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ABSTRACT

Evaporation-driven spontaneous capillary flow presents a promising approach for driving electrolytes through electrically charged channels
and pores in electrokinetic energy conversion devices. However, there are no literature reports of detailed flow visualization in these systems
and/or experimental observations relating the liquid velocity and evaporation rate to the generated voltage and current. In this manuscript,
we describe such a visualization study for a glass channel based electrokinetic energy conversion device with one of its channel terminals left
open to ambient air for facilitating the evaporation process. Fluorescence microscopy was used to measure the liquid velocity in the
electrokinetic energy conversion channel by observing the advancement of an electrolyte solution dyed with a neutral tracer. The
accumulation of the same dye tracer was also imaged at the open terminal of this glass conduit to estimate the rate of solvent evaporation,
which was found to be consistent with the flow velocity measurements. Additionally, an electrochemical analyzer was employed to record the
electrical voltage and current produced by the device under different operating conditions. The highest electrical power output was derived
in our experiments upon flowing de-ionized water through a 1 um deep channel, which also produced the fastest liquid velocity in it.
Moreover, the energy conversion efficiency of our device was observed to increase for shallower channels and lower ionic strength electro-
lytes, consistent with previous literature reports on electrokinetic energy conversion platforms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147235

I. INTRODUCTION

It has been long known that pressure-driven flow of an electrolyte
through a conduit/pore with a net electrical surface charge generates an
electrical current (streaming current). This streaming current arises due
to the migration of counter-ions residing within the Debye layer formed

generated in both nanochannel and nanopore based electrokinetic
energy conversion platforms using water as the flowing electrolyte,
which is both non-hazardous and abundant in nature. Nevertheless, it
was simultaneously recognized that the external work required to drive
liquid flow in these devices limits their practical utility for generating
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around the solid-liquid interfaces in the system." A charge separation is
automatically realized under these conditions, which produces a voltage
drop across the channel/pore terminals that can be utilized to perform
electrical work.”* Initial studies on characterizing this electrokinetic
energy conversion phenomenon focused on the use of mechanical
pumps to drive the electrolytic liquid through well-defined conduits that
yielded moderate energy conversion efficiencies.”” Such conversion of
mechanical to electrical power was substantially improved in subsequent
research works by transporting the electrolyte solution through highly
charged nanoporous membranes.” '* Remarkably, these investigations
also showed that significant open circuit potentials (OCPs) could be

electrical power. Additionally, the need for carrying considerable
amounts of electrolyte in the system and a mechanical pump or pressur-
ized vessel to drive the electrolyte flow compromises their portability.
The above limitations for electrokinetic energy conversion devi-
ces have been addressed by our laboratory'” and others'* '® in more
recent studies in which the requirement of an external pump or pres-
surized vessel was eliminated by driving the electrolyte using sponta-
neous capillary flow. The noted liquid flow was sustained in these
spontaneous electrokinetic energy conversion devices (SEECDs) by
evaporating the solvent at an open channel/pore terminal extracting
heat from the environment without the need for any external work.
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Open circuit potentials ranging from several hundred millivolts to a
few volts have been regularly reported for SEECDs since their incep-
tion, employing a variety of porous films as the evaporating sur-
face."?" Moreover, it has been shown that the electrical output of
these devices can be improved by exposing the vaporizing solvent to
solar radiation, airflow, or low grade heat dissipated by external sour-
ces, which accelerated the evaporation process.”””’ Condensation and
recycling of the evaporating solvent have been also demonstrated for
closed SEECDs, significantly improving the portability of these sys-
tems.”* Interestingly, the strategy of solvent condensation can be
employed to simultaneously produce clean water during evaporation-
driven electrokinetic energy conversion using an aqueous electrolyte,
which is particularly relevant to desalination applications.”” The influ-
ence of different electrode materials on the electrical performance of
SEECDs was further characterized in a recent publication under differ-
ent operating conditions.”* Notably, this report showed galvanic corro-
sion to significantly improve the electrical power generated by
electrokinetic energy devices for appropriate electrode-electrolyte
combinations. In addition, the above work demonstrated that the gas
phase composition, e.g., oxygen content, around the electrodes can
substantially influence the voltage and current generated by an
SEECD.

