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The reference electrode (RE) provides a stable potential for electrochemical detection; therefore, the RE
plays an important role in environmental monitoring. In this paper, a novel batch of microfabricated
silicon-base miniaturized Ag/AgCl RE was reported. A specially designed mini-tank for saturated KCl
solution storage and a nanochannel array for ion-exchange were fabricated on a 4 inch (100) silicon
wafer using a two-step KOH anisotropic etching process. An Ag/AgCl electrode was fabricated on a 4
inch Pyrex 7740 glass substrate. Finally, the finished silicon and glass substrates were anode bonded to
form the entire system. By comparing with a conventional solid-state Ag/AgCl RE in electrochemical
microsensors, a pre-packaged saturated KCl solution in the mini-tank provided a stable working
environment for the Ag/AgCl electrode to ensure a constant reference potential. Compared with
a routine glass-structured RE and by replacing the ion-exchange membrane with a nanochannel array,
the miniaturized RE achieved a longer lifetime. The size of the finished miniaturized RE electrode was
11 mm x 14 mm. The reference potential variation was only 0.1 mV under continuous testing for 3000 s.
The standard deviation in the reference potential was only 1.314 mV in different Na,SO, buffer
concentrations ranging from 3 mM to 30 mM. To verify the practicality of the novel silicon-base
miniaturized RE, the fabricated RE was applied to measure the amount of nitrite in a water sample and
achieved a better linearity of R? = 0.998. This miniaturized RE showed better reference potential stability
and consistency because of the batch fabrication technique. This novel strategy for the design and
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monitoring demand, electrochemical detection technology is
widely used because of its high sensitivity, low cost, high-speed
detection, miniaturization, easy integration, and convenient

1. Introduction

Waste production from agriculture, industrial sewage, and

animal and human activities is affecting the boundaries
between clean water and wastewater, causing a reduction in the
fresh water supply for humans. Biological and chemical
contaminants in tap and drinking water initiate the spread of
contagious diseases. Therefore, fast and sensitive detection
techniques are crucial to ensure a safe and clean water supply.
Several water monitoring techniques are available, including
conventional instrumental analysis (laboratory-based anal-
ysis),"> sensor placement approach,® microfluidic devices,*®
spectroscopic approaches,*” and biosensors.*® For the online
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application.'*™ An electrochemical detection system consists of
a working electrode (WE), reference electrode (RE), and counter
electrode (CE). The RE provides a stable reference potential for
the electrochemical detection system to ensure that the poten-
tials of the WE are accurate. Therefore, a RE with excellent
performance is the key for the accurate detection of all analytes.

Many types of REs are available, such as a calomel electrode,
hydrogen electrode, and silver chloride electrode.”*™® In the
field of water ion detection, the Ag/AgCl electrode is the most
common RE. The glass cavity of the electrode has a certain
concentration of KCIl solution, and the internal solution is
separated from the external water environment using a porous
glass. During detection, chloride ions diffuse through the
porous film, decreasing the concentration of chloride ions.
Because the potential of the electrode satisfies the Nernst
equation, a decrease in the concentration of chloride ions
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corresponds to a change in the reference potential. Recently, to
develop a more stable, more convenient, and low cost RE,
studies on Ag/AgCl RE have mainly focused on the variation in
the electrolyte of the electrode, variation in the structure of the
RE, and miniaturization and integration of the electrode.
Suzukia et al. designed a liquid-junction Ag/AgCl RE using
microfabrication techniques. They used a novel thin-film Ag/
AgCl structure. The container for the internal electrolyte solu-
tion was developed by the anisotropic etching of a silicon
substrate. A cellulose-acetate-plug junction instead of a salt
bridge was used to ensure that the electrode could maintain
a potential of £1 mV over a few hours."” The miniaturization of
a RE is mostly achieved by changing the internal reference
liquid, that is, by replacing the liquid electrolyte with a gel
electrolyte or an all-solid electrolyte.'®*! Ciobanu et al. reported
the manufacturing and performance of miniaturized REs with
wide applicability and highly stable potential in both aqueous
and organic media. The REs showed a potential stability of
+0.5 mV over 30 h and a low-temperature coefficient of 0.15 mV
K~ '.%8 The miniaturized RE could be produced with a small size
and low cost, but this does not mean that the ions present
inside the gel do not flow out. The lifetime of an electrode is still
a severe problem; therefore, studies on the salt bridge of REs
have continued.””* Pedrotti et al. designed a high-density
microporous polyethylene for a restricted flow junction
between the internal and external electrolytes. The more
favorable characteristics of a microporous membrane for the
fabrication of miniaturized junctions are evident in a commer-
cial Vycor membrane.*” Zevenbergen et al. conducted a quanti-
tative study on the relationship between the micropore size and
chloride drift. They found that the diameter of the micropores
and the loss of chloride ions are linearly related. When the hole
diameter was 20 um, the potential change was 0.01 mV per day
during the testing for two months.” In addition, some special
applications and integration studies on Ag/AgCl REs have been
reported.>*® Hayashi et al. invented a RE to use in a flow-type
measuring apparatus by incorporating an immobilized
enzyme WE.> To eliminate the need for a separate RE and
facilitate the use of an ion-sensitive field-effect transistor, an all-
solid-state RE integrated with ISFET in one chip has been
developed.>®

