
Surfaces and Interfaces 40 (2023) 103079

Available online 16 June 2023
2468-0230/© 2023 Elsevier B.V. All rights reserved.

Tuning the morphology of sputter-deposited platinum catalyst: From 
compact layers to dispersed nanoparticles 

Athira Lekshmi Mohandas Sandhya a, Pavel Pleskunov b, Marco Bogar c, Xianxian Xie a, 
Philipp Aldo Wieser d, Martin Orság a, Thu Ngan Dinhová a, Milan Dopita e, Rodolfo Taccani c, 
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A B S T R A C T   

A comprehensive study on adjusting the morphology of sputter-deposited platinum was performed. Platinum was 
deposited under various Ar pressure ranging from 0.3 to 3.2 Pa using a conventional magnetron system as well as 
at 57 Pa using a gas aggregation cluster source integrated into the magnetron sputtering system. The morphology 
and structure of deposited layers were characterized with a broad portfolio of characterization techniques such as 
scanning electron microscopy, transmission electron microscopy, grazing incidence small angle X-ray scattering 
and X-ray diffraction. The results revealed a continuous evolution of the Pt layer morphology from a thin-film- 
like layer of tightly packed Pt nanoparticles to a deposit composed of dispersed particles of 5-7 nm in size as the 
Ar pressure increased. The electrochemically active surface area of deposited Pt, as calculated from cyclic vol-
tammograms, increased with deposition pressure from 11.7 m2⋅gPt

− 1 to 22.3 m2⋅gPt
− 1 and 24 m2⋅gPt

− 1 for Pt 
deposited at 0.3, 3.2 and 57 Pa, respectively. This increase in active sites was reflected in a significant 
improvement in the mass activity of platinum exemplary confirmed using a methanol electrooxidation reaction.   

1. Introduction 

Platinum remains the superior catalyst for a wide range of (electro) 
chemical reactions owing to its unique intrinsic properties. Particularly, 
Pt and Pt-based catalysts are vital for advanced clean energy conversion 
processes such as fuel cell technology, which is becoming increasingly 
important for the race towards cutting greenhouse gas emissions, as 
outlined in the recently announced Green Deal [1]. However, platinum 
is expensive and rare, and the expected increase in demand is likely to 
further increase its price [2]. Moreover, the catalytic activity of Pt de-
grades over time. The increase of platinum utilization and stability is 
thus of high importance. 

Intensive research is currently underway to develop new or 
improved Pt or Pt-based catalysts with an improved activity-stability 
relationship. A significant step forward has been made addressing this 
aim in the last decade using several strategies, such as controlling the 

size and shape of Pt nanoparticle catalyst [3,4], incorporating specific 
elements into platinum to prepare Pt-based bimetallic [5–7] and even 
trimetallic alloys [8,9], etc. Despite significant progress, there is still 
ample opportunity for further catalyst improvement and innovation, 
especially with the rise of modern techniques which provide information 
about the catalyst directly in the course of the reaction of interest. Such 
techniques are expected to significantly contribute to obtaining funda-
mental knowledge that is a prerequisite for the development of novel 
catalysts for the next generation of fuel cell technologies. 

Real fuel cell devices (full-cell), however, have a complex architec-
ture comprising anode and cathode compartments, a solid polymer 
membrane, flow field desks, etc. Both the anode and cathode further 
consist of a catalyst deposited on a nanoporous layer, which in turn, is 
deposited on a microporous layer. Due to this complexity, characterizing 
the catalysts inside real fuel cells is relatively expensive and faces 
experimental difficulties. Instead, despite ongoing debates [10], the 
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majority of scientists focus their attention on the so-called liquid 
half-cells. The half-cell enables rapid and accurate catalyst inspection 
(either anode or cathode) under well-defined conditions. Studies in 
half-cell are well-suited for laboratory-scale studies due to their facile 
availability and low cost [11,12]. Furthermore, the half-cell configura-
tion can be incorporated into specific characterization techniques, 
forming innovative experimental setups. 