Although several materials and operational strategies have been
explored in the literature for enhancing the performance of
evaporation-driven electrokinetic energy conversion devices, there has
been limited effort made for quantitatively understanding liquid trans-
port and solvent evaporation rates in these systems. A comprehensive
understanding of these processes, however, is key to establishing the
scaling principles for SEECDs that can guide their optimal design and
operation.”” In this article, we contribute to this research need by pre-
senting a visualization study of liquid transport and solvent evapora-
tion rates in a glass channel based SEECD. Fluorescence microscopy
was used to image the liquid flow in our device as well as the solvent
loss from the open channel terminal employing an aqueous electrolyte
with a solubilized dye tracer. Additionally, the electrical voltage and
current generated by the device was measured using an electrochemi-
cal analyzer to characterize its electrokinetic energy conversion perfor-
mance. The energy conversion efficiency of our platform was observed
to increase for shallower channels and lower ionic strength electro-
lytes, consistent with previous literature reports on electrokinetic
energy conversion systems. A maximum electrical power output of
612 pW was measured for our device upon flowing de-ionized (DI)
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water through a 1 um deep conduit, which also produced the fastest
spontaneous capillary flow velocity under the conditions chosen for
this study.

Il. EXPERIMENTAL PROCEDURE
A. Device fabrication

For fabricating the fluidic devices employed in this work, bottom
and cover plates made from borosilicate glass were purchased from
Telic Company (Valencia, CA). While the purchased cover plates had
both their faces unprotected, the bottom ones came with a thin layer
of chromium and photoresist laid down on one of their surfaces.
Custom designed photomasks created through Fineline Imaging, Inc.
(Colorado Springs, CO) were used to pattern the desired channel lay-
out onto the bottom plate using standard photolithographic meth-
ods.”**” Four parallel channels (see Fig. 1) were patterned on the
bottom plate with all of the conduits being 1.5 cm long and 500 um
wide. After completion of the photo-patterning process, the photore-
sist layer was cured in a microposit developer MF-319 (Rohm and
Haas), and the chromium layer was removed along the channel net-
work with a chromium etchant (Transene, Inc.). The fluidic ducts
were then etched to a depth between 0.3 and 3 um using a buffered
oxide etchant (Transene, Inc.). Note that the cross sections of the
channels with different depths were uniform but had a surface rough-
ness in the range of 5-20 nm (root mean square height) introduced by
the wet-etching process. The protective photoresist and chromium
layers on the bottom plate were subsequently removed using the MF-
319 and chromium etchant solutions, respectively. Finally, the chan-
nels were sealed off by first bringing a glass cover plate in contact with
the baseplate in de-ionized water and then allowing the two to bond at
550°C for 12h in a furnace.””" While one end of these sealed con-
duits was accessed by punching a 1 mm diameter hole on the cover
plate using a microabrasive blasting system (Vaniman Manufacturing
Co.) prior to the bonding process, the other end terminated well
beyond the edge of the cover plate, and was, therefore, open to the
atmosphere [see Fig. 1(a)]. During the bonding step, it was ensured
that the wet-etched channels extended at least 0.5 mm beyond the left
edge of the 1 mm access hole, and their axes aligned with the center of
the corresponding circular opening. Also, the cover plate used was
about 5cm long and 1.5cm wide and was bonded such that channel
length from the right edge of the access hole to its open end was 1 cm.
This alignment left just over 3 mm of the wet-etched channel exposed

FIG. 1. (a) Schematic of the electrokinetic
energy conversion device described in
this manuscript. (b) An image of the elec-
trokinetic energy conversion device used
in this work. The yellow regions in sub-
figures (a) and (b) correspond to the chro-
mium/gold layer deposited on the glass
plate using a dual metal evaporator sys-
tem for making electrical contact with the
open channel terminal.
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to the ambient air beyond the right edge of the cover plate. The bottom
plate was chosen to be 5cm long and 2.5 cm wide in all our devices.
To allow electrical contact with the liquid at the open channel termi-
nal, this region was coated with metal layers. For the coating process, a
dual metal evaporator system (Energy Beam Sciences, Inc.) was used
to sequentially deposit a 130 nm layer of chromium followed by a
40 nm layer of gold, employing procedures previously reported by our
laboratory.”** The channels and a small region around them were
masked with adhesive tapes during the coating step, however, to main-
tain optical transparency needed for the dye visualization process.
These masking tapes were later removed before the flow visualization
experiments, yielding the device shown in Fig. 1(b).

