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Abstract

In the context of protecting Mg‐based nano‐objects for potential hydrogen

storage applications, the potential of C:H layer as a barrier polymer material

deposited by the plasma‐enhanced chemical vapor deposition process is

examined. Corrosion tests reveal (a) good barrier properties of the C:H layer

and (b) suggest an increase in

the internal stress with the

power dissipated in the plas-

ma. The latter is attributed to

an increase in the cross‐
linking density of the coat-

ings accompanied by an in-

crease in the stiffness as

shown by nanoindentation

measurements. Finally, for a

given set of plasma para-

meters, Mg‐based nanowires

were successfully enrobed by

the C:H coatings as evi-

denced by scanning electron

microscopy measurements.
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1 | INTRODUCTION

Nowadays, hydrogen is considered as a promising al-
ternative energy carrier that can potentially facilitate
the transition from fossil to renewable fuels because
of its prominent advantages such as high energy
density, great variety of potential sources, lightweight,

and low environmental impact.[1–6] Nevertheless,
important issues (e.g., hydrogen production, trans-
port, storage, etc.) have to be addressed before the use
of hydrogen as an energy source becomes industrially
and economically viable. Today, specifically in the
automotive industry, one of the main obstacles is
clearly the lack of efficient hydrogen storage requiring
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the development of effective methods for hydrogen
compression.[4]

In this context, the use of hydride materials (where
hydrogen is chemically bonded to a metal), especially
MgH2‐based one, able to store important quantities of
hydrogen has emerged.[2–7] For an efficient hydrogen
storage process, the ability for the Mg‐based material
to form a stable thermodynamic state with hydrogen
but weakly enough to release it on demand with a
small temperature rise is mandatory.[1] This can be
achieved by reducing the size of the Mg‐based mate-
rial down to nanoscale.[3,8] In addition, protecting the
nano‐objects to avoid the oxidation of Mg giving rise
to the formation of MgO or Mg(OH)2 and thus limiting
the diffusion of hydrogen in the material, is also
crucial.[1] Based on these considerations, it has been
reported that embedding nanosized Mg‐based objects
in a polymeric matrix acting as protecting material
against the oxidation of the nanostructures appears as
a very promising approach.[1,3,9] Besides offering
protection against oxidation, the polymeric matrix has
also to fulfill additional requirements. For instance,
when forming the MgH2 phase from metallic Mg, a
volume expansion of about 33% takes place as a con-
sequence of hydrogen uptake.[1,7] Therefore, the me-
chanical flexibility of the polymer is also an important
criterion. Furthermore, considering the industrial
perspective, the current environmental context makes
more and more urgent the development of green
technologies for material synthesis.

In this context, plasma‐based technologies com-
bining several prominent advantages (i.e., en-
vironmentally friendly, time‐efficient, industrially
scalable) attract considerable attention for material
synthesis.[10–12] The main advantage is likely the
versatility of these surface engineering processes en-
abling to modulate in a wide range the physico-
chemical properties of the synthesized material by a
clever choice of the process parameters. On this basis,
in this study, we propose to evaluate the potential of a
C:H plasma polymer film (PPF) deposited by plasma‐
enhanced chemical vapor deposition (PECVD) from
ethylene precursor as a protective coating for Mg‐
based nano‐objects. The choice of this material is
motivated by previous works revealing its efficiency as
a protecting layer.[13,14] Our research strategy in-
cludes first, the investigation of the deposition ki-
netics and the physicochemical properties (i.e., barrier
properties, mechanical properties, cross‐linking de-
gree, carbon hybridization, chemical composition) of
the C:H layer (using silicon or aluminum as sub-
strates) as a function of the load of energy in the
plasma. Then, for a selected synthesis condition, the

covering of Mg‐based nanowires fabricated by mag-
netron sputtering operating in glancing angle geo-
metry as recently reported in our group[15] is carried
out. The conformality of the C:H layer on the nano‐
objects is examined by electronic microscopy.

