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BRIEF: = Formation of oxides on the surface of graphite
ASV-electrodes, and not structure, is the cause of electrode -
failure in acidic solutions. Mercuric—ion serves as an -

oxidation catalyst.
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ABSTRACT
Wofk with neutron-damaéed graphites shows céﬁclu§ively.thét_structure
'is_not the cause of ASV eleétrpde,failuref Mercuric and espe?iallyvtrgce
silver-ion sﬁronéiy catalyze the oxidation of the qraphite.élecgrqde
surface.with the résult that gr;phité oxidés are formed. Formétion of
carbo*yl gréués_arg the likely cause of ‘loss ofbhydrogen overVoltaée.,
Electrode behaVior after treatment with vacuum ultraQiolet lighﬁ, diazo-
methane, lithium aluminum ﬁydride, dimethylmeréury,vvérious amines, and

propylene oxide is described.

INTRODUCTION

Eleétréde failure in acidig sqlutions has been a particular prqblem
fér us becéuse ou? pProjects involve the estimation 6f the hydrpéenfion |
‘.exghagéeable:lead’content on‘clay particles and thé'ligahd bound; hence,
acid exchépgeable lead in watef samples After filttation through 0.45u
Millipore filters or ultracentrifugation. Thus, we are forced to_é?ntinually
Qorkvﬁiﬁh samp;es acidified to a pH > 1 but < 3. Since the lead cont?nt of
thé‘péiticle-freé water samples is typically on the order of 0.04 tov6f08
) épﬁ,.amalgam'accumuiation times of 30 to 45‘min'énd initial dépositiéﬁ
potentials of -700 to -800 mV are not uncommon., | |

Taking'iﬁto accouht the veiy sméil heights of the st?ipping peaks
at such low ievels of lead, any backgrdund measuring.technique we might :
select will be veryvéensitive to small changés iﬁ tﬁé background cufrent

and in the hydrogen overvoltage (HOV) characteristics of the electrode.



Ca2m

x

Under these conditions of ﬁse; an eleqtrbae (é frésh;y prepared,
wax-impregnéted (1) or a new or refurbished styrene impregnated, 60Co_
irradiated gxaphite electrode (2)) is usable only_f6r é fewvhours or less
dépénding updn the néture‘of the sample. : |

After'an‘analysis) which consists'of one séan on the sample -alone
' followed by éf least two additidns of a'standérd ieadrsolution, ﬁhe wax
eléctrode muét‘be discarded of ﬁhe styrene imp?egﬁa;ed‘electrode must be
bﬁffed lest it.lose its HOV durin§ tﬁe nextvanalysis;‘ In either cqée, the
new or refﬁrbished electrode must be decontaminated by potential cyclin§
it in an acidic solution before'thé next analysis,,thﬁs adding to the
already lengthy analysis time and‘conséquehtly foféshgrtening the life
of the electrode. o

:These problems, in addition to those already.sét down in a'prebiousv
; paper;(Z),have led us £o investigate the causes of:HOV loss and subsequently
the failgre éfAéleétroées used for anodic stripping voitammetry (AéVi.

Briefly, gcid faiiure of a wax impregnated.eiectréde was’qharacterized
by a decreése‘in its HOV characteristics which aCceleratedlwith each.
successiQe Scaﬁ:and avqoncurrent decrease‘in sensitiQity. Uitimateiy,'as'
was evidenced Wiéh a phoﬁoﬁicrograph, all the graphite_at the elecfréde
surface was'gjected (). Acid failurg‘of the recent;y'developed'étyrené
'imptegﬁated, 6OC9 i:radiated'graphite electrode, whibh for brévity will
..be deéignated as simply ﬁelecfrode" or “g;aphite electrode" in ﬁhe body
of_this reporﬁ) was chéracterized by a éontinual léss of HOV with each
shccessive scan (2). Long-term loss of graphite from»the surface was not
possible s}hce it wag chémically bonded to the sty;ene impregnator_ﬁith

radiation. This most recent work led us to believe that the common



knowiedde --bpervasion.of the acidic sample solution into the eiectrode '
along channels thought to exist between the graphite and impregnator (3) --
was incorrect.. Graphlte 1tse1f was somehow 1nvolved ‘in the mechanlsm of
failure. : |

ASV at impregnated,.mercury plated, graphite electrodes is based'
upon the premises that the graphlte substrate is inert and that the
.‘mercury is held in the form of droplets on the electrlcally conductlve
portion:of the suhstrate by van der Waal‘s forces. 'The first premise is
totaily false;'the second may be only partially true. These conclusions
hare drawn‘from‘experimental data presented in this report as well as from
Mthe existingiliterature; At this juncture, it is now possible, for the .
.first time, to pinpoint the cause of electrode failure in acidic solutions.

