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An insight into the outer- and inner-sphere
electrochemistry of oxygenated single-walled
carbon nanohorns (o-SWCNHs)†

Arvind S. Ambolikar, ab Saurav K. Guin *a and Suman Neogyc

The extremely large surface areas as well as connecting nanopores of single-walled carbon nanohorn

(SWCNH) aggregates have been tested, for the first time to the best of our knowledge, as metal-free, stable

and cheap electrocatalysts for heterogeneous electron transfer reactions involving inorganic redox couples,

including f-block elements such as actinides. From systematic studies of heterogeneous electron transfer

reactions, the electrochemically reversible outer-sphere heterogeneous surface insensitive electron transfer

reaction involving [Ru(NH3)6]3+/[Ru(NH3)6]2+ and the electrochemically near-to-reversible inner-sphere

heterogeneous surface sensitive electron transfer reaction involving [Fe(CN)6]3�/[Fe(CN)6]4� on oxygenated

SWCNHs (i.e., o-SWCNHs) have been compared to heterogeneous electron transfer involving the quasi-

reversible [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox reaction on o-SWCNHs. It was evident that the oxygen

containing functional groups of o-SWCNH could catalyze the electron transfer process between uranium

species in solution and the working electrode happened by following surface-sensitive inner-sphere

electron transfer mechanism. Furthermore, the electrochemical stability, repeatability and reproducibility

of the o-SWCNH modified glassy carbon electrode were found to be analytically acceptable for studying

the electrochemistry of uranium in alkaline solutions with high ionic strength.

1. Introduction

Carbon nanomaterials have fascinated attention of researchers
owing to their inimitable optical, electronic, thermal, mechan-
ical, and chemical properties. Advances in fundamental and
applied research on carbon nanomaterials have made them
very competitive with metal or metal oxide nanomaterials by
virtue of their diverse properties and low production costs, and
the low toxicities of different carbon allotropes.1 Single-walled
carbon nanohorns (SWCNHs) were discovered by Iijima’s group
in 1999.2–4 An individual SWCNH can be described as either
conically rolled graphene or a cone-cap-ended single-walled
carbon nanotube with a diameter of 2–4 nm and a length of
40–50 nm.5,6 However, depending on the conditions of synthesis,
SWCNHs usually form aggregates of different structures, such
as dahlia-like, bud-like, seed-like, petal-dahlia-like, etc., having
average diameters in the range of 80–100 nm.7–9 In contrast to

carbon nanotubes, highly pure SWCNHs can be produced
economically on a large scale via thermal carbon sublimation,
such as through arc discharge and laser ablation, without using
any nano-metal catalysts.4,10,11 However, progress relating to
the research and development of SWCNHs is very slow
in comparison to carbon nanotubes, mainly because of two
factors. Firstly, the low symmetry of individual SWCNHs and
their aggregates increases the difficulty of computationally
modeling these structures for quantum mechanical simulations.
Secondly, the formation of aggregates hinders in homogeneous
dispersions of isolated SWCNHs and, hence, the functionaliza-
tion and treatment of individual SWCNHs become difficult.6

However, the exceptionally large surface areas, as well as favor-
able mass transport through the connecting nanopores of the
SWCNH aggregates, promote the use of SWCNHs for various
applications, such as in photoluminescence,12,13 metal-assisted
hydrogen storage,14 electrochemical capacitors,15–20 electro-
chemical sensors,21–30 biosensors,31–37 catalyst supports for fuel
cells,38–43 Li-ion batteries,44 cathode materials45 and electrolytes
for dye-sensitized solar cells,47 adsorbents,48 nanomedicine and
nanopharmacology,49 etc.

Recently, SWCNHs have showed catalytic action in relation
to I3

�/I� 46 and [Co(bpy)3]2+/3+ (bpy = 2,20 bipyridine)45 redox
reactions, but their use for heterogeneous catalytic electron
mediation is so far unexplored for other benchmark inorganic
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redox couples and industrially (nuclear energy sector) important
f-block elements, such as actinides. In particular, the role of the
surface bound oxygenated functional groups of o-SWCNH in
electrocatalysis is unexplored to the best of our knowledge.
Therefore, in this study, we examined redox reactions, such
as an electrochemically reversible outer-sphere heterogeneous
surface insensitive electron transfer reaction ([Ru(NH3)6]3+/
[Ru(NH3)6]2+ in 0.1 M KCl at pH 6.8)50 and an electrochemically
near-to-reversible inner-sphere heterogeneous surface sensitive
electron transfer reaction ([Fe(CN)6]3�/[Fe(CN)6]4� in 0.1 M KCl
at pH 6.8),50,51 to help gain an understanding of the role
played by the surface-bound oxygenated functional groups of
o-SWCNH in the electro-transfer reaction of the electrochemi-
cally quasi-reversible [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox
couple in sat. Na2CO3 at pH 10.9.52,53

