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Cation-Specific Electrokinetic Separations Using Prussian
Blue Intercalation Reactions
Jonathan R. Thompson, Collin D. Davies, Jan Clausmeyer, and Richard M. Crooks*[a]

We report a new approach for forming ion depletion zones
(IDZs) using intercalation reactions at an electrochemically
controlled Prussian blue (PB) film. The experiments described
here were performed using a microfluidic device, wherein a
charged fluorophore in solution was used as a proxy to monitor
IDZ formation. In the presence of K+, intercalation reactions
proceed readily to form an IDZ, and thus enrich the fluorophore
up to 37-fold. In the presence of the larger hydrated Li+ or
tetrabutylammonium (TBA+) ions, however, ion intercalation

proceeded less quickly than with K+. Slower ion intercalation
resulted in a weaker IDZ and correspondingly lower enrichment
factors of eight- and six-fold, respectively. These results are
significant because they show that PB intercalation reactions
selectively form an IDZ. Accordingly, we anticipate that these
findings will lead to a better understanding and further
interesting applications of intercalation materials like PB for
efficient and selective enrichment and separations.

1. Introduction

In the field of separation science, ion depletion zones (IDZs) are
important because they can be used to enrich[1–4] and
separate[5,6] charged analytes. As discussed later, IDZs can be
formed in the presence[7–9] or absence[2,10,11] of membranes.
Here, we report an alternative electrochemical method for
forming IDZs at specified locations within microfluidic devices.
In this case intercalation materials are used to sequester ions
from solution thereby forming the IDZ. As shown in Scheme 1a,
this is accomplished by controlling the oxidation state of an
electroactive intercalation material like Prussian blue (PB). By
electrochemically controlling ion motion in and out of PB, the
ion concentration in the nearby solution can be actively
modified to yield an IDZ.

The use of intercalation materials for establishing IDZs is
significant for the following four reasons. First, while intercala-
tion materials like PB have previously been used to sequester
cations,[12,13] here we show that the IDZ resulting from
intercalation can be used to both separate and concentrate
anions that do not intercalate. Second, intercalation materials
are often able to discriminate between different ions on the
basis of their charge or size. Therefore, an IDZ will only form in
the presence of a specific subset of ions that are accommo-
dated by the lattice of the intercalation material. In other words,
formation of the IDZ is ion specific. Third, electroactive
intercalation materials, like the PB used here, provide a means
for exerting electrochemical control over electro-inactive ions
like K+ without producing side products. As we will discuss
later, this can be an important factor for establishing and
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Scheme 1. (a) Schematic illustration of the microelectrochemical device used
in this study. (b) Representation of the forces leading to establishment of the
IDZ. (c) The electrochemical forces operative in fICP.
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controlling an IDZ. Fourth, although this report focuses on PB,
the approach described here should be general and applicable
to other electroactive intercalation materials that are specific for
different classes of ions.

IDZs are formed during a process known as ion concen-
tration polarization (ICP).[14,15] ICP is an electrokinetic phenomen-
on originating from selective separation of ions, and it is most
commonly implemented using nanoporous channels[10,11] or
charge-selective membranes like Nafion.[7–9] When a voltage is
applied across appropriate channels or membranes, selective
ion transport leads to both an IDZ and an ion enrichment zone
(IEZ). Because the IDZ is a region of low relative solution
conductivity, a disproportionate amount of the applied voltage
is dropped within it. This results in a co-located electric field
gradient where ions experience enhanced electromigration.

At the location within the IDZ where electromigration is
equal and opposite to bulk convection, ions can be focused[8,16]

or redirected[17–19] based on device design. This principle is
illustrated in Scheme 1b. Here, ions experience uniform bulk
convection at every axial position, but electromigration varies
as a function of the electric field strength. For example, at point
A where the electric field is low, convection dominates electro-
migration and ions move from right to left. As ions flow
downstream, electromigration increases with the elevated
electric field associated with the IDZ. At point B, ions focus
because electromigration is equal in magnitude but opposite in
direction to bulk convection. Any ions that diffuse downstream
to point C experience a larger electric field which redirects
them back to point B. The net effect of this is that ions enrich at
point B.

There is broad interest in applications that take advantage
of ICP. For example, the lowered electrolyte concentration
within an IDZ leads to faster electroosmotic flow (EOF), which
could improve desalination efficiency during electrodialysis.[20]

Additionally, utilizing ICP has gained significant interest for lab-
on-a-chip applications, including: separation of charged
analytes,[21–23] high-voltage fluidic diodes,[24] manipulation of
charged analytes in microdroplets,[9] and microfluidic
mixing.[25–27] The electric field gradient associated with ICP has
also been used for dielectrophoresis of cells,[14,28,29] salt water
desalination,[17,30–32] and analyte enrichment.[33] Analytes such as
charged fluorophores,[1,34,35] microparticles,[23,36] and proteins[37,38]

have all been enriched, with up to a million-fold enrichment
factor in one case.[16]

