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a b s t r a c t
Heterogeneous electron-transfer rate constants were determined for ferrocene and ferrocene carboxylic
acid (FCA) in the room temperature ionic liquid (RTIL), 1-butyl-3-methylimidazolium tetraﬂuoroborate
(BMIMBF4 ), at boron-doped microcrystalline diamond thin-ﬁlm electrodes. Comparison data for FCA in
0
1 M KCl were also obtained. The apparent heterogeneous electron-transfer rate constant, kapp
, for FCA
0
was 10× lower in the RTIL 1.5 (± 1.1) × 10−3 cm s−1 as compared to KCl 4.6 (± 1.3) × 10−2 cm s−1 . The kapp
for ferrocene was also 10x lower in the RTIL 5.0 (± 1.2) × 10−3 cm s−1 as compared to a common organic
electrolyte solution 5.5 (± 1.2) × 10−2 cm s−1 . The diffusion coefﬁcient for FCA (Dred ) was determined by
chronoamperometry to be 1.3 × 10−7 cm2 s−1 , ca. 100× lower than the value (1.9 × 10−5 cm2 s−1 ) in KCl.
0
The lower diffusion coefﬁcient is consistent with the 100× greater viscosity of the RTIL. The lower kapp
values for these outer-sphere redox systems is attributed, at least in part, to a reduced number of attempts
to surmount the activation barrier (i.e., a reduced nuclear frequency factor, n ) due to the more viscous
medium.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction
High quality, hydrogen-terminated diamond electrodes have
attracted considerable attention in recent years due to some attractive electrochemical properties: (i) improved signal-to-background
ratios in electroanalytical measurements due to a low and stable background current, (ii) resistance to electrode deactivation
and fouling due to weak molecular adsorption, (iii) wide working potential window of ∼3–4 V in aqueous electrolytes, (iv)
excellent microstructural and morphological stability at extreme
anodic and cathodic potentials and or high current densities
(1–10 A cm−2 ), and (v) good electrode responsiveness with relatively rapid electrode kinetics for multiple dissolved redox systems
without conventional pretreatment [1–4].
Several factors inﬂuence the electrochemical activity (i.e., electrode reaction kinetics) of boron-doped diamond electrodes: (i)
potential-dependent density of electronic states, (ii) dopant type,
level, and distribution, (iii) surface chemistry, (iv) morphology and
microstructure, (v) defect density, (vi) adventitious nondiamond
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sp2 carbon impurity content, and (vii) the double layer structure.
The extent to which these factors affect the electrochemical activity strongly depends on the reaction mechanism of the particular
redox system. By choosing the appropriate growth conditions, the
ﬁlm quality and corresponding electrode behavior can be controlled. Several papers have reported on the structure-function
relationships and electrochemical kinetics of diamond electrodes
in conventional aqueous and organic electrolytes [1–8]. However,
there has been little work reported about these relationships in
ionic liquid media [9].
Room temperature ionic liquids (RTILs) are emerging as a
new electrolytes for electrochemical measurements and processes.
RTILs are distinct from aqueous electrolyte solutions because
they contain no solvent. They are salts in the liquid phasecomposed of bulky cations and anions of unequal size [10–15]. RTILs
have received attention by electrochemists because of several
attractive properties: high thermal and chemical stability, low
vapor pressure, non-ﬂammability, high ionic conductivity and high
breakdown potential [10–15]. Because of the low vapor pressure
and wide potential window, RTILs are being utilized more and more
in electrochemical applications, including energy storage devices
[16–18]. The ions of an RTIL are not solvated like they are in aqueous electrolyte solutions. This means that the electric double layer
formed should be structurally distinct from that formed in an aqueous electrolyte. In other words, the Gouy–Chapman–Stern model
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that is typically used to describe the interfacial structure in aqueous
electrolyte solutions likely inaccurately describes the interfacial
organization of an RTIL. Our group is interested in the interfacial
structure formed at boron-doped diamond electrodes in various
electrolyte solutions and how the electrolyte composition affects
heterogeneous electron-transfer rate constants [19]. RTILs constitute a relatively unstudied medium.
There have been a few reports so far describing the basic
electrochemical properties of different solid electrodes or the heterogeneous electron-transfer kinetics of various redox analytes
in RTILs [13,20–25]. Barrosse-Antle et al. reported background
cyclic voltammetric i–E curves and working potential windows for Pt, Au, GC, and boron-doped diamond in several
amine-based RTILs [15]. Compton et al. reported heterogeneous
electron-transfer rate constants, k0 , for ferrocene derivatives in 1ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl) imide at
a Pt microband electrode [25]. k0 varied from ∼0.1–0.2 cm s−1 , and
was 5–10× lower than the rate constants in acetonitrile (CH3 CN).
Tachikawa et al. reported on the electrode kinetics of ferrocene in
amide-based RTILs at Pt [26]. k0 ranged from 0.2–1.5 × 10−2 cm s−1 ,
and was 2–3 orders of magnitude lower than the value in CH3 CN.
Similarly, Hapiot et al. also found that k0 values for ferrocene
and anthracene are ∼1–2 orders of magnitude lower in amine- or
imidazolium-based ionic liquids than in CH3 CN [27]. The lower k0
values in RTILs are attributed, in part, to the higher viscosity, hence
the lower diffusion coefﬁcient for the redox system in the medium
[13,15,23,25–27]. This causes a reduced number of attempts to surmount the activation barrier, leading to the lower k0 .
Compared to the number of studies at metal electrode, reports
for carbon electrodes in RTILs are far fewer in number, especially
for sp3 -bonded diamond electrodes, with most of the reported
work involving capacitance measurements [13,23,28–30]. Some
understanding of structure-function relationships at diamond electrodes now exists for aqueous and non-aqueous electrolytes
[1–8,31,32]; however, little information is available for RTILs.
In the present study, we report on the heterogeneous electrontransfer rate constants for ferrocene and ferrocene carboxylic acid
(FCA) in the room temperature ionic liquid (RTIL), 1-butyl-3methylimidazolium tetraﬂuoroborate (BMIMBF4 ), at boron-doped
microcrystalline diamond thin-ﬁlm electrodes. We selected this
RTIL simply because it was readily available while the polycrystalline diamond electrodes were used because of our extensive
past work with them in aqueous and nonaqueous electrolyte solutions. Ferrocene and FCA were selected as test systems because
they exhibit electrochemical behavior reﬂective of an outer-sphere
redox couple, without complications arising from adsorption or
bond breakage/formation [23,25,27,33].

