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Abstract: Surface morphology is one of the critical factors affecting the performance of electrocata-
lysts. Thus, with careful manipulation of the surface structures at the atomic level, the effectiveness
of the catalyst can be significantly improved. Heat treatment is an effective method for inducing
surface atom rearrangement, hence modifying the catalyst’s characteristics. This study investigated
the substrate’s influence and the effect of thermal annealing on the morphology and surface re-
construction of platinum (Pt) thin-film catalysts. Our findings indicate that heat treatment in a
reductive atmosphere (95% Ar + 5% H2) at 300 ◦C can significantly impact the degree of rearrange-
ment of surface atoms. This process induces long-range ordering, resulting in domains with a high
proportion of (111) and (100) sites without an epitaxial template. Considering that the reactivity of
low-index platinum single crystals for the methanol oxidation reaction follows the following sequence
Pt(111) < Pt(110) < Pt(100), increasing the proportion of (100) planes leads to a notable enhancement
(up to three times) in performance, compared to untreated catalysts. Furthermore, considering the
amount of precious metal consumed, a mass-specific current density obtained on annealed Pt@Ni is
larger by one order of magnitude and ~2 times that obtained on Pt@Cr and Pt@GCox catalysts, re-
spectively. Our results demonstrate that an easy-to-implement way of controlling atomic orientations
improves catalyst performance. With this contribution, we propose a method for designing improved
electrocatalysts, as catalytic reactions occur only at the surface.

Keywords: methanol electro-oxidation; thin-film catalysts; surface reconstruction; metal–support
interactions; enhanced catalytic properties

1. Introduction

Oxidation of methanol on platinum (Pt) is one of the most studied reactions due to the
possible commercialization of direct methanol fuel cells (DMFC) [1–6]. One of the leading
technical challenges preventing the use of methanol fuel cells in commercial devices is
the sensitivity of the reaction to self-poisoning, in addition to the high cost and limited
supplies of Pt [7,8]. Although the dehydrogenation of methanol in sequential steps implies
the existence of many adsorbates, spectroscopic methods conducted in situ on Pt single
crystals have revealed only COad species present at the surface [9,10]. Adsorbed CO was
proposed as a reactive intermediate in methanol oxidation [11,12], but considering the fact
that it partially blocks the surface at low potentials, it can be regarded as a poison too.
Namely, the oxidation of COad is considered a so-called “fingerprint” of the surface of the
Pt electrode because the surface structure of platinum is directly related to the kinetics of
this reaction. By electrochemical examination of this reaction, we can obtain information
about the structure of the catalyst surface. It is well known that the oxidation of COad
follows the Langmuir–Hinshelwood mechanism [7]. In the case of an acidic electrolyte,
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pre-oxidation and main oxidation areas are distinguished. In the pre-oxidation area, non-
competitive adsorption occurs between CO and OH species, while in the main oxidation
area, their adsorption becomes competitive. The degree of coverage of the adsorbed CO
and OH species changes with the change in potential; i.e., it is inversely proportional to the
potential. CO is predominantly adsorbed on terraces of single-crystal planes, while OH
species are on defects and steps. For this reason, the oxidation of CO occurs on defects and
step sites [13]. Adsorbed OH− generated from oxidative water decomposition in an acid
solution is suggested as the second active intermediate [11,14]. Water dissociation and OH
formation on highly ordered planes of platinum are possible only at very positive potential
values (0.85 vs. RHE), which is the reason for the rapid removal of CO near defects and
steps where OH species are located. Herrero and coworkers [15] also confirmed that the
electro-oxidation of methanol takes place only in the presence of adsorbed OH. Their results,
obtained on the three basal planes of platinum, confirm that adsorbed OH is involved
in the mechanism beyond providing the oxygen group required to oxidize adsorbed CO.
Adsorbed OH has high mobility on the surface and the favorable shift of hydrogen from
the hydroxy group of methanol to adsorbed OH results in the immediate activation of
methanol. As soon as the methanol comes into contact with the surface, the favorable
interaction with adsorbed OH produces adsorbed methoxy [15]. Thus, theoretically, the
efficiency of Pt-based catalysts could be enhanced by the well-balanced coadsorption of
OH− anions and methanol. Generally, electrochemical reactions that proceed through the
surface adsorption of intermediates usually display structure sensitivity.