A few years ago, our group introduced an electrochemical
variant of ICP called faradaic ICP (fICP).[39] fICP uses electro-
chemical reactions to produce an IDZ and accompanying
electric field gradient. Specifically, water hydrolysis at the
cathodic pole of a bipolar electrode[40–43] neutralizes buffer ions
in solution and forms the IDZ (Scheme 1c). We have shown fICP
operates like traditional ICP at a nanopore or membrane, and so
it is able to separate,[5,6,18] enrich,[2,44] deplete,[45] and control
delivery[3,46] of charged analytes in microfluidic devices. fICP also
presents some specific advantages over traditional ICP. For
example, lithographic fabrication of electrodes is simple, where-
as fabrication of nanopores or integration of membrane
materials into microfluidic devices can be difficult. Moreover,

nanopores and membranes can clog during device operation, a
problem that is avoided by using electrodes.

Despite these advantages, fICP suffers from two major
limitations. First, as presently implemented, formation of an IDZ
requires a buffered solution. Second, the large potential applied
to the IDZ-forming electrode may result in undesirable electro-
generated products that counteract IDZ formation.[47] These
shortcomings motivated us to explore other electrochemical
methods for forming IDZs.

As discussed earlier, the use of ion intercalation processes
for forming IDZs offers some significant advantages over fICP.
Intercalation materials insert common cations, like K+ and Na+,
which are electro-inactive in water and thus cannot usually be
controlled using fICP. Additionally, intercalation reactions
selectively remove small cations that can insert into the lattice
of the material, which provides a level of specificity without
electrogenerating byproducts. Finally, ion insertion into inter-
calation materials retains the central advantage of fICP, which is
that it can be actively controlled electrochemically. Specifically,
the presence or absence of an IDZ depends on the threshold
potential of the redox reactions occurring at the controlling
electrode. This is in contrast to nearly all membrane-mediated
ICP processes, which transport ions to form an IDZ in the
presence of any applied electric field.

In the present article, we support these claims by using a
charged fluorophore to visualize formation of an IDZ[2,3,5] near a
PB-coated working electrode. Additionally, we show that
forming the IDZ is cation selective. Specifically, when the cation
in solution is K+, the fluorophore is enriched up to a factor of
37-fold. Bulkier cations, like hydrated Li+ and tetrabutylammo-
nium (TBA+) that insert into the PB lattice to a lesser degree,
lead to significantly lower enrichment factors of 8- and 6-fold,
respectively.

Experimental Section

Chemicals

Reagent grade KCl and HCl were obtained from Fisher Scientific.
FeCl3 · 6 H2O (99+%) and reagent grade K3Fe(CN)6 were purchased
from Acros Organics. LiClO4 (99.9%) was provided by Aldrich.
Tetrabutylammonium perchlorate (TBAP) was obtained from GFS
Chemicals (Columbus, OH). Fluorescent 4,4-difluoro-1,3,5,7,8-
pentamethyl-4-bora-3a,4a-diaza-s-indacene-2,6 disulfonic acid, diso-
dium salt (BODIPY2@) was purchased from Molecular Probes
(Eugene, OR). Polystyrene microbeads were obtained from Bangs
Laboratories (diameter=0.99 μm, Fishers, IN). All solutions were
prepared using deionized water (DI water, >18.0 MΩ · cm, Milli-Q
Gradient System, Millipore, Burlington, MA). Poly(dimethylsiloxane)
(PDMS) was prepared using a Sylgard 184 elastomer kit from Dow
Silicones Corp. (Midland, MI). All reagents were used as received
and without further purification.

Microfluidic Device Fabrication

The hybrid PDMS/quartz microfluidic device was fabricated as
previously reported.[48] Briefly, quartz slides were immersed into
freshly prepared piranha solution (3 : 1 H2SO4 :H2O2, caution: piranha
reacts violently with organic materials and solvents) for 15 min and
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then thoroughly rinsed with DI water. Adhesion promoter (Micro
Prime HP Primer, Shin-Etsu MicroSi, Phoenix, AZ) and photoresist
(AZ 1518, AZ Electronic Materials, Somerville, NH) were spin-coated
onto the slides, which were then exposed to UV light through a
mask. The photoresist pattern was developed with AZ 400K
developer (AZ Electronic Materials). Next, the slides were placed in
a tube furnace with a reducing atmosphere (95% N2/5% H2, Praxair,
Austin, TX), where they were baked at 1000 °C for 1.0 h to form
pyrolyzed photoresist film (PPF)[49,50] circuits on the quartz slides.

The PDMS microchannel was fabricated using an elastomer kit and
a microchannel mold patterned using SU-8 photoresist (Micro-
Chem, Westborough, MA) on a Si wafer. Here, the focusing and
auxiliary channels (Scheme 1a) were 10 mm long, 20 μm wide, and
they were separated by a 200 μm-wide, 300 μm-long cross channel.
The height of all the microchannels was 16.5 μm. Reservoirs, serving
as inlets and outlets, were punched into the PDMS using a 4 mm
biopsy punch. The quartz slide and the PDMS block were then
rinsed with ethanol, dried with N2, and exposed to an O2 plasma for
45 s (medium power, 60 W, model PDC-32G, Harrick Scientific,
Ithaca, NY). The PDMS and quartz were then brought into contact
and baked at 65 °C for 5 min to promote irreversible bonding.

