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Abstract 28 

While magnetron sputtering has been used to deposit metals onto a range of solid substrates, 29 

its application to produce porous heterogeneous catalysts in powder form is relatively 30 

unstudied. Here, magnetron sputtered Pd heterogeneous catalyst powders were prepared 31 

using a shaker operated at optimal experimental settings to give uniform coverage of the 32 

powders, and tested in the abatement of exhaust emissions in natural gas fuelled engines via 33 

the oxidation of methane. Pd nanoparticles were deposited onto alumina, titania and zeolite 34 

supports, in powder form. X-ray diffraction confirmed that the characteristic structure of each 35 

support was maintained following sputtering. The quantity of Pd increased (a) with 36 

deposition time and (b) as a function of support in the order alumina < zeolite < titania. The 37 

methane oxidation activity, measured as the temperatures at which 10% and 50% conversions 38 

were observed, T10 and T50, increased with Pd content for each support and was most active 39 

over zeolite catalysts despite a greater amount of Pd present on titania. Overall, the findings 40 

demonstrate that magnetron sputtering is a viable method to prepare active precious metal 41 

based catalyst powders. Furthermore, this rapid one-step process is complete after 10-20 min 42 

deposition time and avoids any metal salt impurities or the need for solvent as required in 43 

traditional synthesis methods. 44 

Keywords; Methane decomposition; dual-fuel; zeolite; exhaust emissions; magnetron 45 

sputtering. 46 
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1. Introduction 47 

Natural gas contains up to ca. 95% methane and has received considerable attention in recent 48 

years as a fuel for heating and electricity generation. This is mainly due to the inexpensive and 49 

plentiful supply of methane/natural gas brought about by shale bed fracking, which is expected 50 

to continue for the foreseeable future [1]. It is also possible to produce methane renewably 51 

using biological processes that consume far less net carbon than fossil fuels (net carbon is not 52 

yet zero when associated energy requirements e.g. transportation, are taken into account). This 53 

‘biomethane’ can be prepared in a number of ways e.g. from domestic waste in landfill sites or 54 

from the metabolic products of algal biomass [2]. 55 

Methane has the highest hydrogen to carbon ratio of any hydrocarbon, 4:1 versus ≤2:1 for 56 

diesel and, therefore, its use as a fuel generates less carbon dioxide than diesel. Dual-fuel 57 

technology allows methane to be used in a conventional compression ignition engine [3]. The 58 

engine operates by using two fuels simultaneously (when in dual–fuel mode), whereby 59 

combustion of the secondary fuel occurs alongside the compression-induced ignition of diesel 60 

[4,5]. The advantages of using methane as the secondary fuel are: lower operating costs, 61 

reduced carbon dioxide emissions and reduced levels of carbon based particulate matter. Taken 62 

together, these make dual-fuel a realistic possibility in the immediate term to decarbonise 63 

transport systems, particularly for heavy goods vehicles. The main barrier preventing the 64 

widespread adoption of dual-fuel powered engines is that the concentration of unburned 65 

methane in exhaust gases exceeds that allowed by current emissions legislation (developed for 66 

single fuel engines) [6,7]. As a result, there has been an intensive research effort to decompose 67 

methane in exhaust emissions [8,9]. The decomposition of methane by oxidation has been 68 

studied using reactions such as: steam reforming, partial oxidation, autothermal reforming, and 69 

dry reforming of methane (DRM) with carbon dioxide [10-14]. Complete methane oxidation 70 

occurs under stoichiometric or excess oxygen conditions and generates carbon dioxide and 71 
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water as products. Pd nanoparticles supported on high surface area metal oxide supports are 72 

well-established catalysts for complete methane oxidation [15-20].  73 

Precious metal heterogeneous catalysts are conventionally prepared by transferring metal(s) 74 

from solutions of metal salts onto a support by e.g. ion-exchange or incipient wetness. The 75 

solvent is then removed by heating and/or vacuum to leave behind the metal nanoparticles 76 

dispersed on the support surface. While this method allows some flexibility to fine-tune the 77 

properties of the final catalyst, e.g. metal nanoparticle size through variations in solution 78 

chemistry and deposition method, there are associated disadvantages, such as the presence of 79 

impurities and counter ions in the metal salts, and the need to remove the solvent by 80 

evaporation, which consumes energy and may also cause undesirable changes to the catalyst. 81 

