Downloaded via UNIV OF DELAWARE on January 3, 2021 at 23:57:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ORGANOMETALLICS

pubs.acs.org/Organometallics

ToF-SIMS Investigation of the Initial Stages of MeCpPt(CH;);
Adsorption and Decomposition on Nickel Oxide Surfaces: Exploring

the Role and Location of the Ligands

Mahsa Konh, Clinton Lien, Xuefen Cai, Su-Huai Wei, Anderson Janotti, Francisco Zaera,

and Andrew V. Teplyakov*

Cite This: Organometallics 2020, 39, 1024-1034

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations

@ Supporting Information

ABSTRACT: The chemistry of trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPt(CHj;)3), a platinum organometallic compound often used for the
chemical deposition of Pt films, on nickel oxide surfaces was investigated. Particular
emphasis was placed on following the coordination of the initial ligands,
methylcyclopentadienyl (MeCp) and methyl moieties, by using time-of-flight
secondary ion mass spectrometry (ToF-SIMS) in combination with X-ray
photoelectron spectroscopy (XPS) and density functional theory (DFT)
computations. It is shown that the MeCp fragment is stable and, upon reacting
with NiO surface, remains attached to the Pt center. The methyl groups, on the
other hand, can migrate to the nickel surface or remain bonded to the Pt, but on
NiO surfaces they prefer to interact with the nickel centers rather than with the
oxygen atoms. In addition to these findings, ToF-SIMS data confirmed that gas-
phase electron-impact activation can truly enhance the activity of the MeCpPt-
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B INTRODUCTION

The use of organometallic compounds spans a vast landscape
of applications, largely relying on the nature of the interaction
of the metal atom with the corresponding ligands. One of the
fields that marries the chemical reactivity of organometallic
compounds and their ability to deliver a metallic center to a
support material is heterogeneous catalysis.' ~® Within this
field, platinum-containing organometallics have been consid-
ered as a way of both delivering the platinum metal to control
the formation of nanoparticles of specific sizes on support
materials in chemical vapor deposition (CVD) and atomic
layer deposition (ALD) processes’ ' and designing specific
single atom catalytic centers, whose reactivity and selectivity
are determined by the appropriate ligands."® Ligands such as
diketonates, amidinates, or cyclopentadienyls have been
frequently used in this type of surface applications.

Despite the exceptional reactivity and selectivity of
platinum-based catalysts, the high cost of this metal has
prompted a number of attempts to dilute it within alloy
compounds or place single platinum atoms or small nano-
particles with high precision on relatively cheap substrates. The
chemistry of Pt-containing organometallic precursors is key in
both of these approaches, since methods such as ALD allow for
the atomically controlled design of metal-containing surface
features.'¥"> However, full optimization of such depositions
requires complete understanding of the energy landscape of
the process. One of the issues with Pt precursors is that only a
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few of them possess the high volatility required for clean
evaporation, and those normally are relatively unreactive,
meaning that either thermal activation or electron-impact
activation is required to initiate the surface chemistry that
ultimately leads to metal deposition.'® In that regard, it is
crucial to understand the fate of the ligands of the target
platinum organometallic precursor; that may define the
chemical state of platinum, the size distribution of the
deposited nanoparticles (or properties of films), the nature
of the interface (or intermixing) of the platinum and the other
metals, and ultimately the catalytic activity of the catalysts
made this way.

Among the transition metals used in combination with
platinum, nickel has a very special place. Pt—Ni alloys are
promising candidates for many catalytic and electrocatalytic
processes.” The role of nickel is often to weaken the otherwise
very strong interaction of Pt with reactants or products such as
CO that poison the catalysts.” At the same time, NiO has been
shown to be an essential part of photocatalysts used to produce
molecular hydrogen in hydrogen fuel cells. In 2014 Zaera et al.
described a model in which protons are reduced on
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Scheme 1. Proposed Reaction Pathways for the MeCpPt(CH;); Deposition Precursor on NiO Substrates via Gas-Phase

Electron-Impact and Thermal Activation
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Figure 1. Summary of the XPS investigation of platinum deposition on NiO using MeCpPt(CHj;);. The figure compares three spectroscopic
regions, corresponding to the Pt 4f, O 1s, and Ni 2p photoelectrons, for (a) a clean surface, (b) the same surface as (a) exposed to 1 X 10° L of
MeCpPt(CH,); with the ion gauge off, and (c) after a S X 10° L dose of the same precursor with the ion gauge on. The temperature of the surface

during deposition was 525 K.

semiconductor surfaces but require the recombination of the
resulting hydrogen atoms on a metal surface to produce
hydrogen molecules."” It has also been shown that the
combination of a NiO support with metallic nanoparticles
can be efficient for the promotion of photocatalysis in
methanol fuel cells.'® Thus, the deposition of platinum in a
controlled manner onto NiO surfaces promises to lead to the
formation of an exceptional catalytic material. In order to exert
the required deposition control, the mechanism of platinum
deposition on NiO surfaces requires atomic level under-
standing.