PB Electrosynthesis

PB electrodeposition was performed using slight modifications to a
method reported by Karyakin and coworkers.[51] A solution contain-
ing 2.0 mM K3Fe(CN)6, 2.0 mM FeCl3, 100.0 mM KCl, and 100.0 mM
HCl was prepared, and 40 μL were placed into the inlet reservoir
and 20 μL into the outlet reservoir of the microfluidic channel. The
height differential in the reservoirs resulted in pressure-driven flow
(PDF) across the working electrode. The working, reference (leak-
free Ag/AgCl, eDAQ, Colorado Springs, CO), and counter electrodes
were connected to a potentiostat (650C, CH Instruments, Austin,
TX), as shown in Scheme 1a. PB was deposited onto the working
electrode by cycling the potential of the working electrode from
0.60 V to @0.10 V (all potentials are reported vs. Ag/AgCl) five times
at 5.0 mV/s. The PB precursor solution was then removed from the
channel and freshly prepared 1.0 M KCl solution was flowed
through the device by PDF. Finally, the PB film was electrochemi-
cally conditioned by cycling its potential five times from 0.60 V to
@0.10 V at 10.0 mV/s (Supporting Information, Figure S1). Optical
microscopy indicated that the resulting PB films nearly filled the
entire 16.5 μm height of the channel at the leading edge of the
working electrode (edge closest to the focusing channel in
Scheme 1a). At the trailing edge of the working electrode, the PB
film was estimated to be ~5 μm tall.

Ion Concentration Polarization Experiments

The ICP experiments were carried out as follows. First, the micro-
electrochemical device was flushed with DI water for 10 min, and a
solution containing 1.0 mM KCl, 5.0 nM BODIPY2@, and 16 fM
polystyrene microbeads was added to the inlet and outlet
reservoirs. Because the polystyrene microbeads have approximately
the same density as water, the motion of the microbeads can be
used to measure PDF in the absence of an applied potential.[18,52]

The height of liquid in the reservoirs was adjusted so that the linear
flow rate across the PB-coated electrode from top-to-bottom was
approximately 10 μm/s. Second, 50.0 V was applied to electrodes
patterned on the floor of the reservoirs of the focusing channel
using a power supply (PWS 4721, Tektronix, Beaverton, OR). The
current through the focusing channel was monitored using a
Keithley 6517B Electrometer (Cleveland, OH) interfaced with custom
LabVIEW software (NI, Austin, TX). Third, IDZ formation was initiated
by applying @7.0 V to the PB-coated working electrode using the

potentiostat. Note that most of this voltage drops across resistive
electrolyte solution along the microchannel length, so only a
fraction of it is actually present at the working electrode. During
these experiments, the potentiostat was powered by an electrically
floating uninterruptable power supply (UPS ES 550, APC, West
Kingston, RI). This was necessary to avoid ground loops.

Fluorophore enrichment was observed using an inverted
fluorescence microscope (Eclipse TE 2000-U, Nikon, Japan) and a
CCD camera (Cascade 512B, Photometrics, Tucson, AZ). The color of
the PB thin film was monitored with a top-down optical microscope
(Optiphot, Nikon, Japan), and images were obtained using a color
CCD camera (Pro 600ES, Pixera, Santa Clara, CA). Image capture and
analysis were carried out using V+ + (Digital Optics, New Zealand),
Viewfinder (Pixera), and ImageJ (NIH, Bethesda, MD) software.

After ICP experiments, the potential of the working electrode was
held at 0.80 V for 10 min. This converted the reduced film back to
the PB oxidation state. Devices were then rinsed with DI water for
10 min, and the ICP experiments were repeated using solutions
containing either 1.0 mM LiClO4 or 1.0 mM TBAP instead of 1.0 mM
KCl.

Numerical Simulations

Finite element modeling was carried out using COMSOL Multi-
physics software (version 5.5). Simulations were performed on a
Dell Precision workstation (Model T7500), which has two Intel Xeon
processors (2.40 GHz) and 108 GB of RAM. All simulations were run
at steady state. Details of the simulations are provided in the
Supporting Information.

2. Results and Discussion

2.1. Device Design and Operation

The goal of this study is to show that intercalation materials can
be used to form IDZs that are useful for separating charged
analytes. PB was used as the model intercalation material,
because it has been extensively studied in the literature[53,54]

and can be reversibly cycled many times with little-to-no
capacity fade.[55] Upon reduction to Prussian white (PW), PB
intercalates cations from solution to maintain electroneutrality
within its lattice (Scheme 1a, eq 1).

