N co-doped TiO2 was also synthesized via sol-gel and microwave
methods. The photoactivity was evaluated on the degradation of amoxicillin and streptomycin with a
concentration of 30 mg/L (~ 8 × 10−5 M and 5 × 10−5 M) under visible light (> 400 nm). The catalyst
concentration was 1 g/L. After 5 h of illumination, the best sample (the sol-gel one with 0.7% Fe/0.5% N)
degraded 42% of amoxicillin and 26% of streptomycin. A relevant comparison is difficult because
those molecules are different from PNP.

A previous study of our laboratory reported the photoactivity obtained, in similar operating
conditions, but with TiO2/ZrO2. When comparing the results, a better activity is reached with
our TiO2/Fe0.5/N43 sample than the TiO2/ZrO2 sample (67 vs. 40% of PNP degradation in same
conditions [31]).

2.6. Film Crystallinity and Thickness

Films were deposited on three substrates with different colloids presented in the first part of this
study: the TiO2/Fe0.5 and the TiO2/Fe0.5/N43 colloids. Coatings with pure TiO2 were also made for
comparative purposes.

The films were washed with water and dried before characterization to ensure the adhesion of the
coating to the substrate. For all samples, the film remains unmodified after washing; the surface is
slightly iridescent.

The crystallinity of the TiO2 coatings was assessed using grazing incidence X-ray diffraction
(GIXRD). Similar patterns were obtained for all samples; only the TiO2/Fe0.25/N43 pattern deposited
on brushed steel is represented in Figure 7. The broad peak at 25◦, associated to anatase, is clearly
observed. Regarding the peak shape, it is similar to the one obtained with the powder (Figure 1).
Indeed, the broadness of the peak is caused by the very low value of the crystallite sizes (around 4 nm,
Table 1). Some additional peaks are observed around 32, 43 and 51◦ corresponding to the brushed
stainless steel substrate (chromium oxide PDF 00-059-0308 and chromium PDF 01-088-2323 phases).
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Figure 7. Grazing incidence X-ray diffraction (GIXRD) pattern of (�) a TiO2/Fe0.25/N43 film on steel,
(•) a calcined TiO2 film on glass, (A) reference pattern of anatase, (Cr) reference pattern of chromium,
and (C) reference pattern of chromium oxide.

The presence of an additional layer between the substrate and the TiO2 coatings was also
investigated in order to point out the versatility of deposition. The GIXRD pattern of the calcined TiO2

sublayer deposited on glass is presented in Figure 7. In this case, a highly crystalline TiO2 sublayer
was obtained.

Films produced by an aqueous sol-gel method typically have low thicknesses. As shown in a
previous study [58], with the same deposition parameters, the thickness of a film deposited on a glass
substrate is similar to the one obtained on steel for this type of sol-gel synthesis. The estimation gives a
value of about 80 ± 10 nm on a glass substrate. Therefore, direct measurement of the thickness of the
layer on steel is not possible by mechanical profilometry, since the roughness of the steel substrate is at
the half-micron scale, or by optical profilometry, since the layer is transparent.

2.7. Photocatalytic Activity of the Films

The films were tested in two different setups in order to illustrate their photocatalytic potential in
different situations. In the first case, a pesticide residue (PNP) was eliminated by the films under UV-A
light. In the second case, LED light was used to degrade a dye (Rhodamine B).

The TiO2/Fe0.5 colloid was deposited on different surfaces. The photoactivity was evaluated on
PNP degradation. The results are presented in Table 3 after 72 h of illumination. A photocatalytic
activity was maintained on each surface, highlighting its versatility of deposition. Generally, when a
sublayer of anatase TiO2 was present, the activity was increased due to this highly crystalline sublayer
(Figure 7). Deposition on brushed steel gave higher PNP degradation than on bare steel. It can be
assumed that the higher roughness of the brushed steel increased the surface of photocatalysts exposed
to the light source. This substrate was therefore chosen for further PNP photocatalytic experiments
with the optimized colloid composition identified in the first part of this study: the TiO2/Fe0.5/N43
colloid (Section 2.5).
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Table 3. PNP degradation (%) under UV-A light (λ = 365 nm) after 72 h for the TiO2/Fe0.5 colloid
deposited on various surfaces.

Sample
PNP Degradation after 72 h

(%)
± 3

Brushed steel 26
Brushed steel + SiO2 sublayer 19
Brushed steel + TiO2 sublayer 32

Bare steel 18
Bare steel + SiO2 sublayer 15
Bare steel + TiO2 sublayer 12

Glass 26
Glass + TiO2 sublayer 68

The photocatalysts are intended to be used for water depollution. Therefore, leaching experiments
were performed with all samples from Table 3 in order to check the adherence of the films and the
absence of TiO2 or Fe leaching in water. The results are presented in Table S1, no leaching was detected
whatever the sample.

Similar PNP degradation experiments were then performed with pure TiO2 and TiO2/Fe0.5/N43
coatings on brushed steel substrates. The evolution of the PNP degradation is presented in Figure 8.

 

Figure 8. p-Nitrophenol (PNP) degradation (%) for pure TiO2 and TiO2/Fe0.5/N43 films under UV-A
light (λ = 365 nm) after 24–48–72 h of illumination. No degradation took place without catalyst (error
bars still shown).

The degradation of PNP increases with time (Figure 8). There is only a slight difference between
pure TiO2 and TiO2/Fe0.5/N43 upon illumination at 365 nm. This is expected, since the desired effect of
Fe- and N-doping is to shift the band gap energy to lower values. Thus, doped TiO2 is barely at an
advantage under UV-A light. Both photocatalysts are active at this wavelength as shown by Figure 4.

Nevertheless, when comparing absorbances (not shown here), values of 0.82 and 0.87 are
obtained for pure TiO2 and TiO2/Fe0.5/N43 respectively with a ratio of 1.06 between the pure and the
doped sample.

By contrast, while using LED light of wavelength 395 nm and RB, the degradation is much more
significant for TiO2/Fe0.5/N43 than for pure TiO2. This difference in performance cannot be attributed
to adsorption phenomena, which reach equilibrium after 20 min (not shown here). Figure 9 presents
the variation of the concentration (normalized by the initial concentration) as a function of time.
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Figure 9. RB degradation for (•) pure TiO2, (�) TiO2/Fe0.5/N43 films and (N) without catalyst under
LED light (λ = 395 nm) as a function of time.

Unlike in the previous case, RB can be sensitized by 395 nm light and contribute to its own
degradation by interacting with TiO2. This might explain the low, but nevertheless significant,
degradation potential of pure TiO2, alongside with the involuntary N-doping described in Section 2.4.

Upon this wavelength, pure TiO2 has a low absorbance (0.59) and is less efficient than
TiO2/Fe0.5/N43 (0.79), with an absorbance ratio of 1.34 between the pure and the doped sample.

The longer the wavelength, the more efficient the degradation (energy-wise), since less energy is
used for the creation of each e−-h+ pair. Practically, it is particularly true when shifting from UV-A
light to visible light, as visible LEDs are much more efficient than their UV-A counterparts. It confirms
the assumption of the positive effect of the doping on the shift of the activity toward the visible region.

As reported in numerous papers, dye degradation usually follows a first-order reaction rate.
An excellent fit of our data was obtained with the first-order rate equation:

− kt = ln
(

C

C0

)

(9)

where k is the rate constant, t is the time, and C and C0 are the concentrations of pollutants at time t

and initial time t0, respectively. The kinetic constants were estimated using the least squares method
(Table 4). As k depends on the number of active sites per unit volume of solution treated, a second rate
constant k’ can be calculated.

k′ = k/
(

S

V

)

(10)

where S is the surface of the photocatalyst and V is the volume of the solution. It is more representative
of the efficiency of the photocatalyst.

Table 4. Kinetic rate constants of reactions with TiO2 films.

TiO2/Fe0.5–PNP TiO2/Fe0.5/N43–RB
k (h−1) 6.52 × 10−3 1.43

k’ (h−1 m3
solution/m2

cata) 9.73 × 10−5 2.13 × 10−2

R2 (correlation coefficient) 0.9996 0.9948

As mentioned earlier, a quantitative comparison to literature is hard to carry out. In this case,
it would be limited to batch systems using photocatalytic films to degrade either pollutant, at similar
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pH and not involving any additional chemical, as all these parameters influence the process. The
observed kinetic constant k should be reported against the ratio S/V (otherwise, the constant ignores
the amount of catalyst). Other parameters could be cited. Literature usually includes all information
necessary to calculate the kinetic constant, but its value is rarely transferrable to other works.

In Lu et al. [59], kinetic constants range from 12.5 × 10−3 to 225 × 10−3 h−1 for PNP degradation,
but the authors do not report the photocatalyst surface. In Kothavale et al. [60], a spray pyrolysis
method is used in order to create N-doped TiO2 films. In this case, the kinetic constant can be estimated
to be around 0.168 h−1 for RB, but even though the area of the film is known, the total volume of
solution is not. In Gastello et al. [61], TiO2 films on CoFe2O4 particles are synthesized. The value of k’
can be calculated and is around 6.9 × 10−2 h−1 m3

solution/m2
cata for RB. The value is in the same order

of magnitude, but higher. However, it must be noted that the authors use an optimal pH (3.5) and a
powerful 500W-lamp.

2.8. Large-Scale Synthesis of TiO2/Fe0.5

In order to point out a possible industrial production of our catalysts, the TiO2/Fe0.5 material was
produced at pilot scale in a 10 L glass reactor. This sample was chosen as it was a good compromise
between enhanced activity under low energy light, compared to the pure sample, and the amount
of dopant added. A picture of the 10 L colloid and the pilot reactor are presented in Figure S3 in the
Supplementary Materials. This colloid was similar to the corresponding colloid obtained at laboratory
scale, i.e., a blue-orange stable suspension.

The XRD pattern of the pilot scale TiO2/Fe0.5 (Figure S4 in Supplementary Materials) is similar to
the XRD pattern of the laboratory TiO2/Fe0.5 (Figure 1) with the main peaks of anatase and a small
fraction of brookite. The PNP degradation with the pilot scale TiO2/Fe0.5 was 42% ± 3% after 8 h of
illumination, which is similar to the degradation reached with the laboratory TiO2/Fe0.5 (Figure 6).
This comparison highlighted the efficient scale-up from laboratory to pilot scale, going one step further
to a pre-industrial implementation.

3. Materials and Methods

3.1. Pure TiO2 Synthesis

The undoped TiO2 catalyst was prepared using titanium (IV) tetraisopropoxide (TTIP, >97%,
Sigma-Aldrich, St. Louis, MO, USA), nitric acid (HNO3, 65%, Merck, Suprapur, Fort Kennerworth,
NJ, USA), isopropanol (IsoP, 99.5%, Acros Organics, Fisher Scientific, Hampton, NH, USA), and distilled
water as starting materials.

First, 250 mL of distilled water was acidified with HNO3 to reach a pH of 1. In a second vessel,
35 mL of TTIP was mixed with 15 mL of IsoP for 15 min. Then, the TTIP-IsoP mixture was added to
the acidified water under stirring at 80 ◦C. After 24 h, a light blue sol was obtained [45]. Part of the sol
was used directly to produce thin films on stainless steel. The remaining sol was dried under ambient
air to obtain a white powder. The undoped TiO2 sample is labelled pure TiO2.

Evonik P25 TiO2 material was used as reference material and is denoted P25.

3.2. Doped and Co-Doped TiO2 Synthesis

Several Fe, N single-doped and co-doped TiO2 catalysts were prepared. Two different Fe/Ti
molar percentages were studied: 0.25 mol% and 0.5 mol% starting from ferric nitrate (Fe(NO3)3·9H2O,
Merck). The N content varied between 10 and 75 mol% starting from ammonium chloride (NH4Cl,
UCB, Leuven, Belgium). The dopant(s) was (were) dissolved in the acidified water before addition to
the TTIP-IsoP mixture. After 24 h, white to light blue stable sols were obtained. Samples were then
dried under ambient air at room temperature. Samples containing nitrogen were washed three times
with water to remove the excess of nitrogen salt. Finally, all samples were dried at 100 ◦C for 12 h.
Prior to the drying, part of the sol was deposited on various substrates.
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Samples are denoted as TiO2/FeX/NY, with X and Y corresponding to the starting content (in mol%)
of Fe and N respectively.

3.3. Film Deposition

Films were produced by bar-coating with an Elcometer 4340 Automatic Film Applicator (Elcometer
Limited, Edge Lane, Manchester, UK) with a bar-speed of 1 cm s−1. Films were coated on three
substrates: bare and brushed stainless steel substrates (7.5 cm × 2.5 cm × 0.8 cm, 316L stainless steel,
Mecanic Systems, Braine-l’Alleud, Belgium) and glass microscope slides (AF32ECO, Schott AG, Mainz,
Germany). Films were dried at 100 ◦C for 30 s, washed with distilled water, dried with compressed air,
and finally dried again at 100 ◦C for 30 s to get a perfectly clean surface and to remove non-adherent
TiO2 material.

Three suspensions were used for film application: pure TiO2, TiO2/Fe0.5 and TiO2/Fe0.5/N43.
Films were also deposited on different sublayers to evaluate the versatility of deposition of

the aqueous TiO2 colloids. For bare and brush stainless steel substrates, two sublayers were tested:
a sublayer of anatase TiO2 synthesized as [29,41], calcined 1 h at 500 ◦C, and a sublayer of sol-gel SiO2

synthesized according to [62]. For glass substrate, only anatase TiO2 sublayer was evaluated.

3.4. Powder Characterization

The actual amount of iron in the doped TiO2 samples was determined by inductively coupled
plasma–optical emission spectroscopy (ICP–OES, Varian Inc., Palo Alto, CA, USA) with a Varian
Liberty Series II. Solutions for analysis were prepared as follows: (i) 0.2 g of sample was digested in
12 mL of HCl (37%) + 6 mL of HNO3 (65%) + 2 mL of HF (40%); (ii) the solution was then transferred
into a 200 mL calibrated flask, finally filled with deionized water. The solution was then analyzed
using the ICP-OES device.

Nitrogen adsorption–desorption isotherms were measured at 77K on a multi-sampler Micromeritics
ASAP 2420 (Micromeritics, Norcross, GA, USA). Those isotherms provide information on the textural
properties of the samples, such as the specific surface area, SBET, by the Brunauer-Emmett- Teller
(BET) method, the specific micropore volume, VDR, by the Dubinin-Radushkevich theory and the
pore volume, Vp, calculated from the adsorbed volume at saturation. Pore volume can be determined
precisely enough for non-macroporous materials, which is the case in this study, except for P25.

An average particle size, dBET, was estimated from SBET values by assuming spherical and
non-porous TiO2 anatase nanoparticles using the following formula [33]:

dBET

6
=

1
ρAnatase

SBET
(11)

where ρAnatase is the apparent density of TiO2 anatase, estimated to be equal to 3.89 × 103 kg m−3 [20].
The crystallographic properties were determined using X-ray diffraction (XRD). The powder

patterns were recorded with a Bruker D8 Twin-Twin powder diffractometer (Bruker, Billerica, MA,
USA) using Cu-Kα radiation. The size of the TiO2 crystallites, dXRD, was determined via the Scherrer
formula (Equation (12)):

dXRD = 0.9
λ

(B cosθ)
(12)

where dXRD is the crystallite size (nm), B the peak full-width at half maximum after correction of the
instrumental broadening (rad), λ the wavelength (nm), and θ the Bragg angle (rad).

The semi-quantitative analysis of phases was performed using the Profex software [63].
This program is based on Rietveld refinement method [64,65].

The samples were observed by transmission electron microscopy (TEM) with a Phillips CM 100
device with an accelerating voltage of 200 kV.
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The optical properties were evaluated by diffuse reflectance in the 250–800 nm region with a Perkin
Elmer Lambda 1050 S UV/VIS/NIR spectrophotometer, equipped with a spectralon coated integrating
sphere (150 mm InGaAs Int. Sphere from PerkinElmer, Waltham, MA, USA) and using Al2O3 as
reference. The absorbance spectra were transformed using the Kubelka–Munk function [33,66,67]
to produce a signal, normalized for comparison between samples. The values of the band gaps
(Eg,direct and Eg,indirect) were estimated for all samples. The details of this method are widely described
elsewhere [26,55].

X-ray photoelectron spectra were obtained with a SSI-X-probe (SSX-100/206) Fisons spectrometer
(Surface Science Instruments, Mountain View, CA, USA) equipped with a monochromatized
microfocused Al X-ray source (1486.6 eV), operating at 10 kV and 20 mA. The analysis chamber,
in which samples were placed, was under a pressure of 10−6 Pa. Sample charging was adjusted using
flood gun energy at 8 eV and a fine-meshed nickel grid placed 3 mm above the sample surface [68].
The pass energy was set to 150 eV and the spot size was 1.4 mm2. The normal to the surface of
the sample and the direction of electron collection formed an angle of 55◦. Under these conditions,
the mid-height width (FWHM) of the Au 4f7/2 peak photo-peak measured on a standard sample of
clean gold was about 1.6 eV. The following sequence of spectra was recorded: survey spectrum, C 1s,
O 1s, N 1s, Fe 2p and Ti 2p and again C 1s to check the stability of charge compensation with time and
the stability of the samples over time.

The C–(C, H) component of the carbon C 1s peak was set to 284.8 eV in order to calibrate the scale
in binding energy. Three other components of the carbon peak (C–(O, N), C=O or O–C–O and O–C=O)
were resolved, giving insight on how much oxygen was present because of carbon contamination.
Data was processed by using the CasaXPS software (Casa Software Ltd, Teignmouth, UK). Some
spectra were decomposed using the Gaussian and Lorentzian function product model (least squares
fitting) after subtraction of a nonlinear Shirley baseline [69].

3.5. Film Characterization

The crystallinity of the films was characterized by grazing incidence X-ray diffraction (GIXRD) in
a Bruker D8 diffractometer using Cu Kα radiation and operating at 40 kV and 40 mA. The incidence
beam angle was 0.25◦.

The film thickness was estimated by profilometry (Veeco Dektak 8 Stylus Profiler, Bruker, Billerica,
MA, USA) on a film deposited on glass (Marienfeld Superior – 25 mm× 75 mm× 1 mm, Paul Marienfeld
GmbH & Co. KG, Lauda-Königshofen, Germany) in the same deposition conditions as for steel.

Leaching experiments were performed with the coated substrates to evaluate their integrity in
water. For each sample, the coated slide was placed in 50 mL of ultrapure water under stirring. After
48 h, the water was analyzed by ICP-OES to detect Ti and Fe. The detection limit was 0.03 and 0.01 ppm
for Fe and Ti respectively.

3.6. Photocatalytic Activity of the Powders under Visible Light

The photocatalytic activity of all catalysts was determined through the degradation of a model
pollutant, p-nitrophenol (PNP) for 24 h. The experimental set-up was described in a previous
article [33,45]. For each catalyst, sealed batch reactors were exposed to a halogen lamp with a
continuous spectrum from 300 to 800 nm (300 W, 220 V) measured with a Mini-Spectrometer TM-UV/vis
C10082MD (Hamamatsu, Japan). A UV filter placed on the lamp eliminated wavelengths shorter than
400 nm. The temperature of the lamp and the reactors was maintained at 20 ◦C by a cooling system
with recirculating water. The catalyst powder was dispersed in PNP solution (C0 = 10−4 kmol m−3)
in order to reach 1 kg m−3 in each batch reactor. A constant mixing was maintained by magnetic
stirrers. Three reactors were used for each catalyst in order to study the reproducibility of the results.
Furthermore, for each photocatalyst, dark tests (catalyst + PNP without light) were performed in
order to take into account the potential adsorption of the pollutant onto the catalyst. One additional
flask was exposed to light without catalyst to evaluate PNP natural decomposition under visible light.
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No spontaneous break down of the PNP in the absence of catalyst was detected, so that any decrease
of PNP concentration could be attributed to the catalytic degradation. The entire system was isolated
in the dark in order to prevent interaction with the room lighting.

The degradation of PNP was determined by measuring the absorbance of PNP by UV/Vis
spectroscopy (GENESYS 10S UV–Vis from Thermo Scientific, Waltham, MA, USA) at 317 nm.
The degradation percentage of PNP, DPNP, was calculated by Equation 13 for each batch reactor:

DPNP(%) =

(

1−
[PNP]24h

[PNP]0

)

× 100 % (13)

where [PNP]24h represents the residual concentration of PNP at time t = 24 h and [PNP]0 represents
the initial concentration of PNP at time t = 0 h.

3.7. Photocatalytic Activity of the Films

The photocatalytic activity of TiO2 films was evaluated (i) by monitoring the degradation
of p-nitrophenol (PNP) under ultraviolet light (UV-A, Osram Sylvania, Blacklight-Bleu Lamp,
F 18W/BLB-T8, OSRAM GmbH, Munich, Germany ) and (ii) by monitoring the degradation of
rhodamine B (RB) under visible LED light (LED Würth Elektronic WL-SUMW SMT Ultraviolet
Ceramic Waterclear, Würth Elektronik GmbH & Co. KG, Waldenburg, Germany) in two similar
photocatalytic experiments.

The spectra of the lamps were measured with a Mini-Spectrometer TM-UV/vis C10082MD from
Hamamatsu. UV-A and LED lights can be considered as quasi monochromatic with a wavelength of
365 nm and 395 nm respectively.

The experimental procedure is very similar for both pollutants. Indeed, each coated steel slide was
placed in a Petri dish with 25 mL of PNP solution (10−4 kmol m−3) or RB solution (2.5 × 10−6 kmol m−3).
The Petri dish was closed with a lid in order to avoid evaporation. The degradations of PNP or RB were
evaluated from absorbance measurements with a Genesys 10S UV-Vis spectrophotometer (Thermo
Scientific, Waltham, MA, USA) at 317 nm or 554 nm respectively. Adsorption tests were performed in
the dark (dark tests) to determine whether PNP or RB was adsorbed by the films or the substrates.
Blank tests, consisting of irradiating the pollutant solution in a Petri dish without any catalyst or
support, were carried out to estimate the decomposition of PNP or RB under the corresponding light.
The Petri dishes with catalyst and pollutant were stirred on orbital shakers at 80 rpm. Aliquots of
PNP or RB were sampled along the experiment and put back in the Petri dishes after absorbance
measurements to keep the volume constant. The photocatalytic degradation is equal to the total
degradation of PNP or RB taking the catalyst adsorption (dark test) into account. Each photocatalytic
measurement was triplicated to assess the reproducibility of data.

Regarding the PNP degradation, different substrates (bare steel, brushed steel and glass) and
sublayers (TiO2, SiO2) were tested with the TiO2/Fe0.5 coating. Then only pure TiO2 and TiO2/Fe0.5/N43
deposited on brushed stainless steel were evaluated through the degradation of PNP.

Regarding the RB degradation, only the coatings deposited on brushed steel without sublayer
were evaluated, starting from pure TiO2 and TiO2/Fe0.5/N43 colloids.

3.8. Large-Scale Synthesis of TiO2/Fe0.5

The large-scale synthesis was carried out in a 10 L pilot glass reactor (Figure S3 in Supplementary
Materials) with a jacket warming system. First, 7.2 L of distilled water was acidified by HNO3 to reach
a pH of 1. Then, 1 L of TTIP was added to 300 mL of IsoP and 6.5 g of Fe(NO3)3·9H2O. The mixture
was stirred at room temperature for 30 min. The mixture was then added to the acidified water and
stirred at 250 rpm. The reaction took place for 4 h at 80◦C. A blue-orange translucent sol was obtained,
and a small fraction (50 mL) was dried under ambient air to obtain a powder.
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The corresponding powder was analyzed by XRD (Section 3.4), and its photoactivity was evaluated
on the degradation of PNP (Section 3.6).

4. Conclusions

In this work, an aqueous sol-gel process was successfully applied to produce Fe, N single-doped
and co-doped TiO2 photocatalysts at low temperature without any calcination step. Different dopant/Ti

molar ratios were tested: 0.25 or 0.5 mol% of Fe and 10 to 75 mol% of N (starting concentrations).
The corresponding undoped TiO2 catalyst was synthesized for comparison.

The physico-chemical characterizations showed that catalysts are composed of nano-crystalline
anatase-brookite particles, with higher specific surface areas than P25 (~ 200 m2 g−1 vs. 47 m2 g−1).
All samples presented a higher visible absorption than P25. The XPS spectra showed that all the
samples were doped with nitrogen, leading to a shift of the activity toward visible. Both dopants
extend the TiO2 photoactivity toward the visible region with the best result for a co-doped sample.
The optimal starting composition is TiO2 doped with 43 mol% of nitrogen and 0.5 mol% of iron.

Thin films were produced on stainless steel with the undoped TiO2 and the best N-Fe co-doped
sample. The photoactivity was estimated under 365 nm UV-A light and 395 nm visible LED light.
The doped sample had a better activity than the pure one, with a clear enhancement under the longer
wavelength (395 nm). This confirms the positive influence of the dopants on the shift of activity toward
the visible region. The versatility of the photocatalysts was demonstrated on the degradation of two
molecules, p-nitrophenol and rhodamine B, and on the deposition on different surfaces. A colloid
synthesis was efficiently scaled-up from laboratory to 10 L pilot scale. Those results highlight the
possibility of producing photocatalytic films without any calcination step and active under LED light,
whose energy consumption is lowest in the visible range. This constitutes a step forward for an
industrial development.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/5/547/s1,
Figure S1: Nitrogen adsorption–desorption isotherm of Evonik P25, Figure S2: XPS general spectrum of the pure
TiO2 sample, Figure S3: Large-scale suspension of TiO2/Fe0.5 and the pilot reactor used for its synthesis, Figure S4:
XRD patterns of the large-scale TiO2/Fe0.5 sample. (A) Reference pattern of anatase and (B) Reference pattern of
brookite, Table S1. Ti and Fe leaching for the TiO2/Fe0.5 colloid deposited on various surfaces after 48 h in water.
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Abstract: An evaporation-deposition coating method for coating the inner surface of long (>1 m)
quartz tubes of small diameter has been studied by the introduction of two-phase (gas-liquid) flow
with the gas core flowing in the middle and a thin liquid film of synthesis sol flowing near the
hot tube wall. The operational window for the deposition of continuous titania coatings has been
obtained. The temperature range for the deposition of continuous titania coatings is limited to
105–120 ◦C and the gas flow rate is limited to the range of 0.4–1.0 L min−1. The liquid flow rate in
the annular flow regime allows to control the coating thickness between 3 and 10 micron and the
coating porosity between 10% and 20%. By increasing the liquid flow rate, the coating porosity can
be substantially reduced. The coatings were characterized by X-ray diffraction, N2 chemisorption,
thermogravimetric analysis, and scanning electron microscopy. The coatings were tested in the
photocatalytic decomposition of methylene blue and rhodamine B under UV-light and their activity
was similar to that of a commercial P25 titania catalyst.

Keywords: titania coatings; gas-liquid flow; sol-gel method; methylene blue; rhodamine B

1. Introduction

Semiconductor catalysts, in particular titania, were widely applied in wastewater treat-
ment [1,2], environmental applications [3], energy storage [4], biological applications [5],
and in the production of fuels and chemicals [6]. Titania absorbs only UV-light and the
position of the absorption band depends on the phase composition [7]. Titania has two
polymorphs, anatase and rutile. The transformation of anatase to rutile starts at 400 ◦C [8].
Anatase has a higher photocatalytic activity in the case of relatively thick films (on the
order of several microns) [9]. However, anatase dissolves in acidic solutions at a faster rate
than the rutile phase and it suffers degradation under accelerated photocatalytic cycles,
and therefore its durability is often compromised. To stabilize the catalytic activity, often a
mixture of anatase and rutile is desirable.

Thin titania coatings [10,11], titania nanoparticles (NPs) [12–15], and supported titania
catalysts [16] were widely employed in the decomposition of organic dyes. Among them,
the suspension of colloidal NPs demonstrated the highest productivity, because it provides
a good contact between the titania and the organic pollutants. However, the handling of col-
loidal suspensions often causes clogging, and it requires an expensive post-treatment filtra-
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tion process. Several coating methods to deposit catalysts onto structured substrates were
reviewed by Meille [17]. Briefly, they include suspension sedimentation [18–20], sol-gel syn-
thesis [21–24], a hybrid sol-gel method with additional pre-processing or post-processing
steps [25,26], and electrochemical sedimentation [27]. The addition of active metals is often
performed by an additional impregnation step followed by calcination [28,29]. The suspen-
sion and sol-gel methods are most widely used due to their simplicity and wide range of
coating thickness and catalyst porosity that they could offer. The coating thickness can be
varied from 300 nm to 100 µm by the suspension methods and it is determined by the size
of the particles used [17]. The sol-gel method gives a thickness starting from 100 nm [30,31].
In general, the sol composition, the type of surfactant, and solvent evaporation conditions
determine the coating porosity and thickness [32]. The solvent removal from open surfaces,
such as flat plates and the outer surfaces of tubes, often happens at moderate heating just
above room temperature. However, this method is not applicable for solvent removal from
the inner surface of a tube. Bravo et al. introduced a gas flow to displace the liquid in a
tube [33]. Their method was applied for highly viscous liquids (0.15–0.25 Pa·s). However,
the extension of the method to other synthesis sols did not provide continuous coatings.
Previously a combustion-evaporation method was developed, where a tube filled with a
sol was slowly moving into a tubular oven maintained far above the boiling temperature
of the solvent [34]. The method is similar to the static coating methods but uses elevated
temperature and introduces an additional control parameter, the tube displacement speed,
that allows to control the coating thickness. When an inert gas was added to the liquid
flow, coatings with a very high adhesion to the wall were obtained. The addition of a
gas eliminates fouling, the major problem in slurry reactors. The coatings obtained al-
low for stable operation for a very long time on stream, often for several hundreds of
hours [35]. The high heat transfer rate allows fast cooling of reaction mixture therefore
highly exothermic hydrogenation reactions can be performed under solvent-free conditions.
In this way, Pd-Bi/TiO2 coatings were obtained and tested in hydrogenation reaction under
flow conditions [36]. The catalyst remained stable for 100 h of continuous operation with a
high selectivity to the desired product (98%) in the continuous mode. More recently, the
hydrogenation of an imine (N-Cyclohexyl-(benzylidene) imine) into a secondary amine
in the continuous flow was demonstrated [37]. The long-term coating stability allowed
reaching a turnover number (TON) of 150,000, an unprecedented value under operation
with coated catalysts.

In the boiling-decomposition method, the coating thickness and its morphology are
determined by boiling conditions inside the tube. There are four modes of two-phase
flow in tubes of small diameter: bubbly, slug, annular and churn [38]. For channels of
large diameter, there exists also stratified and parallel flow regime. Slug flow refers to the
phenomenon whereby gas-liquid flow is present in a tube over a wide range of intermediate
gas and liquid velocities. It was observed that the addition of a non-reactive gas can create
the slug flow regime, increasing mixing and associated heat and mass transfer rates [39].
However, a slug flow regime may often result in the formation of solid plugs, while boiling
under annular flow regime allows to obtain a uniform coating [35]. The boiling heat transfer
was studied for two-phase slug and annular flow in microchannels [40–43]. However, most
results from the past experimental studies display a substantial disagreement on the
influence of the flow conditions and mechanisms on the heat transfer rate. Partially, this
can be explained by the fact that the wall microstructures make use of the capillary forces
to evenly distribute the liquid fuel over the wall, so that the appearance of uncontrolled
dry patches can be avoided in the channels of small (below 2 mm) inner diameter. There is
limited number of experimental studies describing boiling heat transfer in channels of small
diameter. Peterson and Ma [43] investigated the maximum heat flux to the flow which
allowed to estimate the minimum furnace temperature required for coating deposition.
Helbig et al. [44] studied the flow in a channel with grooved walls. They concluded that
before forming a dry spot, the liquid in the grooves begins to behave in an unstable manner
and breaks up into droplets, which may result in discontinuous coatings. Sibiryakov et al.
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presented a numerical solution for liquid boiling in triangular channels [45] and in channels
with smooth and grooved walls [46]. Warrier et al. [47] proposed correlations for heat
transfer coefficient under two-phase boiling conditions previously reported in [48–50].
Similar to the single-phase flow, the heat transfer coefficient increases with an increase
in the flow rate. The presence of solutes affects the surface tension, density, and boiling
rate of the liquid [51]. Therefore, the boiling rate of a solution can differ significantly from
that of water. Recently, Wang et al. described the boiling of liquids in the presence of
additives [52].

In this work, the boiling-decomposition method was investigated under two-phase
flow conditions with the introduction of a non-reacting gas flow to the synthesis sol flow.
An operational window resulting in the formation of stable continuous coatings was
experimentally studied. The effect of gas and liquid flow rate, the oven temperature, and
the tube displacement speed on the titania morphology and coating thickness was studied.
The effect of an additional post-processing annealing step on phase composition was also
investigated.

2. Results and Discussion

An annular gas-liquid flow regime was chosen for coating deposition. In this regime,
the liquid flows as a thin film near the inner channel wall, while gas flows in the center of
the tube.

Such flow conditions provide a good thermal contact between the liquid and the
channel wall, so the boiling rate can be controlled by the thickness of the flowing liquid
film and the temperature excess (the difference between the actual temperature and the
boiling temperature), similar to a single-phase flow. The presence of the gas core prevents
the formation of solid plugs which were previously observed when large liquid slugs were
present in the channel.

The effect of gas and liquid flow rates and the oven temperature on the average
thickness of the titania coatings was studied in three series of experiments. In series
A, the effect of temperature was studied at a fixed gas and liquid velocity of 2.3 m s−1

and 1.2 mm s−1, respectively (Figure 1a). The preheater temperature was set to prevent
boiling before the furnace. Increasing the temperature increases the boiling rate and leads
to the formation of more dense titania coatings. Therefore, the mean coating thickness
monotonously decreases with temperature. In this temperature range, vaporization of
the liquid film is promoted by the lower latent heat of vaporization of solvent. On the
contrary, very porous (foam-like) coatings were produced in the temperature range above
150 ◦C. These coatings were rather fragile and a considerable amount of material was
detached from the surface in the subsequent calcination step. Thus, the resulting thickness
of the coatings obtained at elevated evaporator temperatures is less than in the case of
moderate temperatures. The solvent was partially decomposed, and the coatings were gray
in color after deposition due to the presence of carbon deposits. Therefore, the maximum
temperature was fixed to 150 ◦C in the subsequent optimization experiments.

In series B, the effect of liquid velocity on the coating thickness was studied at a
constant temperature and a constant gas flow rate (Figure 1b). The range of flow rates
between 0.6 and 1.8 mm s−1 was chosen based on the results of our previous study [34].
Previously, contrasting trends were obtained, with the coating thickness either decreasing
or increasing by increase of liquid mass flow rate. The increase of boiling rate can be
attributed to a coalescence of gas bubbles, which increases the thermal flux and therefore
the boiling rate. The increasing bubble nucleation frequency induced by the higher flow
rate promotes bubble detachment from the wall due to increased drag force. Figure 1b
shows that an increase of liquid flow rate enhances the heat transfer performance and the
boiling rate, as a consequence of the thinner liquid film and thus higher evaporation and
coating deposition rates. The higher coating mass in this flow range can be explained by
the increased precursor evaporation rate [53].
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− −

−

Figure 1. Effect of (a) oven temperature, (b) liquid velocity; (c) gas velocity onto the mean coating thickness in as-synthesized
samples, the two vertical dashed lines show flow regime transitions; (d) reproducibility experiments performed at optimised
conditions (liquid flow rate: 1.2 mm s−1, gas flow rate: 2.0 m s−1, temperature: 115 ◦C).

The liquid also contains a large number of vapor bubbles, and rather porous coatings
were formed with a larger thickness, as shown schematically in Figure 2a. The respective
optical images are shown in Figure 3a–d. The white color of the coatings is due to multiple
light reflections in their porous structure. However, an opposite trend was found in the
higher liquid flow range, above 1.5 mm s−1. In this range, the coating thickness decreases
as a result of higher bubble nucleation frequency and the formation of a continuous gas
layer near the hot channel wall [54]. The bubbles prevent an efficient heat transfer to
the liquid film and therefore the coating mass decreases (Figure 1b). Moreover, some
droplets can be carried away from the liquid film by the gas flow (Figure 3e) and they
do not contribute to the formation of coating. Nucleate boiling does not occur at these
conditions and the coatings formed are semi-transparent films without a developed pore
structure (Figure 3e,f). A schematic mechanism for their formation in shown in Figure 2b.
A similar mechanism was observed at higher process temperatures corresponding to high
heat fluxes.

The gas velocity has a minor effect on the coating thickness under annular flow regime
(Figure 1c). With increasing flow rate above 2.0 m s−1, a significant amount of liquid
becomes transferred from the annular film to the gas core. At a gas velocity of 2.8 m s−1, a
transition to mist flow regime occurs where all of the liquid is entrained in the gas flow.
Due to the large drop in heat-transfer coefficient that accompanies tube wall dryout in
the mist flow, the evaporation rate decreases, and this leads to a decrease in the coating
thickness (Figure 1c). On the other side, a transition to slug flow occurs below a gas
velocity of 1.3 m s−1. In the periodic passage of elongated bubbles and liquid slugs which
is characteristic of the slug flow pattern, the maximum heat transfer rate is achieved when
the elongated bubbles are formed at relatively low gas flow rates (below 1 m s−1).
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Figure 2. Schematic mechanism of coating formation. (a) formation of porous coatings at liquid
flow rate of 0.8–1.5 mm s−1, (b) formation of dense semi-transparent coatings at liquid flow rate of
1.5–1.8 mm s−1.
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Figure 3. Images of coated tubes obtained at different liquid flow velocities: (a) 0.8, (b) 1.0, (c) 1.2, (d) 1.4, (e) 1.6,
(f) 1.8 mm s−1. Temperature: 115 ◦C, gas flow rate: 2.0 m s−1.

