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While phosphonium phosphate ionic liquids have been evaluated as additives for engine oils
owing to their excellent physico-chemical properties, miscibility with hydrocarbon fluids, and
promising tribological properties, their lubrication mechanism is still not established. Here,
we perform atomic force microscopy nanotribological experiments using diamond-like
carbon-coated silicon tips sliding on air-oxidized steel in neat trihexyltetradecylphosphonium
bis(2-ethylhexyl)phosphate ionic liquid. The AFM results indicate a reduction in friction only
after the removal of the native oxide layer from steel. Laterally-resolved analyses of the steel
surface chemistry reveal a higher concentration of bis(2-ethylhexyl)phosphate ions adsorbed
on regions where the native oxide was mechanically removed together with a change in

surface electrostatic potential. These surface modifications are proposed to be induced by a
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change in adsorption configuration of bis(2-ethylhexyl)phosphate anions on metallic iron
compared to their configuration on iron oxide together with a reduction of surface roughness,
which lead to the formation of a densely-packed, lubricious boundary layer only on metallic

iron.

1. Introduction

Lubricants for mechanical systems (e.g., internal combustion engines) are based on
mineral or synthetic oils. To improve the properties of these fluids, additives are commonly
added to the base oil. Among them, surface-active ingredients are employed to reduce friction
and/or wear in the boundary-lubrication regime, where sliding speeds are too low and loads
too high for a full fluid lubricating film to be maintained.™! These surface-active molecules
achieve their lubricating function by adsorbing and/or reacting with sliding surfaces, which
creates sacrificial, low-shear-strength layers (also called “tribofilms”) that prevent hard/hard
contact between the sliding counterparts.?-5!

Among the additives that are used to reduce wear (so-called “anti-wear”), zinc
dialkyldithiophosphates (ZDDPs) have been successfully employed since the 1940s.15"1 The
most generally accepted view of ZDDP anti-wear action on steel involves the surface reaction
of ZDDP to form patchy, glassy films composed of short-chain iron/zinc poly-
(thio)phosphates in the bulk, with an outer layer of long-chain zinc poly-(thio)phosphates and
a sulfur-rich layer near the metal surface.®% In spite of the effectiveness of ZDDPs, the large
amounts of phosphorus, sulfur, and zinc in these additives, which are known to cause clogged
filters and catalyst degradation in exhaust systems for automobile engines,*%! have brought
the environmental consequences of using ZDDPs into focus. Consequently, the permissible
levels of sulfated ash, phosphorus, and sulfur (SAPS) in oil formulations have been

progressively limited in modern engine-lubricant specifications.?!



Among the different molecules proposed as replacements or supplements to ZDDPs,
ionic liquids (ILs) have captured significant interest in lubrication science in the last two
decades. ILs are salts with melting temperatures below 100°C.1*3-1%1 They are composed of an
organic cation and a weakly coordinated anion. ILs are desirable lubricant additives, since
their exceptional properties (high thermal stability, negligible vapor pressure, and low
flammability)*41617] together with the possibility of synthesizing air-stable ILs with a large
variety of structures and functionalities,*®%] make them suitable for applications involving
extreme conditions (e.g., high temperatures, low pressures),?>-?4 such as those found in
engines, space components, and micro-electromechanical systems. Since the first report in
2001 proposing the use of ILs for lubrication,** a number of studies have been published on
the lubrication mechanism of ILs, most of which focused on imidazolium-,[2225]
phosphonium-,1262™ or phosphate-based ILs.[?®!

Studies at the nanoscale have ascribed the lubrication mechanism of ILs to their
adsorption and confinement between smooth surfaces, in absence of any mechano-chemical
reactions.*?%%! The confined ions resist being “squeezed out” when surfaces are compressed,
thus resulting in a film that prevents direct contact between the two surfaces. The properties
and dynamic behavior of the adsorbed films are dependent on surface chemistry, charges and
applied potentials, molecular structures of the ILs, as well as environmental conditions.[*3:-33
While these nanotribological studies have provided significant insights into IL-mediated
lubrication for tribological contacts that involve no chemical reactions between ILs and solid
surfaces, studies at the macroscale, which were performed at much higher applied normal
pressures and temperatures, provided evidence for the mechano-chemical reaction between IL
and metallic surfaces.**%! Among the ILs that have been shown to react on solid surfaces
under the combined action of normal pressures and shear stresses, phosphonium phosphate
ILs (PP-ILs) have been explored extensively due to their good miscibility with hydrocarbon

