
Sensors & Actuators: A. Physical 351 (2023) 114174

Available online 13 January 2023
0924-4247/© 2023 Elsevier B.V. All rights reserved.

Study on ethanol driven by alternating current electroosmosis 
in microchannels 

Yong Yu a,*, Ji-Cheng Li b, Hai Lin a, Kai Li a,c,**, Fu-ting Yi d 

a CAS Key Laboratory of Microgravity, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China 
b School of Energy and Power Engineering, Lanzhou University of Technology, Lanzhou 730050, China 
c School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China 
d Synchrotron Radiation Lab., Institute for High Energy Physics (IHEP), Chinese Academy of Sciences, Beijing 100084, China   

A R T I C L E  I N F O   

Keywords: 
Alternating current electroosmosis 
Ethanol 
Micropumps 

A B S T R A C T   

Performance of alternating current electroosmosis (ACEO) in ethanol solutions containing three electrolytes, 
KOH, NH4Cl and CH3COONH4, are investigated by using asymmetric microelectrode arrays and travelling-wave 
microelectrode arrays in microchannels. The experiment results show that for the ACEO flow induced by the 
asymmetric microelectrode arrays, only the flow in the ethanol solution containing KOH is stable and the most 
intensive, and the flow rate can be optimized with solution conductivity 20.2μS/cm and AC frequency range from 
25 Hz to 125 Hz. For the case by the traveling-wave microelectrode arrays, only the ACEO flow in the ethanol 
solution containing CH3COONH4 is stable and the most intensive, and the flow rate can be optimized with so-
lution conductivity 30.10 μS/cm in the ac frequency range from 10 Hz to 50 Hz. Moreover, no damage occurs on 
the microelectrodes after using of asymmetric microelectrodes and travelling-wave microelectrodes in the 
experiment.   

1. Introduction 

Microfluidics play an important role in many fields such as biology, 
chemistry, medicine, fluid science, electronics, materials science and 
mechanics [1–4]. Micropump technology is an essential tool to control 
small volume of fluid in microfluidic applications, so the research of 
micropump technology is of great significance [5,6]. Micropump tech-
nology has been studied in depth. Reviews on the micropump devel-
opment are available in [7,8]. According to the working mechanism, 
micropumps can be divided into mechanical and non-mechanical ones. 
Mechanical micropumps contain moving parts, resulting in low reli-
ability. It is hardly suitable for further miniaturized microfluidic de-
vices. Non-mechanical micropumps have distinct advantages, such as 
high reliability due to no moving parts, and easy integration into 
microfluidic devices [9]. The fluids driven in microfluidic systems in-
cludes aqueous and non-aqueous ones. The aqueous solutions are widely 
used in the biological field, while non-aqueous solutions are widely used 
in micro fuel cells and electrical cooling systems [10–15]. 

Currently, the main non-mechanical micropumps that drive non- 
aqueous solutions in microfluidic systems are electrohydrodynamic 

(EHD) micropumps [15–30]. K. Aryana et al. reviewed EHD pumping 
and its achievements in heat transfer enhancement [23]. EHD pumps are 
classified into three categories: injection EHD pumps, conduction EHD 
pumps and induction EHD pumps. Injection EHD pumps work by using a 
high voltage electric field to inject free charges into a fluid through 
electrodes, thereby inducing flow [24]. The conduction pumps work by 
taking place an electrochemical reaction on the electrode surface to 
dissociate the solution molecules into ions. Ions drag adjacent liquids 
under the action of electric field to form a volume flow [25,26]. 
Travelling-wave induced electrohydrodynamic (EHD) is to establish the 
electrical property gradient of the fluid by the thermal gradient. Under 
the action of a three-phase traveling wave electric field, the ions are 
induced to move and drive the bulk flow [27–30]. The peak in velocity 
of traveling-wave EHD flows may be expected to occur when the 
traveling-wave frequency corresponds to the charge relaxation time (f =
1/2πτ, with charge relaxation time constant τ = εrε0/σ, relative 
permittivity εr, permittivity of vacuum ε0 and electrical conductivity σ). 
But the actual peak in velocity occurs at a somewhat lower frequency 
than might be expected based on the charge relaxation time. [27]. 

Both injection EHD pumps and conduction EHD pumps require high 

* Corresponding author. 
** Corresponding author at: CAS Key Laboratory of Microgravity, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China. 

E-mail addresses: yuyong@imech.ac.cn (Y. Yu), likai@imech.ac.cn (K. Li).  