The role of a RE in an electrochemical system is to provide
a stable reference potential under different buffer concentrations
during the detection over a long period of time. The reaction on
the surface of a Ag/AgCl electrode can be expressed as the following
two processes in a certain concentration of KCI solution™:

Agt+e S Ag (1)
Ag" + CI” s AgCl (2)

When the reaction reaches dynamic equilibrium, the
potential of the electrode stabilizes to a fixed value. Fig. 2 shows
the electrode operation. The potential satisfies the following
Nernst equation:*®

RT
E= E() — }17 In acl- (3)
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E, is the RE standard potential at 25 °C, R (J K~ ' mol ') is the
gas constant, T (°C) is the temperature, F (C mol') is the
Faraday constant, and ac- (M) is the chloride ion concentration
in the internal reference liquid (KCI). The equation shows that
the temperature T'and chloride ion concentration ac,- affect the
RE potential. The RE potential is inversely proportional to T'and
In ag-:

E =0.2224 — 0.05916 Ig a(C1") (4)

Therefore, it is important to maintain the stability of the
chloride ion concentration in the internal reference liquid at
a constant temperature.

Nutrient salts refer to the inorganic salts of nitrogen, phos-
phorus, and silicon in seawater. They are essential elements for
the growth of marine algae, the primary produce of ocean and
the basis of the marine food chain. Excess nutrients can lead to
the eutrophication of seawater. This can cause red tides, green
tides, and marine pollution, leading to the death of marine life
and even leading to air pollution.” Therefore, it is important
and necessary to establish a large-scale, real-time, and high-
precision nutrient salt detection network to prevent the occur-
rence of natural disasters.

To achieve the large-scale and real-time detection of the
water environment, in this study, a novel silicon-based minia-
turized Ag/AgCl RE was designed and batch-fabricated based on
the micro and nano-fabrication technology. Compared with the
conventional solid-state Ag/AgCl RE used in some electro-
chemical microsensors, the prepackaged saturated KCl solution
in the mini-tank provides a stable working environment for the
Ag/AgCl electrode to ensure a constant reference potential. The
batch-fabricated miniaturized Ag/AgCl RE has good accuracy,
stability, and consistency. It provides a feasible technical solu-
tion for the design of detection sensors for water pollutants,
making it possible to construct a large-area sensor network for
water quality monitoring.

2. Experimental
2.1 Miniaturized Ag/AgCl RE design

The schematics of the miniaturized Ag/AgCl RE are shown in
Fig. 1. Fig. 1(A and D) show the mass production of a novel RE
on a 4 inch (100) silicon wafer. A specially designed mini-tank
for saturated KCI solution storage and a nanochannel array
for ion-exchange were fabricated on a 4 inch (100) silicon wafer
using a two-step KOH anisotropic etching process (Fig. 1D).*°
The Ag/AgCl electrode was fabricated on a 4 inch Pyrex 7740
glass substrate (Fig. 1B and E). Then, the finished silicon and
glass substrates were anode-bonded to form the entire system
(Fig. 1C).** The size of a separated single sensor is 14 mm X
11 mm (Fig. 1F). The schematic shows the details of the nano-
channel array in Fig. 1G. Fig. 2 shows the working principle of
the Ag/AgCl RE. The mini-tank is separated with the outer water
sample using a beam with a width of 20 um, 30 um, and 40 um.
A series of channel arrays with a depth of nanometers for the
chloride ion exchange were prepared on the surface of the beam
by controlling the duration of KOH etching. The dimensions of