Studies on Pt low-index single crystals have confirmed that the electrochemical ox-
idation of methanol is indeed a structure-sensitive reaction [13,16–19]. Using on-line
electrochemical mass spectrometry (OLEMS), Housmans et al. found that the maximum
reactivity of the methanol oxidation reaction on low-index Pt single crystals increases in
the following order Pt(111) < Pt(110) < Pt(100) [20].

Since catalytic reactions occur on the active material surface, one of the efficient ways
to reduce the amount of Pt and bridge the gap between well-established single-crystal
surfaces and real systems is to produce a catalyst in the form of a thin film. These films
are ideal for investigations of electrochemical processes in fuel cells, and, in addition, they
can provide insight into the link between bulk surfaces and nanoscale systems, serving as
templates for developing commercial electrocatalysts. Pt deposited on carbon material is
the most common PEMFC, offering an extensive surface area, good electrical conductivity,
and an appropriate structure [21]. However, carbon support materials usually suffer from
degradation under severe PEMFC operating conditions [22,23]. Consequently, carbon
corrosion decreases the electrochemical surface area (ECSA) and affects the stability and
durability of catalysts, which hinders long-term operations [24,25]. Therefore, electro-
chemically stable support materials must be carefully chosen [26,27]. Research has shown
that interactions between the deposited metal and the support play an essential role in
determining the overall properties of the catalyst [28–30]. To investigate whether it is
possible to control structural changes using thermal treatment, Pt catalysts in the shape
of thin films over glassy carbon (GC), Ni, and Cr were studied. Metal support in the
overall catalyst would provide better catalyst properties due to Ni and Cr thermal stability
compared to GC [31–33]. Finally, metal–support solid interactions (SMSIs) can significantly
influence a catalyst’s activity, stability, and selectivity due to electronic, geometric, and
bifunctional effects.

2. Materials and Methods
2.1. Electrode Preparation

High-purity Ni and Cr disks, along with a glassy carbon electrode (GC) (Sigradur-Sigri,
Elektrographite, GmbH, Bocholt, Germany), all 6 mm in diameter, served as substrates for
obtaining thin-film catalysts. Before each electrochemical experiment, all electrodes were
mirror-polished using silicon carbide grinding paper (Buehler, P800–P4000) and 1–0.05 µm
alumina (Buehler, Chipping Norton, NSW, Australia). After polishing, the surface was
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sonicated for 2–3 min and rinsed with high-purity water (“Millipore”, 18.2 MΩcm resistivity,
Burlington, MA, USA).

Polished GC electrodes were electrochemically treated by anodic polarization in 0.1 M
HClO4 at 2.0 V vs. reversible hydrogen electrode (RHE) for 190 s. We designated the
activated glassy carbon surfaces as GCox.

Before depositing the Pt, a cyclic voltammogram of GCox and pure Ni or Cr electrode
was recorded. The potential range was 0.045 V to 1.245 V vs. RHE sweep rate 50 mV s−1

in a 0.1 M HClO4 supporting solution. This treatment was performed to ensure that the
surfaces were clean and free of Pt left behind from previous experiments.

The electrodeposition of Pt on GCox, Ni, or Cr substrates (S in further text) was
under potentiostatic conditions in a 0.1 M HClO4 + 1 mM H2PtCl6 solution previously
deoxygenated with N2 gas. The deposition was performed in three successive steps, from
an initial potential hold at 0.045 V vs. RHE for 2 s to a final potential of 0.065 V vs.
RHE for 50 s. The quantity of Pt was calculated based on the integrated charge obtained
from the i-t transient response, considering the correction for substrate charging. This
method results in the deposition of stable Pt thin films with a thickness of approximately
100 monolayers of Pt. After the deposition, the as-prepared Pt@S electrodes were cycled
until a stable voltammogram was achieved and then annealed in a reductive atmosphere
(95% Ar + 5% H2) at 300 ◦C for 2 h [31].