Contents lists available at ScienceDirect 

Sensors and Actuators: A. Physical 

journal homepage: www.journals.elsevier.com/sensors-and-actuators-a-physical 

https://doi.org/10.1016/j.sna.2023.114174 
Received 20 September 2022; Received in revised form 9 December 2022; Accepted 12 January 2023   

mailto:yuyong@imech.ac.cn
mailto:likai@imech.ac.cn
www.sciencedirect.com/science/journal/09244247
https://www.journals.elsevier.com/sensors-and-actuators-a-physical
https://doi.org/10.1016/j.sna.2023.114174
https://doi.org/10.1016/j.sna.2023.114174
https://doi.org/10.1016/j.sna.2023.114174
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2023.114174&domain=pdf


Sensors and Actuators: A. Physical 351 (2023) 114174

2

voltages to be applied to the electrode, at which the anode metal elec-
trode generates cations. It will cause the electrode material to dissipate 
which seriously endangers the service life of the micropump. Therefore, 
how to prolong the working life of the working electrode of the EHD 
micropump is a key issue that is far from being resolved [29]. Moreover, 
the injection EHD pumps will degrade the electrical properties of the 
working liquid over time, and it is not appropriate for practical appli-
cations, and induction pump is not suitable for pumping an isothermal 
liquid due to need for heating [26]. But Traveling-wave induction EHD 
pumps has been proved effective for forced convective cooling of mi-
croelectronics benefiting from the anisotropic heating in the device 
environment [30]. 

The electroosmotic micropump, another promising non-mechanical 
micropump used in the microfluidic system, has been the focus of 
recent researches [31–33]. The application of direct current electroos-
mosis （DCEO） in microchannels has been studied theoretically and 
experimentally for a long time. In recent years, the study of alternating 
current electroosmosis (ACEO) has emerged [34–37]. The AC electro-
osmosis overcomes the shortcomings of DC electroosmosis, such as high 
voltage, easy electrolysis and easy bubble formation. Only a few volt-
ages, mW power and mA current are needed to operate. Electrochemical 
reactions in the ACEO micropump are reduced or eliminated, thereby 
reducing the dissipation of the electrode material. These advantages 
make ACEO micropump has a broad application prospect in microfluidic 
system. The principle of AC electroosmosis is a capacitive charging 
mechanism. When the applied AC electric field is nonuniform, the 
normal component of the AC field to the electrode surface induces 
charge in the double layer, while the tangential component generates a 
body force on the induced charge, which drives the liquid to move [38]. 
According to the microelectrode arrangement, AC electroosmotic 
micropumps are divided into three types [39]: micropumps with 
asymmetric co-planar electrodes (AM), micropumps with 3D or 
non-planar electrodes (3DM) and traveling-wave electroosmotic 
micropumps (TWM). The traveling-wave electroosmotic micropump 
employs a traveling wave signal similar to the induction EHD pump. 
However, the former three electrokinetic pumps, including injection 
EHD, conduction EHD, and induction EHD, are originated by electro-
static forces in the bulk fluid phase, while electroosmosis (including 
DCEO and ACEO) arises from the electrostatic forces within the thin 
electrical double layer. In the application of traveling wave electroos-
mosis, ions in the double electric layer are subjected by tangential 
electrical forces along the direction of the traveling wave, thus driving 
the volume flow [40]. Therefore travelling-wave electroosmosis micro-
pump do not require heaters to generate temperature differences in the 
microchannel. 

So far, the research on ACEO flow has been carried out for more than 
20 years, but in the field of electroosmosis, the research on DCEO is still 
the majority, and there are few reviews on the whole field of electro-
osmosis [32,33]. However, a lot of important research work has been 
carried out in the research of ACEO flow, mainly in the asymmetric 
electrode micropumps [36–37, 41–45], 3D electrode micropumps 
[46–50], traveling-wave electroosmotic micropumps [38，51–53], and 
dc bias micropumps [31,54,55]. A series of new type of ac electroos-
motic micro-pump were further developed, for example, Sugioka et al. 
[43] developed a ratchet ACEO pump containing both ratchet and plane 
electrodes. Yoshida et al. [44] presented a novel AC electroosmotic 
micropump using a square pole – slit electrode array called the 
SS-ACEO-MP. Guo et al. [50] described for the first time a 3D stepped 
microelectrode array on a flexible Kapton substrate. Weiyu Liu et al. [56, 
57] realized localized trapping and concentration of nanoparticles in a 
continuous bulk electroosmotic flow driven by a DC-biased AC voltage 
signal. However, there is still no obvious breakthrough in the theoretical 
difficulties of AC electroosmosis, such as the theoretical explanation of 
flow direction reversal phenomenon in AC electroosmosis under high 
voltage and high frequency conditions. In addition, the current research 
on ACEO micropump technology mainly focuses on aqueous solution, 

while the non-aqueous ACEO driving technology has not been studied. 
Ethanol or ethanol aqueous solution can be used as an excellent 