fluids.*®1 Qu et al. showed that PP-1Ls tribochemically react at steel/cast iron sliding
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interfaces to form surface layers suggested to consist of iron phosphate. These layers were
proposed to act as sacrificial films that significantly lower friction and wear rates in the case
of steel/cast iron contacts.[?67281 The formation of these phosphate-based tribolayers is
similar to the ones found in other systems lubricated with organophosphates (e.g., tricresyl
phosphatel*%).

In spite of the relevance of these studies, a consensus about the mechanism leading to
the formation of a protective layer in the case of ILs is still lacking. Additionally, no models
conclusively capture the nucleation and growth of these layers formed at IL/solid interfaces.
Previously published studies showing tribofilm formation were carried out at the macroscale,
where the multi-asperity nature of the buried interface does not allow for accurate control of
the local contact stress and geometry within the contact area or for the visualization and
quantification of the events taking place between sliding counterparts. Recently, atomic force
microscopy (AFM) emerged as an ideal tool for the in situ evaluation of mechano-chemical
reactions at sample surfaces. In the case of ZDDP, Gosvami et al. employed AFM to
visualize, for the first time, the nucleation and morphological evolution of ZDDP tribofilms
during sliding.[*%l. In spite of the powerfulness of AFM for fundamental studies in tribology
and lubrication science, it does not provide any detailed information about the compositions
or structures of the tribofilms. Chemical analysis of these films has been a challenging surface
science problem due to their reduced thickness and the small areas scanned during AFM
experiments.

Here, we combine in situ single-asperity AFM tests and ex situ laterally-resolved
surface analyses to establish a fundamental understanding of the lubrication mechanism of a
class of PP-1Ls, namely trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate
([Ps,6,6,14][DEHP]). The AFM results show a significant friction reduction only upon removing
the native oxide layer from the steel surface. Subsequent spatially-resolved surface

characterizations by synchrotron-based X-ray photoemission electron spectroscopy (X-
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PEEM), low energy electron microscopy (LEEM), and time-of-light secondary ion mass
spectrometry (ToF-SIMS) reveal that no mechano-chemical reaction occurred between the
[Pe,6.6,14][DEHP] IL and metallic iron. However, the surface-analytical results indicate an
increase in concentration of surface-adsorbed bis(2-ethylhexyl) phosphate ions in regions
scanned by the AFM tip where the native oxide was mechanically removed together with a
change in surface electrostatic potential. These surface modifications are proposed to be
induced by changes in surface roughness and adsorption configuration of bis(2-ethylhexyl)
phosphate ions on metallic iron compared to the one on iron oxide, which results in the

formation of a densely-packed, lubricious boundary layer only on metallic iron.

2. Results
2.1. In situ Nanotribological Experiments

AFM experiments were performed in pure [Ps¢614][DEHP] IL to evaluate in situ, in
single-asperity sliding nanocontacts the mechano-chemical phenomena occurring at steel/IL
interfaces. Specifically, the AFM tip was slid against air-oxidized 52100 steel at 111°C while
immersed in pure [Ps6.14][DEHP] IL. A high normal stress (7.3 £ 0.4 GPa) was applied
while scanning a 2 x 2 um? area (referred to as highly-loaded area — HLA — in the following)
to mimic a single asperity within a typical multi-asperity contact in the boundary lubrication
regime, whereas zoomed-out images enclosing the HLA were periodically acquired at a
nonperturbative load with the aim of visualizing and quantifying changes in surface
morphology and friction forces (see Figure 1).% Figure 2 displays 5 x 5 um? AFM
topography images and the corresponding normalized friction force maps after scanning the
central 2 x 2 um? area for different numbers of sliding cycles. The AFM images indicate a
progressive removal of material (i.e., wear) and an increased contrast in the friction force
maps with sliding cycles. To quantitatively evaluate the amount of material removed while
scanning at high loads, the height difference (4AH) between the mean plane of the HLA and

