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a b s t r a c t 

Calibration-free coulometric determination of K 

+ ions was realized using an all-solid-state thin-layer lam- 

inated cell with a simple laminate structure. The fabricated cell consists of a Ag/AgCl electrode, a plastic 

spacer for positioning the aqueous sample solution, an organic ion-selective membrane, and a conducting 

polymer/carbon electrode. An originally prepared conducting-polymer-dispersed ink was cast on a con- 

ductive carbon sheet (a screen-printed graphite electrode or carbon paper) to fabricate the conducting 

polymer/carbon electrode. The cell achieved complete mass transport of the target ion from a 1 mm 

3 

drop of the aqueous sample to the organic ion-selective membrane under a constant potential between 

the Ag/AgCl electrode and the conducting polymer/carbon electrode, which generated electrical current 

for enabling the ion transfer. The electric charge obtained by integrating the electric current was used 

to estimate the molar amount of the target ion in the sample drop. For tetraethylammonium cations 

(TEA 

+ ; 20–200 μmol dm 

−3 ), the evaluated molar amounts corresponded to 92%–94% of the initial mole 

amounts. The repeatability estimated using the same cell was ±4%–6%, and the device-to-device repro- 

ducibility was ±4% for five cells. In terms of K 

+ -ion detection (0.1–0.8 mmol dm 

−3 ) in sample drops 

containing NaCl (14 mmol dm 

−3 ), the evaluated molar amounts corresponded to 86%–92% of the initial 

molar amounts, indicating the promise of the all-solid-state thin-layer laminated cell for achieving the 

calibration-free determination of K 

+ ions in a 1 mm 

3 drop of ten-fold-diluted serum. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Rapid and affordable ion sensing is essential for medical diag- 

ostics (monitoring of physiological electrolytes in blood serum), 

ntelligent health monitoring via wearable devices (monitoring 

f physiological electrolytes in sweat), and on-site environmental 

nalyses (monitoring of water quality and soil chemistry) [ 1 , 2 ]. 

owever, ion sensors fabricated in this regard encounter several 

hallenges involving (i) mass producibility with affordable cost, (ii) 

apid detection at points of use, and (iii) calibration-free detection 

that is, eliminating the need for calibrating devices prior to their 

se). 

The ion sensors with the ion-selective membrane, which enable 

elective potentiometric detection of ions by supramolecular recog- 
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ition, are one of the solutions for the challenges (i) and (ii) [3] .

he sensors consisting of an electro-conductive electrode, a solid 

on-to-electron signal transduction material, and an ion-selective 

embrane, which are all-solid-state ion sensors, do not contain 

n internal solution and can be mass produced by screen print- 

ng, which promotes the low-cost of devices. The all-solid-state ion 

ensors has allowed miniaturization and rapid detection that can 

e exploited for use at points of care. However, a great deal of ef- 

ort is required to overcome the challenge (iii). 

The electrical potential of these solid-state ion sensors is mea- 

ured with respect to a reference electrode depending linearly on 

he logarithmic concentration (activity) of the target ion; devia- 

ions in the absolute value of the potential and drifts in the poten- 

ial will cause severe errors in experimentally determined concen- 

rations. For example, the acceptable measurement error for Na + 

n clinical tests is ±4 mmol dm 

−3 , which corresponds to a varia- 

ion of 0.7 mV in the electrode potential [3] . Therefore, the stability 

https://doi.org/10.1016/j.electacta.2022.139946
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2022.139946&domain=pdf
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f the electrical potential and high device-to-device reproducibility 

f the potential (reproducible absolute potentials) for both the ISE 

nd the reference electrode are crucial prerequisites for potentio- 

etric calibration-free ion sensors [3–7] . 

The stability of the potential and device-to-device reproducibil- 

ty have been improved in all-solid-state ion sensors using alterna- 

ive materials capable of ion-to-electron signal transduction [ 3 , 7 , 8 ],

uch as capacitive materials and redox species [9–11] , conduct- 

ng polymers [12–19] , and inorganic insertion materials [ 5 , 6 , 20–

3 ]. Porous carbon, a capacitive material, and a cobalt complex 

edox couple achieved a stable potential of 1.3 μV/h over 70 h 

nd high device-to-device reproducibility of less than 0.7 mV; a 

o(II)/Co(III) redox was used to control the electrical potential at 

he interface between the ion-selective membrane and the ion-to- 

lectron transducer [10] . Conducting polymers, which can be syn- 

hesized using various strategies by altering the type of polymer 

nd doped ion, have been investigated as ion-electron transducers 

or all-solid-state ion sensors [3] . Their long-term potential drift 

above ∼56 μV/h [19] , 0.02 mV/day [16] ) and device-to-device re- 

roducibility ( ±3.0 mV [19] , ±3.7 mV [16] ) have been recently im-

roved. Compared to the two types of ion-to-electron signal trans- 

uction materials (capacitive electrodes with redox species and 

onducting polymers), inorganic insertion materials, such as Prus- 

ian blue and Na 0.44-x MnO 2 , which have been utilized as positive 

lectrodes in Li-ion cells and Na-ion cells, respectively, and have 

lso been used to supplement redox buffering capability as ion-to- 

lectron transducer layers [ 6 , 7 , 20 , 22–24 ]. All-solid-state electrodes

abricated with these inorganic insertion materials have achieved 

ore stable electrode potential (1.1 μV/h for 42 days [24] , 0.03–

.15 mV/h [6] ) and high device-to-device reproducibility ( ±1.5 mV 

fter 42 days [24] , ± 1 mV [6] ). As mentioned earlier, high poten-

ial stability and device-to-device potential reproducibility can be 

ealized by optimizing the ion-to-electron signal transduction ma- 

erials; however, this has not been achieved for all-solid-state ref- 

rence electrodes [7] . Despite these advances, the stability of the 

otential and reliability of the calibration equation does not cur- 

ently meet the clinical requirements for detecting physiological 

lectrolytes (a total error of less than 0.7 mV in potential measure- 

ent). 

