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Overview of Reference Hectrodes and

Alte mative Reference Hectrodes

Brie f Disc ussion about Standard and Pseudo Reference Electrodes

Pine offersnon-aqueousreference electrodes (e.g. Pine Research Parnt #: RRREF0153 or AKREFO033) for
non-aqueous electrochemical studies. A reference electrode with a well-known, stable e quilibrium
electrode potentialis essentialto accurately controlthe potentialof a working electrode. The article
herein aims to introduce necessary propertiesofidealreference electrodes, and then provide s clarty
on how to construct and evaluate the stability of variousnon-aqueousreference elctrodes.

1. Background

1.1 Measuring HectrochemicalCell Voltage in a Two-Hectiode Cell

For an electrode reaction to occur within an electrochemical cell, there must be at least two electrodes; the
working electrode faciltates electron transfer to the analyte of interest while the counter electrode maintains
electroneutrality by participating in a reaction of opposite sign. Though it isnot possible to measure the absolute
potential of each electrode with certainty, the cell voltage can be determined by measuring the potential
difference between the two electrodes. Thus, a known voltage can be applied to the working electrode as a
difference of potential between it and the counter electrode. However, as voltage is applied to the working
electrode, an electric double layerat the electrode/solution interface isintroduced on both electrodes, causing
potentialchangesand anoverallchange in the rate of Faradaic processesateachelectrode surface. Asa result,
the rate of potentialchange ateachelectrode isunpredictable, making ithard to accurately controlthe potential
of the working electrode. In addition, because there is solution resistance, Rg, a voltage drop (Ohmic drop,V = iRy)
acrossthe solutionisobserved (see: Figure 1), inducing furtheremorin cellvoltage me asure me nts. Conse quently, to
accurately determine cell voltage, Ohmic drop must be negligible and one of the electrodes must have an
unwaverng potentialatalltimes. Since the potentialofthe working electrode isto be changed with respectto the
counterelectrode, a half-cell system iscreated forthe counterelectrode where the components within it are at
high concentration, allowing the counterelectrode to be vitually unaffected by the flow ofcumentand itspotential
to remain constant. A counter electrode of this type is called a reference electrode. Because the reference
electrode’s potential does not change, every applied voltage change between the working and reference
electrode isattributed to the working electrode (aslong asthe Ohmic drop isnegligible).

1.2 Measuring HectrochemicalCell Voltage in a Three-Hectrode Cell

In the simplest sense, a reference electrode thatalso functionsasa counterelectrode (ie. the reference electrode
in the two-electrode cell) hastwo innate issues:!

1. Durng high cument experments like bulk electrolysis or fast votammetric techniques, the induced
concentration change within the reference electrode isno longernegligible, altering the potential of the
electrode (see:section 1.3).

2. Fornon-aqueoussystems, itis often difficult to completely eliminate Ohmic drop.

The introduction of a third electrode into the electrochemical cell easily mitigates the first problem; in a three-—
electrode cell, the electronic circuit is modified with a high input resistor between the working and reference
electrodes. As a result, very little current fowsbetween the working and reference electrodes, and the potentialof
the reference electrode remainsunaltered. The third electrode,commonly called the auxiliary electrode orcounter
electrode, then acts to maintain cell electroneutrality. The auxilary electrode is often placed in a separate
compartment, by means of a frt, to ensure that any electroactive speciesit produces do notreach the working
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electrode and alterthe processofinterest. The second problem, Ohmic drop emor, isharderto alleviate. Because
the reference electrode doesnotfunc tion to maintain ele ¢ tro ne utrality in the three-electrode cel,itcanbe placed
closerto the working electiode to reduce Ohmic drop between them. While thiswilnotcompletely reduce Ohmic
drop enor, it willhelp signific antly. Otherwaysto reduce Ohmic drop include using a smallerworking electrode to
decrease the amountofcumrent passed and increasing the ¢ onduc tivity o f so lutio n.

. Info:
K the working and reference electrodes are placed too close together, wild
oscillations willoccur. Foscillations are seen in a voltammogram, slowly move the

N — electrodes apart until no oscillations are seen
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Figure 1. HectrochemicalCell Voltage across Two-Hectrode Cell Adapted from Zanello.!

