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Graphical abstract 

Highlights 

 Preparation of magnetically separable TiO2/SiO2/Fe3O4 nanocomposites

 Core-interlayer-shell structure of bimetal-modified magnetic photocatalysts

 High photocatalytic activity of metal-modified magnetic photocatalysts

 Fe3O4@SiO2/TiO2-M revealed high stability after subsequent cycles of degradation
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Abstract 

Titanium(IV) oxide is one of the most widely investigated photocatalysts. However, 

separation of nano-sized particulate titania might result in profitless technologies for 

commercial applications. Additionally, bare titania is almost inactive under the Vis range of 

solar spectrum due to its wide bandgap. Therefore, the present study aims to prepare novel core-

interlayer-shell TiO2 magnetic photocatalysts modified with metal nanoparticles (Pt, Cu), 

which exhibit both photocatalytic and magnetic properties, making it easily separable within 

the magnetic field. Accordingly, the core-shell structure of Fe3O4@SiO2/TiO2 was obtained in 

water/TX100/cyclohexane microemulsion. Platinum and copper were photodeposited on four 

TiO2 templates and characterized by X-ray diffractometry (XRD), X-ray photoelectron 

spectroscopy (XPS), specific surface area (BET) measurement and diffuse reflectance 

spectroscopy (DR-UV/Vis). Photoactivity was studied in the reaction of phenol, acetic acid, 

and methanol degradation under UV/Vis irradiation, using both polychromatic and 

monochromatic irradiation (action spectrum analysis). The core-interlayer-shell structure of Pt 

and Cu modified magnetic photocatalysts was confirmed using scanning transmission electron 

microscopy (STEM). Magnetic photocatalysts modified with platinum and copper revealed 

improved photoactivity both in oxidation and reduction photocatalytic reactions, as compared 

to unmodified Fe3O4@SiO2/TiO2 photocatalysts. Finally, the correlation between 

physicochemical properties and photocatalytic activities of Fe3O4@SiO2/TiO2-Pt/Cu 

photocatalysts was investigated. For the first time, the effect of metals’ loading on the efficiency 

of phenol degradation and mineralization (TOC removal), and quantum efficiency of reaction 

in the presence of magnetic photocatalysts were analyzed. It was found that phenol can be 
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efficiently decomposed (ca. 100%) during 60 min of UV/Vis irradiation for the photocatalyst 

recovered within the magnetic field during three subsequent degradation cycles. 

Keywords: Pt-Cu-modified magnetic photocatalyst, core-shell structure, quantum efficiency, 

magnetic separation, titania 

1. Introduction

In recent years, the importance of photocatalysis using TiO2 nanoparticles has been

increasing in various fields, e.g., wastewater treatment [1], air purification [2], and energy 

conversion [3], due to their low price, stability, chemical inertness and high photocatalytic 

efficiency. Nevertheless, there are three limitations to the scaling-up of titania photocatalytic 

reactions. Firstly, TiO2 is activated almost only by ultraviolet (UV) light, due to its wide 

bandgap (ca. 3.0-3.2 eV, depending on polymorphic form)  [4–6]. Therefore, the application of 

artificial irradiation sources (UV lamps) instead of sunlight radiation might increase the costs 

of the purification process.  

The second shortcoming of titania, typical for all semiconductors, is the fast recombination 

of charge carriers, resulting in much lower than expected quantum yields of photocatalytic 

reactions. In this regard, much attention has been paid to increase the light absorption in the 

visible range and to inhibit the recombination rate. Various methods of titania modifications 

have been proposed, such as surface modification with noble metals (Pt, Ag, Au, Pd) [7–10], 

doping with non-metals (N, S, C, P, B, I, F) [11–16], heterojunction with other semiconductors 

[17,18] and sensitization with color compounds (e.g., dyes [19]). Among them, surface 

modification with noble metals has been the most prevalent since A. Bard [20] introduced it for 

enhancement of activity under UV irradiation. Recently, noble metal nanoparticles have been 

used for titania modification to absorb visible light due to localized surface plasmon resonance 

(LSPR) properties [21,22]. Moreover, the deposition of metallic nanoparticles on the TiO2 

surface could increase photocatalytic activity by (i) reducing the electron-hole recombination, 
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(ii) increasing the efficiency of interfacial charge transfer, and (iii) generating charge carriers

due to light interaction [23–27]. However, the addition of high content of noble metals (1-5%), 

mainly platinum and gold, could also generate high costs of photocatalyst preparation and even 

result in an activity decrease due to the “shielding effect.” Hence, it is possible to reduce the 

amount of expensive noble metals by creating bimetallic systems with cheaper metals, e.g., 

copper or silver [28,29], which also can enhance photocatalytic activity due to synergistic effect 

between both metals [30–32].  

The third challenge in photocatalysis is a separation of semiconductor nanoparticles from 

post-process suspension. Owing to nanometric particle size, TiO2 could be detached from the 

photocatalytic batch system almost only by highly expensive ultrafiltration [33,34]. 

Alternatively, nanoparticles have been immobilized on solid substrates, such as glass, sand, 

ceramic balls, zeolites, activated carbon, or optical fibers [35]. However, it should be pointed 

out that photocatalyst immobilization usually results in a significant decrease in specific surface 

area and thus decrease in photocatalytic activity. For example, Zielińska-Jurek et al. showed 

that TiO2 activity decreased by ca. 30% after its impregnation on a glass substrate [36]. 