At the conclusion of the previous report_(z), we werelconvinced
‘thatystructurejhasvthe ouerriding-cohsideration in electrode‘stability.
This;is hot.so. Graphite exten51vely damaged w1th‘fast neutrons behaved
no dlfferently than did ordlnary graphlte. The cause of failure is the
reSult of'the formation_of carboxyl groups on the surface of the.e;eetrode.
These groupsvserve as‘a‘source of hydrogen-ion at the electrode surtace.

|  Now that.the existence of these groups and'others are known_it-is

possihie‘to aiter-the’character of the eleotrode surface with Qarious
reagentst' These studles comprlse the bulk of the report and lead to-

SpQlelC recommendatlons at the conclu51on of thls report



. =g

EXPERIMENTAL
Instmentati'on,. Rec‘zg‘ents,b Materials. The electrochemical
'instrumehtatiqn and cell used in this effort wefe'desc:ibed previously
(4,5,6). fhé’ﬁydrogen éoﬂtinuum vacuﬁm-ultfaviolét source Mddel-630 was
. made by Mcfherson. It waé attached to the éampleivacuum'éhamber fabricated'
"at this lébora#p;y and Qas fitted with a LiF window.
Unleésvnoted,vall chemicals used were of reagent grade. The 0.1000
M HC1 solution was prepared by dilution_of a onefmolar "Accurate" standapd
solution. Othér standard acids were brépared by.gitration against sodium
hydroxide which had been standardized against Qeigﬁed samplesiof'potassium
‘acid phthalate to ;hé phénolphthalein'endpdint._ All water used‘was dis—
tilled. : |
The foliowing two ?eagents - dimgthYlme:éﬁty and methylmercuric
chloride -- are exceedingly poisonous and are thus méntioned separately'
from the ébovef At room temperatu;e, the former is a-véry'volatile liquidé
the latter is a somewhat voiatile solid. Neither reagent should be opened |
except in'axfuﬁe-hood.and pfecautiops should be taken to-avoid spiiling
them on the:skin. .Béth ate pbtainable from Alpha—Ventréh.r
Diazoﬁéthane ié an ekplosive; poisonous, yé;leﬁ gas and thﬁs'should
-bevsynihesizea only'in a labora#ory-equipped'with:a"good fume-hodd and: '
adequéte shielding in the event of an explosion. Thg diazomethane'was |
,prepaf¢d f£om N-methyl-N-nitroso-é-toluenesulfonamide;(Eastman #7066)(7), 
and_was cbilected”in dry diethyl ;t 0°Cvin aﬁ ice-baﬁﬁ. Thebéther solﬁtion 

was stored between uses in a freezer maintained at -28°C.



. Lithiun aluminum hydride was pre%afed as a 51urry in diethyl
ether (8).  One should always test the ether used for‘the absence gf water
and peroxide'keQen if the éther container has been.oﬁéned 6n the day of
thé experiment) byvaading a small amount of reagent to‘a few milliliters
éf ether. .Addipg iérge amounts- of reagént to a quantity of.ethér may re-
sult-inba.fire. B
fhe prcpylene oxide was ordered from Eéstmén.

'-  bGraphite, gradeé U-2 and USP; were obtainéd ffom the Ultra Carbon

Corporation iﬁ the'férm of 1/8-inch diameter rods. The reported ash

céntentvof the two grades was < 5 and < 0.1 ppm, respectively. Both had

a density of 1.57 g/cm3. 'An elemental survey using x-ray fluorescence

indicated an iron content of v 10 ppm for the U-2 specimen. No'impurity

elements were detected in the USP-gradevmaterial, and thus if'they were

. present, they were present at less than the 2 ppmbdetectiOn limit of the

techn;que.

Sttuc;ﬁrally, highly diSordgred graphite wasApreparéd by exposing
2-inch iehgths of U-2 grade matefial; previously vacuum oﬁﬁgaésed at 107
atm for 12 hours at 866°C, in sealed quartz tubes to a beam of iSIMeV
neutrons prdduéed-in a particle a¢¢elerator by tﬁe‘fusiqn reacti@n 5etween'
300 to 500 kev deuterium nuclei and tritium immobilized on a zirconium
tritiae target wheel. Oh:the avérége, eaéhvls MeV neﬁtron céuses.2l,Q00

carbon-carbon knock-on reactions in the graphite rods. The rods were

"~ exposed uniformly to the beam. In the most heavily damaged specimen, all

"the carbon-carbon bonds had been broken at least one time. Damage in

subsequent specimens ranged downward from unity to only ohe carbon-carbon

bond in 10% being broken.
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Aé£ivity induced with fast-neutrons'is'usualii»short-lived.
After a 50 hour "cooling off" period, the rods wefé;éSsenﬁialiy non-active.
Afternnéutrdn.irradiation, the rods were grénsférred tolpreviéusly
héated and Vacuuﬁ,ouﬁgassed‘quartz tubes, fitted with‘demountable stoécocks;
in én’inert afmosPhere 5ox;‘ The tubes were éonheéted,.one at a time, to
the vécuum—rack.through the‘stopcocks, pumped downxté 10*7 atméspheres at
room temperature, chilled with liquid nitrogen, then éreviously'oﬁﬁgassed
_styrene monomeffWas vacuum distilled énto the graﬁhiﬁé. The quartz tubes.
containing ﬁhe g;aphite and styrene were let upto l-atm of helium at
liquid nit:ogen tempera£ure, then sealed off with ah;éxyhydrogen tOrchf
Thé samples wére irradiated at least 100 hrs in thé 5000 ci, 60Co source
desqtibed’prev;éusly (2)7
| Othet styrene impregngted; 60Co irrédiated.éraphite electrodes -
used in this study were'preparéd.as described previoﬁsiy (2). |
" Linde 0.3u alumina powder was used to poliéh the styréne

impregnated eléctrodes. ‘Initially, it was used sprinkled over filter
paper but later it was found it could be used on hard;surfaced writing -v"
' paper'with Settér égrface reproducibility and with negligible increésé :
‘in»contaﬁination of the electrode surface. |

' 'Prdcedhre.‘ Tﬁe iﬁ situ co-deﬁosition'of sample'and‘mé:cury~..,-

described previously (1) was used in this effort.
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RESULTS AND DISCUSSION-
~ The electroanalytical chemist has always considered graphite to

