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Abstract

A series of ZnTi layered double hydroxides (LDH) with different Zn/Ti ratios are prepared and
used as catalysts for photodegradation of salicylic acid (SA) under visible light. The catalysts are
characterized by X-Ray diffraction, diffuse reflectance infrared Fourier transform spectroscopy,
UV-vis diffuse reflectance spectroscopy, thermogravimetry, electron paramagnetic resonance and
N> adsorption-desorption. The results show that SA anions bind to the LDH surface and that an
electron can be excited from the HOMO in the adsorbed molecules to the conduction band of the
LDH under visible light illumination. This charge transfer further leads to an effective
photodegradation and mineralization of SA with better conversion results than on P25 titania.
Key factors influencing the charge-transfer process in LDH are the high surface area and the
Ti/Zn ratio of the LDH materials. The combination of highly dispersed Zn>" and Ti*" cations in
the brucite-like sheets of the LDH allows for a better charge separation, which also accounts for
the high photocatalytic activity. The present results show that superoxide radicals play a role in
the visible-light induced degradation of SA on LDH, while no *OH radicals are formed. In
contrast to LDH, the light-induced degradation pathway of SA over P25 titania leads to the
formation of COy’, a relatively stable anion that may hamper further conversion to CO> and
hence limit the photocatalytic performance. The introduction of an electron acceptor, such as
peroxydisulfate, further improves the degradation and mineralization of SA over LDH, but care
should be taken not to use an electron acceptor that can easily adsorb to the LDH surface, such as
H>0,. ZnTi LDH are thus very promising alternatives to TiO» for the photodegradation of

colorless organic pollutants, such as SA, under visible light irradiation.



Highlights
- ZnTi layered double hydroxides (LDH) allow mineralization of salicylic acid under
visible light
- Visible light induces charge transfer from the adsorbed molecule to the semiconductor
- The Ti/Zn ratio and specific surface area of ZnTi LDH influence the photoactivity

- Photodegradation of SA involves different radical intermediates in LDH than in titania

Keywords layered double hydroxides, visible-light-induced photodegradation, charge transfer,

organic pollutant removal



1. Introduction

Photocatalysis has proven to be a very successful tool in environmental remediation to remove
organic pollutants in wastewater. In this, TiO; is the most widely used photocatalyst due to its
activity, non-toxicity, availability, stability and low cost. However, due to its large band gap
(Eg=3.2 eV), TiO2 absorbs less than 5% of the available solar light photons, and is thus only
efficient under ultraviolet (UV) light. Therefore, a lot of effort is put in the development of
visible-light-sensitive photocatalysts. In general, the strategies to modify TiO; for the utilization
of visible light for photocatalysis include non-metal and/or metal doping, dye sensitization and
coupling of different semiconductors [1]. During the past decades, an alternative form of visible-
light activation of TiO2 has been proposed, namely by exploiting direct charge transfer (CT)
between the semiconductor and surface organic adsorbates. Typically, neither the organic
adsorbates nor the titania materials are capable of absorbing visible light. But, when placed
together, the organic molecules typically adsorb to the semiconductor surface via functional
groups such as hydroxyl or carboxyl groups and upon visible light irradiation, an electron is
directly photoexcited from the highest occupied molecular orbital (HOMO) of the ligand to the
conduction band (CB) of TiO> [2]. The thus oxidized adsorbate can be further degraded into
smaller molecules and the photo-excited electrons can react with other electron acceptors, such
as Oy, to produce oxidizing agents able to degrade different organic molecules. In principle,
schemes in which photo-excitation of a valence band (VB) electron in the lowest unoccupied
molecular orbital (LUMO) of the absorbent can occur depending on the relative position of
HOMO and LUMO versus the CB and VB. This type of CT-mediated photocatalysis has great
potential for the degradation of colorless organic pollutants [3, 4]. Note that this mechanism

differs from the dye sensitization mechanism, in which the organic molecule (dye) absorbs



visible light. This involves a photoexcited state of the organic molecule which subsequently

injects an electron in the CB of TiO; [2].

Contamination of urban wastewater by pharmaceuticals and personal care products (PPCPs)
poses considerable environmental risks. Among the various PPCPs, salicylic acid (SA) arising
from aspirin and cosmetics is found to be one of the pollutants with high occurrence and
concentration [5, 6]. As a result, the degradation of SA is of considerable interest. Several
authors reported that SA can adsorb on TiO; surfaces and lead to CT under visible light
illumination [7-11], which can lead to the formation of a visible-light-activated TiO»
photocatalyst [12, 13] or induce the self-degradation of SA under visible light [4]. However, it is
also reported that the coupling between SA and TiO; is relatively weak [10], which may limit the

photocatalytic activity under visible light [14].

Layered double hydroxides (LDH) are brucite-like lamellar materials constituted by divalent
(M?") and trivalent (M>") or tetravalent (M*") metal ions in the sheets which are octahedrally
surrounded by oxo bridges and hydroxyl groups, and anions in the interlayer to compensate the
excess positive charges of the sheets [15]. Due to the high metal dispersion as MOs units within
the brucite-like sheets, typical feature of LDH-type structures, the large surface area and better
separation from suspension, a wide variety of LDH containing key cations, such as Zn, Ni, Cr, Ti
and Sn, have been reported that may be used as effective semiconductor photocatalysts able to
degrade organic pollutants in wastewater

Most research on CT-driven visible-light-active photocatalysts has been focused on TiO», and
limited to no attention is paid to LDH. In the current work, ZnTi LDH are used as catalysts for
the photodegradation of SA through a CT mechanism under visible light irradiation. The

interaction of SA and the LDH surface and the light-induced CT formation is investigated and
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compared with those formed on pure TiO,. To our knowledge, this has not been studied
previously.

2. Experimental

2.1. Synthesis of LDH materials

ZnTi LDH with different Zn/Ti ratios ranging from 2 to 4 are prepared by the urea homogeneous
co-precipitation method [26, 27]. In a typical synthesis, appropriate amounts of Zn(NO3),-6H>0,
TiCls, and urea were dissolved in 100 ml of distilled water and then the solution was stirred
vigorously for 1 h. The resulting mixture was transferred into an autoclave and aged at 110 °C for
24 h. The final products were obtained by filtration, washed several times with water and dried at
80 °C for 4 h. These samples were denoted as ZnTi-r, where r stands for the final Zn/Ti cationic
ratio. All the chemicals were purchased from Sigma-Aldrich and used as received.

