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The reaction between volatile platinum and rhodium gas species and bulk materials (alloys or oxides) is
of high practical importance in the chemical process industry. Herein, an X-ray photoelectron
spectroscopy (XPS) study has been conducted to understand how PtO,(g) and RhO,(g) react with
LaNiOz (LNO) thin films grown via atomic layer deposition (ALD) at elevated temperatures (900 °C). In
this study, XPS data for reference powders of La;NiPtOg, LaNig9sPtp 0503, LaNigggRhp 1203 and LaRhO+
provide a library for the interpretation of oxidation states of platinum and rhodium after reaction with
LNO thin films. Upon short exposure to PtO,(g) and RhO,(qg), platinum appear as Pt(mn) in the LNO
surface, but after prolonged exposure, Pt(iv) appears. Complementary diffraction analysis shows that
LaNi;_4M,O3 solid solution forms initially where Ni, Pt and Rh are predominantly +1II, however, quickly
accompanied by the formation of a LayNi,_»M2,Og (M = Pt, Rh) double perovskite phase with its
characteristic (004) peak. Rhodium appears as Rh(n) and Rh(v) in both the R3c and the double
perovskite like phases. Furthermore, platinum and rhodium depth profiles were generated by the
combination of XPS and Ar* sputtering. Platinum depth profiles reveal major differences between as-
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grown ALD films and post-annealed films when exposed to PtO,(g). Pt penetrates faster into the LNO
material for films without post annealing, probably due to its smaller grain size and larger surface area
DOI: 10.1039/d4ma00974f and grain boundaries. When exposed to a mixture of PtO,(g) and RhOy(g), the Rh:Pt ratio in LNO

increases upon prolonged reaction time. These results may have implications on the use of LNO as
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1. Introduction

The reaction between volatile PtO, and RhO, gas species and bulk
materials (alloys or oxides) is of high practical importance to the
chemical process industry, for instance in the Ostwald process for
N-based fertilizer production."” Herein, a X-ray photoelectron
spectroscopy (XPS) study has been conducted to develop our
understanding of the interplay between volatile platinum and
rhodium oxide species and a redox active perovskite (ABO;) mate-
rial, exemplified by LaNiO; (LNO), at elevated temperatures. Of
interest is to clarify the oxidation states of platinum and rhodium
after the reaction with an ABO; oxide surface and how the noble
metal oxides enter as cations into the perovskite-type phase.
Previous studies of the reaction between gaseous PtO, and
porous pellets of LNO at 800 and 900 °C have shown the
formation of a monoclinic La,Ni,_,,Pt;,O¢ phase.3 This finding
is fully in line with the described LaNi; ,Pt,O; system which
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platinum and rhodium capture material in the Ostwald process.

includes a rhombohedral LaNi; ,Pt,O; solid solution (x <
0.075, space group R3c¢), a two-phase region and a monoclinic
phase La,Ni, ,,Pt,,O6 (0.20 < x < 0.50; space group P2,/n)
with an ideal (ordered) double perovskite La,NiPtOg as its end
composition.? Likewise, major solid solubility is reported
between LaNiO; and LaRhO;.”> For this LaNi;_,Rh,O; system,
the crystal structure remains rhombohedral for x < 0.15 (R3c¢)
but becomes orthorhombic (Pnma) for higher Rh-contents,
0.25 < x < 1.00.° This can be explained with a decrease in the
Goldschmidt tolerance factor as a result of the larger size of the
Rh(m)/Rh(v) ions compared to Ni(u)/Ni(m). The short- and long-
range ordering for platinum cations in La,Ni, ,,Pt,,0¢ probably
occurs owing to the quite different oxidation states for the B-site
elements. This is not the case for the LaNi; ,Rh,O; system,
although mixed oxidation states with both Ni(ur)/Rh(m) and
Ni(u)/Rh(iv) have been reported with high rhodium contents.’

When exposed to reactive gases under Ostwald process
conditions, pellets of LNO are found to incorporate both
platinum and rhodium as verified by scanning electron micro-
scopy-energy dispersive X-ray (SEM-EDX) and powder X-ray
diffraction (PXRD) analyses.® Although systematic studies of
platinum incorporation in LNO pellets are already in hand,’ no
such data exist for volatile rhodium species.
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In this work, we use X-ray photoelectron spectroscopy (XPS) to
investigate the chemical state of the surface as well as the
incorporation and diffusion of platinum and rhodium into
LNO(100) films, after reaction with gaseous PtO, and RhO,. The
LNO(100) thin films are epitaxially grown on SrTiO;(100) (STO)
substrates via atomic layer deposition (ALD), following our recent
LNO process for application in complex oxide electronics.” SrTiO;
was selected as the substrate rather than the alternative of LaAlO;
since the latter is more likely to undergo interdiffusion owing to
having isovalent cations with LNO.

