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Polymer and small molecules are often used to modify the wettability of mineral surfaces which facili-
tates the separation of valuable minerals such as molybdenum disulfide (MoS2) from gangue material
through the process of froth flotation. By design, traditional methods used in the field for evaluating
the separation efficacy of these additives fail to give proper access to adsorption kinetics and molecule
conformation, crucial aspects of flotation where contact times may not allow for full thermodynamic
equilibrium. Thus, there is a need for alternative methods for evaluating additives that accurately capture
these features during the adsorption of additives at the solid/liquid interface. Here, we present a novel
method for preparing MoS2 films on quartz crystals used for Quartz Crystal Microbalance with
Dissipation (QCM-D) measurements through an electrochemical deposition process. The resulting films
exhibit well-controlled structure, composition, and thickness and therefore are ideal for quantifying poly-
mer adsorption. After deposition, the sensors can be annealed without damaging the quartz crystal,
resulting in a phase transition of the MoS2 from the as-deposited, amorphous phase to the 2H semicon-
ducting phase. Furthermore, we demonstrate the application of these sensors to study the interactions of
additives at the solid/liquid interface by investigating the adsorption of a model polymer, dextran, onto
both the amorphous and crystalline MoS2 surfaces. We find that the adsorption rate of dextran onto the
amorphous surface is approximately twice as fast as the adsorption onto the annealed surface. These
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studies demonstrate the ability to gain insight into the short-term kinetics of interaction between mole-
cules and mineral surface, behavior that is key to designing additives with superior separation efficiency.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Within the mineral industry, the separation of desired ore from
gangue materials is commonly achieved through the process of
froth flotation in which air bubbles released into a mineral slurry
harvest the desired mineral by leveraging differences in surface
wettability [1]. Hydrophobic particles attach to air bubbles moving
through the slurry and are floated to the surface while hydrophilic
particles settle to the bottom of the collection chamber. Often,
polymers, small molecules, or nanoparticles may be added to selec-
tively modify the surface wettability and promote flotation of a
desired mineral by increasing hydrophobicity (collectors), or to
suppress flotation by increasing hydrophilicity (suppressors) [2–
5]. For example, the separation of molybdenum disulfide (molyb-
denite; MoS2), a naturally occurring hydrophobic mineral com-
monly mined with other copper sulfides, often requires a two-
step flotation process in which a preliminary flotation is used to
separate the molybdenite and copper sulfide minerals from the
gangue minerals followed by a second flotation to separate the
molybdenite from the other sulfide minerals [6–8]. Polymeric or
small molecule additives may be added during the secondary flota-
tion to selectively suppress the flotation of one of the sulfide con-
taining minerals. The efficacy of these additives depends on the
properties of the surface layer, rate of adsorption, and mineral
selectivity [3,9,10]. However, explorations of these additives gen-
erally rely on small-batch flotation recovery measurements and
ex situ imaging of the surface after adsorption to determine the rate
of adsorption and surface coverage [9–13]. An in situ method for
measuring the adsorption of polymers and small molecule addi-
tives onto the desired mineral surface would greatly enhance the
ability to screen potential candidates for flotation suppressants
and collectors.

Quartz Crystal Microbalance with Dissipation monitoring
(QCM-D) is a surface sensitive method for measuring the adsorp-
tion of polymer and small molecule onto a desired surface in situ
[14]. Recently, QCM-D measurements have been utilized to under-
stand the adsorption rates and conformation of collector/suppres-
sor polymer candidates [15–19]. These studies have generally
relied on the modification of the quartz crystal surface to either
directly match or mimic the desired mineral surface. For example,
gold QCM-D sensors have been coated with an alkane-based self-
assembled monolayer to study the hydrophobic interactions pre-
sent in the adsorption of dextrin additives used in flotation studies
[15]. Alternatively, more advanced deposition methods, including
physical vapor deposition [17], electrospray deposition [20],
atomic layer deposition [21], and electrochemical deposition
[22], have been utilized to deposit sulfide mineral films onto
QCM-D sensors. Although several of these deposition approaches
have been used to deposit MoS2 films, the application of these
MoS2 coated QCM-D sensors to perform systematic polymer
adsorption studies has not been demonstrated. A method for
preparing well-defined, uniform MoS2 films on QCM-D sensors
and demonstrating their capacity to perform polymer adsorption
studies would enable systematic explorations of new polymeric
candidates to improve mineral separation and recovery during
froth flotation.

Here, we present an electrodeposition method for preparing
QCM-D sensors with robust MoS2 films, which in turn enable poly-
mer adsorption studies of importance for froth flotation
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applications. Molybdenum disulfide films are prepared through
an electrochemical deposition method onto Au QCM-D sensors
with thicknesses ranging from � 50–500 nm and surface rough-
ness below 4 nm. By developing a pulse deposition approach based
on computational modeling of the solute concentration within the
QCM-D flow cell, we achieve near uniform film deposition across
the surface of the QCM-D sensor (14 mm diameter). In addition,
we find this deposition process to be reversible, allowing individ-
ual QCM-D sensors to be reused to create fresh molybdenum disul-
fide films for polymer adsorption studies. Annealing of the sensors
at 500 �C results in a phase transition from the as-deposited amor-
phous state to the semiconducting 2H phase. Furthermore, we
demonstrate the application of these sensors to study polymeric
adsorption by measuring the adsorption isotherms of dextran
(40,000 g/mol) onto both the amorphous and semiconducting sur-
faces. Whereas the rate of adsorption on MoS2 increases with poly-
mer concentration for both MoS2 films, the adsorption rate of the
dextran onto the amorphous surface is approximately twice as fast
as adsorption onto the crystalline surface.

