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Highlights: 

 Pt/TiO2 were synthesized by pulsed direct magnetron sputtering deposition. 

 Characteristics of Pt nanoparticles formed depended on deposition time. 

 Small Pt with high-coordinated surface could be obtained via pulsed DC-MSD. 

 Aqueous phase partial hydrogenation of vanillin was tested at 70 °C and 2MPa. 

 Pt/TiO2 prepared by pulsed DC-MSD was more effective than impregnation. 

 

Abstract 

Pulsed direct current magnetron sputtering (PDC-MSD) was employed for the deposition 

of Pt nanoparticles (ca. 0.1 wt.%) on anatase TiO2 powder. According to the H2-TPR, XPS, and 

TEM-EDX results, the characteristics and properties of the deposited nanoparticles depended on 

the deposition time. During the initial deposition stage (45-90 sec), low-coordinated small 

spherical Pt nanoparticles were formed. Prolonging the deposition time (135-180 sec), led to the 

formation of larger Pt nanoparticles, which strongly interacted with the TiO2. The catalytic 

activities of the prepared Pt/TiO2 with different deposition times in the aqueous phase partial 

hydrogenation of vanillin to vanillyl alcohol ranged as follows: Pt/TiO2 MSD-45 < Pt/TiO2 

MSD-90 < Pt/TiO2 MSD-180 < Pt/TiO2 MSD-135, which was in good agreement with the 

atomic Pt/Ti ratio and coordinated surface Pt atoms on the catalyst surface. The high catalytic 

activity of Pt/TiO2 MSD-135 was attributed to the presence of well-dispersed small Pt 

nanoparticles with more highly-coordinated Pt surface atoms deposited on the TiO2 anatase. 
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PDC-MSD has been proven to be a more effective method for the preparation of supported metal 

catalysts, compared to those obtained by conventional impregnation technique.  

 

Keywords:  Pulsed DC magnetron sputtering; Selective hydrogenation; Vanillin; Vanillyl 

alcohol; Platinum  

 

1. Introduction 

Lignocellulosic biomass has been used largely for the production of pulp and paper via 

the Kraft process. Lignin waste can serve as a potential and abundant renewable phenolics class 

feedstock for sustainable production of chemicals and fuels. Vanillin (4-hydroxy-3-

methoxybenzaldehyde) is emerging as one of the promising biomass-based platform chemicals, 

especially for applications in polymer chemistry. One of lignin derived aromatic diols, vanillyl 

alcohol (4-hydroxymethyl-2-methoxyphenol: HMP), which can be produced by the partial 

hydrogenation of the aldehyde group of vanillin (Fig. 1), is considered not only a valuable 

intermediate in the synthesis of novel flavorings and fragrances [1] but also a potential lignin-

based building block for applications in high-performance thermosetting epoxy resins, such as 

the synthesis of renewable bisphenols and epoxy thermosets [2, 3]. Vanillyl alcohol can also be 

partially hydrodeoxygenated to p-creosol (2-methoxy-4-methylphenol: MMP), which is expected 

to be a potential future biofuel [4, 5].  

Considering the hydrogenation of vanillin to vanillyl alcohol, various metals have been 

employed in the form of homogeneous and heterogeneous catalysts. Homogeneous catalysts used 

to produce the vanillyl alcohol have been typically based on Ru metals including RuCl2/TPPTS 

[6], RuCl2(PPh3)3 [7], and Ru-based Shvo [8]. In addition, heterogeneous catalysts have been 

investigated in this reaction by using different metals, such as Ru [9, 10], Rh [10], Au [10], Pt 

[10], Pd [5], Ni [11], and Ir [11]. According to literature, 5%Ru/C in the aqueous phase 

hydrogenation of vanillin under mild conditions (0.69 MPa and 318 K) showed 93% conversion 

and 59.4% selectivity to vanillyl alcohol within 1 h [9]. Whereas a yield of vanillyl alcohol 

production of more than 70% could be observed under extreme conditions (i.e., 3 MPa and 373 

K) and longer reaction times [10, 11]. Pt-based catalysts have been reported to catalyze the 



Jo
ur

na
l P

re
-p

ro
of

hydrogenation of vanillin (70% selectivity to vanillyl alcohol) with high Pt loadings (5%) under 

conditions of 3 MPa and 373 K for 3 h [10]. 

Pulsed direct current magnetron sputtering (PDC-MSD) is a well-known and developed 

deposition technique for coatings and thin film applications. This deposition technique has been 

widely used in the industry, because of its scalability, versatility, controllability, uniformity, high 

stability, repeatability, low environmental impact, and the high quality of the obtained coatings 

[12-15]. On a laboratory scale, PDC-MSD has recently been employed for the deposition of 

metal nanoparticles on solid surfaces or liquid supports, since the stabilizing and reducing agents 

typically needed for conventional techniques are not required, hence avoiding the contamination 

of precursors and/or solvents occurring on the surface of nanoparticles [12, 16]. However, the 

use of the magnetron sputtering technique to deposit metals onto powder substrate materials has 

only been investigated to a limited degree, for example, by the groups of Teixeira et al. [16-20] 

and Kelly et al. [12]. According to the literature, the primary and crucial advantage of applying 

the MSD technique to powder substrates, over conventional deposition techniques is the high 

amount of metal that can be deposited within short sputtering times [12, 16]. Moreover, this 

single stage technique not only provides the ability to control the amount of metal loading with 

precision, but maximizes the distribution of the metal across the greatest surface area of the 

powder, thus minimizing the usage of high priced metals, especially noble metals [17]. 