B. Device operation

The electrokinetic energy conversion channel was prepared for
an experiment by filling it with methanol through the access hole,
applying a high pressure (~1.03 bar relative to the atmosphere pres-
sure) at this location. The conduit was then rinsed with 0.1M NaOH,
de-ionized (DI) water, and the relevant electrolyte in that order for
15 min each using the same procedure. Most of the liquid drained at
the open channel edge during the rinsing step was removed using a
vacuum pump, and this area later dried with a tissue paper. The access
hole was subsequently filled with about 2 ul of DI water/electrolyte
and the system left undisturbed for at least 5 min to allow the device to
reach a steady state. The reason for introducing a small volume of lig-
uid, i.e., 2 ul, into the access hole was to minimize the hydrostatic head
at this location.” For prolonged experiments, this liquid volume was
replenished with 2 ul of DI water/electrolyte every 15 min to maintain
a steady liquid flow in the electrokinetic energy conversion channel.
Only one channel in the device was used for an experiment at a time
with the remaining ones left dry over that period. The air temperature
around the electrokinetic conversion device was regulated using an
electric radiant heater and monitored with a thermometer.”® The
humidity around the device was recorded using a hygrometer. All volt-
age and current measurements were made by electrically connecting
the working electrode of an electrochemical analyzer (CH
Instruments, Inc.) to the electrolyte in the access hole using a platinum
wire. At the same time, the reference and the counter electrodes of this
analyzer were shorted and connected to the open edge of the channel
using an electrically conducting paste (Chemtronics, catalog#
CW?7100) placed on the gold layer as shown in Figs. 1(a) and 1(b). For
visualizing liquid flow in the electrokinetic energy conversion channel,
rhodamine B samples were prepared in DI water or an aqueous solu-
tion containing potassium chloride (KCl). The fluorescence measure-
ments were made using an epifluorescence microscope (Nikon) with
appropriate bandpass excitation (528-543nm) and emission
(590-650 nm) optical filters. The fluorescence images were recorded
using an EMCCD camera (Andor) and analyzed with the Image]J soft-
ware. The grayscale levels recordable by our camera varied in the range
of 0-65 535. The camera exposure time was chosen to be 50 ms for the
evaporation rate measurements with a 1.2x signal gain.

