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1. Introduction
Fuel cells (FC) have been receiving significant attention in the recent decades due to their high efficiency and environmental 
compatibility [1–2]. Among all fuel cell systems, proton exchange membrane fuel cells (PEMFCs) have shown a great 
promise as an alternative power source, particularly for stationary power generation and transportation applications 
because of their low operating temperature, fast start-up, high power density, and low emission of pollutants [3]. Although 
there have been some serious improvements in PEMFCs, they are still not widely used as their cost and durability are 
unsatisfactory. These are considered as the most serious impediments for the commercialization of PEMFCs [4]. 

There are many potential losses during the FC operation such as the mass transport loss and the ohmic loss as well as 
the oxygen reduction reaction (ORR) kinetic loss. Most of the researches on the PEMFCs were focused on improving the 
catalytic activity of the cathode electro-catalysts, where the ORR takes place. ORR slow rates were responsible for about 
70% of the total losses that occur in PEMFCs [5–6]. The common approach to develop electrocatalysts for PEMFCs is 
to investigate their activities (using CV experiments) against ORR and hydrogen oxidation reaction (HOR) in a three-
electrode cell, which is filled with an oxygen saturated acid electrolyte. Here, the catalyst coated diffusion media was at 
the focused point and platinum have been regarded as the most active catalyst for both HOR and ORR. On the other 
hand, at the two electrode sides, the electro-catalyst reactions struggled with corrosion kinetic, platinum dissolution, and 
redeposition [7]. Hubert et al. showed the significant increase of MEA performance was related to decrease in the mass 
transport-induced voltage losses combined with the reduction of Pt [8, 9]. Some of reviews suggested the Pt-based alloys 
on the enhancement of the kinetics in order to create the enveloped non-Pt metal by Pt against the aggressive chemical 
environment [10, 11]. In addition to performance improvements, a decrease in catalytic loading was highly desirable for 
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fuel cell cost reduction. Although the Pt-based alloy electro-catalysts were the most used ones to improve electro-catalytic 
activity for ORR, it was observed that the electro-catalyst performance strongly depends on the electrode fabrication 
method. 

In order to reduce the amount of Pt in PEMFCs, usually obtained as nanoparticles, Pt was often alloyed with 
transition metals such as Fe, Co, Ni, Cr, etc. at different Pt:M ratios [12]. Some Pt-based alloys have demonstrated higher 
electrocatalytic activity toward ORR than pure Pt. The improvement in ORR efficiency has been attributed to structural 
and/or electronic effects caused by alloying. In particular, Pt-Co alloy showed the highest ORR activity among Pt-M alloys 
[13, 14]. Although Pt-Co alloys have been shown to provided 1–2.5 gain of electrochemical activity (mass activity) for 
oxygen reduction reaction compared to pure Pt, the long-term stability of Pt-M alloys under the working conditions of 
PEMFCs was still not satisfactory [15–21]. The observed decay in the performance over long service life was explained by 
the loss of active surface area due to particle agglomeration on the catalyst surface or by leaching of the nonprecious metal 
to the electrolyte.

One of the ways to increase the efficiency of the catalyst and to reduce the Pt loading was to realize a deposition 
technique with the different approach. Particularly, for the thin film catalyst surfaces, the self-motivation growth process 
was the most dominant mechanism if the UHV thin film deposition technique was used such as magnetron sputtering. The 
aim was to design a surface occurred with the core-shell type electrocatalysts consisting of monolayer or submonolayer 
of Pt atoms enclosed the nonprecious metal. Over the past few years, the research on nanoparticles with core-shell 
structures has become a prevalent trend because of their lower cost, potential structural and/or electronic effects, and 
superior catalytic properties [22, 23]. There were various promising methods to prepare carbon supported Pt-M core-shell 
nanoparticles such as electroless deposition method [24, 25], ethylene glycol-assisted polyol method, co-reduction and 
seed growth method [26]. Among them, the magnetron sputtering deposition technique was not common for preparing 
heterogeneous catalysis, even not for core-shell structure. On the other hand, it was well suited to prepare high surface 
area nano-porous catalyst surfaces [27–31]. Meanwhile, some published works proved that the magnetron sputtering 
deposition had promising potential to build the catalyst surface containing catalyst particles like core-shell structures 
[32]. Mani et al. reported that the surface having core-shell type catalyst particles showed the surface catalytic activities 
improved four times higher than the pure Pt surface in the cathode of PEMFC [33]. Although the focus in most research 
were about developing wet alloying techniques to improve catalytic activities in PEMFCs, in present study, the magnetron 
co-sputtering deposition technique was used to increase the effectiveness of the catalyzer thin film surfaces. The synthesis 
techniques in UHV such as magnetron sputtering provided limited control on the surface, since the self-growing process 
developed on the substrate. Therefore, the sensitivity during the deposition and the in-situ characterization became very 
essential. In addition, the characterization of the growth mode, the electronic structure and the surface topology were 
necessary in order to observe the self-growth process.

The present study was a part of our ongoing research on the bimetal catalyst surface feasibility. The first published 
study was about developing Pt-Co catalyst on the glassy carbon substrate used to minimizing the effects due to surface 
roughness on substrate [34]. Uzunoglu et al. showed that Pt:Co (1:1) had the highest ORR performance with a mass 
activity of 571.17 Ag-1

Pt and a specific activity of 835.59 μAcm-2 among the all Co-containing catalysts, and these were 
different than the results obtained present study, where the same preparation conditions were used in the same magnetron 
sputtering chambers. In this published study, another main conclusion was that Pt particles seem to cover the Co particles 
so Co-oxide reaction was not observed. In order to investigate the details of the clustering Pt and Co particles, another 
collaborative study was published [35]. The aim was to observe the behavior of Pt and Co clusters growth on TiO2 (001) 
substrate by using e-beam deposition. Randima et al. concluded in their study that Pt clusters covered the Co clusters on 
the contrary what was expected based on the surface energy of Pt (2.5 J/m2) and Co (1.9 J/m2). Based on the surface energy 
of Pt and Co, it was expected that Pt particles should have covered by Co particles or penetrate each other at least on the 
surface of the particles, but it did not. Both published works revealed that the performance of Pt-Co thin film catalysts 
deposited on flat surfaces highly depends upon the sputtering temperatures, surface morphology, the composition of the 
first few atomic layers, and the stability of the catalyst layers. It should be noted here that the substrates for both studies are 
almost well defined flat surfaces (glassy carbon and Titanium Dioxide) unlike carbon paper. Therefore, it is meaningful to 
characterize Pt-Co catalyst layer on carbon paper, which is used as a gas diffusion layer in PEMFC.

 In this study, Pt-Co thin films with ultra-low loading and varying metal ratios were deposited by dc and rf magnetron 
sputtering and investigated as catalysts for the oxygen reduction reaction. The study aimed to find the role of Co content 
on the film structure, electrochemically active surface area and ORR catalytic activity in sulphuric acid solutions. 

http://pubs.acs.org/action/doSearch?action=search&author=Galhenage%2C+R+P&qsSearchArea=author
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2. Experimental
Thin films of Pt-Co catalyst layers were deposited on carbon paper substrate using dc and rf sputtering technique, 
respectively. The preparation chamber was equipped with BesTec 222 UHV magnetron sputtering system, which had 
a base pressure of 5 × 10–9 mbar. During the deposition, the pressure was in the range of 1.4 × 10–3 and 1.5 × 10–3 mbar 
and Ar plasma was formed using high purity Ar gas (99.99%). Target to substrate distance was set to 65 mm for both of 
Pt and Co. The deposition rate and thickness of each material could be monitored in situ by quartz crystal microbalance 
(QCM). Using the magnetron sputter technique with QCM in an UHV system enabled to prepare high purity and precise 
controlled ultra-thin single metal or bimetallic films. 