2. Methods and materials

2.1. Materials

Gold coated quartz QCM-D sensors were purchased from
Nanoscience Instruments (Qsensors QSX301). 99.97% trace metal
basis ammonium tetrathiomolybdate was purchased from Sigma
Aldrich (323446). Dextran from Leuconostoc mesenteroides with
an average molecular weight of 40,000 g/mol was purchased from
Sigma-Aldrich (D1662). All materials were used as received unless
otherwise noted.

2.2. Quartz crystal microbalance with dissipation monitoring

All quartz crystal microbalance with dissipation monitoring
measurements are performed using a Q-sense Analyzer instru-
ment. A quartz crystal decorated with two electrodes placed on
either side is used as the resonating sensor with the desired mate-
rial surface placed on top of one of the electrodes (Fig. 1a). By
leveraging the inverse-piezoelectric effect, the quartz crystal is
sheared when an oscillatory voltage is applied across the elec-
trodes; when the frequency of the applied voltage matches the
acoustic resonance frequency of the quartz crystal, the amplitude
of the oscillation increases, resulting in an increase in the electrical
current of the system [23,24]. The adsorption of polymers and
small molecules onto the surface of the QCM-D sensor results in
an increase in the thickness of the quartz crystal and thus a shift
in the acoustic resonance frequency. When the adsorbed mass is
small relative to the mass of the quartz crystal, evenly distributed
across the surface, and rigidly bound, the frequency shift can be
related to the area mass density of the adsorbed material through

the Sauerbrey equation, Df ¼ � 2f 20ffiffiffiffiffiffiffiq
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the resonance frequency, f0 is the resonance frequency of the fun-
damental mode, qq is the density of the quartz crystal, Gʹq is the
elastic shear modulus of the quartz crystal, Dm is the change in
the adsorbed mass, and A is active area of the piezoelectric sensor
[23,24]. Furthermore, dissipation effects of the adsorbed material
can be monitored by turning off the applied oscillation and



Fig. 1. Quartz Crystal Microbalance with Dissipation (QCM-D) is a highly surface
sensitive method for measuring the adsorption of polymers and small molecules
onto a surface. a) Adsorption of polymers and small molecules onto the surface of
the QCM-D sensor increases the effective thickness of the quartz, resulting in a
negative shift in the resonance frequency. This frequency shift can be related to the
adsorbed mass density through the Sauerbrey equation. b) Insight into the polymer
conformation on the surface is gathered from the shift in dissipation which is
sensitive to the viscous component of the adsorbed layer; tightly bound polymer
layers result in a smaller shift in dissipation as compared to a polymer in a ‘floppier’
conformation.

C.S. O’Bryan, J. Rosenfeld, A. Zhang et al. Journal of Colloid and Interface Science 614 (2022) 522–531
monitoring the energy loss of the system (Fig. 1b). This dissipation
effect relates the ratio of energy loss per cycle to the total energy
stored in the system, that is D = Eʹʹ/2pEʹ where Eʹʹ is the loss mod-
ulus and Eʹ is the storage modulus [24]. Thus, the dissipation
effects can be used to understand the conformation of the adsorbed
surface. For example, a tightly bound polymer layer will result in
less energy loss per cycle, and thus a smaller shift in the dissipation
compared to a polymer layer that takes on a brush conformation
with a higher loss modulus.

2.3. Electrochemical deposition of MoS2 surfaces

Electrochemical depositions of molybdenum disulfide surfaces
are performed using an electrochemical QCM-D flow cell (Q-
sense; QEM 401) and a Q-sense Analyzer instrument. Prior to depo-
sition, the Au QCM-D sensor is cleaned using UV-Ozone for 30 min
in a UV/Ozone ProCleaner Plus (Bioforce Nanosciences). The Au
QCM-D sensor is then loaded into the electrochemical cell and
equilibrated in deionized (DI) water until the drift in the measured
frequency is < 1 Hz/hr. Next, a solution of ammonium
tetrathiomolybdate is pumped into the electrochemical flow cell
at the desired flow rate; fresh solutions of ammonium
tetrathiomolybdate are prepared in DI water at the desired concen-
tration and sonicated for 1 h before each deposition. Once the fre-
quency shift of the Au QCM-D sensor has reached equilibrium, a
�1V potential is applied across the surface to drive the deposition
of the molybdenum disulfide using a National Instruments
USB6009 bus-powered multifunctional data acquisition device
(Fig. S1). After 20 min, the voltage is set to 0 V and the ammonium
tetrathiomolybdate solution is replace with DI water.

The deposition of molybdenum disulfide using the pulse depo-
sition approach is performed following a similar procedure using a
VersaSTAT Series Potentiostat to apply the voltage potential. The
potentiostat is programmed to follow a repeating square voltage
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pattern in which a -1 V potential is applied for 5 s followed by
0 V for 45 s for 20 cycles. After the Au sensor has reached equilib-
rium in the ammonium tetrathiomolybdate solution (drift in the
measured frequency of < 1 Hz/hr), the peristaltic pump is pro-
grammed to follow the desired pumping profile: 300 mL/min for
30 s followed by a 20 s pause. After one pumping cycle, the poten-
tiostat program is started and the molybdenum disulfide is depos-
ited onto the Au QCM-D sensor.

