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improved by deposition of redox catalysts, 
which can effectively extract the photogen-
erated charge carriers, improve the rate of 
interfacial electron and/or hole transfers, 
and thus suppress undesired recombina-
tion processes.[2] In case of photocatalytic 
degradation of organic pollutants, this 
approach has been in particular moti-
vated by the need to enhance the kinetics 
of dioxygen reduction by photogenerated 
electrons since this reaction represents 
typically the rate-limiting step in the pho-
todegradation process. This has already 
been suggested by Gerischer and Heller in 
the 1990s,[3] and later confirmed by kinetic 
studies using transient absorption spec-
troscopy that have demonstrated that the 
reduction of dioxygen by photogenerated 
electrons occurs on a much longer time-
scale (microseconds) than, for example, 
the oxidation of alcohols by photogen-
erated holes (nanoseconds).[4] Indeed, 
significant enhancements of photo- 
catalytic degradation rates have been, for 
example, demonstrated for TiO2 photo-
catalysts modified by Pt,[3a,5] CuOx, and 

FeOx nanoparticles,[6] or even with isolated single Cu(II) and 
Fe(III) ions.[7] It is important to realize that a high degree of 
control over the loading, size, and surface catalytic proper-
ties of the redox catalyst particles is highly desirable in order 
to tune the resulting composites for optimum performance.[8] 
In this context, it is not surprising that mostly employed 
methods of preparation of photocatalytic composites have been 
impregnation[6a–d,9] and deposition precipitation,[3a,5,6e,f ] since 

It is well established that the activity of photocatalysts can be improved by 
deposition of redox catalysts, which can effectively extract the photogen-
erated charge carriers, enhance the rate of interfacial reactions, and thus 
suppress undesired recombination processes. For optimum performance, a 
high degree of control over the loading, size, and surface catalytic properties 
of redox catalyst particles is desirable. Herein, a novel, highly controllable, 
and versatile method for preparation of TiO2 catalyst composites is reported. 
It starts with the generation of “naked” (ligand-free) nanoparticles of CuOx or 
FeOx by pulsed laser ablation of metal oxide targets in water. In the next step, 
a nearly quantitative colloidal deposition of CuOx and FeOx nanoparticles onto 
anatase TiO2 substrate is achieved by adjusting the pH in order to establish 
electrostatic attraction between the colloids and the substrate. The resulting 
TiO2–CuOx and TiO2–FeOx assemblies with optimum catalyst amount  
(≈0.5 wt%) exhibit photocatalytic rates in degradation of 2,4-dichlorophenoxy-
acetic acid enhanced by a factor of ≈1.5 as compared to pristine TiO2 under 
simulated solar irradiation. The electrostatically directed assembly of TiO2 
with ligand-free catalyst nanoparticles generated by pulsed laser ablation 
is thus demonstrated as a viable tool for preparation of composites with 
enhanced photocatalytic performance.
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1. Introduction

Sunlight-driven heterogeneous photocatalysis is potentially one 
of the most attractive approaches for driving useful chemical 
transformations like hydrogen evolution from water or decon-
tamination of water or air from toxic organic pollutants.[1] It is 
well established that the activity of typical semiconductor photo-
catalysts (e.g., TiO2, SrTiO3, CdS, BiVO4, etc.) can be significantly 
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these methods typically do not require the use of stabilizing sur-
factants (capping agents) that might interfere with the catalytic 
behavior of redox catalysts and cannot be always easily removed 
without heat treatment steps compromising the catalytic 
efficiency. On the other hand, colloidal deposition of preformed 
colloids allows for a higher degree of control over the size and 
loading of catalyst nanoparticles, yet often requires the use of 
additional stabilizing ligands.

Inspired by the above-mentioned recent progress in use of 
Cu(II)- and Fe(III)-based redox catalysts,[6,7] we report a novel 
and highly controllable method for preparation of TiO2 catalyst 
composites based on electrostatically driven colloidal deposi-
tion of “naked” (no stabilizing capping agents) nanoparticles 
of CuOx or FeOx onto TiO2 powder substrates. The ligand-
free nanoparticles are generated in water by pulsed laser abla-
tion, which is a well-established and highly versatile method 
for controlled synthesis of colloids with a high throughput.[10] 
Furthermore, we provide a simple protocol for a nearly quan-
titative colloidal deposition of CuOx and FeOx redox catalysts 
onto anatase TiO2 substrate, demonstrate photocatalytic deg-
radation rates enhanced by a factor of 1.5 upon deposition of 
redox catalysts under optimized conditions, and discuss the 
mechanism of the enhancement.

