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ABSTRACT: Magnesium diboride (MgB2) has demonstrated, theoretically and
experimentally, promise as a candidate material for hydrogen storage and has thus
attracted much contemporary research interest. To study hydrogen gas
adsorption on MgB2 thin films using a quartz crystal microbalance (QCM)�a
workhorse apparatus for this specific experiment�MgB2 must be deposited
uniformly on the active surface of the QCM without damaging the quartz’s
performance. In work presented here, a wet-chemistry colloid synthesis and
deposition process of a MgB2 thin film on a gold (Au) surface was established to
avoid the extreme conditions of conventional physical deposition methods. This
process also counteracts the unwanted phenomena of drying droplets on a solid
surface, particularly the coffee-ring effect. To verify the normal function of the
QCM after MgB2 deposition and its ability to obtain meaningful data, simple gas
adsorption tests were conducted on the QCM, and the MgB2 film on the QCM
was characterized with X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) for elemental analysis and
surface roughness, respectively. To obtain information about the thickness and the involvement of the coffee-ring effect, the same
synthesis route was applied on a similar gold substrate�an evaporated Au film on glass. XPS characterization of the film and its
precursor suspension shows the potential existence of both MgB2 and its oxide forms. The film’s thickness on evaporated Au was
measured by scanning transmission electron microscopy (STEM) to be 3.9 nm. The resulting samples show mitigation of the coffee-
ring effect through roughness measurements with AFM at two scan sizes of 50 × 50 and 1 × 1 μm2.

■ INTRODUCTION
Hydrogen�the simplest element on Earth�has become a
contemporary alternative for the energy industry to counteract
the depletion of fossil fuels.1 As an efficient energy carrier,
hydrogen gas has been extensively employed in multiple
sectors, including refineries, aerospace technologies, semi-
conductor manufacturing, fertilizer production, and many
other chemical industries.1,2 A vision encompassing robust
power generation from renewable energy rests upon the
advancement of hydrogen storage research. Previous reviews of
hydrogen storage methods highlighted chemical storage by
metal hydrides as an alternative to physical storage approaches
that require extreme pressure or temperature conditions (up to
800 bar for compression or down to 21.5 K for liquefaction)
while also exhibiting favorable thermodynamic properties for
hydrogen sorption and desorption.3

Magnesium borohydride (Mg(BH4)2) is a top candidate in
the metal hydride family, thanks to its exceptionally high
theoretical gravimetric (14.9 wt % H2)

4 and volumetric (147
g/L)5 hydrogen capacities and favorable enthalpy of hydrogen
release (ΔH0 = 38 kJ/mol H2),

6 which may allow for H2
cycling between Mg(BH4)2 and MgB2 at moderate pressures
and temperatures. Early experimental work has shown varying

results. Severa et al. showed >11 wt % hydrogen reversibly
stored in bulk MgB2 at 400 °C, 950 bar.7 Liu et al.
experimented on nanoplatelets of MgB2, which were able to
hydrogenate to Mg(BH4)2 at 280 °C and 700 bar.8 Milder
experimental conditions have been achieved via mechanical
ball milling of the MgB2 or through additive introduction.9−11

Our understanding of the reaction pathway between H2
molecules and MgB2 is insufficient, with one highlighted
publication from Ray et al. in 2017 elucidating the absorption
mechanism involving hydrogen dissociation and diffusion into
the MgB2 lattice.12 Also, in this work, the experiment was
conducted on a volumetric Sievert apparatus, which is widely
used for gas absorption experiments by measuring pressure
change in a chamber13 to plot hydrogen uptake. This method
faces accumulative errors discussed elsewhere.14 There is also a
recent computational study elucidating hydrogenation at MgB2
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reactive edges, supporting the dissociation of H2 molecules and
later formation of molecular complexes.15 Additionally,
overcoming kinetic barriers to compensate for high working
temperatures is an ongoing effort, not only for Mg(BH4)2 but
also for many metal hydrides in general.16 Slow reversibility
kinetics of metal hydrides motivate research into nanoscale
because a high surface-area-to-volume ratio potentially solves
this problem.17,18 This leads to a need for experimentation of
hydrogen sorption on sorbent thin films. Magnesium diboride,
whose chemical structure is comprised of two-dimensional
nanosheets, is susceptible to both dry9 and wet19 exfoliation
processes to increase its surface-area-to-volume ratio.
Meanwhile, the continued development of the quartz crystal

