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In this work we studied the kinetics of oxide formation and reduction on Pt nanoparticles in HClO4 in
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the absence and in the presence of Br- and Cl- ions. The study combines potential step methods (i.e.
chronoamperometry and choronocoulometry) with energy dispersive X-ray absorption spectroscopy
(ED-XAS), which in principle allows to record a complete XAS spectrum in the timescale of
milliseconds. Here, the information on the charge state and on the atomic surrounding of the considered
element provided by XAS was exploited to monitor the degree of occupancy of 5d states of Pt in the
course of oxide formation and growth, and to elucidate the competing halide adsorption/desorption
phenomena. Electrochemical methods and XAS agree on the validity of a log(t) depending growth of
Pt oxide, that is significantly delayed in the presence of Cl- and Br- anions. In the proximity of
formation of one monolayer, the growth is further slowed down.
1
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1. Introduction

In this work we adopt operando energy dispersive X-ray absorption spectroscopy (ED-XAS) to study

SC

the effect of specifically adsorbing ions, namely Br- and Cl-, on the dynamics of Pt oxide growth. The
aim is to couple the potentialities of electrochemical methods and of ED-XAS to trace a detailed
dynamic picture of electrochemical phenomena in real time. In fact, ED-XAS is based on the use of a
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curved crystal “polychromator” that disperses X-ray energies and focuses them onto a focal plane that
coincides with the sample (in the present case, the working electrode). The transmitted beam hits a
position sensitive detector that records the intensities relevant to small intervals of energies.
Provided that the sample presents a sufficiently high surface-to-bulk atomic ratio (such as in small
nanoparticles, or in “bulk active” materials [1]), the two techniques focus on the system synchronously,
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a crucial feature to detect the effect of adsorbed species on the kinetics of heterogeneous reactions, and
specifically electrochemical charge-transfer reactions.
In this wide context, the most studied electrode material, for fundamental and application goals, is

EP

certainly platinum under both metallic and oxide forms, pure and in admixture with other elements.
For these reasons, the study of adsorbed species and of competitive adsorption on Pt is of paramount
importance because of their implications in the operation of devices such as fuel cells and water
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electrolyzers. For example, the activity of Pt for the oxygen reduction reaction:
O2 + 4e- + 4H+ → 2H2O

(1)

is significantly hindered in the presence of sulfate ions (from Nafion® decomposition)[2]. In addition,
the adsorption of oxygen species on Pt has been proposed as the reason behind the poor activity of Pt
by blocking active sites and thus the first reaction step of the ORR, as it was demonstrated in single
crystal electrodes [3]:
Pt-O2 + e- → Pt-O2-

(2)

2
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Competition a Adsorption phenomena can also hinder the desired reaction because of competition with
the adsorption of the reagent. One of the most studied cases deals with fuel cell and Pt as the model
electrocatalyst for both the oxygen reduction reaction (ORR, reaction (1)) and the hydrogen oxidation
reaction (HOR):
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H2 → 2H+ + 2e-

(3)

In the case of Pt, specifically adsorbed anions makes the ORR to proceed through a n < 4e− reduction
pathway, as observed on Pt(111) [4].

between oxygenated species (OH, O, OOH) and anions.

SC

On these bases, an intense research work has been dedicated to the problem of competitive adsorption
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The system is of particular complexity and the study of Pt oxidation itself has been at the basis of
literature works since the early 70s’ [5,6] and is still under investigation, also by means of sophisticated
techniques, including synchrotron light-based ones [7–11].

