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ABSTRACT

Phosphonium phosphate ionic liquids (ILs) are promising lubricant additives for engine oils
owing to a combination of good tribological performance and attractive properties, such as high
thermal stability and good miscibility with mineral and synthetic oils. Here, we evaluate the
dependence of the lubricating performance of trihexyltetradecylphosphonium ([Ps.6,14])-based
ILs when used in steel/steel contacts on the relative concentration of bis(2-ethylhexylphosphate
([DEHP]) and bromide (Br-) anions. The results indicate no changes in friction and wear upon
increasing the [Pe6,6,14] Br-to-[Pe6.6,14] [ DEHP] volume ratio up to 0.2:1, while a further increase
in this ratio leads to a reduction of friction and wear. X-ray photoelectron spectroscopy and time-
of-flight secondary ion mass spectrometry measurements highlight that the dependence of the
lubricating properties of the ILs on the [Pg 66,14 Br-to-[Pe 6,6,14][ DEHP] ratio originates from the
balance between corrosivity and surface reactivity of this IL: while [DEHP] acts as corrosion
inhibitor in the non-contact region, the formation of species containing phosphorus-oxygen
moieties in the wear track as a result of the hydrolysis of phosphonium ions increases the surface
coverage of phosphorus. This is proposed to decrease friction by decreasing adhesion at

steel/steel contacts and lowering the interfacial shear strength.
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1. INTRODUCTION

Ionic liquids (ILs) have been extensively studied in the last two decades as potential
environmentally friendly boundary lubricants owing to their promising tribological performance
[1-3], and their intrinsic properties such as high thermal stability, low flammability, and low
vapor pressure [4,5]. At the molecular level, ILs are known to have distinctive behaviors upon
nanoconfinement [6]. The spatial confinement of ILs in nanoscale geometries, which has usually
been assessed by surface force apparatus (SFA) and colloidal atomic force microscopy (AFM)
experiments, can not only result in significant variations in physical properties of ILs compared
to the ones of bulk ILs, but also promote their interaction with the confining solids and the
formation of an ordered, layered structure, which exhibits a high resistance to being squeezed
out. This unique behavior of ILs under nanoscale confinement has been proposed to be the origin
of their ability to reduce friction and protect sliding surfaces from mechanical damage (i.e.,
wear) [7-9]. Several focused reviews have already been published on the structure of
nanoconfined ILs, the dynamic behaviors of ILs in confined geometries, and the dependence of
the behavior of confined ILs on several parameters, including applied potential and water content
[2,7,10-12]. Despite the scientific relevance of these studies, the relatively low applied pressure
(in the MPa range) in SFA and colloidal AFM experiments has not allowed gaining insights into
the response of ILs upon sliding at elevated pressure (>500 MPa), i.e., under contact conditions
relevant to a variety of engineering applications. Recently, the authors of the present study
performed in situ AFM experiments at pressures as high as 7.3+0.4 GPa. The AFM experiments,
in which a diamond-like carbon-coated silicon AFM tip was slid on air-oxidized 52100 steel in
the presence of trihexyltetradecylphosphonium bis(2-ethylhexylphosphate) ([Ps,.6,14][DEHP]) IL
(Figure 1a), revealed a significant reduction of friction after removing the native passive layer
from steel. Subsequent ex sifu surface chemical analyses provided evidence for an increase in the
lateral packing density of adsorbed alkylated phosphate ions only on metallic iron, which was
attributed to the difference in adsorption configuration of phosphate ions on metallic iron
(bidentate) compared to their adsorption geometry on iron oxide (monodentate). The formation
of a densely packed boundary layer was proposed to be the origin of the reduction in friction
measured by AFM once the native oxide layer was removed from steel [13].

As phosphonium phosphate ILs (PP-ILs) are a promising class of ILs for engine oil

formulations owing to their high miscibility with mineral and synthetic oils [14], several studies



have also evaluated the lubrication mechanism of these ILs in macroscale experiments. In
particular, Qu et al. provided evidence for the stress-assisted, thermally-activated surface
reaction of PP-IL with iron to form an iron phosphate reaction layer (tribofilm) with low shear
strength [15—18]. These macroscale studies apparently disagree with the aforementioned results
found at the nanoscale, which highlighted that the nanoscale friction response of neat PP-ILs on
iron surfaces is critically dependent on the formation of a densely-packed boundary layer made
of surface-bound alkylated phosphate ions. The disagreement has been attributed to the
drastically different contact conditions of the experiments: while a negligible temperature rise
characterized nanoscale AFM experiments, the elevated sliding speeds together with the multi-
asperity nature of macroscale contacts could increase the rate of tribochemical reactions by
increasing the contact temperature (as much as 140°C above the nominal lubricant temperature)
[13].

