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ABSTRACT: A subphase exchange cell was designed to observe
fluid−fluid interfaces with a conventional optical microscope while
simultaneously changing the subphase chemistry. Materials
including phospholipids, asphaltenes, and nanoparticles at fluid−
fluid interfaces exhibit unique morphological changes as a function
of the bulk-phase chemistry. These changes can affect their
interfacial material properties and, ultimately, the emergent bulk
material properties of the films, foams, and emulsions produced
from such interfacial systems. In this work, we combine
experiments, computational fluid dynamics simulations, and
modeling to establish the operating parameters for a subphase
exchange cell of this type to reach a desired concentration. We
used the experimental setup to investigate changes to a graphene
film during a common wet-etching transfer process. Observations reveal that capillary interactions can induce defects and
deformations in the graphene film during the wet-etching process, an important finding that must be considered for any wet-etching
transfer technique for 2D materials. More generally, conventional optical microscopy was shown to be able to image the dynamics of
interfacial systems during a bulk-phase chemistry change. Potential applications for this equipment and technique include observing
morphological dynamics of phospholipid film structure with subphase salinity, asphaltene film structure with subphase pH, and
particle film synthesis with subphase chemistry.

■ INTRODUCTION
The application of this work is on the reaction and release of
material at a fluid−fluid interface, and the method presented
here can be broadly applicable to fluid−fluid interface systems.
Fluid−fluid interfaces are critical components of many bulk
materials such as foams and emulsions, and they are important
parts of facilitating many dynamic processes such as multiphase
polymerization,1 oil and gas separations,2 and biological
respiration.3 Properties of complex fluid−fluid interfaces such
as the surface tension, the interfacial rheology, and the
interfacial morphology influence bulk materials properties like
emulsion, foam, and film stability.4−6 It is also known that
changes in bulk-phase chemistry or composition often occur in
such systems, and those changes can significantly alter film
interfacial properties.7,8 The simplest examples are changes to
interfacial tension due to changes in bulk-phase salinity,9 or
bulk-phase concentration of a soluble surfactant.10 In oil and
gas recovery, naturally occurring surface-active compounds
called asphaltenes form films that stabilize oil and water
emulsions, the interfacial properties of which can be altered
with changes to bulk-phase pH.11,12 In pharmaceutical
applications, the structure of proteins at fluid−fluid interfaces
is particularly important due to the tendency of interfacially

trapped proteins to denature.13−15 In biology, phospholipid
films at fluid−fluid interfaces are ubiquitous and have been
extensively studied to understand the structures that form in
bilayer and monolayer membranes.16,17 The stability of such
films is dependent on bulk-phase pH and salinity.18,19 Systems
of particles trapped at fluid−fluid interfaces can be made to
form films on solid substrates, or made to form Pickering
emulsions, and bulk-phase composition such as pH and salinity
can change interparticle interactions that impact optical
properties or emulsion stability.20
Although we know bulk-phase composition is coupled with

interfacial properties, we have little understanding of the
dynamics of such changes in most systems with complex fluid−
fluid interfaces. The study of the dynamics of molecules and
particles at fluid−fluid interfaces encompasses a wide range of
applications, but fluid−fluid interfaces are also important in
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reactive systems such as polyester production via interfacial
polymerization or the transfer of two-dimensional (2D)
material films. For example, graphene is often grown on
copper foil using chemical vapor deposition, and then
transferred to other substrates by placing the foil at an air−
aqueous interface of ammonium persulfate (APS).21 Persulfate
oxidizes copper metal to soluble copper sulfate, and in the
context of 2D material transfer, the process is referred to as wet
etching.22 The remaining graphene film at the fluid−fluid
interface is then deposited on a preferred substrate. Trans-
ferring 2D materials from one substrate to another without
significant damage to the 2D material itself is an active research
area with challenges that remain.23 This work focuses on the
reaction of copper foil with APS to release graphene to a fluid−
fluid interface, and the method presented will be broadly
applicable to emulsion, foam, and film systems as well.
Although it is known that changes in bulk-phase