The catalytic surfaces of Pt-Co were growth by using sequential deposition of Pt and Co at room temperature. The 
magnetron sputter guns loaded with Pt and Co target, which had 3 inches radius and 99.99% purity, were fired at the 
same time. In the magnetron deposition chamber, the dc- and rf- power dual guns had ability to be fired the plasma at the 
same time for the sequential deposition. The rf-power was used for the cobalt deposition, since it was hard ferromagnetic 
material. Instead of alloyed target, the single element target materials were used to control the stoichiometric ratio for 
the deposited film. There would be used other technique such as a confocal deposition for alloying films, but the current 
setup in the magnetron deposition chamber did not have the properties of confocal the magnetron sources. That is why 
the sequential deposition was used and for every sequence, the deposition thickness was hold less than half-mono layer 
by controlling deposition time. The manipulator with the sample holder moved back and forth under the two sources 
of Pt and Co. Base on the ratio of Pt:Co and total metal amount, the cycle number and the duration for each cycle of Pt 
and Co were applied to computerized motion so that the last layer and first layer were deposited with Pt. The total metal 
loading of all samples were 22 μg.cm–2 where the ratio of Pt:Co were 3:1, 1:1 and 1:3. 

As a substrate, commercial carbon paper (I3/C1, Freudenberg) was used that its one side was covered with a Vulcan 
XC-72 microporous film and had hydrophobic treatment. The carbon paper was prepared as 5 cm squares and placed 
in the middle of the sample holder in order to avoid any inhomogeneity during the sputter deposition. The analysis 
chamber was equipped with SPECS X-Ray source XR 50 (MgKα), SPECS Phoibos 150 charged particle analyzer and 
SPECS Aarhus 150 SPM. The surface homogeneity was checked by both using scanning electron microscopy (STM) and 
scanning electron microscopy (SEM). Si (111) substrate was used to obtain high quality STM results. The wide range scan 
of the Pt sputtered surface showed homogenously dispersed Pt particles (see Supplementary Materials for details). The 
elemental composition of the catalyst surfaces was investigated using XPS technique. In addition, Pt and Co deposition 
rate and thickness were checked by QCM, which was installed in the magnetron sputter chamber. QCM was calibrated 
by using the attenuation of the Ag 3d5/2 XPS signal. Tanuma, Powell, and Penn’s (TPP) formula was used to calculate the 
amount of material on the substrate [36]. Pt and Co atomic ratios were calculated using deposition rate and element 
density.

The surface morphology of the sputtered Pt-Co catalyst layer on carbon paper substrate was checked via scanning 
electron microscopy (SEM, Philips XL30 SFEG). In addition, the wide range surface SEM/EDS mapping showed 
homogenously dispersed Pt-Co particles covering carbon paper substrate (see Supplementary Materials for details).

Powder X-ray diffraction (XRD) patterns of these electrocatalysts were obtained using a copper radiation source 
(CuKα1, λ = 0.15406 nm, Rigaku Dmax 2200) in scan-step mode from 2ϴ = 10–90°.

The electrochemical activities of the catalysts were investigated in electrolyte solution using basic electrochemical 
methods such as cyclic voltammetry (CV) and linear sweep voltammetry (LSV) with computer controlled AFCBP1 model 
Pine Bipotentiostat. Experimental set up used for measurements was given in Figure 1. A three-electrode electrochemical 
cell, which consisted of working electrode (carbon paper substrate with catalyst surface), counter electrode (Pt wire) 
and reference electrode (Ag/AgCl electrode), were immersed 0.5 M H2SO4 solution for electrochemical experiments. 
Although Ag/AgCl was used as the reference electrode, all potential values in the study corresponded to the standard 
hydrogen electrode. In order to complete experimental set up, a circular shaped sample was cut. Next, it was clamped in 
a Teflon holder with a metal piece and finally capped on the working electrode as shown in Figure 1.

 Before the electrochemical analysis all the electrodes were pre-treated for 50 cycles at scan rate of 100 mV.s–1 by 
cycling the potential in the range -0.25 V to 1.3 V to obtain reproducible data. The oxygen-saturated solution (30 min 
bubbling) was used for the RDE polarization curves while the nitrogen bubbled (30 min) solution was used for the CV 
curves. While performing both types of experiments, the relevant gas flow was kept to the electrolyte surface to prevent 
the atmosphere - electrolyte contact. For the RDE analysis, the potential was swept in the range from –0.12 V to + 1.0 
V (vs. RHE) at scan rate of 10 mV.s-1 and constant rotating speed 1600 rpm. Mass transfer corrected Tafel plots were 
constructed with kinetic current density, which was extracted from Koutecky Levich (K–L) plots, and apparent exchange 
current density, jo

ap, of the ORR was calculated. Integration of the area under the hydrogen adsorption/desorption peaks 
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in cyclic voltammograms were used to evaluate the electrochemically active surface area (EASA) of the catalyst. The real 
exchange current density for each sample, jo was calculated dividing jo

ap by EASA.

3. Results and discussion
The XRD patterns of the carbon-supported Pt, Pt:Co (3:1), Pt:Co (1:1), and Pt:Co (1:3) were shown in Figure 2. The 
diffraction peaks at ~2ϴ = 18.0°, 24.6°, and 44.5° angles for all types of catalysts arose from the reflection of the support. 
All diffraction patterns displayed the typical diffraction peaks ( <111>, <220>, and <311>) of the fcc structure of platinum. 
No peaks were observed due to metallic Co or their oxides. There was also no noticeable shift of Pt peaks toward high 
angle. Particle sizes of electrocatalyst were calculated from the broadening of (111) diffraction peak in XRD pattern of all 
catalysts by using Scherrer equation. Particle sizes and lattice parameters of Pt were given in Table 1. It was observed that 
addition of Co for Pt:Co (3:1) and Pt:Co (1:1) did not change the lattice parameter significantly, but increased the particle 
size. On the other hand, for Pt:Co (1:3), the addition of Co in the electrocatalyst layer caused the shrink of Pt lattice and 

Figure 1: A three-electrode electrochemical cell and sample preparation for CV and LSV. 
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Figure 2. XRD diffractograms of sputtered Pt-Co layers.
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decreased the particle size because of strain caused by high amount of Co compared to Pt. SEM images of all catalysts 
were shown in Figure 3. In agreement with the XRD calculations, it could be seen that Pt:Co (3:1) and Pt:Co (1:1) were 
larger than Pt and Pt:Co (1:3). Due to higher Pt atomic percent, this phenomenon was attributed to the agglomeration of 
Pt particles. These observations clearly indicated that during the (layer-by-layer) growth of the sputter deposited film, the 
Pt particles surrounded and covered the large Co clusters, composed of small fragments of Co-crystal, which could not 
contribute to XRD. 

Two main factors that affect its electrochemical performance were the surface composition and the structure of the 
catalyst. CV responses of the sputtered Pt:Co films were presented in Figure 4. It could be seen that all CV curves had the 
shape of the pure Pt voltammogram which was well characterized in the literature [37], implying that the main active sites 
for the redox reactions were Pt atoms proceeding on the catalyst surface. Moreover, no anodic currents were observed due 

Table 1. Particle sizes and lattice parameters of Pt particles.

Catalysts Lattice Parameters (Å) Crystallite Sizes (nm) Interlayer distance (Å)

Pure Pt 3.92 7.28 2.26
Pt:Co (3:1) 3.90 7.23 2.25
Pt:Co (1:1) 3.89 7.29 2.24
Pt:Co (1:3) 3.83 4.82 2.21

Figure 3. SEM images of sputtered Pt-Co layers: (a) Pt, (b) Pt:Co (1:3), (c) Pt:Co (1:1), (d) Pt:Co (3:1).
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to the oxidation/dissolution of Co. This could be ascribed that the cobalt particles covered by noble metals were inaccessible 
to the electrolyte solution. The peaks between 0.04 V and 0.4 V vs. RHE, which belong to hydrogen adsorption/desorption 
were depicted for all samples. The current peak associated with the reduction of oxygen was in the region above 0.8 V vs. 
RHE. The cyclic voltammograms were used to calculate the electrochemically active surface area of the electrodes under 
the study, applying the well-established procedure of the integration of the area under the hydrogen adsorption/desorption 
peaks and using the value of 210 μC.cm-2 (the charge required for adsorption of hydrogen monolayer on 1 cm2 of smooth 
Pt electrode) as a correction factor [38]. 