In previous ICP experiments, the IDZ-forming process (e.g.,
buffer neutralization at a bipolar electrode[2,39] or selective
charge transport through a nanoporous membrane[7–9]) oc-
curred within a high electric field. This resulted in a substantial
electric field gradient in the IDZ (Scheme 1b). In the present
experiments, however, PB reduction (the IDZ-forming process)
must occur within a low electric field. This condition avoids
electrocatalytic reduction of water at the PB surface,[56] and the
corresponding formation of OH@ which compromises the IDZ
and degrades the PB film.[51]

Taking into account the foregoing discussion, we designed
the experiment illustrated in Scheme 1a. PB was electrodepos-
ited onto a PPF electrode adjacent to the focusing channel.
Circuit 1 (orange) was then used to apply a high electric field
across the focusing channel, while a potentiostat in circuit 2
(black) was used to control the oxidation state of the PB film.
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Reduction of PB leads to the formation of PW and a
corresponding IDZ that propagates into the focusing channel
and forms an electric field gradient in solution. Because of the
spatial separation of the two electric fields, the voltage applied
to the PB-coated electrode in circuit 2 does not significantly
affect the expansion of the IDZ into the focusing channel.
Importantly, an electrically floating uninterruptable power
supply, which minimizes electrical interference between cir-
cuits 1 and 2, was used to power the potentiostat.

2.2. Forming an IDZ by Intercalation Reactions

Details of how the ICP experiments were carried out are
provided in the Experimental Section. Briefly, however, a
solution containing 1.0 mM KCl, 5.0 nM BODIPY2@, and 16 fM
polystyrene microbeads was placed in the reservoirs of the
device to initiate PDF from the focusing channel to the auxiliary
channel (Scheme 1a). Next, 50.0 V was applied across the
focusing channel. Finally, @7.0 V was applied to the PB-coated
electrode to reduce the PB to PW (but note that most of this
voltage is dropped in the electrolyte solution).

Figure 1 is a series of fluorescence micrographs showing the
results from a typical ICP experiment. The images display the
focusing channel immediately adjacent to the PB-coated
electrode. Figure 1a shows the device before any voltages were
applied, where the BODIPY2@ is uniformly distributed in
solution. Figure 1b shows the microfluidic device after applying
50.0 V across the focusing channel but prior to reduction of PB.
In this case, the BODIPY2@ fluorophore remains uniformly
distributed within the microfluidic channel. This control experi-
ment demonstrates that the channel geometry, particularly the
cross channel (Scheme 1a), does not affect the distribution of
BODIPY2@ within the focusing channel.

Figures 1c–e show the device at different times after @7.0 V
was applied to the PB-coated electrode. Here, BODIPY2@ is
enriched in the focusing channel just above and to the right of
the PB-coated electrode. This indicates that PB reduction, and
concomitant K+ intercalation (eq 1), results in an IDZ that
extends into the focusing channel. The corresponding electric
field gradient is responsible for enrichment of BODIPY2@

(Scheme 1b). Finally, Figure 1f shows the device once PB
reduction is terminated (i. e., the PB-coated electrode is set to
open circuit). After this occurs, the IDZ and accompanying
electric field gradient dissipate and the enriched analyte band
disperses. A video showing the entire ~3 min duration of the
experiment from which the frames in Figure 1 were extracted is
provided in the Supporting Information (Movie S1).

Figure 2 is a plot of the fluorescence intensity of the
enriched band within the focusing channel over the duration of
the ICP experiment shown in Figure 1. Initially, the fluorescence
intensity corresponds to the background value. At t=20 s,
corresponding to initiation of PB reduction, there is a steep
increase in fluorescence intensity as BODIPY2@ begins to enrich.
The increase in fluorescence intensity is initially fast because
the fluorophore that was distributed within the cross channel is
compressed into an enriched band in the focusing channel.

Subsequently the fluorescence intensity increases at a slower
rate, which corresponds to the rate of transport of the BODIPY2@

to the location of enrichment. At t= ~110 s, the rate of
enrichment begins to plateau. Note that because the PB is not
fully converted to PW over the course of this experiment
(details regarding the PB capacity are provided in the Support-
ing Information), the extent of fluorophore enrichment is not
limited by the PB capacity using this device configuration.

Figure 1. Fluorophore enrichment in the microfluidic device depicted in
Scheme 1a. Representative fluorescence micrographs of the focusing
channel adjacent to the PB-coated electrode during an ICP experiment at
the times indicated within the frames. a) Before applying any voltages. b)
After applying 50.0 V across the focusing channel, but while the PB-coated
electrode was still at open circuit. c–e) At the times indicated in the frames
during the ICP experiment after applying @7.0 V (vs. Ag/AgCl) to the PB-
coated electrode. f) 2 s after returning the PB-coated electrode to open
circuit potential. The solution contained 1.0 mM KCl, 1.0 μM BODIPY2@, and
16 fM polystyrene microbeads. 1.0 μM BODIPY2@ was used in this experiment
to better visualize fluorophore enrichment. At the start of the experiment,
solution flowed from right to left by PDF at a rate of ~10 μm/s. Application
of 50.0 V across the focusing channel resulted in EOF from right to left.
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Fluorophore enrichment and the enrichment mechanism are
discussed in more detail later. Finally, at t=140 s, PB reduction
is terminated and the enriched band flows downstream,
resulting in the fluorescence intensity returning to the back-
ground value.

