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ABSTRACT: A new voltammetrc technique designed as a hybod
between differential pulse and square-wave voltammetry is proposed for
the purpose of unifying the shantages of both techniques ie, the
ability to provide mechanistic information, studying ele ctrode kinetics of
both shyggish and very fst electrode reactions, and the ability to
suppress effectively residual background current. Voltammetric modu-
lation of the hybrid technique consists of a staircase potential combined
with sqare-wave potential modubtion superimposed at the end of each
potential step. By mexsuring the current at the end of each potential step
and pulse, differential forward and backward voltammetric components
can be composed, which is 3 unigue ability of the hybrid technique In

Hybrid techmiqus

g

addition, by analogy to square-wave voltammetry, a net differentiol component can be contracted with improved analytical

a  pedormances compared to square-wave vollammetry. The proposed technigue opens a new avenue for an advanced anahsic of

u  electrochemical processes and analytical application.

gquare-wave volammetry (SWV), a8 a spedial form of the

popular differential ]'.ru.'lm voltammetry,” i one of the
2 most advanced members in the family of pulse voltammetric
# techniques’™ being primanly designed to provide high
% sengitivity and speed of the analytical measurement.” The
= popularity of the technique has been permanently progresing
2 since the seminal work of Bamaley and Kruse” contributions
= of Osteryoungs and O'Dea* Lovric etal ™" and others
1 Methodological dev ent and application of the technique
3 have been reviewed recently. ™" In the past 2 decades the
2 application for mechanism™ ™" and kinetice™"" of
1 electrochemical procesies has been progresively increasing
# revealing the veratility and sophistication of the technique.
#  Ina gquest for further methedological development, several
% modifications have been recently proposed, incuding multi-
w sampling SWV™ and squarewave chronoamperometry (or
s electoos hemical faradaic q)!l:tl’lllm]]}"].:q Here ako belongs a
e cyclic variant of SWV, known for a while as opclic s wave
& voltammetry™ ™™ and SWV in 2 revemse mode ™™ Unigue
4 features of the technique for electrokinetic measurements are
4 represented by a series of kinetic methods developed under
& conditions of constant scan rate
4 Nevertheles, as any technique, SWV has its own drawl dhs;
4 it is rebtively compler, and voltammetric data are Jess
4 intuitively understandable compared to cydic vollammetry.
£ As a cons e, in most of the sudies where SWV i
4 utilived, only the net, vollammetric peak & analyzred, avoiding
s detadl analwis of the feward and reverse voltammetrc
@ components. On the other hand, the forward and reverse
s components are experimentally mesured curves, nelated

vACS Puolications & S smeican Chamica S ciey

directly to the anodic and cthodic ractions of a given &
redox couple, while the net component is 2 oiffere il curve® 5
Muoreover, for most of diffusion affected electrode mechaniams, &
both forward and reverse components are afymmetric peak- 4
Like curves; they are not real peaks, nor dgmoid curves, making &
the precise mesmurement of the peak current and potential &
frequently ambiguous. Swprisingly, the hitter isue remoing u
almost unaddressed in the literature so G e

In the context of electrode inetics one recognizes that SWV &
& superior for studying fast quasireversble and reversble &
electrode procesces, wheres, when a brge overpotential &
separates the anodic and cathodic electrode resctions of 2 @
given redox couple, the ovenll sysem frequently appean &
totally imeversible in WV at moderate pulse heights (ie, SW &
amp]itudu].& For such a process the net component can be &
les intensive than the forward one, which compromises even &
the analytical application of SWV. Hence, the technique i &
seripsly hmited when dow, quasrevenible proceses ae @
considered. The bitter drawback is partly overcome with cpclic =
SR rE-wave volammetry "% or SWV applied in a reverse n
modey ™™ unfortunately, the two variants are more compler o
than conventional SWV and interpreta tion and understanding m
of the voltammetric experiment could be even more difficult. =

