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Al-Pt compounds have been systematically studied as electrocatalysts for the oxygen evolution reaction
(OER). Considering the harsh oxidative conditions of the OER, all Al-Pt compounds undergo modifi-
cations during electrochemical experiments. However, the degree of changes strongly depends on the
composition and crystal structure of a compound. In contrast to Al-rich compounds (Al4Pt and Aly;Ptg),
which reveal strong leaching of aluminum, changes in other compounds (Al;Pt, AlzPt,, rt-AlPt, AlzPts, and
rt-AlPtz) take place only on the surface or in the near-surface region. Furthermore, surface modification
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leads to a change in the electronic structure of Pt, giving rise to the in situ formation of catalytically more
active surfaces, which are composed of intermetallic compounds, Pt-rich AlPt;_, phases and Pt oxides.
Forming a compromise between sufficient OER activity and stability, Al,Pt and AlzPt, can be considered
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Introduction

Activity is a crucial feature of an electrocatalyst in the oxygen
evolution reaction (OER), but its stability under the oxidative
conditions of the OER in acidic media also plays an important
role.”” Therefore, mainly noble metal-based catalysts are con-
sidered for the anode reaction in proton exchange membrane
(PEM) electrolyzers."** Due to the limited resources of noble
metals and, as a result, their high costs, many research groups
are looking for materials with reduced amounts of noble
metals or their complete substitution.®

Platinum is one of the most stable noble metals against
dissolution.>*® Hence, one attractive approach to develop
active and stable OER electrocatalysts is to increase the
inherent activity of Pt while profiting from its excellent stabi-
lity. This can be realized through the formation of intermetal-
lic compounds,” as the modification of the electronic states of
Pt together with the change in its atomic environment on the
catalyst surface will lead to different adsorption properties
and, correspondingly, to a different OER electrocatalytic
performance.
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as precursors for OER electrocatalysts.

The formation of intermetallic compounds (e.g. combining
Pt with Al) allows modifying the electronic state of an active
component and at the same time tailoring material stability.
On one hand, the bonding in Al-Pt intermetallic compounds
with essential ionic contribution® is expected to increase the
chemical stability of these materials against dissolution under
the harsh OER conditions. Moreover, the pronounced charge
transfer from aluminum to platinum for all Al-Pt compounds®
makes the Pt atoms in the Al-Pt compounds not equivalent to
those in elemental Pt, which should modify the OER overpo-
tential of the resultant materials while maintaining the
desired stability.

On the other hand, aluminum as one of the Earth’s most
abundant metals,”'? is widely used in alloys for industrial pur-
poses, considering its low cost, non-toxicity, high electrical
conductivity, adequate mechanical strength, low specific
gravity and good resistance to corrosion,”'" making it an excel-
lent candidate to be used as a counterpart element in catalytic
materials.

Experimental

Al-Pt compounds (Al4Pt, Al,;Ptg, Al,Pt, Al;Pt,, rt-AlPt, Al;Pts
and rt-AlPt;) were synthesized by arc melting of the initial
components (Pt granules (Chempur, 99.99%) and Al rods (Alfa
Aesar, 99.9965%)) in corresponding atomic ratios. The
samples were turned over and re-melted three times to ensure
homogeneity. The obtained ingots were placed in alumina cru-
cibles, sealed under argon in Ta containers and afterwards - in
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evacuated quartz tubes. Homogenization annealing was per-
formed according to the phase diagram of the Al-Pt system.'
The temperature was controlled with a thermocouple before
the samples were introduced into a pre-heated oven. After the
heat treatment, the samples were quenched by breaking the
quartz ampoules in cold water. The information about the
annealing temperatures and the dwelling time for various Al-
Pt compounds is given in Table S1.}

In order to shape the specimens for electrochemical experi-
ments, the annealed ingots were ground in an agate mortar
and transferred into a carbon press die (8 mm in diameter).
Densification was carried out via spark plasma sintering (SPS),
heating up at the rate of 100 K min™" to a corresponding temp-
erature (Tpax) and holding it for a certain time (¢) at constant
pressure (P) (Table S2t). Afterwards, the samples were cooled
down by switching off the heating. The density of all densified
Al-Pt samples was above 95%.

