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A B S T R A C T

In this work, the dissolution process of magnetron sputtered Mg-Li thin films was investigated by in-situ flow
cell/ICP-MS measurements and ex-situ ICP-MS measurements after longer immersion and additional XPS mea-
surements. High Li concentrations are released due to a Li rich carbonate layer formed in air. The depletion of Li
leads to preferred Mg release before preferred Li release occurs due to the higher activity of Li and incorporation
of Mg in corrosion products. This data provides a baseline for developing release profiles for medical application,
more generally, it unravels details of the corrosion mechanism of lightweight MgLi alloys.

1. Introduction

Biodegradable materials such as magnesium (Mg) are of interest for
several medical applications to reduce permanent implants’ side effects,
improve bone healing or release bioactive components [1–4]. A key
point of interest is the understanding and control of the degradation rate
of such implant materials to verify the lifetime of the implants, avoid
adverse effects from fast corroding materials and allow for the adjust-
ment of the material properties to facilitate a better treatment [5–7].
Understanding the degradation process becomes evenmore crucial if the
degradation products, e.g., corrosion products and pH change [4] or ion
release [8], are used as therapeutically active species. A material of in-
terest for ion release studies is magnesium-lithium. While the release of
lithium (Li) from different materials is already studied [9–12], it was
recently proposed to use Mg-Li thin films as a reservoir implant releasing
Li for the local treatment for neurological applications [8,13] such as the
treatment of bipolar disorder, Alzheimer’s or Parkinson’s disease
[14–17]. The therapy with Li is associated with several side effects and
has a small therapeutic window [15,18]. Thus, the control of the con-
centration is of high importance. Mg can be used as the base material for
implants not only because it is already widely studied as a biodegradable
and biocompatible material and used in clinical trials and medical ap-
plications [2,19] but also because it shows possible positive therapeutic
effects [19,20]. The treatment with Mg-based materials is already

established for particles loaded with additional drugs or using the
degradation products, such as hydrogen. Here, both the benefit of a
biodegradable carrier and the effect of Mg itself are taken advantage of
[21–24].

Mg-Li alloys can be differentiated in α-Mg-Li, α+β-Mg-Li and β-Mg-Li
with α as the hexagonal closed packed (hcp) Mg-rich phase and β as the
body centred cubic (bcc) Li-rich phase. Generally, the highest corrosion
rate is found in the mixed phase α+β due to the microgalvanic coupling
of those phases, while single phases show a lower corrosion rate [25,26].
For hcp α-phase Mg-Li with low Li content, the corrosion process is
discussed to be similar to pure Mg with the formation of oxide and hy-
droxide layers [27,28] and filiform corrosion occurring [26,29]. Li
carbonate containing protective layers were also found for Mg-5Li-1Al
samples in the hcp phase [30]. For neurological applications, implants
need to be produced in small sizes. The properties of such thin films are
highly affected by surface effects and can differ from bulk material [31,
32]. As previously shown [8], similar to bulk material, Mg-Li thin films
with low Li fraction show a corrosion rate similar to Mg thin films in a
medium chosen to simulate physiological conditions, while the corro-
sion rate increases for higher Li fractions.

The ion release of Mg-Li-Zn alloys [33] and Mg-Li-(Al)-(RE) [34] was
tested to identify the corrosion rate and influence on cells after longer
immersion time for applications as stent material. Zhou et al. found an
increase in both Li and Mg release for Mg-8.5 wt% Li in comparison to
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Mg-3.5 wt% Li [34]. The released Mg and Li concentration from Mg-Li
thin films with 1.6 wt% and 9.5 wt% Li in Dulbecco’s modified Ea-
gle’s medium also showed an increased release of Li and Mg with
increasing Li content due to a higher corrosion rate [13]. The in-situ
measurement of ion release can give further insights not only into the
element concentration available after release but also into the corrosion
process itself. Based on the concept of AESEC (atomic emission spec-
troelectrochemistry) [35–37], combinations of flow cells and induc-
tively coupled plasma – optical emission spectrometry (ICP-OES) or
inductively coupled plasma - mass spectrometry (ICP-MS) have been
used to analyse Mg and Mg-Li corrosion. In addition to identifying the
change in ion release by changing pH, contaminations or determining
the stoichiometry of participating ions [38–41], the formation of surface
films can also be studied by these techniques. Studies were carried out
on β-Mg-Li based alloys to determine the passivation layer formed by
analysing the released ion concentration of each element dependent on
the applied voltage or after scratching to increase the corrosion rate of
those alloys and determines the layer formation before and during im-
mersion [42–44]. By identifying the change in ratio of released Mg and
Li, the formation of Li2CO3 or MgO doped with Li was proposed.

While the formation of surface films and the ion release have been
analysed by surface measurements and in-situ studies for films with
higher Li content, for α-Mg-Li, Mg-like corrosion has mainly been
assumed, and the influence of Li during the process is often overlooked.
Thus, this study aims to gain insight into the process of surface film
formation before and during the corrosion of α-Mg-Li in simulated
physiological medium, especially for magnetron-sputtered thin films.
Since the films with lower Li content proved to be biocompatible and
released a concentration in the therapeutic window during the previous
study by Bhat et al. [13], a detailed understanding by in-situ studies of
films with low Li fraction is also important for the application.

