
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Analyst

www.rsc.org/analyst

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Slow Scan Cyclic 
Voltammetry 

Background 
Subtracted Fast-scan 
Cyclic Voltammetry 

1 V s-1 

-1 -0.5 0 0.5 1 

C 
V vs. Ag/AgCl 

50 mV s-1 

100 mV s-1 

30 mV s-1 

-1 -0.5 0 0.5 1 

300 V s-1 

100 V s-1 

50 V s-1 

A 

D 

B 

10 mV s-1 

C 

A 

D 

B C 

A 

D 

B 

C 

A 

D 

B A 

D 
A 

D A 

D 
A 

D 

Page 1 of 10 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
na

ly
st

A
cc

ep
te

d
M

an
us

cr
ip

t



Fundamental studies of carbon fiber surfaces show that the rapid voltammetric response to trace metals 

is an adsorption driven process 
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Fast Voltammetry of Metals at Carbon-Fiber 
Microelectrodes: Copper Adsorption onto Activated 
Carbon aids Rapid Electrochemical Analysis  
 

Pavithra Pathirathna1, Srimal Samaranayake1, Christopher W. Atcherley2, Kate L. 
Parent2, Michael L. Heien2, Shawn P. McElmurry3 and Parastoo Hashemi1*  

Rapid, in situ trace metal analysis is essential for understanding many biological and 
environmental processes. For example, trace metals are thought to act as chemical messengers 
in the brain. In the environment, some of the most damaging pollution occurs when metals are 
rapidly mobilized and transported during hydrologic events (storms). Electrochemistry is 
attractive for in situ analysis, primarily because electrodes are compact, cheap and portable. 
Electrochemical techniques, however, do not traditionally report trace metals in real-time. In 
this work, we investigated the fundamental mechanisms of a novel method, based on fast-scan 
cyclic voltammetry (FSCV), that reports trace metals with sub-second temporal resolution at 
carbon-fiber microelectrodes (CFMs). Electrochemical methods and geochemical models were 
employed to find that activated CFMs rapidly adsorb copper, a phenomenon that greatly 
advances the temporal capabilities of electrochemistry.  We established the thermodynamics of 
surface copper adsorption and the electrochemical nature of copper deposition onto CFMs and 
hence identified a unique adsorption-controlled electrochemical mechanism for ultra-fast trace 
metal analysis. This knowledge can be exploited in the future to increase the sensitivity and 
selectivity of CFMs for fast voltammetry of trace metals in a variety of biological and 
environmental models.  

 

Introduction 

Trace metal analysis in real-time is essential for understanding many 
biological and environmental processes. For example, trace metals 
have important functions in biology and are garnering new attention 
for their roles as neurotransmitters.1, 2 In Alzheimer’s disease for 
example, copper accumulates in β-amyloid plaques.3 It is thought 
that this copper build-up comes at the expense of its normal roles as 
a neurotransmitter, accounting for some of the disease’s neurological 
deficits.3, 4 It has been impossible to chemically monitor 
endogenously acting copper to verify this hypothesis, primarily 
because chemical transmission occurs so quickly (< seconds). 

Rapid metal analysis is also important in the environment, 
particularly in natural water systems where trace metal 
contamination is extremely hazardous.5 The well-documented health 
consequences of trace metal exposure6-9 are exacerbated because 
metals bioaccumulate in plants and animals,10-13 providing numerous 
exposure paradigms for humans. Anthropogenic sources of trace 
metals are commonly mobilized and transported during hydraulic 
events (storms).14 It is critical to characterize aquatic trace metals in 

real-time because their interactions with organic ligands and soils are 
fast (< seconds).15 Such rapid metal detection would provide the 
most efficient implementation of existing metal mitigation systems 
16-21 via a diagnostic approach. 