Nonetheless, the growth mechanisms of metal nanoparticles on the powder surface during PDC-

MSD is not well known and understood. 

In the present work, Pt catalysts supported on commercial TiO2 anatase (Pt/TiO2) were 

synthesized by using PDC-MSD with deposition times in the range of 45-180 seconds. The 

characteristics and properties of the Pt nanoparticles at different deposition times were studied 

and investigated by means of various characterization techniques. The catalytic performances of 

the Pt/TiO2 catalysts were tested in the aqueous phase partial hydrogenation of vanillin to 

vanillyl alcohol under mild and green conditions (temperature of 70 ºC and H2 pressure of 2 MPa 

using H2O as the solvent). For comparison purposes, Pt/TiO2 catalysts were also prepared by a 

conventional impregnation method with similar and higher Pt loadings (0.1 and 0.4 wt. %). 

 

2. Experimental 
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2.1 Catalyst preparation 

2.1.1 Catalyst preparation by pulse DC-MSD 

Commercial TiO2 anatase (Sigma-Aldrich) powder was used as the support for Pt 

deposition in this work. Platinum catalysts supported on titanium dioxides (Pt/TiO2) were 

synthesized by using PDC-MSD with deposition times varying from 45 to 180 seconds, as 

described elsewhere [12]. A schematic diagram of the PDC-MSD system is shown in Fig. 2. The 

MSD system was employed in a sputter-down configuration consisting of a single 7.5 cm 

diameter type II unbalanced planar magnetron installed in the chamber lid as the magnetron 

sputtering source, along with the Pt target. The TiO2 powder holder was placed underneath the 

magnetron and installed on a shaker mechanism, which allowed continuous powder mixing 

during the MSD process. The distance between the Pt target and the substrate was fixed at 5 cm. 

The magnetron sputtering source was powered by an Advanced Energy Pinnacle Plus power 

supply. The Pt target was sputtered at 250 W and 350 kHz with 50% duty cycle, corresponding 

to 1.4 μs pulse-off period. Sputtering took place under an Ar atmosphere at a working pressure of 

approximately 2.6 Pa. For each run, 2 g of commercial TiO2 anatase powder was located in the 

substrate holder and treated for different sputtering times (45-180 seconds). The obtained 

samples after Pt deposition via this technique are denoted as “MSD” followed by deposition time 

(in sec). 

2.1.2 Catalyst preparation by conventional impregnation method 

The Pt/TiO2 (0.1 and 0.4 wt.% Pt) catalysts were prepared by the incipient wetness 

impregnation method. The commercial TiO2 anatase (Sigma-Aldrich) powders were impregnated 

with an aqueous solution of chloroplatinic acid (H2PtCl6, Aldrich) as the Pt precursor.  After that, 

the obtained catalysts were dried in an oven at 100 ºC overnight, and calcined in air at 400 ºC for 

4 h. The Pt/TiO2 catalysts prepared by incipient wetness impregnation method are denoted as 

“IMP”. 

2.2 Catalyst characterization 

The samples were analysed by X-ray diffraction (XRD) and the XRD patterns were 

recorded by using a Bruker D8 Advance X-ray diffractometer with Ni-filtered CuKα radiation 

over the scanning range of 20 to 80º 2θ. The actual amount of Pt deposited on the TiO2 supports 



Jo
ur

na
l P

re
-p

ro
of

by each technique were analyzed using an ICP-OES technique. To determine the specific surface 

areas, pore volumes and average pore diameters, N2 physisorption was conducted by using a 

Micrometrics ASAP 2020 instrument with the Brunauer–Emmett–Teller (BET) method. The 

TEM micrographs and EDX results of the catalysts were detected by using a JEOL (JEM-2010) 

transmission electron microscope operated at 200 kV and equipped with a LaB6 electron beam 

source and an energy dispersive x-ray spectrometry (EDX). The scanning electron microscopy 

with energy dispersive X-ray analysis (SEM-EDX) was performed by using a Hitachi S-3400N 

coupled with AMETEK EDAX (APOLLO X). The reducibility of the catalysts as a function of 

temperature was determined by using the H2-temperature programmed reduction technique 

which was carried out on a Micromeritics ChemiSorb 2750 with ChemiSoft TPx software. The 

samples were pretreated under a flow of N2 (25 cm3/min) at 200 ºC for 1 h. After cooling down 

to room temperature, each sample was exposed to a mixture of 10% H2 in Ar (25 cm3/min) with 

a temperature ramp of 10 ºC/min from room temperature to 800 ºC. X-ray photoelectron 

spectroscopy (XPS) was conducted on a Kratos AMICUS X-ray photoelectron spectrometer with 

using MgKα as the X-ray radiation source to determine the surface properties. The XPS spectra 

of C 1s line was set at binding energy of 285.0 eV as the internal standard. 