While these studies constitute a remarkable advancement in our understanding of the
lubrication mechanism of ILs in general, a comprehensive understanding of the effects of
contaminants and impurities (e.g., water absorbed from ambient environment, and other
contaminants originated from the synthesis and processing of ILs) in ILs on their tribological
performance is still lacking. These impurities are known to significantly modify the bulk and
interfacial structures of ILs. For example, water can not only screen the ionic interactions in ILs
by hydrogen bonding with the polar chemical groups of the ions and, thus, modify bulk
properties (e.g., viscosity), but also strongly affect the IL interfacial structures [19-21] Yet, little
work has been performed so far to elucidate the evolution of water-embedded IL structures at
macroscale sliding contacts. Arcifa e/ al. have shown that water can trigger a tribochemical form
of wear of silicon-based materials when it is dissolved in either hydrophilic IL (1-ethyl-3-
methylimidazolium ethyl sulfate) or hydrophobic IL (1-ethyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide). Despite the known presence of other impurities (in addition
to water) in ILs, our understanding of their influence on IL-mediated lubrication (both at the
nanoscale and macroscale) has so far been elusive. In particular, halide contaminants are
commonly present in ILs as many ILs are synthesized in a two-step procedure: (i) in the first
step, alkyl halides are used as alkylating agents to form halide salts of desired cations; and (ii) in
the second step, the halide anion is exchanged to obtain a non-halide IL using, for example, an

alkali salt of the desired anion [22]. As the presence of residual halides and water molecules can



result in the formation of toxic and corrosive hydrogen halides [23,24], the determination of the
level of residual halides in ILs is routinely carried out (by titration or ion chromatography)
regardless of the final field of application of the ILs. Given that task-specific implementations of
ILs in tribological applications hinge on their ability of meeting the ever-increasing requirements
of tribological applications (i.e., being effective in lubricating solid/solid contacts, while having
low corrosivity), understanding the influence of halides on the tribological behavior of ILs is of
paramount importance. This requires the use of surface-analytical techniques to elucidate the
chemical processes occurring at sliding interfaces in the presence of ILs.

Here, we systematically evaluate the dependence of the lubricating performance of
trihexyltetradecylphosphonium ([Ps¢,6,14])-based ILs when used in 52100 steel/52100 steel
contacts on the relative concentration of bis(2-ethylhexylphosphate ((DEHP]) and bromide (Br")
anions. The results of surface-analytical measurements, including X-ray photoelectron
spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS), are

presented to elucidate the origin of changes in friction and wear behavior.
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Figure 1. Chemical structures of (a) [Pss,6,14][DEHP] IL and (b) trihexyltetradecylphosphonium
bromide ([P6,6,6,14]BI‘) IL.

2. MATERIALS AND METHODS

The synthesis and characterization of [Ps¢.6,14][ DEHP] followed the procedure detailed by Li et
al. [13]. The Br concentration in the as-synthesized [P 6,6,14][ DEHP] was measured by ion
chromatography (IC, Dionex ICS-5000+ with a ICS-6000 EG, the column used was a AS11-HC-
4 um, 4 x 250 mm and ran in a gradient of 12-60 mM KOH) and found to be 0.050+0.003%. To
systematically vary the relative concentration of [DEHP] and Br anions, [Ps¢,6,14]Br (95% purity,



Sigma Aldrich) (Figure 1b) was mixed with the synthesized [Ps¢.6,14][ DEHP] to reach Br-
concentrations of 3, 7, and 10 wt.% (equivalent to 0.25:1, 1:1, and 2.26:1 volume ratios of
[Ps,6,6,14]Br to [Pes,6,14][ DEHP]. Note: the amounts of Br- were intentionally designed to be larger
than what would normally be present as an 'impurity' in [Ps¢,6,14][ DEHP] to elucidate their
impacts in tribological performance and surface reactivity). All lubricant mixtures used for
tribological tests in air were equilibrated in the ambient environment beforehand. Their water
contents by weight were measured to be 159672207 ppm by a Metrohm 917 coulometer. For
the tribological test in Ny, the [Ps,6,14]Br was used as purchased and the water content was
3832+320 ppm.

To evaluate the tribological performance of the ILs in the boundary-lubrication regime,
reciprocating ball-on-disc experiments were performed using a Bruker UMT universal
mechanical tester. Both substrates and counterparts (steel balls with a diameter of 4 mm) were
made of ASTM 52100 steel (McMaster-Carr, US). The substrates were previously polished (root
mean square roughness of 2.1+0.4 nm measured over a scanned area of 5x5 um? by AFM [13]).
All tribological tests were carried out with a constant normal load of 10 N, a stroke length of 4
mm, and a sliding speed of 2 mm/s. The sliding contact was immersed in the IL (or mixture of
ILs) under evaluation. All tribological tests were conducted at room temperature (296 + 1 K) in
both ambient air (RH = 56+2 %) and N, environment (RH < 5%). At the end of tribological
experiments, the steel samples were rinsed to remove the supernatant IL mixtures and sonicated
in methanol and isopropanol for 3 min each.

To investigate the surface topography of 52100 steel substrates after tribological testing, a
Wyko NT 9100 optical profilometer was employed. For each wear track, 10 line-scans across the
wear track were extracted from topographic maps and, after applying a linear background, the
area below the background was obtained and converted into the average specific wear rate
together with the corresponding standard deviation. The wear track morphology was examined
using an FEI Quanta 650 environmental scanning electron microscopy (ESEM).