The deposition of Pt by ALD commonly comprises two half
reactions, following a process initially introduced in 2003 by
Aaltonen et al.'* The first half-reaction delivers the organo-
metallic Pt precursor to the surface, and the second uses
exposure to O, gas to remove the carbon-containing
byproducts. This approach allows precise control of the
amount of platinum introduced to the support material. Over
the years, trimethyl(methylcyclopentadienyl)platinum(IV)
(MeCpPt(CHj;);) has been the most commonly used platinum
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deposition precursor.'”~>* Detailed investigations of the
deposition mechanism of Pt have used this precursor to
evaluate every step of the process;”*>°>* however, it has been
found that the stability of MeCpPt(CHj;), presents a number
of challenges associated with its initial activation as well as with
the complete removal of the ligands from the surface.”»*>*?7>
It has been recently shown by us that gas-phase electron-
impact activation of MeCpPt(CH;); results in an increase
uptake of Pt on silicon oxide surfaces, also leaving behind
cleaner surfaces with less carbon contamination than those
obtained following thermal methods (Scheme 1).1e3 X-ray
photoelectron spectroscopy (XPS) investigations provided
carbon-to-Pt ratios consistent with the MeCp fragment being
bound to Pt and with most methyl groups being eliminated
from the precursor upon deposition. Additional time-of-flight
secondary ion mass spectrometry (ToF-SIMS) studies
confirmed this hypothesis and identified the organic species
that form on the substrate as MeCp bound to Pt together with
additional isolated methyl groups. These observations were
found to be consistent with the independent determination, by

https://dx.doi.org/10.1021/acs.organomet.9b00781
Organometallics 2020, 39, 1024—1034


https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig1&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.9b00781?ref=pdf

Organometallics

pubs.acs.org/Organometallics

mass spectrometry, that gas-phase electron-impact ionization
leads to the removal of one or more methyl groups from
MeCpPt(CH;),.

Extension of this approach to evaluate the adsorption and
reactions of this Pt deposition precursor molecule on NiO
surfaces brings about a number of additional challenges. In
particular, the presence of two different metallic sites may
affect the final binding of the ligands and may be susceptible to
ligand migration. Specifically, it is important to determine the
preferred final adsorption site of the MeCp fragment, whether
on the original Pt metal center or on a surface site within the
support material on Ni or O atoms. It is also important to
determine if electron-impact activation affects the distribution
of methyl groups on the surface bound to nickel, platinum, or
oxygen.

In order to address these issues, we have recently introduced
the use of ToF-SIMS, a technique that offers high mass
resolution and allows to extract intricate details of specific
species bound to a surface. This extremely sensitive analytical
technique is commonly applied to characterize thin films;**~*
in a previous investigation, we also confirmed that ToF-SIMS
is a precise technique that can be utilized to identify the nature
of surface moieties produced by chemical reactions on surfaces
such as the ones occurring in ALD processes.”*

Here, we report on the adsorption and decomposition of
MeCpPt(CHj;); on NiO. We follow the formation and binding
of surface species produced by thermal reaction and by gas-
phase electron-impact activation, and we trace the fate of the
organic ligands produced on the surface. This work paves the
way for the design of deposition processes with controlled
platinum deposition on metal oxides, and also helps under-
stand the rules governing the formation of multicomponent
nanoparticles and thin films based on the surface chemistry of
organometallic precursors.

B RESULTS AND DISCUSSION

The experimental studies combine deposition and initial
characterization with XPS at the University of California,
Riverside, and ToF-SIMS investigations at the University of
Delaware. The details of the sample preparation and transfer
are described below in the Experimental and Computational
Section.

In order to identify the interface chemistry during the initial
steps of platinum deposition onto NiO or for the first half-
cycle of Pt ALD onto this material, it is important to
understand the nature of the possible species present on a
surface in a thermal process as opposed to that resulting from a
gas-phase electron-impact ionization protocol.