Moreover, the immobilized TiO2 layer is often unstable, and due to abrasion might be detached 

during the photocatalytic reactions [37,38]. Therefore, other methods of photocatalyst recovery 

have been intensively investigated, and magnetic separation is considered as the most 

prospective. For example, the modification of titanium(IV) oxide with Fe3O4 [39,40] and  γ-

Fe2O3 [41,42], as well as other compounds exhibiting magnetic properties [43–45] has been 

proposed for effective photocatalyst separation from the reaction suspension. 

Considering these limitations, in this study, the modification of magnetic titania 

photocatalyst with noble/semi-noble metals has been proposed, which should result in the 

preparation of highly active photocatalyst at a wide range of irradiation and easily separation. 

In the last years, only a few reports regarding metal modified TiO2 loaded on a magnetic core 
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material have been reported. For example, Li et al. [46] prepared hierarchical 

Fe3O4@SiO2@TiO2@Pt photocatalyst with highly active nanoplatelets of titania with exposed 

(001) facets. As a photocatalytic shell, Ag-modified TiO2 was also used [47,48].  However, 

mono- and bimetal modification of various titanium(IV) oxide templates loaded on magnetic 

cores has not been reported yet. Moreover, the majority of the reported studies for the 

photocatalytic activity of magnetic nanocomposites were investigated in the reaction of organic 

dyes degradation [49–53], which has been considered as unsuitable due to sensitization 

mechanism by dyes [54,55].  

Therefore, the aim of the present study was preparation and characterization of the mono- 

and bi-metal modified TiO2 photocatalysts of different polymorphic compositions, additionally 

deposited on magnetic particles (Fe3O4), forming a core-shell structure. An inert silica layer in 

the structure of the magnetic photocatalyst was introduced to prevent leaching of iron ions into 

the solution. The effect of noble and semi-noble metals’ loading, TiO2 template on 

photooxidation of phenol, acetic acid, and methanol dehydrogenation was investigated. 

Furthermore, for the first time for metal-modified TiO2 matrices embedded on a magnetic core, 

quantum efficiency was determined in the phenol oxidation reaction under monochromatic 

irradiation in the range of 320-620 nm. 

2. Materials and methods  

Commercial titania samples: ST01 (ST-01, Ishihara Sangyo, Osaka, Japan), ST41 (ST-41, 

Ishihara Sangyo), and FP6 (Showa Denko K.K., Tokyo, Japan) were supplied as photocatalysts’ 

shell matrix. Other chemicals, including titanium n-butoxide (TBT, 96.0%), 

cetyltrimethylammonium bromide (CTAB, 98%), magnetite (Fe3O4, particles size of about 50 

nm, 97%), tetraethyl orthosilicate (TEOS, 99%), chloroplatinic acid hexahydrate (99%), 

copper(II) sulfate (99.9%), cyclohexane, acetone, methanol, 2-propanol, acetic acid, 

ammonium hydroxide solution (25%), acetonitrile (HPLC grade), phosphoric acid (HPLC 

Jo
ur

na
l P

re
-p

ro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


grade, 85%) and phenol (99.5%) were purchased from Wako Pure Chemicals (Osaka, Japan). 

All materials were used as received without further purification. 

2.1. Preparation of TiO2-M photocatalysts 

Four different types of titania (commercial: ST01, ST41 and FP6, and self-prepared TBT - 

from titanium n-butoxide hydrolysis) were modified with platinum and/or copper nanoparticles 

using photodeposition method. The complete procedure was described in our Data in Brief 

article [56].  

2.2. Preparation of magnetic Fe3O4@SiO2/TiO2-M photocatalysts 

The TiO2-M nanoparticles were deposited on spinel ferrite particles as a thin photocatalytic 

active shell. Magnetite (Fe3O4) was chosen as a core of the designed composite due to its high 

magnetic properties, which enables to separate obtained photocatalyst in an external magnetic 

field. Silica was used as an inert interlayer to isolate Fe3O4 from TiO2 and suppress possible 

electron transfer between them. The magnetic photocatalysts were obtained in w/o 

microemulsion system based on changes in the particles’ surface charge as a function of pH 

value, which was described in previously published work [57].  

In the first part, commercially available Fe3O4 nanoparticles with nominate particles 

diameter of about 50 nm were dispersed in water at pH 10. After this, the prepared suspension 

was introduced to cyclohexane/isopropanol (100:6 volume ratio) solution in the presence of 

cationic surfactant, cetyltrimethylammonium bromide (CTAB), creating stable w/o 

microemulsion system with water nanodroplets dispersed in the continuous oil phase. The 

molar ratio between water and surfactant content was set at 30. After 2 h of microemulsion 

stabilization, a corresponding amount of tetraethyl orthosilicate (TEOS) and precipitating agent 

(ammonia) were added into the microemulsion, resulting in the formation of SiO2 interlayer. 