microbalance (QCM) technology has offered more direct and
advanced instrumentation for gas adsorption study, specifically
on thin films, due to the excellent sensitivity and planar
configuration of the QCM. The QCM is an electromechanical
gravimetric sensor, which is able to detect ng/cm2 of mass
change on its surface by measuring the resonant frequency
change of a quartz oscillator.20 Because of its planar device
configuration, rather than the convoluted surface configu-
rations of many other adsorption sensing apparatus, the QCM
can be adapted to enable gas adsorption experiments under
external stimuli such as light or electric fields.14 Computational
work by Zhou et al. in 2010 predicted enhanced hydrogen
storage on polarizable materials under applied electric fields.2

Many further computational studies in recent years have
predicted improved gas adsorption/sensitivity under applied
electric fields.21−25 A push toward experimental verification of
this computational result requires novel experimental techni-
ques, and the QCM completely prevails over other conven-
tional volumetric/gravimetric apparatus in providing a feasible
pathway to perform such experiments.
The H2 gas adsorption experiment on a MgB2 thin-film

QCM drives this study to develop a synthesis route to deposit
MgB2 on the quartz crystal surface. As shown in Figure 1, the
MgB2 film is located on top of the gold (Au) electrode of the
QCM. After depositing MgB2 on the Au electrode, the film
must vibrate synchronously with the quartz and be uniformly
distributed over the entire electrode surface26 to obtain
meaningful data.27 Previous publications pertaining to the
superconductivity of MgB2 used mostly hybrid physical−
chemical vapor deposition (HPCVD) to deposit the MgB2 thin
film on a substrate. This is a fast approach for industrial
applications but inadequate for gas adsorption experiments on
the QCM. The quartz used in the QCM traditionally works
well under 300 °C and potentially exhibits phase trans-
formation in the 500−600 °C range. HPCVD, whose working
temperature is ∼700−800 °C,28−30 is thus inappropriate unless
the film is mechanically transferred to the QCM after
deposition on a different substrate.
This paper proposes a wet-chemistry synthesis and

deposition route of MgB2 thin films on the Au electrode of
the QCM. Because MgB2 is a layered material, we conduct
delamination steps to obtain micro/nanostructures from bulk
MgB2 solid. These include heat treatment with anhydrous
solvents, ball milling with and without solvents, and ultra-
sonication. There are various methods to deposit particles from
the suspension phase onto a solid surface,31 of which all face a
primary issue�the coffee-ring effect. The coffee-ring effect is a
phenomenon in which particles inside a drop form a
condensed ring at the perimeter as the drop dries. This
means the nonuniform distribution of particles on the solid

surface, which is a nonoptimal result for controlled deposition
of particle layers.32 This phenomenon was mathematically
described by Deegan et al.33 As the drop evaporates, its surface
tends to lose liquid faster, but the drop cannot shrink due to
surface pinning; this drives liquid flow from the center
outward, thereby transporting suspended particles to the
perimeter. Approaches to address the coffee-ring effect were
extensively studied and summarized by Mampallil and Eral.34

In the present paper, to counteract the unwanted coffee-ring
effect, we used both thermal and solutal Marangoni flow using
a cosolvent mixture to suspend MgB2 and then drying the
sample on a hot plate (hot substrate). The use of a cosolvent
mixture (two solvents A and B, in which boiling temperature:
Tboil, A > Tboil, B but surface tension: γA < γB) creates a surface
tension gradient as the two solvents evaporate at different
rates. This surface tension gradient creates an internal flow that
brings particles from the periphery inward to the center. The
difference in temperature between the substrate and the
surrounding environment also creates a surface tension
gradient, which suppresses the coffee-ring effect.35 A graphical
illustration of this Marangoni flow is presented in Figure 2.
The high viscosity and high boiling point of the cosolvent
ensure that the liquid does not evaporate too disruptively,
thereby preserving internal laminar flow. After deposition, the
resulting film was characterized with XPS, STEM, and AFM to
identify the film’s elemental identities, thickness, roughness,
and particle distribution, respectively.