P25 (Degussa, Germany) was used as a reference material.

2.2. Characterization techniques

The final ratios of Zn/Ti in the obtained LDH were determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES) in an Optima 7300V instrument (Perkin-Elmer, USA).
X-ray diffraction (XRD) was recorded on an X’Pert Pro MPD diffractometer (PANalytical, The
Netherlands) with Cu Ka radiation. The measurement was performed in the 260 mode from 5 to
70° with a scanning speed of 0.04°/4 s.

Diffuse reflectance infrared Fourier transform spectra (DRIFT) were measured on a Nicolet 6700
FTIR spectrometer (Thermo, USA) equipped with a spectra-tech diffuse reflectance accessory.

About 200 scans were taken with a 4 cm™' resolution.



Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed

on a STA-449C (Netzsch, Germany) thermal analyzer at a heating rate of 5 © C/min under air

flow.

UV-visible diffuse reflectance spectra (UV-vis DR) were obtained at room temperature on a
Thermo-electron evolution 500 UV-vis spectrometer (Thermo, USA), with a diffuse reflectance
accessory using KBr as reflectance.

Porosity and surface area were measured on a Quadrasorb SI analyzer (Quantachrome, USA)
using N> as adsorbate at -196 °C. Before the measurement, all the samples were outgassed at
ambient temperature for 16 h.

X-band light-induced (LI) EPR (electron paramagnetic resonance) experiments were performed
at low temperature (10 K) on a Bruker ESP300E spectrometer with a microwave frequency of
~9.45 GHz, equipped with a gas-flow cryogenic system (Oxford Instruments), allowing for
operation from room temperature down to 2.5 K. The magnetic field was measured with a Bruker
ER035M NMR Gauss meter. The samples were recorded before and after irradiation with 447-
nm diode laser light (Dragon Lasers M series) with an output power of 300 mW. Control
measurements were performed using the 457.9 nm laser line of a Spectra Physics BeamLok 2060
Ar" laser with a power of 10 mW. The EPR spectra were measured with a modulation amplitude
of 0.2 mT, a modulation frequency of 100 kHz and a microwave power of 0.5 mW. Care was
taken that the same amount of material was used in all experiments. The spectra are simulated
using EasySpin [28], a MATLAB (Mathworks, Natick, Massachusetts, USA) toolbox.

2.3. Photodegradation experiments

The photocatalytic activity of the obtained LDH was tested for the photodegradation of SA under

visible-light irradiation. A 250W Xenon lamp (Unnasol, Germany) equipped with a cutoff filter



to remove the light below 400 nm was used as light source. The reaction was performed in a 200
ml glass beaker with a water cycling jacket to keep the constant ambient temperature. The
amount of 50 mg of catalyst was added to 50 mL SA solution (50 mg/L or 1.0 g/L; unless
otherwise mentioned). Unless otherwise indicated, the pH of the initial SA solution was adjusted
to 5.2 by NaOH (1 M) to avoid the dissolution of LDH. Prior to visible-light irradiation, the
suspension was stirred under dark for 0.5 h to establish the adsorption—desorption equilibrium
between SA and the surface of the catalyst. Afterwards, the suspension was irradiated with
visible light for 6 h. During the reaction, at intervals of 1 h, ca. 2 mL of the suspension were
collected, centrifuged and analyzed at 296 nm with a Thermo-electron evolution 500 UV-vis
spectrometer (Thermo, USA). Immediately after the analysis, the sample including solid and
liquid was placed back to the reaction system. The total organic carbon content (TOC) of the
liquid was measured on a TOC-VCPH analyzer (Shimadzu, Japan). A commercial photocatalyst
P25 (Degussa, Germany) composed of 75% anatase and 25% rutile was used as reference. After
reaction, the catalysts were collected by filtration, washed with water for several times to remove
free SA and then dried at 80 °C for 4 h.

3. Results

Table 1. Composition, specific surface area and pore volume of the ZnTi LDH under study

ZnTi-2 ZnTi-3 ZnTi-4 P25

Zn/Ti ratio 2.07 2.90 4.56 -

Ti/Zn ratio 0.48 0.34 0.22 -
Specific surface area (m?/g) 102 79 59 60




Pore volume (cm?/g) 0.25 0.22 0.17 0.45

The full XRD and DRIFT analysis of the basic ZnTi LDH materials used in this study are
reported in the supplementary material (Section S1). It agrees with earlier reports [26, 27, 29]. In
short, the DRIFT experiments show that the electrostatic attraction between the brucite layers
and the interlayer carbonate anions is stronger than compared with M>*-containing LDH, which
results in a decrease of the symmetry of the carbonated anions from a D3y for the free anions to
Cay due to the disordered nature of the interlayer space [18, 27, 29]. These results correlate with
the XRD observations indicating a decrease in the interlayer distance due to the higher positive
charged brucite-like sheets.

Table 1 lists the final Zn/Ti ratio of the synthesized LDH and reports their porosity
characteristics. Note that ZnTi-2 and ZnTi-3 exhibit a higher surface area than the commercial
photocatalyst P25 (75% anatase, 25% rutile) that is used in the current study as a reference

material.
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Figure 1. (A) UV-vis DR spectra of the ZnTi LDH before adsorption of SA. (B) Effect of
contacting the LDH and P25 for 6h with SA (samples after 6h contact in visible light: ZnTi-r-A
(r=2,4) and P25-A; sample after 6h contact in dark: ZnTi-2-D).

