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Fundamental studies of carbon fiber surfaces show that the rapid voltammetric response to trace metals
is an adsorption driven process
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www.rsc.org/ Rapid, in situ trace metal analysis is essential for understapdimany biological and
environmental processes. For example, trace matalthought to act as chemical messengers
in the brain. In the environment, some of the naethaging pollution occurs when metals are
rapidly mobilized and transported during hydrologeents (storms). Electrochemistry is
attractive forin situ analysis, primarily because electrodes are compdawtap and portable.
Electrochemical techniques, however, do not tradaily report trace metals in real-time. In
this work, we investigated the fundamental mechasisf a novel method, based on fast-sce. -
cyclic voltammetry (FSCV), that reports trace mstalith sub-second temporal resolution a.
carbon-fiber microelectrodes (CFMs). Electrocherhimathods and geochemical models werc
employed to find that activated CFMs rapidly adsadpper, a phenomenon that greatly
advances the temporal capabilities of electrochiyisWe established the thermodynamics of
surface copper adsorption and the electrochemiatlre of copper deposition onto CFMs and
hence identified a unique adsorption-controlleccelechemical mechanism for ultra-fast trace
metal analysis. This knowledge can be exploitedhim future to increase the sensitivity and
selectivity of CFMs for fast voltammetry of traceetals in a variety of biological and
environmental models.

I ntroduction real-time because their interactions with orgaigiarids and soils are
fast (< seconds} Such rapid metal detection would provide the
Trace metal analysis in real-time is essentialfmlerstanding many most efficient implementation of existing metal igittion systems
biological and environmental processes. For exanmpiee metals ®2lyig a diagnostic approach.
have important functions in biology and are gamgrew attention
for their roles as neurotransmittérS. In Alzheimer's disease for Most analytical techniques cannot monitor metalpidig (<
example, copper accumulates Bramyloid plaqued. It is thought Seconds). Spectroscopic techniques are sensitidesatective,?
that this copper build-up comes at the expensesafdarmal roles as however sample collection and preparation can aftgal speciation
a neurotransmitter, accounting for some of theadists neurological and make dynamic measurements diffiétit* Electrochemical
deficits® 4 It has been impossible to chemically monitofmethods are attractive because the chemistry oatwsubmersible
endogenously acting copper to verify this hypothegrimarily Or integrated surface that minimally impacts itsreundings. lon-
because chemical transmission occurs so quickbe¢ends). selective electrodes have a temporal resolutiorsesfonds> 2°
however it is typically challenging to make measogats in
Rapid metal analysis is also important in the eminent, dynamically changing matrices. Stripping voltamnestr(such as
particularly in natural water systems where traceetain anodic stripping and adsorptive stripping voltanmyjet have
contamination is extremely hazardduBhe well-documented health extremely high sensitivitie¥. This high sensitivity is largely due to a
consequences of trace metal expostrare exacerbated becauséengthy pre-concentration step (minutes) that desee temporal
metals bioaccumulate in plants and anim&#$ providing numerous resolution?®*° Moreover, anodic stripping voltammetry is most
exposure paradigms for humans. Anthropogenic seucfetrace commonly performed at Hg electrodéS which have limited
metals are commonly mobilized and transported duhigdraulic portability and pose their own toxicity concerns.
events (stormsy! It is critical to characterize aquatic trace neial
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We recently described the use of carbon-fiber neletrodes
(CFMs) to detect copper (I1) (&) and lead (I1) (PH) with fast
scan cyclic voltammetry (FSCV) at scan rates of 3@D0 Vs3> 33
Our ultra-fast, Hg-free method can quantify 2Ciand PB*
concentration changes every 100 ms with parts jlerband parts
per million sensitivity, respectivef? % Our method is highly
applicable for studying metals in real time. Howeités essential to
describe the fundamental mechanisms of this fastamonetric
method before it can be developed into a routiredyéinal tool for
biological and environmental applications. In tpaper therefore,
we take a multi-faceted approach and establish uhéerlying

mechanisms of fast voltammetry of €wn CFMs in established in

laboratory test solutions.