2 | EXPERIMENTAL PART

All experiments were carried out in a cylindrical stainless
steel chamber (height: 60 cm, diameter: 42 cm). The
chamber was evacuated by a turbomolecular pump (Ed-
wards nEXT400D 160W; Burgess Hill, UK), down to a
residual pressure of 10−6 Pa. A magnetron cathode was
installed at the top of the chamber and the substrate was
located at a distance of 80 mm. A 2‐inch in diameter and
0.25‐inch thick Mg target (99.99% purity) was used.
Conductive silicon wafers (100) or polished aluminum
were used as substrates and rinsed with ultrapure water
before deposition.

The synthesis of the Mg‐based nanowires, which will
be further covered by the C:H layers is performed by
sputtering the target in DC mode using an Advanced
Energy MDK 1.5K power supply (with a power kept
constant at 50W) in an argon atmosphere using a flow of
12 sccm. The working pressure was 0.13 Pa. To induce
the formation of the nanowires, the substrate was tilted
during the synthesis at a value of 87°. More details can be
found in Liang et al.[15]

For the synthesis of the C:H coating, the working
pressure and the ethylene flow rate were fixed to 13 Pa
and 15 sccm, respectively. The Mg target was sputtered
using a radiofrequency (RF) power supply (Advanced
Energy) operating at 13.56MHz and connected to the
cathode through a matching network. The influence of
the RF power applied to the cathode (PRF) was studied in
the range 20–100W. In our experimental window, the
self‐bias of the target evolves from −100 to −312 V with
PRF. In all the experiments, the substrate is kept at the
floating potential.

The thickness of the C:H coatings is measured using a
Sloan Dektak 3030ST mechanical profilometer. For these
experiments, a step was generated using a mask.

Raman spectra measurements (400–2,000 cm−1) were
carried out in a Bruker Senterra spectrometer equipped
with a charge‐coupled device detector and a He–Ne laser
(532 nm) at 10mW.

The films were also investigated by Fourier‐transform
infrared spectroscopy (FTIR) using an Excalibur FTS
3000 FTIR spectrometer from Bio‐RAD. Spectra from 400
to 4,000 cm−1 were recorded with a resolution of 4 cm−1

and averaged over 2,048 scans to accumulate a good
signal‐to‐noise ratio. For these experiments, the C:H
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coatings (thickness of 500 nm) are deposited on KBr
pastille.

The morphological characterizations were carried out
using a field emission gun scanning electron microscope
(FEG‐SEM; Hitachi SU8020; Ri Li, Japan).

To evaluate the cross‐linking density of the C:H lay-
ers, static time‐of‐flight secondary ion mass spectrometry
(ToF‐SIMS) measurements were acquired using a ToF‐
SIMS IV instrument from IONTOF GmbH. The as‐
deposited films are exposed a few minutes in the air be-
fore their introduction in the instrument. A 10‐keV Ar+

ion beam at a current of 0.5 pA rastered over a scan area
of 200 × 200 µm2 during 150 s. The positive spectra were
analyzed by the principal component analysis (PCA)
method using the SIMCA‐P13 software supplied by
Umetrics, Sweden. Before multivariate analysis, each
spectrum was normalized to total ion count number,
mean‐centered, and scaled. More details about the PCA
treatment can be found elsewhere.[16]

The hardness and modulus of the films were mea-
sured by depth‐sensing indentation using a Bruker/
Hysitron Triboindenter with a diamond Berkovich
pyramidal tip. Before testing, the tip geometry and system
compliance were calibrated using a fused silica standard
and, before each indentation, the thermal drift of the
system was measured and the displacement data cor-
rected. A trapezoidal load function was used for these
indentations with 5‐s loading and unloading segments
and a 2‐s hold in between. The load–displacement curves
of each indentation were analyzed using the Oliver–Pharr
methodology.[17] To evaluate the mechanical properties
as a function of penetration depth, each film was in-
dented by three 5 × 5 indentation arrays with a spacing of
5 µm between indentations. Within each array the in-
dentation load was decreased incrementally from a
maximum of 9mN for the first indentation down to
0.1 mN for the last. Finally, to extract the hardness and
modulus of the films without the contribution from the
substrate, we followed the methodology proposed in the
ISO standard 14577‐4.[18] The sample mechanical prop-
erties where thus averaged from those obtained from the
three indentation arrays per sample, with the standard
deviation representing the error.