Figure 1 summarizes the results from the XPS character-
ization of the samples performed at UC Riverside before they
were shipped to the University of Delaware. The presence of
platinum deposited under both thermal and electron-impact
ionization conditions (with ion gauge on) is clearly observed.
The measured binding energy (BE) for the Pt 4f,, peak is 71.3
eV, indicating a slight positive charge on the Pt center; the
reported value for metallic Pt is BE = 70.9 eV.*" This is not
surprising given the binding to a more electronegative NiO
surface; a similar shift was seen on S$iO,.'® This deposition
appears not to affect the state of the surface oxygen or nickel in
any substantial way. The peak below 70 eV in the Pt 4f spectral
region corresponds to Ni 3p, as supported by the presence of
the same peak in the spectrum of a clean NiO surface. The O
1s peak is centered at BE = 529.8 eV, a value typical of NiO,

and the Ni 2p;/, spectra show a dominant peak at BE = 852.3
eV, for metallic nickel, slightly broadened in the high BE side
by a small signal originating from a NiO thin film (as
mentioned in the Experimental and Computational Section).
The only noticeable change seen in the spectra upon
adsorption of the Pt precursor is an intensity decrease in
both O 1s and Ni 2p signals. That decrease is larger in the data
for the deposition experiments with the ion gauge on,
consistent with the higher amount of platinum deposited,
which was estimated (based on a signal intensity calibration
from previous experiments) to be approximately half the
monolayer for the thermal deposition and approximately one
monolayer for the experiments with ion gauge on.”' Clearly,
the gas-phase electron-impact excitation of the precursor
enhances deposition, as twice the Pt coverage was obtained
this way with only half of the dose. Also, on the basis of our
past studies, the carbon-to-platinum ratios of the adsorbed
species in both sets of conditions was estimated here to be
about 6 to 1 or less, consistent with the MeCp fragment
remaining attached to the adsorbed Pt atoms.

Upon transfer of the samples to the University of Delaware,
and before carrying out their ToF-SIMS characterization, any
possible changes in the morphology of the NiO foil were
checked with atomic force microscopy (AFM). No noticeable
changes were recorded for any of the three samples (see Figure
S1 in Supporting Information section).

Information about the amount, type, or binding site of the
methyl or MeCp ligands on these samples was then extracted
from the additional ToF-SIMS data acquired in this study. On
the basis of our previous work,'®** the expectation of the effect
of gas-phase electron-impact activation during the dosing of
the Pt precursor is not only to enhance its uptake, as already
determined by XPS, but also to reduce the amount of organic
species deposited, as the intermediates formed in the gas phase
are presumed to have undergone removal of all (or most) of
the methyl groups attached directly to the Pt center of the
molecule. The ToF-SIMS spectra shown below for each region
of interest compare data for the same three samples described
on Figure 1: the clean NiO sample, the same surface exposed
to 1 X 10° L of MeCpPt(CHj) with the ion gauge off, and the
surface after a § X 10° L exposure to the same precursor with
the ion gauge on.

As shown in Figure 2, the methylcyclopentadienyl (MeCp)
fragment, recorded as the major peak, is intact on the two
surfaces dosed with the precursor. Although the presence of a
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Figure 2. High resolution ToF-SIMS spectral region corresponding to
the MeCp fragment on (a) clean surface, the same surface as (a)
exposed to MeCpPt(CH;); with the ion gauge (b) off, and (c) on.
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Figure 3. (Color online) High resolution ToF-SIMS spectral regions corresponding to all the possible MeCpPt(CH;), fragments (x = 0—3) for the
samples prepared having the ion gauge on (red) and off (blue) and on a blank nickel foil (black): (a) MeCpPt, (b) MeCpPt(CHj;), (c)
MeCpPt(CHj;),, (d) MeCpPt(CHj;);. The expected positions of the peaks corresponding to the indicated fragments (with different Pt isotopes,

192pt /194pt /195Dt /196Dt /1%8Pt) are shown by the dotted lines.

small amount of C6 hydrocarbons with the same mass-to-
charge ratio is also identified on a clean nickel foil sample, the
intensity of that feature increases dramatically for the sample
exposed to MeCpPt(CH,),, especially with the ion gauge on.
Opverall, this set of measurements is consistent with MeCp
fragments being present on the surface following Pt deposition.
This observation also suggests that the surfaces investigated are
largely unaffected by the conditions endured during trans-
portation. Moreover, although these ToF-SIMS results can
only be treated as semiquantitative, it is clear that the intensity
of the MeCp* peak increases by more than an order of
magnitude upon exposure of the surface to the Pt precursor
with the ion gauge on; the presence of this fragment on a
surface following deposition is beyond doubt.