This journal is © The Royal Society of Chemistry 2019
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the finished nanochannel array are 20-40 pm long, 15 pm wide,
and less than 1 pm deep. Compared with a traditional glass tube
RE, the nanochannel array of the novel RE can significantly
decrease the loss of chloride ions in the KCIl solution and
effectively increase the service life of the RE. This shows that the
drift rate of a RE reference potential is proportional to the
diameter of the ion exchange channel, as obtained by Zeven-
bergen et al.*® The Ag/AgCl electrode with a thickness of about
0.5 pm was fabricated on a Pyrex 7740 glass using a silver
sputtering lift-off process and electrochemical treatment using
a HCI solution. A hole with a 1.4 mm diameter was prepared
using a laser for injecting a saturated KCI solution. After dicing,
the saturated KCl reference solution was filled into the mini-
tank to maintain the stability of the RE reference potential.
The electrode lead was welded using a conductive silver paste
for electric signal collection and sealed with epoxy glue, as
shown in Fig. 2. The number of nanochannels were 2, 4, 8, and
12, and their depths were 380 nm (+50 nm), 600 nm (+50 nm),
840 nm (+50 nm), and 1.8 pm (£50 nm), respectively.

2.2 Batch fabrication process flow of miniaturized RE

The novel RE was batch-fabricated on a 4 inch (100) silicon
wafer and 4 inch Pyrex 7740 glass substrate. The process flow
can be divided into two parts as shown in Fig. 3: (i) processing

Fig. 1 (A) Batch processing of 4 inch silicon wafer. (B) Batch pro-
cessing of4 inch glass. (C) Anodic bonding of 4 inch silicon wafer and 4
inch glass wafer. (D) Anisotropic wet etching specific structure of
silicon wafer. (E) Preparation of thin-film Ag/AgCl electrodes on glass
sheets. (F) Silicon—glass bonding to form a nanochannel array. (G) The
details of the nanochannel array in beam.
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Fig. 2 Working principle diagram of Ag/AgCl RE and a sectional view
of the completed electrode chip (Fig. 1F).

the silicon substrate mini-tank and nanochannel array and (ii)
preparation of the Ag/AgCl electrode on the glass substrate.
2.2.1. Preparation of silicon-based nano channel array and
solution storage tank. A double-side-polished 4 inch (100)
crystal orientation silicon wafer with about 2 um thickness was
selected as the SiO, layer, as shown in Fig. 3B. The silicon wafer
was thoroughly cleaned and dried and then coated with
a thickness of 2.4 pm LC100A photoresist (Fig. 3C). The wafer
was exposed to a lithography machine for 15 s and then
immersed in an FHD-320 solution for 40 s for patterning
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Exposure and development
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Photoresist
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Fig. 3 Batch manufacturing of micro—nano Ag/AgCl RE.
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Fig. 4 Photographs and SEM images of micro—nano device: (A)
photograph of Ag/AgCl reference electrode, (B) top view, (C) cross-
section view, and (D) image at zoom in mode of channel.
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Fig. 5 25 °C, long-term (3000 s) potential measurement of minia-
turized RE in 3 mM NaySO, buffer solution and comparison with glass
tube electrode under the same external conditions.

(Fig. 3D). A buffer oxide etching (BOE) solution was used to
completely etch the bare oxide layer for 720 s for the next KOH
wet etching (Fig. 3F). However, all photoresists should be
removed before this step (Fig. 3E). Next, the anisotropic wet
etching of the bare drained silicon was carried out with a KOH
solution.* The concentration of the KOH wet etching solution
was 30%. At 50 °C, the KOH anisotropic etching had an etching
rate of 10.3 um h™" for the (100) silicon layer as compared to
that of 0.05-0.06 um h™" for the SiO, layer. According to the
difference in the etching rate of Si and SiO,, the mini-tank
structure with a depth of 250 um was prepared after about
20 h of etching (Fig. 3G). Spin coating, aligning, and patterning
of the SiO, layer BOE etching were repeated for the nano-
channel array fabrication and wire guide (Fig. 3H). The time
(less than 5 min) of KOH etching was controlled to fabricate the
nanochannel array with a depth of less than 1 um on the
microbeam, which emerged by the wet etching of silicon on
both sides of the beam. The SiO, layer was removed by BOE
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Fig. 6 25 °C, the potential of the miniaturized reference electrode
with sodium sulphate buffer concentration varies from 3 mM to 30 mM
compared with a glass tube electrode in the same external conditions.