The study of the corrosion resistance of the C:H
coatings is achieved using electrochemical impedance
spectroscopy (EIS). For these measurements, the C:H
coatings are deposited on aluminum substrates (1050 AA,
20 × 20mm) which, before the synthesis, were degreased
using acetone and methanol and mechanically polished
up to 2,200 grade to remove the superficial oxide and
the impurity layer. EIS measurements were performed
in a three‐electrode cell in a frequency range from
100 kHz to 100mHz using an amplitude signal of 5 mV.

The impedance spectra were performed using a Parstat
Model 2273 controlled by PowerSuite® software. An Ag/
AgCl/KCl saturated reference electrode, a platinum
counter‐electrode, and a working electrode made of the
studied sample were employed. The sample area exposed
to 0.1M NaCl electrolyte solution was 1 cm2. During the
immersion period, the volume of the solution was
maintained at 20 ml. To minimize external electro-
magnetic interferences on the measurements, the elec-
trochemical cell was placed in a Faraday cage.

3 | RESULTS AND DISCUSSION

In the first attempt, the deposition kinetics of the C:H
layer as a function of the injected power is examined
(Figure 1). The deposition rate increases from ~5 to
~22 nm/min for PRF evolving from 20 to 100W. Giving
our specific experimental configuration, the growth of
the layer could, in principle, come from two distinct
contributions: (a) the condensation of the sputtered par-
ticles from the magnesium target and (b) the adsorption
of reactive species (i.e., ions and mainly radicals) result-
ing from the precursor dissociation.[19] Nevertheless, it
has been reported that for pure carbon‐based precursor
discharge (i.e., no Ar), the growth of the layer can mainly
be ascribed to the chemisorption of the film‐forming
species formed in the gas phase.[20] Thus, the process can
be considered to operate in a pure PECVD mode. This is
further supported by the absence of Mg lines in the X‐ray
photoelectron (XPS) spectra (Figure 2).

Considering that only the PECVD process contributes
to the film growth, the increase in the deposition rate
with the load of energy is ascribed to an increase in the
electron density. As a consequence, a higher concentration

FIGURE 1 Evolution of the deposition rate for the
synthesis of the C:H coating as a function of PRF
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of film‐forming species (i.e., mainly radicals) is produced
through collisional processes giving rise to an increase in
the deposition rate.[21,22]

To evaluate the barrier properties of the coatings,
corrosion tests have been performed using polished Al
substrates. As the corrosion of Al occurs through O2 and
H2O diffusion, such an approach can be used to char-
acterize the barrier properties of the deposited PPF
against O2. This is achieved by EIS measurements carried
out on coated and uncoated samples. This technique does
not only gives information about the barrier properties of
the PPF but also about the potential corrosion processes
at the metal–coating interface. The evolutions of the
impedance modulus and phase diagrams as a function of
the immersion time (i.e., after 3 and 7 days), the so‐called
Bode diagram, in 0.1M NaCl solution for an uncoated
polished 1050 aluminum alloys samples are shown in
Figures 3a and 3b, respectively.

The analysis of the Bode diagram of the uncoated Al
substrate reveals stable electrochemical behavior during
the full experiment period. This phenomenon is ex-
plained by the protective alumina layer naturally present
on the surface of the metallic substrate as well as the low
surface roughness, which limits galvanic corrosion

phenomena. The low frequency (100mHz) modulus, re-
presentative to the total barrier resistance of the system,
is about 106Ω·cm2. Therefore, an improvement of the
corrosion protection will be indicated by an increase in
the low‐frequency modulus.[24] Moreover, on the Bode
phase diagrams, the behavior at low and medium fre-
quencies after 7 days of immersion corresponds to a ca-
pacitive behavior that can be associated with the
capacitance of the alumina layer. [25,26]

As it can be seen in Figure 4, when a 200 nm thick
C:H layer (PRF = 20W) is grown on the Al substrate, a
significant improvement in the corrosion properties is
observed. Namely, the low‐frequency modulus (100mHz)
is increased by one order of magnitude (as compared
with the uncoated Al substrate) to reach values around
107Ω·cm2 after 7 days of immersion. The enhancement
of corrosion protection is obviously attributed to the
presence of a dense amorphous cross‐linked C:H coating
film providing an extra barrier against penetration of
aggressive species (i.e., O2, H2O, Cl

−). Moreover, the time
constant could be associated with the response of the film
capacitance and resistance, as it presents a phase angle
value (from −80° to −70°) characteristic of such capaci-
tive behavior.