1.3 Nemst Equation
Reference electrode reactions, like allreversible electrochemicalreactions,can be described by equation 1,

Ox + ne = Red (1)

where Ox and Red descrbe the oxidized and reduced species, respectively, and n represents the number of
electrons, e, passed during the electrochemical reaction. When Ox and Red are at equilbrum, the e quilibrum
potentialofthe reversible electrochemicalreactioncanbe descrbed by the Nemst equation (see: Equation 2),

RT  agyyx
In

E=E"+—
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(2)

where E isthe potentialmeasured, E°isthe standard reduc tion potentialforthe reac tion ofintere st, R isthe universal
gasconstant, T istemperature, nisthe numberofelectionstransferred in the halfreaction ofinterest, F is Faraday’s
constant, a,, is the activity ofthe oxidized speciesin the reaction of intere st, and a,.4 is the ac tivity of the reduced
species in the reaction of interest. The activity of a species, e.g. a,,, descrbes the relationship between its
concentration ([0x]) and ac tivity coefficient (y,,) (see: Equation 3).




Aox = Yox[0x] (3)

The ac tivity coefficient (y,,) accounts fornon-idealbehaviorin the mixture of Ox throughout the electrochemical
cell If concentrations are substituted for activities, a more familiar form of the Nemst equation emerges (see:
Equation 4), where E° isthe formalelectrode potential(see: Equation 5).

E=E 4 o0, 104 (4)
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Since allreference electrodesoperate at equilbrum, it follows that their e quilbrium potentialscan be descrbed
by the Nemst equation (see: Equation 4). Consider the wel-known silver/silver chloride reference electrode. The
siiverchloride reaction involves the addition of an electron to solid silverchloride to reversibly produce solid silver
and aqueous chloride ion (see: Equation 6). The Nemst equation isused to calculate the electrode’s e quilb rium
potential (in millivo lts, see: Equation 7),butsinc e the concentrationsofsolid componentsdo notvary, the e quilibrium
potentialis shown to be dependentupon the concentration ofchloride ion (see: Equation 8).
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+ RT
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2. Non-Aqueous Reference EHectrodes

2.1 Reference Hectrode Stability

Agoodand dependable reference electrode providesa stable potentialand isnotprone to environmentalfactors.
Idealreference electrodeshave the following ¢ harac te ristic s:

1. Areversble reference redoxpair(fastelectron transferrate).

2. Good contactbetween the redox pair.

. Info:

Poorcontactbetweenredox pairs can manifestitselfin many ways; smallelectrode
1 area diminishes contact, contact between redox pairs in different phases reduces
N—— contact (solid-solid contact has a laiger effective contact area than solid-ion
contact), and unstable local concentrations of one or both species reduces

contact.




3. Astable liquid junction potentialthatisunaffected by temperature orlocalchemicalcomposition aro und
the frit.

Inpractice,allreference electrodeshave unstable liquid junc tion potentialsthatare affected by temperature and
localchemical composition near the fiit. For example, the silver chloride reference electrode, whose shorthand
electrochemical reaction is written as Ag|AgClKCl (saturated), is the most widely used practical reference
electrode. It is as stable and reliable as the saturated calomel reference electrode (SCE, whose shorthand
electrochemical reaction is written as Hg|Hg,Cl,|KCl (saturated), but not as toxic. Ag/AgCl and SCE reference
electrodes suffer only from an unstable liquid junction potential affected by temperature and local chemical
composition nearthe frit. In aqueoussolutions, changesin the liquid junc tion potentialproduce a drift on the order
offew millivoltsovera period ofone yearbecause ofthe high K*and Cl concentrations. However, when switc hing
to non-aqueous systems, the liquid junction potential can be rather large; at the interface of two solvents, for
example atthe aqueous|non-aqueousinterface orthe interface oftwo differentnon-aqueoussolvents,itcanbe
hundredsofmillivolts.