2.4. Polymer adsorption measurements

All polymer adsorption measurements are performed using a Q-
sense Analyzer QCM-D instrument. Prior to adsorption studies, the
MoS2 coated QCM-D sensors are loaded into the QCM-D flow cell
and equilibrated in the appropriate buffer solution overnight until
the drift in the measured frequency is < 1 Hz/hr. Once equilibrated,
adsorption studies are performed by pumping the desired polymer
solution into the flow cell for 30 min at a flow rate of 50 mL/min and
capturing the first 7 harmonics. After 30 min, the polymer solution
is replaced by the buffer solution and the harmonics are monitored
for an additional 15 min. All solutions are pumped into the QCM-D
flow cell using a peristaltic pump. Adsorption studies are per-
formed using dextran from Leuconostoc mesenteroides with an
average molecular weight of 40,000 g/mol.

2.5. Sample characterization

Atomic Force Microscopy (AFM) imaging of the molybdenum
disulfide surfaces is performed using a Bruker Icon AFM. AFM
images are captured using the soft tapping mode. Raman spec-
troscopy characterization is performed using a Raman-NSOM con-
focal setup using a 532 nm excitation laser with a dwell time of
300 s.

X-ray diffraction (XRD) experiments are conducted using a
Rigaku SmartLab X-ray diffractometer with a 3-kW sealed tube
copper source operated at 40 kV and 44 mA using a parallel beam
(PB) setup. For the incident optics, the parallel slit collimator (PSC)
is set to 5.0�, the incident slit is set to 1.0 mm, and a length limiting
incident slit of 10 mm is used. On the receiving optics side, the
receiving slits RS1 and RS2 are both left open at 20.0 mm, and a
0.5-degree parallel slit analyzer (PSA) is used with the soller slit
set to 5.0�. The attenuator is set to ‘‘auto” and the SC-70 detector
(point counter) is used. For the grazing incidence (GI-XRD) exper-
iments, omega is fixed and set to 0.5�, and the detector scan (2h) is
conducted in step mode from 10� � 60� with a step size of 0.02�
and a dwell time of 15.0 s.

Scanning Electron Microscopy (SEM) cross-sectional images of
molybdenum disulfide films are captured using a TESCAN
S8000X FIB/SEM. Images are captured using the ultra-high-
resolution mode with a 5 kV, 100 pA electron beam.

2.6. Modeling solute concentration and deposition in QCM-D flow cell

Simulation of flow through the QCM-D cell is performed
using the CFD module of COMSOL Multiphysics. The flow field
is calculated using the laminar flow physics interface while
neglecting gravity, and transport of the solute through the cell
is calculated using the transport of diluted species physics inter-
face. The geometry of the flow cell is modeled as a cylinder
(radius = 5.625 mm; height = 0.4 mm) with the inlet and outlet
of the cell positioned above and below the center of the cylindri-
cal cell on the bottom surface (Fig. S2). Simulations are con-
ducted at room temperature and the material properties of the
fluid (density and viscosity) are taken to be that of water. For
the flow field, the equations solved are the Navier-Stokes and
continuity equations, given by:
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@t

þ q u � rð Þu ¼ r � ½�PI þ l ruþ ðruð ÞT �

qr � u ¼ 0

where q, u, P, and m are the density, velocity, pressure, and vis-
cosity respectively of the fluid, t is time, and I is the identity tensor.
At the inlet of the cell, a mass flow rate condition that corresponds
to either 50 or 150 mL/min is used, and the pressure at the outlet is
set to zero. Transport of the ammonium tetrathiomolybdate
through the cell is modelled as a dilute species with a diffusion
coefficient of 1 � 10-9 m2/s. Convective species transport is mod-
elled using the equations:

@c
@t

þr � J þ u � rc ¼ 0

J ¼ �Drc

where c is the concentration of the species, and D is its diffusion
coefficient. The velocity field variable is taken from the solution to
the Navier-Stokes and continuity equations. At all boundaries
other than the inlet and outlet, the no-flux and no-slip conditions
are enforced. The initial species concentration is taken to be zero
throughout the volume of the cell, and the species concentration
at the flow cell inlet is set to 5 mM. Species deposition to the cell
surface is modelled using the surface reactions physics interface
as a surface reaction between the deposition surface and the bulk
solute with a rate law that is first order with respect to the bulk
solute with a rate coefficient of 0.01 m/s (R = kc with units of
mol/m2/s), and is modelled according to the equations:

@cs
@t

þrt � �Dirtcsð Þ ¼ Rs

h ¼ rcs
Cs

Where theproduct surface concentration is givenby cs, its surface
diffusivity isDi, and the reaction rate law is Rs. The fractional surface
coverage of the product is given by h, the surface site occupancy
number is r, and the density of surface sites is Cs. rt represents
the surface or tangential gradient vector. The reaction product sur-
face diffusivity is set to zero to model deposition. The surface is
assumed to have a density of sites of 2 � 10-5 mol/m2 with a site
occupancy number of unity. For computational simplicity, COM-
SOL’s pre-setting of an extremely coarse mesh is applied. A time
dependent study is conducted using the GMRES solver. Snapshots
of the surface reaction product concentration on the deposition sur-
face are taken after 20 min to match the experimental conditions.