2. Results and Discussion

Previously, CuOx or FeOx nanoparticles have been shown to be 
generated along with metallic nanoparticles by laser ablation 
of pure copper or iron metal targets or by laser fragmentation 
of micropowders in different liquids.[10a,e,11] Herein, we use 
CuOx and FeOx pressed powder ablation targets to directly gen-
erate metal oxide nanoparticles. In order to generate the colloidal 
CuOx and FeOx nanoparticles (Figure 1), we used a nanosecond 
laser system and a continuous ablation flow chamber with pure 
water as a solvent. The production rate of CuOx and FeOx colloidal 
particles in our laser ablation system was ≈200–300 mg h−1. The 
size distribution of colloids was analyzed through differential cen-
trifugal sedimentation. The average hydrodynamical particle size 
of CuOx and FeOx nanoparticles was 43 and 38 nm, respectively 
(Figure S1, Supporting Information). These results are in line 
with transmission electron microscopy (TEM) analysis, which also 
shows that FeOx nanoparticles are nearly spherical and the CuOx 
nanoparticles have an elongated shape (Figure S2, Supporting 
Information). The powder X-ray diffraction (XRD) patterns con-
firmed the presence of crystalline CuO (Figure S3, Supporting 
Information). In contrast, no reflexes of crys-
talline Fe2O3 have been detected, suggesting a 
mostly disordered, mixed-phase, and/or amor-
phous structure of FeOx nanoparticles. As it is 
well known that laser ablation of metal oxides 
may lead to formation of nonstoichiometric 
phases and/or amorphous side products,[10c] 
we choose to designate our colloids as “CuOx” 
and “FeOx”.

The CuOx and FeOx colloidal nanoparti-
cles were deposited onto anatase titanium 
dioxide (TiO2(A)) powder consisting of 
≈0.2–1 µm sized aggregates of much smaller 

(average size of ≈15 nm as determined by the Scherrer formula) 
crystallites (Figure S4, Supporting Information).

In order to establish a protocol for effective colloidal deposi-
tion, we first determined the isoelectric points (IEPs) of the col-
loids and the TiO2(A) substrate by zeta potential measurements 
(Figure 2a). It is known that efficient electrostatically driven 
particle adsorption takes place if the pH is between the IEPs 
of the colloidal nanoparticles and the support.[12] This strategy 
has been, for example, employed for fabrication of photoactive 
heterojunctions from two different light absorbers.[13] Based on 
the obtained IEP values, the pH value of the colloidal solutions 
and the TiO2(A) substrate suspension was adjusted to 6 before 
mixing, since at this pH the net surface charge is nega-
tive for TiO2(A) but positive for both CuOx and FeOx colloids 
(Figure 2b). We anticipated that the attractive electrostatic inter-
action between the substrate TiO2(A) and the redox catalyst 
colloids should enable highly quantitative colloidal deposi-
tion. Indeed, the loading efficiency determined by differential 
UV–vis spectroscopy was 95–99% for both colloidal catalysts, 
which allows for an excellent control over the actual loading of 
the redox catalyst simply by adjusting the concentration of col-
loidal nanoparticles in the deposition solution (Table 1).

The resulting composites were slightly grayish or brownish 
in case of TiO2(A)–CuOx and TiO2(A)–FeOx, respectively. 
Their electronic absorption properties were still dominated by 
the fundamental band-to-band transition at 3.2 eV (≈390 nm) 
corresponding to the bandgap of anatase TiO2 (Figure S5, Sup-
porting Information), and the presence of CuOx and FeOx led 
only to very weak and broad absorption shoulders in the visible 
range. In addition, the presence of Cu and Fe in the resulting 
composites was confirmed by energy-dispersive X-ray (EDX) 
spectroscopy (Figure S6, Supporting Information). Direct 
TEM visualization of CuOx and FeOx catalyst nanoparticles in 
TiO2(A) powders turned out to be rather challenging due to 
very small content of the catalysts. However, in case of highly 
loaded TiO2(A)–FeOx, we succeeded to display a FeOx nanopar-
ticle (size of ≈35 nm) embedded into TiO2(A) matrix by energy-
filtering TEM (EFTEM) mapping with electron energy loss 
spectroscopy (EELS) elemental detection (Figure 2c,d). This 
suggests that the colloidal deposition leads to random and uni-
form distribution of redox catalyst particles on the surface of 
TiO2 without significant agglomeration.