Recent studies have focused on stabilizing the potential of 

otentiometric sensors and ensuring the reliability of calibration 

urves; however, coulometry, which is a technique that does not 

equire calibration curves, was targeted in this study. Coulom- 

try directly determines the molar amount from the electrical 

harge obtained via integration of the current, which can allow 

alibration-free determination. In principle, coulometry is accom- 

anied by complete electrolysis (reduction or oxidation of all the 

edox species in the sample solution, or mass transfer of all the 

arget ions in the sample solution), resulting in stochiometric and 

alibration-free determination [25] . Therefore, this method is less 

ensitive to the error in the applied potential. Several coulomet- 

ic determinations of redox-inactive ions have been reported [26–

5] . Initially, coulometric measurements were performed in com- 

lex non-all-solid-state electrolysis cells, which involved large vol- 

mes of liquid phases (aqueous reference solutions or selective 

rganic solutions) [ 26–32 , 35 ]. Recently, all-solid-state electrolysis 

ells with conducting-polymer-coated electrodes have been applied 

o coulometric determination [ 33 , 34 , 36–38 ]; moreover, calibration- 

ree determination of a moderately hydrophobic organic ion has 

een achieved [ 33 , 34 ]. 

This paper describes the development of a thin-layer lami- 

ated coulometric cell as a solid-state K 

+ sensor for calibration- 

ree determination of K 

+ . The cell has a simple laminate structure 

ith an Ag/AgCl electrode, a plastic spacer for an aqueous sample 

olution, an ion-selective membrane, and a conducting-polymer- 

nk-coated carbon electrode. The conducting polymer ink enabled 
2 
he preparation of a conducting-polymer-coated electrode using 

creen-printing techniques without electropolymerization, which is 

eneficial for mass production. The cell was applied to calibration- 

ree determination of K 

+ in assuming analysis of the 10-fold di- 

uted blood sample of 1 mm 

3 . The analysis using 1 mm 

3 of the

0-fold diluted blood might realize the integrated clinical tests us- 

ng 1 drop of blood collected from a patient. 

. Experimental 

.1. Reagents and chemicals 

Graphite ink was purchased from Jujo Chemical (CH-8, Tokyo, 

apan), and Ag/AgCl paste with a Ag:AgCl ratio of 70:30 was 

urchased from Gwent Group (2130905D3, Pontypool, UK). Car- 

on paper, a type of carbon fiber composite, was purchased 

rom TOYO corporation (EC-TP1-060T, TORAY, Tokyo, Japan). Ad- 

itional components in these materials are not critical for the 

abrication of our thin layer cell, and then these graphite ink, 

g/AgCl paste, and carbon paper can be substituted with other 

nk and conductive materials (such as graphite ink from ERCON 

E3456, Wareham, MA, USA), Ag/AgCl plate, and graphite car- 

on). A Ag/AgCl plate was prepared by galvanostatic electroly- 

is of a Ag plate in 0.1 mol dm 

−3 HCl solution (100 μA cm 

−2 

or 10 min). Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 

NaTFPB) was purchased from ASTA TECH (97%, Bristol, USA), 

nd bis(triphenylphosphoranylidene)ammonium chloride (BTPPACl) 

as obtained from Sigma-Aldrich (97%, St. Louis, USA). Sodium 

alt of tetraphenylborate (NaTPhB) was purchased from Do- 

indo ( ≥99.5%, Kumamoto, Japan). Nitromethane (96%), methanol 

99.8%), MgCl 2 ( ≥98%), NaOH ( ≥97%), NaCl (assay min. 99.5%), 

Cl ( ≥99.5%), tetraethylammonium chloride, TEACl ( ≥98.0%), and 

alinomycin ( ≥85.0%) were purchased from Wako (Osaka, Japan). 

he conducting polymer used in this study (perchlorate-doped 

oly(3,4-ethylenedioxythiophene), bispoly(ethyleneglycol), lauryl 

erminated; PEDOT-PEG:ClO 4 ) was purchased from Sigma-Aldrich 

0.7 wt% dispersion in nitromethane; St. Louis, USA). 

2-Nitrophenyl octyl ether (NPOE) was purchased from Dojindo, 

 ≥99.0%, Kumamoto, Japan) and purified by agitating twice with 

n aqueous solution of 0.1 mol dm 

−3 NaOH to remove yellow im- 

urities from NPOE; the resulting product was washed twice with 

istilled water, as recommended by a previously reported method 

39] . 

Bis(triphenylphosphoranylidene)ammonium tetrakis[3,5- 

is(trifluoromethyl)phenyl]borate (BTPPATFPB) was synthesized 

y mixing a methanol solution of BTPPACl with that of NaTFPB 

nd purified by crystallization in methanol, depending on the 

emperature [40] . 