A summary of the phenomena leading to the formation of PtOx starts from the existence of an
“incipient oxide”, in some cases observed even at open circuit, but with very low coverages[12].
At E > 0.6 V (RHE), adsorption of –OH or –O occurs and this likely implies a charge transfer from Pt.
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At higher potentials, the so-called “place exchange” occurs (from coverage values higher than 0.5
[12]), where Pt and O positions shift in place and serves as the beginning of the growth of an
“irreversible” oxide. Further increasing the applied potential, the “bulk” oxidation of Pt begins up to
the limit case of PtO2. Note that the formation of a place exchange between Pt and O has been recently

EP

verified by operando X-ray diffraction on Pt(111) [7].
The growth of Pt oxide proceeds through a series of steps that can include the (proton coupled)
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interfacial electron transfer, the place exchange of Pt and O in the structure, the diffusion within the
growing oxide layer, the extraction of a metal ion at an interface. According to the two most considered
models, the rate determining step is either the interfacial place exchange or the extraction of a metal
cation. In the first case, a “direct” linear dependence of the integrated quantity of charge Q (and thus of
oxidized Pt) on log(t) is observed [13], while, in the second one, Q-1 linearly depends on log(t) [14]: the
“inverse”-logarithm growth. The two cases have been recently reconsidered to model the system [15]
as a basis for DFT calculations [11]. In addition, it has been reported that the growth of PtO is limited
to a few layers [16,17], while PtO2 growth with no limits.

3
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This complex behavior might be further complicated by the presence of competing specifically
adsorbed (an)ions.
Many studies faced the problem of competitive adsorption of oxygen species and halides, from the
earlier studies of Breiter and Bagotzky [18,19] to the works of Conway [20], who determined the % of
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blocked oxide as a function of Cl-, Br- and I- concentration. More recently, the problem has been
approached with XAS ([21,22]), to demonstrate the dependence on coverage of the –OH and –O
adsorption sites and the effect of halide adsorption (in terms of weakening of Pt-Pt bonds and change of
nanoparticle shapes) and competition.

SC

Due to the particular complexity of the system, we believe that a spectroelectrochemical approach
could help in better understanding the mechanism of the process while studying the time dependence of
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these phenomena. On these bases, we carried out a series of operando XAS experiments devoted to
explore the time dependence of Pt oxidation in the absence and in the presence of Br- and Cl-. This type
of investigation has never appeared in the scientific literature: ED-XAS has in fact been rarely used to
study electrochemical phenomena. The existing literature limits to the study of Pt oxidation [8,13,23–
25], Cu electro-dissolution [26], hydride and deuteride formation in Pd/C electrodes [27], redox
properties of Ni hydroxide [28], the stability of a Cu complex [29] and charge transfers in hydrous Ir
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oxide films [30]. Since the very first experiments [13,23,24], the study of Pt oxide growth revealed its
complexity, and the effectiveness of ED-XAS in studying it. In addition, most studies on metal oxides
growth are relevant to polycrystalline, “massive” electrodes, whereas deep investigations (particularly
fundamental ones) on nanoparticles are more scarce and require further attention mainly because of

EP

their (i) strong size-dependent activity[31][32][33], (ii) evident effect of the support [34] and (iii)
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synthetic method-dependent exposure of {h k l} facets [35].

4
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2. Experimental
All solutions were prepared using MilliQ grade water. All reagents were purchased from Aldrich and
used as received. The declared content of Cl- ions in HClO4 (ACS reagent, 70%) is of ≤0.001%. Pt
Nora S.p.A. The Pt load onto carbon is 28.6 wt%.
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nanoparticles deposited onto Vulcan XC72 R, Cabot, (Pt/C NPs) were kindly supplied by Industrie De

2.1. Transmission Electron Microscopy. Pt/C NPs were characterized by high resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD). For HRTEM, a small drop of isopropanol in
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which the NPs were previously dispersed was deposited on an ultrathin carbon membrane mounted on
a 400-mesh copper grid. Once the solvent was totally evaporated, HRTEM imaging was performed by
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an FEI Titan Cube 80-300kV microscope (Hillsboro, OR, USA), operating at an acceleration voltage of
300 kV, and equipped with an ultrabright X-FEG Schottky electron source, a spherical aberration
corrector of the objective lens and a 2k × 2k US1000 Gatan CCD Camera, with an ultimate resolution
of 0.8 Å.. The NP mean size (2 nm) obtained from HRTEM imaging was determined measuring more
than one hundred nanoparticles using ImageJ software. Local analysis of the NPs crystal structure was
then performed by Fourier Analysis of the HRTEM images, i.e. extracting the filtered bidimensional
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Fast Fourier Transform (2D-FFT), the latter being also called numerical electron diffraction pattern.
XRD analysis was performed on films obtained by evaporating 500 µL of the Pt/C NPs suspension on
glass microscope slides with an area of ∼2.2 cm2. The XRD patterns were acquired using a Bruker D8
Advance diffractometer (Bruker Corp., Billerica, MA, USA) with a Cu anticathode (λ-Cu-Kα =

