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ABSTRACT: A chronoamperometric method has been applied for the
growth of a surface coating on AZ31B magnesium alloy, using the
imidazolium alkylphosphonate room-temperature ionic liquid 1-ethyl-3-
methylimidazolium ethylphosphonate ([EMIM][EtPO3H]) as electrolyte. A
surface coating layer is obtained after 4 h under a constant voltage bias of
−0.8 V with respect to the standard electrode. The coating nucleation and
growth process correlates well with a 3D progressive mechanism. X-ray
photoelectron spectrometry (XPS) analysis of [EMIM][EtPO3H] shows new
P 2p and O 1s peaks after its use as electrolyte, as a consequence of reaction
between the phosphonate anion and the magnesium substrate. Angle-
resolved XPS (ARXPS) analysis of [EMIM][EtPO3H] did not show any
change in the composition of the surface before and after chronoamperom-
etry, since the sampling depth (1.5 nm at the highest emission angle) is larger
than the cation and anion sizes (ca. 7 and 5 Å, respectively). Characterization
of the coating was made by scanning electron microscopy (SEM), focussed ion beam SEM, energy dispersive X-ray spectroscopy,
XPS, and ARXPS. FIB-SEM shows that the coating presents a mean thickness of 374 (±36) nm and contains magnesium and
aluminum phosphates. Linear reciprocating tribological tests under variable load show that the presence of the coating can reduce
friction coefficients of the coated AZ31B against steel up to 32% and wear rates up to 90%, with respect to the uncoated alloy.

KEYWORDS: phosphonate ionic liquids, coatings, chronoamperometry, reciprocating friction and wear, surface analysis, FIB-SEM,
ARXPS

1. INTRODUCTION

There is an increasing interest in the applications of magnesium
alloys as structural materials in such demanding fields as
transportation or electronics, as well as in prosthesis and
implants due to their biocompatibility.1,2 This is due to their
high specific mechanical properties, high thermal and electrical
conductivity, and their ease of manufacturing by conventional
processes. In particular, magnesium alloy AZ31 is being
extensively used in structural engineering applications. Unlike
other lightweight materials such as aluminum alloys, no passive
surface films are formed on magnesium alloys, as magnesium
oxide is not protective, and they present a very poor corrosion
resistance and tribological performance.3−5 Many efforts are
dedicated to corrosion protection of magnesium alloys,6 mainly
by deposition of surface layers and coatings. In contrast, wear
resistance enhancement has received comparatively limited
attention.
Room temperature ionic liquids (ILs) are fluids composed of

ions that are stable in the liquid state at room temperature.

They present a variety of properties such as high thermal
stability, wide electrochemical window, high conductivity,
negligible volatility, and nonflammability, which make them
useful in a growing number of applications, from solvents to
thermal fluids. From the materials science and surface
engineering points of view, ionic liquids have shown out-
standing potential as lubricants and lubricant additives7−18

including lubrication of light alloys,19−27 nanophase modi-
fiers,28,29 electrolytes,30,31 corrosion inhibitors,32−43 or pro-
moters of corrosion protective surface coatings.44−46

Phosphonate derivatives are environmentally friendly com-
pounds widely used as scale inhibitors in water treatment and
industrial applications.47 Phosphorus-containing coatings, in
particular phosphonate derivatives,48−50 are currently being
studied as corrosion protective layers on magnesium alloys due
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to their biocompatibility. Phosphorus-containing ionic liquids
have been extensively applied in corrosion protection of
magnesium alloys.51−65 A major cause of surface failure of
magnesium alloys is their poor tribological performance under
both dry and lubricated conditions.
Alkylphosphonate imidazolium ionic liquids66 have previ-

ously shown to be highly reactive toward copper.67 We have
very recently reported the formation of surface layers on
AZ31B magnesium alloy by immersion in different imidazolium
alkylphosphonate ILs during 168 h at room temperature.68 The
new coatings increase the abrasion resistance of the alloy under
scratching. An attempt has been made to optimize the
formation of protective coatings and reduce immersion times
by increasing temperature to 50 °C.69 In all cases, the coatings
formed by immersion in [EMIM][EtPO3H] presented the best
tribological performance under scratching when compared with
other alkylphosphonate alkylimidazolium ILs. The presence of
other elements in the composition of magnesium alloys, such as
Zn in EZ33A, prevents the formation of an abrasion protecting
coating due to the low reactivity of Zn with ionic liquids.68

With these precedents, in the present work, we have selected
the phosphonate imidazolium IL [EMIM][EtPO3H] (Figure 1)

as precursor for the growth of surface films on the magnesium
alloy AZ31B under electrochemical control, in order to improve
its resistance to friction and wear in sliding under dry
conditions.