2.2 Modifications forNon-Aqueous Reference EHectrodes

When the stable Ag/AgClreference electrode isused fornon-aqueous systems, the electrolyte inside the Ag/AgCl
reference electrode compartment (saturated KCl in waterora polarorganic solvent) is often different than the
main electrolyte (a salt in non-aqueous solvent). Since the reference electrode isplaced in close proximity to the
working electrode to reduce Ohmic drop, any leakage or mixing of the two electrolytes causes an unwanted
response atthe working electrode (see: section 1.2). Therefore, to avoid contamination ofthe main electrolyte by
the reference electolyte, a fritisused; frits sow down elec trolyte mixing time s. Eve n with the use ofa fiit, reference
electrodesused fornon-aqueous systems encounterthe following proble ms:

1. Contamination of the extemalelectrolyte with water, the filling solution solvent; de spite using a fiit, it is still
possible forintemalreference electrode filling solution to diffuse to the extemalelec trolyte solution

2. Fitpore plugging. Due to the insolubility of KClin organic solvents, plugged poresare a commonreference
electrode problem. The use of a reference electrode with plugged pores will often cause potentiostat
issues. Forexample, plugged poresallow extemalelectromagnetic fields to cause interferenc e, re sulting
mnnoisydata. notherwords,the inmpedance (acrossthe fritinterface) ofthe reference electiode increases
when poresare plugged. Inextreme cases,a completelyblocked reference electrode willre sult in the loss
of potentiostat controlbecause itlosesitsreference point.

3. Reference electrode potentialdrift due to the liquid junc tion potentialacross the fiit interface.

T alleviate the effects of these common problems, many methods have been proposed, each of which has its
own shortc omings (see: Table 1). ® illustrate, a silverv/ silvernitrate reference electrode, whose shorthand reaction is
written as Ag|AgNO3z in CH;CN (10 mM) | fiit, can be used as an altemative redox pair reference electrode. The
siver/silver nitrate redox couple is similarto a primary redox standard. However, the silversilver nitrate reference
electrode suffers from c ertain instabilitie s; in the presence ofoxygen, Ag,0 formsand disruptsthe Ag/Ag* redoxpair,
and Ag*t can leakinto the main chamber, affecting the electroc hemistry that a researcheris investigating. One
can combine the silversiver nitrate reference electrode with a double junction (orsalt bridge) to minimize Ag™*
leakage,butanincrease inelectrode impedance willresult, possibly leading to reference electrode instability over
time .

The third modification, a pseudo reference electrode, consists of a pure, freshly polished silver wire. 'The silver
pseudo reference electrode functions because a natural oxide layer forms on the silver wire, creating a redox
reaction whose shorthand notation is Ag|Ag,0 | frit. As alluded to above, the silversilveroxide pseudo reference
electrode doesnot have a stable and reproducible redox potential and must therefore be calbrated using an
intemal standard. Ferrocene is one of the most common intemal standards due to its solubility in non-aqueous
solvents as well as its highly reversible and wel-behaved kinetics. Users will often add solid ferrocene to their
electrochemical cell and find the potential at which its redox characteris clearly observed. 'Then, all other
measurements are made vs. femocene (whose redox potentialisknown and reported in the literature).2 Of note, if
fermocene redox peaks overap with the analyte redox peaks, a different intemal standard must be used.
Additionally, changesin the chemicalcomposition ofthe main electrolyte mayoccuraselectrochemicalreac tions
occur,causing a reference potentialdrift. ™ prevent this potential drift, it isimportant to isolate the silver wire with
a fritted tube (see:section 3.1).




Mo dific ation Pros

Cons
Redox Pairs thatare Soluble in Non- Reducesplugged pores Diffic ult to find stable redox pairs
A Hectrolyte
Pt Eiminates watercontamination
Reducesliquid junc tion potential
Double Junction Reference Reduceswaterdiffusion rate to Poresstilbecome plugged
Hectiod inelect te ch b
ec es main electrolyte chamber Reference electrode impedance
increases
Pseudo Reference Hectrodes Reducesplugged pores Needsfrequentcalbration
Eiminates water
Reducesliquid junc tion potential

Table 1. Modifications to Reference Hectrodes used for Non-Aqueous Hectiolyte

3. Non-Aqueous Reference Hectrode Kits

3.1 GeneralReference Hectiode Construction for Non-Aqueous He c troche mistry

This application will focus on reference electrodes created using a silver wire. Pine Research offers Ag pseudo

reference electrodes, standard size (9.5 mm OD) and LowProfile size (3.5 mm OD). The following discussion apples
to the both electrode sizes.