Table 1 Miniaturized RE stable potential and impedance of samples

Numbering 1# 21 3# a# 5

Potential (V) 0.534 0.574 0.559 0.564 0.586
Number of nanochannels 2 4 8 12 12
Impedance (Q) 17.4k 15k 9.1k 3.6k 3.4k

etching to prepare the anode bonding with glass substrate. The
finished silicon substrate with a mini-tank and nanochannel
array is shown in Fig. 31

2.2.2. Preparation of Ag/AgCl electrode on a glass
substrate. The 4 inch Pyrex 7740 glass substrate was cleaned
using a standard washing process and O, plasma treatment. A
silver layer with the thickness of about 0.4 um was obtained by
sputtering, forming the silver electrode by a lift-off process
(Fig. 3L). A circular hole with a diameter of 1.4 mm was
prepared on the glass surface using laser drilling technology to
fill the KCl solution (Fig. 3K). A certain thickness of AgCl was
deposited on the surface of the Ag layer by a 0.25 M HCI solution
electrochemical treatment using a constant voltage of 4 V
(Fig. 3M).

Finally, the silicon wafer and glass substrate were cleaned
using a mega-sonic instrument for 30 min, and the entire wafer
was anode-bonded together.* After dicing, a saturated KCI
solution was filled into the mini-tank. The lead electrode was
welded using a conductive silver paste and sealed with epoxy
glue to form the miniaturized Ag/AgCl RE (Fig. 3N).

2.3 Miniaturized RE testing and nitrite determination

The microstructure was observed by scanning electron micros-
copy (SEM). The stability and consistency of the miniaturized
RE were evaluated and tested using an electrochemical working
station (Gamry Reference 600+). Comparative testing was
carried out with the miniaturized RE and a conventional glass
tube Ag/AgCl RE. The open-circuit voltage method was used to
test the electrode potential of the RE. A Au disk electrode was

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (A) Gold disk electrode as the WE, Pt electrode as the CE, and

miniaturized Ag/AgCL RE as the RE. Determination of nitrite content in
water in 0.1 M PBS buffer, 100 mV s7%, 25 °C, CV. (B) Using a minia-
turized RE and a glass tube RE to form a three-electrode system;
comparison of the linear relationship between concentration and
current peaks.

used as the WE, and a Pt electrode was used as the CE. This RE
was used to construct a three-electrode system for the detection
of nitrite and to verify its feasibility in comparison with a glass
tube RE. The amount of nitrite was determined in the
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concentration range from 800 uM to 10 mM using cyclic vol-
tammetry (CV).

3. Results and discussion
3.1 SEM view of nanochannel array

A typical glass tube RE uses a semipermeable membrane to
exchange the internal solution with the external water envi-
ronment. Previous studies have used high-density microporous
polyethylene® with a single micron hole* instead of the semi-
permeable membrane of the traditional glass tube Ag/AgCl
electrode. This study gradually improved the performance of
the electrode, especially the life of the electrode. In this study,
the specially designed and fabricated nanochannel array in the
micro RE replaced the traditional semipermeable membrane as
a chloride ion exchange channel for the electrode to achieve
good stability and durability. Fig. 4 shows the SEM image of the
beam surface channel after KOH wet etching for 9 min. The
height of the channel is 840 nm and the width is 32 pm. The
length is 17 pm, and the channel surface is smooth enough for
the solution to flow through. The depth of the channel array can
be controlled by varying the etch time (about 190 nm min %)
The surface flatness of the 4 inch silicon wafer and glass sheet
after polishing is less than 60 nm, and the flatness of a single
electrode chip (the length of the beam is 7 mm) is less than
5 nm. After the silicon-glass anodic bonding, the area above the
beam is completely sealed except for the nanochannel array.

