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Abstract: The present work aims to investigate the feasibility of utilizing Pt and PtCo alloy ultrathin
films as hydrogen gas sensors in order to reduce the cost of the hydrogen gas sensors by using
low-cost metallic materials. In this study, ultrathin Pt and PtCo alloy thin films are evaluated for
hydrogen sensors. The stoichiometry and structural characterization of the thin films are observed
from XPS, SEM, and EDX measurements. The 2-nm-thick Pt and PtCo films deposited by sputtering
onto Si/SiO, covers homogeneously the surface in an fcc crystalline plane (111). The hydrogen
gas-sensing properties of the films are assessed from the resistance measurement between 25 °C and
150 °C temperature range, under atmospheres with hydrogen concentration ranging from 10 ppm to
5%. The hydrogen-sensing mechanism of ultrathin PtyCo;_4 alloy films can be elucidated with the
surface scattering phenomenon. PtCo thin alloy films show better response time than pure Pt thin
films, but the alloy films show lower sensor response than pure Pt film’s sensor response. Aside from
these experimental investigations, first-principles calculations have also been carried out for bare Pt
and Co, and also PtCo alloys. Compared to the theoretical calculations, the sensor response to change
decreases with increasing Co content, a result that is compatible with the experimental results. In
an attempt to explain the decrease in the sensor response of PtCo alloy films compared to bare Pt
film, a variety of different phenomena are discussed, including the shrinking lattice of the structure
or dendritic surface structure of PtCo alloy films by the increasing cobalt ratio.

Keywords: gas sensor; platinum; platinum-cobalt alloys; thin films; hydrogen sensor

1. Introduction

The use of hydrogen (H») as a suitable, clean, economical, sustainable, and efficient
energy source has been increasing in diverse application areas since it reduces CO, gas
generated by the combustion of fossil fuels. These fossil fuels are the main cause of the
greenhouse effect [1]. Therefore, alternatives such as Hj are seriously considered as an
ideal energy source of the future [2] and will be critical enablers in achieving the European
Green Deal’s ambitious goals.

H; has unconventional properties such as a high diffusion coefficient, low boiling
point, and a very low density. It also possesses a wide flammable range compared to other
gases, a high combustion heat, and a low minimum ignition energy. H, also behaves as a
robust reducing agent for plenty of elements and has a high permeability through many
materials, which demands special precautions in specific applications. For example, H; is
a flammable gas, colorless, odorless, tasteless, and cannot be detected by human senses,
unless it is present in high concentrations. Hereof, accurate and rapid detection of H; gas is
mandatory to help prevent the risk of an unexpected explosion and to prevent the formation
of potentially explosive mixtures with air. Until now, diverse types of Hj sensors have been
broadly researched and published [3-11] and are commonly classified into nine categories
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depending on their distinct physical/chemical principles of detection mechanism: (i) elec-
trochemical, (ii) catalytic, (iii) resistor based (semiconductor and metallic) (iv) mechanical,
(v) work function based, (vi) acoustic, (vii) optical, (viii) thermal conductivity, and more
recently (ix) magnetic. One type of Hj sensor, the resistive metallic H, sensor, uses palla-
dium (Pd), platinum (Pt), and their alloys as a sensitive layer. Pd-based resistive metallic Hy
sensors have been intensively studied, but there are limited studies about Pt-based resistive
H, sensors, especially when combined with magnetic materials that can be integrated into
sophisticated spintronic structures.