2. Experimental
2.1. Electrode fabrication
The boron-doped diamond thin ﬁlms were deposited on an
electrically conducting p-Si (1 0 0) substrate (∼10−3  cm, Virginia
Semiconductor Inc., Fredericksburg, VA) using microwave-assisted
chemical vapor deposition (CVD). The CVD reactor was 1.5 kW,
2.54 GHz commercial system (Seki Technotron Corp., Japan) with a
1 L quartz bell jar. The Si substrate was pretreated by mechanically
scratching with 1 m diameter diamond powder (GE Superabrasives, Worthington, OH) on a felt polishing pad. The scratched
substrate was then sequentially rinsed with ultrapure water, isopropyl alcohol (IPA), acetone, IPA, and ﬁnally ultrapure water
to remove polishing debris from the surface. The striations and
embedded diamond powder particles introduced by the scratching
serve as the initial diamond nucleation sites.

High quality (continuous polycrystalline ﬁlms with little sp2
non-diamond carbon impurity) microcrystalline diamond thin
ﬁlms were deposited using a methane/hydrogen (C/H) source gas
mixture at a volumetric ratio of 0.5%, a total gas ﬂow of 200 sccm,
a plasma power of 1000 W, a system pressure of 45 Torr, and
a substrate temperature near 750 ◦ C. Ultrahigh purity (99.999%)
methane and hydrogen were used. 10 ppm of B2 H6 was introduced
for boron-doping. The growth time was 10 h. At the end of the
growth period, the CH4 and B2 H6 gas ﬂows were stopped and
the ﬁlm remained exposed to a hydrogen plasma for 10 min at
the deposition conditions. The plasma power and pressure were
then slowly reduced to 400 W and 20 Torr over the next 25 min
to cool the sample to less than 400 ◦ C in the presence of atomic
hydrogen. This step is important for maintaining a hydrogenterminated surface. The resulting ﬁlms possessed a continuous,
faceted morphology with a nominal crystallite size of 0.5–1 m. A
predominance of (1 0 0) and (1 1 1) crystal faces were exposed. The
nominal boron-doping level was >1 × 1021 cm−3 producing an electrical resistivity of <0.01  cm, based on boron nuclear reaction and
electrical measurements of other ﬁlms grown under identical conditions. Raman spectra consisted of a sharp one-phonon diamond
line at 1330–1332 cm−1 along with very weak scattering intensity
between 1510 and 1550 cm−1 due to low levels of sp2 -bonded carbon impurity (Refs. [3–6] therein]. Two peaks were also present at
ca. 550 and 1200 cm−1 . These bands are characteristic of heavily
doped ﬁlms and likely arise from scattering by impurity-induced
electronic states. It is important to note that the electronic properties of polycrystalline diamond are inﬂuenced by the boron-doping
level as well as the hydrogen content, intrinsic defects and different
structural features.
If the ﬁlms were not used immediately after growth, they were
chemically treated to clean the surface. First, they were immersed
in warm (∼50 ◦ C) 1:3 HNO3 :HCl (v/v) for 30 min. The ﬁlms were
then rinsed in ultrapure H2 O and dried. Second, the ﬁlms were
exposed to warm 30% H2 O2 (Sigma–Aldrich) for 30 min followed
by a thorough rinse with ultrapure water. The chemically-treated
ﬁlms (oxygen terminated) were then hydrogen-plasma treated at
∼750 ◦ C, 40 Torr and 1000 W for 30 min to remove surface oxygen
and rehydrogenate the surface. After plasma treatment, the samples were slowly cooled in the presence of atomic hydrogen, as
described above. We have found that this treatment is also effective
at activating poorly responding diamond electrodes with extensive
past histories [33].
2.2. Characterization by scanning electron microscopy (SEM) and
Raman spectroscopy
The diamond ﬁlm morphology was characterized by ﬁeldemission scanning electron microscopy (JSM-6300F, JEOL, Ltd.,
Tokyo, Japan). The crystallinity, carbon phase purity, and
microstructure of the ﬁlm were evaluated by Raman spectroscopy.
The spectra were acquired at room temperature using a Spex 1250
spectrograph with a 600 groove/mm holographic grating (Horiba