Figure 3a is a representative plot of the current through the
focusing channel during an ICP experiment like the one
represented by Figures 1 and 2 (a representative plot of the
current through Circuit 2 is also provided in the Supporting
Information, Figure S2). Upon application of the 50.0 V driving
voltage across the focusing channel (t=0 s), a steady-state
current flows. When PB reduction is initiated at t=20 s, the IDZ
begins to form and propagate into the focusing channel. In
turn, the current passing through the focusing channel
decreases because the IDZ raises the total resistance of the
fluidic channel. Similar results have previously been reported by
our group[52,57] and others[58,59] for related experiments. Notably,
this decrease in current, beginning at t=20 s, corresponds to
the initiation of BODIPY2@ enrichment. BODIPY2@ enrichment
starts as the IDZ extends into the focusing channel because of
the co-located electric field gradient that forms in solution
(Scheme 1b).

It is important to note that after the initial decrease, the
current begins to rise even while PB is continuously reduced
(from t= ~75 s to 140 s). Similar behavior has been reported
previously for an ICP device,[37] and we believe the observed
trend results from a similar phenomenon. Specifically, the
reduced ion concentration associated with the IDZ results in a
localized increase in EOF. Enhanced EOF within the IDZ
increases mass transport and causes the rise in current
displayed in Figure 3a. This point is discussed in more detail in
the Supporting Information.

Finally, when PB reduction is terminated (PB-coated elec-
trode potential moved to open circuit) at t=140 s, the current
passing through the focusing channel returns to the initial
value as the IDZ dissipates. This timing coincides with the
dispersion of the enriched analyte band (Figure 1f, 142 s),
further confirming that the observed BODIPY2@ enrichment is
associated with the IDZ resulting from PB reduction.

Optical microscopy (Figure 4) was performed to directly
correlate the formation of the IDZ to ion intercalation (eq 1).
These micrographs were obtained under conditions as similar
as possible to those in Figures 1–3, but because the optical
microscopy required a different microscope, it was not possible
to carry them out simultaneously. Figure 4a is an optical
micrograph of the PB-coated electrode at t=0 s (before PB
reduction). Note that the PB film is darker toward the leading
edge of the electrode (the part closest to the focusing channel).
This is a consequence of the PB electrodeposition process,
which leads to a thickness gradient in the film. The gradient

Figure 2. Average fluorescence intensity of the pixels within the region
outlined by the dotted white box in Figure 1a as a function of time. The
solution contained 1.0 mM KCl, 1.0 μM BODIPY2@, and 16 fM polystyrene
microbeads. Solution flowed from right to left by PDF at a rate of ~10 μm/s.
50.0 V was applied across the focusing channel and resulted in EOF from
right to left. @7.0 V (vs. Ag/AgCl) was applied to the PB-coated electrode
from t=20 s to t=140 s.

Figure 3. Representative plots of the current passed through the focusing
channel as a function of time for both a a) 2 min ICP experiment and a
b) 5 min ICP experiment. The solution contained 1.0 mM KCl, 5.0 nM
BODIPY2@, and 16 fM polystyrene microbeads. 50.0 V was applied across the
focusing channel and @7.0 V (vs. Ag/AgCl) was applied to the PB-coated
electrode.
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occurs due to non-uniform mass transport to the working
electrode during electrodeposition. Specifically, convection
from the focusing channel to the auxiliary channel (Scheme 1a)
results in a higher flux of precursor ions to the leading edge of
the electrode than to the trailing edge, thus more PB is
deposited at the former than the latter. The main point of this
micrograph, however, is to show that the entire PB film is blue
before the ICP experiment commences.

As the names suggest, the reduction of PB to PW is
accompanied by a color change from blue to white. Indeed,
Figure 4b reveals such a color change at the PB-coated
electrode at t=120 s during the ICP experiment. This color
change is most obvious at the trailing edge of the electrode
where the film is thinnest (within the dashed red box). These
data prove that PB reduction and IDZ formation occur
simultaneously.

Following the ICP experiment, the film was electrochemi-
cally oxidized from PW back to PB, and the corresponding color
change of the film was monitored. Figure 4c shows that the
majority of the PB film reverts to blue and qualitatively
demonstrates that most of the film remains intact on the
electrode following the ICP experiment. This latter result is
important because it shows that the film is not significantly
degraded after one round of ICP. Additionally, it suggests that
the film can be used to enrich ions multiple times. This point is
addressed quantitatively later.

