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New ESR-Eectrochemica Cdl Dedgns
for Coaxiad Microwave Cavity

Zhuang Lin~ LuJunteo
(Dept. of Chem., Wuhan Univ., Wuhan 430072)

Abstract New cell desgnsfor s multaneous electrochemica (EC) and electron in res
onance (ESR) measurements are reported for coaxial microwave cavity. Adjustable shieldings are
introduced s that the working eectrode can be much shorter than the full height of the cavity.
Besdes the traditiona helical dectrode, the working eectrode can be cylinders made from metal
plates, metalic meshes or even composte materias. The counter dectrode can be placed either
insdeor outsde the cavity. These features make the new desgns more flexible than that previ-
oudy reported. With a non-perforated cylindrical eectrode, thiscel can be used to determine the
standard potentia and the number of dectronsof eectrode reactionsinvolving radicals. Other pos
sble applications are a2 briefed.
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1 Introduction

Snce its early stage of development , electron in reoonance (ESR) has been combined with
electrochemistry(EC) . Smultaneous eectrochemica and ESR measurements (SEESR) can be
used in different directionsand, therefore, are of interdisciplinary interest. Some researchers may
use EC asa unique tool for in-dtu generation of radicalsto study the structure of radica's, the -
fects of substituentson the molecular orbital energiesof a seriesof related compounds, etc. . Hec
trochemists may use ESR to detect and study the paramagnetic eciesinvolved in eectrode reac
tions. These paramagnetic gecies may be the intermediate , product or catalyst in an electrode re-
action. The charge carrier electronsin conducting polymers and lithium intercaation carbons can
a2 be studied by SEESR measurements.

The cell desgnis a key to success for SEESR measurements. A good cell desgn should be
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able to meet the conditions necessary for both normal ESR measurements and e ectrochemical op-
erations. However , the conditions required by the two ddes are often in conflict to some extent.
Onone hand, a highly conductive dectrolyte solution favored by electrochemica oparziions in
evitably tends to cause serious didlectric loss to the ESR cavity. On the dther hand, in order for
the ESR measurement to be conducted normdly , the volumsz of the SEESR cdli is severdy limited
and the cdll shagpe must meet some gecia requests. For & rectangular ESRK cavity , the avalable
gpace for the SEESR cell isabout 1 cm wide with the maximum length equa to the height of the
cavity and a thickrizss n: more than 0.5 mm. For cylindricd cavity , the &fective volume of the
cel isacylinder of 2 2 mm diameter aong the axis of the cavity. Asa result, most of the re-
ported cell desgnsfal into two badc categories, i.e. , flat cellsand capillary cdls, to fit the two
cavities regectively.

A properly desdgned cell not only must exhibit performance that is conddered satigactory for
a particular experiment but should be easy to make and operate. There have been a variety of de-
sgns reported in the literature and collected in review papersin different periods'! 3. Each cdll
desgn hasits merits and shortcomings and is goplicable to a wider or narrower range of experi-
menta parameters, such as the dielectric constant of the olvent , the concentration of paramag-
netic gpecies, the required precison of potentia control over the working electrode, the duration
of undigtorted smifinite diffuson mode, the time constant for exhausting eectrolyss, etc.. In
this paper , we report new cel desgns based on the coaxial microwave cavity concept with an enr
phasson improving the flexihbility and gpplicability.

Thefirg cel desgn based on the concept of coaxia microwave cavity was reported by Allen-
doerfer and coworkers . In their desgn the working electrode is afindy wound meta helix fit-
ted snugly againsgt the inner wall of an ESR sample tube of 6 mm inner diameter. The length of
the helix is omewhat longer than the height of the cylindrical cavity (about 4.4 cm for x-band
microwave) . The counter electrode islocated in the center of the helix while the L uggin capillary
for the reference electrode is placed close to the inner surface of the helix. The ESR observable
gaceis confined to the volume between the metal helix and the inner wall of the sanple tube.
This desgn has ome obvious advantages. This cell can be used for a wide range of lvents with
different didectric congtants, from water to organic lvents. The potentia over the whole work-
ing electrode surface can be fairly uniformly controlled because of the symmetric arrangement of
the electrodes; the distortion of voltammogram due to IR drop is negligible; the paramagnetic
pecies generated at the counter electrode is screened from ESR detection by the meta helix ; the
time for exhaugting electrolyssis relatively short (about 30 seconds) ; the large surface areaof the
working electrode makesit advantageous to detecting short-lived radicals. The performance of the
cell ssems very attractive; however , the long and finely wound helical electrode is not convenient
to deal with, epecialy when the sample tube is thinner. For example, for a conventiond ESR
sample tube of 4 mm inner diameter , a4.4 cmfinely wound helix made from a metal wireof 0.3
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mm diameter hasover a hundred turns and needs about 1.5 metersof wire. It isnot an easy job to
make such a component in common laboratories. Besdes, in 9me experiments, the electrode sur-
face hasto be cleaned mechanicaly. In these cases, repeated unwinding and winding the nelix be-
come necessary and these would easly cause a break to the wire, which {sotten madetrom noble
metals and costly. The purpose of this work was to try to modify the orgina desgn @ that the
SEESR cell could be prepared easer and more flexibie to suit wider range of experiments.