We analyzed Ci, a biologically relevaitand environmentally
problematic metal iott with well-known redox chemistry: ¢
Besides classical nucleation, growth and strippieatures® we
observed new, additional peaks in ?Cwslow scan cyclic

voltammograms. These additional peaks were notnilsméd, as the

classical features were, when the scan-rate wasased. In fact,

with increasing scan rate, the new features wegenauted, as seen

previously with neurotransmitters adsorbed to CRMazes®’ We
therefore investigated surface adsorption as a dinedtal

Page 4 of 10

All  voltammetry employed a 2-electrode system. @ycl
voltammograms were collected on 5 different elet#so and
representative examples are displayed. For slown scgclic
voltammetry (scan rates 100 mVs'), microelectrodes were placed
into a constantly stirred solution of Cu(j@and a triangular wave
form (+1 V to -1 V) was applied using custom softsyaWildcat
CV, written in LAB-VIEW 2012 (National Instrumentgjustin,
TX). Only solutions for slow scan cyclic voltammetrere nitrogen-
purged prior to experimentation. The reference tedde was
fabricated by electroplating Tbn a Ag wire (A-M systems, WA).
For scan rates above 1 Ysn-house software, WCCV 2.0, written
LABVIEW 2012 collected background-subtracted
voltammograms in a flow-injection analysis system.

Electrochemical Pre-treatment

For most experiments microelectrodes were elecamitelly pre-
treated with a Ci sensitive triangular waveform as previously
described® For experiments comparing electrochemical anc
chemical pretreatments, the anodic potential/regergial of the
CFMs was varied from +0.4 V to +1.3 V at a consteathodic
potential of -1.0 V at a scan rate of 300%VElectrodes were treated
with each waveform for 10 minutes at 60 Hz and th@minutes at

mechanism of the GliIFSCV signal. We utilized electrochemical,

geochemical, and microscopic tools to describe GFalirface and
thermodynamic mechanisms towards 2CuThis study provides

Chemical Pre-treatment

valuable insight into the adsorption chemistry tyaterns the Fscy CFMs were chemically pretreated with a mixture g88, (0.25 M)

response to metals. Our findings are critical tee tfuture
development of the method, namely increases initsgtys and
selectivity, in application to real samples.

Experimental Section

Solutions

CW?* solutions were prepared by dissolving Cugidn NaCl (0.01
M) and in tris buffer ((15 mM tris(hydroxymethyl)amomethane),
140 mM NaCl, 3.25 mM KCI, 1.2 mM Cag£l1.25 mM NaHPO,,

and HNQ (0.25 M) in a 3:1 rati§ and washed with DI water prior
to analysis.

Solution Geochemistry

Solution chemistry of Cii in tris buffer and NaCl was modeled
using PHREEQCIi, a geochemical modeling softwareabkp of
determining speciation based on thermodynamic aivim.
Stability constants during modeling were basedrenMINTEQ.v4
database developed by the U.S. Environmental Rioteégency
while additional constants for complexation withlutions were

1.2 mM MgCh and 2.0 mM NgS0y). All chemicals were purchasedModeled in equilibrium with Cgy, (10*° atm.) and Q) (10

from Sigma-Aldrich (St. Louis, MO). At room temp&see and

atm.)¥® The pH values predicted by PHREEQCi models weuado

pressure, the pH of Glin NaCl and tris buffer solutions was ~5.50 match the pH observed in experimental solutions.

and 7.4 respectively.