I11l. RESULTS AND DISCUSSION
A. Flow characterization

To visualize the reported evaporation-driven capillary flow, our
device was first operated for 5min to allow it to attain a steady state
following the introduction of 2 ul of the relevant electrolyte in the
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appropriate access hole. Most of the remaining liquid was then pipet-
ted out from this hole and replaced with 2 ul of the same electrolyte
containing 10 uM of the rhodamine B dye. The liquid flow velocity
was subsequently measured by tracing the advancement of the stained
electrolyte front 3-8 mm upstream of the open channel terminal.
Notice that the flow of rhodamine B in our device was unrelated to
capillary filling of empty micro-/nanoducts”” as it occurred in a chan-
nel that had already been filled out with a dye-free electrolyte. In
Fig. 2(a), we have included a series of fluorescence images that depict
the advancement of the dyed electrolyte front through a 1 um deep
conduit due to the evaporation-driven capillary flow, which were
acquired using a 10x objective. Later, similar images were taken using
a 4x objective to trace the dyed electrolyte front over a larger length
scale yielding the data included in Fig. 2(b). In this figure, the position
of dyed electrolyte front was assumed to be the axial location where
the fluorescence intensity averaged over the channel width attained a
value halfway between that recorded for a conduit completely filled
with the dyed and undyed electrolytes. The figure shows a linear
increase in the distance migrated by the front with time, establishing a
steady operating state for our device. The migration rate of the advanc-
ing solution was determined to be 473 um/s for these measurements at
the ambient temperature (25*1°C) and relative humidity
(27.1% = 3.0%) chosen for our experiments. This velocity was also
observed to be nearly independent of the KCI concentration in the lig-
uid at least for the dilute electrolytes used in the study. Note that the
rate of advection reported for rhodamine B in the above figure is over
three orders of magnitude faster than its diffusive transport in water
around room temperature. Based on a diffusion coefficient of
3.6 x 10°% cm?/s reported for rhodamine B in water at 21.5 °C it is
estimated that that this dye would require about 7 x 10* s to advance
its front by 5mm. In Fig. 2(c), the dependence of the liquid velocity
(u) on channel depth (d) was assessed for DI water and the 0.1 mM
KCl solution, which showed u to reach a relatively sharp maximum at
d = 1 um for both the chosen liquids. However, the volumetric flow
rate corresponding to these velocity measurements was seen to rise
monotonically with an increase in d leveling off to a value of about 0.4
nL/s for conduits deeper than 2 um. The pressure-drop across the elec-
trokinetic energy conversion channel was estimated from these veloc-
ity measurements as AP = 12nLu/d?, and was seen to decrease
monotonically for deeper channels. The AP values included in Fig.
2(d) were computed assuming a 1 cm long channel, i.e., L = 1 cm, and
liquid viscosity (1) values reported in the literature for the relevant
experimental conditions.™

The above observations indicate that the evaporation-driven
capillary flow in our system was determined by a balance between the
pressure-differential across the liquid-air interface and solvent vapori-
zation rate at the open channel terminal. Specifically, this transport
process was governed by the first factor in channels shallower than
1 um and the second one in deeper conduits. The plateauing of the
volumetric flow rate (g) in conduits deeper than 1 ym, for example, is
indicative of evaporation-limited transport. This hypothesis is also
supported by the fact that the value to which g leveled off increased
with the air temperature around the open channel terminal.
Additionally, its magnitude of about 0.5 nL/s under these conditions
compares well with literature reports of evaporation rates at open
microchannel terminals.””*" For channels shallower than 1 ym on the
other hand, the effect of temperature on the liquid velocity was
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FIG. 2. (a) Fluorescence image of a trav-
eling rhodamine B front in a 1 um deep
channel advected by evaporation-driven
spontaneous capillary flow. The images
were obtained using a 10 uM rhodamine
B solution prepared in de-ionized water.
(b) (b) Distance traveled by the rhodamine B
front in @ 1 um deep glass channel as a

time (s)

function of time. (c) Observed variation in
the liquid velocity with channel depth. The
error bars in these data correspond to *1
standard deviation (68% confidence inter-
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minimal and the pressure-drop across the channel plateaued for
decreasing values of d. In this regime, AP likely determined the liquid
flow rate but then was not seen to increase with a reduction in the
channel depth. This observation was surprising as we had expected the
smaller radii of curvature at the liquid-air interface determining AP to
be controlled by the channel depth. Visualization of this interface,
however, suggested that the surface roughness of the glass plate at the
open channel terminal may have rather dictated the liquid-air inter-
face curvature in our devices for channels shallower than 1 gm. This
occurred because the glass plates used in our experiments were cut by
first scoring them with a carbide tip followed by snapping them along
the scored line, which produced a surface roughness on the order of
1 um at the cut edges. The jagged edges of the bottom plate also pre-
vented the characterization of the liquid-air interface in the current
study as no reliable images of this interface could be obtained for our
device. Noticeably, AP leveled off to values in the range of 0.5-0.6 bar
for d < 1um in Fig. 2(d), which compares well with the ratio y/r
when y equals the surface tension of water (72 mN/m at 25°C) and r
(presumably the surface roughness at the open channel end) is
assigned a value of 1.25 um. The surface roughness referred to here
originated from the jagged edges of the bottom plate in our device and
was unrelated to that introduced by the wet-etching process.
Moreover, the noted pressure-drop was also seen to decrease for
higher air temperatures around the open channel terminal consistent
with the expected reduction in the magnitude of y in warmer

1

2 3

channel depth (um)

environments. We would like to point out here that although this
study did not involve flow measurements with different liquids, higher
viscosities have been shown to slow down evaporation-driven capillary
flow.””*’ Additionally, the efficiency of electrokinetic energy conver-
sion devices has been reported to decrease for viscous liquids, sugges-
ting them to be sub-optimal for practical applications.””