composition lead to changes in interfacial properties in a
variety of systems, there are few studies aimed at under-
standing such dynamics. This is due in part to the challenge of
altering the bulk-phase composition in a controlled way,
without disturbing the interface, while simultaneously inves-
tigating the film properties of interest. There are a few studies
that have provided data in such systems where the bulk-phase
chemistry has been changed while interfacial properties were
monitored. A pendant drop device has been used for this
purpose, where two concentric capillaries can be arranged such
that fluid injected through the inner capillary can be withdrawn
through the annular space between the capillaries without
changing droplet volume.10 Wege et al.10 used this technique
to investigate changes in the solubility of the surfactant
dimyristoylphosphatidyl choline (DMPC) after exchanging the
subphase with a solution of pancreatic phospholipase A2
(PLA2), which hydrolyzes the DMPC and increases its
solubility in the bulk phase. Although this technique works
well for measuring dynamic changes in surface tension at
constant surface area or changes in droplet surface area at
constant surface tension, other interfacial properties such as
interfacial shear rheology or interfacial morphology require
different experimental equipment. Rühs et al.7 measured
changes in the interfacial shear rheology of b-lactoglobulin
fibril at oil−water interfaces during changes in pH and ionic
strength using a bicone geometry. They found that the
interfacial moduli were a strong function of both pH and ionic
strength. Their exchange cell utilized simultaneous injection

and withdrawal of fluid into the cell utilizing synchronized
syringe pumps, and they incorporated a peristaltic pump to
generate a continuous flow within the subphase to encourage
mixing. Their work showed how interfacial rheology can
change significantly with bulk-phase composition changes, but
they did not investigate the influence of mixing dynamics
within the subphase. Schroyen et al.8 used a double-wall ring
geometry24 to measure the interfacial rheology of colloidal
particles subject to changes in bulk-phase electrolyte
concentration, and proteins subject to changes in bulk-phase
pH. They used computation fluid dynamics (CFD) simulations
to understand how the design of the custom double-wall
geometry, with its multiple injection and withdraw ports,
influenced the nature of flow and mixing during an exchange.
They also performed experiments utilizing UV−vis, con-
ductivity, and fluorescence to confirm the average exchange
cell concentrations and validate the CFD results. Their work
established that the design of an exchange cell, especially the
injection and withdrawal port locations, will influence the
dynamics of subphase composition.
The studies discussed in the previous paragraph are

examples of successful integration of bulk-phase exchange
with measurements of interfacial properties of interest, but
methods for combining microscopy with bulk-phase exchange
are lacking. The ability to observe changes in interfacial
morphology during and after changes in bulk-phase
composition is important because the structure of complex
fluid−fluid interfaces is tightly connected with film properties,
especially rheology.25 The lack of studies in this area is due, in
part, to the difficulty of performing simultaneous microscopy
and controlled bulk-phase exchange. The challenge is to
integrate three independent systems: a custom Langmuir
trough, a set of pumps to perform an exchange, and a
microscope to visualize the interfacial area within the trough.
Integrating these in an arrangement that provides a stable
interface even during the steady flow of bulk-phase fluid during
an exchange while also maintaining high-image resolution is
the challenge that we address in the work that follows
(interface stability is addressed in detail in Supporting
Information B). We have developed a simple assembly and a
methodology for executing a controlled change in the bulk-
phase composition while observing the interface with
microscopy during and after the exchange. We combine
experiment, theory, and CFD simulations to understand when
a particular bulk-phase composition has been achieved. The

Figure 1. Subphase exchange cell illustration, drawings, and physical setup. (a) Illustration of the subphase exchange cell with an inverted
microscope and synchronized syringe pumps. Number labels indicate (1) the epifluorescent light source, (2) a wavelength filter, (3) a 50/50 beam
splitter, (4) the camera, (5) the objective, (6) the subphase, (7) the interface, and the (8) syringe pumps. From left to right and top to bottom, (b)
a top-down image of the assembled exchange cell and exploded drawing (top right−side view) of the exchange cell showing the four main
components; the bottom figures are the Teflon spacer, the left figure is the same orientation as the top-down image, and the right figure is the same
spacer flipped upside down. The central chamber and reducing in and out flow channels are highlighted by the red arrows. These are both negative
spaces where fluid will run through the flow channels and into the central chamber, but no material is present in the current image.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c03154
Langmuir 2024, 40, 2174−2182

2175

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03154/suppl_file/la3c03154_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c03154/suppl_file/la3c03154_si_003.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03154?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03154?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03154?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c03154?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c03154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


first-order dynamics model developed and validated in the
work here is generalizable to other subphase exchange cell
designs, and therefore, the methodology is of broader value to
other exchange cell designs that may be integrated into other
microscopy setups. Finally, we test our original subphase
exchange cell with a wet-etching process typically used to
transfer graphene from its growth substrate to another
substrate and discover that capillary interactions buckle
graphene film during wet etching.