The start of immersion was analysed by online ICP-MS. The addition
of an electrochemical set-up in the flow cell allowed the further studying
if non-equilibrium conditions are applied to enhance the corrosion rate
and identify passivation. The surface composition is determined for
further analysis of the surface on as prepared samples and after corro-
sion. Additionally, 3-day immersion studies were carried out in a me-
dium chosen to simulate physiological conditions, and the released ion
concentration was identified after solution extraction to provide infor-
mation regarding the ion concentration over longer immersion times.
Thus, by combining both techniques, the degradation process over
different time scales can be described and the profile of ion release for
possible treatments can be determined.

2. Material and methods

2.1. Film preparation

Thin films of Mg-Li alloys were fabricated in a Von Ardenne CS730S
cluster machine from targets (FHR Anlagenbau GmbH) with Li content
of 2.5 wt%, 5 wt% and 9 wt% by magnetron sputtering. A base chamber
pressure of <5*10− 7 mbar, a gas flow of 25 sccm Ar and pressures
(2.3–3.3*10− 3 mbar) adjusted to fabricate samples with low film stress
were chosen. As the substrate, 1.5 cm×1.5 cm and 1 cm×1 cm Si chips
with additional Al/AlN layers were used. The Al/AlN was added to
ensure the same film growth as for the preparation of freestanding thin
films for which the AlN is necessary as a sacrificial layer. The Li weight
fraction in the prepared films with a thickness of 20 µm (±10%) resulted
in 1.6 wt% (1.60±0.06 wt%), 3 wt% (3.07±0.12 wt%) and 5.5 wt%
(5.15±0.69 wt%) of Li [8]. Thus, two sample types (Mg-1.6Li, Mg-3Li)
with a hcp α-MgLi phase and one sample type (Mg-5.5Li) with mixed
α-MgLi, β-MgLi and Li2CO3 were prepared [8].

To study the degradation of the thin films over longer immersion
times, freestanding thin films with the same compositions were prepared
by UV-lithography, sacrificial layers of AlN and the magnetron sput-
tering of the Mg-Li alloys. For further information regarding the

preparation method see Haffner et al. [45].

2.2. In-situ study

A set-up combining a flow cell and an ICP-MS (inductively coupled
plasma - mass spectrometer, Agilent 7900 ICP-MS, Agilent Technolo-
gies) was used to measure the ion release from Mg-Li thin films in-situ.
The set-up and flow cell were previously described in detail [46]. A flow
cell with a three-electrode set-up with an Ag/AgCl reference electrode
(RE) and a Pt counter electrode was connected to a Biologic VSP-300
potentiostat. The sample size in contact with solution was determined
by the O-ring size of the flow cell with a diameter of 3 mm. 15 mmol
HBSS (Hankś balanced salts H1387, Sigma-Aldrich with added sodium
bicarbonate (0.35 g/L), solution diluted with distilled water from
155 mmol) was used and pumped through the flow cell by pressurised
nitrogen. A Ga standard was added after the flow cell as a control. The
composition of the solution was measured using an ICP-MS. The Mg and
Li concentrations were calibrated with a multi-element calibration
standard 2a (Agilent) and ICP multi-element standard solution XVI. The
overall flow speed of the solution was determined by measuring the
overall volume of the solution collected in a flask after the ICP-MS at the
end of each measurement. Changes in the flow speed during the mea-
surement could be corrected using signals of other elements included in
the solution, but not in the sample, such as Ca.

By considering the exposed area (determined by the O-ring size), the
dissolution rate jm is then defined as the dissolved mass of the specific
element per time and area. The dissolution current density was calcu-
lated by ⅈ = jm⋅z⋅F∕M with the molar mass M, Faraday constant F and z
the valence number of the ions.

The flow cell was connected in parallel to a direct tube of the solution
to the ICP-MS and the measurements were started with the measurement
of pure solution before switching to the flow cell to analyse the ion
release beginning at the start of the degradation. The first degradation is
shown at the time t=0 s. Since the signal is often noisy, additional to the
raw data, a smoothed signal is shown additionally in plots to identify the
general trend.

The first tests were carried out without applying an additional po-
tential (at open circuit potential, EOCV) for 50–60 min. The EOCV was
monitored using the potentiostat. To analyse the degradation further,
additional samples were held at fixed voltages (Fig. 1a) of +0.2 V vs.
EOCV, − 0.9 V vs. Ag/AgCl and − 0.5 V vs. EOCV for 15 min (constant
voltage, CV) after 10 min of immersion (OCV). Additionally, linear
sweeps of voltage (LSV) were applied from EOCV to − 0.5 V vs. Ag/AgCl

Fig. 1. Exemplary voltage profile applied and measured at flow cell during in-
situ ICP-MS measurements: a) For constant voltage (CV) measurements, one of
three different potentials is applied after 10 min of open circuit potential
measurements (OCV). b) For linear scan voltammetry (LSV) measurements,
after OCV, CV at EOCV+0.2 V for 15 min and a further 5 min of OCV for con-
ditioning, the voltage is continuously increased from EOCV up to − 0.5 V vs. Ag/
AgCl reference electrode.
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with a sweep speed of 1 mV/s after 10 min EOCV, 15 min+0.2 V vs. EOCV
and 5 min EOCV (see Fig. 1b) for stabilisation.