2 Cdl design

In Allendoerfers desgn, the helix wire has two functions. In addition to being a working
dectrode, it shieldsthe most part of the olutionin the cdl from the microwave radiation to avoid
severe diglectric loss. To be a working eectrode, afull-length (the height of the ESR cavity) he
lix is not necessary though along helix means a big electrode surface area favorable for the sens-
tivity of ESR detection. In many cases, the sendtivity is not a mgor concern and a mush shorter
helix electrode may ill generate sufficient number of radicasfor ESR measurements. A shorter
helical dectrode is obvioudy easer to handle. To ensure an acceptable dielectric loss, however ,
the helix must be full length in Allendoerfer’ s desgn to shield most part of the solution.
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Fig. 1 Thecdl design. (a) the SEESR cdl with ad Fig. 2 Examplesof the working eectrode for the

justable shiddings; (b) an enlarged view of a coaxia cavity. (a) hdix; (b) perforated
short helicd working dectrode with shield cylinder ; (c) non-perforated cylinder ; (d)
ings; (c) the cdl with the counter dectrode metalic mesh; (e) carbon sheet-metdlic
placed outsde the cavity mesh composte

In the new dedgn, a part of the shieding function of the helix is taken over by two ad-
justable metal shiddings 9 that the working electrode can be much shorter. The adustable
shieldings are made from highly conducting metal (Ag, Cu or Al) foils by smply wrapping the
foils round the ESR sample tube and fixing them with adhesve tgpe (Figure 1a) . Experiments
show that it isimportant to have the outsde surface of the meta shieldspolished bright. The two
shielding cylinders can be moved up and down on demand. The gap between them is centered in
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the cavity. Thelength of the working electrodejust fills up the gap. Inthisway , the helix can be
mush shorter than the cavity height. Besdes the wound metal wire, the working electrode may
be a cylinder made from different materials, such as perforated or non-perforated metd foils,
metallic mesh or even composite sheets(Figure 2) .

In most experiments reported in this paper , the counter electrode vias a platinized thick Pt
wire located in the center of the cell along the axisof the helix. A roughened slver wire sedled in
athin Teflon tube served as the reference eectrode. Another thin Teflon tube wasinserted down
to the cdl bottom for purging the olution with argon.

In prolonged experiments, the product formed at the counter electrode may eventualy reach
the working electrode through conventional diffuson and cause interference to the SEESR mea
surements. In these cases, the counter eectrode can be moved outdde the cavity as shown in
Figure 1c. Inthis dedgn, the conventional mass trangort for the gecies formed at the counter
dectrode islimited by the pecid configuration. If the dendty of the product at the counter eec
trode is lower than that of the bulk slution, it will rise up andfloat at the top of the slution; if
the dendty is higher than that of the bulk olution it will 9nk down and stay at the bottom of the
upper container outsde the cavity. The long distance between the counter and the working elec
trodes makes it practically impossble for the products to diff use from the counter electrode to the
working electrode. Thus, the interference caused
by the product at the counter eectrode can be &-
fectively avoided. Thisadvantage isobvioudy ob-

L,
tained at the expense of the uniformity of poten- L
tia distribution over the working electrode. For a 100mv
given electrochemical syssem, the potentiad nonr B/ vs. SCE

uniformity due to ohmic drop is determined by
the ratio of the dectrode length and the crosssec-  Fig. 3 Cydlic voltammograms obtained with the

tion areaof the dectrolyte channel in contact with cell design shown in Fgure 1c for 1 m
mol/L Fe(CN)¢*'#in 0.5 mol/L KO at