Jobin-Yvon). The 514.5 nm line from an argon ion laser (Melles
Griot CV) was used for excitation. The detector was a Symphony
2000 × 800 CCD (Horiba Jobin-Yvon) with a pixel size of 15 m.
2.3. Electrochemical measurements
Cyclic voltammetric measurements were carried out in a single compartment glass cell using a CHI potentiostat (Model 660D,
Austin, TX). Potential sweep rates from 10 to 200 mV s−1 were
used. For the measurements in aqueous electrolyte, a homemade
Ag/AgCl reference electrode, ﬁlled with 3 M KCl (0.197 V vs. NHE),
and a graphite rod counter electrode were employed. All potentials
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in aqueous media are reported versus this reference. In the RTIL,
a Ag QRE was substituted as the reference. Identical voltammetric features were found when using a Ag/AgCl (3 M KCl) reference
electrode placed in a cracked-glass Luggin capillary ﬁlled with the
BMIMBF4 ionic liquid. This arrangement was employed to minimize water contamination of the main solution. The potential of
the Ag QRE in 1 M KCl was −0.072 V vs. Ag/AgCl (3 M KCl) and in the
BMIMBF4 was 0.120 V vs. Ag/AgCl (3 M KCl). In the electrochemical
cell, an O-ring deﬁned the geometric area (0.2 cm2 ) with all currents
reported being normalized to this area. The electrolyte was either
1 M KCl (99.999%, Aldrich) or the ionic liquid, BMIMBF4 (>98.5%
HPLC Grade, ≤500 ppm H2 O, Sigma–Aldrich).
The voltammetric measurements were made with the cell
placed inside of an N2 -purged dry box (Coy Laboratories, MI) with
a 0% relative humidity, as measured with a hygrometer. To perform
a measurement with the ionic liquid, the electrochemical cell was
placed in the dry box. The cell was ﬂushed with N2 before being
ﬁlled with the ionic liquid. The solution was then purged with Ar
for 20 min [34]. During a measurement, a blanket of N2 covered the
solution. No measurement was made to quantify the water content
after puriﬁcation.
Chronoamperometry was performed to determine the diffusion coefﬁcient (Dred ) of ferrocene carboxylic acid (FCA) in the
two electrolytes (1 M KCl and BMIMBF4 ). For 1 M KCl, the potential was stepped from 0 to 0.6 V vs. Ag/AgCl, and held at this
potential for 5 s to measure the faradaic current due to the oxidation of FCA to FCA+ . For BMIMBF4 , the potential was stepped
from 0 to 0.9 V vs. Ag QRE and held at this potential for 5 s to
measure the oxidation current. After background correction, the
measured faradaic currents were analyzed using the Cottrell equation. The calculated D value for FCA was 1.9 × 10−5 cm2 s−1 in 1 M
KCl and 1.3 × 10−7 cm2 s−1 in BMIMBF4 . Due to a higher viscosity,
the diffusion coefﬁcient in the RTIL is 100× less than the value in
aqueous media. By way of comparison, reported literature values of
Dred for ferrocene and ferrocene carboxylic acid (FCA) in the ionic
liquid, 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)
imide, are 6.5 × 10−7 and 2.6 × 10−7 cm2 s−1 , respectively [23,26].
It should be noted that Dred values for ferrocene or FCA are
not equal to their Dox values for in RTILs. For example, Rogers
et al. have reported a Dred of 1.8 × 10−7 cm2 s−1 for ferrocene
(FC) in BMIMBF4 and a Dox of 1.3 × 10−7 cm2 s−1 for ferrocenium (Fc+ ) [34] (DFc+ /DFc = 0.72). In our work, we found the
Dred for FCA in BMIMBF4 to be 1.3 × 10−7 cm2 s−1 , as mentioned
above, and through digital simulation Dox was determined to be
8.5 × 10−8 cm2 s−1 (DFCA+ /DFCA = 0.65).
The apparent heterogeneous electron-transfer rate constants,
0 , were determined by cyclic voltammetry using peak potential
kapp
separation vs. scan rate (Ep − ) data analyzed by the Nicholson
0
method [35,36]. kapp
values were calculated from voltammetric
data at ﬁve scan rates (100–500 mV s−1 ). In this approach, one
determines the variation of Ep with , and from this variation, .
From , one can calculate k0 according to the following equation:
 =