Magnetron sputtering is a physical vapour deposition technique used to prepare thin films, 82 

usually on planar surfaces or components. The process can be modified through the 83 

introduction of a shaker to allow nanoparticles to be uniformly coated. Sputtering operates in 84 

high vacuum whereby a plasma is created in a process gas, usually argon. Positive ions 85 

generated in the plasma strike the metal target plate, or cathode, and remove target atoms by a 86 

momentum exchange mechanism. The target atoms diffuse across the chamber and are 87 

deposited on the solid substrate as a thin film. The magnetic field in the magnetron serves to 88 

densify the plasma and improve the process efficiency. The preparation of catalysts by 89 

magnetron sputtering offers a number of advantages over conventional methods including: 90 

higher purity starting materials/catalysts, greater control of metal loadings and the absence of 91 

a solvent, or any other ‘wet’ chemicals.  92 

The majority of precious metal catalysts prepared using magnetron sputtering have focussed 93 

on electrochemical systems containing Pt and Au deposited on metallic substrates [21]. Pd 94 

film/nanoparticle deposition has been carried out on the following substrates: glass [22,23], 95 

glucose [24] silicon wafer [25,26], stainless steel [27], and a number of forms of carbon; glassy 96 
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carbon [28], carbon black [29], carbon paper [30], carbon cloth [31], carbon nanotubes [32] 97 

and highly ordered pyrolytic graphite (HOPG) [33]. There are relatively few accounts of Pd 98 

nanoparticles deposited on commercial catalyst supports in powder form. Pd sputtered onto 99 

alumina [34] and carbon black [35] were active heterogeneous catalysts in hydrogenation 100 

reactions, and ammonia borane was found to decompose over Pd sputtered mesoporous silica 101 

MCM-48 [36].  102 

To our knowledge, there are no reports of methane oxidation over Pd based powder catalysts 103 

prepared using magnetron sputtering. Here, we prepare Pd on alumina, titania and zeolite 104 

supports using magnetron sputtering, and test their catalytic activity in complete methane 105 

oxidation. The results show that both the quantity of Pd deposited and the catalytic activity are 106 

dependent on the choice of underlying support. 107 

 108 

2. Experimental 109 

2.1 Pd deposition by magnetron sputtering 110 

The following is a list of the suppliers and reagents: activated alumina, Sigma Aldrich; titania, 111 

PC 500, Millennium Inorganic Chemicals; Y-zeolite Si/Al 30, Zeolyst International; Pd target 112 

PiKem 99.99%. 5.0 g of catalyst support (alumina, titania or zeolite) was placed onto a 113 

SignalForce™ Data Physics shaker inside an in-house built magnetron sputtering vacuum 114 

chamber, Fig. 1, in which a single 75 mm diameter unbalanced magnetron was installed in the 115 

chamber roof in the ‘sputter down’ configuration. The shaker, positioned directly underneath 116 

the magnetron at a separation of 8 cm, was adjusted in terms of oscillation frequency and 117 

amplitude to optimise the movement of the powder supports within a 10 cm diameter dish 118 

attached to the shaker. The chamber was sealed and the pressure was reduced to a base pressure 119 

of < 4.0 x 10-3 Pa using a Leybold 250 turbo pump and Edwards 28 rotary pump. Once the 120 

desired base pressure was reached, the chamber was backfilled with argon at a flow rate of 10 121 
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ml min-1 to maintain an operating pressure of 0.5 Pa. The target was sputtering in pulsed DC 122 

mode at 100 W and 100 kHz pulse frequency (60% duty) using an Advanced Energy DC 123 

Pinnacle Plus™ power supply. The Data Physics shaker was then switched on and separate 124 

batches of support materials were sputtered coated with Pd for durations of 10, 15 and 20 min. 125 

Following deposition, the system was allowed to cool for 15 min before venting and removal 126 

of the coated powder.  127 

 128 

2.2 Characterisation 129 

X-ray diffraction (XRD) was conducted in ambient conditions using a Panalytical X’Pert 130 

Powder diffractometer with Cu Kα radiation (λ = 1.5406 Å). All powder diffraction patterns 131 

were recorded from 4 to 120 ° 2θ with step size 0.013 ° and step time 50 s, using an X-ray tube 132 

operated at 40 kV and 30 mA with fixed ¼ ° anti-scatter slit. A Rigaku NEX-CG X-ray 133 

fluorescence (XRF) spectrometer was used for elemental analysis using the loose powder 134 

method under vacuum. Nitrogen adsorption/desorption measurements were carried out using a 135 