Figure 1A shows the UV-DR spectra of the ZnTi LDH samples under study. All the samples
show an intense absorption band at the wavelength below 380 nm, due to the Ti** and Zn** in
MOs octahedral units [31]. Note that the as-prepared ZnTi-LDH photocatalysts exhibit no
significant absorption in the visible-light range, which is in agreement with the reported literature
data [18, 31]. The decrease in the UV absorption intensity when going from ZnTi-2 to ZnTi-4

may be explained by the increase of the Zn/Ti ratio, i.e. the relative decrease in the Ti** content.
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We subsequently tested the photocatalytic activity of the synthesized ZnTi LDH materials
towards degradation of SA under visible light illumination (Figure 2). The most commonly used
commercial P25 TiO> was taken as a reference photocatalyst. In an additional control experiment
(not shown), the stability of a solution of SA in visible light was tested. Its concentration
remained almost constant when irradiated for 6 h. As shown in Figure 2A, all the as-prepared
LDH photocatalysts proved to be very active for photodegradation of SA under visible light
illumination and their activity increases with decreasing Zn/Ti ratios. In contrast, commercial
P25 showed much poorer photocatalytic activity. Only 10% of SA could be removed from the
solution using P25 and the removal degree remained nearly constant after 2 h. In contrast, the
most active LDH (ZnTi-2) could remove 40% of SA under the same experimental conditions.
Furthermore, the TOC value of the initial SA solution as well as the solution after reaction over
P25 and ZnTi-2 was measured. It was found that the TOC removal by ZnTi-2 and P25 after
irradiation with visible light for 6 h is 30% and 1%, respectively. This suggests that most SA
removed by ZnTi-2 is degraded completely, whereas the use of P25 gives only marginal full

degradation of SA.
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Figure 2. (A) Comparison of the photodegradation of SA over ZnTi LDH and P25 during visible
light irradiation. (B) Effect of pH of the initial solution on the photodegradation of SA over
ZnTi-2. (C) Effect of the catalyst concentration on the photodegradation (shown for ZnTi-2). SA
1s first allowed to adsorb to the catalyst in dark during Y2 hour prior to light irradiation (marked
as adsorption and photocatalysis phase, respectively, in the figures).
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All samples were left in contact with the SA solution for '2 hour in dark prior to the
photocatalysis experiments. The initial adsorption of pollutants on the catalyst’s surface will of
course play an important role in the photodegradation reaction. Figure 2A indicates that the
amount of initial SA adsorption on the surface of the ZnTi LDH catalysts follows the specific
surface area given in Table 1. As a control test, the adsorption of SA was also monitored for 6h in
dark to verify that the observed removal of SA under visible light as reported in Figure 2A is not
simply due to an on-going adsorption process onto the catalyst’s surface (not shown). It was
observed that the concentration of SA in solution was nearly the same as the one after adsorption
for 0.5 h, indicating that the adsorption equilibrium is reached within 0.5 h. This agrees with
similar experiments.

In a second set of experiments, the effect of pH on the photodegradation of SA over ZnTi-2 was
tested (Figure 2B). The pH value of the SA solution (50 mg/L) is around 4. Higher pH was
adjusted by NaOH (1 M). Figure 2B indicates that the SA removal initially increases with
increasing pH, reaches a maximum at pH of 5.2 and then decreases with a further increased pH.
The effect of the ZnTi-2 dose on the photo-induced removal of SA was then studied in the range
of 1.0-2.5 g/L catalyst at pH 5.2 (Figure 2C). Both the photodegradation activity and the
adsorption amount increase when increasing the catalyst dose. At the catalyst dose of 2.5 g/L,
65% SA is removed.

Crucial in understanding the obtained photoactivity is the observation that all the samples
changed color, from white to pale orange-red, when contacted with SA. This seems to point to a
charge-transfer (CT) process between SA and the LDH surface. As already mentioned in the

introduction, such light-induced CT has been observed between SA molecules and a TiO: surface
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and led to the subsequent photodegradation of the SA molecules [4,10, 13], but it has never been
reported for ZnTi LDH.

In order to verify the possible CT mechanism between SA and the LDH under study and to
understand the superior photoactivity observed for ZnTi-2, the interaction of both the LDH
materials and the P25 reference sample with SA was further characterized. For this, a set of
additional materials was prepared. The catalyst (P25, ZnTi-4 or ZnTi-2) was added to an SA
solution at pH 5.2 and first stirred under dark for 2 h to reach the adsorption-desorption
equilibrium between SA and the catalyst surface, as done in the photocatalysis experiments
presented in Figure 2. Afterwards, this suspension was either kept in dark, or illuminated for 5
minutes or 6h with visible light. In the following, the samples will be indicated with the suffix —
A (=6h illumination), -D (=6h dark) and —DA (= 5 min visible-light exposure). These samples

were then analyzed by UV-vis DR spectroscopy, DRIFT and EPR.

Figure 1B has shown that, in line with the visually observed coloration, the UV-vis DR spectra
of ZnTi-2-A, ZnTi-4-A and P25-A extend further in the visible range than those of the pristine
materials. This red shift also occurs when ZnTi-2 is contacted with SA for 6h in dark, but to a
lower extend which indicates the adsorption of SA on the surface and consequently, the visible-
light-induced CT. This effect is further enhanced after exposing the materials to visible light
irradiation, as indicated by the UV-vis DR spectra of the ZnTi-2-A sample, confirming their

activation in photocatalytic reaction due to the light-induced CT mechanism.
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Figure 3. The TGA/DSC profiles of (A) P25 and P25-A and (B) ZnTi-2 and ZnTi-2-A.

Figure 3 shows the TGA/DSC profiles of P25 (A) and ZnTi-2 (B) before and after contacting
with SA under visible light. The mass loss observed for P25-A is higher than that of the initial
P25 (Figure 3A). For P25-A, an obvious exothermal peak centered at 320 °C is observed in the
DSC curve. This can be caused by the decomposition and consequent combustion of the SA
chemically bonded with titanium sites, since free SA decomposes completely below 205 °C. The
TGA/DSC profiles of the pristine ZnTi LDH show two endothermal peaks (Figure 3B, Figure
S3): the first one below 200 °C can be attributed to the release of physically adsorbed as well as
interlayer water molecules and the second one, centered about 255 °C, is attributed to the
decomposition of carbonate and dehyroxylation of the brucite-like layers [20]. In contrast, ZnTi-
2-A shows additional mass losses above 280 °C when compared with ZnTi-2 (Figure 3B). Two
additional exothermal peaks may be observed for ZnTi-2-A, the first one is centered at 363 °C
and the second one is a broad shoulder in the range of 420-650 °C. These can be attributed to the
decomposition and combustion of SA bonded to the LDH surface. The existence of two extra
exothermal peaks may be due to the interaction of the SA with different sites with energetic

heterogeneity [7]. The TGA/DSC experiments thus confirm the interaction of SA with the
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surface of both ZnTi-2 and P25. Notably, the decomposition and combustion of SA from the
ZnTi-2-A sample occurs at much higher temperature than in the P25-A case, indicating that more
energy is required to decompose the surface complexes in the former case. It was already
observed that ZnAl LDH intercalated with SA by ion exchange or co-precipitation show a higher
decomposition temperature for SA than pure SA [31]. Similar effects were observed for SA
intercalated in MgAl LDH [31]. However, the XRD pattern of ZnTi-2-A (not shown) matches
perfectly with the pristine ZnTi-2 sample, indicating that the SA molecules are not replacing the
intercalating carbonate anions in the interlayer gallery. Any interaction of SA with the LDH

materials is thus on the surface of the semiconductors.