2.3 Catalytic reaction study 

The catalytic performances of the Pt/TiO2 catalysts were tested in the liquid-phase 

selective hydrogenation of vanillin to vanillyl alcohol under mild and green conditions. 

Approximately 0.05 g of catalyst was dispersed into the reactant mixture of 0.05 g vanillin and 

10 ml H2O in a 100 cm3 stainless steel autoclave reactor (JASCO, Tokyo, Japan). The selective 

hydrogenation was carried out at a temperature of 70 ºC and H2 pressure of 2 MPa for 2 h. 

Afterwards, the autoclave reactor was quickly cooled down with ice-cold water and then 

depressurized. The catalyst was filtered from the liquid product and then the liquid product was 

collected and analyzed by high-performance liquid chromatography (HPLC). For the catalyst 

prepared by the conventional impregnation method, the catalyst was reduced with hydrogen (30 

cm3/min) at 500 ºC for 2 h prior to the reaction test. 

The liquid product analysis was carried out on a HPLC instrument. The reactant and 

products, consisting of vanillin, vanillyl alcohol, p-creosol, and guaiacol, were separately 

detected by a ZORBAX SB-C18 column (4.6 mm inner diameter x 150 mm length; Agilent) and 
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a UV detector at 230 nm. The mobile phase was composed of acetronitrile (HPLC grade) and 

water (HPLC grade) with a volumetric ratio of 60:40 and the total flow rate was set at 0.3 

ml/min. The column temperature was kept at room temperature. 

 

 

 

3. Results and discussion 

3.1 Catalyst characteristics 

The amounts of Pt deposited onto the anatase samples by PDC-MSD were analyzed by 

using the ICP technique and the elemental results are shown in Table 1. The actual Pt loading 

increased marginally from 0.08 wt.% and reached a steady state at ca. 0.12 wt.% as the 

deposition time was increased from 45 to 180 sec. The average Pt deposition rate decreased with 

increasing deposition time. It is possible that target poisoning was occurred during the sputtering 

process. Thus, only ca. 0.1 wt.% Pt was deposited on the commercial TiO2 anatase support under 

such conditions. 

The N2 adsorption-desorption isotherms of the anatase TiO2 support before Pt and after Pt 

deposition by PDC-MSD are shown in Fig. 3. According to the Brunauer-Deming-Deming-

Teller (BDDT) classification of sorption isotherms, the commercial TiO2 anatase support showed 

a type IV isotherm with a distinct hysteresis loop at moderate to high relative pressure in the 

range of 0.4-1.0, describing the presence of a large number of mesopores in the TiO2 support 

[21]. In addition, the hysteresis loop observed on the TiO2 support was type H3 due to the 

absence of any limiting adsorption at high P/P0, indicating slit shaped pores. After the Pt 

deposition, the characteristics of sorption isotherms were altered to the unusual hysteresis loop 

with two inflection points, suggesting bimodal porosity. The initial inflection was found to be at 

higher relative pressures (from 0.4 for the TiO2 support to 0.5 after Pt deposition). The BET 

specific surface area, pore volume, and average pore diameter of all samples are presented in 

Table 2. The decrease in BET specific surface area, pore volume, and average pore diameter of 
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the Pt/TiO2 catalysts compared to the bare TiO2 anatase support were due to the Pt deposition on 

the pores of TiO2 support, resulting in the formation of pore blockages and new pore structures. 

The reduction behaviors of the Pt-based catalysts were studied by the H2-TPR technique 

and the H2-TPR profiles of the TiO2 anatase support and the Pt/TiO2 catalysts prepared by PDC-

MSD and conventional impregnation methods are shown in Fig. 4. According to the H2-TPR 

profile of the TiO2 anatase support, the partial reduction of the bare TiO2 support itself was 

found to be at high temperature (500-600 ºC). The Pt/TiO2 catalysts prepared by conventional 

impregnation showed three reduction peaks at 90-120 ºC, 270-350 ºC, and 500-650 ºC. The first 

reduction peak was assigned to the reduction of Pt oxides to Pt metal [22, 23]; this peak was 

clearly observed on the catalyst with a large amount of Pt loading. In addition, the reduction peak 

at 270-350 ºC could be attributed to the reduction of Pt species interacting with the TiO2 support 

in the form of Pt-TiOx interface sites [22]. The reduction peak at temperatures above 500 ºC was 

associated with the reduction of surface capping oxygen of the TiO2 support or the partial 

reduction of the TiO2 support itself [22, 23].  