'have‘erceptionally good HOV characteristics in acidic solutiohs, exceeded
cnly by those“of'mercury, When the HOV was lost (2), and in the case of-.
the uaxéimpregnated electrodes,,the surface graphite particles were ejected_
from.the?wax'hatrix (1), the electrode was said to have "failed". 1In our.
experlehce;=thls mode of failure was always exhibited'regardless of form
jor5manufactureriof the graphite used or the impregnatcrﬂemployed. Perhaps
then, the electrode had indeed failed, or to take:anruncohuehtional position,
. perhaps'graphite was simply exhibiting its true behavior,

.bElectrode.failure is necessarily a subjective assessment. The magev
nitude of the background current can’vary owing tc variations in the density
of.thehgraphite used. Also, sihce the‘electrode used'uere hand—poiished,
'variations“in the macr04 and microsurface‘areas are presented, hehce vari-
';étions in the observed background currents, were alsohhcssible. New graph-
ite'electrodes generally'ureSent an exceptlonally flat background,vtherefore
it'is.easy-infa series ofvscans.to-detect the point in time'at uhich HOV loss
becomes a-preblem. This is illustrated in Figure lA. Note therobliteration
.of the'cadmium peak ln Figure iB as the failure of‘the'electrode progressesJ
Also note the good reproduc1bility of the lead peaks desplte the loss of HOV.

The results of our prev1ous study strongly 1nd1cated that the cause
.of electrode fallure lay with graphlte 1tse1f._ Con31der1ng the general |
‘propertles of graphlte, there appeared to be only two 11kely reasons for
electrode fallure - lamellar compound formatlon (9, 10) and/or formation
cf graphlte_oxides»(S;IO), The latter was_initially totally discounted'

since the_conditions required to synthesize graphite oxide border on the
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Danteéque;  it seemed unlikely that ASV would ever be atteﬁpted in boi1ing
’cohcentfdted nitric acid-ér permanganate soluticn;, fof example; "The |

- former seemed much more-iikely. Swelling ofbthé'gfaphitg on failure“éhd
the acid penetration;of the surfacg particles'c§u1d'be explained_baééd

. upon lémellér=coﬁppund-fdrmatioﬂ;

, S#ructurally, graphite, regardless‘of origin, form or product
‘designation,»ét the unit cell 1evei, is gomposed_of a éhemically bound,
fused, extendea.hexagénal ring system which forms wﬁat crfstallogfaéhe;s
A terﬁ the'"gfplane" (10;11).‘ The carbon-carbon bond:diétance is 1.415'R;t
Weék vaﬁ.dérIWaal aftractions between the parallel catbon-sheeté h016 thé
crystallite together in>such a way that the carbon étqms in altefnaté
_Sheets ére $uperimposablé. The plane in WHich thé-Carbén sheets términate
i§ éailed the “gfplane". The inﬁersheet distance is 3;35 k.

fhe'ﬁeak interplanar attraction between thé_carbon-sheets leadé
to unﬁéual behévior, A ﬁostvof common élements and simple_éompohnds are

able to tunnel into graphité via the,grplane'to form interstitial or

* lamellar compqunds‘(Q), "Lamellar compound formation can sometimésvgrossly ’

“alter the electri¢él properties of graphite and always its physical

volume (for example, the formation of the IBr compound is accompanied

 by a volﬁme incréase of 300%), If it were the problém, thé‘g;plane could

be.éealed or at‘leASt made very sﬁort by bombardiﬁg the graphite éiectrode
'1 with particles (11). |

Fast:neutrbns were selected for'thié eXperiment‘becauséfthey are
_‘qtitg pgnetratiﬁg’owing tb_fheir zero charge and thﬁs cause homogéneous
'daﬁage throughout thevtarget specimen. o

To test the HOV behavior of the most severely’neutron damaged




_!g;aphite elegtrqgg_with timg, it,was.immérsed;inva sti?red,,thoroughly
éeoxygénated,'o;l Q;HCI solution, a‘potential of .-800 mv;wasLimposedaoh
;thevce};,;apd ?he electrodebcurrent—behgviqr:was'recérded-or observed
quef.a lG-houf'pe?iod,p»Yg;y.little currenttcharge was notedj,mést came
A,§n¢;he'firs§ ha}fﬁppug. ,Tbié was céuse_for'gptimism.~ ?ﬁe_so;utionﬂwas.
then made 2 ppm in mercuric-ion and an-ASV.scan,wasﬂmade between -800 mV
:and +590LmV efte:,aQSHminutewamalgammacéumulation period,v On the second
»scahhuﬂdvliosskﬁgs nqtgdﬁgnd the loss ipgreased witﬁ'each succgssive-Scan.
The'g}gétrode:had;failed.i,The sameubehavioga; pat#exn«wasinotgd,during
vsubsequent:expgriments for coﬁventionalfgraphite! _Tﬁus,,it;wa5~Canluded:
, that.structgral,disprQer1had”littlé,orino effect on the loss . of HOV. .
Siﬁilar results were later obtained in 0.1 E.HCLO4'6r HNO3.~ULamelian
. comp¢ggdvforma§§9n,_ap 1e§$t Withjthe_acids_tgsfed'éﬁ their anions, did
not abgéét;to:bé theAcagse‘of Hoy_loss,-» | |

