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Abstract

Carbonized lignin powder was used as a salt bridge for a silver-silver chloride reference
electrode. This easy-to-prepare reference electrode exhibited excellent stability in saturated
potassium chloride solution. In addition, the electrochemical impedance spectra showed
that the prepared reference electrode is stable in acidic, neutral, and basic aqueous
solutions (pH 1 - 12) and has similar impedances to its glass frit equivalent.
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Introduction

A reference electrode with its constant equilibrium potential provides the reference point for
each electrochemical measurement. By far the most commonly used reference electrode is the
silver-silver chloride electrode, due to its advantageous characteristics like low cost, high stability,
reproducibility of potential and electrochemical reversibility [1]. This electrode consists most often
of a silver wire coated with silver chloride in a plastic or glass tube with a diaphragm at the end.
Here, the diaphragm serves as a salt bridge between the reference solution of the reference
electrode and the electrolyte of the system under investigation. Commercially available are
junctions made of glass [2-3], polyethylene [4], polytetrafluoroethylene [5-6], aluminium oxide [7],
or as agar-based gel electrolyte [8-10]. The most common is the use of glass frits, as they have excel-
lent chemical resistance in many solvents. However, they cannot be used in either strongly alkaline
or fluorine-containing solutions. The same applies to diaphragms made of aluminium oxide [11].
Porous Teflon and polyethylene frits can be used here, but the larger pores in these materials can
cause the electrolyte solution to become contaminated with the reference solution [12] and their
hydrophobicity makes wetting of the frits difficult [13]. Gelled materials, like agar-gel, on the other
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hand, might suffer from biofouling [13] and cannot be used at temperatures above 40 °C because
they decompose thermally [10].

Carbon materials are ideally suited for use in electrochemical systems due to various
advantageous properties like high chemical and thermal resistance, good conductivity, controllable
porosity etc. [14-17], with bio-based carbons offering additional benefits regarding low cost and
sustainability aspects [18-19]. However, it is difficult to produce dimensionally stable carbon
materials without the use of large amounts of additives that would affect the electrochemical
measurement when using the carbon material as a salt bridge for a reference electrode.

Lignin is the second most abundant biopolymer after cellulose [20] and available in large
guantities with an annual production of 70 million tons, however, it is almost completely burnt for
energy recovery [21]. Due to the high carbon yield and the fact that it is a renewable raw material,
lignin is a promising precursor for the production of carbon materials. It has been used for carbon
fibers [22-26], carbon nanofibers [22,27,28] or particulate carbons [29-32]. As lignin partially melts
during carbonization [14], these materials usually require a stabilization step or very low heating
rates during carbonization in order to avoid structural deformation during thermal treatment
[28,33]. However, this also offers the opportunity for preparation of porous structural bodies from
lignin. As partial melting does not have to be avoided, in fact it is required for the formation of stable
bodies, the conversion to carbons can be done at industrially viable process conditions.

Previous work testing carbon materials as diaphragms for reference electrodes have used
commercial carbon materials such as drawing charcoal or pencil lead [11,34], the composition of
which is not known. In addition, these materials cannot be optimized to meet the desired
requirements, since it is difficult to optimize the carbon structure, especially the formed pore
structure, after the carbonization step.

Based on the mentioned drawbacks of frequently used glass frits, the promising results using
carbon materials and the possibility to easily prepare bio-based porous carbon bodies, in this work,
lignin powder is carbonized and investigated as a salt bridge for a silver-silver chloride reference
electrode. The electrochemical performance is tested in different solutions and compared with a
commercial glass frit.

Experimental

All solutions were prepared from reagent-grade chemicals and ultrapure water. The softwood
kraft lignin Indulin AT (Ingevity, USA) was used without any further purification. A commercial
Ag|AgCl|sat. KClI reference electrode (6.0726.110, Metrohm AG, Switzerland) was used for the
comparative investigations.

For the preparation of porous junction, 50 mg of the kraft lignin Indulin AT was placed in a hole
with a diameter of 6 mm, which was previously drilled into a graphite plate. In this cast, the lignin
was carbonized at 850 °C with a heating rate of 1 °C min in nitrogen atmosphere. The sample was
kept isothermal at the target temperature for 30 min before cooling.