the mean plane of the reference area (RA) was computed as shown in the schematic in Figure
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3a. Similarly, the evolution of the friction forces in the HLA relative to the friction forces in
the RA was evaluated by computing the difference (4AF) between the mean values of the
friction force histograms (fitted with Gaussian synthetic curves, see Figure 3b) obtained from
these two regions. Figure 3c displays the evolution of AF as a function of AH, while Figure
S.1in the Supporting Information presents the changes of AH and AF with sliding cycles.
Upon removing the first ~4 nm of the steel surface, which is a depth from the sample surface
comparable to the thickness of the native oxide layer on steel substrates (estimated to be
3.8+0.4 nm on the basis of XPS data acquired on a polished and aged 52100 steel
substratel*'), a progressive reduction in friction forces was observed in the HLA. After the
removal of the first ~4 nm, AF reached a steady state value. Additionally, the topographic
AFM images reveal a decrease in surface roughness in the region scanned by the AFM tips at
high pressure for 1000 cycles (Figure S.2 in the Supporting Information). Load-dependent
friction measurements were performed in the HLA and RA to highlight changes in nanoscale
friction due to variations in surface chemistry (Figure S.3 in the Supporting Information). The
friction forces measured in the RA are larger than the friction forces measured in the HLA for
all applied loads. Additionally, the slope of the least squares fitting of the load-dependent
friction data acquired in the RA is larger than the slope of the least squares fitting of the load-
dependent friction data acquired in the HLA, thus substantiating the contrast appearing in the

friction force maps shown in Figure 2.

2.2. Laterally-Resolved Surface Analyses

To identify any surface chemical changes occurring in the HLA scanned by the AFM
tip in the presence of [Pe6,6,14][DEHP] IL and leading to friction reduction, ex situ surface
chemical analyses were performed. Synchrotron-based X-PEEM allows for the acquisition of
both X-ray absorption near edge structure (XANES) and X-ray photoelectron spectroscopy

(XPS) data with a high lateral resolution (down to 20 nm). An X-PEEM image taken at 138
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eV is displayed in Figure 4a together with phosphorus 2p XANES (Figure 4b) and XPS
(Figure 4c) spectra extracted from two regions of interests, namely the HLA and the RA. No
significant differences were observed in the extracted XANES spectra (Figure 4b): both
XANES P 2p spectra exhibit a broad envelope with pre-edge shoulders at about 135.9 eV (a)
and 136.7 eV (b), which are attributed to the transition of phosphorus 2p electrons to
unoccupied 3s antibonding orbitals. The main peaks at about 138.6 eV (c) and 146.3 eV (d)
correspond to transitions from phosphorus 2p electrons to 3p- and 3d-like antibonding states,
respectively.[*>#% No significant differences could be observed between the spectra extracted
from the HLA and the RA regions, which suggests that no change in phosphorus bonding
configuration occurred in the area scanned at high loads compared to the region scanned at
lower pressures. Notably, the absence of any intense, energy-resolvable pre-edge absorption
features near shoulders (a) and (b) indicate that no inorganic long-chain polyphosphates are
formed in the near-surface region of the sample.[*l The occurrence of no tribochemical
reaction in the HLA is corroborated by XANES Fe 2p analyses (Figure S.4). Since the
reference XANES P 2p spectrum of [Pse614][DEHP] IL exhibits a broad absorption envelope
that makes it challenging to unambiguously identify the characteristic spectral contributions
of [Pes,6,14] and [DEHP] ions, XPS P 2p spectra were also acquired both at the synchrotron
facility and using a laboratory-based system. Figure 4c displays the synchrotron XPS P 2p
spectra acquired at a photon energy of 380 eV. In agreement with the XANES results, no
significant differences could be found between the spectra obtained from the HLA and RA.
Notably, the synchrotron XPS spectra are comparable to P 2p XPS spectra acquired using a
laboratory-based XPS instrument on a reference sample left in contact with [Pe66,14][DEHP]
IL at the same temperature of the AFM nanotribological tests (i.e., 111°C) and for the same
period of time as the duration of the AFM tests, but without being scanned by AFM tips (lab-
based XPS data shown in Figure S.5). In other words, the steel surface was treated similarly

