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A B S T R A C T

We demonstrate for the first time the concept of ion sensing pencil (ISP). The pencil’s lead carries chemical 
sensing functionality and is constructed by compression of graphite and zeolite, while the clutch is prepared by 
3D printing. The ISP can be used to draw a chemical sensor by simple abrasion onto a hydrophobic surface. The 
ISP can be stored at home, used immediately off-the-shelf without any handling prior to measurements. It’s 
simple preparation, handling, and measuring protocols offer the possibility of integration into large scale sensor 
networks or to be offered to the general public for use at home using readout devices already present at many 
homes. We demonstrate the chemical functionality of ISP by producing 14 ISPs prepared by compression of 
graphite and one of 14 different zeolites individually in 60:40 wt%. These ISPs are then used to draw electrodes 
which were characterized in analogy to ion-selective electrodes. The ISP-drawn electrodes were utilized as a 
multi-sensor array for the determination of water quality in a model sample, which is a first reported case of 
using zeolite-based electrodes in multisystem arrays, followed by the demonstration of their potential to be used 
by non-trained personnel. The implementation ISPs in potentiometric detection holds promise for further 
development of inexpensive and accessible tools for obtaining chemical information in areas where utilization of 
chemical sensors is currently limited.   

1. Introduction

The development of information technology facilitated the remote
monitoring and control of physical devices and everyday objects over 
the internet. The Internet of Things (IoT) as the previous concept is 
named, has penetrated into many aspects of life. Among many other 
applications, specialized IoT devices can monitor the health and general 
wellbeing of citizens [1–3], provide data to optimize food production 
[4], control air and water quality [5], and to increase the quality of the 
services offered to the citizens, while reducing the operational costs of 
the public administrations [6], etc. Such systems utilize a range of 
sensors for monitoring relevant key parameters. A keen chemist’s eye 
will notice that IoT systems utilize very few truly chemical sensors. 
Chemical information (if relevant) is typically inferred from a range of 
physical sensors (position, vibration, temperature, humidity) [4,7] or 

image analysis etc. Despite significant recent advances [8–10], chemical 
sensors still require relatively complex handling protocols (storage, 
calibration, cleaning), which drives their price beyond the possibility to 
be routinely used in IoT. Interestingly, the same disadvantages limit 
penetration of chemical sensors in Citizen Science (CS) as a field that 
some view as the next frontier in the expansion of research [11,12]. 
Involving citizens in large scientific projects opens up exciting oppor
tunities in many application fields [13]. Unfortunately, chemical sensors 
are not yet at the stage of development that would allow routine oper
ations by non-specialists and integration into large, autonomous sensor 
networks which are seen as essential for applications in CS and IoT. If 
chemical sensors are to be applied for the acquisition of large arrays of 
chemically-relevant information, they have to be readily available, 
extremely simple to use, and versatile (able to obtain a variety of rele
vant chemical information). Ideally, their price would be affordable, and 

* Corresponding author.
E-mail address: a.radu@keele.ac.uk (A. Radu).

mailto:a.radu@keele.ac.uk
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2021.129751
https://doi.org/10.1016/j.snb.2021.129751
https://doi.org/10.1016/j.snb.2021.129751
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2021.129751&domain=pdf


–

–

>

–

+ + + +

’

’

–

< μ

>

−

− μ

’

’

>

’

×

Ω 

’ 

×

μ



θ 
◦

◦ ◦

− −
−

’ −

“ ” 

’ 

× − × +

+ =
= × −



μ −

’ 

−

+ + + +
+

−

+

’

’

“ ” 

+

+
+ ’ =

<

±
+



<

+ +

’

’ 

+ +

− −
− −
− −
− −
− −
− −

+

’ =

+

−
+

− −

±

±

±

± – 

+ + + +

’



– 

– 

– 

– 

– 

– 

– 

– 

– 

– – 

–

–

“ ” 

–

–

–

–

—

–

–

–

–

–

–

–

https://doi.org/10.1016/j.snb.2021.129751
http://elsevier.com
https://doi.org/10.1002/anie.200352405
https://doi.org/10.1021/acssensors.9b00891
https://doi.org/10.1021/acssensors.9b00891
https://doi.org/10.1200/JOP.2016.015784
https://doi.org/10.1016/j.tifs.2019.11.002
https://doi.org/10.1088/1757-899X/495/1/012021
https://doi.org/10.1088/1757-899X/495/1/012021
https://doi.org/10.1109/JIOT.2014.2306328
https://doi.org/10.1109/JIOT.2014.2306328
https://doi.org/10.1002/anie.201511805
https://doi.org/10.1002/anie.199105161
https://doi.org/10.1002/anie.201711611
https://doi.org/10.1002/anie.201711611
https://doi.org/10.1002/anie.201902960
https://doi.org/10.1126/science.1251554
https://doi.org/10.1890/110294
https://doi.org/10.1016/j.jenvman.2017.05.083
https://doi.org/10.3390/s17102192
https://doi.org/10.1039/C8NR05731A