<can rates (mV/s) a) 1, b) 10, c) 40
and d) 100

the electrode. In this connection, the desgn in
Figure 1cis still better than the widdy cited flat
cdl®!. To give an impresson of the IR effects of
this cdl , here we present a st of cyclic voltammogramsobtained with 1 m mol/L Fe(CN)6¥'*in
0.5 mol/L KC (Figure 3) . The peak potential sparationsfor scan rates1, 10, 40 and 100 mV/ s
are approximately 40,70 ,90 and 105 mV , regectively. The peak separation 40 mV for the dow-
est scan is smaller than the typica value for a one-electron reversble sysem, 59 mV. This was
caused by the thin layer efect , which is characteristic for al the coaxia cell desgns mentioned in

this paper and will be discussed below in more detail .
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3 Experimental
Instrumentation and methods

ESR measurements were conducted on JEOL JESFE1LXG ESR gectrometer with TEp
cylindrical cavity working at X-band. A Mn( ) marker was keot in the cavity to serve zs both
the indicator for the Q-factor of the cavity and the inner sc#efor the mangetic fidd. The eectro-
chemical system consisted of a Fine AFRD = & dipctentiostat and YEW 3036 x-y recorder. All ex-
periments were performed at room temparatures Tie potentiads are reported with regect to
SCE.

To test the efectiveness of the adustable shieldings and the influence of the gap width on
ESR dgnd measurements, ESR intensty was measured as a function of the gap width usng 4
hydroxyl- TEMPO (2,2 ,6 ,6-tetramethyl piperidine oxyl-1, Sgma) lution as the sample. To
demonstrate the performance of the cell , smultaneous ESR and electrochemical measurements
were carried out usng methylviologen (MV , BDH Chemicds) as a mode sysem. Modifications
in cell configuration were made in ome individua gpplications and additiona experimental details
will be given in relevant sections below.

4 Resultsand discussion

The behaviorsof the helica electrode in the presence of the adjustable shiel dings were essern-
tidly identicd to that of the full-length helica eectrode as reported by Allendoerfer , except for
the variable sendtivity depending on the gap width. Therefore, we here only report and discuss
the results asociated with the new features of the cell desgns, including the effects of the ad
justable shieldings and the performance of different working electrodes. Besdes, the thin layer ef-
fect that was overlooked in previous papers will < be discussed.
The effects of the adjustable shieldings

Figure 4a shows the ESR intendty , lesg, measured at different gap widths between the two
shielding cylinders. The gap was centered in the ESR cavity and afull length helix made of dlver
wire of 0.3 mm diameter was snugly fitted the indde wall of a conventional ESR tube (inner di-
ameter 4 mm) filled with an aqueous ol ution of 4-hydroxyl- TEMPO (ca. 1 m mol/L). The ESR
intendty obtained without the shiedingsis used asthe bassfor normalization in Figure 4a. Curve
1 showsthat ESR intendty increases with increasng gap width first and then reaches a maximum
located about 3/ 4 of thefull length.

The shape of curve 1 in Figure 4aisthought to be determined by two factors, the number of
the radical s exposed to the microwave radiation and the Q-factor of the cavity. Curve 4 isthe Q-
factor as afunction of the gap width, normalized to the value for the full-length gap width. The
relative values of Q-factor were caculated from the ESR intendtiesof the Mn marker. After cor-
rection for the changesin the Q-factor , curve 1 becomes curve 2.

Figure 4bisthe normaized ESR intendty of a small sample at different location aong the ax-
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isof the cavity. These data can a9 be regarded as the
The data
points were obtained usng a DPPH ( diphenylpi-
crylhydrazyl) sample as a probe. A smal amount of
DPPH was applied to a ring made of a narrow (about 1

ESR sendtivity distribution aong the axis.

mm wide) strip of filter paper that was fixed round an
empty ESR sample tube. The sample tube wasthen put in
the cavity along the cavity axis for ESR measurements.
Caution was taken to ensure that the whole height of the
cavity wasfilled with the ESR tube to keep the Q-factor
congtant. Asshown in Figure 4b, the data pointsfit well
the theoretica curve co (Tt x/ h) (solid line in Figure 4b)
for the microwave intensty distribution in the cavity®!
where x is the distance from the cavity center aong the
cavity axisand h is the height of the cavity. Curve 3 in
Figure 4a is the normalized integrated ESR senstivity
which is represented by the shadowed area in Figure 4b
for a given gap width. The reaonable agreement between
curves 3 and 2 in Figure 4a confirms the above mentioned
two main factors governing curve 1 in Figure 4a. The
dight difference between curves 2 and 3 in Figure 4a may
be attributed to some distortion of microwave field due to
the ingertion of the electrochemica cell.