In analogy with our previous investigations of Pt ALD on
silica samples using the same precursor, the MeCp fragment is
likely to be bound to the Pt atom on the NiO surface as well.
In order to confirm the nature of the surface species in this
study, the ToF-SIMS measurements of the molecular frag-
ments with overall formulas of MeCpPt(CHj,), are summar-
ized in Figure 3. These fragments are expected to be the main
chemical moieties formed upon adsorption, since MeCp
ligands are stable and the energy barrier required to remove
MeCp from metallic Pt is quite high; only strong oxidants such
as ozone or oxygen plasma’>** are capable to remove them in
ALD processes. Nevertheless, it is important to obtain direct
experimental evidence for the presence of such species on the
surface. Taking into account the known ratios of the stable
isotopes of Pt (2Pt:'**Pt:'**Pt:'**Pt:'%*Pt = 1:33:34:25:7), the
results in Figure 3 clearly show that surface fragments
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containing both Pt and the MeCp ligand are indeed present
on the surface. Furthermore, careful comparison of the results
in panels a through d in Figure 3 suggests that MeCpPt, and to
the lesser extent MeCpPt(CH,), are the most abundant
fragments on these surfaces; no MeCpPt(CH;), or MeCpPt-
(CH,); are detectable within the experimental errors of our
instrument. This summary also confirms that deposition with
the ion gauge on is much more efficient than with the ion
gauge off, and that none of these fragments are present on the
blank sample, where the nickel surface was not exposed to
MeCpPt(CH,)s.

Thus, Figure 3a indicates that MeCpPt is the major Pt-
containing fragment on the surface. The next question relates
to the fate of the methyl ligands. It is expected that, under the
conditions of the deposition, at least a fraction of methyl
groups bound to the adsorbed platinum atoms or to the nickel
surface may undergo thermal transformation (hydrogenation,
dehydrogenation, carbon—carbon coupling) and become
removed from the surface. This assumption is fully consistent
with the previous studies of methyl groups on platinum single
crystal surfaces.**™** Nevertheless, some methyl groups, from
surface thermal decomposition or directly originating from the
gas-phase decomposition of the precursor, may still attach
directly to the NiO surface. To explore this possibility, the
ToF-SIMS spectral regions corresponding to the fragments
with Ni(CH;), and NiO(CH,), overall formula were
interrogated. In Figure 4, parts a, b, and ¢ show the regions
corresponding to m/z of Ni(CH;)*, Ni(CH;),", and Ni-
(CH;);* and panels d, e, and f summarize the regions
corresponding to m/z of NiO(CH,)*, NiO(CH,),", and

https://dx.doi.org/10.1021/acs.organomet.9b00781
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Figure 4. (Color online) High resolution ToF-SIMS spectral regions corresponding to all possible Ni(CHj,), and NiO(CHj), fragments for the
samples prepared having the ion gauge on (red) and off (blue) and on the blank nickel foil (black) indicated (a) Ni(CH;) (with an inset showing
®Ni(CH;)" species), (b) Ni(CH,), (c) Ni(CHs)s, (d) NiO(CH;) (with an inset showing ®NiO(CH,)" species), (e) NiO(CHj;), (f)
NiO(CHj);. The expected positions of the peaks corresponding to these fragments (with two major Ni isotopes, **Ni/®Ni) are shown by the

dotted lines.