TFPB-doped PEDOT-PEG (PEDOT-PEG:TFPB) as shown in Fig. 1 

as obtained as a deep blue precipitate by mixing the ni- 

romethane solution of 0.7 wt% PEDOT-PEG:ClO 4 (5 cm 

3 ) with 

 nitromethane solution (2 cm 

3 ) containing NaTFPB (0.035 g), 

nd adding distilled water (150 cm 

3 ) slowly to the mixed ni- 

romethane solution. The precipitate was filtered using a porous 

oly(tetrafluoroethylene) (PTFE) membrane (3.0 μm pore size, Toyo 

oshi Kaisha, Tokyo, Japan) and washed three times in distilled 

ater and three times in methanol. PEDOT-PEG:TFPB ink was 

repared as a methanol dispersion containing 3 g dm 

–3 PEDOT- 

EG:TFPB, which was ultrasonicated for 1 min. 

.2. Fabrication of a thin-layer laminated cell 

Fig. 2 illustrates the construction of the thin-layer laminated 

ell. This multilayer cell for electrolysis consists of a conductive 

arbon electrode (carbon-E: graphite ink-printed electrode or car- 

on paper electrode) modified with the PEDOT-PEG:TFPB conduct- 



S. Tatsumi, T. Omatsu, K. Maeda et al. Electrochimica Acta 408 (2022) 139946 

Fig. 1. Structure of the conducting polymer used in this study: TFPB −-doped poly(3,4-ethylenedioxythiophene), bis-poly(ethyleneglycol), lauryl terminated (PEDOT-PEG:TFPB). 

Fig. 2. Construction of the thin-layer laminated cell. (a) a 100- μm-thick plastic sheet, (b) Ag/AgCl paste-printed electrode, (c) a porous PTFE soaked with NPOE solution 

(thickness: 30 μm), (d) the PEDOT-PEG:TFPB ink, (e) graphite-ink-printed electrode, (f) Ag/AgCl plate, (g) carbon paper, (h) a 1 mm 

3 drop of the aqueous sample solution 

(actual volume: 0.89 mm 

3 ). 
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ng polymer (PEDOT-PEG:TFPB/carbon-E), a porous PTFE soaked 

ith NPOE (thickness, 30 μm; pore size, 0.45 μm; HP-045-30, 

umitomo Electric Fine polymer, Osaka, Japan), a 100- μm-thick 

lastic spacer with a hole (5 mm diameter) to position a drop of 

he aqueous sample, and a Ag/AgCl electrode (Ag/AgCl-E: Ag/AgCl 

aste-printed electrode or Ag/AgCl plate). The porous PTFE soaked 

ith NPOE works as an ion-selective membrane in the cell. The 

raphite ink-printed and Ag/AgCl-printed electrodes were fabri- 

ated by printing the graphite ink and the Ag/AgCl paste, re- 

pectively, on 100- μm-thick plastic sheets (VF-5, KOKUYO, Os- 

ka, Japan) and drying them in air. The electrodes and sheets 

ere assembled using sticky tape. PEDOT-PEG:TFPB/carbon-E was 

onstructed by casting 2 mm 

3 of the PEDOT-PEG:TFPB-ink (3 g 

m 

–3 in methanol) on the conductive carbon sheet twice and dry- 

ng in air; the resulting PEDOT-PEG:TFPB/carbon-E layer was cov- 

red with the porous PTFE soaked with NPOE with dimensions 

f 10 mm × 10 mm. A 1 mm 

3 drop of the aqueous sample so-

ution (W) was placed into the hole of the plastic spacer using 

 micropipette (Eppendorf Research plus, 0.1–2.5 mm 

3 , Eppendorf 

apan, Tokyo, Japan) and covered with the Ag/AgCl-E. The prepared 

lectrolysis cell was fixed between two glass slides using two clips. 

.3. Electrochemical measurements 

All electrochemical measurements were conducted using a 

wo-electrode system with a potentiostat/galvanostat (PGSTAT12, 
3 
etrohm Autolab B.V., Utrecht, the Netherlands) at 25 ± 0.5 °C. 

he cell potential ( E ) was applied as the potential of Ag/AgCl-E 

ith respect to PEDOT-PEG:TFPB/carbon-E. 

The electrolysis efficiency corresponding to complete mass 

ransport of the target ion in the fabricated cell was examined 

y measuring a simple transfer without complex formation (the 

EA 

+ transfer). The TEA 

+ is a regular ion for voltammetry at the 

nterface between aqueous and organic phase; its kinetics and the 

otential for the transfer between water and NPOE have been in- 

estigated in many literatures [40–42] . The coulometric determina- 

ion of TEA 

+ was conducted using the cell configuration shown in 

q. (1) , where carbon-E and Ag/AgCl-E represent electrodes printed 

ith the graphite ink and Ag/AgCl paste, respectively. MgCl 2 and 

TPPATFPB were added as supporting electrolytes in W and NPOE, 

espectively. 

EDOT-PEG : TFPB/carbon-E | 0.01 mol dm 

-3 
BTPPATFPB (NPOE) 

| 0.01 mol dm 

-3 
MgCl 2 + x μmol dm 

-3 
TEA (W) | Ag/AgCl-E 

(1) 

The coulometric determination of K 

+ was conducted using the 

ell configuration shown in Eq. (2) , where the carbon paper and 

g/AgCl plate were used as carbon-E and Ag/AgCl-E, respectively. 

he carbon paper and Ag/AgCl plate were used to avoid inter- 

erence of impurities in the inks. It is worth noting that, in the 

resence of ionophores in the membrane, unknown current peaks 
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Fig. 3. Electrochemical reaction scheme in the thin-layer laminated cell for ion 

transfer. 