After SPS, the cylinders were initially polished manually
with a SiC grinding paper (Grit 100, 400, 500), and afterwards
rotating the plate with SiC grinding papers (Grit 800, 1200,
2400 and 4000) on a grinding machine (LaboPol-21) at 250
rpm. Further polishing to a mirror surface was performed with
diamond solutions (diamond particle size 3, 1, and 1 pm in
diameter) and a water-based green lubricant from Struers on a
rotating MD Dur plate at 800 rpm using a polishing machine
(RotoPol-15). The polishing procedure was carried out before
each electrochemical experiment.

To characterize the synthesized samples, powder X-ray diffr-
action (PXRD) was applied. The pieces of the synthesized
ingots were ground in an agate mortar and put between two
Kapton foils onto a special PXRD holder. The X-ray powder
diffraction patterns were measured in the transmission geome-
try with a Huber Imaging Plate Guinier Camera G670 (Cu Koy,
1 =1.54056 A). A phase analysis was performed by comparing
the experimental patterns with the calculated ones using the
program WinXPOW."

To study the chemical state of the electrochemically treated
samples, laboratory X-ray photoelectron spectroscopy (XPS)
was performed. The experiments were done at room tempera-
ture using a Vacuum Generators twin crystal monochromatized
Al-Ka (hv = 1486.6 eV) source and a Scienta R3000 electron
energy analyzer in normal emission geometry. The overall
energy resolution was set to about 0.4 eV and the Fermi level
was calibrated using a polycrystalline Ag reference. The
pressure in the spectrometer chamber was in the 107'° mbar
range. The data analysis was done by comparing the experi-
mental XPS spectra (mainly the positions of the peaks) with
those available in the literature.

The electrochemical experiments were performed in a
three-compartment electrochemical cell using a Bio-Logic
SP-300 potentiostat. A Pt wire (PINE, 99.99%, 0.5 mm in dia-
meter) and a saturated calomel electrode (PINE, Hg/Hg,Cl,, 4
M KCl) were used as the counter and reference electrodes,
respectively. The cylinders of the Al-Pt specimens were
inserted as working electrodes in the electrochemical cell. The
measurements were carried out in Ar-saturated 0.1 M HCIO,
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(prepared by dilution of 70% HClO, (Aldrich, 99.999% trace
metal basis) in Millipore water with a resistivity of 18.2 MQ
cm). Purging with argon (purity grade 5.0) was done for
30 min prior to each experiment in order to de-aerate the elec-
trolyte. Initially, the cyclic voltammetry (CV) technique was
performed up to the maximum potential (Eyax) Of 1.0 Vgpe
(sweep rate of 50 mV s~ '; 50 cycles). To estimate the OER
activity of the studied Al-Pt compounds, the linear sweep vol-
tammetry (LSV) technique was employed (Epax = 2.0 Vgyg;
sweep rate of 5 mV s~'). To monitor the change in the OER
activity over time, the chronopotentiometry (CP) technique was
applied at the benchmark current density of 10 mA ecm™ for
2 h.**! To check the OER activity of the sample during the CP
measurement, LSVs were additionally recorded after 1 h and
2 h of CP. In order to release the system, an open circuit
voltage (OCV) measurement was performed for 5 min before
each LSV. The current densities (j) were normalized to the
geometrical area of the Al-Pt cylinders (0.204 cm?). All values
of the potentials were IR-corrected (at 85%) and expressed
versus a reference hydrogen electrode (RHE). The EC-Lab soft-
ware was used for controlling the electrochemical experiments
and also for recording and processing the obtained results."®

The concentrations of the dissolved elements (Al and Pt)
were determined by taking electrolyte aliquots at the end of
each EC experiment. Two electrolyte probes after each electro-
chemical experiment were analyzed via inductively coupled
plasma-optical emission spectrometry (ICP-OES 5100 SVDV,
Agilent). The aliquots were handled without dilution since the
obtained concentrations did not exceed the maximum value of
the linear calibration. The calibration was performed using a
six-point standard calibration series and a blank probe of 0.1
M HCIO,.