refrigerant and is also a typical renewable, green and environmentally 
friendly energy source [58]. Moreover, direct ethanol fuel cells are an 
important trend in fuel cell [59]. However, studies on the AC electro-
osmosis drive of ethanol are still lacking. Xie et al. [60] claimed to carry 
out the experiment and simulation on driving ethanol by using the 
traveling-wave electroosmotic micropump. Actually, no electrolyte was 
injected into the ethyl ethanol in the experiment. Although electroos-
motic flow occurs at low ion concentration, the ion concentration in 
pure ethanol is too low to induce AC electroosmotic flow, requiring the 
addition amount of trace electrolyte. Just like in an aqueous solution for 
AC electroosmotic drive, a small amount of KCl is added to pure water to 
improve the conductivity. Therefore, ions could only be generated from 
the anode metal or by electrochemical reactions in the ethanol solution, 
which is the EHD pumping mechanism. In the application of AC elec-
troosmosis, the electric field mainly affects the ions in the double electric 
layer to drive the volume flow, so the addition of different electrolytes 
has a great influence on ACEO flow. Different ions have different 
charges, different volumes, and different mobility, so the AC electroos-
mosis will be different. In this paper, the asymmetric microelectrode 
array and traveling wave microelectrode array were used, and different 
electrolytes were added to the ethanol solution for the first time to 
investigate the ACEO flow experiment. The results show that ethanol 
solution with different electrolytes has significant influence on the 
performance of ACEO micropumps. After optimizing the electrolyte 
concentration and experimental conditions, the voltage required to 
drive the ethanol solution is significantly reduced, and the electrode is 
not damaged, which is better than the EHD method. 

2. Experimental equipment and methods 

2.1. Design of asymmetric and traveling-wave microelectrode arrays 

The ACEO flow in microchannel induced by interdigitated asym-
metric gold electrodes arrays plated on glass substrates is studied to 
investigate the actual pumping effects. According to our previous study 
on aqueous solutions [42], the optimal geometry of the single pair of 
asymmetric electrodes has a width of 100/10 µm and a gap 20 µm (see  
Fig. 1 A). The asymmetric microelectrode arrays, each consisting of 
three identical pairs of asymmetric electrodes, are shown in Fig. 1B-1D. 
The interval between the electrode pairs is 50 µm, 100 µm and 150 µm 
respectively. 

Fig. 2 shows the manufacturing process of the travelling-wave 
microelectrode array chip. As shown in Fig. 2 A, the first step is to 
coat the quartz glass substrate with photoresist and then expose the 
electrode structure to obtain the photoresist structure. The next step is to 
coat the entire surface with chrome-gold metal layer by vacuum evap-
oration technique and then remove the photoresist and the metal layer 
on the surface of the photoresist to obtain the structure of the metal 
electrode. Fig. 2B shows the 1 and 2 quadrant metal electrode structures 
obtained by the above process. Fig. 2 C shows the insulating isolation 
structure made of negative SU8 photoresist. It requires the use of the 
carved technique to lithograph the insulating structure exactly to the 
position where the 1 and 2 electrodes need to be insulated. Fig. 2D shows 
the 3 and 4 quadrant electrodes structure produced by the stripping 
process of process A and the carved technique C. The 3 and 4 quadrant 
electrode structures cross the lead wire of 1 and 2 quadrant electrode 
structures through the insulation structure as shown in Fig. 2 C to realize 
the separation of the lead wire of 4 quadrant electrodes and complete the 
production of the whole electrode structure. Two travelling-wave ACEO 
microelectrode arrays, with electrode widths and intervals of 10 and 
20 µm, are shown in Figs. 2E and 2 F. The Polydimethylsiloxane (PDMS) 
microchannel has a length of 5 cm, a width of 800 µm and a depth of 
500 µm. The microchannel is sealed on the electrode, and the length 
direction of the microchannel is perpendicular to the length direction of 
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the microelectrode. Two cylindrical ports of 2 mm in diameter are 
created using a puncher in the PDMS microchannel to serve as an exit 
and entrance. Two silica gel pipes with an outer diameter of 2 mm and 
an inner diameter of 0.5 mm and a length of 10 cm were inserted at the 
outlet and entrance of the microchannel. Since ethanol is volatile, the 
connection between the tube and the microchannel needs to be sealed 

with Silicone Rubber. After the solution was injected into the micro-
channel, the outer mouth of the two silica gel tubes was connected 
through a stainless steel pipe with an outer diameter of 0.7 mm, an inner 
diameter of 0.51 mm and a length of 10 mm to form a sealed loop. 

Fig. 1. (A) A single pair of interdigitated asymmetric gold electrodes with the geometry of 100/10 µm in width and with 20 µm gap. Asymmetric microelectrode 
arrays consisting of three identical asymmetric electrodes pairs with the interval designed as (B) 50 µm, (C) 100 µm and (D) 150 µm respectively. 