Fig. 4. Cyclic voltammograms obtained with the thin-layer laminated cell fabricated 

by casting various concentrations of the PEDOT-PEG:TFPB ink (0, 1.5, 2.0, and 3.0 g 

dm 

−3 ; 1 mm 

3 ) on the carbon-E twice. Each sample was a 0.89 mm 

3 aqueous drop 

containing 50 μmol dm 

−3 TEACl and 0.01 mol dm 

−3 MgCl 2 ; a scan rate of 20 mV 

s −1 was employed. 
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ere observed in the voltammogram obtained using the Ag/AgCl 

aste-printed and graphite-ink-printed electrodes. Valinomycin, a 

 

+ -ion-selective ionophore, was added to NPOE, resulting in the 

 

+ -selective NPOE membrane. In the coulometric experiments, 

4 mmol dm 

−3 NaCl was added as an interfering ion because the 

tudy was aimed at determining K 

+ in 10-fold-diluted serum sam- 

les, which aims the integrated clinical tests using 1 drop of blood 

ollected from a patient. 

PEDOT-PEG:TFPB/carbon-E | 0.01 mol dm 

-3 
BTPPATFPB 

+ 0.01 mol dm 

-3 
valinomycin (NPOE) 

 14 mmol dm 

-3 
NaCl + x mmol dm 

-3 
KCl (W) | Ag/AgCl-E (2) 

.4. Verification of the value obtained by coulometry 

The values obtained by coulometry were verified by comparing 

ith the theoretical values those were calculated from the sample 

olume (1 mm 

3 ) and the concentration of target ions (TEA 

+ , K 

+ ). 
The pipetting procedure for extracting 1 mm 

3 of the aqueous 

ample solution has the larger error compared with the 1 cm 

3 - 

cale pipetting procedure while the coulometric determination of 

 target ion in a sample solution of 1 mm 

3 is significantly depen- 

ent on the error in the sample volume. Therefore, the pipetting 

rocedure for extracting 1 mm 

3 was verified by measuring fluo- 

escence in the solution diluted from the 1 mm 

3 of the fluores- 

ent standard solution. We drew 1 mm 

3 of a fluorescent aqueous 

olution (0.1 mmol dm 

−3 rhodamine 6 G) using a micropipette 

3120 Eppendorf Research plus, 0.1–2.5 mm 

3 , Eppendorf Japan, 

okyo, Japan; inaccuracy: ±2.5%, imprecision: ≤1.5%) and a mi- 

rotip (epT.I.P.S. standard, 0.1–10.0 mm 

3 , Eppendorf Japan, Tokyo, 

apan). The 1 mm 

3 fluorescent solution was added into 3 cm 

3 of 

ethanol in a glass cell for fluorescent spectrum measurement, 

nd the resulting mixture was stirred with a small magnet stir- 

er. The fluorescence intensity of this mixture was measured us- 

ng a spectrofluorometer (FP-6200, JASCO, Tokyo, Japan). Methanol 

as used as a solvent for dilution to reduce the adsorption of rho- 

amine 6 G on the glass surface. The resulting fluorescence inten- 

ity was compared with that of a rhodamine 6 G standard solu- 

ion of the same composition, which was precisely prepared using 

 micropipette with a larger volume (4910 Eppendorf Reference, 

00–1000 mm 

3 , Eppendorf Japan, Tokyo, Japan; inaccuracy: ±0.6%) 

nd volumetric flasks of 300 cm 

3 (inaccuracy: ±0.05%) and 10 cm 

3 

inaccuracy: ±0.25%). The actual volume of the 1 mm 

3 portion was 

valuated to be 0.89 ± 0.03 mm 

3 (95% confidence interval, n = 7), 

nd the imprecision of the pipetting of 1 mm 

3 was 3%. 

The concentration of target ions (TEA 

+ , K 

+ ) in the sam- 

le solution was determined by measuring the weight of the 

olid reagents. TEACl is extremely deliquescent and the purchased 

eagent of TEACl includes water as impurity; precise quantities of 

EACl in the corresponding standard solutions were determined 

ia titration. The actual quantity of a 1 mmol dm 

−3 TEACl so- 

ution (20 cm 

3 ) was estimated by conductometric titration with 

n aqueous solution of 1 mmol dm 

−3 NaTPhB, following a previ- 

usly reported protocol [33] in which the precipitation of TEATPhB 

ecreases the conductivity of the solution. A correction factor, f , 

hich is the ratio of the actual quantity of TEACl in the standard 

olution to its apparent quantity, was estimated to be 0.901 (Fig. 

1). 

. Results and discussion 

.1. Fabrication of the thin-layer laminated cell 

Fig. 3 depicts the electrochemical reaction occurring in the thin- 

ayer laminated cell. The transfer of a target ion across the in- 

erface between the aqueous sample solution layer (W) and the 
4 
POE membrane accompanies the redox reactions at the two solid 

lectrodes (Ag/AgCl-E and PEDOT-PEG:TFPB/carbon-E), as shown in 

eactions (1) and (2) . 

gCl+ e − � Ag + C l − (Reaction 1) 

EDOT-PEG 

+ :TFPB 

- + e - � PEDOT −PEG + TFPB 

- (Reaction 2) 

If Ag/AgCl and PEDOT-PEG 

+ :TFPB 

− participate in the rapid re- 

ersible redox reactions and their amounts are in excess compared 

ith that of the target ion, the resulting current is controlled by 

he transfer of the target ion at the W–NPOE interface, which en- 

bles determination of the target ion. 