■ EXPERIMENTAL SECTION
A subphase exchange cell allows for the chemistry of one or more of
the bulk phases around a fluid−fluid interface to be altered with a pair
of synchronized syringe pumps without disturbing the interfacial
material. Avoiding interfacial disturbances is a critical concern when
interfacial structure is important, such as in interfacial rheological
measurements.8 Wet-etching processes have the added advantage that
samples do not need to be transferred by hand, reducing the chances
of damaging the sample in transfer. A subphase exchange cell designed
for microscopy also needs to allow visualization of the interface and
minimize drift of the interface through the field of view. This was
accomplished by designing an exchange cell with injection and
withdraw ports, inspired by the microscopy chambers described by
Blair26 and Kale et al.27 Figure 1 includes illustrations and images of
the subphase exchange cell used in this work. Figure 1a shows how a
single inlet port and a single outlet port are used by a pair of
synchronized syringe pumps (one injects while the other withdraws at
the same rate) to perform an exchange. Based on the green tracer dye
experiments in Figure 2 and the CFD simulations in Figure 3, a front

of concentrated fluid will flow from the inlet to the outlet port at
opposite ends of the subphase exchange cell so the fastest removal of
low-concentration fluid from the system will be in this arrangement.
The tubing used was polypropylene. In Figure 1b, the four layers of
the subphase exchange cell are shown with the exploded perspectives:
the base Teflon chamber, a round glass coverslip (30 mm diameter,
150 μm thickness), a Teflon spacer, and a stainless steel cover plate.
The Teflon spacer is shown in the bottom left and right with inlet and

outlet flow channels with a reducing height (1−0.5 mm tall, 6 mm
wide) and a central chamber (30 mm diameter, 1.5 mm tall). All four
layers are held tightly together to form a seal with the coverslip with
six, 5 mm long M3 screws. The Teflon spacer has a 1.5 mm vertical
step to hold a subphase liquid against the glass coverslip and contains
a subphase volume of 1.06 mL when the interface is flat. An upper-
phase liquid (e.g., oil) can be used, but in this work, the subphase is
aqueous and the upper phase is air.

The bulk-phase exchange is done by first filling the subphase
exchange cell and priming the syringe pump lines with ultraclean
water (18.2 mΩ resistivity from a PURELAB Chorus 1, ELGA
VEOLIA). An empty 60 mL syringe is attached to the withdraw line,
and a full 60 mL of the new subphase fluid is attached to the injection
line. The interface to be investigated is prepared, and the subphase
exchange cell is arranged on the microscope so that the interfacial
material can be visualized. The bulk water phase is then exchanged by
initiating a predetermined flow rate and period of time. The selection
of flow rates and times will be discussed in the Results section. The
two syringe pumps (Legato 180, KD Scientific) are synchronized via
an electrical cable so that one pump withdraws, while the other pump
injects fluid at the same rate. This is critical for maintaining the same
volume of fluid and interface height in the exchange cell at all times.
Once the exchange is complete, a new exchange can be performed by
removing the now-full withdraw syringe and replacing it with a full
syringe of the next subphase to be injected. The syringes can then be
reversed to inject a new subphase and withdraw the previously
injected subphase material.

For experiments involving graphene, the graphene was purchased
from Graphenea Inc. (San Sebastiań, Spain) on a copper foil of 18 μm
thickness. Monolayer graphene was grown by chemical vapor
deposition. Removal of the copper foil from underneath graphene
was accomplished by a wet-etching process at a fluid−fluid interface.
The samples mounted on copper foil are placed at an air−water
interface, and 0.25 M APS is introduced into the bulk water phase,
initiating a reaction where persulfate reacts with copper to yield a
water-soluble copper sulfate. The reaction takes approximately 2 h to
visibly remove all the copper foil, leaving behind the graphene film.
Commonly, the etching of copper foil by APS and washing away
excess APS is accomplished by bath transfers, physically lifting and
moving the foils and films to the various subphases. In this work, the
change in subphase chemistry is accomplished with synchronized
syringe pumps and a microscopy-capable subphase exchange cell
designed with inlet and outlet ports so that film structure during wet
etching can be observed while removing the need for bath transfers.
Microscopy images are collected using interference reflection
microscopy (IRM), an interferometric technique that provides better
contrast in visualizing graphene than bright field microscopy.28−30

APS is a highly corrosive material that should be handled with care
and the appropriate personal protective equipment, following the
Safety Data Sheet.