2.3. 3-day immersion

Freestanding thin films of three Mg-Li alloys were placed in beakers
with 100 mL of 155 mmol Hankś balanced salt solution (HBSS, Hankś
balanced salts H1387, Sigma-Aldrich with added sodium bicarbonate
(0.35 g/L)) at a pH of 7.4±0.2 (continuous measurement using a pH
meter and adjusted by CO2 influx) and a temperature of 37±1 ◦C. After
1 h, 4 h, 24 h and 72 h, 15 mL of solution were extracted, and 15 mL of
HBSS from the same starting solution were added. The maximum im-
mersion time was chosen due to the fast degradation for samples with
low thickness with both sides exposed to the solution and formation of
holes for longer immersion times. The extracted solution was then
diluted with ultra-pure DI water (MilliQ, QPod Element) at a dilution
factor (DF) of 10 for the measurement of Li and Fe, and DF 2000 for the
measurement of Mg for high-resolution inductively coupled plasma -
mass spectrometry (HR-ICP-MS, Element XR, Thermo Fisher Scientific)
as described in [8]. The Mg and Li concentrations of the blank solution
and after corrosion at each time point were determined. The solution
partially evaporated over the measurement time. Thus, a beaker with a
blank solution was heated simultaneously in a similar set-up to assess
the evaporation over the measurement duration. The data from the
measurement was used to calculate the released masses (measured
concentration and calculations described in supplementary).

2.4. Surface composition characterisation

Four samples per alloy type were used to analyse the sample’s sur-
face composition before corrosion, after contact with the solution and
after corrosion. One sample was measured as prepared, one was dipped
into HBSS (155 mmol) shortly before measurement, and two samples
were corroded for 1 h in HBSS. For the two corroded samples, one is
stored in air and one in ethanol between corrosion andmeasurement. All
samples were analysed using X-ray photoelectron spectroscopy (XPS)
measurements. An Axis Supra spectrometer from Kratos Analytical at
the Ceitec Nano Research Infrastructure was utilised. An aluminium

anode that produced Al Kα X-rays was used as a radiation source. Since
the samples have low conductivity on the surface due to oxide formation
and, thus, can show a peak shift due to charging effects, they were
measured with charge neutralisation. The samples were mounted on
copper tape. The data was evaluated using the software CasaXPS
(Version 2.3.23PR1.0). After subtracting a Shirley-type background, the
binding energy scale was calibrated by shifting the C 1 s main peak to
284.8 eV.

3. Results

3.1. In-situ ion release at the start of immersion

The ion release of two hcp Mg-Li thin films with Li fractions of 1.6 wt
% and 3 wt% were measured in-situ in 15 mmol HBSS by placing sam-
ples in a flow cell directly connected to an ICP-MS. In addition to the two
hcp Mg-Li alloys, Mg-5.5Li films with very low content of the additional
β-phase [9] were analysed for comparison to a mixed-phase material
with a higher corrosion rate.

For the first tests, no voltage was applied. Fig. 2 shows the release of
Mg and Li directly after contact with the solution exemplarily for one
sample per alloy. For all samples, a high release of Li directly after
contact is detected, while no such peak can be found in the Mg release.
The peak shows a very sharp increase and decrease. This behaviour can
be explained by a Li-rich, easily soluble layer on the surface. The dis-
tribution of ions in the solution during transport to the ICP-MS might
influence the peak width and, therefore, it might be broader than the
actual released profile [36]. The height of the peak in the dissolution
current density of Li imax increases with increasing Li fraction in the film
(Fig. 2b). This height can be influenced by the Li fraction at the surface
due to, e.g., a thicker or more complete layer of a Li-rich component and
the rate of degradation.

Fig. 2b shows the current density of Mg and Li ions after the direct
contact at an immersion time of 3000 s (average of values between
2800 s and 3200 s, i0,Mg, i0,Li). Mg and Li release increase with increasing
Li fraction, showing a higher corrosion rate. The ratio of releasedMg and
Li ions can be determined to identify not only the change in rate but also
changes in the degradation process and the Li release. It is given in

Fig. 2. Ion release of Mg-Li alloys at EOCV. a) Dissolution rate jm of Mg and Li over 3000 s starting at the contact of the sample with 15 mmol HBSS. For better
visualisation of both the peak at the start and the later release, the rate for Li is plotted logarithmically. b) Height of peak at the beginning of Li release (imax,Li) and
dissolution current density of Mg and Li after 3000 s (i0,Li, i0,Mg). c) Calculated ratio of i0,Mg/i0,Li (see b) and ratio calculated from the composition of the entire film.
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Fig. 2c, additional to the ratio available in the bulk of the film itself
determined from the average composition in the overall alloy thin film.
For Mg-1.6Li, a higher Mg fraction is released. The difference to the bulk
values then shrinks until a ratio similar to bulk is found for Mg-5.5Li.
Thus, a preferred release of Mg or a depletion of Li in the layer under
the direct (Li-rich) surface can be assumed for Mg-Li with low Li content.
It has to be noted that this ratio is determined after relatively short times
and, therefore, does not give information about the release from the bulk
of the thin film after longer immersion times.