Silver chloride was deposited electrochemically on a silver wire (diameter 1.0 mm, purity 99.9 %)
in 1 M HCI. The electrode was first cleaned and roughened by cycling 10 times between 0.5V
(against standard hydrogen electrode (SHE)) and -0.1V (SHE) with a scan rate of 10 mV s,
Afterwards, silver chloride was deposited by polarizing to 0.1 V (SHE) for 120 s and finally to 0.3 V
(SHE) for 600 s. After rinsing with deionized water and drying in air the wire was ready for use. The
coated silver wire was placed in a polyurethane (PU) housing and closed at the top with a lid
equipped with a connector (Figure 1). Either the carbonized lignin or a glass frit (4 nm pore size,
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Gamry Instruments Inc., USA) was attached to the bottom of the PU housing as a porous junction
using a heat-shrinkable tube. Saturated KCl solution was used as the electrolyte.

The morphology of the carbonized lignin sample was investigated using the scanning electron
microscope Phenom ProX (Thermo Fisher Scientific Inc., USA). The used acceleration voltage was
15 kV and a backscattered electron detector was employed.

gold plated connector

«— 1 AgCl-coated Ag wire

+— polyurethane tube

«—1— electrolyte: sat. KCI

carbonized lignin
or glass frit

+— heat-shrinking tube

Figure 1. Schematic representation of the reference electrode used

Stability measurements on the constructed reference electrode were performed in a 2-electrode
setup against the commercial reference electrode transiently in saturated KCl for 200 ks (=55.6 h).
Electrochemical impedance spectroscopy (EIS) was initially performed at the open circuit potential
of the electrode in saturated KCl in a 2-electrode setup. For other solutions, a 3-electrode setup was
used with graphite as the counter electrode and the commercial Ag|AgCl|sat.-KCl electrode as the
reference. An amplitude of 10 mV was always used. The potentiostat Vertex.One (lvium
Technologies BV, The Netherlands) was used for all electrochemical measurements.

Results and discussion

Carbonization of the lignin powder in the cast resulted in a molded body with a diameter of about
5 mm and a height of about 7 mm. The morphology of the sample was examined by SEM (Figure 2).
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The SEM images show that the carbon body is highly porous. Presumably, the lignin particles melt
during carbonization and crosslink, which leads to the structure of the carbon body. The conversion
of lignin to carbon occurs with the formation of volatile gases [35], which contribute to the
formation of high porosity. In this way, pores are created that range from a few nanometers to
several hundred micrometers in diameter.
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To characterize the fabricated reference electrode with the carbon diaphragm, its open circuit
potential was measured against a commercial Ag|AgCl reference electrode in saturated KCl for 200 ks
(=55.6 h), with the open circuit potential of the cell showing just minor variation in the range
of -0.5 -1 mV. These negligible oscillations in the measurement process can be attributed to the
temperature of the laboratory. Otherwise, the potential is very stable over the observed time period.

Electrochemical impedance spectra were first recorded using the reference electrode with the
carbonized lignin, then with the glass frit as a salt bridge in a 2-electrode setup against the
commercial reference electrode in saturated KCl. The Bode plot (Figure 3) shows both the
magnitude of the impedance and the phase angle in the frequency domain. The reference electrode
with the carbonized lignin as a salt bridge shows a higher impedance than the electrode with glass
frit over the entire observed frequency range. It achieved an impedance of 21.5 — 18.7 kQ, while an
impedance of 20.0 — 17.5 kQ was reached using glass. The higher impedance of the carbon frit can
probably be attributed to its greater thickness. The phase shift is very similar for both electrodes
and does not exceed -2°. These only minor differences, show that the carbonized lignin is well suited
for use as a diaphragm instead of glass frits in Ag|AgCl reference electrodes.
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Figure 3. Bode plot of EIS measurements on the Ag|AgCl reference electrode with carbonized lignin (black)
or glass frit (red) as the junction. The measurement was carried out against a commercial Ag|AgCl reference
electrode in sat. KCI