It isinteresting to note the favorablefeaturesof curve
lin Figure 4a. Its maximum at the gap width 3 cm is
about 13 % higher than the ESR intendty of the full
length helical electrode. Besdes, the intensty of a full
length helica electrode can be reached by usng an elec
trode of only a hdf of the full length with the shieldings
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Influence of gap width on ESR
measurements. (a) Normalized
ESR intensties and Qfactors
vs. gap width: 1, measured
ESR intensty; 2, ESR intens-
ty dter oorrection for Qfactor
changes; 3, ESR intendty ca-
culated from b; 4, normalized
Qfactor. (b) Normdized ESR
intendty for a ring sample locat-
ed at varying height in the cavi-
ty (open circles) and the theo-
retical curve co€’ (Ttx/ h) (lid
line)

present. Curve 1in Figure 4aprovidesa guideine to determine the gap width suitable for concrete
experimental conditions. When the concentration of eectrochemicaly generated radicals is high
the gap width can be made small , say afew millimeters. If a helical electrodeisto be used, it will
be much eader to dea with such a short helix than afull length one.

SEESR measurements with a perforated cylindrical electrode

To test the feaghility of the perforated cylindrica electrode as a replacement for the helical
dectrode, a dlver cylinder was made from a piece of 0. 1 mm thick Ag plate. The holesin the
plate had a diameter 0.3 mm and were arranged in about 0.9 mm x 1 mm array (Figure 2b) .
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Figure 5 shows the cyclic voltammogram for the o4 F
redox reactions of methylviologen in 0. 5 mol/L KO .|
aqueous lution and the dmultaneoudy recorded ESR <
intendty at a fixed magnetic field. The two cathodic ~

peaks corregpond to the two stepsof one-electron charge

v A

trander : 0.1 E/N vs. SCE
+ }-"J
peak MVZ* + e LMV’ (A) 08 -07 06 -09
peak MV' + e - MV (B)

b
Peak  and the corresponding anodic peak are cen- ®)

tered round - 0.69 V (vs. SCE) with a peak sgpara
tion about 40 mV. Thispeak separation is smaller than
the standard value 59 mV (25 ) for a reversble redox
couple in slution under semi-infinite diffuson condi-

ESR intensity
arbitrary scale

Fg.5 SEESR measurementswith aperfo-

tion. The observed smaller peak separation may be at- rated Ag cylindrica dectrode for 1
tributed to the fact that the cell configuration bares the m mol/L MV + 0.5 mol/L KO
characteristics of a thinrlayer cell to sosme extent. The agueous lution, potentid scan
gace between the working eectrode and the sample rate 10 mV/s. (a) Cydlic voltanr
tube wall forms a thin layer of slution that can ex- metry ; (b) ESR intensty asafunc-

change lutes with the bulk lution only through the tion of potentidl

holes. The other sde of the working dectrode facing the center of the sample tube can be consd
ered to be under ssmi-infinite diff uson condition. The observed current is actualy the sum of the
currents generated at both sdesof the working electrode. For a typica thin-layer cel , the peak
separation for reverdble redox couplesis zero, resulting from a homogeneous consumption of the
disolved reactantsin the whole thicknessof thinlayer olution. This happensonly if the potential
scan rateis sufficiently dow. Inour experiment , the condition wasfar from that of atypical thin
layer cdl but bore sosme influence of the thinrlayer efect. When potential scan rate isincreased ,
this effect became less noticeable. For exanple, the peak separation increased to 60 mV at scan
rate 200 mV/ s.

The thin-layer efect can be regulated by changing the hole densty. With increasng hole
densty the solution confined between the working electrode and the tube wall becomeslessilat-
ed from the bulk slution in termsof mass trangort , resulting in a decrease in the thin-layer ef-
fect. Conversdly , a decrease in hole densty will make the thinrlayer effects more prominent. Our
experiments have proved that the thirrlayer effect < exisswith the helical eectrode if the pace
between the turnsis small and potentia scan is dow. While the thin-layer effect may be annoying
for obtaining aperfect voltammogram , it is useful in someother cases. For exanple, the thin-lay-
er cdl with an optical trangarent electrode has been widely used for determining the standard po-
tential of redox couples®. A demonstration of an ESR anaog with a cylindrical working electrode
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is given below.
Non-perforated cylindrical electrode used asa thin-layer electrode