Although the first research article about Pt-based resistive hydrogen sensors was
published in 1999 [12], subsequent publications started to be published after 2012. The
numbers of publications on Pt-based resistive hydrogen sensors are less than 20 by search-
ing in Web of Science and /or Google Scholar. Various types of nanostructured Pt such as
nonporous film [13], nanowire [14-18], thin film [12,19-22], Pt-Pd and Pt-Ti layered thin
film [23,24], Pt-Au and Pt-Pd core-shell nanoparticle layer [25,26], Pt nanoparticle-coated
Pd nanowire [27,28], and PtNi alloy film [29] are used as a sensitive material for Pt-based
resistive type hydrogen gas sensor applications. When all the resistive Pt-based hydrogen
sensor studies were examined, the resistance of the Pt nanostructure increased or decreased
in the hydrogen environment. This different behavior of resistive Pt-based hydrogen sen-
sors is explained by different detection mechanisms. The decrease in the resistance of the Pt
nanostructure in the hydrogen environment is explained by the scattering of electrons from
the Pt surface [12,17-20]. Tanaka et al. obtained Pt thin film by electron beam deposition
method and measured the hydrogen gas detection properties in different humidity environ-
ments and determined that humidity had no effect on the sensor [20]. Yoo et al. fabricated
Pt nanowire array by using PDMS molds and they tested the H; gas-sensing properties
of Pt nanowire array depending on the nanowire thickness and carrier gas [17]. In our
previous study, Pt thin films with different thicknesses were sputtered on glass slides, and
sensor measurements were made against 0.1% to 1% hydrogen concentration depending on
the temperature, and the best sensor response was obtained for 2 nm thick Pt film at room
temperature [19]. On the other hand, the increase in the resistance of the Pt nanostructure
in the hydrogen environment is explained in three ways. First, the increase in the resistance
of Pt in hydrogen was explained by the formation of PtHy hydride [13]. In addition, it
was stated that the presence of oxygen in the environment has no effect on the detection
of hydrogen by the resistive Pt sensor [13]. Second, the increase in the resistance of Pt
in the hydrogen environment is explained by the scattering of electrons from defects in
Pt [14]. Cao et al. produced Pt nanowire array by focused ion beam method between gold
(Au) electrodes prepared by photolithography and investigated the hydrogen gas detection
properties of this sensor structure in a wide concentration range [14]. They also found that
this sensor was unaffected by interference gases and remained stable for a long time. Third,
the increase in the resistance of Pt in the hydrogen environment is explained by the scatter-
ing of electrons from the grain boundary of the Pt nanoparticles [25]. Rajoua et al. produced
Pt-Au core-shell nanoparticle layer on microelectrodes by Langmuir-Blodgett method and
investigated the H; gas detection properties of this sensor structure [25]. Depending on
the increase in Pt shell thickness, both an increase and a decrease in the resistance of the
Pt-based sensor were obtained in the hydrogen environment. Here, both scattering of
electrons from the surface and scattering from the boundaries of nanoparticles are effective
in the resistance of the sensor. The decrease in the resistance of the sensor with low (3-8 nm)
Pt shell thickness in the hydrogen environment is explained by the dominant scattering of
electrons from the surface. When the Pt shell thickness was increased to 12 nm, an increase
in the resistance of the sensor was obtained in the hydrogen environment, and this was
explained by the dominant scattering of electrons from the boundaries of the nanoparticles.
Therefore, there are still more research required on the sensing mechanism of Pt-based
resistive hydrogen sensors.

Essentially, the purpose of this study is to reduce the amount of Pt that needs to be
combined with a variety of other materials in alloy forms to achieve hydrogen-sensing
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properties similar to or even better than pure Pt-based hydrogen gas sensors. These alloy
type Pt-based resistive hydrogen gas sensors have become more affordable as a consequence
of their low price. After the success of our previous study (PtNi) [29], we decided to try out
our approach with Co, since the different chemical compositions of the PtNi alloy films
provided similar results as the pure Pt-resistive hydrogen sensors. In this study, the changes
in electrical resistance and H, gas-sensing properties of PtyCoj_« thin films fabricated by the
sputtering method are investigated depending on the temperature, Co content in the alloy,
and H; concentration. In addition, the mechanisms of Pt,Coj.4 thin films as gas sensors
are explained.