To characterize the surface chemistry of steel discs used in tribological experiments, XPS and
ToF-SIMS measurements were carried out. XPS analyses were performed using a Kratos Axis
Ultra DLD XPS, equipped with an Al Ka monochromatic X-ray source. The photoelectrons
were collected with an emission angle (EA) of 90°. Areas of interest, including the wear track

and non-contact area on each sample, were selected by the orthogonal camera integrated with the



XPS vacuum chamber (the camera was aligned with the photoelectron detector by parallel XPS
imaging using a gold grid). XPS spectra were obtained with the incident X-ray beam of 100 um
diameter, and the power set at 120 W. For high-resolution spectra, the measurements were
performed in constant-analyzer-energy (CAE) mode with a pass energy of 40 eV and a step size
of 0.1 eV (full-width-at-half-maximum of the peak for Ag 3ds, is 0.77 eV). Survey spectra were
collected using a pass energy of 160 eV and a step size of 1 eV. The residual pressure in the
analytical chamber was below 1x10° Pa. The instrument was calibrated according to ISO
15472:2001 with an accuracy of £0.1 eV. The high-resolution spectra were processed using
CasaXPS (v2.3.16, Casa Software Ltd, UK). Peak fitting was performed after background
subtraction, which was carried out using an iterated Shirley-Sherwood algorithm. No sample
charging was observed. The peak binding energies were referred to the aliphatic carbon signal at
285.0 eV. Quantitative analysis of XPS data was performed using the method described in Ref.
[25]. Briefly, once the integrated area was obtained from fitting the original spectra after
background subtraction, the quantification was performed using the first-principles method with
Powell’s equations [26]. The inelastic mean free path was computed using the Gries G1 formula
[27].

ToF-SIMS analysis was carried out on a TOF.SIMS 5 (ION-TOF GmbH, 2010) instrument
equipped with a Bi analysis gun emitting a Bi* pulsed ion beam (30 keV ion energy, ~3 pA
measured sample current) and a Cs sputtering gun emitting a Cs* ion beam (500 eV ion energy,
~40 nA measured sample current). The analysis ion gun was set in either high current (HC) or
burst alignment (BA) modes for depth profiling and in BA mode for high resolution mapping.
The typical analyzed area was 100x100 um?, raster scanned by the Bi" ion beam, while for depth
profiling the Cs* ion beam was raster scanned over 300x300 pm? centered around the Bi*
sputtered areas. All HC mode depth profiles were acquired in noninterlaced mode, i.e., sequential
sputtering and analysis, using a Bi3" beam for enhanced yield of large secondary ion fragments,
while the BA mode depth profiles were acquired in interlaced mode, i.e., simultaneous sputtering
and analysis, using a Bi;" beam. All high lateral resolution maps were acquired after 10 seconds
of Cs* sputtering to enhance the negative polarity species and remove the adventitious material at
the surface. The ToF-SIMS analysis was performed in ultra-high vacuum (~10- Pa). All detected
ions had negative polarity and a mass resolution >5000 (m/dm). Data was processed with

SurfacelLab 7.1 software package (ION-TOF GmbH, 2020).



3. RESULTS

The dependence of the tribological performance of [Pe66,14]-based ILs when used in 52100
steel/52100 steel contacts on the relative concentration of [DEHP] and Br™ anions is displayed in
Figure 2. While the friction coefficient does not significantly change when the
[Pes,6,6,14]Br/[Ps.6,6,14][ DEHP] ratio was increased up to 20 % (v/v) (corresponding to a bromide
content in the IL of 3 wt.%) (Figure 2a), it progressively decreases when the [Ps¢6,14]Br
concentration was further increased. The lowest friction was obtained with pure [Pe66,14]Br (14
wt.% bromide content). Increasing the amount of bromide in the lubricant also leads to a
significant reduction of wear (as high as 32 %) (Figure 2b). Among the computed wear
coefficients, the one obtained from the experiments performed with a
[Ps,6,6,14]Br/[Ps 6,6,14][ DEHP] ratio equal to 69 % (v/v) (corresponding to 10 wt.% bromide
content in the IL) is the lowest ((2.1 = 0.1) x 10* mm?3/(N-m)). Notably, while a further increase
in [Ps,6,6,14]B1/[Pe,6,6,14] [ DEHP] (from 69 v/v % to 100 v/v %) slightly increases the wear
coefficient (from (2.1 £ 0.1) x 10°® mm?/(N'm) to (2.4 £ 0.1) x 10°® mm?3/(N-m)), the wear
coefficient obtained from tests carried out using neat [Ps¢,6,14]Br is still significantly lower than
the ones measured for the case of steel/steel contacts lubricated with ILs containing low bromide

concentrations (< 3 wt.% or [Pe 66,14 Br/[Pss,6,14] [ DEHP] ratio less than 20 v/v %).
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Figure 2. (a) Coefficient of friction as a function of number of cycles for a 52100 steel pin
sliding on a polished 52100 steel surface in the presence of [P 66,14]Br/[Ps6,6,14] [ DEHP] IL
mixtures; (b) wear coefficient for steel samples as a function of [P 6,6,14]Bt/[Ps.6,6,14] [ DEHP]
volume ratio. The insets in (b) are photos of the steel samples (diameter: 14 mm) at the end of

the experiments (after removing the supernatant IL and sonicating the samples with solvents).