NiO(CHj;),", respectively. The Ni(CH;) and NiO(CHj,)
peaks are indeed clearly observed, as confirmed by the isotopic
ratio of two major stable isotopes of Ni (**Ni:*Ni = 68:26).
However, there is no clear confirmation of any surface species
containing nickel and more than one methyl group. This is an
important observation, because although it would be unlikely
for thermal chemistry to produce surface Ni-containing species
with more than one methyl group, exposure to higher fluxes of
methyl radicals from the electron-impact ionization process
could potentially lead to the formation of surface species with
higher coordinations of adsorbates. It should be noted that a
very small amount of Ni(CH;) and NiO(CHj,) species are
presented on a clean surface that is not exposed to the
platinum precursor; however, the amount of the recorded
signal is much smaller than for the exposed samples.
Nevertheless, this observation is a warning that some
adventitious carbon fragments could affect the attempts to
quantify these ToF-SIMS results. That said, the zoom-in
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portions of “Ni(CH;)* and “NiO(CH,)* spectral regions
provide a very important glimpse into the surface ligand
placement for methyl groups on NiO surface. Although both
types of species are observed, the intensity corresponding to
the “Ni(CH,)* fragment, consistent with the methyl group
bound directly to the Ni site, is at least an order of magnitude
higher than that of the “NiO(CH;)* fragment. Assuming that
the ionization cross sections for both species are similar, this
result shows that the majority of methyl groups on NiO surface
are bound directly to the Ni site and not form a methoxy
species at the conditions of this experiment. It should also be
noted that the ““NiO(CH,)* fragment could indeed indicate
the presence of a methoxy group bound to a nickel site, but
also could simply show the presence of an O = “Ni(CH;)*
species, with the methyl group still coordinated directly to a
nickel (not oxygen) atom. This conclusion that the methyl
moieties are primarily coordinated to Ni is fully supported by
the computational studies discussed below.

https://dx.doi.org/10.1021/acs.organomet.9b00781
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The possibility of the formation of Pt(CHj), surface species
was also investigated. According to the results provided above
in Figure 3, MeCp ligands certainly bind to Pt-containing
fragments on the surface following Pt precursor exposure.
According to Figure S, despite the semiquantitative nature of
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Figure S. (Color online) High resolution ToF-SIMS spectral regions
corresponding to all possible Pt(CH,), fragments for the samples
prepared having the ion gauge on (red) and off (blue) and on the
blank nickel foil (black) indicated (a) Pt(CH;), (b) Pt(CH;),, (c)
Pt(CH3;);. The expected positions of the peaks corresponding to these
fragments (with three major Pt isotopes, '**Pt/!**Pt/'*Pt) are shown
by the dotted lines.

ToF-SIMS, some Pt(CH;) moieties appear to be detected on
the surface (Figure Sa). The presence of significant amounts of
Pt(CH,), and Pt(CH,); fragments can be ruled out (Figures
Sb and Sc, respectively). Although the formation of the
Pt(CH;) fragments is difficult to quantify, especially since they
may simply be the result of decomposition of the MeCpPt-
(CHj;) adsorbed species, the intensity of the peak correspond-
ing to the Pt(CH,;) species in a sample exposed to the
MeCpPt(CH;); with the ion gauge on is higher than that
detected with the other surfaces, perhaps because of a
combination of more efficient deposition and a possible
deposition of gas-phase methyl radicals produced during
electron impact ionization of the Pt precursor.
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Finally, it is also important to probe the possibility that the
MeCp ligand may bind directly to the Ni surface. Figure 6
explores this pathway by focusing on the regions correspond-
ing to MeCpNi(CHj;), ions. Unfortunately, this m/z region is
so crowded that it is very difficult to confirm the existence of
such species or to rule out their formation.

Overall, the results of the ToF-SIMS investigation are
consistent with our preliminary XPS assignment. The
formation of MeCpPt and MeCpPt(CH,) species on the
NiO surface was confirmed. The formation of adsorbed
Ni(CH,) species (and possibly a very small amount of
methoxy groups) was also observed. As expected, gas-phase
electron-impact ionization increases the efliciency of the Pt
deposition in a noticeable way, by almost an order of
magnitude in some cases, and possibly provides additional
methyl radicals that can interact with the surface, attaching to
both Ni and Pt sites.

Some further information can be extracted from our data if
complemented by quantum mechanics calculations of the
strength of bonding of MeCp and methyl fragments to the
metal center and to the NiO surface. First, the bond strength of
methyl and methylcyclopentadienyl groups to the metal
centers were explored by DFT calculations, for platinum and
for nickel. The three reference compounds investigated with
this approach were MeCpPt(CHj);, (MeCp),Ni, and C;HNi-
(PPh;)(CH;). The strengths of the relevant bonds were
estimated by optimizing the initial structure, removing a
methyl or a MeCp group, and reoptimizing the final structures.
The results of this work are summarized in Table 1. The
strength of methyl-Pt bond in MeCpPt(CH;); was calculated
to be —191.5 kJ/mol, which is about 40 kJ/mol stronger than
the methyl-Ni bond in the comparison reaction. It appears that
if methyl groups produced via electron-impact ionization
would attach to platinum atoms, their removal at the
temperature of the experiment is unlikely. Also, compared to
the methyl group, the MeCp entity is bound much more
strongly to both metals, with predicted bond strengths of
—218.5 kJ/mol and —208.0 kJ/mol on platinum and nickel,
respectively. These initial predictions are fully consistent with
the assumption that the MeCp group is very unlikely to detach
from the platinum atom if MeCpPt is formed on the surface of
the support material.