The constructed reference electrode was investigated with both, the carbonized lignin and the
glass frit as a salt bridge in different solutions (0.1 M H,S04, 0.1 M citrate buffer, 0.1 M Na;S0s, and
0.01 M KOH) against a graphite rod with a commercial Ag|AgCl|sat. KCl reference electrode
(Figure 4). In all solutions, a decrease in impedance with increasing frequency is observed,
regardless of the junction. Significantly higher impedances are achieved with the carbon membrane
than with the glass frit in all the solutions investigated. The phase shift of the diaphragm made of
carbonized lignin is slightly higher than that of the glass frit, but does not exceed -7.5°. In the case
of the alkaline 0.01 M KOH solution, both junctions show a small phase shift of up to -4°. With longer
measurements in the alkaline solution, the glass frit would dissolve [16], which shows a clear
advantage for the use of carbon materials as salt bridge for reference electrodes.

Comparing the values of the impedance in Figure 3 and Figure 4, large differences can be spotted.
In Figure 3, EIS was measured in a 2-electrode setup in which the impedance of the glass frit or car-
bonized lignin were measured against a commercial reference electrode. In Figure 4, a 3-electrode
setup involving additionally a graphite rod as counter electrode was used. In the 2-electrode setup, in
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which a commercial reference electrode is both a reference and a counter electrode, the resistance
values are higher, because the frit in a reference electrode has larger impedance than the carbon rod
counter electrode in the 3-electrode setup. Therefore, larger impedance is measured [36,37].
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Figure 4. Bode plot of EIS measurements on the Ag|AgCl reference electrode with carbonized lignin (black)
or glass frit (red) as the junction. The measurement was performed against a graphite rod with a
commercial Ag|AgCl reference electrode in 0.1 M H,S04 (a), 0.1 M citrate buffer (b), 0.1 M Na»SO, (c), and
0.01 M KOH (d)

Conclusions

An Ag|AgCl reference electrode was successfully prepared with carbonized lignin as a salt bridge
instead of a glass frit. This reference electrode exhibits excellent stability in saturated KCI. In acidic
to weakly basic solutions, it exhibits similar behavior to the equivalent with glass frit. The carbon
salt bridge has the advantage that it is very inexpensive to produce and sustainable due to the use
of a bio-based waste product as precursor material. In addition, the carbon salt bridge can
presumably be used in systems in which a glass frit cannot be used, such as in strong alkaline
solutions. The porosity of the carbon can be easily adjusted by the carbonization process and thus
tailored and optimized by an additional activation. Based on the reported results, the lignin-based
porous carbon junction might be a sustainable, low-cost alternative to currently used glass frits
showing already similar performance. However, possible advantages like usability in strong alkaline
media need further investigations. Optimization of the carbon with respect to the pore structure
and the use of the reference electrode in a larger variety of measurement conditions will be the
subject of future studies.

http://dx.doi.org/10.5599/jese.1520 821



http://dx.doi.org/10.5599/jese.1520

J. Electrochem. Sci. Eng. 13(5) (2023) 817-824  LIGNIN-BASED POROUS JUNCTION FOR Ag | AgCl REFERENCE ELECTRODES

References

[1]

[2]
3]

[4]

5]

(6]
[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

B. Rostami, S. I. Mirzaei, A. Zamani, A. Simchi, M. Fardmanesh, Development of an enhanced
porosity AgAgCl reference electrode with improved stability, Engineering Research Express 1
(2019) 15039. https://doi.org/10.1088/2631-8695/ab4544

E. L. Anderson, T. P. Lodge, T. Gopinath, G. Veglia, P. BliihImann, More than a Liquid Junction,
Analytical Chemistry 91 (2019) 7698-7704. https://doi.org/10.1021/acs.analchem.9b00876
L. Godeffroy, F. Chau, O. Buriez, E. Labbé, Fast and complete electrochemical conversion of
solutes contained in micro-volume water droplets, Electrochemistry Communications 86
(2018) 145-148. https://doi.org/10.1016/j.elecom.2017.12.007