Most analytical techniques cannot monitor metals rapidly (< 
seconds). Spectroscopic techniques are sensitive and selective, 22 
however sample collection and preparation can alter metal speciation 
and make dynamic measurements difficult.23, 24 Electrochemical 
methods are attractive because the chemistry occurs at a submersible 
or integrated surface that minimally impacts its surroundings. Ion-
selective electrodes have a temporal resolution of seconds;25, 26 
however it is typically challenging to make measurements in 
dynamically changing matrices. Stripping voltammetries (such as 
anodic stripping and adsorptive stripping voltammetry) have 
extremely high sensitivities.27 This high sensitivity is largely due to a 
lengthy pre-concentration step (minutes) that decreases temporal 
resolution.28-30 Moreover, anodic stripping voltammetry is most 
commonly performed at Hg electrodes 31 which have limited 
portability and pose their own toxicity concerns. 
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We recently described the use of carbon-fiber microelectrodes 
(CFMs) to detect copper (II) (Cu2+) and lead (II) (Pb2+) with fast 
scan cyclic voltammetry (FSCV) at scan rates of 300 – 600 Vs-1.32, 33 
Our ultra-fast, Hg-free method can quantify Cu2+ and Pb2+ 
concentration changes every 100 ms with parts per billion and parts 
per million sensitivity, respectively.32, 33 Our method is highly 
applicable for studying metals in real time. However it is essential to 
describe the fundamental mechanisms of this fast voltammetric 
method before it can be developed into a routine analytical tool for 
biological and environmental applications. In this paper therefore, 
we take a multi-faceted approach and establish the underlying 
mechanisms of fast voltammetry of Cu2+ on CFMs in established 
laboratory test solutions.  

We analyzed Cu2+, a biologically relevant2 and environmentally 
problematic metal ion34 with well-known redox chemistry.35, 36 
Besides classical nucleation, growth and stripping features,36 we 
observed new, additional  peaks in Cu2+ slow scan cyclic 
voltammograms. These additional peaks were not diminished, as the 
classical features were, when the scan-rate was increased. In fact, 
with increasing scan rate, the new features were augmented, as seen 
previously with neurotransmitters adsorbed to CFM surfaces.37 We 
therefore investigated surface adsorption as a fundamental 
mechanism of the Cu2+ FSCV signal. We utilized electrochemical, 
geochemical, and microscopic tools to describe CFM’s surface and 
thermodynamic mechanisms towards Cu2+. This study provides 
valuable insight into the adsorption chemistry that governs the FSCV 
response to metals. Our findings are critical to the future 
development of the method, namely increases in sensitivity and 
selectivity, in application to real samples. 

Experimental Section 

Solutions 

Cu2+ solutions were prepared by dissolving Cu(NO3)2 in NaCl (0.01 
M) and in tris buffer ((15 mM tris(hydroxymethyl)aminomethane), 
140 mM NaCl, 3.25 mM KCl, 1.2 mM CaCl2, 1.25 mM NaH2PO4, 
1.2 mM MgCl2 and 2.0 mM Na2SO4). All chemicals were purchased 
from Sigma-Aldrich (St. Louis, MO). At room temperature and 
pressure, the pH of Cu2+ in NaCl and tris buffer solutions was ~5.5 
and 7.4 respectively. 

Microelectrodes 

CFMs were prepared by vacuum aspirating a single carbon fiber of 5 
µm radius (T-650, Cytec Industries, NJ) into a glass capillary (0.6 
mm external diameter, 0.4 mm internal diameter, A-M Systems, Inc., 
Sequim, WA).  The capillary was pulled under gravity with a 
micropipette puller (Narishige, Tokyo, Japan) leaving a tapered end 
to form a carbon-glass seal.  The exposed end of the carbon fiber 
was cut to approximately 150 µm under a microscope. Gold 
microelectrodes (AuMs) were prepared as described above but with 
a gold microwire of 10 µm radius (Goodfellow Co, PA), cut to 
approximately 150-200 µm. 

Cyclic Voltammetry 

All voltammetry employed a 2-electrode system. Cyclic 
voltammograms were collected on 5 different electrodes and 
representative examples are displayed. For slow scan cyclic 
voltammetry (scan rates ≤ 100 mVs-1), microelectrodes were placed 
into a constantly stirred solution of Cu(NO3)2 and a triangular wave 
form (+1 V to –1 V) was applied using custom software, Wildcat 
CV, written in LAB-VIEW 2012 (National Instruments, Austin, 
TX). Only solutions for slow scan cyclic voltammetry were nitrogen-
purged prior to experimentation. The reference electrode was 
fabricated by electroplating Cl– on a Ag wire (A-M systems, WA). 
For scan rates above 1 Vs-1, in-house software, WCCV 2.0, written 
in LABVIEW 2012 collected background-subtracted 
voltammograms in a flow-injection analysis system.  

