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Abstract

The great advances in nanotechnology call for advances in miniaturized power sources for
micro/nano-scale systems. Nanofluidic channels have received great attention as promising
high-power-density substitutes for ion exchange membranes for use in energy harvesting from
ambient ionic concentration gradient, namely reverse electrodialysis. This paper proposes the
nanofluidic crystal (NFC), of packed nanoparticles in micro-meter-sized confined space, as a
facile, high-efficiency and high-power-density scaling-up scheme for energy harvesting by
nanofluidic reverse electrodialysis (NRED). Obtained from the self-assembly of nanoparticles
in a micropore, the NFC forms an ion-selective network with enormous nanochannels due to
electrical double-layer overlap in the nanoparticle interstices. As a proof-of-concept
demonstration, a maximum efficiency of 42.3 &+ 1.84%, a maximum power density of

2.82 +0.22 W m~2, and a maximum output power of 1.17 # 0.09 nW /unit (nearly three
orders of magnitude of amplification compared to other NREDs) were achieved in our
prototype cell, which was prepared within 30 min. The current NFC-based prototype cell can
be parallelized and cascaded to achieve the desired output power and open circuit voltage.
This NFC-based scaling-up scheme for energy harvesting based on NRED is promising for the

building of self-powered micro/nano-scale systems.

Online supplementary data available from stacks.iop.org/Nano/24/345401/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

With the development of nanotechnology, there is an
ever-growing demand for miniaturized power sources for
micro/nano-scale systems, such as in remote environmental
sensors, implantable biosensors and biomedical devices.

0957-4484/13/3454014+-09$33.00

Micro/nano-scale systems usually operate at low power
levels ranging from nanowatts to microwatts [1], making it
possible to build self-powered systems by harvesting energy
from ambient. Apart from the extensively studied solar
energy [2], thermal energy [3], and vibration energy [4],
the Gibbs free energy can also be converted into electricity

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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by so-called reverse electrodialysis (RED), by establishing
an ionic concentration gradient which is widely existent in
nature or in human body across ion-selective membranes.
This concept was proposed by Pattle et al [5] in 1954
and has been extensively studied since then in large-scale
ion exchange membrane (IEM) based RED systems by the
mixing of sea and river water [6—11]. For example, Veerman
et al [10] obtained a power density of 0.93 W m~2 in an
optimized cell with 50 IEM pairs, and Vermaas et al [11]
achieved a power density of 1.2 W m~2 using a stack of
5 IEM pairs with an inter-membrane distance of 100 pm.
A theoretical maximum power density of 2.7 W m~2 has
been predicted using parameters typical for the current
state of technology [12]. In recent years, miniaturized
IEM-based RED systems have also attracted research interest.
A miniaturized IEM-based concentration cell was realized
with a power density of 0.2 mW m~2 and efficiency of
0.44% by Sadeghian et al [13]. Sales et al [14] obtained a
maximum peak power density of 72 mW m~2 together with a
maximum efficiency of 22% in a flow cell combining IEMs
and porous electrodes. The performance of RED systems,
including power density, efficiency and long-term stability,
strongly relies on the physical/chemical properties of IEM,
such as membrane resistance, antifouling ability, and chemical
stability, which calls for significant advances in membrane
fabrication technology [15-18].

Different approaches have been tried to improve the
IEM-based RED performance, including using membrane
stacks [10], developing novel electrode systems [19-22], and
optimizing cell parameters, such as spacer thickness [23-25],
inter-membrane distance [17, 26, 27], solution composi-
tion [6, 7, 27], and flow velocity [10, 23, 28]. Alternative RED
systems have also been explored for energy harvesting, among
which nanofluidics has attracted great attention recently.
Benefitting from the intrinsic property of ion-selectivity
induced by the overlap of electrical double layers (EDLs)
in nanostructures, nanofluidic channels function like ion
exchange membranes [29-31]. Guo et al [32, 33] explored
this scheme by establishing an ionic concentration gradient
across cation-selective nanochannels (or nanopores), so that
more cations diffuse through the nanochannels than anions do,
thereby forming an electrical current across the nanochannels,
namely nanofluidic reverse electrodialysis (NRED). They
obtained a maximum single nanopore output power of
~26 pW (power density of ~8.3 W m~2) and a maximum
efficiency of ~4% in track-etched conical nanochannels with
base and tip diameters of 1-2 um and 41 nm, respectively,
in a 12 um thick polyimide film. However, as is the problem
with IEMs, organic membranes lack reliability for long-term
and complicated real applications since they may shrink and
swell in response to the environment [34]. By using 4 nm high
silica nanochannels as the key ion-selective structure, Kim
et al [35, 36] obtained a power density of 7.7 W m~2 along
with an efficiency of 31%, of which the total output power was
on the order of picowatts. Despite the improvement in power
density of the NRED scheme, there are practical limitations:
integration of adequate nanochannels in one single chip for
devices with power requirement higher than nanowatts is

not only technically challenging, but also expensive and
time-consuming.