2.2. Characterization of the Catalysts

Catalyst surface morphology was probed using atomic force microscopy (AFM) with
a NanoScope III D (Veeco, Plainview, NY, USA) instrument that was operated in tap-
ing mode under ambient conditions. Silicon nitride cantilevers with a force constant of
0.06 N m−1 were used. Based on AFM images, all surfaces were analyzed by observing
five different areas of the samples. AFM measurements were performed before and after
each thermal treatment.

2.3. Electrochemical Measurements

All electrochemical experiments were carried out in a 0.1 M HClO4 electrolyte at room
temperature in a standard three-electrode compartment glass cell. Pt wire was used as the
counter and a bridged SCE as a reference electrode. The electrolytes were prepared with
p.a. grade chemicals (“Merck”, Frenchs Forest NSW, Australia) and high-purity water. All
solutions were pre-saturated with nitrogen and kept under an inert atmosphere during
the experiments.

After Pt deposition, the electrodes were carefully washed with high-purity water and
transferred to the cell with 0.1 M HClO4 electrolyte. The electrochemical surface area of
Pt@S electrodes was calculated from the charge in the hydrogen adsorption/desorption
region (potential range from −0.2 V to 0.2 V) with a correction for double-layer charging.
This calculation was based on the steady-state cyclic voltammograms in the supporting
electrolyte, assuming a 210 µC/cm2 charge for a monolayer of adsorbed hydrogen.

The specific surface orientation on Pt@S samples was studied by means of irreversible
Bi adsorption, in order to obtain relevant information regarding (111) domains [31,34] and
oxidation of ammonia (0.3 M in 0.1 M NaOH at a sweep rate of 50 mV s−1) that was utilized
to confirm the presence of (100) planes.

The Pt@S electrode’s electrocatalytic activity for methanol oxidation was assessed in
a 0.1 M HClO4 solution with the addition of 0.5 M CH3OH to the supporting electrolyte
while maintaining the electrode potential at −0.2 V and the sweep rate at 50 mV s−1.

3. Results and Discussion
3.1. AFM Surface Characterization

The AFM imaging technique was used to assess surface morphology, and the results
are summarized in Figures 1–3. Figure 1a displays the morphology of the as-prepared
Pt@GCox electrode, which consists of small Pt clusters with relatively uniform sizes due to
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the homogeneity of the deposition process. Following annealing, the AFM image of the ther-
mally treated Pt@GCox electrode (Figure 1b) illustrates that the controlled thermal treatment
has led to the migration and agglomeration of Pt particles, producing larger clusters [31].
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Figure 1. Pt@GCox catalyst: (a) AFM images (1 × 1 µm)—as-prepared; (b) AFM images (1 × 1 µm)—
annealed to 300 ◦C; (c) voltammograms; (d) forward scan after double layer subtraction; (e) the
oxidation of ammonia for determining the contribution of 100 planes; (f) CO stripping curves. Black
curves—as-prepared; orange curves—annealed to 300 ◦C. Test electrolyte 0.1 M HClO4; sweep
rate: 50 mV s−1.
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Figure 2. Pt@Ni catalyst: (a) AFM images (1 × 1 µm)—as-prepared; (b) AFM images (1 × 1 µm)—annealed
to 300 ◦C; (c) voltammograms; (d) forward scan after subtraction of double layer; (e) the oxidation of
ammonia for determining the contribution of 100 planes; (f) CO stripping curves. Black curves—as-
prepared; orange curves—annealed to 300 ◦C. Test electrolyte 0.1 M HClO4; sweep rate: 50 mV s−1.