Electrodes for half-cell measurements are generally prepared on a 
planar surface of glassy carbon in a form of thin films composed of 
carbon-supported catalysts nanoparticles (NPs), mixed with an iono-
meric polymer (so-called three-dimensional (3D) system). However, 
even such systems are rather complex because of possible support ef-
fects, mass transport limitations, contaminations from wet-chemical 
syntheses etc. Despite being far from real systems used in fuel cells, 
well-defined two-dimensional (2D) model electrodes of monolayer of 
evenly distributed NPs deposited on a planar substrate [6,13–17], or 
even single crystal electrodes [18–22], are being studied. These model 
electrodes are an inevitable part of the bottom-up approach in materials 
science and allow for elucidating fundamental aspects that are often 
undetectable in more complex systems. Furthermore, it broadens the 
portfolio of available techniques that can be combined with half-cells for 
those requiring flat planar substrates, including GISAXS, AFM, and STM 
[14,15,23–25]. 

Typically, nanoparticles for 2D electrodes are prepared using wet 
chemical synthesis and then precipitated onto the electrode surface, 
which can result in uneven nanoparticle distribution and aggregation. 
Moreover, they may contain surfactants used in synthesis that can be 
difficult to get rid of. As an alternative, magnetron sputtering deposition 
is a simple and fast method for scalable catalyst production of different 
compositions. More importantly, as a physical vapor deposition method, 
it allows the preparation of a catalyst free of toxic reactants and unde-
sired surfactants, which underlines the undisputable advantage of this 
approach for catalyst preparation. Nevertheless, a sputter-deposited 
catalyst usually grows in a form of a compact layer rather than nano-
particles. On the other hand, sputtering deposition allows significant 
modification of the deposit morphology by simple variation of multiple 
deposition parameters such as background pressure, power on a 
magnetron, deposition angle, etc., opening a potential path for over-
coming that limitation [26–32]. 

Herein, we report a comprehensive study on adjusting the 
morphology of sputter-deposited platinum by varying the sputtering 
deposition pressure, thereby aiming to get Pt deposited as one mono-
layer of nanoparticles assembly rather than compact layers to manu-
facture ultralow Pt loading electrodes for half-cell investigation. The 
comparative study is complemented by data from thorough character-
ization using multiple techniques and electrochemistry. 

2. Experimental 

2.1. Sample preparation 

Multiple types of substrates were used to deposit Pt NP-based thin 
films: Si wafers (10 × 10 mm) covered by 10 nm of amorphous carbon 
layer to perform XRD and GISAXS measurements; carbon-coated copper 
grids (Agar Scientific) for HRTEM analysis and glassy carbon disks (Pine 
research, 5 mm diameter, 0.196 cm2 surface area) substrates for cyclic 
voltammetry and SEM measurements. 

2.1.1. Conventional magnetron sputtering system 
Pt films were prepared by magnetron sputtering using a Circular 

TORUS magnetron (K. J. Lesker) with a 2-inch platinum target (99.99% 
Safina) placed under the angle of 45◦ and at the distance of 120 mm to 
the substrate. The deposition chamber was first evacuated to a base 
pressure of 4⋅10− 4 Pa and then filled with Ar gas. Deposition under 
various Ar pressures was regulated by controlling the gas flow of argon. 
The Ar gas flow was set to 3.8, 18, 25, 39 and 49 sccm to have the 

deposition chamber under the working gas pressures of 0.3, 0.8, 1.9, 2.6 
and 3.2 Pa respectively. The deposition was carried out at a constant 
sputtering power of 60 W. A series of depositions were performed con-
trolling deposition time in order to deposit Pt films with as much as 
possible equal thickness of approximately 7 nm. 

A rough estimation of the Pt loading in each sample was provided as 
follows. Mass loading was calculated by multiplying the Pt density by 
the total Pt area and Pt thickness. A compact layer with the thickness of 7 
nm (obtained from GISAXS measurements) would have 15 µgPt⋅cm− 2. To 
estimate the Pt loading in all samples, a thresholding tool was applied to 
SEM images to determine the relative area occupied by particles and 
voids. The Pt loading of each sample was then estimated to be lower than 
15 µgPt⋅cm− 2 by the percentage of voids present in corresponding SEM 
images. 