The XRD diffractogram of the coatings obtained in the slug and annular flow regimes
are shown in Figure 4. Due to a rather low coating thickness, the scanning range was
limited to 24–31◦ 2-thetas to reduce the beam time, however no impurities of other phases
were observed when a wider range of angles was analyzed. Due to a sharp curvature of the
coated tubes, the measurements in a wider range are very time consuming as they result in
a large scattering and a very low signal to noise ratio requiring very low XRD scanning
rates. The presence of other reflections could be hindered by a preferred orientation of the
crystals onto the tube wall. The main phase was rutile, as confirmed by its strongest peak
at 27.0◦ 2-theta while small amounts of anatase were also present in the samples obtained
in the annular flow regime. The positions of the strongest XRD peaks were consistent with
the standard XRD data of the anatase and rutile TiO2 phase (JCPDS no. 21-1272 and JCPDS
no. 21-1276, respectively).
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Figure 4. XRD diffractogram of as-synthesized coatings obtained at different gas flow rates. Abbrevi-
ations: A—anatase, R—rutile. Gas flow rate: (a) 0.6 m s−1, (b) 1.0 m s−1, (c) 1.4 m s−1. Liquid flow
rate: 1.2 mm s−1. Temperature: 115 ◦C.

The formation of anatase occurs in a lower temperature range as compared to that
of rutile. This allows to conclude that the surface temperature was lower in the annular
flow regime due to the much higher heat transfer rate, which is in line with the previous
discussion. It should be mentioned that the temperature of anatase to rutile transition
depends also on the particle size, shape of the nanostructure, and presence of dopants
and structural defects [55,56]. However, these parameters were very similar in all samples.
Therefore, the phase composition of the resulting coatings is mainly determined by the hy-
drodynamics of two-phase flow and the related heat transfer rates. The sample obtained in
the annular regime demonstrated an apparent density of 3.37 kg m−3, which was increased
to 3.85 kg m−3 after calcination. Moreover, the anatase phase completely disappeared after
the additional calcination step (Figure 4). A non-porous rutile has a density of 4.24 g cm−3.
Thus, a simple estimation shows that the porosity of coatings decreases from 20.5% to 9.2%
after calcination. Based on the above data, it can be concluded that optimal conditions
correspond to a temperature of 115–120 ◦C, a liquid velocity of 1.2 mm s−1, and a gas
velocity of 1.4–2.6 m s−1.

Figure 5 shows SEM images of coating produced in the annular flow regime under
optimized process conditions. It can be seen that the mean coating thickness is about 9 µm,
and it reduced to 7 µm after an additional calcination step at 400 ◦C. These data are in
good agreement with the data obtained from the gravimetric analysis. The respective N2
adsorption-desorption isotherms and the pore-size distribution are shown in Figure 6. The
specific surface area of the coating was 9.2 m2g−1 with a mean pore size of 5.1 nm. The
mean crystallite size obtained from the XRD analysis is 10 nm. This corresponds to a low
end of the range of particle sizes observed in P25 titania catalysts. The P25 titania can
be seen as benchmarking for the coatings produced in this study. It has a wide particle
size distribution between 10 and 40 nm and a typical surface area of 50 m2g−1, while the
coatings obtained in this study demonstrated a value five times smaller. It appears that a
large part of the coatings has no porosity and therefore it is not accessible for N2 adsorption.
As no structure directing agents were used in the synthesis sol (see experimental section),
the formation of a partially non-porous coating cannot be excluded. A coating porosity in
the 10–20% range also supports this conclusion.
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Figure 5. SEM images of optimised coatings obtained at a liquid flow rate of 1.2 mm s−1 and a gas flow rate of 2.2 m s−1 in
the annular flow regime. (a,b) as-synthesized, (c,d) after calcination at 400 ◦C.

− −

− −

 ℎ𝐴 𝑇 − 𝑇 = 𝑚 H,
𝑚

H

𝑇 = H ∙ 𝑚ℎ ∙ 𝐴 + 𝑇

Figure 6. Pore size distribution and nitrogen adsorption/desorption isotherms over the coating
obtained at a liquid flow rate of 1.2 mm s−1 and a gas flow rate of 2.2 m s−1.

The reproducibility of the coating method was studied by coating fourteen tubes
under optimized process conditions. It can be seen in Figure 1d that the relative standard
deviation was 12%, demonstrating the rather good reproducibility of the method.

The operational window of the method is shown in Figure 7. The minimum tempera-
ture of deposition is obtained from the energy balance in the system when the heat transfer
rate is equal to the rate of solvent evaporation.

hA(Tb − Tsat) =
.

mL∆H, (1)

where h is the heat transfer coefficient, A is the inner surface area of the tube, Tb is the wall
temperature, Tsat is the temperature of evaporation,

.
mL is the liquid mass flow rate, and ∆H

is the enthalpy of solvent evaporation. This energy balance can be assumed based on the
fact that as the liquid is already preheated to the evaporation temperature in the preheater
section, the heating of the gas phase above the boiling temperature can be neglected. The
rearrangement of Equation (1) allows to estimate the minimum boiling temperature as a
function of liquid flow rate:

Tb =
∆H·

.
mL

h·A
+ Tsat (2)
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Figure 7. Operational window for coating deposition. The blue color shows the operational range at
a minimum gas flow rate of 0.4 L min−1, the orange color shows the extension of operational range
towards lower temperatures at a maximum gas flow rate of 1.0 L min−1.

The heat transfer coefficient increases at high gas flow rate and therefore the slope
of the minimum temperature line (shown in red in Figure 7) decreases. The two vertical
lines show the transitions to the slug and churn flow regimes where the operation should
be avoided. Finally, the upper temperature range, shown by a horizontal maximum
operational temperature line in Figure 7, should always be below the solvent decomposition
temperature. The exact difference depends on the solvent type and usually stays in the
range of 10–30 K. In this study, the maximum operational temperature corresponding to
the formation of continuous coatings is limited to 135 ◦C. It can further be decreased to
115 ◦C (minimum operational temperature) by increasing the gas flow rate from 1.4 to
2.6 m s−1.

The coatings obtained were tested in the decomposition of two organic compounds
at 20 ◦C. The kinetic data were corrected by subtracting the rate of non-catalytic reaction
measured in a blank experiment with a non-coated tube. The ln(C0/C) values versus time
provided a straight line (Figure 8). Therefore, the photocatalytic reaction rate is described
by a first order kinetics with a rate constant of 0.0120 min−1 for MB and 0.0253 min−1

for RhB. The value reported for MB is in a very good agreement with that (0.014 min−1)
reported over a P25 titania catalyst [57]. The rate constant for the decomposition of RhB
exceeds this value (0.0194 min−1) reported over a TiO2/SiC catalyst [16].

−

−

−

− −

−

−

Figure 8. Concentration of methylene blue (MB) and rhodamine B (RhB) as a function of time in stop
flow conditions over a TiO2 coated tube. The coating was produced under the same conditions as
those reported in Figure 5. The data are corrected based on the rate over non-coated tubes measured
in blank experiments. The insert shows the fitting curves based on a first order kinetics.
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3. Materials and Methods

The initial sol was prepared from titanium isopropoxide (97.0 wt.%, Sigma-Aldrich, St.
Louis, MO, USA), isopropanol (99.5 wt.%, Sigma-Aldrich, St. Louis, MO, USA) and HNO3
(65 wt%, Sigma-Aldrich). First, a solution of nitric acid (0.1 mL) was added to isopropanol
(8.45 g) to obtain a solution A. Then, titanium isopropoxide was added dropwise to solution
A to obtain the final solution. The mixture was preheated to 60 ◦C and stirred for 2 h.
Figure 9 shows the experimental set-up employed for coating deposition. The nitrogen
flow and the flow of synthesis mixture were mixed in a coaxial mixer and fed to a tubular
furnace via a preheater section. The quartz tube (i.d. 3.0 mm, o.d. 4.0 mm) was positioned
vertically in a furnace with a 50 mm length. The liquid solution was fed with a syringe
pump and the gas flow was fed with a mass flow controller. In this study, the liquid flow
rate was varied from 0.33 to 0.75 mL min−1 and the gas flow rate was varied from 0.43
to 1.27 L min−1. The temperature in the preheater section was set just below the boiling
temperature of the synthesis mixture, while the temperature in the furnace was varied in
the 115–350 ◦C range. The images of the gas-liquid flow were recorded using a high-speed
videocamera. In the beginning of each experiment, a gas-liquid flow was fed in the tube.
Once the temperature of the tubular furnace reached the setpoint, the quartz tube was fed
to the furnace using a stepper motor. The tube displacement speed was fixed at 1.6 mm s−1.
At the end of each deposition run, the coated tube was detached from the connecting lines
and annealed in an oven at 400 ◦C for 3 h with a heating rate of 1 K min−1.

−

−

−

С −

θ
α −
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Figure 9. Schematic view of the experimental set-up for coating deposition (a) general view: (1) quartz
tube, (2) T-mixer, (3) tubular furnace, (4) electrical preheater section, (5) stepper motor, (6) mass flow
controller, (7) syringe pump, (8) high speed camera, TI is the temperature indicator, (b) schematic
view of annular flow regime, (c) enlarged view of the furnace and the preheater section.

For analysis, the tubes were cut into short sections with a length of 15 mm. The XRD
patterns were recorded with a Shimadzu XRD-7000 diffractometer in the 23–32◦ 2θ range
using a CuKα irradiation. The scanning rate was 2.0◦ 2-theta min−1. The specific surface
area and the pore volume were obtained from N2 adsorption-desorption isotherms obtained
on a Quantachrome Autosorb-6iSA apparatus. For these measurements, the coatings
obtained were mechanically removed from the inner tube wall. Before the measurements,
the samples were degassed at 250 ◦C for 1 h. The specific surface area was calculated using
a multi-point BET method from the adsorption isotherm. The mean coating thickness (δ)
was determined by Equation (3).

δ =
∆m

ρc·π·d·Lt
(3)

where ∆m is the weight change after coating deposition, ρc is the apparent coating density
determined from the sample porosity, d is the tube inner diameter, and Lt is the coated
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length. In this method, the coating (geometrical) volume was approximated by the product
of π·d·δ·Lt. The apparent coating density was calculated by Equation (4):

ρc =
m

VTiO2 + Vp
(4)

where VTiO2 is the specific volume of titania, Vp is the specific pore volume.
The decomposition of methylene blue (C16H18ClN3S, MB) and rhodamine

B (C28H31ClN2O3, RhB) was studied in the coated tubes at 20 ◦C under stop flow conditions
under UV light (power: 26 W in the range of 320–370 nm) illuminated from a distance
of 2 cm. The solution volume in the tube was 0.87 mL. The size of the light source was
considerably larger than the illuminated reactor area, providing a uniform intensity over
the entire length.

RhB and MB dyes (purity ≥ 99.0 wt.%) were obtained from Fluka. The initial concen-
trations of MB and RhB were 10.0 and 5.0 mg L−1, respectively. After the initial adsorption
in the dark, the concentration decreased by 4%. The concentration was measured with
a UV-VIS spectrometer (UV-1800, Shimadzu, Kyoto, Japan) using calibration curves. A
quartz cuvette with an optical path of 10 mm was used. The samples were diluted 10 times
in distilled water for analysis. Blank experiments were also carried out with non-coated
quartz tubes to obtain the rate of non-catalytic decomposition at the same experimental
conditions.

4. Conclusions

An operational window for the evaporation-deposition method for the controlled
deposition of micrometer-thick titania coatings on the inner surface of long quartz tubes
has been studied. The liquid flow rate and the oven temperature were the most important
parameters that control coating morphology. In particular, the effect of liquid velocity in
the range of 0.8–1.8 mm s−1 and the boiling temperature in the range of 115–350 ◦C was
systematically investigated. The operation in the annular flow regime allows to reduce the
coating deposition temperature from 135 to 115 ◦C by increasing the gas flow rate from 1.4
to 2.6 mm s−1. This allows uniform solvent removal leading to the formation of continuous
coatings with an average thickness in the range between 3 and 10 mm. The porosity of
the coatings decreases with increasing liquid flow rate. The preheating of the precursor
mixture to the temperature just below its boiling point was an important factor to increase
the reproducibility of the method. A mean standard deviation in the coating thickness of
12% was obtained under optimised conditions. The coatings obtained were active in the
reactions of photocatalytic decomposition of methylene blue and rhodamine B with no
observed catalyst deactivation. The photocatalytic reaction rates were comparable to those
previously reported over P25 titania catalysts.
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Abstract: Since the Industrial Revolution, technological advances have generated enormous emis-
sions of various pollutants affecting all ecosystems. The detection and degradation of pollutants
has therefore become a critical issue. More than 59 different remediation technologies have already
been developed, such as biological remediation, and physicochemical and electrochemical meth-
ods. Among these techniques, advanced oxidation processes (AOPs) have been popularized in the
treatment of wastewater. The use of ZnO as a photocatalyst for water remediation has been devel-
oping fast in recent years. In this work, the goals are to produce ZnO photocatalysts with different
morphologies, by using a green sol-gel process, and to study both the influence of the synthesis
parameters on the resulting morphology, and the influence of these different morphologies on the
photocatalytic activity, for the degradation of an organic pollutant in water. Multiple morphologies
were produced (nanotubes, nanorods, nanospheres), with the same crystalline phase (wurtzite). The
most important parameter controlling the shape and size was found to be pH. The photoactivity
study on a model of pollutant degradation shows that the resulting activity is mainly governed by
the specific surface area of the material. A comparison with a commercial TiO2 photocatalyst (Evonik
P25) showed that the best ZnO produced with this green process can reach similar photoactivity
without a calcination step.

Keywords: aqueous sol-gel process; ZnO; photocatalysis; pollutant degradation

1. Introduction

Although too often poorly appreciated and considered as an almost inexhaustible
resource, water is becoming a scarce commodity [1]. Its excessive and disproportionate use
in some regions of the world, combined with the overall increase in the population, adds
increasing pressure on water reserves and increases the general level of aqueous pollution.
To face these problems, treating and decontaminating wastewater for reuse appears to be a
promising solution [2–4].

In general, it is possible to distinguish the following three main families of water
contaminants: chemical contaminants (organic and inorganic), microbial contaminants,
such as viruses and bacteria, and, finally, radiological contaminants. Depending on the type
and quantity of pollutants present, as well as the volume of water to be treated, various
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treatment methods can be used [5]. This work will focus on organic pollutants and the
associated degradation processes.

Recently, innovative water pollution control techniques have emerged, as a result
of water quality legislation strengthening. Among these, advanced oxidation processes
(AOPs) are attracting growing interest. These processes constitute promising alternatives
for the degradation of organic pollutants, which are non-biodegradable and refractory to
conventional treatments [6].

All AOP technologies are based on the production and use of hydroxyl radicals
(OH•), which represent the most powerful oxidizing species that can be used in the field
of water and industrial effluent treatment. The advantage of AOPs lies in their ability
to degrade almost all organic molecules, by reacting with –C=C– double bonds and by
attacking aromatic nuclei, which are major constituents of refractory pollutants. Due to
their ability to break down the most recalcitrant compounds into biologically degradable
molecules and/or mineral compounds (CO2 and H2O), they can be used in addition to
conventional techniques, such as adsorption on activated carbon, reverse osmosis, or
biological treatments [6].

Among AOPs, photocatalysis relies on the activation of a semiconductor-type photo-
catalyst with light energy. When the photons meet the surface of the photocatalyst, they
are absorbed by the material, which allows the production of highly reactive oxidizing
and reducing species on the surface of the semiconductor photocatalyst. These radicals,
generated near the catalyst surface, from water and dissolved oxygen, are then able to
attack chemical bonds and induce the total or partial destruction of a wide variety of
organic compounds [6–8].

Among the different semiconductors that can be used in photocatalysis, ZnO has
drawn a lot of attention in the photocatalytic remediation of wastewater fields, due to
its high free-exciton binding energy (60 meV), high electrical conductivity, and strong
redox ability with valence (VB) and conduction (CB) band positions [7,9]. Moreover, ZnO
presents chemical and thermal stability [10].

ZnO is a semiconductor with a band gap of around 3.37 eV [7], so it is activated by UV
light. As for the archetypal TiO2, many studies have been conducted to modify ZnO light
absorption properties, in order to shift it in the visible range or to increase its photoactivity
in the UV range [11–13]. Different preparation methods are found to synthesize ZnO
photocatalysts, such as the sol-gel method, precipitation, microwave-assisted methods, or
thermal oxidation [9,10,14–16]. Sol-gel methods present the advantages of occurring under
soft conditions (i.e., at a low temperature and low pressure), producing liquid sol or solid
gel, to obtain materials in different shapes, such as coatings, powders, or monoliths, and
this process is also often compatible with water as solvent, reducing the environmental
impact of the preparative steps [8,17–19]. The sol-gel process is based on the hydrolysis
and condensation of metal alkoxides, to produce metal oxide materials [18]. By playing on
different parameters, such as the pH, the catalyst, or the time of reaction, fine tuning of the
metal oxide material characteristics (nanostructure, morphology, or surface properties) can
occur [17,20,21].

To date, the photocatalytic applications of ZnO nanostructures have been investigated
by numerous researchers. However, relatively little is known about the performance of
ZnO catalysts in relation to their morphologies, in a systematic comparative manner [7].

In this work, the goals will be to produce ZnO photocatalysts with different morpholo-
gies, by using a green sol-gel process, and to study both the influence of the synthesis
parameters on the resulting morphology, and the influence of these different morphologies
on the photocatalytic activity for the degradation of an organic pollutant in water. To reach
these goals, an aqueous sol-gel synthesis of ZnO will be studied, and the impact of three
synthesis parameters (pH, stirring, time of reaction) will be analyzed using a design of ex-
periment (DoE) plan, implemented with JMP® Pro 15 software. All the ZnO photocatalysts
will be characterized by PXRD (powder X-ray diffraction), TEM (transmission electron
microscopy), XPS (X-ray photoelectron spectroscopy), nitrogen adsorption–desorption
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measurements, and DRUVS (diffuse reflectance UV–visible spectroscopy). In the last part
of this study, the photocatalytic activities of ZnO materials will be assessed on the degra-
dation of a water model pollutant that is commonly found in the pesticide p-nitrophenol
(PNP). The resulting photoactivities will be compared with the well-known commercial
Evonik Aeroxide P25 TiO2 photocatalyst. This commercial product is synthesized by a
high-temperature aerosol process [22].

2. Results and Discussion

As explained in Section 3.1, different protocols were followed, in order to obtain ZnO
nanoparticles (NPs) with different morphologies. Two different synthesis protocols were
used, named syntheses 1 and 2 in the following, to facilitate reading. Synthesis 1 is a sol-gel
method carried out at room temperature, using NaOH as basic titrant, and is adapted
from [9], while synthesis 2 is a sol-gel method performed at 60 ◦C, using KOH as the basic
titrant and absolute EtOH as a solvent, and is adapted from [10].

2.1. Synthesis 1: A Study of Three Reaction Parameters

First, ZnO NPs were prepared by the synthesis 1 protocol, as detailed in Section 3.1.1.
The following three main reaction parameters were studied: the pH, which was varied from
8 to 12.5, the stirring (or not) of the solution, and the reaction duration (varied between
1 and 7 days). In order to accurately reveal the joint impact of these three factors on the
size response, an experimental plan was designed using JMP® Pro 15 software. The tested
conditions are detailed in Table 1.

Table 1. Experimental plan designed by JMP® 15 software.

Table Code Name pH Time (days) Stirring

1 Z1 10.25 7 No
2 Z2 10.25 1 Yes
3 Z3 12.5 4 No
4 Z4 8 4 Yes
5 Z5 12.5 1 No
6 Z6 8 7 Yes
7 Z7 12.5 1 Yes
8 Z8 8 7 No
9 Z9 12.5 7 Yes
10 Z10 8 1 No
11 Z11 12.5 1 No
12 Z12 8 7 Yes
13 Z13 12.5 7 Yes
14 Z14 8 1 No
15 Z15 12.5 7 No
16 Z16 8 1 Yes
17 Z17 10.25 4 Yes
18 Z18 10.25 4 No

2.1.1. Phase Composition

The crystalline ZnO phase present in all samples was identified by means of PXRD,
as can be observed in Figure 1, which shows the diffraction pattern of one of the 18 ZnO
samples (Z13). The position of the recorded diffraction peaks corresponds to that of the ZnO
bulk diffraction spectrum, which can be indexed as hexagonal wurtzite (JCPDS 36-1451).
The (004) and (202) plane peaks are less visible than the reference peaks because of the
background noise. All the other 17 samples exhibit the same XRD patterns, with various
peak widths, indicative of different crystallite sizes. Some XRD patterns (Figure S1 as
an example) show additional peaks in the 2θ range of 5◦–25◦. After an extra washing
with deionized water, these peaks disappear, which suggests that they are relative to
a zinc acetate residue and not to another ZnO phase. Thanks to the Scherrer formula
(Equation (1)), it is possible to calculate the crystallite size (dXRD) of the 18 ZnO samples
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from their diffraction patterns (Table 2, dXRD (nm)). The full width at half maximum
(FWHM, named β) is calculated for the (102) plane (fourth peak), and θ is the angle
corresponding to this diffraction plane. β and θ were taken directly from the EVA software
that was provided with the PXRD instrument.

dXRD = 0.9
λ

β cos(θ)
(1)

where β is the full width of the peak at half maximum, after correction of the instrumental
broadening (rad), λ the wavelength (nm), and θ the Bragg angle (rad).

Figure 1. XRD diffraction pattern obtained for a ZnO sample prepared by Synthesis 1 (Z13—blue
line), as compared to a wurtzite reference (JCPDS 36-1451) diffraction spectrum (Z—red line).

Table 2. Overview of the crystallite size (dXRD) calculated from diffraction patterns and average size of NPs and of their
agglomerates (dTEM), and the related standard deviations (σTEM) measured from TEM images for the 18 syntheses included
in the design of experimental plan. The diameter dTEM for non-spherical NPs and agglomerates corresponds to the height,
the length and the diameter of the circumscribed circle of triangular or trapezoidal, rectangular and regular hexagonal
morphologies, respectively.

JMP
N◦

Code
Name

dXRD

(nm)

dTEM

Nanoparticle
(nm)

σTEM

(nm)

dTEM

Agglomerate
(nm)

σTEM

(nm)
Morphology
Nanoparticle

Morphology
Agglomerate

1 Z1 32 41 13 138 34 rectangular geometrical

2 Z2 52 29 8 109 36 elongated triangular and
spherical

3 Z3 23 30 8 109 41 elongated triangular and
spherical

4 Z4 109 28 15 717 115 spherical hexagonal

5 Z5 21 25 10 91 25 elongated triangular and
spherical

6 Z6 124 125 53 414 166 geometrical spherical and
geometrical

7 Z7 18 20 5 100 29 spherical triangular and
spherical

8 Z8 71 48 12 1015 458 spherical geometrical

9 Z9 19 28 10 104 30 elongated triangular and
spherical
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Table 2. Cont.

JMP
N◦

Code
Name

dXRD

(nm)

dTEM

Nanoparticle
(nm)

σTEM

(nm)

dTEM

Agglomerate
(nm)

σTEM

(nm)
Morphology
Nanoparticle

Morphology
Agglomerate

10 Z10 105 - - 110 26 tubular tubular

11 Z11 23 25 7 96 31 spherical triangular and
spherical

12 Z12 110 126 - 451 130 spherical geometrical

13 Z13 19 20 7 91 25 elongated triangular and
spherical

14 Z14 104 30 15 771 97 spherical hexagonal

15 Z15 19 21 8 98 32 elongated triangular and
spherical

16 Z16 112 37 5 696 134 spherical hexagonal
17 Z17 46 9 5 203 53 spherical spherical
18 Z18 48 37 19 158 57 rectangular geometrical

- = not measured.

All the samples were also analyzed by XPS, which confirmed the ZnO composition. All
the samples presented the same XPS spectra (an example is given in Supplementary Materials,
Figure S2).

2.1.2. Morphology and Size

The ZnO NPs morphology of the 18 samples was investigated by TEM analysis. As
is shown for nine samples in Figure 2, ZnO NPs can present the following variety of
morphologies: spherical, elongated, or geometrical (rectangular, trapezoidal). Most of
them were agglomerated in bigger particles. The morphology of the agglomerates is even
more significantly different; they either have perfect geometry, such as spheres or regular
hexagons, or smaller and more irregular shapes.

Table 2. Concerning NPs and agglomerates exhibiting a non-spherical morphology,
the measured dTEM corresponds to the height for triangular or trapezoidal shapes, the
length for the rectangular or elongated shapes and the diameter of the circumscribed circle
for the regular hexagonal shapes.

Differences between the diameters calculated from diffraction patterns and those
measured from TEM images are observable. It is difficult to indiscriminately compare
the sizes measured from XRD and TEM analyses. First of all, the sizes measured by XRD
and TEM do not have the same meaning. Indeed, by means of the Scherrer formula
(Equation (1)), an average crystallite size is determined, while from TEM images, the size
of NPs or agglomerates of a specific zone of the sample can be measured. This is a fact that
is important to keep in mind when the dXRD is smaller than the dTEM, which means that
several crystallites constitute a single NP. If the comparison of dXRD and dTEM gives the
same numbers, it shows that the observed nanoparticles are mainly composed of only one
crystallite.

Secondly, an important approximation of the Scherrer equation is that all the crystal-
lites are considered as being spherical. As observed in Figure 2, it is clear that not all the
morphologies are spherical.
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Figure 2. TEM images of nine ZnO samples (a) Z4 (b) Z10 (c) Z1 (d) Z15 (e) Z17 (f) Z14 (g) Z2, (h) Z13 and (i) Z18 in
which different morphologies of the obtained NPs and agglomerates can be clearly appreciated. The different code names
correspond to the different syntheses (see Table 2).

Moreover, a bias between the observed size, as compared to the real size, occurs for
both the size determination techniques employed [23]. Since a TEM image is a 2D projection
of the sample, the latter could be slightly distorted, depending on its orientation, and thus
the size on the projection is not exactly the same as the actual object. Concerning XRD, for
the Scherrer calculations to be meaningful, the diffraction peak width should be purely
that of the material itself, and should consequently be free from side effects. The following
several factors, other than NP sizes, could contribute to the width of the peaks: instrumental
broadening or the use of a non-monochromatic X-ray source, inhomogeneous strain or
crystal lattice imperfections, temperature factors, etc. [24,25]. Furthermore, crystallite
size broadening is more important at a large value of 2θ, while instrumental width and
microstrain broadening are also the largest at a high 2θ value. The asymmetry of the
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peaks is more pronounced at a 2θ angle lower than 30◦ [24,25]. As a compromise, the
(102) diffraction plane located at a 2θ value of 48◦ was chosen to be used in the Scherrer
calculations. Thus, the dXRD determined is the apparent size of the crystallites in the
direction perpendicular to the (102) plane.

Finally, as previously mentioned, the NPs prepared with synthesis 1 are agglomerated
in bigger particles of various sizes and shapes. Therefore, the precise measurement of a
single NP is intricated in TEM images. It is noteworthy that the standard deviations of
the mean sizes of both NPs and agglomerates measured by TEM are really high, whereas
XRD provided a single average value of crystallite size, without any estimation of the size
distribution. A more complex variant of the Scherrer equation can be developed, to take
into account the crystallite size distribution [25], but it was not considered in this work.
The Scherrer equation is thus useful to compare several samples with each other, rather
than to precisely quantify the absolute size.

On the basis of the values gathered in Table 2, the dXRD and dTEM values are compared
and found to correspond, to a certain extent. Nevertheless, concerning the reactions
performed at pH 8 (samples Z4, Z10, Z8, Z6, Z12, Z14, and Z16), TEM and XRD analyses
exhibit the biggest differences. Reactions at a low pH seem to be less reproducible than
reactions at a higher pH. It was not possible to measure an isolated NP on the TEM images
of the Z10 sample. Indeed, as observed in Figure 2b, only long tubular forms were visible.

2.1.3. Statistical Analysis of the Three Tested Parameters

In order to study the influence of the three tested parameters (pH, stirring, and reaction
time) in this synthesis 1 protocol (Table 1), a statistical analysis was performed using the
JMP® Pro 15 software. It was chosen to work with crystallite sizes that were determined
from XRD patterns, rather than size measured on TEM images. Indeed, the approximations
of the Scherrer equation, as described in Equation (1), would have impacted all the size
values in the same way, while it was difficult to precisely measure the NP size on TEM
images, due to their agglomeration in bigger particles, and to anisotropy. To visualize the
relationships between the three tested parameters and the dXRD response, a scatter plot
was drawn (Figure 3) for the 18 ZnO experiments. A marked correlation between pH and
dXRD is appreciated in Figure 3 (middle), while stirring and reaction time do not seem to
influence the dXRD obtained.

Figure 3. Scatter plot of dXRD values in function of stirring, pH and reaction time. A correlation
between dXRD and pH is clearly observable.

To investigate the percentage of correlation between the pH and dXRD, further statis-
tical analyses were performed. The actual pH of the 18 launched experiments varied by
a few tenths of a unit from the expected pH of the designed JMP® plan, because of the
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accuracy of the pH meter. For the statistical analyses, all the pH values were standardized
to the theoretical values of 8.0, 10.25, and 12.5, in order to reduce the repeatability error.
Then, a statistical model was built as follows: using a model of a degree equal to two, a
standard least squares method, and a screening report.

Figure 4 is a plot of the obtained dXRD, using the Scherrer formula to identify the dXRD
values expected by the built model. The adjustment summary is gathered in Table 3. The
R2 is equal to 0.97, meaning that 97% is explained by the built model, which is therefore
relevant. The analysis of variance report (Table 4) provides the calculations for comparing
the fitted model to a model where all the predicted values are equal to the response mean
(58.5578 nm). The degree of freedom is the number of parameters implemented to fit the
model. This degree is equal to six for the model, for the following parameters: pH, stirring,
reaction time, pH * pH, pH * stirring, and pH * reaction time. The parameters (stirring *
reaction time) and (reaction time * reaction time) were not implemented here. An analysis
including these two additional parameters was also performed (see Figures S3 and S4, and
Table S1 in Supplementary Materials). Nevertheless, the LogWorth of the pH was lower
and the error sum of squares was higher, which means that the model explained less than
the analysis performed with less parameters.

Figure 4. Observed dXRD values in function of expected dXRD by the built model. The red area and
the blue line represent the confidence interval and the mean value of the dXRD, respectively.

Table 3. Adjustment summary.

Term Value

R2 0.9715
Adjusted R2 0.9559

Square root of the mean error 84.968
Mean of the response 585.578

Number of observations 18

Table 4. Analysis of variance report.

Source
Degree of
Freedom

Sum of
Squares

Mean
Square

F Ratio Prob. > F

Model 6 27,042.891 4507.15 624.301 <0.0001
Error 11 794.146 72.20 - -

Corrected
total 17 27,837.037 - - -
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The total sum of squares is the sum of the squared differences between the response
values and the sample mean. It represents the total variation in response values (27,837.037).
The error sum of squares is the sum of squared differences between the fitted values and
the actual values. It represents the variability that remains unexplained by the model
(794.146). The model sum of squares is the difference between the total sum of squares and
the error sum of squares; therefore, it represents the variability explained by the model [26].
In this case, the variability explained by the model is equal to 27,042.891, which is much
higher than 794.146, which remained unexplained. The mean square is the sum of squares
divided by the related degree of freedom.

The F ratio is a statistical test, the ratio between the model and the error mean squares.
The Prob. > F is the p-value of the F test. The p-value is used to quantify the statistical
significance of a result under a null hypothesis. p-value is a measure of the probability
of obtaining an F ratio as large as what is observed. In other words, a very small p-value
means that such an extreme observed outcome would be very unlikely under the null
hypothesis [26]. Here, the Prob. > F is lower than 0.0001, which indicates that there is at
least one significant effect in the model.

Figure 5 shows the importance of each parameter in the model (p-value and Log-
Worth). The LogWorth is defined as −log10(p-value), this is a transformation adjusting
p-values to provide an appropriate scale for graphing. Generally, a p-value lower than
0.01 corresponds to a presumption against the null hypothesis that is very high [26]. The
reference blue line represents the −log10(0.01), which is equal to two. A parameter that
has a LogWorth value greater than two is therefore considered significant. Assuming these
considerations, the most influencing effect on the crystallite size is the pH; a LogWorth
equal to 8.812 and an exact p-value of 1.5 × 10−9 were obtained. To a lesser extent, the
second parameter (pH * pH) also possesses a LogWorth value higher than two. On the
basis of this analysis, we can conclude that the ZnO crystallite size depends on the pH, and
that the function has a slight quadratic component (pH2). Because of the significance of the
model, it is possible to predict the dXRD for chosen values of the three parameters, using
the prediction profiler.

Figure 5. Effects summary. The blue line represents the LogWorth reference equal to two.

These results are consistent with the observations made during the experiments.
Indeed, the clear solution transformed into a milky white suspension after the addition
of the first drops of NaOH. Nucleation begins immediately, because of the insolubility of
ZnO crystallites in the solution. Thus, stirring and reaction time do not have much impact.
Whereas, the higher the pH, the higher the NaOH concentration, and, therefore, the higher
the supersaturation of the solution, which leads to faster nucleation. When the pH is lower,
the concentration of NaOH in the solution is lower as well, and the crystallites can grow
slower and are therefore bigger.

2.2. Synthesis 2

ZnO NPs were also prepared by a second protocol, as described in Section 3.1.2, giving
sample Z19. The obtained NPs were also characterized by PXRD and TEM analyses. The
aim of using this second synthesis is to produce regular spherical NPs with a maximum
size of 10 nm.
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The collected diffraction peaks (Figure 6) are in very good agreement with the wurtzite
reference (JCPDS = 36–1451). The dXRD calculated by the Scherrer equation, using the (102)
peak plane as well, is equal to 8 nm (Table 5).

Figure 6. XRD diffraction pattern obtained for ZnO sample (Z19) prepared by synthesis 2 (blue line)
as compared to a wurtzite reference diffraction spectrum (Z—red line).

Table 5. Comparison of the main reaction parameters of the two ZnO syntheses, the crystallite size
(dXRD) and the morphology observed by TEM.

Synthesis pH Basic Titrant Temperature (◦) dXRD (nm) NPs Shape

1 8.00 NaOH 25 105 geometrical
1 10.25 NaOH 25 45 geometrical
1 12.50 NaOH 25 20 spherical
2 10.16 KOH 60 8 spherical

The Z19 sample was also analyzed by XPS, which confirmed the ZnO composition
(Figure S2).

TEM analyses were performed both for the sample before any washing, and after the
washing steps and redispersion in technical EtOH. The TEM images (Figure 7a) revealed
that most of the NPs are spherical and well dispersed. Since the NPs are dispersed, the size
measurement of individual NPs (dTEM) was performed using ImageJ® software, in order
to increase the precision. The obtained average size of NPs is 5 nm (σ = 1 nm), close to
the dXRD calculated by the Scherrer formula. On the TEM image after the washing steps
(Figure 7b), NPs were found to be agglomerated into clusters of an average size of 113 nm
(σ = 70). This result suggests that the centrifugation between each washing step may induce
aggregation of the NPs.
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Figure 7. TEM images of ZnO sample (Z19) prepared by synthesis 2. (a) Sample analyzed before
washing steps, NPs are well dispersed; (b) sample analyzed after washing steps, NPs are agglomer-
ated in particle clusters.

In the article reporting the protocol that we adapted for this second synthesis, Shamhari
et al. [10] emphasize that the utilization of absolute EtOH as a solvent is required to produce
NPs with a uniform shape and size. Therefore, a variant of this synthesis, using technical
EtOH as a solvent, was also performed, in order to study the influence of the EtOH grade
during the reaction process.

As shown in Figure 8, NPs prepared using technical EtOH (Z20), and after washing
steps, have the same morphology as those in the case of the synthesis performed in absolute
EtOH. The average NPs size is 5 nm (σ = 2 nm), which is comparable to the first synthesis
test using absolute EtOH (Z19). Therefore, the grade of the EtOH used as a solvent does
not impact the morphology and size of the prepared NPs. As compared to NPs synthesized
in absolute EtOH, analyzed before any washing and redispersion steps, the NPs are less
well dispersed compared to when absolute EtOH is used as a solvent. This result seems
to confirm the hypothesis that ZnO NP aggregation occurs during the centrifugation and
washing steps.

Figure 8. TEM image of ZnO sample (Z20) prepared by a variant of synthesis 2 using technical EtOH
as a solvent, after washing steps.
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2.3. Comparison of Both Synthesis Methods

In order to compare the two ZnO syntheses performed, Table 5 gathers the mean
reaction parameters (pH, basic titrant, temperature (T)), the crystallite size formed (dXRD),
and their morphology, as observed on TEM images. As discussed in Section 2.1.3, pH is the
most influencing parameter on the dXRD, in the case of synthesis 1. As a comparison, the
pH in synthesis 2 is also shown in Table 5. At the same pH value, different particle sizes
were obtained using both methods. The reaction medium of synthesis 2 became iridescent
after 2 h, while the reaction mediums of the others turned into a milky white solution right
after the addition of the very first drops of the basic titrant. ZnO crystallization seems to be
slower during synthesis 2, and, therefore, KOH is a basic titrant that is more appropriate
for the synthesis of smaller ZnO NPs. The higher temperature also allows better solubility
of zinc salt, and reduces the agglomeration.