Materials 2024, 17, 5575 6 of 14

Materials 2024, 17, x FOR PEER REVIEW 6 of 15 
 

 

  
(e) (f) 

Figure 2. Pt@Ni catalyst: (a) AFM images (1 × 1 µm)—as-prepared; (b) AFM images (1 × 1 
µm)—annealed to 300 °C; (c) voltammograms; (d) forward scan after subtraction of double layer; 
(e) the oxidation of ammonia for determining the contribution of 100 planes; (f) CO stripping 
curves. Black curves—as-prepared; orange curves—annealed to 300 °C. Test electrolyte 0.1 M 
HClO4; sweep rate: 50 mV s−1. 

  
(a) (b) 

  
(c) (d) 

Materials 2024, 17, x FOR PEER REVIEW 7 of 15 
 

 

  
(e) (f) 

Figure 3. Pt@Cr catalyst: (a) AFM images (1 × 1 µm)—as-prepared; (b) AFM images (1 × 1 
µm)—annealed to 300 °C; (c) voltammograms; (d) forward scan after double layer subtraction; (e) 
the oxidation of ammonia for determining the contribution of 100 planes; (f) CO stripping curves. 
Black curves—as-prepared; orange curves—annealed to 300 °C. Test electrolyte 0.1 M HClO4; 
sweep rate: 50 mV s−1. 

3.2. Electrochemical Characterization 
Pt@S catalysts have been studied using the potentiodynamic method. Figures 1c, 2c, 

and 3c show the steady-state voltammograms of the three Pt-based thin-film catalysts in 
perchloric acid solution, obtained before and after annealing in H2/Ar at 300 °C. The pre-
sented voltammetric curves show that the processes during the potential sweep can be di-
vided into hydrogen adsorption/desorption in the potential region up to E~0.35 V, parallel 
with the reversible OH− adsorption up to E~0.75 V; later, at more positive potentials, the 
irreversible oxide formation occurs. All three electrodes show comparable behavior in the 
reactions associated with H+ and OH− adsorption/desorption. At higher potentials, the 
Pt@GCox electrode shows a slower onset of oxide formation and a shift in the peak corre-
sponding to oxide reduction towards more positive potentials. It indicates weaker adsorp-
tion of oxide species compared to the other two electrodes. The voltammetric profile of the 
as-prepared Pt@S electrodes (Figures 1d, 2d, and 3d—black lines) in the hydrogen area 
(0.05 V < E < 0.4 V) looks similar to the voltammetric profile for the polycrystalline Pt elec-
trode [31,35,36] and corresponds directly to the domains with a particular surface orienta-
tion such as nature and surface sites density. Therefore, the voltammograms display ad-
sorption states connected with (110) and (100) sites at 0.075 V and 0.195 V, respectively. The 
most intense peak is at 0.075 V, with a shoulder appearing at 0.195 V. Additionally, a minor 
shoulder at 0.295 V is hardly detectable, which is typical for a small amount of brief (100) 
terraces [37–39]. 

Voltammograms for the Pt@S electrodes annealed in the reductive atmosphere to 300 
°C are shown in Figures 1c, 2c, and 3c—orange lines. The heat treatment changes the shape 
of the voltammogram in the hydrogen and oxide regions, as demonstrated by comparing 
the presented curves. For the Pt@GCox electrode (Figure 1d—orange curve), the main 
characteristic of the voltammogram is a very sharp peak at 0.195 V, which corresponds 
with the (100) edge and the corners of the Pt surface sites. A wide peak at ~0.55 V shows the 
presence of a considerable number of domains with the (111) orientation, in contrast to the 
as-prepared electrode (Figure 1d—black curve) where it is not detectable. This property 
directly links to the existence of two-dimensional ordered (111) domains. The (111) sites 
also have influence through the steps at the junction (111) × (111) ≡ (110) sites that contrib-
ute to the state at 0.075 V. Comparable sharp peaks are seen on stepped surfaces adjacent to 
Pt (111) [35,40]. 

Figure 3. Pt@Cr catalyst: (a) AFM images (1 × 1 µm)—as-prepared; (b) AFM images (1 × 1 µm)—annealed
to 300 ◦C; (c) voltammograms; (d) forward scan after double layer subtraction; (e) the oxidation of
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The as-prepared Pt@Ni electrode (Figure 2a) contains spherical clusters, equally sized
and uniformly distributed all over the surface. The AFM image of the Pt@Ni electrode
obtained after annealing (Figure 2b) illustrates that the controlled thermal treatment has
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led to the migration of Pt particles and creates approximately two times larger clusters than
those in the as-prepared sample.