Micromeritics ASAP 2020 surface area analyser at -196 °C. Samples were degassed under 136 

vacuum (p < 10-3 Pa) for 12 h at 300 °C prior to analysis. BET surface areas of the samples 137 

were calculated in the relative pressure range 0.05-0.30.  138 

 139 

2.3 Catalytic tests 140 

The catalytic activity of each sample was studied in a quartz fixed bed reactor, Fig. 2, placed 141 

inside a temperature controlled furnace (Carbolite type 3216, Tempatron, PID500/110/330). 142 

0.2 g of catalyst was calcined in air for 4 h at 550 °C and placed in a quartz tube (10 mm 143 

diameter, 1 mm thickness) between quartz wool plugs. A feed mixture of 50 ml min-1 144 

comprising CH4:O2:He in ratios 5:10:35 ml min-1, which is equivalent to 10%, 20% and 70%, 145 

respectively, was used in all catalytic tests. Methane (c.99.9995%) and oxygen (c.99.999%) 146 
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gases were supplied from lecture bottles (CKGAS filled to 200 Bar at 15 °C) and regulated 147 

using single stage CONCOA 302 series gas regulators. The flow of each gas was maintained 148 

using Bronkhorst UK model F-201CV mass flow controllers. The reaction products were 149 

monitored by a Hewlett Packard 5890 series II gas chromatograph equipped with a Carboxen 150 

1010 plot fused silica capillary column (30 m x 0.53 mm) connected via a 6-way gas sampling 151 

valve to a thermal conductivity detector. Measurements were recorded at 25 °C intervals (after 152 

holding at that temperature for 5 min) using a heating rate of 10 °C min-1. 153 

 154 

3. Results & discussion 155 

3.1 Characterisation 156 

XRD diffraction patterns, Fig. 3, confirm the presence of Pd and that the characteristic structure 157 

for each catalyst support remains intact after exposure to the plasma. Table 1 shows that the 158 

amount of Pd deposited, determined by XRF, increases with deposition time, as is expected for 159 

this process. Furthermore, the Pd is deposited at a regular rate, evidenced by the proportional 160 

increase in mass as a function of time e.g. on titania, 3.62 wt% was deposited after 10 min and 161 

7.36 wt% after 20 min, an approximate doubling of Pd with run time. However, the amounts 162 

of Pd deposited varied considerably between the supports, increasing in the order alumina < 163 

zeolite < titania. When these differences are quantified by calculating the average wt% 164 

deposited on a given support over the three exposure times relative to that of titania (100%), 165 

the relative amounts of Pd deposited was 48% on zeolite and 19% on alumina.  166 

It is difficult to assign with certainty the underlying reasons for these differences. However, 167 

there are examples in the literature that suggest adhesion issues when depositing Pd on alumina, 168 

whereas the authors have successfully used the technique here to deposit Pt-group metals onto 169 

titania particles, including PC500 [37]. It has been speculated that this might be related to the 170 

surface sticking coefficient or the dielectric constant of the support. In the latter case, the more 171 
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insulating nature of alumina may result in the particles becoming electrically charged whilst in 172 

the magnetron plasma and repelling the incident argon ion bombardment which occurs during 173 

sputtering and strongly influences film growth and adhesion [38]. Table 1 shows the surface 174 

areas of the Pd deposited samples increase in the order titania 80-117 m2 g-1, alumina 112-143 175 

m2 g-1 and zeolite 730-743 m2 g-1. All surface areas are consistent with those expected for these 176 

underling supports. We are unable to provide conclusive reasons for changes in surface area 177 

e.g. 117 m2 g-1 for the 15 min deposited sample on titania versus 80 m2 g-1 for 10 min. In any 178 

case, there are too few samples overall from which to draw definitive trends in surface areas 179 

for the study presented here.  180 

 181 

3.2 Catalyst testing 182 

The complete oxidation of methane is used both as a test reaction for the Pd sputtered catalysts 183 

and to determine their suitability in engine exhaust emissions treatment. Carbon monoxide was 184 

not detected in any of the experiments. All substrates containing Pd were catalytically active 185 

and the results are shown as light-off curves in Fig. 4. The data for 10 min Pd deposition, Fig. 186 

4(a), clearly show that the catalytic activities (measured from conversion temperatures) 187 

increased in the order: alumina < titania < zeolite. Longer deposition times of 15 min, Fig. 4(b), 188 

and 20 min, Fig. 4(c), caused increases in activity overall by shifting methane conversion to 189 

lower temperatures. It is interesting to note that the titania supported catalysts were more active 190 

than the zeolite catalysts at lower reaction temperatures for 15 and 20 min deposition times. 191 