EP

1.541838 Å) operating at 40 kV and 40 mA. Diffractograms were acquired in θ–θ mode, with a step of
0.02° 2θ and an acquisition time of 20 s per step. Phase indexing, determination of lattice constants,
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and average grain sizes have been performed using the HighScore Plus software from PANalytical.
Application of the Sherrer equation gives a size of the crystallites equal to 3 nm, in good agreement
with HRTEM determination.

2.2. Electrode preparation. Working electrodes were prepared by depositing 50 µL of 6 mg mL-1 of
Pt/C NPs aqueous suspension (previously sonicated for 10 min) onto 1x1 cm2 glassy carbon plates
(Goodfellow). The suspension was deposited in three subsequent aliquots of 20 µL +20 µL +10 µL,
with the electrode support on a hot plate (about 80°C). Finally, 2.5 µL of a 5.5% Nafion dispersion in
isopropanol were added to guarantee powder adhesion.
5
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2.3. Spectroelectrochemical cell. All preliminary Cyclic Voltammetries (CV), electrode materials
conditioning and operando XAS experiments were carried out in a three-electrode cell in aqueous 0.1
M HClO4. In selected experiments, 10 mM KBr or KCl were added to the HClO4 electrolyte. The
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counter electrode (CE) consisted on platinum black deposited onto a platinum disk that faces the
working electrode. The CE disk presented a central hole to allow for the passage of the X-ray beam.
The reference electrode, a AgCl/Ag (KCl 1M) was in contact with the solution via a salt bridge,
consisting in a glass pipette filled with agar and containing 0.2M aqueous KClO4. The cell, that is

SC

schematically represented in Figure 1, consists of a polytetrafluoroethylene (PTFE) cylinder that
presents a cylindrical, blind hole. The area of the hole, 0.78 cm2 coincides with the exposed area of the
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working electrode. The latter is held in place between the cell and a PTFE ring that includes a hole for
the X-Rays beam.

All electrochemical operando XAS experiments were carried out using a CH Instrument 633D
potentiostat, driven by the proprietary software.

All potentials are referred to the reversible hydrogen electrode (RHE) electrode.
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2.4. Operando Energy Dispersive - X-ray Absorption Spectroscopy. EDXAS data were collected at
ID24 beam-line [36,37] of the European Synchrotron Radiation Facility, ESRF, Grenoble (the ring
energy was 6.0 GeV and the current 150–200 mA). Spectra were recorded in transmission mode using
a FReLoN (Fast Readout Low Noise) high frame rate detector [38]. The energy calibration was made

EP

by measuring the absorption spectrum of a Pt foil (Pt LIII: edge).
In operando XAS experiments, and particularly in energy dispersive XAS, when a high photon flux is
considered, beam damage might represent a critical issue. Our strategy consisted in checking the
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spectra quality and consistency after each run and, in case of evident sample damage (e.g. poor spectra
quality or significant loss of absorption), pointing the X-ray beam onto a different area of the sample.
This is allowed by the small beam size (1×2 µm2) compared to the electrode geometric surface area
(0.2 cm2).