2.4. Photocatalytic Activity

Among different semiconductors, ZnO is a successful and popular photocatalyst
that has demonstrated high photosensitivity and chemical stability [27,28]. As developed
in Sections 2.1 and 2.2, a large variety of ZnO nanostructures were obtained from the
different syntheses. Because the influence of the morphology of ZnO nanostructures on
their photocatalytic activity is not fully investigated in the literature, it seemed interesting
to test some of the prepared ZnO samples in such applications. In this case, the tests were
performed under UV-A light because of the high band gap value of ZnO (>3 eV).

The degradation percentage of p-nitrophenol (PNP, structure presented in Figure 9),
DPNP, is given in Equation (2) [29], where [PNP]t is the concentration in PNP at time t and
[PNP]0 is the initial concentration of PNP at time t = 0.

DPNP (%) =

(

1 −
[PNP]t
[PNP]0

)

× 100% (2)

Figure 9. Structure of PNP molecule.

2.4.1. Experiments under Two UV-A Lamps

In order to study the influence of the morphology of the ZnO NPs on the photocatalytic
activity, different ZnO samples, prepared with synthesis 1 and 2, exhibiting different
nanoshapes, were selected to be tested (Figures 2 and 7). The experimental methods are
detailed in Section 3.3. Samples Z2 and Z13 exhibit the same morphology (triangular
aggregates), but their sizes are not the same (Z2:29 nm; Z13:20 nm) (Table 2). This is
why they were both chosen. The others are either nanotubes (Z10), faceted (Z18), round
aggregates (Z17), hexagonal aggregates (Z14), or very small spherical NPs (Z19).

First, a blank test was performed as follows: PNP was irradiated alone under UV-A
light, in order to determine whether its degradation occurs after 7 h of light exposure.
Figure S5 shows the PNP absorption spectra for PNP, as follows: not irradiated; irradiated
with UV-A light during 7 h non-filtered; the same, but filtered with the same syringe
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filter as used for the catalysts; and filtered, followed by the addition of a drop of HNO3
(1 mol·L−1), respectively. As observed in Figure S5, PNP is not degraded upon 7 h of UV-A
light exposure. The filter (polypropylene, 13 mm diameter, 0.2 m pore size, Whatman™)
does not adsorb the PNP. Thus, this filter can be used in further tests.

The photocatalytic activity of the seven selected ZnO samples for PNP degradation
was tested under two UV-A lamps. The degradation percentage of PNP (DPNP) was
calculated using Equation (2), and the results are gathered in Figure 10. Commercial
Evonik P25 TiO2 was also tested as a reference. Indeed, it is the most used commercial
photocatalyst, and no commercial ZnO photocatalyst is available to date.

Figure 10. Degradation percentage of PNP (%) for the 7 ZnO samples tested (under two UV-A lamps)
and for commercial Evonik P25 TiO2 used as reference.

The best results were obtained with Z19 (DPNP = 52%), which presented the smallest
particle sizes. The second highest PNP degradation percentage (DPNP = 30%) was connected
to the Z17 sample, whose particle size (9 nm) was similar to that of Z19, but these were
agglomerated into bigger particles (203 nm), as can be appreciated from Figure 2e. The
descending DPNP order for the other ZnO samples tested approximately followed the order
of the NPs size, as follows: Z13 (20 nm) > Z14 (30 nm) > Z2 (29 nm) > Z18 (37 nm). The
sample that provided the lowest PNP degradation rate was Z10. Indeed, as shown in
Figure 2b, the morphology of the ZnO structure in this case is long and tubular. The best
photocatalyst (Z19) has similar activity to commercial Evonik P25 (~50% after 7 h). It is
important to be reminded that this commercial photocatalyst is made by a high-temperature
aerosol process [22], while the ZnO samples presented here are made at low temperature,
without a calcination step.

2.4.2. Specific Surface Area and Optical Properties

In order to obtain the values of the direct band gap energy (Eg;direct) and the spe-
cific surface area of the NPs, which are two important parameters of semiconductor
photocatalysts, diffuse reflectance ultraviolet–visible spectroscopy (DRUVS) and 5 points
Brunauer–Emmett–Teller (BET) surface area analyses were performed on the seven ZnO
samples selected for the photocatalytic tests, and also on commercial Evonik P25.

From DRUVS, it is possible to determine the Eg;direct by plotting (F(R∞)hυ)2 as a
function of the photon energy, and by extrapolating the linear part of the curve to the
intersection with the x-axis (Equations (5) and (6) from [29]). For commercial TiO2, it is the
indirect band gap that is calculated, as TiO2 is an indirect semiconductor [30].

Figure 11 shows the plot of (F(R∞)hυ)2 as a function of the photon energy hυ for the
seven ZnO samples tested. Table 6 gathers the results of the band gap energies found. All
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the ZnO samples possess a slightly different Eg;direct value, which is similar to values found
in the literature (~3.2 eV) [9,31]. There is no correlation between Eg;direct and NP size in this
case. The light used for the photocatalytic tests is UV-A light, and its spectrum extends
from a wavelength of 400 nm to 315 nm, which corresponds to 3.10 eV to 3.93 eV. Therefore,
the Eg;direct of each sample is compatible with UV-A light activation, which is why all the
samples were active photocatalysts, and were able to degrade PNP.

Figure 11. Determination dy DRUVS of the direct band gap energy for the seven ZnO samples tested
in photocatalysis.

Table 6. Band gap energy (Eg,direct), PNP degradation efficiency (DPNP), surface area from 5 points
BET (SBET) and corresponding calculated value (Sth) for the seven ZnO samples. Sth was not
calculated for Z10 due to its tubular morphology not allowing the NPs size to be measured from
TEM images.

Code Name
SBET

(m2·g−1)
Sth

(m2·g−1)
DPNP

(%)
DPNP/SBET

Eg,direct

(eV)

Z2 5 20 21 4.2 3.28
Z10 4 * 15 3.8 3.25
Z13 23 56 28 1.2 3.36
Z18 4 22 18 4.5 3.28
Z17 6 23 30 5.0 3.30
Z14 3 10 26 8.7 3.29
Z19 30 129 52 1.7 3.26

Evonik P25 55 77 50 0.9 3.05 **
* = not determined, indeed for Z10 samples the tubular morphology is not compatible with the model. ** For
commercial Evonik P25 TiO2, it is the indirect band gap that is calculated.

From the 5 points nitrogen physisorption measurements, it is possible to determine
the value of BET surface area (m2·g−1). Table 6 gathers the results provided by the nitrogen
adsorption 5 points BET (SBET), as compared to the theoretical model surface (Sth) calculated
by Equation (3), for the seven ZnO samples tested in photocatalysis, and for Evonik P25.

Sth=
3

ρ ∗ r
(3)

where Sth (m2·g−1) is the theoretical model surface area; ρ (g·m−3) is the density, a value
of 5.61 g·cm−3 was taken for ZnO [32], and a value of 3.89 g·cm−3 for TiO2 [22]; and r is
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the radius (m) of the crystallite. Here, it is chosen to take r as the radius determined by
PXRD (i.e., dXRD/2).

As shown in Table 6, the highest surface area measured by BET is for the sample
Z19, which was expected, according to its high PNP degradation result. The SBET and Sth
values are consistent with each other, even if all the SBET values measured are much lower
than expected. This is probably due to the agglomeration of NPs in larger aggregates in
the dried powders, which results in a decrease in the specific surface area. Indeed, the
specific surface area is inversely proportional to the size of NPs, and agglomerated particles
decrease the apparent size of NPs. The calculation of the Sth also has some of the following
limitations: all the NPs are considered spherical, which is not always the case (Z18 for
example), and all the NPs are considered monodispersed. Nevertheless, it can give an idea
of the importance of agglomeration in the samples, and its impact on the specific surface
area measurements. It can be concluded that the photocatalytic activity is mainly governed
by the available surface of NPs. Commercial Evonik P25 presented the highest specific
surface area (~55 m2·g−1).

If the activity is normalized by the specific surface area (Table 6, fifth column), the
order of photoefficiency is different, and all the ZnO samples are better than the commercial
P25 catalyst. Especially, the Z14 sample, composed of hexagon, presents a high normalized
photoefficiency that is ten times higher than P25. These results suggest that if the surface
area of the ZnO samples could be increased, an activity much higher than the one of Evonik
would be obtained.

Some ways to increase the specific surface area would be, for example, to use some
surfactant during the synthesis, which would create additional porosity inside the ZnO
materials, due to a templating effect. A thermal treatment of the synthesized samples
could also create some microporosity if unreacted reagents were still present. However,
the temperature of such a treatment must be optimized in order to avoid sintering of
the particles, which would increase the particle sizes and decrease the specific surface
area. Another way to increase the specific surface area would be to synthesize smaller
nanoparticles below 5 nm, but these would be more difficult to recover.

2.4.3. Experiments under Four UV-A Lamps with the Best ZnO Photocatalyst

The ZnO NPs prepared by synthesis 2 (Z19), which possess an average NPs size of
8.3 nm, were the best photocatalysts among all the ZnO samples tested, due to their higher
specific surface area. The photocatalytic activity of Z19 was, therefore, also tested under
four UV-A lamps, in order to enhance the PNP degradation. After 7 h under four UV-A
lamps, Z19 exhibited a DPNP equal to 80%, which is a very competitive result.

2.4.4. Recycling Experiments with the Best ZnO Photocatalyst

To assess the stability of the ZnO material, recycling experiments were conducted with
the Z19 sample, knowing that ZnO suffers from photocorrosion [13]. In Table 7, the results
of three consecutive photoactivity tests on PNP degradation are presented, with the mean
value and the standard deviation of these numbers. The degradation activity remained
constant during the three experiments, showing that the material kept its integrity for 21 h.
Moreover, an XRD measurement was taken on the Z19 sample, after the three experiments.
The pattern (Figure S6) was the same as in Figure 6, showing that the material maintained
its crystallinity during the recycling experiments.
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Table 7. Recycling photocatalytic experiments on PNP degradation with Z19 sample.

Sample
1st Photocatalytic

Experiment (Figure 10)
(%)

2nd Photocatalytic
Experiment

(%)

3rd Photocatalytic
Experiment

(%)

Mean PNP
Degradation

Value (%)

Standard
Deviation

Z19 52 47 49 48 3

Concerning the evolution of the samples while working with real samples of polluted
water, carbon contamination of the surface of ZnO materials can occur during degradation,
depending on the concentration of pollutants to eliminate. This contamination can be
removed by regeneration of the catalyst with UV exposition, or a thermal treatment if the
amount is very high.

3. Materials and Methods

All the chemical reagents and solvents (purity and their supplier) used are gathered
in alphabetic order hereafter: Ammonium hydroxide (25% in water, extrapure, Acros
Organics, Fisher Scientific, Hampton, NH, USA), Ethanol (99%, EURO DENATURATED
Techni Solv®, VWR Chemicals, Radnor, PA, USA), Ethanol absolut (AnalaR NORMAPUR®

Reag. Ph. Eur.,VWR Chemicals, Radnor, PA, USA), Methanol (Technical, VWR Chemicals,
Radnor, PA, USA), Nitric acid (68%, VWR Chemicals, Radnor, PA, USA), p-Nitrophenol
(99%, Acros Organics, Fisher Scientific, Hampton, NH, USA), Potassium hydroxide (>85%
for laboratory use, Ph. Eur., Chem-Lab NV, Zedelgem, Belgium), Sodium Hydroxide (99%,
AnalaR NORMAPUR® Reag. Ph. Eur., VWR Chemicals, Radnor, PA, USA), Zinc acetate
dihydrate (99.5%, for analysis, E. Merck, Fort Kennerworth, NJ, USA).

3.1. ZnO Synthesis

Zinc oxide NPs were synthesized by means of different methods in order to obtain
different morphologies. The parameters influencing the ZnO crystallite sizes have been
studied.

3.1.1. Sol-Gel Synthesis 1

Zinc oxide (ZnO) NPs were first synthesized based on a sol-gel method reported
by Alias et al. [9]. In a 250 mL Erlenmeyer flask, 20 mmol of zinc acetate dihydrate
(Zn(CH3COO)2·2H2O) was dissolved into 100 mL of EtOH at room temperature by mag-
netic stirring. In order to study the influence of the pH, the agitation and the reaction time
on the ZnO crystallite size, an experimental design (Table 1) was performed assisted by
JMP Pro 2015 software (JMP 12, SAS, Cary, NC, USA, 2015). The pH of the solution was fol-
lowed (Electrode pH, BlueLine, SI ANALYTICS®, Servilab) during the titration by sodium
hydroxide solution (NaOH 1 mol·L−1). The clear solution transformed into a milky white
suspension immediately after the addition of the first drops of NaOH. After the predefined
reaction time, under or without stirring, the product was extracted by centrifugation (ALC®

centrifuge PK 120, 6000 rpm, 10 min, ALC international S.r.l., Cologno Monzese, Italy) and
washed twice with deionized water and twice with EtOH. The product was dried at 120 ◦C
overnight and ground with a mortar and pestle.

3.1.2. Sol-Gel Synthesis 2

ZnO NPs were also prepared following the solvo-thermal procedure reported by
Shamhari et al. [10]. In a 250 mL Erlenmeyer flask, 6.7 mmol of Zn(CH3COO)2·2H2O was
dissolved in 63 mL of absolute EtOH and heated to 60 ◦C using a liquid oil bath with
constant magnetic stirring. In a second flask, 13.2 mmol of potassium hydroxide (KOH) was
dissolved in 33 mL of absolute ethanol under the same conditions as zinc acetate dihydrate.
When both dissolutions were complete, KOH solution was added drop by drop into the
zinc acetate dihydrate solution at 60 ◦C with vigorous stirring. The reaction mixture was
stirred for 3 h at 60 ◦C. The solution turned iridescent and then a white precipitate formed.
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The product was separated by centrifugation (ALC® centrifuge PK 120, 9000 rpm, 30 min)
and washed twice with deionized water and twice with ethanol. The obtained product was
dried at 120 ◦C overnight and ground with a mortar and pestle.

3.2. Material Characterizations

X-ray diffraction patterns were recorded with a D8 Advance (Bruker, Billerica, MA,
USA) diffractometer, a Cu-Kα (0.15409 Å) anode and a LynxEye detector. A few milligrams
of each sample were deposited on an epoxy sample holder, previously covered with a very
thin layer of commercial moisturizer (Nivea®). Data were collected in the 2θ range from 5◦

to 80◦, with a step of 0.15◦ and a time/step of 0.15 s at room temperature. The obtained
2D diffractograms were analyzed using DIFFRAC.EVA software (Bruker, Billerica, MA,
USA); they were azimuthally integrated using the Fit2D software and calibrated with a
LaB6 standard diffractogram.

The Scherrer formula (Equation (1)) was used to estimate the nanoparticle crystallite
size, dXRD (nm) [8].

Nitrogen sorption measurements were performed on a Micromeritics ASAP 2020
instrument (Bruker) in order to determine the BET specific surface area (SBET). About a
hundred milligrams of solid sample were degassed at 120 ◦C for 6 h prior to analysis.

Transmission electron microscopy was performed on an LEO 922 OMEGA energy
filter transmission electron microscope operating at 120 kV. Sample preparation consisted
of dispersing a few milligrams of each sample into an appropriate solvent, using sonication
(VWR ultrasound cleaner, power level 9, 30 min). Then, a few drops of the supernatant were
placed on a holed carbon film deposited on a copper grid (CF-1.2/1.3-2 Cu-50, C-flat™,
Protochips, Morrisville, NC, USA). The grid was then carefully deposited on a filter paper
and dried overnight under vacuum at room temperature. About one hundred particles
were measured and an average value was estimated (dTEM).

DRUVS analyses were performed on a UV 3600 Plus UV–VIS–NIR spectrophotometer
from Shimadzu Kyoto Japan. Measurements were performed in diffuse reflectance mode.
The spectra range of analysis was from 200 to 600 nm. The baseline was realized using
Spectralon as a reference. The solid sample preparation consisted of filling the 3 mm
diameter microsampling cup using the appropriate funnel (praying mantis™ sampling
kit, Harrick). The sample was then flattened with a microscope glass slide and then
introduced into the praying mantis™. The spectra were transformed using the Kubelka–
Munk function [22,33] to produce a signal, normalized for comparison between samples,
enabling the band gaps (Eg,direct) to be calculated. The details of this treatment method
were widely described elsewhere [23,29].

XPS analyses were performed with a FISONS SSI-X-probe 100/206 spectrometer
(Surface Science Instruments), equipped with an electron beam (8 keV) for surface charge
neutralization. A few milligrams of each sample were deposited on a double-sided adhesive
support, clung onto a brass cup, and then introduced into a Macor® carousel topped by a
nickel grid in order to avoid charge effects. The analyses were then performed, without
further sample preparation at room temperature with an analysis chamber pressure of
10−6 Pa.

The main peaks analyzed in the different samples were C 1s, N 1s, O 1s, and Zn 2p.
Data treatment was executed with the CasaXPS software (Casa Software Ltd., Teignmouth,
UK) using a Gaussian/Lorentzian (85/15) decomposition treatment and a Shirley-type
baseline subtraction. All XPS spectra were calibrated using the C–(C,H) component of the
C 1s peak localized at 284.8 eV.

3.3. Photocatalytic Experiments

In a quartz sealed round-bottom flask (Figure 12), 10 mg of each ZnO NPs were sus-
pended in 10 mL of a PNP aqueous solution (1 × 10−4 mol·L−1). The solutions were stirred
and irradiated with two UV-A lamps (TL Mini Blacklight Blue, TL 8W BLB 1FM/10 × 25CC,
λmax = 370 nm, Philips, Amsterdam, The Nederlands). The best sample was also irradiated
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with four lamps. Aluminum foil was used to cover the outer wall of the reactor and prevent
any side reactions with ambient light. A 2 mL sample was taken after 7 h of exposure to
UV-A. ZnO catalysts were filtered off with a syringe filter (polypropylene, 13 mm diameter,
0.2 µm pore size, Whatman™, Maidstone, UK). The concentration of PNP was measured
by UV/Vis spectroscopy (1700 UV/visible spectrophotometer, Shimadzu) at 317 nm, which
correspond to the acidic form of PNP. Previously, a calibration curve was made for the
PNP acidic form. Previously, a control experiment was performed to assess if PNP does
not undergo direct photolysis under this ultraviolet A (UVA) illumination.

Figure 12. Schematic representation of the photocatalytic set used for the irradiation experiments.

It has been reported that if the degradation of PNP is not complete, specific peaks of the
intermediate molecules appear in the range 200–500 nm of the UV/visible spectrum [34,35].
Due to the absence of these peaks during the measurements, complete mineralization can be
considered here. Moreover, total mineralization of PNP during homologous photocatalytic
tests using a similar installation has been shown in a previous work [36].

3.4. Recycling Photocatalytic Experiments

To evaluate the stability of the photoactivity of ZnO materials, photocatalytic recycling
experiments were carried out with the Z19 sample. The same protocol as explained in
Section 3.3 was performed with this catalyst. After the first photocatalytic experiment,
the sample was recovered by centrifugation (9000 rpm for 30 min) followed by drying at
120 ◦C overnight. A second and third cycle of photocatalytic tests as described above were
applied to the re-used catalysts, with washing and drying steps between each photocatalytic
experiment. So, the Z19 sample was used for three successive photocatalytic experiments,
for a total of 21 h of illumination. A mean PNP degradation rate of the three experiments
was calculated. An XRD measurement was performed after the three photocatalytic
experiments in order to check the integrity of the crystalline material.

4. Conclusions

In this work, ZnO nanoparticles were synthesized by a sol-gel process, in order to
obtain different morphologies in green conditions. The goals were to study both the
influence of the synthesis parameters on the resulting morphology, and the influence
of these different morphologies on the photocatalytic activity, for the degradation of an
organic pollutant in water.

Two different experimental protocols were tested to produce ZnO. All the samples
provided the same ZnO crystalline phase (wurtzite), according to PXRD patterns. In
order to study the influence of the synthesis parameters on the resulting morphology,
an experimental plan was designed with JMP® software, to study the influence of three
parameters (pH, stirring (or not), and reaction time) in the first synthesis method, which
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was a sol-gel process performed at room temperature and using NaOH as a basic titrant.
Many different sizes and morphologies were obtained, according to TEM images. A
statistical study performed with JMP® software revealed that pH is the most influencing
parameter in the crystallite size response for the ZnO prepared with this synthesis method.

The second synthesis process (sol-gel at 60 ◦C, using KOH as a basic titrant) provided
ZnO nanoparticles with the most regular shape, the smallest size (8 nm from XRD), and
with the highest dispersion.

In the second part of this work, the ZnO nanoparticles were tested in the degradation
of a model water pollutant, namely, p-nitrophenol, by advanced oxidation processes, under
UV-A light. The ZnO photocatalysts exhibited notable degradation after only 7 h. Nanopar-
ticles with different shapes and sizes were tested. The obtained results indicated that the
photoactivity of ZnO is mainly governed by the specific surface area. Optimization of the
nanoparticle size was therefore also critical for the water decontamination application.

Moreover, comparison with a commercial TiO2 photocatalyst (Evonik P25) showed
that the best ZnO produced with this green process can reach similar photoactivity without
a calcination step.

By normalization of the photodegradation by the specific surface area, the ZnO
samples showed higher activities than the commercial photocatalyst, up to ten times.
This suggests that if the specific surface area of the ZnO can be further increased, the
photoactivity will reach a higher level than the commercial photocatalyst. It is important to
be reminded that the ZnO materials were obtained with a green synthesis process, without
an energy-consuming calcination step.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11101182/s1, Figure S1: XRD diffraction patterns obtained for a ZnO sample (Z1)
before and after washing; Figure S2: XPS spectra of Z19 ZnO sample: (a) Zn 2p region, (b) O
1s region, (c) N 1s region and (d) C 1s region; Figure S3: Observed dXRD values in function of
expected dXRD by the built model. The red area and the blue line represent, respectively, the
confidence interval and the mean value of the dXRD; Figure S4: Effects summary. The blue line
represents the LogWorth reference equal to two; Figure S5: Evolution of the absorbance of PNP
between 250 and 500 nm for pure PNP (blue line), after 7 h of UV-A irradiation: not filtered (red
line), filtered (yellow line) and with a drop of HNO3 (green line), in order to evaluate the effects
of these parameters on the PNP absorbance before performing the photocatalytic experiments;
Figure S6: XRD pattern of Z19 sample after three successive photocatalytic experiments in PNP
degradation. Table S1: Analysis of variance report.
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Abstract: The construction of a ZnO/SnO2 heterostructure is considered in the literature as an
efficient strategy to improve photocatalytic properties of ZnO due to an electron/hole delocalisation
process. This study is dedicated to an investigation of the photocatalytic performance of ZnO/SnO2

heterostructures directly synthesized in macroporous glass fibres membranes. Hydrothermal ZnO
nanorods have been functionalized with SnO2 using an atomic layer deposition (ALD) process.
The coverage rate of SnO2 on ZnO nanorods was precisely tailored by controlling the number of
ALD cycles. We highlight here the tight control of the photocatalytic properties of the ZnO/SnO2

structure according to the coverage rate of SnO2 on the ZnO nanorods. We show that the highest
degradation of methylene blue is obtained when a 40% coverage rate of SnO2 is reached. Interestingly,
we also demonstrate that a higher coverage rate leads to a full passivation of the photocatalyst. In
addition, we highlight that 40% coverage rate of SnO2 onto ZnO is sufficient for getting a protective
layer, leading to a more stable photocatalyst in reuse.

Keywords: photocatalysis; ZnO; SnO2; atomic layer deposition

1. Introduction

Photocatalytic water treatment has been intensively described in the last two decades. The amount
of polluted water is constantly increasing, making the maintenance of reserves of clean drinkable
water more and more challenging [1]. Current water depollution technologies (filtration membranes,
reverse osmosis, adsorption, coagulation, deep UV with H2O2, etc.) have high operating costs and
consume a lot of energy [2–5]. Consequently, the development of green and energy-efficient depollution
technologies is attracting much attention. Photoactive materials working under sunlight are part
of them. Among the different photocatalysts studied in the literature, semiconductors like ZnO or
TiO2 appear to be promising candidates as they are abundant, safe, thermally stable and display
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high photocatalytic properties [6–9]. ZnO has a direct band gap of 3.2–3.3 eV at room temperature
(≈380 nm) and an exciton binding energy of 60 meV, making it photoactive in the ultraviolet (UV)
range. Nevertheless, the large-scale use of photocatalysis for water treatment is limited due to the fast
recombination of photogenerated charge carriers in those materials.

In order to improve photocatalytic properties of ZnO, different strategies have been proposed,
for example, by using doping elements to improve the photoresponse range [10,11] or developing
heterostructures (heterojunctions) with other semiconductors [12,13]. Based on their band alignment,
heterostructures can be classified into three types (Figure 1): type I (symmetric), type II (staggered)
and type III (broken). Type I heterostructures are often found in light emitting diode (LED) systems,
as they promote the recombination of photogenerated electrons/holes [14]. Type II heterostructures are
particularly interesting for photocatalytic applications, since they allow the respective delocalisation
of photogenerated charge carriers. Holes are driven in the valence band maximum (VBM) of
one semiconductor and electrons in the conduction band minimum (CBM) of the second one [15].
Consequently, photogenerated electrons/holes’ lifetimes are increased. Type III heterostructures can be
applied in tunnelling field-effect transistors [16].

ZnO-based type II heterostructures can be produced using different metal oxides or metal
sulphides, like TiO2 [17], CdS [18], CdSe [19], or SnO2 [20]. Among those, the ZnO/SnO2 heterojunction
is highly attractive for photocatalytic applications, as SnO2 is a thermally and chemically stable material,
insoluble in water, and has a band gap of 3.6 eV (≈345 nm). This is higher than that of ZnO, and thus,
it is almost transparent in the 3.2–3.6 eV range. In addition, ZnO and SnO2 have different Fermi
energy levels [21] and they both possess valence bands potentials around 3.0 V/ENH and 3.8 V/ENH,
respectively, i.e., higher than the H2O/OH· redox couple (2.8 V/ENH).
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Figure 1. Schematic representation of the three different possible types of heterostructures.

According to the ZnO/SnO2 heterostructure band alignment (Figure 2), photogenerated holes in
the space charge area are delocalised in the valence band of ZnO, and electrons drift in the conduction
band of SnO2.

The synthesis of Janus-like nanoparticles, with both ZnO and SnO2 exposed to the solution to be
cleaned, is one of the most described structures in the literature [22–24]. The main advantage of such
heterostructures is that holes and electrons are available for both the oxidation and the reduction of
water in the form of OH· and O2

.− radicals, respectively. It has already been shown that OH· radicals
are the most efficient ones for water treatment [25], as they are strong oxidisers (2.8 V/ENH) able to
oxidise the C–C bonds of organic molecules [26–28]. O2

.− radicals however, follow an indirect pathway
through H2O2 and then OH·. Therefore, the recombination rate of those radicals is higher than that
of OH· ones, and thus their photocatalytic degradation performance is usually reduced. ZnO/SnO2

heterostructures are mostly found in the literature in the form of nanoparticles [29,30], nanorods [31]
or fibres [13,32]. Various synthesis methods have been reported, such as liquid phase processes (i.e.,
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sol-gel or hydrothermal growth) [33,34], electrospinning [35] or gas phase techniques [36]. However,
one of the main drawbacks of this configuration is that it requires some post-treatment filtering process.
As a matter of fact, a direct contact between (photo)catalytic nanoparticles and fauna and/or flora
can be extremely harmful [37]. To circumvent this problem, some recent developments proposed to
have the photocatalyst directly supported on a substrate [38]. Membranes are already widely used in
the water treatment; coupling their physical separation properties with the photocatalytic activity of
photocatalysts appears to be a promising strategy for the development of safe-by-design supported
photocatalysts. This is such a strategy being pursued in the work reported here.

 

 

Figure 2. Schematic representation of the two possible ZnO/SnO2 morphologies envisaged in this work.
On the left, one can see that ZnO is partially covered by SnO2 nanoparticles. In the scheme on the right,
the ZnO is fully covered with a SnO2 thin film.

In this publication, we propose to study the photocatalytic properties of ZnO/SnO2 structures
by adjusting the coverage rate of SnO2 particles grown on ZnO nanowires. Therefore, we investigate
the synthesis and characterisation of a ZnO/SnO2 heterostructure based on ZnO nanorods/SnO2

nanoparticles supported on glass fibres membranes. The functionalisation of glass fibres by ZnO
nanorods has been performed using a liquid phase hydrothermal process and SnO2 nanoparticles have
been deposited using a gas phase Atomic Layer Deposition (ALD) process.

As presented in Figure 2, two different strategies can be foreseen to develop the desired ZnO/SnO2

heterostructure. The first one consists in a core/shell type structure [39] obtained by a full coverage of
ZnO (i.e., ZnO nanorods), with a continuous SnO2 thin film (Figure 2, right). The advantage of this
strategy is that the ZnO will be completely protected by the insoluble and stable SnO2 film. Indeed,
one of the drawbacks of ZnO is its known instability in water when the pH drops below 6 or increases
above 8, unlike SnO2, known to be stable and insoluble over a larger pH range. However, with the
ZnO being completely covered by the SnO2 thin film, photogenerated holes may be trapped inside the
nanowire and not be available anymore on the surface for water oxidation (OH· formation). In this
case, only reducing species will be active for the photocatalytic degradation of contaminants via O2

.−

radical-induced reactions. The second strategy aims at partially covering ZnO nanowires with SnO2
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particles (Figure 2, left). This structure is close to a Janus one. By doing so, we expect to have a part of
the ZnO surface available for photocatalytic reactions. It is yet unclear if the heterostructure formed
between ZnO and SnO2 will be efficient enough to balance the loss of ZnO exposed surface area.

As we showed in a previous work that the stability of ZnO in water could be strongly improved
when protected with SnO2, even at coverage rates below 100% [40]; the stability of the ZnO/SnO2 over
multiple reuse tests will also be studied.

2. Results and Discussion

In order to control the coverage rate of SnO2 nanoparticles on ZnO nanorods, we used an ALD
process in gas phase, with a chlorinated tin precursor. ALD deposition processes are typically used to
grow conformal thin films on complex substrates. However, in some particular cases, they can be used
for the synthesis of particles [41,42]. This is often attributed to the use of halogenated precursors (mainly
chlorinated ones) that attack the film during the growth process, leading to particle structures [40].
This can be observed on Figure 3, where Scanning Electron Microscopy (SEM) images highlight that the
growth of ZnO nanorods on each fibre of the membrane seems to be homogeneous, even on the deepest
fibres. In addition, the SEM pictures point out that at a rather low number of SnO2 ALD cycles (~500),
small particles around 10 nm in size are observed on the ZnO nanorods. At 1000 cycles, the particles
are slightly bigger, around 15 nm, and their density is much higher. After 1500 cycles, this effect is
more pronounced, with particles around 25 nm in diameter. At 2000 cycles, ZnO nanorods seems to be
almost completely covered with aggregated SnO2 particles. Over 2500 ALD cycles, ZnO nanorods are
completely covered with a granular SnO2 film.

 

−

 

Figure 3. SEM images of a glass fibre membrane, ZnO nanorods grown in the glass fibre membrane,
ZnO/SnO2 after 500, 1000, 1500, 2000, 2500 and 3500 SnO2 ALD cycles.

SnO2 coverage rates have been estimated from the obtained SEM pictures using an image
processing software (ImageJ software, thresholding process). A contrast is observed between SnO2

particles and the ZnO underneath. Therefore, the image analysis is based on the roundness particles
edge detection (SnO2 particles) versus the background correction (here ZnO). Results are presented in
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Figure 4. It highlights that about 8% SnO2 coverage is achieved for 500 ALD cycles. After 1000 cycles,
around 40% of the surface of nanorods is covered. A slower deposition rate is observed after 1500 cycles,
with around 70% coverage. Above 2000 ALD cycles, the coverage rate is close to 100%, with some
porosity due to the structure of the SnO2 film.
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Figure 4. SnO2 coverage rate as a function of the number of ALD cycles used (estimated from
SEM pictures).

An Energy Dispersive X-ray (EDX) analysis (Figure 5a) of the synthesized ZnO/SnO2 structure
covered at 70% with SnO2 nanoparticles reveals the presence of oxygen (Kα = 0.52 keV), Zinc
(Lα = 1.01 keV, Kα1 = 8.63 keV and Kα2 = 9.53 keV), silicon (Kα = 1.74 keV) and tin (Lα = 3.44 keV and
Lβ = 3.46 keV). The EDX spectrum is in accordance with the corresponding SEM picture, as we observe
an intense peak of Zn related to the ZnO being the major component of the ZnO/SnO2 structure. Peaks
related to Tin are weak compared to the Zn one. This is related to the relatively small overall quantity
of SnO2 deposited on the ZnO nanowires. Indeed, the inherent volume of interaction of EDX probing
down to few micrometres leads to a higher contribution of ZnO as well as the detection of silicon due
to the glass fibre membrane used as support.
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Figure 5. Cont.
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Figure 5. (a) EDX analysis of ZnO/SnO2 (70% SnO2 surface coverage). (b) High resolution XPS
spectrum of the Sn3d peak.

Besides the first chemical screening performed by EDX analysis, an elemental composition of the
developed membrane has been determined by X-ray Photoelectron Spectroscopy (XPS) analysis, with
a specific focus on the oxidation state of Sn. Figure 5b corresponds to a high-resolution analysis of
the Sn3d peak. In this figure, one can see the position of the Sn3d3/2 peak at 495.4 eV and the Sn3d5/2

peak at 486.7 eV, distinctive of a Sn4+ oxidised state of Sn in SnO2 [13,43]. In addition, the coupled
spin orbit splitting between the Sn3d3/2 peak and the Sn3d5/2 peak is exactly 8.5 eV, featuring the
Sn–O bonding. The sharp shape of both peaks confirms one chemical bonding contribution: Sn–O.
This further confirms that particles are composed of SnO2.

Crystalline structures of functionalized photocatalytic membranes have been investigated by
X-Ray Diffraction (XRD). Resulting diffractograms are presented in Figure 6 With a 70% SnO2 surface
coverage rate, the hexagonal wurtzite structure of ZnO is detected. The three main diffraction planes
of the ZnO wurtzite structure, at 31.75◦, 34.45◦ and 36.25◦, corresponding to the (100), (002) and (101)
diffraction planes, respectively, are intense and sharp. ZnO is well crystallised, which is a critical
feature for efficient water treatment by photocatalysis [44]. In this sample, no SnO2 crystalline structure
can be identified. This may be due to the excessively small amount of material deposited, to the fact
that the SnO2 could have grown in an amorphous state or to very small crystallite sizes. The XRD
diffractogram recorded for the sample completely covered with a SnO2 film exhibits the same ZnO
hexagonal wurtzite structure, but weak diffraction peaks characteristic of the tetragonal cassiterite
structure of SnO2 are also visible. They correspond to the (100), (101) and (211) diffraction planes at
26.54◦, 33.89◦ and 51.78◦ respectively. The presence of those peaks confirms that the SnO2 is crystalline.
Nevertheless, the relative amount deposited compared to ZnO is too low to see some intense and
well-defined peaks. Considering the configuration of the ZnO/SnO2 heterostructure grown in a glass
fibre membrane (with circular fibres), the probing of the surface with a grazing angle XRD analysis in
very challenging to set up and not fully representative of the global structure.

Crystalline ZnO has a direct optical and electronic band gap of approximately 3.2 eV. It absorbs
UV light and show photoluminescent properties with a near band edge (NBE) emission around 380 nm
(3.2 eV), corresponding to the excitonic radiative recombination. This emission band is usually sharp
and intense for highly crystalline ZnO materials. A second band is often observed in the visible region,
centred in the green zone around 530 nm (2.33 eV), corresponding to deep level emission (DLE), due to
defects in the ZnO matrix [45,46].
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Figure 6. XRD diffractograms of the ZnO/SnO2 heterostructure synthesized in glass fibre membranes
after different SnO2 coverage rate.

The optical properties of the synthesized ZnO nanorods and ZnO/SnO2 structures after 70% and
100% coverage rate are presented in Figure 7. An intense and sharp peak is observed at 384 nm for
ZnO nanorods. The emission peak related to defects in this case is relatively weak. This suggests that
ZnO nanorods are highly crystalline with low defects, further reinforcing the conclusion drawn from
the XRD analysis.
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Figure 7. Photoluminescence spectra of ZnO nanorods, ZnO/SnO2 with 70% coverage rate and
ZnO/SnO2 with 100% coverage rate.
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When ZnO nanorods are covered by SnO2, partially or totally (70% or 100%), the NBE emission is
lowered in intensity, but still present. This lowering of intensity can be assigned to the presence of the
heterostructure between ZnO and SnO2, which stabilises photogenerated carriers, and thus, limits the
radiative recombination and consequently the NBE emission intensity. Interestingly, the NBE emission
intensity is in the same order of magnitude for the ZnO covered at 70% by SnO2 and for the ZnO fully
covered by SnO2.

This reveals two important features when considering photocatalytic applications. Firstly, SnO2

remains transparent to UV light, so that the ZnO underneath can still be excited, generating electron/hole
carriers, even when fully covered. Secondly, a 70% coverage rate of SnO2 is enough to prevent charge
carriers recombination. The presence of the broad peak in the visible range can be attributed to
remaining defects in the ZnO or SnO2, particularly oxygen vacancies. The annealing treatment of
ZnO, as well as the growth temperature of SnO2, were limited to 300 ◦C because of the substrate
instability above this temperature. Thus, it is likely that all oxygen vacancies were not completely
eliminated [47,48].