■ EXPERIMENTAL SECTION
An INFICON 14 mm diameter, 6 MHz, gold electrode AT-cut quartz
crystal was purchased. Propylene glycol and dipropylene glycol were
purchased from ThermoFisher. MgB2 was purchased from Alfa Aesar.
Anhydrous acetonitrile and anhydrous methanol were purchased from
Sigma-Aldrich. Propylene glycol (PG) and dipropylene glycol (DPG)

Figure 1. Display of gaseous H2 adsorption on a MgB2 thin film using
a quartz crystal microbalance (QCM)�the three-layer configuration
at the bottom. The QCM has an exposed gold surface, which is also
its top electrode. Using the wet-chemistry synthesis route described in
this paper, a MgB2 thin film is deposited on this gold surface of the
QCM. H2 adsorption on MgB2 is gravimetrically characterized by the
quartz crystal microbalance, employing the piezoelectric effect.
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were dried in a vacuum at 60 °C for 12 h and then stored with type
3A molecular sieves in an argon-filled glovebox. All synthetic
processes of the MgB2 suspension were performed under an argon
atmosphere unless otherwise specified. In a typical process, ∼1.2 g of
MgB2 and three 10 mm balls were added to each of the two Fritsch
planetary ball mill vessels producing a 20:1 ball-to-powder ratio. Both
the milling balls and pot were made of tungsten carbide. The ball mill
was set to 700 rpm, having 5 min of forward run time and 5 min in
reverse mode with a total forward run time of 2 h. Approximately, 0.2
g of the previously milled MgB2 and 3 mL of acetonitrile were added
to 10 mL minibatch Parr reactor vessels with a total of three vessels.

The total heat treatment time was 72 h, having the reactor set to 260
°C to reach an internal temperature reading of 250 °C. Upon
completion of the heat treatment, MgB2 was transferred to a Schlenk
flask and heated to 70 °C in vacuo for 2 h to remove the excess
solvent. Then, 0.1 g of the prepared MgB2 was then combined with 10
mL of a one-to-one PG/DPG mixture. This mixture was sonicated via
tip sonication (Fisherbrand Ultrasonic Liquid Processor) with a 1/4″
microtip at a 60% amplitude with 5 s on and 30 s off for a total on
time of 1 h, and then passed through 0.2 μm filters. Once complete, 1
mL aliquots were taken and diluted by differing factors, 1×, 5×, 10×,
and 15×, with the target solvent. Aliquots from the dilutions were
loaded into 1 mL centrifuge tubes and spun at 10 000 rpm for 30 min.
The centrifugation step was conducted in an Eppendorf Centrifuge
5415 R in the open air. The top portion, which contains the target
nanosheet MgB2, was carefully extracted in the open air and placed in
a vial awaiting deposition. The 1:1 PG/DPG solution was contained
in a beaker and heated up by a hot plate. As soon as the solution
became stable at ∼50 °C, the quartz crystal was immersed into the
solution and then gradually removed from the solution at a rate of
0.01 mm/s. The quartz was then left in place to dry on a glass piece
on top of the hot plate. This process was repeated twice. A graphical
display of the experimental procedure is presented in Figure 3.

The MgB2-QCM quartz crystal was placed in an environmental
control chamber14 and exposed to two experimental conditions: (a)
Argon flow (10 mL min−1) at ambient temperature and (b) argon
flow (10 mL min−1) at ∼68 °C. The quartz’s performance was
evaluated through the recording of its frequency change through time.
The quartz sample was also examined with XPS for elemental analysis
and AFM for roughness. A similar synthesis route was applied to
another gold film (∼100 nm) on a glass substrate (evaporated Au) to
evaluate the film thickness using STEM and the effect of the coffee-

Figure 2. Illustration of the combined mass transport effect from both
thermal and solutal Marangoni flow within a cosolvent droplet. The
substrate remains at ∼60 °C and the environment is ∼30 °C. This
temperature gradient creates thermal Marangoni flow. The lower-
boiling-point solvent evaporates faster, and this leaves less quantity of
this solvent, which has lower surface tension, at the center of the drop.
This induced surface tension gradient creates a flow that brings more
particles from the perimeter inward, known as solutal Marangoni flow.