The visual inspection of the specimens at the end of tribological tests (insets in Figure 2b)
provided evidence of corrosion of the steel surface (non-contact area) only in the case of the
samples used in the experiments carried out with neat [Ps¢6,14]Br IL. Notably, no clear signs of
corrosion were observed in the case of the specimens employed for tests with ILs containing
[DEHP] ions (i.e., [Ps,6,6,14]B1/[Ps,6,6,14] [ DEHP] < 100 v/v % or [Br] < 14 wt.%). Scanning
electron microscopy (SEM) analyses of the samples (Figure 3) do not only substantiate these

observations, but also allow for changes in wear mechanism with bromide content in the IL
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mixture to be identified: while the morphology of the tracks generated on steel surfaces
lubricated with ILs with [DEHP] ions (i.e., [Pe.6,6,14]B1/[Ps.6,6,14] [ DEHP] < 100 v/v % or [Br] <
14 wt.%) indicate an abrasive wear mechanism (Figure 3a and 3b), the presence of debris and

small pits within the wear track on the sample lubricated with neat [Ps¢,6,14]Br (Figure 3c)

suggests an abrasive/corrosive form of wear.

Figure 3. SEM images of wear tracks on 52100 steel samples after tribological testing in the
presence of: (a) as synthesized [P¢,6,14][DEHP] IL (0.05 wt.% [Br7]); (b) 50/50 v/v %
[Ps.6,6,14] [ DEHP]/[Ps,6,6,14]Br (7 wt.% [Br]); and (c) neat [Pe6,6,14]Br (14 wt.% [Br]).

To understand the chemical origin of the variation in tribological performance and surface
morphology, ex situ XPS measurements were conducted on the specimens after tribological
testing. Figure 4 displays the high-resolution phosphorus 2p (P 2p) spectra obtained from wear
tracks and non-contact areas of samples used in tribotests performed with as synthesized
[Ps,6,6,14][ DEHP] IL (0.05 wt.% [Br]), 50/50 v/v [Psg,6,14] [ DEHP]/[Ps.6,6,14]Br (7 wt.% [Br]), and
neat [Ps,6,6,14]Br (14 wt.% [Br]). As the P 2p signal is the convolution of 2p3/2 and 2p1.2
components due to spin-orbit coupling, curve synthesis was performed using two signals having
area ratio equal to 0.5 and energy separation equal to 0.85 eV. The XPS P 2p signals shown in
Figure 4 were fitted on the basis of XPS data acquired using the same experimental conditions on
pure [Pse.6,14][DEHP] and [Pe6,6,14]Br ILs, which provide reference values for the binding
energies of [Pes6,14] (2p3.2 at 132.5+0.1 eV) and [DEHP] (2p3/2 at 133.6+0.1 V) (see table S1 in
the Supporting Information). Upon fitting the XPS P 2p acquired in the non-contact region of
steel surfaces used in tribological experiments performed with as synthesized [Pes,6,14][ DEHP]
IL (0.05 wt.% [Br7]) (Figure 4a) and 50/50 v/v [Ps¢,6,14][DEHP]/[P6.6,6,14]Br (7 wt.% [Br])
(Figure 4b), a shift of the characteristic binding energy assigned to the [Pe66,14] and [DEHP] ions

was detected. This can be attributed to a change in phosphorus partial charge in both [P 6.6,14]
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and [DEHP] adsorbed on steel surfaces. Notably, no significant difference was observed between
the spectra acquired in the wear track and those collected in the non-contact area. In the case of
the specimen lubricated with neat [Ps 6,14 Br (Figure 4c¢), the P 2p signals in the wear track and
non-contact area could not be fitted with a single component that could be assigned to [Ps.6,14]
cations, but an additional doublet had to be introduced at higher binding energy (2ps, at
133.5+0.1 eV in the wear track and 2ps/2 at 133.6+0.1 eV in the non-contact area). The detection
of this new doublet at higher binding energy in the XPS P 2p spectra collected on steel specimen
used in tribotests performed with neat [Ps¢,6,14]Br is indicative of the formation, in the near-
surface region of steel, of phosphorus-containing species in which phosphorus atoms have a
higher partial positive charge compared to the phosphorus atoms in [Pgg6,14] ions. As the new
doublet has similar binding energy as the one of [DEHP] anions adsorbed on the surface of
specimens employed for tests carried out with either as synthesized [Ps,6,14][ DEHP] IL (0.05
wt.% [Br]) (Figure 4a) or 50/50 v/v [Ps6.,6,14][ DEHP]/[Pe.6,6,14] Br (7 wt.% [Br]), this new
spectral feature could be assigned to phosphorus atoms bonded to oxygen. This finding suggests
that when neat [Pe6,6,14]Br is used to lubricate steel/steel sliding contacts, phosphonium cations

undergo a bond-breaking process leading to the formation of phosphorus-oxygen moieties.