In Fig. 3, the Mg:Li ratio over the 50 min of immersion is shown for
Mg-1.6Li and Mg-3Li to identify the influence of time. The time resolved
analysis can give further insight into a possible formation of passivation
or a change of surface to bulk. After the first peak of Li release, a ratio
higher than in the film is directly present and relatively stable or slightly
increasing for Mg-1.6Li, while an increase in the ratio is measured for
Mg-3Li. The slower and ongoing increase could be influenced by a
longer influence of a likely Li-rich layer (as determined by the Li peak
measured at the beginning) for Mg-3Li before a higher Mg release is
reached, either due to depletion of Li or the preferred release of Mg. The
steady state as observed for Mg-1.6Li is not found for Mg-3Li during the
first 50 min of immersion.

The EOCV measured during these experiments determined after
2000 s- 3000 s of immersion decreases from − 1.71 ± 0.07 V for Mg-
1.6Li to − 1.86 ± 0.01 V for Mg-3Li. Since Li has a lower electrode po-
tential than Mg, it is expected that the overall potential of the MgLi alloy
is reduced with increasing Li content.

Fig. 4 shows the ion release under anodic and cathodic polarisation
and, therefore, under an either enhanced (+0.2 V vs. EOCV) or sup-
pressed (-0.5 V vs. EOCV) degradation. The potentials were applied for
15 min after immersion at EOCV for stabilisation (see Fig. 1a). Addi-
tionally, samples were held at − 0.9 V vs. Ag/AgCl (anodic polarisation)
since previous studies on β-Mg-Li found a change in composition and,
thus, dissolution of a passivating layer above − 1.05 V vs. Ag/AgCl [43].
The current measured by the flow cell decreases to around − 0.009 mA
at − 0.5 V vs. EOCV and increases to about 0.01 mA at +0.2 V vs. EOCV
and to 0.02–0.03 mA at − 0.9 V vs. Ag/AgCl for both sample types
(supplementary figure 1). For Mg-3Li, a continuous further decrea-
se/increase is determined during the application of the constant voltage.
In Fig. 4, a step-like increase in both Mg and Li release for an anodic
polarisation is found with the highest increase in dissolution rate at
− 0.9 V vs. Ag/AgCl due to the enhanced dissolution kinetics. For Mg
release, both anodic polarisations lead to similar dissolution rate
changes. While the Mg signal is nearly completely suppressed at
cathodic polarisation, especially for Mg-3Li, no identifiable step and a

continuing release of Li is measured. This can be affected by the lower
electrode potential of Li and the continuing influence of the first strong
release peak. The ratio of dissolution current density of Mg:Li for an
enhanced potential increases, thus indicating an increased Mg release,
especially for − 0.9 V vs. Ag/AgCl (supplementary table 2).

A continuous voltage increase from EOCV to − 0.5 V vs. Ag/AgCl is
performed on all sample types (LSV). For conditioning, the samples are
previously held at a voltage of +0.2 V vs. EOCV for 15 min (Fig. 1b) to
enhance the corrosion and, therefore, the formation of corrosion prod-
ucts and passivation layers. Fig. 5a shows the electrical current density
measured for one sample per type. For all types, a region of passivation
can be found. Exemplary release rate curves vs. the applied voltage are
given in Fig. 5b (data sets of 2 samples per type vs. time can be found in
supplementary figure 2). In general, the release increases with enhanced
voltage. Additionally, a plateau or a change in release around a potential
of − 1.25 V to − 0.75 V occurs before the ion release further increases.
For Mg-1.6Li and Mg-3Li, a stabilisation or even decrease of release of
both Mg and Li occurs. While the release increase starts again at around -
0.75 V for Mg-1.6Li, for Mg-3Li, an additional drop or change in slope is
visible around this voltage. Mg-5.5Li only shows short continuous
release before the dissolution rate increases with a similar slope as
before the passivation region. The difference in the release profiles is
even more visible when comparing the ratio of iMg/iLi (Fig. 5c). The ratio
increases slightly for Mg-1.6Li from around − 1.2 V and shows a sharp
increase and decrease around the threshold voltage for Mg-3Li. A
continuous increase over the whole measurement is shown for Mg-5.5Li.
Thus, even though a change in the release profile of the individual ions
occurs for the mixed-phase material, this does not affect the released
ratio in the passivation region specifically. The composition of a
passivating layer does not differ from the ratio in the thin film for the
material with a second phase. For pure hcp, in both cases, a shift to more
Mg release can be found, even though the ratio is already higher than
present in the bulk material. A short increase in the ratio for Mg-3Li
could hint at a higher concentration of Mg in the surface film but no
increased availability for corrosion, while Mg-1.6Li shows a preferred
release of Mg even of the material itself after reaching − 1 V.