The molar ratios of TEOS to Fe3O4 and NH4OH to TEOS were 8:1 and 16:1, respectively. After 

12-h mixing, microemulsion was destabilized by acetone addition and obtained nanocomposite 
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Fe3O4@SiO2 was separated, washed with ethanol and water, dried at 70 °C to dry mass and 

calcined at 400 °C for 2 h. Two different types of Fe3O4@SiO2 magnetic matrices were 

synthesized, marked as z2 and z3, differing by the adding order of TEOS and ammonia, i.e., 

NH4OH first and TEOS first, respectively.  

In a second step, previously obtained Fe3O4@SiO2 particles were coupled with pure TiO2 or 

TiO2-M  to create photocatalytically active shells. As previously, a reversed-phase 

microemulsion system at pH 10 was used. The Fe3O4:TiO2 molar ratio was set to 1:2. The 

junction between the magnetic/silica core and the photocatalytic layer was promoted by their 

opposite surface charges, provided by the presence of CTAB at basic pH. Fe3O4@SiO2/TiO2 

and Fe3O4@SiO2/TiO2-M samples, after their separation and purification using water and 

ethanol, were dried at 70 °C to dry mass and calcined at 400 °C for 2 h. 

2.3. Characterization of obtained photocatalysts 

XRD analyses were performed using the Rigaku Intelligent X-ray diffraction system 

SmartLab (Tokyo, Japan) equipped with a sealed tube X-ray generator (a copper target; 

operated at 40 kV and 30 mA). Data were collected in the 2θ range of 5-80o. Scan speed and 

scan steps were fixed at 1o·min-1 and 0.01o, respectively. The analysis was based on the 

International Centre for Diffraction Data (ICDD) database. The crystallite size of the 

photocatalysts in the vertical direction to the corresponding lattice plane was determined using 

Scherrer’s equation, with Scherrer’s constant equals 0.891. Quantitative analysis, including 

phase composition with standard deviation, was calculated using the Reference Intensity Ratio 

(RIR) method from the most intensive independent peak of each phase. 

Nitrogen adsorption-desorption isotherms (BET method for the specific surface area) were 

recorded using the Micromeritics Gemini V (model 2365) (Norcross, GA, USA) instrument at 

77 K (liquid nitrogen temperature). 
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The light-absorption properties were measured using diffuse reflectance (DR) spectroscopy, 

and the data were converted to obtain absorption spectra. The bandgap energy of photocatalysts 

was calculated from the corresponding Kubelka-Munk function,  𝐹(𝑅)0.5𝐸𝑝ℎ
0.5  against 𝐸𝑝ℎ , 

where 𝐸𝑝ℎ is photon energy. The measurements were carried out on JASCO V-670 (Tokyo, 

Japan), equipped with a PIN-757 integrating sphere. As a reference, BaSO4 or respective bare 

titania was used.  

Samples morphology, as well as core-shell structures formation, were determined by 

scanning transmission electron microscopy (STEM) equipped with energy-dispersive X-ray 

spectroscopy (EDS; HITACHI, HD-2000, Tokyo, Japan).  

The oxidation states of elements, especially platinum and copper, were determined by XPS 

measurements on JEOL JPC-9010MC X-ray spectrometer (JEOL Ltd, Tokyo, Japan).   

2.4. Measurements of photocatalytic activity 

Photocatalytic activity of obtained samples was evaluated in three reaction systems: (1) 

phenol degradation reaction under UV-Vis irradiation, (2) decomposition of acetic acid under 

UV-Vis irradiation, and (3) dehydrogenation of methanol under UV-Vis irradiation. For phenol 

degradation reaction, the 300 W xenon lamp (LOT Oriel, Darmstadt, Germany) was used. A 

0.05 g (1 g·dm-3) of a magnetic nanocomposite, where 0.02 g corresponds to photocatalytic 

active TiO2, together with 20 mg·dm-3 phenol solution was added to 50 cm3 quartz photoreactor 

with an exposure layer thickness of 3 cm, and obtained suspension was stirred in darkness for 

30 min to provide adsorption-desorption stabilization. After equilibrium was established, 

photocatalyst suspension was irradiated (60 mW·cm-2) for 60 min under continuously stirring. 

The constant temperature of the aqueous phase was kept at 20 °C using a thermostated water 

bath. Every 10 min of irradiation, 1.0 cm3 of suspension was collected and filtered through a 

syringe filter (pore size: 0.2 µm) for the removal of photocatalysts particles. The concentration 

of phenol and formed intermediates was estimated using a reversed-phase high-performance 
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liquid chromatography (HPLC) system, equipped with a C18 chromatography column with 

bound residual silane groups (Phenomenex, model 00F-4435-E0) and a UV-Vis detector with 

a DAD photodiodes array (model SPD-M20A, Shimadzu). The tests were carried out at 45 °C 

and under isocratic flow conditions of 0.3 ml·min-1 and volume composition of the mobile 

phase of 70% acetonitrile, 29.5% water, and 0.5% orthophosphoric acid. Qualitative and 

quantitative analysis was performed based on previously made measurements of relevant 

substance standards [58] and using the method of an external calibration curve. Total organic 

carbon (TOC) was measured using TOC-L analyzer (Shimadzu, Kyoto, Japan). 