In thév?§liowing\studies, O.l'gyacids,were;aISO used. The potential
N;{éﬁge,5cannediwa§ §rom fLOOO to +500.mV,RHTh§_hydrogen;dischargeawave is
é;rey@rsiple And thus it‘wgs.thougththat5e§rlier_de£ectibg gf“HOV_loSs
.qquldibg §chievéq at%—1000 mV instead ofL§§”}800 mViné#mélly.uSed,}ngouf
: Nanqutiéél.woxk; :Suqh_proved,to'bevthemcase,'

”Thq_gcﬁ of potenﬁial qunqigg~alpnev§id nétfseéﬁt;p be responsible
fp;‘ppgvquS;éf HOV.; Eiectfo§és‘pgﬁenpiéi4cYciéd for@iong peripds of ﬁiﬁe
Hin the absgncelof mercury did not lose theiruHQV‘f Cﬁiy after_me;turic-ién
“Qas;addeﬁ d%d}HQVlloss ¢§mmence“‘This_is in cohsonance;with tﬁe above
Asinglé poﬁential stud§;5ijqa‘newwor refurbiShedwelgctrqdé were taken,

the onset ofﬂHpV lqss_?f TIOOO-mV was delayed pe;haps“30 tp.45 min.
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* The effect ofteiluer ion on the behauiof of~graphite»electrode$ t

was alSojbriele studied because silver intefferes'With the stéippingn
behavior of.copper (3)‘and its stripping oeak'potentialelocation ie virtually‘
identioal with that of mercuff in all electtol?tesstestedfv Also;fgilver
haezpoot HOV,charaéte;isties (12).. fhe siiver-study1$eemed_pafticularly
importantvSince many workers use'Ag/AgCl_reference'electiodes:bridged to
;theiritest solutions in such a waj thatLthe sample‘oan become contaminatedrv
with silver ion. 'TWO'Soans are shown in Figure 2. A draﬁatic loss of'HOV

is noted in the second SCan; Euen‘though silver wae very thoroughiy'stripped.
in several sucoessive'silver—free solutions at +800 mV, .the HOV of the
electrode was_Virtualiy the same in subsequent scansvas that shown in~the

second scan.

Silver, on aconcentrationftime'basis,appearsto be betwéen 2 and 3 or--

ders of magnitude as effective -as mercury - in cauSing'deterioration of -the HOV.  ~

Once initiated, the.extent of loss of HOV was Solely a function
of immeteion time of the electrode in the‘acid soiution. The p:ocess by
which the HOV was lost wae'self-sustaining after the éotential'scan in
which the loss began. This indicated to‘us a chemieal involvement in the
'loss:of HOV, especially invview of the fact that'both‘test ions are weak'
:oxldlzers and 1nterest1ngly, both functlon as addltlon catalysts 1n
organlc react10ns-1nvolv1ng carbon-carbon double bonds:(l3). Further,
strong concentrated OdelZlng agents such as cerate or permanganate after
only a brlef contact w1th the graphite electrode, brought about a. marked
;loss in HOV, even in the absence of the above lons.nA

" Even trace 1mput1ties in graphite can greatly increase its suseep—'

“tibility to_thetmal oxidation (10),howeVer, experiments in which HOV loss .

(1
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méasureﬁehts.wefe cqmpared'ih time for the two graaes‘of graphite described
above, no différences gou;d be found.

In light of the above results, the considerablé bulk of data on
graphitebokides k9510) was viewed with kéen’intereSt>for it appeared.thaf
the.o*iddtion df the electrode surface was the cause df HOV_loss._

The,graéhite rodsbemployed here ére an agglomeraﬁion of diécreﬁe
particles. Béeﬁm~views the surféce of a crystalline solid as an extreme.
case of a iéttice defect (14), capable of unusual,reactivity.'_HenniQ'.

estimated that thé.edge carbon atoms of a graphite crystal had a reactivity

some 20 times that of carbon within the basal planes of the CrystAI (15).

Further; he démdnstxated'that all‘the oxygen uptake of a crystal after

being"cleaved several times occurred at the crystal:édge or.along‘thé

- &-plane. Oxygenvreaéts'with'initially clean graphite at temperatures

Ll

',abové -42°C to form oxygen contéining functional groups (16).

Virtually every imaginable oxygen-containing organic functional

 .group has been proposed to exist on the edges of graphite crystals (10).

'The most frequently suggested groups are the carboxyl, phenols, and

quinones. Also suggested are the presence of ethers, peroxides, ester .

- groups in the form of normal and-fluoresceanFIike iaétQhes, carboxylic

;cid anhydrideé; and_cyclic peroxides. Foxﬁayion éfvéxaphite oxides ié'
'éccompanied by fﬁe swéllinquf the crysfallite éfplaﬁes and_tﬁus this -
p;omotes the digintgération of the c;ysféllitéf -This_could eXpiain why ﬁhe
sq:féce graphite‘partiqles are.ejected from wag eiectrédes.on faiiﬁre (lf.
Sweiling is,particula:lyvaccentuatéd in the presence of several organic

solvents (9).
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"_“Of‘all the foregoing-grqups, ﬁhe ohéS'capa#lé.of,serving'as
hydrogen-ion sources at the electrdde surface seeﬁ‘mostllikely to bé'the
vcéuse of HOV 1loss. Thesevaré, of course,vthé Carb;xyl and phenolic groups.
i Of the tw§,‘carb03yl gréups seemedﬂto be the most“important becau#e the
pkA values'fdr.ardﬁatic acids'are generally between 4:$hd'6, whereas, the
PkA values fbf phenols ére’usually around 9.. Thé.fact ﬁhat new or refur-
‘bished eléctrddes possess initially high.HOV char§c£eristics which decéy
with.use iqdicates tﬁat carboxyls are not initiallyip;gseﬂt but réther'afe
formed duriné the course of ASV scaﬁs”in ééidicbsolutidns containing an
'.appropriate cataljst or strong oxidizing agent:

The role silver plays in the oxidationfof graphite'isAnot>cieér.
The'adéition of mercuric ions across cérbon—carboﬁ double bonds ié well -
vknowﬁ,'however, and the addition of mercuric saltsftob=CHR ork=CR;R“
cOmpodnds:in watér are-pccasionally andvsometiﬁés pfedominantly accohpanied
by oxidation and the formation of mercurous salt (17)€  |

Phenols form one of the most ‘easily mercurated classes of
compounds (17), sdvit is likely that the graphite‘eléégrode-surface
becomes mercurated. If, however, polthdroxylié'phenblé with ortth_or:
para—hfdroxy groups are presénﬁ on the graphite surface, they are not
mercurated, they are 6xidized with mercurié salts. - Tﬁié mﬁy-wéllvbeAthe
beginniﬁg of'the formation of carboxyi groups on the'eiéctrodé surfacé, 

Although thé forééoing suggested a need fér intensivg'suﬁpo;t in
the area of surface anélysis, such wés not availéble at the time of this
" work. We We;e able to obtéinAa few analyses; however; and_thése were
instrumental in détgrﬁining the direction of our stﬁdies with chemicél

reagents.
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Photoelectron spectroscopy (PES) was the first surfacejtechnique

_ employed;v The failed ASV electrode was made the anode in an evacuated

electron spectrometer which was used to energy resolve the surface

electrons ejected when theigraphite surface was.irradiated with the 1.487

‘kev (8.34 R) aluminum_x-ray'llne. For the first analysis, the geometric

considerations were far from optimal. The spectrometer was de51gned to
accommodate samples having a surface area of 1.1 cm2. Slnce the electrode
submitted had'only 0.08 cm2 surface area, it was necessary to irradiate

it for more than 12'hours-to accumulate a spectrum in the spectrometer

' jdataasystem. The C 0 ratlo was estlmated to be 10 1. Only C:O ratios

can be.reported. It was not p0351b1e to energy resolve among, and thus
identify; the various oxygen cOntaining functional groups.
 For the next PES analy51s, a much larger, 1 cm2 electrode was

fabrlcated from &—1nch U=-2 grade graphlte rod. Before use, thls electrode

‘gave a C 0 ratlo of 1000:4.

The flrst electrode submitted gave some evidence of belng radlatlon

_ damaged because the potting wax and Lucite electrode holder were discolored.
The HOV characteristics of the electrode were truly amazing; No hydrogen
- evolution was noted even at potentials in excess of -1.5 V in a solution -

. of 0.1 M HC1 containing mercuric ions at the 2 ppm level. The background‘;

current was'virtually zero over the whole 2V negative potential range over

.which our instrument is capable of operating. Unfortunately, the electrode

had vlrtually’no sensitivity to metals determinable with ASV; the’stripping

peak for mercury at the 2 ppm was scarcely detectable. With continued

use over ‘a period of several days, the ASV sensitivity improved“as,the

_ HOV deteriorated.
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It apbearéd’thét a photochemical reaction had occurred but there

is a dearth of information on organic photochemical reactions in the soft
x-ray region, so it was decided to determine whether similar electrode

behavior would be manifested after a 45 minute to 1 hour irradiation in

the 1050 to 2000 % vacuum ultraviolet region . for whiéh'there is much more

" data. .It_ﬁas.' See the photosequence in Figure 3. This behavior is:

reminiscent of that reported for glassy-carbon (18).

. Surprisingly, vécdum ultraviolet light penetraﬁes quite deeply

into graphite.._Figure 4 is a plot of the molar absofptiVity coefficient

' versus wave length.  Data for this plot were taken from reference (19).

It.is quite difficult to maké_definitive assessments as to. what

‘occurs when the oxidized graphite sﬁrface is irradiated with ultraviolet

Light because ékidized.graphite is a ﬁacro-molecule. Aliphatic'acids- .

'.exhibit primaty photoéhemical_reactions which are different from those =

found for the aromatic compoﬁnds (20) . Substituent groups affect the

photochehidal'path by which decomposition takes place. Further, secondary

reactions (photochemical or ftee-radigal) are also possible. Photochehical

schemesjfor even simple molecules in the vapor phase can be extremely
complex; it is unlikely, therefore, that a unique phbtbchemical pathway
can éVer be presented for graphite. However,-since virtually all chemical

bonds are between 2 and 5 eV in energy and the energy of the vacuum ultra- .

violet light,at 2000 xvis > 6 eV, considerable.bond breakage must occur.i'

Virtually all compounds absorb light in the 1050 to 2000 X region.
Considering the difficulty with which an electrode is re-oxidized
after ultraviolet tréatment,'even in the presenée of oxidents, it is likely

that highly inert alkané or perhaps phenyl groups are formed by‘migratioh o
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of thevhydrégén ibns'to thé carbon residue after removgl of the carboxyi
groués as COZ;.
_To faéiiitate matters, a neediwas developing'for a process whereby
new ofbréfurbished electrodeé could be oxidized rapialy and reproducibly,
but in a'cbnﬁfolled manner. Persulféte was ieported to cause rapid.
électrodeiaéteriofation'(21){ a;d its reduction produét; suiféte, was
278

thought to be innoxious. Such was the case. At a level of 70 ppm S.0O

3 solutions made 2 ppm in mercuric ions, the

in 0.1 M Hél, Hc1o4, or HNO
'électrbde, oﬁ pqtential'cycling, could be made to faiivwithin less than