FIGURE 2 (a) Typical X‐ray
photoelectron spectroscopy survey
and (b) high‐resolution Mg 2p
photoelectron peak of an as‐deposited
C:H layer synthesized for PRF = 20 W

FIGURE 3 Bode diagrams in (a) modulus and (b) phase of an uncoated Al substrate for different immersion times in 0.1 M NaCl
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To compare the corrosion barrier efficiency of the PPF
layer as a function of their growth conditions, a 200 nm
thick C:H layer (PRF = 60W) is deposited on the Al sub-
strate. For this PPF growth conditions, the Bode diagrams
(Figure 5) are composed of at least two time constants: the
time constant at a lower frequency, which can be associated
with the native alumina present on the aluminum substrate
with its capacitive behavior identifiable in the middle‐
frequency range on the Bode diagrams. The second time
constant at higher frequency (104Hz) is related to the
contribution of the resistance and capacitance of the PPF
layer. This time constant is strongly reduced compared with
its homologous obtained for PRF = 20W. After 7 days, the
relative time constant disappears and only a resistive be-
havior can be observed at high frequency. For the sake of
completeness, a similar experiment has been carried out for
a PPF deposited for PRF= 100W, revealing an identical
behavior (see Figure S1). This could be attributed to the
cracking/delamination of the layer when immersed in an

aqueous solution due to excessive internal stress. Indeed, it
has been reported that C:H thin films synthesized by
PECVD often present high internal compressive stress,
which could potentially result in the coating failure in so-
lution.[27,28] Based on these considerations, it is proposed
here that increasing PRF results in the formation of C:H PPF
films with higher residual stress, in line with the
literature.[29]

As aforementioned in Section 1, considering hydro-
gen storage applications, during the “hydrogenation”
reaction, a volume expansion of ~33% occurs.[1,7] If con-
taining too high internal stress, the volume expansion
that the metal undergoes during the adsorption cycle
might result in the formation of cracks in the polymer
network offering preferential pathways for the oxidation
of the Mg‐based nano‐objects. The internal stress of the
polymeric matrix therefore also represents an important
factor. In contrast, the availability for the polymeric
matrix to mechanically accommodate during the

FIGURE 4 Bode diagrams in (a) modulus and (b) phase as a function of the immersion time in 0.1M NaCl for an Al substrate
covered by a C:H layer deposited for PRF = 20W

FIGURE 5 Bode diagrams in (a) modulus and (b) phase of an Al substrate covered by a C:H layer synthesized for PRF = 60W
versus immersion times in 0.1 M NaCl

LIANG ET AL. | 5 of 9



expansion also strongly depends on its mechanical
properties. Therefore, nanoindentation measurements
have been carried out to evaluate the hardness and
Young's modulus of the C:H layers.

As shown in Figure 6, both Young's modulus (i.e.,
from ~5 to ~12 GPa) and hardness (i.e., from ~1 to
~1.8 GPa) increase with PRF. The control over the stiff-
ness of the C:H layer would enable to modulate the
flexibility of the PPF coating, which is important as al-
ready mentioned regarding the adsorption/desorption
cycle. Referring to the range of hardness measured in this
study, these C:H layers can be classified as polymer‐like
hydrogenated films and do not belong to the category of
“diamond‐like carbon”‐based material exhibiting higher
hardness.[30–33]

The evolution of the stiffness as well as the internal
stress of the coatings regarding the load of energy is ex-
pected to result from variation in the chemical compo-
sition (e.g., sp3 vs. sp2 carbon bonding configuration)
and/or cross‐linking density.[28,34] Therefore, to gain
more information, Raman/FTIR spectroscopies and ToF‐
SIMS measurements are carried out to evaluate the che-
mical composition as well as the cross‐linking degree of
the C:H layers as a function of PRF, respectively.