I.-J. Park, S.-R. Choi, J.-G. Kim, Aluminum anode for aluminum-air battery — Part Il, Journal of
Power Sources 357 (2017) 47-55. https://doi.org/10.1016/j.jpowsour.2017.04.097

S. Ito, F. Kobayashi, K. Baba, Y. Asano, H. Wada, Development of long-term stable reference
electrode with fluoric resin liquid junction, Talanta 43 (1996) 135-142.
https://doi.org/10.1016/0039-9140(95)01723-2

J. F. Coetzee, C. W. Gardner, Teflon double-junction reference electrode for use in organic
solvents, Analytical Chemistry 54 (1982) 2625-2626. https://doi.org/10.1021/ac00251a058
R. E. Dohner, D. Wegmann, W. E. Morf, W. Simon, Reference electrode with free-flowing
free-diffusion liquid junction, Analytical Chemistry 58 (1986) 2585—2589.
https://doi.org/10.1021/ac00125a053

G. Schimo, C. D. Grill, J. P. Kollender, A. W. Hassel, Hydrogel-based flexible micro-reference
electrodes for use in alkaline and neutral pH solutions, Journal of Solid State Electrochemistry
20 (2016) 2749-2757. https://doi.org/10.1007/s10008-016-3257-9

A. W. Hassel, K. Fushimi, M. Seo, An agar-based silver|silver chloride reference electrode for
use in micro-electrochemistry, Electrochemistry Communications 1 (1999) 180-183.
https://doi.org/10.1016/5S1388-2481(99)00035-1

K. A. Lill, A. W. Hassel, A combined p-mercury reference electrode/Au counter-electrode
system for microelectrochemical applications, Journal of Solid State Electrochemistry 10
(2006) 941-946. https://doi.org/10.1007/s10008-006-0158-3

J.-S. Lee, An Application of a Porous Charcoal Junction to a Reference Electrode in Acidic and
Alkaline Solutions, Electrochemistry 88 (2020) 143—-145.
https://doi.org/10.5796/electrochemistry.20-00010.

M. P. S. Mousavi, S. A. Saba, E. L. Anderson, M. A. Hillmyer, P. Bihlmann, Avoiding Errors in
Electrochemical Measurements, Analytical Chemistry 88 (2016) 8706—8713.
https://doi.org/10.1021/acs.analchem.6b02025

B. K. Troudt, C. R. Rousseau, X. I. N. Dong, E. L. Anderson, P. Bihimann, Recent progress in
the development of improved reference electrodes for electrochemistry, Analytical Sciences
38 (2022) 71-83. https://doi.org/10.2116/analsci.21SAR11

J. Xiao, J. Han, C. Zhang, G. Ling, F. Kang, Q.-H. Yang, Dimensionality, Function and
Performance of Carbon Materials in Energy Storage Devices, Advanced Energy Materials 12
(2022) 2100775. https://doi.org/10.1002/aenm.202100775

S. Breitenbach, J. Duchoslav, A. |. Mardare, C. Unterweger, D. Stifter, A. W. Hassel, C. Fiirst,
Comparative Behavior of Viscose-Based Supercapacitor Electrodes Activated by KOH, H;0,
and CO,, Nanomaterials 12 (2022) 677. https://doi.org/10.3390/nan012040677

S. Breitenbach, N. Gavrilov, I. Pasti, C. Unterweger, J. Duchoslav, D. Stifter, A. W. Hassel, C.
Fiirst, Biomass-Derived Carbons as Versatile Materials for Energy-Related Applications, C7
(2021) 55. https://doi.org/10.3390/c7030055

Y. Popat, D. Trudgeon, C. Zhang, F. C. Walsh, P. Connor, X. Li, Carbon Materials as Positive
Electrodes in Bromine-Based Flow Batteries, ChemPlusChem 87 (2022) e202100441.
https://doi.org/10.1002/cplu.202100441