For acetic acid decomposition, 0.05 g of nanocomposite (including 0.02 g of pure or metal-

modified TiO2) was suspended in 5 cm3 of 5 vol% aqueous acetic acid solution. The 30 cm3 

testing tube with as prepared suspension was sealed with a rubber septum and irradiated for 60 

min using the 400 W mercury lamp (Hamamatsu Photonics, Hamamatsu, Japan) under 

continuous stirring and temperature control. Every 20 min, liberated CO2 in a gas phase was 

estimated chromatographically using a Shimadzu GC-8A Chromatograph (Shimadzu 

Corporation, Kyoto, Japan) equipped with thermal conductivity detector (TCD) and Porapak Q 

column (Agilent Technologies, Santa Clara, CA, USA). 

For methanol dehydrogenation, 0.05 g of nanocomposite (0.02 g of TiO2) was suspended in 

5 cm3 in methanol-water solution (volume ratio 50:50). The obtained suspension was first 

purged with argon for oxygen removal, and the testing tube was sealed with a rubber septum 

and irradiated for 1 h using mercury lamp (same reaction system as that used for acetic acid 

decomposition). Generated hydrogen was determined every 15 min using a Shimadzu GC-8A 

Chromatograph with TCD detector and MS-5A column (Agilent Technologies). 

Additional photoactivity measurements for pure TiO2 matrices and unmodified 

Fe3O4@SiO2/TiO2 nanocomposites were performed in reaction of 4-nitrophenol reduction to 4-

aminophenol, based on the studies by Imamura et all. [59] and Brezova et all. [60]. To 50 cm3 

Jo
ur

na
l P

re
-p

ro
of

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


quartz photoreactor, 0.1 g (1 g·dm-3) of  pure TiO2 or magnetic nanocomposite, where 0.04 g 

corresponds to photocatalytic active TiO2, was added together with 50 cm3 500 µM 4-

nitrophenol solution in methanol. Oxygen was removed from suspension using nitrogen 

purging. After complete oxygen removal, the mixture was irradiated for 1 h using 300-W xenon 

lamp with light intensity set to 30 mW·cm2. Every 10 min, 1.0 cm3 of suspension was collected, 

filtered through a syringe filter, and analyzed using high-performance liquid chromatography 

(HPLC) system. The measurement of 4-nitrophenol and 4-aminophenol concentration was 

performed at 45 °C and under isocratic flow conditions of 1 cm3·min-1 and volume composition 

of the mobile phase of 60% water, 39.5% acetonitrile and 0.5% orthophosphoric acid. 

2.5. Quantum efficiency of photocatalytic phenol degradation 

Apparent quantum efficiency was determined in phenol oxidation reaction under 

monochromatic irradiation. The generation of 1,4-benzoquinone (BQ; intermediate phenol 

product) was quantified at seven irradiation wavelengths: 320, 380, 440, 450, 500, 560, and 620 

nm. 0.03 g of nanocomposite (0.012 g of photocatalytic active TiO2) and 3 cm3 of phenol 

solution (c = 20 mg·dm-3) were placed in a quartz cuvette and irradiated with monochromatic 

light emitted by a diffraction grading type illuminator Jasco CRM-FD (Jasco Corporation, 

Tokyo, Japan). Irradiation intensity was set in the range of 7.2 - 9.9 mW·cm-2 and measured 

using a Hioki 3664 Optical Power Meter (Hioki EE Corporation, Nagano, Japan). The 

concentration of formed BQ was determined chromatographically using the Shimadzu LC-6A 

system equipped with the WAKOSIL-II 5C18 AR column (FUJIFILM Wako Pure Chemical 

Corporation, Osaka, Japan) and a UV-Vis detector (model SPD-6A, Shimadzu). The tests were 

performed at 45 °C and under isocratic flow conditions of 1 cm3·min-1 and volume composition 

of the mobile phase of 70% water, 29.5% acetonitrile, and 0.5% orthophosphoric acid. The 

detection wavelength was set at 254 nm. 

3. Results and discussion 
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3.1. Physicochemical characterization of obtained nanocomposites  

Exemplary XRD patterns for Fe3O4@SiO2/TiO2-M samples are presented in Fig.1a-b with 

detailed crystal phase composition and crystallite sizes for all samples being listed in Tables 

S1-S6 in Supplementary Material. For magnetic composites, the presence of crystalline phases 

of both magnetite and TiO2 was detected in all patterns, with the diffraction peaks for Fe3O4 

inverse cubic spinel structure at 30.1°, 35.6°, 43.3°, 57.2°, 62.8° (ICDD card No 9002319) and 

anatase as main TiO2 polymorph at 25°, 37.8°, 47.9°, 53.8°, 54.9°, 62.6°, 68.7° and 70° (ICDD 

card No 9009086). The content of magnetite crystalline phases varied from 28.3% to 35% for 

ST01 and FP6 samples, respectively, for composites without deposited metals. For 

Fe3O4@SiO2/TBT-M nanocomposites, in opposite to previously described TiO2-M [56], the 

brookite phase was not detected probably due to additional thermal annealing process after 

preparation of the core-shell structure of magnetic photocatalyst. Interestingly, the content of 

the rutile phase in the FP6 sample decreased significantly after the preparation of magnetic 

nanocomposites. For example, the anatase to rutile ratio increased from 3.6 for bare FP6 sample 

to 45.7 for magnetic composite containing 0.5% Cu ([56] and Table S4 in Supplementary 