. 15 minutes. The electrochemical behaviqrﬁbf the péréuifate treated
eiectrodes was'ihdistinQuishable ffdﬁ thoée that had been allowed.tov'

fail naturally. The a:tificially failed electrodes responded to the
uitra;ibiet treatment ih the same way as the natgrally failed electrodes. .
If; héﬁeﬁe;, aﬁ eléctrode was léft ih the oxidizing»éélﬁtion for.several
.hours) the oxiﬁiZedvlayer extehdéd too deeply into the.electrode to be
effectively treated with ﬁhe ultraviolef source. -

Séve:ai Successful'efforfs have been ﬁade in recent yearé'to
identify functional groﬁps on the surface of graphité with atteﬁuated,fotal
reflecﬁance infrared.spectroécopy (10). Two 1 émz electrodes of théskind

‘used in thé'PES experimehts above were éubmitted?to'thé.infrared gonsultant.
iHBéque potentiéi‘cyciing, only bahdé betweeﬁ'2866 and 3000 cm_l wefé
deteéted and were indicative of alkanes. These baﬁds were proﬁably‘due
tovthé présenée of the °%co radiation da;aged'Styreﬁe. After poiential
cyclihgzthe:électrode to the point of faiiu#e, inld;l-glacid'éégtéininé

2+ ' o |

Hg ', an absorption band'near 1700 cm-l was detected indicating the

preéénée’éf?carboxYl groups.
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_ The reaetion of tﬁe various surface functional'groups with grOup--
speeific reagents has been studied (22); but of course the.electroehemicél
behavior>of.oxidi2ed graphite after derivative fo#mapiop has nog. vs;nce
we were particulariy interested in masking carbpxyl groups, the most acidic_
fdnction,'we-were practieally limited to two reagents: lithium aluminum
hydride andediazomethane. The first reagent is caéable of'reduciné
aliphatic‘and aromatic carboxylic acids to their cofresponding alcohols (85.'
Diazomethane,bin the absence ef an acid catalyst éonye:ts.oniy the carquylie
acids to their‘methfl esters (7). N |

" The okidized elecfrodes were reduced by immersing their surfaces
in a stirred etber slurry of LiAlH4 for up ﬁo 5 hinutes. Figure S_ehqws
the scan of the oxidized electrode and again after the hydride treatment.
After 15 to 20 minutes of use (aftef 3vto 4, 5 min As§’scans) in 0.1 M
.acid, 2 ppm in ng+, the electrode behavior was virtuaily the same as it
was before the hydride,treatment. Evidentally, the alcohols’produced end
reduction are highly suseeétible to reoxidation. In view of theﬂunueallyd
high susceptibility of H and OH functions to bxidainn when alpha'ﬁo a
benzene fing (23), the graphite elcohols must be re;éted to benzyl alcohol.-
It shoﬁld be.noted teo that'benzaldehyde formed'bQ mild oxidation of
benzyl alcohel is aleo highly susceptible to further oxidatioﬁ to benzoic
acid (23).- |

d.MethYlation ofvgrépﬁite carboxYlic acids with diazomethane’ﬁas
not expected to impart a lasfiné increase in the HOV chéracteristiés of
oxidized graphite electrodes, because it had been reported that the methyl
.estexs were readily.hydrolyzed with dilute aq;d,(zzyl _Nevertﬁeless, it-7

was_of interest to observe the electrode behavior after methylatien.'
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Mindful that some mercuric species can be adsorbed onto the

electrode surface, especially from HCl solutions (24), the electrode was

B : ' - . 2+
oxidized by potential cycling it in 0.1 E.HCIO4 made 2 ppm in Hg  and

70 ppm in s After oxidation, it was washed thoroughly with distilled

2 8 °
water, dlpped in 95% ethanol, next in 1 1 ethanol ether, then finally

ether alone before being dipped into the ethereal dlazomethane solution,

-Methylation prbceeded with the evolution of micro-fine bubbles of nitrogen:

at the graphite.surface. Although the cessation ef'bubblingpeignaied the
end of the reection (generally 5 to 10 sec at 0°C), the electrode was left-
ih the ethereal‘solutibn for 60 seconds.:

The behav;or of the electrode before and after CH2N2 treatment is”
shown in Figure 6A. The baekground current after methylation was very
emali over'thehpptential.rahge scanned. Data shown in'Fiéure 6B are for'
seane.tahenitwovhours efter the treethent; 16 hours later efter the
electrode had been soaked in an air eaturéted, mercuric eontaininglo-l M
H¢104 solutioh ever night, then 36‘hours later. After being soaked an

additional 6 days in the perchlorate-mercuric solution, the HOV was still

‘judged sufficiently low to permit the detection of cadmium at or above

the 1-ppb level. Note that the metals' sensitivity increases as the HOV

decreases just as was described above for the uv irradiated electrodes.

Also note the anomalous stripping'peak'for mercury,in the'initial scans.'

The precedlng results were entirely unexpected but they could be
dupllcated

'On placing the above electrode in 0.1 M HCl made 2 ppm in ng .

'anemalous behavior was initially noted. See Figure 7. After making four

. ASV scans, the mercury stripping peak became very sharp, almost thorn-like}
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as if it were the result of an adsorption/desorption process; and too,

solutions.

the HOV increased over that found in HClO4

Ne#t, a new graphite electrode was oxidized but iﬁ the';bsence'of
merchry.v After_it‘was methylated, it was ppténtial1¢ycled in a 0.1 M v
HCl, 2 ppﬁ ﬁ§?+ solution. The HOV was lost in less than 10 miﬁ ~-‘after
the second 5 min ASV scan.'_This was the kind of behaQior expected.