12



(a) 0.05 wt.% Br (b) 7 wt.% Br (c) 14 wt.% Br

2 2 2
= = =
c c c
2 2 2
= = 10Cps © IS | 50 Cps
».-‘ 0o o
Non-contact area Non-contact area Non-contact area © &S
138 136 134 132 130 138 136 134 132 130 138 136 134 132 130
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4. High-resolution XPS phosphorus 2p spectra obtained from the wear tracks and non-
contact areas of samples used in tribological experiments performed in the presence of: (a) as
synthesized [Pe 6,6,14][DEHP] IL (0.05 wt.% [Br]); (b) 50/50 v/v % [Pe.e,6,14][ DEHP]/[Ps¢.6,14]Br
(7 wt.% [Br]); and (c) neat [Pe6.,6,14]Br (14 wt.% [Br]).

The ratio of phosphorus to iron ([P]/[Fe]) estimated by XPS (using the P 2p and Fe 2p signals.
The Fe 2p spectra are shown in Figure S2 in the Supporting Information) was found to be
significantly higher in both wear track and non-contact area of the samples used for the
experiments performed with neat [Pe66,14]Br compared to the [P]/[Fe] ratios computed from the
data acquired on samples employed in experiments with ILs containing [DEHP] ions (i.e.,
[Ps.6,6,14]Br/[Ps.6,6,14] [ DEHP] < 100 v/v % or [Br] < 14 wt.%), as shown in Figure 5. Although
the XPS spectra do not indicate any significant, tribologically-induced difference in the
elements’ bonding configurations in the wear track relative to the non-contact region, the
[P]/[Fe] ratio shows subtle changes caused by mechanical sliding. As for the experiments carried
out with as synthesized [Ps,,6,14][ DEHP] IL (0.05 wt.% [Br]) and 50/50 v/v
[Pe.6,6,14][DEHP]/[Ps,6,6,14]Br (7 wt.% [Br]), the [P]/[Fe] ratios obtained from spectra collected in

the wear tracks are higher than the ratios obtained from the data acquired in the non-contact
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areas. Conversely, in the case of the steel specimen used in sliding tests carried out with neat

[Ps,6,6,14]Br, the non-contact area exhibits a higher [P]/[Fe] ratio than the wear track.
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Figure 5. Phosphorus-to-iron ([P]/[Fe]) ratio as a function of bromide content computed from

XPS analyses performed on sample surfaces used in tribological experiments carried out in the

presence of [Ps6.6,14]B1/[Pe.6,6,14][ DEHP] IL mixtures.

To gain further insights into any potential change in the molecular structure of ILs upon
sliding, high lateral resolution imaging and depth-profiling ToF-SIMS analyses were performed.
These measurements allowed for the evaluation of the lateral and vertical distribution of
chemical compounds in the near-surface region of steel specimens after tribological testing.
Figure 6 shows the chemical maps of selected ionized fragments detected at the boundaries of
the wear tracks. In the PO>” maps collected on samples used for tests carried out with as
synthesized [Pe6,6,14][DEHP] IL (0.05 wt.% [Br]) and 50/50 v/v [Pe6,6,14][ DEHP]/[P¢.6,6,14]Br (7
wt.% [Br]), a higher yield of PO, secondary ion fragments could be found in the wear tracks
compared to the non-contact areas, which is consistent with the XPS results presented above. As
for the samples that were lubricated with neat [Ps,6,14]Br, PO™ fragments could be detected in
both the wear track and non-contact area. This analytical result corroborates our XPS data in
Figure 4, as it provides evidence for the chemical transformation of phosphonium cations.
Additionally, although the ToF-SIMS results suggest a higher amount of PO, fragments inside

the wear track generated in the presence of neat [Ps,6,14]Br than in the non-contact area, a

14



substantial amount of the same fragment was found in the non-contact area, which is not the case
for samples lubricated by as synthesized [P¢6,6,14][DEHP] IL (0.05 wt.% [Br]) and 50/50 v/v
[Pe.6,6,14][DEHP]/[Ps,6,6,14]Br (7 wt.% [Br]). The increased yield of phosphorus-containing
species in the non-contact area of the sample lubricated with neat [Pe¢6,14] Br IL compared to the
non-contact areas of the samples used in tribological experiments performed in the presence of
ILs containing [DEHP] ions (i.e., [Ps6.6,14]Br/[Ps,6,6,14][ DEHP] < 100 v/v % or [Br] < 14 wt.%)
corroborates the higher [P]/[Fe] ratio computed from XPS data acquired on the non-contact area
(Figure 5).