In all cases, spectra recorded on different spots, at constant conditions, were superimposable, and the
relative variations in the intensity of the transmitted beam with position in the sample were of the order
of 10 %. The choice of the best beam position on the sample follows a rapid evaluation of X-ray
absorption/oxide growth from Pt over the entire sample area by means of a rapid 2D screening.
Preferential impinging spots clearly coincide with points with higher Pt content.
6
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Sequences of spectra were acquired while applying to the working electrode selected potential steps
and recording the relevant chronoamperometries. Usually, oxidative and reductive potential steps were
coupled in sequence. In all cases, the working electrode was kept at the initial potential for about 2
minutes to allow initial stationary conditions. During this period, XAS spectra relevant to the initial
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condition were recorded for 2 s before the potential was set to its final value. The potential step was
triggered by the XAS acquisition system. All measurements were carried out at room temperature. A
sequence was made of 1000 spectra acquired every 50 ms. Averages were calculated every 10 spectra
in order to obtain a better signal to noise ratio: this gives a final time resolution of 0.5 s. The raw XAS
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spectral data were processed with a preliminary stage, in which spectra were normalized, and a
subsequent analysis aimed at extracting parameters for characterizing the time dependence of the
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involved processes. In the preliminary stage, each XAS spectrum of each sequence was normalized by
means of the PRESTO PRONTO software [39], consisting of a full GUI EXAFS program aimed to the
analysis of large data sets. Thanks to this software, it is possible to perform classical analysis, from the
extraction to the EXAFS fit, of data coming from QEXAFS and DISPERSIVE beamlines. The
normalization was made by (i) fitting the pre edge and post edge parts of the spectrum with a straight
line or a cubic function and (ii) rescaling the whole spectrum to unit step in the absorption coefficient at
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the edge. The same pre edge fitting function was used for all spectra of a sequence, and analogously for
the post edge fit. The XANES were then fitted by a Lorentzian plus arctangent function [40]. The area,
A, of the Lorentzian peak was then used to calculate the Degree of Reaction (DoR) according to the

ሾ ሿିሾబ ሿ

ቂ ቃିሾబ ሿ

(4)
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ܴܦௌ =

EP

equation:

3. Results and discussion.

Figure 2 shows a HRTEM image of Pt/C NPs (a). In (b) a selected NP, representative of the NPs
ensemble, is shown at higher magnification, highlighting the single-crystalline structure, confirmed by
the numerical electron diffraction pattern. Only the main lattice planes are indicated, in the insets, to
preserve readability, and the numerical electron diffraction pattern displayed in panel (c) provides a
further indication about crystal structure and orientation (being the zone axiz the [011]) of the particle
imaged in panel (b).

7
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The main lattice planes and indexing in Figure 2c show that the zone axis is [011] and Figure 2d shows
the X-ray powder diffraction pattern, where the indexing refers to the FCC structure of metallic Pt.
HRTEM indicates that in Pt nanoparticles the {100} and {111} facets are exposed, and both XRPD and
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HRTEM point toward a crystal size of ca. 2-3 nm.
As described in the Experimental, Pt/C NPs were deposited onto glassy carbon electrodes, used as
working electrodes. Before XAS experiments, the particles were pre-conditioned by fast cyclic
voltammetry (1V s-1) for 500 cycles between -0.2 and 1.6 V vs the reversible hydrogen electrode
(RHE) in the same electrolyte used for the subsequent spectro-electrochemical experiment. This

SC

guarantees a clean and stable electrode surface at the starting conditions. On the other hand, the
cleaning procedure can cause a dissolution of Pt at the highest potentials and re-deposition at the lowest

3.1. Experiments in 0.1 M HClO4
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leading to a partial reconstruction/sintering of NPs.

As reference condition for the investigation of adsorption of oxygenated species on Pt nanoparticles we
used aqueous 0.1 M HClO4. ClO4− is usually assumed to have zero or negligible adsorption on Pt
surfaces. However, recent studies showed that perchlorate anions can specifically adsorb on the
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Pt{111} surface, but this effect is almost insignificant on the Pt{100} surface [41]. Given that: i) the
NPs investigated in this work present both surfaces exposed, and ii) the specific adsorption of ClO4- on
the Pt{111} surface is relevant only at higher perchlorate concentrations (≥ 0.5 M [41]), we can assume
that the 0.1 M HClO4 solution is an adequate approximation of the condition of no specific adsorption.