to the RA of the samples used in AFM experiments. The higher signal-to-noise spectra allow
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for unambiguous fits of the spectra with synthetic curves, which indicate the adsorption of
both [DEHP] anions and [Ps,6,14] cations on the air-oxidized steel surface with a slight
enrichment of [DEHP] anions. The XPS results also suggest that no thermo-chemical
reactions leading to the formation of inorganic (poly)phosphates occurred between
[Pes.6,14][DEHP] IL and steel (see Figure S.4 and Table S.1), in agreement with XANES P 2p
data.

To gain further insights into the chemistry and spatial distribution of [Pe 6 14][DEHP]
IL ions adsorbed on steel, ToF-SIMS measurements were also performed. Figure 5a displays
ToF-SIMS high lateral resolution (~200 nm) maps of several species of interest, including
PO2", and POs" (characteristic fragments of [DEHP] anions), CoP~ (characteristic fragments of
[Ps,6,6,14] cations), and FeO2", Fe* (from the steel substrate). The maps corresponding to the
PO3™ and PO, fragments indicate a pronounced enrichment of the [DEHP] anions adsorbed in
the HLA. The same enrichment could be detected for fragments of CsH2POFe,", which
indicates both the chemisorption of phosphate anions through the formation of P-O-Fe
linkages and the presence of alkyl chains attached to the phosphate head group. In contrast,
the ToF-SIMS map for the CoP™ fragment, corresponding to the [Pe,6,14] cations, does not
show any significant intensity contrast between the HLA and RA. The distributions of two
characteristic fragments for the steel substrate, namely FeO, and Fe* (the latter was acquired
from a separate sample in positive polarity), were also analyzed: while in the case of FeOy
map a decrease in intensity was observed in the HLA with a slight increase near the boundary,
which indicates mechanical removal of iron oxide through the mechanical action of the
scanning AFM tip, the map for the Fe™ fragment shows a slight increase in intensity in the
region scanned at higher load.

To obtain information about the in-depth chemical distribution of molecular fragments
in the near-surface region of steel, ToF-SIMS depth profiling was employed on a 100 x 100

um? area using the same reference sample analyzed by lab-based XPS (i.e., an air-oxidized
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steel substrate sample left in contact with [Ps6614][DEHP] IL at 111°C for the same period of
time of the duration of the AFM tests, but without being scanned by AFM tips). Based on the
evolution of the intensity of several fragments with sputtering time, an adsorbed molecular
layer was identified (shown in Figure 5b by tracking the C;” fragments), followed by a
metallic layer of the steel substrate (shown in Figure 5b by tracking the Fes fragments).
Within the molecular layer, we also found characteristic fragments from both the [DEHP]
anions (C12H2PO2", C4H2POFey", and CHPO4Fe) and the [Pe6,6,14] Ccations (CsP7). Altogether,
the ToF-SIMS results indicate that while both [Pe 6,14] cations and [DEHP] anions are
adsorbed on oxidized steel, but a much higher concentration of the latter was adsorbed in the
HLA (where the native oxide had been mechanically removed in the former) than the RA.
Additionally, the detection of fragments corresponding to alkylated iron phosphates suggests
that no mechano-chemical reaction occurred between [Pes6,14][DEHP] and steel during AFM
nanotribological testing to form an inorganic phosphate layer, in agreement with the XPS
results.

To evaluate the effect of the higher concentration of adsorbed ions in the HLA on the
electronic structure of the surface, LEEM measurements were performed. LEEM is ideally
suited for displaying lateral variations in surface electrostatic potential, as the high-energy
electrons are decelerated to energies close to zero by the negative voltage applied to the
sample and become surface sensitive. By tuning the potential applied to the specimen, a
transition from mirror-mode (where all electrons are reflected and do not reach the surface) to
LEEM-mode (where the electrons reach the sample and are subsequently backscattered)
occurs. The transition is accompanied by the appearance of an inflection point in the electron
intensity versus electron energy curves (usually referred to as I-V measurements). Changes in
surface potential of materials have been shown to lead to shifts in the inflection point in I-V
curves.[*481 Figure 6 displays a LEEM image acquired at an electron energy of 2.3 eV