Considering the reduction behaviors of the Pt/TiO2 catalysts prepared by PDC-MSD, it is 

surprising that the presence of a significant negative TPR peak was found on these catalysts, 

indicating hydrogen release instead of H2 consumption, due probably to the decomposition of Pt 

hydride (PtHx) formed earlier with hydrogen. Meanwhile, the absence of any significant 

detectable hydrogen consumption (as indicated by a positive TPR peak) in advance of hydrogen 

release (as indicated by a negative TPR peak) proved the ability of Pt to absorb hydrogen, 

forming PtHx at room temperature. Comparing the hydrogen absorption on Pt and Pd, the ability 

to absorb and desorb hydrogen of Pd black would occur at ambient temperature but the hydrogen 

absorbed on the Pt black surface could not be released by evacuation under ambient conditions 

since the interaction between Pt and hydrogen is very strong [24]. Thus, it is reasonable to 

attribute the higher temperature for PtHx decomposition found in this work, as compared to PdHx 

decomposition occurring at less than 100 ºC [25].  According to literature, the formation of a 

hydride-like phase is favorable only for small particles sizes [24, 26, 27]. The presence of PtHx 

has been reported to  occur on the catalysts having lower Pt amounts and finer particles, whereas 

the behavior of larger Pt particles formed in the catalysts with high Pt amounts would be stable 

against transformation into PtHx [27]. Hence, it could be suggested that small Pt nanoparticles 

were formed on the TiO2 supports upon PDC-MSD.   
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XPS characterization was used to detect surface properties such as chemical composition 

and the electronic structure of each chemical species on the catalyst surface. The XPS spectra of 

Pt 4f could be fitted and resolved into 3 species with 3.35 eV spin-orbit splitting and FWHM < 2 

consisting of Pt metal, PtO, and PtO2 species (as shown in Fig. 5). According to literature, the 

typical binding energies of Pt in the form of Pt metal, PtO, and PtO2 species appears at ca. 71, 

72.4, 74.9 eV, respectively [28-32]. Considering the Pt/TiO2 prepared by PDC-MSD, the shift in 

XPS peaks due to Pt metal towards lower binding energy, as compared to the value reported in 

the references, could be attributed to several factors. One of the factors was due to the electron 

transfer from the TiO2 to the metallic Pt nanoparticles [29]. Nevertheless, the shape of the 

particles could be accounted as a critical factor in the negative shift [33]. Radnik et al. reported 

that for the initial state effects on Au nanoparticles supported on TiO2 the Au nanoparticles that 

were more spherical exhibited shifts in Au 4f binding energy towards a lower value, as compared 

to Au metal, because the spherical particles would have less coordinated surface atoms, thus 

reducing their binding energy as compared to nanoparticles with large faces [34]. Furthermore, 

the initial stages of Cu growth on Al2O3 films has been studied and reported that the coverage-

dependent shifting in Cu 2p during Cu growth consisted of the initial state and final state 

contributions [35, 36]. At very low Cu coverage, the initial-state was found to contribute to the 

negative shifts of Cu clusters formed, indicating a reduced average coordination number of Cu 

atoms in clusters. However, this initial state effect diminished rapidly when the Cu coverage 

increased and then the final state effect would rather contribute and affect the shifting in binding 

energy towards positive values. Regarding this effect, the final state Coulomb energy is roughly 

proportional to 1/r where r is the average radius of metal clusters, so the final state effect is very 

sensitive to the cluster size. Thus, the average size of Cu clusters increases as Cu overlayers 

grow and the Cu 2p binding energy was found to decrease. In other words, the Cu 2p binding 

energy was found to be larger on the smaller Cu cluster size at the same Cu coverage. The 

positive shifting in binding energy of core and valence electrons with decreasing the particle size 

has been reported in various metals such as Au, Cu, Ag, Pd, Ni, and Pt [30, 37-39].  

According to the studies reported earlier about the relation between the binding energy 

and the growth of nanoparticles and/or clusters, it could be described as follows: more negative 

shifts in Pt 4f for the Pt/TiO2 MSD-45 coating was due to a larger initial state effect, indicating 
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the presence of more low-coordinated Pt atoms in these nanoparticles and/or clusters deposited. 

It might be ascribed to a smaller average size of the Pt nanoparticles and/or clusters with a more 

spherical shape formed within this deposition time. However, the initial state effect was found to 

be diminished until a deposition time of 135 seconds and the shift in Pt 4f binding energy was 

related to the size of the Pt nanoparticles and/or clusters according to the final state effect. Thus, 

the Pt/TiO2 MSD-135 coating showed a large number of smaller Pt nanoparticles and/or clusters 

with higher Pt 4f binding energy as compared to Pt/TiO2 MSD-180. With longer deposition time 

up to 180 seconds, the Pt 4f binding energy shifted to lower values because of the larger size of 

the Pt nanoparticles and/or clusters formed during PDC-MSD. Interestingly, a large shifting in Pt 

4f binding energy towards lower and negative values was observed for Pt/TiO2 MSD-180 and the 

origin of this shift is thereby probably due to synergistic contributions between the final state 

effect and the interaction between Pt and TiO2 in which the charges transferred from the TiO2 to 

the metallic Pt. This negative shift results was also reported on Au nanoparticles deposited on 

Al2O3 using the magnetron sputtering technique [33]. 