The PEDOT-PEG:TFPB ink, which operates as an ion-to-electron 

ransducer on carbon-E, can be readily fabricated using the pur- 

hased reagents without the oxygen-free electropolymerization; 

dditionally, it can be conveniently mass produced by screen- 

rinting techniques. Fig. 4 shows the voltammograms obtained 

rom the thin-layer laminated cell in the presence and absence of 

EDOT-PEG:TFPB ink on carbon-E. To examine the kinetics of the 

on transfer in the thin-layer laminated cell, TEA 

+ was added as 

he regular ion that has been investigated previously [ 40 , 41 ]. In the

bsence of the PEDOT-PEG:TFPB ink, the voltammogram showed an 

ndistinct peak current and significant resistance. However, the ad- 

ition of PEDOT-PEG:TFPB to carbon-E yielded clear final currents 

nd an apparent peak current in the voltammograms due to the 
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Table 1 

Effect of the applied potential in coulometric determination of 50 μmol dm 

−3 TEA + by potential step chronoamperometry 

with the thin layer-laminated cell ( 1) . 

Applied 

potential/ V 

Measured electric charge /μC Measured molar 

amount/ pmol 

Electrolysis 

efficiency/% 
step 1 step 2 TEA + transfer (step 

1 - step 2) 

−0.06 5.01 1.38 3.63 37.6 93.8 

−0.07 5.03 1.50 3.53 36.6 91.3 

−0.08 4.35 0.82 3.53 36.6 91.3 

−0.09 1.52 0.11 1.41 14.6 36.4 

(1) volume of TEA + solution, 0.89 ± 0.03 mm 

−3 (95% confidence interval, n = 7); correction factor on TEA + concentration, 

0.901; theoretical amount of TEA + , 40.1 pmol. 
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Fig. 5. Voltammograms corresponding to the transfer of TEA + at various concen- 

trations (0, 20, 50, 10 0, 20 0 μmol dm 

−3 ) in the thin-layer laminated cell fabricated 

with 3.0 g dm 

−3 PEDOT-PEG:TFPB ink. Each sample was a 0.89 mm 

3 aqueous drop 

containing TEACl and 0.01 mol dm 

−3 MgCl 2 . A scan rate of 20 mV s −1 was em- 

ployed. The dotted profile represents the voltammogram recorded in the absence of 

TEA + . 
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ransfer of the target ion (TEA 

+ ). The PEDOT-PEG:TFPB ink enables 

 reversible redox reaction on carbon-E, with the inner carbon-E 

otential ( E PEDOT-PEG:TFPB/carbon-E ) being fixed. 

The thin-layer laminated cell was designed as follows to enable 

ransport of the entire amount of the target ion: 

1) The thickness of the spacer for the aqueous sample drop was 

less than that of the diffusion layer in W (e.g., 100 μm), which 

facilitated complete transfer of the amount of the target ion 

within 1 or 2 min. 

2) The amount of PEDOT-PEG:TFPB was in excess compared to 

that of the target ion, and 1 mm 

3 of a methanol solution con- 

taining 3.0 g dm 

−3 PEDOT-PEG:TFPB was dropped onto the 

carbon-E twice. 

3) The volume of the aqueous sample drop was 1 mm 

3 to enable 

the integrated clinical tests using 1 drop of blood collected from 

a patient 

The fabricated thin-layer laminated cell has a simple design, 

nd the investigated sample solution was sufficiently small to de- 

ermine an ionic target in a blood drop. 

.2. Coulometric performance of the thin-layer laminated cell 

The fabricated thin-layer laminated cell with PEDOT-PEG:TFPB 

as subjected to coulometric analysis based on ion transfer at the 

–NPOE interface. TEA 

+ , which is an extensively studied stan- 

ard ion, was selected as the target ion to verify the cell perfor- 

ance ( Fig. 5 ). The background voltammogram in Fig. 5 has a po-

ential window identical to that at the W–NPOE interface reported 

n the previous literature [40] . The voltammograms showed clear 

eak currents caused by the transfer of TEA 

+ , which were propor- 

ional to the concentration of TEA 

+ in the range of 20–200 μmol 

m 

−3 . In general, voltammogram measured in the two-electrode 

ystem suffers potential deviation due to solution resistance of an 

rganic membrane or charge-transfer resistances at solid electrode. 

s shown in Fig. S2, the peak current exhibited a linear relation- 

hip with the square root of the scan rate, v 1/2 , indicating diffusion 

ontrol. Peak potential differences of 84–132 mV were obtained, 

uggesting the presence of a small resistance in the peak cur- 

ent, which could be attributed to solution resistance in the NPOE 

embrane and charge-transfer resistances at the boundary inter- 

aces (Ag/AgCl-E, W–NPOE interface, and PEDOT-PEG:TFPB/carbon - 

). The resistance in the thin-layer laminated cell was measured to 

e 32 k � with impedance measurement. However, the resistance 

s not significant in current of sub microampere, and the thin-layer 

aminated cell of the two-electrode system can be suitably applied 

o measure the transport of the target ion. 