2. EXPERIMENTAL SECTION
Imidazolium phosphonate ionic liquid [EMIM][EtPO3H] (Figure 1)
(purity >98%; electric conductivity 3600 mSm−1; viscosity at 25 °C
0.07 Pa·s (standard deviation 7.5 × 10−4), as determined with an AR-
G2 rheometer (TA Instruments)) was commercially available from
Solvionic (France) and used as received. Figure S1 (Supporting
Information) shows the optimized geometry of the [EMIM][EtPO3H]
molecule calculated by molecular mechanics.
Magnesium alloy AZ31B (nominal composition in weight

percentage: 3% Al, 1% Zn, 0.6% Mn, 0.1% Si, and Mg balance;
hardness 57 HV) test coupons (25.5 mm diameter; 1.5 mm thickness)
were polished to a mean surface roughness (Ra) of 0.08−0.09 μm,
measured by a RT ALPA-SM contact profiler.
Chronoamperometry was carried out using an Autolab potentiostat

(Metrohm) with a mini-cell of PTFE, using a three-electrode
configuration, where the Mg sample acts as the working electrode, a
rolled platinum wire is the counter-electrode, and a calomel mini-
electrode (SCE) supplied by Bas, Inc., is the reference, with a potential
of 0.242 V vs standard hydrogen electrode (SHE) at 25 °C. A 1:4.5
area ratio between the working and counter electrodes was used. The
open circuit potential of the electrochemical cell stabilized at −1.90 V.
The polarization curve is provided in Figure S2 (Supporting
Information). Several voltage values corresponding to maximum
current values were tested in order to determine the optimal values for
the generation of the coating. In a chronoamperometry test, the
voltage is maintained constant with time. The reaction between the
magnesium alloy surface and the ionic liquid can be detected by a
sharp increase of the current. In our system, this increment takes place
at a voltage bias of −0.8 V vs SCE. The optimum time has been
established to be 4 h (Table S1 and Figure S3, Supporting
Information).

The coatings formed on the alloy were characterized by focused ion
beam and scanning electron microscopy (FIB-SEM), energy-dispersive
X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy
(XPS). XPS analyses were performed using a VG Theta Probe
(Thermo Fisher Scientific, East Grinstead, U.K.) spectrometer
equipped with a monochromatic Al Kα source with a beam size
varying between 15 and 400 μm, a pass energy of 100 eV, and an
energy step of 0.05 eV. The characterization of the neat ionic liquid
was also performed using a beam (200 μm diameter). All XPS binding
energies were corrected using the hydrocarbon C 1s peak (285 eV).
The accuracy of the binding energy measurements is of 0.2 eV. The
uncertainty for the atomic percentages is ±10%.

To resolve peaks with very close binding energy values, after
background subtraction,70,71 we fitted the spectra using CASAXPS
software (v.2.3.15, Casa Software, Ltd., Wilmslow, Cheshire, U.K.).

The tribological performance of the samples was tested using a
CSM Nanotribometer NTR2, operating in linear reciprocating mode
(ASTM G133-05 standard). The tests were carried out in the absence
of lubricant under variable loads of 20, 40, and 60 mN with a 3 mm
length at a speed of 5 mm/s and a total sliding distance of 3.6 m using
AISI 52100 steel balls (2 mm sphere radius) as counterpart (35−45%
HR; 25 (±1) °C). The wear volume was measured using a Sensofar
PLu neox 3D optical profiler in confocal mode. Before surface analysis,
samples from tribological tests were cleaned with dry ethanol and
dried with nitrogen.