Fig. 2. (A)-(D) Microelectrode processing process flow chart and the travelling-wave ACEO microelectrode array. Travelling-wave ACEO microelectrode arrays with 
electrode widths and intervals of (E) 10 µm and (F) 20 µm. 
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2.2. Experimental equipment 

A signal generator (TGA1244, TTI, UK) is used to generate a sinu-
soidal AC voltage signal to power the electrodes to induce the AC 
electro-osmotic flow in the microchannel. The voltage values used in the 
experiment is the peak-to-peak voltage values. The fluid flow is observed 
by a microscopy (XSP-22AY, Shanghai Optical Instrument Factory, 
China) vertical to the glass substrate and recorded by a charge coupled 
device (CCD) (Mintron Company, China) and a video capture card 
(MP400s, Gaochuang Company, China). The CCD used in the experi-
ments is 25 frames per second and the oscilloscope is a DS4014 (DS4014, 
RIGOL company, China). Electrochemical measurements are performed 
on CHI 1230 electrochemical workstation (CHI 1230, Shanghai Chenhua 
company, China). 

2.3. Experimental methods 

2.3.1. Electrolytes 
The electrical conductivity of the solution can be expressed as: 

σ = F
∑

i
|Zi|uiCi (1)  

Where σ is the electrical conductivity, F is Faraday’s constant, |Zi| is 
charge number carried by charged body, Ci is the molar concentration of 
a charged substance and ui is the mobility of the charged body. Mobility 
can be calculated by Eq. (2). 

ui =
e|Zi|

6πr
1
η (2)  

Where η is viscosity, and r is the radius of the charged body. It can be 
seen that the conductivity of the solution is inversely proportional to the 
dynamic viscosity of the working medium. Therefore, at the same 
electrolyte concentration, ethanol has a lower electrical conductivity 
than water due to its greater viscosity. 

Three electrolytes soluble in ethanol are studied, i.e. potassium hy-
droxide (KOH), ammonium chloride (NH4Cl) and ammonium acetate 
(CH3COONH4). Solid KOH was dissolved in water, and then KOH solu-
tion is injected into ethanol to obtain a concentrated electrolyte solution 
with a concentration of 0.2 mol/L. The solvent for the concentrated 
electrolyte solution contains 80% ethanol and 20% water. NH4Cl and 
CH3COONH4 are directly dissolved in pure ethanol to obtain concen-
trated electrolyte solutions with concentrations of 0.2 mol /L and 
0.5 mol /L. 

2.3.2. The measurement of AECO flow rates 
The concentrated electrolyte solutions are injected into ethanol, and 

the fluid conductivity is measured by a conductivity meter (DDSJ-308 F, 
Shanghai Electric Instrument Co., Ltd.). The polystyrene pellets (Tianjin 
BaseLine ChromTech Research Centre) with the diameter of 1 µm are 
seeded to trace the microflow. The solution of polystyrene particles was 
precipitated by centrifugation. Removing the solution, the centrifuged 
polystyrene particles are dispersed in ethanol. The motion of flow 
tracers is recorded on video, and then converted to images. Then the 
flow rate can be calculated by tracking the tracer motion. The motion of 
the tracers in the vicinity of the electrodes is tracked, and the average 
particle velocity is calculated. The uncertainty is given by the dispersion 
of the particles. The flow field is obtained by the particle image veloc-
imetry software (Microvec Pte. Ltd., Beijing, China). 

The 1 µm PS particle is considered to suffer from a non-negligible 
DEP force field adjacent to the electrode array where the electric field 
attains a maximum at electrode rims. So, the total moving velocity of 
tracer particles in effect a linear combination of fluid flow due to ACEO 
and electrokinetic motion in a field gradient due to DEP. Seungkyung 
Park et al. [61] studied the Alternating current (ac) electrokinetic mo-
tion of colloidal particles suspended in aqueous medium and subjected 

to a spatially nonuniform ac electric field, analyzed the relative mag-
nitudes of dielectric electrophoresis, electrophoresis, AC electroosmosis 
and Brownian motion. It is considered that polystyrene pellets are 
mainly affected by alternating current electroosmosis in microsystems 
with low conductivity, low voltage and low frequency. The tracer par-
ticles of the polystyrene pellets used in the experiment are neutral par-
ticles with little charge. Therefore, under the condition of low voltage 
and low frequency AC electric field, there will be no obvious electro-
phoresis effect if the charge of particles is small. 

2.3.3. The electrochemical measurements 
Three-electrode system is adopted for electrochemical measurement. 

Gold disk electrode (diameter 0.5 mm, area 0.196 mm2) is the working 
electrode, AgCl/Ag (KCl sat) is the reference electrode, and the counter 
electrode is titanium chip electrode. Reference electrodes are all 
configured with Luggin capillary. The temperature in the experiment is 
298 K, the room temperature. 