2.1.2. Gas aggregation cluster source integrated into magnetron sputtering 
system 

A custom-built gas aggregation cluster source (GAS) equipped with a 
3-inch planar magnetron was used to extend the working conditions to 
the higher pressures. The GAS source was mounted vertically onto the 
main vacuum chamber. The system was evacuated to a base pressure of 
1⋅10− 5 Pa by turbomolecular and scroll pumps. Then, Ar was injected 
into the GAS via a mass flow controller with the flow rate set to 18 sccm 
to form the working pressure of 57 Pa. The magnetron was powered by 
dc power supply operated in constant current mode. The Pt target 
(99.99% Safina) underwent pre-cleaning for 5 minutes with a magne-
tron current of 350 mA, then the current was reduced to 250 mA. A more 
detailed description of the GAS can be found elsewhere [33–35]. The 
distance between the exiting orifice of the GAS source and the substrates 
was 100 mm. 

The mass of deposited Pt was assessed via the mass flux of Pt NPs. 
The NP mass flux is defined as the total mass of material that is deposited 
onto a substrate unit area for a given period of time. The Pt NP mass flux, 
jm was calculated by finding the volume of every NP observed within the 
SEM micrograph view field, summing all the volumes and calculating 
the deposited mass onto the unit area per time with an assumption that 
the density of bulk Pt at standard temperature and pressure (STP) is 
approximately equal to 21.45 g⋅cm− 3. To simplify the calculations, 
single Pt NP volume was approximated by a volume of model cubic NP 
with the side length equal to the NP size measured by HRTEM. 

jm =
ρ
∑

l3

ASEMt 

Here, ρ is the density of the Pt at STP, l is the NP side length, ASEM is 
the area of the SEM view field, t is the deposition time. 

2.2. Physical characterization 

The morphology was studied by means of Scanning Electron Mi-
croscope (SEM) using a Tescan Mira 3 microscope operated at 30 keV 
beam energy and Transmission Electron Microscopy (TEM) using a 
JOEL-2200FS microscope operated at 200 keV. For TEM characteriza-
tion platinum layers were deposited directly on copper grids covered 
with a holey carbon film (Agar scientific). The SEM images taken on Pt 
thin films sputtered at low pressures were analyzed using ImageJ soft-
ware, while the Matlab Image Processing Toolkit (IPT) was applied for 
the processing of SEM images acquired on PtGAS NPs. Both software 
packages allow for expeditious and robust analysis of coatings with 
complex topology. 

Grazing Incidence Small Angle X-Ray Scattering (GISAXS) patterns 
were recorded ex situ at room temperature and pressure at the Austrian 
SAXS beamline at the ELETTRA synchrotron in Trieste, Italy [36] by 
means of a 2D Pilatus3 1M detector (Dectris), at a beam energy of 16 
keV, and with a sample-to-detector distance equal to 200.58 cm. Silver 
behenate was used as a calibrant of the q-scale and the incidence angle 
was set to 0.3◦ above the sample surface. IGOR Pro 7.0.8.1 
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(Wavemetrics) was used for data reduction and analysis. Two cuts 
retrieved with the Nika package for IGOR Pro [37] were used for further 
data analysis: the in-plane cut, retrieved by integrating the 
two-dimensional scattering patterns at the height of the Yoneda wings, 
while the out-of-plane cut was obtained by integrating the scattering 
patterns along the vertical direction, at the horizontal position of the 
specular peak. The in-plane cut was then processed by least-square 
fitting by means of an analytical model developed within previous 
studies [14,23,24], where deposited Pt nanoparticles were modelled by 
means of the product of a form factor, P(q), and a structure factor, S(q): 
I(q)∝P(q, IP, DP, σP)⋅S(q, RSHS, φ, λ, ε). As the form factor P(q), a set of 
spheres which sizes follow the Schulz distribution [38] was selected. 
Here, the particle size distribution is described in terms of the mean 
particle size (DP) and standard deviation (σP), while IP represents the 
forwarded scattering probability of the particles population. The 
so-called Sticky-Hard-Sphere model was then used as the structure fac-
tor S(q) [39]. Here, from RSHS the minimum interparticle distance can be 
calculated, the apparent volume fraction (φ), which is related to the 
probability to find a nearest neighbor particle, and λ and ε, representing 
the width and the depth of the potential well, respectively. In order to 
calculate the average distance between the centers of nearest neighbor 
particles (dNN), the first correlation peak of the structure factor was 
fitted with a Gaussian probability distribution function. Then the 
average nearest neighbor distance was retrieved by the so-obtained peak 
position (q*) as dNN = 2π/q*. Finally, from the out-of-plane cut, the 
analysis focused on the periodicity of the Kiessig fringes [40]: two 
consecutive peaks of the fringes were singularly fit by using a model 
composed by the sum of a Gaussian probability distribution function 
(modelling the peak of the fringe) and a power law (modelling the 
background). From the fringe periodicity (Δq), obtained by the differ-
ence of displacement of two consecutive peaks, the estimated sample 
thickness was calculated as: t = 2π/Δq [41,42]. 