To ensure that CuOx and FeOx nanoparticles formed by 
pulsed laser ablation of the respective pressed oxide powders 
were present on the TiO2 after colloidal deposition, X-ray 
photoelectron spectroscopy (XPS) measurements of nominally 
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Figure 1. Colloidal solutions of CuOx and FeOx nanoparticles were prepared by pulsed laser 
ablation of CuO and Fe2O3 targets in water.
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5 wt% loaded samples were conducted. The results are summa-
rized in Figure S7 (Supporting Information) for three different 
measurement positions. Since the FeOx and CuOx nanoparticles 
are embedded into the porous structure of larger TiO2 aggre-
gates and due to the rather large particle size of ≈35–50 nm for 
both FeOx and CuOx nanoparticles and the consequently low 
surface area, the overall peak intensities of iron and copper 
signals were very low considering the weight loading is already  
≈5 wt% (≈5 × 104 ppm). In case of the FeOx sample, the 2p3/2 
peak is clearly shifted by about 3 eV toward higher binding 
energies (BEs) with respect to pure iron (BE ≈ 706.3 eV),[14] 
indicating the presence of oxidized iron. Furthermore, satel-
lite peaks known to occur if iron oxide is found in the range 
between 716 and 719 eV.[14] From deconvolution of the XPS 
data and comparing the peak areas, ≈75–80% of surface iron is 
present as Fe(III) with the rest remaining as Fe(II). In case of 
CuOx nanoparticles supported on TiO2 (Figure S7, Supporting 
Information, right column), detecting oxidized copper spe-
cies is not straightforward since Cu and Cu2O do not obtain 
significant peak splitting (considering the energy resolution 
error of the measurement ≈0.3 eV) and the peak shift of CuO 
is +1 eV with respect to elemental copper signal.[15] Following 
the deconvolution, ≈30–40% of the detected copper atoms are 

present as CuO, while the remaining 60–70% 
are either Cu or Cu2O. Due to the low inten-
sity of the signal, satellite peaks often used as 
characteristic for Cu(II) are not or only barely 
visible. Yet, it is known from studies on the 
oxidizing behavior of pulsed laser ablation 
that ablation of copper in water leads to sig-
nificant formation of copper oxide species as 
reported by Marzun et al.[10e] Generally, the 
occurrence of surface oxidation is reported 
in numerous studies on pulsed laser abla-
tion in liquid (even for gold) and is consid-
ered an important factor for the possibility 
to electrostatically stabilize the surfactant-
free nanoparticles by adjusting the pH such 
that, e.g., MO− surfaces are present. The 
latter has been comprehensively reviewed by 
Zhang et al.[10c] By means of plasma spectros-
copy, the reformation of Al2O3 during abla-
tion of an Al2O3 target was studied by Lam 
et al. modeling the reformation of the oxide 
from the plasma and underlining that the 
oxidation state is maintained during ablation 
of fully oxidized materials.[16] Consequently, 
the observed Fe(III) and Cu(II) species in 
XPS are in good agreement and indicate the 
presence of FeOx and CuOx nanoparticles on 
TiO2, respectively.

In order to find the optimum loading for 
the photocatalytic activity in photodegrada-
tion of 2,4-dichlorophenoxyacetic acid (2,4-D, 
herbicide) as a test pollutant, we performed 
a series of photodegradation experiments 
under simulated solar irradiation (Figure 3a).

Photocatalysts modified with CuOx and 
FeOx colloids with loadings up to 1 wt% 
exhibited enhanced photocatalytic degrada-

tion rates as compared to pristine TiO2(A) material. At lower 
loadings, the amount of CuOx and FeOx is too low and only 
a minor part of photogenerated electrons can be effectively 
transferred to the redox catalysts. At higher loadings, the 
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Figure 2. a) IEP measurements of colloidal solutions of CuOx and FeOx nanoparticles prepared 
by pulsed laser ablation of CuO and Fe2O3 targets in water; b) electrostatically driven colloidal 
deposition of CuOx and FeOx. Elemental mapping using EFTEM: c) zero-loss filtered overview 
image of TiO2(A)–FeOx (4.57 wt%) showing the agglomerated particles; d) a superimposed 
map (Fe green channel using the Fe2,3 edge, Ti red channel using the Ti2,3 edge) shows the 
FeOx distribution within the composite.