3. Results and discussion 

3.1. The ACEO flow induced by the asymmetric microelectrode arrays 

The experiments are performed on ethanol solutions with three 
electrolytes using the single asymmetric microelectrode pair as shown in 
Fig. 1 A. To measure the flow velocity within the range of 30 µm to the 
left edge of the narrow electrode, 20 random particles are selected. Fig. 3 
shows the averaged horizontal velocity of ACEO flow induced by the 
single pair of asymmetric electrodes. Take the direction from the small 
electrode to the large one as the positive direction. It can be seen that for 
the ethanol solution containing CH3COONH4, the ACEO flow only oc-
curs in a narrow frequency range less than 10 Hz with negative flow 
rates. For the ethanol solution containing NH4Cl, the ACEO flow occurs 
in the frequency range up to 70 Hz. However, the flow is relatively weak 
and the flow direction reverses at about 2 Hz. For the ethanol solution 
containing KOH, the ACEO flow is stable from the narrow electrode to 
the wide one in a much wider frequency range. The flow rates are 
intensive in a frequency range from 10 Hz to 60 Hz. Note that for the 
aqueous solutions, the ACEO flow also reverses the flow direction under 
high voltage and high frequency [60]. However, for the ACEO flow in 
the ethanol solutions containing NH4Cl and CH3COONH4, the flow re-
verses its direction under low voltage and low frequency. It indicates the 
significant influence of the ion types on the characteristics of ACEO 
flows. 

Then experiments are performed on the ethanol solutions containing 
KOH by using the asymmetric electrode array with the interval 100 µm 
（shown in Fig⋅1 C）. Fig. 4 shows the influence of solution conductivity 
on the ACEO flow rates. It can be seen that the most intensive ACEO flow 
rate occurs at a solution conductivity of 20.2μS/cm. Fig. 5 shows the 
influence of the interval between the microelectrode pairs on the ACEO 
flow rates. The profiles are nearly in the same trend, however, the ACEO 
flow can be optimized by the interval 100 µm between the electrode 
pairs to exhibit the most intensive flow rates and the widest operation 
frequency range, which is also due to electric field interference between 
electrode pairs. 

Since the flow rate of ACEO is proportional to the square of the 
applied AC voltage, experiments are performed on the effect of applied 
AC voltage on the flow rates to verify the mechanism which the flow 
occurs. The experimental results in Fig. 6 show that the flow rate first 
increases with the increase of applied AC voltage, reaching a maximum 
value at 6.5 V, and then decreases with the increase of applied AC 
voltage. When the applied AC voltage is less than 6 V, the flow rate is 
linear with the square of the applied AC voltage. Therefore, solution 
flow is considered to be caused by ACEO when the applied AC voltage is 
less than 6 V. 

The results show that the ethanol solution can be driven by using 
asymmetric microelectrode arrays and low voltage after the optimal 
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electrolyte is added to the ethanol solution. The microelectrode arrays 
can be used in ethanol solution containing electrolyte for a long time, 
and no microelectrode damage was observed. This method shows better 
performance than EHD method. 

Fig. 3. Averaged ACEO flow rate induced by the single pair of asymmetric 
electrodes in the vicinity of 30 µm to the left edge of the narrow electrode in 
ethanol solutions containing NH4Cl, CH3COONH4 and KOH respectively. The 
applied AC voltage is 5 V; 25 ℃; the geometry of the single pair of asymmetric 
electrodes is 100/10 µm in width with 20 µm gap; the conductivity is 30.4µS/ 
cm; the fluid is observed through a microscope focused at 9.6 µm above 
the electrode. 

Fig. 4. Influence of conductivity of ethanol solution containing KOH on the 
ACEO flow rates using asymmetric microelectrode arrays. The applied AC 
voltage is 5 V; 25 ℃; the fluid is observed through a microscope, focused at 
9.6 µm above the electrode; the gap between the asymmetric electrode pairs 
was 100 µm; the conductivity is: (A) 10.03 μS/cm, (B) 20.02 μS/cm and (C) 
30.03 μS/cm. 
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3.2. The ACEO flow induced by the traveling-wave microelectrode arrays 

The ACEO flow in ethanol solutions containing KOH, NH4Cl, and 
CH3COONH4 by using the traveling-wave microelectrode arrays are also 
investigated. As shown in Fig. 2, the alternating current of the same 

frequency and voltage is applied to the four quadrant electrodes, but 
with different phase angles of 0◦, 90◦, 180◦, 270◦ respectively. As shown 
in Fig. 7, the ACEO flow in the ethanol solutions containing KOH or 
NH4Cl is disordered. While the ACEO flow in the ethanol solution con-
taining CH3COONH4 is stable, as shown in Fig. 8. The flow rate in the 
ethanol solution containing CH3COONH4, is the most intensive and 
nearly remains constant in the frequency range from 10 Hz to 50 Hz, 
with a solution conductivity of 30.10 μS/cm. Fig. 9 shows the influence 
of the electrode width and the interval between the microelectrode pairs 
on the flow rate in the ethanol solution containing CH3COONH4. The 
results show that the flow rate increases with the decrease of the elec-
trode width and interval of microelectrode pairs. Similar to the asym-
metric microelectrode arrays, no damage to the microelectrodes is found 
after reusing the travelling-wave microelectrode arrays. Furthermore, 
the actual operation voltage for driving the solution flow is only around 
4 V, which is much lower than that used in the EHD method. 