together with 1-V curves extracted from the HLA and the surrounding region. The I-V curves
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exhibit similar shapes, but the one extracted from the HLA is shifted to lower energy
compared to the one from the RA, indicating a change in surface electrostatic potential in the
HLA due to changes in number density of surface-adsorbed ions as well as their spatial
orientation. Similar changes in surface potentials of metals have been observed upon forming
self-assembled monolayers (SAMs) and ascribed to the presence of highly ordered arrays of

molecular surface dipoles oriented on the surface.[*748]

3. Discussion
Based on the AFM results and the outcomes of the surface-analytical investigation of

steel surfaces after the nanotribological testing, the following model is proposed for
explaining the lubrication mechanism of [Ps¢6,14][DEHP] IL on steel (Figure 7). Upon
exposing air-oxidized steel surfaces to [Pse6,14][DEHP] IL at 111°C, surface adsorption of
anions and cations of [Ps¢6,14][DEHP] IL occurs, as suggested by X-PEEM and ToF-SIMS
data. As the AFM tip scans the air-oxidized steel surface at high loads, the IL ions are
compressed at the tip leading edge and compose a densely-packed adsorbed layer that aids in
friction reduction, as commonly seen in the case of AFM tips sliding on SAMs.?l The high-
pressure applied by the AFM tip, however, does not inhibit the removal of the native iron
oxide layer (demonstrated by AFM topography images and ToF-SIMS maps of FeO> and
Fe™), which leads to the exposure of metallic iron to the [Pes6.14][DEHP] IL. Density
functional theory (DFT) analysis by Huong et al. indicates that phosphate ions have a stronger
interaction energy (i.e., higher enthalpy of adsorption) on iron than on iron oxide.
Additionally, phosphates bind to metallic iron surfaces through multipoint interactions of
oxygen atoms with iron atoms, while on iron oxide surfaces a monodentate configuration is
energetically favorable for adsorbed phosphates.[* Thus, the mechanical stress applied by the
AFM tip not only compresses the ions to a higher packing density especially at the tip leading

edge, but also removes the native oxide layer from the steel surface and exposes metallic iron
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to the [Ps6,6,14][DEHP] IL, which leads to a change in the geometric configuration of surface-
bound alkylated phosphate groups from monodentate (on iron oxide) to bidentate (on metallic
iron). The mechanically-induced removal of the native oxide from the steel also results in a
decrease in surface roughness in the area scanned at high loads. As shown by Ewers and
Batteas for the case of alkylsilane SAMs on nanoparticles, 5 the nanoscopic curvature of
solid surfaces strongly influences the configuration and lubricity of SAMs: the packing
density of SAMs is relatively low on curved surfaces, thus leading to a high free volume and
low structural rigidity, both of which negatively affect their ability to reduce friction. In light
of this, the lateral confinement induced by the AFM tip together with the reduced roughness
in the region scanned at higher loads is proposed to increase the interaction between the alkyl
chains of surface-adsorbed [DEHP] ions. This, together with a corresponding orientation of
molecular dipoles normal to the surface, results in changes in surface potential as indicated by
LEEM measurements. The formation of this densely-packed, highly-ordered boundary layer
on metallic iron aids in friction reduction at low loads (as those used for the periodic
acquisition of friction images, Figure 2), in a similar manner to the molecular mechanism of
boundary lubrication of self-assembled or Langmuir-Blodgett monolayers.[5*-581 While this
boundary layer effectively reduces friction in nanoscale DLC/steel contacts, it does not
prevent wearing the steel surface at high loads (such as the one applied by the AFM tip in the
HLA, i.e., 7.3+£0.4 GPa), as suggested by the progressive removal of material from the steel
substrate (Figure S.1a).