Figure 7 represents the Raman spectra of the C:H coat-
ings as a function of PRF. The absence of sp2 signature
characterized by the nondetection of the associated G
(1,580 cm−1) and D (1,350 cm−1) peaks indicates the forma-
tion in our experimental window of a hydrogenated polymer‐
like layer mainly composed of sp3 hybridized carbon vali-
dating our previous observation regarding the range of
hardness measured.[35] These conclusions are further con-
firmed by FTIR measurements (Figure 8) also revealing the
absence of sp2 signature in the spectra. Indeed, mainly CH3

(i.e., antisymmetric stretching at 2,957 cm−1, antisymmetric
bending at 1,454–1,456 cm−1 and symmetric bending at
1,375–1,381 cm−1) and CH2 (i.e., antisymmetric stretching at

2,932–2,939 cm−1, symmetric stretching at 2,872–2,879 cm−1,
and symmetric bending at 1,454–1,456 cm−1) vibration
modes are identified.[36] For the sake of completeness, the
presence of oxygen‐based functionalities (i.e., OH stretching
at 3,443–3,470 cm−1, C═O stretching at 1,715–1,718 cm−1) is
ascribed to the post‐oxidation of the layers in the air during
the storage of the samples before their analysis.[37]

Regarding the ToF‐SIMS analysis, as mass spectra of
organic‐based coatings often contain dozen of peaks, a
statistical treatment using the PCA method is employed
to address this issue of data abundance.[38,39] This strat-
egy allows to extract the essential information concerning
the variation in surface chemistry depending on the
process parameters. More details about this data treat-
ment can be found in the review of Cossement et al.[16]

Figure 9 shows the “score” plot extracted from the PCA
treatment of our ToF‐SIMS spectra in which the data are

FIGURE 6 Evolution of Young's modulus and the hardness
of the C:H layer as a function of PRF

FIGURE 7 Raman spectra of the C:H coatings as a function
of PRF

FIGURE 8 Fourier‐transform infrared spectra of the C:H
coatings as a function of PRF
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positioned according to their surface fragmentation pat-
tern. The larger is the distance between the points, the
larger is the difference between the corresponding ToF‐
SIMS mass spectra, thus revealing variation in terms of
surface chemistry. Regarding PRF, the samples are well
discriminated along the axis, namely the principal com-
ponent, that is, PC1.

The PCA model also gives the most influential peaks
in the PC1 model, responsible for sample discrimination
in the score plot. Indeed, a positive or negative loading
coefficient (giving the statistical weight) is associated
with each m/z signal. The higher the absolute value of
the loading coefficient, the higher is the intensity varia-
tion of the corresponding peak from sample to sample.
The C:H layers synthesized for PRF = 80 and 100W are
characterized by negative loadings as they are positioned
in the negative part of the score plot when considering
the PC1 axis while the reverse situation is observed for
samples synthesized for PRF = 20 and 60W. To gain in-
formation about the cross‐linking degree, the average
chemical composition of the fragments was calculated for
each loading category (i.e., negative and positive) fol-
lowing a method described elsewhere.[16,38,39] Consider-
ing the most statistically important peaks (i.e., peaks
having a statistical weight >90%) based on the data de-
picted in Figure S2, the carbon and hydrogen atoms of
each influential associated signal is summed up and then
divided by the numbers of considered peaks. In our case,
the calculated average fragments are C6H4,5

+ and
C9,8H9,5

+ for negative (i.e., PRF = 80 and 100W) and po-
sitive (i.e., for PRF = 20 and 60W) loadings, respectively.
For each fragment, the C/H ratio giving direct informa-
tion about the cross‐linking degree is examined. An in-
crease in PRF gives rise to a higher C/H ratio (1.33 vs.
1.03) indicating an increase in the cross‐linking degree of
the C:H layers with the load of energy.