2.7. Data analysis

All data analysis and fitting is performed using Origin Graphing
Pro Software version 8.5.
3. Results and discussion

3.1. Surface deposition

To enable in situ adsorption studies of polymers and small mole-
cules onto molybdenum disulfide surfaces, we prepare MoS2 films
onto commercially available Au QCM-D sensors. Previous studies
have demonstrated the ability to formMoS2 films through a variety
of different electrochemical deposition reactions from a single
source precursor [22,25,26]. Here, we deposit the MoS2 through a
2e- reduction reactionof ammoniumtetrathiomolybdate froma sin-
gle precursor as givenbyMoS42- (aq) +2e- +2H2O (l)?MoS2 (s) + 2SH-
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(aq) + 2OH– (aq). The deposition of the molybdenum disulfide films
is performed using an electrochemical deposition QCM-D flow cell
connected to a bus-powered multifunctional data acquisition
device. The Au QCM-D sensor is equilibrated in a 5 mM solution of
ammonium tetrathiomolybdate at a flow rate of 150 mL/min. Depo-
sition of molybdenum disulfide is initiated by applying a �1 V
potential across the ECD cell for 20 min and monitor by observing
shifts in the resonating frequencies and dissipation terms (Fig. 2a,
b).While applying the voltage potential, we observe a negative shift
in the acoustic resonance frequencies of theAuQCM-Dsensor across
all harmonicswith a relatively small spread resulting in theharmon-
ics overlapping, confirming the deposition of the molybdenum
disulfide onto theAu surface. In addition,we observe a large positive
shift of the dissipation factors and a broad spread between the var-
ious dissipation harmonics (Fig. 2b). The penetration depth of a har-
monic above the surface of the crystal depends on the frequency of
the harmonic; namely, higher harmonics probe closer to the surface
of the Au electrodewhereas lower harmonics probe farther from the
electrode surface [27]. Thus, the large shifts of the dissipation factor
at lower harmonics and broad spread between the dissipation har-
monics indicate that the dissipation effects aremore significant fur-
ther from the surface of the Au electrode, consistent with a non-
uniform deposition of the MoS2. Visual inspections of the QCM-D
sensors after deposition confirm the non-uniform deposition of
the MoS2 onto the QCM-D sensors; thicker layers of molybdenum
disulfide can be observed on the QCM-D sensor near the inlet of
the electrochemical cell as compared to the outlet of the cell
(Fig. 2c,d).We repeat these depositions across a range of ammonium
tetrathiomolybdate concentrations and find the frequency shift
scales linearly with solute concentration (Fig. 2e,f). However, for
all solute concentrations, a non-uniform thickness of MoS2 across
the sensor surface is observed.

We hypothesize that the variations in the thickness across the
surface of the QCM-D sensor are a result of a non-uniformity in
ammonium tetrathiomolybdate concentration within the flow cell
due to its consumption via MoS2 deposition on the surface which
competes with its convection. To test this hypothesis, we perform
simulations of the MoS2 deposition as ammonium tetrathiomolyb-
date is pumped into the ECD flow cell (Fig. 3a,b). Here, we model
the flow cell as a cylinder containing a flow inlet and outlet along
one of the cylindrical surfaces (Fig. S2). The deposition of the MoS2
onto the crystal surface is modelled as a first order surface reaction
between the crystal surface and the bulk solute with a surface dif-
fusivity of 0. We find the highest surface concentration is observed
near the inlet of the ECD flow chamber and decreases radially
toward the outlet, resulting in a teardrop shape (Fig. 3a). Increasing
the flow rate results in a more uniform surface coverage through-
out the flow cell; however, gradients in the concentration are still
observed near the edges of the flow cell on the outlet side (Fig. 3b).
These predicted concentration gradients visually match the depo-
sition patterns found on QCM-D sensors when depositing MoS2
films under similar flow conditions (Fig. 3c,d). At low flow rates,
we find the deposition localized under the inlet of the flow cham-
ber and along the flow direction toward the outlet with minimal
deposition occurring at the edge of the sensor (Fig. 3c). Similarly,
at higher flow rates the film exhibits non-uniformity with the lar-
gest deposition and thickest film located under the inlet although
the deposition extends to the outer edge of the QCM-D sensor
(Fig. 3d). These results indicate that the time scale for the convec-
tive supply of the reagent is longer than that for the reaction,
resulting in the transient non-uniform reagent concentration pro-
file in the chamber and hence non-uniform deposition of MoS2 that
persists with time. Interestingly, we find that there is not a signif-
icant change in the measured frequency shift, that is the mass area
density, with increasing flow rates (Fig. 3e).