The ToF-SIMS results also display a clear contrast in the lateral distribution of bromide
(Figure 6b). Independently of the content of bromide in the IL used in the tribological tests, the
Br  maps show an increased amount of Br in the wear tracks relative to the non-contact region.
However, this effect is less pronounced for specimens used in experiments carried out with as-
synthesized [Ps ,6,14][DEHP] IL (0.05 wt.% [Br]), while for the other two samples used in
sliding experiments with ILs having higher bromide content IL (7 wt.% and 14 wt.% [Br]), the
yield of Br™ fragments is much higher. A similar result could be found when considering FeBr

fragments (Figure S3).
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Figure 6. ToF-SIMS chemical maps of PO, (a) and Br (b) acquired at the boundaries between
wear tracks and non-contact areas of steel samples after tribological tests performed in the
presence of as synthesized [Pe6,6,14][ DEHP] IL (0.05 wt.% [Br]), 50/50 v/v

[Ps.6,6,14] [ DEHP]/[Ps,6,6,14]Br (7 wt.% [Br]), and neat [Pe6,6,14] Br (14 wt.% [Br]). The white
dashed lines in the maps label the borderlines between wear tracks and non-contact areas. All

maps show a 100 x 100 pm? area.

To evaluate the vertical distribution of molecular fragments detected in the near-surface region
of steel specimens after tribological testing, standard depth profiles (non-interlaced, HC modes)
of several ionized fragments were acquired (Figure 7). For PO™ and FeBr™ fragments, their yields
decreased with sputtering depth much more quickly in the non-contact regions than in the wear
tracks (independently of the bromide content of the IL used in tribological tests). This result
indicates the mechanically-induced, surface-to-bulk transport (i.e., mechanical mixing) of IL ions
and/or their fragments. It has to be highlighted that in the case of FeBr fragments, increasing the
amount of bromide in the IL mixture used in tribological experiments increases both the yield of
FeBr fragments detected in depth-profiles and the extent of the surface-to-bulk transport of IL
ions and/or their fragments, as demonstrated by the increased depth to which FeBr™ fragments are

transported when using ILs containing larger amounts of bromide ions.
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Figure 7. Depth profiles (wear tracks (red) and non-contact areas (black)) obtained from ToF-
SIMS measurements conducted on steel specimens used for tribological tests performed in the
presence of as synthesized [Pe¢.,6,14][DEHP] IL (0.05 wt.% [Br]), 50/50 v/v

[Ps,6,6,14] [ DEHP]/[Ps,6,6,14]Br (7 wt.% [Br]), and neat [Pe6,6,14] Br (14 wt.% [Br]). Depth profiles

include ionized fragments PO~ (a) and FeBr (b) from the wear tracks and non-contact areas.

The rendered three-dimensional (3D) spatial distributions of PO, and Br™ for high lateral
resolution depth profiles (interlaced, BA mode) are displayed in Figure 8. While in the case of
wear tracks generated on steel specimens in the presence of ILs containing [DEHP] ions (i.e.,
[Pes,6,6,14]B1/[Ps.6,6,14] [ DEHP] < 100 v/v % or [Br] <14 wt. %), the 3D renderings indicate a
homogeneous depth distribution of PO>™ and Br, in the case of the wear tracks formed in
experiments carried out with neat [Ps¢6,14]Br (14 wt.% [Br]), the 3D rendering suggests a
significant surface-to-bulk transport of bromide together with the generation of a near-surface
layer rich in PO>". Additionally, the ToF-SIMS data provide evidence for a much larger surface
coverage of PO»™ fragments in the non-contact region of steel specimens used in tests performed

with neat [P¢6,6,14]Br than the surface coverage of PO, fragments in the non-contact area of
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samples employed in experiments carried out with ILs containing [DEHP] ions (i.e.,

[Ps,6,6,14]B1/[Ps.6,6,14] [ DEHP] < 100 v/v % or [Br] < 14 wt.%).
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Figure 8. Three-dimensional (3D) rendering of the distribution of PO;™ and Br™ fragments
determined on the basis of ToF-SIMS high lateral resolution depth profiles.

To evaluate the extent of the chemically-modified surface region created upon sliding in the
presence of ILs, ToF-SIMS depth profiles of Fes” were also acquired (Figure 9). As for the non-
contact regions, the Fes™ profiles reach steady-state very quickly independently of the bromide
content in the IL mixtures. Conversely, a much longer sputtering time is required for the Fes
fragments to achieve a constant intensity in the wear track, thus indicating the mechanically
assisted formation of a chemically modified layer in the near-surface region of steel upon sliding
in the presence of the ILs under investigation. Notably, upon increasing the bromide content in
the IL used in tribological tests, the sputtering time required to achieve steady-state intensity in
the Fe4 profile increases, which suggests an increase in the thickness of the chemically modified

surface layer within the wear track with the bromide content in the IL.
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Figure 9. ToF-SIMS depth profiles of Fes (wear tracks (red) and non-contact areas (black)) from
ToF-SIMS measurements conducted on steel specimens used for tribological tests performed in
the presence of as synthesized [Ps¢,6,14][DEHP] IL (0.05 wt.% [Br]), 50/50 v/v

[Ps,6,6,14] [ DEHP]/[Ps,6,6,14]Br (7 wt.% [Br]), and neat [Pe66,14] Br (14 wt.% [Br]). The grey
dashed lines indicate the steady-state intensity of each profile. The approximate sputtering times
at which the profiles reach constant intensity are presented. The significant gap of the steady-
state intensity between the contact and non-contact areas is largely due to the topographic

differences.