{(Do /Dr )

a/2 0
k }

(Do f)

1/2

(1)

where
f = F/RT
(F = Faraday
constant;
R = gas
constant;
T = temperature (K)) and  (V s−1 ) is the scan rate. With voltammetric methods, one must verify that any uncompensated resistance,
Ru , is small meaning that ohmic effects contribute negligibly to the
Ep values [36,37]. We veriﬁed this by recording Ep values at a
single scan rate as a function of the redox analyte concentration
(0.1–1 mM). We found that the Ep for FCA was independent
of the concentration at the different scan rates, as expected if
ohmic resistance effects are negligible. Fitting the experimental
cyclic voltammetric i–E curves to the simulated ones using BAS
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Fig. 1. Comparison of background cyclic voltammetric i–E curves for a boron-doped
diamond thin-ﬁlm electrode in 1 M KCl and BMIMBF4 at 50 mV s−1 . The BMIMBF4
was puriﬁed by heating in vacuum (80 ◦ C) overnight and storage over activated
molecular sieves (5 Å).

DigiSimTM simulator software (3.0) was used to validate the
0 . No correction for double layer effects (so-called
calculated kapp
Frumkin correction) was made so we refer to the rate constants as
apparent.
2.4. Reagents
Ferrocene carboxylic acid and ferrocene (Sigma–Aldrich, St.
Louis, MO) were used without any additional puriﬁcation. The
acetonitrile (Merck, HPLC grade) was distilled and stored over activated molecular sieves (5 Å). The sodium and tetrabutylammonium
perchlorate salts (Sigma–Aldrich) were used as received. BMIMBF4
(Sigma–Aldrich) is hygroscopic so to minimize water contamination, the ionic liquid was dried under vacuum for 24 h at 80 ◦ C and
then stored over activated (heat treated at 400 ◦ C in a furnace) 5 Å
molecular sieves. The dehydrated RTIL was tightly sealed and kept
in the dry box. In BMIMBF4 , the midpoint potential for the ferrocene/ferrocenium couple was 0.34 V vs. Ag QRE and 0.46 V vs.
Ag/AgCl.
3. Results
Fig. 1 presents background cyclic voltammetric i–E curves for a
boron-doped diamond thin-ﬁlm electrode in 1 M KCl and BMIMBF4 .
The scan rate was 50 mV s−1 and the scans shown are the 10th cycle.
The curves are both featureless (no peaks) within the potential window. The current for the RTIL is 1–2× lower than the current for
KCl over most of the potential range. The lower current is consistent with a lower capacitance, Cdl . For both electrolytes, the curves
were unchanged in shape with cycle number. Further evidence of
the stability of the diamond-RTIL interface was the constant open
circuit potential of 0.225 V vs. Ag (QRE) measured over a 15 min
period at the beginning of the measurements.
Fig. 2A and B show a series of cyclic voltammograms at
a diamond thin-ﬁlm electrode at increasing scan rate from
10–200 mV s−1 in (A) BMIMBF4 and (B) 1 M KCl. In both electrolytes,
the background cyclic voltammograms are featureless within the
potential ranged probed with currents that increase proportionally with the scan rate. For example, the anodic current (ia ) at
0.4 V increased linearly with the scan rate at both electrodes with
a linear regression correlation coefﬁcient of 0.9842 for the RTIL
and 0.9989 for KCl. The curve shapes were unchanged with cycle
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Fig. 2. Background cyclic voltammetric i–E curves for a boron-doped diamond thin-ﬁlm electrode as a function of the scan rate in (A) BMIMBF4 and (B) 1 M KCl. Scan rates
of 10, 20, 50, 100 and 200 mV s−1 were employed. The BMIMBF4 was puriﬁed by heating in vacuum (80 ◦ C) overnight and storage over activated molecular sieves (5 Å).