To interpret the XPS spectra and assign the binding energies
(BEs) of platinum and rhodium in LNO thin films, a library of
reference XPS data of LaNi; ,M,0; (M = Pt, Rh) is needed.
Since data from the literature are limited, XPS reference data
are collected for powders of well-defined LaNig o5Pt¢ 0503,
La,NiPtOg, LaNiggsRhy 1,03 and LaRhO;. No XPS data have
been reported previously for LaNig 95Ptg 0503 and La,NiPtOg or
any intermediate compositions. Likewise, no data exist for any
other LaNi, ,Rh,O; compositions. To the best of our knowl-
edge, only two former XPS studies on LaRhOj are reported, with
diverging results, stating BEs of Rh 3ds, = 308.6 eV (C 1s =
284.6 eV)® and Rh 3ds, = 311.0 €V (C 1s = 285.0 eV).’

The depth profiles of platinum and rhodium in the LNO
thin films were achieved by combining XPS measurements with
Ar' sputtering. The results were subsequently complemented
with PXRD analyses to facilitate interpretations on how plati-
num and rhodium are incorporated into the LNO thin films.
We thereby obtained insights into the platinum and/or rho-
dium containing solid solutions of LNO and the creation of new
phases, along with information on the oxidation states of
platinum and rhodium prior to the Ar' sputtering. A key
question is whether oxidation states may change in these
systems containing redox active Ni, Pt and Rh cations. Since
the LNO thin films are grown at 225 °C, we also explore how
post deposition annealing at 900 °C affects LNO reactivity
towards gas species at high temperatures, exemplified in this
study by PtO,(g). The current work includes a comparison of
the reactivity between situations with PtO,(g) exposure and
simultaneous PtO,(g) and RhO,(g) exposure.

2. Experimental
2.1 Synthesis of powder reference samples

LaNi, ggRh( 1,03 and La,NiPtOs XPS reference samples were
synthesized with the citric acid complexation method accord-
ing to previously reported studies.”® Starting materials were
La,03 (99.99%, Molycorp inc.), Ni(CH3COO),-4H,0 (purity >
99.0%, Sigma-Aldrich), Pt metal (99.9%, K. A. Rasmussen),
Rh(NO;);-xH,O (32% Rh, Sigma-Aldrich), C¢HzO,-H,O (citric
acid monohydrate, purity > 99.5%, Sigma-Aldrich) and HNO;
(65 wt%, Merck KGaA). Prior to synthesis, La,0; was annealed
at 900 °C and cooled to ambient temperature in a desiccator.
Exact formula masses of Ni acetate tetrahydrate and Rh nitrate
hydrate were determined using thermogravimetry (see in-depth
description in the ESI,} Section S1). La,O3 and the two Ni- and
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Rh salts were dissolved in 6 M HNOj;, while the Pt metal was
dissolved in aqua regia. Stoichiometric amounts of the precur-
sors were mixed, and 50 g of citric acid was added per gram
oxide product. The solutions were boiled until water and
nitrous gases had evaporated, followed by an overnight heat
treatment at 180 °C. Calcination was done at 400 °C in static air
for 12 h in a muffle furnace. Calcined powders were pressed
into cylindrical pellets at a static pressure of 100 bar. La,NiPtOg
was sintered twice at 1000 °C in 1 atm O, (99.999%, AGA) for 2 +
3 days, with crushing and re-pelletizing in-between heat treat-
ments. LaNi, ggRh, 1,05 was sintered first at 850 °C and then at
1000 °C for 12 h in 1 atm O, (99.999%, AGA), with crushing and
re-pelletizing in-between heat treatments.

2.2 ALD growth of LNO thin films on STO

STO(100) substrates were acquired from Crystal Gmbh with
surface roughness (R, < 0.5 nm) and dimensions (I x w x h =
10 mm x 3 mm x 1 mm). The ALD growth recipe of LNO on
STO is previously reported.” See Fig. S2 (ESIt) for a photography
of LNO thin films on the STO substrate. As their dimensions
were too small for characterization by home lab X-ray fluores-
cence (XRF) spectroscopy, spectroscopic ellipsometry and X-ray
reflectometry (XRR), LNO was grown on an added Si substrate
(30 mm x 30 mm) in the ALD chamber, next to the STO
substrates. The LNO films were grown in batches during two
campaigns.

The films were grown in an F-120 Sat (ASM Microchemistry)
reactor at a chamber temperature of 225 °C and a base pressure
of 2.3 mbar with N, (99.999%, Nippon gases) as inert carrier
gas. La(thd); (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate,
Volatec Oy) and Ni(acac), (acac = acetylacetonate = CsH,0,
Merck) were used as precursors supplied from open boats
inside the reactor. O; was used as the oxygen source and was
generated using an In USA AC-2505 generator, supplied with
99.6% O, (Praxair) giving 15 wt% O3 in O,. The pulse sequence
was [X-(La(thd); + O3) + Y-(Ni(acac), + O3)]-Z. The X: Y ratio was
optimized to achieve close to a 1:1 ratio of La:Ni in the
deposited films. Z is the total number of cation pulse sequence
cycles and was selected as to control the thickness of the
LNO films.

