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An instantly usable screen-printed paper-based Ag/AgCl 
electrode was fabricated for use as a cost-effective disposable 
reference electrode. The potential stability of the reference 
electrode was approximately 75 h. The setup time, which was 
less than 1 min, was much shorter than those for similar 10 

previously reported electrodes. 

Introduction  

Ag/AgCl reference electrodes are the most practical and effective 
reference electrodes. The fabrication of a cost-effective and 
disposable Ag/AgCl reference electrode has attracted a great deal 15 

of interest over the past decade 2-23. Recently, solid-state reference 
electrodes that have a gel or solid liquid junction have been 
reported 14,18,19,24,25.   
 Screen printing is used for fabricating cost-effective and 
disposable solid-state Ag/AgCl reference electrodes, since this 20 

technique allows for precise control over the product dimensions, 
is highly reproducible, and can be used for mass production4, 9, 10, 

14, 21.  
In most of the screen-printed solid-state Ag/AgCl reference 

electrode, a paste containing KCl powder is printed on a Ag/AgCl 25 

electrode surface as an inner electrolyte layer. In addition, a 
polymer liquid junction, which prevents serious leakage of KCl 
from the inner electrolyte layer into a solution, can be formed on a 
substrate. The screen-printed solid-state Ag/AgCl reference 
electrodes previously reported exhibit a good long-term stability4, 

30 

9, 10, 14. For example, Suzuki et al. fabricated a solid-state reference 
electrode that have a photocurable hydrophilic polymer liquid 
junction and a screen-printed electrolyte layer composed of a 
mixture of KCl powder, poly(vinylpyrrolidone) and 2-propanol9. 
Tymecki et al. developed a fully screen printed solid-state 35 

Ag/AgCl reference electrode10. Electrolyte layer was formed by 
printing a UV-cured polymer paste contained KCl powder, and 
chloroprene rubber was printed as a liquid junction10. Recently, we 
fabricated a screen-printed solid-state Ag/AgCl reference electrode 
in which a poly(dimethyl siloxane) emulsion was used to form the 40 

inner electrolyte layer and the liquid junction14. The screen-printed 
solid-state Ag/AgCl reference electrode exhibited potentials 
accurately for more than 2 months during continuous 
measurements in a phosphate buffer solution14. 
However, one problem encountered with previous solid-state 45 

Ag/AgCl reference electrodes4,9,10,14 is that they require a long 
setup time prior to use (approximately 1–2 h).  

When the reference electrode is immersed in the solution to be 
tested, the solution penetrates the liquid junction, coming into 
contact with both the electrode surface and the electrolyte layer. 50 

As a result, the KCl powder contained in the inner electrolyte layer 
dissolves in the solution. Consequently, the Cl- concentration near 
the Ag/AgCl electrode surface reaches the saturation level, and the 
potential of the reference becomes stable. As mentioned above, the 
polymer liquid junction is very useful to prevent leakage of KCl 55 

from the inner electrolyte layer.  On the other hand, the speed of 
the penetration of the test solution is slow in the polymer liquid 
junction. Thus, the setup time becomes long. 
If the reference electrode is to be used for in situ monitoring 

instantaneously, a solid-type reference electrode having a low 60 

setup time would be more desirable. The test solution must be 
supplied quickly to the electrolyte layer, in order to reduce the 
setup time. A balance between a short setup time and the ability to 
accurately measure the potential for a long period is very important, 
if solid-state reference electrodes are to find use in field-65 

monitoring pH sensors and biosensors. 
We focused on paper-based devices. A paper has good potential 

to act as a liquid junction. The test solution can be supplied rapidly 
into an inner electrolyte layer by the phenomenon of self-
pumping25-28, leading to the short setup time since the paper has 70 

hydrophilic surface and porous structure. In addition, a large 
amount of KCl powder can be included in the paper layer. Thus, 
we consider that a screen-printed paper- electrode may have a long 
stability with a short set-up time.  
Figure 1 shows a schematic diagram of the paper-based screen-75 

printed reference electrode. We used a piece of filter paper as the 
substrate. The reference electrode consisted of a paper liquid 
junction and a paper-based electrolyte layer containing KCl. The 
KCl-containing layer and the paper liquid junction were fabricated 
using a water-repellent ink. The paper liquid junction was attached 80 