To overcome the scaling-up problem, we proposed a
nanofluidic crystal (NFC) based scaling-up scheme for NRED
that is promising for constructing a facile, high-efficiency, and
high-power-density energy harvester with high output power.
Unlike nanochannels prepared by top-down nanofabrication
techniques or nanoporous materials synthesized by bottom-up
methods, the NFC is easily obtained from self-assembly of
monodispersed nanoparticles in predefined microstructures.
Although the NFC has been extensively studied as a photonic
bandgap structure [37, 38], sphere-lithography masks [39, 40],
templates for macroporous materials fabrication [41], and
optical sensors [42], little attention has been paid to
its potential applications as a nanofluidic material. Our
previous works have demonstrated both experimentally
and theoretically that NFC inside a microchannel [43] or
suspended in a micropore [44, 45] exhibits the typical
electrokinetics properties of an individual nanochannel but
with an enlarged effective cross-sectional area. The interstices
of the NFC can be equivalent to a nanofluidic network
with numerous nanochannels in parallel, and thereby has
the potential to provide a large electrical output in NRED
energy harvesting systems. In this paper, as a proof-of-concept
demonstration of the scaling-up capability of NFC, we study
the energy harvesting performance of a NFC-based NRED
prototype cell and its temporal behavior.

2. Experiment
2.1. Working principle

The isoelectric point of silica is around 2 [46]. Below the
isoelectric point, silanol groups get protonated and above
it they get deprotonated, exhibiting positive and negative
charges respectively. In the solution with pH of ~5.6 (carbon
dioxide saturated water) used in our experiment, silica
nanoparticles with hydroxyl groups on the surface exhibited
negatively charged surface. According to our previous
work [43], the surface charge density of nanoparticles used
here was around 1.8 x 1072 C m~2. The negatively charged
nanoparticles attract cations and repel anions, which causes
positively charged EDLs to form near the surfaces. The
characteristic thickness of the EDL can be estimated by the
well-known Debye length, Ap, which is inversely proportional
to the square root of the ionic concentration of the buffer [47].

When interstices in the NFC have sizes comparable to
the Debye length, EDLs will be overlapped. Therefore, the
nanochannel network of the NFC will possess a character
of cation-selectivity, usually quantified by the transference
number, £, defined as the fraction of total current carried
by the dominant ions [48], cations in this case. When a
concentration gradient is applied across the cation-selective
NFC, which functions as an IEM, more cations diffuse from
the concentrated side (cy) to the dilute one (cr) than anions
do, as shown in figure 1. Therefore, the Donnan potentials
developed at both ends of the NFC, plus the electrical
potential inside the NFC due to diffusion [47], constitutes an
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Figure 1. Schematic illustration of energy harvesting by
nanofluidic reverse electrodialysis from concentration gradient
across a nanofluidic crystal (NFC). When a concentration gradient
is applied across a cation-selective NFC, more cations diffuse
through the NFC than anions do. An electrical potential drop along
the net ion diffusion is established. The Gibbs free energy that
drives ion diffusion is thus converted into electricity.

electrical potential drop along the net ion diffusion, namely
the diffusion potential Egifr, which can be calculated as [35]

RT
= jn Yen (1)

Egiet = 2ty — 1)
7F Ve, CL

where R, T, z, F, y represent the gas constant, temperature,
ion valence, Faraday constant, and mean activity coefficient,
respectively. The Gibbs free energy, which drives this ion
diffusion, is thus converted into electricity, i.e. harvesting
energy based on the NRED principle.

2.2. Nanofluidic crystal preparation

To realize the NFC used in the present work, a micropore
(40 x 40 pum?) through a suspended silicon membrane
(50 pm thick) was fabricated by the standard silicon
microfabrication process, introduced in [45]. Monodispersed
silica nanoparticles with diameters of 100/210/500 nm and
hydroxyl groups on the surface (Technical Institute of Physics
and Chemistry of Chinese Academic Society, P R China, see
appendix A for details) were then loaded into the micropore.
When ethanol, the base fluid of the nanoparticle suspension,
was evaporated slowly under a controlled condition, silica
nanoparticles were self-assembled into a face-centered cubic
(fcc) crystalline structure, as shown in figure 2(a), which was
the NFC ready for the energy harvesting test. The whole
process of nanofluidic crystal self-assembly was finished
within 30 min.