Figure 3. Schematic diagram of the synthetic procedure of the MgB2 thin film on a QCM quartz crystal. Red circles represent MgB2 particles. (1)
The MgB2 powder was ball-milled to reduce its size for better dilution in step 2. (2) MgB2 particles were heat treated with acetonitrile in a
minibatch Parr reactor. (3) The suspension was transferred to a Schlenk flask for solvent removal. (4) Prepared MgB2 was dissolved in a 1:1 PG/
DPG cosolvent, and the mixture was sonicated with a tip sonicator and filtered. (5) The aliquots were diluted and underwent centrifugation (the
top portion in the suspension after centrifugation was the final MgB2 in the PG/DPG solution). (6) The quartz crystal was immersed in this
solution at a controlled rate of 0.01 mm/s at ∼50 °C and left to dry on a glass surface.
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ring effect via roughness measurement on AFM. Identification of
elements in the film was conducted in the XPS Kratos AXIS Ultra
DLD using a monochromatized Al Kα X-ray and a low-energy
electron flood gun for charge neutralization. Each XPS spectrum was
calibrated by assigning the Au 4f7/2 peak to 84 eV or the C 1s peak to
284.8 eV if Au was not detected in the sample. X-ray spot size for
these acquisitions was on the order of 700 × 300 μm2. The pressure in
the analytical chamber during spectral acquisition was less than 5 ×
10−9 Torr. The pass energy for survey spectra (composition) was 80
eV. The pass energy for the high-resolution spectra was 20 eV. The
take-off angle (the angle between the sample normal and the input
axis of the energy analyzer) was 0° (0° take-off angle, ∼100 Å
sampling depth). Kratos Vision2 software was used to determine peak
areas and to calculate the elemental compositions from peak areas.
The film thickness was measured by STEM at 200 kV on an FEI
Tecnai G2 F20 Supertwin TEM with STEM capabilities using a high-
angle annular dark-field imaging (HAADF) detector. AFM character-
ization was performed using a Park NX10 operating in noncontact
mode to obtain the topography and surface roughness of the film with
a scan size of 50 × 50 and 1 × 1 μm2; an NCHR probe (spring
constant = 42 N/m) was used to perform roughness measurements.

■ RESULTS AND DISCUSSION
As shown in Figure 4, the quartz’s frequency varies with
temperature. The frequency fluctuation with temperature is

expected because the quartz crystal resonates differently at
different temperatures, and its performance fits with a previous
study on the same kind of quartz crystal and the QCM
manufacturer.14 However, experiments to identify MgB2-
deposited quartz crystal’s optimal working temperature are
not within this paper’s scope. The MgB2-deposited quartz
crystal has a recorded frequency of ∼5 979 227 Hz, decreased
∼130 Hz from that of the unloaded one. Theoretically, the
deposited layer creates a mass loading on the quartz, resulting
in a new resonant frequency, which can be calculated via the Z-
match theory (eq 1). There is no defined density for the MgB2

film, but within an estimated range of 1−2.5 g cm−3, the
approximated thickness of deposited MgB2 was in the range of
2−7 nm, which is consistent with our other characterization
results.
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where TK = thickness of the MgB2 film (cm), Nq = 1.668 ×
105 Hz × cm is the frequency constant for the AT-cut quartz
crystal, ρq = 2.648 g cm−3 is the quartz’ density, Rz is the Z-
factor of MgB2, ρf is MgB2’s density, and fq (Hz) = 5 979 361
and f (Hz) = 5 979 227 are frequencies of quartz without and
with the MgB2 layer, respectively.
The XPS result of the MgB2 film deposited on the QCM

quartz crystal (Table 1) shows the Mg element at a 2.81%
atomic concentration. The survey spectrum is presented in
Chart S1, with a distinct peak of Mg 2p at 50 eV but none for
B 1s in the known region for B compounds.36 The presence of
Mg and B on the samples was also verified with EDS (energy-
dispersive spectroscopy) on TEM but was not successful.
Results are reported in Chart S2. It was challenging to do
elemental analysis directly on the film because of the film’s
thinness and EDS’ limitation in detecting low-atomic number
elements like boron. A thicker film was created by randomly
drop-casting 50 μL of the MgB2 suspension on a glass
substrate, with the resulting film later characterized with XPS.
The result, as shown in Table 2, exhibited distinct peaks of Mg
and B. The high-resolution scans of Mg 2p and B1 s on this
film are presented in Figure 5. There are Mg 2p at 50 eV,

Figure 4. Frequency change of the MgB2-deposited quartz crystal to temperature variation at two experimental conditions. (A) Argon flow at
ambient temperature and (B) argon flow at ∼68 °C. The blue triangular line represents the frequency change Δf and the red circular line represents
the temperature T.