From the composition of each Pt species as presented in Table 3, all the Pt/TiO2 catalysts 

prepared by PDC-MSD showed the majority of Pt metal species together with Pt oxides. The 

atomic ratios of Pt/Ti at the catalyst surface were found to increase with deposition times, except 

the Pt/TiO2 MSD-180. The lower Pt/Ti atomic ratio on the Pt/TiO2 MSD-180 was probably due 

to the growth of larger Pt nanoparticles. In addition, the XPS spectra of Pt 4f on the Pt/TiO2 

catalyst prepared by conventional impregnation with similar Pt loading (0.1%Pt/TiO2 IMP) was 

not clearly detected. However, this spectra could be detected on the Pt/TiO2 catalyst prepared by 

conventional impregnation with high Pt loading as observed on sample 0.4%Pt/TiO2 IMP and it 

was found that no Pt metal species was formed upon conventional impregnation.     

According to Fig. 6, the binding energy of Ti 2p for the bare TiO2 anatase was mainly 

located at 458.8 eV, which was assigned to the presence of Ti4+ in the TiO2 support. After Pt 

deposition by pulsed sputtering, this XPS peak of Ti 2p slightly shifted to higher binding energy 

as compared to the bare support. This shift could be attributed to the electron transfer from the 

TiO2 to metallic Pt due to the larger electronegativity of Pt as compared to Ti4+. In contrast, the 

reverse shift of XPS Ti 2p peaks towards lower binding energy was found on the Pt/TiO2 

catalysts prepared by conventional impregnation. Similar to Choi et al. [40], the shift of XPS Ti 
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2p peaks towards higher binding energy for the V-TiO2 catalyst as compared to the TiO2 anatase 

was found to be restored upon Pt impregnation —the binding energy of Ti 2p was reversely 

decreased after Pt impregnation on the V-TiO2 catalyst. Moreover, the Pt states observed on the 

Pt/TiO2 prepared by conventional impregnation exhibited the Pt oxides species consisted of Pt2+ 

and Pt4+ species. It might be possible that the oxygen contained in the Pt oxides promoted the 

electron transfer towards the TiO2 support, thus decreasing the binding energy of Ti 2p.  

Considering the TiO2 support, the XPS O 1s peaks were mainly exhibited at 530.1 eV, 

representing the lattice oxygen in the TiO2 support as presented in Fig. 7. In addition, the peaks 

appearing at 531.6 eV were attributed to the hydroxyl radicals (OH-) [41, 42] and/or surface 

oxygen [43, 44]. The higher binding energy of surface oxygen compared to the lattice oxygen in 

bulk was due to the open bonds [44]. Considering the binding energy of lattice oxygen after Pt 

deposition by PDC-MSD, this XPS peaks shifted towards higher values, suggesting an 

interaction between Pt metal and TiO2 support. This evidence for the interaction between Pt and 

TiO2 has been reported on the Pt/TiO2 prepared via precipitation [45]. Meanwhile, the peak 

shifting of the lattice oxygen was absence on the Pt impregnation. For the surface oxygen, the 

XPS peaks still remained at ca. 531.6 eV on both of catalyst types; after Pt deposition by PDC-

MSD and after Pt impregnation. The O 1s peaks due to adsorbed water (OH2O) were detected at 

high binding energy ca. 533.3-533.7 eV [43, 46]. Interestingly, the XPS O 1s peaks on the 

catalysts prepared by impregnation could be deconvoluted into 4 peaks in which another peak 

was found at higher binding energy ca. 532.6 eV, probably due to the formation of Pt oxides. 

The high binding energy of this peak seemed to be reasonable for the decrease in binding energy 

of Ti 2p upon Pt impregnation. Saputera et al. reported that  more O-
ads detected on the XPS 

results could be accounted for increasing in Pt oxides in the form of PtOads [47].       

The TEM micrographs of the Pt/TiO2 catalysts prepared by PDC-MSD at 135 and 180 

seconds are shown in Fig. 8. The state of Pt dispersion on the TiO2 support can be seen from 

these TEM images. The Pt deposition using the PDC-MSD technique has provided highly 

dispersed small Pt nanoparticles on the TiO2 support and uniform metal particle distribution 

especially for sample Pt/TiO2 MSD-135. Moreover, the distribution of Pt on TiO2 support was 

also confirmed via the SEM-EDX analysis (as shown in Fig. S2 to Fig. S5 of the Supporting 

Information). However, the homogeneity of the metal dispersion could be further improved by 
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optimizing the operational conditions, for instance by lowering the sputtering power and by 

adopting longer deposition times, or a higher powder shaking frequency during metal sputtering 

[12]. The Pt particle size observed on Pt/TiO2 MSD-180 (ca. 1.5-2.5 nm) was slightly larger than 

that of Pt/TiO2 MSD-135 (ca. 0.9-1.4 nm) which corresponded to the shifting in Pt 4f binding 

energy and decrease in Pt/Ti ratio. The EDX analysis confirmed the presence of Pt nanoparticles 

deposited on the TiO2 support.  