Table 1. Nominal (theoretical) and actual loading of redox catalysts.

Composite Nominal loading [wt%] Actual loadinga) [wt%]

TiO2(A)–CuOx 0.050 0.047

TiO2(A)–CuOx 0.10 0.099

TiO2(A)–CuOx 0.50 0.49

TiO2(A)–CuOx 1.0 0.97

TiO2(A)–CuOx 5.00 4.92

TiO2(A)–FeOx 0.050 0.049

TiO2(A)–FeOx 0.10 0.099

TiO2(A)–FeOx 0.50 0.49

TiO2(A)–FeOx 1.0 0.98

TiO2(A)–FeOx 5.00 4.57

a)For the determination of actual loading, see the Experimental Section.
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photoactivity decreased significantly, which can be clearly 
ascribed to the parasitic light absorption of the CuOx and FeOx 
redox catalysts. In other words, since CuOx and FeOx also 
absorb light in the UV range, larger amounts of the catalyst 
can absorb significant portion of UV light and thus block the 
light harvesting by TiO2(A). Therefore, in case of photo(electro)
catalytic architectures comprising light absorbers and redox 
catalysts, there is typically an optimum loading of the catalyst 
that is adjusted by the trade-off between the enhancement of 
redox catalysis and blocking the light absorption.[17] In cases 
of both CuOx and FeOx, the best-performing composites had 
the actual loading of 0.49 wt%, whereby the photodegradation 
rates were enhanced by a factor of ≈1.5 as compared to pris-
tine TiO2(A) (Figure 3b).

In line with previous results on Cu(II)- and Fe(III)-modified 
photocatalysts reported by us and others,[6,7,9] we assume that 
this enhanced photoactivity can be ascribed to effective inter-
facial transfer of photogenerated electrons from TiO2 to CuOx 
and FeOx, thus directly improving the primary charge separa-
tion and allowing for more efficient reductive catalysis at the 
surface of redox catalysts (Figure 4).

Indeed, the efficient trapping of photogenerated electrons at 
CuOx and FeOx is corroborated by solid-state photoluminescence 
spectra (Figure 5) that show significant quenching of luminescence  

in the presence of redox catalyst nanoparticles, indicating that 
the radiative recombination rate is diminished.

In this context, we note that dissolved dioxygen not only serves 
as an acceptor of photogenerated electrons during photodegra-
dation, but can also become a source of other reactive oxidizing 
species (e.g., superoxide anion, hydrogen peroxide, or hydroxyl 
radical), which can play an active role in the degradation 
process. Therefore, the production of •OH radicals was followed 
by recording fluorescence spectra of hydroxyterephthalic acid 
(TAOH) formed upon irradiation of the material suspensions 
in a terephthalic acid (TA) solution under irradiation (Figure 6). 
The production of hydroxyl radicals for each sample is propor-
tional to the fluorescence intensity due to formation of hydroxy-
terephthalic acid.[18] Apparently, there is no straightforward 
correlation between •OH radical production and photoactivity in 
degradation of 2,4-D. While TiO2(A)–FeOx exhibits the highest 
rate of •OH radical production, the TiO2(A)–CuOx composite 
shows •OH radical production rate lower by a factor of 2 as com-
pared to pristine TiO2(A), though the degradation rates of 2,4-D 
were comparable in both cases (Figure 3). It should be noted 
that we recently observed very similar results in case of rutile 
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Figure 3. a) Comparison of 2,4-D degradation yields after 90 min of photocatalytic experiments using simulated sunlight (λ > 320 nm) at pristine 
anatase TiO2(A) photocatalyst (gray), TiO2(A)–CuOx (red), and TiO2(A)–FeOx (blue) with different amounts of the redox catalyst (actual loading is 
given). b) Concentration changes of 2,4-D during photocatalytic degradation experiments using pristine anatase TiO2(A) and TiO2(A) loaded with 
optimum amounts (0.49 wt%) of CuOx or FeOx redox catalyst nanoparticles.