However, the as-prepared Pt@Cr electrode (Figure 3a) possesses predominantly large,
spherical-shaped Pt agglomerates. The polishing lines from the underlying substrate can
also be seen, concluding that some parts of the substrate remain uncovered by the Pt
deposit. The agglomeration effect could also be observed for the Pt@Cr electrode annealed
to 300 ◦C (Figure 3b). The agglomerates are slightly larger in diameter, but the shape
remains unchanged compared to the as-prepared sample.

3.2. Electrochemical Characterization

Pt@S catalysts have been studied using the potentiodynamic method. Figures 1c, 2c and 3c
show the steady-state voltammograms of the three Pt-based thin-film catalysts in perchloric
acid solution, obtained before and after annealing in H2/Ar at 300 ◦C. The presented
voltammetric curves show that the processes during the potential sweep can be divided
into hydrogen adsorption/desorption in the potential region up to E~0.35 V, parallel
with the reversible OH− adsorption up to E~0.75 V; later, at more positive potentials, the
irreversible oxide formation occurs. All three electrodes show comparable behavior in
the reactions associated with H+ and OH− adsorption/desorption. At higher potentials,
the Pt@GCox electrode shows a slower onset of oxide formation and a shift in the peak
corresponding to oxide reduction towards more positive potentials. It indicates weaker
adsorption of oxide species compared to the other two electrodes. The voltammetric profile
of the as-prepared Pt@S electrodes (Figures 1d, 2d and 3d—black lines) in the hydrogen
area (0.05 V < E < 0.4 V) looks similar to the voltammetric profile for the polycrystalline
Pt electrode [31,35,36] and corresponds directly to the domains with a particular surface
orientation such as nature and surface sites density. Therefore, the voltammograms display
adsorption states connected with (110) and (100) sites at 0.075 V and 0.195 V, respectively.
The most intense peak is at 0.075 V, with a shoulder appearing at 0.195 V. Additionally, a
minor shoulder at 0.295 V is hardly detectable, which is typical for a small amount of brief
(100) terraces [37–39].

Voltammograms for the Pt@S electrodes annealed in the reductive atmosphere to
300 ◦C are shown in Figures 1c, 2c and 3c—orange lines. The heat treatment changes
the shape of the voltammogram in the hydrogen and oxide regions, as demonstrated by
comparing the presented curves. For the Pt@GCox electrode (Figure 1d—orange curve), the
main characteristic of the voltammogram is a very sharp peak at 0.195 V, which corresponds
with the (100) edge and the corners of the Pt surface sites. A wide peak at ~0.55 V shows
the presence of a considerable number of domains with the (111) orientation, in contrast
to the as-prepared electrode (Figure 1d—black curve) where it is not detectable. This
property directly links to the existence of two-dimensional ordered (111) domains. The
(111) sites also have influence through the steps at the junction (111) × (111) ≡ (110) sites
that contribute to the state at 0.075 V. Comparable sharp peaks are seen on stepped surfaces
adjacent to Pt (111) [35,40].

For the Pt@Ni electrode annealed at 300 ◦C (Figure 2c—orange curve), the voltam-
mogram is very similar to the as-prepared one (Figure 2c—black curve) in the hydrogen
adsorption zone. Still, it demonstrates an increase in current in the oxide region. The
increase in peak current at 0.075 V might indicate that thermal annealing causes changes
in the specific surface structures because of the rearrangement of atoms on the surface
in favor of the (110) plane. The peak at 0.8 V, which results from the adsorption of OH−

anions at the surface, shows the same growth trend upon annealing, indicating an increase
in surface oxophilicity.