3.2. Release over 3 days

The release of Mg and Li of the three different types of Mg-Li thin
films during an immersion time of 3 days in HBSS at a pH of 7.4 and a
temperature of 37 ◦C is analysed by ICP-MS measurements on extracted
solution. Fig. 6a and 6b show the dissolved Li and Mg mass (overall
released mass until the point of measurement) and the dissolved mass
normalised with the element mass available in the as-prepared film.

A higher Li fraction in the film leads to more Li mass released. The Li
content of Mg-1.6Li and Mg-3Li is continuously dissolved, and when the
Li content of the samples itself is taken into account, no significant
difference is determined. Thus, the release in Li is proportional to the Li
amount in the film for those samples. The Li release slows down after
longer immersion times, hinting at a possible decrease in corrosion rate
or passivation over time. For Mg-5.5Li, a much higher release and higher
deviation of measured ion masses can be determined compared to the
other alloys.

The Mg release in Fig. 6b does not show substantial differences be-
tween the alloys. Since Mg is the main component in the weight of all
alloys, dividing by the mass in the film also does not significantly in-
fluence the results. While after immersion times of up to 24 h, Mg-1.6Li
and Mg-3Li show similar release, the release after 72 h for Mg-3Li is
lower. However, the data for Mg-3Li after 72 h also shows the highest
standard deviation. In Fig. 6c, the fraction of released Mg in comparison
to Li mass is given for further insight into the ion release process.
Additionally, the calculated fractions are marked by dashed lines for
each alloy. For both Mg-1.6Li and Mg-3Li, the ratio decreases during
immersion, with Mg-1.6Li samples having a higher Mg fraction after 1 h
than present in the film, while Mg-3Li already shows a release similar to

Fig. 3. Ratio of dissolution current density of Mg and Li iMg/iLi for Mg-1.6Li and
Mg-3Li at EOCV over 3000 s. Due to the high release of Li at the beginning, the
ratio is shown starting at 100 s. The ratio in the bulk, calculated from the
composition of the alloy, is given by dashed lines.
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the ratio in the sample. The preferred Li release is then visible for both
alloy types from 4 h to 72 h of immersion. Thus, while the short-term in-
situ measurement showed a preferred Mg release after the first peak of Li
release, which is also visible in the first hour of measurement here, this
changes to a preferred release of Li, possibly due to the higher activity of
Li. Due to the higher availability of Li in Mg-3Li, the first preferred Mg
release is shorter, and thus, after 1 h, the preferred release changed. Mg-
5.5Li again shows the highest deviations but, in general, a higher Li than
Mg release after the beginning with an increasing ratio due to a very

high preferred Li release in the first hour, which was already shown
during the short-term degradation. While the single-phase degradation
is therefore driven by the overall degradation and the preferred release
of the more active species is available but influenced by a Li-depleted
start of corrosion, an addition of a second phase might change the
behaviour to a strong release of the highly reactive second phase by
galvanic coupling.

By taking into account the results of enhanced preferred Mg disso-
lution after a pitting potential is applied in in-situ measurements, the

Fig. 4. Change of dissolution rate (Δjm) of Li (a,c) and Mg (b,d), measured for Mg-1.6Li (a,b) and Mg-3Li (c,d) while holding the samples at constant voltages (EOCV
(Mg-1.6Li: − 1.77 V, Mg3Li: − 1.94 V vs. Ag/AgCl), EOCV +0.2 V (Mg-1.6Li: − 1.74 V, Mg3Li: − 1.72 V vs. Ag/AgCl), EOCV − 0.5 V (Mg-1.6Li: − 2.23 V, Mg3Li: − 2.39 V
vs. Ag/AgCl), − 0.9 V vs. Ag/AgCL reference electrode) for 15 min after 10 min EOCV measurement. The change is defined as the difference to the dissolution rate at
EOCV after 500 s. Additionally, the dashed line marks the dissolution rate change to reach a total dissolution rate jm=0 ng/(s*cm2) for a voltage of EOCV-0.5 V to
identify if the dissolution is completely suppressed.

Fig. 5. LSV from EOCV to − 0.5 V vs. Ag/AgCl of Mg-1.6Li, Mg-3Li and Mg-5.5Li thin films. a) Current density measured in a flow cell with the potentiostat. b)
Dissolution rate of Mg and Li over applied voltage. c) Ratio of dissolution current density of Mg and Li calculated from dissolution rates over applied voltage.
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change of preferred release might also be additionally influenced by a
formation of corrosion products mainly containing Mg and, therefore,
reducing the Mg release in comparison to Li over time.

3.3. Surface composition

As identified in the release studies, the surface composition and films

Fig. 6. 3-day ion release study in HBSS (155 mmol) at a pH of 7.4 and a temperature of 37 ◦C, determined by ICP-MS measurements on extracted solution. a) Total Li
mass dissolved until measurement time and percentage of mass released with respect to the overall mass of Li available in the film. b) Total Mg mass released until
measurement time and percentage of mass released with respect to the overall mass of Mg available in the film. c) Ratio of dissolved Mg and Li mass. The mass ratio
present in the thin films (calculated from film composition) is marked with dashed lines.