7

[16] K.A. Mirica, J.M. Azzarelli, J.G. Weis, J.M. Schnorr, T.M. Swager, Rapid 
prototyping of carbon-based chemiresistive gas sensors on paper, Proc. Natl. Acad. 
Sci. 110 (35) (2013) E3265–E3270, https://doi.org/10.1073/pnas.1307251110. 

[17] K.A. Mirica, J.G. Weis, J.M. Schnorr, B. Esser, T.M. Swager, Mechanical drawing of 
gas sensors on paper, Angew. Chem. Int. Ed. 51 (43) (2012) 10740–10745, https:// 
doi.org/10.1002/anie.201206069. 

[18] P.R. Unwin, A.G. Güell, G. Zhang, Nanoscale electrochemistry of Sp2 carbon 
materials: from graphite and graphene to carbon nanotubes, Acc. Chem. Res. 49 (9) 
(2016) 2041–2048, https://doi.org/10.1021/acs.accounts.6b00301. 

[19] C.W. Foster, D.A.C. Brownson, A.P. Ruas de Souza, E. Bernalte, J. Iniesta, 
M. Bertotti, C.E. Banks, Pencil it in: pencil drawn electrochemical sensing 
platforms, Analyst 141 (13) (2016) 4055–4064, https://doi.org/10.1039/ 
C6AN00402D. 

[20] R. Kawahara, P. Sahatiya, S. Badhulika, S. Uno, Paper-based potentiometric PH 
sensor using carbon electrode drawn by pencil, Jpn. J. Appl. Phys. 57 (4S) (2018), 
04FM08, https://doi.org/10.7567/JJAP.57.04FM08. 

[21] Advanced zeolite science and applications, in: J.C. Jansen (Ed.), Studies in Surface 
Science and Catalysis, Elsevier, Amsterdam; New York, 1994. 

[22] A. Walcarius, Zeolite-modified electrodes in electroanalytical chemistry, Anal. 
Chim. Acta 384 (1) (1999) 1–16, https://doi.org/10.1016/S0003-2670(98)00849- 
6. 

[23] A. Walcarius, S. Rozanska, J. Bessière, J. Wang, Screen-printed zeolite-modified 
carbon electrodes, Analyst 124 (8) (1999) 1185–1190, https://doi.org/10.1039/ 
a904025k. 

[24] M.L. Hamlaoui, R. Kherrat, M. Marrakchi, N. Jaffrezic-Renault, A. Walcarius, 
Development of an ammonium ISFET sensor with a polymeric membrane including 
zeolite, Mater. Sci. Eng. C 21 (1–2) (2002) 25–28, https://doi.org/10.1016/S0928- 
4931(02)00059-0. 

[25] H. Van Bekkum, P.A. Jacobs, E.M. Flanigen, Introduction to Zeolite Science and 
Practice, Elsevier, Burlington, 2001. 

[26] A. Haralambous, E. Maliou, M. Malamis, The use of zeolite for ammonium uptake, 
Water Sci. Technol. 25 (1) (1992) 139–145, https://doi.org/10.2166/ 
wst.1992.0021. 

[27] T. Fayose, L. Mendecki, S. Ullah, A. Radu, Single strip solid contact ion selective 
electrodes on a pencil-drawn electrode substrate, Anal. Methods 9 (7) (2017) 
1213–1220. 

[28] U. Mattinen, J. Bobacka, A. Lewenstam, Solid-contact reference electrodes based 
on lipophilic salts, Electroanalysis 21 (17–18) (2009) 1955–1960, https://doi.org/ 
10.1002/elan.200904615. 

[29] D. Kirsanov, V. Panchuk, M. Agafonova-Moroz, M. Khaydukova, A. Lumpov, 
V. Semenov, A. Legin, A sample-effective calibration design for multiple 
components, Analyst 139 (17) (2014) 4303–4309, https://doi.org/10.1039/ 
C4AN00227J. 

[30] L. Lvova (Ed.), Multisensor Systems for Chemical Analysis: Materials and Sensors, 
Pan Stanford Publishing, Singapore, 2014. 
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