The calculations showed that the EASA increases gradually with the increasing Co content, reaching the maximum 
value of 47.54 m2.gPt

–1 for Pt:Co (1:3). These results obviously indicated that the addition of Co influenced both the 
distribution of Pt particles and the size of Pt-Co particle. The Pt-Co particle size decreased with the reduction of Pt:Co 
ratio according to Table 1. As a result, the current peak related to the oxygen reduction reaction increased, and it reached 
the maximum value for the Pt:Co (1:3) sample, while the peak potential slightly shifted to the lower potentials. In the 
literature, several reports could be found about the catalytic activity towards hydrogen oxidation reaction. Their results 
were summarized and compared with this work in Table 2. Sigracet®39 BC and ELAT® LT 1400 W supported pure platinum 
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Figure 4. Cyclic voltammograms of sputtered Pt-Co layers in Ar-saturated 0.5 M H2SO4: potential scan 
rate 100 mV.s–1.

Table 2. ECSA comparison of our work and literature

Support Catalyst Total Metal Loading
(μg/cm2)

ECSA
(m2/g) Ref.

Sigracet39 BC Pure Pt 127 58.9 43
ELAT LT 1400 W Pure Pt 118 56.0 43
GDL-CT Pure Pt 117 39.2 43
Vertically aligned CNF Pure Pt 50 25.2 44
33 Å Ti sputtered GDL Pure Pt 22 24.32 45
Ti sputtered E-TEK 120/30 WP Pt-Ir(20%) 108 19.81 46
Ti sputtered E-TEK 120/30 WP Pt-Ir(50%) 110 9.63 46
HOPG Pt-Co - 47 47
Sigracet 29 BC with microporous layer Pt-Ni(25%) 22.19 9 48
Sigracet 29 BC with microporous layer Pt-Ni(75%) 25.28 35 48
Freudenberg GDL(Our work) Pt-Co(75%) 22.0 47.54 -
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catalyst exhibited similar and best activities in the table. However, it was worth noting that our work, which was prepared 
with sequential sputtering, showed remarkably enhanced activity compared with not only the pure platinum catalysts but 
also other bimetallic platinum-based electrocatalysts. 

The electrocatalytic activity toward the oxygen reduction of the sputtered Pt-Co films was assessed by applying the 
method of linear sweep voltammetry and Koutecky–Levich plots based on equation. (1). Figure 5 showed the RDE 
polarization curves for all catalysts under the study. 

The RDE polarization curves with well-distinguished regions of kinetic, mixed, and diffusion limited reaction rate 
showed characteristic behavior reported in the literature for ORR on Pt in acid solutions [4, 39]. The process was governed 
by the charge transfer at very low overpotentials, then the ORR reaction proceeded under mixed diffusion-kinetic control 
in the range down to 0.75 V–0.5 V, after which the current started to level out reaching diffusion limited values at potentials 
of 0.25 V–0.2 V. The exchange current density, jo, was a qualitative measure for the intrinsic activity of the catalyst. In 
order to calculate jo, firstly construction of the mass-transfer corrected Tafel slopes was necessary, which, in turn, required 
determination of the kinetic current density. The common approach to calculate jkin, was to solve equation (1) regarding 
the kinetic current at different potentials and given rotating speed. This relation is known as a mass-transport correction 
for rotating disk electrodes 

 
jj

jjjkin -
=

lim

lim.
 (1)

where jlim. was the measured diffusion-limited current density, jkin was the kinetic current density, and j was the experimentally 
measured current density. 

The obtained mass transfer corrected Tafel plots were presented in Figure 6. Over 400 mV, the mass transfer corrected 
Tafel plots showed a wide linear range, which allowed determining the values of the Tafel slope and the apparent values of 
the exchange current density, j0

ap. All determined results were summarized in Table 3.
As shown in Figure 6, a single Tafel slope were obtained for all samples with a value close to 120 mV.dec–1. This Tafel 

value indicated that rate-determining step of ORR was the first electron transfer reaction and given in Figure 7. Usually, 
different Tafel slope indicated the presence of oxides on the Pt surface, which was the reason for change of the ORR 
kinetics [40]. Since this was obviously not the case for the sputtered deposited ultra-thin Pt-Co catalytic films, the observed 
promotion of the ORR must have another origin. The values of the exchange current density jo in Table 3 indicated a 
slight decrease in the intrinsic catalytic activity of Pt-Co compared to pure Pt but increase as the transition metal content 
increased. On the other hand, the polarization curves in Figure 5 demonstrated that the oxygen reduction was intense for 

Figure 5. RDE polarization curves of sputtered Pt-Co catalyst layers in O2-saturated 0.5 M H2SO4 at 
rotation rate of 1600 rpm.



1343

ÖZTÜRK et al. / Turk J Chem

Figure 6. Mass transfer corrected Tafel plots for the Pt-Co samples under study.

Table 3. Kinetic parameters calculated from the mass transfer corrected Tafel plots.

Catalysts EASA (m2/gPt) jo
ap (A.cm-2) b (V/dec) α jo (A.cm-2)

Pt 23.75 1.12×10–9 0.131 0.48 2.90×10–8

Pt:Co (3:1) 32.50 2.72×10–10 0.128 0.33 8.86×10–9

Pt:Co (1:1) 37.71 5.86×10–10 0.130 0.26 2.21×10–8

Pt:Co (1:3) 47.54 3.99×10–10 0.128 0.26 2.30×10–8

Figure 7. Possible ORR mechanism on the platinum surface and the equations.
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the Pt:Co (1:3) sample, the catalyst that had the highest apparent exchange current density. The reaction mechanism and 
the rate-determining step of ORR were identical on both pure Pt and Pt-Co catalysts. This clearly emphasized that the 
potential dependent exponential terms and the chemical rate constant were basically same. Therefore, the pre-exponential 
coverage-dependent term must be responsible for the differences in the reaction kinetics, which were determined by the 
OH-

ad coverage. The higher activity for the ORR on Pt-Co could be ascribed to a lower O or OH coverage on Pt. In other 
words, the change in the occupancy of Pt 5d band increased the Pt electronegativity so the Pt-OH coverage get thinner, 
which caused a larger number of active sites for O2 reduction.

In order to clarify the increase in the ORR rate on the sputtered Pt-Co films, XPS analysis of the catalytic surfaces was 
performed. Figure 8 presented the XPS spectra of the Pt4f of the samples having different atomic ratios, and the Co2p peaks 
were shown in Figure 9. The experimental data were fitted with Voigt function after subtracting a background of the 6th-
degree polynomial. The amount of Pt and Co on the surface were also calculated using the area under the corresponding 
peaks. The results were compared with the bulk atomic ratios calculated according to the TPP. 

The Pt4f7/2 peak in Figure 8 was located at 71.2 eV for all three samples. There was an indication of a shift in the binding 
energy relative to the standard value for pure Pt (71.0 eV) which implied an electronic interaction between Co and Pt 
atoms on the surface [41]. The shift on Pt4f7/2 peak did not change with Co content of Pt-Co films. In addition, the XPS 

Figure 8. XPS spectra of the Pt4f of the sputtered Pt-Co nanocatalyst layers.

Figure 9. XPS spectra of the Co2p of the sputtered Pt-Co nanocatalyst layers: Co2p3/2 peak is 
shifted 0.1–0.3 eV higher binding energy compared to metallic Co (778 eV).
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spectra in Figure 9 showed some shift in the position of Co2p3/2 peaks about 0.1 eV to 0.3 eV compared to the standard 
value for pure Co (778.0 eV). The binding energy of Co2p3/2 was 778.1 eV for Pt:Co (3:1). For the samples with higher 
Co content such as Pt:Co (1:1) the Co2p3/2 was located at 778.2 and for Pt:Co (1:3) it appeared at 778.3 eV. However, the 
deviation of binding energy was much smaller compared to a previous study [42].    

Another interesting result from the performed XPS analysis was the established difference between the calculated 
Pt:Co surface ratios and the bulk content of both metals determined according to the TPP formula. As shown in Table 4, 
although the Pt:Co surface ratio decreased consistently with the increase of Co content, all tree samples, especially Pt:Co 
(1:3) showed Pt-rich surfaces, which were opposite to what was expected. These observations indicated that Pt atoms could 
form a skin layer on Co cluster and screened the core electrons from Co atoms. 