To reinforce the conclusions reached by this simple exercise,
a bonding energy comparison can also be made with methyl
versus CsHg (Cp) groups on single-crystal surfaces of Pt and
Ni. According to previous reported studies, summarized in
Table 2, methyl groups are stable on both Pt(111) and
Ni(100) surfaces, having high adsorption energies. Methyl
groups on platinum are more stable than on nickel, by about
35 kJ/mol.**° In addition, aromatic rings, in this case the Cp
ring, show greater stability than alkyl groups on both metal
surfaces; the binding energy of Cp, at around 270 kJ/mol on
both metals, is at least 50 kJ/mol larger than that of the methyl
group.”>* This result is also consistent with the ToF-SIMS
data showing that MeCp is strongly bonded to platinum, and
suggests that it is not likely for it to migrate to the NiO surface.

Finally, can computational studies help us understand the
chemical transformations that methyl and MeCp groups may
undergo on the actual NiO surface? First, we determined the
most stable position for a Pt adatom on the NiO(001), and
then studied the interaction between the Pt adatom and a
corresponding ligand (methyl or methylcyclopentadienyl). To
evaluate the stability of the surface species, we calculated the
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Figure 6. (Color online) High resolution ToF-SIMS spectral regions corresponding to the possible MeCpNi(CHj), fragments for the samples with
ion gauge on (red) and off (blue) and on the blank nickel foil (black) indicated: (a) MeCpNi, (b) MeCpNi(CHj,), (c) MeCpNi(CHj),, (d)
MeCpNi(CH;),. The expected positions of the peaks corresponding to these fragments (with two major Ni isotopes, **Ni/*Ni) are shown by the

dotted lines.

Table 1. Bond Strength Comparison for Methyl and MeCp
Group Attached to Pt or Ni within Model Organometallic
Compounds

bond energy predicted for
the reactions indicated,

reaction investigated kJ/mol
MeCpPt(CH,); = MeCpPt(CH,), + CH, —-191.5
C4HNi(PPh,)(CH;) = C;H(Ni(PPh;) + CH, —151.6
MeCpPt(CH,), = Pt(CH,); + MeCp —2185
(MeCp),Ni = NiMeCp + MeCp —208.0

Table 2. Adsorption Energy Comparison for Methyl versus
Cyclopentadienyl on Pt(111) Versus Ni(100) Surfaces

adsorption energy, kJ/mol

Methyl on Ni(100)* -192
Methyl on Pt(111)*° —225
CsH; on Ni(100)*' -273
CsH; on Pt(111)% =279

difference in energy between the species adsorbed on Pt
adatom and on NiO by using eq 1

E, = E(NiO:Pt + X) + E(NiO) — E(NiO:Pt)

— E(NiO:X) (1)

where X represents the methyl or MeCp ligands, E(NiO:Pt +
X) is the total energy of the NiO(001) surface containing a Pt
adatom and the X ligand, E(NiO) is the total energy of the
bare NiO(001) surface, and E(NiO:Pt) and E(NiO:X) are the
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total energies of the most stable configurations of NiO(001)
containing a Pt adatom and NiO(001) containing with the X
ligand, respectively. With such a definition, E, < 0 indicates
that the adsorption process is exothermic; that is, the
formation of the E(NiO:Pt + X) system is energetically
favorable.