Fig. 7. XPS data of Mg-1.6Li (a-d) and Mg-3Li (e-h). a,e) C 1 s (the carbonate peal is marked on the left), b,f) Li 1 s and Mg2p, c,g) Mg 1 s, d,h) O 1 s. For each sample
and measured signal, 4 samples are compared: as prepared (sputtered sample), sample dipped in solution shortly before the measurement, sample corroded for 1 h in
solution and stored in air and sample corroded for 1 h in solution and stored in ethanol before measurement.
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formed on as prepared and corroded samples play a significant role in
the degradation process.

The surface composition is analysed by XPS on the as-prepared
samples, after dipping them in solution and after corrosion for 1 h.
The C 1 s, O 1 s, Mg 1 s and Li 1 s (+Mg 2p) spectra are given in Fig. 7a-
d for Mg-1.6Li and Fig. 7e-h for Mg-3Li. In the as-prepared state, only for
Mg-1.6Li, a Mg signal is measured on the surface. Both sample types
show a strong Li 1 s peak, indicating an accumulation of Li-rich phases
on the surface. The C 1 s signal also shows a carbonate peak in the as-
sputtered state. For Mg-1.6Li, mainly one sharp peak (mainly hydrox-
ide) is found in the O 1 s spectrum, while for Mg-3Li, an additional
shoulder at lower binding energies indicates the presence of oxides.

The effect of contact with solution on the surface composition is
studied by dipping a sample into the solution shortly before measure-
ment. After the first contact with the solution, the Li signal disappears
for both sample types while a Mg peak is now identified for both sam-
ples. Together with the sharp release of Li at the beginning of the in-situ
measurements, this leads to the assumption that a Li-rich layer exists on
the surface before the immersion, which makes the Li ions readily
available for dissolution. The layer is thicker or more complete for films
with higher Li fraction, enhancing the Li and reducing the Mg signal of
Mg-3Li in comparison to Mg-1.6Li. Thus, first contact with the solution
leads to a decrease of Li and carbonate content on the surface, leading to
the assumption of a Li2CO3 layer present before, which is water soluble.

Measurements on samples corroded for 1 h in solution are carried out
after storing the sample in ethanol or air for transport. As shown in
Fig. 7, this influences the sample surface significantly. A strong Mg peak
is still present for samples stored in ethanol to prevent contact with air,
and no strong Li accumulations occur on the surface. In addition to a
broadened Mg peak, a sharp additional peak (Mg-1.6Li, Mg-3Li) of Mg
metal is found, thus, the oxide/hydroxide layer on the surface is thinner
than 5 nm. The O 1 s signal consists of two prominent peaks at around
531.5 eV and 529 eV. While the peak at higher energy is present already
on the as-prepared samples, the peak at lower energy is shown especially
for Mg-3Li as a more minor shoulder after dipping the sample in solu-
tion; therefore, it is not only a signal influenced by ethanol storage. The
C signal for all sample types is strongly reduced. Storing the samples in
air leads to a C 1 s and O 1 s signal similar to the as prepared samples.
The O 1 s signal also slightly broadened with a shoulder at higher en-
ergies, indicating the presence of carbonates. For Mg-3Li, a Li peak and
carbonate can be detected. In comparison, Mg-1.6Li samples do not
show any Li signal with a slight reduction and broadening in the Mg
peak. Thus, the Li compound containing surface layer is formed after
corrosion and contact in air, but the formation speed is dependent on the
Li available for the formation since Li is present close to the surface and
less diffusion is necessary for the formation.

Thus, contact with solution and corrosion does not increase the Li
and carbonate content on the surface during the corrosion time of 1 h of
the thin films, but contact with air does for hcp Mg-Li alloys.

Additional elements in corrosion products, such as Ca and P, can be
detected on the corroded samples (stored in ethanol) (Fig. 3 supple-
mentary). The presence of Ca and phosphates is discussed to reduce the
corrosion of Mg alloys, also with additional carbonates, in a medium
with added salts to simulate physiological conditions [47].

4. Discussion

4.1. Surface in air

In general, for Mg materials, a layer of MgO which partially reacts to
Mg(OH)2 is formed in air [27]. Yan et al. propose for Mg-Li alloys that
the Mg(OH)2 can react further to Mg carbonate containing compounds if
stored in air, which leads to a reduction in Mg(OH)2 [48]. However, for
the samples in this study, the Mg signal in general is reduced and
completely absent for Mg-3Li, thus, another compound is attributing to
the surface composition. High Li and carbonate signals were found on

the sample surface. Therefore, the formation of a Li and
carbonate-containing layer is found on all sample types with a thicker or
more complete layer for Mg-3Li. Li2CO3 is a common component formed
in air on Mg-Li alloys with high Li concentration and β-phase [42,49].
For high Li concentrations, a large amount of Li is available close to the
surface and can readily react. Additionally, further Li can be transported
to the surface, leading to a Li-depleted zone under the surface layer [49].
However, since the PBR (Pilling-Bedworth ratio) is between 1 and 2 for
all Li fractions, it can also form stably on all α-Mg-Li [26]. To support
this assumption, it should be noted that Xiang et al. also found Li2CO3
films on a Mg-5Li-1Al hcp alloy [30].