Electrochemical Pre-treatment 

For most experiments microelectrodes were electrochemically pre-
treated with a Cu2+ sensitive triangular waveform as previously 
described.33 For experiments comparing electrochemical and 
chemical pretreatments, the anodic potential/rest potential of the 
CFMs was varied from +0.4 V to +1.3 V at a constant cathodic 
potential of -1.0 V at a scan rate of 300 Vs-1. Electrodes were treated 
with each waveform for 10 minutes at 60 Hz and then 10 minutes at 
10 Hz.  

Chemical Pre-treatment 

CFMs were chemically pretreated with a mixture of H2SO4 (0.25 M) 
and HNO3 (0.25 M) in a 3:1 ratio38 and washed with DI water prior 
to analysis.  

Solution Geochemistry 

Solution chemistry of Cu2+ in tris buffer and NaCl was modeled 
using PHREEQCi, a geochemical modeling software capable of 
determining speciation based on thermodynamic equilibrium. 
Stability constants during modeling were based on the MINTEQ.v4 
database developed by the U.S. Environmental Protection Agency 
while additional constants for complexation with solutions were 
modeled in equilibrium with CO2(g) (10−4.8 atm.) and O2(g) (10−0.67 
atm.).39 The pH values predicted by PHREEQCi models were found 
to match the pH observed in experimental solutions. 

Fast Scan Controlled-Adsorption Voltammetry (FSCAV) 

A CFM was placed into a constantly stirred Cu(NO3)2 solution and a 
waveform (-1.0 V – +1.3 V, resting potential of 0 V, at 600 Vs-1)  
was applied. An electronic relay (ADG-419, Analog Devices) was 
used to switch between the applied waveform and a constant 
potential of 0 V for 10 seconds to allow copper adsorption at the 
electrode surface reach equilibrium. After 10 seconds, the waveform 
was reapplied, and the first background-subtracted cyclic 
voltammogram was collected and analyzed for total adsorbed 
copper. In house LabVIEW 2012 software integrated the reduction 
peak from the background subtracted cyclic voltammogram of Cu2+ 
and Faraday’s law was used to convert this to a surface 
concentration (ΓCu). Measured data was fit to the linearized 
Langmuir isotherm (eq. 1) where C is the [Cu2+] in bulk solution, 
Γmax is the maximum monolayer surface coverage, and K is the 
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equilibrium constant for adsorption. This experiment was performed 
in NaCl (10 mM) and tris buffer (15 mM). 
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Atomic Force Microscopy (AFM) 

CFMs were prepared as described above and electrochemically 
activated. During slow scan cyclic voltammograms of Cu(NO3)2 
(100 µM) (from +1 V to -1 V , back to +1 V), electrodes were 
temporarily disconnected for groups of electrodes at 6 different 
points. Those were 0.2, -0.6 and -1 V on the forward scan and -0.6, -
0.3 and 0.2 V on the reverse scan, all vs. Ag/AgCl. These electrodes 
had been exposed only to a partial section of the waveform. 
Electrodes were stored in a closed container and transported to the 
AFM. AFM images were taken using a Park Systems XE-NSOM 
instrument with a non-contact tip. 
 