Simulations were performed by using COMSOL Multiphysics. The
subphase exchange cell geometry was imported from SOLIDWORKS
and cut in half to have a symmetry boundary condition to reduce
computational time, as seen in Figure 3a. In each of the cells of Figure
3a, flow moves from right to left at each rectangular protrusion, and
all other boundaries are stationary walls with no reactions occurring,
except for the symmetry boundary. The simulation is 3D and
performed under Laminar Flow and with the Transport of Diluted
Species package. The fluid properties used are for water, and the
concentration of injected dilute species is APS with a concentration of
150 mol/m3 with an assumed diffusion coefficient D ∼ O9− m2/s,
which is reasonable for a small molecule solute in an aqueous
suspension.31,32 All surfaces have a no-slip boundary condition. The
inlet flow rate was specified at 1 mL/min by specifying a normal inlet
flow velocity of 4.6 × 10−4 m/s, and the outlet was set to atmospheric
pressure. Output from the simulations includes false color images
indicating concentrations of dilute species throughout the exchange
cell, concentration profiles along cut lines through the exchange cell,
and average exchange cell concentration as a function of time.

Figure 2. Green tracer dye is used to visualize flow patterns in the
subphase during an exchange in the exchange cell. Each row
represents a specified flow rate with each image representing a
different point in time: (a) 0.1 mL/min, (b) 1 mL/min, and (c) 10
mL/min. Time 0 s is defined as the instant tracer die enters the cell
from the right, consistent with the definition used in Figure 3. The
exchange cell diameter is 30 mm across.
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Estimates of shear stress on the interface from bulk phase flow are
made and discussed in Supporting Information B.

■ RESULTS AND DISCUSSION
Design Validation. Exchanging the subphase in a

controlled manner to obtain a desired concentration requires
an understanding of the influence of initial concentrations, flow
rate, and time. In this section, we perform experiments with
tracer dye and use the results to qualitatively validate the CFD
simulations that are used to establish a first-order dynamics
model for subphase concentration. The tracer dye experiments
are used to qualitatively determine flow rates that would be
reasonable for operation and yield uniform mixing in the
subphase exchange cell. The CFD simulations are used to
quantitatively determine flow rates and time of exchange that
will yield a full subphase exchange and wet-etch the copper foil.
The extent of mixing is strongly influenced by the flow rate and
location of inlet and outlet ports. The extent of mixing within
the exchange cell is important for the validity of the first-order
dynamics model proposed since the assumption of perfect
mixing is invoked. In both the tracer dye experiments and the
CFD simulations, four flow rates are investigated: 0.1 1.0, 2.0,
and 10 mL/min. In all cases, we find that the first-order system
assuming perfect mixing is a good predictor of the final
subphase concentration after a period of time defined by the
ratio of the exchange cell volume to the injection volumetric
flow rate.
Tracer Dye Experiments. Mixing is a complex behavior that

depends on flow rate as well as subphase exchange cell
geometry. Perfect mixing is defined as the exit flow (withdraw
flow) having the same concentration as that of the average
concentration within the subphase exchange cell. This is an
important assumption for the first-order model discussed later,
but perfect mixing is never accomplished. Figure 2 reveals that
the extent and even the nature of mixing in our exchange cell
are a strong function of flow rate. The exchanges shown in
Figure 2 were prepared as described in the Materials and
Methods section, but the injected stream contained a green

tracer dye, and no interfacial material was present (i.e., it is a
clean air−water interface). Flow rates of 0.1, 1, and 10 mL/min
were selected to broadly capture the desired minimum and
maximum flow rates to be operated at based on time and
geometric constraints. For each flow rate, snapshots of the
video-recorded experiment were chosen to qualitatively
describe the flow profiles present. Figure 2a is the 0.1 mL/
min exchange and shows that a broad front of tracer dye moves
from the injection site (left) toward the withdrawal site (right).
Figure 2b is the 1 mL/min exchange at three different times,
and the tracer dye front is narrowed, since convection plays a
greater role over the diffusion process that tends to broaden
the front. At 10 mL/min, shown in Figure 2c, convection
dominates the dynamics, leading to a concentrated stream of
tracer dye that travels from inlet to outlet almost directly.
Tracer dye then begins recirculating back toward the injection
port along the exchange cell walls. Each of these phenomena
affects the dynamics of concentration profiles in the exchange
cell, and ultimately, the average total concentration of the bulk
phase. Higher exchange flow rates are expected to decrease the
amount of time required to reach a particular concentration in
the exchange cell, but it is not clear how changes in flow
profiles will alter mixing and influence the average concen-
tration within the exchange cell over time. Average subphase
concentration within the exchange cell is the quantity of
interest since stopping diffusion after an exchange will lead to a
uniform exchange cell concentration on the order of minutes
regardless of spatial variation in concentration once the
exchange is stopped. Although it is challenging to obtain this
information experimentally, it is relatively easy to do so with
CFD simulations. In the following section, we use CFD
software to simulate conditions similar to the tracer dye
experiments in Figure 2 and use those results to understand
deviations from the dynamics model that follows.