Table 1. XPS Results of the MgB2 Film Deposited on the
QCM Quartz Crystal

element peak B.E. (eV) atomic percentage (%)

Mg 1s 1304 2.81
Na 1s 1072 0.83
O 1s 532 17.42
N 1s 399 9.33
C 1s 285 61.23
Cl 2p 201 4.47
Au 4f 84 3.9

Table 2. XPS Results of MgB2 Drop Cast on an Arbitrary
Glass Surface

element peak B.E. (eV) atomic percentage (%)

Mg 1s 1304 1.8
Na 1s 1072 3.37
O 1s 532 24.26
N 1s 399 12.94
C 1s 285 54.29
Cl 2p 201 0.58
S 2p 168 0.5
B 1s 192.2 2.26
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which can be both MgB2 and MgO, and B 1s at 188 eV for
MgB2 and 192 eV for B2O3.

8 In conclusion, we were unable to
confirm the presence of MgB2 in the film by conducting XPS
directly with the thin MgB2 film on the QCM quartz crystal.
However, XPS results from the precursor suspension confirm
the presence of MgB2 in a thick film with the potential
presence of MgO and B2O3. This compositional information
should reflect that of the thin MgB2 film on the QCM quartz
crystal as well. The observed high content of C in XPS data is
attributed to solvent residuals. Simultaneously, the low B/Mg
ratio (1:0.8) was witnessed earlier by Liu et al., in which the
MgB2 nanoplatelets experienced composition change and
strain, surface termination of the B sheets, and B−B disorder.8

Regarding other elements in both tables, the presence of Au
(Table 1) is expected because the film was deposited on Au.
The 9.3% signal from N can be attributed to residual
contamination from acetonitrile during the synthesis process.
Na and Cl are likely from salt NaCl from human’s body sweat.

Figure 5. High-resolution scans of Mg 2p and B 1s from the drop-casting sample by XPS to determine the presence of MgB2 and its oxides.

Figure 6. Topography images of the QCM quartz crystal obtained
from AFM characterization. (A) QCM quartz crystal before MgB2
deposition (roughness = 6 nm). (B) QCM quartz crystal after MgB2
deposition (roughness = 2.8 nm). The scan size is 1 × 1 μm2.

Figure 7. Film thickness verification. (A) SEM image of the FIB-cut MgB2 sample on evaporated Au, protected by Pt layers. This sample was
prepared for STEM, so layers of Pt were developed on top of the MgB2 layer to bind to the tip transferring the sample piece to the TEM grid
without damaging MgB2. (B) STEM image indicating 3.9 nm thickness. (C) Topography of the MgB2 sample on the silicon wafer, showing
multiple separate particles with a height ranging around 1.7−6.7 nm. In this measurement, we used contact mode with a CONTSCR probe (spring
constant = 0.2 N/m) under the constant force of 15 nN. The average particle height of 3.84 nm is in good agreement with the film thickness of 3.9
nm measured by STEM. The scan size is 1 × 1 μm2. (D) Extraction of the horizontal line (green) in (C) to elucidate the height of the particles.
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The AFM image in Figure 6A shows the original QCM
quartz crystal having a valley-like topography with a surface
roughness of 6 nm in the 1 μm × 1 μm scanning area. After
deposition, the MgB2 particles spread over the surface,
reducing the surface roughness from 6 nm to 2.8 nm (Figure
6B). Because the surface roughness of the original QCM
quartz crystal is significantly large compared to the thickness of
the MgB2 film, it is very challenging to measure the MgB2 film’s
thickness on the QCM quartz crystal directly by AFM.
To measure the thickness of the MgB2 layer on Au, we