number (5–10) in both media. Assuming the current is purely
capacitive, the following relationship holds
ia,c = ACdl 

(2)

where A is the electrode area (cm2 ). Cdl can be calculated from the
slope of a plot of ia,c vs. . The calculated Cdl of the diamond electrode at 0.4 V was 10.9 and 15.1 F cm−2 , respectively, in the RTIL
and 1 M KCl. These values are similar to those reported for KCl and
ionic liquids of different composition to the one used in our work
[23].
Fig. 3 shows a background cyclic voltammogram for a diamond
thin-ﬁlm electrode in BMIMBF4 over a wider potential range. A
small anodic peak is seen at about 1 V prior to the onset of larger
anodic current. The origin of this peak is unknown. The anodic current at the positive limit is presumed to be due to the oxidation
of the RTIL. A weak cathodic peak is seen at about −1 V just prior
to the onset of a larger cathodic current. The cathodic current in
this potential region is likely contributed to by the reduction of
dissolved O2 not fully removed by the Ar gas purge. This is based
on the observation that this current increased if the RTIL was not
deoxygenated. The larger cathodic current at −2 V is presumed to be
due to reduction of the RTIL cation. Using the limits of ±40 A cm−2 ,
the working potential window is 3.6 V. This wide window is characteristic of boron-doped diamond electrodes and is larger than the
windows reported for other protic ionic liquids [23]. Our potential window is less than the 4.7 V (larger current density limits)

Fig. 3. Background cyclic voltammetric i–E curve for a boron-doped diamond
thin-ﬁlm electrode in BMIMBF4 showing the working potential window. Scan
rate = 50 mV s−1 . The BMIMBF4 was puriﬁed by heating in vacuum (80 ◦ C) overnight
and storage over activated molecular sieves (5 Å).

reported by Barrosse-Antle et al. for BMIMBF4 at a Pt microdisc
electrode [15]. Additional work is needed to better understand the
redox reactions that contribute to working potential window for
diamond electrodes when in contact with this and other RTILs.
Based on the wide potential window, we suppose that the voltammogram in Fig. 3 is reﬂective of a relatively pure RTIL low in H2 O
content.
The diffusion coefﬁcient for ferrocene carboxylic acid
(FCA) in the two media was determined by chronoamperometry. Current–time proﬁles are shown in Fig. 4A. Values of
1.3 × 10−7 cm2 s−1 in BMIMBF4 and 1.9 × 10−5 cm2 s−1 in KCl
were determined for Dred from Cottrell analysis of the faradaic
current–time response. The oxidation of FCA involves the oneelectron transfer to form the ferrocenium ion (FCA+ ), and at the
applied potential of 0.6 V vs. Ag/AgCl (3 M KCl) and 0.9 V vs. Ag QRE
(BMIMBF4 ), the current is diffusion limited. Plots of if vs. t−1/2 were
linear, indicative of a reaction rate limited by semi-linear diffusion
(Fig. 4B). As mentioned above, the diffusion coefﬁcients (Dred ) were
calculated as 1.9 × 10−5 cm2 s−1 in 1 M KCl and 1.3 × 10−7 cm2 s−1
in BMIMBF4. The fact that the FCA diffusion coefﬁcient in the RTIL is
100× less is consistent with the 100× greater viscosity of the ionic
liquid (BMIMBF4 ,  = 112 cp) [34] compared to H2 O and indicates
that the RTIL is low in water impurity.
Fig. 5A shows a cyclic voltammetric i–E curve for 0.1 mM FCA
in 1 KCl. A simulated curve is shown, for comparison. The scan
rate was 100 mV s−1 . The simulated curve was generated using
Dred = 1.9 × 10−5 cm2 s−1 and assuming Dox = Dred . A well-deﬁned
voltammetric response is observed with a peak potential separation, Ep , of 68 mV, an Ep/2 of 0.310 V, and a peak current ratio, ipa /ipc
of 1. The oxidation peak current varied linearly with the square root
of the scan rate (R2 = 0.9982) between 10 and 200 mV s−1 , as shown
in Fig. 5C. This indicates the oxidation reaction rate is controlled by
semi-inﬁnite linear diffusion of FCA to the electrode surface. The
simulated curve at this scan rate matches well the experimental
curve. Fig. 5B presents a cyclic voltammetric i–E curve measured
for 1 mM FCA in BMIMBF4 . The potential is reported versus the
midpoint potential of the ferrocene/ferrocenium (Fc/Fc+ ) couple.
The scan rate was 100 mV s−1 . The simulation was performed using
Dred = 1.3 × 10−7 cm2 s−1 and Dox = 8.5 × 10−8 cm2 s−1 . In BMIMBF4 ,
like in KCl, a well-deﬁned voltammetric response was observed
with a Ep of 75 mV, an Ep/2 of 0.146 V and an ipa /ipc ratio >1. The
greater than unity ratio is consistent with the differences in diffusion coefﬁcients for the two halves of the redox couple [25].
As shown in Fig. 5D, the oxidation peak current varied linearly
with the square root of the scan rate (R2 = 0.9892) between 10
and 200 mV s−1 , consistent with a reaction rate limited by semiinﬁnite linear diffusion. In both media, Ep increased progressively
between 100 and 500 mV s−1 indicative of quasi-reversible electrochemical reaction kinetics.
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Fig. 4. (A) Chronoamperometric i–t proﬁles for the diffusion-limited oxidation of 0.1 mM FCA in 1 M KCl and BMIMBF4 . The potential was stepped from 0 to 0.6 V vs. Ag/AgCl
for KCl and from 0.3 to 0.9 V vs. Ag QRE for BMIMBF4 . (B) Corresponding plots of if vs. t−1/2 calculated from current–time curves. if values were determined via background
subtraction. The BMIMBF4 was puriﬁed by storage over activated molecular sieves (5 Å).