2.3. Structure of the prototype cell

In this work, in order to directly evaluate the performance
of NFC for NRED energy harvesting, we designed a

simplified prototype cell, as shown in figure 2(b). Two
potassium chloride solutions with different concentrations
were separately loaded in two PMMA reservoirs (1.5 X
1.5 x 2 cm?, 4.5 ml). A silicon chip with the NFC packed
in a micropore bridged the two reservoirs with O-rings for
leakage-proofing. The electrodes used in our experiment were
Ag/AgCl electrodes (Shanghai Chenhua Instrument Co. Ltd,
CHI111).

2.4. Characterization of the prototype cell

To characterize the energy harvesting performance of the
prototype cell, I-V testing was performed by applying an
external voltage, FEsource, With a precision semiconductor
parameter analyzer HP4156B. The Ag/AgCl electrodes were
connected to HP4156B through an accessorial Faraday Cage
(figure 2(b)). During the I-V test, the high concentration side
was grounded, and the potential of the low concentration side
varied linearly from O to 250 mV, with a step of 10 mV. Each
I-V test lasted about 1 min.

Due to the redox reactions, there were additional potential
drops at the interfaces between the Ag/AgCl electrodes and
the KCI solutions, i.e. Eglectrode, ¢ (Iow concentration side)
and FEelectrode, cH (high concentration side). The presence of
a concentration gradient resulted in unequal potential drops
at two electrodes, constituting the overall electrode potential,
Eelectrodes Which was the difference of Eglectrode, €I, and
Eelectrode, CH- Eelectrode Was measured in advance. Figure 2(c)
is the equivalent circuit of the testing system, where Egisr and
r represent the open circuit voltage and internal resistance
of the prototype cell, respectively. The parasitic resistances,
Rpara, including the internal resistance of voltage source,
the serial resistance of the wiring, the resistance at the
interfaces of electrodes and the electrolyte, and bulk solution
resistances, were negligible compared to r (see supplementary
information for more details available at stacks.iop.org/Nano/
24/345401/mmedia). Egif and r were extracted from the
measured /-V curve by using the following relationship:

1 1
I= ;Esource - ;(Eelectrode + Eqifr). 2)

Figure 2(d) shows a typical I-V curve of the prototype cell,
which exhibited perfect Ohmic conducting behavior. The
energy harvesting performances of NFCs with three different
nanoparticle diameters were measured at varied concentration
gradients. The low concentration, cp, was fixed at 0.1 mM
(Ap = 30.5 nm) while the high concentration (cy) varied from
0.3mM (Ap = 17.6 nm), ] mM (Ap = 9.6 nm), 3 mM (Ap =
5.6 nm), 10 mM (Ap = 3.1 nm), 30 mM (Ap = 1.8 nm), to
100 mM (Ap = 1.0 nm).

2.5. Electrode calibration

Due to the redox reactions at the interfaces between
Ag/AgCl electrodes and KCI solutions, there exists an
additional electrode potential drop, Eelectrode, Which varies
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Figure 2. Structure of the prototype cell and /-V characterization. (a) SEM photos of NFC with nanoparticle diameter of 500 nm packed in
a 40 x 40 pm? micropore. The scale bar is 20 um (3 um in the inserted photo). (b) Experimental setup. (c) Equivalent circuit diagram.
(d) Typical I-V curve. I-V curve of the prototype cell with nanoparticle diameter of 210 nm at 0.1 mM|100 mM.

with the concentration of the KCI solution. Egjectrode Can be
theoretically predicted by the Nernst equation [49],

E n YeuCH

. 3)
F  yocL

Eelectrode =
In order to extract the diffusion potential Eg from
equation (2), we have to measure the electrode potential
Eclectrode 1n advance. The setup of the electrode calibration
experiment was the same as that of the /-V test of
the prototype cell, except that the silicon chip used here
was not packed with nanoparticles. Ions diffused from the
high-concentration KCl solution to the low one through
the non-ion-selective micropore. Because the ionic current
(<100 nA) through the micropore did not affect the bulk
concentration observably in the first several minutes, the
electrode potential remained stable during the calibration. The
experimental and theoretical electrode potential is compared
in table 1. The experimental values in general fit with
the theoretical values. We used these measured data for
calculating the diffusion potential Egis.