Results and Discussion 

Slow Scan Cu2+ Cyclic Voltammetry at CFMs 

During slow-scan Cu2+ cyclic voltammetry, a cathodic potential 
sweep is applied to the electrode at 1 – 10 mVs-1, followed by an 
anodic sweep that brings the potential back to rest.36 During the 
cathodic scan, copper is deposited on the electrode surface following 
a nucleation and growth mechanism. Copper nucleates over a broad 
potential range. These nuclei allow more Cu to deposit during a 
growth phase at any potential sufficient for deposition. Therefore, 
there are often two broad ‘loop’ reduction peaks, between the same 
voltages, on both cathodic and anodic scans.36 The differences 
between the nature of the electrode surface and the Cu surface make 
this nucleation/growth deposition occur at a more negative voltage 
than the standard Cu2+ reduction potential.40, 41 Indeed when holding 
a CFM at a constant potential of 0.34 V (Cu2+ 2e-

→ Cu(s) standard 
reduction potential), addition of Cu(NO3)2 induced no change in 
current. This behavior is true for holding potentials down to -0.1 V 
(data not shown). During the anodic scan, the deposited Cu(s) is 
stripped off the electrode surface. Because this happens from a Cu(s) 

rich surface (a single phase), the stripping or oxidation peak is sharp 
and its voltage is much closer to the standard equilibrium 
potential.40, 41 Metal deposition can also occur via other mechanisms, 
for example, adsorption, charge transfer, and under potential 
deposition (UPD).42-44 UPD is a process by which a metal deposits 
onto another metal at a more positive electrode potential than the 
Nernst potential for bulk deposition.42 

CFM slow scan cyclic voltammetry of Cu2+ was probed here by 
comparisons to AuMs. Figure 1 shows representative cyclic 
voltammograms of Cu(NO3)2 (100 µM) on a Au Microelectrode 
(AuM) (a) and a CFM (b) at 10 mVs-1 in NaCl. These two 
voltammograms share common features. For example, Cu2+ 
reduction to metallic Cu begins at -0.1 V (peaks A’, A) and 
continues via a loop formation between -0.4 V and -1.0 V on the 
cathodic scans (peaks B’, B). This loop formation is an indication of 
nucleation and growth processes and is similar to previous 
observations.43 On both AuMs and CFMs, sharp stripping peaks (C’, 

C) and shoulder peaks (D’, D) are present between -0.1 to 0.2 V on 
the anodic scans.  Shoulders accompanying stripping peaks have 
previously been reported on glassy carbon electrodes 44 and highly 
oriented pyrolytic graphite electrodes.43 The presence of complexing 
agents such as chloride and ammonia strongly affect copper redox 
processes and lead to the observation of shoulder peaks at potentials 
higher than stripping peaks.41, 43-47 Shoulder peaks have not been 
found to be associated with stripping peaks in media containing no 
complexing agents. 40, 48-51  

 

Figure 1. Slow scan cyclic voltammograms of Cu(NO3)2 on (a) AuM and (b) 
CFM at a scan rate of 10 mVs-1 in NaCl. Peaks A’ – E’ appear on the AuM, 
whereas peaks A – D appear on the CFM. 

A mechanism for shoulder peak formation in the presence of Cl- has 
been speculated previously.44, 47, 49 First, deposited Cu oxidizes to 
Cu+, creating a stripping peak (C’, C) and forming a barely 
conductive, passive layer of CuCl according to reaction (2).  

Cu + Cl- → CuCl + e-   (2) 

The CuCl layer shields underlying metallic copper thereby 
momentarily arresting further oxidation. Dissolution of this passive 
layer occurs either via direct diffusion or diffusion of a more soluble 
complex (such as CuCl2

-). Dissolution exposes the remaining 
underlying metal allowing the electro-oxidation of Cu to continue as 
shown in reactions (3) and (4):  

CuCl + Cl- → CuCl2
-     (3) 

CuCl2
-
→ Cu2 + + 2Cl- + e-    (4) 

We determined whether these processes are responsible for shoulder 
peaks D’ and D by systematically increasing the scan rate as 
described in the next section. There is an additional peak on the 
AuM that is not present on the CFM (peak E’). UPD plays a 
significant role in copper deposition on gold surfaces 42 whereas on 
carbon materials, metallic copper follows bulk deposition with no 
evidence for UPD.41, 43, 44, 46, 49, 53 Peak E’ on the AuM is likely a 
consequence of anodic processes associated with UPD on gold.42  

Scan Rate Dependence  

The shoulder peak mechanism proposed above was tested on CFMs 
by progressively increasing scan rate. The rationale here is that by 
increasing scan rate, nucleation/growth and hence stripping become 
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limited because these processes are mass-transport dependent.41 
Because reactions (3) and (4) rely on the stripping peak, any 
limitations in stripping should manifest proportionally on the 
shoulder peak. 