The all-electron full-potential local orbital FPLO method'®
was employed to calculate the electronic density of states
(DOS) for Pt. The local density approximation to the density
functional theory as parametrized by Perdew and Wang'” was
used to account for the exchange-correlation effects. The fully-
relativistic calculations'®'® were performed for the experi-
mentally determined crystal structure data. The DOS projected
on the orbitals occupied according to the free atom electronic
configurations were weighted by the photoionization cross sec-
tions® and broadened by a Gaussian function of width 0.4 eV.

Results and discussion

The Al-Pt intermetallic compounds present a variety of crystal
structures and can be grouped as follows: (i) the crystal struc-
tures of the Al-rich compounds (Al,Pt>" and Al,,Ptg >'“**?*9)
represent their own structural patterns based on the (defect)
icosahedral environment of Pt atoms surrounded by Al atoms;
(ii) the compounds in the middle part of the Al-Pt system
(AL,Pt,21%%% ALPt,,2**?* and rt-AlPt 23724225 are described as
the derivatives of the close packing of atoms with Pt atoms,
surrounded by Al in the form of (distorted) cubes; and (iii) the
Pt-rich phases (Al;Pt; 2*”2° and rt-AlPt, 24%2°%27) are derivatives

This journal is © The Royal Society of Chemistry 2023
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Fig. 1

Intermetallic Al-Pt compounds and their crystal structures (Pt atoms are in orange and Al in green). The coordination polyhedra are pre-

Pt3: -0.65
Pt2:-1.35

sented for the Ptl, Pt2 and Pt3 atoms. The QTAIM charges of the Pt atoms in the Al-Pt compounds are added from ref. 8.

of the closest packing, similar to elemental Pt (Fig. 1). The Pt
QTAIM charges, obtained from the Quantum Theory of Atoms
in Molecules approach, in the Al-Pt compounds decrease with
increasing Al content, starting from zero in elemental Pt
(Fig. 1 and $17).® Only high-temperature (ht) modification of
AlPt was considered in ref. 8. Thus, the charge distribution
between Al and Pt for the room-temperature (rt) modification
was calculated in the present work. Different scenarios of the
atomic interactions in Al-Pt compounds as a result of the
various crystal structures lead to the different electronic states
of Al and Pt. Changes in the electronic state of the Pt atoms in
Al-Pt compounds are also confirmed by spectroscopic studies
via hard X-ray photoelectron spectroscopy (HAXPES).>® The
shift of the Pt 4f core level towards higher binding energies
(BE) with decreasing Pt content was explained by the charge
transfer from Al to Pt in Al-Pt compounds.

The powder X-ray diffraction (PXRD) patterns of the synthe-
tized compounds confirm the phase purity of most of the Al-
Pt compounds (Fig. 2). Only the PXRD patterns of Al;Pt, and
rt-AlPt specimens reveal traces of rt-AlPt and ht-AlPt, respect-
ively. However, the contributions of the secondary phases were
negligible and the samples were used for further electro-
chemical experiments. The lattice parameters of the studied
Al-Pt compounds (Table S31) are comparable with those pub-
lished in the literature.>* >’

The characterized Al-Pt samples were ground and densified
into cylinder-shaped specimens (¢f. Experimental), which were
used as working electrodes for the electrochemical experi-
ments to assess their OER activity.

The results of the linear sweep voltammetry (LSV) of the Al-
rich compounds Al,Pt and Al,;Ptgs stand out within the Al-Pt
compounds due to their high current density values at poten-
tials below the theoretical OER onset potential (1.23 Vgpg)
(Fig. 3). This points out the predominance of the other pro-
cesses, such as dissolution, occurring at the surface of these
materials at the applied anodic potentials. Considering the
chemical properties of aluminum, its high content in these

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 PXRD patterns of the prepared Al-Pt compounds. The peak
positions of the calculated patterns are shown below the corresponding
experimental patterns with colored ticks. The reflections of the second-
ary phases are marked by red circles.
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Fig. 3 LSVs with Al-rich compounds as anode materials: initial (solid
lines), after the CV pre-treatment (dashed lines), after one hour of CP
(dash-dot lines), and after two hours of CP (short-dash lines). Inset:
Concentration of Al in the electrolyte (in mg L™ after the CV and CP
experiments.