As it was known from some other works [43-45], the power of the applied electric field and the gas pressure during the 
magnetron sputtering process had an essential effect on the particle size of the deposited film. In this work, the deposition 
pressure was kept constant at 1.2x10-3 mbar and the power used for Pt and Co deposition were different (25 W and 15 W, 
respectively). In addition to applying different power for Pt and Co sources, the deposition rate for each sputtering cycle 
was also important. The timing of each source for one cycle was choose so that the thickness of each material are less than 
one-half monolayer. The applied higher power to Pt target and short sputtering cycles should result in a small Pt particle 
size, which claimed that Co clusters were capsulated by the smaller Pt particles and forming a core-shell type catalytic 
surface. This was the reason that the photoelectrons excited from the Co2p3/2 level interacted with Pt skin layer around Co 
core structure and lost some of its kinetic energy [41, 42]. This shift varied for the different ratios of Pt:Co layers starting 
from 0.1 eV to 0.3 eV for Pt:Co (3:1), Pt:Co (1:1) and Pt:Co (1:3) respectively. Otherwise, the surface energies of Pt and Co 
are comparable [46] and “layer by layer” deposition was expected.

Moreover the effect of core-shell type particle structure and electronic interaction between Pt and Co observed in XPS 
experiments showed as an improvement of catalytic reactivity. This improvement could be explained based on Norskov 
proposal in which the effect of decreased OH- amount of Pt-Co catalysts was interpreted [47]. The surface reactivity 
significantly depended on the characteristics of the surface metal d-band. The d-band broadness of Pt could be changed 
due to the segregation of Pt on the large Co clusters, and the d-band center shifted in order to preserve the filling of the 
band. Previous DFT studies indicated that antibonding states were shifted down through the Fermi level due to compressive 
strain, thus weak bonding occurred. In contrast, tensile strain shifted up the antibonding states down through the Fermi 
level, and strong bonding occurred [48]. The electronic interaction between Co and Pt atoms on the surface could cause 
a downshift of the Pt d-band center conducted to the formation of occupied antibonding orbitals and it caused a weaker 
Pt-OH- adsorption. This effect seemed more pronounced for the higher Co content.

In our work, Pt-Co catalysts had much higher activities than pure Pt catalyst even though the Pt loading of Pt-Co 
catalysts were lower compared to pure Pt sample. The total metal loading was fixed to 22 μg.cm-2 for all samples. The 
significant performance enhancement for ORR on electrodes made from Pt-Co core-shell like structured catalysts was 
related to the electronic interaction between Pt and Co.

The Pt/C electrocatalysts was unstable for ORR, and this was one of the major problems with PEMFCs [3]. Under 
electrode potential cycling, dissolution of Pt catalysts caused loss of the electrochemical surface area. The stabilizing effect 
of Co on Pt was investigated by the accelerated durability testing (ADT). The accelerated durability test was performed by 
continuously applying potential sweeps from 0.00 V to 1.24 V to cause surface oxidation/reduction cycles of catalysts. The 
cycling voltammograms for this potential range before and after 1000 cycles are shown for all electrocatalysts in Figure 10. 

After 1000 cycles, pure Pt catalyst lost its electrochemical surface area almost 13%. It was well known that Pt atoms 
dissolved and re-deposited on the surface during cycles. This phenomenon would lead to agglomeration of Pt particles and 
loss of surface area [49-54, 55-57]. However, the addition of Co in the electrocatalysts increased the active surface area for 
all Pt-Co electrocatalyst after 1000 cycles. This effect seemed more pronounced for the higher Co content. Although in the 
literature, it was claimed that some bimetallic catalyst surfaces lost its activity with increasing test cycle our work showed 

Table 4. The bulk atomic ratios calculated according the TPP formula.

Catalysts Pt Amount
(μg/cm2)

Co Amount
(μg/cm2)

Total Loading
(μg/cm2) Pt:Co Fit Results

Pt:Co (3:1) 20.0 2.0 22.0 7.27
Pt:Co (1:1) 17.0 5.1 22.1 5.11
Pt:Co (1:3) 11.5 10.4 21.9 2.40
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that, the electrochemical surface area of Pt:Co (1:3) sample increased 11.48% after 1000 cycles. Durability comparison of 
this work and literature were summarized in Table 5. This result also showed that sequential cosputtering of Pt and Co 
enhanced the active surface area but also synthesized core-shell type bimetallic and highly durable clusters as a catalyst layer.

 

 

a) 

b) 

c) 

d) 

Figure 10. ADT experiments of sputtered Pt-Co catalyst layers; (a) Pt:Co (1:3), 
(b) Pt:Co (1:1), (c) Pt:Co (3:1), and (d) Pt.
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In order to clarify the dissipation of Co atoms on the surface, RDE polarization curves before and after ADT were 
presented in Figure 11. The half-wave potential of Pt:Co (1:3) after ADT shifts toward higher potential. Due to these 
potential shifts, electrocatalyst showed a significant increase in kinetic current at 0.9 V, and this obviously pointed out 
that Co did not dissolve during ADT. As we indicated above, Co particles were covered by noble metal, and thus were 
inaccessible to the electrolyte solution. Therefore, Co particles were not dissolved during potential sweeps. This result was 
supported by the XPS experiments done before and after ADT.

XPS analyses were performed for the Pt:Co (1:3) catalyst surface before and after ADT to observe the surface elemental 
composition changes due to the reactions. The survey of photo emission spectra and the high-resolution spectra of Pt4f and 
Co2p were shown in Figure 12 and Figure 13, respectively. The XPS result indicated that the elemental composition was 
the same before and after ADT but their ratio changed. After ADT, Pt4f intensity increased, but Co2p intensity decreased 
dramatically. This result showed that Pt skin layer thickness increased on the surface of the catalyst layer, covered Co 
clusters, and did not dissolve during ADT. The effect of Pt skin layer could be observed also as an improvement of the ADT 
result about 11.48% [53, 56]. 

The amount of platinum catalyst decreased as the percentage of cobalt increased in the prepared electrodes while keeping 
the total metal loading constant. The mass activities of the catalysts were calculated by the ratio of the current density value 
obtained after the cell tests to the amount of platinum catalyst. As shown in Figure 14, the mass activity of the platinum 
catalyst is increased by increasing the amount of cobalt in the electrode layer and the highest mass activity is obtained with 
Pt:Co (1:3).

Table 5. Durability comparison of our work and literature.

Catalyst Method Initial ECSA
(m2/g)

After ADT
(% Durability) Ref.

Pt/Sigracet®39BC (40 mg/cm2) Chemical Reduction 72.4 –35 49
Pt/ELAT® LT 1400 W (40 mg/cm2) Magnetron Sputtering 98.6 –10 49
PtCo/HOPG Magnetron Sputtering 47 –36 53
PtNi(%50)/C (150 mg/cm2) Powder Catalyst 31.2 –20 55
PtNi/HOPG Magnetron Sputtering 36 –33 56
PtSn/C Chemical Reduction 43 –37 57
Pt/ 1400 W ELAT® LT (410 mg/cm2) Magnetron Sputtering 55.3 –20 58
PtY Chemical Dealloying 53 –18.1 59
PtCo(75%)/FreudenbergGDL (40 mg/cm2) (Our work) Magnetron Sputtering 47.54 +11.48 -

Figure 11. RDE experiment of sputtered Pt:Co (1:3) before and after ADT.
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Figure 13.  Pt 4f and Co 2p XPS spectra of sputtered Pt:Co (1:3) catalyst layers before and after ADT.