repeated the synthesis route on the evaporated Au. We note
that the evaporated Au surface was very flat, as its initial surface
roughness was 0.29 nm (see Figure S1). STEM was conducted
at 200 kV to provide ample resolution to allocate the MgB2
layer from a FIB (focus ion beam)-cut sample, as shown in
Figure 7A. Figure 7B shows an average value of thickness of 3.9
nm. The statistical analysis to obtain the average height of the
particles on evaporated Au is presented in Table S1. This is in
good accordance with independently measured particle heights
by AFM (Figure 7C,D), in which the same experimental
procedure was applied on a silicon wafer�an another flat
substrate (surface roughness of 0.11 nm, see Figure S2).
An important element for obtaining consistent data in future

gas adsorption on the MgB2-QCM quartz crystal is to have a
uniformly deposited film on its electrode (Au) surface. As
discussed in the introduction, we use Marangoni flow to
counteract the unwanted coffee-ring effect, and this effect was

first evaluated by conducting a range of AFM scanning of 850
μm × 50 μm using a stitch function. A total of 17 continuous
scans at each of the three positions, at the periphery (Figure
8A), at ∼3 mm from the periphery (Figure 8B), and at the
center (Figure 8C) of the quartz crystal, were conducted. An
exemplary individual topography at this wide scan size is
shown in Figure S3. There was only a 16% difference between
roughness at the center and at the periphery. Based on the line
extraction topographies, as shown in Figure 8D−F, we
observed similar topography features among three positions,
and there was no irregular peak (indication of the coffee-ring
effect) seen at any position within every 850 μm range.
To further understand the coffee-ring effect at the nanoscale,

we measured film topographies at a scan size of 1 × 1 μm2 at
three different positions: the center and two peripheral areas,
as shown in Figure 9. We note that at this small scan size, the
roughness was evaluated on evaporated Au instead of the
QCM Au because of the significant difference in roughness
between the QCM Au and MgB2 film, as mentioned above.
The three positions have different roughnesses (two peripheral
areas: 1.86 nm, 2 nm; center: 1.55 nm), with a rougher surface
at the periphery than in the center. The induced Marangoni
flow significantly reduced the coffee-ring effect with a 16%
roughness difference at a scan size of 50 × 50 μm2 and ∼20%
for a scan size of 1 × 1 μm2 for different measuring positions
on the samples. Under an optical microscope, the coffee-ring

Figure 8. AFM characterization of MgB2 on the QCM Au to evaluate the Marangoni effect. (A−C) Topographies of the QCM Au (the size of 850
μm × 50 μm) at the periphery (A), at ∼3 mm from the center (B), and at the center (C). In AFM characterization, a measurement size of 50 μm ×
50 μm was captured; 850-μm-long topography was achieved through 17 continuous images. Line extraction topography evaluated was to elucidate
the height variation of the QCM Au sample from the topographies at the periphery (D), at ∼3 mm from the center (E), and at the center (F).
Roughnesses at these three positions are 0.35, 0.3, and 0.3 μm, respectively.
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rim was very visible without the contribution from Marangoni
flow (see Figure S4).

■ CONCLUSIONS
A wet-chemistry cosolvent approach to engineer the
Marangoni effect allowed the deposition of a uniform MgB2
film onto the Au electrode of a QCM quartz crystal. Such low-
cost, controlled deposition is needed to enable both physical
science and manufacturing with novel energy storage materials
such as MgB2. After colloid deposition via cosolvent
evaporation, the MgB2-deposited quartz crystal functions
normally, with a reasonable frequency shift from its original
resonant frequency. AFM data showed the effectiveness of the
cosolvent Marangoni engineering to mitigate the coffee-ring
effect. This is a crucial step to use the QCM, a highly sensitive
gravimetric detector, to study minute changes of H2 absorption
in MgB2, and we anticipate that similar approaches may be
taken for the deposition of particle thin films from suspensions.
XPS results directly from the film were not sufficient to prove
the presence of MgB2, but that of the precursor solution shows
the peak of Mg and B, showing both MgB2 and oxides (MgO
and B2O3). The average film thickness of deposited MgB2 on
evaporated Au was confirmed to be 3.9 nm by STEM. This
thin layer ensures that MgB2 vibrates synchronously with the
quartz. This also means that the proposed wet-chemistry
synthesis can provide a few nanometers thick film of a layered
material, not limiting the options to physical methods. This
process generally promotes the application of the QCM in the
study of gas adsorption on the thin film, especially those of a
few monolayers, as in this paper (∼3.9 nm).
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