EP

Correspondingly, Figure 3a shows the cyclic voltammetry of the Pt NPs at s 10 mV s-1 scan rate in this
solution. This CV allows to safely identify two potential values: at 0.5 V vs the reversible hydrogen
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electrode (RHE) the Pt NPs are uncovered by oxygen species; on the contrary, at 1.4 V the adsorption
process should reach the equivalent of 0.7-1 monolayers [12] and corresponds to the potential region
where place exchange oxide is formed.
Therefore, our experimental approach consists in applying potential steps from 0.5 to 1.4 V and vice
versa, and concomitantly recording the relevant current (sampling interval 1ms) and successive XAS
spectra (one every 50 ms). As mentioned, 10 ED-XAS spectra are averaged with a final resolution of
0.5s. Figure 3b shows one of the Pt LIII-edge XANES spectra for the NPs, and Figures 3c-d and 3e-f
show the time evolution of these spectra for the 0.5-1.4 V and 1.4-0.5 V potential steps, respectively. It
is worth noting that the spectra recorded at 0.5 V at the start of the 0.5 – 1.4 V and end of the 1.4– 0.5
8
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V sequences are completely superimposable to that of a standard Pt foil. The Pt LIII-edge XANES can
be described as constituted by two main spectral features: a lorentzian peak, also called white line
(WL), that is due to transitions from Pt 2p to 5d states, and an arctangent step, that is due to the
expulsion of a photoelectron from the Pt 2p states. It is quite apparent that an oxidation step in the

RI
PT

considered interval (0.5 -1.4 V) causes an increase in the amplitude in the WL, due to an increase in
the density of empty states in the Pt 5d band [42]. The intensity of the WL then decreases
correspondingly after the reduction step (1.4-0.5 V). As described in the Experimental section, the

finally, the Degree of Reaction (DoRXAS) is calculated.

SC

XANES peak of each spectrum is fitted by a Lorentzian function and the peak amplitude is extracted;

Temporal sequences such as those reported in Figure 3c and 3e evidence that the WL amplitude ceases
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to significantly change after 4-5 s. Thus, after 5 s the DoRXAS was set to 1. The integrated areas and
relevant DoR values for the growth and reduction of Pt oxide are shown in Fig. 4a and 4b, respectively.
It is readily seen that both processes are quite fast and are almost completed within the first 4-5
seconds, the desorption being apparently slightly faster.

Figure 4c reports the chronoamperometric response of the electrode in 0.1M HClO4 as recorded during
XAS spectra acquisition. Here, I/t curves are reported together with the relevant integrated quantities of
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charge (Q). A direct and quantitative comparison between DoRXAS and Q will be discussed below but
we can immediately notice that chronoamperometry leads to considerations parallel to those indicated
by XAS: the reduction of oxidized Pt is faster than its formation and both phenomena are almost
complete after 2-3 seconds.

EP

Note that all chronoamperometries reported in the present paper have been corrected for the
contribution of double layer capacitance, whose current was calculated as follows:

∆ா
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ܫ =

݁

(5)

Where IDL is the current related to the charging of the double layer capacitance, ∆E the difference
between the ending and starting potentials of the step, R the charge transport resistance, CDL the double
layer capacitance and t is time.
The values for R (40 to 48 Ohm) and CDL (between 2 and 3 10-3 F) have been adjusted starting from
data by impedance spectroscopy and cyclic voltammetry.

9
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It is worth noting that we carried out additional experiments that considered potential steps up to 1.1 V
RHE, which corresponds to an equivalent coverage of PtOH or PtO < 0.5 and just at the beginning of
the “place-exchange” oxide region [12]. Nonetheless, this choice did not lead to any modification of

coverage that remains indistinguishable from interface water.
3.2. Experiments in the presence of Cl- and Br-
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the XANES peak area. This is likely due to the too low effect onto Pt 5d orbitals by the partial OH or O

different.