The coulometric determination of TEA 

+ was conducted by po- 

ential step chronoamperometry ( Fig. 6 ). Based on the voltam- 

ograms shown in Fig. 5 , the transfer of TEA 

+ from the W to

he NPOE layers occurred upon application of a positive poten- 

ial greater than −0.1 V. In the first potential step from the open- 

ircuit potential (OCP) to −0.08 V (step 1), the current decreased 
5 
o almost zero by 60 s. The investigated current is the sum of the 

apacitance current required for the formation of an electric dou- 

le layer and the faradaic current required for the transfer of TEA 

+ 

rom the W to the NPOE layers. After the first potential step, the 

ircuit was opened, and the second potential step was performed 

rom the OCP to −0.08 V (step 2). The second current rapidly de- 

reased within 10 s, which would be due to the capacitance cur- 

ent because the entire amount of TEA 

+ had already been trans- 

erred to the NPOE layer in step 1. The electrical charge corre- 

ponding to the transfer of TEA 

+ was estimated by subtracting the 

urrent obtained in step 2 from that of step 1 and integrating the 

orrected current. Table 1 shows the effect of the applied poten- 

ial in the potential step chronoamperometry. The electrolysis ef- 

ciency was 36.4% for the applied potential of –0.09 V but exhib- 

ted more than 90% for more positive potential than –0.08 V, in- 

icating that the potential greater than that of the positive peak 

urrent is suitable for the complete transfer. For the applied po- 

ential of –0.06 V or –0.07 V, the capacitance current obtained in 

tep 2 slightly increased with increasing the potential difference of 

he step from OCP to the applied potential, which increases errors. 

herefore, −0.08 V was selected as the applied potential to enable 

he transfer of TEA 

+ . 
The molar amounts of TEA 

+ in the sample solutions were sub- 

equently estimated, as shown in Table 2 . The coulometric deter- 

ination of 1 mm 

3 of 50–200 μmol dm 

−3 TEA 

+ (actual volume: 

.89 mm 

3 ; correction factor on TEA 

+ concenration: 0.901) in the 

ame cell resulted in an electrolysis efficiency of 92%–94% with an 
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Fig. 6. Conceptual scheme of the potential step measurement (left) and the chronoamperograms (right) recorded by potential step chronoamperometry from the open-circuit 

potential to −0.08 V in steps 1 and 2. The sample was a aqueous drop of 0.89 mm 

3 containing 50 μmol dm 

−3 TEACl and 0.01 mol dm 

−3 MgCl 2 . 

Table 2 

Coulometric determination of TEA + by potential step chronoamperometry with the thin layer-laminated cell. 

Concentration of TEA + / 
μmol dm 

−3 

Measured amount of 

electric charge ( 1) / μC 

Measured molar 

amount/ pmol 

Theoretical molar 

amount ( 2) / pmol 

Electrolysis 

efficiency/% 

20 1.42 ± 0.10 14.7 ± 1.0 16.0 92 ± 6 

50 3.54 ± 0.23 36.7 ± 2.4 40.1 92 ± 6 

50 (with five cells) ( 3) 3.61 ± 0.17 37.4 ± 1.8 40.1 93 ± 4 

100 7.16 ± 0.31 74.2 ± 3.2 80.2 93 ± 4 

200 14.50 ± 0.55 150.3 ± 5.7 160 94 ± 4 

500 26.19 ± 1.10 271.4 ± 11.4 401 68 ± 3 

(1) 95% confidence interval, n = 5. 
(2) volume of TEA + solution, 0.89 ± 0.03 mm 

−3 (95% confidence interval, n = 7); correction factor on TEA + concentration, 0.901. 
(3) values estimated from the experiments conducted using five cells. 
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mprecision of ±4%–6% ( n = 5), indicating that a molar amount of 

he order of picomoles could be determined with an imprecision of 

4%–6% in repetitive use of the same device. The obtained elec- 

rolysis efficiencies (inaccuracies) were lower than 100%, suggest- 

ng the existence of a systematic error. Because the reagent purity 

nd sample volume were corrected in the calculation, the system- 

tic error was presumed to be due to incomplete transport of tar- 

et ions owing to the cell-configuration-related factors, such as the 

hickness of the aqueous sample solution. The imprecision in re- 

eatability obtained using the same cell was primarily caused by 

he pipetting imprecision (3%) of the micropipette used for draw- 

ng volumes in the range of 0.1–2.5 mm 

3 . In the scenarios involv- 

ng low concentrations (20 μmol dm 

−3 and 50 μmol dm 

−3 ), the 

mprecision increased to 6% because of an increase in the ratio of 

he background capacitance current (0.7 μC) to the detected cur- 

ent. Therefore, a lower limit of detection of 20 μmol dm 

−3 TEA 

+ 

ould be realized. In the scenario involving 500 μmol dm 

−3 TEA 

+ , 
he electrolysis efficiency significantly decreased to 68%, indicating 

he incomplete transfer of the entire amount of TEA 

+ . The amount 

f the redox species (AgCl or PEDOT-PEG:TFPB) was insufficient 

or operating as a redox buffer with respect to the large currents 

or 500 μmol; moreover, the potential of Ag/AgCl-E or PEDOT- 

EG:TFPB/carbon-E could shift. The device-to-device reproducibil- 

ty was subsequently examined via the determination of 50 μmol 

m 

−3 TEA 

+ using five devices ( Table 2 , third entry). The resulting 

lectrolysis efficiency (93% ± 4%; n = 5) was nearly identical to 

hat of the single device (92% ± 6%; n = 5). Therefore, the con- 
6 
tructed cell shows high device-to-device reproducibility, which is 

mportant for calibration-free determination. 