This enhanced methane oxidation activity was observed at temperatures up to 320 °C for 15 192 

min deposition, and up to 275 °C for 20 min. The superior activity of titania at low reaction 193 

temperatures also occurred, albeit to a much lower degree, for 10 min deposition as evidenced 194 

by the detection of trace quantities of the reaction product CO2 by GC (not shown) for titania 195 

at 200 °C, which was not detected for zeolite at the same temperature. Methane conversions 196 
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became approximately equal (<2%) for titania and zeolite at 250 °C. The authors acknowledge 197 

that the minor differences in conversions at the lower temperature ranges may be explained by 198 

experimental error, so their relevance to the overall conclusions should be considered 199 

tentatively. Kinetic data calculated up to 30% conversion gave activation energies in the range 200 

106-116 kJ mol-1 for alumina, 76.5-83.8 kJ mol-1 for titania and 89.9-111 kJ mol-1 for zeolite, 201 

Table 1. 202 

These results may be considered further by exploring the temperatures required for 10% and 203 

50% conversion, T10 and T50, as a function of Pd content, Fig. 5. The trends here reinforce the 204 

findings that catalytic activities increase with deposition time, manifested by a general decrease 205 

in both T10 and T50. For example, increasing the deposition time from 10 to 20 min caused a 206 

decrease in T50 values from 413 °C to 378 °C for alumina, 346 °C to 305 °C for titania and 320 207 

°C to 285 °C for zeolite. Escandón et al. compared methane oxidation over various supports 208 

and recorded a T50 value of 334 °C  on alumina (0.84 wt% Pd) versus 483 °C on titania (0.90 209 

wt% Pd) [39]. While alumina is a well-established and active support for a range of 210 

heterogeneously catalysed reactions it appears that it is relatively unsuited to applications 211 

involving magnetron sputtering, at least using the procedure described here. 212 

The relative activities at lower reaction temperatures are more accurately captured in the T10 213 

readings. The zeolite catalyst is the most active after 10 min deposition, T10 is 283 °C, versus 214 

300 °C for titania, while titania is more active for 15 min, 271 °C, and 20 min, 242 °C, relative 215 

to the zeolite; 284 °C and 257 °C, respectively. These trends are in agreement with the profiles 216 

seen in the light-off curves, Fig. 4. We recently reported a methane oxidation T50 value of 288 217 

°C for a Pd-zeolite prepared by conventional ion-exchange and ultrasonic treatment, using the 218 

same catalyst testing rig and conditions as in this paper [19]. The fact that this T50 value is 219 

almost identical to the zeolite catalyst prepared using 20 min sputtering, 285 °C validates the 220 

application of magnetron sputtering to the preparation of catalyst powders via relatively rapid 221 
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production times (20 min) and without the need for ultrasonic treatment or solvent removal. 222 

Furthermore, this magnetron sputtered catalyst contained less Pd, 3.04 wt%, Table 1, versus 223 

5.25 wt% on the ion-exchanged sample. 224 

The enhanced reactivity of the zeolite supported Pd catalysts can be explained primarily by the 225 

presence of more numerous and much stronger acid sites than those on alumina and titania 226 

supports. Density functional theory (DFT) calculations confirmed that a bond interaction exists 227 

between the acidic H+ of zeolite and the O atom of PdO, and that such acid sites are necessary 228 

for methane activation and sintering prevention [40,41]. Dai et al. showed that Lewis acid sites 229 

are required to prepare highly dispersed Pd/ZSM-5 catalysts [42]. In a separate study 230 

comparing zeolites in H+ and Na+ from, the interaction between zeolite acid sites and PdO 231 

nanoparticles was shown to reduce PdO sintering such that better stability was observed for the 232 

more acidic H+ support [43]. Friberg et al. explored the effects of Si/Al ratio of zeolites on 233 

methane oxidation and showed that zeolite acid sites increased the dispersion of Pd 234 

nanoparticles and even allowed the formation of monoatomic Pd2+ species [44]. The Si/Al 235 

ratios of zeolite in that study ranged from 40-969 so, for comparison purposes, the zeolite used 236 

in our paper, Si/Al = 30, can be considered ‘low’; this value is consistent with a ‘high’ number 237 

of acid sites, which could explain greater catalytic activity on the zeolite supports. For the 238 

results presented in our paper, the superior activity over zeolite supported catalysts is, therefore, 239 

explained by negatively charged sites in the zeolite framework (countered by e.g. H+) that 240 

provide anchoring locations to which positively charged species in the plasma attach. The 241 

higher bond energies of these interactions make the zeolite surface more attractive to the Pd 242 

species both in the plasma and on the surface, which compensates for the additional surface 243 

energy associated with the formation of smaller nanoparticles.  244 

Further evidence to support this can be seen by considering the reaction rates in Table 1, where 245 

the rate per unit mass of Pd typically decreases with increasing Pd coverage. These decreases 246 
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can be partially explained by the lower temperatures needed to accurately display the results 247 

i.e. 350 °C for 10 min, 320 °C for 15 min and 300 °C for 20 min. However, the extent to which 248 

these reaction rates decrease differs greatly for the supports. Comparing Pd deposition for 10 249 

and 20 min, the rate drops 87% from 12.7 to 1.59 mmoles CH4/min g Pd on alumina, 61% from 250 