Figure 12.  XPS survey spectra of sputtered Pt:Co (1:3) catalyst layers before and after ADT.
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4. Conclusion
Magnetron cosputter deposition technique showed the possibility to fabricate highly active and cost-efficient Pt-Co 
composite catalytic films. According to XRD data, no peaks due to metallic Co or their oxides, and noticeable shift of Pt 
peaks toward high angle were observed. Moreover, addition of Co caused the shrink of Pt lattice in case of Pt:Co (1:3) 
sample and decreased the particle size because of strain caused by Co rich clusters. It was obvious that incorporation of 
Co as an interlayer resulted in an essential increase in both EASA with a maximum value of 47.54 m2.gPt

–1 for Pt:Co (1:3) 
and ORR activity of the cathode catalyst. The reason for the rising EASA was small Pt particles surrounding the larger 
Co clusters. Therefore, more Pt accumulated in the catalyst membrane interface. Moreover, the addition of Co leaded to 
increase in the intrinsic catalytic activity of the catalyst layer compared to pure Pt. Among the Pt-Co catalysts, the Pt:Co 
(1:3) had the highest apparent exchange current density, which was 2.3×10–8 A.cm–2. This improvement in ORR efficiency 
was mainly due to the superior rising of the EASA. According to XPS studies, Co2p3/2 peak shifted 0.3 eV higher binding 
energy, which is related with the electronic interaction of Co and Pt. In addition, XRD and XPS results indicate that Pt 
particles surround the Co clusters. As a result, using sequential cosputtering of Pt and Co to prepare catalytic surfaces 
improved both the mass activity of Pt, ORR efficiency and durability of Pt-Co catalytic surfaces. 

Acknowledgments
We gratefully acknowledge financial support from TÜBİTAK (The Scientific and Technological Research Council of 
Turkey-Project Numbers 112T248 and 108M139).

Figure 14. Mass activity jm (A.cm-2.mg.Pt-1) for the sputtered Pt-Co samples under study.

References

1. Sındıraç C, Buyukaksoy A, Akkurt S. Electrochemical performance of La0.6Sr0.4Co0.2Fe0.8O3–Ce0.9Gd0.1O2-δ composite SOFC 
cathodes fabricated by electrocatalyst and/or electrocatalyst-ionic conductor infiltration. Journal of Sol-Gel Science and Technology 2019; 
92: 45-56. doi: 10.1007/s10971-019-05073-5

2. Sındıraç C, Çakırlar S, Buyukaksoy A, Akkurt S. Lowering the sintering temperature of solid oxide fuel cell electrolytes by infiltration. 
Journal of the European Ceramic Society 2019; 39 (2-3): 409-417. doi: 10.1016/j.jeurceramsoc.2018.09.029

3. Wang S, Jiang SP. Prospects of fuel cell technologies. National Science Review 2017; 4 (2):163-166. doi: 10.1093/nsr/nww099

4. Sinigaglia T, Lewiski F, Martins MES, Siluk JCM. Production, storage, fuel stations of hydrogen and its utilization in automotive 
applications-a review. International Journal of Hydrogen Energy 2017; 42 (39): 24597-24611. doi: 10.1016/j.ijhydene.2017.08.063  

5. M. Min, Kim H. Performance and stability studies of PtCr/C alloy catalysts for oxygen reduction reaction in low temperature fuel cells. 
International Journal of the Hydrogen Energy 2016; 41 (39): 17557-17566. doi: 10.1016/j.ijhydene.2016.07.175

https://doi.org/10.1093/nsr/nww099
https://doi.org/10.1016/j.ijhydene.2016.07.175


1350

ÖZTÜRK et al. / Turk J Chem

6. Hussain S, Erikson H, Kongi N, Merisalu M. Heat-treatment effects on the ORR activity of Pt nanoparticles deposited on multi-walled 
carbon nanotubes using magnetron sputtering technique. International Journal of the Hydrogen Energy 2017; 42 (9): 5958-5970. doi: 
10.1016/j.ijhydene.2016.11.164

7. Bolahaga Randrianarizafy, Pascal Schott, Mathias Gerard, Yann Bultel. Modelling Carbon Corrosion during a PEMFC Startup: Simulation 
of Mitigation Strategies; Energies 2020; 13: 2338;  doi: 10.3390/en13092338

8. Thompsett D. Pt alloys as oxygen reduction catalysts, in: W. Vielstich, H. Gasteiger, A. Lamm (Eds.), Handbook of Fuel Cells – 
Fundamentals, Technology and Applications, vol. 3, Wiley, Chichester, UK, 2003, p. 467 (Chapter 37).

9. Gasteiger HA, Kocha SS, Sompalli B, Wagner FT. Activity benchmarks and requirements for Pt, Pt-alloy, and non-Pt oxygen reduction 
catalysts for PEMFCs. Applied Catalysis B: Environmental 2005; 56: 9–35

10. Markovic NM, Schmidt TJ, Stamenkovic V, Ross PN. Oxygen Reduction Reaction on Pt and Pt Bimetallic Surfaces: A Selective Review. 
Fuel Cells: From Fundamentals Syststem 2001; 1: 105-116.

11. Schmidt TJ, Stamenkovic V, Arenz M, Markovic NM, Ross PN. Oxygen electrocatalysis in alkaline electrolyte: Pt(hkl), Au(hkl) and the 
effect of Pd-modification. Electrochimica Acta 2002; 47 (22-23): 3765-3776. doi: 10.1016/S0013-4686(02)00347-X

12. Li M, Lei Y, Sheng N, Ohtsuka T. Preparation of low-platinum-content platinum–nickel, platinum–cobalt binary alloy and platinum–
nickel–cobalt ternary alloy catalysts for oxygen reduction reaction in polymer electrolyte fuel cells. Journal of Power Sources 2015; 294: 
420-429. doi: 10.1016/j.jpowsour.2015.06.084

13. Li Z, Zeng R, Wang L, Jiang L, Wang S et al. A simple strategy to form hollow Pt3Co alloy nanosphere with ultrathin Pt shell with 
significant enhanced oxygen reduction reaction activity. International Journal of the Hydrogen Energy 2016; 41 (46): 21394-21403. doi: 
10.1016/j.ijhydene.2016.08.124

14. Paulus UA, Wokaun A, Scherer GG, Schmidt TJ, Stamenkovic V et al. Oxygen reduction on high surface area Pt-based alloy catalysts in 
comparison to well defined smooth bulk alloy electrodes. Electrochimica Acta 2002; 47: 3787-3798. doi: 10.1016/S0013-4686(02)00349-3

15. Papadias DD, Ahluwalia RK, Kariuki N, Myers D, More KL et al. durability of Pt-Co alloy polymer electrolyte fuel cell cathode catalysts 
under accelerated stress tests. Journal of The Electrochemical Society 2018; 165 (6): F3166-F3177. doi: 10.1149/2.0171806jes

16. Qin C, Wang J, Yang D, Li B, Zhang C. Proton Exchange Membrane Fuel Cell Reversal: A Review. Catalysts 2016; 6 (12):197. doi: 10.3390/
catal6120197

17. J. Li J, A. Alsudairi A, Ma ZF, Mukerjee S, Jia Q. Asymmetric volcano trend in oxygen reduction activity of Pt and non-Pt catalysts: in situ 
identification of the site-blocking effect. Journal of American Chemistry Society 2017; 139 (4): 1384–1387. doi: 10.1021/jacs.6b11072

18. Eckardt M, Gebauer C, Jusys Z, Wassner M, Hüsing N et al. Oxygen reduction reaction activity and long-term stability of platinum 
nanoparticles supported on titania and titania-carbon nanotube composites. Journal of Power Sources 2018; 400: 580-591. doi: 10.1016/j.
jpowsour.2018.08.036.