When using cyclic voltammetric Ep −  trends to determine
heterogeneous electron-transfer rate constants [36,37], one needs
to verify that ohmic effects are not inﬂuencing the curve shapes.
This was done by measuring the peak potentials at a given scan
rate between 100 and 500 mV s−1 as a function of the FCA solution concentration (0.1–1 mM) in both 1 M KCl and BMIMBF4 . In
both media, the peak currents increased linearly with the redox
analyte concentration at a ﬁxed scan rate. Furthermore, the peak
positions at a given scan rate were independent of the redox analyte concentration in both media. These trends conﬁrm that the
Ep −  relationships were controlled primarily by the electrode

kinetics and not by ohmic resistance effects. The simulation results
0
validate the experimentally determined kapp
values. The Nicholson
treatment relates Ep to the dimensionless kinetic parameter,
and is useful for determining rate constants of redox systems with
cyclic voltammetric peak separations in the range of 65–200 mV
0
[36]. Analysis of our data, summarized in Table 1, reveal kapp
values for FCA in BMIMBF4 of 3.0 (±1.1) × 10−3 cm s−1 and in KCl of 4.6
(±1.3) × 10−2 (n ≥ 3 diamond electrodes). These data are presented
0
is seen for ferrocene in the RTIL
in Table 1. A similar 10× lower kapp
5.0 (±1.2) × 10−3 cm s−1 ) as compared to the organic electrolyte 5.5
(±1.2) × 10−2 cm s−1 .

Fig. 5. Cyclic voltammetric i–E curves for (A) 0.1 mM FCA in 1 M KCl and (B) 1 mM FCA in BMIMBF4 at a boron-doped diamond thin-ﬁlm electrode. Experimental and simulated
(DIGISIMTM ) curves are presented for comparison. Scan rate = 100 mV s−1 . ip –1/2 plots to demonstrate diffusion-controlled kinetics are shown for (C) 0.1 mM FCA in 1 M KCl
and (D) 1 mM FCA in BMIMBF4 . Data plotted for scan rates of 100–500 mV s−1 . The BMIMBF4 was puriﬁed by storage over activated molecular sieves (5 Å).
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Table 1
2
), for ferrocene and ferrocene carboxylic acid (FCA) in different media at boron-doped
The medium viscosity (), diffusion coefﬁcients (D), and heterogeneous rate constant (kapp
diamond, Pt, and glassy carbon electrodes.
Redox analyte in electrolyte/solvent
FCA in 1 M KCl
FCA in BMIMBF4
Ferrocene in BMIMBF4
Ferrocene in PP13-TFSA
Ferrocene in BMIMPF6
Ferrocene in 0.1 M NaClO4 /CH3 CN
Ferrocene in 0.1 M TBAClO4 /CH3 CN