2. Materials and Methods

Ultrathin Pt,Coj« (x = 1, 0.75, 0.5, and 0.25) films with approximately 2 nm were
deposited on 100 nm Si/SiO, substrates (dimensions: 1 x 1 cm?) using a Nordiko 2000 [30]
magnetron sputtering system. The system was equipped with a load lock for fast sample
transfer with a high vacuum chamber (base pressure 4 x 10~8 Torr) and 3-inch diameter
targets. The PtyCo1 (x = 0.25, 0.5. 0.75, and 1) ultrathin films were grown by using the
co-sputtering technique from pure Co and Pt targets in a wave-mode deposition option, where
each material was deposited with 0.439 A/s and 1.15 A /s, in Co and Pt layers respectively.
Homogeneity of films is achieved by these low deposition rates and the large number of
sequences. For the platinum deposition, a DC source is used, and cobalt is grown by the RF
source. The deposition rate of the materials was calibrated by Dektak 3030ST profilometer. Pt
and PtCo alloy films were annealed at 300 °C for 2 h under 2 x 102 mbar vacuum conditions.
Structural characterization of the film was done by field emission scanning electron microscopy
(ZEISS ULTRA PLUS), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD,
Rigaku D/MAX 2200), X-ray photoelectron spectroscopy (XPS, Specs-Flex) techniques.

In order to obtain a resistive sensor device, two silver contacts separated by 1 mm
are coated onto the pure Pt and alloy PtCo ultrathin films by a thermal evaporator system
(PVD system-NONOVAK 400). The electrical resistances of the thin film sensor devices are
continuously measured under different ambient conditions in a home-made measurement
cell by using Keithley 2700 Multimeter. Figure 1 shows a schematic illustration for fabrica-
tion of sensor device and gas-sensing measurement setup. The dry air is used as a carrier
gas, the H, concentration is changed from 10 ppm to 5%, and the temperature is varied
with Lakeshore 335 temperature controller between 25 °C and 150 °C by using a heater in
the measurement cell. The gas concentration is varied with two Alicat mass flow controller.

e R

Film coating

Ag electrode
coating

Ag electrodes

Figure 1. A schematic diagram for fabrication of sensor device and gas-sensing measurement setup.

To demonstrate the possibility of the hydrogen diffusion to the first Pt, Pty 5Coq 5, and
Co sublayers in four monolayer-thick Pt, Pty 5Coq 5, and Co layers, we performed density
functional theory (DFT) computations, implemented in VASP program [31,32]. The Pt/Co
crystal structures are created in the [111] crystallographic direction along with a 10—15 A



Chemosensors 2022, 10, 512

40f11

of vacuum layer. The exchange-correlation energy is defined by Perdew—Burke-Ernzerhof
function [33,34]. Projector-augmented-wave pseudopotentials are used to describe valence-
core interactions [35]. We choose plane-wave basis-sets with 320 eV of kinetic energy cut-off.
We allow to relax the represented supercells in the figure until the forces are smaller than
0.1 meV/A by using a 16 x 16 x 1 I'-centered k-point-mesh. In the figure, the structural
relaxations of the initial (upper-left) and final (lower-right) states are followed by the
nudged elastic band (NEB) [36] calculations to study the hydrogen diffusion energy barrier
into the first Pt, PtCo, and Co sublayers. In the diffusion energy barrier calculations, the
initial (above surface) and final (below the first sublayer) positions of hydrogen atoms
are first determined by the geometry optimizations. Then, the path of the diffusion is
divided into ten frames and the total energy of the system are calculated for each frame. By
combining the energies of all the frames, the diffusion barrier graph is formed.

3. Results and Discussion

Figure 2a shows the SEM image of one Pty5Coq5 film sample from where one can
infer the surface of the film is smooth, with no segregation of Pty5Cog5. Similar SEM
results are obtained for the other Pt and PtCo alloy ultrathin films. The EDX spectrums
of pristine Pt and Pt 75Coq 25 ultrathin films are given in Figure 2b,c, respectively. Pt
and Co peaks are marked on Figure 2b,c and the remaining peaks come from Si/SiO,
substrate. The atomic percentage rate of Pt and Co for Pty 75Cop 25 alloy ultrathin films
are obtained so close to our expectation from the EDX spectrum as 75.74% and 24.26%,
respectively. Similarly, values very close to what we expected during production are
obtained from the EDX spectra of other PtCo alloy ultrathin films. The XRD spectra of
pristine Pt and Pty 5Coq 5 thin films are seen in Figure 3a. The peak near 40° comes from Pt
(111) plane reflection, and that corresponds to a face-centered cubic crystalline structure [37].
Peak positioned at around 33° corresponds to Si (200) plane reflection that comes from
SiO, /Si substrate. The (111) plane peak position for pristine Pt is approximately 39.9°,
and this peak position is shifted to 40.5° for the Pty 5Coy 5 alloy film. This behavior could
be explained with the lattice contraction because of the partial substitution of Pt atoms
by Co atoms and is the evidence of PtCo alloy formation. Similar diffraction peak shift is
observed for Pt-Co alloy nanoparticles synthesized with different methods [38,39], for Pt-Co
alloy nanocrystals synthesized via colloidal synthesis [40], and for Pt-Co alloy network
nanostructures synthesized by wet-chemical synthetic method [41].