The Pt@Cr electrode annealed in H2/Ar to 300 ◦C (Figure 3d—orange curve) displays
an increase in current at 0.195 V compared to the voltammogram for the as-prepared
catalyst (Figure 3d—black curve). This feature is characteristic of hydrogen adsorption at
(100) step sites on (111) terraces with a contribution from (100) steps near (100) terraces for
the same potential [19].
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3.3. Surface Orientation

The irreversible adsorption of bismuth, which selectively occurs at the Pt(111) surface
sites, might provide helpful information on the ordered domains [36,37]. The selective
adsorption of Bi shows that with electrode annealing to 300 ◦C, the fraction of Pt(111)
terrace sites increases 2.3, 3.0, and 4.7 times on Pt@GCox, Pt@Ni, and Pt@Cr, respectively,
relative to the as-prepared ones (Table 1) [41,42].

Table 1. The fraction of ordered domains (111) for as-prepared and annealed Pt@GCox, Pt@Ni,
and Pt@Cr.

Sample Pt@GCox Pt@Ni Pt@Cr

As prepared 24 8.0 8.6
Annealed to 300 ◦C 55 24 40

Ammonia oxidation on Pt surfaces is a structure-sensitive reaction that occurs nearly
exclusively on (100) sites. It is also susceptible to the width of the (100) terraces and the
density of steps with (100) symmetry [40]. The results obtained for ammonia oxidation in
alkaline solution shown in Figures 1e, 2e and 3e display higher activity for as-prepared
Pt@GCox (Figure 1e) compared to Pt@Ni (Figure 2e) and Pt@Cr (Figure 3e) catalysts,
indicating that the most significant number of (100) domains is present at the Pt@GCox
electrode. The mild annealing conditions to 300 ◦C can be sufficient to induce surface
faceting that assumes a higher number of (100) sites, as evidenced by the increase in
ammonia oxidation activity on all tested surfaces. The results show that annealing at 300 ◦C
increases the number of sites with (100) orientation for 2.0, 4.0, and 5.3 times on Pt@GCox,
Pt@Ni, and Pt@Cr electrodes, respectively, relative to the as-prepared ones.

Bi adsorption and ammonia oxidation findings show that even gentle annealing
conditions are sufficient to cause surface faceting. We successfully increased the ratio of both
(111) and (100) sites through thermal treatment in a reductive atmosphere. Additionally,
we recognized that the majority of (110)-like sites can be considered as the sum of the
remaining sites not related to either (111) or (100) directions.

The oxidation of COads was employed to characterize the Pt@S catalysts (Figures 1f, 2f and 3f)
due to its remarkable sensitivity to specific surface structures [19,38,43,44]. However, one
should be careful when concluding the CO stripping experiments since the substrate can
significantly affect the CO oxidation currents. For this reason, oxidation of pre-adsorbed
CO was used to confirm the results obtained from the irreversible adsorption of Bi and
ammonia oxidation.

The stripping voltammograms recorded on all electrodes display the typical features
characteristic of CO oxidation [45,46], (Figures 1f, 2f and 3f). It is important to mention that
the backward and the second positive-going scans are identical to the voltammograms for
the surfaces free of COad.