directly onto the Ag/AgCl electrode.  
In the present study, we defined the period before the potential 

became stable as the setup time14. The operational time until the 
potential drifted by more than 30 mV was defined as the period for 
which the reference electrode was stable. The electrochemical 85 

characteristics of the reference electrode were investigated using 
cyclic voltammetry. Further, the stability of the reference electrode 
was examined by continuously measuring its potential shift 
relative to the potential value measured using a commercial 
reference electrode. 90 
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Fig. 1 Schematic diagram showing the structure of the synthesized  
Ag/AgCl reference electrode. 20 

 

Experimental 

The reference electrode (Fig. 1) was fabricated using the screen-
printing technique. The details of the fabrication process and the 
sizes of the different layers are shown in Supplementary 25 

Information (SI). First, a Ag/AgCl ink was used to print a pattern 
on one side of a water-repellent-treated paper substrate (see SI, size 
of the paper substrate: 22 mm × 65 mm). The thickness of the paper 
substrate was 800 m. Next, a conducting layer of Ag was formed 
using a Ag ink. The patterns printed using the Ag and Ag/AgCl 30 

inks were cured at 120 °C for 20 min. Then, a resist ink was used 
to print a pattern to prevent inner electrolyte (KCl) from releasing 
to the test solution, which was cured at 100 °C for 20 min. Next, 
0.5 mL of a saturated KCl solution, which was produced by 
dissolving 246 mg of KCl in 1 mL of ultrapure water, was dropped 35 

on the opposite side of the water-repellent-treated paper substrate 
three times. Then, a pattern was printed using a resist ink and dried 
at 120 C for 20 min. Finally, the entire reference electrode 
(without the liquid junction and the Ag lead) was coated again with 
a water-repellent ink.  40 

 The shifts in the potential of the reference electrode were 
estimated by performing open-circuit potential measurements 
using a two-electrode system14. The fabricated Ag/AgCl paper 
electrode was connected to a connector of a potentiostat for a 
working electrode and a commercial Ag/AgCl was connected to a 45 

connector for a reference electrode, respectively. A 0.1 M solution 
of Na2SO4 was used as the test solution. The potential signal 
outputs between the electrodes were measured in the test solution. 
 The efflux of Cl- ions from the electrolyte layer of the reference 
electrode was also investigated. The synthesized electrode and the 50 

commercial reference electrode were kept immersed in ultrapure 
water, and the total number of effluxing Cl- ions was determined 
through potentiometric measurements performed using a two-
electrode system. A bare screen-printed Ag/AgCl electrode was 
used as the Cl- ion sensor (i.e., the working electrode), while a 55 

commercial saturated KCl/Ag/AgCl electrode was used as the 
reference electrode. The calibration curve was prepared by plotting 
the potential differences against the Cl- concentrations of aqueous 

solutions containing KCl in different concentrations.  
 Cyclic voltammetry (CV) measurements were performed at a 60 

scanning rate of 100 mV s-1 to investigate the suitability of the 
reference electrode for electrochemical measurements. The CV 
curves were measured in a 10 mM Na2SO4 solution containing 10 
mM K4[Fe(CN)6] and 10 mM K3[Fe(CN)6] using a potentiostat 
(Ivium Compactstat); a three-electrode system was employed for 65 

the purpose. A glassy carbon disk (diameter of 3 mm) and a Pt wire 
were used as the working and counter electrodes, respectively.   

Results and discussion  

 Figure 2 shows the variations in the open-circuit potential of the 
reference electrode in a 0.1 M Na2SO4 solution as measured against 70 

a commercial saturated KCl/Ag/AgCl reference electrode. The 
initial potential of the reference electrode after immersion in the 
solution was approximately -4 mV. The potential subsequently 
shifted to the negative side, depending on the operation time. The 
open-circuit potential eventually became stable within 1 min. This 75 

result means that the paper liquid junction supplied enough volume 
of the test solution into the electrolyte layer within 1 min as 
expected. The stability of the reference electrode was 
approximately 75 h. Further, potential drift to the positive side was 
observed after 75 h.  80 

 
 
 
 
 85 

 
 
 
 
 90 

 
 
 
Fig. 2 Time variation in the open-circuit potential of the fabricated 
Ag/AgCl reference electrode measured for a commercial Ag/AgCl 95 

reference electrode. The experiment was performed using a 0.1 M Na2SO4 
solution. The inset figure is the open-circuit potential of the reference 
electrode for 0 to 10 min.  