Microelectrodes

CFMs were prepared by vacuum aspirating a singteocefiber of 5
pm radius (T-650, Cytec Industries, NJ) into a gleapillary (0.6
mm external diameter, 0.4 mm internal diameter, /S¥stems, Inc.,
Sequim, WA). The capillary was pulled under gnawtith a

Fast Scan Controlled-Adsorption Voltammetry (FSCAV)

A CFM was placed into a constantly stirred Cughf@olution and a
waveform (-1.0 V — +1.3 V, resting potential of Q & 600 V&)

was applied. An electronic relay (ADG-419, Analogvizes) was
used to switch between the applied waveform andoastant
potential of O V for 10 seconds to allow coppercagdon at the

micropipette puller (Narishige, Tokyo, Japan) leava tapered end €lectrode surface reach equilibrium. After 10 seisothe waveform

to form a carbon-glass seal. The exposed endeot#inbon fiber
was cut to approximately 150 pum under a microscapeld
microelectrodes (AuMs) were prepared as describedeabut with
a gold microwire of 10 um radius (Goodfellow Co, )PAut to
approximately 150-200 pm.

Cyclic Voltammetry

2| J. Name., 2012, 00, 1-3

was reapplied, and the first background-subtracteytlic
voltammogram was collected and analyzed for totdsoebed
copper. In house LabVIEW 2012 software integrates reduction
peak from the background subtracted cyclic voltagmam of Cd*
and Faraday's law was used to convert this to afaser
concentration I{c,). Measured data was fit to the linearized
Langmuir isotherm (eq. 1) where C is the fGun bulk solution,
I'nax IS the maximum monolayer surface coverage, and Khe

This journal is © The Royal Society of Chemistry 2012
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equilibrium constant for adsorption. This experitneas performed C) and shoulder peaks (D’, D) are present betw8ehnte 0.2 V on

in NaCl (10 mM) and tris buffer (15 mM). the anodic scans. Shoulders accompanying strippegaks have
previously been reported on glassy carbon elecsrdtend highly
Loy = LI @) oriented pyrolytic graphite electrod&sThe presence of complexing
rMax rMaxK . .
agents such as chloride and ammonia strongly aéfegper redox
Atomic Force Microscopy (AFM) processes and lead to the observation of shoukskspat potentials

higher than stripping peaks.***” Shoulder peaks have not been

CF_MS were p_repared as descriped above and eleetrocdlly ¢, 4 {5 pe associated with stripping peaks in medintaining no
activated. During slow scan cyclic voltammograms Qif(NG;), complexing agentd® 485

(100 pM) (from +1 V to -1 V , back to +1 V), eleottes were

temporarily disconnected for groups of electrodest adifferent Gold mic(:))electrode Carbon ﬁber(;)icroelectrode

points. Those were 0.2, -0.6 and -1 V on the fodwaran and -0.6, -

0.3 and 0.2 V on the reverse scan, all vs. Ag/AgGkse electrodes ¢

had been exposed only to a partial section of tleveform. A V vs. Ag/AgClI

Electrodes were stored in a closed container aambported to the ' ' ' ' ' '
- 0.5 1 -1 0.5 ©), 0 0.5 1

AFM. AFM images were taken using a Park SystemsNGOM

instrument with a non-contact tip. Current (5 nA)

Results and Discussion /

Slow Scan Cu®* Cyclic Voltammetry at CFM s

During slow-scan Ci cyclic voltammetry, a cathodic potential

sweep is applied to the electrode at 1 — 10 M\sllowed by an Figure 1. Slow scan cyclic voltammograms of Cu(j£on (a) AuM and (b)
anodic sweep that brings the potential back to.’feBluring the CFM at a scan rate of 10 mVin NaCl. Peaks A’ — E’ appear on the AuM,
cathodic scan, copper is deposited on the elecsodace following Whereas peaks A — D appear on the CFM.