Fig. 2. Constant voltage deposition of MoS2. a) Voltage profile for deposition MoS2 onto Au QCM-D sensors. A constant �1 V potential is applied for 20 min. b) QCM-D
measurements during the deposition of the MoS2 from a 5 mM ammonium tetrathiomolybdate solution show a negative frequency shift (blue lines) corresponding to the
added mass to the QCM-D sensor. The large shift in the dissipation terms (red lines) and the broad spread between the various harmonics indicate a non-uniform surface is
deposited across the surface. Here we show the 3rd, 5th, 7th, 9th, 11th, and 13th harmonics arranged from darkest color to lightest color; solution concentration: 5 mM. c,d)
Visual inspection of the QCM-D sensors after deposition confirms the non-uniform surface coverage of the MoS2 with the most deposition occurring near the inlet of the flow
chamber. These films are deposited from (c) 5 mM and (d) 1 mM ammonium tetrathiomolybdate solutions. QCM-D sensor diameter: 14 mm e) Depositions are repeated
across a variety of ammonium tetrathiomolybdate concentrations. f) The total mass of MoS2 deposited, indicated here by the magnitude of the shift in resonating frequency
scales linearly with ammonium tetrathiomolybdate solution (line drawn to guide the eye).
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Based on the observations from our simulations, we develop an
alternative deposition approach in which we alternate between
applying a voltage to drive the deposition and pumping in fresh
ammonium tetrathiomolybdate solution into the flow chamber
to achieve a uniform concentration. Simulations of solvent flowing
into the flow cell without deposition occurring show that it
takes � 90 s at a flow rate of 150 mL/min, or the equivalent fluid
exchange of approximately four times the flow cell volume, to
achieve a near-uniform solution concentration within the ECD flow
cell (Fig. S3). Thus, we develop a pulse deposition approach in
which the voltage is applied for 5 s followed by a 45 s pause during
which fresh ammonium tetrathiomolybdate solution is pumped
into the ECD flow chamber at 300 mL/s for 30 s (�4 � the volume
of the ECD flow cell) followed by a 20 s pause (Fig. 4a). This cycle
is repeated 20 times to deposit molybdenum disulfide onto the
surface of the Au QCM-D sensor. We find the change in frequencies
measured during the pulse deposition approach to be similar to the
526
continuous voltage deposition approach in Fig. 2f for similar
deposition times. However, in contrast to the continuous voltage
deposition, the resulting molybdenum disulfide surfaces from the
pulse deposition have a uniform deposition pattern as indicated
by the relatively small change in the dissipation factor and tight
grouping between the dissipation harmonics (Fig. 4b). Most impor-
tantly, the film reflects a uniform color across the surface (Fig. 4c),
consistent with a uniform thickness of molybdenum disulfide
across the surface of the Au QCM-D sensor. The uniform thickness
of the deposited layer lends itself to estimating the film thickness
using the Sauerbrey model; we estimate the mass of the molybde-
num disulfide layer deposited at a concentration of 5 mM to
be � 75 mg. Fig. 4d shows that the estimated mass of the molybde-
num disulfide increases linearly from � 15 to � 160 mg as the con-
centration of solution increases from 1 to 10 mM, respectively.

A particularly unique aspect of this electrochemical approach is
that the molybdenum disulfide deposition onto the quartz surface



Fig. 3. MoS2 deposition with varying flow rates. (a,b) Simulations of MoS2 deposition onto the surface of the QCM-sensor show the emergence of concentration gradients
resulting from the simultaneous deposition of MoS2 onto the surface and the continuous flow of fresh ammonium tetrathiomolybdate solution into the flow chamber.
Simulations were performed at flow rates of (a) 50 mL/min and (b) 150 mL/min. c,d) Similar deposition patterns are observed on QMC-D sensors with MoS2 films deposited
under similar flow conditions suggesting that the non-uniform deposition patterns result from the concentration gradients of the ammonium tetrathiomolybdate inside the
ECD flow cell. e) QCM-D results show that the decrease in resonating frequency representing the deposited mass does not strongly depend on the flow rate through the ECD
flow cell.
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is a reversible process. Recall that the deposition process shown in
Fig. 4a was driven by applying a negative potential of �1V. Upon
applying a positive voltage to the QCM-D sensor, a positive shift
in the resonance frequency and a negative shift in the dissipation
factors are observed, indicating the removal of mass (Fig. S4a).
Here, we use a 1� PBS solution as the buffer solution during the
dissolution process to provide free ions between the molybdenum
disulfide film and the counter electrode and apply a continuous +
2 V potential for 7 min. We find that the positive shift in the res-
onating frequencies and negative shift in the dissipation factors
measured during the dissolution of the MoS2 films are approxi-
mately equal in magnitude to the shifts measured during the initial
film deposition (Fig. S4b). Visual inspection of the Au QCM-D sen-
sors after removal shows no signs of residual molybdenum disul-
fide on the surface. After removing the molybdenum disulfide
film, the QCM-D sensor can be reused and a new layer of MoS2
can be deposited onto the QCM-D sensor (Fig. S4c). This process
enables us to recycle previously used QCM-D sensors and to pre-
pare fresh molybdenum disulfide films for polymer adsorption
studies without the need to purchase new Au QCM-D sensors.

3.2. MoS2 film characterization

To confirm that the deposited material is molybdenum disul-
fide, we perform Raman spectroscopy on the electro-deposited
films (thickness � 250 nm) using a 532 nm excitation laser and
compare our results to the Raman spectrum of freshly exfoliated
bulk crystalline MoS2. The bulk MoS2 (black) has two distinct peaks
in the Raman spectrum at wavenumbers 383 cm�1 and 407 cm�1,
corresponding with the in-plane E2g and out-of-plane A1g vibra-
tional modes, respectively (Fig. 5a) [28]. Similar peak locations,
however, are not observed for the as-deposited MoS2 films (blue)
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(Fig. 5a). This observation suggests that the deposited film on the
surface of the QCM-D sensor is an amorphous phase of molybde-
num disulfide. To induce crystallization of the deposited material,
we anneal the sensors at 500 �C for 1 h under argon gas in a 1-inch
tube furnace. This annealing temperature is less than the quartz a-
b phase transition temperature of 573 �C and frequency sweeps of
the sensors after annealing show no indications of deterioration in
the quality of the harmonic oscillators (Fig. S5) [23,29]. After
annealing, the surface of the QCM-D sensor has a metallic appear-
ance as seen in Fig. 5b. Furthermore, the Raman spectrum of the
annealed film (red) has peak locations at 383 cm�1 and
407 cm�1, consistent with the bulk crystalline MoS2 (black)
(Fig. 5a).