CFD Simulations. Results from the simulations provide
details of the evolution of the dilute species concentration as a
function of time. Outputs include false-color maps of
concentration throughout the subphase exchange cell,

Figure 3. Simulation results for the bulk-phase exchange to determine the effects of concentration profiles on the dynamics of the total average
concentration achieved in the exchange cell. (a) False colored map of concentration to show exchange evolution over time at each respective flow
rate, matching those same qualitative appearances as the colored food dye experiments. The subphase exchange cell is halved along a symmetry
boundary. (b) Concentration as a function of position along the bottom edge of the subphase exchange cell, representing the centerline of the
subphase exchange cell setup. Concentration is tracked over the length of the exchange cell, and each trendline represents progressing points in
time to track how the concentration profile changes throughout the bulk-phase exchange.
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concentration as a function of position along the centerline of
the subphase exchange cell, and a spatially averaged
concentration within the subphase exchange cell as a function
of time. Figure 3a includes the false color maps of
concentration for the three different volumetric flow rates,
revealing dynamics similar to those shown in Figure 2, where a
front of solute propagates from right to left from the injection
to withdrawal line. The times and flow profiles compared
between Figures 2 and 3a exhibit similar dynamics along
similar times, but direct comparisons were not the intention;
instead, they are to guide which flow rate for operation and
which flow rates to further explore in the simulation work.
Figure 3b includes the solute concentration as a function of
position along the centerline of the exchange cell from right to
left for each flow rate, with time as the parametric variable. The
sharp fluctuations in each concentration line are indicative of
complex mixing and flow profiles, especially near the exchange
cell entrance and exit. This level of resolution is not available
with the tracer dye experiments, but it is captured with the
simulations. At the highest flow rate simulated, 10 mL/min,
the false-color map does not indicate the presence of a
recirculating flow, as seen in Figure 2b in the tracer dye
experiments. This is likely a consequence of flow inertia in the
experiments, a phenomenon not captured in the laminar flow
simulations. The highest Reynold numbers for 10 mL/min
simulations and experiments are on the order of 102 near the
injection and withdraw ports, well below values typical for the
presence of turbulence (Re > 3.5 × 103), but indicative of
significant flow inertia that may explain the difference in
experiments and simulations at those high flow rates.
Additional calculations concerning flow inertia are included
in Supporting Information A. A global Peclet number can also
be defined to weight the relative importance of convective
mass transport to diffusive:

Pe vh
D

=
(1)

where v̇ is average flow velocity within an injection port, h is
the height of the subphase fluid, and D is the solute diffusivity.
An order of magnitude analysis serves to illustrate the relative
importance of convective and diffusive mass transport. If a
value of D ∼ O9− [m2/s] is assumed,31,32 then for flow rates of
0.1, 1, and 10 mL/min, the Peclet numbers are on the order of
101, 102, and 103, respectively. Since the Peclet number is well
above 1, convection will play the primary role in mass
transport in the exchange cell rather than diffusion. In practice,
10 mL/min is a relatively high flow rate, it is likely to cause
undesirable interfacial flows in the subphase exchange cell and
should be avoided. Thus, the priority is comparing simulations
and experiments at the lower flow rates of 0.1, 1, and 2 mL/

min. For our application, 2 mL/min was also a flow rate that
would not affect the dynamics of our system because our
materials were still mounted on the copper foil substrate
during the exchange, but after the etching process if the
subphase were to be altered then the effects of subphase flow
on interfacial dynamics should be evaluated. Schroyen et al.8
performed a nice analysis addressing convection regimes to
avoid influencing material at the interface.

First-Order Dynamics Model. A first-order dynamics model
is developed in this section for predicting subphase
concentration with time, and the CFD simulation results
serve to evaluate the validity of the model. A component mass
balance is used to develop the model and can be written as

C
t

V
V

C C
d
d
cell

cell
o cell= ·[ ]

(2)

Where Ccell is the average concentration of the solute within
the subphase exchange cell, t is time, V̇ is the injection
volumetric flow rate, Vcell is the exchange cell volume, and Co is
the concentration of the solute in the injection flow stream.
The solution of eq 2 with initial conditions of Ccell/Co = 0 gives

C
C

t1 expcell

o
= ikjjj y{zzz (3)

Where τ is a time constant defined as τ = Vcell/V̇. Alternatively,
a solution can be developed where the subphase exchange cell
initially has a nonzero solute concentration, Ccell,o, and the
injection fluid contains no solute, Co = 0. That solutions can be
written as