All as-prepared electrodes (Pt@GCox, Pt@Ni, and Pt@Cr) possess a very similar voltam-
metric profile with the main oxidation peak at approximately the same potential (~0.67 V),
indicating that the reaction takes place at the same active sites on all three catalysts. Due
to the deposition process and the nature of each substrate, the active surface area is not
always the same, ultimately producing a difference in the recorded peak intensities. The
pre-peak shoulder observed from 0.25 to 0.57 V is attributed to the removal of COad from
domains containing surface defects, where the oxidation of adsorbed CO begins at lower
potentials [13]. As can be seen on Figure 3f, the oxidation of COad starts at the most neg-
ative potential on the as-prepared Pt@Cr electrode, followed by the Pt@GCox (Figure 1f)
and Pt@Ni catalysts (Figure 2f). Figures 1f, 2f and 3f show the COad stripping voltam-
mograms for three catalysts obtained upon annealing to 300 ◦C (orange lines). The main
COad stripping peak centered at ~0.7 V occurs on all three investigated electrodes. On
the Pt@GCox and Pt@Cr electrodes, a pre-peak can be observed from 0.25 V to about 0.6 V.
In contrast, on the Pt@Ni electrode, besides the pre-peak, a small anodic peak appears at
~0.4 V, which can be attributed to the partial oxidation of the COad monolayer, i.e., the
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weakly adsorbed CO [17,47] at Ni sites [48]. As early as 0.25 V, these Ni domains can
activate water molecules and generate Ni(oxy)hydroxides on the surface, which react with
CO adsorbed at neighboring Pt sites. The presence of Ni(oxy)hydroxides at the surface was
confirmed by XPS [41,49,50]. Thus, this peak indicates Ni’s migration from the underlying
substrate to the surface due to the annealing process. Numerous investigations have been
performed on Pt low-index single crystals, demonstrating that the (110) plane is the most
active in the main oxidation region, having the onset potential at more negative values
related to (111) and (100) planes [11,51]. Considering this, after annealing, the positive shift
observed on Pt@Cr electrodes can be attributed to the increase in (111) and (100) surface
domains. In the case of Pt@Ni, it is impossible to conclude since the thermal treatment has
also induced the surface composition changes due to Ni migration to the surface; thus, the
observed negative shift can also be attributed to the oxidation of CO at Ni sites.

3.4. Methanol Electro-Oxidation

The methanol oxidation currents on Pt(hkl) at low potentials rely on the single-crystal
orientation, demonstrating the reaction’s structural sensitivity. The oxidation of methanol
initiates on the (111) plane, then proceeds on the (110) plane, and finally occurs on the (100)
plane. This sequence follows the adsorption of OH groups [18]. These data suggest that the
initiation of methanol oxidation is correlated to the commencement of OH adsorption [52].
The results obtained using as-prepared Pt thin-film electrodes deposited on different
supports, presented in Figure 4, reveal a consistent pattern of methanol oxidation behavior.
The positive scans indicate a high activity level, suggesting that all examined catalysts can
efficiently adsorb methanol due to sufficient adjacent adsorption sites. Nevertheless, these
electrodes cannot adsorb the same quantity of OH− anions. All three Pt@S surfaces have a
similar overall voltammetric profile. Still, their highest activity levels varied significantly,
which could be due to the substrate’s characteristics or the underlying presence of specific
crystal domains. The reaction is initiated, at approximately the same potentials, on Pt@Cr
and Pt@GCox catalysts (Ein~0.6 V) followed by the Pt@Ni catalyst (Ein~0.65 V). The reaction
occurs predominantly on the surfaces covered by reversible OHad species, which shows
relatively rapid kinetics. The current maximum occurs at peak potentials when the reaction
rate of methanol dehydrogenation [53], Equation (1),

CH3OH → COad + 4H+ + 4e− (1)

is finely balanced with the reaction rate of oxidation of dehydrogenation products (COad)
with OHad species in a Langmuir–Hinshelwood-type reaction, as in Equation (2):

COad + OHad → CO2 + H+ + e− (2)