SC

When the experiments are repeated in the presence of Cl- and Br- 10 mM, the results are strikingly

This is well evident in Figure 5 that reports CVs recorded in the presence of the two halides, which
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shift Pt oxidation/reduction characteristics [43].

Figures 5 b and c compare DoRXAS to the normalized quantity of charge, Q/Qf, where Q is the quantity
of charge obtained by integration up to time t, and Qf is the total quantity of charge, observed up to the
final time, tf. In this case, temporal sequences of spectra (not shown) evidence that the WL amplitude
ceases to significantly change after about 20s. The CVs (Fig. 5a) support that in the 0.5 – 1.4 V
potential step oxygenated species are adsorbed and the PtO grows, thus allowing to study the

TE
D

competition with Cl- and Br-, which are expected to be adsorbed already at 0.5 V [44–47]. In particular:
i) both halides slow down the rate of the Pt oxidation/reduction processes; ii) the oxidation process is
slower than the reduction one, and iii) Br- has a larger influence than Cl- on the overall kinetics. These
findings can be easily explained noting that at 0.5 V both the halides are specifically adsorbed, acting

EP

then as blocking species for the adsorption of oxygenated species: the effect of Br- is larger than that of
Cl-, likely due to the larger size of bromide. Size is strictly related to polarizability [48] and thus to
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adsorption energy.

It should also be noted that the WL amplitude at the end of the oxidation process is not dependent on
the nature of the halide or even on their presence. This indicates that the thickness of the oxide layer is
the same in the three cases investigated in this work.
To estimate the effect of the halide ions on the rate of the Pt oxidation/reduction processes, a “delay
time”, td is defined as the half-life (by DoR) in the current conditions normalized by the corresponding
half-life as measured in 0.1 M HClO4. The results are shown in Table 1.
Table 1. Adimensional delay time, td.
10
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td
1.4 → 0.5 V

Cl-

4.55 ± 0.01

2.62 ± 0.01

Br-

4.78 ± 0.01

2.78 ± 0.01

RI
PT

0.5 → 1.4 V

Table 1 evidences that the delay related to the presence of Cl- and Br– ions is, as can be expected, much
higher for the oxide formation than for its stripping. About the latter phenomenon, one can be surprised
for the actual evidence of a delay. It has to be noted, though, that this reflects the differences of the Pt

SC

oxide reduction peak potential that are evident from figure 5a (where potentials in the abscissa are
corrected for IR drops). As a possible explanation, earlier works [43] suggest that halides remain, at
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least partially, adsorbed on the forming oxide. This could in turn cause a delay also in the reduction
process.

From Figure 5, it is readily seen that Q/Qf and DoRXAS show a nice agreement for all experiments. Note
that, for the reasons mentioned earlier, the condition for DoRXAS=1 does not represent the complete
oxidation of Pt NPs. Still, the timescale of the phenomena detected by the current is apparently
different from that detected by XAS. In particular, while in all cases the DoRXAS reaches unit values

TE
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within 3-10 s at maximum, Q/Qf requires several tens of seconds for reaching a saturation value.
These evidences point towards the fact that Q/Qf might detect additional phenomena compared to
DoRXAS. For example, the outcomes of the present investigation will be crucial in future investigation
where the ORR will occur in parallel to Pt oxide growth/reduction. In addition, it has to be pointed out

EP

that XAS data are relevant to the occupancy of Pt 5d orbitals, whereas O, Cl and Br p ones likely
contribute to the phenomena involved in the present investigation and thus to integrated quantities of
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charge. This aspect represents one of the main advantages of combining electrochemical methods with
X-ray spectroscopies, which allows decoupling parallel electrochemical phenomena and to address
specific electronic information.