Material). Therefore, brookite – anatase transition, as well as amorphous phase – anatase 

transition related to additional calcination of Fe3O4@SiO2/TiO2-M nanocomposites, is 

proposed as one of the possibilities [61]. The presence of amorphous silica was confirmed by 

enlargement of the patterns between 15 and 25 reflection angles [53,62]. The presence of 

platinum and copper was not approved by XRD analysis (no peaks for platinum or copper) due 

to their low content (0.05-0.5 mol%) and nanometric size. No other crystalline phases were 

identified in the patterns, which indicated the crystal purity of the obtained composites.  Jo
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Fig. 1. XRD patterns of mono-metal (a) and bi-metal (b) Fe3O4@SiO2/TiO2-M magnetic 

photocatalysts 

The photoabsorption properties of the prepared magnetic materials were studied by diffuse 

reflectance spectroscopy, and exemplary data are shown in Fig. 2. As a representative for 

magnetic nanocomposite, Fe3O4@SiO2/TBT-Pt0.05_z2 was compared with the metal-modified 

TBT matrix. The light absorption was extended in the range above 400 nm for the obtained 

nanocomposites. Previously, the red-shifted light absorption was observed for TiO2-SiO2 shell 

coating the magnetic core [63]. The absorption at the Vis range for TBT-Cu0.5 and TBT-Pt0.05, 

presented by Bielan et al. [56], confirmed that noble metals were successfully deposited on the 

titania surface. Although for platinum the plasmonic peaks could be observed for all Pt-

modified samples (spectra with bare titania as a reference) with maximum absorption at ca. 

380-420 nm [64], the copper exists as an oxidation state-mixed form (i.e., zero-valent, Cu2O 

and CuO), because of its easy oxidation in air, as already reported for other Cu-modified titania 

samples [65,66]. 
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Fig. 2. Exemplary DR-UV/Vis spectra of nanocomposites with BaSO4 as a reference. 

The specific surface area (BET) data for the obtained magnetic core-shell titania-based 

nanocomposites are presented in Tables S7-S8 in the Supplementary Materials. After 

introducing titania photocatalyst (bare or modified) on the Fe3O4@SiO2 magnetic core, the 

specific surface area increased significantly due to the presence of a highly porous silica 

interlayer (Table S7). It was found that the highest BET for monometallic samples was obtained 

for magnetic nanocomposites modified with 0.05 mol% of Pt reaching 160, 170, 110, and 119 

m2·g-1 for TBT, ST01, FP6, and ST41, respectively, suggesting the presence of non-aggregated 

fine nanoclusters of platinum. There was no meaningful difference between the BET specific 

surface area of mono- and bimetallic magnetic nanocomposites.  

The STEM analyses were performed to confirm the core-shell structure as well as the 

presence of platinum and copper on the titania surface. The exemplary results for 

Fe3O4@SiO2/TBT-Pt0.05_z2 sample as a representative magnetic nanocomposite are presented 

in Fig. 3.  
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Fig. 3. STEM images of Fe3O4@SiO2/TBT-Pt0.05_z2 nanocomposite 

The analysis confirmed the formation of a photocatalytic coating on the magnetic Fe3O4 

core. Magnetite particles with a size of about 50 nm tended to agglomerate, which led to 

creating about 20 nm SiO2/TiO2 shell on the entire agglomerated surface. Pt nanoparticles of 

the average diameter smaller than 10 nm were uniformly distributed on the surface.  

The surface properties and oxidation state of elements were investigated by X-ray photoelectron 

spectroscopy (XPS), and the obtained results for three different magnetic nanocomposites 

containing ST01 titania shell are shown in Table 1 and Fig. 4.  
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Fig. 3. Deconvolution of X-ray photoelectron spectroscopy (XPS) spectra for C 1s, O 1s, Ti 

2p3/2 and Si 2p3/2 for Fe3O4@SiO2/ST01-s_z2, Fe3O4@SiO2/ST01-Pt0.05_z2 and 

Fe3O4@SiO2/ST01-Pt0.05/Cu0.1_z2 samples (from the top) 

Table 1. X-ray photoelectron spectroscopy (XPS) analysis of Ti, O, C, Fe, Si, Pt and Cu 

Sample 
Content (at.%) 

Ti 2p O 1s C 1s Fe 2p Si 2p Pt 4f Cu 2p 

Fe3O4@SiO2/ST01-s_z2 3.12 34.07 50.36 1.87 10.59 - - 

Fe3O4@SiO2/ST01-Pt0.05_z2 8.21 50.56 24.15 0.09 16.96 0.04 - 

Fe3O4@SiO2/ST01-Pt0.05/Cu0.1_z2 3.34 36.58 48.85 0.02 10.97 0.11 0.11 

 

Although the same content of platinum was used for modification, the surface content of 

platinum was almost three times higher in the magnetic bimetallic nanocomposite, which might 

suggests that co-deposition of copper could result in formation of larger nanoparticles than that 

in the case of simple Pt deposition on fine titania (probably nano-sized Pt clusters). The 

presence of copper was confirmed in the bimetallic sample, reaching 0.11 at. %. Iron content 
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ranged from 0.02 at.% for Fe3O4@SiO2/ST01-Pt0.05/Cu0.1_z2 to 1.87 at.% for 