1146

m
Qo
(=]
o]

~
ol
O
-

1483

1251
1143
1035

1800 16.00 1400 1200 1000
wavenumber (cm")

Figure 4. (black, top) DRIFT spectrum of salicylic acid, (middle, red) spectrum obtained by
subtracting the DRIFT spectrum of P25 from that of P25-DA and (bottom, green) spectrum
obtained by subtracting the DRIFT spectrum of ZnTi-2 from that of ZnTi-2-DA (see
supplementary information for details on subtraction).
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Fourier-Transform IR spectroscopy is often used to identify the interaction of organic molecules
with titania and LDH surfaces [7-9, 13, 14, 31-35]. The most relevant vibrational modes of SA
are found in the 1000-1800 cm™ area (Figure 4, top). However, this is exactly the area where the
DRIFT spectrum of ZnTi LDH is dominated by the bands of the carbonate anions in the
interlayer of the LDH structure (supplementary material (Figures S2, S4), [27, 30]). Figure 4
(bottom) shows the subtraction of the ZnTi-2 DRIFT contribution from the one of ZnTi-2-DA to
reveal the additional SA-related spectral contributions. Similar spectra were found for ZnTi-2-A
and ZnTi-2-D (supplementary material, Figure S5). The same procedure was used for the P25
case (Figure 4, middle). The DRIFT spectrum of pristine P25 (not shown) has only a weak peak
from the bending modes of adsorbed water in the 1625-1640 cm™ region, making spectral
subtraction less problematic. The difference spectrum of P25-DA shown in Figure 4 (middle)
equals that of P25-D, but changes remarkably for P25-A (supplementary material, Figure S6).
This can be due to the build-up of partial degradation products on the titania surface during
photocatalysis. Indeed, the earlier discussed photocatalytic experiments revealed that P25
removes 10% SA molecules from the solution, but converts only 1% to CO> under visible light,
while ZnTi-2 is fully degrading quasi all SA that it removes under the same illumination
conditions.

Inspection of Figure 4 immediately reveals that the stretching vibration of the carbonyl group
v(C=0) at ~1663 cm™! reduces considerably after contacting of SA with P25 and ZnTi-2. This is
indicative of the deprotonation of the COOH group as a consequence of its binding to Ti ions
[7,8]. Similarly, the disappearance of the stretching and bending vibrations of the phenolic OH
group (1192, 1211, 1323 and 1385 cm™) indicates that the phenolic stretching interacts strongly

with the semiconductor surface [7,8]. Moreover, the stretching vibrations of the benzene ring,

17



especially those at 1444 cm™ and 1483 cm™!, are in both the titania and LDH case affected by the
interaction of SA with the inorganic surface. The in-plane CH bending modes (at 1032, 1090,
1146 and 1157 cm™) are less affected. The DRIFT spectrum of P25-DA shown here is in
accordance to those of other titania surface-modified with salicylate [7, 8, 35]. Although all these
studies agree that the interaction of SA with the titania surface occurs via both the carboxylic and
the phenolic group, they differ on the proposed binding models [7-9, 11]. Figure 5 depicts three
plausible models. Although some reports point to binuclear bidendate binding (Figure 5, model
3) as the unique interaction mode for TiO2-SA systems [7, 8], a more complex interaction model
implying heterogeneous interaction and various binding sites is more likely [11].

Compared to the DRIFT difference spectrum of P25-DA, the peaks at 1572, 1506, and 1391-
1402 cm! (assigned to the carboxylate symmetric and asymmetric stretching vibrations) seem to
disappear in the spectrum of ZnTi-2-DA (Figure 4, arrows). However, these modes fall in the
region where the carbonate contributions of the interlayer are situated (Figure S4), and the
absence of these peaks may thus be an artifact from the background subtraction. In fact, in the
difference spectra of ZnTi-2-D and ZnTi-2-A (Figure S5), weak signals seem still to be present
at these positions and we need to be careful in interpreting apparent lack of the peaks. The only
clear conclusion based on the here presented DRIFT results is that, similar as for the titania case,
binding of SA to the ZnTi LDH surface involves both the phenolic and the carboxylic group.
Besides models 1 and 2 shown in Figure 5 and equivalent binding modes to Zn(Il), also a
bidendate binuclear binding model involving a Ti(IV) and Zn(Il) center is possible. The mean
distance between two neighboring metal cations, e.g. between Zn and Ti cations, in the sheets of
ZnTi-2 is 0.308 nm as calculated by the d spacing of (110) crystal plane. Two Ti cations cannot

occupy adjacent sites in the sheets due to the electrostatic repulsion [36, 37], hence the distance
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between two closest Ti cations will be too large to be bridged by the two O atoms in the phenolic
hydroxyl and carboxyl (C-O) of the SA molecule. Interestingly, the FTIR spectra reported for
zinc-layered hydroxide-salicylate nanohybrids [33] are also similar to those found here for ZnTi-

2 contacted with SA, indicating that the Zn(II) ions are potential binding partners for SA.
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Figure 5. Three proposed binding schemes of salicylate to a TiO; surface.

EPR has been shown to be an excellent tool to investigate the formation of light-induced
paramagnetic centers, such as organic radicals or Ti’* centers formed during photocatalytic
processes in titania materials [38]. This light-induced (LI) EPR technique is here used to further
evaluate the effect of light illumination on the ZnTi-2 with and without SA. The experiments are
performed at low temperature to slow down the radical reaction kinetics.