The reaction rate described by Equation (2) relies on CO and OH− species coverage.
Since θCO + θOH ≤ 1, high θOH or θCO will reduce the number of Pt sites that are available
for the adsorption of methanol or OH− anions. As a result, the rate of reaction will be
slow. Hence, it is evident that the well-balanced coadsorption of methanol and water at
low potentials would enhance the Pt catalyst’s efficiency. Regardless of their support, two
prominent oxidation peaks were recorded on all three electrodes, one at 0.895 V–0.905 V
in the forward scan and one at ~0.75 V in the backward scan direction. It is evident that
surface structure noticeably influences the relative intensity of both peaks. On the Pt@GCox
and Pt@Cr samples, the oxidation peak in the forward scan has a higher current density
than in the backward scan. In contrast, on Pt@Ni, the peak in the backward scan has a
higher current density than in the forward scan direction.
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Figure 5a displays the methanol oxidation reaction for the three catalysts obtained
upon annealing to 300 ◦C in 0.1 M HClO4. These findings indicate some notable differences
in the obtained voltammograms when using Pt catalysts on a different substrate. The
reaction initiates at comparatively low potential values (~0.5 V) compared to the onset
of the reaction for the as-prepared Pt@S electrodes, which is around 0.6 V, indicating
improved catalysts activity (Figure 4). Upon annealing the Pt@GCox electrode in a reductive
atmosphere, it was observed that both peaks in the forward and backward scan exhibited
nearly identical characteristics. On the Pt@Cr electrode, the forward scan oxidation peak
has a slightly higher current density compared to the oxidation peak in the backward
scan. However, on the Pt@Ni catalyst, the peak in the positive scanning direction has
a significantly higher current density value than in the negative scan direction. It was
concluded that the oxidation peak observed during the reverse scan was not associated with
the oxidation of the remaining intermediate, but it most likely originates from the oxidation
of methanol on the Pt surface covered with oxygenated species [54]. The ratio between the
forward oxidation peak current (If) and backward oxidation peak current (Ib), If/Ib, is not
associated with the degree of CO tolerance. Instead, it is associated with oxophilicity.

The obtained mass-specific current densities at Pt@S catalysts annealed to 300 ◦C are
displayed in Figure 5b. Pt@Ni is the best catalyst (considering the amount of precious metal
consumed) reaching, at E~0.905 V, a mass-specific current density that is larger by one order
of magnitude and ~2 times than that obtained on Pt@Cr and Pt@GCox catalysts, respectively.
The observed behavior is attributed to the significant contribution of smaller Pt particles,
the greater specific surface area, and the lack of agglomerates at the Pt@Ni electrode. On
Pt@Cr, on the other hand, quite the opposite is observed. Therefore, this catalyst has the
lowest mass activity. It should be noted that all catalysts contain approximately the same
amount of Pt.

In order to examine the stability of the catalyst, we used prolonged cycling, which
showed that in addition to being the most active catalyst, Pt@Ni annealed to 300 ◦C is also
extremely stable. The results showed that there is practically no poisoning of the catalyst
after 100 potential cycles, as shown in Figure 5c.
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4. Conclusions

Catalysts in the form of a thin film present a potential replacement for bulk single
crystals, as the nature of their geometry significantly lowers the precious metal content and
provides a surface that is susceptible to ordering upon annealing, driven by a tendency
to expose the structure with the lowest surface energy. It is widely accepted that surface
structure has a significant influence on electrocatalyst activity. Controlled heat treatment
is an important technique for inducing surface atom reorganization, thus completely
changing the catalyst characteristics. This contribution has demonstrated a novel approach
of working with thin films with controllable surface structures. Furthermore, in addition to
(111), the creation of the (100) and (110) surface domains could be controlled as well. This
represents a major advancement in the creation of commercial catalysts.

By using a carefully selected combination of techniques including AFM, selective Bi
adsorption, oxidation of ammonia, and COad electro-oxidation, we were able to provide
insight into the alteration of the morphology of PtS (S being GC, Ni, Cr) thin-film catalysts.

The substrate structure does not epitaxially force Pt as it was deposited over amor-
phous (GC) and polycrystalline metal (Ni and Cr) support. However, surface faceting has
been achieved by annealing the electrode, which promotes surface diffusion, flattens defects,
changes the fraction of crystal planes (100), and encourages the growth of the lowest energy
facets, such as (111) sites. AFM data revealed that even a mild annealing temperature of
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300 ◦C was sufficient to induce diffusion across the surface and grain boundary migrations
that resulted in coalescence and particle growth.

By examining the obtained results of methanol oxidation on Pt thin films electrochem-
ically deposited over these supports (activated GC, Ni, and Cr) and correlating them with
the model system surfaces, i.e., Pt single crystals, the effect of thermal annealing under
regulated conditions (temperature and atmosphere) can be associated with the enhanced
activity of the Pt@S catalyst. Thus, the thermal treatment applied turned out to be crucial
for obtaining superior activity for methanol electro-oxidation.
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