X-ray diffraction (XRD) measurements were performed using a 
SmartLab diffractometer (Rigaku) equipped with a 9 kW rotating anode 
X-ray source (Cu Kα radiation, λ = 0.15418 nm), a parabolic multilayer 
mirror in the primary beam, a set of axial divergence eliminating Soller 
slits with acceptance 5◦ in both incident and diffracted beam, and a 
HighPix-3000 2D hybrid pixel single-photon counting detector. The 
XRD measurements were done in the parallel beam-glancing angle X-ray 
diffraction geometry (GAXRD) with a parallel beam Soller slit collimator 
(acceptance 0.5◦) in the diffracted beam. The constant angle of the 
incidence beam of 0.6◦ was used for the measurements. 

2.3. Electrochemical characterization 

The voltammograms were recorded in an N2 purged 0.1M HClO4 and 
0.1M HClO4 + 0.5M CH3OH solutions at 200 mV⋅s− 1 and 50 mV⋅s− 1 

sweep rates, respectively, in a typical 3 electrode half-cell (Pine 
research) configuration, where the platinum deposited onto glassy car-
bon (Pine research, 5 mm diameter, 0.196 cm2 surface area) acted as a 
working electrode, platinum wire as a counter electrode (Pine research) 
and Ag/AgCl in saturated KCl as a reference electrode (Monokrystaly s.r. 
o.). The system was connected to SP-150 potentiostat (Bio-Logic). All 
electrochemical measurements were performed at room temperature. 
All the potentials here are referring to a reversible hydrogen electrode 
(RHE). EC-Lab (Bio-Logic) software was used for the data processing. 
The electrochemically active surface area (ECSA) was calculated by 
integrating the double-layer corrected area of the CV curve in the 
hydrogen underpotential deposition (HUPD) region and dividing it by a 
value of 210 μC⋅cm− 2 corresponding to a monolayer of adsorbed 
hydrogen atoms on platinum. 

3. Results and discussions 

The series of SEM and HRTEM images of approximately 7 nm thick Pt 

sputtered layers on a planar glassy carbon substrate at different depo-
sition pressures along with Pt sputtered in GAS configuration at an Ar 
pressure of 57 Pa (hereafter denoted as PtGAS) are shown in the upper 
and middle rows of Fig. 1, respectively. As can be visible in the SEM 
image, the Pt deposited at the lowest Ar pressure of 0.3 Pa forms a 
compact layer. The corresponding HRTEM image shows that the film is 
comprised of tightly packed randomly oriented crystallites with a lateral 
dimension of about 5 nm. With increasing Ar pressure, the deposit be-
comes less compact, with the appearance of voids and their further 
expansion demonstrating clear transformation to rougher and more 
porous layer [43]. At 3.2 Pa the deposit morphology approaches that of 
one monolayer of homogeneously distributed nanoparticles with a 
lateral diameter of approximately 5 nm as highlighted in the corre-
sponding HRTEM image. Finally, the PtGAS sample exhibits a monolayer 
of evenly distributed nanoparticles of different shapes. The nano-
particles are slightly larger with a wider size distribution (5-10 nm) 
compared to Pt deposited at 3.2 Pa. 