3.2 Stability of miniaturized RE under continuous testing for
a long time

Normally, the concentration of chloride ions in a KCI solution
decreases during electrochemical detection due to diffusion
motion. According to the Nernst equation, the reference
potential will increase over time. The accuracy of detection is
affected when the reference potential changes significantly. The
drift rate of the RE reference potential is proportional to the
diameter of the ion exchange channel, as obtained by

Table 2 Comparison of the miniaturized Ag/AgCl RE with previously reported Ag/AgCl REs

Innovation Stability

Batch manufacturing

(yes/no) Ref.

A liquid-junction Ag/AgCl reference
electrode with a pin-hole was used
for the liquid junction

Stable and reproducible MREs were
obtained by incorporating Ag/AgiX
internal reference elements in an
acrylic type hydrogel

Single micron hole as the ion
exchange channel on PCB substrate
A novel agarose-stabilized KCI-gel
membrane as a polymer-supported
solid reference electrolyte and an
ionic bridge

Typical glass tube electrode
Nanochannel array instead of ion
exchange membrane

+0.5 mV/30 h

+0.1 mV/24 h

0.45mvVh?

1.8mvh?
0.1mvh!

This journal is © The Royal Society of Chemistry 2019

+1 mV for several h No 17

No 18

No 23

Yes 26

No —
Yes This work
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Zevenbergen et al.*® Fig. 5 shows the stability of the electrode
reference potential under the condition of continuous testing
for 3000 s measured using the open-circuit voltage method in
3 mM Na,SO, buffer. The method for measuring the reference
potential of the open-circuit voltage is to test the potential
between Ag/AgCl RE and an inert electrode (Pt) in the buffer.
According to the Nernst equation, a decrease in the concen-
tration of chloride ions in the reference solution increases the
reference potential. Fig. 5 shows that the RE has a stable
reference potential of 559.8 mV. The increment in potential
within 3000 s is only 0.1 mV, which is much smaller than 1.8 mV
from the glass tube electrode. We can conclude that the chlo-
ride ion loss of the miniaturized RE is slower than the glass RE
from Fig. 5. A less significant drift in the potential means that
the miniaturized RE has a longer life. However, the miniatur-
ized RE showed an increment in the potential of about 185 mV
compared to the glass RE. The major reason is related to the
potential generated by the semiconductor and metal contact.
During the RE soldering, the direct contact between the silicon
and silver paste produced a contact potential of about 0.15 V.?>%*
There are two other reasons. First, the small potential change is
caused by the 0.2 pA leakage current in the system. Second, the
contact potential is generated by the three-layer structure of the
Ag electrode-silver paste-copper* lead during the electrode
welding (Fig. 3N). However, the potential generated with respect
to the above-mentioned two reasons is very small. Because the
internal KCI solution is in contact with the external solution
through a nanochannel with a small diameter, the liquid
junction potential is very small and can be excluded. This
potential will be eliminated in further studies in the future. To
show more details of the comparison between the micro RE
potential and the glass tube RE potential, 185 mV was added to
the potential of the glass tube electrode when plotting the
graph.

3.3 Stability of miniaturized RE under different buffer
concentrations

To prove that the electrodes can be used in a complex field
environment, a comparison test was carried out for the poten-
tial stability of the RE under different concentrations of elec-
trolyte. The open-circuit voltage method was used to determine
the change in the potential of the RE in different concentrations
of a Na,SO, solution at pH = 7. The concentration of the Na,SO,
solution ranged from 3 mM to 30 mM, and the concentration
gradient was 3 mM. Finally, the potential fluctuation of the
miniaturized RE and glass tube RE at different electrolyte
concentrations is shown in Fig. 6. Fortunately, Fig. 6 shows that
the potential of the RE hardly drifts as the electrolyte concen-
tration changes. Under 10 different concentrations of Na,SO,
solution, the reference potential of the miniaturized RE is
560.71 mV + 1.314 mV. Under the same experimental condi-
tions, the reference potential of the glass tube RE is 375.43 mV
=+ 1.301 mV. According to the Nernst equation,” the potential of
the RE is affected by the temperature and chloride ion
concentration. Obviously, the temperature and ion concentra-
tion are constant in this experiment. This potential fluctuation
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is probably caused by the liquid junction potential and
systematic measurement error of KCl solution and Na,SO,
solution. This change in potential does not affect the results of
the electrochemical experiments.

