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Gold-nanoparticle-embedded microchannel array
for enhanced power generation†
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A high streaming potential and current were generated using a gold-nanoparticle-embedded patterned
PDMS microchannel array. Gold nanoparticles with dimensions of ∼70 nm were prepared inside a
hydrophobic patterned PDMS microchannel. The channel array was developed on a ridge-shaped
patterned surface by performing soft lithography using UV-laser micromachining with a ridge spacing of
27.0 μm, width of 22.0 μm, and height of 16.0 μm. Subsequently, tests were conducted in which ultrapure
water, solutions of 0.1 M NaCl, 0.1 M HCl and 40% H2O2 were passed through the patterned channel array
at various flow rates and pressures using a microfluidic pump wherein the channel inlet and outlet acted as
collector electrodes. A maximum streaming potential of 2.6 V, a current of 1.3 μA, and a maximum power
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density of 4.3 μW cm−2 were obtained for this gold-nanoparticle-embedded PDMS channel with ultrapure
water as the working fluid at an inlet pressure of 1 bar. The generated power density here was ∼256 times
higher than that for the PDMS channel array without gold nanoparticles using ultrapure water as the
working fluid, confirming the benefit of gold nanoparticles in the channel array, which may have potential
applications in microwatt-powered lab-on-chip devices.

Introduction
The generation of electrical energy due to flow within a
miniature hydrophobic microchannel is an exciting research
area as the harvested energy can be used in self-powered labon-chip-type
biomedical
devices.
Lab-on-chip-based
biomedical devices powered by in-house energy sources are
desired for their emerging applications ranging from
biosensors to miniature medical devices.1 The flow of liquid
is vital for the functioning of a large variety of lab-on-chip
devices, and using the same fluid flow for in-house energy
generation could allow such devices to be self-powered for the
desired applications. Recently, several researchers worked on
the generation of electric potential using the flow of liquid
within microfluidic channels.2,3 If this potential is generated
due to the flow of liquid inside a microchannel only, it is
referred to as a streaming potential, as described elsewhere.4
In a conventional microchannel having a solid–liquid
interface, one type of charged species accumulates at the
surface of the channel to form a fixed Stern layer. Then,
a
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adjacent to this layer, a diffuse layer containing mobile
oppositely charged ionic species consequently forms.5 The
layered arrangement is known as an electric double layer
(EDL). If the dimensions of the channel are on the order of a
Debye length, on application of external force through the
fluid flow, the charges in the mobile layer would become
displaced; this displacement would lead to charge separation
due to shifting of the liquid phase tangentially against the
walls of the microchannel and hence generating a potential
difference at the electrodes of the externally connected
circuit. In the no-slip condition, ions at high concentrations
near the channel walls are immobile, as the working fluid
flows and does not create significant charge separation for a
potential generation.6 In contrast, in the Navier slip
condition specifically observed in hydrophobic channels, ions
at high concentrations within the range of the slip plane and
the channel walls become mobile and displaced, leading to a
much higher streaming potential than in conventional
channels as has been reported in the available literature by
various researchers.7,8 However to date, the published
literature about streaming potential in the hydrophobic
microchannel has indicated a maximum potential of 2.7 V
and current on the order of 10 nA.8 Summaries and
parameters of the recently reported devices based on
streaming potential are provided in Table 1.
Generation of a few nanowatts of energy, as demonstrated
in the literature, may be of interest to physicists, but does
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Table 1 Summary of published streaming potential generation in microfluidic devices

Sl.
No Citation
1
2
3
4

Fan et al., 2018
(ref. 1)
Choi et al., 2018
(ref. 8)
Yang et al., 2015
(ref. 9)
Zhang et al., 2015
(ref. 10)

Channel parameter and fluid

Patterned silicon-PDMS microchannel, NaCl
0.043 mV Pa−1
fluid
Patterned PDMS microchannel, DI water and tap 2.8 V/1.5 bar
water as fluid
PDMS on ITO glass, NaCl as electrolyte
0.19 V for flow rate 30 ml
min−1
PDMS over glass slide
80 mV for flow rate 0.1
mL min−1

not seem to be promising for powering lab-on-chip devices
where power requirements lie in the range of a few
microwatts to milliwatts. To generate higher microwatt-level
power using the streaming potential for lab-on-chip-type
devices, in the current research we developed a method
involving jet flow of ultrapure water in a patterned PDMS
microchannel array. The array was modified by carrying out
an entrapment of gold nanoparticles (AuNPs) for facilitating
the charge separation process and EDL formation with ionic
species in the diffuse layer. Based on the experiments
conducted in the present study, we concluded that a
combination of physical principles, other than solely the
above-mentioned ones following the Navier conditions, was
followed in the developed energy generation process.