In support of electron microscopy observations, GISAXS patterns 
were collected, as represented in the bottom row of Fig. 1, and better 
highlighted in the horizontal and vertical cuts shown in Fig.s 2a and 2b, 
respectively. With increasing Ar pressure the Pt layer transforms from a 
thin-film-like layer made of tightly packed Pt nanoparticles towards a 
layer composed of more dispersed particles. Such evolution reflects in 
both fading out of the fringes developing along the out-of-plane direc-
tion, as well as remarkable differences in the low-q region of the hori-
zontal cut, due to the shift towards lower q values of the first correlation 
peak of the structure factor, related to the increased distance among Pt 
nanoparticles, as well evidenced in SEM images. 

Fig. 2 summarizes the results of fitting the in-plane and out-of-plane 
cuts made from measured patterns with an analytical model developed 
and validated in our previous studies [14,23,24]. The evolution of the 
main parameters composing the analytical model was found to be 
consistent with the electron microscopy images presented above. The 
particle size distribution in Fig. 2c shows a relatively narrow distribution 
for Pt deposited using the conventional magnetron sputtering system. 
The mean particle size was found to slightly decrease with increasing 
pressure, from about 6 nm for 0.3 Pa to about 4 nm for 3.2 Pa. On the 
other hand, Pt deposited using the GAS system revealed larger particles 
with a significantly wider size distribution. The average nearest 
neighbor distance (distance between particles center) in Fig. 2d showed 
a steep increase with increasing Ar pressure, accompanied by a 
decreasing trend in the apparent volume fraction (Fig. 2e) indicating 
decrease of the packing density of the particles. This behavior points to 
the formation of more dispersed Pt nanoparticles for higher values of gas 
pressure which is consistent with SEM and TEM results. 

The analysis of the Kiessig fringes from the out-of-plane cuts (Fig. 2f) 
allowed the determination of the thickness of the deposited Pt layers. It 
is noteworthy that in the case of the PtGAS sample, no fringes were 
detected (see green curve in Fig. 2b) and it was not possible to extract 
any information from the out-of-plane cut. Nevertheless, in this case, the 
mean particle size can be considered being equal to the layer thickness 
(as highlighted by the triangle mark in Fig. 2f) since a monolayer of 
particles was deposited. The thickness was found to be almost constant 
at about 7±1 nm for all investigated samples. Therefore, we can exclude 
the influence of the layer thickness on the morphological evolution 
presented above, which indeed is solely related to the background Ar 
pressure. 

It is also worth mentioning that SEM images and the asymmetry in 
the GISAXS patterns point to the fact that deposition seems directional at 
lower pressures which is attributed to the geometry of the conventional 
sputtering device (Pt target is placed at a 45◦ angle with respect to the 
sample). Such preferential orientation at lower sputtering pressure is 
given by the fact that initial nuclei tend to grow in the direction of 
available coating flux, similar to what was observed earlier [35]. This 
directionality, however, begins to fade out as the sputtering pressure 
increases which can be attributed to an increase in collisions between 
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the Pt particles and the background gas atoms which leads to a more 
isotropic film structure. 

The impact of Ar pressure on the film structure is well established 
and attributed to the modifications in the kinetic energy of sputtered Pt 
atoms. When the argon Ar pressure is low, the collision mean free path of 
sputtered Pt atoms is greater, which increases the probability that 
hyperthermal atoms reach the substrate, bearing sufficient energy to 
overcome the surface diffusion barriers, rearrange themselves by hop-
ping, and form a more compact film [28,44–46]. As a result, the films 
prepared at lower pressures (i.e. < 1 Pa) reach the percolation threshold 
and are continuous in nature with a minor fraction of voids as can be 
seen from HRTEM micrographs. At higher pressures, (i.e. > 1 Pa) the 
sputtered atoms suffer frequent collisions with Ar atoms before arriving 
to the substrate surface, and their energy distribution is shifted to lower 
energies. This essentially restricts the mobility of newly arrived atoms, 
resulting in roughening of the film topology. Additionally, limited sur-
face diffusion leads to the development of uneven underlying layer to-
pology. This results in a self-shadowing effect advancing the island 
growth even further. Thus, discontinuous films below the percolation 
threshold are produced. This is confirmed by greater fraction of voids 
observed on HRTEM micrographs taken on the films sputtered at higher 
Ar pressures. Finally, the NP films produced at 57 Pa are far below the 
percolation threshold and exhibit a localized (i.e. between two or more 
neighboring NPs) continuity given the stochastic nature of the inter-
particle distance variation. 