822

(ec) T


https://doi.org/10.1088/2631-8695/ab4544
https://doi.org/10.1021/acs.analchem.9b00876
https://doi.org/10.1016/j.elecom.2017.12.007
https://doi.org/10.1016/j.jpowsour.2017.04.097
https://doi.org/10.1016/0039-9140(95)01723-2
https://doi.org/10.1021/ac00251a058
https://doi.org/10.1021/ac00125a053
https://doi.org/10.1007/s10008-016-3257-9
https://doi.org/10.1016/S1388-2481(99)00035-1
https://doi.org/10.1007/s10008-006-0158-3
https://doi.org/10.5796/electrochemistry.20-00010
https://doi.org/10.1021/acs.analchem.6b02025
https://doi.org/10.2116/analsci.21SAR11
https://doi.org/10.1002/aenm.202100775
https://doi.org/10.3390/nano12040677
https://doi.org/10.3390/c7030055
https://doi.org/10.1002/cplu.202100441

S. Breitenbach et al. J. Electrochem. Sci. Eng. 13(5) (2023) 817-824

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

(32]

(33]

R. Li, Y. Zhou, W. Li, J. Zhu, W. Huang, Structure Engineering in Biomass-Derived Carbon
Materials for Electrochemical Energy Storage, Research 2020 (2020) 8685436.
https://doi.org/10.34133/2020/8685436

S. Breitenbach, C. Unterweger, A. W. Hassel, C. First, Activated carbon fibers derived from
sea balls for the use as supercapacitor electrodes, Proceedings 13th International Conference
on Nanomaterials - Research & Application (2021) 36—40.
https://doi.org/10.37904/nanocon.2021.4308

A. Duval, M. Lawoko, A review on lignin-based polymeric, micro- and nano-structured
materials, Reactive and Functional Polymers 85 (2014) 78-96.
https://doi.org/10.1016/j.reactfunctpolym.2014.09.017

J. Lora, Monomers, Polymers and Composites from Renewable Resources, Elsevier,
Amsterdam, The Netherlands, 2008, p. 225. https://doi.org/10.1016/B978-0-08-045316-
3.00010-7

D. A. Baker, T. G. Rials, Recent advances in low-cost carbon fiber manufacture from lignin,
Journal of Applied Polymer Science 130 (2013) 713—728. https://doi.org/10.1002/app.39273.
C. Enengl, A. Lumetzberger, J. Duchoslav, C. C. Mardare, L. Ploszczanski, H. Rennhofer, C.
Unterweger, D. Stifter, C. Furst, Influence of the carbonization temperature on the
properties of carbon fibers based on technical softwood kraft lignin blends. Carbon Trends 5
(2021) 100094. https://doi.org/10.1016/j.cartre.2021.100094

E. Frank, L. M. Steudle, D. Ingildeev, J. M. Spdrl, M. R. Buchmeiser, Carbon Fibers: Precursor
Systems, Processing, Structure, and Properties. Angewandte Chemie (International Edition).
53 (2014) 5262-5298. https://doi.org/10.1002/anie.201306129

Y. Nordstrém, R. Joffe, E. Sjoholm, Mechanical characterization and application of Weibull
statistics to the strength of softwood lignin-based carbon fibers, Journal of Applied Polymer
Science 130 (2013) 3689-3697. https://doi.org/10.1002/app.39627

S. Wang, J. Bai, M. T. Innocent, Q. Wang, H. Xiang, J. Tang, M. Zhu, Lignin-based carbon
fibers, Green Energy & Environment 7 (2022) 578-605.
https://doi.org/10.1016/j.gee.2021.04.006

V. Poursorkhabi, M. A. Abdelwahab, M. Misra, H. Khalil, B. Gharabaghi, A. K. Mohanty,
Processing, Carbonization, and Characterization of Lignin Based Electrospun Carbon Fibers,
Frontiers in Energy Research 8 (2020) 497. https://doi.org/10.3389/fenrg.2020.00208

W. Fang, S. Yang, X.-L. Wang, T.-Q. Yuan, R.-C. Sun, Manufacture and application of lignin-
based carbon fibers (LCFs) and lignin-based carbon nanofibers (LCNFs), Green Chemistry 19
(2017) 1794-1827. https://doi.org/10.1039/C6GC03206K