1. Aglasstube with a mounted frit

2. Asiverwire
3. An airtight way to mount the silve r wire
4, Eectrolyte solution
. Note:
1 Once the frit has made contact with electiolyte solution, it must emain in contact
with electiolyte solution at all times. DO NOT let the fiit become dry, as the

— electiolyte salt will crystallize inside it and crack the frit, rendering it leaky and
useless.




Figure 2. Standand Size (9.5 mm OD), Left, and lowProfile (3.5 mm OD), Right, Ag Reference Hectrode Kits.

Tip:

During the course of an electrochemical experiment, electrogenerated products
can deposit on the reference electrode firit. Allowing the fiit to soak in elec trolyte
com— solution after an experiment serves to clean the fritt When the fritted glass tube is
removed at a later time for another experiment, be sure to replace the solution
inside the fritted glass tube as well as the solution inside the sealable container.
Doing these two things will keep the frit clean and prevent unwanted, previous
electrogenerated products from entering the electrochemical experiment.

3.2 Specific Reference Hectrodes Used

Thisapplicationlooksto explore the stability acrossnon-aqueousreference electrodeswith varying frit composition,
glasstube size disparty, and elec trolyte filing solution. Specifically, two reference electrodeshave been reviewed
and discussed in this document: (A) lowProfile Ag Pseudo Reference Eectrode with ceramic fiit (Part Numbers:
RREF0153 and RREF015312); (B) Standard Size Ag Pseudo Reference Eectrode with ceramic frit (Part Number:
AKREF0033). Several variations of electrode and filling solutions have been investigated and reported in this
document (see: Table 2).

Iabel Hiling Solution Bulk He c troly te
Al 10 mM AgNO3 in CH3CN CH;CN
Bl 10 mM AgNOs in CH;CN CH,CN
Pseudol CH3CN CH3;CN
A2 10 mM AgNOs; in CH;CN CH,Cl,
B2 10 mM AgNO3 in CH3CN CH,Cl,
Pseudo?2 CH3;CN CH,Cl,

Table 2. Reference Hectrode Type Details. All Hectiolyte Solutions Contain 100 mM NBu,PF,.




4. Stability Te sts

4.1 Open Circuit Potential Te sts

With anopencircuit potential (O CP) te st, the stability ofone reference electrode canbe measured againstanother
reference electrode. It is wellknown that the Ag|AgCI|KCl (saturated) | frit reference electrode has a very stable
redox potentialin polarsolventslike acetonitrle; OCPdoesnotvary with time. To test the stability of the reference
electrodesconstructed in Table 2, the Ag|AgCl|KCl (saturated)|fritreference electrode wilbe considered a master
electrode to whic h the otherpotentialscanbe referenced. Thus,ifanyvariationisseenina testreference electrode
OCP,itcanbe contrlbuted solely to the instability within the testreference electrode. Of note, if the solvent polarity
is lowered, a high liquid junction potential drft will form at the aqueous/non-aqueous interface, rendering the
Ag|AgClIKCl (saturated)|frit reference electrode redox potential unstable. Thus, only reference electrodes that
utilize acetonitrile forboth the bulkkelectrolyte solvent and reference electrode solvent (A1, Bl, and Pseudol) can
be compared to the stable Ag|AgCl|KCl (saturated)|frit reference electrode in this manner to determine their
stability (see: Table 2)

When OCPofreference electrodesAl,Bl,and C1 are measured againstthe Ag|AgCl|KCl (saturated) | fritreference
electrode, it is found that all three exhibit stable potentials with a drft rate of less than 0.3 mlV/min
(see: Figure 4). Thus, for the diffe rent frits te sted herein (mini-c eramic, fine glass, orceramic ), there is no significant
impacton the stability of the reference electrode.