In a first step, control experiments are performed on the pristine materials SA and ZnTi-2. No
light-induced EPR signals due to radical formation can be observed when SA is irradiated with
447-nm laser light for 0.5 h at 10K (Supplementary material, Figure S7). This confirms the
stability of SA against degradation with visible light as also observed in the photodegradation
experiments (vide supra). lllumination of pristine ZnTi-2 under the same conditions leads to a
detectable albeit weak EPR spectrum with three contributions (centers I-III in Table 2, spectrum
shown in supplementary material, Figure S8). Center III has the typical g values of a Ti(IIl)
center [39, 40]. Ti(IlT) is formed by trapping of photoexcited electrons by Ti(IV) in the ZnTi-2.

The observed g values are very close to those found for Ti(II) on bulk lattice trapping sites in
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brookite in line with the presence of the TiOs octahedra in the LDH [40]. Center I has the
characteristic g values of HO»®, formed by electron transfer from Ti(Ill) or conduction band
electrons to surface O, forming O that interacts further with surface hydroxyls [41]. These
centers are reactive and may initiate the degradation of organic products. A small contribution of
an organic radical is found with unknown origin, which may stem from an impurity organic
material present in the synthesis glassware. Although the UV-DR spectra show no clear
absorption of visible light for pristine ZnTi-2 (Figure 1A), the EPR experiment illustrates that
some absorption of 447-nm light with related formation of paramagnetic states occurs. A similar
observation has been also made for P25 [42] and was also confirmed in our test measurements of
pristine P25 (not shown). This absorption of visible light may be related to defect sites in the

material. The effect is, however, negligible in comparison to the response in the UV.
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Figure 6. EPR spectra of ZnTi-2 (black, solid), ZnTi-2-A (red, dot-dashed), ZnTi-2-DA (green, solid) and
ZnTi-2-D (blue, solid) recorded at 10K after 0.5 h illumination with 447-nm laser light. All spectra were
corrected for differences in the microwave frequency to allow facile comparison.

When ZnTi-2 is contacted with SA and then in-situ illuminated for 0.5 h at 10K, the LI-EPR

response not only increases strongly in intensity, the EPR pattern changes also drastically

compared to the pristine ZnTi-2 case (Figure 6 and supplementary material). There is also a
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difference whether ZnTi-2 has been mixed with SA in dark (ZnTi-2-D) or in light (ZnTi-2-A and
ZnTi-2-DA). When the preparation of the ZnTi-2 sample was performed in dark (ZnTi-2-D), the
EPR spectrum consists of a contribution of Ti(IIl) and two radical-type signals (Table 2, Figure
S9). The EPR parameters of the Ti(III) center are close to those observed in the pristine material
(Table 2, III’). The dominant contributions to the EPR spectrum stem from organic radicals that
are formed due to the degradation of SA. The EPR spectrum of radical center IV has a
Lorentzian line shape, suggesting close contact of organic radicals (exchange narrowing through
clustering), while this is not the case for center V, which is a more isolated carbon-centered
organic radical. When the sample is longer irradiated, the contribution of center V disappears and
only signal IV is left (Figure S10). Longer irradiation will generate more organic radicals on the
surface that can be in close vicinity at the surface leading to exchange narrowing of the EPR
signal.

When the sample has been exposed to sunlight during the preparation, only contributions due to
Ti(IlT) and radical clusters IV are found (Figure 6, Table 2, Figures S11 and S12). The EPR
signal of ZnTi-2-A measured before illumination in the EPR cavity shows already a radical
contribution (dark signal about 15x higher than observed for ZnTi-2-DA), indicating the
formation of SA-related radicals already during the 6h mixing time in light. Subsequent in-situ
illumination at 10K results in a larger formation of radicals in ZnTi-2-A than in ZnTi-2-DA and
ZnTi-2-D, but reveals that the production of the Ti(Ill) centers is lowest for this sample. This
seems to point to an increased transfer of electrons from Ti(Ill) surface centers to the organic
molecules (possibly via a Ti(IV)-O; intermediate), leading to EPR-silent Ti(IV) and radical

centers.
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A similar illumination at 10K of P25-DA also leads to a huge increase and change of the EPR
signal (Figure S13, Table 2). Two signals due to Ti(III) appear upon illumination with the 447-
nm laser light (signals VIII and IX). These signals are often detected in P25 during
photocatalysis and can be ascribed to Ti(IIl) in the anatase (VIII) and rutile (IX) phase of the
material [40]. Note that the parameters of the Ti(II) centers in the illuminated ZnTi-2 (III and
IIT") differ from those observed in P25, reflecting the different symmetry of the local
environment of the Ti atoms in these materials. Furthermore, several EPR signatures due to
organic radicals are observed in illuminated P25-DA. Besides HO,* (center 1), there are two
contributions that can be assigned to radicals that are reaction products of SA (centers VI and
VII). The principal g values of center VI are similar to those reported for CO> radicals on
different oxides [43]. The EPR parameters of center VII, especially the g value around 2.011,
could point to formation of RCO3* radicals [44]. It is important to note that these radicals VI and
VII were not observed in the ZnTi-2 cases, indicating a very different photodegrading reaction

mechanism.

Table 2. Principal g values of the paramagnetic centers contributing to the LI-EPR spectra of
ZnTi-2 with and without SA (see supplementary material for simulations). Number in brackets

indicates the experimental error on the last digit.

Center g1 feg} fed) Assignment Relative  spectral
contribution (%)

ZnTi-2
I 2.0028(5) 2.008(1) 2.034(2) HO>* 45(1)
II 2.0021(5) 2.0056(5) 2.0068(5) Organic radical 2(1)

| 1.9885(5) 1.9875(5)  1.9565(5)  Ti(III) (brookite-like)  53(1)
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ZnTi-2-D

v 2.004 (1) 2.004(1) 2.004(1)  Radical cluster 72(1)
\% 2.0080(5) 2.0070(5)  2.0050(5)  Radical 5(1)

I 1.9880(5) 1.9860(5) 1.956(1)  Ti(IIl) (brookite-like) 23(1)

ZnTi-2-DA

v 2.004 (1) 2.004(1) 2.004(1)  Radical cluster 83(1)

I 1.9880(5) 1.9860(5) 1.956(1)  Ti(II) 17(1)
ZnTi-2-A

v 2.004 (1) 2.004(1) 2.004(1)  Radical cluster 99(1)