(b)
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B
=
Intensity (a.u.)

02 04 06 08 10 12 14 16 18 20 22 24 02 04 06 08 10 12 14 16 18 20 22 24
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Figure 2. SEM image of Pty 5Coq 5 alloy ultrathin film (a), EDX spectrum of Pt (b), and Pty 75Cog 25
(c) alloy ultrathin films.
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Figure 3. XRD spectrum of pristine Pt and Pt 5Coq 5 alloy thin films (a); the full XPS survey of
Ptg 75Co0 25 thin film sample (b), Pt 4f region (c), and of Co 2p region (d) XPS spectra of Pty 75Cog 25
alloy thin film.

X-ray photoelectron spectroscopy (XPS) is a powerful technique to study the film
surface stoichiometry and the electronic properties. Moreover, the behavior of peaks (such
as energy shifts and shape changes), the interaction between the substrate and film are
interpreted. In this study, the chemical compositions of ultrathin PtCo alloy films were
probed by the XPS technique. The investigation of the survey XPS shows that the surface
content includes Pt and Co and C, O, and Si peaks come from the substrate Si/SiO;. The
thickness of films are not high enough to suppress the signal coming from the substrate. For
more detailed chemical composition of the film analysis, high-resolution XPS window scans
are explored. The full XPS survey of Pty 75Coq 25 thin film sample is shown in Figure 3b.
Pt4f, Pt4d, andCo2p peaks are clearly observed in the XPS analysis. Furthermore, the
survey XPS and high-resolution window of XPS spectrum from the main photo electron
peaks of Pt4f and Co p were obtained by evaluating Pt:Co atomic ratios in thePt( 75Cog 25
alloy film, as shown in Figure 3c,d, respectively. The peak positions of Pt4f, Pt4d, and
Co2p from Pt( 75Coyp 25 ultrathin alloy films shifted according to their pure elemental XPS
peak positions; this binding energy shift was measured around 3 eV. This energy shift
is considered as changing the chemical environments of the atoms [42]. For the more
detailed analysis of XPS data, two different functions were used. In order to analyze the
photoemission peaks, the Shirley background function was chosen. The Voigt function,
which complements the photoemission nature, was used for the calculation of peak area [43].
After these analyses, the calculated peak areas of Pt4f and Co2p were divided by their
atomic sensitivity factor (ASF); ASF changes from element to element and depends on the
experimental setup of the XPS system (such as X ray source, grazing angle). In our XPS
setup, Al K& was used as the X-ray source and the grazing angle was 55 degrees. The
Pt to Co ratios, which were figured out from Pt( 75Cop 25 alloy layers of the sample, are
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73:27, respectively and the results match with the elemental ratio in the growth of ultrathin
Pt 75Coq 25 films.

Figure 4a—d show the resistance change of pristine Pt, Pty 75Co.25, Ptg5Cog 5, and
Pty 25C0q.75 thin film samples during exposure to dry air and 1% Hj at room temperature,
respectively. Except for Pty 25Coq 75 thin film sample, the resistances of pristine Pt and PtCo
alloy ultrathin films were decreased when the measurement chamber was purged with 1%
H; and then during cleaning the measurement chamber by using high purity dry air the
resistances increase slowly. Similar behavior was reported for Pt nanowire [17,18] and Pt
thin films [12,19,24]. The resistances of all films do not reach the baseline resistances under
dry air cleaning. During the resistance of the thin films measurement under dry air flow,
the surface of the samples is covered by adsorbed oxygen atoms. While Hj is injected onto
the film surface, hydrogen atoms dislocate with oxygen atoms, and the number of electron
surface scattering decreases. So, the decrease in the resistances of the ultrathin films may be
elucitaded with the surface scattering phenomenon. The interaction between Pt surface and
gases is very important in our case. The following reactions could have occurred during
hydrogen and oxygen in dry air ad/absorbtion and desorbtion on/from Pt surface [44-46];