In this experiment cyclic voltammograms of Cu(NO3)2 were 
collected at CFMs at increasing scan rates. From 10 – 100 mVs-1, 
raw traces were analyzed; however at higher scan rates, the charging 
current due to double layer capacitance dominates the Faradaic 
component of the voltammetric signal. Therefore, cyclic 
voltammograms at 1 Vs-1 and above were collected in a flow 
injection system (FIA) using background subtraction.  

Figure 2 shows cyclic voltammograms collected at 10, 30, 50 and 
100 mVs-1 (left, blue panel) and at 1, 50, 100 and 300 Vs-1 (right, 
green panel). This experiment illustrates the evolution of a slow scan 
Cu(NO3)2 cyclic voltammogram in a typical FSCV signal.33 
Increased peak separation at high FSCV scan rates is due to slow 
electron transfer kinetics. All peaks are labeled as in Figure 1. From 
10 – 100 mVs-1, the magnitude of peaks (B) and (C) are greatly 
reduced such that they are almost absent at 100 mVs-1. This is 
consistent with the notion that nucleation and growth are mass-
transport limited and therefore can be ‘outrun’ at high scan rates. 
The magnitude of peaks (A) and (D) however are not subject to the 
same behavior. Peaks (A) and (D) are present and well defined at 
100 mVs-1 implying that these features are neither mass-transport 
limited nor dependent on peaks (B) and (C). The results of these 
experiments indicate that mechanisms other than those described by 
Reactions (3) and (4) are responsible for peak (D). 

 

Figure 2. Left: Slow scan cyclic voltammograms of Cu(NO3)2 on CFMs at 
scan rates of 10, 30, 50 and 100 mVs-1. Right: Fast scan background-
subtracted cyclic voltammograms of Cu(NO3)2 at scan rates of 1, 50, 100 and 
300 Vs-1.  

For adsorbed species, the peak current is proportional to scan rate51  
and we indeed found that from 1 – 300 Vs-1, peak amplitudes 
increased. Furthermore, the slope of a plot of the log current vs. log 
scan rate for Cu(NO3)2 was previously reported to be approximately 
1 at high scan rates.33 Taken together, these findings strongly support 

a hypothesis that peaks (A) and (D) stem from an adsorption 
controlled process. Adsorption is explored in the following sections. 

CFM Over-oxidation Leads to Enhanced Sensitivity 

Activated carbon is widely used in wastewater treatment and is the 
primary purification component of domestic water filters.52, 53 When 
carbon is activated (e.g. via heat in the presence of air, or with 
chemical or electrochemical pretreatments) a wide array of oxygen 
functionalities are created on its surface.54 These oxygen moieties 
adsorb and complex trace metals, removing them from solution.54, 55  

CFMs are typically electrochemically pre-treated prior to use.56 
Therefore, in analogy to metal adsorption by activated carbon, the 
oxygen functionalities on the CFM surface may rapidly complex 
trace metals in solution, pre-concentrating them on the surface. In 
this experiment, we tested the hypothesis that enhanced surface 
oxidation is responsible for increased FSCV sensitivity towards 
Cu2+, presumably due to an increased number of adsorption sites.  

 

Figure 3. Maximum cathodic current of Cu(NO3)2 (10 µM) fast scan cyclic 
voltammograms as a function of anodic potential limit (blue series) at 300 
Vs-1 and as a function of acid pretreatment (green).  