I 1.9880(5) 1.9860(5) 1.956(1)  Ti(Ill) 1(1)
P25-DA

I 2.0025(5) 2.008(1)  2.0342)  HO.* 11(1)

VI 2.0042(5) 2.0022(5)  1.9975(5)  radical 61(1)

VI 2.0113(5) 2.0042(5) 2.0042(5) radical 11(1)

VII  1.992(2) 1.992(2)  1.962(2)  Ti(Il)-anatase 1(1)

IX 1.9732)  1.973(2)  1.950(5)  Ti(Il)-rutile 15(1)

In a next experiment, the effect of the addition of an electron acceptor on the photocatalytic
activity is tested. Electron acceptors may help to reduce the charge recombination after light-
induced charge transfer and promote the mineralization of organic pollutants [4]. The earlier
photocatalysis experiments (Figure 2) were repeated using H20> (1.8 mmol.L!") and K2S20s (8
mmol.L!) as electron acceptors, respectively. The photocatalysis reaction was performed over
ZnTi-2 at pH 5.2 and catalyst dosage of 1 g/L under visible light irradiation. The TOC of the

solution was measured to determine the extent of mineralization. Table 3 lists the removal of SA
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and TOC values after 6 h irradiation. As mentioned earlier, in the reaction system with LDH and
SA alone, 40% SA can be removed and the TOC data indicate a 30% mineralization degree
within 6 h of irradiation. The addition of H>O» leads to a significant decrease in both the removal
and mineralization degrees of SA. This may be attributed to the competitive adsorption of H>O»
and SA onto the surface of the LDH sheets, since H>O> has a strong affinity to the surface Ti
hydroxyls [45]. This seems to be confirmed by the decreased adsorption of the SA measured
after the addition of H>O, (Table 3), which may inhibit the CT and thus decrease the overall
photocatalytic activity. In contrast, addition of the K>S>Os as electron acceptor remarkably
improves the removal and mineralization degrees of SA (Table 3). Peroxydisulfate ions can
accept electrons from the CB to produce sulfate ions and sulfate radicals, and then the latter can
further accept electrons to produce sulfate ions, according to the following reactions [46].
$208% +e cs—S04+804~, SO4+e'cp—S04>

Besides the ability to accept photo-generated electrons, the beneficial effect of peroxydisulfate
may be attributed to its relatively small competing adsorption onto the LDH surface (Table 3)
due to its low affinity for the surface hydroxyl groups. In addition, the sulfate radicals can act as

oxidizing agents and directly participate in the organic pollutant degradation processes [46].

Table 3. Effect of electron acceptor on the SA removal and mineralization (pH 5.2)

Removal of SA? (%)
Electron acceptor TOC removal? (%)
by initial adsorption® by catalysis®
without 7.6 32.7 29.8
H>O» 2.1 22.8 18.9
K2S20s8 5.9 49.4 49.7
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“measured at 296 nm using a UV-vis Spectrometer; Padsorption in dark, € 6h under visible light

irradiation, %otal organic carbon measured after visible light irradiation

In a final experiment (Figure S14), we test whether formation of *OH and/or O, are implicated
in the photocatalytic process. The addition of an excess of tert-butanol (TBA) as *OH scavenger
to the photocatalytic mixture, hardly affected the photodegradation of SA, indicating that *OH
radical formation does not play a role in the photocatalysis. On the other hand, when Ar was
bubbled during the reaction, the degradation of SA was significantly suppressed, due to the lack
of Oz needed to generate Oy". Formation of Oz under visible light illumination of ZnTi-2 was

indeed observed (Table 2, species I).

4. Discussion

Both the visually observed coloration and the UV-vis DR spectra (Figure 1B) confirm that
contacting of SA to ZnTi LDH or to P25 leads to absorption of visible light. This is commonly
attributed to the excitation of an electron from the HOMO of the organic molecule (here SA) to
the CB of the semiconductor [2,4,10,13]. The fact that the XRD analysis revealed no change in
the interlayer distance of the LDH contacted with SA indicates that SA is interacting with the
surface of the LDH as opposed to replacing the intercalating carbonate anions. This is also
confirmed by the presence of strong bands at circa 1500 and 1400 cm™ in the DRIFT spectra of
ZnTi-2 contacted with SA (Figure S4).

The photocatalytic tests (Figure 2A) show that this visible-light induced charge transfer (CT)

initiates photodegradation. The best photodegradation of SA is obtained using the LDH with the
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largest surface area and lowest Zn/Ti ratio (ZnTi-2). Interestingly, the SA removal increases
linearly with the Ti/Zn ratio and extrapolates to zero activity for close to zero Ti content (Figure
S15, supplementary material), which implies that the presence of Ti cations are crucial for the
photocatalysis. The clear dependence of the photodegradation on the amount of LDH catalyst
(Figure 2C) supports the hypothesis that the photodegradation is driven by a light-induced CT
mechanism. A larger amount of catalyst allows more SA adsorption and thus more CT.

The optimal pH for the photodegradation of SA over ZnTi-2 is 5.2 (Figure 2B). The pH-
dependence of the photocatalytic process can be explained by taking into account different
factors. The SA molecules (or its anions) need to adsorb (bind) to the semiconductor surface to
enable the visible-light driven HOMO—CB CT processes. pH values above the pKa of SA (2.97)
will favor the adsorption of the SA anions on positively charged surfaces. For ZnTi LDH with a
point of zero charge (PZC) around 7, the surface will be positively charged at a pH value below
7. This explains why the optimal photocatalysis will occur between pH 3-7. Furthermore,
corrosion of LDH may happen at lower pH values due to the dissolution of the metals in the
brucite-like sheets [37]. This can explain the observation that the removal of SA at pH 4.1 and
pH 5.2 is very similar at the beginning of the reaction but gradually differs with prolonged

reaction time (Figure 2B).

The adsorption and binding of SA on the LDH and P25 surface is further confirmed by
TGA/DTG experiments (Figure 3) showing extra weight loss at temperatures higher than the
decomposition/combustion temperatures of the pristine semiconductors and SA materials,
indicating the presence of Ti-bound SA molecules. Since the peaks appear at different

temperatures in P25 contacted with SA than in the LDH contacted with SA, the binding strength
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to the surface and the binding sites are (partially) different in the two materials. The TGA/DSC
graphs also indicate a heterogeneity in the binding modes, which agrees with the model of
heterogeneous interaction of SA with titania put forward by Regazzoni et al. [11].