Experiments on the effect of applied AC voltage on the flow rates are 
also carried out to verify the mechanism by which the flow occurs. As 
shown in Fig. 10, with the increase of the applied AC voltage, the flow 
rate first increases gradually, reaching its maximum value at 5.5 V, and 
then decreases with the increase of the applied AC voltage. When the 
applied AC voltage is less than 5.5 V, the flow rates also linear with the 
square of the applied AC voltage. Therefore, the solution flow is 
considered to be caused by ACEO when the applied AC voltage is less 
than 5.5 V. Thus, the ACEO drive of ethanol solution can be achieved by 
adding an optimized electrolyte to the ethanol solution and applying a 
low voltage to the traveling-wave microelectrodes array. 

3.3. The electrochemical measurements 

The experiments results showed that the ion type has a significant 
effect on the flow of ACEO. To investigate the mechanism, electro-
chemical experiments are carried out to investigate the electrochemical 
reactions on the electrode surface to evaluate the effect of Faraday 
current. 

Tremiliosi-Filho et al. [63] studied the electrochemical behavior of 
ethanol on the gold electrode in dilute alkaline aqueous solutions. They 
found the oxidation reaction of ethanol is complex, and the oxidation 
products depends on the properties of the liquid. In the present study, 
electrochemical measurements are conducted on the ethanol solutions 

Fig. 5. Influence of the interval between the asymmetric microelectrode pairs 
on the ACEO flow rates in ethanol solution containing KOH. The applied AC 
voltage is 5 V; 25 ℃; the fluid is observed through a microscope, focused at 
9.6 µm above the electrode; the conductivity is 20.02 μS/cm; the gap between 
the asymmetric electrode pairs is：(A) 50 µm, (B) 100 µm and (C) 150 µm. 

Fig. 6. Influence of the square of the applied AC voltage between single pair of 
asymmetric electrodes on the ACEO flow rates in ethanol solution containing 
KOH. The geometry of the single pair of asymmetric electrodes is 100/10 µm 
width with 20 µm gap; the frequency f is: 50 Hz; The temperature is 25 ℃; the 
conductivity is 20.01 µS/cm; the fluid is observed through a microscope focused 
at 9.6 µm above the electrode. 
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containing different electrolytes on gold electrode by cyclic 
voltammetry. 

Fig. 11 shows the cyclic voltammetry of ethanol solutions containing 
different electrolytes at a gold electrode. Figs. 12–14 show the profiles of 
the REDOX current in ethanol solutions containing different electrolytes 
at different solution conductivities. For the solution containing KOH, 
local anodic peaks at 0.46 V and 1.28 V vs. Ag/AgCl are observed for all 
the cases studied. On the other hand, local cathodic peak is observed at 
− 1.74 V and − 1.52 V vs. Ag/AgCl respectively in the solution with the 
conductivity of 30.3µS/cm and 40.2µS/cm, but no cathodic peak is 
observed in the solution with the conductivity of 20.3µS/cm. In 
consideration of the current density, the cathode reaction is more sig-
nificant than the anode reaction. The anodic peak current increases with 
the conductivity (hydroxide ion and pH value), but the corresponding 
potential is nearly constant. It indicates that the anodic peaks corre-
spond to the oxidation of ethanol on the gold surface. In an alkaline 
solution, ethanol is primarily oxidized with acetic acid [63]. The anode 
reaction is CH3CH2OH→CH3COO− +H+ +e and the cathode reaction 
is2C2H5OH + 2e→2C2H5O− + H2. 

For the solution containing NH4Cl, only a weak local anodic peak is 
observed at 1.18 V vs. Ag/AgCl. In the potential range larger than 1.3 V, 
the oxidation current increases quickly, indicating the rapid oxidization 
of the ethanol on the gold surface. During the reverse scan, a weak peak 
is observed at 0.86 V while two significant cathodic peaks are observed 
at 0.34 V and − 0.75 V. The cathode reaction is similar to the anode 
reaction in terms of current density, and the cathode reaction is slightly 
intensive than the anode reaction. With the increase of the electrical 
conductivity, the REDOX current increases while the corresponding 
cathode potential is nearly constant. The ethanol solution containing 
NH4Cl is slightly acidic, and the main oxidation product is acetaldehyde 
(CH3CHO) with a small amount of acetic acid (CH3COOH) [63]. The 
anode reaction is CH3CH2OH→CH3CHO+H+ +e or 2Cl− →Cl2 + e, and 
the cathode reaction is 2C2H5OH+2e→2C2H5O− +H2 or 2NH+

4 +

2e→H2 + 2NH3. 
Using NH4Cl as the electrolyte, electrochemical reactions do produce 

a portion of the gas. Combined with the experimental results in Fig. 7, it 
could be considered that the gas generated by electrochemical reaction 
interferes with the flow when traveling wave electrode array are used. 