Both batch 1 and batch 2 were grown using an X:Y ratio of
7:2, but batch 1 was grown with Z = 2000 while batch 2 was
grown with Z = 1000. Batch 1 should ideally have approximately
double thickness compared to batch 2. A handful of the LNO
films from batch 1 were post-annealed at 900 °C prior to PtO,(g)
exposure. The post deposition annealing was performed using
a horizontal multi-zone furnace in a flow of O, (444 mL min ™,
99.999%, AGA) for 24 h.

2.3 PtO,(g) and RhO,(g) reactivity studies

LNO thin films were exposed to PtO,(g) or to a mixture of PtO,(g)
and RhO,(g). These experiments were performed in a horizontal
multi-zone furnace under a flow of dry air (444 mL min
< 100 ppm H,0) at 900 °C equivalent to previously reported
study.’ In the case of simultaneous PtO,(g) and RhO,(g)

exposure, a rolled-up net of ~10 wt% Rh and 90 wt% Pt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(K. A. Rasmussen) was placed upstream to the LNO samples at
1000 °C. Experiments that included individual exposure to
PtO,(g) were performed with LNO thin films from batch 2, both
with and without post-annealing treatment. The duration of the
exposure was 1, 4, 8 and 24 h for the as-grown films, while 1, 8,
24 and 48 h for the post-annealed samples. Two sets of experi-
ments with simultaneous exposure to PtO,(g) and RhO,(g) were
performed for LNO films of different thicknesses and without
post-annealing treatment. The exposure times were 1, 8 and 24 h
(batch 1) and 1, 4 and 24 h (batch 2).

2.4 Characterization

Powder X-ray diffraction (PXRD) data for oxide reference pow-
ders and LNO thin films were collected using a Bruker D8
Discover diffractometer with Cu Ko, radiation [Ge (111) Johans-
son monochromator and Lynxeye detector]. Data analyses were
performed with the software packages EVA (V6.0) and TOPAS
(V6). Rietveld refinements were based on input from cif-files of
La,NiPtO4'® and LaNi ooRhg 1,0;.”

The thickness of LNO films was measured in two ways: (1)
ellipsometry with an Alpha SE spectrometric ellipsometer (J.A.
Woollam) in the wavelength range of 390-900 nm at an incident
angle of 70°, using the CompleteEASE software and a Cauchy
fitting model to fit the data and (2) XRR with a Rigaku SmartLab
3 kW high-resolution X-ray diffractometer (Cu anode) and a
HyPix 3000 high-energy resolution 2D detector. The measure-
ments were carried out in continuous mode with a scan step of
0.005° and a scan speed of 1.11° min™~" and analysed using GenX
3.5 software."’ The incident parallel beam was obtained by
means of a 5° Soller slit, a 10 mm in-plane parallel slit collimator
and an incident slit (0.1°). The receiving optics included two
receiver slits (0.3 and 0.4 mm) and a 5° Soller slit. The collected
data was analyzed using GenX 3.5 software.'"

XRF data was collected using an Axios Max minerals
X-ray fluorescence system (Panalytical), equipped with a 4 kW

Sequential XPS acquisition + sputtering cycles
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Rh-tube, to determine the La:Ni atomic ratio of the as-grown
LNO thin films. The system uses Omnian and Stratos options
for standardless measurements, and quantification was carried
out using the SuperQ software suite (Panalytical).

Field emission scanning electron microscopy (FE SEM) was
carried out using a Hitachi SU-8230 microscope. Secondary
electrons, created from an acceleration voltage of 3 keV, were
used to image LNO thin film surfaces.

XPS data was collected on reference powder samples of
La,NiPtOs, LaNigo5Pty0503, LaNigggRhy 1,03 and LaRhOg,
using an Axis Ultra DLD instrument from Kratos Analytical.
The samples were pressed into indium foil fastened by carbon
tape to a glass plate on a sample bar. The pressure was in the
mid 10~° Torr region and charge neutralization with low energy
electrons was applied during acquisition. Survey spectra were
acquired using a pass energy of 160 eV and a step length of
1 eV. Pt 4f and Pt 4d narrow scans were collected with pass
energies of 40 eV and 0.1 eV in step length for LaNig 95Pt¢. 9505
and La,NiPtOs. Rh 3d narrow scans were collected with pass
energies of 20 eV and 0.1 eV in step length for LaNi, ggRh 1,05
and LaRhO;.

XPS spectra were furthermore collected using a Theta Probe
Angle-Resolved XPS system (Thermo Scientific; monochromatic
Al Ko 1486.6 eV and an analysis chamber at ~10 ® mbar
pressure) to study the chemical state at the surface after
exposure to PtO,/RhO, gas species and to obtain depth profiles
for the exposed LNO films after Ar' sputtering (sequential XPS
acquisition + sputtering cycles, Fig. 1).