The DRIFT spectra further confirm binding of SA and show the involvement of both the
phenolic and carboxylic group in the metal binding (Figure 4). Some authors have used the
stretching modes of the carboxyl group of the adsorbed SA to determine the specific binding of
SA to surfaces of titania, but their interpretation of similar data is often conflicting [7-9, 11].
Because of the underlying contributions of the interlayer carbonates of the ZnTi LDH, a detailed
analysis of these modes of the carboxyl group of the adsorbed SA is hampered. Plausible binding
modes are those shown in Figure 5 and related complexes involving Zn(Il), and they are
probably co-existing in the LDH materials (see TGA/DSC results). This is also in line with the
broad UV-vis DR absorption in the visible region (Figure 1B).

Several factors contribute to the observed differences in photocatalytic degradation of SA over
the ZnTi LDH versus P25. Obviously, the material with the highest specific surface will allow
for more adsorption of SA and thus more photodegradation, explaining in part the success of
ZnTi-2. However, although ZnTi-4 and P25 have similar specific surfaces, the former is still
degrading SA better. Since the photodegradation starts with a light-induced transfer of an
electron from the HOMO of the adsorbed/bound SA molecule to the CB of the semiconductor,
the relative position of the energy levels of SA versus the VB and CB will play a role. Given the
different composition of LDH and P25, the absolute position of their CB and VB will differ, even
though their bandgap is similar (3.1-3.3 eV, Figure 1 [34, 47]). The energy of the molecular

orbitals of the bound SA molecules will be influenced by the type of binding to the surface.
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A key limiting factor is the recombination of the charges after the CT process. Zhao et al. [47]
derived that the electron—hole recombination process is significantly suppressed in ZnTi LDH as
compared to bulk TiO,, and attributed this to the higher density of surface defects as confirmed
by their positron annihilation and extended X-ray absorption fine structure analyses. The highly
dispersed TiOs octahedra and the intimate contact between Zn and Ti ions in the LDH matrix can
increase the mobility of photo-generated electrons (metal to metal CT) and thus improve the
efficiency of charge separation [20, 21, 47]. Our EPR studies show the formation of light-
induced Ti(IIl) ions located on brookite-like positions (TiO¢) in ZnTi-2 with and without SA,
highlighting the importance of the Ti atoms in the photocatalytic process in ZnTi LDH as follows
also from the dependence of the photodegradation on the Ti/Zn ratio (Figure 2A, Figure S14).
Density of states computations on ZnTi LDH materials showed that the Ti 3d-orbitals determine
the CB minimum [34]. Ti ions on surface defect sites can have the 3d-orbital energies slightly
below the CB and function as localized electron trap after photoexcitation of an electron.

Inspection of Figure 2A shows that the visible-light-induced removal of SA by P25 is finished
after 2 hours, while this removal process is not yet finished after 6 hours on the LDH. This
correlates with the TOC results that show that P25 is much less efficient in converting the
adsorbed SA to CO,. The EPR data show that the photodegradation of SA over P25 results in the
formation of COz’, a quite stable anion that may remain on the titania surface and thus block
further adsorption and conversion of SA. In the LDH case, the degradation mechanism follows a
route with different radical intermediates that eventually can be converted to CO; and hence free
the surface to allow further adsorption and conversion of SA molecules. Since the absence of O
considerably reduces the photoactivity of the LDH materials, it seems likely that O, formation is

crucial in the degradation process. Oz can be formed by direct uptake of a CB electron by Oz or
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via the reaction of O, with Ti*" to form Ti*" - O, with subsequent release of the superoxide
radical. This seems to agree with the observed disappearance of the LI-EPR signals of the Ti**
signals in ZnTi-2 when contacted longer with SA (Figure 6). Furthermore, LI EPR shows that
pristine ZnTi-2 already absorbs some light at 447 nm with related formation of Ti(IIl) centers
and Oy radicals (Table 2, Figure S8). Additional involvement of *OH radicals can be ruled out
on the basis of the photocatalytic experiments with the hydroxyl radical trap TBA.

Addition of electron acceptors are shown to influence the ZnTi-2 photoactivity. HoO» reduces the
photodegradation of SA, probably because H>O: adsorbs equally well or better to the LDH
surface than SA. In contrast, peroxydisulfate ions, adsorbing less effectively on the surface,

increase the photoactivity, either due to an improved charge separation and/or further degradation

of SA by the formed sulfate radicals.

5. Conclusion

ZnTi-containing layered double hydroxides were shown to be promising photocatalysts for the
removal of salicylic acid under visible light irradiation in aqueous media. SA anions bind to the
LDH surface and visible light can induce a charge transfer from the HOMO of SA to the
conduction band of the semiconductor. This effect is also observed for P25 titania, but the
photodegradation activity of ZnTi LDH is net superior to that of P25. The most active ZnTi LDH
with Zn/Ti ratio of 2 can remove 40% of initial 50 mg/L SA in 6 h of visible light irradiation,
compared to only 10% removal observed for P25. In the ZnTi LDH, the Ti ions play a crucial
role in the photoactivity. The binding of SA to the semiconductor surface involves the phenolic
and carboxylic groups of SA anions. Next to the type of binding and relative position of the CB

versus the molecular orbitals of the adsorbed molecules, the high surface area of the ZnTi LDH
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materials plays a beneficial role in the photocatalytic performance. Furthermore, the highly
dispersed metal ions in MOg octahedra on LDH increase the charge-separation efficiency which
is the main limiting factor in this type of photodegradation processes. Our results also show clear
differences in the type of radical intermediates that are formed when comparing SA
photodegradation on ZnTi LDH and on P25. CO;" is formed in the P25 case, while its formation
is not observed for ZnTi LDH. Superoxide radicals (and O») play a crucial role in the
photocatalytic behavior, while hydroxyl radicals are not implicated in the photodegradation of
SA. Addition of the electron acceptor peroxydisulfate can significantly improve both the
degradation and mineralization degrees of SA, while H2O> hampers this process.

Based on the present investigation, ZnTi LDH emerge as more effective substrates than pure
TiO; for the visible-light induced photodegradation of colorless organic pollutants under visible

light irradiation.
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S1. XRD and DRIFT characterization of ZnTi LDHs
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Figure S1. XRD analysis of the ZnTi LDHs under study.