The structure of the magnetron sputtered Pt layers was further 
determined by means of XRD. The acquired XRD diffractograms in Fig. 3 
reveal a typical polycrystalline nature of platinum deposits, with a single 
phase of the face-centered cubic (FCC) (space group Fm-3m, no. 225) 
structure regardless of the sputtering Ar pressure. The crystallite size 
and lattice constant were determined from the corresponding dif-
fractograms. Yet, we did not observe any clear dependence of the mean 
crystallite size and lattice constant on deposition pressure. The crystal-
lite size of all samples deposited using conventional magnetron sput-
tering varies around approximately 5 nm. while the one for PtGAS was 
calculated to be about 8 nm which agrees well with microscopy and 
GISAXS studies above. The lattice constant for all samples was estimated 
to be 3.9230±0.0015 Å corresponding to that of platinum. 

Cyclic voltammetry was then employed to determine the influence of 
the sputtering pressure and resulting morphological changes on the 

active surface area of the platinum catalyst. Fig. 4a represents the set of 
CV curves acquired for platinum deposited at different working gas 
pressures. All CVs reveal a typical shape for polycrystalline Pt in a 
perchloric acid solution showing sharp hydrogen and oxygen redox 
features separated by a double-layer region. Even though the shape of 
CV curves persists as the deposition pressure increases, a recognizable 
difference is observed in the area under the main peaks evidencing 
changes in the Pt surface exposed to the electrolyte i.e., Pt active surface 
area. 

The ECSA was quantified from the corresponding CV curves using 
the charge of the hydrogen desorption region, emerging within 0.05- 
0.35 VRHE on the anodic scan of CVs shown in Fig. 4a. The calculated 
Pt loadings (details can be found in the experimental part) were 15, 
14.5, 13.7, 13.1, 11.5 and 5.6 µgPt⋅cm− 2 for 0.3, 0.8, 1.9, 2.6, 3.2 and 57 
Pa, respectively. The ECSA as a function of the Ar pressure together with 
selected SEM images illustrating morphological changes is depicted in 
Fig. 4b. At the beginning it shows a linear increase with deposition 
pressure, evidencing nearly double increase of the ECSA at 3.2 Pa (22.3 
m2⋅gPt

− 1) with respect to 0.3 Pa (11.7 m2⋅gPt
− 1) indicating significant in-

crease of accessible active sites as Pt layer transforms from compact 
layer to separated nanoparticles. The ECSA increases even further with 
sputtering pressure but rather saturates reaching only 24 m2⋅gPt

− 1 for Pt 
deposited at 57 Pa using the GAS sputtering setup. 

A further question arises of how the above-described catalyst surface 
modifications induced by sputtering pressure affect its reactivity. This 
we demonstrate by evaluating catalyst activity toward methanol elec-
trooxidation reaction (MOR) in the alkaline electrolyte as an exemplary 
reaction. Fig. 4c displays CVs acquired in 0.1M HClO4 + 0.5M CH3OH 
solution for Pt deposited at the lowest (0.3 Pa) and the highest (3.2 Pa) 
studied pressures in the conventional magnetron setup with the one 
deposited at 57 Pa in the GAS. The cyclic voltammogram of MeOH 
electrooxidation for all samples exhibits two peaks. The more intense 
oxidation peak (Jf) at about 0.85 VRHE in the forward scan is related to 
initial methanol electrooxidation, while another less intense oxidation 
peak (Jb) at about 0.65 VRHE) in the backward scan is attributed to the 
oxidation of carbon-containing intermediate products formed during 
methanol electrooxidation in the forward scan. The PtGAS sample 
exhibited the highest current density, implying higher activity towards 
MOR with increasing sputtering pressure. These results are consistent 
with ECSA in Fig. 4b. The charge of the methanol oxidation peaks, i.e. 