Figure 4. Simplified scheme showing the proposed mechanism 
of enhancement of photocatalytic activity by deposition of CuOx and FeOx 
redox catalysts: at pristine TiO2 (a) the oxygen reduction is slower and 
the recombination of photogenerated electrons is faster than those in the 
presence of redox catalysts (b), which effectively extract the photogen-
erated electrons, rendering the oxygen reduction and charge separation 
more efficient and the recombination slower (b).

Figure 5. Solid-state photoluminescence spectra of TiO2(A), TiO2(A)– 
CuOx, and TiO2(A)–FeOx.
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TiO2 materials modified by isolated Cu(II) and Fe(III) ions.[7b] 
In general, our results suggest that while the primary charge 
separation is enhanced in the presence of both CuOx and FeOx 
(as evident from the photoluminescence quenching), the inter-
facial redox catalysis might be mechanistically slightly different 
in case of CuOx and FeOx redox catalysts. At TiO2(A)–CuOx, 
the role of •OH radical in the enhanced photooxidation of 
2,4-D is clearly rather minor, and we assume that the photo-
activity enhancement is mostly due to more efficient electron 
extraction and catalysis of primary dioxygen reduction.[7b] In  
contrast, in case of TiO2(A)–FeOx, the increased rate of •OH 
radical production cannot be ruled out as an important factor 
in activity enhancement. Since one can assume that the nature 
of photogenerated holes in all samples is the same, we hypothe-
size that the enhanced formation of •OH at TiO2(A)–FeOx has 
its origin in the reductive pathway that is initiated by reduc-
tion of dioxygen by photogenerated electrons. For example, it is 
known that hydrogen peroxide can be formed by a two-electron 
reduction of dioxygen catalyzed by Fe(III) surface catalytic sites 
of FeOx. The H2O2 molecules thus formed can be subsequently 
converted to •OH radicals either via reduction by photogen-
erated electrons or by Fenton-type reactions involving reactions 
of Fe(II) and/or Fe(III) with H2O2 under formation of •OH or 
hydroperoxyl (HOO•) radicals.

3. Conclusion

We demonstrate a simple and straightforward method for 
assembly of composite photocatalysts based on low-cost redox 
catalysts (CuOx and FeOx) supported on anatase TiO2 via an 
electrostatically directed colloidal deposition. Our approach 
capitalizes on a novel, high-throughput fabrication of cap-
ping agent–free (“naked”) CuOx or FeOx colloids by pulsed 
laser ablation of metal oxide pressed powder targets in water. 
The colloidal deposition process onto anatase TiO2(A) support 
is shown to be easily controllable by adjusting the pH value, 

achieving a nearly quantitative deposition under optimum con-
ditions, and thus allowing a very precise control of the actual 
loading of redox catalysts, which is crucial for optimizing the 
photocatalytic performance. This method is very energy and 
materials efficient, does not require any use of organic solvents, 
and thus represents a viable “green” approach for fabrication 
of functional composite nanoarchitectures. Under optimized 
conditions, the resulting TiO2(A)–CuOx and TiO2(A)–FeOx 
photocatalytic composites exhibit enhancement by a factor 
of 1.5 in photodegradation of a test herbicide (2,4-D) as com-
pared to pristine TiO2(A). Initial mechanistic investigations 
suggest that the improved photocatalytic performance is mainly 
due to more effective extraction of photogenerated electrons 
from TiO2 to CuOx and FeOx redox catalysts, followed by catal-
ysis of “dark” redox reactions at the photocatalyst surface. As 
the activity, selectivity, and stability of most photocatalysts are 
known to be highly substrate specific and depending also on a 
complex interplay between the material properties of the light 
absorber and surface catalysts,[2e,f,19] the method demonstrated 
here for tunable deposition of redox catalysts with control-
lable surface properties holds promise for developing further, 
tailored photocatalysts for various solar energy conversion 
applications beyond aerobic photooxidation of organic pollut-
ants (e.g., water splitting or upgrading of low-cost chemical 
feedstock to high-value compounds).