Materials and methods
Experimental set up
A PDMS-based microfluidic channel array embedded with
AuNPs was used for generation of streaming potential in this
work. The PDMS channel array was fabricated, using soft
lithography technique, on a patterned acrylic sheet.
A cell-cast acrylic sheet (Make: Chemcast2025 Black) was
first laser micro-machined using an locally developed UV
laser engraver (Nano Lase) to generate an array of 100
microchannels. The channels were made with a width of 20
μm, gap between adjacent channels of 30 μm, channel height
of 20 μm and channel length of 5 cm.
This laser micro-machined channel array was used as a
mold and a PDMS replica was generated wherein each
channel had a width of 22 μm, gap between adjacent
channels of 27 μm, channel height of 16 μm, and channel
length of 5 cm. The fabricated channel array was then dipped
into a 0.1 M HAuCl4 (Supplier-Sigma Aldrich) solution and
kept there for 7 days, and a purple-red PDMS channel array
was obtained due to the formation of AuNPs in the PDMS
matrix. The procedure used to entrap AuNPs in the PDMS
substrate has been described elsewhere.11 The channel array
was thoroughly washed with ethanol and rigidly fixed to
another cell cast acrylic sheet using Scotch tape. Holes were
punched at the ends of the channel to accommodate hollow
stainless steel tubes, which acted as fluid inlet–outlet as well
as current collectors. Jet flows at various pressures were
imposed on the inlet tube using a microfluidic flow control
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Maximum generated
voltage

Maximum generated Maximum
current
generated power
Not stated

Not stated

8 nA/1.5 bar

Not stated

0.331 μA

16 nW

1.75 nA

Not stated

system (Fluigent, FCS-EZ), both for the microchannel arrays
without AuNPs and for the AuNP-embedded PDMS
microchannels. A schematic for the fabrication of the
microchannel array is shown in Fig. 1.

Microchannel array characterization
Photographs of the fabricated microchannels are shown in
Fig. 2. An atomic force microscope (NanoSurf make,
CoreAFM) was used to characterize the surface morphology
of the fabricated microchannel array designed to be
embedded with AuNPs and to confirm the presence of
embedded AuNPs. A section of the microchannel array was
cut in the direction perpendicular to the plane on which the
microchannels were fabricated in order to visualize the crosssection of the channel using a field emission scanning
electron microscope (FESEM, Carl Zeiss make, Model-Zeiss
Sigma 300).
The surface of the PDMS with entrapped AuNPs was
characterized using the FESEM. In order to establish the
hydrophobicity of the fabricated channel array with working
fluids used in the streaming potential generation, the contact
angle was measured employing the sessile drop method. The
contact angle of the fluid on the surface was recorded as a
function of time using a tensiometer (Attension Theta, Biolin

Fig. 1 Schematic illustrating the process followed to fabricate the
AuNP-embedded microfluidic channel array using soft lithography
followed by reduction of Au3+ ion in PDMS.
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Fig. 2 Experimental set up: (A) photograph of the AuNP-embedded
PDMS microchannel array, with the inset showing an optical
microscopic image of the channel array. (B) Photograph of the
microfluidic chip with inlet–outlet attachments, which also acted as
current collectors.