Finally, it is critical to highlight that the present study was carried out under
completely different contact conditions compared to previous reports published in the
literature, 654561 which provided evidence for the tribochemical reaction between
[Pe,6.6,14][DEHP] and steel or cast iron surfaces and the formation of inorganic phosphate
tribofilms. Due to the reduced sliding speed employed in this work, a negligible temperature

rise (<<1°C) occurred at the contact (see calculations in the Supporting Information). This is
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in contrast to macroscale studies, in which the elevated sliding speeds combined with the
multi-asperity nature of sliding contacts could lead to a large increase in contact temperature

(as high as 140°C), thus significantly increasing the rate of any tribolochemical reaction.

4. Conclusion

We performed in situ AFM single-asperity nanotribological experiments to visualize
and quantify the stress-assisted processes occurring at the interface between air-oxidized steel
and [Ps6,6,14][DEHP] IL. The AFM results indicate a significant reduction in friction only
after the removal of the native surface oxide layer on the steel. Subsequent ex situ laterally-
resolved analysis of the surface chemistry of steel by X-PEEM indicates that no stress-
assisted, thermally-activated chemical reaction occurred between the [Ps66,14][DEHP] IL and
steel during the AFM experiments. The removal of the native oxide from steel led to
significant variations in surface potential (measured by LEEM) and an increase in surface
coverage of [DEHP] ions (measured by ToF-SIMS). These surface modifications are
proposed to be caused by a change in surface roughness, and adsorption configuration of
bis(2-ethylhexyl)phosphate anions on metallic iron compared to their configuration on iron
oxide, which lead to the formation of a densely-packed, lubricious boundary layer only on
metallic iron. These findings not only shed new light on the lubrication mechanism of ILs in
general, but also provide guidance for engineering ILs with the aim of tuning their lubricating

properties by controlling their interfacial structures with metal and metal oxides.

5. Experimental Section
Synthesis of [Pe6,6,14][DEHP] IL. In a round bottom flask (500 mL) a solution of

trihexyl(tetradecyl)phosphonium bromide ([Ps6,6,14][Br], 95% purity, Strem Chemicals) (10.0
g, 17.7 mmol) in methanol (200 mL, 99.8% purity, J.T Baker) was treated with Amberlite
IRN78 (53 g, 99.9%, purity, Alfa Aesar) and mixed until no residual halide precipitation was

observed by AgNO:s test to obtain trihexyl(tetradecyl)phosphonium hydroxide
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([Ps,6,6,14][OH]). The mixture was filtered and treated with bis(2-ethylhexyl) hydrogen
phosphate (5.72 g, 17.7 mmol, TCI) and stirred for 2 days. Methanol and other volatiles were
removed at 323.15 K under reduced pressure (7.5 Torr). Complete removal of volatiles was
confirmed by *H NMR. Water byproduct was then removed by further drying at 323.15 K
under reduced pressure for approximately 3 days. The water content of the synthesized IL was
determined by a Brinkman 831 Karl Fischer coulometer and was less than 0.05% by weight
(or 500 ppm). The structures of the ILs were verified by *H NMR (Varian INOVA-600)
spectroscopy with dried ILs dissolved in deuterated dimethyl sulfoxide (DMSO-ds, 99.9
atom %D, Sigma-Aldrich) containing 1% v/v TMS. The purity of as-synthesized
[Pes.6,14][DEHP] IL was estimated to be >90% by NMR spectroscopy. Any residual halide in
the agqueous phase in contact with the ILs was not detectable by adding an AgNOs3 aqueous

solution.

AFM Experiments. AFM experiments were performed using an MFP-3D Origin+
AFM (Oxford Instruments Asylum Research, Santa Barbara, CA, USA), equipped with a
liquid cell with temperature control. The specimens used in AFM tests were made of ASTM
52100 bearing steel (McMaster-Carr, USA). Before the experiments, the substrates were
mechanically polished (RMS roughness measured over a 5 x 5 pm?region: 2.1 + 0.4 nm),
sonicated in isopropanol and acetone, and stored for three days in a desiccator to allow the
native oxide to grow. To carry out AFM experiments in [Pe66,14][DEHP] IL, 52100 steel
samples were coated with 0.1 g of [Pe6,6,14][DEHP] IL so that the cantilever was fully
immersed in the IL once engaged. The temperature of the IL-steel interface was set at 111°C
with + 1°C fluctuation. DLC-coated silicon tips (Mikromasch NSC14-Al-BS) were used to
mimic single-asperity sliding contacts. The tip shape was determined before and after each
experiment using the blind tip reconstruction method™" with ultra-nanocrystalline diamond