The binding energy scales were calibrated to the main
component of adventitious carbon set at 284.8 eV. All XPS
spectra were analyzed using the Thermo Avantage software
suite (V5.9931), and a smart background was employed
(advanced Shirley model) for all fits. Survey spectra were
collected with a pass energy of 200 eV and a step length of
1 eV. For LNO batch 1 samples exposed to PtO,(g), narrow scans

Pt4f peaks
Chemical
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+ Depth profile
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Illustration of sequential Ar* sputtering and XPS collection of ALD thin films.
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of Pt 4f (64-87 eV) with a pass energy of 60 eV were collected
and analyzed. For the samples exposed to both PtO,(g) and
RhO,(g), narrow scans of Pt 4d and Rh 3d (300-350 eV) were
collected and analyzed. A pass energy of 60 eV was used for
narrow scans of LNO samples from batch 1, while a pass energy
of 100 eV was used for LNO samples from batch 2. A step length
of 0.1 eV was employed for all narrow scans.

The LNO films were sputtered with Ar" in several sequences
before the STO substrate was finally reached. Eight and nine
sputtering sequences were employed for the films of batch 1
and batch 2, respectively. The films had different thicknesses
and hence different Ar' sputtering rates were employed, imply-
ing that the vertical resolution of the resulting depth profiles
differs. Each sputtering sequence removed about 10 nm and
6 nm materials from the batch 1 and batch 2 films, respectively.
It was assumed that the sputtering rates for platinum and
rhodium are similar. Chemical information is lost once Ar’
sputtering has been employed, since this triggers reduction
(e.g. the BE of Pt 4f,, after sputtering was 71.4 + 0.1 eV).
However, quantitative data were obtained to provide Pt and Rh
depth profiles, given that the area (in counts per second (CPS))
under fitted peaks at different sputtering levels is proportional
to the platinum and rhodium concentrations in the corres-
ponding part of the film.

3. Results and discussion

3.1 XPS data of reference samples

Powders of LaNig 5Pty 0505, La,NiPtOg, LaNijggRhg1,0; and
LaRhO; were synthesized and characterized as described above.
LaNi, gsRhy 1,03 (Fig. S3, ESIT) was phase pure, taking rhombohe-
dral (R3¢) symmetry. Powders of LaNij g5Pty.0503, La,NiPtOg and
LaRhO; were synthesized previously,”>'> and the materials crys-
tallize in rhombohedral (R3c), monoclinic (P2,/n) and orthorhom-
bic (Pnma) symmetries, respectively. LaNij o5Pty.0s03 and LaRhO;
were phase pure, while La,NiPtOs had ~2 wt% Pt impurity.
The Pt 4f, Pt 4d and Rh 3d XPS peaks of the four reference
samples were determined using peak fitting models. The Pt 4d
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and the Rh 3d peaks do not overlap with other peaks; however,
the Pt 4f peaks for LaNi, ¢5Pto.0503 and La,NiPtO,s overlap with
Ni 3p peaks. To help creating a proper peak fitting model,
pristine LNO thin films were used as a reference for how to fit
the Ni 3p peaks. An in-depth explanation of the peak fitting
procedure and the fits are given in the ESI, Section S2, and the
obtained BEs are summarized along with literature data in
Table 1. Some unresolved discussion of BEs of Rh(iv) in RhO,
exists in the literature.”*™> In this study, we rely on the
literature values reported by Weng-Sieh et al.,"” which are in
agreement with internal unpublished results of the same
compounds. Interestingly, the BE of Pt 4f,, (73.3 eV) for
LaNij o5Pto.050; has a value intermediate of what is reported
for Pt(un) in PtO (72.2 eV) and Pt(wv) in PtO, (74.0 eV). This
suggests that platinum exists in the oxidation state of +III in the
B-site solid solution LaNij ¢5Ptg 0503. Platinum rarely occurs in
the oxidation state of +III in oxide crystal structures, as it
usually appears in the oxidation state of +II in square planar
geometry or +IV in octahedral geometry.'® However, Pt(m) has
often been reported in binuclear complexes and in few rare
cases as mononuclear species.'” Finally, it should be noted that
the curve fit of the BE of Pt 4ds,, for LaNig 9s5Ptg 9505 gives no
conclusive result due to the low signal-to-noise ratio of the weak
Pt 4d signal.

In the case of La,NiPtOg, the XPS peak positions suggest that
platinum exists in the oxidation state of +IV. We justify this
with the fact that the Pt 4ds,, and Pt 4f,, BEs show similar
values as reported for PtO,, see Table 1 and references therein.