The photocatalytic degradation properties of ZnO/SnO2 structures have been investigated with
standard methylene blue (MB). MB is a well-known and widely used chemical probe for the simple
investigation of photocatalytic efficiencies of metal oxide photocatalysts. Five samples have been
tested: ZnO nanorods without SnO2, ZnO/SnO2 with 8% coverage rate, ZnO/SnO2 with 40% coverage
rate, ZnO/SnO2 with 70% coverage rate and ZnO/SnO2 with 100% coverage rate. Results are presented
in Figure 8.
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Figure 8. Photocatalytic degradation of Methylene blue under UV light (365 nm, 8 W) over ZnO or
ZnO/SnO2 photocatalysts. Percentages in bracket indicate the coverage rate of SnO2 nanoparticles
around ZnO.

In a first step, membranes were exposed to the solution in the dark for 90 min in order to stabilise
the adsorption/desorption of MB on membranes. This process is crucial for a reliable determination
of the photocatalytic degradation kinetics. If not taken into account, this may induce errors due
to the uncertainty of distinguishing between adsorption and degradation phenomena. The control
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membrane (glass fibre only without any photocatalyst) showed high adsorption properties of the
organic methylene Blue in the dark, as the measured concentration in solution decreased drastically
from 5 mg·L−1 down to 1 mg·L−1. The membrane functionalized with ZnO nanorods also showed
good adsorption properties toward MB, but less than glass fibres, as the concentration dropped from
5 mg·L−1 down to 2.7 mg·L−1. ZnO/SnO2 heterostructure-based membranes exhibited lower affinity
for MB, as less than 1 mg·L−1 was adsorbed (5 mg·L−1 down to more than 4 mg·L−1), independently of
the coverage rate. UV light irradiation on the control membrane (which corresponds to t = 0) had no
visible effect on its behaviour toward MB. The picture in Figure 9 confirms that the MB is just adsorbed
on the glass fibres, and not degraded. Indeed, the control membrane on the left-hand side of Figure 9
is completely blue after the photocatalytic test, which is not the case of the ZnO/SnO2 photocatalytic
membrane on the right-hand side of the picture. The ZnO functionalised membrane showed a peculiar
behaviour compared to the control after exposure to UV light. A decrease in the MB concentration
following pseudo first order kinetics can be observed. In less than 200 min, the solution has been
completely decoloured. Surprisingly, all ZnO/SnO2 membranes revealed very low photocatalytic
properties, independently from the SnO2 coverage rate. The adsorption process in the dark revealed a
poor affinity with all surfaces, which could explain the slow degradation of MB. Another hypothesis
could be that impurities trapped in the film or at the surface may act as scavengers for photogenerated
carriers (e−/h+) or photogenerated OH· radicals. Considering the growth process of SnO2 with the
chlorinated precursor SnCl4, chlorine could be present in/on the ZnO/SnO2 structure and strongly
affect the resulting photocatalytic properties [49]. In order to investigate the role of surface defects or
residual chlorine, a model structure has been prepared by growing a ZnO/SnO2 thin film on a silicon
wafer, covered with 2–3 nm native oxide. Depth profiling of the sample was performed by Secondary
Ions Mass Spectrometry (SIMS) analysis.
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Figure 9. Picture of a glass fibre membrane after exposure to methylene blue (left) and glass fibre
membrane functionalised with ZnO nanorods/SnO2 (70% coverage rate) (right).

Figure 10 presents the uncalibrated concentration vs. depth of five elements tracked during the
SIMS analysis: silicon, tin, zinc, chlorine and oxygen. The stack SnO2/ZnO is featured by a high
contribution of tin in the first 400 s of pulverisation followed by the zinc contribution from 500 to
1200 s. The oxygen contribution remains stable along the depth profile (pulverisation time from 0 s
to 1200 s). After 1200 s of pulverisation, the zinc and oxygen contributions disappear in favour of
silicon corresponding to the substrate contribution. Interestingly, a high contribution of chlorine is
detected in the SnO2 film. When the ZnO film is formed, the contribution of chlorine is lowered
drastically. However, some chlorine is still visible in the ZnO film. This clearly evidences the fact
that Cl is trapped within the SnO2 films during its growth and that it slightly diffuses into the ZnO
underneath. No chlorine is detected in the substrate level.
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Figure 10. Depth profile SIMS analysis of SnO2 grown by ALD on ZnO (a mirror-polished silicon wafer
was used as substrate).

In order to remove defects like oxygen vacancies or chlorine, as-prepared ZnO/SnO2 membranes
have been cleaned under a UV/ozone atmosphere (254 nm, 20 W) for 30 min. Compared to plasma or
thermal post-treatments, the dry UV/ozone (also called UVO, for ultra-violet ozone) post-treatment
has been favoured for its ability to generate, at room temperature, clean and well-oxidised metal oxide
structures with very low impact on their morphologies [50]. Also, this technique is known for being
able to effectively remove chlorine defects from SnO2 structures [51]. Photocatalytic degradation tests
of MB have been performed again. They are presented on Figure 11.
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Figure 11. Photocatalytic degradation of methylene blue under UV light (365 nm, 8 W) over ZnO or
ZnO/SnO2 photocatalysts after UV/ozone treatment. Percentages in brackets indicate the coverage rate
of SnO2 nanoparticles around ZnO.
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After cleaning, the affinity with the surface in the dark is not enhanced, but the photocatalytic
degradation properties under UV light have been greatly improved for ZnO/SnO2 heterostructures
with 8%, 40% and 70% coverage rates. Among them, the heterostructure with 40% coverage rate is the
quickest at cleaning the solution of MB according to the steep slope (starting from t = 0). Concerning
the ZnO/SnO2 heterostructure with 100% coverage rate, the cleaning had absolutely no impact on its
poor photocatalytic degradation properties. The disappearance of MB remains slow compared to other
synthesized heterostructures.

The photocatalytic degradation of MB over ZnO and ZnO/SnO2 photocatalysts seems to follow
pseudo-first order degradation kinetics, as usually observed when considering the photocatalytic
degradation of pollutants in water [52,53]. Consequently, from the results obtained on Figure 8
(before cleaning) and Figure 11 (after cleaning), we determined the first order degradation rate constant
k (in min−1) of the photocatalysts by using the following equation:

C0

C
= ekt (1)

where C0 is the initial concentration after 90 min in dark (mg·L−1), C the concentration (mg·L−1) at the
time t (min). Calculated k, extracted from a plot of ln(C0/C) versus t, are reported on Figure 12.
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Figure 12. First order degradation rate constant k (min−1) of ZnO and ZnO/SnO2 photocatalysts before
and after UV/Ozone cleaning.

The first order degradation rate constant of ZnO nanorods is found to be 7 × 10−3 min−1. When
covered by SnO2 (even partially) without any cleaning, the rate drops to 1 × 10−3 – 2 × 10−3 min−1 for
all samples. Chlorine defects seems to inhibit completely the photocatalytic activity of the material.
However, after cleaning, degradation rates increased from 1 × 10−3 min−1 up to 4 × 10−3 min−1 for
the ZnO/SnO2 heterostructure with 8% SnO2 coverage rate, 2 × 10−3 min−1 up to 6 × 10−3 min−1

for 40% SnO2 coverage rate, 1 × 10−3 min−1 up to 3 × 10−3 min−1 for 70% SnO2 coverage rate.
With 100% SnO2 coverage rate, however, no significant improvement is observed. Those results
highlight an optimum coverage rate of ZnO by SnO2 of around 40%, with a maximum rate value
obtained of 6 × 10−3 min−1. As discussed above in Figure 2, a trade-off exists between the ZnO surface
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availability for the photocatalytic degradation and the number of SnO2 nanoparticles available at the
surface for the heterostructure-based stabilisation of charge carriers. In the case of a very low SnO2

nanoparticle coverage (8%), the loss of specific surface area of ZnO free for the photodegradation
is more impactful than the presence of the heterostructure. For a coverage of 70% and beyond,
the heterostructure delocalises the photogenerated holes in the core of the nanorod and inhibits the
photocatalytic performance of the material. Around 40% coverage, the loss of specific surface area
is compensated by the effect of the heterostructure on the surface. The ZnO/SnO2 heterostructure
developed at 40% coverage rate shows a photocatalytic efficiency close that of ZnO alone. Although
this is not a strong improvement, it is still interesting as the SnO2 acts as a protective coating, preventing
the dissolution of ZnO in water, even when not completely covering the surface. We demonstrated this
tendency in a previous work [40], where SnO2 protected ZnO inside mesoporous anodic aluminium
oxide membranes.

In the present case, we highlight the same protective behaviour of the ZnO/SnO2 heterostructure
through reusability photocatalytic tests and SEM pictures. In Figure 13, the reusability of both ZnO (a)
and ZnO/SnO2 (40%) (b) membranes after five photocatalytic degradation tests is presented. For both
systems, the photocatalytic performance is slightly improved after several reuse tests. The reason
for this improvement is not yet known, but it is likely that after exposure to UV for several hours,
membranes surfaces get cleaner (degradation/removal of adsorbed surface carbon) and thus more
reactive toward MB. Those reusability tests demonstrate the excellent performance of ZnO and
ZnO/SnO2 membranes for water depollution over time.

 

Figure 13. Reusability of ZnO (a) and ZnO/SnO2 (40%) (b) functionalized membranes. Five photocatalytic
tests have been performed.
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If the excellent stability of the two membranes has been determined over five successive tests,
the surface state of ZnO and ZnO/SnO2 after those reusability tests is really different. Figure 14 presents
SEM images for both ZnO and ZnO/SnO2 functionalized membranes after the five photocatalytic
degradation tests. On Figure 14a, we can clearly see that the ZnO nanorod structure has been damaged.
On some glass fibres, the ZnO nanorods have completely disappeared. The remaining ZnO nanorods
are shorter in length and diameter than before photocatalysis. In addition, an organic matrix, most
likely some remaining traces of methylene blue, is present on their surface. This indicates an incomplete
degradation of the pollutant. This hypothesis is confirmed by the presence of an intense carbon peak
on the EDX spectrum (no carbon was detected before the photocatalytic degradation tests). In the
case of the ZnO/SnO2 heterostructure with 40% SnO2 coverage rate (Figure 14b), the morphology
of the photocatalyst is the same after five runs as before. The ZnO nanorods are undamaged and
SnO2 nanoparticles at the surface are still visible. Moreover, the surface seems to be clean, without
any organic traces. The EDX analysis of the photocatalyst confirms that no carbon is detected on the
surface. In addition, the peak related to the tin element attests to the presence of SnO2 nanoparticles
on the surface of the photocatalyst. Those results clearly highlight that over several degradation cycles,
the ZnO photocatalytic properties will inexorably be lowered. Conversely, the ZnO/SnO2 membrane
appears to be more stable as a function of the degradation time. We demonstrate here the huge potential
of the heterostructure, both as an efficient photoactive material and a stable heterojunction, due to the
protective role of the SnO2 around the ZnO.

 

Figure 14. SEM images and EDX analysis of (a) ZnO nanorods and (b) ZnO/SnO2 (40%) heterostructure,
after five photocatalytic degradation tests.
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3. Experimental Section

3.1. Materials and Experimental Processes

All chemicals were purchased from Sigma Aldrich (St. Louis, Missouri, United States), and used
as received. Glass fibres membranes (APFB, 1 µm pore, 25 mm diameter without binder) were provided
by Merck Millipore (Darmstadt, Germany). ZnO nanorods were synthesized in liquid phase by using
zinc acetate (99.999%) and 98% anhydrous hydrazine in ultrapure water. Typically, a 25 mM zinc acetate
solution was prepared with ultra-pure water in a flask equipped with a reflux system. Then, 25 mM of
anhydrous hydrazine was added under vigorous steering (400 rpm). After homogenisation, the glass
fibre membrane was dipped in the solution using a home-made holder. The reaction temperature
was set to 80 ◦C for 2 h, under stirring and reflux. At the end of the reaction, the membrane was
cleaned in ultra-pure water, dried, and annealed at 300 ◦C under an air atmosphere. The annealing
process allows for the elimination of defects in the ZnO and enhances the crystallinity of ZnO rods,
leading to a photocatalytic performant material. The SnO2 growth on ZnO nanorods has been achieved
by a gas phase ALD process, in a TFS200 instrument (BENEQ®, Espoo, Finland). Tin (IV) chloride
(SnCl4) precursor was used as the tin source and water as the oxidant. Precursors were stored at room
temperature and low pressure in canisters. All precursors were introduced into the reaction chamber
without any carrier gas. The reaction was performed between 1 to 5 mbar with nitrogen as carrier and
purging gas. The chamber temperature was set at 300 ◦C during the reaction. A repeated number of
SnCl4/purge/H2O/purge cycles allowed the control of the coverage rate of SnO2 around ZnO nanorods.
A typical ALD cycle can be described as follows (based on preliminary studies not shown here): 300 ms
pulse of SnCl4/2 s purge with nitrogen/300 ms pulse of H2O/2 s purge with nitrogen. The number
of cycles has been fixed between 500 and 3500 in order to investigate different SnO2 particle densities,
defined as coverage rate.

3.2. Characterisation Techniques

High-resolution Scanning Electron Microscopy (SEM) images were obtained on a Helios Nanolab
650 microscope (FEI, Eindhoven, The Netherlands), at an acceleration voltage of 2 kV and a current of
25 mA. Energy Dispersive X-ray (EDX) analyses were performed with a 50 mm2 Xmax spectrometer
(Oxford Instruments, Abington, UK), connected to a Helios Nanolab SEM. The working acceleration
voltage was set to 10 kV for a current of 50 mA. XPS analyses were fulfilled with an Axis Ultra DLD
X-ray spectrometer from Kratos Analytical (Manchester, UK), working with an Al Kα X-ray source
(λ = 0.8343 nm, hυ = 1486,6 eV) at 150 W. The crystallographic structures of ZnO/SnO2 photocatalysts
were studied by X-ray diffraction (XRD) in a Brüker D8 (Billerica, MA, USA) Discover diffractometer,
with a Cu KαX-ray source (λ= 0.1542 nm) in θ-2θmode. The photoluminescent properties of ZnO/SnO2

were determined with an Infinite M1000 pro spectrometer (TECAN, Männedorf, Switzerland), at an
excitation wavelength of 280 nm and a detection range from 300 nm to 700 nm. The secondary ion
mass spectrometry (SIMS) technique has been used to determine the different elements present in the
photocatalysts. Experiments were performed in a SC Ultra system (CAMECA, Gennevilliers, France),
with Cs ions accelerated at an energy of 1 keV. To perform this analysis, the ZnO/SnO2 structure (20 nm
thick SnO2 film on 50 nm thick ZnO) has been grown on (100) one side polished silicon wafers covered
with a 2–3 nm native oxide layer.

3.3. Photocatalytic Degradation of Methylene Blue

The photocatalytic characterisation of ZnO/SnO2 heterostructures on methylene blue (MB) was
carried out in 6-well plates (from Greiner, Kremsmünster, Austria, 35 mm well diameter, 2 mm height,
15 mL maximum volume), with 5 mL of a solution of MB at 5 mg·L−1, under homogeneous stirring.
The samples to be analysed were placed in separated wells. Like in many publications dealing with
photocatalytic materials’ performances, methylene blue has been used as a chemical probe to determine
the degradation kinetic induced by different ZnO/SnO2 photocatalysts [54–56]. MB concentration
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during the photocatalytic degradation process was determined from optical absorption measurements
at 666 nm using the TECAN Infinite M1000UV-visible spectrometer. Photocatalysts were irradiated
with a tubular UV lamp (from Hitachi, Chiyoda City, Tokyo, Japan, F8T5, 8 W) working at 365 nm,
with a measured power density of 2.28 mW·cm−2.

4. Conclusions

ZnO/SnO2 heterostructures have been synthesised in macroporous glass fibres membranes using
a hydrothermal process to grow ZnO nanorods along with a gas phase ALD process for the SnO2

growth. We show that by adjusting the number of ALD cycles, it is possible to synthesize SnO2 particles
with a fine control of the coverage rate. Those functionalised membranes have been tested for the
photocatalytic degradation of methylene blue under UV light. It has been shown that an optimum
coverage rate of approximately 40% led to the most efficient photocatalytic activity against MB. Indeed,
it appeared that the exposure of the ZnO surface to the solution to be cleaned is an important parameter
for efficient photocatalysts, and that higher coverage rates inhibit the ZnO/SnO2 structures’ activity.
We also point out that the ZnO/SnO2 heterostructure with 40% coverage rate was highly stable in water
after many reuse tests, whereas ZnO nanorods alone were damaged.
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Abstract: This study presents core/shell Ag/SnO2 nanowires (Ag/SnO2NWs) as a new photocatalyst
for the rapid degradation of organic compounds by the light from the visible range. AgNWs after
coating with a SnO2 shell change optical properties and, due to red shift of the absorbance maxima of
the longitudinal and transverse surface plasmon resonance (SPR), modes can be excited by the light
from the visible light region. Rhodamine B and malachite green were respectively selected as a model
organic dye and toxic one that are present in the environment to study the photodegradation process
with a novel one-dimensional metal/semiconductor Ag/SnO2NWs photocatalyst. The degradation
was investigated by studying time-dependent UV/Vis absorption of the dye solution, which showed
a fast degradation process due to the presence of Ag/SnO2NWs photocatalyst. The rhodamine B
and malachite green degraded after 90 and 40 min, respectively, under irradiation at the wavelength
of 450 nm. The efficient photocatalytic process is attributed to two phenomenon surface plasmon
resonance effects of AgNWs, which allowed light absorption from the visible range, and charge
separations on the Ag core and SnO2 shell interface of the nanowires which prevents recombination
of photogenerated electron-hole pairs. The presented properties of Ag/SnO2NWs can be used for
designing efficient and fast photodegradation systems to remove organic pollutants under solar light
without applying any external sources of irradiation.

Keywords: AgNWs; SnO2; silver nanowires; core-shell nanostructures; photocatalytic activity;
visible-light photocatalysis

1. Introduction

In recent years, due to high environmental pollution and fast industrial development,
considerable interest has been paid to designing efficient, rapid, and widely applicable
photocatalytic systems that are based on semiconductor nanostructures. The unique physi-
cal and chemical properties of semiconductors such as TiO2, ZnO, ZnS, and CdSe make
them extensively studied materials as photocatalysts [1]. One of the most promising semi-
conducting metal oxides is SnO2 because of its high chemical, thermal, and mechanical
stability as well as its high performance of organic pollutant degradation. However, a key
issue in applying semiconducting nanostructures for practical purposes is the impossibility
of visible light utilization. The efficient application of SnO2 is limited by a large band gap
of 3.6–4.1 eV and a very quick recombination of photogenerated electrons and holes [2,3].
To overcome these limitations, various metal nanostructures have been applied to form a
heterojunction with semiconductors to induce efficient carrier separation under visible light
irradiation. Ag-SnO2 nanocomposite that is synthesized using an electrochemically active
biofilm was proposed as a visible light-driven photocatalyst for the degradation of methyl
orange, methylene blue, 4-nitrophenol, and 2-chlorophenol [4]. TiO2/Ag/SnO2 ternary
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heterostructures that were obtained by a one-step reduction approach demonstrated a
visible-light photocatalytic effect with high stability and reusability due to the Ag nanopar-
ticle surface plasmon resonance (SPR) influence [5]. An Ag/SnO2 composite was also
fabricated by the one-pot hydrothermal method and revealed high efficiency towards the
photodegradation of phenol under visible light irradiation [6]. At the same photocatalytic
conditions, Ag/Ag2O/SnO2 nanoparticles removed malachite green [7]. Ag-doped SnO2
nanoparticles that were modified with curcumin were found to be an efficient photocatalyst
for the degradation of rhodamine B under visible light [8]. The composition of Ag and SnO2
nanoparticles was applied for the photocatalytic removal of nitrogen oxide under solar
light [9]. In addition, Ag-SnO2 nanocomposites were presented not only as a photocatalytic
agent but also their antibacterial and antioxidant properties were investigated [10].

Ag nanostructures of various dimensionalities were used to form Ag/SnO2 composites
for photocatalytic applications, but Ag nanowires (AgNWs), despite their many advantages,
have not been applied previously for these purposes. AgNWs reveal high transmittance,
excellent plasmonic properties, high electrical performance, mechanical flexibility, nanomet-
ric size, and one dimensional (1D) geometry [11]. Moreover, the facile separation process
of the AgNWs by filtration or sedimentation allows simple processing and improves their
applicability in comparison to other silver nanostructures. In the core/shell Ag/SnO2NWs
heterojunction, the advantageous properties of both the nanomaterials can be combined.

This study presents a new photocatalytic system that is based on AgNWs that are
coated with an SnO2 shell. The efficiency of the novel core/shell Ag/SnO2NWs photocat-
alyst was studied based on the absorbance intensity decrease during the decomposition
process of rhodamine B, used as a model dye and under light irradiation at the wavelength
from the visible range. Rhodamine B decomposes within 50 and 90 min under 395 nm and
450 nm illumination, respectively. Additionally, malachite green decomposes completely
within 40 min with the presence of a new Ag/SnO2NWs catalyst whereas typical TiO2
photocatalyst only slightly affects the dye under 450 nm irradiation due to the low absorp-
tion in the visible region. The proposed Ag/SnO2NWs system combines 1D morphology
and the excellent physico-chemical properties of silver nanowires such as photoabsorption
from the visible light region as well as the photocatalytic ability of tin oxide. Moreover, the
metal/metal oxide arrangement significantly enhances the semiconductor photocatalytic
properties due to fast carrier separation and preventing the recombination of photogener-
ated electron-hole pairs.

2. Results and Discussion

Ag/SnO2NWs that were applied to the study were prepared in two processes, the
first one was polyol synthesis to obtain AgNWs and then hydrolysis of sodium stannate
in the presence of the nanowires to form a SnO2 shell on the nanowire surface (Figure 1a).
The core/shell Ag/SnO2 nanowires were composed of 14 nm (±2 nm) thick SnO2 shell
consisting of 7 nm (±2 nm) rutile-type crystals surrounding the metallic core.

Our previous report describes, in detail, both synthesis stages, stability studies, mor-
phological, and structural analysis of the core/shell Ag/SnO2NWs system [12]. Despite
the fact that AgNWs are characterized by fast atmospheric corrosion, nine weeks are
enough to decompose completely; the Ag/SnO2NWs are stable for over four months at
ambient conditions. The core/shell Ag/SnO2NWs show significant stability in the highly
complexing environment of KCN solution. They are resistant to harsh CN− ions at the
concentration range of 0.01 to 0.0001 wt.%. The high stability allows further applying them
as a catalyst into various environments for the different pollutant decompositions [12].
The core/shell arrangement allows the formation of the metal-semiconductor junction
to prevent the recombination of the photogenerated electron-hole pairs and to enhance
photocatalytic efficiency by photoabsorption from the visible region [13]. Moreover, the
SnO2 shell acts as a protective coating on silver nanostructures against the influence of
different environmental conditions [12], which provides high stability of the system. The
absorbance spectra of AgNWs shows two major bands that are centered around 349 nm
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and 376 nm, respectively, that are responsible for the longitudinal and transverse modes in
the SPR of the nanowires (Figure 2a). After SnO2 shell synthesis the above-described peaks
were red-shifted to 360 nm and 420 nm for the longitudinal and transverse SPR modes
of AgNWs, respectively (Figures 2a and S1). It was shown previously that the SPR of
silver nanowires is sensitive to the applied different coating as a result of the surrounding
media dielectric constant changes [14]. In this study, the redshift allowed tuning of the
absorbance properties and shifting the maxima of main absorbance bands to the visible
light region. The absorbance spectra, typical for SnO2, showed a peak at about 193 nm [15].
To study, in detail, the optical properties of the system, the hydrolysis process of sodium
stannate in the aqueous solution without the silver nanowires presence was carried out.
In this reaction, the pure SnO2 nanoparticles (SnO2NPs) were prepared that were similar
in morphology and structure to the SnO2 shell (Figure 1b). The nanoparticles revealed a
mean diameter of about 25 nm (STEM analysis) and their properties were described in
our previous report [16]. The absorbance spectra of SnO2NPs shows the band with the
maximum at 195 nm (Figure S2) that was suitable for photocatalysis induced by UV light.
The value of the band gap for semiconducting nanostructures that was obtained by our
method was calculated based on the Tauc plot (Figure S2) to be about 4.17 eV. This value is
in good agreement with the reports for tin oxide nanoparticles [2].

 

Figure 1. STEM images of (a) core/shell Ag/SnO2NWs and (b) SnO2NPs.

Figure 2. (a) The absorbance spectra of AgNWs and the core/shell Ag/SnO2NWs. (b) Schematic
illustration of the photocatalytic mechanism of Ag/SnO2NWs under visible light irradiation.
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The core/shell Ag/SnO2NWs were used for the degradation of rhodamine B as a
model organic dye that is characterized by an absorbance band with a maximum of 553 nm.
Rhodamine B is widely applied for the photocatalytic model reaction study because it is
broadly representative of organic compounds in its class and, since it strongly absorbs
light, this allows facile monitoring of its degradation by UV/Vis spectroscopy [17]. The
intensity of the band was studied under the irradiation of precisely defined sources, 395 nm
and 450 nm LED lamps, corresponding electromagnetic radiation from the wavelength
range of visible light. This approach can optimize the future photodegradation system for
removing pollutants using solar irradiation instead of applying sophisticated and expensive
UV-light sources (Figure S2). After coating AgNWs with an SnO2 shell, the nanowires
revealed effective photoabsorption at the visible light region due to the absorption band
at 420 nm and partially by longitudinal mode at 360 nm (Figure 2a). The core/shell
Ag/SnO2NWs were dispersed homogeneously in an aqueous solution of rhodamine B.
The shell formation prevented the nanowires from the aggregation process because SnO2
is an efficient inorganic stabilizer of silver colloidal suspensions [16]. This phenomenon
allows AgNWs introduction to the hydrophilic environment without aggregation and
acting as a part of efficient photocatalyst as well as can also facilitate the redispersion
process of Ag/SnO2NWs after sedimentation. Figure S3a shows the separation process by
sedimentation of the nanowires after 48 h. The nanowires were collected as sediment on
the bottom of the vessel. This simple separation process of nanomaterials from the solution
can be applied as a method of removing solvent with the decomposed pollutants after
the photocatalysis process. A gentle mixing of the solution after sedimentation resulted
in obtaining a homogenous mixture due to the SnO2 coating on AgNWs, preventing the
aggregation process (Figure S3b).

The intensity absorbance of rhodamine B was measured every 10 min after illumina-
tion by the selected light source. The samples were centrifuged for photocatalyst separation
and further study of the optical properties of the supernatant with the dye. Figure 3a shows
absorbance spectra of the supernatant with rhodamine B at the selected time points after
395 nm LED light irradiation. The absorbance intensity significantly decreased after 10 min
of illumination and the dye was completely degraded in less than 1 h. It indicates the
high efficiency of Ag/SnO2NWs as a photocatalyst under the irradiation from the visible
light region. To study the process in detail and the influence of different factors on the
photodegradation process, rhodamine B degradation was studied under various conditions
(Figure 3b). It is essential to study all the conditions and system components to avoid the
possibility of spectral interferences by transformation intermediates which may absorb
radiation at the wavelength of the dye’s absorption maximum [18]. The ability of the
degraded substance to inject electrons into the conduction band of a semiconductor should
be primarily tested. Rhodamine B with the Ag/SnO2NWs photocatalyst presence but not
light-irradiated (dark experiment) did not show any degradation process (Figure S4). The
dye sample without the Ag/SnO2NWs but illuminated by 395 nm LED lamp revealed a
slight decrease in the absorbance intensity (Figure S5) and proved that the photodegra-
dation effect appears only in the presence of Ag/SnO2NWs. Moreover, the contribution
of SnO2 in the photodegradation process in this range of illumination was verified. For
these purposes, SnO2 was synthesized using stannate precursor as in the case of the shell
but without AgNWs presence. The process resulted in SnO2 nanoparticles (SnO2NPs)
formation, described in our previous report [16]. To compare the influence of SnO2 on the
photocatalytic activity the Ag/SnO2NWs, SnO2NPs were added to the dye solution at the
concentration of the whole core/shell complex (2 mg/mL) and at the concentration of the
tin oxide in the shell (0.66 mg/mL) (Figure 3b). The weight percentage of the SnO2 shell
in Ag/SnO2NWs complex was determined on the EDS studies and was about 33 wt.%
(Figure S6). SnO2 is known as an efficient photocatalyst under UV irradiation [19–21].
In our system, after irradiation by light from the visible region, both concentrations of
SnO2NPs showed a slight degradation rate of rhodamine B as a result of the negligible
influence of this radiation on tin oxide nanostructures (Figures 3b and S7).
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Figure 3. (a) The absorbance spectra of rhodamine B with Ag/SnO2NWs photocatalyst presence
under 395 nm light irradiation. (b) The degradation of rhodamine B with 2 mg/mL of Ag/SnO2NWs
catalyst (�), without photocatalyst (N), with 0.66 mg/mL (H), and 2 mg/mL (◆) of SnO2NPs under
395 nm light irradiation and Ag/SnO2NWs without irradiation (dark experiment, •).

The rapid photodegradation of the dye under 395 nm illumination for about 60 min
using Ag/SnO2NWS is due to the formation of a metal/semiconductor heterostructure
which prevents the fast recombination of photogenerated electron-hole pairs. The irra-
diation at the wavelength of 395 nm can excite only SPR of AgNWs in the core/shell
composite and cause electron transfer from AgNWs to the conduction band (CB) of SnO2
(Figure 2b). The carrier migration is a result of combining two materials with different
work functions; Ag is characterized by a work function of 4.26 eV and SnO2 with a work
function of about 4.84 eV [22,23]. The photoinduced electrons can get sufficient energy
to surmount the Schottky barrier on the Ag/SnO2 interface despite the uniform energy
levels of both components. The electrons are transferred to the semiconductor material to
equilibrate the metal-metal oxide alignment and form a new Fermi energy level (Figure 2b).
The transferred free electrons are trapped by dissolved oxygen molecules in the water
and form a high oxidative species, such as superoxide radical anions (O2

−•) and hydroxyl
radicals (HO•) [4]. In the core/shell heterostructure arrangement, the recombination of the
photoinduced hole-electron pairs is inhibited mainly by forming a complex of free electrons
from the CB with oxygen molecules. The trapped electrons can facilitate the formation
of O2

-• and HO• reactive radicals and significantly enhance the rate of their formation,
increase photocatalytic activity, and reduce organic substance degradation time. The ab-
sorbance intensity of rhodamine B decreased by half after 10 min of irradiation. Moreover,
the strong confinement and anisotropic effect in the 1D core/shell metal/semiconductor
structures can facilitate carrier separation and increase photocatalytic efficiency.

To the best of our knowledge, it is the first report presenting the photocatalytic proper-
ties of the 1D core/shell Ag/SnO2NWs nano-system. It can broaden the range of AgNWs
applications since SnO2 revealed a high environmental stability [12]. The silver nanostruc-
tures tend to aggregate and dissolve in the aquatic environment, so the protective shells
are also applied to increase stability, processability, and range of applications. The ability
of the new catalyst to decompose organic compounds under solar irradiation combined
with a high resistance even to harsh conditions can allow the designing of photodegra-
dation systems for various environments and without any external irradiation sources.
The advantage of the presented Ag/SnO2NWs photocatalyst is its high stability under
different conditions in comparison to other silver/wide band semiconductor composites.
An example of that hybrid is Ag/ZnO heterostructure, which, although revealed high
photocatalytic activity [24], both its components show a low stability. Silver nanostructures
are affected by atmospheric corrosion due to the effective interaction of Ag+ ions with
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sulphides and the formation of a silver sulphide layer [25]. ZnO is easily degraded at
the nanoscale in hydrophilic environments [26]. Another, more stable semiconductor of
TiO2 that was combined with various Ag nanostructures revealed photocatalytic activity
that was characterized by a degradation time of 60 min [27] and more than 90 min [28],
but under UV-light. Ag nanowires that were modified with an α-Fe2O3 show similar
efficiency and time of the process; methylene blue was degraded for 30 min under visible
light illumination, according to the authors, due to the synergetic effect of LSPR and the
effective separation of photogenerated carriers between both materials [29]. A ternary
TiO2/Ag/SnO2 system was applied for the photodegradation of methylene blue for more
than 140 min for 40 mg of the photocatalyst of 3.12 × 10−5 methylene blue (100 mL) under
visible light irradiation [5]. Ag/Ag2O/SnO2 nanocomposites removed malachite green
(20 mg/L) after 120 min by using 30 mg of the photocatalyst [7]. The photocatalysis process
under visible light with the addition of Ag-SnO2 nanocomposites that were synthesized
using electrochemically active biofilm was measured in hours, but was significantly effi-
cient than for pure SnO2 [4]. The sphere-like plasmonic Ag/SnO2 photocatalyst revealed
a phenol decomposition time of 50 min that was similar to our results but with different
dimensionalities allowing the application of them to other purposes [6].

To study the photodegradation process with Ag/SnO2NWs catalyst that was induced
by the light from the visible region, an additional light source from this area at the wave-
length of 450 nm was chosen. The removal efficiency of rhodamine B was similar for 395 nm
and 450 nm light sources and was calculated to be about 87% and 88% for irradiation at
395 nm and 450 nm (Figure S8). However, the degradation time was not comparable; the
process took about 50 and 90 min for irradiation at 395 nm and 450 nm, respectively. The
efficiency of the degradation was also high, but the time that was needed to decompose
the dye increased to about 90 min (Figure 4a). Both the SPR bands that were irradiated at
450 nm were not so effectively excited as for the 395 nm source. The AgNWs absorbed only
the irradiation above 450 nm and their absorbance spectrum was only partially excited
(Figure 2a). The process was still efficient and significantly higher than for pure SnO2
irradiated under 450 nm (Figure 4b).

α

−
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Figure 4. (a) The absorbance spectra of rhodamine B with Ag/SnO2NWs photocatalyst presence
under 450 nm light irradiation. (b) The degradation of rhodamine B with 2 mg/mL of Ag/SnO2NWs
catalyst (�), with no photocatalyst (N), with 0.66 mg/mL (H), and 2 mg/mL (◆) of SnO2NPs under
450 nm light irradiation and Ag/SnO2NWs without irradiation (dark experiment, •).

Similar to the 395 nm excitation source (Figure 3b), the absorbance intensity of the
dye under illumination at the wavelength of 450 nm without the photocatalyst did not
change significantly, indicating the minimal influence of the irradiation on the optical
properties of rhodamine B (Figures 4b and S9). The experiment with Ag/SnO2NWs
photocatalyst, without applying irradiation (dark experiment, Figure S4), showed only a
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minimal decrease in the absorbance intensity and demonstrated the stability of the dye and
the essential influence of light illumination in the decomposition process. The irradiation at
the wavelength of 450 nm on SnO2NPs at both concentrations, 2 mg/mL as Ag/SnO2NWs
and 0.66 mg/mL corresponding to SnO2 amount in the core/shell complex, showed a slight
degradation rate of rhodamine B (Figure S10). It indicated that the selected irradiation
source did not significantly affect the organic substances when using pure semiconductor
as a photocatalyst, only the Ag/SnO2 heterojunction can be considered as a source for the
utilization of organic pollutants under visible light.

Ag/SnO2NWs were also applied for the degradation of malachite green, which is
present in the environment and its remediation is highly required. Malachite green is a dye
that is commonly used in the textile and food industry. It should be removed after industrial
processes due to the fact that it is highly toxic, especially for aquatic flora and fauna [30–32].
Figure 5a shows the rapid degradation of malachite green by Ag/SnO2NWs under the
light from the visible range (450 nm); malachite green was completely decomposed after
40 min. The absorbance intensity of the dye with Ag/SnO2NWs photocatalyst presence
but without any irradiation did not change significantly (Figures 5b and S11). The dark
experiment proved the photodegradation mechanism for fast malachite green decompo-
sition. Malachite green irradiation at the wavelength of 450 nm without photocatalyst
revealed only a slight decrease in the absorbance intensity (Figures 5b and S12). The irra-
diation of SnO2NPs at both concentrations, 2 mg/mL as Ag/SnO2NWs and 0.66 mg/mL
corresponding to SnO2 amount in the core/shell complex also showed only a slight degra-
dation rate of malachite green (Figures 5b and S13). Moreover, to compare Ag/SnO2NWs
photocatalyst efficiency at the visible range to a well-known commercial photocatalyst,
malachite green was treated with TiO2 under 450 nm irradiation. TiO2 as a semiconductor
that is characterized by absorption in the UV range, decomposed the dye only to a minimal
extent (Figures 5b, S14 and S15) [33]. The core/shell Ag/SnO2NWs system shows a high
degradation rate of organic pollutants under visible light irradiation and can be used in
practical photocatalysis reactions for efficient remediation.

■ ▲ ▼◆ ★
●

Figure 5. (a) The absorbance spectra of malachite green with Ag/SnO2NWs photocatalyst pres-
ence under 450 nm light irradiation. (b) The degradation of malachite green with 2 mg/mL of
Ag/SnO2NWs catalyst (�), with no photocatalyst (N), with 0.66 mg/mL of SnO2NPs (H), 2 mg/mL of
SnO2NPs (◆), and with 2 mg/mL TiO2 catalyst (⋆) under 450 nm light irradiation and Ag/SnO2NWs
without irradiation (dark experiment, •).