a nucleation and growth mechanism. Copper nucleatesa broad
potential range. These nuclei allow more Cu to dipduring a
growth phase at any potential sufficient for deposi Therefore,
there are often two broad ‘loop’ reduction pealetween the same
voltages, on both cathodic and anodic séanghe differences
between the nature of the electrode surface an€thsurface make
this nucleation/growth deposition occur at a moegative voltage
than the standard €ureduction potentid” **Indeed when holding The cucl layer shields underlying metallic coppérereby

a CFM at a constant potential of 0.34 V {C@e— Cu standard momentarily arresting further oxidation. Dissolutiof this passive
reduction potential), addition of Cu(NJp induced no change in jayer occurs either via direct diffusion or diffasiof a more soluble
current. This behavior is true for holding potelstidown to -0.1 V' complex (such as Cug). Dissolution exposes the remaining
(data not shown). During the anodic scan, the deEb<Cys) is  ynderlying metal allowing the electro-oxidation@ii to continue as
stripped off the electrode surface. Because thipéas from a G4 shown in reactions (3) and (4):

rich surface (a single phase), the stripping odation peak is sharp

A mechanism for shoulder peak formation in the @nes of Clhas
been speculated previoudfy.*” “°First, deposited Cu oxidizes to
Cu', creating a stripping peak (C’, C) and forming ardby
conductive, passive layer of CuCl according to tiea(2).

Cu+Cl— CuCl+é 2

and its voltage is much closer to the standard lieguim CuCl + Cl — CuCk (3)
potential*® *! Metal deposition can also occur via other mectmsijs
for example, adsorption, charge transfer, and unpetential CuCh— CU*+2Cl + € 4)

deposition (UPDf?** UPD is a process by which a metal deposits
onto another metal at a more positive electrodentil than the We determined whether these processes are resfeofwiishoulder
Nernst potential for bulk depositidA. peaks D' and D by systematically increasing thenscate as
described in the next section. There is an additiggeak on the
CFM slow scan cyclic voltammetry of €uwas probed here by AuM that is not present on the CFM (peak E’). UPDRyp a
comparisons to AuMs.Figure 1 shows representative cyclicsignificant role in copper deposition on gold sue'” whereas on
voltammograms of Cu(N£, (100 uM) on a Au Microelectrode carbon materials, metallic copper follows bulk dgifion with no
(AuM) (@) and a CFM(b) at 10 mV& in NaCl. These two evidence for UPDOY %3 44 46. 4% 5peak E' on the AuM is likely a
voltammograms share common features. For example?* Cconsequence of anodic processes associated withodRjpld??
reduction to metallic Cu begins at -0.1 V (peaks A) and
continues via a loop formation between -0.4 V ah® V on the Scan Rate Dependence

cathodic scans (peaks B', B). This loop formatisrun indication of The shoulder peak mechanism proposed above wasi testCFMs
nucleation asnd growth processes and is similar tevipus py progressively increasing scan rate. The ratiaire is that by
observation$® On both AuMs and CFMs, sharp stripping peaks (Gncreasing scan rate, nucleation/growth and hetriqgpig become

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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limited because these processes are mass-trandppendent! a hypothesis that peaks (A) and (D) stem from amowmudion
Because reactions (3) and (4) rely on the strippiegk, any controlled process. Adsorption is explored in thiéofving sections.

limitations in stripping should manifest proportédly on the
shoulder peak. CFM Over-oxidation L eads to Enhanced Sensitivity

Activated carbon is widely used in wastewater treatt and is the
primary purification component of domestic watdtefis>% >3 When
carbon is activated (e.g. via heat in the presesfcair, or with
chemical or electrochemical pretreatments) a widayaof oxygen
functionalities are created on its surfat&hese oxygen moieties
adsorb and complex trace metals, removing them folotion>* 5°