19. Ahluwalia RK, Peng JK, Wang X, Cullen DA, Steinbach AJ. Performance of Polymer Electrolyte Fuel Cell Electrodes with Atomically 
Dispersed (AD) Fe-C-N ORR Catalyst. Journal of The Electrochemical Society 2019; 166 (14): F1096-F1104. doi: 10.1149/2.0851914jes

20. Han B, Carlton CE, Kongkanand A, Ratandeep SK, Theobald BR et al. Record activity and stability of dealloyed bimetallic catalysts for 
proton exchange membrane fuel cells. Energy & Environmental Science 2015; 8: 258–266. doi: 10.1039/c4ee02144d

21. Wang X, Vara M, Luo M, Huang H, Ruditskiy A et al. Pd@Pt Core–Shell concave decahedra: a class of catalysts for the oxygen reduction 
reaction with enhanced activity and durability. Journal American Chemical Society 2015; 137 (47): 15036–15042. doi: 10.1021/jacs.5b10059

22. Rueck M, Garlyyev B, Mayr F, Bandarenka AS, Gagliardi A. Oxygen reduction activities of strained platinum coreshell electrocatalysts 
predicted by machine learning. The Journal of Physical Chemistry Letters 2020; 11 (5): 1773–1780. doi: 10.1021/acs.jpclett.0c00214

23. Wang L, Zeng Z, Ma C, Liu Y, Giroux M et al. Plating precious metals on nonprecious metal nanoparticles for sustainable electrocatalysts. 
Nano Letters 2017; 17 (6): 3391–3395. doi: 10.1021/acs.nanolett.7b00046

24. Rostek A, Breisch M, Loza K, Garcia PRAF, Oliveira CLP et al. Wet-chemical synthesis of Pd-Au core-shell nanoparticles (8 nm): From 
nanostructure to biological properties. ChemistrySelect 2018; 3: 4994-5001. doi: 10.1002/slct.201800638 

25. Vorokhtaa M, Khalakhan I, Václavu M, Kovács G, Kozlov SM et al. Surface composition of magnetron sputtered Pt-Co thin film catalyst 
for proton exchange membrane fuel cells. Applied Surface Science 2016; 365: 245-251. doi: 10.1016/j.apsusc.2016.01.004

26. Yazici MS, Azder MA, Salihoglu O, Boyaci San FG. Ultralow Pt loading on CVD graphene for acid electrolytes and PEM fuel cells. 
International Journal of the Hydrogen 2018; 43 (40): 18572-18577. doi: 10.1016/j.ijhydene.2018.06.020

27. Fiala R, Vaclavu M, Vorokhta M, Khalakhan I, Lavkova J et al. Proton exchange membrane fuel cell made of magnetron sputtered Pt–
CeOx and Pt–Co thin film catalysts. Journal of Power Sources 2015; 273: 105-109. doi: 10.1016/j.jpowsour.2014.08.093.

https://doi.org/10.1016/j.ijhydene.2016.11.164
https://doi.org/10.1016/j.ijhydene.2016.08.124
https://doi.org/10.1149/2.0171806jes
https://doi.org/10.3390/catal6120197
https://doi.org/10.3390/catal6120197
https://doi.org/10.1021/jacs.6b11072
https://doi.org/10.1021/jacs.5b10059
https://doi.org/10.1021/acs.jpclett.0c00214
https://doi.org/10.1021/acs.nanolett.7b00046
https://doi.org/10.1016/j.apsusc.2016.01.004
https://www.sciencedirect.com/science/article/pii/S0360319918318007
https://doi.org/10.1016/j.ijhydene.2018.06.020


1351

ÖZTÜRK et al. / Turk J Chem

28. Brummel O, Waidhas F, Khalakhan I, Vorokhta M, Dubau M et al. Structural transformations and adsorption properties of PtNi 
nanoalloy thin film electrocatalysts prepared by magnetron co-sputtering. Electrochimica Acta 2017; 251:427-441. doi: 10.1016/j.
electacta.2017.08.062

29. Alexeeva OK, Fateev VN. Application of the magnetron sputtering for nanostructured electrocatalysts synthesis. International Journal of 
Hydrogen Energy 2016; 41 (5): 3373-3386. doi: 10.1016/j.ijhydene.2015.12.147

30. Yu W, Lee Y, Pandiyan A, Ji S, Tanveer WH et al. Enhanced Thermal Stability of Ultrathin Nanostructured Pt cathode by PdO: In Situ 
Nanodecoration for Low-Temperature Solid Oxide Fuel Cell. ACS Applied Energy Materials 2018, 1 (10): 5163–5168. doi: 10.1021/
acsaem.8b01450

31. Zhang X, Hampshire J, Cook K, Li X, Pletcher D et al. High surface area coatings for hydrogen evolution cathodes prepared by magnetron 
sputtering. International Journal of Hydrogen Energy 2015; 40 (6): 2452-2459. doi: 10.1016/j.ijhydene.2014.12.107

32. Sievers G W, Bowen J R, Brüser V, Arenz M. Support-free nanostructured PtCu electrocatalyst for the oxygen reduction reaction prepared 
by alternating magnetron sputtering. Journal of Power Sources 2019; 413: 432-440. doi: 10.1016/j.jpowsour.2018.12.044.

33. Mani P, Srivastava R, Strasser P. Dealloyed Pt-Cu core-shell nanoparticle electrocatalysts for use in PEM fuel cell cathodes. The Journal of 
Physical Chemistry C 2018; 2770-2778. doi: 10.1021/jp0776412

34. Uzunoglu A, Ahsen AS, Dundar F, Ata A, Ozturk O. Structural, electronic, and electrochemical analyses of sputter-coated Pt and Pt–Co/
GCE electrodes with ultra-low metal loadings for PEM fuel cell applications. Journal of Applied Electrochemistry 2017; 47: 139-155 doi: 
10.1007/s10800-016-1021-6

35. Galhenage RP, Yan H, Ahsen AS, Ozturk O, Chen DA. Understanding the Growth and Chemical Activity of Co-Pt Bimetallic Clusters 
on TiO2(110): CO Adsorption and Methanol Reaction. The Journal of Physical Chemistry C 2014; 118 (31): 17773–17786. doi: 10.1021/
jp505003s

36. Tanuma S, Powel CS, Penn DR. Proposed formula for electron inelastic mean free paths based on calculations for 31 materials. Surface 
Science 1987; 192: L849-L857. doi: 10.1016/S0039-6028(87)81156-1

37. Daubinger P, Kieninger J, Unmüssig T, Urban GA. Electrochemical characteristics of nanostructured platinum electrodes – a cyclic 
voltammetry study. Physical Chemistry Chemical Physics 2014; 16: 8392-8399. doi: 10.1039/C4CP00342J

38. Kakaei K. High efficiency platinum nanoparticles based on carbon quantum dot and its application for oxygen reduction reaction. 
International Journal of Hydrogen Energy 2017; 42 (16): 11605-11613.doi: 10.1016/j.ijhydene.2017.01.057.

39. Cetinkaya AY, Ozdemir OK, Koroglu EO, Hasimoglu A, Ozkaya B. The development of catalytic performance by coating Pt–Ni on 
CMI7000 membrane as a cathode of a microbial fuel cell. Bioresource Technology 2015; 195: 188-193. doi: 10.1016/j.biortech.2015.06.064

40. Jayasankar B, Karan K. O2 electrochemistry on Pt: A unified multi-step model for oxygen reduction and oxide growth. Electrochimica 
Acta 2015; 273: 367-378. 10.1016/j.electacta.2018.03.191

41. Aran-Ais RM, Dionigi F, Merzdorf T, Gocyla M, Heggen M et al. Elemental Anisotropic Growth and Atomic-Scale Structure of Shape-
Controlled Octahedral Pt–Ni–Co Alloy Nanocatalysts. Nano Letters 2015; 15 (11): 7473–7480. doi: 10.1021/acs.nanolett.5b03057

42. Zhao Y, Liu J, Wang F, Song Y. Pt–Co secondary solid solution nanocrystals supported on carbon as next-generation catalysts for the 
oxygen reduction reaction. Journal of Materials Chemistry A (2015); 3: 20086–20091. doi: 20086–20091

43. Tian X, Ma Y, Hu J, Bi M, Gong C, Chu PK, Microstructure and mechanical properties of (AlTi)xN1-x films by magnetic-field-enhanced 
high power impulse magnetron sputtering. Journal of Vacuum Science & Technology A Vacuum Surfaces and Films 2017; 35 (2): 021402. 
doi: 10.1116/1.4971202

44. Ait-Djafer A Z , Saoula N, Aknouche H, Guedouar B, Madaoui N. Deposition and characterization of titanium aluminum nitride coatings 
prepared by RF magnetron sputtering. Applied Surface Science 2015; 350: 6-9. doi: 10.1016/j.apsusc.2015.02.053

45. Mi S, Liu R, Li Y, Ye J, Xie Y et al. Effect of sputter pressure on magnetotransport properties of FePt nanocomposites. Journal of Magnetism 
and Magnetic Materials 2016; 403: 14-17. doi: 10.1016/j.jmmm.2015.11.084