4. Experimental Section
Colloid Synthesis by Laser Ablation in Water: To generate the colloidal 

CuOx and FeOx nanoparticles, a nanosecond laser system (Rofin Sinar 
RSM100D, 1064 nm with 30 W laser power and 6 mJ pulse energy at 
a repetition rate of 5 kHz) and a continuous ablation flow chamber 
were used.[20] The targets were generated from CuO (Sigma-Aldrich, 
grain size <10 µm, 98% purity) and Fe2O3 (Sigma-Aldrich, grain 
size <5 µm, ≥99% purity) micropowders. These powders were pressed 
with 100 kN for 10 and 45 min in case of CuO and Fe2O3, respectively. 
The mechanical stability was improved by a sintering process for 12 h 
at 1000 °C. For particle generation, the laser beam was focused and 
moved in a spiral pattern on the powder-pressed targets using a 
galvanometric scanner system (F-Theta lens f = 63 mm and working 
distance from lens surface to the target of 75 mm (optimum in 
nanoparticle productivity)). The pure water (Milli-Q, 18.2 MΩ cm) with 
a liquid layer of 6 mm was pumped with a flow rate of 50 mL min−1 
through the chamber.

Average size determination of the colloidal CuOx and FeOx particles 
was conducted with the analytical disk centrifuge (CPS DC2400) at 
a centrifugation speed of 24 000 rpm up to the lowest detection limit 
of a nanoparticle diameter of 3 nm. To this end, the samples were 
centrifuged against a saccharose gradient and an external standard 
(PVC particles at 0.238 µm), using a sample volume of 0.1 mL. The 
intensity data of the instrument were converted into weight-, number-, 
and surface-weighted size distributions. A log-normal fit was applied to 
each distribution and the expected value xmean of the log-normal fit was 
taken as average particle diameter.

The IEPs of the colloids and the TiO2(A) substrate were determined 
by zeta potential measurements at several pH values with a Malvern 
Zetasizer Nano ZS in a capillary cell (750 µL) in combination with an 
autotitrator (MPT-2, Malvern).

Electrostatically Directed Colloidal Deposition: The substrate for colloidal 
deposition was anatase TiO2(A) powder consisting of ≈0.2–1 µm sized 
aggregates of smaller crystallites (average size of 15 nm obtained by 
Scherrer formula from a powder XRD pattern). It was obtained by heating 
a commercial TiO2 powder (Hombikat UV 100, Sachtleben, Germany) at 
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Figure 6. The formation of reactive •OH radicals followed as the time 
dependence of the hydroxyterephthalic acid fluorescence intensity 
at λmax = 425 nm.
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400 °C in air for 4 h in order to improve its crystallinity and photoactivity. 
Colloidal deposition on the TiO2(A) support was performed by adjusting 
the pH value (using 0.1 m nitric acid or 0.1 m NaOH) of both the TiO2(A) 
suspension in water and the CuOx or FeOx colloidal solutions to 6, and 
mixing the respective volume of the colloidal solutions with the TiO2(A) 
suspension. After the deposition of the nanoparticles on the support 
surface and after sedimentation, the supernatant was removed, and the 
obtained powders were dried overnight at 60 °C in an oven. The loading 
efficiency (LE) was estimated from the UV–vis absorption spectra of the 
colloidal solutions and of the supernatant after the deposition. It was 
calculated as LE = (A300,colloid − A300,supernatant)/A300,colloid, where A300,colloid  
and A300,supernatant were the absorbance at 300 nm of the colloidal solution 
and supernatant, respectively. The actual mass loading (wt%) was then 
calculated as the nominal (theoretical) mass loading multiplied by LE.

Photocatalyst Characterization: XRD patterns were recorded in 
transmission geometry using a STOE STADI-P diffractometer with Cu 
Kα1 radiation (1.54060 Å), operating at 40 kV and 40 mA and equipped 
with a DECTRIS MYTHEN 1 K strip detector.

The UV–vis absorption spectra were measured by diffuse reflectance 
spectroscopy with a Perkin Elmer Lambda 650 UV–vis spectrophotometer 
with a praying mantis setup. The background reflectance of BaSO4 
(reference) was measured earlier. The evaluation of the data obtained 
was conducted according to the Kubelka–Munk function F(R∞) as 
F(R∞) = (1 − R∞)2/2R∞, with R∞ being the diffuse reflectance of the sample  
relative to the reflectance of a standard (BaSO4).

Scanning electron microscopy investigations were performed using 
LEO-1550 FE-SEM (Zeiss) with the EDX spectroscopy System Inca 
Energy from Oxford Instruments with the liquid nitrogen cooled Si(Li) 
solid-state detector and the software Inca 4000, Issue 17b.