3. RESULTS AND DISCUSSION
3.1. Chronoamperometry. Table S1 and Figure S3

(Supporting Information) show the chronoamperometric
curves at −0.8 V recorded at 1 and 4 h tests. The results are
normalized to the maximum intensity and time in order to
compare the curve with the electrochemical models of layer
formation. The I−t curves have a maximum after about 1000 s.
Nevertheless, there are some deviations in the values and curve
shapes, probably due to the heterogeneity of the samples and
the temperature variations.
Previous studies72,73 have established current−time relation-

ships for determining both the kinetics of the nucleation
mechanism and the growth process.
In instantaneous nucleation, the nucleation simultaneously

occurs at a small number of active sites and presents a slow
growth. In progressive nucleation, there are many active sites,
the nuclei have a fast growth rate, and new nuclei are
continuously formed. In this later case, the geometry of the
growing particles is estimated from the assumption that either
two-dimensional (2D) islands or three-dimensional (3D)
clusters are formed.
The models for the different types of nucleation and growth

mechanisms are given by the following equations:
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Figure 1. Chemical structure of [EMIM][EtPO3H].
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where Imax and tmax are the current and time values of the
maximum peak, respectively.
With the aim of characterizing the electrodeposition process,

we analyzed the experimental values for [EMIM][EtPO3H].
The experimental curve after 4 h of polarization together with
curves calculated assuming 3D nucleation and growth
mechanisms are provided in Figure 2.

The experimental curve is in agreement with a 3D
progressive nucleation mechanism, particularly from the
beginning up to 2tmax. For longer times, a less accurate fitting
is obtained, likely due to coalescence of the nuclei. It might thus
be assumed that the coating particles are spherical and
distributed throughout the entire electrode surface, with a
rather broad particle size distribution. Figure S4 (Supporting
Information) shows that the experimental curve is not in good
agreement with a 2D mechanism.
3.2. FIB-SEM Study of the Coating Layer. The original

AZ31B magnesium alloy SEM microstructure and EDX spectra
are shown in Figure S45 (Supporting Information). Figure 3
shows a SEM micrograph and the EDX spectrum of the coating
layer generated on AZ31B after chronoamperometry in
[EMIM][EtPO3H], showing the presence of a layer where
phosphorus and oxygen from the phosphonate anion are
present.
FIB-SEM was employed to characterize the coating layer

thickness and the coating-substrate interface. Figures 4 and 5
show that the coating forms a uniform layer with a mean
coating thickness of 374 (±36) nm, well adhered to the
substrate, even on the intermetallic particles present in the
AZ31B matrix (Figure 4). The EDX line analysis (Figure 5b)
along the cross section shows a continuous decrease of
magnesium concentration, together with increases of the
oxygen and phosphorus concentrations from the substrate to
the outer layer of the coating. An intermediate layer can be
observed (Figure 5a), which confirms the good coating-
substrate adhesion.74

3.3. Tribological Tests. Figure 6 compares the friction-
sliding distance records for AZ31B magnesium alloy and for the
alloy coated with the layer electrochemically generated from
[EMIM][EtPO3H], under increasing normal load.
The initial friction value around 0.6 is similar in both cases

during the first meter for both materials samples (coated and
uncoated), independently of normal load (Figure 6a−c).
Moreover, AZ31B alloy maintains similar friction values for
all normal loads and sliding distances. Mean friction values for
AZ31B (Figure 7a) show a slight decrease in friction as load
increases from 0.60 under 20 mN to 0.53 under 60 mN.
Under lower applied loads (20 and 40 mN) the coated

material shows a friction coefficient decrease after sliding 1 m
and reaches mean friction values around or below 0.4 (Figure
6a) with a reduction of 28% with respect to the uncoated alloy
under 20 mN and 33% under 40 mN. In contrast, under 60

Figure 2. Chronoamperometry experimental results compared with
theoretical 3D models.

Figure 3. (Top) SEM micrograph and (bottom) EDX spectrum of the
coating layer on AZ31B.
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mN, the coated material presents a mean friction coefficient
value slightly higher than the uncoated AZ31B alloy, showing
the failure of the coating to protect the substrate under high
contact pressures.
The high running-in friction period could be related to the

compositional changes inside the wear path with respect to the
original surface and, in particular, to the removal of magnesium
oxide, as it will be discussed in section 3.4.
The uncoated alloy shows the expected wear dependence

with load, with a linear wear volume increase under increasing

load (Figure 7b), from 6.4 × 106 μm3 under 20 mN to a
maximum 1.5 × 106 μm3 under 60 mN.
As observed for the friction coefficients, under lower applied