Using flow injection analysis, we collected background subtracted 
cyclic voltammograms of CFMs exposed to a bolus of Cu(NO3)2 (10 
µM) with different FSCV waveforms. We systematically increased 
the anodic potential limit of the waveform at a constant cathodic 
limit, -1.0 V. Figure 3 shows the magnitude of cathodic current 
(demonstrated by the inset cyclic voltammogram) as a function of 
the anodic potential limit. The cathodic current showed exponential 
increases with increasing anodic potential. This exact behavior was 
previously reported with neurotransmitters and attributed to surface 
‘activation’ or over-oxidation.56 To confirm that the enhanced 
sensitivity was due to over-oxidation, an alternative method to over-
oxidize the CFM surface was employed. An acid pretreatment 38 was 
applied to the electrode surface prior to use (H2SO4 (0.25 M) and 
HNO3 (0.25 M) in a 3:1 ratio).  An anodic potential limit of +0.6 V 
was used where we previously found negligible effects of 
electrochemical over-oxidation. The resultant cathodic current is 
plotted in green on the 0.6 V series. The current here is substantially 
higher than the non-acid treated CFM confirming that surface 
activation, by two separate means, begets similar outcomes. 
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Figure 4. (a) Langmuir adsorption isotherms for Cu(NO3)2 on CFMs in NaCl (top) and in tris buffer (bottom). (b) Histogram showing % [Cu2+] free in solution 
and % cathodic current of Cu(NO3)2 (10 µM) in NaCl (purple series) and in tris buffer (black series) at 300 Vs-1 (% cathodic current is shown by setting the 
maximum cathodic current with tris buffer to 100% and expressing the cathodic current with NaCl as a percentage of this). The inset background-subtracted 
cyclic voltammograms are representative examples taken in NaCl (purple) and tris buffer (black) 

Cu2+ Adsorption to CFMs drives the FSCV Signal 

We sought to verify that the enhanced FSCV sensitivity towards 
Cu2+ as a consequence of activation is an adsorption-driven 
mechanism. This was successfully confirmed by construction of 
adsorption isotherms using fast scan controlled-adsorption 
voltammetry (FSCAV) on CFMs.57 Adsorption isotherms describe 
the thermodynamic equilibrium of Cu2+ onto the CFM, providing an 
index of the amount of Cu2+ on the CFM surface with respect to bulk 
solution via the equilibrium constant, K.  

In all experiments described above, we used a simple matrix, NaCl, 
for characterizations. The adsorption isotherm of Cu2+ on CFMs in 
NaCl is shown in Figure 4a (top panel) and follows a Langmuir fit.  
Authentic biological and environmental matrices are more 
complicated than NaCl and contain copper binding components. 
Therefore, we studied whether a complex matrix would affect Cu2+ 

adsorption. We previously characterized copper in tris buffer33 
which has considerable metal binding capacity, 58,59. Additionally 
Tris acts as a model biological medium because it contains amines 
that mimic proteins. The other salts in the buffer are at a ratio and 
concentration designed to mimic artificial cerebrospinal fluid 
(ACSF). Many neurotransmitters and other biologically relevant 
molecules have been characterized in tris in vitro60-62 therefore 
adsorption isotherms were additionally constructed in tris buffer, 
(Figure 4a bottom) also following a Langmuir fit.  

We previously used a geochemical model to calculate the 
equilibrium concentrations of free Pb2+ in test solutions.32 We 
employed the same model here to calculate free Cu2+ concentration 
([Cu2+] free) in NaCl and tris solutions.  Our isotherms therefore have 
two x-axes, (A) denotes the concentration of Cu2+ added ([Cu2+] (N)) 
to the test solutions and (B) denotes the free Cu2+ concentration 
[Cu2+] free in solution. For NaCl, the two x-axes values are similar 
because NaCl has little Cu2+ binding capacity. Therefore when 
calculating K, there is little difference between the values calculated 
with [Cu2+] (N) vs. [Cu2+] free (KA and KB).  For tris the values of axes 
(A) and (B) are dramatically different because tris has Cu2+ binding 
capacity with K ∼ 104.59 It is interesting however, that when 
[Cu2+] free is taken into consideration in the calculation, K (KB) is 
similar to the K values in NaCl. Therefore, this complex matrix does 
not affect the monolayer characteristics of Cu2+ adsorption onto 
CFMs. This experiment further shows that solution complexes and 
other species do not significantly adsorb to the CFM surface and 
alter K. 