Finally, we performed a control experiment wherein no PB
was deposited onto the working electrode of circuit 2 (Sche-
me 1a). This experiment was carried out to verify that enrich-
ment was a direct consequence of the presence of the PB film
and not simply a result of the two electric fields interacting in
solution. In this experiment, neither fluorophore enrichment

nor a decrease in the current was observed (Supporting
Information, Figure S3).

In summary, the foregoing experiments demonstrate that
PB intercalation reactions yield a significant IDZ that can be
used to enrich ions in solution.

2.3. Effect of Cation and Driving Voltage on Fluorophore
Enrichment

The ICP experiments discussed in this section were performed
as described in the earlier sections with the following two
exceptions. First, the electrolyte solution contained 1.0 mM of
either KCl, TBAP, or LiClO4. Importantly, it is known that the
identity of the anion has little or no effect on PB intercalation
reactions, and therefore the focus here is on differences in
cation intercalation.[60–62] Also note that enrichment experiments
on replicate devices were performed using the cations in a
different order. Specifically, for device 1, enrichment experi-
ments were performed in the following order: K+, TBA+, and
then Li+, while for Device 2 the order was TBA+, Li+, and then
K+. For Device 3: Li+, K+, and then TBA+. This accounted for
possible differences between subsequent experiments on the
same device. Second, the driving voltage across the focusing
channel was either 20.0 or 50.0 V. PB reduction was initiated as
before to form an IDZ and enrich BODIPY2@. The enriched
BODIPY2@ concentration in each experiment was found by
comparing the brightest pixel of the micrograph to a calibration
curve of known fluorescence intensity vs. fluorophore concen-
tration. The enrichment factor was then calculated by dividing
this enriched concentration by the initial BODIPY2@ concen-
tration.

Results from these experiments are shown in Table 1. Here,
most notably, the enrichment factor varies with the identity of
the cation in solution, thereby demonstrating that IDZ
formation is cation selective. Specifically, enrichment in the
presence of K+ is significantly higher than that of TBA+ or Li+.
This is because the Stokes radius of K+ is smaller than the pore
radius of the PB lattice (Table S1, Supporting Information),[63,64]

which allows K+ to readily intercalate into PB. The Stokes radii
of TBA+ and Li+ are larger than the pores of the PB lattice,[63–66]

thereby hindering ion intercalation. Hindered intercalation leads
to less ion depletion, correspondingly smaller electric field
gradients, and thus lower enrichment factors for TBA+ and Li+

compared to K+. Note, however, that slight enrichment does
occur with TBA+ and Li+ even though neither should
intercalate into the PB lattice. This observation can likely be
attributed to vacancies in the PB lattice, which are known to
form during electrochemical deposition.[53,54] Such vacancies can

Figure 4. Optical micrographs showing the PB-coated electrode and, at the
top of each image, a portion of the focusing channel. The red-dotted box
represents the region where the PB is thinnest and the PB color change
during the ICP experiment is most apparent. The micrographs were
obtained: a) before the ICP experiment, b) 120 s into the ICP experiment,
and c) after the ICP experiment was completed and the film was re-oxidized.
The solution contained 1.0 mM KCl, 5.0 nM BODIPY2@, and 16 fM polystyrene
microbeads. 50.0 V was applied across the focusing channel and @7.0 V (vs.
Ag/AgCl) was applied to the PB-coated electrode.

Table 1. Maximum enrichment factor as a function of cation type and driving voltage. The standard deviations represent results from experiments
performed using three independent microfluidic devices. The initial concentration of BODIPY2@ in each experiment was 5.0 nM.

Focusing channel voltage [V] K+ TBA+ Li+ Ratio of enrichment factors (K+ : TBA+ : Li+)

20.0 9�1 4.2�0.7 4.8�0.6 1.00 :0.47 :0.53
50.0 28�6 5.0�0.9 7�1 1.00 :0.18 :0.25
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lead to relatively large pores in the PB lattice that facilitate ion
intercalation.

In addition to the identity of the cation, the driving voltage
across the focusing channel also affects enrichment factors.
Specifically, Table 1 shows enrichment factors for each of the
three cations for driving voltages of 20.0 and 50.0 V. In all cases,
the enrichment factor is higher at the higher driving voltage.
This type of behavior has been reported previously for both
fICP and ICP devices and has been primarily attributed to two
physical phenomena.[4,37,39] First, faster convection (i. e., EOF,
which dominates convection in this system) and enhanced
electromigration both arise from the higher electric field. The
increase in these opposing forces (Scheme 1b) compresses the
analyte band and leads to higher enrichment factors. Second,
faster convection increases mass transport of BODIPY2@ from
the bulk of solution to the location of enrichment.[4,37]

A subtle takeaway from the data in Table 1 is that differ-
ences in solution-phase cation mobility are not responsible for
the observed cation-selective enrichment. If cation mobility was
responsible, then the ratio of the enrichment factors for K+,
TBA+, and Li+ would be the same at both 20.0 and 50.0 V
(Table 1). This is because cation mobility is independent of
driving voltage.