From the foregoing, some inVolvement’of mercury in the improvement”
qf‘the HOV was suspected.v Diazomethane reacts with mercuric salts tb form
dimethylmercu#y (17) . After oxidizing a new electrode-as déscfibed'above,
'ab§ut 5 ul of dimethylmercury was spitzered onto the éraphite surface. |
A hard, almost1glassine;1ike, sdrface_coatiéé’was formed onvevaporétion
of thé excesg»liqﬁid., Althouéh the.electxode was Quite'cdnductive, it
had littleAsensitivity for the ASV determinable métals; butvagaih,_thé
HOV characteristics in 0.1 M acid were very éood. See.Figure 8. " The

.diméthylme£Cgry‘treated surface was so hard tha£ buffing wiﬁh emery cloth_'
was required to remove it. |

Dimethylmercury is reported to be eésily cleaved with_miheral'
Aacids.to form the corresponding methyl-mercuric salt (17), however, such
did not seem to be the case for the dimethy;mercury céated graphiteT
surfaéé --.eveh after it was.spaked'in O.i M acid for:dé§s; If, however,
the éiectrode @gré sﬁrohgly cathbdized in d.i E_acid uéing a'éon#tant
current éource;vthe coating was gradually removed ana cohcufxently thé
ASV sensitivity increased.as the HOV deteriorated. |

Treatment of the sﬁrface of a new'electrode'afﬁef_oxidatioh(withv
an alcoholic solution saturated with methylmercuric chloride did nothing

_to restore the HOV.
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’If,_as was sugéestea by the foregoing'data, that-dimethylmeroUry
wasstrongl§ adsorbed at the electrode surface, then perhsps,otner compounds
would be elso. If an amine could be found which strongly adhered to the
surfaoe, neutralization of the acidicfsurface groups would resulteanq |
perhaps the ASQ sensitiVity wonla_not be seriously degraded.

| -Of the'amines-investigated: pyridine, methylamine, ethylenediamine,
o#phenylenediemine in ethanol, stearyl amine. and aniline; onl§ aniline gave
' the‘desired results. Thesé amines were,applied direotly to the electrode
'_,snrfece.' However;, thefimprovement lasted forvonly a few potentiél 0ycles
(v 10 tov15bminutes) before it .was desorbed into tne solution or perhaps
reacted with:mercuric ions to give a_derivative devoid_ofvbasic character .
(11). ‘See Figure 9.

B 'Brief but unsuccessful’attempts nere made to incorporate aniline
in the xmpregnator and thus assure a .continuing supply of amine:at the
electrode surface; For this, wax was used. The solublllty of aniline in
wax is so ;ow3that‘no beneficiel effect could bevsnstained. Stearyl amine
weslsoluble in nolten wax but it served as a conduit for acidzinto.tne
wax; the‘wax‘beoame swollen and ultimately crumbled to bits. Concurrent
with the-swelling; anomalous stripping behavior waS'noted._ This approach
did not appear to be fruitful .and was discontinued. | |

One attempt was made to graft amlne groups dlrectly to the graphlte
wi‘thv6 co 1rrad1at;on. Graphlte was vacuum ocutgassed . as descrlbed above
- liquid -ammonia was condensed onto the graphlte rod; the ampuole was sealed,
. then lrradlated for 24 hours -in- the 5000 Ci §0Co source at room temperature.
:After.lrrad}at;on, the rod was vacumminwregnatedtwith.wax.» The failure

~mode of this eiectrode was indistinguishable,fromfthatfobserved.forf
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untreated wax/graphite‘?leétrddes;

Work.wiﬁh-prdpylene oxide indi;ates ﬁha£ 1ossrof HOV may stemsin"
part from iﬁ&asionggf minerai acids into the intérstéticé of the‘o#idized
graphite crYétallifés. Pfevious workers have noted'ﬁhat'it is extreﬁely
difficult to,wash_oxidizeq graphites.comrletely free of mineral aqid (10) . -
Further, it has been dgmonstrateé that the presence of salts-aid in the
uptake of acids by_oxidized cérﬁons (25). Alkene oxideé are good
scavengérs for 3Cl; Epichlorohydrins are formed and the hydrochloric acid
.is consumed ih the proceés.v Electrodes oxidized in Q;i M HC1l-2 ppm'H_gz+
,sélutions cohtaining persulfaté were treated by immefsion in liquid
propylene oXide for up to 5 minutés.,'The-HOV was ma:kédly improved but:

. ] N 3 0] s ' N E +
the improvement did not last. After immersion in the 0.1 M HCl-2 ppm Hg2

solution for 20.to 30 minutés, the HOV deteriorated tb its initial condition.