For what concerns the analysis of Q and DoR as a function of t, the oxidation step (i.e. the Pt oxide
growth) deserves particular attention. In fact, Figure 6a evidences that there is a linear dependence of
both Q/Qf and DoRXAS on log(t), as earlier observed by Conway [49] and in following reports [16,25].
On the contrary, any model for an “inverse”-logarithm growth cannot be applied in the present case, as
shown in Figure 6b.

11
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In both cases, the small discrepancies between Q/Qf and DoRXAS at small t can reflect the already
mentioned selectivity of XAS in addressing solely the occupancy of Pt 5d orbitals.
Now, it is of particular interest to further discuss the experimental results with respect to a “direct”
logarithm oxide growth. As can be observed from Figure 6a, the linear growth starts, in all cases, after
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about log(t)=0 (1s). This could be due to the initial formation of Pt-OH [10,50,51], even though some
experimental evidence points to the conclusion that Pt oxidation proceeds directly to PtO and without
OHads as an intermediate [16]. In addition, we can rule out the formation of PtO2, as well as of the
complete transformation of Pt nanoparticles into PtO. In fact, comparing the loading of Pt on the

SC

electrode with Qf, we can conclude that about 50 % of Pt underwent oxidation to PtO after a full
oxidation step.
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In the presence of halides, the initial non-linear trend is likely related to the need of
displacing/substituting the already present competing anions.

Another interesting aspect of growth curves is the evident change of slope in Figure 6a. This occurs in
HClO4 at about log(t)=0.5 for both DORXAS and Q/Qf. However, in the presence of the halides, a
visible change in slope is apparent at log(t)=1.2 only for Q/Qf, at the time at which DoRXAS reaches
unity. Now we assign θOX = 1 (1 monolayer) at QOX = 2QH (formally PtO)[12] where QH corresponds
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to the quantity of charge due to hydrogen adsorption/desorption, determined by averaging the anodic
and cathodic areas of the CV shown in Figure 3a. In 0.1 M HClO4, QOX/Qf ≈ 0.8, which corresponds to
the slope change of Q/Qf vs log(t) plots in all solutions as well as to the appearance of a divergence
between DoRXAS and Q/Qf in the presence of the halides. On these bases, we can conclude that the two
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linear sections in the DoRXAS and Q/Qf vs log(t) are separated by the oxidation of the first monolayer of
Pt NPs. This in turn means that the reaction rate slows down after the first monolayer of PtO is formed
and the rate determining step changes. This occurs irrespective from the presence of halides, which
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affect primarily the formation of the first PtO monolayer. The following dramatic decrease of rate
could be at the basis of the apparent end of the reaction by the “eye” of XAS: the oxidation of Pt after
the initial few seconds is too slow to be quantified by the XANES peak area, within the experimental
error.

In fact, the current intensity I, i.e. the rate of reaction, shows an initial value 10 times higher than that at
Q/Qf >0.8.
This is in agreement with the information given by XAS spectra: Figure 7 compares single XAS
spectra recorded during the reaction with standard Pt and PtO. It is evident that, for DoRXAS = 1, the
deposit (blue and green lines) is far from being fully oxidized to PtO. In fact, the oxidized deposit is
12
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quite comparable to a simulated spectrum, reported as a pink, dashed line, generated by a linear
combination of the Pt and PtO standard spectra, applying a spectral weight of 50:50.
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4. Conclusions

In this work we adopted operando energy dispersive X-ray absorption spectroscopy to the study of Pt
oxide growth in 0.1M HClO4 (assuming ClO4- as a non-adsorbing ion) and in the presence of halide
ions, Br- and Cl-.

SC

The setup allows to record chronoamperometries relevant to a pre-defined potential step and to parallel
record XANES spectra (one every 50 ms). This allows in turn to monitor the occupancy of Pt 5 d states

M
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and to evaluate the composition of the electrode while the electrochemical reaction occurs.
Here the Pt oxide growth was stimulated by a 0.5-1.4 V (RHE) potential step. In all solutions, the
expected Q vs log(t) linearity is satisfied but, in the presence of halide ions, the kinetics is significantly
more sluggish. This effect is more evident for Br- ions, likely due to their higher polarizability.
Noteworthy, a partial discrepancy between DoRXAS and Q/Qf at low log(t) might point to the fact that

TE
D

the first selectively reflects any change of occupancy of Pt d states, while the second is non-selective in
this sense. This could be explained by an active role played by O, Br and Cl during adsorption, where
anions are redox active, as observed in Li-ion batteries[52]. However, further experiments are needed

techniques.