C
C

texpcell

cell,0
= ikjjj y{zzz (4)

Eq 3 applies when exchanging a clean solvent within the
subphase exchange cell for a solution of solute and solvent in
the injection fluid. eq 4 applies when the exchange cell contains
a solute−solvent mixture, and the injection fluid is a clean
solvent. The predictions of Eqs 3 and 4 are plotted in Figure 4
along with the average exchange cell concentrations provided
by the simulations. The callouts Figure 4a, b, and c indicate the
flow rates of 0.1, 1, and 2 mL/min, respectively; each set of
experiments were run at the same flow concentrations. Dotted
lines are the simulation results, and solid lines are theoretical
predictions. Orange lines are results for the case of injecting a
solute into a clean subphase exchange cell, while dark blue
lines are results for the case of injecting a clean solvent into an
exchange cell saturated with the solute-solvent mixture. Peclet
numbers of an approximate order O1, O2, and 2 O2, as defined
and discussed earlier, are shown for reference based on the
simulation parameters. An important observation is that the

Figure 4. Average APS concentration in the subphase exchange cell over flow rates of (a) 0.1, (b) 1, and (c) 2 mL/min. The data points are
simulation results from CFD and the trend is the first-order rate law (eq 2). The orange data is flowing in APS to an exchange cell filled with water,
and the dark blue data is flowing in water to an exchange cell filled with APS. The y-axis is the APS concentration in the exchange cell normalized
by the concentration of APS during inflow. The x-axis is time normalized by the time constant of each system.
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results agree at limits of short and long time but disagree to
various extents in the range of 0.1τ < t < 4τ, most clearly seen
in Figure 4a. This is expected since perfect mixing in practice
cannot be achieved, but the most important conclusion is that
both results converge when t ≥ 5τ, and the exchange cell
concentration reaches at least 99% of the concentration of the
solute in the injection stream. This is generally expected for a
system governed by first-order dynamics, but the simulation
results are important for validating the length of exchange time
needed to use a first-order dynamics model in a system with
imperfect mixing. This conclusion is supported by the work of
Schroyen et al.8 where their experimental values and
simulation values lined up after enough of the subphase
volume has been exchanged. The percentage of subphase
volume exchanged for our system surpasses the volume need to
match experimental with simulation data compared against the
work of Schroyen et al.8 (Supporting Information D).
The conclusion that the subphase exchange cell solute

concentration can be expected to reach the injection stream
solute concentration when t ≥ 5τ can be leveraged to establish
minimum exchange times for a given flow rate and minimum
volume requirements for the injected fluid stream. Table 1

contains the time required to reach the injection stream solute
concentration (5τ) for flow rates of 0.1, 1, and 2 mL/min. The
results in this table are specific to the volume of the subphase
exchange cell, but the methodology described in this section
can be applied to subphase exchange cells of varying volume,
geometry, and design. In this way, the work described here can
be generalized to other exchange cells.
Optical Interrogation of Interfacial Material. The

subphase exchange cell developed here has potential
applications in studying a wide range of systems where
fluid−fluid interfacial structure is coupled with bulk-phase
chemistry. The experiments in this section focus on the
evolution of the structure of a graphene film during wet etching
of the underlying copper foil substrate, a common technique
used in the transfer of graphene from its growth substrate to
another substrate (e.g., from copper foil to a silica wafer or
TEM grid). The graphene film on copper foil is placed in the
subphase exchange cell on a clean water subphase, and an
exchange is initiated with the injection stream containing an
aqueous solution of 0.25 M APS. In all experiments described
below the volumetric flow rate of the injection and withdraw
streams was 2 mL/min, and the exchange time was 176 s, 126 s
of exchange to reach 5 τ, with 50 additional seconds. Etching
occurs after 5τ, but refreshing the subphase concentration
reduces the exchange time. The total volume of APS solution
exchanged was 5.9 mL and was contained in 60 mL syringes.

The wet-etching process to solubilize the copper foil takes
approximately 120 min, during which time microscopy was
used to observe the nature of the etching and the influence on
the remaining graphene film at the fluid−fluid interface. The
etching of the copper proceeded from the edges of the film as
well as from the internal area of the film. This can be seen in
the images included in Figure 5a−c and d−f, where the copper