16.7 to 6.56 mmoles CH4/min g Pd on titania, but drops only 34% from 51.8 to 34.1 mmoles 251 

CH4/min g Pd on zeolite. These differences are attributed to the combination of the (a) stronger 252 

interaction of Pd/PdO to the acid sites in zeolite and (b) confinement within zeolite cages, 253 

which together restrict the growth of Pd particles relative to the alumina and titania supports 254 

giving more highly dispersed Pd/PdO on the zeolite catalysts [45,46]. The authors do not have 255 

HR-TEM facilities to accurately image the Pd/PdO nanoparticles so we fully acknowledge that 256 

our explanation is tentatively based on the combination/comparison of the results presented 257 

here with published works.  258 

Other factors that may contribute to the zeolite activity are their higher surface areas or that the 259 

zeolite acid site-PdO interaction makes the zeolite more hydrophobic by decreasing the 260 

adsorption binding strength of water (present as a combustion product) which would otherwise 261 

poison the active surface and increase Pd sintering during reaction [47]. Zeolites may also 262 

increase activity in oxidation reactions by increasing the reducibility of PdO relative to non-263 

acidic supports [48].  264 

 265 

4. Conclusions 266 

Magnetron sputtering is a feasible method to rapidly prepare catalyst powders on commercially 267 

relevant supports that are active in complete methane oxidation. The quantity of Pd deposited 268 

varied between supports and was found to be highest on titania and lowest on alumina. Zeolite 269 

Y was the most catalytically active support even when using a lower mass ratio of Pd than that 270 

on titania. Considering the number of reactions where zeolites are used and the benefits of 271 
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magnetron sputtering over conventional catalyst preparation methods, magnetron sputtering is 272 

well placed to be applied in future to prepare highly active catalytic materials containing other 273 

precious and/or non-precious metals. 274 
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Table 1: Pd wt% as determined by XRF, BET surface area (SBET), thermodynamic data and 451 

reaction rate for methane oxidation. 452 

Support Sputter time 
(min) 

Pd loading 
(wt%) 

SBET  

(m2 g-1) 
EA  

(kJ mol-1) 
Rate (mmoles 

CH4/min g Pd)a 

Alumina 10 0.58 146 106 12.7 
 15 1.04 112 116 2.13 
 20 1.48 143 114 1.59 

Titania 10 3.62 80 81.3 16.7 
 15 4.78 117 76.5 19.4 
 20 7.36 80 83.8 6.56 

Y zeolite 10 1.66 730 111 51.8 
 15 2.74 743 89.9 39.9 
 20 3.04 735 93.5 34.1 

a Reaction rates are expressed at different temperatures to ensure that CH4 conversion % were inside 453 

the range 0-100% for all three supports: 350 °C for 10 min,  320 °C for 15 min and 300 °C for 20 min.   454 
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List of figure captions: 470 

 471 

Fig. 1: Schematic diagram of magnetron sputtering set up.  472 

 473 

Fig. 2: PFD of catalyst testing rig; the zig-zag pattern added to the line between v6 and the 474 

GC TCD/FID represents heating tape. 475 

 476 

Fig. 3: XRD powder patterns of alumina, titania and zeolite supports following sputtering; Pd 477 

peaks are indicated with an *. 478 

 479 

Fig. 4: Data for CH4 conversion vs. reaction temperature in a fixed bed reactor over alumina, 480 

titania and zeolite catalyst supports for Pd sputter times of (a) 10 min, (b) 15 min and (c) 20 481 

min. Total flow rate of feed mixture is 50 ml min-1 comprising CH4:O2:He = 10%:20%:70%. 482 

 483 

Fig. 5: T10 (lower) and T50 (higher) values for CH4 conversion vs Pd content. Total flow rate 484 

of feed mixture is 50 ml min-1 comprising CH4:O2:He = 10%:20%:70%. 485 
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Fig. 5. 546 
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