Scientific make). AuNPs in the PDMS channel were also
characterized by using a UV spectrophotometer (Cary 60 UVvis, Agilent make). The channel material viz. PDMS with
trapped AuNPs and that without AuNPs were also
characterized for their surface charge (zeta potential) levels
using a Delsa Nano C particle and zeta potential analyzer
(Make: Beckman Coulter).
Electric power measurements
The generated voltage and current were measured by using a
potentiostat – galvanostat system (Make: Ametek Scientific
Instruments, Model-PARSTAT 4000). Experiments were
repeatedly conducted at various inlet fluid pressures ranging
from 0 to 1 bar in PDMS channels with and without AuNPs.
The experiments were conducted with ultrapure water, a 0.1
M NaCl solution, a 0.1 M HCl solution or 40% H2O2 to draw
suitable inferences behind the phenomenon of streaming
potential generation in AuNP-embedded PDMS-based
microchannel arrays. Experiments of fluid flow and
streaming potential generation were also conducted with
intermittent switching in order to confirm the generation of
streaming potential. I–V curves were generated for the
experiments conducted and were used to calculate the
maximum power generated by the developed set up (Fig.
S3†). The current density was obtained by varying the
external resistances to measure the current values at 1 bar
inlet pressure. The overall electrode area for electron transfer
was 0.18 cm2 as calculated from the average diameter of
hollow stainless steel tubes, which were used both as fluid
inlet/outlets and current collectors.

In this equation, 1/k is the EDL thickness, ε0 is the
permittivity of free space, εr is the effective dielectric constant
of the working fluid inside the microfluidic channel, kb is the
Boltzmann constant, T is the absolute temperature, z is the
valence of the ions, e is the charge of a proton and η0 is the
bulk concentration of ions in the working fluid in mol m−3.
For our work when using eqn (1), z is equal to 1, η0 is 10−7
mol L−1, T is 298.15 K (room temperature of 25 °C), e is 1.602
× 10−19 C and kb is 1.3807 × 10−23 J K−1. To evaluate the
dielectric constant of the working fluid, two miniature
electrodes were placed at the opposite sides of the channel
walls near the outlet for the PDMS channels with and without
AuNPs. These electrodes were printed using conductive silver
ink employing a conductive ink printer (Make: Voltera VOne). The detailed procedure for the fabrication is shown in
Fig. S2 in ESI.† Cyclic voltammetry (I–V) plots were recorded
employing a potentiostat (Model: PARSTAT4000). The
capacitance (C) values of the working fluid inside the
microfluidic channel under stationary as well as flow
conditions were found using eqn (2).
C¼

iavg
sA

(2)

In this equation, iavg is the average of the recorded currents
from the I–V plots for the anodic and cathodic sweeps, s is
the scan rate and A is the active area of the electrodes. Since
a parallel plate capacitor was formed inside the
microchannel, it was valid to use eqn (3), and the dielectric
constant of the working fluid could be found using the
equation
εr ¼

Cd
;
ε0 A

(3)

where ‘d’ is the gap between the electrodes. The dielectric
constant of the working fluids as well as the EDL thickness
for the working fluids at stationary conditions and with an
external pressure of 1 bar were evaluated and are
summarized in Table S1 in ESI.†

Electric double layer characterization
Fabricated microchannels with and without AuNPs were
characterized to determine the EDL width formed on the flow
of ultrapure water. The EDL thickness was estimated using
the Debye Huckel parameter according to eqn (1).12
1
¼
k

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
εr ε0 kb T
2z2 e2 η0

(1)
Fig. 3 AFM image of the channel array surface.
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Results and discussions
The AFM image in Fig. 3 shows crests and troughs on the
channel surface in the range of 15–25 nm at different
locations indicating entrapment of AuNPs on the surface of
the PDMS.
The acquired FESEM image, shown in Fig. 4(A), of our
product made with AuNPs confirmed that AuNPs deposited
into the PDMS and showed particle diameters of about ∼70
nm. Inspection of the cross-sectional view of the
microchannel array as observed in the FESEM image in
Fig. 4(B) demonstrated a channel width of 22 μm, a
separation between adjacent channels of 27 μm and channel
height of 16 μm.
The presence of AuNPs on the PDMS surface was further
confirmed from the results of a UV spectroscopy study of very
thin slices from various parts of the channel (Fig. 5). The
distinct peak observed at 540 nm indicated the presence of
AuNPs in the PDMS matrix.13,14
Contact angles versus time for the microchannel arrays
with, respectively, ultrapure water, a 0.1 M NaCl solution, a
0.1 M HCl solution and a 40% H2O2 solution are shown in
Fig. 6. With ultrapure water, PDMS without AuNP showed a
contact angle of 137.4°, indicating that it was hydrophobic.
In contrast, the fabricated AuNP-embedded PDMS
microchannel array was indicated to be less hydrophobic
according to its lower contact angle of 93° with ultrapure
water. The contact angles of the AuNP-embedded PDMS with
the NaCl and HCl solutions were even lower, by an additional
10–20 degrees. These lower values were attributed to the
solute (NaCl/HCl) in water having enhanced the surface
tension energy.15 The contact angle between the AuNPembedded PDMS microchannel array and H2O2 was even
lower initially, with a value of 55°, but increased to 94°, i.e.,
about that as with ultrapure water, in ∼4 seconds. This
change of contact angle with time might have been due to
dissociation of H2O2 into water during this time period, an
explanation discussed below.
The results of experiments involving intermittent
switching on and off of the flow (Fig. 7) showed that for
ultrapure water, the streaming potential was generated once
the flow was turned on, and diminished immediately once
the flow was turned off. However, for the H2O2 solution, the
streaming potential was generated after a time delay when