The BE of Rh 3ds,, for LaRhO; (308.4 €V) is in consensus
with values reported for Rh,0; (ref. 13-15 in Table 1), ie.,
supporting the expected oxidation state, +III. The result is in
line with previously reported values by Gysling et al.® In addi-
tion, some Rh seem to be in the oxidation state of +IV as
indicated by a small additional shoulder at a BE of 309.5 eV.
This may possibly reflect higher valent rhodium at the surface
being different from the bulk situation. Similar BE values were
found for Rh 3ds, in LaNijggRhj 1,03, but the Rh(iv)/Rh(u)
ratio is higher for the latter material compared to LaRhO;. This
is evidenced by a more pronounced shoulder at higher BEs

Table 1 Binding energies (BEs) of Pt 4f;,,, Pt 4ds,> and Rhs,, extracted from current XPS data and the literature

Reference samples

BE (Pt 4d;),) [eV]

BE (Pt 4f5),) [eV] BE (Rh 3ds,) [eV]

La,NiPtOg This study 317.1 74.2 —

LaNig o5Pto.0503 This study — 73.3 —

Pt Kaushik et al.'® 314.0% (314.2) 69.9% (70.1) —

PtO Kaushik et al.'® 315.3% (315.5) 72.2% (72.4) —

PtO, Kaushik et al.'® 317.1% (317.3) 74.0° (74.2) —

LaNig ggRhg 1,05 This study — — 308.0 and 309.1-309.5

LaRhO; This study — — 308.4 and 309.5
Gysling et al.® — — 308.8% (308.6)
Watson et al.’ — — 310.8% (311.0)

Rh,0, Weng-Sieh et al."® — — 308.1-308.4
Kibis et al.*® and Abe et al.™* — — 308.2

RhO, Weng-Sieh et al.™® — — 309.4
Kibis et al."® and Abe et al.™* — — 308.4-308.5

“ Values are referenced using C 1s = 284.8 eV to facilitate comparison to results of the present study. Numbers in parentheses are original values in

the paper before correction to C 1s = 284.8 eV.
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(309.1-309.5 eV). We suggest that this is due to some possible Ni(u)/
Rh(w) redox activity at the top atomic surface terminating layers.

3.2 LNO thin films grown via ALD

Two batches of epitaxial LNO films with a targeted La:Ni
atomic ratio close to 50: 50 were grown on STO(100) substrates.
The complexity of the process led to slight variations in the
achieved La: Ni atomic ratio (Table 2). The quality of the films is
documented by the sharp pseudo cubic (200) LNO peaks in the
powder X-ray diffractograms (Fig. S11, ESIt). The morphologies
of the achieved films are however different, as seen from top
view SEM images reported in Table 2. The grain size is larger for
batch 2 (approx. 0.3-2 pum in diameter) than that for batch 1
(approx. 10-40 nm in diameter) specimens. This may reflect
aspects like variations in the La: Ni ratio, degree of crystallinity,
film thickness and more. The LNO film thicknesses (grown on Si
substrates) were evaluated by means of ellipsometry and XRR.
Since the LNO film absorbs in the wavelength range of the
ellipsometer, we considered the most accurate result to be
achieved by XRR, see Table 2. We note that the thickness of
batch 1 films is approximately twice that of batch 2 films. This is
in line with the doubled number of deposition cycles in the ALD
recipe. The fitted raw XRR data are given in Fig. S12 and S13
(ESIY). The thickness should be accurately described by the well-
fitted periodicity, despite difficulties in fitting the full set of data
with respect to profile and intensity.

The surface morphology of batch 1 samples changed upon
post deposition annealing. NiO particles precipitated and the
grain size of LNO increased to 1-2 pm. PXRD shows the same
pseudo cubic (700) Bragg reflections as initially, but the peak
height relative to STO peaks is enhanced after annealing
(Fig. S14, ESIt). This implies an improved crystallinity in the
LNO film or relaxation leading to less variation in cell parameters.

3.3 LNO films exposed to PtO,(g) and effects of post-annealing

The as-grown and post-annealed LNO thin films were exposed
to PtO,(g), see Table 2. In these cases, the PXRD of LNO on STO
after exposure shows new Bragg reflections at lower 20 values
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than what is expected for LNO and STO (see e.g. Fig. S17, ESI¥).
Their intensities increased upon prolonged exposure time, and
the Bragg reflections appear to fit well with (002) and (004) of
pseudo tetragonal La,NiPtOg (see Fig. S18, ESIt for the crystal
structure). Fig. 2 shows the development of (004) at 20 ~ 45.8°
after different exposure times (a) without and (b) with post-
annealing.

The measured BE of Pt 4f on the surface of the LNO thin film
sample (without post-annealing) exposed to PtO,(g) for 24 h is
representative for all LNO films individually exposed to PtO,(g).
The XPS results are reported in Fig. 3, showing the Pt 4f doublet
with overlapping peaks at lower BEs. The latter is believed to be Ni
3p peaks for nickel in +II and +III oxidation states. XPS of the
pristine LNO film of batch 1 (Fig. S19a, ESIY) fits well with two
doublets of nickel and an additional set of peaks at higher BEs that
are probably nickel satellite/shake-up peaks. The BEs of the two Ni
3p doublets (67.2 and 69.2 €V, 71.1 and 73.5 eV) included in the
peak fit for the sample exposed to PtO,(g) (Fig. 3) are in good
correspondence with the literature values of Ni(i) and Ni(m)."
Details of the peak fitting are described in the ESLf Section S4,
together with an example survey spectrum (Fig. S20, ESIt). The
combined peak fitting of Pt 4f and Ni 3p shows that platinum is
most probably in the oxidation state of +IV since the Pt 4f;, peak
at a BE of 74.0 eV is close to values reported for PtO, (Table 1).