The occurrence of a surface layer consisting mainly of Li components
is also proven in the in-situ release studies by the sharp release of Li at
the beginning of immersion. The peak height increases from Mg-
1.6Li<Mg-3Li <Mg-5.5Li, indicating a higher amount of Li components
formed when the Li content is increased, which is not necessarily
dependent on the phase. Since Li2CO3 is water soluble [42], the layer
dissolves and, therefore, does not influence the corrosion resistance of
both Mg-1.6Li and Mg-3Li. The dissolution is also proven by the disap-
pearance of the Li signal in XPS after a first short immersion. Even
though it can be theoretically formed in solution, this highly depends on
the availability of Li ions and carbonate and the pH [50]. Here, the
measurements were performed at a pH of around 7.4, while Li2CO3 is
more stable for alkaline solutions. The diffusion of Li to the surface can
then lead to a Li-depleted, Mg-rich area underneath the surface layer,
which also adds to the strong Mg signal detected by XPS after the
short-term immersion.

After corrosion, samples were stored again for approximately 7 days
in air. Since, for both alloys, the samples stored in ethanol after corro-
sion showed no Li and low carbonate signal, the change can be attrib-
uted to the exposure to air. Yan et al. found that exposure to air after
corrosion leads to the formation of Li2CO3 on the sample surface of a bcc
Mg-Li-based alloy after 60 h [48] and starts already after less than
3 hours [42]. The thickness of the Li2CO3 films on Mg-Li will further
grow over time since more Li is transported to the surface [48]. The
formation, however, is not limited to β-phase materials. While the Li
diffusion coefficient in hcp Mg is lower than in β-Mg-Li [51,52], Li is still
available close to the surface and can react with CO2 from the air.
Additionally, it was found that Li segregates at grain boundaries for
Mg-Li alloys, also for hcp Mg-Li [53], therefore enabling fast transport
due to grain boundary diffusion. Since the columnar growth or long
grains for both Mg-1.6Li and Mg-3Li offer many grain boundaries and
sometimes void formation [8] leading to the film surface, this can
further facilitate the transport. The amount of Li available is then
influenced by the Li fraction in the film. Mg-3Li presents a Li and car-
bonate signal on the surface after corrosion and storage in air, even
though the Li signal is very low. Therefore, the formation depends on the
Li content present in the hcp Mg-Li due to the higher availability close to
the surface. It can be assumed that this not only increases the layer
thickness as discussed for the as-prepared samples but also the speed of a
detectable layer; thus, the formation of such a layer on corroded
Mg-1.6Li samples after longer storage time might be possible.

4.2. Ion release and degradation

The ion release due to the degradation of the Mg-Li thin films was
tested directly after the immersion in-situ and over longer time. The
degradation can change over time due to the release and depletion of
one element or the further prevention of fast corrosion due to corrosion
products forming protective layers on the surface. For single-phase hcp
Mg-Li, a corrosion similar to Mg is expected. For Mg, a thin, dense layer
of MgO and a thicker, porous layer of Mg(OH)2 is formed on the surface,
which is more stable in an alkaline solution [50]. The pH close to the
surface increases during the corrosion, stabilising such layers. The
corrosion is driven by filiform corrosion with a cathodic corrosion front
[26]. By adding Li, in general, the hydrogen evolution effect of Mg alloys
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decreases and even though the passivation is not strong, additional
compounds such as Li2CO3 or LiOH have been found on the surface of
Mg-Li based samples [29,30].

In general, the Li release is expected to increase with the Li content
available in the film, which was found for both short-term and long-term
measurements. However, the release is influenced by not only the Li
content but also the degradation process, in the simplest case, the
corrosion rate. In a previous study, the corrosion rate of Mg-1.6Li was
determined to be the lowest, while the corrosion rate increased due to
the change in orientation, higher activity of Li and galvanic coupling
because of the formation of a second phase for Mg-5.5Li [8]. A higher Li
content leads to a higher corrosion rate and, thus, to a higher release in
both Mg and Li ions. This can be evenmore pronounced if the increase in
Li content also changes the orientation of the material and the micro-
structure [8]. This is in agreement with the higher overall ion release
and, thus, corrosion rate measured herein.