The first observation derived from these calculations is that a
methyl group prefers to be bonded to a Pt adatom on a model
NiO(001) surface, as shown in Figure 7¢; this is much more
stable, by about 166 kJ/mol, than the methyl group being
attached to Ni on the NiO(001) surface (Figure 7b), and 230
kJ/mol more stable than when the methyl group is attached to
O (Figure 7a); i.e.,, without the Pt adatom, the most stable
configuration corresponds to the methyl group bonded directly
to a nickel atom, with a bond length of 1.96 A, as opposed to
bonding to an oxygen atom of the same surface. This result is
in a full agreement with the ToF-SIMS data showing that the
majority of the methyl groups on NiO are bound directly to
the Ni site. In addition, the stability of MeCp group was
investigated in three positions; on platinum adatom, and on
either nickel or oxygen atoms on the surface, as shown in
Figure 7d—f. The results showed clearly that adsorption of
MeCp on platinum adatom is much more stable, by about 239
kJ/mol, than MeCp adsorption on the nickel or by 252 kJ/mol
on oxygen sites of the NiO surface. This can be related to the
partial positive charge on platinum that interacts strongly with
the cyclopentadienyl ring. This conclusion also fully supports
the ToF-SIMS observation of MeCpPt being the major
adsorbate in these studies.

https://dx.doi.org/10.1021/acs.organomet.9b00781
Organometallics 2020, 39, 1024—1034


https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00781?fig=fig6&ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://dx.doi.org/10.1021/acs.organomet.9b00781?ref=pdf

Organometallics

pubs.acs.org/Organometallics

© Platinum

© Carbon

© Nickel
© Oxygen
o Hydrogen

Figure 7. Molecular arrangement of methyl and methylcyclopentadienyl groups on NiO surface. Methyl on (a) oxygen atom, (b) nickel atom, (c)
platinum adatom, and methylcyclopentadienyl group on (d) oxygen atom, (e) nickel atom, and (f) platinum adatom.

B CONCLUSIONS

In this work we have explored the initial stages of platinum
deposition using MeCpPt(CH;); onto NiO surfaces by
combining XPS and ToF-SIMS experimental work with
computational predictions. XPS data suggested that both
thermal and electron-impact stimulated adsorption of the
platinum precursor lead largely to the formation of surface
species with an overall carbon-to-platinum ratio of approx-
imately 6, consistent with the retention of MeCp surface
species, likely still coordinated to the Pt center. An
enhancement in Pt XPS signal also indicated that electron-
impact activation of the precursor in the gas phase makes the
deposition process much more efficient. In order to understand
which surface species are actually formed, ToF-SIMS
investigations were carried out, focusing on the spectral
regions corresponding to the most likely Ni- and Pt-containing
surface species. The existence of MeCpPt and MeCpPt(CH,)
surface moieties, and their dominant role in the deposition
chemistry, was confirmed, as was the formation of Ni—C bonds
in Ni(CH;) (or NiO(CH,)) fragments. These findings are
fully consistent with the previously confirmed formation of
MeCpPt species as the main fragments formed by electron-
impact ionization of MeCpPt(CH,); in the gas phase,
established via the use of mass spectrometry. The possibility
of surface migration of the MeCp and methyl ligands was
evaluated via computational work, which led to the conclusions
that the thermal chemistry of the adsorbed intermediates
generates mostly MeCp fragments attached to Pt atoms and
that methyl group bound directly to a Ni site is the most stable
configuration for methyl interaction with NiO. Further work
would be necessary to fully understand the deposition process
for Pt onto transition metal oxides; however, this work
provides an important starting point for such analysis.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

The deposition of Pt on nickel foils using the MeCpPt(CHs,),
precursor, as well as the XPS characterization of the resulting
samples, were performed in a two-tier stainless-steel ultrahigh vacuum
(UHV) apparatus described in previous publications.”"**** The
nickel foil used as the substrate was purchased from Sigma-Aldrich
(99.995% purity), initially cleaned by immersing it in a diluted HF
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solution (deionized water:HF = 1:20), mounted on the rod used for
the transfer of samples between the two chambers, and lightly
sputtered and annealed before each adsorption experiment. Initial
XPS characterization of these films indicated the persistence of a thin
(~1 nm thick) NiO film on top of the metallic Ni. The temperature of
the surface was monitored using a K-type thermocouple inserted
between the sample and the metallic clip that holds the sample in
place. An ionization gauge is coupled to the UHV system for two
purposes, to monitor the pressure of the gases during dosing and as a
gas-phase electron-impact activating source for the organometallic Pt
compound, as we have discussed before.'** The MeCpPt(CHS,),
precursor (purchased from Sigma-Aldrich 98% purity) was purified in
situ via repeated freeze—pump—thaw cycles before introduction to the
side chamber for surface dosing. This auxiliary chamber has a base
pressure of 1 X 107 Torr, maintained by using a turbomolecular
pump. A pressure of P = 5 X 107 Torr was used for the Pt
precursor dosing, carried out for S h (amounting to a total dose of ~1
X 10° L) for the case of thermal adsorption (ion gauge off), and a 6 x
1075 Torr exposure for 2.5 h (equivalent to ~5 X 10° L) was used for
the case where the ion gauge was kept on (for electron-impact
activation). Adsorption of the Pt precursor was carried out at a
substrate temperature of 525 K. More details of the dosing procedure
have been published elsewhere.”" After deposition, the samples were
transferred to the main chamber, which is kept at a base pressure of §
X 107" Torr, for characterization by XPS. The XPS data were
acquired using the Ka emission of the aluminum anode (hv = 1486.6
eV) of a non-monochromatized dual Mg—Ka/Al-Ka X-ray
excitation source, with its natural line width (0.85 V), and a Leybold
EA11l hemispherical electron energy analyzer equipped with a
multichannel detector. All binding energies were referred to a value
of BE = 852.3 €V for the Ni 2p;, peak of the metallic substrate.*' No
further processing of the data was carried out: the spectra reported in
Figure 1 are the raw data, only displaced in the y direction to facilitate
viewing.