To confirm that annealing converts MoS2 from the amorphous
to crystalline phase, we perform Grazing Incidence X-ray Diffrac-
tion (GI-XRD) on both the as-deposited (thickness � 250 nm)
and annealed (thickness � 150 nm) films with a grazing incidence
angle of 0.5� (Fig. 5c). For the as-deposited films (blue), we observe
two peaks in the scattering intensity located at 2h = 38.3� and
44.4�. However, similar peak locations are observed when per-
forming GI-XRD on control samples of Au QCM sensors (green).
These peak locations correspond with the (111) and (200) Bragg
reflections of the gold surface suggesting the X-rays are penetrat-
ing through the as-deposited layer and scattering from the under-
lying substrate. The lack of additional peaks in the GI-XRD pattern
of the as-deposited sample relative to the control sample indicate
that the as-deposited film has an amorphous structure, in agree-
ment with Raman spectroscopy results in Fig. 5a. After annealing
(red), we observe the emergence of a diffraction peak at 2h = 14.
4� consistent with the primary peak location observed in the con-
trol sample of a freshly exfoliated bulk MoS2 mineral (black) and
corresponds to the (002) Bragg reflection of MoS2. In addition,



Fig. 4. Uniform MoS2 films are deposited using a pulse deposition approach. a) The
peristaltic pump is run for 30 s at 300 mL/min to replenish the ammonium
tetrathiomolybdate solution in the ECD chamber followed by a 20 s pause. During
this pause, a �1 V potential is applied across the surface for 5 s to deposit a layer of
MoS2 onto the gold surface. b) QCM-D plots of the frequency and dissipation shifts
capture the deposition of the MoS2 with each cycle. The relatively small change in
dissipation and tight grouping of the harmonics indicate a tightly bound, uniform
layer across the surface. The 3rd, 5th, 7th, 9th, 11th, and 13th harmonics are shown
in order from the darkest color to lightest color; solution concentration: 5 mM. c)
The pulse deposition approach results in a uniform deposition of the molybdenum
disulfide across the surface of the QCM-D sensor. d) The estimated mass of the MoS2
films calculated from the Sauerbrey equation after 20 deposition cycles as a
function of ammonium tetrathiomolybdate concentration.

Fig. 5. Characterization of molybdenum disulfide bulk and film samples a) Raman sp
characteristic peaks of bulk MoS2 mineral at wavenumbers 383 cm�1 and 407 cm�1, sug
are observed in the Raman spectrum, suggesting a transition to the 2H semiconducting
surface to a metallic appearance. c) Grazing incidence X-ray diffraction confirms the t
indicated by the emergence of Bragg peaks at 2h = 14.4� and near 2h = 32.7� and 33.5�. d
with surface roughness of Rq = 2.6 nm. e) After annealing, small facets form on the surface
Rq = 4.6 nm.
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we observe a weaker peak locations near 2h = 33� that we attribu-
ted to either the (100) (2h = 32.7�) or the (101) (2h = 33.5�) Bragg
reflections. These results, in concert with Raman spectroscopy
results suggest that the annealed sample is the 2H semiconducting
phase of molybdenum disulfide [30].

To examine the surface morphology of the deposited molybde-
num disulfide films, we perform tapping mode Atomic Force
Microscopy (AFM) measurements on both as-deposited and
annealed films (Fig. 5d,e). For the as-deposited film, height maps
of the surface display small grains with diameters on the order
of � 25 nm. The average RMS surface roughness (Rq) of the as-
deposited surfaces is Rq = 2.6 nm. After annealing, we observe
the formation of facets on the surface with feature sizes on the
order of 100 nm. We attribute these facets to the crystallization
and growth of the molybdenum disulfide grains as the Mo and S
atoms order into basal planes. This formation of MoS2 crystals
results in an increase in the surface roughness to Rq = 4.6 nm.
Cross-sectional SEM images of molybdenum disulfide films depos-
ited from a 5 mM solution of tetrathiomolybdate show a decrease
in the thickness from 288.8 ± 1.5 nm as-deposited to 177.4 ± 2.1
nm after annealing (Fig. S6). Using our measurements of the depos-
ited mass from the Sauerbrey equation (Fig. 4d), we calculate the
density of the as-deposited and annealed films to increase from
2.32 g/cm3 to 4.1 g/cm3

. We note that this calculated density is less
than the density of MoS2 mineral, q = 5.06 g/cm3, suggesting that the
annealed samples are either not fully crystallized or not fully adopt-
ing a layered basal plane structure. We note that the total thickness
of the MoS2 layer can be tuned by the concentration of the ammo-
nium tetrathiomolybdate during deposition or the total number of
deposition cycles (Fig. 4b,d). For example, using the density values
we determine here, we would predict the thickness of the MoS2 layer
deposited from a 2.5 mM solution of ammonium tetrathiomolybdate
to be � 74.5 nm.