Platinum depth profiles were obtained according to the
procedure in Fig. 1. All spectra for different sputtering levels
are presented in Fig. S21 and S22 (ESIt). The data clearly show
that platinum is incorporated into the bulk of the film. Quan-
tification of platinum contents was based on fitting the entire
Pt 4f narrow scan including a doublet of Pt 4f peaks and the Ni
3p peaks. Since platinum is reduced due to the Ar'-sputtering,
asymmetrical functions were needed to fit the spectra. In depth
description is given in the ESI,{ Section S4, exemplified with
fits for LNO exposed to gaseous PtO, for 24 h after 78 and 182 s
of Ar'-sputtering (Fig. 23, ESIT). Quantifications of platinum to
lanthanum ratios have not been performed due to challenges of
multiplet splitting of lanthanum and a strong overlap between
Ni 2p and La 3d peaks in LaNiOj; (see Fig. S24, ESIt).>°

Table 2 Morphology (SEM), La: Ni atomic ratio (XRF) and film thickness (ellipsometry and XRR) of LNO thin films grown by ALD on STO(100) substrates,
and exposure to PtO,(g) or PtO,(g) and RhO,(g). Yes and no stand for experimentally executed or not

Batch 1

Batch 1 post annealed Batch 2

SEM image

La:Ni atomic ratio 46.3:53.7
Thickness ellipsometry [nm] 75.1
Thickness XRR [nm] 88.2
PtO, exposure Yes
PtO, and RhO, exposure Yes

© 2025 The Author(s). Published by the Royal Society of Chemistry

49.9:50.1
43.7
45.3

Yes No

No Yes
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(b) with post-annealing. The emerging peaks ascribed to La,NiPtOg are
marked by arrows. The Bragg reflections (200) for STO and pseudocubic
(200) for LNO are ascribed to the other peaks in the diffractograms.

The resulting platinum depth profiles are plotted as area
CPS versus sputtering time, as well as normalized curves
(Fig. 4). When comparing samples with and without post-
annealing, we note that less platinum has been incorporated
into the films that have been post-annealed prior to the PtO,(g)
exposure. This is probably an effect of the grain size of the LNO
material. The smaller grain size and more numerous grain
boundaries for the pristine LNO films (SEM images in Table 2)
can probably explain a faster reaction and transformation to
La,NiPtO¢, since grain boundary- and surface diffusion are
expectedly much faster than bulk diffusion.>® However, it
seems that less platinum is present at the surface after pro-
longed exposure times while more platinum is found deeper
into the film. Possibly, this reflects an equilibrium between the
rate of incoming PtO,(g) in the gas phase and platinum grain
boundary diffusion into the bulk of the thin film.

3.4 LNO films exposed to a mixture of PtO,(g) and RhO,(g)

The two batches of as-grown LNO thin films with different
thicknesses were exposed to a mixture of PtO,(g) and RhO,(g).

P

Pt 4f;),

Ni(ll) 3p,,
Ni(ll) 3py/,

Intensity [a.u.]

85 80 75 70 65
Binding Energy [eV]

Fig. 3 XPS narrow scan of Pt 4f and Ni 3p and fitted peaks for LNO thin
films (without post-annealing) after exposure to PtO,(g) for 24 h.
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The measured PXRD patterns are similar to those described
with PtO,(g) exposure. A selected part is reported in Fig. S25
(ESIt), which can be compared to the zoomed-in view of the
diffractograms of samples exposed to only PtO,(g) (Fig. 2). All
diffractograms (Fig. 2 and Fig. S25, ESIt) show the character-
istic (004) Bragg reflection of a La,NiPtOg like phase, possibly
also containing rhodium. Interestingly, an additional Bragg
reflection is observed after the combined Pt-Rh exposure for
batch 2, at a slightly lower diffraction angle than the (200),.
(pc = pseudo cubic) LNO peak. This Bragg reflection is more
pronounced for short exposure times, indicating the existence
of a second rhombohedral/pseudo cubic LaNi;_,M,0; phase
that is different from LNO. This second phase contains some
platinum and/or rhodium, presumably M = Pt; x < 0.075 and/
or M = Rh, x < 0.15, based on published data for such solid
solution systems,”” and has a (200) Bragg reflection at a lower
diffraction angle than that for LNO. The (200) Bragg reflection
disappears when more platinum and/or rhodium has been
incorporated into the thin film, possibly due to a conversion
into a double perovskite-like mixed oxide.

XPS narrow scans (BE: 300-345 eV) of the exposed thin films
show peaks of Pt 4d and Rh 3d (Fig. 5). During the following
analysis, we address the chemical state of platinum and rho-
dium; furthermore, depth profiles are evaluated based on
repeated sputtering and XPS data collection.