ToF-SIMS experiments were performed using a ToF-SIMS
instrument (ToF-SIMS IV, ION-TOF, Miinster, Germany). A 25
keV monoisotopic Bi;" ion beam was used to obtain static negative
and positive SIM spectra. The illustrated data are the result of S0
scans added up collected with a mass resolution of m/Am = 9000
over an area of analysis of 500 X 500 um?* at room temperature.
Typical ion fluences of 1 X 10'? ions/cm?* were used to make sure that
no substantial sputtering of the surface takes place. On the basis of the
nature of the substrate and the precursor, only positive ion spectra are
shown in this paper; however, both positive- and negative-ion spectra
were collected. The masses used for calibration were those for the HY,
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H,*, H,", C*, CH", CH,", CH;", C,H,", C;H,", C,H,*, CH.", C(Hy",
C,H,*, and Pt ions in positive mode and for the H™, H,”, C*, CH",
CH, , CH;7, C,, C,H, Cy7, C,, Cs7, G4, and C, ions in negative
mode, with calibration performed with the ION-TOF measurement
explorer software (Version 6.3).

The deposition and XPS characterization were performed at the
University of California, Riverside, and then the samples were shipped
to the University of Delaware for ToF-SIMS analysis, the same as in
our previous work.”* Measurements had been done three times for
each sample. There are no noticeable changes among them, consistent
with previous results that showed that if the samples are kept under
nitrogen during shipping and installed immediately into the vacuum
chamber of the ToF-SIMS instrument upon arrival, reliable
information can be obtained about the surface species. We have
also previously shown that the spectra of the adsorbates obtained by
exposure of silica surfaces to the platinum precursor are not affected
substantially upon being kept under nitrogen in the University of
Delaware for several days.**

Computational investigation of the metalorganic compounds used
for comparison with the chemistry of several ligands attached to
platinum or nickel were performed with density functional theory
(DFT) calculations using the Gaussian 09 suite of programs,56
utilizing the B3LYP functional and the DEF2-TZVP basis set.”’
The calculations for the adsorption on a NiO(001) surface were
carried out using the projector augmented wave (PAW) method and
DFT as implemented in the VASP code.’"® To describe the
electronic structure of NiO we used a Hubbard-U correction in the
form of DFT+U*** with U—J] = 5 eV, based on previous work,®>%
and a cutoff energy of 415 eV for the plane-wave basis set. NiO
crystallizes in rock salt structure with Fm3m space group.””*® The
calculated equilibrium bulk lattice parameter of 4.155 A is in good
agreement with the experimental value of 4.176 A.°” For the surface
calculations, we constructed a nonpolar NiO(001) slab consisting of
eight atomic layers and a vacuum layer of 15 A, and 4 X 4 in-plane
unit cells to minimize interactions of the adsorbate species with their
image in neighboring cells. We employed a 2 X 2 X 1 Monkhorst—
Pack k mesh for integration over the Brillouin zone. The nonpolar
NiO(001) surface exhibits the lowest surface energy of all planes of
that oxide.”® For structural relaxation, all the atomic positions were
fully relaxed until the Hellman—Feynman force on each atom was less
than 1 X 107" eV/A. Finally, all calculations included spin-
polarization due to the antiferromagnetic ground state of NiO.””
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