The obtained electrolysis efficiencies are relatively lower than 

hose obtained with a non-all-solid-state coulometric cell (99%–

00% [27] ); however, the all-solid-state thin-layer laminated cell 

esigned in this study offers advantages such as mass production 

nd convenient construction. Various coulometric determinations 

sing all-solid-state ion sensors have been reported to date [36–

8] ; however, ionic transfer of more than 90% from a sample solu- 

ion has not been achieved. 

The durability of the device was also investigated by repeating 

he potential step chronoamperometry experiment with the same 

evice for 92 days ( Fig. 7 ); the device was stored in air. The first

ay corresponded to the fabrication of the thin-layer cell with the 

EDOT-PEG:TFPB ink. The peak potential exhibited a variation of 

50 mV over 92 days, presumably because of the oxidation of 

he PEDOT-PEG:TFPB conducting polymer ink, which influences the 

otential of PEDO-PEG:TFPB/carbon-E [ 18 , 19 ]. Stabilizing the syn- 

hesized PEDOT-PEG:TFPB ink for a certain period until it reaches 

quilibrium with oxygen in the air can be advantageous in this re- 

ard. The variation in potential of 50 mV does not significantly af- 

ect amperometric or coulometric determination although the vari- 

tion can be a severe problem in potentiometry [ 3 , 7 ]. Precise con-

rol of the potential is not necessary in amperometry because com- 

lete ion transfer can be effectively achieved by applying a poten- 

ial higher or lower than that required for ion transfer (e.g., the 

eak potential of the current). Therefore, reproducible coulometry 
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Fig. 7. Voltammograms acquired over a long duration with the same device. Each 

1 mm 

3 drop of the aqueous sample (actual volume: 0.89 mm 

3 ) contained 50 μmol 

dm 

−3 TEACl and 0.01 mol dm 

−3 MgCl 2 . The BG indicates volammogram in the ab- 

sence of TEACl. A scan rate of 20 mV s −1 was employed. 
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Fig. 8. Voltammograms corresponding to the transfer of K + ions facilitated by 

0.01 mol dm 

−3 valinomycin in the organic membrane. The 0.89 mm 

3 sample was 

an aqueous drop containing KCl (0, 0.1, 0.2, 0.4, 0.8, and 1.0 mmol dm 

−3 ) and NaCl 

(14 mmol dm 

−3 ). A scan rate of 20 mV s −1 was employed. 

Fig. 9. Voltammograms corresponding to the transfer of Na + facilitated by 0.01 mol 

dm 

−3 valinomycin in the organic membrane. The 0.89 mm 

3 aqueous sample drop 

contained NaCl (1, 2, 5 and 10 mmol dm 

−3 ), and a scan rate of 20 mV s −1 was 

employed. 
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easurements can be performed even in the presence of fluctua- 

ions in the electrode potential. 

.3. Calibration-free coulometric determination of K 

+ in aqueous 

olution 

The developed thin-layer laminated cell was applied to the 

alibration-free coulometric determination of K 

+ in an aqueous so- 

ution containing NaCl. Valinomycin, an ionophore that facilitates 

he transfer of K 

+ ions into organic membranes, was used to selec- 

ively transfer K 

+ ions. While the experiments on TEA 

+ were con- 

ucted using the graphite-ink-printed and Ag/AgCl paste-printed 

lectrodes, the K 

+ experiments were performed using carbon- 

aper, a type of carbon fiber composite utilized as a catalyst back- 

ng layer in fuel cells, and the Ag/AgCl plate, as shown in Eq. (2) .

he carbon paper and Ag/AgCl plate were used to avoid inter- 

erence of impurities in the inks. If the Ag/AgCl paste-printed 

nd graphite-ink-printed electrodes was used, an unknown current 

eak were observed in the presence of ionophores in the mem- 

rane. 

The aqueous sample solutions were composed of KCl (0.0–

.0 mmol dm 

−3 ) and NaCl (14 mmol dm 

−3 ); this composition is 

dentical to that of ten-fold-diluted serum [43] . If ten-fold-diluted 

lood of 1 mm 

3 is analyzed, the integrated clinical test of a blood 

rop could be realized using the divided ten-fold-diluted blood. 

ig. 8 shows the dependence of the acquired voltammograms on 

 

+ -ion concentration. The voltammograms exhibited two peak cur- 

ents at −0.25 V and 0 V, which were dependent on and indepen- 

ent of the concentration of K 

+ , respectively. The peak current at 

0.25 V can be attributed to the valinomycin-assisted transfer of 

 

+ ions. Another peak current was obtained at 0 V in the absence 

f K 

+ ions, which depended on the concentrations of both Na + 

 Fig. 9 ) and valinomycin (Fig. S3), suggesting that the peak currents 

t 0 V were due to the valinomycin-promoted Na + -ion transfer. 

The peak currents at −0.25 V corresponding to the transfer of 

 

+ ions in Fig. 8 were linearly dependent on the K 

+ -ion concentra- 

ion in the range of 0.1–0.4 mmol dm 

−3 and independent at con- 

entrations above 0.8 mmol dm 

−3 . Moreover, a high concentration 

f K 

+ decreased the peak current at 0 V. These results indicated 

hat the diffusion of valinomycin limited the transfer of K 

+ . This 

henomenon has been reported by Bakker, who utilized the shift 

n the potential of the peak current to determine the target ion 
7 
44] . Therefore, based on the Fig. 8 results, −0.25 V was selected 

s the applied potential for the selective transfer of K 

+ ions in NaCl 

olution. 