4. DISCUSSION

The results of the tribological experiments presented in this study highlight the dependence of
the lubricating properties of [Ps,6,14]-based ILs on the relative concentration of [DEHP] and Br
anions. More specifically, the coefficient of friction and wear coefficient indicated that the
tribological response of [Ps,6,14]-based ILs when used to lubricate steel/steel contacts is not
significantly affected upon increasing the [Pe6,6,14]Bt/[Ps.6,6,14][ DEHP] ratio up to 20 % (v/v)
(corresponding to a bromide content in the IL of 3 wt.%). While a further increase in
[Ps,6,6,14]Br/[Ps.6,6,14][ DEHP] ratio (>20 % (v/v)) leads to a reduction of friction and wear, it is
critical to highlight that corrosion products appeared on the surface of steel samples (non-contact
regions) only in tribological tests performed with neat [Ps¢,6,14]Br. These findings do not only
demonstrate the possibility of employing [Pse.6,14][DEHP] IL containing significant amounts of
bromide for lubricating steel/steel contacts without any potential corrosion issues, but also

indicate that the tribological behavior of [Pe66,14]-based IL can be tuned by varying the ratio of
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[DEHL] and bromide anions in the IL. This result opens the path towards the task-specific
implementation of phosphonium-based IL in tribological applications.

Insights into the mechanisms underpinning this variation in tribological behavior and surface
reactivity of [Pe6,6,14][ DEHP]/[Ps6,6,14]Br IL mixtures could be obtained by ex sifu analyses. XPS
and ToF-SIMS measurements performed on steel specimens used in tribological experiments
carried out in the presence of as synthesized [Ps¢,6,14][ DEHP] IL revealed an increase in
phosphorus content in the contact region (wear track) relative to the non-contact area. This
finding is in agreement with our previous work, which indicated an increase in coverage of
[DEHP] ions adsorbed on steel surfaces once the native oxide is mechanically removed.[13]
However, while in the case of our previous experiments [Pe66,14][ DEHP] IL contained a limited
amount of absorbed water, the significant water content (15967 + 2207 ppm) in the ILs used in
the present work could lead to the formation of hydrobromic acid, whose reaction with iron and

iron oxide is thermodynamically favorable [28]:

1
Fe;0, + 9HBr - 3FeBr; + 4H,0 + EHZ AGY = —26.4 kcal
Fe,05; + 6HBr — 2FeBr; + 3H,0 AGY = —25.7 kcal

3
Fe + 3HBr — FeBr; + EHZ AGY = —19.7 kcal

The absence of any corrosion products together with the detection of trace amounts of Br- and
FeBr fragments in the non-contact region of steel samples used in experiments performed with
ILs containing 0.05 wt.% and 7 wt.% [Br7] (respectively corresponding to as synthesized
[Ps,6,6,14][DEHP] IL and 50/50 v/v [Psg,6,14][ DEHP]/[Ps,6,6,14]Br) suggests that [DEHP] ions act as
a corrosion inhibitor by adsorbing on the steel surface. However, the removal of surface
adsorbed [DEHP] ions in the contact area by the sliding steel pin continuously exposes iron and
iron oxide to hydrobromic acid, thus leading to the formation of iron bromide, as indicated by
ToF-SIMS data. The chemical transformation of phosphonium cations and the formation of
phosphorus-oxygen moieties in the non-contact area on samples lubricated by [Pe66,14]Br
suggest that phosphonium cations are hydrolyzed by water at steel/IL interface in the absence of

[DEHP] anions. As reported in the literature, the multi-step hydrolysis reaction of phosphonium
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salts results in the formation of phosphine oxide [29—-31], which can be further hydrolyzed to
generate additional P-O bonds (Figure 10) [32].

H
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Figure 10. Hydrolysis reaction of phosphonium salts.

The products with phosphorus-oxygen species could adsorb on iron and iron oxides, as
suggested by XPS and ToF-SIMS results. The significant amounts of water molecules generated
during the corrosion reaction could also enhance the hydrolysis of phosphonium/phosphine oxide
and the generation of a phosphorus-rich boundary layer, which is proposed to cause a decrease in
steel-steel adhesion and interfacial shear strength, thus explaining the measured decrease in
friction and wear with bromide content (Figure 2).

In the case of neat [Ps,6,14]Br IL, the corrosion of steel by hydrobromic acid results in the
formation of brown products in the non-contact region (inset in Figure 2b) together with a
change in the wear mechanism (Figure 3). While the shear-induced, surface-to-bulk transport of
iron bromide leads to the generation of a thick, near-surface region (Figure 9) that can aid in
wear reduction, the hydrolysis of phosphonium ions generates significant amounts of
phosphorus-oxygen bonds in both the contact and non-contact regions, which increases the
surface coverage of phosphorus-containing fragments in both regions as indicated by the
phosphorus-to-iron ratio computed from XPS data (Figure 5).