3. Experimental Section

3.1. Preparation of Core/Shell Ag/SnO2NWs

In the first stage, AgNWs were synthesized by a polyol process and then covered by
an SnO2 shell as a result of the hydrolysis process of sodium stannate; both stages were
described in detail in our previous studies [12,34]. In brief, 0.408 g of AgNO3 solution
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(purity 99.9999%, Sigma-Aldrich, St Louis, MO, USA) in ethylene glycol (EG, POCH) was
added (feed rate of 16 mL/h) to the mixture of 40 mL of EG, 2 g of polyvinyl pyrrolidone
(PVP, molecular weight of 55 kDa, Sigma Aldrich) and 0.028 g of sodium chloride (NaCl,
Chempur, Karlsruhe, Germany) was constantly heated to 170 ◦C, refluxed, and stirred at
570 rpm. Then, the solution was maintained at the same conditions for 1 h and cooled to
room temperature. The mixture of AgNWs was diluted by acetone followed by dispersion
in 60 mL of ethanol (anhydrous, POCH).

An SnO2 shell on AgNWs was obtained in a one-step process by adding 5.051 g of an
aqueous solution of sodium stannate trihydrate (0.25 wt.%. Na2SnO3·3H2O, Sigma-Aldrich,
95%) to the AgNWs mixture that was heated to 100 ◦C, refluxed, and stirred at 300 rpm.
The solution was kept at the above-described conditions for 15 min and then cooled in a
cold water-bath. The mixture of AgNWs was previously dispersed in water by adding
2.5 g of AgNWs that was obtained in polyol process (ethanol solution), to 92.7 g deionized
water and 1 wt.% aqueous solution of sodium citrate (Na3C6H5O7·2H2O, purity 99.0%,
Sigma Aldrich).

The core/shell Ag/SnO2NWs were filtered (Merck Millipore (Burlington, MA, USA)
type RTTR, Isopore membrane Filter, the pore size of 1.2 µm) to remove any by-products of
the reactions and obtain high purity samples. To obtain pure SnO2 that was relevant to the
shell part of the complex for the control experiments, 5.70 g sodium stannate trihydrate
(0.25 wt.% aqueous solution) was added to 40 g of boiling water and this sample was
heated to 100 ◦C and stirred at 600 rpm for 15 min. As a result, the SnO2 nanoparticles
(SnO2NPs) were synthesized. Their morphology and structure were described in our
previous work [16].

3.2. Photocatalytic Activity Study

Photocatalytic activities of the core/shell Ag/SnO2NWs were determined by the
decomposition of rhodamine B (≥95%, Sigma Aldrich) as a model system. The aqueous
solution of Ag/SnO2NWs (2 mg/mL) and rhodamine B (5 mg/L, 10.4 µM) was irradiated
by 395 nm and 450 nm LED lamps (100 W). The removal efficiency of rhodamine B by
Ag/SnO2NWs photocatalyst for both irradiation sources was calculated based on the initial
(C0) and final concentration (C) of the dye according to Equation (1).

H (%) =
C0 − C

C0
× 100 (1)

As control samples, SnO2NPs were also illuminated by 395 nm and 450 nm as well
as 365 nm LED lamps at concentrations of 2 mg/mL (the same as Ag/SnO2NWs system)
and 0.66 mg/mL (as shell SnO2 percentage wt.% in the whole complex). The weight
percentage of the shell and core of the Ag/SnO2NWs composite was determined based
on EDS (Energy Dispersive X-ray Spectroscopy) studies using an FEI Nova NanoSEM
450 microscope that was equipped with EDAX Roentgen spectrometer (EDS) and an
Octane Pro Silicon Drift Detector (SDD). The samples were previously collected on silicon
wafers for EDS measurements.

Moreover, malachite green oxalate salt (7 mg/L, 15.1 µM, Sigma Aldrich) was de-
graded with the presence of Ag/SnO2NWs (2 mg/mL) under irradiation of a 450 nm
LED lamp (100 W). To compare the photocatalytic ability of Ag/SnO2NWs to commer-
cial photocatalyst, 2 mg/mL of TiO2 (titanium (IV) oxide, anatase, nanopowder, <25 nm
particle size, 99.7%, Sigma Aldrich) was added to malachite green oxalate salt solution
(7 mg/L, 15.1 µM) and irradiated by 450 nm LED lamp (100 W). The degradation reactions
of rhodamine B and malachite green were monitored by measuring the UV/Vis absorption
spectra (UV5600 spectrophotometer, Biosens) of the sample solution taken out at regular
intervals, every 10 min for 395 nm and 450 nm LED lamps or every 30 min for 365 nm
LED lamp illumination. The sample solution was constantly stirred (400 rpm) and cooled
during illumination. The LED lamps were fixed over the vessel that was filled with a
sample solution. The absorbance spectra of each sample supernatant were recorded in the
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wavelength range of 200 to 800 nm after the centrifugation process (8000 rpm, 2 min) of a
2 mL sample after selected illumination time.

4. Conclusions

The study demonstrates Ag nanowires that are covered with SnO2 shell as a new, effi-
cient photocatalyst under the irradiation from the visible light range. The fast degradation
process is the effect of the combination of advantages of both the components forming
the core/shell Ag/SnO2NWs hybrid as well as phenomena appearing on the material
interfaces. The SPR absorbance spectrum of AgNWs after coating with SnO2 shifts towards
the visible region and facilitates excitation of the electrons in the nanowires by photons
at this wavelength range. The photocatalytic activity of SnO2 is enhanced significantly
and achievable without UV irradiation. The excited electrons from the metal core are
transferred to the metal oxide shell and captured by oxygen molecules and involved in the
formation of reactive radicals that are essential for the degradation of organic compounds.
This report utilizes rhodamine B as a model organic dye for studying the activity of novel
1D metal/semiconductor Ag/SnO2NWs photocatalyst. The rhodamine B is degraded after
50 and 90 min under irradiation at the wavelength of 395 nm and 450 nm, respectively.
Moreover, malachite green as an environmental organic pollutant is decomposed after
40 min by Ag/SnO2NWs and only slightly degraded by the common catalyst of TiO2
under 450 nm irradiation. High photocatalytic activity of the Ag/SnO2NWs system is
attributed to the core/shell metal/semiconductor arrangement which results in carrier
separations and prevents the recombination of photogenerated electron-hole pairs. The
facile processing of an Ag/SnO2NWs hybrid by simple separation, such as filtration or
sedimentation, is beneficial for photocatalytic applications.

Our findings indicate that the core/shell of Ag/SnO2NWs represents a very promis-
ing material that is characterized by high environmental stability for the designing of
future photocatalytic systems under solar irradiation for effective remediation processes of
various environments.
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10.3390/catal12010030/s1, Figure S1: Absorbance spectra of core/shell Ag/SnO2NWs. Figure S2:
The absorbance spectra of SnO2NPs at the concentrations of 2 and 0.66 mg/mL and (inset) Tauc
plot for SnO2 energy gap value determination. Figure S3: The images of an aqueous solution
of Ag/SnO2NWS (a) left for 48h for sedimentation and (b) then gently mixed to redisperse the
core/shell nanowires. Figure S4: The absorbance spectra of rhodamine B without any irradiation after
centrifugation of Ag/SnO2NWs photocatalyst (dark experiment). Figure S5: The absorbance spectra
of rhodamine B that was irradiated under 359 nm without catalyst. Figure S6: The EDS spectrum
of Ag/SnO2NWs, inset: The weight percentage of O, Ag, and Sn in the hybrid, and STEM image of
the sample area for EDS analysis. Figure S7: The absorbance spectra of rhodamine B and SnO2NPs
at a concentration of (a) 0.66 mg/mL and (b) 2 mg/mL under 395 nm light irradiation. Figure S8:
The degradation of rhodamine B with Ag/SnO2NWs photocatalysts presence under 395 nm and
450 nm irradiation. Figure S9: The absorbance spectra of rhodamine B that was irradiated under
450 nm. Figure S10: The absorbance spectra of rhodamine B with the presence of SnO2NPs at a
concentration of (a) 0.66 mg/mL and (b) 2 mg/mL under 450 nm light irradiation. Figure S11: The
absorbance spectra of malachite green without any irradiation with the presence of Ag/SnO2NWs
photocatalyst (dark experiment). Figure S12: The absorbance spectra of malachite green that was
irradiated under 450 nm without catalyst. Figure S13: The absorbance spectra of malachite green with
the presence of SnO2NPs at a concentration of (a) 0.66 mg/mL and (b) 2 mg/mL under 450 nm light
irradiation. Figure S14: The absorbance spectra of malachite green with the presence of 2 mg/mL
TiO2 photocatalyst that was irradiated under 450 nm with. Figure S15: The absorbance spectra of
TiO2 (P25).
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Abstract: BiOX (X = Cl, Br, I) photocatalysts with dominant (110) facets were synthesized via a
mannitol-assisted solvothermal method. This is the first report on the exposed (110) facets-, size-,
and defects-controlled synthesis of BiOX achieved by solvothermal synthesis with mannitol. This
polyol alcohol acted simultaneously as a solvent, capping agent, and/or soft template. The mannitol
concentration on the new photocatalysts morphology and surface properties was investigated in
detail. At the lowest concentration tested, mannitol acted as a structure-directing agent, causing
unification of nanoparticles, while at higher concentrations, it functioned as a solvent and soft
template. The effect of exposed (110) facet and surface defects (Bi(3−x)+, Bi4+, Bi5+) of BiOX on the
photocatalytic activity of nanomaterials under the UV–Vis irradiation were evaluated by oxidation
of Rhodamine B (RhB) and 5-fluorouracil (5-FU), an anticancer drug, and by reduction of Cr(VI).
Additionally, the influence of crucial factors on the formation of BiOX in the synthesis with mannitol
was discussed extensively, and the mechanism of BiOX formation was proposed. These studies
presented a new simple method for synthesizing BiOX without any additional surfactants or shape
control agents with good photocatalytic activity. The study also provided a better understanding of
the effects of solvothermal conditions on the BiOX crystal growth.

Keywords: BiOX; photocatalysis; mannitol; soft template; structure-directing agent

1. Introduction

Bismuth oxyhalides BiOX (X = Cl, Br, I) are among the most important groups of
semiconductors and have drawn considerable attention for their potential applications
as novel photocatalysts active in ultraviolet, visible, and UV–Vis light [1]. BiOX crys-
talizes in the tetragonal structure of the matlockite with slabs [Bi2O2]2+ interleaved by
slabs of halogen [X]−. These layered structures affect highly anisotropic electrical, mag-
netic, and optical properties and make BiOX promising materials in wide industrial and
environmental applications [1,2].

Inorganic materials’ physical and chemical features, especially optical, magnetic, and
electronic properties depending on size, dimensions, and morphology, are also strongly
related to the morphology and dimensionality of the semiconductors in their photocat-
alytic activity [1]. Over the years, many efforts have been made to synthesized BiOX with
different morphology such as nanobelts [3], nanowires [4], nanosheets [5], nanoplates [6],
nanotubes [3], nanoparticles [7], nanoflowers [8], lamella structures [9], hollow struc-
tures [10], and hierarchical nanostructures [6,7].
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Additionally, within described types of structure, attempts of facet engineering
were made [8,11].

One of the common methods of obtaining various nanomaterials and BiOX itself
is solvothermal synthesis. Fabrication of bismuth oxychloride (BiOCl) using ethanol
(ETH) [12], ethylene glycol (EG) [13–15], diethylene glycol (DEG) [14,15], triethylene glycol
(TEG) [14], glycerol (GLY) [16,17], N,N-dimethylformamide (DMF) [7,14], polyethylene
glycol (PEG) [13,18], water [14,18,19], and mannitol (MAN) [15,19] in the temperature
range from 140 ◦C to 160 ◦C and the time of 3–16 h was studied. Bismuth oxybromide has
so far been obtained from water [20,21], ethanol [22–24], isobutanol (ISO) [21], ethylene
glycol [20–22,24,25], glycerol [21,22,24], and mannitol [25] under condition of 20–160 ◦C
and 8–15 h. Solvothermal synthesis of bismuth oxyiodine used EG [26,27], ETH [26,27],
GLY [26], and water [26] as solvents, and the autoclave reactions were conducted in 160 ◦C
for 12 h.

Additionally, a few studies have focused on interactions between bismuth and halo-
gens precursor, surfactants, and the solvent mixtures’ effect on these nanomaterials’ mor-
phology. BiOXs have been prepared by the solvothermal method with many surfactants—
tetrabutylammonium halides [12], hexadecyltrimethylammonium halides [28], cetylpyri-
dinium halide [25], polyvinyl pyrrolidone [29], polyvinyl alcohol [30], and sodium dodecyl
sulfate [31]). Surfactants were used as templates during the synthesis reaction process. The
physical and chemical properties of BiOCl were tunable by mixing PEG and water [18] or
TEG and DMF [7] in different volume ratios. A similar investigation for BiOI with EG and
water mixture was also conducted [26].

Although many different methods have been developed to modulate the morphology
and crystallites size of BiOX (X = Cl, Br, I), expensive surfactants and various organic
solvents were usually used for synthesis. Because the solvent plays a significant role in con-
trolling bismuth oxyhalides’ morphology, it is crucial to develop an additive-free synthesis
method, which will be more convenient to fabricate these semiconductors. Moreover, the
development of alternative ecological synthesis for nanomaterials may reduce the negative
impact of widely used chemicals on human health and the environment. A control of
semiconductor morphology is a promising approach to improve the photocatalytic activity
of BiOX and should be investigated more thoroughly.

Mannitol (MAN) is a type of sugar alcohol used as a sweetener. Due to its excellent
mechanical compressing properties and physical-chemical stability, it is used to produce
pharmaceuticals. Furthermore, toxicity studies indicated that mannitol did not cause
any considerable adverse effects. As an environmentally friendly and cheap bio-polyol,
MAN can be used to prepare nanomaterial due to the presence of a long carbon chain and
multi-hydroxyl groups. It was reported that the presence of mannitol during the synthesis
favored the formation of uniform nanostructures [25], which is desirable in photocatalytic
processes. However, information on mannitol as a solvent in the semiconductors’ synthesis
and their photoactivity is limited and requires further research.

This study described the effects of mannitol concentration (0.1 M, 0.5 M, and 1 M) on
the (110) planes exposition and defects in the crystal lattice of BiOX material (where X = Cl,
Br, I), enhancing its photoactivity in oxidation and reduction of micropollutants. Moreover,
such prepared photocatalysts were used for the first time to cytostatic drug (5-fluorouracil
(5-FU)) removal from water.

To the best of our knowledge, this is the first report on the exposed (110) facets-,
size- and defects-controlled synthesis of BiOX (X = Cl, Br, I) achieved by solvothermal
synthesis with mannitol as a solvent, capping agent, and/or soft template simultaneously.
This research provides a new, simple strategy to fabricate BiOX without any additional
surfactants or shape-controlled agents and enhanced photocatalytic activity. The obtained
results indicated that BiOX prepared in mannitol solution could be used to remove a wide
range of water micropollutants, including cytostatic drugs such as 5-fluorouracil.
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2. Results and Discussion

2.1. Characterization

2.1.1. XRD Analysis

The purity and crystallinity of prepared BiOX photocatalysts were examined by X-ray
powder diffraction (XRD). Figure 1 shows the XRD patterns of synthesized BiOX by the
mannitol-assisted solvothermal method.

Figure 1. X-ray powder diffraction (XRD patterns) of (a) BiOCl, (b) BiOBr, and (c) BiOI prepared in synthesis with different
mannitol concentrations.

As shown in Figure 1a, all diffraction peaks of BiOCl could be indexed to the tetragonal
phase BiOCl (PDF 04-002-3608). No other diffraction peaks were detected, indicating the
high purity of BiOCl. The signals of BiOCl_0M and BiOCl_0.1M diffractograms were
intense, sharp, and narrow suggesting the high crystallinity of the samples. The higher
concentration of the mannitol solution resulted in the formation of smaller crystallites,
which can be observed as wider and shorted peaks in the BiOCl_0.5M and BiOCl_1.0M
diffractograms [14,32]. The crystallite sizes obtained from the Scherrer equation and
the half-maximum full width of the signal decreased from 95 nm (BiOCl_0M) to 32 nm
(BiOCl_1M). In the absence of mannitol in the synthesis process, diffraction peaks of
BiOCl_0M photocatalyst at 24.2◦, 36.6◦, 49.6◦, and 63.2◦ have corresponded {001} family
of planes. In contrast to distilled water, mannitol inhibited the formation of {001} planes
due to the interaction of the hydroxyl groups of mannitol molecules and oxygen atoms in
BiOCl (001) facets through hydrogen bonds. This phenomenon limited the growth along
the [001] orientation of the BiOCl crystals, and the peaks of these family planes had lower
intensity than the sample prepared in ultrapure water.

The XRD patterns of BiOBr are presented in Figure 1b. Signals were well-fitted to
BiOBr (PDF 04-002-3609). The signals of BiOBr_0M were the sharpest and narrowest,
similarly to the BiOCl series than the other BiOBr. The crystallite size of BiOBr was
90 nm and decreased after the introduction of the mannitol to the synthesis to 42 nm
(BiOBr_0.1M). The rest of the BiOBr samples could not determine the crystallites’ size from
the most intense signal due to its poor separation. Bismuth oxybromide synthesized in
ultrapure water (BiOBr_0M) was characterized by the {001} family of planes in the structure.
In contrast, these planes’ signals were absent in the series of BiOBr samples prepared in
mannitol solutions. Furthermore, as previously described, the hydroxyl groups of alcohols
are preferentially adsorbed on the (102) facets by the coordination of exposed Bi3+ ions,
thus inhibiting growth along the (102) direction [33].

Our study observed these phenomena in preparation of a series of BiOBr (BiOBr_0.1M,
BiOBr_0.5M, and BiOBr_1M), while this trend was not found for BiOCl. This fact could be
related to the weak force interaction between mannitol and the smaller BiOCl particles. The
diffraction intensity ratio (I110/I102) of the BiOX photocatalysts, listed in Table 1, increased
with the increase of the mannitol concentration. The (110) and (102) facets were preferred
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for generation and accumulation of free e− for the reduction reaction than other crystal
facets [34,35]. Knowledge of the BiOX facets responsible for reduction is still limited in
contrast to the oxidation processes connected with facets (001) and (010) [11,20].

Table 1. Physicochemical properties of BiOX (X = Cl, Br, I) samples synthesized in ultrapure water
and mannitol solutions.

Photocatalyst Particle Size Morphology Eg (eV)
MVB
(eV)

MCB
(eV)

I110/I102

BiOCl_0M 0.48–1.9 µm microplate 3.3 3.51 0.21 0.65
BiOCl_0.1M 41.3–66.6 nm nanoplate 3.2 3.46 0.26 1.03
BiOCl_0.5M 13.4–25.4 nm nanoplate 3.05 3.38 0.33 1.14
BiOCl_1M 15–20 nm nanoparticle 3.0 3.36 0.36 1.13

BiOBr_0M 1.45–5.12 µm microplate 2.58 2.99 0.41 0.25
BiOBr_0.1M 40.8–81.0 nm nanoplate 2.65 3.03 0.38 0.76
BiOBr_0.5M 58.5–72.7 nm nanoplate 2.65 3.03 0.38 1.08

BiOBr_1M 530–734 nm microstructure
flower-like 2.56 2.98 0.42 1.40

BiOI_0M 4.13–5.65 µm microplate 1.65 2.26 0.61 0.46

BiOI_0.1M 0.74–1.21 µm microstructure
rose-like 1.65 2.26 0.61 0.75

BiOI_0.5M 0.74–1.21 µm microplate 1.58 2.23 0.65 0.72
BiOI_1M 183–361 nm nanoplate 1.50 2.19 0.69 0.63

Figure 1c shows the XRD patterns of the BiOI samples prepared in highly purified
water as a reference sample and mannitol solution. All samples could be indexed as
BiOI (PDF 04-012-5693). The XRD results indicated that the series of BiOI photocatalysts
synthesized by the solvothermal method were well crystallized and of high purity. The
crystallite sizes of BiOI_0M, BiOI_0.1M, BiOI_0.5M, and BiOI_1M were 73.6 nm, 41.0 nm,
45.7 nm, and 52.6 nm, respectively. BiOI photocatalysts prepared in pure water and 0.1 M
solution of mannitol (BiOI_0.1M) were characterized by almost identical XRD patterns. As
previously described for the series of BiOCl and BiOBr, the samples prepared in a higher
concentration of mannitol than 0.1 M the {001} planes were not formed. This phenomenon
could be explained by the larger ionic radius of I− than Br− and Cl− ionic radius and their
various spatial packing of ions on the plane.

Furthermore, in the series of BiOI, the type of solvent used for the sample synthesis
influenced the appearance of the additional Bi0 phase. Increasing the concentration of
mannitol from 0.1 M to 0.5 M and 1 M led to the formation of 12% and 17% of the Bi0

phase in BiOI materials, respectively. It can be explained by the reducing properties of
mannitol and its redox reaction with Bi3+ ions. It was previously reported that the organic
compounds used in the synthesis, such as Na2EDTA [36] and ethylene glycol [37], were
capable of reducing metal ions at a high temperature of solvothermal synthesis. The
appearance of Bi0 in BiOI samples was probably related to a slower formation of bismuth
oxyiodine nanosheets than other oxyhalides nanosheets and longer time of free Bi3+ ions
exposition to the interaction with reductive mannitol. The slower formation of BiOI
nanoplates due to the large radius of iodide ions was the reason for the favorable reduction
of bismuth ions. Slower formation of BiOI was also observed after the introduction of
Na2EDTA, which could complex Bi3+ to the synthesis, and the rate of obtaining bismuth
oxyiodide was decreased with increasing concentration of Na2EDTA [38]. The obtained
results revealed relevant coordination interactions between solvents and precursors in the
formation of BiOX and were specific to each type of halide. Moreover, high crystallinity and
purity, which are considered essential factors influencing nanomaterials’ photocatalytic
properties, were also solvent-dependent.
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2.1.2. SEM Analysis

The morphologies and structures of selected BiOX (X = Cl, Br, I) photocatalysts
examined by scanning electron microscopy are shown in Figure 2. The size and morphology
of the samples are listed in Table 1.

Figure 2. SEM images of BiOX synthesized in (a–c) water; (d–f) 0.1 M mannitol solution; (g–i) 0.5 M
mannitol solution; and (j–l) 1 M mannitol solution.

Figure 2a,d,g,j shows the series of BiOCl prepared in water and mannitol solutions
in various concentrations. BiOCl_0M prepared in water was consisted of large amounts
of nanosheets with a width of 0.48–1.9 µm and thickness of 50–70 nm. These nanoplates
possessed rounded edges, and part of nanoplates resembled an irregular square. As shown
in Figure 2d, BiOCl synthesized in the lowest concentration of mannitol contained more
homogeneous and much smaller nanoplates with a width of 41.3–66.6 nm and thickness
of 50–70 nm. The higher concentration of mannitol affected the BiOCl particle size. Thus,
they were 13.4–25 nm and 10–15 nm for BiOCl_0.5M and BiOCl_1M, respectively. The
changes in particle thickness were not observed. Similar results were obtained for BiOBr
photocatalysts, except for BiOBr_1M synthesized in 1 M mannitol solution. Particles of
BiOBr_1M (Figure 2k) were constructed into a flower-like microsphere of tight nanoplates
with irregular edges. Our results are consistent with a previous report that mannitol can
lead to the formation of hierarchical nanostructures [13]. It is worth mentioning that only
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the BiOBr_1M possessed a hierarchical structure, which indicated that the interaction
between the solvent and precursors was more complex and required further research.

Furthermore, BiOI synthesized in water (Figure 2b) was composed of irregular square-
like nanosheets, with a low tendency to agglomerate. The nanosheets size of the BiOI series
was in the range of 1.51–3.26 µm, and its thicknesses were similar to BiOCl and BiOBr. In a
0.1 M mannitol solution, a nanoparticle of BiOI agglomerated into rose-like microstructures
(0.74–1.21 µm) composed of dozen thicker and smaller nanoplates (213–357 nm) than those
formed in water. The concentration of mannitol higher than 0.1 M prevented agglomer-
ations of the forming nanoplates. This fact could be related to the mannitol solution’s
viscosity (Table 2), which increased with increasing mannitol concentration. Additionally,
nanoplates of BiOI were smaller with the increasing concentration of mannitol. This trend
was also observed during the preparation of the series of BiOCl samples.

Table 2. Physicochemical properties of the mannitol solutions (Temp: 20 ◦C).

Type of Solution Density [g cm−3] Viscosity [cP]

deionized water 0.99823 1.005
0.1 M mannitol 1.00383 1.087
0.5 M mannitol 1.03534 1.269
1 M mannitol 1.06681 1.763

The inhibition of the growth of BiOX (X = Cl, Br, I) nanoparticles in the mannitol
solutions clearly showed that the solvent with a long chain and polyhydroxy groups was
both a soft template and structure-directing agent. The significant factors that influenced
BiOX nanoparticles’ formation were the size and interaction of halogen ions with the solvent
and the concentration of the mannitol solution. Therefore, the products’ morphology can
be modulated by adjusting the appropriate concentration of mannitol as a solvent.

2.1.3. XPS Analysis

The surface chemical composition and the valance state of the BiOX (X = Cl, Br, I)
were characterized using X-ray photoelectron spectroscopy (XPS). The results are shown in
Table 3 and Figure 3.

Table 3. The binding energy of bismuth species observed character of atoms in a surface layer of prepared photocatalysts.

Sample
BE Bi 4f 7/2 (eV) BE Bi 4f 5/2 (eV)

Bi(3−x)+ Bi3+ Bi4+ Bi5+ Bi(3−x)+ Bi3+ Bi4+ Bi5+

BiOCl_0M 158.8 160.1 - - 163.7 165.4 166.6 -
BiOCl_0.1M 158.7 159.9 161.1 - 163.6 165.2 166.4 -
BiOCl_0.5M 158.4 159.8 161.1 - 163.4 165.0 166.3 -
BiOCl_1M 158.6 160.0 161.1 - 163.6 165.3 166.5 -

BiOBr_0M 158.0 160.1 - - 163.3 165.4 - -
BiOBr_0.1M 158.2 159.9 160.9 - 163.2 165.2 166.1 -
BiOBr_0.5M 158.3 159.8 161.0 - 163.1 165.1 166.3 -
BiOBr_1M 158.3 159.9 160.9 - 163.6 165.2 166.2 -

BiOI_0M - 159.4 161.5 - - 165.0 166.6 -
BiOI_0.1M - 159.6 161.3 162.7 - 164.8 166.6 167.7
BiOI_0.5M - 159.9 161.1 162.5 - 165.2 166.4 167.8
BiOI_1M - 159.9 161.0 162.5 - 165.2 166.3 167.7

”-”—absence.
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Figure 3. (a) Survey spectra of selected BiOX (X = Cl, Br, I); (b) surface elemental composition of BiOX (X = Cl, Br, I); (c)
effect of mannitol on high-resolution spectra of Bi 4f in BiOX (X = Cl, Br, I); and (d) the concentration of mannitol resulting
in the bismuth species ratio.

Interestingly, the Bi 4f5/2 and Bi 4f7/2 regions for BiOCl_0M and BiOBr_0M synthe-
sized in water were fitted into the peaks attributed to Bi3+ and Bi(3−x)+. This fact suggested
the formation of oxygen vacancies in the samples. In the synthesis of BiOCl and BiOBr
with mannitol solutions, additional new peaks appeared at the higher binding energies of
165.1 eV (±0.4 eV) and 161.1 eV (±0.4 eV). The peaks were attributed to the higher valance
state of bismuth Bi4+. BiOI prepared in the ultrapure water included Bi3+, Bi(3−x)+, and
Bi4+. The higher bismuth state appeared during the BiOI synthesis in a mannitol solution
similar to BiOCl and BiOBr samples (Table 4). The higher concentration of mannitol in
the synthesis of BiOI resulted in the coexistence of multiple bismuth species—Bi3+, Bi4+,
and Bi5+.
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Table 4. The kinetic data for photocatalytic degradation of selected micropollutants over BiOX (X = Cl, Br, I).

Sample Label
Rh B Cr6+ 5-FU

kapp [min−1] R2 kapp [min−1] R2 kapp [min−1] R2

BiOCl_0M 0.152 0.9736 0.003 0.9627 0.076 0.9972
BiOCl_0.1M 0.045 0.9743 0.006 0.9703 0.008 0.9569
BiOCl_0.5M 0.084 0.9761 0.021 0.9715 0.022 0.9799
BiOCl_1M 0.070 0.9746 0.017 0.968 0.093 0.9989

BiOBr_0M 0.046 0.9667 0.001 0.9554 0.007 0.9909
BiOBr_0.1M 0.068 0.9822 0.010 0.9635 0.097 0.9521
BiOBr_0.5M 0.115 0.9977 0.022 0.9613 0.021 0.9902
BiOBr_1M 0.092 0.9986 0.025 0.9813 0.017 0.9796

BiOI_0M 0.008 0.9791 0.003 0.9782 inactive
BiOI_0.1M 0.005 0.9387 0.004 0.9667 0.095 0.9886
BiOI_0.5M 0.021 0.9756 0.029 0.9938 inactive
BiOI_1M 0.021 0.9700 0.012 0.9913 inactive

In contrast to the XRD analysis, the XPS spectra did not show the characteristic peaks
of metallic Bi0 in the BiOI_0.5M and BiOI_1M samples. Therefore, it is supposed that Bi0

was probably formed as the first step of the synthesis due to the high density and viscosity
of mannitol solutions and its weak interaction with iodide anion. In the next step, BiOI
was formed and covered the Bi0 phase.

The percentages of Bi, O, X (Figure 3b) in the sample were similar to the theoretical
amount in the pure phase of BiOX only in BiOCl_0M. For samples synthesized in mannitol
solutions, a higher amount of oxygen than their stoichiometric amount in the BiOX crystal
lattice was found. This trend was very clearly observed in the series of BiOI, where oxygen
was 44.4% and 63.1% for BiOI_0M and BiOI_1M, respectively. A correlation between the
oxygen amount and the number of Bi ions at a higher oxidation state in samples was also
found (Figure 3b,d).

The existence of Bi4+ and Bi5+ in BiOX materials was surprising and rarely reported in
the literature. Species such as Bi4+ and Bi5+ were presented in BiOBr prepared with shape
controlling agent polyvinylpyrrolidone (PVP) [39] or in other bismuth-based materials
(Bi2WO6) [40]. Bismuth at the higher oxidation state than Bi3+ was observed in BiOClxI1−x
solid solution and was responsible for enhanced electron transfer, thus photocatalytic
activity [41]. It worth mentioning that the previously reported Bi4+ and Bi5+ were generated
in BiOX in a rather small amount (up to 18%). In the synthesis with surfactants, they were
formed in 5.4–16.3% and 2.2–7.7% for Bi4+ and Bi5+, respectively. In the presented study
Bi4+ existed in 18.2–18.7%, 5.4%, and 31.4–37.3% for BiOCl, BiOBr, and BiOI, respectively.
Additionally, Bi5+ was observed in a significant amount (17.2–30.6%) in BiOI prepared
in mannitol solutions. The formation of these species was probably the result of the use
of mannitol in the synthesis as Bi4+ was absent in BiOCl_0M and BiOBr_0M while Bi5+

was observed only in BiOI obtained via mannitol. Furthermore, the results indicated that
coordination of Bi3+ ions by hydroxyl groups of mannitol played a crucial role in the
formation of vacancies and ability to local electron transfer in BiOX, which could enhance
the separation of photogenerated electron/hole charge pairs.

2.1.4. UV–Vis/DRS Analysis

The absorption of light by semiconductors is an important factor affecting their photo-
catalytic performance and is one of the key factors determining their high photocatalytic
activity. The UV–Vis diffuse reflectance spectra (UV–Vis/DRS) of the series of BiOX samples
are shown in Figure 4.
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Figure 4. UV–Vis diffuse reflectance spectra of (a) BiOCl, (b) BiOBr, and (c) BiOI prepared with different concentrations
of mannitol.

The BiOX samples of the mannitol series showed stronger absorption in the UV–Vis
region compared to BiOX_0M. The increase in the concentration of the mannitol solution
used for the photocatalyst preparation resulted in better absorption in the whole light
range by sample due to the smaller particles and previously mentioned crystal lattice
defects. With the higher mannitol concentration than 0.5 M, a slight enhancement of
absorption was found. Moreover, all BiOX samples prepared in mannitol exhibited a
blue-shift of absorption edges compared to BiOX obtained in water. The energy bandgap
(Eg), position of maximum valance band (MVB), and minimum conduction band (MCB)
were theoretically determined based on literature [18,42].

The BiOX samples of the mannitol series showed stronger absorption in the UV–Vis
region compared to BiOX_0M. The increase in the concentration of the mannitol solution
used for the photocatalyst preparation resulted in better absorption in the whole light
range by sample. With the higher mannitol concentration than 0.5 M, a slight enhancement
of absorption was found. Moreover, all BiOX samples prepared in mannitol exhibited a
blue-shift of absorption edges compared to BiOX obtained in water. The energy bandgap
(Eg), position of maximum valance band (MVB) and minimum conduction band (MCB)
were theoretically determined based on literature [18,42] and presented in Table 3. Eg for
series of BiOCl, BiOBr, and BiOI was estimated in the range of 3.0–3.3 eV, 2.56–2.65 eV, and
1.50–1.65 eV, respectively, which were consistent with the reported previously [14,23,43].

Additionally, it was observed that with increasing mannitol concentration, the bandgap
of the BiOX (X = Cl, I) samples decreased, and also, the crystallite size decreased. The
exception was the series of BiOBr samples, which showed a significant change in mor-
phology (3D structure) with increasing mannitol concentration. Mannitol concentration
influenced the position of the band edges Eg, as shown in Table 3. BiOX (X = Cl, Br, I) with
the higher exposed facet (110) obtained in 0.5 M and 1 M mannitol characterized a lower
minimum conduction band and a higher maximum valance band. The results confirmed
that the appropriate synthesis conditions could offer the bang gap tuning and band-edge
modification through morphology and size optimization of semiconductors.

2.1.5. PL Analysis

Photoluminescence (PL) study allowed to monitor the recombination rate of photoin-
duced charges pair electron-hole in the material. Figure 5 shows the PL spectra of the
series of BiOCl, BiOBr, and BiOI samples excited at a wavelength of 315 nm. The emission
spectra of each series had similar shapes, while the intensity of spectra decreased in the
following order BiOCl > BiOBr > BiOI. This fact was related to the ability of the samples
to separate e−/h+ charge pairs. High surface energy and reactive (001) and (110) facets
found in BiOX_0M allowed for the formation of more catalytically active sits [44,45], which
would explain the high intensity of the bismuth oxyhalides spectra.
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Figure 5. Photoluminescence (PL) spectra of (a) BiOCl, (b) BiOBr, and (c) BiOI synthesized in various concentrations of
mannitol solution.

The intensity of PL spectra decreased after the introduction of mannitol to synthesize
BiOX (X = Cl, Br, I) samples. Increasing the mannitol concentration decreased the PL
intensity of the samples obtained in their solutions. This fact could indicate a better
separation of photoexcited electron-hole pairs in these samples. The better separation of
charge pairs in samples prepared in mannitol solutions was a result of (a) reduction in the
size of the photocatalyst particles, (b) the appearance of highly reactive (110) facets [45],
and (c) the existence of highly oxidized bismuth ions.

2.2. Photocatalytic Activity

Many factors, including morphology, crystallinity, or effective generation and sep-
aration of photoexcited charge pairs, play an essential role in influencing the efficiency
of photodegradation of pollutants. Micropollutants such as Rhodamine B (RhB) cation
dye, colorless cytostatic drug 5-FU, and heavy metal Cr(VI) in the form of anion form
Cr2O7

2− were selected for photodegradation study to examine the activity of BiOX photo-
catalysts. Direct and indirect photolysis of 5-FU and Cr(VI) was almost negligible, while
RhB degraded by 16%, as was reported before [16].

The photocatalytic activities of the three series of BiOX (X = Cl or Br or I) in the
photooxidation of RhB were conducted, and the results are shown in Figure 6. The pseudo-
first-order rate constants kapp were calculated, and the results are presented in Table 4.

Figure 6. Photocatalytic degradation of RhB over (a) BiOCl, (b) BiOBr, and (c) BiOI under UV–Vis irradiation.

Regardless of the type of halogen in BiOX prepared in distilled water (BiOX_0M), the
adsorption of RhB on the photocatalyst surface was not observed. Similar results for high
crystallinity nanoplates BiOX were reported by other groups [6,15]. However, with the
increase of mannitol concentration used in BiOX synthesis from 0.1 M to 1.0 M, the dye
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adsorption efficiency elevated. The trend for all prepared series was observed, but the
largest increase in RhB absorption for the BiOBr samples was found. The adsorption of this
dye reached the highest value of 49% for the BiOBr_0.5M photocatalyst. The adsorption of
RhB was related instead to morphology changes than the Bi(3−x)+, Bi4+, and Bi5+ bismuth
species in the crystal lattice.

The value of pseudo-first-order kinetic rate constant kapp of RhB photooxidation in
the series of BiOCl was the highest for BiOCl_0M, while in the series of BiOBr and BiOI, the
highest value of kapp was obtained for the samples prepared in 0.5 M mannitol solution.

In the literature, the photocatalyst activity in RhB oxidation was correlated with
the structure of the prepared samples. Furthermore, density functional theory (DFT)
computations showed a strong relationship with the importance of existence (001), (010),
and (110) facets in BiOX and their photocatalytic activity [44,46].

The (001) plane with high thermodynamic stability has been previously reported as
beneficial to photocatalytic performance, including RhB oxidation [46]. The remarkable
photocatalytic degradation of RhB was observed over irradiation of the dye in the presence
of BiOCl_0M, which possessed well-formed, exposed {001} planes. The samples prepared
in mannitol solutions were characterized by a decrease in {001} planes with an increase
in the mannitol concentration used in the synthesis. Therefore, the RhB removal rate was
lower for BiOCl samples prepared in mannitol solutions.