B. Solvent evaporation measurements

The rate of solvent evaporation at the open channel terminal was
estimated in our work by imaging the accumulation of rhodamine B
dye in this region. The noted accumulation occurred due to dye trans-
port into this area by spontaneous capillary flow and its subsequent
buildup as a result of solvent removal by evaporation. It must be noted
that the devices used for this study did not have any metal coating on
the glass plates as that interfered with the visualization of the reported
dye accumulation process. In Fig. 3(a), we have included images show-
ing the accumulation of rhodamine B at the edge of a 1 um deep chan-
nel and the corresponding increase in the observed fluorescence
intensity with time. Now assuming that the liquid volume in which
the dye concentration occurred (V) remains constant over the obser-
vation period, the rate of solvent evaporation (g.) may be estimated by
applying a mass balance on the dye species to yield the expression

d (I
e = VCE <E)7 (1)
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FIG. 3. (a) Schematic of the open channel
terminal and fluorescence images show-
ing the accumulation of rhodamine B in
this region. The images were obtained by
flowing a 0.1 uM rhodamine B solution
prepared in de-ionized water through a
1 um deep channel. (b) Observed tempo-
ral variation in the relative fluorescence
intensity (//Ip) recorded around the open
terminal of a 1 um deep channel at 25 °C.
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The symbols / and Iy in the above ratio
denote the average fluorescence intensi-
ties in the dye concertation region and
channel area far away from the open termi-
nal, respectively. The dotted curves repre-
sent the best-fitted line to the first eight
data points included in the sub-figure. (c)
Estimated liquid volume in which rhoda-
mine B accumulated around the open
channel terminal as determined by Eq. (1)
for the different channel depths used in this
study. The error bars in these data corre-
spond to =1 standard deviation (68% con-
fidence interval) and were calculated
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where I and I denote the average fluorescence intensities in the dye
concertation region and channel area far away from the open terminal,
respectively. In Fig. 3(b), the recorded temporal variation in I/l has
been presented showing a linear increase in this ratio with time at least
over the first 50 min of observation. The rate of increase in the fluores-
cence signal was then seen to slow down beyond this period likely due
to self-quenching of the dye or other non-idealities in the system. The
steady rate of increase observed for I/I; during the initial period of
our experiment supports the proposed hypothesis of a constant vol-
ume in which rhodamine B accumulated due to solvent evaporation.
Moreover, this volume was estimated to be about 0.15 nL for a 1 um
deep channel, which is obtained by substituting the volumetric flow
rate reported in Fig. 3(c) for g, in Eq. (1). This number can be put into
perspective by assuming that the entire volume in which the dye con-
centration occurred resided within the glass channel. In that situation,
the dye accumulation region would extend about 300 um into the con-
duit from its open terminal, which is consistent with the images
included in Fig. 3(a). The validity of the physical model described by
Eq. (1) was further assessed in our study by examining the dependence
of V. on channel depth. Figure 3(c) shows a linear increase in this
quantity with d, which further justifies our assumption of a constant
V. during the initial period of dye accumulation. Finally, it must be
pointed out that the temporal variation in I/I, shown in Fig. 3 was
found to be similar for DI water and the 0.1 mM KCl solution as was
the case for the liquid velocity recordings included Sec. III A. For the
experiments described in Fig. 3, all measurements were made using a
0.1 M rhodamine B solution prepared in the appropriate electrolytic
medium that presumably produced dye concentrations of about 1 mM
around the channel edge after 90 min of operation. Note that this con-
centration level was still substantially below the solubility limit of rho-
damine B in water, which has been reported to be around 16 mM, "

1

2 3 based on five independent measurements.