Altogether the results of ex situ analytical measurements suggest that the lubricating
performance of [Pe¢.6,14]-based ILs with systematically varied relative concentration of [DEHP]
and Br™ anions is a balance between corrosivity and surface reactivity: while [DEHP] ions in the
IL is critical to inhibit the corrosion of steel in the non-contact region, the formation of species
containing surface functional (phosphorus-oxygen) groups as a result of the hydrolysis of
phosphonium ions enhanced by the generation of water at the steel/IL interface increases the
surface coverage of phosphorus, which decreases friction by decreasing adhesion at steel/steel

contacts and lowering the interfacial shear strength.
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To provide further experimental evidence for the key role of water at the steel/IL interface in
the formation of hydrobromic acid with the subsequent corrosion reaction of steel, control
tribological experiments were performed using neat [Pg,6,14]Br in dry nitrogen under the same
experimental conditions of the tests described above (water content in [Ps¢,6,14]Br equal to
38324320 ppm). The friction results indicated a lower coefficient of friction in the experiment
carried out in nitrogen than the friction coefficient obtained in the test carried out in ambient air.
Notably, the visual inspection of the steel specimen at the end of the experiment performed in
nitrogen did not show any clear sign of corrosion (inset of Figure 11a), thus demonstrating the
key role of water at the steel/[Ps,6,14]Br IL interface in triggering the corrosion of steel.

The ToF-SIMS chemical maps acquired on the sample used in experiments performed in the
presence of [Ps6,6,14]Br IL in dry environment indicated the presence of Br™ inside the wear track
(Figure 11b) together with PO fragments. These fragments still originate from the formation of
hydrobromic acid due to the presence of even small amounts of water in the environment. While
the reaction of HBr and iron results in additional water molecules, which add to the water at the
interface and hydrolyze phosphonium ions, the amounts of iron bromide and phosphorus-oxygen
moieties (detected as PO™ or PO fragments) of the sample used for experiments performed in N>
is significantly lower than those measured on samples tested in ambient air (Figure 11¢). The
lower friction coefficient measured in experiments performed in dry environments could be
explained on the basis of the smaller thickness of iron bromide formed in the contact area. As
demonstrated by Gao ef al., an increase in friction occurs with the thickness of inorganic halide
films on iron either due to enlarged contact areas (thickness < 0.3 pum, following Amontons' law),

or elasticity for thicker films (> 0.3 um) [33,34].
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Figure 11. (a) Coefficient of friction as a function of the number of cycles for a 52100 steel pin
sliding on a polished 52100 steel substrate in the presence of neat [Pe¢,6,14]Br IL in a dry
environment (N2) and ambient air. The insets show photos of the steel samples at the end of the
experiments (after removing the supernatant IL). The samples have diameters of 14 mm; (b)
ToF-SIMS chemical maps of Br and PO, fragments at the boundary of the wear track and non-
contact area of the sample lubricated by [Ps¢,6,14]Br in No. White dashed lines in (b) are the
approximate borderline between the wear track and non-contact area; (c) ToF-SIMS depth
profiles of FeBr and PO fragments extracted from the wear tracks of samples lubricated by

[Ps,6,6,14] Br in ambient air (red), and N> (black).

5. CONCLUSION

The lubricating performance of [Ps66,14]-based ILs when used in steel/steel contacts was
systematically evaluated as a function of the relative concentration of [DEHP] and Br~ anions.
The tribological results highlighted that no significant changes in the coefficient of friction and
wear coefficient occurred upon increasing the [Ps.6,14]Br-to-[Ps 6.6,14][ DEHP] volume ratio up to
0.2:1, while a further increase in the [P¢66,14|Br-to-[Pe.6,14][DEHP] volume ratio leads to a
reduction of friction and wear. The results of ex situ analytical measurements indicated that the

dependence of the lubricating performance of [Ps¢.6,14]-based ILs on the Br-to-[DEHP] anion
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ratio originates from the balance between corrosivity and surface reactivity of the IL: while
[DEHP] ions inhibit the corrosion of steel in the non-contact region, the formation of species
containing surface functional (phosphorus-oxygen) groups as a result of the hydrolysis of
phosphonium ions enhanced by the reaction of hydrobromic acid (formed by the presence of

significant amounts of water at the IL/steel interface) with steel increases the surface coverage

of

phosphorus, which decreases friction by decreasing adhesion at steel/steel contacts and lowering

the interfacial shear strength.

These findings demonstrate that the tribological properties of phosphonium-based IL can be
effectively tuned by varying the amount of bromide in the IL while maintaining high corrosion
resistance in the presence of [DEHP], thus opening the path towards the adjustable and even

task-specific implementation of [Ps¢,6,14][DEHP] IL in tribological applications.
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