Their XRD patterns are shown in Figure S1. For all the samples, a strong refection around 13.1°
assigned to the (003) crystal plane and a series of reflections assigned to (006), (009), (100),
(101), (012), (110) and (113) crystal planes are observed, which can be indexed to typical LDH-
layered materials. The positions of the reflections are in agreement with those reported in

literature [1,2]. It is noted that the d-spacing of (003) crystal plane is around 0.67 nm, which is



smaller than normal LDHs containing M** (around 0.77 nm). This may be attributed to the
strong electrostatic interaction between the Ti**-containing brucite-like sheets and the interlayer
carbonate anions [1]. The (003) reflection is sharp and narrow, indicating a well-ordered lamellar
structure. Some weak reflections at 25.1, 30.2 and 35.8° were also observed, which are assigned

to the small amounts of ZnCO3 impurities [1].
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Figure S2. DRIFT spectra of the ZnTi LDHs under study.

The DRIFT spectra of the three ZnTi LDH samples are depicted in Figure S2. All the samples
show similar absorption bands. The bands in the range of 400-900 cm™! may be attributed to the
M-O and M-OH lattice vibration modes in the brucite-like sheets [3]. The band of the carbonate
anions in the interlayer is normally observed at 1376 cm™ in the LDHs consisting of M**. It is,
however, shifted and split into two distinctive bands at circa 1500 and 1400 cm™!, which may be
attributed to the restricted symmetry in the interlayer space due to the presence of tetravalent Ti*"
cations in the layered structure [2,4]. The Ti*" cations incorporated in the layer lead to an excess
of positive charges. As such, the electrostatic attraction between the brucite layers and the
interlayer carbonate anions is stronger as compared with the M**containing LDHs, which results
in a decrease of the symmetry of the carbonate anions from D3y, for the free anions to Cay due to
the disordered nature of the interlayer space [2-4]. In addition, the weak band at 1046 cm™! can

be ascribed to the vi mode of carbonate in the interlayer [2,5]. These results correlate well with



the XRD observations indicating a decrease in the interlayer distance due to the higher positive

charged brucite-like sheets.

S2. TGA/DTG profiles of pristine ZnTi LDH materials
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Figure S3. TGA/DTG profiles of the pristine ZnTi LDHs under study.



S3. DRIFT analysis of ZnTi-2 and P25 after contacting with SA
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Figure S4. (from top to bottom) DRIFT spectra of ZnTi-2-DA (red), ZnTi-2-D (black), ZnTi-2-
A (red), pristine ZnTi-2 (blue). All spectra are dominated in this region by the bands of the
carbonate anions. Small extra features are observed in the samples contacted with SA in dark or
visible light (the arrow indicates such an extra feature). In Figure 4 (main text) these features are
highlighted in the spectrum obtained after subtraction of the DRIFT spectrum of ZnTi-2 from
that of ZnTi-2-DA.
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Figure S5. From top to bottom: (black) DRIFT spectrum of salicylic acid. Difference spectrum

obtained by subtracting the DRIFT spectrum of ZnTi-2 from that of (green) ZnTi-2-DA, (red)
ZnTi-2-D, (blue) ZnTi-2-A.
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Figure S6. From top to bottom: (black) DRIFT spectrum of salicylic acid. Difference spectrum
obtained by subtracting the DRIFT spectrum of P25 from that of (green) P25-DA, (red) P25-D,
(blue) P25-A.



S4. Light-induced EPR analysis
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Figure S7. X-band CW EPR spectrum before (blue) and after (magenta) in situ illumination (447
nm) of salicylic acid (SA) at low temperature (10 K). Red: difference spectrum.
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Figure S8. X-band LI-EPR spectrum (difference between spectrum recorded after and before 30
min. illumination with 447 nm laser light, 10 K) of pristine ZnTi-2. Experiment (red), simulation
assuming the contributions indicated in Table 2 of the main text (blue). Spectra are represented
normalized to the highest intensity for comparison.
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Figure S9. X-band LI-EPR spectrum (difference between spectrum recorded after and before 30
min. illumination with 447 nm laser light, 10 K) of ZnTi-2-D. Experiment (red), simulation
assuming the contributions indicated in Table 2 of the main text (blue). Spectra are represented

normalized to the highest intensity for comparison.
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Figure S10. Comparison of X-band LI-EPR spectrum (difference between spectrum recorded
after and before illumination with 447 nm laser light, 10 K) of ZnTi-2-D for different times of
illumination. The spectra are normalized to the highest intensity to allow comparison of the
spectral shape. We see a narrowing of the contribution of the low-field signal due to the
disappearance of the contribution of center V.
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Figure S11. X-band LI-EPR difference spectrum (difference between spectrum recorded after
and before 30 min. illumination with 447 nm laser light, 10 K) of ZnTi-2-DA. Experiment (red),
simulation assuming the contributions indicated in Table 2 of the main text (blue). Spectra are
represented normalized to the highest intensity for comparison.
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Figure S12. X-band LI-EPR difference spectrum (difference between spectrum recorded after

and before 30 min. illumination with 447 nm laser light, 10 K) of ZnTi-2-A. Experiment (red),

simulation assuming the contributions indicated in Table 2 of the main text (blue). Spectra are
represented normalized to the highest intensity for comparison.
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Figure S13. X-band LI-EPR difference spectrum (difference between spectrum recorded after

and before 45 min. illumination with 447-nm laser light, 10 K) of P25-DA. Experiment (red),

simulation assuming the contributions indicated in Table 2 of the main text (blue). Spectra are
represented normalized to the highest intensity for comparison



SS. Data of photocatalytic degradation
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Figure S14. Removal of SA by ZnTi LDHs versus Ti/Zn ratio. The data points correspond to the
points after 6h photocatalysis (Figure 2A, main text). Linear extrapolation gives zero SA
removal for Ti/Zn ratio near 0. This suggests that the Ti/Zn ratio plays a dominant role in the
photoactivity.
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Figure S15. Photodegradation of SA by ZnTi-2 with TBA or under Ar bubble. The addition of 5
mmol TBA has no influence on the activity of ZnTi-2. However, Ar bubble leads to a significant
decrease in the activity.
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