Fe3O4@SiO2/ST01-s_z2, which was expected for core-shell nanostructure, and confirmed that 

the core was composed of magnetite. The Fe 2p signal was deconvoluted into 709 and 711 eV 

peaks, corresponding to FeO and Fe2O3 co-present in magnetite. The comparison between 

magnetic samples also suggested that platinum might replace oxygen (the smallest O/(Ti+Si) 

ratio), as already published for other titania samples [50]. Interestingly, the highest O/(Ti+Si) 

ratio for bimetallic magnetic composite confirmed the presence of copper oxides rather than 

zero-valent copper. The Ti 2p peak could be divided into 456 eV and 459 eV binding energies 

and identified as Ti3+ and Ti4+, respectively. Ti4+ was a dominant surface state for the most 

samples. However, it should be pointed out that the Ti3+ content in magnetic composites was 

quite high, suggesting titanium reduction during the microemulsion method. Silicon (Si 2p) 

appeared in two forms: silicate (102 eV) and silicon oxide (104 eV), among which SiO2 state 

is dominant (90-96%). Carbon was detected in all analyzed samples and varied from 24.15 to 

even 50.36 at.%, which is typical for all titania (and others) samples, and mainly originated 

from carbon(IV) oxide adsorption from surrounding air. 

The oxygen to titanium and titanium/silicon ratio exceeded the expected one (2.0 considering 

only SiO2 and/or TiO2, as Fe3O4 core is almost undetectable) for nearly all analyzed samples, 

reaching 2.5, 2.0 and 2.6 for ST01: bare on magnetic core, modified with 0.05 mol% Pt on 

magnetite and modified with 0.05 mol% Pt and 0.1 mol% Cu on magnetic core, respectively. 

The enrichment of the surface with oxygen (mainly in the form of hydroxyl groups) is common 

and often reported for different titania photocatalysts [67]. 

3.2. Photoactivity of mono- and bimetallic Fe3O4@SiO2/TiO2 nanocomposites 

Firstly, photoactivity of core-shell non-metal modified Fe3O4@SiO2/TiO2 nanocomposites 

was studied in methanol dehydrogenation and acetic acid decomposition. The obtained results, 

in comparison with pure TiO2 matrices, are shown in Fig. 5a-d. 
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Fig. 5. H2 evolution (a) and acetic acid oxidation to CO2 (b) as well as nitrophenol/aminophenol 

conversion percentage (c) and phenol oxidation rate constant k (d) as a function of TiO2 matrix 

for pure TiO2 and Fe3O4@SiO2/TiO2 nanocomposites 

Performed observations remained similar to pure TiO2-M systems [56] with the highest 

activity towards H2 generation and acetic acid oxidation to CO2 for samples containing anatase 

particles in the shell layer, pure ST01, and FP6 respectively. However, some differences were 

visible considering the exact value of the monitored process, with H2 evolution being especially 

suppressed. On the other hand, the efficiency of acetic acid decomposition was promoted for 

Fe3O4@SiO2 surface coated with TiO2 particles (Fig. 5b), which suggests that obtained 

magnetic nanocomposites are more suitable for oxidation processes rather than reduction due 

to the development of the specific surface area and formation of TiO2-SiO2 photocatalytic layer 
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for Fe3O4@SiO2/TiO2 nanocomposites in opposite to pure TiO2 particles. For further 

confirmation of the presented thesis, additional measurements of photocatalytic activity in the 

reduction of 4-nitrophenol to 4-aminophenol as well as phenol oxidation reaction were 

performed. The described dependencies are shown in Figure 5 c,d. For phenol oxidation 

reaction, presented as constant rate k, the core-shell magnetic photocatalysts revealed 

significantly higher activity than pure TiO2 matrices, while the opposite trend was observed for 

photoconversion of 4-nitrophenol to 4-aminophenol, with the highest efficiency for FP6 matrix. 

Further differences were also observed for magnetic photocatalysts modified with Pt and Cu 

nanoparticles, as presented in Fig. 6 a,d.  

 

 

Fig. 6. The effect of metal loading on photocatalytic activity for: H2 evolution (a-b), and acetic 

acid oxidation to CO2 (CO2 evolution) (c-d) for monometallic Fe3O4@SiO2/TiO2-M samples 
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Regarding H2 evolution, a strong trend to promote the process in TBT-based systems 

was observed both for Cu and Pt modified samples; however, as presented in Fig. 6a-b, nearly 

ten times higher activity was observed for Pt-modified magnetic photocatalysts than for Cu-

modified magnetic nanocomposites. Moreover, very little difference was observed between 

0.05% and 0.1% platinum loading, which led to the observation that the metal presence, rather 

than its concentration, is the main factor affecting process efficiency in overall results. 