3.4 Consistency of batch-microfabricated miniaturized RE

In this study, micromachining technology was used to prepare
the miniaturized RE. The ideal RE would have a smaller size,
better stability, and consistency. The reference potentials of five
different miniaturized REs manufactured in the same batch
were measured using the open-circuit voltage method in a 3 mM
Na,SO, solution. The results are shown in Table 1. The stabi-
lized potentials of miniaturized REs have good consistency:
0.534V, 0.574 V, 0.559 V, 0.566 V, and 0.586 V. These REs have
the same KCl concentration (3 M), temperature, and
manufacturing process, but the leads are artificial and specific.
Therefore, the difference in the reference potential can be
attributed to the following: the lead contact uses silver paste as
a conductive intermediate, and the degree of drying of the silver
paste affects the magnitude of the contact potential. The
impedance of the RE was used to approximately indicate the
rate at which the internal chloride ions are exchanged with the
external solution. The measured impedance of the miniaturized
RE is 3.6-17.4 kQ, which is higher than that of the commercial
glass tube RE whose resistive impedance is 2.5 kQ, and also
higher than that of a microporous polymer junction RE** whose
resistive impedance is 0.96 kQ.

3.5 Application of RE in the determination of nutrients in
water

To verify the practicality of the novel silicon-base miniaturized
RE in water, a non-integrated Au disk electrode was used as the
WE, a non-integrated Pt electrode was used as the CE, and this
miniaturized Ag/AgCl RE was used as the RE to construct
a three-electrode system to detect the nitrite. In this experiment,
0.1 M PBS was selected as the buffer, and nitrite in water was
detected by CV. The concentration of nitrite was in the range
from 800 uM to 10 mM. The nitrite ions were oxidized to nitrate
ions on the surface of the Au WE, which is accompanied by the
movement of electrons. Therefore, the relationship between the
current peak value on the CV curve and nitrite concentration is
shown in Fig. 7A. Fig. 7A shows that the linearity between the
peak current signal and nitrite concentration is good, and R* =
0.998. This indicates that the three-electrode system can accu-
rately determine the nitrite content. This also shows that the
new RE has good stability and accuracy for nitrite detection. To
further verify the performance of the new RE, a glass tube RE,
the above-mentioned WE, and CE were used to form a three-
electrode system using the same method and experimental
conditions, but the concentration range of nitrite was slightly
changed to detect the nitrite content in water. Fig. 7B shows the
linear relationship between the nitrite concentration and the
peak of the CV curve in two cases, and their R* is 0.998 and
0.999. This indicates that the RE can be used for complex
practical applications with better stability and durability, as
shown in Section 3.2.

This journal is © The Royal Society of Chemistry 2019
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The stability and consistency of the batch-microfabricated
miniaturized Ag/AgCl RE were compared with previously re-
ported Ag/AgCl REs''®?*?¢ and were given in Table 2.

4. Conclusions

A novel batch-microfabricated silicon-base miniaturized Ag/
AgCl (RE) was successfully developed. Tests show that the
miniaturized RE has good stability, consistency, and is suitable
for actual water pollution determination. This study provides
a feasible technical solution for the design of electrochemical
sensors for environmental water monitoring. We demonstrated
that this miniaturized RE has the advantages of a small size,
better reference potential stability, and performance consis-
tency because of the batch fabrication technique. Moreover,
because the fabrication of the RE is compatible with standard
MEMS technology, it is expected that miniaturized multipa-
rameter electrochemical sensors can be manufactured by inte-
grating diverse WEs with this proposed RE. This novel strategy
for the design and manufacturing of miniaturized REs has
a bright future in the extensive use of electrochemical sensors
for the online monitoring of water pollutants. However, two
aspects should be improved: first, it should be ensured that the
change in electrode potential with temperature and KCI solu-
tion concentration is in accordance with the Nernst equation.
Second, the soldering of the sensor is still manual and specific,
and the soldering method has a contact potential and affects
the consistency of the electrode chip. These problems will be
optimized in future studies.
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