Fig. 4 FESEM images of the (A) PDMS-embedded AuNPs and (B)
channel structure.
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Fig. 5 UV-visible absorbance spectrum of a thin slice of a PDMS
channel designed to be embedded with AuNPs. The peak at a
wavelength of 540 nm indicated the presence of gold nanoparticles in
the PDMS matrix.

the flow was switched on. The potential increased gradually,
to nearly that of the streaming potential of ultrapure water.
This phenomenon supported the earlier inference of a
gradual dissociation of H2O2 into water. Note that the
dissociation of H2O2 was indicated to take 4 s to complete
according to the contact angle measurements under ambient
conditions (Fig. 6), but 25 s to do so inside the microchannel
(Fig. 7). During contact angle measurements in general, a
very thin layer is formed between the PDMS–AuNP and H2O2.
In contrast, the generation of potential in a microfluidic
channel relies on the bulk fluid and number of generated
ions. Since the rate of dissociation of H2O2 depends on
several factors such as material in contact, temperature, ions
present and the external environment, which are different in
a microfluidic environment,16 the dissociation of an ultrathin film of H2O2 on the PDMS–AuNP took a minimal
amount of time (∼4 s) while for a bulk volume it required
more time (∼25 s) to dissociate within a confined
microfluidic channel.
The generated streaming potentials and streaming
currents in the microchannel arrays with and without

Fig. 6 Plots of contact angle vs. time for different solutions, including
ultrapure water, a 0.1 M NaCl solution, a 0.1 M HCl solution and a 40%
H2O2 solution for PDMS–AuNP and PDMS microchannels, which were
used as fluids during potential generation in the microchannel array.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Streaming potentials generated with intermittent flow in the
AuNP-embedded PDMS microchannel array for ultrapure water and a
40% H2O2 solution.

embedded AuNPs at different pressures using ultrapure
water, a 0.1 M NaCl solution, a 0.1 M HCl solution, and a
40% H2O2 solution as respective working fluids are shown in
Fig. 8. Here, the streaming potential and current were
observed to be highest for the AuNP-embedded microchannel
array with ultrapure water as the working fluid, specifically
with values of 2.6 V and 1.3 μA, respectively. In contrast, the
PDMS microchannel array without AuNPs yielded a streaming
potential and current of 2.4 V and 6.3 nA, respectively. The
maximum generated power density was obtained from I–V
curves (Fig. S3†). The maximum power density using
ultrapure water as the working fluid was 16.8 nW cm−2 for
the PDMS microchannel array without AuNPs – but it was