Decomposition in the presence of BiOBr_0M with well-developed (002), (003), and
(004) planes showed the lowest activity in series of BiOBr samples, which suggested that
exposed facets were a minor factor in the photocatalytic oxidation of RhB in this series.
Noticeably, the BiOX_0.5M (X = Br, I) with small uniform nanosheets and well exposed
(110) crystal face exhibited the highest photocatalytic activity among the samples prepared
in mannitol solutions. Therefore, the (110) crystal face with a higher electron density seems
to be more critical to photocatalytic oxidation of RhB. The higher (110) active facet exposure
found for BiOBr_0.5M allowed separate free electrons more effectively and enhanced the
photocatalytic activity compared with other BiOBr samples. The previous research has
indicated that the exposed (110) crystal plane facilitated the migration of oxidants holes
and reduced the recombination of photogenerated electron-hole pairs in the BiOBr [35]. A
similar trend was found for the series of BiOI.

Moreover, the analysis of the O/X ratio, where X = Cl, Br, I, and Bi described in the
XPS results showed that the photodegradation efficiency of RhB gradually increased with
the increase in the amount of oxygen in the semiconductors. That was probably the result
of better separation of e−/h+ pairs and the effective mobility of holes due to defects in
the samples.

The difference in the activity trend of the series of BiOCl and BiOBr/BiOI could be
related to another phenomenon. RhB molecules could behave as photosensitizers, absorb
light energy and convert into an excited state (RhB*). The excited state could inject electrons
into the CB of the photocatalyst, trapped by dissolved O2 in solution to generated oxidizing
species such as superoxide radicals. The photocatalytic oxidation occurred between these
active species and RhB+. The following reactions to achieve the aim of degradation were
possible (Equations (1)–(3)):

RhB + hν → RhB* (1)

RhB* + BiOX → BiOX/ e− + RhB+• (2)

RhB+• + O2
−• → by-products → H2O + CO2 (3)

The synthesis of BiOX (X = Cl, Br, I) in mannitol solution favored surface creation
and (110) facet exposition; thus, photoexcited electrons could have a lower recombination
rate. Therefore, more electrons were trapped by the dissolved oxygen, and more •O2

−

could be produced. The increase in superoxide radical’s production is beneficial for RhB
degradation. Therefore, this phenomenon can explain the higher activity toward RhB
oxidation of the samples prepared in mannitol.
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It is worth mentioning that the samples obtained by us in mannitol solution compare to
the BiOX (X = Cl, Br, I) photocatalyst prepared via surfactants: hexadecyl(trimethyl)ammonium
bromide (CTAB) [35,47,48], PVP [39], or sodium dodecyl sulfate (SDS) [39] reported in
literature showed remarkable higher photocatalytic performance toward RhB oxidation.

To demonstrate the potential application of the presented BiOX materials in the
oxidation of pharmaceuticals, the cytostatic drug 5-FU was used as a model compound. In
contrast to RhB, 5-FU characterized the low partition coefficient Ko/w. The results of the
5-FU photocatalytic oxidation are shown in Figure 7.

Figure 7. Photocatalytic degradation of 5-fluorouracil in the presence of (a) BiOCl, (b) BiOBr, and (c) BiOI under UV–
Vis irradiation.

Previous studies have proved that mainly holes (h+) were involved in the oxidation of
5-FU using BiOX photocatalysts, while superoxide radicals [17] were the minor oxidant
of this drug. All prepared BiOX samples exhibited low 5-FU adsorption on their surface,
and the highest values were 12%, 10%, and 10% for BiOI_0.1M, BiOCl_0.1M, and BiOI_0M,
respectively. The pseudo-first-order rate constants kapp were calculated, and the results are
listed in Table 5.

Table 5. Sample label of studied BiOX.

No. Sample Label BiOX Precursors Solvent

Bismuth oxychloride

1. BiOCl_0M
2 mmol KCl,

2 mmol
Bi(NO3)3·5H2O

deionized water
2. BiOCl_0.1M 0.1 M mannitol
3. BiOCl_0.5M 0.5 M mannitol
4. BiOCl_1M 1 M mannitol

Bismuth oxybromide

5. BiOBr_0M
2 mmol KBr,

2 mmol
Bi(NO3)3·5H2O

deionized water
6. BiOBr_0.1M 0.1 M mannitol
7. BiOBr_0.5M 0.5 M mannitol
8. BiOBr_1M 1 M mannitol

Bismuth oxyiodide

9. BiOI_0M
2 mmol KI,

2 mmol
Bi(NO3)3·5H2O

deionized water
10. BiOI_0.1M 0.1 M mannitol
11. BiOI_0.5M 0.5 M mannitol
12. BiOI_1M 1 M mannitol

The sample BiOCl_0M showed remarkable photocatalytic activity toward oxidation
5-FU (kapp = 0.076 min−1). However, in the series of BiOCl, BiOCl_1M obtained in 1 M
mannitol solution exhibited the highest degradability of 5-FU. After 45 min of irradiation,
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almost 100% of the drug was decomposed with the kapp of 0.093 min−1. Preparation of
BiOCl_0M in water resulted in the formation of many active sites, which allowed for the
generation of charge carriers e−/h+, which was observed as a high intensity of PL spectra.
The enhancement of BiOCl_1M activity could be attributed to both the diminishing and
unifying of nanoplates and the creation of surface defects. These occurrences prolonged
the life of photoexcited holes and increased the 5-FU removal rate. A similar result was
reported for the 3D flower-like BiOCl obtained in glycerol [17]. The authors also explained
the photocatalyst’s high activity in the 5-FU decomposition by the long lifetime of holes.
Due to the drug’s low affinity to the BiOX surfaces, this factor was crucial for 5-FU decom-
position with success. Mannitol solution used for the synthesis of BiOX regulated their
morphologies and surface structures resulted in an enhanced degradation efficiency of
selected micropollutants.

The BiOBr_0.1M sample prepared in 0.1 M mannitol solution exhibited the best pho-
tocatalytic activity toward 5-FU (kapp = 0.097 min−1) in series of BiOBr. The efficiency
removal of the drug, using BiOBr_0.1M, reached 91% after 30 min of UV–Vis irradiation,
while for the remaining samples, it was in the range from 18% to 53%. The increase in ac-
tivity of BiOBr_0.1M toward 5-FU degradation was probably related to the higher I110/I102
ratio and the exposure of the (110) facet responsible for the reduction and generation of
superoxide radicals. As it was discussed above, superoxide radicals could participate in
the decomposition of 5-FU. Moreover, the contribution of surface defects in BiOBr_0.1M
sample was 48.5% of Bi(3−x)+ and 5.4% Bi4+. Their existence in the photocatalyst slowed
down the recombination of photogenerated charge pairs and enhanced the degradation
rate of 5-FU. Compared to our previously reported Bi4O5Br2 [16] and BiOCl0.5Br0.5 [17], the
presented BiOBr prepared in a 0.1 M mannitol solution showed higher 5-FU photodegra-
dation ability. The results indicated a crucial role of mannitol as a capping agent during
BiOX synthesis.

The prepared series of BiOI exhibited much lower photocatalytic activity than BiOCl
and BiOBr, which was connected to its narrower energy bandgap. The main factor influence
activity toward 5-FU degradation was morphology, and surface defects prevented from the
recombination of photogenerated holes and electrons in BiOI [47]. Only BiOI_0.1M with 3D
rose-like microspheres decomposed 5-FU, and after 120 min of irradiation, 71% of the drug
was removed at the kapp of 0.095 min−1. BiOI synthesized in this work is characterized
by the higher degradation rate of 5-FU than Bi4O5I2 prepared via ionic liquids reported
by our research group [16]. It is believed that Bi4O5I2 has a stronger redox ability than
BiOI [49,50]. However, the results implying the beneficial influence of mannitol on the
redox potential of holes photogenerated under irradiated BiOI. The same trend was found
in BiOCl and BiOBr materials.

The influence of mannitol concentration on the prepared samples’ photoreduction
ability was the next step of our investigations. Figure 8 shows Cr(VI) photoreduction
activities under UV–Vis light on BiOX (X = Cl, Br, I).

Figure 8. Photocatalytic reduction of hexavalent chromium over (a) BiOCl, (b) BiOBr, and (c) BiOI under UV–Vis irradiation.

135



Catalysts 2021, 11, 312

The adsorption of Cr(VI) in the form of Cr2O7
2− ions increased in the following order

BiOCl < BiOBr < BiOI. Moreover, the adsorption efficiency of Cr(VI) ions increased with
the elevation of mannitol concentration used for the BiOX synthesis. Defects such as Bi4+

and Bi5+ in the crystal lattice resulted in a higher positive charge of BiOX surfaces. Their
number in the sample increased with the increase in the concentration of mannitol used
for synthesis. The photocatalyst surface’s positive charge was favorable for Cr2O7

2− ions
adsorption due to their electrostatic interaction.

In Table 5, the pseudo-first-order kinetic rate constant kapp, calculated based on the
results, are presented. BiOCl_0.5M and BiOCl_1M gave much higher activity in Cr(VI)
reduction than BiOCl_0M and BiOCl_0.1M. The efficiency of reduction of Cr(VI) reached 38%,
57%, 95% and 94% for BiOCl_0M, BiOCl_0.1M, BiOCl_0.5M and BiOCl_1M, respectively.

The series of BiOBr exhibited a higher degradation rate among the prepared BiOX,
which increased from 0.001 min−1 (BiOBr_0M) to 0.025 min−1 (BiOBr_1M) with an increas-
ing concentration of mannitol used in the synthesis. Among BiOBr samples, BiOBr_1M
showed the highest rate and efficiency of Cr(VI) removal. Photoreduction of Cr(VI) in
the form of Cr2O7

2− increased with an increase in the concentration of mannitol used in
the synthesis and resulted in 22%, 54%, 75%, and 100% degradation after 120 min in the
presence of BiOBr_0M, BiOBr_0.1M, BiOBr_0.5M and BiOBr_1M, respectively.

The photocatalytic activity toward Cr(VI) among BiOI samples increased with increas-
ing mannitol concentration used for synthesis up to 0.5M, and BiOI_0.5M exhibited the
highest value of kapp. For 1 M mannitol concentration, the kapp decreased. The Cr(VI) in
the solution was degraded in 32%, 52%, 99%, and 72% after 120 min of illumination over
BiOI_0M, BiOI_0.1M, BiOI_0.5M, and BiOI_1M, respectively.

The results suggested that Cr(VI) reduction was facet dependent, and materials with
dominated the (110) facet exhibited higher efficiency in its reduction. BiOX photocatalysts
prepared in mannitol solutions were characterized by many exposed (110) crystal planes.
The same trend was reported for BiOBr [51]. The number of exposed (110) crystalline
planes in the sample correlated with Cr(VI) reduction activity. However, BiOX with many
exposed (110) crystal planes was previously synthesized with PVP as a structure-directing
agent [35]. BiOX with exposed (110) crystal planes was prepared in a less expensive and
environmentally friendly mannitol solution in our study. The presence of mannitol in
the synthesis affected the I110/I102 ratio in the BiOX samples, which are summarized in
Table 5. The exposure of (110) facets and value of the I110/I102 ratio increased with the
mannitol concentration in the series of BiOCl and BiOBr. In the series of BiOI, the activity
of BiOI_0.5M and BiOI_1M in the Cr(VI) reduction process was inhibited.

Nevertheless, the XRD analysis showed that BiOI samples prepared in mannitol
solutions possessed an additional metallic bismuth phase in a crystalline lattice, which
could prolong photogenerated charge pairs’ lifetime through separation acted as a sink for
electrons and enhanced oxidation processes. However, in the photoreduction of Cr2O7

2−

ions, the excited electrons were the main species, and the presence of Bi0 prevented reaction
between electrons and Cr(VI) ions. The lower photocatalytic activity of BiOI_1M than
BiOI_0.5M could be explained by the higher content of the metallic bismuth phase that
participated in the photoreduction of chromium (VI).

Additionally, the enhanced photoreduction of Cr(VI) in the presence of irradiated
BiOX could be attributed to the strong adsorption on the photocatalyst’s surface, which
was obtained by the use of mannitol for synthesis. The previously reported surfactants
addition to the BiOX synthesis [35,52] and BiOX modifications [53] did not elevate the
Cr(VI) adsorption on the photocatalyst surface to such an extent. Based on the results
obtained, it could be concluded that the mannitol used in the synthesis as a template and
capping agent played a crucial role in the exposure of (110) plane of BiOX (X = Cl, Br, I)
and the creation of defects. These phenomena enhanced the adsorption and reduction of
Cr2O7

2− ions.
The obtained results indicated that the photocatalytic activity of BiOX (X = Cl, Br, I)

was closely related to the presence of mannitol at a particular concentration, which was
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used in the synthesis process due to its dual roles in the morphology regulation and the
surface defects creation.

2.3. Mechanism of BiOX Crystallites Formation

The processes for the formation of BiOX crystallites in mannitol solutions could be
described by the following chemical equations (Equations (4)–(6)):

2Bi3+ + 2C6H8(OH)6 → Bi2(C6H8O6) + C6H8(OH2)6
6+ (4)

Bi2(C6H8O6) + 2X− + 2H2O → 2BiOX(s) + C6H8O6
6− + 4H+ (5)

C6H8O6
6− + C6H8(OH2)6

6+ → 2C6H8(OH)6 (6)

The proposed formation mechanism is presented in Figure 9.

Figure 9. The illustration of the formation mechanism of BiOX mannitol-assisted hydrothermal treatment.

Mannitol with polyhydroxy structure mediated the nucleation and crystal growth of
BiOX nanoparticles by creating the multi-dental bismuth ligand (Bi2(C6H8O6)) with strong
interactions with Bi3+ ions. The viscosity and density of the 0.1 M mannitol solution were
higher than that of H2O, and these parameters increased with the elevation of mannitol
concentration (Table 2). Therefore, the rate of halide ions diffusion was successively
inhibited by elevation of mannitol concentration from 0.1 M to 1 M. Moreover, the halides’
diffusion rate in the mannitol solution decreased with the increase of the anion radius (Cl−

< Br− < I−). The reaction rate between the two Bi3+ ions coordinated by one molecule of
mannitol (bismuth alkoxide) with six ions of iodide in a 0.5 M concentration of mannitol
was probably so low that reduction of Bi3+ by mannitol to metallic Bi0 was observed. This
phenomenon led to metallic bismuth formation during the preparation of BiOI_0.5M and
BiOI_1M samples. The bismuth alkoxides could decompose during solvothermal treatment
associated with high temperature and pressure, mainly to BiO+. The forming metal-ligand
complex and its slow decomposition at high concentration of mannitol, low availability of
Bi3+, and slow diffusion rate of halide ions, resulted in oxygen-rich BiOX Bi4+/Bi5+ species.
A higher amount of these species was reached in the BiOI samples obtained in the synthesis
with me- ions characterized by the largest radius of ion among halides.

Moreover, the mannitol concentration’s increased viscosity significantly suppressed
the nanocrystals’ intrinsic anisotropic growth, as was confirmed by the SEM images. The
results suggested that the nucleating speed could be controlled by the mannitol’s density
and viscosity, which is beneficial for nanosheets formation. Additionally, the higher
concentration of mannitol prevents the aggregation of nanoparticles. The surface energy of
the BiOBr nanosheets prepared in 1 M mannitol was too high; therefore, it aggregated into
the hierarchical structure for the surface energy reduction. Moreover, in the solvothermal
reaction, C6H8O6

6− was the by-product (Equation (5)) that could be easily adsorbed on
the exposed Bi3+ (102) facets and favors formation {110} planes. Mannitol also limited the
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anisotropic crystal growth along the [001] direction due to repulsion of C6H8O6
6− and

terminal oxygen of (001) facets.
In summary, mannitol acted as a structure-directing agent and a growth and shape

control agent. The existence of electrostatic attraction and hydrogen bonds between
mannitol molecules and the long carbon chain helped form a uniform nanosheet (BiOCl,
BiOBr, and BiOI) or 3D flower-like heterostructure (BiOBr).

3. Materials and Methods

Bismuth nitrate, potassium chloride, potassium iodide, mannitol, sulphuric acid,
acetone, and potassium dichromate were purchased from StanLab Sp. J. (STANLAB,
Lublin, Poland). Potassium bromide was obtained from Alfa Aesar (Alfa Aesar, Karlsruhe,
Germany). Ethyl alcohol, 1,5-diphenylcarbazide, and rhodamine B were purchased from
POCh S.A. (POCH S.A. Gliwice, Poland). The drug 5-fluorouracil was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Orthophosphoric acid was provided by Chempur
(Piekary Śląskie, Poland). All chemicals used in this study were commercially available
analytical grade and were used without further purification.

3.1. Synthesis

The series of BiOX (X = Cl, Br, I) semiconductors were prepared by a solvothermal
method. Briefly, 2 mmol of KX (X = Cl, Br, I) were dissolved in 20 mL of deionized water
or mannitol solution, and 2 mmol of Bi(NO3)3·5H2O were suspended by sonification for
15 min. The KX solution was then added dropwise to 20 mL of deionized water containing
bismuth nitrate suspension under vigorous stirring. After 30 min continuously stirring,
the mixture was transformed into a 50 mL Teflon-lined stainless-steel autoclave. Then the
autoclave was sealed and heated at 160 ◦C for 16 h. After heat treatment, the autoclave was
allowed to cool naturally to room temperature. The products were collected and washed
with ethanol and deionized water thoroughly and dried at 80 ◦C. The series of BiOX was
synthesized using various concentrations of mannitol, i.e., 0.1 M, 0.5 M, and 1 M. The list
of prepared photocatalysts is presented in Table 1. The density of mannitol solutions was
measured by the picometric method, and the viscosity was determined with the Ostwald
viscometer. The obtained results are summarized in Table 5.

3.2. Characterization

The crystalline phase and the prepared photocatalysts’ purity were characterized by
X-ray powder diffraction on a D2 Phaser (Bruker, Billerica, MA, USA). Diffraction patterns
were taken over the 2θ in the range 20–70◦. X-ray photoelectron spectroscopy with Ther-
moFisher Scientific Escalab 250Xi (Waltham, MA, USA) was used to determine the chemical
state of the elements and the composition of the surface of the BiOX. The morphology of the
products was characterized by a field-emission scanning microscope (JEOL JSM-7610F FEG
SEM), (JEOL Ltd., Akishima, Japan). UV–Vis diffuse reflectance spectra were recorded on a
UV-2600 UV–VIS Spectrometer (Shimadzu Corp., Kyoto, Japan) using BaSO4 as a reference.
Photoluminescence spectra were measured on Perkin Elmer limited LS50B (Perkin Elmer,
Waltham, MA, USA) using 315 nm as an excitation wavelength.

3.3. Photocatalytic Activity

The photocatalytic activity was evaluated by degradation of RhB dye, hexavalent
chromium anion in the form of Cr2O7

2− and cytostatic drug 5-FU. The concentration of
RhB, 5-FU was 15 mgL−1 at pH 6.5, and Cr(VI) was 20 mgL−1 at pH 3. The concentration
of photocatalysts during RhB and 5-FU degradation was 0.2 gL−1, and Cr(VI) was pho-
toreduced in the presence of 0.5g L−1 photocatalyst. The volume of the solution in the
tests was 15 mL. Photocatalytic degradation experiments were conducted as follows: the
photocatalyst was immersed in a selected micropollutant solution and magnetically stirred
in the dark for 30 min to achieve the predetermined adsorption–desorption equilibrium;
then, the solution was exposed to UV–Vis light irradiation of 150 W medium pressure
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mercury lamp for 120 min. At particularly time intervals, 1 mL of samples were collected,
and the photocatalysts particles were removed immediately. The concentration of RhB
was analyzed with a Perkin Elmer Lambda XLS+ spectrophotometer by monitoring the
absorption peak at 553 nm. The Cr(VI) concentration was determined according to ISO
PN-EN 18412. The 5-FU degradation was measured by HPLC analysis using Perkin Elmer
Series 200 equipped with UV detector and Phenomenex C-18 column (150 mm × 4.6 nm,
2.6 µm) with parameters as follows: detection wavelength of 266 nm, the mobile phase was
acetonitrile/water 2:98 (v/v), the retention time (tR) was 4.9 min. The experiments were
repeated three times, and the accuracy expressed as the relative standard deviation of three
independent measurements did not exceed 3%. The sorption test was conducted in the
dark for 120 min and revealed that after 30 min, the adsorption–desorption equilibrium
was achieved for selected micropollutants and prepared BiOX.

4. Conclusions

In this study, a series of BiOX (X = Cl, Br, I) photocatalysts via a solvothermal process
in mannitol solution were fabricated. It was found that the role of mannitol was strongly
dependent on its concentration (in the range of 0–1 M). The mannitol solution’s viscosity
and density played a crucial role in the phase composition, morphology, and surface defect
formation of the obtained photocatalysts. Mannitol simultaneously could act as a solvent,
soft template, and structure-directing agent in the synthesis of BiOX (X = Cl, Br, I). The
mannitol concentration affected particles’ size; the higher its concentration, the smaller and
more unified nanoparticles were formed. The presence of polyxydroksyl alcohol in the
synthesis of BiOX had a high impact on the (110) and (102) facets growth, and the I110/I102
ratios increased as the mannitol concentration increased.

Moreover, the photocatalysts synthesized in mannitol solutions characterized the
prolonged life of pair charge carriers e−/h+ caused due to the appearance of surface
defects (Bi(3−x)+, Bi4+, and Bi5+). The defects with positive charge were responsible for the
higher adsorption of negatively charged ions Cr2O7

2−, and RhB with aromatic rings. The
increase in photocatalytic rate and performance toward the RhB, 5-FU, and Cr(VI) removal
resulted from the higher adsorption ability and better separation of e−/h+ charge carriers.
The photocatalytic degradation toward RhB, 5-FU, and Cr(VI) over the prepared BiOX was
followed as a pseudo-first-order kinetic model.

Among all studied samples, BiOCl_0M and BiOBr_0.5M exhibited the best activity
toward RhB. Based on the degradation rate of Rhodamine B, the optimal concentration of
the mannitol solution used in the BiOI synthesis was 0.5M. The BiOX prepared in 0.5M
mannitol solution, regardless of halogen, showed the highest efficiency of Cr(VI) removal
under UV–Vis irradiation. Moreover, comparing the photocatalytic activities of the BiOCl,
BiOBr, and BiOI series, it was found that the optimal mannitol concentration used in
the preparation of the material were 1 M, 0.1 M, and 0.1 M for BiOCl, BiOBr, and BiOI,
respectively. The possible mechanism of crystal growth has been proposed.

Mannitol is a simple and environmentally friendly compound. Our presented studies
demonstrated that BiOX prepared in mannitol solution could be useful for efficiently
removing a wide range of micropollutants.
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Abstract: 2,5-furandicarboxylic acid (2,5-FDCA) is a biomass derivate of high importance that is used
as a building block in the synthesis of green polymers such as poly(ethylene furandicarboxylate) (PEF).
PEF is presumed to be an ideal substitute for the predominant polymer in industry, the poly(ethylene
terephthalate) (PET). Current routes for 2,5-FDCA synthesis require 5-hydroxymethylfurfural (HMF)
as a reactant, which generates undesirable co-products due to the complicated oxidation step. There-
fore, direct CO2 carboxylation of furoic acid salts (FA, produced from furfural, derivate of inedible
lignocellulosic biomass) to 2,5-FDCA is potentially a good alternative. Herein, we present the pri-
mary results obtained on the carboxylation reaction of potassium 2-furoate (K2F) to synthesize
2,5-FDCA, using heterogeneous catalysts. An experimental setup was firstly validated, and then
several operation conditions were optimized, using heterogeneous catalysts instead of the semi-
heterogeneous counterparts (molten salts). Ag/SiO2 catalyst showed interesting results regarding
the K2F conversion and space–time yield of 2,5-FDCA.

Keywords: carboxylation; metal nanoparticles; heterogeneous catalysis; FDCA; furoic acid

1. Introduction

Recently, the production of 2,5-furandicarboxylic acid (2,5-FDCA) from biomass has
awakened interest [1–9]. 2,5-FDCA is one of the most important building blocks for the
production of polymers, such as the poly(ethylene furandicarboxylate) (PEF), which can
replace poly(ethylene terephthalate) (PET), derived from terephthalic acid (TA), a non-
sustainable molecule. Two main routes have been studied in the literature for the 2,5-FDCA
synthesis from C6 or C5 compounds transformation. Moreover, 5-hydroxymethylfurfural
(HMF) oxidation to 2,5-FDCA has been widely studied, and although it has shown to
have the best catalytic results, some problems regarding 2,5-FDCA selectivity are found
due to the formation of unstable intermediate products [4–6,10–14]. Moreover, HMF is
quite unstable and provokes serious problems during the oxidation process. In addition,
HMF generally obtained from fructose need to be of very high purity. On the other hand,
2,5-FDCA synthesis from hemicellulose-derived chemicals is of great importance. Indeed,
furfural could substitute HMF, as its industrial production from non-edible resources
is a mature process. Production of furoic acid synthesis from furfural oxidation, using
heterogeneous catalysts in a alkaline [15–17] or base free media [6,18], has been studied.
Then, the C–H carboxylation of furoic acid with CO2 can form 2,5-FDCA (Figure 1). This
reaction has shown to be more selective than that from HMF [19–21].
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Figure 1. Reactional scheme of CO2 carboxylation of furoic acid to 2,5-furandicarboxylic acid (2,5-FDCA).

However, the main problem in the 2,5-FDCA synthesis from furoic acid is the carboxy-
late group insertion on hydrocarbon C-H bonds [22,23]. As C1 feedstock, CO2 presents
thermodynamic and kinetic limitations [24]. Indeed, in the esterification of aromatic hy-
drocarbons with CO2, a low equilibrium conversion at every temperature is obtained [24].
Consequently, several solutions have been studied to perform the direct C–H carboxylation,
by using a base as a reagent, as previously developed by Kolbe and Schmitt [25–27], a
Lewis acid [28], transition metal catalysts [29] and enzymes [19,30]. In terms of mechanism,
those reagents could influence the mode of C–H cleavage that could be an electrophilic
aromatic substitution, a C–H deprotonation by base or a C–H oxidation and subsequent
CO2 insertion. This reaction can take place both in basic or acidic conditions. In basic
media, the use of a strong base deprotonates the C–H group with the most acidic proton,
which is at position 5 in furoic acid (FA) [31], to form a strong nucleophilic carbon atom,
being able to react with weakly electrophilic carbon dioxide. In acidic media, CO2 is
activated via coordination with a Lewis acid, leading to a reaction between the reactant
and the activated CO2 [32]. This reaction can occur at relatively low temperatures but
requires high CO2 pressure, and poor yield of the target product is reached due to the
different parallel reactions that could occur. A general schematization of this process is
illustrated in Figure 2.

 
Figure 2. Possible carboxylation reaction routes from furoic acid (FA) to 2,5-furandicarboxylic
acid (FDCA), 5-hydroxymethylfurfural (HMF), 2,5-dihydroxmethylfuran (DHMF), 5-hydromethyl-2-
furancarboxylic acid (HFCA), 2,5-diformylfuran (DFF) and 5-formyl-2-furancarboxylic acid (FFCA).

In this context, the Henkel reaction of alkaline salts of aromatic acids to synthesize
symmetrical diacids has been reported in the literature [33,34]. This reaction involves the
thermal rearrangement or disproportionation of alkaline salts derived from aromatic acids
to both the unsubstituted and the symmetrical aromatic diacids. This process is carried
out under carbon dioxide or inert atmosphere, at high pressure, between 350 and 550 ◦C,
producing potassium terephthalate and benzene from potassium benzoate in the presence
of a metallic salt (e.g., cadmium, zinc . . . ) [35–39]. Furthermore, the HCl acidification of
potassium terephthalate produces TA, which is used to synthesize PET.

Alkaline salts of furoic acid disproportionate to produce 2,5-FDCA in a similar way
to that observed in the Henkel reaction for TA synthesis [40–44]. However, formation of
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furan is also observed during the reaction. The latter could be hydrogenated to produce
1,4-butanediol [45]. Polycondensation of 1,4-butanediol and 2,5-FDCA can be performed
in order to produce poly(1,4-butylene 2,5-furandicarboxylate) (PBF), which is a renewable
alternative to PET [46].

For instance, Pan et al. [44] performed a reaction involving potassium furoate as
reactant and ZnCl2 as catalyst, under 38 Bar of CO2, at 250 ◦C, for 3 h. They reported high
selectivity of 86% to 2,5-FDCA, with a conversion of 61%. However, purity of 2,5-FDCA
was not completely detailed.

Regarding the selectivity of the reaction, Thiyagarajan et al. [40,43] recently demon-
strated the formation of asymmetrical diacids, as 2,4-FDCA in addition to the 2,5-FDCA.
A series of catalytic tests using potassium 2-furoate as reactant in a Kugelrohr glass oven
were performed, giving rise to FDCAs’ formation. A yield of up to 91%, using CdI2 as
catalyst, at 260 ◦C, for 5.5 h, under a low flow of N2 [40], was obtained. After esterification
of the crude reaction mixture, they demonstrated the presence of both the 2,5-FDCA and
the 2,4-FDCA asymmetrical diacids with a 70:30 molar ratio [40].

Several homogeneous or semi-heterogeneous catalysts (as CdI2 and ZnCl2 or Cs2CO3
and K2CO3, respectively) have shown their efficiency in the FDCA synthesis from furoic
acid. However, the use of those types of catalysts complicates the purification/separation
step of the desired product. The development of heterogeneous catalysts to overcome the
homogeneous catalyst problematic could be a solution.

The main objective of this work is to study the possibility of using heterogeneous
catalysts for the 2,5-FDCA synthesis from furoic acid derivatives. Experimental conditions
were set based on those reported in the literature, for the Henkel reaction (devices, operation
conditions and reactant/catalyst ratio). Additionally, we discuss herein which operation
parameters could be optimized and which kind of heterogeneous catalyst could promote
the 2,5-FDCA synthesis.

2. Results

2.1. Validation of the Reaction Setup

Regarding the 2,5-FDCA synthesis, one of the main objectives was using a Kugelrohr ap-
paratus, under conditions similar to those reported in the literature [40]. Thiyagarajan et al. [40]
performed the production of the 2,5-furan and 2,4-furandicarboxylic acid through Henkel
reaction [33,36]. Typically, 10 g of potassium 2-furoate and 22 mol% of CdI2 were mechanically
mixed and loaded in a round flask, which was introduced in the Kugelrohr oven. The opti-
mum operating conditions were 260 ◦C during 5.5 h, under a continuous flow of N2 and a
slow rotation of the reactor. A similar experiment using 10-times-less reactant and catalyst
was performed in our laboratory. A comparison of our results from the NMR analysis with
those obtained in the literature is shown in Table 1. Furthermore, in order to determine the
chemical shift (in ppm) of FA and 2,5-FDCA peaks in DMSO using NMR, pure compounds
were analyzed separately (Supplementary Materials Figures S1 and S2, respectively).

Table 1. Validation of the experimental setup for the Henkel reaction, using the Kugelrohr apparatus.

Experiment XK2F (%) FDCAs Formation (%) S2,5-FDCA (%) S2,4-FDCA (%)

Literature [40] 92 91 70 30
This work 73 69 69 31

Conditions: 530 mg of CdI2, 1 g of K2F, FN2 = 45 mL min−1, 20 rpm, T = 260 ◦C, t = 5.5 h.

Results calculated from NMR analysis (Supplementary Materials Figure S3) showed
a K2F conversion and a 2,5-FDCA formation slightly lower than that obtained by
Thiyagarajan et al. [40]. However, the individual selectivity of furandicarboxylic acids
remains of the same order. Regarding the results, it was concluded that the Kugelrohr glass
oven is suitable for the Henkel reaction tests.
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2.2. Dual Catalytic System (Ag/SiO2 + CdI2)

The Henkel reaction to produce 2,5-FDCA from K2F has shown good results using
CdI2 as catalyst [40]. However, the reaction temperature must reach at least 260 ◦C to
achieve good conversions. At this temperature, CdI2 starts to decompose (melting point is
387 ◦C), thus leading to a better interaction between the solid K2F and the semi-melted
catalyst. In order to decrease the working temperature, one of the proposed solutions was
to use a heterogeneous catalyst in addition to the CdI2 catalyst, in CO2 atmosphere. The
temperature was decreased from 260 to 200 ◦C, to observe the evolution of the results
compared to those in the literature [40]. Results are shown in Table 2.

Table 2. Influence of temperature for the 2,5-FDCA synthesis using Ag/SiO2 and CdI2 mixture on
the K2F conversion and space–time yields (STY).

Entry Catalyst
Temperature

(◦C)
Conversion

(%)
STY2,5-FDCA

(µmol kg−1 h−1)
STYDFF

(µmol kg−1 h−1)

1 CdI2 200 0 - -
2 Ag/SiO2/CdI2 200 51 264 951
3 Ag/SiO2/CdI2 230 74 145 -
4 Ag/SiO2/CdI2 260 69 188 -
5 Ag/SiO2 200 20 1203 -

Conditions: 17 mg of CdI2, 35 mg of K2F, 50 mg of Ag/SiO2, FCO2 = 45 mL min−1, 20 rpm, T = 200–260 ◦C, t = 20 h.

Using a dual catalytic system seems to open the possibility to significantly decrease
the reaction temperature, since the K2F conversion does not show a significant decrease
(Table 2, Entries 2 and 4). However, 2,5-FDCA’s yield is more affected by using lower
temperature. Indeed, at 200 ◦C, the formation of the 2,5-diformyl furan (DFF) was observed.
It was also the major product at this temperature. However, it confirms the beneficial effect
of the Ag/SiO2, since no activity was observed at 200 ◦C for CdI2 alone (Table 2, Entry 1). In
addition, Ag/SiO2 alone already produces 2,5-FDCA, even if the K2F conversion decreases
significantly (Table 2, Entry 5).

2.3. Effect of the Support

Taking into account good preliminary results obtained with the Ag/SiO2 (Table 2),
the screening of the different supports was performed. Silver and gold catalysts supported
on different supports were tested, and the results are shown in the Figure 3.
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Figure 3. Effect of the support on gold and silver catalysts in the K2F carboxylation: K2F conversion
(•) and the STY of 2,5-FDCA (�) (Conditions: Substrate/M = 9, FCO2 = 45 mL min−1, 20 rpm,
T = 200 ◦C, t = 20 h).
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Regarding K2F conversion, the use of Au instead of Ag increased the activity, what-
ever the support. However, a lower 2,5-FDCA yield was obtained by using Au catalysts.
Regarding the support, the use of MgO with Au or Ag leads to a low 2,5-FDCA production.
On the contrary, Ag/CeO2 and Ag/SiO2 catalysts have shown similar activity (~20% of
K2F conversion) and promote 2,5-FDCA production up to 524 and 1203 µmol kg−1 h−1,
respectively. In order to explain these results, it has to be considered that CeO2 support has
basic and redox properties, while MgO presents high basicity [47]. The redox properties of
the CeO2 could be the reason of an enhanced performance. Indeed, the oxygen vacancies
of CeO2 increase the adsorption capacity of CO2 [47,48], which could promote the carboxy-
lation reaction. However, the use of SiO2 has shown a much better yield to 2,5-FDCA than
CeO2. That could be explained by the presence of acid sites in the support [49].

2.4. Effect of the Metal

Since the SiO2 support has shown the best performances towards 2,5-FDCA synthesis,
it has been selected for the screening of the metal phase in the heterogeneous catalyst.
A series of M/SiO2 catalysts were tested, in similar conditions, for comparison. K2F
conversion and 2,5-FDCA space–time yield are shown in Figure 4.
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Figure 4. Effect of the metal, using SiO2 supported catalysts on the conversion (•) of K2F and the STY
of 2,5-FDCA (�) (Conditions: Substrate/M = 9, FCO2 = 45 mL min−1, 20 rpm, T = 200 ◦C, t = 20 h).

High 2,5-FDCA production was observed only for Ag/SiO2 catalyst with a conversion
of 20% (Figure 4). Cs and Co supported on silica showed the lowest conversion values,
between 17 and 25%. On the other hand, Zn and Cd supported on silica presented the
highest conversion values, which are 47 and 35% respectively. Both metals have already
shown promising results in the Henkel reaction, using CdI2 and ZnCl2.

Regarding the metal composition, only the catalyst containing Ag has shown in-
teresting results in 2,5-FDCA synthesis, contrary to the other metals tested. An XRD
diffractogram of the Ag/SiO2 catalyst is shown in Supplementary Materials Figure S4.
Diffraction peaks located at 34, 49 and 61◦ 2θ could correspond to Ag2O (JCDS ICDD
00-042-9874) or Ag2CO3 (JCDS ICDD 04-017-5597), while the three other peaks at 38.1◦,
44.2◦ and 64.4◦ 2θ are representative of the (111), (200) and (220) planes of metallic Ag
(JCDS ICDD 00-001-1164), respectively. The mean crystallite sizes of Ag metallic and Ag2O,
calculated using Scherrer’s equation, were of 25.3 and 9.5 nm, respectively.

One of the main differences between silver and the others metals comes from its
particular electronic configuration ([Kr] 4d10 5s1 from group 11), typical from the so-called
“coinage metals” group. Furthermore, it has been reported in the literature that Ag(I) salts
promote the carboxylation of terminal alkynes [50–52]. The d10 electronic configuration of
silver favors the activation of alkynes through its interaction with the C–C π-bond of alkyne.
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Moreover, Lui et al. [53] have demonstrated that the use of heterogeneous Ag@MIL-101
catalysts promotes the capture and conversion of CO2, overcoming the need of strong base
or aggressive organometallic reagents to activate the hydrogen of the terminal alkyne. It
was also shown that the adsorption of gaseous CO2 on the Ag surface occurs differently
compared to other metals such as Cu or Au. In case of oxidized Ag atoms, surface O atoms
interact with gaseous CO2 and form chemisorbed on the surface of the metal carbonic
acid-like species. In these carbonic acid-like species, two oxygen atoms from CO3

− are
bonded to adjacent Ag bridging sites. The third oxygen atom forms a C double bond
(C = O) perpendicular to the surface. This carbonic O = CO2

δ− surface specie has a negative
charge localized on the two oxygen atoms binding to the Ag surface [54].