For the solution containing CH3COONH4, two weak local anodic 
peaks are observed at 0 V and 0.42 V vs. Ag/AgCl, and one significant 
anodic peak is observed at 1.47 V vs. Ag/AgCl. During reverse scan, 
there are significant cathode peaks at 0.20 V and − 0.88 V vs. Ag/AgCl. 
The cathode reaction is also more intensive than the anode reaction. 
With the increase of electrical conductivity, the REDOX current in-
creases. The corresponding anodic potential increases, while the corre-
sponding cathode potential is nearly constant. The ethanol solution 
containing CH3COONH4 is nearly neutral, and the main REDOX reaction 
is similar to ethanol solution containing NH4Cl [63]. However no gas 

interference was found in the flow. So the anode reaction is 
CH3CH2OH→CH3CHO+H+ +e and the cathode reaction is 2C2H5OH +

2e→2C2H5O− + H2. 
As shown in Fig. 11, the electrochemical reaction will occur on the 

surface of the gold electrode at low voltage. Among the three electro-
lytes, the REDOX currents in the ethanol solution containing KOH is the 
most intensive, while the REDOX currents of ethanol solution containing 
CH3COONH4 is the lowest. According to the electrochemical reactions 
analyzed above, the main components participating in the electro-
chemical reactions come from the solution rather than the microelec-
trode dissipation. The voltages applied in the experiment were also low, 
so the electrodes were not damaged. 

In the experiments of the ACEO flow in aqueous solutions, the flow 
direction reverses under high voltage and high frequency [52，62, 64]. 
A possible explanation for the flow reversal in asymmetric microelec-
trode arrays may be attributed to the steric effects in capacitive 
charging. High voltage induction across the double layer leads to the ion 
aggregation and the decrease in surface capacitance [62,64,65], i.e. the 
steric effects. The flow reversal phenomenon of the traveling-wave 
microelectrode arrays is considered to have a different physical origin 
from that of asymmetric microelectrode arrays [54]. It is considered that 
the countercurrent phenomenon of travelling wave microelectrode 
array may be caused by Faraday reaction [64，66–68]. The Faradaic 
reactions generates ionic concentration gradient in the bulk solution, 
resulting in electrolyte conductivity gradient. The conductivity gradient 
causes a surface flow in the opposite direction [67]. Different migration 
rates of positive and negative ions may also play a role [64]. González 
et al. [31,68] theoretically studied the combined effects of Faradaic 
reactions and ion mobility differences on the ACEO flow and predicted 
reversed flow in travelling-wave electroosmosis. The flow inversion for 
asymmetric arrays may have a different physical origin from that for 
traveling wave systems, but it is also possible that both Faraday mech-
anism and steric effect exist simultaneously. However, because the size 
of asymmetric electrode is much larger than that of travelling-wave 
electrode, steric effect should be greater in asymmetric electrode 
arrangements. 

Among the three electrolytes, the REDOX currents in the ethanol 
solution containing KOH is the most intensive, while the REDOX cur-
rents of ethanol solution containing CH3COONH4 is the lowest. This may 
explain why the ethanol solution containing CH3COONH4 has a better 
ACEO flow, using the traveling-wave microelectrodes arrays. The 
migration rate of K+ should be greater than that of NH+

4 , and the 
migration rates of OH− and Cl− should also be greater than that of 
CH3COO− , and NH+

4 and CH3COO− have larger volumes. So 
CH3COONH4 electrolyte is more prone to steric effects. Compared with 
NH4Cl and CH3COONH4 electrolytes, KOH electrolyte is less prone to 
steric effect. This may explain why the ethanol solution containing KOH 
has a better ACEO flow, using the asymmetric microelectrode arrays. For 

Fig. 7. Bird’s eye view of the ACEO flow of the ethanol solution containing NH4Cl induced by the traveling-wave microelectrode arrays. The applied voltage and 
frequency are 4 V and 10 Hz at 25 ℃; the fluid is observed through a microscope, focused at 19.2 µm above the electrode; the electrode width and interval of the 
travelling-wave microelectrode array are both 10 µm; the conductivity is 30.4μS/cm. 
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the solution containing NH4Cl, both anodic and cathodic reactions 
produce gas. The gas produced by Faraday reaction may be responsible 
for the disordered flow in the ethanol solutions containing NH4Cl in the 
traveling-wave ACEO experiments. 

The current experimental results showed that the traveling-wave 
electrode arrays is more likely to be affected by Faraday current in AC 
electroosmosis, while the asymmetrical electrode arrays is more likely to 
be affected by steric hindrance. However, the electrochemical reaction 
of ethanol solution is very complicated, and the study of the electric 
double layer on the electrode surface is always difficult. Therefore, this 
problem needs further study and the existence of unknown mechanisms 
cannot be ruled out. It may be necessary to look for some special 
experimental methods in order to investigate this problem further. If a 
new theoretical explanation can be proposed, the simulation method 
may also solve this problem. 

4. Conclusion 

The performance of ACEO of ethanol solutions containing electro-
lytes KOH, NH4Cl and CH3COONH4, are investigated by using asym-
metric microelectrode arrays and travelling-wave microelectrode 
arrays. 