To examine the surface wettability, we perform advancing con-
tact angle measurements of water droplets on the as-deposited
and annealed films (Fig. S7). Naturally forming molybdenum disul-
fide minerals consists of inert basal planes held together through
Van der Waals interactions resulting in a largely hydrophobic sur-
face with active, hydrophilic edge sites [31]. We measure the
advancing water contact angle of freshly exfoliated bulk molybde-
ectroscopy measurements of the as-deposited MoS2 surfaces do not contain the
gesting the formation of an amorphous phase. After annealing the MoS2 film, peaks
phase. b) Annealing of the MoS2 QCM-D sensors results in a visual change in the

ransition from the amorphous to the 2H-semiconducting phase after annealing as
) AFM topography images of the as-deposited film show relatively smooth surfaces
with lengths on the order of 100 nm resulting in an increase in surface roughness to
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num disulfide surfaces to be 85.1� ± 3.8�. However, we find the
advancing contact angle of as-deposited and annealed films to be
lower than the bulk value, namely 67.5� ± 3.5� and 69.4� ± 2.0�,
respectively. We attribute this increase in surface wettability of
the as-deposited films to the lack of formation of hydrophobic
basal planes and the granular nature of the surface. Likewise, the
granular nature of the annealed films presents an increased surface
area for the hydrophilic edge sites as compared to the 2D bulk min-
eral structure, likely increasing the surface wettability.
3.3. Dextran adsorption studies

To demonstrate how these model molybdenum disulfide films
can be used to study polymer adsorption, we investigate the
adsorption dynamics of dextran (40 kDa), a highly branched
polysaccharide, onto the as-deposited and annealed molybdenum
disulfide surfaces. Previous investigations of similar polysaccha-
rides adsorption onto hydrophobic mineral phases, including
molybdenum disulfide, have proposed hydrophobic interactions
as the main binding mechanism [10,32]. Here, each polymer
adsorption measurement is performed on a freshly deposited, or
annealed, molybdenum disulfide film. The sensor is equilibrated
in DI water overnight to reach a baseline resonance frequency
and a change in frequency of < 1 Hz/h. Polymer solution at a con-
centration of 50 mM is pumped through the QCM-D flow cell at a
flow rate of 50 mL/min and the resulting shifts in frequency and dis-
sipation are recorded. For the as-deposited films, we observe both
a negative shift in the resonating frequency and a positive shift in
the dissipation indicating that the dextran is adsorbing onto the
surface (Fig. 6a). Furthermore, the overlap of the various harmonics
indicates a nearly uniform adsorption of the polymer across the
amorphous MoS2 surface. After 2000 s, the polymer solution flow-
ing through the chamber is replaced with DI water. During rinsing,
we observe minimal changes in the frequency and dissipation
shifts, indicating that the dextran remains adsorbed onto the
Fig. 6. QCM-D measurements of dextran adsorption onto MoS2 surfaces. a) QCM-D ads
amorphous molybdenum disulfide films. b) QCM-D adsorption measurements of 50 mM s
disulfide films. The 3rd, 5th, 7th, 9th, 11th, and 13th harmonics are shown in order from
concentration increases from 2.5 mM to 50 mM. The rate of adsorption increases as dextra
first-order Langmuir model, Df tð Þ ¼ Df eq þ Be�kt

, to the change in frequency over time. H
desorption rates of dextran are determined using k = ka c + kd. e) Dissipation vs frequenc
the as-deposited and annealed molybdenum disulfide surfaces. (Shown here are the 3rd
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molybdenum disulfide surface. Dextran adsorption is also mea-
sured on annealed MoS2 films (Fig. 6b). A comparison of Fig. 6a
and b shows that the dissipation changes are similar for the amor-
phous and crystalline MoS2 cases; however, the larger change in
frequency for adsorption on amorphous MoS2 suggests greater
dextran adsorption. Furthermore, these adsorption measurements
confirm that the quartz sensors remain undamaged by the anneal-
ing process.

We repeat these polymer adsorption measurements across a
range of dextran concentrations. We find that the rate at which
the polymer adsorbs onto the molybdenum disulfide surface
increases with increasing polymer concentration for both the as-
deposited (Fig. 6c) and annealed (not shown) films. To quantify
the rate at which the dextran adsorbs onto the molybdenum disul-
fide surfaces, the change in frequency is fit to a first-order Lang-

muir adsorption model. The change in the surface coverage, h
_

ðtÞ,
is dependent on the adsorption rate of the polymer onto the sur-
face (ka), the concentration of the polymer in solution (c), the cur-
rent surface coverage of the polymer (h(t)), and the rate at which
the polymer desorbs from the surface (kd), such that
_h tð Þ ¼ ka 1� h tð Þð Þc � kd h tð Þð Þ. We assume that the surface coverage
of the polymer is proportional to the shift in the frequency deter-
mined by the QCM-D measurements, that is Df tð Þ � h tð Þ . Solving
the differential equation for the frequency shift over time, we find
that Df tð Þ ¼ Df eq þ Be�kt , where the decay constant k = ka c + kd.
Thus, the adsorption and desorption rates of the dextran polymer
onto the molybdenum disulfide surface can be determined by fit-
ting an exponential decay to the QCM-D plots and fitting a line
to the resulting decay constants k as a function of the polymer con-
centration. The equilibrium constant is then taken as the ratio of
the rate of adsorption to the rate of desorption, that is Keq = ka/kd
[33].