In analytical context, SWV discriminates the charging =
current effectively, which is alse typical for other pulse %
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7 voltammetric techniques, &g, differential pulse voltammetry.”
7 However, when solid electrodes are concemed, 2 more serious
= problem i the background cwrent due to resdm] charge
& trander processes rather than the current of the
u electric double layer At solid electrodes differential pulse
a2 voltamme try can be even more analytically effective than SWV,
o due to the ability for providing lower background current by
#4 adjusting the mtio between the potential step and pulse
# duration.’ Parveen and Kant studied sxtensively the properties
s of arbitrary & volammetries, ¥ congidering in particular
o the mle of the solid eectrode roughnes and unegual
w diffusivity. On the other hand differential pulse voltammetry
w is inferior in providing mechanistic information on the
w electrod & reaction compared to SWV. Hence, it seems that a
o hybrd form of the two techniques is required to unify their
w2 advantages

w1  Thres general questions serve 25 3 motivation for the cement
w study: Whethe SWV can be modifiad in a way fo be mone
# appropriate jor analyds of sbw defrode proceses in order to
w expand the scope of the technique in a ral context?
w Whethe both the forward and badoward component of the
w volfgmmsric regronse gan be fram formed info dfforetial o,
w which will enable precise estimation of the peak parameters, for
1m the purpose of more advanced mechanistic and electrolinetic
1 anahmis? And, fmally, whether analyfical parformancs of SWY
a2 gan be improved with respect to background current
1o discrimination, 2 in the cae of differential pulse volta mmetry?
18 To these goals, the SW potential modubtion is modifed as
108 shown in Figure 1. Fist it is recalled that the potentil

Figure 1. Poentiad modalsion in [A) @mventona SWW and (B)
new, hybrd dfferential square-wave volammety. One potential cpcle
in [C) mmentona 5WV and () the new technique.

106 waveform in SWV (Figure 1A) can be emdsaged as consisting
1w of a staircase tial (Figure 1A, red points] with a step
1 duration ¢ (Figure 1C, red line ), modified with two opposite,
1w equal in height pulses with duration i, suchas r = 2t (Figure
1w 1C). Consequently, the final potential form is a tmin of
i1 oppositely orented pules (bhck lne in Figure 1A). The
12 inverse value of 7 is known as SW frequency f (f= 1/r = 1/
o (26))° Commondy f, mnges from 0.5 to 100 ms.

114 Inthe proposed new potential modulation the ial step
118 is only extended for an additional value 7, (blue ne in Figure
116 110}, while the duntion of pulses t remains as in the

conventional SWV (red line in Figure 1D ). At a consequence, 17
the ovenall potential modubtion ented in Figure 1B ua
consists of steps (blue lines) and pulses (black line). In the s
new technique the total dunation of a single potential cyde
presented in Figure 1D (green line) is 1., = 1, + ¢, whils the =
peried T again consists of two, oppositely oriented pules In oo
the present study, 7, mnges from 7, = 24, to 7, = 20y ie, it
spans a time interval fom 1 me to 2 5. By amalogy with o
conventional SWV, the pulse duration £, of the new technique 1
can be expresed in terms of frequency f= 1."[2.1'11]_1']1-: W
potential modulation can be undestood as being obtained by
inserting a sep potential with a duntion ¢, between each
potential cycle in conventional SWV) as 2 consequence, instexd
of having a trmin of potential pultes (Figure 1A), one gets a o
combination of steps and pultes [Figure 1B). i

The latter smple modification affects volammetric features o
profoundly, a2 eabomted in the following discusion, m
addressing simple quasireversible electode reaction of a
dissohed redox WIE_P]I'_M More importantly, by measuring s
the current before the application of pulses (1, in Figure 1D,
as well a5 at the end of each pulte (f and [ in Figure 1D),
both feward and reverse vollammetric nis can be
trandormed into differential curves Thus, the new technique
can be provisonally termed as differenfial square-save
voliammeiry. In addiion, by analogy to SWV, net, differen tial
voltammetric component can be constructed as well. Thus, the
vol tammetric response can be represented by three differen tial
components, which & a unique feature of the proposed
The proposed volammetric technique bears some sim-
ilarities with the technique of Zhtev et al," ™ termed as
differential altemative pulses vollammetry, introduced for the
purpese of improved volammetric resolution. The present
technique keeps the ability typical for SWW to acces the
kinetics of very fast charge transfer proceses by adjusting the
frequen cy of the pulses; 2 well a5 to provide an insight into the
mechanizm of the electrochemical reaction. On the other hand,
% in differential pulse voltamme try, discrimination against the
background current, as well a5 accesmion to the kinetics of 1
shuggish electrode resctions, can be achieved by adjusting the 1
step-to-pube duration rtio r =1,/t,. 15

The new vollammetric technique is tested by the dectrode 1
reaction of the redox couple Eu*(aq) Bu™(aq) at hanging uw
mercury drop dectrode™ and hemcyanoferrate(11)) w0
bz cymmofermate(11) at gasy carbon electrods ™ 161
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B EXPERIMEMTAL SECTION