loads, the coated material presents a milder wear volume of 1.0
× 105 μm3, both under 20 and 40 mN. Therefore, the
maximum wear reduction is obtained under 40 mN, with a
decrease of 1 order of magnitude with respect to the uncoated
alloy. A transition to more severe wear, to reach a wear volume
of 8.9 × 105 μm3 takes place when the load is increased to 60
mN (Figure 7b).
Figure 8 shows the wear scars on both materials as a function

of load. Uncoated AZ13B magnesium alloy suffers extensive
material removal as seen for the wear debris accumulated
mainly outside both scar tips. In contrast, the coated material
shows no wear debris formation under 20 and 40 mN.
Figure 9 compares the topography (Figure 9a) and cross

section profiles (Figure 9b) of the wear scars under 40 mN for
the uncoated AZ31B alloy and for the coated material covered
with the layer generated from the phosphonate ionic liquid.
We have previously described58,59 the abrasion mechanisms

under scratching for AZ31B and for AZ31B covered with the
coating layer generated by immersion in [EMIM][EtPO3H] at
room temperature, where the coating layer penetrates into the
magnesium matrix along the wear path, by the action of the
contact pressure.

3.4. X-ray Photoelectron Spectroscopy. Table 1 and
Figure 10 show the binding energies and atomic percentages
determined by XPS analysis for neat [EMIM][EtPO3H] before
and after chronoamperometry.

Figure 4. (a) FIB-SEM milling section; (b) magnification showing the
cross section substrate-coating interface and coating thickness; and (c)
detail showing the coating layer over an intermetallic precipitate
particle (light gray).

Figure 5. (a) FIB-SEM cross section indicating the different layers and
the direction of element analysis shown in panel b; (b) element
analysis along the cross section shown in panel a.
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The C 1s region is composed of four components due to the
presence of four nonequivalent carbon atoms in the molecule
(see Figure 1). The peak labeled C1 (Figure 10a), whose
binding energy was constrained at 285.0 eV, is due to alkyl
carbon atoms in the IL. The peak at 286.1 eV, labeled C2, is
assigned to carbon atoms bound to oxygen and to nitrogen
atoms of the imidazolium ring. The area of this component was
fixed, and it was 1.5 times the area of C1. The C3 peak is due to
the two carbon atoms −N+−CC−N− in the imidazolium
ring; the binding energy of this component is 286.4 eV, and the
C3/C1 area ratio was constrained to 1. Finally, the fourth
component C4 is due to the carbon atom bound to two
nitrogen atoms in the imidazolium ring −N+C−N−. Its

binding energy was 286.9 eV, and its area was half the area of
the C1 component.
The O 1s signal (Figure 10b) showed the presence of two

different components at 530.2 and 532.2 eV with an area ratio
of 2:1 due to the two OPO− oxygen atoms and the
CH3CH2OP oxygen atom, respectively. A third
component at 532.9 eV is also present and it might be due
to absorbed water.

Figure 6. Friction coefficients vs sliding distance: (a) 20 mN, (b) 40
mN, and (c) 60 mN.

Figure 7. a) Friction coefficient vs normal applied load. b) Wear rates
vs normal applied load.

Figure 8. Comparative confocal microscopy images of the wear tracks
on coated and uncoated AZ31B magnesium alloy, as a function of
normal load.
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The N 1s (Figure 10c) was centered at 401.6 eV while the
most intense signal of phosphorus (Figure 10d), P 2p consists
of a doublet due to the spin−orbit coupling, P 2p3/2 and P
2p1/2, separated by 0.9 eV and with an area ratio of 2:1.75 The
binding energy value of P 2p3/2 component was found to be
132.1 eV.
Very good agreement between stoichiometry and exper-

imentally determined composition of the pure ionic liquid was

found (Table 1) except for phosphorus, which is higher
(measured 10%) than the expected value (calculated 7%).
The XPS analysis was also repeated after chronoamperom-

etry: the C 1s and N 1s signals did not show changes as far as
shape of signal and binding energy values is concerned, whereas
the O 1s and P 2p signals showed the presence of new peaks.
The additional component of the O 1s signal is centered at
531.0 eV, while the binding energy of the second P 2p3/2 peak
is found to be 133.1 ± 0.2 eV. These two signals might be due
to the presence of HPO4