Fig. 8. Influence of conductivity of ethanol solution containing CH3COONH4 
on the ACEO flow rate using the traveling-wave microelectrodes array. The 
applied AC voltage is 4 V at 25 ℃. The fluid is observed through a microscope, 
focused at 9.6 µm above the electrode; the electrode width and the interval 
between the microelectrode pairs is 10 µm, as shown in Fig. 2 (E). The flow 
conductivity is： (A) 20.10 μs/cm, (B) 30.10 μs/cm and (C) 40.00 μs/cm 
respectively. 

Fig. 9. Influence of the electrode width and interval of the traveling-wave 
microelectrodes array on the flow rates in ethanol solution containing 
CH3COONH4. The applied AC voltage is 4 V at 25 ℃; the fluid is observed 
through a microscope, focused at 9.6 µm above the electrode; the conductivity 
is 20.10 μS/cm, and the electrode width and interval between the microelec-
trode pairs is: (A) 10 µm and (B) 20 µm respectively. 
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For asymmetric microelectrode arrays, only the flow in the ethanol 
solution containing KOH is stable and most intensive. It is considered 
that the solution flow is caused by ACEO when the applied AC voltage is 
less than 6 V. In the parameter range studied, the flow rate is optimized 
with the interval between the microelectrode pairs 100 µm, the solution 
conductivity 20.2μS/cm and ac frequency range from 25 Hz to 125 Hz. 

For traveling-wave microelectrode arrays, only the ACEO flow in the 
ethanol solution containing CH3COONH4 is stable and most intensive. It 
is considered that the solution flow is caused by ACEO when the applied 
AC voltage is less than 5.5 V. The flow rate is optimized with the solution 
conductivity 30.10μS/cm in the ac frequency range between 10 Hz and 
50 Hz. 

The electrochemical measurements show that electrochemical reac-
tion can occur at lower voltage for ethanol solution containing these 
three electrolytes, and the main components participating in the elec-
trochemical reaction are from the solution instead of the microelectrode 

dissipation. Among the three electrolytes, the REDOX currents in the 
ethanol solution containing KOH is the most intensive, while the REDOX 
currents in ethanol solution containing CH3COONH4 was the lowest. 
This may explain why the ethanol solution containing CH3COONH4 has 
a better ACEO flow using traveling-wave microelectrodes arrays. 
Compared with NH4Cl and CH3COONH4 electrolytes, KOH is less prone 
to steric effect. This may explain why the ethanol solution with KOH has 
a better ACEO flow using the asymmetric microelectrode arrays. For the 
solution with NH4Cl, both anodic and cathodic reactions produce gas. 
The gas produced by Faraday reaction may be responsible for the 
disordered flow in the ethanol solutions containing NH4Cl in the 
traveling-wave ACEO experiments. 

The results show that the ACEO drive of ethanol solution can be 
achieved by adding the optimized electrolyte and applying low voltage. 
The microelectrode arrays can be used in ethanol solution containing 
electrolyte for a long time, and no microelectrode damage was observed. 
This method shows better performance than EHD method. The current 
problem is that the mechanism of the influence of different electrolytes 
on ACEO is not fully understood. The main reason is that the electro-
chemical reaction of ethanol solution is very complicated, and the study 
of the electric double layer on the electrode surface is always difficult. 

Fig. 10. Influence of the square of the applied AC voltage on the ACEO flow 
rates in ethanol solution containing CH3COONH4 using the traveling-wave 
microelectrodes arrays at 25 ℃. The electrode width and the interval be-
tween the microelectrode pairs is 10 µm as shown in Fig. 2 (E). The fluid is 
observed through a microscope, focused at 9.6 µm above the electrode; the flow 
conductivity is 30.10 μs/cm and the frequency f is 40 Hz. 

Fig. 11. Cyclic voltammograms of ethanol solutions containing different elec-
trolytes on gold electrode. Scanning rate: 100 mV/s. Scaning from − 2–2 V, and 
sweeping back to − 2 V after reaching 2 V. Ag/AgCl. The conductivity is 
20.03μS/cm. 

Fig. 12. Cyclic voltammograms of ethanol solution containing KOH on gold 
electrode. Scanning rate: 100 mV/s. Scanning from − 2–2 V, and sweeping back 
to − 2 V after reaching 2 V. Ag/AgCl. 

Fig. 13. Cyclic voltammograms of ethanol solution containing NH4Cl on gold 
electrode. Scanning rate: 100 mV/s. Scanning from − 2–2 V, and sweeping back 
to − 2 V after reaching 2 V. Ag/AgCl. 
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Therefore, this problem needs further study. Another problem is that 
both ethanol and water have strong electrochemical reactions. It is 
necessary to look for a new solution system that itself has a very weak 
electrochemical reaction, can dissolve the electrolyte, and can generate 
an ACEO drive by applying a low voltage. The solution system should be 
better used in microelectronic cooling systems. This aspect should be 
seriously considered in future work. 
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