Recall that the shorthand for Al, Bl, and C1 is Ag|AgNOs;in CH;CN (10 mM)|frit. The literature value for
Ag|AgNO; in CH3CN (10 mM) | frit vs. Ag|AgCl|KCl (saturated) | frit is 345 mV. All three reference electrodes are within
+10mV of the literature value, supporting that all three are stable reference electrodes. The Pseudol reference
electrode has shorthand notation Ag|Ag,0 | frit. Recall that the silver'silveroxide reaction does not have a stable
redox potential Thus, when the OCP of Pseudol is measured against the Ag|AgCl|KCl (saturated) | frt reference
electrode,large potentialdrifts are initially se e n (~5 mV /min) untilit stabilize s (se e : Figure 5). Therefore, itisimpe ra tive
to let pseudo reference electrodesequilbrate in solution foratleast an hourbefore use.
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Figure 3. Relative Stability of Reference Hectrodes Al, Bl, and C1 with respectto the Ag|AgCl|KCl (saturated) | fiit.
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Figure 4. Relative Stability of Pseudol Reference Hectrode with respectto the Ag|AgCl|KCl (saturated) | fit.
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4.2 Fenocene Cyclic Voltamme try Te sts

OCP tests operate under a key assumption: the potential of one of the reference electrodes does not drift.
Therefore, while it is possible to establish relative stability between two reference electrodes with an OCP test, it is
not possible to tellif both electrodes are drifting at the same rate. A cyclic voltamme try (CV) te st using fermoc ene
compliments OCP tests. Ferrocene undergoes a reversible, one electron oxidation to form femnocenium
(see: Equation 9). The potential at which the oxidation occurs is relatively constant, making an independent
chemicaltest forthe reference electrode’s drift (ie. if the oxidation peak driftsbetween CVs, it is attributed to the
drift in the reference electrode).

Fe(CsHs); = Fe(CsHs),™ + e~ (9)

Ferrocene (10 mM)isadded to the bulkelec trolyte solutions previously shown in Table 2. Cyclic votammogramsare
obtained by using a platinum coilasthe working electrode, a counterelectiode (Pine Research Part #: AFC'TR5),
and a testreference electrode (see:section 6 forexpermentalsetup). Fermocene’soxidative peak potentialisthen
measured asa function of time foreachreference electrode.

When the bulk electrolyte solution solvent is ac e tonitrle, the drift of the Ag|AgCl|KCl (saturated) | fiit is emarkably
low, lessthan 0.01 mV/min (see: Fgure 6). Allthree Ag|AgNO3 in CH;CN (10 mM) | fritreference electrodes (A1, B1,C1)
have drift rates ofless than 0.1 mV/min, suggesting great stability as well. However, recall from section 1.2 that the
potentialofthe working electrode ismeasured against the reference electrode, and thatthe reference electrode
potential relies on its stable reaction equilbrium. Since the stable reaction equilbrium in A1, Bl, and C1 is the
reversible oxidation of silverto silvernitrate, fenmocene’soxidation potential should occuratthe same potential for
allthree reference electiodes. However, to accommodate the mini-ceramic frit A1, a different working electrode
isused and producesanoxidation peakpotentialdifference of ~50 mV (see: Figure 9). While the relative oxidation
peakpotentialbetween Al differs from Bl and C1, they are allstill very stable within the same data series. Finally,
by waiting atleast ten minutes after Pseudol wasconstructed, its drift rate isreduced to le ssthan 0.2 mV//min.
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When the bulk elec trolyte solution is dic hloromethane, the stability of the Ag|AgCl|KCl (saturated) | frit is gre atly
lowered due to the huge junction potential drift induced at the water/ dic hloromethane interface (see: Figure 7).
The drift rates of A2, B2, C2, and Pseudo2 are lessthan 0.2 mV/min, suggesting strong stability.