2− species.76

Angle-resolved XPS (ARXPS) was also used for checking the
uniform distribution of the ionic liquid as a function of depth.77

For organic samples, the depth probed for 0° is only of the
order of 7−9 nm. Surface sensitivity can be increased by
increasing the angle from 0° to greater than 70°. It is estimated
that 80°, the depth probed is around 1−1.5 nm.78

Previous ARXPS77 studies have shown a higher proportion of
alkyl chains in the near surface region for nonfunctionalized
ILs. In the present case, ARXPS of [EMIM][EtPO3H] after its
use as electrolyte (Figure S6a, Supporting Information)
provides evidence that there is no gradient in the elemental
distribution. The sampling depth (1.5 nm at the highest
emission angle) is larger than the cation and anion sizes (ca. 7
and 5 Å, respectively).
The XPS analysis of the AZ31B magnesium alloy substrate

before electrochemical treatment was determined as a function
of sputtering time (Figures S7 and S8, Supporting Informa-
tion). Figure S7 (Supporting Information) shows the evolution
of the Mg 2p binding energy from 52.2 eV before sputtering to
49.4 eV after 2940 s of sputtering time.
In the same way, Figure S8 (Supporting Information) shows

the evolution of O 1s peaks for AZ31B, from 534.6 eV before
sputtering to 530.8 eV after sputtering. After 1440 s, the high
binding energy peak disappears and the lower energy peak
progressively decreases its intensity, in agreement with the
observations for Mg 2p, as will be discussed below.
The high reactivity of magnesium alloys in air results in the

formation of a reaction layer which contains magnesium
compounds such as magnesium oxide, hydroxide, and
carbonate.79 To obtain a reference for the assignation of the
Mg 2p and O 1s peaks, we analyzed commercial magnesium
oxide, magnesium hydroxide, and magnesium carbonate by
XPS (Table 2).
The binding energy values and the composition of the

surface of the alloy are reported in Table 3. Mg is mainly
present as hydroxide and carbonate, as confirmed by Mg 2p and
O1 binding energies. Very small amounts of aluminum and zinc
are detected.
Using these results as a reference, we assigned the AZ31B

sputtering analysis described above (Figures S7 and S8,
Supporting Information) to the initial presence of magnesium
carbonate at the outer surface (low sputtering time), the
presence of magnesium oxide, or hydroxide in intermediate
depths, to reach finally the magnesium metal. However, the
signal assigned to oxidized magnesium is present even after
2940 s.
The XPS survey spectrum of the coating after chronoamper-

ometry shows the presence of Mg, Al, O, C, and P. A small
fluorine contamination, probably from the PTFE electro-
chemical cell, was also detected.
Figure 11 shows the high-resolution Mg 2p, O 1s and P 2p

spectra, after background subtraction and curve fitting, for the
pure AZ31B magnesium alloy and for the AZ31B alloy covered

Figure 9. (a) Wear scar topographic profiles and (b and c) wear scar
cross section profiles after the tests under 40 mN.

Table 1. XPS Binding Energy of the Elements Constituting
[EMIM][EtPO3H] before and after the
Chronoamperometry Test

XPS results of the
pure ionic liquid

XPS results of
remaining ionic liquid

after
chronoamperometry

ionic liquid
stoichiometry
atomic % element

binding
energy
(eV) atomic %

binding
energy
(eV) atomic %

57 C 1s 285.0 56 285.0 55
286.1 286.1
286.4 286.4
286.9 286.9

14 N 1s 401.6 13 401.6 12
7 P 2p 132.1 10 132.2 8

133.1 2
21 O 1s 530.2 13 530.2 11

532.2 7 531.0 3
532.1 5

O 1s
(water)

532.9 1 532.8 3
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with the coating layer generated in [EMIM][EtPO3H], after
chronoamperometry.
Following the chronoamperometry, the Mg 2p spectrum has

only one component centered at 50.3 ± 0.2 eV and the oxygen
signal has three components at 530.1 ± 0.2, 531.8 ± 0.2, and
532.6 ± 0.2 eV (Table 3). The phosphorus signal is also
multicomponent with a doublet at 133.0 ± 0.2 eV and a second
at 133.9 ± 0.2 eV. Table 3 also provides the elemental
composition in atomic percentages: it might be stated that the
coating layer is enriched in aluminum in comparison with the
bulk composition and with the native oxide layer. Furthermore,

based on the binding energy values, it is possible to assess that
under these conditions the coating is mostly made of

Figure 10. XPS analysis of the ionic liquid [EMIM][EtPO3H] before and after the electrochemical process to generate the coating layer on AZ31B:
(a) C 1s, (b) O 1s, (c) N 1s, and (d) P 2p.