2.6. Stability test of the prototype cell

In order to estimate the stability of prototype cell as a power
source, we performed /-V test of the prototype cell every
5 min in 3 h using the experimental setup shown in figure 2(b).

The NFC used here was obtained by packing nanoparticles
with diameter of 100 nm in a 100 x 100 xm? micropore.
The concentration gradient was 10 mM|0.1 mM, at which the
prototype cell demonstrated the largest open circuit voltage.

3. Results and discussions
3.1. I-V characteristics

As shown in figure 3(a), NFCs with smaller nanoparticle
diameters exhibited higher open circuit voltages at the same
concentration gradient. NFC constructed by nanoparticles
with smaller diameter had smaller interstices, thereby higher
ion-selectivity, which resulted in a larger open circuit voltage,
as indicated by equation (1). For the same NFCs with
nanoparticle diameter of 100/210/500 nm, with the concen-
tration gradient increasing, the open circuit voltage reached
maximum values of 91.39 4 0.49/74.12 + 1.40/19.42 £ 0.49
mV, respectively, and then dropped to different extents. On
the one hand, an increased cy gave a larger Gibbs free energy
driving the ions to diffuse across the NFC, thereby tending to
increase the potential drop.

On the other hand, the Debye length of interstices
near the high-concentration side decreased dramatically with
the bulk concentration increasing, which led to degradation
of the ion-selectivity considerably. ¢, the indicator of the
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Figure 3. Performances of the prototype cell. (a) Open circuit voltage. (b) Electrical conductance. (c) Maximum output power. (d) Energy

conversion efficiency.

Table 1. Comparison between the experimental and theoretical electrode potential.

0.1 mM|0.3mM 0.1 mM|l.0OmM 0.1 mM[3.0mM 0.1 mM|I0mM 0.1 mM|30 mM 0.1 mM]|100 mM
Theoretical 28.0 58.6 86.2 116.0 142.6 171.2
estimation (mV)
Experimental 27.5 51.5 77.8 105.9 127.4 150.6
measurement (mV)

Table 2. Transference numbers, 7., in the present work.

Nanoparticle
diameter (nm) 0.lmM[03mM O0.1mM[1OmM O0.1mM3.0mM O0.1mM|[I0mM 0.1 mM|30mM 0.1 mM|100 mM
100 0.96 £ 0.01 0.93 0.90 0.88 0.82 0.73 £ 0.01
210 0.90 + 0.02 0.88 0.83 0.82 + 0.01 0.76 0.67
500 0.77 £0.02 0.78 £ 0.01 0.74 0.65 0.57 0.54

ion-selectivity, was calculated from equation (1) and values
are listed in table 2. These counter-effects determined the
optimized Eg;sr shown in figure 3(a).

Figure 3(b) shows the conductance of the NFC-based
NRED prototype cell at different concentration gradi-
ents. As mobile ions in the EDL follow the Boltzmann
distribution [47], counter-ion concentration decays expo-
nentially from charged surfaces. Therefore, NFCs with
smaller nanoparticle diameters, i.e. with smaller equivalent
nanochannel size, have larger counter-ion concentration in the
interstices and demonstrate larger conductivity. Meanwhile,

for any ideally close-packed nanoparticle crystal, the space
occupation rate (74.05%) is independent of the nanoparticle
diameter, which means that the effective nanochannel volume
is the same for NFCs packed in micropores of identical size.
Therefore, NFCs with smaller nanoparticle diameters that
exhibit larger conductivity also exhibit larger conductance.
The conductance of the NFC consisted of two parts: (1)
conductance of bulk solution outside the EDL, which was
proportional to ion concentration, (2) conductance contributed
by counter-ions in the EDL which was dependent on surface
charge density of nanoparticles. With the bulk concentration
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Table 3. Performance comparison of different RED energy harvesting systems.