1
Pt + 70,  Pt-O 1)
3
PO + EHZ — Pt-H+ H;O (2)
3
2Pt-H + EOQ — 2Pt-O + H;0 3)
20.45
34 _1%H, a _1%H
—_ @ m | L]~ ()
L ]
& l& . :
=) & 20.354 *
@ T s .
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s l 2 2030+ {
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Figure 4. The resistance over time for (a) pure Pt, (b) Pty 75Cog 25, (¢) Pt 5Coq 5, and (d) Pt 25Cog 75
thin film samples, upon injection of H, and air at room temperature.

Chemisorbed oxygen atoms form when Pt surface reacts with the molecular oxygen
under dry air condition (reaction 1). Hydrogen atoms dislocated oxygen atoms onto the
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surface of Pt with catalytic water formation and its desorption from the surface of Pt as
given in reaction 2, while the atmospheric condition alters dry air with molecular hydrogen.
Oxygen atoms replace hydrogen atoms on the surface of Pt with water formation, when the
chemisorbed hydrogen atoms on the surface of Pt react in dry air conditions, as given in
reaction 3. The hydrogen or oxygen atoms replacement on the surface is a reversible process.

On the contrary, the resistance of Ptj25Cog 75 alloy thin film is enhanced when the
measurement cell is exposed to 1% Hj, and then during cleaning the measurement cell with
high purity dry air, the resistances decrease slowly as shown in Figure 4d. The change in the
resistance during alteration of the ambient condition from dry air to 1% hydrogen is very
low i.e., about 0.03€2 (0.06%) and could be neglected. The hydrogen-sensing mechanism of
Co rich Pty 25Coy 75 alloy thin film is different from that of Pt and other PtCo alloy thin films.
Sensor response time (tgg), another important sensor parameter, is the time that requires
90% of total resistance variation when the measurement chamber is exposed to analyte gas.
The tgy parameters of Pt, Pty 75Cog 25, and Pty 5Coq 5 for 1% hydrogen exposure at room
temperature were observed as 127, 90, and 72 s, respectively. We also have to consider that
our experimental setup is not optimized to characterize properly the response times related
to measurement cell volume, death volume, flow rate, etc. The response time decreases
with increasing Co content in the alloy. Although the response time parameter improved
with the increase of Co ratio in the alloy, the sensor response parameter decreased. The
response time is dependent on hydrogen concentration and temperature.

A crucial parameter of a resistive gas sensor is sensor response, which is calculated by
using Equations (4) and (5) relying on the decrease or the increase in the sensor device’s
resistance, respectively.

AR Rop—R
Sensor Response (%) = — x 100 = =0 "2 w100 4)
Ry Ry
AR Ry —R
Sensor Response (%) = =X 100 = =220
0 0

x 100 (5)