Regarding acetic acid degradation, the highest efficiency was observed for ST41 based samples, 

with no dependence on the character of the modification. In general, Cu presence decreased 

process efficiency in most cases, and pure FP6 matrices (a mixture of anatase and rutile) 

allowed to achieve a high degradation rate, while ST41 (anatase particles) synergizes with Pt 

nanoparticles. Moreover, TiO2 particles obtained from TBT hydrolysis (fine anatase NPs), as 

well as, commercial TiO2 ST01 consist also  fine anatase particles modified with both Cu and 

Pt exhibited higher photoactivity than FP6 (mixture of anatase and rutile NPs) and ST41 (large 

anatase NPs), being weak or almost not affected by the presence of modifications. In the case 

of H2 evolution, TiO2 metal-modification allows to markedly improvement of process 

efficiency in Fe3O4@SiO2/TBT core-shell systems since practically no activity was observed 

for samples without deposited metal nanoparticles (see in Figure 6). However, for acetic acid 

degradation, a strong matrix effect was observed, leading to the highest activity of ST41 and 

FP6 -based samples, despite them being less affected by both metals. Ultimately it can be stated 

that FP6 based composites, consists a mixture of anatase and rutile, possess the highest activity 

towards acetic acid degradation, while ST41 (large anatase NPs) achieved its maximum after 

modification with Pt nanoparticles only.Additional analyses were performed to evaluate the 

possible effect of combining Fe3O4@SiO2 cores with TiO2-M photocatalysts based on different 

TiO2 matrices. It was found that both z2 (sample obtained by adding NH4OH to TEOS), and z3 

(sample obtained by addition of and TEOS/NH4OH) are suitable for further modification, with 
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almost the same efficiency towards acetic acid degradation and some increase in H2 generation 

in favor of z3 matrice, as shown in Fig. 7a-b. 

Fig. 7. H2 (a) and acetic acid oxidation to CO2 (b) for Fe3O4@SiO2/TiO2-M nanocomposites as 

a function of different Fe3O4@SiO2 magnetic cores  

Further analysis showed that the TBT-based photocatalyst layer in the structure of magnetic 

composite was especially active towards H2 generation when combined with the z3 sample, 

while FP6 worked well with the z2 sample. Since, as presented in Data in Brief, TBT-based 

TiO2-M photocatalysts were found to be favorable for H2 production in general, this explains 

why in overall results, magnetic core material covered with TiO2 anatase obtained from TBT 

(TBT shell samples) were more suitable and highly active in hydrogen evolution. On the other 

hand, no significant interactions between Fe3O4@SiO2 magnetic samples and all TiO2-M 

photocatalytic matrices were observed for acetic acid oxidation.  

Finally, to confirm the observed dependencies, additional analyses of phenol oxidation were 

performed for mono- and bimetallic Fe3O4@SiO2/TiO2-M samples. Their overall results, 

presented as phenol degradation rate constant k and TOC removal, were compared with 

previously described acetic acid degradation efficiency. Obtained results, presented in Fig. 8 a-

h, were in good agreement with the ones described for acetic acid, showing a high positive 

effect of Pt addition, together with its negative interactions with Cu and no impact of 
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Fe3O4@SiO2 core selection. The selection of TiO2 matrix also showed a similar impact to 

previously described. The highest activity was noticed for magnetic composites containing the 

photocatalyst layer of TiO2 FP6 (a mixture of anatase and rutile) as well as TiO2 ST41 (large 

anatase particles). 

 

 

Fig. 8. Phenol degradation rate constant k and TOC removal for mono- (a-f) and bimetallic (g-

h) nanocomposites. The effect of TiO2 matrix, Fe3O4@SiO2 matrices as well as Cu and Pt 

content. 
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Analyzed results are in good agreement with the study reported by Zielińska-Jurek et al. 

[68]. Large decahedral anatase particles (DAP) with crystalline size about 70 nm modified with 

0.1 mol% of Pt nanoparticles exhibited the highest photocatalytic activity in phenol degradation 

reaction in UV-Vis irradiation range. It is also worth mentioning that Pt nanoparticles embedded 

on DAP surface were much bigger (17 nm) than nanoparticles on other TiO2 matrices (ca. 5 

nm). Similar high activity for ST41 TiO2 was presented by Ohno et al. in the photocatalytic 

oxidation of adamantane [69]. Different situation was reported by Xie et al. [70] in their work 

regarding CO2 reduction by various titania phases. Moreover, anatase/rutile and 

anatase/brookite mixed phases semiconductors could form a phase junction, where electrons 

could migrate from a higher conduction band (CB) to lower CB, promoting photogenerated 

charge carriers’ separation [70–72]. Moreover, for methanol dehydrogenation the presence and 

properties of co-catalyst (noble metals) are the most crucial for being reaction centers [73]. 

3.3.Quantum efficiency analysis 

The dependence of phenol degradation quantum efficiency on the irradiation wavelength 

(action spectrum) is presented in Fig. 9. Quantum efficiency was determined for mono- and 

bimetallic ST01-M and corresponding Fe3O4@SiO2/ST01-M magnetic photocatalysts. 