In the sputtering process, ions generated in a plasma strike a target surface and remove 

target atoms via a momentum exchange process [48, 49]. In this work, the sputtered Pt target 

atoms may then deposit on the surface of the TiO2 substrate as adatoms. These Pt adatoms will 

subsequently   aggregate/agglomerate and grow in size, thus forming Pt metallic nanoparticles 

[16, 50]. According to our results, the deposition time played a crucial role on the characteristics 

and properties of the Pt nanoparticles and/or clusters deposited on the TiO2 support. A schematic 

of the formation of Pt nanoparticles during PDC MSD is proposed as illustrated in Fig. 9.  

During deposition times between 45-90 seconds, the Pt atoms/clusters were sputtered from the 

sputtering target and then grow as very small Pt nanoparticles with more spherical and low-

coordinated surfaces as shown by the more negative shift in the Pt 4f binding energy relative to 

Pt metal. In addition, at deposition times of 135 seconds a large number of small Pt nanoparticles 

with more highly-coordinated surface atoms (larger faces) were deposited on the TiO2 as 

observed at high atomic Pt/Ti ratios at the catalyst surface and the final state contribution in the 

Pt 4f binding energy (positive shift). Then, the growth step of the Pt nanoparticles still proceeded 

and formed the larger Pt nanoparticles observed, which strongly interacted with the TiO2 

supports.  

 

3.2 Catalytic reaction study 

The catalytic activities of the prepared catalysts were evaluated in an aqueous phase 

partial hydrogenation of vanillin to vanillyl alcohol under mild reaction conditions (temperature 

of 70 ºC and H2 pressure of 2 MPa) and the results are summarized in Table 4. The use of H2O 

as a desirable green solvent is beneficial to the process in the terms of safety, cost, and 

environmental impacts. Moreover, using H2O instead of an organic solvent, such as ethanol, 
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could prevent the loss of vanillyl alcohol due to the reaction with methanol forming vanillyl 

ethyl ether [51].  

Considering the Pt/TiO2 catalysts prepared by pulsed magnetron sputtering without the 

reduction step, the conversion of vanillin ranged in the order of Pt/TiO2 MSD-45 < Pt/TiO2 

MSD-90 < Pt/TiO2 MSD-180 < Pt/TiO2 MSD-135 catalysts, which was found to correlate to the 

atomic ratios of Pt/Ti on the catalyst surfaces. Moreover, the low activities of small Pt 

nanoparticles observed on Pt/TiO2 MSD-45 and Pt/TiO2 MSD-90 could be attributed to a larger 

fraction of low-coordinated sites, as compared to Pt deposition for longer times. The size effect 

of Pt has been investigated in the selective hydrogenation of cinnamaldehyde and it was reported 

that small Pt nanoparticles showed poor selectivity to cinnamyl alcohol because of the presence 

of more low coordination sites on small sized Pt nanoparticles [52]. The low coordination Pt sites 

are well-known to have a strong binding to C=C bonds, thus favoring C=C hydrogenation and 

decreasing C=O hydrogenation [52, 53]. The low coordination Pt sites were found to be more 

intense on small Pt nanoparticles, whereas larger sized Pt nanoparticles showed relatively fewer 

low coordination sites, leading to higher C=O hydrogenation [52]. Thus, the suitable 

characteristics of Pt nanoparticles deposited on TiO2 anatase powder by PDC-MSD should be a 

large number of well-dispersed and small Pt nanoparticles with more high-coordinated Pt surface 

atoms, which depended on the deposition time under the conditions tested here.   

In addition, the Pt/TiO2 catalysts prepared by the conventional impregnation method with 

similar and higher Pt loadings were also compared under similar reaction conditions. It was 

found that the Pt/TiO2 MSD-135 exhibited higher activity in the hydrogenation of vanillin, as 

compared to the 0.1%Pt/TiO2 IMP, due to higher amount of metallic Pt nanoparticles on the 

catalyst surface and a uniform small Pt nanoparticle dispersion. Moreover, the Pt/TiO2 MSD-135 

sample seemed to be interesting and to be more effective than 0.4%Pt/TiO2 IMP, because of the 

4 times lower Pt loading and the prompt catalyst application in reaction without a reduction step.  

The effect of a reduction step on the Pt/TiO2 catalysts prepared by PDC-MSD was further 

investigated for the Pt/TiO2 MSD-135 and Pt/TiO2 MSD-180 catalysts. The catalytic activities of 

the Pt/TiO2 MSD-135 and Pt/TiO2 MSD-180 catalysts after reduction at 500 ºC were found to be 

lower than those without a reduction step. According to the XPS results, after the reduction step 

the atomic ratios of Pt/Ti at the catalyst surface after reduction at high temperature were found to 
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decrease (Pt/Ti ratios: 0.020 and 0.006 for Pt/TiO2 MSD-135 R500 and Pt/TiO2 MSD-180 R500, 

respectively) due probably to the migration of TiOx species onto the Pt nanoparticles, thus 

leading to lower catalytic activities. Thus, the reduction step prior to reaction was unnecessary 

for the catalysts prepared by PDC-MSD. For the product distribution, all the Pt catalysts showed 

relatively high selectivity to vanillyl alcohol up to 98%. Only little p-creosol was formed as the 

by-product.  