Both α-Mg-Li alloys show a preferred Mg release after the first peak
of Li release in the first hour, and there is a nearly direct start of Mg
release after immersion. Thus, after the dissolution of Li-rich com-
pounds, Li is no longer released preferentially, and a larger amount of
Mg is available, possibly due to the depletion after Li reacting on the
surface. In the 3-day measurements, both α-phase materials show a
similar trend of release with a higher release of Mg at the beginning, as
already mentioned for in-situ measurements. However, the results show
a preferred dissolution of Li over longer immersion times, possibly due
to the lower electrochemical potential [50]. The preferred dissolution of
Li is also observed in the ion release studies at constant voltage. While

the Mg release is nearly completely suppressed for both materials at
cathodic polarisation, Li release still occurs, especially for Mg-3Li. Thus,
the release is not a continuous release of both materials present in the
phase but preferred of one material even though no two different phases
can be found. Since the Li was found to be accumulating at the grain
boundaries [53], it is possible that these Li-rich areas are corroding
preferentially; however, further studies would be needed to prove the
effect on the ion release directly.

The corrosion of α-Mg-Li, thus, changes from surface to bulk of the
thin films and can be described by three phases (Fig. 8): 1. Li release
from Li containing surface film formed in air, 2. Preferred release of Mg
fromMg-rich area under the surface, 3. Continuous release from the bulk
of the film with preferred Li dissolution. The release of Mg is reduced
over time while the Li release is less reduced; thus, in addition to the
higher activity of Li, the incorporation of Mg in corrosion products
might additionally reduce the Mg release and lead to a higher concen-
tration of Li in comparison to Mg. The anodic polarisation by sweeping
to values above passivation and the start of pitting shows an increase of
Mg release, thus indicating the presence of a Mg-rich corrosion product.
The formation of the corrosion products can then change decrease
corrosion over time [54] together with additional components such as
phosphates (Ca, P) formed due to the additional salts in the solution.
Li-containing components have not been found in the outer layer after
corrosion without storage in air, and after 1 h of immersion, only a thin
layer of oxides and hydroxides is formed. Thus, the Mg metal under-
neath is still detectable. Further measurements would be necessary to
identify the composition of the corrosion products in detail which is not

Fig. 8. Schematics of possible processes of the surface layer formation and degradation of hcp Mg-Li thin films a)-c) in air and d)-f) in solution. a) Formation of a
Li2CO3 and MgO containing surface layer in air on as sputtered samples, b) formation of Mg-rich surface layers in air after short storage time and low Li content after
corrosion and c) development of Li2CO3 on corroded samples after longer storage time in air for films with higher Li content. d) The start of the contact with solution
leads to a dissolution of the Li-rich carbonate layer, followed by e) preferred, strong Mg release in short-term corrosion, before f) the release switches to preferred Li
release, possibly due to preferred Li release and formation of corrosion products.
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part of this study.
For the application of such films, the Li release needs to be deter-

mined over time. While the therapeutic range is discussed to be around
0.4–1.2 mM [55], this cannot be directly compared to the concentra-
tions reached in the 3-day studies due to the influence of cells or
placement in vivo on the corrosion rate [56], and the actual volume of
solution and the flow on the final concentration. However, this study
and the preferred release of Li identify that the Li concentration avail-
able cannot be directly derived from the degradation rate of the films
and will change, especially during the beginning of placement and after
long immersion times when Li is depleted. Especially the first Li-rich
layer might lead to higher Li concentrations, and removal of such
layer by, e.g., previous immersion in solution might be necessary.

5. Conclusions

Mg-Li thin films in the hcp phase were studied with respect to the
surface chemistry and degradation by a combination of in-situ and ex-
situ techniques for determining the ion release and additional analysis
of the surface composition by XPS. A process of the formation of surface
layers in air and during corrosion and preferred ion release is described:

• It was found that both sputtered hcp alloys (Mg-1.6Li and Mg-3Li)
formed Li carbonate containing compounds on the surface after
long-term exposure to air. This layer is also formed if corroded
samples are exposed to air. However, the development is mainly
visible for Mg-3Li films after 7 days due to the higher Li content and,
thus, availability of the element.

• During degradation in Hanks’ balanced salt solution, this surface
layer is dissolved, monitored by a high release in Li and reduction in
both carbonate and Li signal in XPS. The layer does, therefore, not
contribute to the passivity and influence on the corrosion resistance
of the hcp thin films.

• While a higher Mg concentration can be found during the first hour
of immersion, a higher Li concentration than present in the film is
determined over a longer time due to the preferred release of Li and
the formation of Mg-rich corrosion products (containing oxides and
hydroxides), which form a passivating layer and decrease the
corrosion rate.

The corrosion process and ion release are time-dependent and
change from direct contact in solution to long-term corrosion. The
combination of in-situ short-term and studies with longer immersion
times, as described in this work, is therefore beneficial to gain a more
comprehensive picture of the complex degradation behaviour of the thin
films.

Understanding the degradation process and reactions in air is also of
interest for other applications of MgLi in fields such as lightweight
construction. For the medical field specifically, the ion release results
also highlight the importance of carefully analysing the ion release when
discussing such thin films for application as biodegradable reservoirs for
treatments with dissolving elements. For an optimisation of the treat-
ment, it is not sufficient to determine the Li release by degradation rate
since a change over time occurs. The change in the ratio of both ions
must also be considered if both can influence the therapeutic effect of
the other element involved. Furthermore, a treatment or solution dip-
ping before tests in vitro or in vivomight be beneficial to avoid the impact
of the high Li release at the start.
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