The most popular application of the potica gec
troelectrochemistry with a thin-layer cel is to deter-
mine the standard (or formal) potential of a redox cou
ple and the number of eectrons involved. The cylin-
drical ESR €electrode provides an excellent analog for
vedox couples involving radiculs. In our experiment ,

140

P 00—
™ (2)

A
3 38

S0

40

ESR intencity (2rbitrary scale)

the time of exhausting dectrolyssfor the thin layer so- 085 080 075 070 065 060
lution between the cylindrica electrode and the ESR -EN vs. SCE

tube was well below 30 seconds. As a demonstration, — °%°
datafor the MV?*/ MV * couple are given in Figure 6.
The cylindrical Ag eectrode used in this measurement
was not perforated and had a height of 2.5 cm. The
gap between the two shieldings was 1 cm. The upper
and lower edges of the working electrode were covered
with the shileldings to prevent the interference of edge
efects The eectrode potentia was controlled poten-
tiostatically point by point, while the peak-to-peak

060 |

065 |

-1V vs SCE
o
3
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60 -40 20 0.0 20 40
In[([ﬁsx - h:‘su/v]..;sx]

FHg. 6 Seady date thinrlayer behavior of

height of a selected ectra band was taken asthe ESR the cylindrica dectrode for MV.
intendty, lesg. According to the Nernst equation, (@ lek v E; (b) In[(les -
E=E + (RT/ nPIn[ (1esr- lesr)/ lesry (1) lest)/ 1esr] Vs E

where Risthe gasconstant, T and F are the abslute
temperature and the faradaic constant and n isthe electron number involved in the reaction; |esr
and |gsz are the ESR intensty and its maximum val ue recorded at the negative extreme of the po-
tential region studied. It can be sen from Figure 6b that there is a good linearity between In
[ (Iesr- lesr)/ less] and E, showing n=1 and E’=-0.685V (vs. SCE). Thes resultsare
in good agreement with the characteristicsof the cyclic voltammogram (Figure 5) and the data re-
ported in literature!”’.
Other applications

The cell desgns reported in thispaper can be goplied to a wide range of SEESR studies. Be
sdes the demonstrative experiments described above , we have used perforated cylindrica eectrode
success ully to do potential modulated SEESR!®! and to study conducting polymers®. In the
work of potentid modulated SEESR, the electrode was coated with Naion which had to be re
moved from the dectrode mechanicaly ater each measurements. We found it much eader to re
move Nafion coating mechanicaly from the perforated cylinder than from a helix. In another ex-
periment , the SEESR measurement for Li intercalation into carbon, the new desgn became even



2 : ESR - . 197 -

more important. In aprevious paper , we reported the determination of the density of statesat the
Fermi level in carbon asafunction of the extent of Li intercaation!™!. In principle, one can pro-
cessthe data further to separate the o-cdled ionic and eectronic factors governing i intercala
tion!™!. This Sseparation isimportant to gain a deegper indght into the structurefunction relations
for Li intercalation carbons but has never been realized because of alack of suitable experi mental
techniques. The shortcoming of the SEESR cell (the sandwich type) used in the previous work
was that the SEESR oould be conducted only for thefirst Li intercalation(charging) process. Un-
fortunately , in the firgt intercaation process, only a part of the electricity is consumed for Li in-
tercadation. This makes it impossble to process the data for separating the two factors. There
fore, it is necessary to do SEESR in the successve charging-discharging cycles. However , during
the deintercaation (discharging ) process of the carbon eectrode, fine Li particles formed at the
counter eectrode and caused a huge interfering ESR sgna , discouraging further measurements.
In the new design, we use the composite working eectrode (Figure 2e) . The counter electrodeis
placed in the center of the working dectrode and is shielded from ESR observation s that SEESR
measurements for the second and successve charging-discharging cycles have become posshle.

The experiment isin progress and will be reported € sewhere.

5 Conclusion
New cell dedgns based on coaxia cavity concept are reported and demonstrated with applica

tionsto afew systems. With the adjustable shieldings, the length of the working electrode is no
longer necessarily full length(the height of the cavity) and can be varied according to the concrete
experimental conditions. The working electrode can be either a traditiona metalic helix or a
cylinder made of metal plates (either perforated or nonperforated) , meshes or even composte
materias. The counter electrode can be either insde or outsde the ESR cavity. Thes new fea
tures provide much flexibility for SEESR experiments and are expected to find wide gpplications.
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