The reusability and stability of the Pt/TiO2 MSD-135 was studied in the 2nd cycle reaction 

without regeneration. The recycle procedures used for the catalyst synthesized by PDC-MSD are 

described as follows: the spent catalyst was recovered by filtering them from the solution, 

washing with DI water for 3-5 times, and then drying the catalyst in air. The Pt/TiO2 MSD-135 

catalyst was still found to be effective for the 2nd cycle reaction in terms of catalytic 

performances and high activity without regeneration and reduction steps.  

According to the literature, Pt-based catalysts have not been investigated in the vanillin 

hydrogenation to much of a degree. Besides the conversion and selectivity, the performance of 

the catalyst should be concerned in the term of ability of one active site to catalyze and convert 

the reactant, also known as TON and TOF values. Comparing the current work with those 

reported in the literature as shown in Table 5, it was found that the Pt/TiO2 catalysts prepared by 

using PDC-MSD were very active in the hydrogenation of vanillin. Higher TON and TOF values 

observed on the Pt/TiO2 MSD-180, as compared to the Pt/TiO2 MSD-135, were due to larger Pt 

particles, thus promoting C=O hydrogenation. In addition, the TON and TOF values of the 

Pt/TiO2 prepared by impregnation were lower than the Pt/TiO2 prepared by PDC-MSD. The 

commercial 5wt.%Pt/C catalysts, which have been reported previously in the other works, 

seemed to be less active according to the lower values of TON and TOF. Thus, the superior 

performances and efficiency of the Pt/TiO2 catalysts prepared by PDC-MSD could be confirmed 

as presented in this work.   

 

4. Conclusions 

Pt catalysts supported on commercial TiO2 anatase powders were synthesized by using 

pulsed magnetron sputtering with deposition times in the range of 45-180 seconds. The actual Pt 

loadings under such conditions were ca. 0.1 wt.%. According to the H2-TPR, XPS, and TEM-
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EDX results, the characteristics and properties of Pt nanoparticles formed via PDC-MSD were 

found to depend on the deposition time. During shorter deposition times between 45-90 seconds, 

very small Pt nanoparticles with more spherical and low-coordinated surfaces were formed. In 

addition, a large of small Pt nanoparticles with more high-coordinated surface atoms were be 

obtained at a deposition time of 135 seconds. After that, the growth step of Pt nanoparticles still 

proceeded forming larger Pt nanoparticles which strongly interacted with the TiO2 supports. The 

catalytic activities of the Pt/TiO2 MSD under different deposition times in the selective 

hydrogenation of vanillin to vanillyl alcohol under mild and green conditions were ranging as 

follows: Pt/TiO2 MSD-45 < Pt/TiO2 MSD-90 < Pt/TiO2 MSD-180 < Pt/TiO2 MSD-135 catalysts, 

which was in good agreement with the atomic Pt/Ti ratio on the catalyst surface and the presence 

of coordinated surface Pt atoms. A large number of well-dispersed and small Pt nanoparticles 

with more high-coordinated Pt surface atoms deposited on TiO2 anatase powder by PDC-MSD 

was found to be suitable for the selective hydrogenation of vanillin and to be more effective than 

those prepared by conventional impregnation in terms of catalytic performances and high activity 

without a reduction step.  
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Figure captions 

 

Figure 1. Selective hydrogenation of vanillin. 

Figure 2. Schematic of the PDC-MSD system.  

Figure 3. BET isotherms of the TiO2 anatase support and all Pt/TiO2 catalysts prepared by PDC-

MSD. 

Figure 4. H2 temperature-programmed reduction profiles of the TiO2 anatase support and all 

Pt/TiO2 catalysts prepared by PDC-MSD and conventional impregnation. 

Figure 5. XPS Pt 4f core level spectra of (a) Pt/TiO2 MSD-45, (b) Pt/TiO2 MSD-90, (c) Pt/TiO2 

MSD-135, (d) Pt/TiO2 MSD-180, and (e) 0.4%Pt/TiO2 IMP catalysts. 

Figure 6. XPS Ti 2p core level spectra of (a) TiO2 anatase support, (b) Pt/TiO2 MSD-45, (c) 

Pt/TiO2 MSD-90, (d) Pt/TiO2 MSD-135, (e) Pt/TiO2 MSD-180, (f) 0.1%Pt/TiO2 IMP, and (g) 

0.4%Pt/TiO2 IMP catalysts. 

Figure 7. XPS O 1s core level spectra of (a) TiO2 anatase support, (b) Pt/TiO2 MSD-45, (c) 

Pt/TiO2 MSD-90, (d) Pt/TiO2 MSD-135, (e) Pt/TiO2 MSD-180, (f) 0.1%Pt/TiO2 IMP, and (g) 

0.4%Pt/TiO2 IMP catalysts. 