One final point, fluorophore enrichment is relatively
insensitive to experimental parameters. For example, increasing
the driving voltage by 2.5-fold results in just a 3.2-fold increase
in maximum enrichment factor for K+. This finding is related to
the experimental design and will be discussed in more detail
later.

2.4. Device Capabilities

The degree to which the device can be reused is an important
performance metric. In this section, the results of repeated
enrichment experiments using a single PB film, as well as longer
enrichment times using a single film, are described. Note that
up to this point all experiments employed a freshly prepared
device and the reduction of the PB film was limited to a
maximum of 2 min before converting the film from PW back to
PB.

It has previously been shown that PB can be cycled to and
from PW (eq 1) at least 30 times with no capacity fade.[55]

Accordingly, we performed multiple enrichment experiments
consecutively using a single device to determine the stability of
the PB film. These ICP experiments were carried out as
described for Figure 1. After each enrichment trial, the PB film
was held at an oxidizing potential (i. e., 0.80 V vs. Ag/AgCl) to
convert PW back to PB. The device was then used again to
enrich BODIPY2@.

Figure 5 is a plot of maximum enrichment factor vs. the
number of experimental trials carried out using a particular film.
The results show that repeated enrichment of the BODIPY2@

fluorophore using a single PB film is possible, but the extent of
enrichment decreases as the film is repeatedly cycled between
PB and PW. This downward trend in device performance most
likely stems from slight degradation or delamination of the PB

film over time. Note, however, that even after five trials using
the same film, no visible deterioration was apparent from
optical microscopy.

In addition to repeated ICP experiments on a single film,
longer ICP experiments were investigated. It is important to
note that the total capacity of the PB film intrinsically limits the
duration of ICP experiments. That is, once all of the PB is
converted to PW, intercalation reactions no longer proceed and
ions can no longer be removed from solution to form an IDZ.
To quantify this limitation, ICP experiments were performed as
described for Figure 1, but reduction of the PB film proceeded
for 5 min instead of 2 min (details regarding the PB capacity are
in the Supporting Information).

Figure 3b is a representative plot of the current passing
through the focusing channel as a function of time for such an
experiment. Here, the current trace shows the same trend as
Figure 3a, wherein the PB film was reduced for only 2 min.
Specifically, the current initially decreased when PB reduction
was initiated and the corresponding IDZ began to form (t=
20 s). At t= ~65 s, the current begins to rise even though PB
reduction is still ongoing. Again, we hypothesize this gradual
increase of current is associated with a localized increase in EOF
within the IDZ, which is further discussed in the Supporting
information. Finally, at t=320 s, PB reduction is terminated and
the current returns to steady state.

The similarity between Figures 3a and 3b is surprising
because we expected that, at sufficiently long times, most of
the PB film would convert to PW on the electrode and would
facilitate electrocatalytic water reduction.[56] Production of
highly mobile OH@ would lead to a sharp increase in the current

Figure 5. Maximum enrichment factor of BODIPY2@ on a single device over
the course of five consecutive ICP experiments. The maximum enrichment
factor was found by taking the value associated with the brightest pixel
during the enrichment experiment and comparing it to a calibration curve of
fluorescence intensity vs. known fluorophore concentrations. The error bars
represent the standard deviation from the mean for experiments performed
on three independent devices. The solution contained 1.0 mM KCl, 5.0 nM
BODIPY2@, and 16 fM polystyrene microbeads. 50.0 V was applied across the
focusing channel and @7.0 V (vs. Ag/AgCl) was applied to the PB-coated
electrode.
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passed through the focusing channel.[66] Because no such trend
is observed in Figure 3b, it suggests the PW film does not
electrocatalytically reduce water to a significant degree under
our experimental conditions. This finding agrees with a recent
report that states PB analogues are generally poor water
reduction catalysts.[67] Thus, Figures 3a and 3b likely show the
same trend because the only difference between the experi-
ments is the time of PB reduction.

To better understand the impact of reducing the PB film for
5 min, the PB film was analyzed by optical microscopy. Fig-
ure S4 in the Supporting Information is the corresponding
optical micrograph, which shows the PB film no longer coats
the entire working electrode. The damage to the film likely
results from simple delamination of the PB during the 5 min
experiment. While the original goal of this experiment was to
investigate the impact of the limited capacity of the PB film, the
optical microscopy reveals that the PB is unstable over the
duration of the 5 min experiment. Therefore, ICP experiments
using this device design should be limited to shorter enrich-
ment times for optimal performance.

2.5. Numerical Simulations

The primary aim of the foregoing experiments was to under-
stand how intercalation reactions form an IDZ useful for
manipulating ion motion. Here, we use finite element modeling
to further investigate the enrichment mechanism within the
system illustrated in Scheme 1a. The simulations were per-
formed using a 2-dimensional model comprising a portion of
the xy-plane of the microelectrochemical device. Figure S5 in
the Supporting Information shows the modeled domain, which
contains the region of the focusing channel adjacent to the PB-
coated electrode (Scheme 1a). Specifically, this domain includes
the 60.0 μm of the cross-channel between the PB-coated
electrode and the focusing channel, as well as 500.0 μm of the
focusing channel on either side of the cross-channel.