Paper
∼256 times higher, i.e., 4.3 μW cm−2, for the AuNPembedded PDMS microchannel array. Use of H2O2 as
working fluid produced results similar to those produced
using ultrapure water as the working fluid. However,
compared to these results, the streaming potential as well as
current were significantly lower when 0.1 M NaCl was the
working fluid.
The generation of streaming potential (as shown in Fig. 8)
using ultrapure water as the working fluid inside PDMS
microchannels with and without AuNP can be explained by a
combination of physical phenomena such as charge
generation due to the contact of water with the PDMS-based
hydrophobic surface, charge separation owing to entrapped
AuNPs in PDMS and the ability of OH− ions in water
molecules to align at the channel interface.
Earlier literature reported that the streaming potential
could be generated only due to two factors: (i) flow of liquid
due to hydrophobic surfaces satisfying the Navier slip
condition and transfer of counter ions and (ii) generation of
intrinsic charges due to contact of water with a hydrophobic
surface.
The involvement of counter-ions satisfying the Navier slip
condition and its associated device could yield a streaming
potential of not more than 1 V.1 The intrinsic charge
generation hypothesis8 at the water–hydrophobic surface
interface relies on ionization of the electrically neutral fluids
such as water at the solid–liquid interface forming an electric
double layer (EDL).17 The hypothesis was supported by the
results of the experimental studies involving zeta potential
measurement, vibrational sum-frequency generation (VSFG)
spectroscopy and molecular dynamics (MD) simulations,
which confirmed the transformation of normal water into

Fig. 8 Streaming potential and current versus input pressure in a (A) PDMS microchannel array with DI water as fluid, (B) AuNP-embedded PDMS
microchannel array with DI water as fluid, (C) AuNP-embedded PDMS microchannel array with a 0.1 M NaCl solution as fluid, (D) AuNP-embedded
PDMS microchannel array with a 0.1 M HCL solution as fluid, and (E) AuNP-embedded PDMS microchannel array with a 40% H2O2 solution as
fluid.

This journal is © The Royal Society of Chemistry 2020
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reaction producing the entrapment of AuNPs in PDMS was
previously suggested to involve the equation.11

Fig. 9 Mechanism of streaming potential generation in (i) a PDMS
microchannel without AuNP and (ii) in a PDMS–AuNP microchannel.

negatively charged forms when in contact with a hydrophobic
surface like PDMS.18–20 Water molecules were claimed to
become self-ionized on hydrophobic PDMS channels,21 with
generated OH− ions becoming aligned at the PDMS surfaces,
and with a negative charge at the PDMS–water interface
(Fig. 9(i)). It was stated that as the channel width was
extremely narrow, the negative charges on the opposite sides
of the channel nearly overlapped, leaving behind random
charge carriers comprised of OH− and a few H+ ions in the
center of the channel, but no validation of this overlap has
yet been produced. When fluid pressure was applied to the
channel, the diffuse layer of the EDL became that containing
the mobile charge carriers and was transported to the
electrodes to complete the circuit, which produced the
streaming potential and advection current. The generated
potential was dependent on the imposed pressure gradient,
and it varied almost linearly with an increase in pressure.
The reported device, could generate a potential of less than
3.0 V and a current less than 10.0 nA, which was also found
in our experiments for the flow of water in a PDMS
microchannel without AuNPs (Fig. 8(A)).
In our experiments for the flow of water through a PDMS
channel containing AuNPs, the contact angle between water
and the PDMS–AuNP microchannel was, at 93°, found to be
lower than the 137.4° contact angle of the PDMS
microchannel without AuNPs (Fig. 6), indicative of the lower
hydrophobicity of the PDMS–AuNP microchannel. The
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The lone pair of electrons on the oxygen atom of Si–O–Si–2Au
and high concentration of electrons on the channel surface
due to AuNP (Fig. 9(ii)) generated a dense electron cloud
source, which was also verified from the results of zeta
potential measurements.
The zeta potential for PDMS (without AuNPs) with water
was found to be −52.0 mV whereas for the AuNP-embedded
material, the zeta potential was found to be −134.0 mV. The
high concentration of electrons in the channel in contact
with water apparently led to a rapid separation of H+ and
OH− ions in water due to a dipole shift of the H–OH bond of
the water molecule (Fig. 9). The OH− ions apparently aligned
at the channel surface, due to the higher affinity of OH− ions
for the PDMS channel surface at neutral pH, as stated in
earlier literature.22 The high density of OH− ions at the
channel interface apparently generated a diffuse layer, with
the diffuse layers from both sides of the channel overlapping,
leaving almost no random charge carriers at the channel
centre. The overlapping effect was also verified from the
results of calculations of the dielectric constant of the
working fluid and thickness of the EDL (eqn (1)–(3) and Table
S1†). As shown in Table S1,† for the inside of the microfluidic
channel under pressurized flow, the EDL thickness for one
sidewall was found experimentally to be 10.54 μm for the
AuNP-embedded PDMS microchannel with ultrapure water as
the working fluid. Such high values of EDL thickness were
not yet experimentally found. However the earlier reported
simulation results showed the possibility of a thick EDL at 1
bar of pressure inside a microfluidic channel with a
thickness >10 μm.23 Since the width of the channel wall
fabricated and used in our experiments was 22 μm, the EDL
thickness from both sides of the channel with a total
thickness (10.54 μm × 2) of 21.08 μm indicated an
overlapping of the walls with one another, leaving almost no
random charge carriers at the channel centre. In contrast,
the EDL thickness of the PDMS channel without AuNPs was
3.4 μm for ultrapure water as the working fluid. Under a
stationary condition when no pressure was applied, the EDL
thickness in channels with and without AuNPs was 0.97 μm,
close to the EDL thickness of water reported in earlier
literature.24 Whenever pressure would be applied to the
channel, the dense overlapping diffuse layer of OH− ions
would move to complete the electrical circuit, generating
streaming potential and advection current. Due to the much
higher density of OH− ions in the diffuse layer for the AuNP–
PDMS microchannel than for the PDMS channel without
AuNPs, the number of charge carriers completing the circuit
per unit time was also higher for the AuNP–PDMS
microchannel, leading to a much higher advection current