compounds and the Pourboix diagrams,* the dissolution of
aluminum in acidic solutions at the applied potentials should
be considered. Therefore, the activity of Al,Pt and Al,,Ptg as
OER electrocatalysts was not compared with other Al-Pt com-
pounds, since the overpotential values at a current density of
10 mA ecm™> (i730), obtained from the LSV data, are predomi-
nantly influenced by the dissolution processes. Furthermore, it
is complicated to distinguish the on-going Al dissolution and
the beginning of the oxygen evolution reaction. These sugges-
tions have experimental confirmation. After the cyclic voltam-
metry (CV) pre-treatment of AlPt (Fig. S21), the values of
current density above 50 mA cm™> were obtained at potentials
below the theoretically calculated onset of the OER reaction
(1.23 Vgpug, Fig. 3). From the presence of Al in the electrolyte
(inset of Fig. 3), the pronounced dissolution of Al from Al,Pt at
anodic potentials lower than 1.23 Vyyg can be concluded. In
this case, chronopotentiometry (CP) was performed for less
than 200 s due to the visual instability of the sample in the elec-
trolyte. The curiously low potential values obtained by passing
2 show the
dominance of the dissolution process and no OER (Fig. S37).

In the case of Al,;Ptg, the CV pre-treatment leads to a less-
pronounced Al dissolution (compared to the Al-richest com-
pound Al,Pt) and the contribution of the dissolution process
to the LSV is suppressed in this case (Fig. 3). Despite the
partial Al dissolution during the CP experiment (inset of
Fig. 3), LSVs after one and two hours of CP are comparable
and it becomes possible to differentiate 7, values from these

through the sample a current density of 10 mA cm™

data. This means that passing constant current through the
sample allows achieving the nearly steady state at the surface
of Al,,Pts. The almost constant potential, measured during the
second hour of the CP experiment (Fig. S4t), confirms this fact
and agrees with the LSV data measured afterwards.
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The summary of the OER activity, represented as 74, values,
for other Al-Pt binary intermetallic compounds is shown in
Fig. 4a. The experimental LSVs are shown in Fig. S5.1 After the
CV pre-treatment (Fig. S2t), a clear activation of the com-
pounds was observed: the 7;, values are 60-100 mV lower
(30 mvV for elemental Pt) compared to that obtained from the
initial LSVs. This reduction in the OER overpotentials after CV
evidences changes on the surfaces of the Al-Pt compounds,
creating a catalytically more active surface for the OER.
However, within the Al-Pt system, no clear correlation between
the OER activity and composition was found.

Looking at the results of CP experiments (Fig. 4b), for Al,Pt
the initial drop in potential by 100 mV during the first hour of
CP followed by the stabilization of the measured potential
during the second hour of the CP, indicate an initial activation
(changes) of the material, which is followed by approaching a
nearly steady state after two hours of CP. There is also a moder-
ate amount of 0.23 mg L™" of Al in the electrolyte after the CP
for AL,Pt. The promising performance of this compound
towards the OER has already been reported.>® The compound

1000

J|cP1h [_]CP2h

800

600

Ny (MV)

400

200

Al,Pt,

Al,Pt AIPt

T T
0 20 40 60 80 100 120
t (min)

Fig. 4 (a) 710 values for the Al-Pt compounds after different electro-

chemical experiments and (b) the CP results for the selected Al-Pt com-
pounds at j = 10 mA cm™2 for 2 h.

This journal is © The Royal Society of Chemistry 2023
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Al;Pt, also shows activation during the CP experiment,
however, not so pronounced as Al,Pt. Other Al-Pt compounds
(rt-AlPt, Al;Pts rt-AlPt;) and elemental Pt do not show signifi-
cant differences in OER activity after the 1°° and 2" hours of
CP. The amounts of dissolved Al in these cases are either negli-
gible or below the detection limit of ICP-OES (Table S47).

Compared to elemental Pt, the Al-Pt electrode materials
possess reduced OER overpotentials. Furthermore, the 7,
values are comparable with those of other noble metals that
are a priori more active than Pt, such as Rh (ca. 600 mV) and
Pd (ca. 670 mV).>* The comparison with other earth-abundant
electrocatalysts is hampered by their different scales and
shapes (nanoparticles, core-shell, etc.). Among the bulk inter-
metallic compounds, the OER activity was studied e.g., for the
isostructural compounds Fe,Ta (770 mV), Co,Ta (600 mV) and
Ni,Ta (570 mV) in an acidic electrolyte.** The OER activity of
the studied Al-Pt compounds is close to those ones.