Electrode
Diamond
Diamond
Diamond
Pt
Glassy carbon
Diamond
Diamond

 (mPa s)

Dred (cm2 s−1 )
−5

1.9 × 10
1.3 × 10−7
2.2 × 10−7
1.6 × 10−7
0.59 × 10−7
2.4 × 10−5 b
2.4 × 10−5 b

1
112
112
129
308
0.38
0.38

ko app (cm s−1 )a

Reference

4.6 (±1.3) × 10−2
1.5 (±1.1) × 10−3
5.0 (±1.2) × 10−3
2.3 (±1.1) × 10−3
2.3 × 10−4
5.5 (±1.2) × 10−2 4.2 (±1.5) × 10−2 b
5.8 (±1.6) × 10−2 4.8 (±1.5) × 10−2 b

This work
This work
This work
[26]
[45]
This work
This work

a
Transfer coefﬁcient of ˛ = 0.5 used in the calculation of the rate constants. Rate constants were determined at a 0.1 mM redox analyte concentration, and are reported
as a average ± standard deviation. The latter is the variability in rate constant determined by the Nicholson treatment (Ep −  trends) at scan rates from 20 to 200 mV s−1 .
Both ferrocene and FCA behaved quasi-reversibly at these scan rates.
b
Diffusion coefﬁcient was taken from Ref. [32]. BMIMBF4 = 1-butyl-3-methylimidazolium tetraﬂuoroborate. BMIMPF6 = 1-butyl-3-methylimidazolium hexaﬂuorophosphate. PP13-TFSA = N-methyl-N-propylpiperidinium bis(triﬂuoromethanesulfonyl) amide. TBAClO4 = tetrabutylammonium perchlorate.

n ˛ 1/ [26]. More generally, ket is determined by the collision

4. Discussion
Our results indicate that the heterogeneous electron-transfer
rate constants for ferrocene and FCA in the RTIL are approximately
10× lower than the values in conventional aqueous or non-aqueous
solvent/electrolyte systems (see Table 1). In order to understand the
cause(s) for the more sluggish kinetics, there are at least two factors
to consider. The ﬁrst is the higher viscosity of the RTIL, as compared
to aqueous or nonaqueous electrolyte solutions. BMIMBF4 is 100×
more viscous than a KCl solution. The more viscous RTIL means
that the diffusion coefﬁcient for FCA, or any redox molecule for
that matter, will be lower. This is apparent when considering the
Stokes–Einstein equation [38]:
D=

kB T
6a

(3)

The diffusion coefﬁcient (Dred ) for FCA was found to be
1.3 × 10−7 cm2 s−1 in BIMBF4 and 1.9 × 10−5 cm2 s−1 in KCl. This
difference is a factor of 100, consistent with the viscosity difference. Water impurity in RTILs tends to decrease the viscosity and
increase the conductivity (Refs. [13,15] therein). The presence of
water will narrow the potential window and increase the diffusion coefﬁcient of dissolved redox species due to a lowering of the
viscosity. Even though we made no measurement of the water content in the puriﬁed BMIMBF4 , the fact that the diffusion coefﬁcient
of FCA is 100× less than in KCl, consistent with the 100× viscosity
difference, is a good indication that the water content in our RTIL
was low. When working with RTILs, such as BMIMBF4 , one must be
careful to minimize H2 O contamination.
The lower diffusion coefﬁcient in BMIMBF4 has a profound
effect on the shape of both the kinetically- and diffusion-controlled
regions of the cyclic voltammograms. Of course, the diffusionlimited current is lower in the RTIL. The higher viscosity ()
also affects the kinetically-controlled current by decreasing k0 .
Tachikawa et al. have shown an inverse correlation between k0 for
ferrocene and  (viscosity) [26]. The Marcus expression for the heterogeneous electron-transfer rate constant of a redox molecule in
an aqueous electrolyte is given as [26,39,40]:



k0 = Kp kel n exp

−G†
RT



(4)

where G‡ is the Gibbs activation energy, Kp is the precursor equilibrium constant, el is the electronic transmission coefﬁcient and
n is the nuclear frequency factor. R and T are the ideal gas constant and the temperature, respectively. The relationship indicates
a direct proportionality between k0 and the nuclear frequency factor, n . The nuclear frequency factor is the effective frequency of
passing through the transition state and the dynamics of this process are inversely related to the viscosity of the electrolyte solution,