This journal is © The Royal Society of Chemistry 2020

View Article Online

Published on 15 June 2020. Downloaded by Central Mechanical Engineering Research Institute (CSIR) on 6/24/2020 12:37:17 PM.

Lab on a Chip
here compared to that for the channel without AuNPs. Thus,
as shown in Fig. 8(B), the streaming current was found to be
∼206 times higher in the AuNP-embedded PDMS
microchannel array than in the microchannel array without
AuNP. The phenomenon is shown in Fig. 9(ii).
As shown in Fig. 8(B)–(D), the streaming potential
generated in the AuNP-embedded PDMS microchannel array
was ∼22 times and ∼150 times higher when using ultrapure
water as the working fluid than when using NaCl and HCl
solutions, respectively. This result may be plausibly explained
by a decrease in the ion concentrations of H+ and OH− in
water, when using NaCl solution as a working fluid, due to
formation of electric–dipole interactions between the water
molecules and the Na+ and Cl− ions. This interaction
apparently inhibited the formation of a highly aligned diffuse
layer of OH− at the channel periphery, resulting in less
movement of aligned charges when fluid pressure was
applied. In the case of the HCl solution, since the medium
becomes acidic (pH ∼ 4),22 it imposes affinity of H3O+ ions at
PDMS–solution interface. This suggestion was confirmed
from the 8.0 mV measured zeta potential of the HCl solution
with AuNP-embedded PDMS. This feature inhibited the
formation of highly aligned diffuse layer comprising OH−
ions at the channel periphery. The above explanations
regarding NaCl and HCl solutions in the microchannel were
consistent with the underlying phenomenon of decreased
streaming potential and advection currents for these
solutions as the working fluids.

Conclusions
In this research, we showed the ability to generate a high
streaming potential and current as well as a power density
in the μW cm−2 range using the flow of ultrapure water
in an AuNP-embedded PDMS microchannel array.
Furthermore, the effects of different working fluids such
as H2O2 and an NaCl solution and the magnitude of the
streaming potential with and without AuNP entrapment in
the PDMS microchannel array were also experimentally
studied. A comprehensive explanation related to the
underlying mechanism of the electrokinetic phenomenon
of charge flow and thickening of the EDL followed by its
overlapping
inside
the
AuNP-embedded
PDMS
microchannel and its effects were also presented. Among
the crucial findings, the entrapment of AuNPs in the
PDMS microchannel enhanced the streaming current ∼206
fold and the generated power density ∼256 fold. The
generated maximum power using the AuNP-entrapped
PDMS microchannel array with the use of water as the
working fluid was 4.3 μW cm−2. Note that previously
reported streaming potential generation devices generated
power of only a few nanowatts. Thus the proposed device
could open up new frontiers for generators based on
high-power-streaming-potential, which could be used to
power lab-on-chip-based microfluidic devices.
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