Ion exchange membrane based RED systems

Nanofluidic RED systems

Large-scale

Micro-scale

Nano-scale Micro/nano-scale

Authors Turek et al [7] Veerman Sadeghian
etal [10] et al [13]

Structure 10 pairs stack 50 cells stack  Single stage

Power (pW) — 9.3 x 10" —

Power den- 0.46 0.95 0.0002

sity (W m™2)

Efficiency (%) — 18 0.44

Scalability High High High

Material Organic Organic Organic

Sales Guo Kim Present study
etal [14] et al [32] et al [35]

8 cells stack Single stage Single stage  Single stage
— 26 ~1 1170 £ 90
0.072 ~8.3 7.7 2.824+0.22
22 4 31 4232+ 1.84
High Medium Low High
Organic Organic Inorganic Inorganic

increasing, the EDL thickness decreased and the bulk
concentration played a more important role in determining
the conductance of NFC. As a result, the conductance
of NFC increased with bulk concentration. NFC with
nanoparticle diameter of 500 nm showed larger conductance
at 0.1 mM|100 mM, which can probably be attributed
to bulk concentration variation caused by ion diffusion.
Ion diffusion from the high-concentration side increases
the bulk concentration at the low-concentration side, which
consequently increases the conductance of the NFC. This was
most obvious in the 500 nm sample, because it had the largest
equivalent nanochannel size and therefore its conductance
showed stronger dependence on bulk concentration.

For any ideally close-packed nanoparticle crystal, the
effective cross-sectional area Segr can be expressed as Sefr =
0.25958, where Sy, represents the cross-sectional area of
the micropore. Therefore, unlike in regular nanochannels
where there was a tradeoff between the ion-selectivity
and the effective cross-sectional area, the NFC had the
unique advantage that its effective cross-sectional area was
insensitive to the particle diameter, which meant that it
was possible to pursue higher ion-selectivity by using much
smaller nanoparticles. Thanks to the large effective cross-
sectional area of the NFC and enormous surface-to-volume
ratio, the electrical conductance was about three orders of
magnitude larger than reported for the energy harvesting
system based on silica nanochannels (~1 nS) [35].

It is well known that the maximum output power of an
energy harvesting system is obtained when the load resistance
Ry is equal to the internal one, i.e. Ry, = r. For the present
prototype cell
Ein
4r
Prax is calculated based on the values of Egi and r
(reciprocal of conductance) shown in figures 3(a) and (b),
and plotted in figure 3(c). Since NFCs with a nanoparticle
diameter of 100 nm demonstrated both the highest open
circuit voltage and the largest electrical conductance at the
same concentration gradient, their maximum output power
also stood out as the best and reached 1.17 £ 0.09 nW at
0.1 mM|100 mM within the present experiments. Therefore,
the largest output power density in this work was 2.82 +
0.22 W m~2. The efficiency corresponding to the maximum

“)

Pmax=

power was given as MNmax = (2t — 1)2/2 [32, 35], with
a theoretical maximum efficiency of 50%. As shown in
figure 3(d), the maximum efficiency obtained here was
42.32 £ 1.84% at a concentration gradient of 0.1 mM|0.3 mM
in NFCs with the nanoparticle diameter of 100 nm.

In table 3, we compare the performance of different RED
energy harvesting systems. Compared to micro-scale IEM-
based RED systems [13, 14], the present work demonstrates
high efficiency and high power density. Compared to
track-etched nanochannels in PET membrane [32], the present
work demonstrates high efficiency and good environmental
compatibility. While maintaining the advantages of high
efficiency, high power density and good environmental
compatibility in silica nanochannels [35], the present work
shows good scaling-up capability.

3.2. Stability

With ions in the high-concentration solution diffusing to
the low-concentration solution through the 100 x 100 pm?
micropore packed with NFC, the concentration gradient
between the two ends of the NFC might decrease and
consequently the performance of the prototype cell as a power
source might degrade.

The characteristic diffusion distance W can be estimated
as

W ~ 2./Dt, )

where D and #; represent ion diffusivity and diffusion time,
respectively. In this case, the diffusivities of K* and CI—, D,
were taken as the typical value for ions, 2.0 x 1079 m2 s~1,
and 11 = 3 h. The diffusion distance W calculated was
0.93 cm, which is much smaller than the distance between
the electrodes and the chip (2.5 cm). Therefore the electrode
potential FEejectrode remained stable during the experiment,
which was also confirmed by a 1D simulation (see appendix B
for details).

As shown in figure 4(a), the short circuit current, I
gradually increased with time at a decreasing slope. The
quantity of cations transported to the low-concentration
solution can be estimated by the following formula:

t 1 4l
+ / I (0) dr,
0

=t - 6
2t+—1€NA ()

ng+
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Figure 4. Stability of the prototype cell. (a) Short circuit current,
the inset is the electrical conductance variation with time.