46. Dannenberg A, Gruner ME, Hucht A, Entel P. Surface energies of stoichiometric FePt and CoPt alloys and their implications for 
nanoparticle morphologies. Physical Review B 2009; 80: 245438. doi: 10.1103/PhysRevB.80.245438

47. Sakong S, Naderian M, Mathew K, Hennig RG, Groß A. The Journal of Chemical Physics 2015; 142: 234107. doi: 10.1063/1.4922615 

48. Li L, Abild-Pedersen F, Greeley J, Nørskov JK. Surface tension effects on the reactivity of metal nanoparticles. The Journal of Physical 
Chemistry Letters 2015; 6 (19): 3797–3801. doi: 10.1021/acs.jpclett.5b01746

49. Ivanova NA, Alekseeva OK,  Fateev VN, Shapir BL,  Spasov DD et al. Activity and durability of electrocatalytic layers with low platinum 
loading prepared by magnetron sputtering onto gas diffusion electrodes. International Journal of the Hydrogen Energy 2019; 44 (56): 
29529-29536. doi: 10.1016/j.ijhydene.2019.04.096

https://doi.org/10.1021/acsaem.8b01450
https://doi.org/10.1021/acsaem.8b01450
https://doi.org/10.1016/j.ijhydene.2014.12.107
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiIrdaFqLzwAhUE7aQKHZ1bC3UQFjABegQIAxAE&url=https%3A%2F%2Fpubs.acs.org%2Fjournal%2Fjpccck&usg=AOvVaw1HPL6Wb4Kik0jpYfY4p-1j
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiIrdaFqLzwAhUE7aQKHZ1bC3UQFjABegQIAxAE&url=https%3A%2F%2Fpubs.acs.org%2Fjournal%2Fjpccck&usg=AOvVaw1HPL6Wb4Kik0jpYfY4p-1j
https://pubs.acs.org/jpcc
https://doi.org/10.1016/j.biortech.2015.06.064
https://doi.org/10.1016/j.electacta.2018.03.191
https://www.researchgate.net/journal/0734-2101_Journal_of_Vacuum_Science_Technology_A_Vacuum_Surfaces_and_Films
https://doi.org/10.1016/j.apsusc.2015.02.053
https://doi.org/10.1016/j.jmmm.2015.11.084
https://aip.scitation.org/journal/jcp
https://doi.org/10.1063/1.4922615
https://doi.org/10.1021/acs.jpclett.5b01746
https://www.sciencedirect.com/science/article/pii/S0360319919315253?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0360319919315253?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0360319919315253?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0360319919315253?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0360319919315253?via%3Dihub#!


1352

ÖZTÜRK et al. / Turk J Chem

50. Chengxu Z, Hu J, Nagatsu M, Shu X, Toyoda H et al. Magnetron sputtering of platinum nanoparticles onto vertically aligned carbon 
nanofibers for electrocatalytic oxidation of methanol. Electrochimica Acta 2011; 56 (17): 6033-6040. doi: 10.1016/j.electacta.2011.04.091

51. Ozturk O, Ozdemir O K, Ulusoy I, Ahsen A S, Slavcheva E. Effect of Ti sublayer on the ORR catalytic efficiency of dc magnetron sputtered 
thin Pt films. International Journal of the Hydrogen Energy 2010; 35 (10): 4466-4473. doi: 10.1016/j.ijhydene.2010.02.077

52. Radev I, Topalov G, Lefterova E, Ganske G, Schnakenberg U et al. Optimization of platinum/iridium ratio in thin sputtered films for 
PEMFC cathodes. International Journal of the Hydrogen Energy 2012; 37 (9): 7730-7735.       doi: 10.1016/j.ijhydene.2012.02.015

53. Khalakhan I, Vorokhta M, Václavů M, Šmíd B, Lavková J et al. In-situ electrochemical atomic force microscopy study of aging of 
magnetron sputtered Pt-Co nanoalloy thin films during accelerated degradation test. Electrochimica Acta 2016; 211: 52-58. doi: 10.1016/j.
electacta.2016.06.035

54. Khalakhana I, Supika L, Vorokhtaa M, Yakovleva Y, Dopita M et al. Compositionally tuned magnetron co-sputtered PtxNi100-x alloy as a 
cathode catalyst for proton exchange membrane fuel cells. Applied Surface Science 2020; 511: 145486. doi: 10.1016/j.apsusc.2020.145486 

55. Li W, Lin R, Yang Y. One simple method to mitigate the structure degradation of alloy catalyst layer in PEMFC. Electrochimica Acta 2019; 
323: 134823. doi: 10.1016/j.electacta.2019.134823

56. Khalakhan I, Vorokhta M, Kúš Peter, Dopita M, Václavů M et al. In situ probing of magnetron sputtered Pt-Ni alloy fuel cell catalysts 
during accelerated durability test. Electrochimica Acta 2017; 245: 760-769. doi: 10.1016/j.electacta.2017.05.202 

57. YanYan S, Wei Liu C, Huang TH, Zhang Guo Y, Wei Lee S et al. Composition effect of oxygen reduction reaction on PtSn nanorods: 
An experimental and computational study. International Journal of the Hydrogen Energy 2018; 43 (31): 14427-14438. doi: 10.1016/j.
ijhydene.2018.05.176

58. Ivanova NA, Spasov DD, Zasypkina AA, Alekseeva OK,  Kukueva EV et al. Comparison of the performance and durability of PEM fuel 
cells with different Pt-activated microporous layers. International Journal of the Hydrogen Energy 2021; 46:  18093-18106. doi: 10.1016/j.
ijhydene.2020.08.234

59. Cui R, Mei L, Han G, Chen J, Zhang G et al. Facile Synthesis of nanoporous Pt-Y alloy with enhanced electrocatalytic activity and 
durability. Scientific Reports 2017; 41826. doi: 10.1038/srep41826