where AR is the change in the resistance of the resistive sensor device and Ry is the baseline
resistance value for the sensor under dry air flow and Ry is the resistance of the sensor
when the sensor is exposed to the indicated hydrogen concentration. The sensor responses
of pristine Pt and PtCo alloy ultrathin film sensors are evaluated depending on hydrogen
concentrations and temperature. Figure 5a shows the baseline resistance and the sensor
response for exposure to 1% hydrogen as a function of Co content in the alloy at room
temperature. The resistance of Pt thin film decreases while Pty 75Coy 25 alloy thin film forms
and the resistance of PtCo alloy thin film increases with increasing Co content in the alloy
films. The sensor response is decreased with increasing Co content in the alloy as seen in
Figure 5a. The sensor response of Pty 25C0g 75 alloy thin film is very low as 0.06 and it is
unresponsive to hydrogen. Figure 5b depicts the sensor response versus time graph of
Pty 75Co00 25 alloy ultrathin film exposed to 1% hydrogen at the various temperatures. The
sensor response of Pt 75Cop 25 alloy thin film is observed as approximately 1.2, 0.9, and
1.25 at 25 °C, 100 °C, and 150 °C, respectively. Figure 5c shows the sensor response as a
function of logarithmic concentration for pristine Pt, Pty 75Coq .25, and Pty 75Cog 25 alloy thin
films at the temperature of 100 °C. There is an approximately linear relationship between
sensor response and logarithmic concentration for pristine Pt and PtCo alloy thin films.
The sensor responses of PtCo alloy films are lower than pure Pt films for all measured
gas concentration and temperatures. Moreover, the sensor responses of PtCo alloy films
are lower than the sensor responses of PtNi alloy films that is our previous study about
low concentration hydrogen detection [29]. Figure 5d represents the stability of pristine Pt
thin film sensor exposed to 1% hydrogen at 50 °C. The average sensor response is around
14.29 + 5% for twelve cycles.
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Figure 5. (a) Resistance and sensor response of the films exposed to 1% hydrogen as a function of
Co content at room temperature, (b) sensor response versus time for Pty 75Coq 25 alloy thin film at
25 °C, 100 °C, and 150 °C exposed to 1% hydrogen, (c) sensor response as a function of logarithmic
concentration for pristine Pt, Pty 75Coq 25, and Pty 75Coy 25 alloy thin films at 100 °C and (d) stability
cycles of pristine Pt at 50 °C.

To complement the discussion on the relation between Co concentration and the
resistivity, we performed first-principles calculations in Figure 6a. Here, we calculated the
change in the total energy of the system during the diffusion of hydrogen along a path that
starts from above the surface of Pt (path coordinate 0) and ends below the first sublayer of
Pt (path coordinate10). The hydrogen diffusion energy barrier is approximately 0.6 eV for
the pristine Pt layer. We then employed the same method to reveal the diffusion barrier
for PtCo and Co layers; however, the hydrogen diffusion toward the first sublayers was
energetically unfavorable, which precludes the formation of the hydrogen diffusion barrier
for PtCo and Co layers. Since the hydrogen does not penetrate into the sublayer of PtCo
and Co, we cannot produce any relative energy graph for these systems. We can consider a
possible scenario for why the hydrogen sensor response decreases with increasing cobalt
ratio. The surface of PtCo alloys may have more dendritically shaped structures with
increasing cobalt ratio [47], and therefore, hydrogen cannot diffuse in PtCo alloys. Another
reason for this behavior could be the shrinking lattice of the structure by the increasing
Co concentration. In the simulations, the lattice constants of Pt, Pty5Cog5, and Co are
2.81 A,2.62 A, and 2.49 A, respectively. While the lattice constant is decreasing by the Co
ratio, the penetration of hydrogen ions into the sublayer of the structure is hindered by
the electrostatic interaction of shrunk crystal. Figure 6b shows a schematic diagram for
hydrogen penetration into Pt, Pty 5Cog 5, and Co. As a consequence, the hydrogen sensor
response of PtCo alloy structure decreases with increasing Co ratio.
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Figure 6. Hydrogen diffusion energy barrier for pristine Pt thin film (a) and a schematic illustration
for hydrogen penetration into Pt, Pty 5Cog 5, and Co (b).

4. Conclusions

In this study, different chemical compositions of PtCo alloy films were prepared by
sputtering deposition. XRD, XPS, and SEM techniques were used to characterize the
structural and chemical compositions properties. Hp-sensing properties of the different
PtCo alloys, the resistance of the films, and sensor response were measured under different
hydrogen atmospheric conditions. The results were compared with pristine Pt film. The
hydrogen sensor response decreases with the increasing Co ratio in the PtCo alloy films. A
number of different phenomena are discussed in order to explain the decreasing sensor
response of PtCo alloy films when compared to bare Pt films. For example, the shrinking
of the lattice structure and the dendritic surface structure of PtCo alloy films as the cobalt
ratio increases are considered as possible explanations for the decrease in sensor response.
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