The interactions of the Cu2+- CFM and Cu2+ - tris equilibria are 
complicated.  Figure 4b is a histogram that compares % [Cu2+] free in 
solution to the cathodic current of background subtracted cyclic 
voltammograms of Cu(NO3)2 in NaCl (purple series) and tris buffer 
(black series). Shown in the inset are representative examples of 
cyclic voltammograms of Cu(NO3)2 in NaCl and tris buffer. In the 
histogram, we compared the two FSCV signals thus: the maximum 
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Figure 5. AFM images of a slow scan (10 mVs-1) cyclic voltammogram of Cu(NO3)2 (100 µM) in tris buffer taken at six different points along the scan. On 
the forward scan, images were recorded at 0.2 V (i), -0.6 V (ii) and -1 V (iii) and on the backward scan at 0.6 V (iv), -0.3 V (v) and 0.2 V (vi).  AFM images 
are 2 µM x 2 µM. 

cathodic current with tris buffer was normalized to 100% and the 
current with NaCl was expressed as a percentage of this. It is seen 
that despite only 2% [Cu2+] free in tris buffer, that the Cu2+ signal is 
9.2% of the Cu2+ signal in NaCl (with 98% [Cu2+] free). This 
discrepancy implies that the two equilibria compete. The equilibrium 
of Cu2+- CFM complexation is more favorable than Cu2+ - tris 
complexation, and a serendipitous outcome of this effect is high 
FSCV sensitivity, even in Cu2+ complexing matrices. 

Given the confirmation that our Cu2+ FSCV signal is highly 
adsorption driven, the nucleation characteristics of the cyclic 
voltammetry peaks on CFMs were next studied. 

AFM Characterization of Cu Nucleation and Oxidation 

Changes in the morphology of the CFM surface can be visualized 
with AFM.  AFM is a sensitive surface imaging technique, which 
employs a cantilevered tip to convert surface contours into images.  
AFM is routinely used to establish and characterize the formation of 
metallic copper on electrode surfaces.40, 41 In Figure 5, AFM images 
were recorded at six different points along a slow scan cyclic 
voltammogram of Cu(NO3)2 in a complex matrix, tris buffer. Shortly 

after the start of the scan (i) the striations of the bare CFM surface 
are well defined. The small round features on the surface are likely 
solid contaminants.  At (ii), metallic copper clusters are present on 
the CFM surface showing that the eventual cathodic FSCV peak 
(which evolves from this peak at high scan rates) involves deposition 
of Cu(s).  Cu(s) is more elaborate during nucleation (iii) and after 
growth (iv) where striations are no longer visible under metallic Cu.  
After stripping (v), striations are again visible and due to the removal 
of metallic Cu.  During the stripping process, Cu(s) may either be 
oxidized to Cu+ (as discussed above) or directly to Cu2+. The 
presence of clear carbon striations and the scan rate dependent data 
provide little evidence for the formation of CuCl.  However, the 
nature of the peak directly proceeding the stripping peak (the 
eventual anodic FSCV anodic peak) is yet to be determined.  One 
explanation is that this Cu(s) is deposited on specific CFM adsorption 
sites that have their own discrete oxidation potentials.  The 
remaining clusters are no longer present at point (vi), confirming that 
Cu(s) is completely oxidized at the end of the scan. 

These surface morphology data confirm the nucleation and oxidation 
of metallic Cu associated with the cathodic and anodic FSCV peaks, 
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i.e., peaks A and B in the FSCV segment of Figure 2 are due to Cu2+ 
+ 2 e- → Cu(s) and the reverse reaction.  

Conclusion 

FSCV at CFMs is an excellent tool for fast metal analysis with 
essential applications in biology and the environment. In this work, 
we described the fundamental mechanisms of fast scan voltammetry 
of Cu2+ on CFMs. In analogy to metal remediation by activated 
carbon, we showed that adsorption on CFMs underlies rapid FSCV 
responses. We ascertained the thermodynamic and physical 
characteristics of the CFM adsorption mechanism.  This study has 
allowed us to understand the fundamentals of Cu2+ FSCV, enabling 
future improvements in the sensitivity and selectivity of fast metal 
voltammetry for real-time biological and environmental analysis. 
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