The quantification and identification of peak positions for
the spectra reported in Fig. 5 required fitting of the entire
spectrum since Rh 3d;,, and Pt 4ds,, peaks overlap. Details are
given in the ESI, T Section S5. This procedure was applied to
quantify changes in the Pt 4d peak position as a function of
exposure time and was found to be up to 1 eV (see Fig. 5b). The
fits are shown in Fig. S27 and S28 (ESIT). These changes are
considered in the perspective of the Pt 4f BE for the powder
reference samples LaNiy o5Pty 0503 and La,NiPtOg (Table 1). On
this basis, we suggest that platinum initially is incorporated
into the rhombohedral perovskite phase as +III. Thereafter,
platinum becomes oxidized to +IV and Ni(m) is reduced to Ni(u)
as a result of the formation of a La,NiPtOs like double per-
ovskite, either as well-defined crystallites or as small domains
with a B-site cation ordering.

The sample from batch 1 exposed to PtO,(g) and RhO,(g) for
24 h shows a high rhodium amount at the surface (Fig. 5a). In
this case, it is not possible to observe the Pt 4d peaks. However,
analysis of platinum can easily be done based on narrow scans
for the stronger Pt 4f peaks (Fig. S29, ESIt), see the ESLf
Section S5, giving a BE of 72.6 eV for Pt 4f;),. This value is in-
between the literature value of Pt(u) in PtO (72.2 eV) and the
proposed Pt(m) species in the LaNi, 5Pty 0505 (73.3 eV) refer-
ence sample, see Table 1. An oxidation state between +II and
+III for platinum is not fully in line with our expectations
regarding the solid solution LaNi;_,M,O; (M = Pt, Rh), with
trivalent platinum.

For the batch 2 samples, exposed for 1 and 24 h, it is
possible to fit one set of Rh 3d peaks in addition to one set
of Pt 4d peaks (Fig. S27 and S28, ESIt). The obtained BEs for Rh
3ds, are 308.6 and 308.8 eV, respectively. These BEs are higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Platinum depth profiles in LNO samples after exposure to PtO5(g).

(a) and (c) from a set of experiments on LNO samples without (wo) post-

annealing after 1, 4, 8 and 24 h exposure to PtO,(g), where (a) shows the area CPS of Pt 4f peaks measured at certain etch time intervals, while (b) shows
normalized curves of the same data. (b) and (d) From another set of experiments on LNO samples with (w) post-annealing after 1, 8, 24 and 48 h exposure
to PtO,(g), where (b) shows the area CPS of Pt 4f peaks measured at certain etch time intervals, while (d) shows the normalized curves of the same data.
(e) The normalized depth profiles shown in (c) and (d) with common experimental exposure times (1, 8 and 24 h) are repeated here for easier comparison

of LNO samples w and wo post-annealing.

than the Rh(m) value for the LaNi, ggRhg 1,03 (308.0 eV) and
LaRhO; reference samples (308.4 eV). One can speculate
whether rhodium exists as both Rh(m) and Rh(wv) in the LNO
films, as part of a regular solid solution in the rhombohedral
phase, or as part of the double perovskite phase.
Interestingly, the quantification shows that the molar Rh: Pt
ratio in the surface region increases significantly for prolonged
exposure time (Fig. 5). In order to shed light on this observa-
tion, a procedure with sequential Ar' sputtering and XPS
acquisition was adopted. All spectra acquired for the different
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sputtering levels are presented in Fig. S30 (ESIt). A simplified
fit, using the Pt 4d;,, and Rh 3d;,, peaks, was performed for the
quantification of platinum and rhodium as the basis for depth
profiles, see Fig. 6. Despite that these depth profiles must be
viewed as approximate owing to the peak overlap and a simpli-
fied fit, it seems clear that the observations for the surfaces
(Fig. 5) are also reflected in the depth of the films. Assuming
that the relative composition of the Pt-Rh source of 10 wt% Rh
and 90 wt% Pt (corresponding to a Rh: Pt molar ratio of 20: 80)
is maintained for the gas phase and hence the incoming
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Fig. 5 XPS narrow scans of LNO surfaces after simultaneous exposure to PtO,(g) and RhO,(q) for (a) 1, 4 and 24 h in the case of batch 1 (B1) and for (b) 1,

8 and 24 h in the case of batch 2 (B2).
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Fig. 6 Platinum depth profiles and rhodium depth profiles in LNO films (without post-annealing) after 1, 4 (batch 1)/8 (batch 2) and 24 h PtO,(g) and
RhO,(g) exposure, shown with the area CPS of Pt 4ds,, and Rh 3ds,, for batch 1 and batch 2.