In the UV light range, the highest quantum yields were achieved by bimetallic 

photocatalysts, in which the ST01 surface was simultaneously modified with platinum and 

copper. For Fe3O4@SiO2/ST01-M magnetic nanocomposites, bimetallic Fe3O4@SiO2/ST01-

Pt0.05/Cu0.1_z2 had almost twice as high performance as Fe3O4@SiO2/ST01-Pt0.05_z2 (with 

only platinum in its structure). The ST01-Cu0.1 photocatalyst had the lowest quantum 

efficiency among the modified semiconductors. It is obvious that co-presence of platinum and 

copper results in a significant enhancement of Vis response. Although in the case of platinum, 

the mechanism is clear, i.e., platinum works as an electron sink (well-known since Bard studies 

[20]), the mechanism for copper-modified titania is not so obvious [74], including p-n junction, 
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Z-scheme electron transfer, Schottky barrier formation, and more complex charge carriers’

transfer between various forms of copper (Cu2O, CuO, CuxO, Cu) and titania. It has been 

proposed that Z-scheme electron transfer would be the most advisable (i.e., recombination of 

electrons from conduction band (CB) of titania with holes from valence band (VB) of copper 

oxides), resulting in highly reactive electrons in CB of copper oxides (more negative potential 

than that in titania) and holes in VB of titania (more positive potential than that in copper oxides) 

[18]. The present study suggests that in UV light range the co-presence of platinum might result 

in the formation of efficient Z-scheme photocatalyst., i.e., second-generation Z-scheme (all-

solid-state (ASS) Z-scheme), in which platinum could work as an efficient conductor between 

copper oxide and titania [75]. 
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Fig. 9. Action spectra of phenol degradation for obtained nanocomposites: (a) at whole range 

of irradiation, and (b) at 430 - 455 nm field (magnification). 

In the visible light range (> 420 nm), an apparent decrease in quantum efficiency was 

observed because of insufficient excitation of titania (absorption edge at ca. 400 nm). The slight 

activity even at 440 nm for bare titania could be explained by defects’ presence, typical for 

almost all commercial titania samples (“self-doped” titania), which might result in slight Vis 
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response, i.e., excitation to/from defects (such defects have already been reported for ST01 at 

ca. 0-0.4 eV below CB bottom by reverse double-beam photoacoustic spectroscopy [76]). 

Platinum-modified samples showed the highest Vis activity confirming that plasmon resonance 

of platinum should activate titania [28]. Moreover, the Vis activity for magnetic composites 

was much lower comparing to TiO2-M, which may result from competitive charge carriers’ 

transfer between metal nanoparticles as well as titania. The previous study on hybrid 

photocatalysts (ruthenium complexes and plasmonic nanoparticles [77]) and some bimetallic 

photocatalysts (Au(core)/Ag(shell) [78]) indicated the enhanced charge carriers’ recombination 

instead of their efficient separation in the case of photocatalysts modified by two modifiers. 

Based on our previous studies [28–30,68], the Pt particle size, which depends on (i) TiO2 

support type, (ii) reducing agent, (iii) annealing temperature, and (iv) metallic structure on TiO2 

support is crucial in Vis light activity. Therefore, the additional calcination of 

Fe3O4@SiO2/TiO2-M nanocomposites could have resulted in metal particles re-arrangement, 

their aggregation, and finally, in the observed lower photocatalytic activity compared to TiO2-

M photocatalysts. 

3.4. Reusability of magnetic nanocomposites 

The reusability of magnetic nanocomposites was studied in phenol degradation reaction in 

three subsequent cycles. Bimetallic Fe3O4@SiO2/ST41-Pt0.05/Cu0.1_z2 was selected due to 

its excellent photocatalytic activity. After each 60 min cycle, nanocomposite was separated 

using a magnetic field and used in another run without any treatment. The obtained results are 

presented in Fig. 10. No loss in degradation was observed after three cycles of phenol 

degradation process. Thus, the magnetic nanocomposites revealed excellent stability and 

reusability. 
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Fig. 10. Phenol degradation efficiency measured in three subsequent cycles in the presence of 

Fe3O4@SiO2/ST41-Pt0.05/Cu0.1_z2 

4. Conclusions

Mono- and bimetallic magnetic nanocomposites Fe3O4@SiO2/TiO2-M were successfully

prepared using w/o microemulsion method. The core-interlayer-shell structure, where core was 

magnetic Fe3O4, inert interlayer was SiO2, and a shell was composed of TiO2 modified with Pt 

and Cu, allowed to increase both photocatalytic activity and separability. Action spectra for 

phenol decomposition correlated with corresponding absorption spectra for Pt-modified titania, 

and thus confirming that even its low content (0.05 mol%) could activate titania under Vis 

irradiation due to plasmon resonance of platinum. However, the co-existence of copper and 

platinum nanoparticles was beneficial only under UV light. In the Vis range decrease in activity 

was observed, suggesting that their co-deposition might work as charge carriers’ recombination 

center. The most important finding was that introducing of magnetic nanoparticles as a core for 
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Fe3O4@SiO2/TiO2 and Fe3O4@SiO2/TiO2-M did not negatively influence the photocatalytic 

performance, as reported for immobilized photocatalysts. What is more, Fe3O4@SiO2/TiO2 

revealed  higher photocatalytic activity than pure TiO2 in oxidation reactions (phenol and acetic 

acid decomposition). Moreover, along with excellent photocatalytic properties in the solar 

spectrum range, the outstanding stability, tested in three subsequent cycles of phenol 

decontamination, suggested the possibility of commercial application of magnetic 

nanocomposites for environmental purification.  
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