For each QCM-D plot, we fit an exponential function to the fre-
quency shift profile over the first � 5 min to determine the decay
orption measurements of 50 mM solutions of 40 k MW dextran onto as-deposited,
olutions of 40 k MW dextran onto annealed, 2H semiconducting phase molybdenum
the darkest color to lightest color. c) Change in frequency versus time as dextran

n concentration increases. d) The rate of dextran adsorption is measured by fitting a
ere we plot the decay constant (k) vs the dextran concentration. The adsorption and
y shift plots indicate similar polymer conformation of the adsorbed dextran on both
harmonic).
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constant, k (Fig. 6d). We measure the adsorption rate of dextran on
the amorphous surface as ka = 1.15 � 10-4 s�1 mM�1 and a desorp-
tion rate kd = 0.0022 s�1, resulting in an equilibrium constant
Keq = 52.3 mM�1. We follow similar data analysis steps to measure
the adsorption and desorption rates of dextran onto the annealed
molybdenum disulfide surface and find ka = 0.55 � 10-4 s�1 mM�1

and kd = 0.0027 s�1, resulting in an equilibrium constant Keq = 20.4-
mM�1. Interestingly, while the adsorption rate of the dextran onto
the amorphous surface is approximately twice as fast as the dex-
tran adsorption onto the annealed surface, the desorption rate of
the dextran is approximately equal for both surfaces.

In addition to the rate of the polymer adsorption, the changes in
the conformation of the adsorbed polymer can be explored through
the relationship between the dissipation shift and frequency shift.
A linear relationship between the dissipation and frequency shifts
indicates chain conformation remains the same as coverage
increases (i.e., higher dextran concentration), while a discontinuity
or change in slope indicates that the polymer chains rearrange
their conformation. For example, if chains became more tightly
bound as polymer adsorption increases, a shift to a smaller slope
in dissipation at higher frequency shifts would occur. In this study,
we observe a nearly linear relationship in the dissipation shift with
increasing adsorbed mass for both the as-deposited and annealed
surfaces, indicating that the dextran does not undergo a significant
change in conformation with increased polymer adsorption
(Fig. 6e, S8). Furthermore, we find the slope of the dissipation ver-
sus frequency to be similar for both surfaces, suggesting that the
polymer adopts a similar conformation on both the as-deposited
and annealed surfaces. In fact, we find that the adsorbed dextran
results in similar changes in the contact angle of water droplets
from 67.5� ± 3.5� and 69.4� ± 2.0� to 47.9� ± 0.7� and 44.4� ± 3.8�
for the as-deposited and annealed surfaces, respectively (Fig. S7).
Collectively, we interpret these results to suggest that the adsorp-
tion mechanism of the dextran is not changing between the as-
deposited, amorphous surface and the annealed surface, but rather
the annealing of the MoS2 results in a decrease in the total number
of favorable (hydrophobic) adsorption sites in which the dextran
can adsorb onto the surface. This decrease in adsorption sites
results in a slower adsorption rate of the polymer onto the surface
and a decrease in the magnitude of the frequency and dissipation
shifts. Further investigations are required to fully understand the
mechanisms driving the dextran adsorption onto the surface and
differences in adsorption behavior between the as-deposited and
annealed surfaces. However, the deposition procedures described
here allow the opportunity to further study these adsorption
mechanisms on MoS2 using both QCM-D analysis, as well as other
planar surface characterization methods such as ellipsometry.
4. Conclusion

Here, we have developed a method for preparing molybdenum
disulfide films onto commercially available Au QCM-D sensors and
demonstrated their application for studying the adsorption behav-
ior and conformation of polymers at the solid/liquid interface. Uni-
form MoS2 films are deposited with well-controlled thicknesses
from a single precursor through a novel pulse-deposition electro-
chemical reaction. The QCM-D sensors can be subsequently
annealed to drive a phase transition of the as-deposited MoS2 film
from the amorphous phase to the 2H semiconducting phase with-
out damaging the quartz crystal.

The exploration of new polymer or small molecule additives for
froth flotation has largely relied on small-batch flotation methods
and ex situ measurements of polymer conformation and coverage
to determine their efficacy. While these methods are effective for
probing the efficacy of an additive in producing the desired flota-
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tion/suppression result, they often lack the ability to explore
adsorption with a small affinity. Our exploration into the adsorp-
tion of dextran onto amorphous and crystalline MoS2 surface
demonstrate the ability to apply QCM-D to gain insight into the
short-term kinetics of interaction between molecules and mineral
surface, behavior that is key to designing additives with superior
separation efficiency. The high sensitivity of QCM-D to small
changes in polymer affinity will enable further explorations into
the relationship between polymer structure and composition,
and the adsorption of polymers onto molybdenum disulfide
surfaces.

While the focus of this investigation has been on developing of
molybdenum disulfide surfaces, expanding the library of mineral
surfaces available on QCM-D sensors would greatly improve the
ability to studying small molecule and polymeric adsorption at
representative solid/liquid interfaces. Here, we have demonstrated
the formation of MoS2 films through an electrochemical deposition
from a single precursor using a 2e- decomposition reaction. Similar
2e- decomposition reactions have been reported in the literature
for forming alternative sulfide films and surfaces, including the
deposition of copper sulfide thin films [34–36]. Applying the pulse
deposition protocols developed here to these alternative mineral
systems could expand the application of QCM-D measurements
to study the adsorption of polymer and small molecule additives
onto a variety of mineral surfaces with well-defined structures,
compositions, and roughnesses. Furthermore, the protocols devel-
oped here for forming MoS2 films on QCM-D sensors could be
applied to a variety of applications beyond froth flotation. For
example, molybdenum disulfide is a promising material for elec-
trochemical hydrogen production due to its high activity and sta-
bility [37]. Molybdenum disulfide coated QCM-D sensors could
provide the opportunity to explore the chemical reaction rates of
the molybdenum disulfide surface during this hydrogen evolution
reaction.
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