frequency of a redox molecule with the electrode surface and the
probability of electron transfer per collision (ket = Pet ) [41]. As
described by White and White, when a molecule arrives at the
electrode surface via diffusion, it will make many collisions with
the electrode surface before wandering off into the bulk solution
[41]. During these “collisions”, the molecule has many opportunities to donate or accept an electron. The take-home message is that
diffusion as well as the collisions between a redox molecule and
the electrode surface result from random motion. Both are more
restricted in the more viscous RTIL. If the nuclear frequency factor
0
were the only factor affected, then one would expect kapp
values to
be different by 100×, not the ca. 10× difference observed. This suggests that other parameters in the kinetic expression are affected
by the properties of the RTIL.
Assuming the Marcus relationship expression appropriately
describes k0 in an RTIL, we suppose this decrease in n may be
offset by a reduced free energy of activation, G‡ , for the electron
transfer. Speciﬁcally, it seems possible the solvent reorganization
energy might be less in the RTIL. Simply put, forming a positively
charged FCA+ or ferrocenium ion in the sea of bulky organic cations
and counterbalancing anions might require less solution reorganization than would be the case in an aqueous electrolyte, speciﬁcally
with regard to the organization of the solvating water molecules.
In other words, one can envision placing a charged redox species
in an RTIL with minimal restructuring of the local organic cations
and anions. As pointed out by Fietkau et al. [25], the Marcus treatment is based on reorganization of solvent dipoles and this process
is inapplicable in RTILs where the solvent is formed of ions. There
is clearly a need for theoretical and experimental work to establish
the criteria for outer-sphere electron transfer in RTILs [25]. While
it remains to be tested, that the pre-exponential factor, A (speciﬁcally the nuclear frequency factor, n ), will be lower in the RTIL due
to the lower analyte diffusion coefﬁcient and that the G‡ will be
lower in the RTIL due to a reduced solvent reorganization energy.
0
For this reason, kapp
is only 10× rather than 100× lower.
0
Two ﬁnal points are worth mentioning. First, in general, our kapp
values for ferrocene and FCA in the RTIL at diamond are 10–100×
lower than are the values reported for other RTILs at various metal
electrodes (Au and Pt) [23,25]. The more sluggish kinetics at diamond are likely due to the semi-metallic electronic properties of the
material that translate into a lower potential-dependent density of
electronic states as compared to metals. The second point, relevant
for electron transfer in both aqueous/non-aqueous electrolytes and
RTILs, is the variable electronic properties that exist across the diamond ﬁlm surface. Boron-doping of diamond is inhomogeneous
with certain growth sectors incorporating more boron than others. This leads to a ﬁlm that is characterized by highly conducting
regions isolated by less conducting zones. CP-AFM and SECM data
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have clearly shown this [42–44]. The consequence of this is that
the capacitance and cyclic voltammetric measurements reﬂect an
ensemble average of the response of all the conducting and less
conducting regions. This likely a cause for the lower background
voltammetric current and capacitance, as compared to other metal
and carbon electrodes. The redox reaction current mainly ﬂows
through the more conductive zones (so-called hot spots) leading
to high local current densities.

[10]
[11]
[12]
[13]
[14]

5. Conclusions
[15]

The electron-transfer kinetics for ferrocene and ferrocene carboxylic acid (FCA) were investigated in the room-temperature
ionic liquid, BMIMBF4 , at boron-doped diamond thin-ﬁlm
electrodes. Comparison measurements were made in either
KCl or NaClO4 /CH3 CN. The apparent heterogeneous electron0 , for FCA was 10× lower in
transfer rate constant, kapp
−3
BMIMBF4 (1.5 (±1.1) × 10 cm s−1 ) as compared to KCl (4.6
0
for ferrocene was
(±1.3) × 10−2 cm s−1 ). In a similar manner, kapp
−3
−1
10x lower in the RTIL (5.0 (±1.2) × 10 cm s ) compared to previously reported data for NaClO4 /CH3 CN (4.2 (±1.2) × 10−2 cm × s−1 )
[32]. The diffusion coefﬁcient (Dred ) for FCA in BMIMBF4 was determined to be 1.3 × 10−7 cm2 s−1 , which is ca. 100× lower than the
1.9 × 10−5 cm2 s−1 value in KCl. The 100× lower diffusion coefﬁcient is consistent with the 100× greater viscosity of the RTIL. The
higher viscosity of BMIMBF4 reduces the nuclear frequency factor,
n (i.e., reduced number of attempts to surmount the activation bar0
value than is observed in aqueous
rier), which leads to a lower kapp
media. If this were the only kinetic factor affected, then one would
predict rate constants lower by a factor of 100, not 10×. Therefore,
we suppose the decrease in n is offset by a reduced activation
barrier, G‡ , for the electron transfer in the RTIL.
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