depth (um)

and, therefore, should not have caused any dye precipitation during
our measurements. It must be pointed out that the dye accumulation
region appears noticeably different after an hour of device operation
(e.g., at t = 90 min), which we suspect is a result of changes in the lig-
uid flow field around the open channel edge at high dye concentra-
tions due to alterations in liquid viscosity, surface tension,
hydrophobicity of the channel surface caused by adsorption of dye
molecules onto its walls, etc. Also, note that the I value for the images
included in Fig. 3(a) was typically in the range of 6-8. This value was
the average fluorescence intensity recorded far away from the open
channel edge where dye accumulation occurred. Moreover, for the
images included in Figs. 2 and 3, we did not utilize the allowed detec-
tion range of the camera. Thus, it should be possible to improve the
quality of our measurements by optimizing the camera settings, which
will be performed for our future research works on this topic.

C. Electrical measurements

Having established the evaporation-driven spontaneous capillary
flow in our device, we proceeded to assess its ability to generate electri-
cal power. To this end, we first investigated the stability of the electrical
energy output by the device over a timescale on the order of several
hours. In Fig. 4(a), we have included data obtained from these mea-
surements that were performed in a 1um deep channel using de-
ionized water or a KCl solution as the electrolyte medium. The figure
shows that the open circuit potential (OCP) recorded for our glass
channel had a standard deviation of less than 3% of its mean value for
over 3h, demonstrating the temporal stability in its electrical perfor-
mance. The noted OCP was also found to be higher for decreasing
KCl concentrations in the electrolyte, yielding a value of about 0.68 V
for de-ionized water at 25°C. Moreover, this voltage increased to
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about 0.73 V upon raising the air temperature around the open chan-
nel terminal to 30 °C. In Fig. 4(b), we have presented the electrical cur-
rent measured at the terminals of the glass channel as a function of the
voltage developed across it for a 1 um deep channel. By definition, the
x— and y— intercepts in this figure corresponded to the open circuit
potential and short circuit current (SCC) in the device. The figure
shows a linear variation between the recorded current and voltage,
with the slope of the curve representing the reciprocal of the electrical
resistance of the glass channel. For the 1 um deep channel, SCCs on
the order of 1 nA were observed, which corresponded to a resistance
value of just under 1 GQ when DI water and the 0.01 mM KCl solu-
tion was used as the electrolyte. This electrical resistance was seen to
decrease by about 30% for the 0.1 mM KCI solution but did not
change by any measurable amount when the air temperature around
the open channel terminal was increased to 30 °C. Figure 4(b) also
shows the electrical power produced by the glass channel, which was
computed as the product of the measured voltage and current. This
quantity attained a maximum value of 1/4 (OCP x SCC) when the
output voltage and current equaled half their respective maxima. The
dependence of the open circuit potential and short circuit current on
the channel depth was investigated in Fig. 5(a), which shows that their
magnitudes were maximized in the 1um deep channel. This

observation is consistent with the velocity measurements included in
Fig. 2 as the streaming potential is known to increase with the liquid
flow speed in the system.” The decrease in OCP and SCC for d
> 1 um was observed to be sharper than the reduction in liquid veloc-
ity, however, as the Debye layer occupied a smaller fraction of the
channel in deeper conduits. The maximum electrical power generated
by our energy conversion platform has been included in Fig. 5(b),
which expectedly showed a similar dependence on channel depth as
the OCP and SCC values. Additionally, the electrical resistance of our
glass channels (R) has been reported in this sub-figure, which was
computed as the ratio OCP/SCC. These resistance values showed a
monotonic decrease in their magnitude with d leveling off in the sub-
micrometer deep channels. The weak dependence of R on channel
depth, particularly in shallow conduits filled with dilute electrolytes as
noted above, is consistent with literature reports of surface conduc-
tance governing the electrical resistance of shallow glass channels.*’
The negligible change in R observed upon increasing the air tempera-
ture around the open channel terminal to 30 °C is somewhat surpris-
ing nevertheless, and is indicative of the fact that most of the
electrolyte within the channel may have been still at the room temper-
ature of 25°C even upon warming the air around the open channel
terminal.
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A FIG. 5. (a) Observed variation in the open