In this experiment cyclic voltammograms of Cu(jO were
collected at CFMs at increasing scan rates. From 100 mV§,
raw traces were analyzed; however at higher sdas,rthe charging
current due to double layer capacitance dominates Raradaic
component of the voltammetric signal. Therefore, clicy
voltammograms at 1 Vs and above were collected in a flow

injection system (FIA) using background subtraction CFMs are typically electrochemically pre-treatedoprto use’”
Therefore, in analogy to metal adsorption by attifacarbon, the
oxygen functionalities on the CFM surface may rjpidomplex
i . . . trace metals in solution, pre-concentrating thenmtha surface. In
green panel). This experiment illustrates the enatuof a slow scan this experiment, we tested the hypothesis that resdth surface

ICU(NO3)2d Cyc':(c voItammograLn k:nFSaC\;yplcal FSdCV S'glﬁél oxidation is responsible for increased FSCV serisititowards
ncreased peak separation at hig scan ratdse to slow CW?*, presumably due to an increased number of adsarpiies.
electron transfer kinetics. All peaks are labeledndrigure 1. From

10 — 100 mV3, the magnitude of peaks (B) and (C) are greatl 500 q
reduced such that they are almost absent at 100 mWsis is Chemical
consistent with the notion that nucleation and dhowre mass- PESESSE
transport limited and therefore can be ‘outrun’hagh scan rates. 400 A
The magnitude of peaks (A) and (D) however aresutiject to the

same behavior. Peaks (A) and (D) are present atiddefined at s —rpf—,
100 mVs' implying that these features are neither massirar 300 1 1050050
limited nor dependent on peaks (B) and (C). Thelltef these ’

experiments indicate that mechanisms other thasetidescribed by
Reactions (3) and (4) are responsible for peak (D). 200 1
Background
Slow Scan Cyclic Subtracted Fast-scan I

Voltammetry Cyclic Voltammetry —.
100 -

-1 -0.5 o 0.5

Figure 2 shows cyclic voltammograms collected at 10, 30,258
100 mVs!' (left, blue panel) and at 1, 50, 100 and 300" \isght,

ig (NA)

Vvs. Ag/AgCI
V,.s/ V vs. Ag/AgCI

/ 300V st Figure 3. Maximum cathodic current of Cu(NJ (10 pM) fast scan cyclic
voltammograms as a function of anodic potentialtlitblue series) at 300

Vs? and as a function of acid pretreatment (green).

g S Using flow injection analysis, we collected backgnd subtracted
R < f-w"s‘ cyclic voltammograms of CFMs exposed to a boluSafNG;), (10
A b uM) with different FSCV waveforms. We systematigélicreased
; h the anodic potential limit of the waveform at a stamt cathodic
~/ sover limit, -1.0 V. Figure 3 shows the magnitude of catic current
D _ (demonstrated by the inset cyclic voltammogrampdsnction of
1V the anodic potential limit. The cathodic currenbwkd exponential
increases with increasing anodic potential. Thiacedehavior was
previously reported with neurotransmitters anditaited to surface
‘activation’ or over-oxidation® To confirm that the enhanced
ensitivity was due to over-oxidation, an altewvatinethod to over-
oxidize the CFM surface was employed. An acid pattent® was
applied to the electrode surface prior to useS@® (0.25 M) and
For adsorbed species, the peak current is propaitio scan raté HNO; (0.25 M) in a 3:1 ratio). An anodic potential lirof +0.6 V
and we indeed found that from 1 — 300%/peak amplitudes was used where we previously found negligible effeof
increased. Furthermore, the slope of a plot ofidliecurrent vs. log electrochemical over-oxidation. The resultant cdibocurrent is
scan rate for Cu(Ng), was previously reported to be approximatelplotted in green on the 0.6 V series. The currene lis substantially

1 at high scan ratéd Taken together, these findings strongly suppodrigher than the non-acid treated CFM confirmingt tsarface
activation, by two separate means, begets similaromes.