foil (dark black regions) appears to recede over time from the
film edges as well as the film interior, and the graphene film is
pulled toward the remaining copper pieces. IRM can be used
to visualize graphene and identify when multiple layers of
graphene are present by appearing darker. The copper foil as it
etches appears like a sink where graphene film accumulates
around the edge of copper pieces as it shrinks. As the copper
etches, the graphene film accumulates at the edges of copper
foil and becomes thicker, indicating buckling behavior. Even
once the copper islands have been etched, the graphene films
will remain buckled, the buckling acts as a stress relief in the
system. This has been observed experimentally and shown in
the literature, where the fact-to-face configuration of graphene
is so energetically favorable that they will remain in that
position rather than returning to lateral position.39
Two fronts are present during the reaction of copper foil to

ions and the release of the graphene film to the fluid−fluid
interface. A concentration front that occurs across the whole
exchange cell at a short-time scale of the APS invading the
subphase exchange cell that occurs over 176 s and a retreating
copper front that occurs over 120 min around each piece of
copper foil, shrinking and releasing graphene film.
The sporadic nature of the retreating copper front is

illustrated in Figure 5d through Figure 5f, where islands of the
remaining copper foil of irregular shape appear to shrink in size
as they are solubilized by the APS solution. Although it is
uncertain why such islands form, it is likely the consequence of
submicron thickness variations in the foil such that certain
regions are completely solubilized before others. A surprising

Table 1. Operational Table to Guide Experiments for the
Length of Time and Volume of APS Needed for a Bulk
Fluid Exchange of the Subphase Exchange Cella

flow rate [mL/min] t/τ [] time [s]
0.1 5 2512
1 5 251
2 5 126

aThe table outlines what real time is needed to reach 5 time constants
for the minimum time needed for the subphase to reach the inlet
concentration, and that time can also be used to evaluate the volume
of APS needed for the exchange.

Figure 5. Microscopy time lapse of copper foil placed at the subphase
exchange cell air−fluid interface and etched over time, leaving a film
at the air-fluid interface. Images a−c and d−f use samples of graphene
grown on copper, and IRM is used to visualize the graphene. Images
g−i are an illustration of the copper etching process, leaving a
graphene film visible by microscopy.
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observation during the etching process is that the graphene
film appears to contract between these copper foil islands, as if
by buckling. This is illustrated in Figure 5g−i, which shows a
time series between two of the copper islands in Figure 5d−f.
The contraction of the graphene film is most evident in the
video, making it clear that the film is significantly altered
during the etching process. This film contraction appears to
happen only between the islands of copper foil as they change
shape and reduce in size over time, and it stops once all of the
visible copper foil is gone. These two behaviors can potentially
be explained by the presence of capillary attractions induced by
the remaining islands of the copper foil. The higher density of
copper foil than water, combined with copper foil islands with
length scales on the order of 100 μm, means that significant
capillary monopoles are highly likely to be present despite the
overlying film of graphene. When the strength of capillary
attraction33−36 between the copper foil islands exceeds the
buckling strength of the graphene film one can expect the
graphene film to experience a stress release in the form of
buckling. Gradients in copper ions may be present in the
solution, leading to Marangoni stresses, but they are
insignificant compared to capillary forces seen by an end in
buckling events once the copper foil has been etched into ions.
The hypothesis that capillary attractions of copper islands

are in competition with the buckling stress of the overlying
graphene film is illustrated in Figure 6. In Figure 6a, the
stresses induced from bending the graphene film are in
equilibrium with the capillary attractions due to the monopoles
generated by the copper foil islands. In Figure 6b, the graphene
film has released stress by folding to the right, and the copper
foil islands have reduced in size and moved closer together.
The feasibility of the capillary-induced buckling of graphene

illustrated in Figure 6 can be tested with theory by considering
models for the strength of capillary attractions from monopoles
and values of the critical buckling stress of a graphene
monolayer. The attractive force generated by two capillary
monopoles can be approximated with the relationship derived
by Danov and Kralchevsky:33

F L qH H
K qL

K qr K qr
( ) 2

( )
( ) ( )capillary A B

1

0 A 0 B (5)

where γ is surface tension, “q” is the inverted capillary length
defined as g/ , where Δρ is the difference in density
between the two fluids and “g” is the gravitational constant. HA
and HB are the amplitudes of the out-of-plane deformation of
the monopole associated with particle A and B, respectively, K1
and K0 are the modified Bessel function of the second kind of
order 1 and order 0, respectively. L is the center-to-center
separation distance between particles, and “rA” and “rB” are the
radii of particles A and B, respectively. The predictions from

this model, with estimates of parameters based on experimental
observations, can be compared with the critical stresses needed
to buckle a graphene monolayer. The critical stress for
buckling of a film can be written as