EP

to confirm this hypothesis, which would strengthen the interesting complementarity between the two

After a quantity of charge close to the one needed to form one monolayer of PtO, the slope of Q vs

AC
C

log(t) decreases and the degree of reaction calculated from XAS spectra analysis reaches 1. This is
possibly due to the fact that the formation of the first monolayer occurs quite rapidly, but the place
exchange of Pt and O needed to deepen the PtO formation slows the reaction, as witnessed by I, the
latter being one order of magnitude than at t=0. At the end of the step, about half of the deposited Pt is
oxidized, as confirmed by the analysis of XANES spectra.
These outcomes confirm those obtained by Zolfaghari, Conway and Jerkiewicz [43], who observed the
existence of two stages in the formation of Pt oxide and that the blocking effect by Cl- and Br- occurs
mainly in the first one. In the present work we aimed at studying Pt nanoparticles, whose morphologic
and electronic features deeply alter the final electrode behavior in comparison to massive single13

ACCEPTED MANUSCRIPT

polycrystalline electrodes. This is particularly evident considering adsorption energies [53], which have
a deep impact on oxide growth and stripping, in the absence and presence of specifically adsorbing
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ions.
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Figure 1. Schematic representation and picture of the spectroelectrochemical cell
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Figure 2. Characterization of the Pt NPs. (A) HRTEM images of representative CNPs. Magnified
regions, shown in (B), highlight the single-crystalline FCC structure of Pt NPs, as also confirmed by
the numerical electron diffraction pattern (filtered 2D-FFT) (C). The main lattice planes and indexing
in (C) show that the particle zone axis is [011]. In (D) the X-ray powder diffraction pattern is shown.
The indexing refers to the FCC structure of metallic Pt.
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Figure 3. In (A) the Cyclic voltammetry of the Pt NPs in HClO4 0.1 M at 10 mV s-1. The following
panels show the EDXAS results at the Pt-LIII edge in HClO4 0.1 M. (B): a selected raw spectrum and fit
according to the model described in the text. (C) and (E): color coded 3D images of the time evolution
of the WL, for the (C): 0.5-1.4 V and (E): 1.4-0.5 V potential steps. In (D) and (F) the same plots are
shown as contour maps.
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Figure 4. (A) white line amplitudes as derived from the fits shown in Fig. 2B (0.1M HClO4) plotted as
a function of time. The red line indicates when the potential step is applied. In (B) the corresponding
degrees of reaction (DoRs) are shown. (C) Current (full lines) and integrated, cumulative quantities of
charge (dashed lined). In all cases the 0.5 – 1.4 (blue dots) and 1.4 -0.5 (black dots) steps are shown.
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Figure 5. (a) IR corrected cyclic voltammetries recorded at 10 mV s-1, (b) and (c) integrated quantities
of charge, Q (normalized by the Q integrated at the end of the step, Qf full lines) and DoRXAS (dots): (b)
0.5 – 1.4 V and (c) 1.4 – 0.5 V potential steps. Black symbols: 0.1 M HClO4 , Red symbols: 0.1 M
HClO4 + 10 mM KCl, and Orange symbols 0.1 M HClO4 + 10 mM KBr.
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HClO4 + 10 mM KCl (red) and 0.1 M HClO4 + 10mM KBr (orange) are shown.
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Figure 7. Comparison between the spectra of standard Pt (red line) and PtO (black line), and the final
spectra of the sequence 0.2 – 1.1 V in HClO4 (blue line) and HClO4 + Cl- (green line). The pink,
dashed line represents a linear combination of Pt:PtO (standards) 50:50.
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