VN

A

Figure 2. Left: Slow scan cyclic voltammograms of Cu(jyOon CFMs at
scan rates of 10, 30, 50 and 100 MVRight: Fast scan background-
subtracted cyclic voltammograms of Cu(fjat scan rates of 1, 50, 100 an
300 Vs

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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A 0.00 50.00 100.00 150.00 200.00 250.00 [Cu]y, (MM) ‘

21 B 0.00 119 238 357 476 597 [Cul,, (M) 2% 44
22 NaCl Tris
23
24 Figure 4. (a) Langmuir adsorption isotherms for Cu(@f@n CFMs in NaCl (top) and in tris buffer (bottort®)) Histogram showing % [C]ee in solution
25 and % cathodic current of Cu(N@(10 uM) in NaCl (purple series) and in tris bufbtack series) at 300 ¥g% cathodic current is shown by setting the
26 maximum cathodic current with tris buffer to 100%deaexpressing the cathodic current with NaCl agraentage of this). The inset background-subtracte =
27 cyclic voltammograms are representative examplenta NaCl (purple) and tris buffer (black)
gg Cu?" Adsorption to CFM sdrivesthe FSCV Signal We previously used a geochemical model to calcultdie
30 We sought to verify that the enhanced FSCV seiisittowards equilibrium concentrations of free Pbin test solutiong? We
31 C/?* as a consequence of activation is an adsorptivesdr empzloyed -the same model herg to calculqte fréd ancentration
32 mechanism. This was successfully confirmed by cansbon of ([Cu™]req) in NaCl and tris solutions. Oyr |sot+herms therefhave
33 adsorption isotherms using fast scan controlledvgadion two x-axes, (A) dgnotes the concentration of Qujded ([Cﬁ*](N))
34 voltammetry (FSCAV) on CFM¥. Adsorption isotherms describetO t2he te;t SOM_'O”S and (B) denotes the freé (boncen_trqtlon
35 the thermodynamic equilibrium of &lonto the CFM, providing an [CU™]ee in sOlution. I_:or NaCI,_ th? two x-ages values arailar
36 index of the amount of Glion the CFM surface with respect to bulkbec"’lus‘_3 NaCl has_ “t_tle Gfu binding capacity.Therefore when
37 solution via the equilibrium constant, K. calculating K, there is little difference betwedr tvalues calculated
38 with [CUu*]n VS. [CF e (Ka @nd Kg). For tris the values of axes
39 In all experiments described above, we used a simatrix, NaCl, (A) and (B) are dramatically different because s Cé" binding
40 for characterizations. The adsorption isotherm of*@n CFMs in capacity with K O 10 It is interesting however, that when
41 NaCl is shown irFigure 4a (top panel) and follows a Langmuir fit. [CU*Tree is taken into consideration in the calculation, Kg) is
42 Authentic biological and environmental matrices armore Similar to the K values in NaCl. Therefore, thismgmex matrix does
43 complicated than NaCl and contain copper bindingymanents. not affect the monolayer characteristics of?Cadsorption onto
44 Therefore, we studied whether a complex matrix waaffect C4* CFMs. This experiment further shows that solutiomplexes and
45 adsorption. We previously characterized copper ria buffef® other species do not significantly adsorb to theviCsurface and
46 which has considerable metal binding capacity® Additionally alter K.
47 Tris acts as a model biological medium becausertans amines ) ) . o
48 that mimic proteins. The other salts in the bufiez at a ratio and The |r.1teract|o_ns of th? Cu _CFM and CE" - tris equilibria gre
49 concentration designed to mimic artificial cerelpinal fluid compllcated.Flgure4b '_s a histogram that compares % fq“?e"_]
50 (ACSF). Many neurotransmitters and other biologdycaklevant solution to the cathodic cgrrent of backgrou.nd S"mm_cyd'c
51 molecules have been characterized in trisvitro®-62 therefore voltammograms of Cu(Ng) in NaCl (purple series) and tris buffer
52 adsorption isotherms were additionally construciedris buffer, (blagk series). Shown in the |ns§t are represe/pteexamples of
53 (Figure 4a bottom) also following a Langmuir fit. cycllc voltammograms of Cu(Ng in NaCl _and tris buffer. .In the
54 histogram, we compared the two FSCV signals thus:maximum
55
56
57
58
59
60