(UNCD, Aqua 25, Advanced Diamond Technologies, USA) as the testing substrate. For the
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experiments presented here, the tip shape was verified to be approximatively a single
paraboloid, with small changes in shape or size after the experiments. This was accounted for
when estimating the uncertainty in contact pressure. The normal spring constant and lateral
spring constant of the cantilever were measured to be ~4.5 N/m and ~345.8 nN/V, via
calibrations of Sader’s method8l, and the wedge method™, respectively. For the in situ
evaluation of the nanotribological behavior of [Pse614][DEHP] IL, a 2 x 2 um?area was
constantly scanned with an applied load that corresponds to an average contact pressure of
7.3+0.4 GPa as computed from Hertz contact mechanics (specific parameters and equations in
the Supporting Information). The sliding speed of the AFM tip was 78 um/s. To visualize the
changes in surface topography and nanotribological response, zoomed-out 5 x 5 pm? images
were periodically acquired at a non-perturbative load. To facilitate the ToF-SIMS analysis of
the surface chemistry of the area scanned at high loads, new sets of samples were prepared by
increasing the dimension of the HLA to 5 x 5 um? (while maintaining the same pressure and

sliding speed) and the size of the frame scanned at a non-perturbative scan to 10 x10 pm?.

X-PEEM and LEEM Surface Characterization. X-PEEM and LEEM measurements
were performed at the XPEEM/LEEM endstation located at Electron Spectro-Microscopy
(ESM-21-1D) beamline of the NSLS-I1 at Brookhaven National Laboratory (BNL, Upton,
NY, USA). All measurements were conducted at a base pressure of < 3x107° Torr and room
temperature. The aberration-corrected LEEM/PEEM system (AC-LEEM/PEEM) applied a
bias of -20 kV to the steel sample. The incident X-ray beam was linearly polarized during the
XANES measurements. The acquisition of spatially-resolved XANES phosphorus 2p (P 2p)
spectra was performed with the photon energy between 128 eV and 158 eV and a step size of
0.1 eV. XANES spectra were processed using the Demeter software package.®® A pre-edge
baseline subtraction and post-edge normalization were performed on the spectra. This

normalization procedure makes any variations in spectral intensity arise from changes in
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chemical environment. The XPS spectra were acquired using a circular selected-area aperture
with a diameter of 1.5 um and the photon energy was 380 eV.

In the case of LEEM experiments, an acceleration voltage of 20 kV was used to obtain
high-energy electrons. I-V measurements were performed by scanning the potential applied to
the specimen so that the effective kinetic energy of the electrons at the surface varied from 0
to 6 eV with an increment of 0.1 eV. The intensity of the back-scattered electrons was

normalized to their maximum intensity.

ToF-SIMS Analysis. ToF-SIMS data was acquired using a TOF.SIMS 5 instrument
(ION-TOF GmbH, Germany, 2010) equipped with a pulsed (20 ns), bismuth analysis ion gun
(30 keV) and a Cs*/O>" dual sputtering ion gun (0.5/1 keV, ~40 nA measured sample
currents). For depth profiling, the analysis gun was set in either the high current (HC, ~3 pA
measured sample current) or burst alignment (BA, ~0.03 pA measured sample current, with 7
bursts) mode for high sensitivity or high lateral resolution (~200 nm), respectively. ToF-SIMS
depth profile measurements were carried out on steel samples left in contact with 0.1 g
[Pe,6.6,14][DEHP] at 111°C for the same duration of a typical AFM nanotribological
experiment, but without being scanned by an AFM tip (note: the same samples were also
prepared for lab-based XPS analysis, see Supporting Information). During depth profiling in
HC mode, the analysis ion beam was raster scanned over 100 x 100 um? areas, using a
polyatomic (Bis*) source to enhance the yield of large secondary ion fragments,!®t while in
the BA mode the analysis ion beam, using a Bii* source, was raster scanned over 20 x 20 um?
areas. All profiles were acquired in non-interlaced mode, i.e., sequential analysis and
sputtering, with the sputtering ion beam raster scanning areas of 300 x 300 um? centered over
the analyzed areas. Given the electronegative nature of organic and oxidized fragments, we