The électrode response before and after treatment is similar to that shoﬁn
in Figure 9‘f§£ aqiline.‘ |

Some evidenée“was found which indicates gfaéhite is not as
imperﬁious.to mércury as it is generally thoughtvto bes | v—Meréury‘
pervasidn,may-be involved in the long term failure of graphite elecfrodes.
In one of the fiist papers:on pyrqutic graphite (26);'the authors warned
that it was cf.the¥utmost importahce the c-plane of_thg crystal not be i

exposed to the sample solution, for in that plahe,rthe graphite is

permeable to aqueous solutiohs,‘molten salts,‘and even to metallic mercury. - -

-They attempted to'fabiicate a pyrolytic graphite electrode by sealing the
~graphite in a glass tube with epoxy-resin using mercury as the contact.
The mercury found its way to the c-edge of the crystal. The electrode

split apart. Ih our work, we have noted that the pléted mercury can be’
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completely removed by w1p1ng the electrode surface with tissue paper soon '

.after the mercury has been plated. If, however, the electrode. is plated,

then set’aside'fox several weeks, a small mercury stripping signal'is

. obgerved until a millimeter or more of the electrode surface is buffed

away. , . L . . :

| .The_abowe presentation is by no means exhaustive hht;lt does
afford some insight into the‘causes'of ASV electrode failure in acidic
solutions. The finding that structure has no affect-on the longevity of
the electrode was surprising and required a complete,reversalbln the
suppositions'held ét.the outset of this work. It ls sihcerely hoped that
other.workers having ftee access to surface analysis instrumentation will
'study the graphite electrode more‘thoroughlythan was possible for this report.
Of particular ihterest would be spectroScopicvsurface'measurements_ih the
far ihfrated teglon to characterice the organomefcoric>compounds which
are:undoubtedly formed'with oxi&ited gtaphite. |

The - fore901ng work shows rather conclu51vely that 1t is generally

'dlsadvantageous to do ASV in acidic solutlons and partlcularly in ac1d1c

solutions contalnlng oxldents. Based upon several years of experlence with

AsV, if at all possible; it is better to work at pH values > 3 and

preferably on‘the pH interval between 4 and 7. Work in the low pH renge'
will necessitate the freqﬁent repolishing ofithe‘electrode, thus heceeeiteting

‘the fteéuent'decontamihetionAof the cell and electfode if lead is the metal

of interest and especially if it is present at < 0.1 ppb level. onrkers
whotstudy chemical speCiation will always-be forced to work in acidlc.

media, however, and will have to contlnually contend w1th the problems

descrlbed in the 1ntroductlon 1n addltlon to the problems of adsorption -



-22-~

described in a.p;evious.éaéér (2). Otﬁers who, as wé are, afe interestéd
oniy ibn total m‘etal‘s‘ bound to organic particulate r;latter or 1n fi’lteréd
watér'samples may be benefitted ﬁy thé newiozoné oxidation methodélogy
presen£1y uﬁder.development at this laboratory, because the nétural,pH

of the sample ié essentially unqhanged éfﬁe#:the oxidation. -Alsb, ﬁaturaily_
occurring organiq compounds Which cause elgctrode‘adsorption problémé are

destroyed.
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FIGURE CAPTIONS

Figure lA; Eleéfrode beha?ior at the onset of failure. Noté‘the

progreséive loss of hydrogen—overvoitagé with‘each-SUCcessive
" scan. Cohditions:"o.l g_ﬁCl; 2 ;pm Hg2+. |

AE - 8 mv/step, At = SOOfﬁsec/sﬁep. Amalgam accumulation timé
" 5 min.

Figure 1B. '100-fold Current‘expansion of the cadmium and lead.strippi
Potential;iange of Figure 1A. ‘Peak at left is-cadmiumf Peak'a
right is lead. N6£¢ the obliteratiqn éf thé'cadmium'peak as th
hydrogén%overvoltagé'deteriofates.‘ |

 ‘Figure 2. Effeét‘ofAtrace silver on the hydrogen—overvoltage'behavio;

’ bare'gréphite;l Lower trace: No silver added. Upper trace: So
.W5§?:7° ppm in silver. Solutiom: 0.1 M HC10,, AE = 8 nV/step,
At = 800 msec/step. | C
Figuie_3; Electrode behavior after irradiation ‘in the vacuum ultravio
" ‘region. -T£ace$'taken from top to bottom: 5, 15i:25;'§5, 45 ah
55 minﬁtes afﬁe:_irradiation.T'Conditionsz _051 ﬂ_HCl, 2 ppm Hg
AE:= 8vmV/étép, A£ = 800 msec/step, amalgam accﬁmulation = 5 mi
for‘each tfécg,. | |
Figufé 4.'IP16t of;tHe molar'absofpﬁivity céefficieﬁt of graphité.vs;
| Waﬁelength. Assumption: Aensity of grapﬁité = 2.25 g/cm?.
_Figﬁre 5.  Elecffode bghavior befo:e and after treatmen£ with LiAlH4;
Upper trace: before treatméntj ‘Lower Trace: aftef treatment.

Conditidns: see those for Figure 3.
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Conditions: see. those for Figure 3.
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6A. Electrode;behavior before and after treatment with CH_N

. 2°2°
Upper:trace:.péfoie treatment. Lower trace: immediately after

treatment. Cohditions: 0.1 E.HC104, 2 ppm H§2+;fAE = 8 mV/step,

At = 800 msec/step, amalgam accumulation time:?‘s_min for each

tface,

GB; Electfode behavior.after soaking in a'971=giﬁC104, 2 ppm
solution for varying lengths of time. Traée?'takén from top to
bottbm: 2 hrs, 16 hrs, 36 hrs, aﬁd‘§ days‘aftef CH2N2 treatmenﬁ.
Conditioﬁ: see those for Figure 6A; | |

7. Behavior of six~day-old, CH treated electrode on being

2N2
placed in 0.1 M HCl solution. Conditions: see those for Figuie 3.
8. Electrode behavior before and after treatment with (CH3)2Hg.'
Upper trace: before treatment. Lower trace: after treatment.

9. - Electrode behavior before and after treatment with aniline. .

Upper trace: after treatment. Lower trace: before treatment.

Conditions: see those for Figure 3.

Ll
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