To shed light onto the surface changes of the selected Al-Pt
compounds (Al,;Ptg, Al,Pt and Al;Pt,), the electronic state of
the Pt atoms was investigated via X-ray photoelectron spec-
troscopy (XPS, Fig. 5). The XPS results for compound Al,Pt are
presented separately (Fig. S67), since the duration of the CP
experiment differs from that of the other Al-Pt compounds. In
contrast to the HAXPES spectra of the as-synthesized Al-Pt
compounds®® with single contributions from the intermetallic
compounds (the corresponding positions of the Pt 4f core
levels are presented in Table S57), those after two hours of CP
are composed of multiple contributions (Fig. 5). The Pt 4f core
levels identified for the intermetallic compounds are shifted
towards lower binding energies and closer to elemental Pt
(70.9 and 74.2 eV for Pt 4f,, and 4f;;,, respectively),”® and
their values are summarized in Table 1. These shifts of the Pt
4f core levels evidence that the electronic structures of the
resultant materials are different from the initial ones.>®

Intensity (a.u.)

PtO

82 80 78 76 74 72 70 68
Binding energy (eV)

Fig. 5 Normalized XPS spectra of the Pt 4f core levels for the selected
Al-Pt compounds after 2 h of CP.
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Table 1 The Pt 4f,/, XPS core level and its shift with respect to elemen-
tal Pt for the selected Al-Pt compounds after two hours of CP

Compound Pt 4f,,, BE, eV Shift, eV
Pt 70.9 —
AlLPt, 71.31 0.41
Al,Pt 71.13 0.23

Al Ptg 71.13 0.23
Al,Pt 71.12 0.22

Interestingly, the positions of the Pt 4f core levels follow the
opposite trend as in the initial materials. The Pt 4f core levels
of Al,Pt, Al,;Ptg, AlL,Pt and Al;Pt, are closer to the values
obtained for elemental Pt (70.9 and 74.2 eV for Pt 4f,, and
4f5,,, respectively) and the shift in binding energy with respect
to the initial position is larger for those compounds. Probably,
this is related to the different dissolution rates of Al, which are
evidenced by the presence of Al in the electrolytes in the case
of Al-rich compounds. Therefore, Pt is losing the electrons that
Al is contributing and the Pt 4f core level shifts towards lower
binding energies, probably due to the emptier Pt valence 5d
states. Since adsorption is mediated by d valence electrons,*
this could explain the better activity of Al-rich compounds: the
modifications on the surface are stronger for those com-
pounds, giving rise to emptier 5d valence states and facilitat-
ing electron transfer from the adsorbates.

The XPS signals at the binding energies 74.45 and 77.3 eV
are assigned to PtO, (from the literature: 74.5 and 77.7 eV for
Pt 4f,,, and 4fs,,, respectively®®). The oxide PtO, is formed on
the surfaces of Al;Pt,, Al,Pt and Al,;Pts. In addition, two
signals are identified at 72.4 and 75.7 eV and they are attribu-
ted to PtO (72.5 and 75.6 eV for Pt 4f,, and 4fy),, respect-
ively®®), which indicate that PtO was initially formed on those
surfaces and further oxidized to PtO, due to the harsh oxi-
dative conditions at the applied anodic potentials without
cathodic backward scans.

The formation of the Pt oxides does not hinder the OER
activity of the compounds, since they do not cover completely
the freshly formed OER-active Pt-rich phase (presumably solid
solution AlLPt;_,>°). This is obvious from the multiple contri-
butions to the XPS signals. Furthermore, the steady state of the
surface was not reached yet (LSV after one and two hours of CP
are slightly different). Even if the modification of the surface is
less pronounced than at the beginning, there are still ongoing
changes on the surfaces (e.g., Al dissolution) and, therefore,
the new catalytically active phase is being continuously
formed.