Fig. 10 shows a potential step chronoamperogram and the mea- 

ured values of electrical charge. The faradaic current rapidly de- 

reased within 100 s, and integration of the current yielded the 

lectrical charge estimates for K 

+ -ion transfer. The resulting elec- 

rical charge linearly increased with the K 

+ -ion concentration in 

he sample drops up to 0.6 mmol dm 

−3 and was consistent with 

 solid line representing 100% electrolysis efficiency in this range. 

he values obtained are listed in Table 3 . The imprecision in elec- 

rolysis efficiency was less than 5% in the concentration range of 

.1–0.8 mmol dm 

−3 , which is on the edge of the tolerance level 

dopted in clinical testing [3] . The imprecision was independent 

f the concentration of K 

+ . As mentioned earlier, the imprecision 

ainly corresponded to that in the pipetting of 1 mm 

3 (3%) of the 

ample. Therefore, improvement in the pipetting method will pro- 

ide a more precise determination. The accuracies of the obtained 

alues were slightly low (86%–92%) in the concentration range of 

.1–0.8 mmol dm 

−3 . The average deviation (11%) should be com- 

ensated to identify an abnormal concentration of K 

+ in ten-fold- 
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Fig. 10. (A) Potential step chronoamperometry with 0.4 mmol dm 

−3 KCl in a 1 mm 

3 sample solution, and (B) the measured electrical charge as a function of the K + -ion 

concentration. Chronoamperograms were recorded by potential step chronoamperometry from the open-circuit potential to −0.25 V in steps 1 and 2 (solid and dashed 

profiles in A, respectively). The inset in (A) shows voltammograms corresponding to the transfer of K + at 20 mV s −1 . The solid line in (B) represents the theoretical electrical 

charge obtained with an electrolysis efficiency of 100%. The error bars represent a confidence interval of 95% ( n = 5). The sample solution contained KCl and 14 mmol dm 

−3 

NaCl. 

Table 3 

Coulometric determination of K + by potential step chronoamperometry. 

Concentration 

of K + / mM 

Measured amount of 

electric charge ( 1) / μC 

Measured molar 

amount/ pmol 

Theoretical molar 

amount ( 2) / pmol 

Electrolysis efficiency/% 

0 .08 4.42 ± 0.14 45.8 ± 1.5 71 .2 64 ± 2 

0 .1 7.88 ± 0.46 81.7 ± 4.8 89 92 ± 5 

0 .2 15.16 ± 0.33 157.1 ± 3.5 178 88 ± 2 

0 .4 30.3 ± 1.0 314 ± 11 356 88 ± 3 

0 .6 47.3 ± 2.6 491 ± 27 534 92 ± 5 

0 .8 59.5 ± 2.6 617 ± 27 712 86 ± 4 

1 .0 67.5 ± 1.9 700 ± 20 890 79 ± 2 

(1) 95% confidence interval, n = 5. 
(2) volume of a drop of K + solution: 0.89 ± 0.03 mm 

−3 (95% confidence interval, n = 7). 
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iluted serum (deviation from the reference interval from 0.38 to 

.49 mmol dm 

−3 ), which is calculated from the K 

+ -ion reference 

nterval of 3.8–4.9 mmol dm 

−3 [43] . 

. Conclusions 

An all-solid-state thin-layer laminated cell with a simple lami- 

ate structure was developed for calibration-free coulometric de- 

ermination of K 

+ . The fabricated cell is a two-electrode sys- 

em consisting of a Ag/AgCl electrode and a conducting poly- 

er/carbon electrode. The conducting polymer/carbon electrodes 

ere fabricated by casting the originally prepared conducting- 

olymer-dispersed ink on a conductive carbon sheet (screen- 

rinted graphite electrode or carbon paper). Therefore, the cell 

an be mass produced using the screen-printing technique. The 

ell achieved complete mass transport of the target ion from an 

queous sample drop of 1 mm 

3 to an organic ion-selective mem- 

rane. The electrical charge resulting from the ion transfer coulo- 

etrically provided the molar amount of the target ion in the 

ample drop without calibration. The accuracy of the calibration- 

ree coulometric determination was relatively low (92%–94% for 

EA 

+ -ion determination and 86%–92% for K 

+ -ion determination), 

hich could be improved by optimizing experimental conditions 

uch as the duration of electrolysis, and cell-configuration-related 

actors, such as the thickness of the spacer for the sample solu- 

ion. The experimental precision of repeatability with one device 

nd the device-to-device reproducibility (less than ±6%) were in- 

ependent of the ionic concentration. The imprecision was mainly 

aused by a pipetting error while drawing 1 mm 

3 of the sample; 

 more precise pipetting procedure will enable a higher precision 
8 
n calibration-free determination. Coulometric measurement with 

he designed electrolysis cell achieved a relatively higher preci- 

ion, even though a variation in the potential was exhibited by the 

EDOT-PEG:TFPB/carbon-E layer. These findings were attributed to 

he advantage of amperometry involving deviations in the elec- 

rode potential not significantly influencing the evaluation. The 

oulometric measurement could distinguish an abnormal K 

+ -ion 

oncentration in a ten-fold-diluted serum with a typical concentra- 

ion range of 3.8–4.9 mmol dm 

−3 . The developed electrolysis cell 

as a similar composition to those of potentiometric ion sensors 

n terms of components such as plasticizers and hydrophobic an- 

ons; therefore, most of the potentiometric sensors with polymeric 

embranes can be converted into the coulometric device proposed 

n the present study. 
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