Fig. 1. SEM (upper row), TEM (middle row) images and GISAXS scattering patterns (bottom row) of platinum sputtered at varying deposition pressure.  
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the catalyst activity, increased by 77 % for the sample deposited under 
3.2 Pa of Ar pressure as compared to 0.3 Pa. For the PtGAS sample, the 
activity further increases by 12 %. On the other hand, the shape of CV 
curves, the peak position and the Jf/Jb ratio more or less persist with an 
increase in the deposition pressure implying identical reaction mecha-
nisms (Table 1). 

The above results prove the effectiveness of the sputtering pressure 

Fig. 2. GISAXS characterization. (a) in-plane and (b) out-of-plane cuts obtained 
from measured scattering patterns. For the in-plane cuts, the curve representing 
the fit with the analytical model is drawn in black on top of the 1D patterns. (c, 
d, and e) Main parameters retrieved from fitting the in-plane cuts with the 
analytical model: particle size distribution, DN(DP), average nearest neighbor 
distance (dNN) and the apparent volume fraction (φ), which is related to the 
probability of finding a nearest neighbor particle. (f) Calculated Pt layer 
thickness (t) from analyzing the Kiessig fringes of the out-of-plane cut. 

Fig. 3. XRD patterns of platinum sputtered at varying deposition pressure.  

Fig. 4. (a) Cyclic voltammograms for Pt deposited in 0.3, 0.8, 1.9, 2.6 and 3.2 
Pa of Ar pressure in conventional magnetron system and Pt deposited using GAS 
system recorded in N2-saturated 0.1M HClO4 at 200 mV⋅s− 1 sweep rate; (b) 
evolution of ECSA calculated from cycling voltammograms shown in (a) 
together with selected SEM images for Pt deposited at 0.3, 3.2 and 57 Pa; (c) 
Cyclic voltammograms for Pt deposited in 0.3, 3.2 Pa of Ar pressure in con-
ventional magnetron system and Pt deposited using GAS system recorded in N2- 
saturated 0.1M HClO4 + 0.5M CH3OH solution at 50 mV⋅s− 1 sweep rate. 

Table. 1 
Catalytic performance of platinum sputtered at different deposition pressure for 
methanol electrooxidation in 0.1M HClO4 + 0.5M CH3OH solution at 50 mV⋅s− 1 

sweep rate.   

Jf (mA⋅mgPt
− 1) Jb (mA⋅mgPt

− 1) Jf/Jb 

0.3 Pa 78 48 1.60 
3.2 Pa 138 93 1.50 
PtGAS 154 100 1.55  
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for precise engineering of magnetron sputtered platinum layers as well- 
defined 2D model electrodes composed of a monolayer of evenly 
distributed NPs deposited on a planar substrate. Since a large number of 
material combinations at different compositions are accessible for the 
sputtering technology this method can be applied to other material 
systems. This opens up new possibilities for tailoring the properties of 
sputtered materials for diverse applications across various fields. 

4. Conclusions 

We reported a systematic study on adjusting the morphology of 
sputter-deposited platinum catalyst from a compact thin-film layer to a 
monolayer of dispersed nanoparticles by varying the deposition pres-
sure. The comparative study was supported by thorough characteriza-
tion using multiple techniques and electrochemistry. 

Background Ar pressure ranging from 0.3 to 3.2 Pa was utilized in the 
conventional magnetron system while 57 Pa in the gas aggregation 
cluster source integrated into the magnetron sputtering system. With 
increasing pressure, the morphology of Pt deposit gradually transformed 
from a compact layer to a monolayer of separated nanoparticles. This 
resulted in a significant increase of ECSA from 11.7 m2⋅gPt

− 1 for compact 
Pt layer to 24 m2⋅gPt

− 1 for Pt nanoparticles. The abundance of active sites 
manifested in a significant improvement in the mass activity of plat-
inum, as confirmed by a methanol electrooxidation reaction. 

The simplicity of magnetron sputter deposition together with easy 
control of Pt deposit morphology underlines the undisputable advantage 
of this approach for the fast and scalable preparation of free from toxic 
reactants and undesired surfactants low-loading electrodes for model 
half-cell investigation. 
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