TEM of CuOx and FeOx colloids was carried out on a Philips CM12 
microscope. The catalyst dispersions were dropped on a carbon-
coated copper grid and dried in air. TEM images of composite 
photocatalysts were acquired using an image-side aberration corrected 
FEI Titan 80-300 microscope operated at 80 kV equipped with Gatan 
GIF Quantum energy filter. This system was used for acquisition of high-
resolution TEM images for morphology determination (particle size, 
crystallinity), and EELS and EFTEM. EELS was applied to determine the 
integral element composition of the nanoparticles and EFTEM to map 
the elemental distribution. In addition, the EELS/EFTEM analysis was 
accompanied by EDX spectroscopy using a Philips CM20 TEM operated 
at 200 kV (equipped with a EDAX Si:Li detector). Prior to the TEM 
investigations, the (powder) samples were dispersed in ethanol solution 
using a supersonic bath and drop casted to holey carbon grids.

Solid-state photoluminescence spectra were recorded using a Horiba 
Jobin Yvon Fluorolog spectrophotometer with the excitation wavelength 
of 340 nm (slit: 10 nm; integration time: 0.1s).

XPS measurements were performed with a VersaProbe II (Ulvac-Phi, 
Chanhassen, USA). The CuOx–TiO2 and FeOx–TiO2 samples were 
measured in powder form using an Al Kα X-ray source and a pass energy 
of 23.5 eV. To correct measurement-related minor shifts, BEs of all XPS 
spectra were referenced to a copper sample (measured BE: 930.87 eV; 
reference BE: 932.67 eV; shift for correction of all BEs: +1.80 eV).[21] 
Deconvolution of the spectra was conducted using Casa XPS. For 
elemental peaks an asymmetric Lorentzian was used, while oxidation 
peaks were fitted by symmetric Gaussian–Lorentzian function for peak 
deconvolution. During the fitting process, peak shifts of FeOx peaks 
with respect to elementary iron as well as doublet splitting were kept 
constant in line with the literature (ΔBEFe(II) = 3.3 eV; ΔBEFe(III) = 4.0 eV; 
ΔBEDoublet = 13.6 eV).[14] In case of CuOx and very small peak splitting of 
elementary Cu and Cu2O, both peaks were constrained between 932.3 
and 932.67 eV, while CuO peak shift was referenced on elementary 
copper with ΔBECu(II) = 1 eV (ΔBEDoublet = 19.75 eV).[15]

Photocatalytic Experiments: The photocatalytic degradation of 2,4-D was 
investigated. A solution of the pollutant (2,4-D, 2.5 × 10−4 mol L−1, 25 mL)  
was added into a borosilicate glass cell with the photocatalyst (25 mg; 
1 g L−1). The obtained suspension was sonicated in the dark for 1 min. 
Subsequently, the reaction cell was fixed under a US-800 solar simulator 
(150 W xenon lamp, UNNASOL GmbH, Germany; ≈17 mW cm−2 incident 

light power density) equipped with a heat-absorbing filter (HA03, Hebo) 
and stirred magnetically in the dark for 4 min. The photocatalytic 
degradation was investigated for 90 min. Samples were taken at regular 
intervals, collected in the dark, and then filtered through a micropore 
filter (Sarstedt, 0.20 µm). A typical pH value of the degradation slurry 
was between 3.5 and 4.2 during the degradation experiments. The 
concentration changes of 2,4-D were followed by UV–vis spectroscopy 
using a Cary 60 spectrometer.

The efficiency of hydroxyl radical generation was estimated by 
measuring the photocatalytic conversion of TA to TAOH. Photocatalysts 
were irradiated in TA solution (6 × 10−3 mol L−1 TA, 0.01 m HCl, pH set to 6) 
for 30 min. Samples were collected at 10 min intervals. In the reaction 
of nonfluorescent TA with hydroxyl radicals, the formation of TAOH 
can be monitored by emission spectra measurements. TAOH shows a 
broad emission band at λmax = 425 nm when excited at λexc = 315 nm. 
Fluorescence spectra were measured using a FluoroLog-3 (Horiba Jobin 
Yvon) spectrofluorometer with a 1 cm quartz cuvette (slit: 1 nm; integration 
time: 0.1 s).

The average values of degradation and TAOH formation and  
the standard deviations (σ) were calculated from at least three experiments. 
The error bars were constructed using 2σ values (confidence interval 
of ≈95%).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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