Z.li, Y. Ge, L. Wan, Fabrication of a green porous lignin-based sphere for the removal of lead
ions from aqueous media, Journal of Hazardous Materials 285 (2015) 77-83.
https://doi.org/10.1016/j.jhazmat.2014.11.033

D. Kim, J. Cheon, J. Kim, D. Hwang, I. Hong, O. H. Kwon, W. H. Park, D. Cho, Extraction and
characterization of lignin from black liquor and preparation of biomass-based activated
carbon there-from, Carbon Letters 22 (2017) 81-88. https://doi.org/10.5714/CL.2017.22.081
J. Kbhnke H. Rennhofer, C. Unterweger, N. Gierlinger, J. Keckes, C. Zollfrank, O. J. Rojas, W.
Gindl-Altmutter, Electrically-Conductive Sub-Micron Carbon Particles from Lignin,
Nanomaterials 8 (2018) 1055. https://doi.org/10.3390/nan08121055

W. Gindl-Altmutter, C. Fiirst, A. R. Mahendran, M. Obersriebnig, G. Emsenhuber, M. Kluge, S.
Veigel, J. Keckes, F. Liebner, Electrically conductive kraft lignin-based carbon filler for
polymers, Carbon 89 (2015) 161-168. https://doi.org/10.1016/j.carbon.2015.03.042

J. Kéhnke, C. First, C. Unterweger, H. Rennhofer, H. C. Lichtenegger, J. Keckes, G.
Emsenhuber, A. R. Mahendran, F. Liebner, W. Gindl-Altmutter, Carbon Microparticles from

http://dx.doi.org/10.5599/jese.1520 823



http://dx.doi.org/10.5599/jese.1520
https://doi.org/10.34133/2020/8685436
https://doi.org/10.37904/nanocon.2021.4308
https://doi.org/10.1016/j.reactfunctpolym.2014.09.017
https://doi.org/10.1016/B978-0-08-045316-3.00010-7
https://doi.org/10.1016/B978-0-08-045316-3.00010-7
https://doi.org/10.1002/app.39273
https://doi.org/10.1016/j.cartre.2021.100094
https://doi.org/10.1002/anie.201306129
https://doi.org/10.1002/app.39627
https://doi.org/10.1016/j.gee.2021.04.006
https://doi.org/10.3389/fenrg.2020.00208
https://doi.org/10.1039/C6GC03206K
https://doi.org/10.1016/j.jhazmat.2014.11.033
https://doi.org/10.5714/CL.2017.22.081
https://doi.org/10.3390/nano8121055
https://doi.org/10.1016/j.carbon.2015.03.042

J. Electrochem. Sci. Eng. 13(5) (2023) 817-824  LIGNIN-BASED POROUS JUNCTION FOR Ag | AgCl REFERENCE ELECTRODES

Organosolv Lignin as Filler for Conducting Poly(Lactic Acid), Polymers 8 (2016) 205.
https://doi.org/10.3390/polym8060205

[34] J.-S. Lee, Use of a charcoal salt bridge to a reference electrode in an alkaline solution, Journal
of Electroanalytical Chemistry 859 (2020) 113872.
https://doi.org/10.1016/j.jelechem.2020.113872

[35] B. latridis, G. R. Gavalas, Pyrolysis of a Precipitated Kraft Lignin, Industrial & Engineering
Chemistry Product Research and Development 18 (1979) 127-130.
https://doi.org/10.1021/i360070a010

[36] M. E. Orazem, B. Tribollet, Electrochemical Impedance Spectroscopy 2nd Edition, John Wiley
& Sons Inc., Hoboken, USA, 2017. ISBN: 978-1-119-34092-8

[37] A. Lasia, Electrochemical Impedance Spectroscopy and its Applications, Springer, New York,
USA, 2014. ISBN: 978-1-4614-8933-7

©2023 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article
distributed under the terms and conditions of the Creative Commons Attribution license
(https://creativecommons.org/licenses/by/4.0/)
824 )


https://doi.org/10.3390/polym8060205
https://doi.org/10.1016/j.jelechem.2020.113872
https://doi.org/10.1021/i360070a010
https://creativecommons.org/licenses/by/4.0/)