RhO,(g) and PtO,(g), there is an enhanced amount of Rh in the
surface relative to the Pt/Rh content of the incoming gas
species. It is well known that rhodium is more attracted to
oxygen than platinum and that could explain why more rho-
dium accumulates in the top surface.’”?* This in turn could
also explain why the LNO films become enriched on the Rh sub-
surface, but other factors as thermal stability of Rh- versus Pt
containing mixed oxides and mobility of Rh- and Pt species in
oxide lattices could be important factors to fully explain the
observations in Fig. 6.

An additional observation from Fig. 5 and 6 could also be an
effect of the grain size. The grain size of batch 1 (10-40 nm) was
significantly smaller than the grain size of batch 2 (0.3-2 pm),
as shown in Section 3.2. The effect on the amount of platinum
and rhodium incorporation due to the experimental duration
time and the increased grain size seems to be comparable. The
fact that rhodium accumulation is occurring to a larger extent
in batch 1 compared to batch 2 might be due to batch 1 having
a morphology of a smaller grain size compared to batch 2.

The platinum depth profiles (Fig. 4) indicate a restriction to
PtO,(g) uptake as more platinum enters the LNO thin film, and
faster reactivity seems to be the case in the presence of more
surfaces and grain boundaries. For the application of LNO as
the platinum catchment material in e.g. the Ostwald process, it
seems important with a high surface area, also for better
contact between the gas phase and LNO. The restriction to
RhO,(g) uptake is not as evident (Fig. 6); however, there seem
to be limitations to how fast platinum and rhodium can
diffuse into the LNO material. As such, the ALD technique
is also interesting because it can facilitate growth of LNO on

1104 | Mater. Adv, 2025, 6,1097-1106

high-aspect ratio substrates and could be an improved design
for higher platinum and rhodium capture efficiencies. The
observation of an increased Rh:Pt atomic ratio in the surface
after prolonged exposure to PtO,(g) and RhO,(g) (Fig. 5 and 6)
is also of interest when considering the possibility to use LNO
for simultaneous platinum and rhodium capture in industries
such as the Ostwald process.

4. Conclusions

XPS data of powders of La,NiPtOs, LaNigg5Pto.0503,
LaNig ggRh¢ 1,05 and LaRhO; provide insight into platinum
and rhodium electronic states as well as serve as a library for
later interpretation of XPS spectra of these compounds. It is
found that the platinum oxidation state is +IV in La,NiPtOg
(P24/n) due to the BE of 74.2 eV being similar to that of PtO,(s)
(74.0 eV). For LaNig o5Ptg.0505 (R3c), the platinum oxidation
state is considered +III due to the BE of 73.3 eV, which is
between values for PtO (72.2 eV) and PtO, (74.0 eV). For LaRhO;
(Pnma), a strong peak with a BE of 308.4 eV corresponding to an
oxidation state +III is observed, in agreement with data for
Rh,0;. Small shoulders indicate minor amounts of rhodium in
the oxidation state +IV (BE = 309.5 eV; ¢f. RhO, with 309.4 eV).
Finally, LaNi, gsRhg 1,03 shows a larger shoulder indicating the
presence of Rh(wv), thus containing both +III and +IV species in
the analyzed surface region.

XPS measurements complimented with PXRD data suggest
PtO,(g) and RhO,(g) to react with LNO forming solid solutions
where platinum and/or rhodium substitutes for nickel, provid-
ing a rhombohedral perovskite (R3c) or a B-site ordered double

© 2025 The Author(s). Published by the Royal Society of Chemistry
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perovskite (P2,/n). For short exposure times, platinum is
believed to occur as Pt(m) in the LNO surface but after pro-
longed exposure time Pt(iv) becomes dominant. The diffraction
analysis shows that LaNi; ,M,O; solid solution forms initially
where Ni, Pt and Rh are predominantly +III, however, soon
being accompanied by the formation of a La,Ni, ,,M5,O¢
(M = Pt, Rh) double perovskite phase. Rhodium appears to
exist as Rh(m) and Rh(iv) in both the R3c and the double
perovskite like phases. Some Rh(wv) could probably be assigned
to surface termination effects; however, PXRD data indicate
that rhodium probably enters the double perovskite and then
Rh(v) could be a possible oxidation state also in the bulk.

The platinum and rhodium depth profiles show major
differences between the as-grown and post-annealed ALD films.
Platinum penetrates faster into the LNO material for films
without post-annealing, probably due to its smaller grain size
and larger surface area and grain boundaries. For simultaneous
PtO,(g) and RhO,(g) exposure, the Rh: Pt ratio in LNO increases
upon prolonged reaction times. This may reflect PtO, and RhO,
gas equilibria with the solid as well as thermal stability of the
platinum- and rhodium-containing phases.

The gained insight is of relevance for understanding how
oxides can be used for catchment of volatile noble metal
species in industrial processes. The results indicate that LNO
is capturing relatively more rhodium than platinum in the long
run; however, more studies are needed to document this
finding. A noble metal capture design could potentially involve
ALD to grow LNO coatings with high aspect ratios to reduce
transport distances for platinum and rhodium and thus
enhance capture performance relative to compact LNO beads.
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