Table 2. XPS Binding Energies (eV ± 0.2) of Magnesium
Compoundsa

MgO Mg(OH)2 MgCO3

Mg 2p 49.9 50.0 51.4
O 1s 530.1 531.5 531.8
C 1s 290.1

aAnalyzed under the same conditions adopted for investigating the
ionic liquid and the alloy before and after the chronoamperometry
measurements.

Table 3. XPS Binding Energies and Atomic Percentages of
Pure AZ31B and the Layer on AZ31B after Electrochemical
Treatment in [EMIM][EtPO3H]

pure AZ31B layer

element
binding energy

(eV) atomic %
binding energy

(eV) atomic %

C 1s
(carbonate)

289.7 5.0 289.9 3.5

Mg 2p 50.0 30.0 50.3 33.0
51.0 8.0

O 1s 531.2 34.0 530.1 3.0
532.1 18.0 531.8 36.0
533.3 4.0 532.6 15.0

Al 2p 74.2 0.4 74.4 5.0
Zn 2p 1022.0 0.5 1022.0 0.1
P 2p n.d.a 133.0 3.0

n.d.a 133.9 2.5
an.d. = not detected.
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magnesium hydroxides, magnesium carbonate, and magnesium
phosphate together with aluminum phosphate.
The ARXPS data indicate the presence of some organic layer

in the outer part of the film (Figure S6b, Supporting
Information). The aluminum and phosphorus signals appear
to be related.
The XPS analysis inside the wear tracks after the tribological

tests was extremely difficult because of the insulating nature of
this sample and due to the presence of a very rough surface.
The beam size was set at 50 μm to detect the signal only from
the wear scar excluding the contributions from the debris and
from the noncontact area. The survey spectra showed the
presence of C, O, Mg and barely detectable amounts of P, Al,
and Zn. However, the data are not described here due to the
asymmetry of the peaks caused by charging problems.
The present work presents the results obtained for just one

ionic liquid. New possibilities should be explored by changing
cation substituents and anion composition. In view of the
oxidation from phosphonate to phosphate, it is proposed that
ionic liquids containing phosphate anions should be studied.

4. CONCLUSIONS

The formation of a coating layer on magnesium alloy AZ31B
from the 1-ethyl-3-methylimidazolium ethylphosphonate ionic
liquid electrolyte by chronoamperometry has been described
according to a 3D progressive mechanism. After the electro-
chemical treatment, no changes in the binding energies of the
imidazolium cation are observed, while new P 2p and O 1s
peaks are found at the ionic liquid surface, which could be due
to the reaction of the phosphonate anion with the magnesium
alloy. The surface coating layer grown on AZ31B from 1-ethyl-
3-methylimidazolium ethylphosphonate is mainly composed of
magnesium oxide, hydroxide, and carbonate, and magnesium
and aluminum phosphate. The aluminum percentage is higher
in the coating layer than in the base alloy, thus showing the
relevance of alloy composition on the final results. The coating
layer produces a maximum friction reduction of a 32% and wear
reduction of a 90%, with respect to the unprotected alloy.
Friction reductions are only observed after a running-in period
of approximately 1 m of reciprocating sliding distance against
steel. The enhancement of the tribological performance of
AZ31B due to the reduction of wear debris can be attributed to
the good adherence of the phosphate layer.

Figure 11. High-resolution XPS spectra, after background subtraction and curve fitting, for the pure AZ31B and for the coating layer generated in
[EMIM][EtPO3H] after chronoamperometry: (a) Mg 2p, (b) O 1s, and (c) P 2p.
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Cossu is acknowledged for the technical maintenance of the
Thetaprobe. The authors are grateful to the laboratory of the
Institute for Building Materials for the access to the
electrochemical apparatus. This work received the financial
support of the Ministerio de Economiá y Competitividad
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