(b) Normalized open circuit voltage. The open circuit voltage was
normalized by being divided by the open circuit voltage at t = 0.
(c) Normalized maximum power. The maximum power was
normalized by being divided by the maximum power at r = 0.

where the elementary charge e = 1.60 x 1071 C, Avogadro’s
number Np = 6.021023 mol™!, and I (t) was the fitted
curve of .. In the stability test, the transference number
t+ ~ 0.8 and the diffusion time #; = 3 h, so according
to equation (6), the quantity of cations transported to the
low-concentration solution was 1.28 x 10~8 mol. Due to the
limited diffusivities, ions accumulated near the NFC, leading
to the increase of concentration at the low-concentration end
of the NFC. Meanwhile, the bulk concentration increment
weakened the dominance of EDLs on the conductance of
NFC. Consequently, the conductance of NFC increased with
the bulk concentration, as indicated by figure 4(a) inset.

The decrease of concentration gradient also resulted in
decrease of the open circuit voltage as shown in figure 4(b).
The open circuit voltage dropped to 88% of the initial value
after 3 h. As indicated by equation (4), the counter-effect
of increasing conductance and decreasing open circuit
voltage determined the variation of maximum power. In this
experiment, the maximum power remained relatively stable,
with a slight increment to 107% of the initial value.

It is worth mentioning that in the present work, ion
solutions were kept static in the two reservoirs. One potential
issue to be addressed is how to keep constant concentrations
on both ends of the NFC. For applications where there is a
bulk solution flow, such as blood flow, the diffusion-induced
concentration variation would be compensated by the flowing
solution, thereby maintain the concentration gradient and
energy harvesting performance as well.

4. Conclusion

With a proof-of-concept prototype cell, we have demonstrated
a NFC-based scaling-up scheme that is promising for
constructing a facile, high-efficiency and high-power-density
energy harvester with high output power based on the
NRED principle. The kernel NFC for a single device was
prepared within 30 min, and provided a maximum efficiency
of 42.3 £ 1.84%, a maximum power density of 2.82 =+
0.22 W m~2, and a maximum output power amplification of
nearly three orders of magnitude (1.17 & 0.09 nW /unit) in the
present experiment. The output power can be further improved
by using nanoparticles with smaller diameters and higher
surface charge densities, which are already off-the-shelf.
The open circuit voltage had a decrement of 12% and the
output power increased 7% during a 3-h test. By exploiting
parallelization and cascade, we can scale up the current
NFC-based NRED prototype cell to achieve desired output
powers and open circuit voltages for practical applications.
This scheme has the potential of utilizing ionic concentration
gradient ubiquitously existing in nature or in human body, for
building self-powered micro/nano-scale systems.
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Appendix A. Synthesis of monodispersed silica
nanoparticles

The monodispersed silica nanoparticles used in the experi-
ment are synthesized by the widely adopted Stober process.
Water, ethanol and ammonia with certain volume ratio are
first added into a reaction kettle and homogeneously mixed.
Then, tetraethyl orthosilicate (TEOS) is added to the mixture.
The reactions taking place are hydrolysis of the silyl ether to
a silanol followed by condensation reactions. Monodispersed
silica nanoparticle suspension is obtained from the nucleation
of hydrolyzates after several hours’ reaction. The silica
nanoparticles synthesized by this process contain hydroxyl
groups on the surface. The price of the above-mentioned
nanoparticles was 800 RMB /10 ml, so the cost of nanofluidic
crystal for each device (a volume of 3 ul was used) was
3 ul/10 ml x 800 RMB = 0.24 RMB, which equaled 0.038
USD.
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Figure B.1. 1D simulation of the reservoir concentration variation.

Appendix B. 1D simulation of the reservoir end
concentration variation

A 1D transient simulation was performed using COMSOL
Multiphysics 4.2. The studied dimension was 2.5 cm (from
the chip to the end of the reservoir where the electrode was
placed). The boundary conditions were: on one chip end,
there was a constant inward flux f, which represents the ion
diffusion flux from the NFC; on the reservoir end, there was
no flux in or out since the reservoir is closed. f was calculated
as
ISC

f= eNaS’ ®.1)
where Iy, e, No, S represent the short circuit current,
elementary charge, Avogadro’s number, and micropore area.
The short circuit current I was taken as 100 nA and the
micropore area S was 1 x 10~8 m? in this case. According
to equation (B.1), f was 1 x 107* mol m~2 s~!. The initial
concentration was set at 0.1 mM, and the simulation time was
3 h. As shown in figure B.1, at the end of the reservoir where
the electrode was placed, the concentration increased from
0.1 to 0.12 mM. It is worth mentioning that in a real prototype
cell, the variation would be much lower since the 1D model
neglects the actual volume of the bulk concentration.
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