 
 Next, we investigated the efflux of Cl- ions from the reference 100 

electrode as well as that from the commercial reference electrode 
(RE-1C, BAS Inc., Japan), which had a porous ceramic liquid 
junction (2 mm in diameter, 4 mm in height). The total number of 
Cl- ions effluxing was measured by using the bare Ag/AgCl 
electrode as a Cl- ion sensor, in keeping with a previously reported 105 

procedure14. The synthesized electrode as well as the commercial 
reference electrode was immersed continuously in ultrapure water. 
During the immersion process, the total numbers of Cl- ions 
effluxing were determined at 1-day intervals. This was 
accomplished by making potentiometric measurements using a 110 

two-electrode system. The average change in the number of Cl- 
ions effluxing from the reference electrode was 5.75  10-5 mol h-

1, which was slightly higher than the change in the number of ions 
effluxing from the commercial reference electrode (4.80  10-6 mol 
h-1). However, the effect of the effluxing of the Cl- ions can be 115 

considered to be limited; the exceptions are cases where the 
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volume of the sample solution is very small.  
If the efflux of the Cl- ion from the reference electrode is 5.75×10-

5 mol h-1, all KCl coated on the electrode (369 mg = 4.95 mmol) is 
released by about 90 h.  The reference electrode cannot keep the 
stable potential continuously until 90 h since Cl- in the electrolyte 5 

layer is gradually diluted when the potential drifts to the positive 
side (after 75 h in Fig. 2). Thus, the stability of the reference 
electrode (75 h) is reasonable considering from the amount of the 
KCl in electrolyte layer. As mentioned above, the one reason why 
the reference electrode show the good long-term stability is that a 10 

large amount of KCl powder (369 mg) is included by using the 
paper as electrolyte layer.  
 CV measurements were performed in a 10 mM Na2SO4 solution 
containing 10 mM K3[Fe(CN)6] and 10 mM K4[Fe(CN)6] using the 
synthesized and commercial reference electrodes. Figure 3 shows 15 

the CV curves obtained at a scanning rate of 100 mV s-1. No 
significant difference was observed in the peak currents. Further, 
there was a shift in the CV graph in the x-axis direction; this was 
owing to the redox reaction of [Fe(CN)]6

3-/[Fe(CN)]6
4-, indicating 

that the reference electrode can be used as a reliable Ag/AgCl 20 

electrode. 
 The stability and setup time of the reference electrode were 
compared with those of screen-printed solid-state Ag/AgCl 
reference electrodes exhibiting good stability (SI Table 1)9, 10, 14.  
The stability of the reference electrode was lower than that of the 25 

other reference electrodes, but suitable enough to allow for the in 
situ monitoring of biological signals. On the other hand, the setup 
time of the reference electrode was much shorter than those of the 
other reference electrodes9,10,14. In conclusion, the setup time could 
be reduced adequately such that the reference electrode can be used 30 

as a practical disposable one without having to be immersed in a 
suitable electrolyte solution prior to use. 
 
 
 35 

 
 
 
 
 40 

 
 
 
 
 45 

 
Fig. 3 Cyclic voltammograms of the carbon disk electrode (diameter of 3 
mm) which were measured by using the fabricated reference electrode 
(solid line) and a commercial reference electrode (dashed line). The test 
solution was a 10 mM Na2SO4 solution containing 10 mM K3[Fe(CN)6] 50 

and 10 mM K4[Fe(CN)6]. The scan rate was 100 mV s-1. 
 

Conclusion 

 A screen-printed planar paper-based Ag/AgCl reference electrode 
was fabricated successfully by introducing a paper liquid junction 55 

and a paper-based electrolyte layer. The stability of the reference 
electrode was 75 h, and its setup time could be reduced to less than 
1 min. The reference electrode should be applicable in many 

technological applications, including as a disposable biosensor and 
a pH sensor.  60 
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