4.3 Concluding Stability Remarks

While large drifts (1 mV /min) are certainly due to the instability ofa reference electrode, the origin of small drifts (le ss
than 0.2 mV/min) observed in both acetonitrle and dichloromethane is not clear. t cannot be excluded that
femocene redoxchemistty undergoessubtle changesasrepetitive CVscansare perfformed. In otherwords, the drift
could be due to a shift in the oxidation potential caused by changes in surface electrochemistry or the surface
state of the electrode. In addition, the oxidation product fermocenium is less stable in organic solvent; a thin film of
fermoc enium side reaction productscan blockthe electrode surface, causing changesto the peak position.

The moststable non-aqueousreference electrode is Ag|AgNO3 (10 mM) in 100 mM NBu,PF¢ CH3CN | fit with a drift
rate oflessthan 0.1 mV/s. kisrecommended thata non-aqueousreference electrode be calbrated daily using a
known redox pairsuch as ferrocene in a standard solution (1 —5mM fermocene in 100 mM NBu,PFs CH;CN). While
the silverv/silvernitrate reference electrode isthe moststable, researc hersmust exercise c aution when using it. Sinc e
siiverions are soluble in acetonitrle, they can pass through the frit and contaminate the bulk solution. T minimize
siiverion leakage, a double junction can be used. Nevertheless, in certain applic ations like the study of hydrogen
evolution catalysis,even a smallamount ofsilverion c o ntamina tion shifts the acid reduc tion potential, ¢c o nvo luting
data obtained forthe catalyst of interest.3 In these instances, itis betterto use a pseudo reference electrode. A
pseudo reference electrode wilnotcontaminate the bulkelec trolyte solution. Edoes, however,experience greater
potential drift. o account forthis, the pseudo reference electrode should be allowed to equilbrate foratleastan
hourbefore use and referenced to an intemal standard like ferrocene. If possible, the redox peaks of fermocene
should be included oneach cyclic votammogram taken,ormeasured directly aftera linearsweep experiment.

1. Zanello, P. horganic Eectrochemistry: Theory, Practice, and Application; The Royal Society of Che mistry:
Cambridge, UK 2003.

2. Pavlishchuk, V. V; Addison, A. W. lhorganica Chim. Acta 2000, 298, 97.
3. McCarthy, B.D.; Martin, D. J.; Rountree, E S;; Ulman, A. C.; Dempsey, J. L horg. Che m. 2014, 53, 8350.
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6. Appendix: Experimental Se tup

™ conductelectrochemicalmeasurements,anelectrochemicalcell(Pine Research Part#: AKCELLL) with five ports
was utilized (see: Figure 8). Forthe Fermocene Cyclic Voltamme try Tests, one port wasused fora counterelectrode
(Pine Research Part #: AFCTR5), one fora working electrode (30 cm Pt coil with 0.5 mm diameter), and the other
three portsforreference electrodes(Type (B)—fine glass fiit, y)pe (B)—Pseudo fine glassfiit, and Type (C)—standard
size ceramic frit). Forthe Open Circ uit Potential Te sts, three ofthe ports were used forthe working electrode (Type
(B)—fine glass fiit, ype (B)—Pseudo fine glass frit, and Bpe (C)—standard size ceramic frit) while the reference
electrode (Ag|AgClIKCl (saturated) | frit) only occupied one port. The counterelectrode remained the same (Pine
Research Part #: AFC'IR5).

Figure 7. Hecttochemical Cell (AKCEIIL1).
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In orderto testthe stability of the mini-c eramic frit (ype (A)), anothersetup was utilized thatused a screen-printed
electrode forits working and counterelectrodes (see: Figure 9).

Figure 8. Mini Fectrochemical Cell Se tup

7. Support

Fyouhave any questionsorwould like to inquire aboutthe availability ofthe electrodesdescrnbed in thisdocument,
please contactusvia the meansprovided below:

7.1 Email

Reach usby emailing the entire salesdepartment: pinewire @pineinst.com.

7.2 Website

There isa contact us form on our website. There may also be additional resources (such as YouTube videos) for
some ofthe products mentioned here: http://www.pineresearch.com
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