This journal is © The Royal Society of Chemistry 2013 The Analyst, 2014, 00, 1-3 | 5
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Figure 5. AFM images of a slow scan (10 mYscyclic voltammogram of Cu(N§» (100 uM) in tris buffer taken at six different pts along the scan. On
the forward scan, images were recorded at 0.2,VQi V (ii) and -1 V (iii) and on the backwardascat 0.6 V (iv), -0.3 V (v) and 0.2 V (vi). AFNhiages

are 2 uM x 2 pM.

cathodic current with tris buffer was normalized 100% and the
current with NaCl was expressed as a percentageiflt is seen
that despite only 2% [Cilnecin tris buffer, that the Cii signal is
9.2% of the C# signal in NaCl (with 98% [Cillyed. This

discrepancy implies that the two equilibria comp@tee equilibrium
of CU¥- CFM complexation is more favorable than?Cu tris

complexation, and a serendipitous outcome of tffiesceis high

FSCYV sensitivity, even in Glicomplexing matrices.

Given the confirmation that our €UFSCV signal is highly
adsorption driven, the nucleation characteristids tloe cyclic
voltammetry peaks on CFMs were next studied.

AFM Characterization of Cu Nucleation and Oxidation

Changes in the morphology of the CFM surface carwibealized
with AFM. AFM is a sensitive surface imaging teimue, which
employs a cantilevered tip to convert surface corgtdnto images.
AFM is routinely used to establish and charactetfiseformation of
metallic copper on electrode surfaé®4'In Figure 5, AFM images
were recorded at six different points along a slsgan cyclic

after the start of the scan (i) the striationstef bare CFM surface
are well defined. The small round features on tméase are likely
solid contaminants. At (ii), metallic copper clas are present on
the CFM surface showing that the eventual cathé@B€CV peak
(which evolves from this peak at high scan rategdlives deposition
of Cys. Cuyg) is more elaborate during nucleation (iii) and after
growth (iv) where striations are no longer visibleder metallic Cu.
After stripping (v), striations are again visibledadue to the removal
of metallic Cu. During the stripping process, Lmay either be
oxidized to Cii (as discussed above) or directly to?CuThe
presence of clear carbon striations and the sdandependent data
provide little evidence for the formation of CuClHowever, the
nature of the peak directly proceeding the strigpjmeak (the
eventual anodic FSCV anodic peak) is yet to berdeted. One
explanation is that this Gyis deposited on specific CFM adsorption
sites that have their own discrete oxidation pagésit The
remaining clusters are no longer present at pgijtdonfirming that
Cu, is completely oxidized at the end of the scan.

These surface morphology data confirm the nucleatitd oxidation

voltammogram of Cu(N§), in a complex matrix, tris buffer. Shortly of metallic Cu associated with the cathodic anddém&SCV peaks,

This journal is © The Royal Society of Chemistry 2013
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i.e., peaks A and B in the FSCV segmenfigjure 2 are due to Cii  13.
+ 2 € — Cug)and the reverse reaction.
14.

Conclusion 15,
FSCV at CFMs is an excellent tool for fast metablgsis with 44
essential applications in biology and the environiné this work, 17.
we described the fundamental mechanisms of fast waisammetry

of Ci#* on CFMSs. In analogy to metal remediation by acédat
carbon, we showed that adsorption on CFMs underdipi&l FSCV

responses. We ascertained the thermodynamic andsicphy
characteristics of the CFM adsorption mechanisnhis Btudy has
allowed us to understand the fundamentals of ESCV, enabling 20.
future improvements in the sensitivity and selégtiof fast metal 21.
voltammetry for real-time biological and environrtedranalysis.
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