The presence of Ag2O could explain the 2,5-FDCA formation, which is produced only
by using Ag catalysts. As previously reported, the use of Ag(I) promotes alkynes carboxy-
lation. Consequently, in our case 2,5-FDCA formation could come from the interaction of
Ag+ and the reactant. Moreover, this hypothesis could explain the low 2,5-FDCA formation
on Au catalysts, which only present metallic gold nanoparticles [55,56]. This parameter
would need some deeper investigation to understand the role of silver in the reaction.

In conclusion, an effect of the support was observed from using supports with different
acidity and redox properties. Supports with acidic sites and redox properties promote
the production of 2,5-FDCA, while basic supports, like MgO, were demonstrated to have
the lower catalytic performances. On the other hand, the screening of different metals
supported on SiO2 has shown that only Ag is leading to the formation of 2,5-FDCA, but
with less conversion than Au, Zn, Cd and Ni. Therefore, for the optimization of the reaction
conditions, the Ag/SiO2 catalyst was used.

2.5. Effect of the Substrate/Metal Molar Ratio

In this section, the substrate/Ag molar ratio from 1 to 33 was studied. The catalytic
results (K2F conversion and space–time yield (STY) of 2,5-FDCA) are presented in Figure 5.
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Figure 5. Effect of substrate/Ag molar ratio on the conversion of K2F (•) and the STY of 2,5-FDCA
(�) (Conditions: Substrate/Ag = 1–33, FCO2 = 45 mL min−1, 20 rpm, T = 200 ◦C, t = 20 h).

As expected, the K2F conversion increases when the substrate/Ag molar ratio de-
creases. These results could be directly linked to a limitation of the available active sites on
the Ag/SiO2 catalyst. Regarding the 2,5-FDCA STY, a maximum of 1260 µmol kg−1 h−1 is
obtained by using a substrate/Ag molar ratio equal to 26. The molar ratio of 9 seems to
be an optimum value due to a 2,5-FDCA STY of 1203 µmol kg−1 h−1 near to the highest
value, and to a K2F conversion of 20% instead of 9% (obtained for the molar ratio of 33).
Surprisingly, the 1, 5 and 17 molar ratios have given a very low formation of 2,5-FDCA,
which could come from a lack of physical interaction of the mixture, together with a kinetic
limitation for the formation of 2,5-FDCA.
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2.6. Effect of Reaction Temperature

The reaction temperature has been studied from 170 to 300 ◦C. The conversion and
space–time yield are shown in Figure 6.

●
■ −

− −

− −

 

● ■
−

− −

− −

33 17 9 8 5 1
0

300

600

900

1200

1500

ST
Y 

FD
C

A 
(µ

m
ol

 k
g

1  h
1 )

Substrate/Ag

0

10

20

30

40

X 
K2

F 
(%

)

 

170 200 230 260 300
0

300

600

900

1200

1500

Temperature (°C)

ST
Y 

FD
C

A 
(µ

m
ol

 k
g−

1  h
−
1 )

0

10

20

30

40

50

60

70

X 
K2

F 
(%

)

Figure 6. Influence of the reaction temperature on the catalytic performance of Ag/SiO2 with the con-
version of K2F (•) and the STY of 2,5-FDCA (�) (Conditions: Substrate/Ag = 9, FCO2 = 45 mL min−1,
20 rpm, T = 170–300 ◦C, t = 20 h).

At 170 ◦C, a very low conversion of 6% was obtained. An increase of the temperature
enhances conversion, with an optimum 2,5-FDCA space–time yield of 1203 µmol kg−1 h−1

at 200 ◦C. Furthermore, between 230 and 300 ◦C, an increase in K2F conversion to 2,5-FDCA
reaching 65% was observed. However, only 715 µmol kg−1 h−1 of 2,5-FDCA yield at 300 ◦C
was obtained.

3. Materials and Methods

3.1. Catalysts Preparation

A series of Au and Ag catalysts with a nominal metal content of 7 wt.% were prepared
by wet impregnation, using water as solvent and using commercial SiO2 (CARiACT Q-10),
CeO2 (Sigma-Aldrich, Saint Louis, MO, USA) and MgO (Sigma-Aldrich, Saint Louis, MO,
USA) as support. Typically, for 1 g of catalyst, 10 mL of a 66 mmol L−1 of AgNO3 solution
(99%, Sigma-Aldrich, Saint Louis, MO, USA) was added to 0.93 g of the support. The
mixture was kept under stirring (150 rpm), overnight, and the solvent was evaporated at
90 ◦C, using a vacuum, prior to a drying step at 80 ◦C, overnight. The obtained solids were
afterwards calcined in air atmosphere for 4 h, at 300 ◦C.

M/SiO2 catalyst series with M = Zn, Cs, Cd, Ni and Co were prepared by using the
same method, by adjusting the concentration of the precursor solution in order to obtain a
7 wt.% metal content.

3.2. Catalytic Test

Potassium 2-furoate (K2F) was prepared by using furoic acid (97%, Sigma-Aldrich,
Saint Louis, MO, USA) and KOH (85%, Sigma-Aldrich, Saint Louis, MO, USA) in a 1:1
molar ratio.

2,5-FDCA synthesis was performed in a Glass Oven B-585 Kugelrohr (Büchi), un-
der CO2 atmosphere. Typically, 1 mmol of K2F was mechanically mixed with 100 mg
of Ag/SiO2 and introduced into a round flask and placed inside the oven. Then, the
solid mixture was slowly rotated at 20 rpm, at 200 ◦C, under a continuous flow of CO2
(45 mL min−1), during 20 h. Afterwards, the setup was cooled down for 1 h. The obtained
black solid was dispersed in H2O or MeOH, stirred for 1 h and filtered by using PTFE
(2 µm), giving a pale-yellow filtrate and the remaining catalyst.
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To analyze the reactions reagents and products, a gas chromatograph (GC, Agilent
7890B) apparatus equipped with a CP-Wax 52 CB GC column or a High-Performance
Liquid Chromatography (HPLC, Waters 2410 RJ) apparatus equipped with a Shodex
SUGAR SH-1011 column and UV detector, using 5 mM of H2SO4 (0.6 mL min−1) as a
mobile phase, was used. Conversion and STY were calculated by using the following
formulas, Formulas (1) and (2), respectively.

XK2F = (n0K2F − nK2F)/n0K2F × 100, (1)

where XK2F is the potassium furoate conversion (%), and n0K2F and nK2F are the initial and
the non-reacted number of moles of potassium furoate, respectively (mol).

STYi = ni/(mcatalyst × tr), (2)

where STYi is the space–time yield of a product i (µmol kg−1 h−1), ni is the number of moles
of product i (µmol), mcatalyst is the mass of catalyst (kg) and tr is the reaction time (h).

4. Conclusions

A dual catalytic system containing a heterogeneous catalyst and CdI2, a semi-homo-
geneous catalyst, was tested. Preliminary results confirmed the possibility to decrease the
reaction temperature to 230 ◦C, obtaining an acceptable conversion (74%). However, a
drastic decrease of the 2,5-FDCA STY was observed from 8489 to 154 µmol kg−1 h−1, which
could be explained by a high adsorption of the products on the heterogeneous catalyst. It is
worth noting that an increase in the temperature of the reaction disfavored the adsorption
and favored the catalytic conversion.

Several experiments have been performed to screen a support and a metal which
could promote 2,5-FDCA production. SiO2 support has shown the greatest promotion of
2,5-FDCA synthesis from K2F, contrary to CeO2 and MgO. In addition, Ag/SiO2 leads to
the highest yields in 2,5-FDCA formation, while other monometallic (Ni, Co, Zn, Cd . . . )
catalysts showed much lower productivities.

Supplementary Materials: The following are available online, at https://www.mdpi.com/2073-434
4/11/3/326/s1. Figure S1: Representative 1H-NMR of furoic acid (FA). Figure S2: Representative
1H-NMR of isolated FDCA. Figure S3: Representative 1H-NMR of crude products obtained from the
carboxylation of K2F to FDCA. Figure S4: XRD diffractogram of Ag/SiO2.
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Abstract: Ruthenium nanoparticles supported on carbon black were coated by mesoporous protective
silica layers (Ru/CB@SiO2) with different textural properties (SBET: 280–390 m2/g, pore diameter:
3.4–5.0 nm) and were tested in the selective hydrogenation of glucose into sorbitol. The influence
of key parameters such as the protective layer pore size and the solvent nature were investigated.
X-ray photoelectron spectroscopy (XPS) analyses proved that the hydrothermal stability was highly
improved in ethanolic solution with low water content (silica loss: 99% in water and 32% in ethanolic
solution). In this work, the strong influence of the silica layer pore sizes on the selectivity of the
reaction (shifting from 4% to 68% by increasing the pores sizes from 3.4 to 5 nm) was also highlighted.
Finally, by adding acidic co-catalyst (CB–SO3H), sorbitol was obtained directly through the hydrolytic
hydrogenation of cellobiose (used as a model molecule of cellulose), demonstrating the high potential
of the present methodology to produce active catalysts in biomass transformations.

Keywords: glucose; sorbitol; cellobiose; hydrothermal resistance; hydrolysis; hydrogenation;
mesoporous silica; ruthenium; carbon

1. Introduction

For many years, the conversion of lignocellulosic biomass, an environmentally friendly and
sustainable alternative resource to fossil fuels, into valuable chemicals and biofuels has drawn a
lot of attention [1]. Therefore, cellulose, the main component of such biomass, has been widely
studied and converted into various products such as hydrocarbons, oxygenated bio-oil, and sugar
alcohols [2,3]. Enzymatic catalysis and fermentation allow breaking down cellulose and converting
it into commodity chemicals [4]. Nevertheless, such biological processes suffer from limitations
such as low efficiencies, limited scale of production, and narrow reaction conditions. Therefore,
cellulose valorization transformations have been recently oriented toward solid heterogeneous catalysts.
However, all these transformations are usually performed in aqueous media at higher temperature,
implying the possible sintering of the catalytic active phase [5] and other deactivation processes.

Recently, our group has shown that the coverage of supported catalysts by a mesoporous
silica layer could prevent the sintering of palladium nanoparticles dispersed on carbon black [6].
Nevertheless, it is well known that mesoporous silica materials such as MCM-41 or SBA-15 are poorly
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stable under hydrothermal conditions [7]. Although post-functionalization with hydrophobic moieties
or the incorporation of aluminum atoms are well-known methods to improve the hydrothermal
stability of these materials [8–12], some drawbacks are often silent up. For instance, aluminum
doping in a silica matrix alters the host material structural order, leading to a more amorphous
material [13,14]. In order to override the possible structural properties’ modifications of siliceous
mesoporous materials and increase the catalysts’ hydrothermal stability, catalytic transformations of
cellulose could alternatively be performed in less damaging water-miscible organic solvents. In a recent
review, it has been reported that organic solvents have also a great impact on the catalysts’ performances
in biomass conversion [15]. Moreover, considerable efforts were made to find innovative solvents
that were potentially less toxic, more biocompatible, and had improved reaction rates and product
selectivities [16,17]. For instance, Mellmer et al. have shown that the rate of cellobiose hydrolysis is
strongly improved by using γ-valerolactone as solvent compared to conversion in aqueous media [18].
More recently, it has been proven that by tuning the water content in dimethyl sulfoxide, as well as the
temperature and the reaction time, it is possible to perform a non-catalytic conversion of cellobiose into
5-hydroxymethyl-2-furaldehyde [19]. In addition to the solvent nature in which the catalytic reaction
is carried out, it has been also proven that the mesoporous silica material type, and indirectly some
parameters such as the wall thickness, have a great influence on the material hydrothermal stability [7].

In this context, we propose to cover heterogeneous catalysts (ruthenium on carbon black)
by protective mesoporous silica layers with different structural properties and to evaluate their
performances in the one-pot conversion of cellobiose into sorbitol in water-miscible organic solvents
(Figure 1). Ruthenium being the most effective metal for this reaction has been selected as
the active metal in the present study [20,21]. Two surfactants have been selected (P123 and
hexadecyltrimethylammonium bromide, or CTAB) for the mesoporous layers formation. These
should lead to coating layers presenting mesopores of different sizes. In the first part, the positive
impact of using an organic polar solvent (such as ethanol) and the influence of the mesoporous
protective layer type on the catalyst’s activity and stability in the selective hydrogenation of glucose
into sorbitol will be highlighted. In a second part, preliminary tests in the hydrolytic hydrogenation of
cellobiose into sorbitol will be carried out. Cellulose is an insoluble polymer with a complex and robust
crystalline structure; therefore, simple and soluble model molecules of cellulose such as cellobiose
are often used in biomass conversion studies [22–24]. Sorbitol, which is the hydrogenated form of
glucose, is targeted in this work because it is a platform molecule that is used for the production of
value-added chemicals [25–28]. This reaction is also a good model system to study both hydrolysis
and hydrogenation reactions in one pot (Figure 1). In short, the goal of this paper is to successfully
prepare a protected catalyst and then prove that the underlying active phase is still accessible and the
protecting layer can remain intact in catalytic testing conditions.

γ

 

Figure 1. Overview of synthesized catalysts systems and catalytic applications tested.
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2. Results and Discussion

A starting Ru/CB reference catalyst was prepared by homogeneous deposition–precipitation by
using the urea method. This implies the slow precipitation of Ru hydroxide on the support followed by
a reduction in N2/H2 atmosphere. Calcination was avoided because it is not compatible with the carbon
support. Two different covered catalysts were subsequently prepared, using two different templating
agents to create mesoporosity in the siliceous coating, namely Ru/CB@SiO2(C) when using CTAB
and Ru/CB@SiO2(P) when using pluronic P123 as the templating agent. They were characterized by
X-ray photoelectron spectroscopy (XPS), nitrogen physisorption, and SEM-EDX in order to identify the
influence of their physicochemical characteristics on hydrothermal stability and activity in a biomass
model reaction: the hydrolytic hydrogenation of cellobiose into sorbitol.

2.1. XPS

The surface atomic percentages in C1s, O1s, N1s, Si2p, and Ru3p measured by XPS for
Ru/CB@SiO2(C), Ru/CB@SiO2(P) (covered catalysts) and Ru/CB (reference catalyst) are given in
Table 1. As shown by these results, the covered materials exhibit a high level of oxygen and a lower
carbon surface atomic percentage than the reference sample. Moreover, we can observe the emergence
of a Si2p peak and a drastic fall of the Ru3p surface atomic percentage. All these observations confirm
the silica layer deposition on a Ru/CB catalyst, regardless of the surfactant type (neutral or anionic) or
the preparation conditions (acidic or basic). It can also be noted that the XPS spectra display the Ru3p3/2

peak assigned to the metallic state (Figure S1 in the electronic supporting information). This result
implies that the coverage of the catalysts surface by a silica layer does not affect the metal oxidation
state. In the case of the covered sample using CTAB as a template (Ru/CB@SiO2(C)), the higher level of
nitrogen is imputed to residual surfactant in the smaller pores.

Table 1. X-ray photoelectron spectroscopy (XPS) analyses of reference and covered catalysts.

Sample C1s O1s Si2p N1s Ru3p

Ru/CB 96.0 3.4 / 0.1 0.49
Ru/CB@SiO2(C) 47.2 35.6 15.2 1.0 0.09
Ru/CB@SiO2(P) 34.3 46.2 19.3 0.1 0.07

2.2. N2 Physisorption

The covered samples have also been characterized by nitrogen physisorption (Figure 2) to evaluate
the impact of surfactant type on the samples’ textural properties. Ru/CB@SiO2(C) exhibits a type IV
(according to IUPAC) nitrogen adsorption–desorption isotherm with a H1 hysteris loop, which is
typical of mesoporous materials with a narrow pore size distribution, as already proven in our recent
paper with palladium nanoparticles as the active phase [6]. The isotherm obtained for Ru/CB@SiO2(P)
is also characteristic of mesoporous materials, but the H3 type hysteresis loop obtained implies a
material possessing a framework with a wide pore size distribution. Moreover, the hysteresis branches’
positions for this material shifted toward higher pressures. Since the capillary condensation pressure is
a function of the pore diameter [29,30], the observed behavior shows that, as expected, covered material
using pluronic surfactant (P123) displays larger pores than its CTAB counterpart. Indeed, the average
pore diameter extracted from Barrett–Joyner–Halanda (BJH) curves is higher for Ru/CB@SiO2(P)
material (5 nm) than for Ru/CB@SiO2(C) material (1.7 nm) (Figure S2). As expected, the BJH curve also
shows a very large pore size distribution for the Ru/CB@SiO2(P) catalyst. In the case of samples with
narrow mesopores (such as Ru/CB@SiO2(C)), it appears that the BJH method underestimates the sample
pore size and that DFT (Density Functional Theory) analysis is more adapted to evaluate the pore size
distribution [31]. Based on DFT analyses (Figure S2), Ru/CB@SiO2(C) material contains essentially
mesopores (3.4 nm) with some micropores. The total pores’ volume consistently corresponds to the sum
of values calculated by the Dubinin and the BJH methods in both cases (see Figure S2). In consequence,
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the specific surface area of the Ru/CB@SiO2(P) sample is lower than that of the Ru/CB@SiO2(C) material
(280 m2/g versus 390 m2/g, respectively), which is also a direct influence of the pore diameter increase.
In both cases, the Brunauer–Emmett–Teller (BET) surface area has been greatly increased compared to
the uncovered catalyst (60 m2/g).
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Figure 2. Nitrogen adsorption/desorption isotherms of (#) Ru/CB@SiO2(C) and (•) Ru/CB@SiO2(P)
materials in comparison with the starting uncovered Ru/CB (dotted line) catalyst.

2.3. SEM-EDX

Then, the covered catalysts have been analyzed by SEM-EDX (Energy-Dispersive X-ray) and
TEM, and compared to the Ru/CB reference sample (Figure 3). As it can be seen on SEM images, after
coverage of the ruthenium-supported catalyst (Figure 3b,c), the samples’ morphology has been only
slightly modified, meaning that the silica layers are thin and homogeneously deposited around the
Ru/CB catalysts. Moreover, EDX analyses (Figure S3) have revealed the presence of a distinguishable
peak of silicon for covered samples, which is consistent with XPS analyses. The images also revealed
that the silica layer is thicker in the case of the Ru/CB@SiO2(C) catalyst. Based on TEM images, all the
samples show narrow particle size distribution at ~1 nm, confirming that the silica coating does not
affect the ruthenium particle size. TEM images of samples without Ru were also recorded (Figure S4),
which confirmed the above observations.
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Figure 3. SEM/TEM images of (a) Ru/CB, (b) Ru/CB@SiO2(C), and (c) Ru/CB@SiO2(P).

2.4. Catalytic Tests

The catalytic performances of the synthesized catalysts were estimated in the hydrogenation of
glucose into sorbitol. The glucose conversion and sorbitol selectivity are reported in Table 2. The
reaction was first studied with a blank test in water (Entry 1). Although glucose is converted without
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catalyst (21%), the selectivity toward sorbitol is quite low (2%), leading essentially to fructose isomer.
Since carbon black, which is used as support, could have a catalytic activity by itself, its catalytic
performance was also evaluated (Entry 2): similar results to the blank were obtained. This test
clearly shows that metallic nanoparticles are required to produce a high amount of sorbitol in this
hydrogenation process. Indeed, when the reference (uncovered) Ru/CB catalyst is used (Entry 3), the
selectivity toward sorbitol is higher (67%) together with a better activity (glucose conversion: 43%).
This result makes sense, since it is well known that ruthenium is one of the best active phases for
glucose hydrogenation (see Table S3 for a comparison of normalized activity values with catalysts from
the literature) [32–35]. The covered catalyst Ru/CB@SiO2(C) displays a conversion of 30% (Entry 4).
According to elemental analyses (ICP) results (Table S1), this catalyst contains 1.8 wt % of ruthenium,
while it was 2.3 wt % for the uncovered catalyst. Taking into account this dilution factor due to
the addition of a silica layer (for the same engaged catalyst mass), we can calculate the activity as
percentage conversion per mg of Ru engaged. The value obtained for Ru/CB@SiO2(C) is very close to
the reference catalyst (41%/mg and 47%/mg respectively, compare Entries 4 and 3). This means that the
silica layer does not prevent the diffusion of glucose to reach the ruthenium nanoparticles that are the
active phase for this transformation, even in the presence of some residual surfactant in the porous
network. Furthermore, as shown by XPS measurements (Table S2), this residual surfactant has been
almost completely removed during the catalytic test. Nevertheless, the selectivity toward sorbitol is
surprisingly low (4%), indicating that the silica protective layer could have an impact on the reaction
selectivity. Particles size and support effects can be discarded. Indeed, the ruthenium deposition
and the carbonaceous support are the same as the reference catalyst, and the coverage methodology
does not affect the particles’ size, as already demonstrated in [6] and in TEM images. We believe that
because the pores’ sizes are below the limit for easy diffusion, the sugar molecules enter the pores
with steric constraints and probably do not have a complete rotational degree of freedom (the concept
of shape selectivity known for zeolites), with a strong effect on the selectivity. Indeed, based on the
seminal paper by Beck and Schultz [36], the restrictions of glucose diffusion through the silica layers
can be calculated, considering 3.4 nm and 5.0 nm as the pore diameters of our materials and 0.88 nm for
the molecular diameter of glucose. This reveals that the mobility of glucose through the mesoporous
channels of Ru/CB@SiO2 catalysts is respectively 46% and 30% (for 3.4 nm and 5.0 nm pores) lower
than its mobility in free solution.

Table 2. Conversion and selectivity for the hydrogenation of glucose after 2 h reaction at 150 ◦C.

Entry Sample Solvent
Glucose

Conversion (%)
Activity 1

(%/mg)

Sorbitol
Selectivity (%)

1 Blank H2O 21 / 2
2 CB H2O 16 / 7
3 Ru/CB H2O 43 47 67
4 Ru/CB@SiO2(C) H2O 30 41 4

5 2 Ru/CB@SiO2(C)-HT H2O 41 45 68
6 Blank EtOH/H2O 26 / 1
7 Ru/CB EtOH/H2O 92 100 74
8 Ru/CB@SiO2(C) EtOH/H2O 69 94 4
9 Ru/CB@SiO2(P) EtOH/H2O 43 82 58

10 3 Ru/CB@SiO2(P) EtOH/H2O 50 81 66
1 Normalized activity = glucose conversion per mg of ruthenium engaged. 2 Treated in hot water for 24 h.
3 Second run.

Moreover, after the catalytic test, XPS analyses have revealed that 99% of Si has been lost by
the known desilication process in water (Table S2) [37]. As mentioned in the introduction, it is well
established in the literature that silica materials are poorly stable in hydrothermal conditions [7].
Desilication is a slow phenomenon leading to a progressive loss of the silica layer in solution. So,
during the whole catalytic test, the Ru/CB@SiO2(C) catalyst is constantly covered by a silica layer
that only decreases in thickness. Hence, the accessibility remains, and the selectivity is controlled by
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shape selectivity at all times, very differently from the uncovered catalyst. In order to confirm this
hypothesis, we have treated the Ru/CB@SiO2(C) in hot water for 24 h (to completely remove the silica
layer). This “treated” catalyst has been then re-evaluated in the glucose hydrogenation reaction (Entry
5). Both its conversion and selectivity toward glucose are the same as that of the reference (uncovered)
catalyst (Ru/CB), which corroborates our hypothesis.

Consequently, the next tests were carried out in an ethanol–water mixture (110:10, v/v) to minimize
the silica losses. A new blank test has been performed in those conditions that shows relatively low
activity and selectivity as in pure water (Entry 6). Astonishingly, in the case of the reference (uncovered)
catalyst (Entry 7), the conversion has drastically increased (92%), while the selectivity is quite stable
(74%). In the same way, the Ru/CB@SiO2(C) covered sample shows higher conversion than in pure
water (69%), but still a very low selectivity (4%) (Entry 8). Therefore, it appears that the solvent
nature has an effective impact on the catalyst activity for this reaction, which was never reported in
the literature, to the best of our knowledge. As expected, the stability of our catalysts has been also
improved in an ethanol–water mixture with a much lower silicon loss (32% loss of the initial Si content
according to XPS measurement compared to 99% loss in pure water, see Table S2). Moreover, the
water-miscible organic solvent allows totally removing the residual surfactant. An additional TGA
(Thermogravimetric Analysis) measurement of Ru/CB@SiO2(C) after the catalytic test in ethanol/water
media was carried out (see Figure S5). In order to clearly identify the temperature at which the CTAB
is decomposed, a reference sample consisting of CTAB deposited on carbon black (CB) has been also
analyzed. As can be noticed, CTAB is decomposed at ~250 ◦C under air. This mass loss does not appear
in the case of Ru/CB@SiO2(C) catalyst. These results clearly prove that any remaining CTAB surfactant
is also totally removed during the catalytic test in organic media and does not prevent glucose from
reaching the underlying ruthenium nanoparticles.

In the case of Ru/CB@SiO2(P) material (Entry 9), the selectivity toward the desired product is
much better (58%), which can be attributed to the larger pore diameter. As discussed above, the shape
selectivity effect will be stronger for the smaller pores’ layer. However, the observed difference in
glucose conversion, in comparison with the reference catalyst (compare Entry 7 with 9), cannot be
totally explained by the silica dilution factor as above (normalized activity calculated according to
ruthenium mass engaged is 82%/mg in this case). Therefore, it would appear that some of the ruthenium
nanoparticles are completely covered by the silica and consequently unreachable. In addition, the large
pore distribution of this catalyst also implies the presence of micropores (see Figure S2), which could
prevent the access to some ruthenium nanoparticles and explain the slight decrease in normalized
activity. Nevertheless, the loss of Si after the catalytic test decreased even further (18% according to
XPS measurement, see Table S2). This improvement in stability is not surprising. Indeed, Zhao et al.
have already shown that mesoporous materials such as SBA-15, with larger pores, were more stable
than MCM-41 under hydrothermal conditions [38]. More recently, Pollock et al. found that SBA-15
treated in liquid water at 155 ◦C lost its secondary pore network by a complete closure [39]. In our case,
when Ru/CB@SiO2(P) catalyst was reused for a second run (Entry 10), the conversion and selectivity
are quite similar (if not better) than in the first run. The slight increase could be ascribed to relatively
higher Ru loading due to slight Si loss (18% measured by XPS, as discussed above). In comparison, the
uncovered Ru/CB catalyst, upon recycling, loses 16% activity (glucose conversion), but the selectivity
is maintained. Moreover, the covered catalyst still exhibits a high specific surface area (227 m2/g),
the same isotherm curve shape, and similar pore size distribution compared with the fresh catalyst
(Figure S6). These results imply that our material (more specifically the silica layer) is stable under
these conditions. They also prove that the underlying ruthenium nanoparticles are still accessible and
consequently that the pore network is still open.

The best-performing covered catalyst, namely Ru/CB@SiO2(P), was finally tested in a model
reaction of cellulose valorization: the catalytic transformation of cellobiose into sorbitol in one pot.
Kinetic modeling has shown that hydrolysis is the rate-limiting step for the hydrolytic hydrogenation of
cellobiose (or cellulose) to sorbitol (110–115 KJ/mol for the hydrolysis of cellobiose) [19,40]. Therefore,
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this step is a highly demanding reaction that usually requires strong acid sites irrespective of the
reaction pathway to produce sorbitol, as shown in Figure 4.

 

Figure 4. Reaction pathways for cellobiose conversion to sorbitol.

Nevertheless, as shown in Table 3, when the hydrolysis of cellobiose was performed without
catalyst in pure water (Entry 1), glucose was obtained. Therefore, the hydrolytic hydrogenation of
cellobiose in organic medium in the presence of our covered catalysts was performed with small
fractions of water (Entry 2–4) to ensure the production of glucose without damaging the silica layer.
Unfortunately, no glucose or sorbitol were obtained after 2 h of reaction with Ru/CB@SiO2(P) catalyst
(Entry 2), meaning that the small volume fraction of water (Xw = 8%) introduced is not enough to
allow the hydrolysis reaction. By increasing this fraction to Xw = 33% (Entry 3) and Xw = 50% (Entry
4), the results remained unchanged. However, cellobiose is in the meantime mainly converted into
cellobitol (up to 42%). Usually, it is known that the hydrolytic hydrogenation of cellobiose (or cellulose)
to sorbitol occurs via the hydrolysis of glycosidic bonds followed by the hydrogenation of glucose into
sorbitol. Nevertheless, as proven by Palkovits et al. [40], the cellobiose conversion could also proceed
through an alternative pathway: the hydrogenation of a C–O bond on one of the glucose rings, leading
to cellobitol and consecutive hydrolysis to sorbitol and glucose (Figure 4). This result proves again that
our material, thanks to its large pores, allows the diffusion of larger biomolecules such as cellobiose
through the silica layer to reach the underlying metallic nanoparticles that are the active phase for
this transformation.

Table 3. Conversion and selectivity for the hydrogenation and hydrolysis of cellobiose at 150 ◦C for 2 h
under 30 bars of pure hydrogen.

Entry Sample
H2O/EtOH

(v/v)

Cellobiose
Conversion

(%)

Glucose
Selectivity

(%)

Ethyl
Glucopyr.
Selectivity

(%)

Cellobitol
Selectivity

(%)

Sorbitol
Selectivity

(%)

1 blank 120/0 44 14 0 0 0
2 Ru/CB@SiO2(P) 10/110 43 0 0 30 0
3 Ru/CB@SiO2(P) 40/80 38 0 0 27 0
4 Ru/CB@SiO2(P) 60/60 45 0 0 42 0

5 Ru/CB@SiO2(P)
+ CB–SO3H 10/110 69 13 19 6 2

6 1 Ru/CB@SiO2(P)
+ CB–SO3H 10/110 94 20 32 0 8

1 Test carried out with 200 mg of Ru/CB@SiO2(P).

Finally, an acidic material consisting of sulfonic acid moieties grafted on carbon black
(CB-SO3H) [41] was added (Entry 5) in the catalytic medium. Sulfonic acid functions are often
used for cellobiose/cellulose hydrolysis reactions [42–45]. As can been seen, after 2 h, glucose is
produced. This result confirms that acidic sites are essential to hydrolyse cellobiose in organic medium.
Another compound has been also detected, which could be attributed to ethyl glucopyranoside.
Experimental and theoretical studies have shown that this cellulose hydrolysis mechanism involves
the glycosidic oxygen protonation (Figure 5) [46]. In this mechanism, a cyclic oxonium ion is formed
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and reacts with water to reestablish the anomeric center and regenerate H3O+ species. Based on this
mechanism, a solvent such as ethanol could easily react with the second intermediate to produce
ethyl glucopyranoside (Figure 5). More importantly, we have also observed in this test (Entry 5) the
production of cellobitol and sorbitol. This means that the ruthenium nanoparticles of the covered
catalyst are still active and accessible. Recently, Soisangwan et al. have shown that the conversion of
cellobiose raised with the increasing ethanol concentration in subcritical water (liquid water between
100 and 374 ◦C under high pressure [usually from 1 to 6 MPa]) [47]. However, they also demonstrated
that ethanol promotes the isomerization of disaccharides at the expense of a hydrolysis reaction [48].
In our case, isomerization is limited. Indeed, only a small amount of isomers such as fructose or
cellobiulose are observed, demonstrating the good performances of our combined catalysts. Other
(undetected) by-products such as 5-(hydroxymethyl)furfural (HMF) are formed as expected in this
case. By increasing the amount of covered catalyst engaged (Entry 6), the conversion and the sorbitol
selectivity are further improved. This also impacts positively the hydrolysis step, as expected. All these
preliminary results in the hydrolytic hydrogenation of cellobiose show the high potential of the
as-prepared protected catalyst in biomass valorization.

 

Figure 5. Mechanism of acid hydrolysis of glycosidic bonds in water or organic medium (hydroxyl
groups have been voluntary omitted for more clarity).

3. Materials and Methods

3.1. Reagents

The carbon black support (CB) was received as 250G type from IMERYS GRAPHITE & CARBON.
Hexadecyltrimethylammonium bromide (CTAB, 95%), (3-aminopropyl) trimethoxysilane (APTES,
99%), tetraethyl orthosilicate (TEOS, >98%), thionyl chloride (SOCl2, >99%), Ruthenium(III) chloride
hydrate, pluronic P123, sulfanilic acid (99%), and isopentyl nitrite (96%) were purchased from Sigma
Aldrich and used as received. A commercial ultrasonic cleaner (VWR) was used for sonication.

3.2. Syntheses

3.2.1. Synthesis of Ru/CB Catalyst (Reference)

A non-covered Ru/CB catalyst used as a reference has been synthesized by an urea assisted
deposition–precipitation procedure [49]. First, 600 mg of urea were dissolved in 300 mL of distilled
water. Then, 1 g of CB was added, and the mixture was stirred for 15 min. Then, 73.5 mg of RuCl3 (3.5
wt % Ru) were added. After stirring for 1 h, the mixture was heated to 120 ◦C for 1 h, cooled down
to room temperature, and stirred overnight. Next, the solid was filtered out, washed with 250 mL
of distilled water, and dried at 100 ◦C overnight. Finally, the catalyst was submitted to a thermal
treatment under reducing atmosphere in a tubular oven STF 16/450 from CARBOLITE. The sample
was placed into porcelain combustion boats and heated during 2 h at 600 ◦C (heating ramp and cooling
ramp: 100 ◦C/h) under a stream of N2/H2 (95:5).
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3.2.2. Synthesis of Ru/CB@SiO2(C)

The synthesis of nanoparticles supported on carbon black (CB) covered by a thin mesoporous
silica layer has been previously described for palladium catalysts [6]. In this study, it has been adapted
for ruthenium as follows. First, 2 g of carbon black (CB) were introduced in a 250 mL round-bottom
flask containing 100 mL of toluene. Then, 6 mL of SOCl2 were added, and the mixture was heated for
5 h under reflux. Then, it was filtered out and extensively washed with toluene (500 mL). The resulting
material (CB–Cl) was dried overnight under vacuum at 100 ◦C. Then, 1 g of CB–Cl was introduced
in a 250 mL round-bottom flask containing 100 mL of dichloromethane. Then, 1 mL of APTES was
added, and the mixture was stirred for 24 h at room temperature. Finally, the material (CB-APTES)
was filtered out, washed with dichloromethane (250 mL) and methanol (250 mL), and dried overnight
under vacuum at 100 ◦C. Then, ruthenium nanoparticles were deposited on CB-APTES (1 g) by a
urea-assisted procedure, using the same synthesis conditions as described above, by engaging 73.5 mg
of RuCl3 (3.5 wt % Ru). After a thermal treatment for 2 h at 600 ◦C under reducing atmosphere (N2/H2,
95:5), 0.250 g of Ru/CB-APTES was introduced in a 100 mL round-bottom flask containing 25 mL of
distilled water. Then, 10 mL of NaOH (0.1 M) were added, and the mixture was sonicated for 10 min.
To this suspension, 0.571 g of CTAB was added, and the solution was heated at 60 ◦C. Then, 0.7 mL of
TEOS was added dropwise within 30 min. This suspension was further stirred for 3 h 30 min, then
charged into a propylene bottle, which was closed tightly and heated at 100 ◦C for 3 days. The product
was filtered out, washed with ethanol (250 mL), and dried at 100 ◦C overnight. The CTAB template
was removed by refluxing the solid material (Ru/CB@SiO2) for 24 h in ethanol.

3.2.3. Synthesis of Ru/CB@SiO2(P)

The synthesis of Ru/CB@SiO2(P) was achieved following the procedure described above to prepare
Ru/CB@SiO2(C) with two modifications. First, during the sol–gel process with TEOS as a precursor,
35 mL of HCl 0.3 M was used instead of a NaOH (0.1 M)/water mixture. Second, 120 mg of pluronic
P123 were added instead of 571 mg CTAB.

3.2.4. Synthesis of CB–SO3H

The supports functionalization was carried out by a diazonium coupling method [41]. Typically,
1 g of carbon black was dispersed in 60 mL of distilled water. Then, 1.5 g of sulfanilic acid were added,
and the suspension was stirred at 70 ◦C during 10 min. Afterwards, 1.2 mL of isopentyl nitrite were
added at 30 ◦C, and the mixture was stirred during 16 h. Then, it was filtered out and washed with
distilled water and ethanol. The resulting material, CB–SO3H, was dried overnight at 100 ◦C.

3.3. Characterizations

The solid materials were characterized by X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), elemental analyses (ICP), and
N2 physisorption.

XPS analyses were carried out at room temperature with an SSI-X-probe (SSX 100/206) photoelectron
spectrometer from Surface Science Instruments (USA), equipped with a monochromatized microfocus
Al X-ray source. Samples were stuck onto small sample holders with double-face adhesive tape and
then placed on an insulating ceramic carousel (Macor®, Switzerland). Charge effects were avoided by
placing a nickel grid above the samples and using a flood gun set at 8 eV. The binding energies were
calculated with respect to the C-(C, H) component of the C1s peak fixed at 284.8 eV. Data treatment
was performed using the CasaXPS program (Casa Software Ltd., UK). The peaks were decomposed
into a sum of Gaussian/Lorentzian (85/15) after the subtraction of a Shirley-type baseline.