circuit potential (OCP, solid lines) and
short circuit current (SCC, dotted lines)
produced by the reported electrokinetic
energy conversion device. The error bars
in these data correspond to =1 standard
deviation (68% confidence interval) and
were estimated based on five independent
measurements. (b) Maximum electrical
power output from our device (solid lines)
computed as 1/4 (OCP x SCC) and its
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FIG. 6. Estimated mechanical (solid lines) and thermal (dotted lines) energy con-
version efficiencies for the reported device as a function of the different channel
depths used in this study. These mechanical and thermal energy conversion effi-
ciencies were estimated as the ratio of the maximum electrical power output from
the device over the rate of energy used to drive the liquid flow and evaporate the
solvent, respectively.

Finally, the energy conversion efficiency of our glass channel has
been assessed in Fig. 6 for the different channel depths used in the study.
This efficiency was estimated as the ratio of the maximum electrical
power output from the device over the rate of mechanical or thermal
energy used to drive the liquid flow or evaporate the solvent. The
mechanical power input into the system was computed as APq, for these
estimations, and the corresponding thermal power was assumed to be
—AGyq,. In the above expression, AP, q., and AGy refer to the
pressure-drop across the channel length, solvent evaporation rate at the
open channel terminal on a volumetric basis, and Gibbs free energy of
vaporization per unit volume of water at the relevant temperature,
respectively. The numerical value for the noted Gibbs free energy was
arrived at using the equation AGy = AGY, + RTIn [PHzo(g)], where
AGY, = 8.43kJ/mol denotes the standard Gibbs free energy of vapori-
zation for water, and Py, o) equals the product of the relative humidity
and saturation vapor pressure of H,O in the atmosphere. Figure 6 shows
that both the noted energy conversion efficiencies decreased with the
channel depth in a similar manner, which occurred due to a reduction in
the volume fraction occupied by the Debye layer in the system.””"” The
efficiencies were also lower for the solution with a higher KCl concerta-
tion in both cases for the same reason. Moreover, the mechanical energy
driving the electrolyte flow was estimated to be converted at an efficiency
of a few percent in agreement with previous literature reports.””
However, the conversion of thermal power into electricity was observed
to be over three orders of magnitude less efficient.

IV. CONCLUSIONS

In conclusion, the above study demonstrates the utility of fluores-
cence visualization methods for measuring liquid velocity and solvent
evaporation rates in evaporation-driven electrokinetic energy conver-
sion devices. The measurements obtained for these quantities were
found to be consistent with each other and previous literature reports,
establishing their validity. Electroosmotic flow was neglected in the
current analysis as its contribution was estimated to be only about 1%

ARTICLE scitation.org/journal/phf

of the evaporation-driven capillary flow in our system. However, in sit-
uations when electroosmotic flow is significant, the local electric field
in the conduit may be determined employing liquid velocity measure-
ments. The above study further establishes a simple approach for mea-
suring the solvent evaporation rate at an open channel terminal.
Although the liquid volume in which the tracer molecules accumu-
lated due to this solvent loss appeared to be unchanging during the ini-
tial period of our experiments, the mechanistic details of this
concentration process are unclear and may be explored using particle
velocimetry methods. Interestingly, the outlined measurements also
offer a simple approach for visualizing the accumulation of solubilized
and dispersed matter in evaporation-driven electrokinetic energy con-
version devices. Measurements of electrical voltage and current
reported in this study were observed to be consistent with the fluores-
cence visualization data and showed that the conversion of thermal
energy into electricity in the system was highly inefficient. This finding
is particularly significant as it indicates the possibility of realizing sub-
stantially faster liquid flows through the electrokinetic energy conver-
sion channel for a given evaporation rate at the open channel
terminal. To explore this possibility, our laboratory is currently gener-
ating thermal maps of the region around the evaporating solvent inter-
face to comprehensively understand heat transport in the system with
the aspiration of improving the thermal energy conversion efficiency
in evaporation-driven electrokinetic energy conversion devices.
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