Figure 8. TEM micrographs of Pt/TiO2 MSD-135 and Pt/TiO2 MSD-180 catalysts. 

Figure 9. Schematic proposed for the formation of Pt nanoparticles upon pulsed-DC magnetron 

sputtering deposition.  
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Figure 7. 

 

 

 

 

 

 



Jo
ur

na
l P

re
-p

ro
of

 

 

Figure 8. 
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Figure 9. 
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Table 1. Actual Pt loadings under different deposition times and average metal deposition rate 

during PDC-MSD. 

Catalyst 
Deposition time 

(s) 

Actual Pt loadings 

(wt.%) 

Average deposition rate 

(µmol/s) 

Pt/TiO2 MSD-45 45 0.08 0.23 

Pt/TiO2 MSD-90 90 0.1 0.14 

Pt/TiO2 MSD-135 135 0.13 0.12 

Pt/TiO2 MSD-180 180 0.12 0.09 
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Table 2. N2 physisorption properties of Pt deposited on TiO2 by PDC-MSD with different 

deposition times.  

Catalyst 
Surface area 

(m2/g) 

Pore volume 

(cm3/g) 

Average pore diameter 

(nm) 

TiO2 anatase 85.3 0.33 11.5 

Pt/TiO2 MSD-45 75.9 0.23 8.2 

Pt/TiO2 MSD-90 71.3 0.22 8.0 

Pt/TiO2 MSD-135 74.6 0.23 7.6 

Pt/TiO2 MSD-180 72.1 0.24 8.2 
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Table 3. Atomic ratio of Pt/Ti and composition of different Pt species at catalyst surface for the 

Pt/TiO2 prepared by PDC-MSD and conventional impregnation. 

Catalyst 
Atomic ratio 

Pt/Ti 

Pt species 

Pt metal (%) PtO (%) PtO2 (%) 

Pt/TiO2 MSD-45 0.004 66.1 27.7 6.2 

Pt/TiO2 MSD-90 0.007 51.4 38.4 10.2 

Pt/TiO2 MSD-135 0.022 67.6 28.1 4.3 

Pt/TiO2 MSD-180 0.010 61.2 24.6 14.2 

0.1%Pt/TiO2 IMP n.d. n.d. n.d. n.d. 

0.4%Pt/TiO2 IMP 0.014 0 69.3 30.7 
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Table 4. Catalytic performances of the Pt/TiO2 prepared by PDC-MSD and conventional 

impregnation in the liquid phase selective hydrogenation of vanillin under green conditions. 

Catalyst 
Reduction 

Temp. (ºC) 

Conversion 

(%) 

Selectivity (%) 

Vanillyl alcohol p-creosol Guaiacol 

Blank - 0.9 100 - - 

Pt/TiO2 MSD-45 - 15.1 100 - - 

Pt/TiO2 MSD-90 - 19.1 98.1 1.9 - 

Pt/TiO2 MSD-135 - 58.1 97.9 2.1 - 

 500 52.3 97.0 3.0 - 

Pt/TiO2 MSD-180 - 39.2 97.9 2.1 - 

 500 34.4 97.9 2.1 - 

0.1%Pt/TiO2 IMP 500 46.1 98.4 1.6 - 

0.4%Pt/TiO2 IMP 500 81.8 97.9 2.1 - 
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Table 5. Comparison of the Pt/TiO2 prepared by PDC-MSD, prepared by conventional 

impregnation, and reported in the literature for liquid phase selective hydrogenation of vanillin. 

Catalyst

s 

Meta

l 

loadi

ng 

(%w

t.) 

Preparat

ion 

method 

Reducti

on 

tempera

ture 

(ºC) 

Reacti

on 

conditi

ons 

Solv

ent 

React

ion 

time  

(h) 

Conver

sion 

(%) 

Selecti

vity 

(%) 

TO

N b 

TO

F 

(1/

h)c 

Re

f. 

Pt/TiO2 

MSD-

135 

0.13 PDC-

MSD 

- 70 ºC 

2 MPa 

H2 

H2O 2 58.1 97.9 488

5 

244

2 

Thi

s 

wo

rk 

Pt/TiO2 

MSD-

180 

0.12 PDC-

MSD 

- 70 ºC 

2 MPa 

H2 

H2O 2 39.2 97.9 139

39 

696

9 

0.1%Pt/

TiO2 

IMP 

0.1 IMP 500 70 ºC 

2 MPa 

H2 

H2O 2 46.1 98.4 210

3 

105

1 

Pt/Ca 5 Comme

rical 

(Deguss

a) 

n/a 100 ºC 

3 MPa 

H2 

H2O 3 100 70 470 157 [12

] 

Pt/Ca 5 Comme

rcial 

(Deguss

a AG) 

n/a 100 ºC 

2.9 

MPa 

H2 

H2O 3 100 63 470 157 [54

] 

a Pt dispersion was 36.2%. 
b TON was calculated based on mole of vanillin converted per mole of Pt active sites. 

c TOF was calculated based on mole of vanillin converted per (mole of Pt active sites · time). 

 

 

 