https://www.sciencedirect.com/science/article/pii/S0013468611006578#!
https://www.sciencedirect.com/science/article/pii/S0013468611006578#!
https://www.sciencedirect.com/science/article/pii/S0013468611006578#!
https://doi.org/10.1016/j.electacta.2011.04.091
https://www.sciencedirect.com/science/article/pii/S0360319910003599#!
https://www.sciencedirect.com/science/article/pii/S0360319910003599#!
https://www.sciencedirect.com/science/article/pii/S0360319910003599#!
https://www.sciencedirect.com/science/article/pii/S0360319910003599#!
https://www.sciencedirect.com/science/journal/03603199/35/10
https://doi.org/10.1016/j.ijhydene.2010.02.077
https://www.sciencedirect.com/science/article/pii/S0360319912003345?casa_token=fCBH2upn044AAAAA:XegRFCO8rbs43A3bbwZHspFxMxlM6mNzVmJ1YOQjg5kobHAWieMqK1pMNAXv4lvjljKFZZC15UfV#!
https://www.sciencedirect.com/science/article/pii/S0360319912003345?casa_token=fCBH2upn044AAAAA:XegRFCO8rbs43A3bbwZHspFxMxlM6mNzVmJ1YOQjg5kobHAWieMqK1pMNAXv4lvjljKFZZC15UfV#!
https://www.sciencedirect.com/science/article/pii/S0360319912003345?casa_token=fCBH2upn044AAAAA:XegRFCO8rbs43A3bbwZHspFxMxlM6mNzVmJ1YOQjg5kobHAWieMqK1pMNAXv4lvjljKFZZC15UfV#!
https://www.sciencedirect.com/science/article/pii/S0360319912003345?casa_token=fCBH2upn044AAAAA:XegRFCO8rbs43A3bbwZHspFxMxlM6mNzVmJ1YOQjg5kobHAWieMqK1pMNAXv4lvjljKFZZC15UfV#!
https://www.sciencedirect.com/science/article/pii/S0360319912003345?casa_token=fCBH2upn044AAAAA:XegRFCO8rbs43A3bbwZHspFxMxlM6mNzVmJ1YOQjg5kobHAWieMqK1pMNAXv4lvjljKFZZC15UfV#!
https://doi.org/10.1016/j.ijhydene.2012.02.015
https://www.sciencedirect.com/author/36181198500/ivan-khalakhan
https://www.sciencedirect.com/science/article/pii/S0013468616313524?casa_token=7r0qI_-HzmwAAAAA:dblHUQuLzsPrWkXCG5-5QyTUhXES-lpa-X5DGoqBUHX2hUUFfcWoM19gB3fK5YJrIjne7zj_wTY2#!
https://www.sciencedirect.com/science/article/pii/S0013468616313524?casa_token=7r0qI_-HzmwAAAAA:dblHUQuLzsPrWkXCG5-5QyTUhXES-lpa-X5DGoqBUHX2hUUFfcWoM19gB3fK5YJrIjne7zj_wTY2#!
https://www.sciencedirect.com/science/article/pii/S0013468616313524?casa_token=7r0qI_-HzmwAAAAA:dblHUQuLzsPrWkXCG5-5QyTUhXES-lpa-X5DGoqBUHX2hUUFfcWoM19gB3fK5YJrIjne7zj_wTY2#!
https://www.sciencedirect.com/science/article/pii/S0013468616313524?casa_token=7r0qI_-HzmwAAAAA:dblHUQuLzsPrWkXCG5-5QyTUhXES-lpa-X5DGoqBUHX2hUUFfcWoM19gB3fK5YJrIjne7zj_wTY2#!
https://doi.org/10.1016/j.electacta.2016.06.035
https://doi.org/10.1016/j.electacta.2016.06.035
https://www.sciencedirect.com/author/36181198500/ivan-khalakhan
https://www.sciencedirect.com/science/article/pii/S0169433220302427?casa_token=W-cB0W-hy-sAAAAA:JkHB3QujW2UYZt5ivfyPUiONTJeNKieCd8VLYjw4rADc53fWTv8w2gYaGq5LoInIfnBVDyXcHDq9#!
https://www.sciencedirect.com/science/article/pii/S0169433220302427?casa_token=W-cB0W-hy-sAAAAA:JkHB3QujW2UYZt5ivfyPUiONTJeNKieCd8VLYjw4rADc53fWTv8w2gYaGq5LoInIfnBVDyXcHDq9#!
https://www.sciencedirect.com/science/article/pii/S0169433220302427?casa_token=W-cB0W-hy-sAAAAA:JkHB3QujW2UYZt5ivfyPUiONTJeNKieCd8VLYjw4rADc53fWTv8w2gYaGq5LoInIfnBVDyXcHDq9#!
https://www.sciencedirect.com/science/article/pii/S0169433220302427?casa_token=W-cB0W-hy-sAAAAA:JkHB3QujW2UYZt5ivfyPUiONTJeNKieCd8VLYjw4rADc53fWTv8w2gYaGq5LoInIfnBVDyXcHDq9#!
https://doi.org/10.1016/j.apsusc.2020.145486
https://www.sciencedirect.com/science/article/pii/S0013468619316949?casa_token=0EwCvfvsdGAAAAAA:KKWJuxgvM0GGRLIyuLVxPFEbEDO_b0s9uo5mFpx9cWxH7Opu0G-g7wrXQc99wYy7_347aUHofNWe#!
https://www.sciencedirect.com/author/35211067900/rui-lin
https://www.sciencedirect.com/science/article/pii/S0013468619316949?casa_token=0EwCvfvsdGAAAAAA:KKWJuxgvM0GGRLIyuLVxPFEbEDO_b0s9uo5mFpx9cWxH7Opu0G-g7wrXQc99wYy7_347aUHofNWe#!
https://doi.org/10.1016/j.electacta.2019.134823
https://www.sciencedirect.com/author/36181198500/ivan-khalakhan
https://www.sciencedirect.com/science/article/pii/S0013468617312148?casa_token=BeP6MYi2YTcAAAAA:sDl2wWG-cBgoGKQ4cBw4jgLsJ4Zt0GsW0vorhYECdevp51LTkRwjZIwcxyt_aPnea9-1nVtUpouq#!
https://www.sciencedirect.com/science/article/pii/S0013468617312148?casa_token=BeP6MYi2YTcAAAAA:sDl2wWG-cBgoGKQ4cBw4jgLsJ4Zt0GsW0vorhYECdevp51LTkRwjZIwcxyt_aPnea9-1nVtUpouq#!
https://www.sciencedirect.com/science/article/pii/S0013468617312148?casa_token=BeP6MYi2YTcAAAAA:sDl2wWG-cBgoGKQ4cBw4jgLsJ4Zt0GsW0vorhYECdevp51LTkRwjZIwcxyt_aPnea9-1nVtUpouq#!
https://www.sciencedirect.com/science/article/pii/S0013468617312148?casa_token=BeP6MYi2YTcAAAAA:sDl2wWG-cBgoGKQ4cBw4jgLsJ4Zt0GsW0vorhYECdevp51LTkRwjZIwcxyt_aPnea9-1nVtUpouq#!
https://doi.org/10.1016/j.electacta.2017.05.202
https://www.sciencedirect.com/science/article/pii/S0360319918318111?casa_token=3FtHOEwRZJUAAAAA:krHxVH8S2RVJLCuC1Fmy91GPWZa8QVo4DQ0XkCV0ResEWOmqWnKPV6Li9M_KC7WOvOnkGltg0NLu#!
https://www.sciencedirect.com/science/article/pii/S0360319918318111?casa_token=3FtHOEwRZJUAAAAA:krHxVH8S2RVJLCuC1Fmy91GPWZa8QVo4DQ0XkCV0ResEWOmqWnKPV6Li9M_KC7WOvOnkGltg0NLu#!
https://www.sciencedirect.com/science/article/pii/S0360319918318111?casa_token=3FtHOEwRZJUAAAAA:krHxVH8S2RVJLCuC1Fmy91GPWZa8QVo4DQ0XkCV0ResEWOmqWnKPV6Li9M_KC7WOvOnkGltg0NLu#!
https://www.sciencedirect.com/science/article/pii/S0360319918318111?casa_token=3FtHOEwRZJUAAAAA:krHxVH8S2RVJLCuC1Fmy91GPWZa8QVo4DQ0XkCV0ResEWOmqWnKPV6Li9M_KC7WOvOnkGltg0NLu#!
https://www.sciencedirect.com/science/article/pii/S0360319918318111?casa_token=3FtHOEwRZJUAAAAA:krHxVH8S2RVJLCuC1Fmy91GPWZa8QVo4DQ0XkCV0ResEWOmqWnKPV6Li9M_KC7WOvOnkGltg0NLu#!
https://doi.org/10.1016/j.ijhydene.2018.05.176
https://doi.org/10.1016/j.ijhydene.2018.05.176
https://www.sciencedirect.com/science/article/pii/S0360319920332900?casa_token=Mp6m1X2V6Y0AAAAA:3MargnW900c03MwhDf9IdNOd5s1Pkj8gZvCLV8gEWPqIljxw2BktRSW_5fF_VP6m0-2wV6TTClP9#!
https://www.sciencedirect.com/science/article/pii/S0360319920332900?casa_token=Mp6m1X2V6Y0AAAAA:3MargnW900c03MwhDf9IdNOd5s1Pkj8gZvCLV8gEWPqIljxw2BktRSW_5fF_VP6m0-2wV6TTClP9#!
https://www.sciencedirect.com/science/article/pii/S0360319920332900?casa_token=Mp6m1X2V6Y0AAAAA:3MargnW900c03MwhDf9IdNOd5s1Pkj8gZvCLV8gEWPqIljxw2BktRSW_5fF_VP6m0-2wV6TTClP9#!
https://www.sciencedirect.com/science/article/pii/S0360319920332900?casa_token=Mp6m1X2V6Y0AAAAA:3MargnW900c03MwhDf9IdNOd5s1Pkj8gZvCLV8gEWPqIljxw2BktRSW_5fF_VP6m0-2wV6TTClP9#!
https://www.sciencedirect.com/science/article/pii/S0360319920332900?casa_token=Mp6m1X2V6Y0AAAAA:3MargnW900c03MwhDf9IdNOd5s1Pkj8gZvCLV8gEWPqIljxw2BktRSW_5fF_VP6m0-2wV6TTClP9#!
https://doi.org/10.1016/j.ijhydene.2020.08.234
https://doi.org/10.1016/j.ijhydene.2020.08.234