It can, therefore, be concluded from the chemical and
structural characterization of the samples that the C:H
layers consist of a hydrogenated polymer‐like thin film,
mainly formed by sp3 carbon with a tunable cross‐linking

degree, impacting the stiffness as well as the internal
stress. To explain this behavior, let us consider the overall
growth mechanism. Briefly, reactive species including
ions and mainly radicals are generated in the plasma
through electron‐impact‐induced dissociation reactions
of the precursor. Then, the adsorption of the formed
species at the growing film interface gives rise to the
growth of the layer. As evidenced by the increase in the
deposition rate, the flux of radicals reaching the interface
likely increases with PRF resulting in more recombination
reactions between radicals at the surface and in turn a
more cross‐linked network. Simultaneously, energy is
also continuously provided at the growing film interface
through ionic bombardment, which, among others, could
create surface dangling bonds mainly through C–H bond
breaking.[31] As previously reported,[40] increasing PRF
results in an increase in the ion flux toward the interface
giving rise to more surface recombination of carbon‐
centered adjacent radicals, thus contributing to an in-
creased cross‐linking density of the C:H coatings. This
could also induce an increase in the internal stress as the
latter is also associated with the densification of the
polymeric layer.[41]

Finally, in view of the fabrication of Mg/C:H nano-
composite material for potential hydrogen storage appli-
cations, the C:H layer (for PRF = 20W) is deposited on
Mg‐based nanosculpted films. For these experiments, as a
first step, the Mg target is sputtered in pure Ar atmo-
sphere and the substrate is tilted at a value of 87° re-
sulting in the formation of Mg‐based nanowires with a
length of ~700 ± 100 nm and a width of ~200 ± 20 nm
(Figure 10a). This synthesis has been previously reported
in detail.[15] In the second step, the C:H coating is de-
posited on the Mg film in the same reactor varying the
deposition time without any venting to avoid the oxida-
tion of the nanowires before their covering.

For a deposition time of 9 min, the top of the nano-
wires (along a length of about 200 nm) is covered by the
C:H layer (Figure 10b) as testified by the increase in the
dimension of the columns (i.e., from ~200 ± 20 to
~300 ± 30 nm). The preferential deposition on the top of
the column might be tentatively explained by a nonuni-
form ionic flux over the length of the nanowires. Indeed,
assuming a higher ionic flux at the top of the nanowires,
it would cause the formation of higher surface reactive
sites suitable for the subsequent chemisorption of film‐
forming species. This would lead to a higher deposition
rate at the top of the nano‐objects explaining the obtained
morphology. Increasing the deposition time to 20min
results in the covering of the entire nanowires with a
thickness of the polymer‐like layer decreasing from the
top to the bottom (Figure 10c). For higher deposition
duration, the covered nanowires start to touch resulting

FIGURE 9 Score plot showing sample discrimination as a
result of principal component analysis processing of the time‐
of‐flight secondary ion mass spectrometry data
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in the formation of a dense carbon‐based layer embed-
ding Mg‐based nanocolumns (Figure 10d).

From these data, it appears that, in our experimental
conditions, a minimum duration of ~10min is necessary
to obtain a reliable covering of the Mg nanostructure that
would allow to protect the coating from oxidation, which
is promising for the foreseen application.

4 | CONCLUSIONS

In this study, the deposition kinetics and the physico-
chemical properties of C:H coatings synthesized by
PECVD are studied in view of the use of the material as a
protecting layer for Mg‐based nano‐objects.

The thorough characterization of the carbon‐based
layer revealed that the material is mainly formed by a
hydrogenated polymer‐like skeleton with carbon in sp3

hybridization. The cross‐linking density of the polymer
network was found to increase with the load of energy in
the plasma. This evolution is accompanied by an increase
in the stiffness as well as in the internal stress of the C:H
layer as suggested by corrosion tests, which also reveals
good barrier properties of the coating. The availability to
tune all these features represents a prominent advantage
as they are crucial to develop a suitable polymer‐based

corrosion barrier of Mg‐based nanostructures in the
context of hydrogen storage applications. Furthermore,
morphological characterizations revealed the efficiency
of our method to enrobe Mg‐based nanowires, which
would offer an ideal protection against oxidation, also
crucial for efficiently adsorbing/desorbing hydrogen. The
potential of our material for this applicative purpose will
be discussed in a forthcoming work.
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