The XPS spectra of the Al 2s and O 1s core levels were also
studied (Fig. S71). However, the Al 2s core levels are not well-
resolved for Al,;Ptg, Al,Pt and Al;Pt, due to the reduced
amount of Al on the surface and the small cross-section of this
Al 25 orbital.>* These facts together with the observed shifts in
the Pt 4f core levels support the partial dissolution of Al into
the electrolyte and the ICP-OES results. The O 1s core levels
are quite broad and consist of many contributions: Pt-O
(529.6 eV),** PtO (530.4 eV),** PtO, (531.1 eV),*® hydrated O:

Dalton Trans., 2023, 52,1433-1440 | 1437
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Fig. 6 Normalized XPS spectra of the valence bands for Al;;Ptg, AlyPt
and AlzPt; after 2 h of CP. The grey dashed line represents the calculated
sum of the partial DOS for Pt, weighted by photoionization cross-
section and broadened by a Gaussian of a full width at half maximum
equal to 0.4 eV.

H,0 complexes (532.2 eV),** chemisorbed water (533 eV),*
and a-Al,O; (530.7 €V).>* These contributions are in good
agreement with those obtained upon the anodization of
elemental Pt using NAP-XPS.** Pt oxides and a-Al,O; are the
main contributors in the case of Al;Pt,, whereas Al,;Ptg and
Al,Pt are oxidized even more strongly with the appearance of
the O:H,O complexes and chemisorbed water on the surface.
This fact proves the observation made for the Pt 4f core levels:
PtO is initially formed on the surfaces and is oxidized further
to PtO, during the course of the OER experiment.

The valence band features of the studied Al-Pt compounds
after the electrochemical experiments resemble the weighted
DOS of elemental Pt, proving the formation of the ALPt;_,
phase after the electrochemical experiments (Fig. 6). Hence,
the binary compounds Al,Pt and Al;Pt, act as OER catalyst pre-
cursors. Surface transformations take place during the course
of the reaction as Al partially leaves the material. In this tran-
sition state, Pt is undercoordinated and more prone to take
electrons from the surroundings, adsorbing the OH species
easier. This leads to the activation of the material. Then, the Pt
atoms at the surface take up new electronic and geometrical
features to optimize their bonding configurations, giving rise
to a new freshly formed ALPt,_, phase, leading to the nearly
steady state of the materials. This Al,Pt;_, phase acts as a new
OER electrocatalyst, which is more active than the intermetal-
lic precursors.

Conclusions

The intermetallic Al-Pt compounds were investigated as OER
electrocatalysts. A reliable comparison of the OER activity of
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the different Al-Pt compounds requires the treatment of the
surface (e.g. CV, CP), aiming to reach a steady state. At the
near-steady state, the Al-Pt compounds exhibit improved OER
activity compared to elemental Pt and the trend becomes
clear: a better OER activity in the case of the intermetallic com-
pounds Al,,Ptg, Al,Pt and Al;Pt,. However, due to the surface
modifications under the OER conditions, the OER activity of
these compounds cannot be directly related to either the
initial charges of the Pt atoms or any geometric features. At
the same time, the influence of the surface morphological fea-
tures on the OER catalytic performance cannot be excluded.
The surface changes of the studied Al-Pt compounds are
clearly evidenced by XPS measurements:

(i) Pt atoms have a different electronic state after the
electrochemical experiments as the binding energies are
shifted towards lower values (compared to pristine intermetal-
lic compounds). The state is closer to Pt° as it loses the elec-
trons contributed by the counterpart element Al. The emptier
5d states of Pt are more suitable for electron transfer and
easier adsorption of the OH species.

(if) The initial trend of the Pt 4f binding energies with com-
position is inverted to that after electrochemical treatment. In
Al-richer compounds, more Al leaves the structure, modifying
to a larger extent their structural and electronic properties.

(iii) Pt oxides are present on the surface after the CP experi-
ment, due to the oxidative conditions at the applied anodic
potentials. However, the Pt oxide formation is not sufficient to
obstruct the good OER performance of the in situ-formed
AlPt;_, phase.

These results shed light on the electrochemical behaviour
of the Al-Pt compounds under the OER conditions. The com-
pounds do not maintain their structural and electronic pro-
perties during the OER as Al leaches into the electrolyte,
leading to surface reconstruction (and roughening) and the
formation of an OER-active Al,Pt,_, phase. The compounds
AlL,Pt and Al;Pt, can be considered as precursors for OER
active electrocatalysts, revealing a compromise between electro-
catalytic activity and stability under OER conditions.
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