A complete discussion of the background theory and the
methods used to perform the numerical simulations is included
in the Supporting Information. Briefly, however, solution
convection was resolved using the Navier-Stokes equation and
mass transport was modeled using the Nernst-Planck equation
with the electroneutrality condition. EOF was approximated
using the Helmholtz-Smoluchowski boundary condition. The
electric field in solution was determined using the current
passed through the focusing channel after PB reduction was
initiated and the IDZ formed during an ICP experiment. We
defined K+ flux as a mass transport-limited process by defining
the leading edge of the PB-coated electrode (edge closest to
the focusing channel in Scheme 1a) as a boundary where the
K+ concentration was set to 0.

Figure 6a is a simulated plot of the BODIPY2@ enrichment
factor from an ICP experiment. Here, the enrichment location
corresponds to the boundary between the IDZ and bulk
solution (Figure 6b), which further confirms that BODIPY2@

enrichment occurs due to IDZ formation and a concomitant
electric field gradient in solution. It is important to note that

the simulated location of BODIPY2@ enrichment is in qualitative
agreement with the experimental enrichment profile shown in
Figure 1. Moreover, while not in quantitative agreement with
the experimental results displayed in Table 1, Figure 6a reveals
similarly limited BODIPY2@ enrichment factors.

Figure 6. a) Simulated BODIPY2@ enrichment factor in the microfluidic device.
b) Simulated K+ concentration after the IDZ propagated from the PB-coated
electrode. c) Simulated BODIPY2@ flux after the IDZ formed and BODIPY2@

was enriched.
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To better understand why the experimental degree of
enrichment is limited to just a factor of ~30 (Table 1), the
simulated flux of BODIPY2@ during an ICP experiment was
plotted in Figure 6c. Here, a non-uniform flux of BODIPY2@

across the width of the focusing channel is apparent. For
example, at x=675.0 μm, where BODIPY2@ was enriched in the
numerical simulations (Figure 6a), the flux of BODIPY2@ is higher
at y=20.0 μm (0.328 nmol/m2s) than at y=0 (0.085 nmol/m2s).
This causes the fluorophore to leak over the ‘top’ of the IDZ,
which in turn leads to the relatively low enrichment factors
observed in both the experimental and simulated results.

BODIPY2@ leakage occurs for two reasons. First, the device
geometry produces asymmetric EOF within the focusing
channel from x=500.0 μm to x=700.0 μm (Supporting Infor-
mation, Figure S6). Specifically, EOF originates from the elec-
trical double layer that forms at the interface between the
electrolyte solution and the charged walls of the device. Thus,
in the cross channel, the wall at y=20.0 μm gives rise to EOF,
leading to faster convection than at y=0 where there is no
corresponding wall. This produces asymmetric EOF which
contributes to the fluorophore leakage. Second, propagation of
the IDZ from the PB-coated electrode results in a non-uniform
ionic gradient (Figure 6b) and associated electric field gradient
across the width of the focusing channel. Accordingly, electro-
migration of BODIPY2@ varies across the focusing channel
further contributing to fluorophore leakage. In other words,
variable rates of EOF and BODIPY2@ electromigration across the
focusing channel differentiate this experiment from the ideal
enrichment experiment illustrated in Scheme 1b. In the present
case, the forces that contribute to fluorophore enrichment are
complex and dynamic, which leads to BODIPY2@ leaking past
the IDZ, as shown in Figure 6c.

3. Summary and Conclusions

We present two key findings in this report. First, electrochemi-
cally controlled PB intercalation reactions can result in an IDZ
that is useful for controlling ion motion in solution. This result
represents a useful alternative to our previously reported fICP
system because intercalation reactions target ubiquitous, elec-
tro-inactive ions like K+. Therefore, fICP in this case is no longer
limited to buffered systems. Second, preferential intercalation
of K+ over Li+ or TBA+ shows that forming the IDZ is cation
specific. Importantly, we anticipate that integrating intercalation
materials other than PB would lead to varying degrees of
selectivity for forming an IDZ during ICP experiments.

Our results also indicate that the device performance is
limited by the stability and finite capacity of the PB film. To
improve the capabilities of the device, we plan to incorporate
alternative classes of intercalation materials, like layered oxides
and polyanionic compounds, that offer higher energy densities
and better stability than PB.[68] Additionally, we intend to alter
the device design to increase the intercalation-material-surface-
area-to-focusing-channel-volume ratio. This will allow the IDZ to
form and expand into the focusing channel more effectively,

enhancing the resulting enrichment factors. The results of these
experiments will be reported in due course.

The foregoing findings are important because they demon-
strate a new, ion-dependent approach for selectively forming
IDZs. We believe that the results reported here will improve the
understanding of both ICP and intercalation processes, while
they also represent the first step toward integrating and using
intercalation materials for efficient and selective enrichment
and separations.
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