All chemicals used were of analytical grade purity (Sigma-
Aldrich, ChemLab, or POCh). Agqueous solutions were
prepared with purified water with Millipore Direct -3
[Merck) purification system. Stock solrtions of 001 mal L™
ewropium(II1}) chlorde and 0.1 mol L™ potassinm
hewacyanoferrate(11) were prepared in water Accordingly
supporting  electrolyte solutions weed for electrochemical
mezsurements were (.1 mol L™ citrate buffer at pH 3 and
phosphate-buffered saline pH 7.4 (consisting of 0001 mol L™ m
phate buffer, 0027 mol L™ potassium chloride, and 0,137 1=
maol L' sodium chlorde), respectively. s
Experimental analyses have been ed with muli- 4
Autolab potentiostat modsl M101 (MetohmAvtohb BV}
controlled by the NOVA (v. 1.103) sofiware Hanging
mercury drop  electrode (HMDE mitm-anks insruments, o
Poland, surface area Q0102 cm®) served a8 a working
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sz nents the following values for the formal mte constant have
4o been found: 35 % W0 ems™ [r=1)and 33 % 10 ems™ r
44 = 10), for @ = 045 and D = 1 ® 107 cm® 5", which are in
4 agreement with previous data,

sos  Finally, in order to ilustrate that the new technique exhibits
4 the ability to improve the residual background response (ie,
4m suppressing  the background current] at solid eectrodes
s compared to SWV, a set of experiments have been conducted
a1 at glasmy carbon electrode with hemcyanoferrate(T1) as a redox
su probe. Even at minimal step-to-pulte duration ratio r= 1, the
42 background of net SW volammogram i obvicusly diminished
413 with the new technique, as depicted in Figure 54. As a
414 consequence, the net peak current messured with a tangent
415 method is 3658 pA for the new technique vs 261 uA for the
416 conventional SWW. In addition, the inset deardy reveals that
417 the badground responge of the blank ample & dgnificantly
48 improved under conditions of the new technigue, implying
4i# promising analtical applications The rtic between the
42 absolute net peak current and the blnk curent measured at
su the pmk potential value i 1876 for the new technique and
sz 12.54 for SWV, indicating promising analytical performances
42 of the proposed new hybrid technique.

s2 W COMCLUSIONS

425 The new differential square-wave voltammetry, designed a< 2
a2 hybrd form betwseen conventiona] differential pulse (DEV)
4r and sparewave whammetry ($WV), aims to unify the
4z advantages of both technigques and to provide a new means for
42 advanced mechanistic and kinetic study of electrochemical
4o procesmes, a8 well as for improved analytical application
su compared to both techniques. It has been demonstrated that
42 the new technique, encompassing potential steps and square-
a1 wave potential modubition (i), enables mechanistic anahmis of
44 electrode processes, which & unlikely in conventional DPV;
a1 [ii) enables messurement of electrodes kinetics of both fast and
4% slow electrode processes, which is les probable with
47 comventional $WV; and (iii} improves the electrochemical
sm revergbility of dugghsh dectrochemical proceses, which i
4w highly adwantageous in both mechanistic and electrokinetic
44 contexts Moreover, in analytical context, it & plausible to
4qt expect that the new technigque will exhibit better analytical
4o performances compared to conventional SWV, a5 already
42 The technique is associated with two crtical time
44 parameters, ie, the frequency of pules as in conventional
4 5WV, and the sep-to-pulse duntion ratie, a typical in
s conventional DPFV. The latter parameter & of critical
44 importance for improving electrochemical reversibiity and
4o thus anahtical performances, s well as enables estimation of
4 electrode kinetics of sluggish proceses.

4s  Velammetric response of the technique can consist of
422 forward, reverse, and differential net component, identical as in
44 conventional SWV. However, by virtue of current smpling at
484 the end of each potential step (ie, prior to the application of
485 SW potential Iru]ns], baoth forward and reverse currents cam be
3% tmndormed into differential components, providing 2 new
457 voltammetric profile, different than conventional forms of both
4 DPV and SWV, opening a new penpective for advanced
4w analysis of electrochemical proceses.

B ASSOCIATED CONTEMT 0

8 Supporting Information 1
The Supporting Information is availible free of charge on the
ACS Publications website at DDOL 101021 facs.anal- 4
chem Sh03035. 454

[ Figures 51—54) Comparison of conventional SWV and 4
the new technique for different step potentials, typical s
responge of 3 duggish dectrode reaction, effect of the 4
electron trandfer cosfficient on the additive differential
net component, and heocyanoferate redox system at 4
ghssy carbon electrode (PDE) 0
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