used Cs* sputtering to record the depth profiles in negative polarity. Similarly, as the
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transition metals are electropositive, we had to use O>" sputtering to acquire the depth profiles
in positive polarity. All detected ions had a mass resolution ~6000 (m/dm) in both HC and BA
modes. The molecular fragments discussed in this study were identified considering any
potential secondary ion fragment originating from [Pss6,14][DEHP] IL, steel or a combination
of them. All ToF-SIMS experiments were performed in ultra-high vacuum conditions

(~1.5x10° Torr).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Schematic diagram of the in situ AFM test setup employed to evaluate the
lubrication mechanism of [Ps6,614][DEHP] IL together with the molecular structure of

[P6.6.6,14][DEHP].
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Figure 2. 5 x 5 um? topographic (top row) and normalized friction force (bottom row) AFM
images of an air-oxidized steel surface acquired using a diamond-like carbon (DLC)-coated
silicon AFM tip immersed in [Ps,6.14][DEHP]. Above each column of images is the number
of previously acquired 2 x 2 um? scanning cycles at an applied pressure of 7.3 + 0.4 GPa. The
friction force maps were normalized by the average friction force values (fii) in the RA.
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Figure 3. (a) 3D AFM topographic images showing the mean plane of the HLA and the mean
plane of the RA, as well as the height difference (4H) between the two planes; (b) an example
of friction force histograms obtained from selected regions of AFM friction maps, namely
from the RA and the HLA. In the case of the example shown in (b), the friction map was
obtained after scanning the central 2 x 2 um? area for 1000 cycles at an applied pressure of
7.3 £ 0.4 GPa. The friction force histograms were fitted with Gaussian curves to quantify the
evolution of the friction forces in the HLA relative to the ones in the RA (through the
computation of the difference between the mean values of the force histograms, 4F); (c)
evolution of 4F as a function of 4H.
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Figure 4. Synchrotron-based X-PEEM analyses of a steel surface after an AFM

nanotribological experiment in [Pes6,14][DEHP] IL. (a) X-PEEM image acquired at 138 eV

showing the area scanned at the HLA and RA,; (b) XANES P 2p and (c) XPS P 2p spectra

extracted from the HLA and RA. The X-PEEM spectra show the intensity per unit area from

(@).
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Figure 5. ToF-SIMS surface characterization of steel surfaces after AFM nanotribological
experiments in [Pe66,14][DEHP] IL. (2) ToF-SIMS chemical maps showing the HLA and RA.
The maps include lateral distribution of the fragments of PO3", PO.", C4H2POFey’, FeO,, CoP,
and Fe*, and (b) ToF-SIMS depth profiles of several ionized fragments obtained from a 100 x
100 um? area on a steel reference sample left in contact with [Pe6614][DEHP] IL at 111°C for
the same duration of a typical AFM nanotribological tests, but without being scanned by AFM

tips.
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Figure 6. LEEM analysis of a steel surface after an AFM nanotribological experiment in
[Pes6,14][DEHP] IL. (a) LEEM image taken at the ejected electron energy of 2.3 eV, showing
the contrast between the area scanned by the AFM tip at high load (HLA) and the surrounding
area; (b) reflected electron intensity versus electron energy curves extracted from the HLA
and the RA highlighted in (a).
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Figure 7. Schematic model for the lubrication mechanism of [Ps¢614][DEHP] IL on air-
oxidized steel. The magnified schematics represent the different surface adsorption
configurations of the [DEHP] anions adsorbed on iron oxide and metallic iron.
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Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate ([Ps,6.6.14][DEHP]) has been
proved to be an excellent lubricant additive on steel. For the first time, in situ nanotribological
tests and ex situ laterally-resolved surface characterizations are combined to establish a
phenomenological model on IL lubrication, in which the friction reduction property of
[Pe,s.6,14][DEHP] is ascribed to the different adsorption configurations of their [DEHP] anions
on iron oxide and metallic iron.
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