SEM images were obtained on a Field Emission Scanning Electron Microscope JEOL JSM−7600 F,
equipped with an energy dispersive X-ray system. The powder samples were pressed onto double-face
adhesive carbon tape adhered to an aluminum sample holder. Images were acquired at different
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acceleration voltages ranging between 3 and 15 keV, using an InLens detector. TEM images were
obtained on an LEO 922 Omega Energy Filter Transmission Electron Microscope operating at 120 kV.
The samples were suspended in hexane under ultrasonic treatment. A drop of the suspension was
deposited on a holey carbon film supported on a copper grid (Holey Carbon Film 300 Mesh Cu,
Electron Microscopy Sciences), which was dried overnight under vacuum at room temperature, before
introduction in the microscope.

The elemental analyses (C, H, N, Si, and Ru) were carried out by MEDAC Ltd., UK by
microgravimetry for C, H, N (direct measure) and by ICP after acid digestion for Si and Ru.

The pore texture of the covered catalysts was characterized by nitrogen adsorption–desorption
isotherms. The measures were achieved at 77 K by using a Micromeritics ASAP 2020 analyzer. Before
analysis, the samples (0.02–0.10 g) were degassed for 2 h at 200 ◦C with a heating rate of 10 ◦C/min
under 0.133 Pa pressure. The analysis of the isotherms provided specific surface areas calculated with
the Brunauer–Emmett–Teller (BET) equation, SBET. The pore volume, Vp, of the samples and the pores’
average diameter were calculated using the Barrett–Joyner–Halanda (BJH) and DFT models.

3.4. Catalytic Tests

The tests were carried out in a 250 mL stainless steel Parr autoclave. First, 1 g of cellobiose (or
glucose) was added to 40 mg of catalyst in 120 mL of mQ (milliQ) water (or a mixture of ethanol/mQ
water). Then, the autoclave was sealed, and the system was purged three times with nitrogen and once
with pure hydrogen. Once the desired temperature has been reached (150 ◦C), 30 bars of hydrogen
were introduced, and the mixture was stirred at 1700 rpm for 2 h. Then, the system was cooled down
to room temperature, and the solution was filtrated. Then, the filtrate was diluted to 250 mL with mQ
water and analyzed by HPLC.

HPLC analyses were performed with a Waters system equipped with a Waters 2414 refractive
index (RI) detector (detector temperature = 30 ◦C). The column used is an Aminex HPX 87 C column,
with mQ H2O (18 MΩ.cm at 25 ◦C) as the eluent, a flux of 0.5 mL/min, a column temperature of 85 ◦C,
and 25 µL of injected volume.

4. Conclusions

In the present work, catalysts covered by protective silica layers with very different morphologies
and textural properties have been prepared. These catalysts have been fully characterized by XPS,
SEM, ICP, and N2 physisorption. The presence of the layer was confirmed by XPS and SEM/TEM. Two
different templates were used, and both gave mesoporous silica but with different pore sizes: 3.4 nm
when using CTAB and 5 nm when using pluronic P123. Moreover, the silica layer was thicker in the
former case (Ru/CB@SiO2(C) catalyst).

The covered catalysts were successfully tested in the hydrogenation of glucose into sorbitol.
In comparison with uncovered catalyst, it was demonstrated that the diffusion of reactants/products
through the mesoporous layer was possible to reach the underlying active phase. Moreover, the
stability of protective silica layers was improved in organic medium at high temperature as confirmed
by XPS. The solvent also had a strong influence on the catalysts performance: the conversion being
doubled when moving from water to ethanol as solvent. Finally, the selectivity of the studied reaction
was influenced by the silica layers’ structure: the larger the pores, the higher the selectivity.

Preliminary tests in the hydrolytic hydrogenation of cellobiose were undertaken as well. These
revealed that in the absence of acid sites, cellobiose is mainly converted into cellobitol (disaccharide
hydrogenation product). This underlines the accessibility of ruthenium nanoparticles despite the
protective silica layer and the need for strong acid sites to perform the hydrolysis in organic polar
medium. On the contrary, when acidic material was added (heterogeneous acid catalyst consisting of
sulfonic acid groups grafted on carbon black), sorbitol was formed, corresponding to the subsequent
hydrogenation and hydrolysis steps from cellobiose. Therefore, the protected catalyst is still active
in this combination one pot system. All these results prove that by using the present methodology,
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protected catalysts with good performances in model reactions for biomass valorization could be easily
prepared, which opens the door to many studies with multifunctional catalytic systems.
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Abstract: Furfural (FF) has a high potential to become a major renewable platform molecule to
produce biofuels and bio-based chemicals. The catalytic performances of AuxPty and AuxPdy

bimetallic nanoparticulate systems supported on TiO2 were studied in a base-free aerobic oxidation
of furfural to furoic acid (FA) and maleic acid (MA) in water. The characterization of the catalysts
was performed using standard techniques. The optimum reaction conditions were also investigated,
including the reaction time, the reaction temperature, the metal ratio, and the metal loading. The
present work shows a synergistic effect existing between Au, Pd, and Pt in the alloy, where the
performances of the catalysts were strongly dependent on the metal ratio. The highest selectivity
(100%) to FA was obtained using Au3-Pd1 catalysts, with 88% using 0.5% Au3Pt1 with about 30% of
FF conversion at 80 ◦C. Using Au-Pd-based catalysts, the maximum yield of MA (14%) and 5% of
2(5H)-furanone (FAO) were obtained by using a 2%Au1-Pd1/TiO2 catalyst at 110 ◦C.

Keywords: bimetallic nanoparticles; gold catalysts; catalysis; oxidation; selectivity modulation

1. Introduction

The catalytic oxidation of bio-based molecules in general and of furanics in partic-
ular is a highly attractive process. In recent years, the production of biofuels via the
hydrogenation of furfurals such as tetrahydrofuran and 2-methyltetrahydrofuran has been
reported [1]. However, the oxidation of furfural can also lead to the formation of many
interesting molecules such as furoic acid (FA), maleic acid (MA), and succinic acid (SA) [2].
Moreover, the oxidation of furfural to furoic acid is not easy because the overoxidation of
products can also be obtained. The formation of SA is possible by passing 2(3H)-furanone
as an intermediate, while MA can be produced by using 2(5H)-furanone as an intermediate.
However, very often the rate of these competitive reactions is likely to be limited by the de-
carboxylation of furoic acid [3]. Furfural oxidation reactions can proceed by using different
methods such as chemical oxidation, biochemical transformation, and homogeneous or het-
erogeneous catalytic conversions [4–6]. Although the presence of a base allows for higher
reaction rates, higher feed concentrations, better product solubility, and lower adsorption
of the products on the catalyst surface [7], many disadvantages arise when controlling for
the selectivity to the desired product and in avoiding forming other byproducts. Moreover,
there are also several difficulties in the separation process that can occur.

In previous research, the use of inorganic bases such as KOH or NaOH were commonly
used for the oxidation reaction of furfural. It has already been proven by Besson et al. [8]
and Wojcieszak et al. [9] that the use of a base in the oxidation of furfural results in its degra-
dation and in the formation of humins, which present as a black precipitate. Moreover, the
basic medium facilitates the C–C bond cleavage and leads to the formation of levulinic acid
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and formic acid (compounds with a low molar weight). Thus, the design of heterogeneous
catalytic systems capable of maintaining a high activity and selectivity without the use of a
homogeneous base is still a huge challenge in the oxidation of furfural under noncontrolled
pH [10,11]. It is well-known that, contrary to the conventional catalysts based on Pt and
Pd, Au-based catalysts can offer a better resistance to water and O2, and thus present more
stability and selectivity in the oxidation of organic compounds in water. However, due to
the absence of a base promoter and the formation of organic products or intermediates such
as carboxylic acid, Au could be more easily deactivated. The introduction of a second metal
to form the bimetallic nanoparticles has been successfully demonstrated in the oxidation of
furfural under base-free conditions [12]. The alloying of metals such as Au and Pd, and
Au and Pt in the catalysts used combines the advantages of different components at the
atomic level, and as a result enhances the activity and the selectivity to the desired products.
Moreover, it may help to slow or prevent catalyst deactivation, as well as to prevent the
leaching of metals from the catalyst support in bimetallic Au-Pd-based catalysts [13]. The
arrangement of the metal NPs influence the catalytic performance of the bimetallic catalytic
systems. Thus, the design of the catalyst by controlling the structure of the bimetallic
NPs is needed to obtain high catalytic performance [12]. The advantage of an addition
of a second metal was clearly shown when working under an uncontrolled pH. To this
end, Pt showed a better effect when compared to Pd, which means that Pt had a boosting
effect wherein only gluconic acid was produced [14]. Furthermore, this high catalytic
activity was attributed to the presence of a core–shell structure, as charges could be easily
transferred between the core and the shell; thus oxygen was activated, leading to the attack
of the desired functional group. Therefore, the catalytic activity changed according to the
composition of the system. The synergy and the interaction between the two metals in the
catalyst was mainly due to the geometric and the electronic effects. This synergistic effect
was proven to be one of the major factors that strongly influences the catalytic performance,
which has already been reported [14,15]. Moreover, the choice to use bimetallic Au-Pd and
Au-Pt was made in order to avoid using a base that was mandatory when a monometallic
gold catalyst was used as a catalyst in a water/oxygen system. In this article, preliminary
studies applying a smart methodology based on the experimental design (Table S1) was
used to better understand the role of the noble bimetallic catalyst on the oxidation of the
furfural orientation. Sol immobilization method was applied for the synthesis. This method
proved its capacity to produce metal particles with random alloy structures [16,17].

2. Results

2.1. X-Ray Diffraction (XRD)

The XRD analysis was used to determine the morphology of the prepared catalysts.
The results obtained for the bimetallic Au-Pt/TiO2 and Au-Pd/TiO2 catalysts with different
metal loading and metal molar ratios are presented in Figures 1 and 2.

The diffractograms presented in Figures 1 and 2 confirmed that the TiO2 support
used (P25 from Sigma) is a mixture of two known structures (anatase and rutile). The
rutile phase is about 5% when taking into account the ratio between (110) the plane of the
rutile and (101) the plane of the anatase. In addition, no modification of the support was
observed during the sol-immobilization with the metals. As expected, no diffraction peaks
from the metals (Au, Pt, and Pd) were observed. This indicates that the metal nanoparticles
are well-dispersed on the surface of the support and that their particle sizes are very small
(less than 3 nm as confirmed by TEM analysis). Any additional diffraction peaks from
TiO2 were observed before and after the synthesis, which confirms that no modification
of the support occurred during the synthesis. The same observations can be made for the
prepared Au-Pd- and Au-Pt-based catalysts with the 0.5, 1.25, and 2 wt.% of metal loading,
respectively. All XRD patterns can be found on Figures S1–S6.
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Figure 1. X-ray diffractograms of 0.5 wt.% of Au-Pt/TiO2 catalysts with Au-Pt molar ratio of 3:1, 1:1, and 1:3.

 

Figure 2. X-ray diffractograms of 1.25 wt.% of Au-Pd/TiO2 catalysts with Au-Pd molar ratio of 3:1, 1:1, and 1:3.

2.2. ICP-OES

Initially, the ICP-OES analysis was performed to determine the real metal content in
the catalysts that were prepared on the bench (theoretical value is 2 wt.%). The ICP results
are shown in Table 1.

Table 1. ICP-OES analysis of the prepared catalysts.

Catalyst. Au (wt.%) Pd (wt.%) Pt (wt.%)

2% Au/TiO2 2.09 - -
2% Pd/TiO2 - 1.98 -
2% Pt/TiO2 - - 0.91

2% Au1Pd1/TiO2 1.30 0.70 -
2% Au1Pt1/TiO2 1.08 - 0.66

The ICP analysis for monometallic catalysts showed that the Au and Pd contents
were close to the nominal values (2%). However, a very low Pt content was obtained for
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the monometallic Pt/TiO2 catalyst. The same tendency was observed for the bimetallic
1:1 systems.

2.3. X-Ray Fluorescence (XRF)

The XRF analysis was performed in order to study the chemical composition of the
prepared bimetallic Au-Pt/TiO2 and Au-Pd/TiO2 catalysts with different metal loading
and molar ratios, and the results are presented in Tables S2 and S3.

As for the ICP, the XRF confirmed that the method used for the metal deposition on
TiO2 supports reaching the expected metal loading in the case of the monometallic catalysts.
However, better results were obtained when the Au was used in excess (Pt:Au ratio of 1:3).

2.4. Transmission Electron Microscopy (TEM)

Three samples (2% Au/TiO2; 2% Au1Pd1/TiO2; 2% Au1Pt1/TiO2) were characterized
by the TEM to determine the average size of the metals on the support. Each sample was
doped on the carbon side of a tiny copper grid and placed on the sample holder which
was then inserted in the TEM machine. The sol-immobilization method has been shown
to consistently produce catalysts with small nanoparticles with an exceptionally narrow
particle size distribution. Images of the samples showed that the immobilized nanoparticles
were well dispersed with an average metal particle size of 3 nm for all samples. In the
case of the bimetallic catalysts, some larger aggregates were observed, as can be seen in
Figure 3, However, the homogeneous distribution of the gold nanoparticles (between 1
and 4 nm) on the surface was also observed.

 

Figure 3. Transmission electron microscopy (TEM) of (a) 2%Au/TiO2, (b) 2%Au1Pd1/TiO2, (c) and
2%Au1Pt1/TiO2.

2.5. Catalytic Tests: Base-Free Furfural Oxidation

The study of gold-based catalysts has grown considerably in recent years following the
demonstration that their activity increases significantly when used in the form of nanopar-
ticles. This was especially well demonstrated for the oxidation of carbohydrates [12].
However, the catalytic studies also demonstrated that the support played crucial roles
in the aerobic oxidation of furfural, as it modifies the geometric or electronic state, offers
better dispersions of active sites of the metal nanoclusters, and enhances the adsorption of
the reactant and the reaction intermediates. Firstly, we tested three different monometallic
catalysts supported on titanium(IV) oxide (TiO2) in order to identify the effect of metal on
the catalytic properties for the base-free FF oxidation. The results are given in Table 2.

Table 2. Catalytic results obtained for monometallic catalysts (T = 110 ◦C, P(O2) = 15 bar, t = 2 h,
600 rpm, FF/Au = 50).

Catalyst FF Conversion (%)
FA Selectivity

(%)
Carbon Balance (%)

2% Au/TiO2 44 92 96
2% Pd/TiO2 5 29 98
2% Pt/TiO2 11 9 89

TiO2 3.7 - 97
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The pH value of the solution decreases from 6 (initially) to 3 (after the reaction) due
to the formation of furoic acid. As expected, only the gold-based catalysts showed high
activity in this reaction and under the experimental conditions studied. Degradation
and/or adsorption of the substrate was observed for pure TiO2 oxide.

In addition, the effect of the reaction time on the oxidation of furfural from 2 to 14 h
using the Au/TiO2 catalyst was studied. Figure 4 shows that the maximum selectivity
towards furoic acid (96%) was obtained after 4 h with a maximum carbon balance (98%).
Although selectivity and carbon balance decreased slightly along the reaction, an increase
in the yield of furoic acid of 22% was observed, reaching a maximum of 79% after 8 h.
However, the selectivity and the carbon balance started decreasing after 8 h, reaching a
minimum of 80% and 81%, respectively, after 14 h, which suggests the degradation of
FA with time. Taking these results into account, the reaction time of 4 h was chosen for
further studies.

Figure 4. Effect of reaction time on the catalytic performance of 2 wt.% Au/TiO2 catalyst
(P(O2) = 15 bar, T = 110 ◦C, 600 rpm, FF/Au = 50).

The effect of the reaction temperature on furfural oxidation was studied using the
Au/TiO2 catalyst, and the results are presented in Table 3. At 130 ◦C, the catalyst displayed
a higher conversion of FF and a higher yield of FA than at 110 ◦C after 2 and 4 h, respectively.
At a higher temperature (130 ◦C) the degradation of furfural is more pronounced, as
illustrated by the lower carbon balance values. However, a relatively high furoic acid yield
of 72% could be obtained after 2 h of reaction at 130 ◦C.

Table 3. Effect of reaction temperature on the oxidation of furfural using 2% Au/TiO2 catalyst.
(P(O2) = 15 bar, 600 rpm, FF/Au = 50).

T (◦C)
Time

(h)
FF Conversion

(%)
FA Selectivity

(%)
Carbon Balance

(%)

80 2 18 45 90
110 2 44 92 96
130 2 83 87 90

80 4 29 72 92
110 4 60 96 98
130 4 95 66 68

Taking into account the results presented above, and in order to minimize the FF
degradation, further tests with bimetallic catalysts were performed at 80 ◦C and 4 h in
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a Screening Pressure Reactor. We studied the catalytic performance of the AuxPty and
AuxPdy bimetallic systems supported on TiO2 with different molar ratios (1:3, 1:1, and 3:1)
and metal loading (0.5, 1.25, and 2%) in the oxidation of furfural to FA and MA, and the
results are presented in Figure 5. As expected, the oxidation of furfural using the bimetallic
Au-Pd and Au-Pt catalysts at 80 ◦C gave better catalytic results than the monometallic
gold, palladium, and platinum. Indeed, only 60% furfural conversion was observed for the
Au/TiO2 catalyst after 4 h of reaction at 110 ◦C, and 29% at 80 ◦C.

 

 

Figure 5. Catalytic results obtained for Au-Pd/TiO2 and Au-Pt/TiO2 catalysts in base-free oxidation
of furfural (T = 80 ◦C, t = 4 h, 600 rpm, P(air) = 15 bar).

3. Discussion

To determine the specific surface area of the analyzed catalysts, nitrogen adsorption
and desorption analyses on monometallic catalysts (2% Au/TiO2, 2% Au1Pd1/TiO2, and
2% Au1Pt1/TiO2) were performed. The pore volume, pore size, and the values of the
surface areas of the catalysts were calculated. The results are shown in Table 4.

Table 4. Textural properties of the catalysts.

Catalyst
Surface Area

(m2/g)
Pore Volume (cm3/g)

Pore Size
(nm)

2% Au/TiO2 19.1 0.09 18.8
2% Au1Pd1/TiO2 42.9 0.13 12.3
2% Au1Pt1/TiO2 37.4 0.12 13.4

TiO2 (P25) 55.1 0.25 16.2

The Brunauer–Emmett–Teller (BET) analysis showed that different porosities were ob-
tained for the tested samples. The BET surface area of the Au1Pd1/TiO2 and Au1Pt1/TiO2
samples were twice as large as that of the Au/TiO2 sample. The very low surface area of
this catalyst is probably due to the pore blockage, as could be deduced from the significant
decrease in the pore volume when compared to the TiO2 support. The differences between
the catalysts were also observed in the ICP and XRF analyses (Figure 6).

Observing the ICP values, which are quantitative data, some differences were observed
between the theoretical and measured values that could be due to several factors. However,
in considering the intrinsic error of the robotic system in the distribution of reagents and
support (error estimated at 5%), values very close to the expected values for the catalysts
were obtained. The exceptions were the catalysts rich in Pd and Pt at 0.5 and 1.0 wt.%,
respectively, which always had a lower metal loading than was expected. The same
observation was made already for the monometallic Pt/TiO2 catalyst prepared on the
bench (Table 1). The XRF analysis is a semiquantitative and nondestructive technique
that can be very useful for the quantification of metals in catalysts, and especially in this
case where the catalysts were synthesized in an automated way. Thus, the values were
reasonably similar to the values obtained by the ICP for the Au-Pt catalysts but not for the
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Au-Pd catalysts with loadings of 0.5 and 1.25 wt.%, respectively. The overestimation of the
Pd concentration in the Au-Pd catalysts using the XRF in comparison with that of the ICP
is due to the Rh tube that is used as the X-ray source, which has an energy close to that of
Pd and which induces an interference of lines on the spectra while quantifying this element.
No differences observed in the TEM analysis confirmed that the sol-immobilization method
permits us to obtain small metal particle sizes and a good particle distribution. All these
parameters significantly affected the catalytic properties of the catalysts.

 

 

 the

Figure 6. Real metal loading measured by XRF and ICP compared with the theoretical values
(black line).

All the tested catalysts were active in the base-free oxidation of furfural at 80 ◦C, as
shown in Figure 5. It could be seen that generally the increase in the catalyst metal loading
increases the conversion of furfural. However, this increase depends on the composition
of the catalyst. As expected, the higher catalytic activity was observed for catalysts with
a lower Au content. The activity of the bimetallic catalysts with a high Au content is
comparable to the results observed for the monometallic Au/TiO2 catalyst (Figure 4).
Much higher activity was observed for the Au-Pt catalysts when compared to the Au-Pd
catalysts. This boosting effect was already observed for the Au-Pt catalysts in the glucose
oxidation reaction, where a better effect of Pt was observed in comparison to Pd [14].

An increase in the metal loading from 0.5% to 2% using the Au3Pt1/TiO2 catalyst
leads to the increase in furfural conversion by 37%, reaching 64% with a 38% and 6% yield
of FA and MA, respectively. The same behavior could be seen in terms of the FF conversion
using Au3Pd1/TiO2, which increases to reach only 32% but with 100% carbon balance and
selectivity to FA, with neither MA nor 2-furanone (FAO) being formed. This is a remarkable
result, as for the first time 100% selectivity to furoic acid with 100% carbon balance was
observed in the base-free oxidation of furfural. Indeed, the increase in the catalytic activity
in the oxidation reactions was well established using Au-Pd bimetallic catalysts [16–18].
The Au-Pd nanoparticles were found to be two times more active than Pd alone for the
oxidation reaction of alcohols, where it was proposed that Au is an electronic promoter of
Pd [19,20].

The effect of the catalyst’s composition was also reported, whereby increasing the
Pd content to an optimum ratio of Au:Pd in ca. 1:3 leads to the increase in the catalytic
activity, while there is a progressive decrease in the activity with a further increase in
the Pd content [21]. It may be concluded that there should be an optimum ratio between
both metals that will maintain a high activity as well as a high selectivity. It is highly
probable that with the changing concentrations of metals relative to the support material,
the electronic and the geometric structures of the individual clusters change significantly,
thereby affecting the bonding between the reactant and the catalyst, and as a result altering
the catalytic performance. By considering this, it can be concluded that studying the
composition and the structure of the Au-Pd and Au-Pt bimetallic catalysts is a key factor
for designing more active catalysts and to find the relationships between their structures
and the activities.

173



Catalysts 2021, 11, 1226

The catalytic activity changed significantly depending on the composition of the
catalytic system. Table 5 shows that the selectivities to FA and MA depend on the ratio of
metals in each catalyst. At the same FF conversion (about 30%), gold-rich catalysts promote
the oxidation of FF to FA, reaching 100% of selectivity using 1.25% of the Au3Pd1-based
catalyst and a maximum of 88% using 0.5% of Au3Pt1 catalyst (Table 5). These values
decrease with the increase in the quantity of the second added metal, but at the same time
the selectivity to MA increases to 7% and 8% using 1.25% of the Au3Pd1 and 0.5% of Au3Pt1
catalysts, respectively. This suggests that the selectivity of FA is strongly dependent on
the ratio of Au, and that MA is dependent on the ratio of Pt or Pd. Therefore, Au has a
beneficial effect on maintaining a high selectivity to furoic acid and limits the formation
of byproducts. Moreover, the addition of platinum and palladium presents a boosting
effect toward the ring-opening reactions and the formation of maleic acid. In addition, the
formation of products such as FAO intermediate and two other unknown products were
observed in small quantities, which could explain the decrease in the carbon balance. These
observations clearly indicate a tandem pathway for the conversion of FF to MA via FA and
FAO. Moreover, as has been proposed, maleic acid could be formed by the decarboxylation
of furfural to furan, which then gives a 2-furanone intermediate (Figure 7) [22].

Table 5. Selectivity to FA and MA using 0.5% Au-Pt and 1.25% Au-Pd catalysts (T = 80 ◦C, t = 4 h,
P(air) = 15 bar, 600 rpm).

Metal Loading
(wt.%)

Catalyst
XFF

(%)
SFA

(%)
SMA

(%)
CB
(%)

Au1-Pt3/TiO2 29 53 7 89
0.5 Au1-Pt1/TiO2 32 68 7 92

Au3-Pt1/TiO2 27 88 4 98

Au1-Pd3/TiO2 35 42 8 84
1.25 Au1-Pd1/TiO2 33 91 3 98

Au3-Pd1/TiO2 31 100 0 100

 

Figure 7. Reaction pathway for the formation of maleic anhydride from FF through FAO [22].

For comparing the effect of each metal, the two catalysts (2% Au3Pt1 and 2% Au3Pd1)
were chosen. The results showed that the Pt-based catalyst was able to convert 64% of FF
after 4 h with a 6% yield of MA, while only 32% of the conversion was obtained using the
Au-Pd catalyst with no formation of MA. However, the selectivity to FA reached 100% with
the Au-Pd catalyst instead of 60% for the Au-Pt sample. Both Pd and Pt in the bimetallic
catalyst produced furoic acid as a major product. These results further demonstrate that 2%
Au3Pd1/TiO2 is a promising catalyst for the base-free aerobic oxidation of FF to FA in water.
It could also be seen that with the Au-Pt catalysts the maximum yield of MA (8%) was
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achieved using the 2% Au1-Pt1/TiO2 catalyst while only 1.6% was achieved using the 2%
Au1-Pd1/TiO2 catalyst. It seems that the reaction temperature strongly affects the catalytic
properties of the Au-Pt and Au-Pd nanoparticles, whereby each catalyst behaved differently
during the oxidation of FF. Therefore, when performing the same tests at 110 ◦C, a full
conversion (100%) of furfural was observed. However, no products were detected using
the Au-Pt based catalysts, with a very low carbon balance (in some cases reaching 0%).
This indicates the overoxidation of the furfural and the formation of low molecular weight
molecules or condensation products (via the ring opening reaction and the formation of
maleic acid). Regarding the Au-Pd-based catalysts, a maximum yield of MA (14%) and
(5%) of FAO was obtained using the 2% Au1-Pd1/TiO2 catalyst at 110 ◦C, while the carbon
balance was very low with a complete conversion of FF, also indicating the overoxidation
and the degradation of FF, but at a lower extent when compared to the Au-Pt catalyst. It
was previously reported that the overoxidation and the poisoning from byproducts could
be responsible for the deactivation of Pd- or Pt-based catalysts when they are used in the
liquid phase with oxygen as an oxidant [23]. By comparing the monometallic Au-, Pt-, and
Pd-based catalysts to the bimetallic catalysts, the monometallic catalysts were by far less
active than the bimetallic catalysts in terms of furfural conversion, and the formation of FA,
MA, and FAO intermediates. From a functional point of view, it is important to state that
better catalytic performances could be obtained with the highly active bimetallic catalysts
than with the gold-based monometallic catalysts when working under certain conditions
(such as 80 ◦C, air as oxidant) and with specific chemical compositions (such as Au-Pd
and Au-Pt). A good correlation appeared between the performances of these catalysts,
and in the chemical composition and the loading of both metals. The nature of the second
metal (Pd or Pt) which mainly governs the catalytic activity seems to also have a strong
impact on the oxidation in base-free conditions. Relatively high yields of MA observed
for the Au-Pd catalysts indicate a radical mechanism of the reaction which favors the ring
opening pathway.

The recyclability of the Au/TiO2 catalyst was also studied. The recycling tests were
performed using the same methodology as described in the Experimental Part. The catalyst
was dried under air atmosphere at 80 ◦C overnight after each run. The results are given
in Figure 8.

Figure 8. Recyclability tests using Au/TiO2 catalyst (T = 110 ◦C, t = 2 h, P(O2) = 15 bar, 600 rpm).
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As can be seen from Figure 8, a slight decrease in the catalytic activity was observed.
After the first run, a 20% drop in furfural conversion was observed. This drop was not
confirmed after the third run when initial activity was achieved. This could be due to the
problem with the catalyst recovery after the first test. The ICP analysis of the post reactant
solution did not show a leaching of gold. We can also expect that a temperature of 110 ◦C
is quite low to observe Au particle size growth. It is worth mentioning that selectivity to
furoic acid remained both stable and high (90%) during the three recycling tests. More
in-depth studies are in progress to study the recyclability and stability of the bimetallic
catalysts in the batch and in the flow conditions.

4. Materials and Methods

Gold(III) chloride solution (HAuCl4, 99.9%, Sigma–Aldrich, Saint Louis, MO, USA;
30%), potassium tetrachloropalladate(II) (K2PdCl4, 99.99%, Sigma–Aldrich, Saint Louis,
MO, USA), chloroplatinic acid (H2PtCl6, 8 wt.% solution, Sigma–Aldrich, Saint Louis,
MO, USA), sodium borohydride (NaBH4, 98%, Sigma–Aldrich, Saint Louis, MO, USA),
poly(vinyl alcohol) (PVA, MW 9000–10,000, 80% hydrolyzed, Sigma–Aldrich, Saint Louis,
MO, USA), 2-Furaldehyde (FF, C5H4O2, 99%, Sigma–Aldrich, Saint Louis, MO, USA),
2-furoic acid (FA, 98%, Sigma-Aldrich), and maleic acid (MA, >99%, Sigma-Aldrich). Sup-
ports: titanium(IV) oxide (TiO2 P25, 99.5%, Sigma–Aldrich, Saint Louis, MO, USA). Initially
the monometallic gold, palladium, and platinum catalysts supported on titanium(IV) oxide
were synthesized on the bench using the sol-immobilization method for comparison with
their equimolar bimetallic catalysts (Au1Pd1/TiO2 and Au1Pt1/TiO2), and by using 2 wt.%
total metal loading.

The 2 wt.% Au, Pd, and Pt supported on TiO2 catalysts were prepared by a sol-
immobilization method using NaBH4 as a reducing agent and polyvinyl alcohol (PVA) as a
stabilizing agent to prevent the NPs from aggregation, as well as to control the size of the
particles being formed (Figure 9). Briefly, 1.2 mL of a 2 wt.% aqueous solution of poly (vinyl
alcohol) (PVA/Au (w/w) = 1.2) solution was dropped into a 200 mL metal precursor–water
solution under stirring. In order to obtain the metallic nanoparticles, the freshly prepared
solution of the reducing agent NaBH4 (0.1 M, NaBH4/metal (mol/mol) = 5) was added
drop by drop to the PVA–metal solution and stirred for 30 min. TiO2 support was then
added and the pH was adjusted to 2 by the addition of H2SO4. Two hours later, the catalyst
was filtered using a filter paper and a Büchner funnel, washed with hot water at 70 ◦C
(3 times, 30 mL each) and ethanol (3 times, 30 mL each), and dried overnight at 80 ◦C.

 

 
−

Figure 9. Method of sol-immobilization with PVA for Au/TiO2.

Bimetallic Au-Pd and Au-Pt systems have been synthesized using the REALCAT
platform by applying the Design of Experiments (DoE) methodology (Table S1) to study
two different parameters (metal loading and metals ratios). The sol-immobilization method
was applied (Figure 10) to deposit Au, Pd, and Pt NPs onto the surface of TiO2, in which
the total metal loading and metal ratio (Au:Pd and Au:Pt) were varied.

Three different metal loadings were studied: 0.5 wt.%, 1.25 wt.%, and 2 wt.%. The
molar ratios between gold and the second metal were varied at 3:1, 1:1, and 1:3, respectively.
A Response Surface Design (Central Composite) was created. It was designed for three
factors to model curvature data and identify the factor settings that optimize the response.
The Central Composite Design (CCD) was used with two factors at three levels of evalua-
tion: low (−1), high (+1), and central (0) levels. The central level was also repeated three
times to evaluate the error of the DoE model. The aforementioned levels are used in the
CCD to easily represent the minimum, the central, and the maximum values of a factor
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influencing the catalyst activity. In the CCD, all the possible combinations of high and low
levels are studied for the two factors. Hence, the total number of conditions for the CCD
was 11 by each metal as calculated: 2n + 3 repetitions at 0 level (where n = 2, the number of
factors in this study, and 3 is the number of levels). As the metal are non-numerical factors,
no zero level can be applied for this parameter. Therefore, two CCDs were conducted: one
for Pt (11 experiences) and the second one for Pd (11 experiences), equaling 22 experiences
for both metals. When varying all the parameters, a matrix was built using the “Minitab”
software. The responses studied were the FF conversion, the MA and FA yield, and the
MA and FA selectivity.

 

 
−

Figure 10. Method of sol-immobilization with PVA for Au-Pt/TiO2 systems.

The prepared catalysts were characterized by using different techniques. X-Ray
Diffraction (XRD) analysis was performed using a Bruker D8 Advance Powder X-ray
diffractometer (Billerica, MA, USA) to determine the morphology of the prepared cata-
lyst. X-Ray Fluorescence (XRF) (M4 Tornado) analysis was performed using an Energy
Dispersive X-Ray Fluorescence (EDXRF) spectrometer provided from Bruker (Billerica,
MA, USA) to study the chemical composition of the prepared catalysts. The elemental
analysis for determining the real metal content in each catalyst was performed by Induc-
tively Coupled Plasma-Optical Emission Spectroscopy 720-ES ICP-OES (Agilent, Santa
Clara, CA, USA) with axial viewing and simultaneous CCD detection. The metal particle
size in the supported catalysts was determined using Transmission Electron Microscopy
(TEM) with a TEM/STEM FEI TECNAI F20 microscope (Hillsboro, Ore. USA) combined
with an Energy Dispersive X-ray Spectrometer (EDS) (Hillsboro, OR, USA) at 200 kV. The
surface area, pore volume, and distribution of the pore size were determined by nitrogen
adsorption/desorption at 77.35 K using a TriStar II Plus and a 3Flex apparatus from Mi-
cromeritics (Norcross, GA, USA). The Brunauer–Emmett–Teller (BET) method was used
for determining the specific surface area of the prepared materials.

The catalytic tests were performed in a Top Industry autoclave (batch reactor, Vaux
le Penil, France). The reactant ((FF) = 24.7 mM) solutions were prepared by diluting a
43 µL of furfural in 21 mL of H2O and stirring the solution to dissolve the furfural before
adding it into the vessel. Initially, 1 mL of furfural aqueous solution was taken off for
HPLC analysis (t0) and the desired amount of catalyst was added in the autoclave. The
reactor was purged three times with pure oxygen before reaching 15 bar. Then, the heating
system was started, and the reaction was initiated after reaching 110 ◦C. The reaction
was carried out at 15 bar, 600 rpm during 2, 4, 6, 8, or 14 h, respectively. At the end of
the reaction, the catalyst was filtered off and 1 mL of the final solution was diluted for
HPLC analysis in a Phenomenex column (ROA, organic acid H+; 300 × 7.8 mm). Sulfuric
acid (5 mmol/L−1) was used as a mobile phase with a flow rate of 0.60 mL/min, and the
products were detected on a UV-Vis detector at 253 nm. Catalytic furfural oxidation using
the bimetallic catalysts were carried out on the REALCAT platform in a Screening Pressure
Reactors system (SPR) from UnchainedLabs (UK). The required amounts of catalysts were
placed in each reactor. Then, 2 mL of an aqueous solution of furfural ((FF) = 24.7 mM)
was injected. The catalytic tests were performed under air pressure (15 bar) with stirring
at 600 rpm for 4 h at 110 ◦C. After the reaction, the catalyst was filtered off and 1 mL of
the final solution was diluted for HPLC analysis. The liquid products were analyzed by a
High-Performance Liquid Chromatography (HPLC, Shimadzu, Japan) equipped with a
UV detector SPD-20A operated at wavelengths of 210 nm and 253 nm, respectively, and
a Bio-Rad Aminex HPX-87H column (7.8 × 300 mm) operated at 60 ◦C. Diluted H2SO4
(5 mM, 0.7 mL/min) was used as a mobile phase. Commercial standards (furfural, furoic
acid, and maleic acid) were used for the calibration of the HPLC set up.
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5. Conclusions

In this article, the catalytic performances of AuxPty and AuxPdy bimetallic catalyst
systems supported on TiO2 were studied. The catalysts were prepared by applying a high
throughput experimentation. Using the Design of Experiments (DoE), the nature of the
second metal, the metal loading, and the molar ratio between Au and the second metal
were studied. By comparing the monometallic Au-, Pt-, and Pd-based catalysts to the
bimetallic counterparts, the synergetic effect of alloying was evidenced. The monometallic
catalysts were by far less active than the bimetallic catalysts in terms of FF conversion,
and in the formation of FA, MA, and FAO intermediates. The results obtained confirmed
that the combination of metals have a positive effect on catalyst activity and selectivity.
The sol-immobilization method using PVA was effective, as it leads to the formation of
very small metal nanoparticles with an average particle size of 3 nm for all samples, as
observed by TEM. Moreover, the ICP-OES analysis showed very close real metal loading
values in comparison to those that were expected. A simple change in the metal-to-metal
ratio and the metal loading significantly improved the catalytic properties, which offers
the advantage of fine tuning the catalytic system. Increasing the metal loading leads to the
increase in the FF conversion for all the catalysts studied. Both Pd and Pt alloyed to Au
catalysts produced FA as the major product, and FAO and MA as minor products. More
interestingly, Pd-Au systems were able to achieve much higher selectivity towards FA,
where the highest selectivity (100%) to FA was obtained by using the Au3-Pd1 catalyst,
and 88% using the 0.5% Au3Pt1 catalyst with about 30% of the FF conversion at 80 ◦C.
Relatively high yields of MA (14%) were observed for Au-Pd catalysts, which indicate a
radical mechanism of the reaction that favors the ring opening pathway. However, higher
temperatures favor the degradation and the overoxidation of FF and leads to the formation
of low molecular weight molecules or condensation products (via the ring opening reaction
and the formation of maleic acid).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11101226/s1, Figures S1–S6: XRD patterns, Table S1: DoE methodology, Tables S2 and S3:
XRF and ICP results.
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