( )
E

L
r

CR

2

2
e

x

=

(6)

where “E” is the elastic modulus of the film, “Le” is the effective
length between the two fixed points of applied stress, and “rx”
is the radius of gyration defined as r I A/x x= where “Ix” is
the in-plane moment of inertia and “A” is the cross-sectional
area of the film. If we assume two islands of copper foil at an
air−water interface are discs of 100 μm in diameter, with out-
of-plane monopole deformations of approximately 10 μm in
height, the magnitude of the capillary attractions as calculated
from eq 5 is ∼4 × 10−8 N for a separation distance of 0.1 mm.
The critical force for the buckling of monolayer graphene film
spanning the distance between those discs would be ∼1 ×
10−19 N based on a graphene elastic modulus of ∼1.3 × 105 Pa,
as calculated from literature values of graphene flexural rigidity
∼1 × 10−19 N-m.37,38 The capillary force induced by the two
pieces of graphene is 4 × 10−8 N, and the resisting force of
monolayer graphene rigidity is ∼1 × 10−19 N. Capillary force
exceeds the resisting force of monolayer graphene by ∼ O11,
showing that buckling is possible during the wet-etch process.
Buckling is dependent on the attractive capillary force and
geometry of the graphene film. Details of the critical buckling
stress analysis are included (Supporting Information E).
Although the parameters utilized (i.e., particle size, elastic
modulus, separation distance) in this analysis are approximate
and can vary by orders of magnitude, it is clear that forces from
capillary interactions are capable of exceeding the buckling
stress of a graphene film by orders of magnitude. The random
nature of the appearance of islands of copper foil during the
wet-etching process means that attractive capillary forces will
vary in location, magnitude, and direction during etching but
always act to compress the film. The capillary forces will span
over 1 mm, seen in Figure S5, meaning the area of view in
Figures 5 and S9 will all be experiencing capillary forces, and
further stress analysis cannot be done due to the packing
density and irregularities of the copper islands. Additional
experiments presenting the effects of attractive interactions
from capillary monopoles are in Supporting Information F.
Etching copper foil with APS is a common processing step

to separate graphene from its growth substrate for transfer
purposes, and the results here show that surface tension and
the dynamic formation of copper foil islands can deform the
graphene film significantly, leading to local buckling and
compression of the original film. The findings here suggest that

Figure 6. (a) Illustration of an undulated graphene film at an air−water interface with islands of copper-inducing capillary monopoles. The capillary
forces and graphene rigidity resisting buckling are indicated by the material color, salmon for copper foil capillary forces and gray for monolayer
graphene rigidity. (b) An illustration of stress release due to graphene film buckling and folding over to the right, with the copper foil islands closer
together and smaller over the course of wet etching.
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the transfer of graphene via APS etching of copper can be
performed with an acknowledgment that the liberated film may
contain multiple buckling defects. Other strategies for transfer
can be invoked to maintain integrity of the film, including spin-
coating a protective polymer layer (e.g., polystyrene) prior to
APS etching, and then transferring the graphene film to the
fluid−fluid interface by subsequent dissolution of the polymer
layer with a subphase exchange of solvent (e.g., toluene or
acetone).

■ CONCLUSIONS
A subphase exchange cell was designed to enable changes in
bulk-phase chemistry while simultaneously visualizing inter-
facial structure and dynamics with optical microscopy. The
flow profiles of the subphase exchange cell were explored
experimentally with tracer dye, and CFD simulations were
used to understand experimental results and to validate a first-
order dynamics model of the average bulk-phase concentration
of an injected solute as a function of time. The operational
conditions necessary to obtain a desired bulk-phase concen-
tration for any subphase exchange were established. The device
was tested by visualizing changes in graphene monolayers that
occur during a typical wet-etching step to transfer graphene
from a copper foil to an air−water interface, a common 2D
material transfer technique, despite little being known about
the influence on the 2D material structure of the wet-etching
process. It was observed in these experiments that instead of a
uniform removal of copper foil over time, small islands of
copper foil arise intermittently with strong long-range capillary
attractions between them that tend to buckle the remaining
graphene film locally. These observations reveal that wet-
etching transfer methods for 2D materials must consider the
influence of the surface tension on the remaining film
structure. In particular, we found that graphene monolayers
will buckle extensively during wet etching of the underlaying
copper foil substrate without a protective layer. Beyond the
application of 2D material transfer, we have shown that
observing the structural dynamics of a fluid−fluid interface
during and after a change in bulk-phase chemistry can be
accomplished in a controlled way with a conventional optical
microscope. The technique can be used in a wide range of
investigations of interfacial systems, from understanding the
influence of bulk-phase salinity on lipid monolayer structure to
observing particle−particle interaction dynamics at interfaces
with a changing bulk-phase pH.
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