2. Experimental
2.1 Materials

Analytical grade potassium chloride (KCl), hexaammine-
ruthenium(III) chloride ([Ru(NH3)6]Cl3), potassium ferricyanide
(K3[Fe(CN)6]), uranylnitrate hexahydrate (UO2(NO3)2�6H2O),
dimethylformamide (DMF) and sodium carbonate (Na2CO3) were
used in this study. Ultrapure Milli-Q Millipore water (18.2 MO cm)
was used to prepare all solutions. Partially oxidized SWCNHs
(o-SWCNHs) were purchased from M/s Carbonium, Italy through
M/s Global Nanotech, India. As per the information received
from the supplier, the o-SWCNH aggregates were prepared via
the induction heating of a graphite rod with a very intense, high
frequency eddy current, followed by rapid condensation in the
absence of any metal catalysts.54 The oxygenated functional
groups of the carbon nanomaterials were believed to serve dual
roles in this study. The initial hypothesis was that a couple of
oxygenated functional groups from the o-SWCNHs may serve as
active centers for the electron transfer reactions and, on the
other hand, a few may mediate electrons to uranium through
pseudo-redox reactions. This hypothesis was initially tested
through cyclic voltammetry experiments involving the U(VI)/U(V)
redox reaction on o-SWCNHs and electrochemically reduced
o-SWCNHs, which will be discussed below. Hence, all studies
relating to the above-mentioned objectives were performed with
commercially imported o-SWCNHs.

2.2 Instrumentation

The morphology of the o-SWCNHs was observed using a high-
resolution CARL ZEISS LIBRA 200 FE transmission electron
microscope (TEM) operated at 200 kV. The physico-chemical
nature of the o-SWCNHs was studied using an Alpha table-top
Fourier transform infrared (FTIR) spectrophotometer with a
4 cm�1 resolution over the wavenumber range of 500–4000 cm�1,
a Seki STR300 Raman spectrometer with a 532 nm DPSS laser
excitation source, a Rigaku Smart Lab X-ray diffractometer (XRD)
with a Cu Ka excitation source, and an X-ray photoelectron
spectrometer (XPS) consisting of a Mg Ka (E = 1253.6 eV) X-ray
(SPECS system) source and a PHOIBOS hemispherical channel

analyzer (HSA3500 DLD 150 R7 [HW Type 30:101] DLD). The
electrochemical experiments were carried out at room tempera-
ture (T = 298 � 1 K) using CHI-450B and Autolab-PGSTAT30
electrochemical workstations in a 10 mL electrochemical cell
consisting of a working electrode (either GC or o-SWCNH
modified GC (o-SWCNH/GC)), a platinum counter electrode
and an Ag/AgCl (saturated (sat.) KCl) reference electrode. All
the potentials reported in this manuscript are with reference
to the Ag/AgCl (sat. KCl) electrode. The detailed operational
parameters of the electrochemical experiments, such as cyclic
voltammetry, cathodic square wave voltammetry and electro-
chemical impedance spectroscopy, are given in the respective
places in the discussion.

2.3 Procedures

Before the electrochemical experiments, high purity nitrogen
was purged into the electrolyte solution to remove dissolved
oxygen. The GC electrode was polished using a slurry of alumina
powder and washed thoroughly with water under ultrasonication.
5 mL of dispersed o-SWCNH in DMF (the concentration of
o-SWCNH was 1 mg mL�1) was drop-cast onto the GC electrode,
which was dried under IR light.

3. Results and discussion
3.1 Morphology and crystallography of o-SWCNHs

A TEM image of o-SWCNHs shows the coexistence of bud-like
and dahlia-like aggregates, as reported in other literature
studies (Fig. 1[A]).7,55,56 Variations in the pressure of the carrier
gas in the synthesis chamber might be responsible for the
mixed morphologies of the aggregates.7 The mean lateral sizes
of the bud-like and dahlia-like aggregates were calculated as
46.0� 16.6 nm (number = 29) and 79.5� 12.1 nm (number = 31),
respectively, as shown in the histogram (Fig. S1, ESI†).
The diameters of the bud-like and dahlia-like aggregates were
found to be in the ranges of 15.0–83.6 nm and 55.0–102.5 nm,
respectively. Fig. 1[B] shows the complete morphology of the
dahlia-like aggregates of o-SWCNHs. Close inspection further
reveals the very strong and robust coalescence of thin graphene
sheets and o-SWCNHs inside each dahlia-like aggregate. There
were many closed-end horn-like nanostructures near the
peripheral surface of each dahlia-like aggregate and one of
these is shown in Fig. 1[C]. The average length, base-width and
tip-width of that specific nanohorn were calculated to be about
22 nm, 11.5 nm and 3.5 nm, respectively. The tubular struc-
tures of o-SWCNHs can be seen as near-to-parallel dark lines in
a HR-TEM image of the dahlia-like aggregate (Fig. 1[D]).4,57 The
average separation distances between the walls of two adjacent
tubes at the base and tip of the nanohorn were 0.382 nm and
0.361 nm, respectively. Since, the nanotubes in the aggregate
form bundle-type structures due to strong van der Waals inter-
actions, it could be understood that the o-SWCNHs at the horns
strongly interacted with each other.

The XRD pattern of o-SWCNHs showed one broad diffrac-
tion peak centered at 2y = 23.61, with a broad peak at around
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29.11 and a small peak at 43.41 (Fig. S2, ESI†). The first
diffraction peak represents the Bragg reflection of (002) carbon
planes having an average lattice spacing of about 0.376 nm,
which is slightly wider than pristine graphite (0.335 nm).57 On the
other hand, the wide hump with a lattice spacing of 0.307 nm is a
little more compact than pristine graphite. The small diffraction
peak at 43.41 (with a lattice spacing of 0.208 nm) represents the
(101) planes of the graphite-like structure.57–59 Therefore, the
morphological and crystallographic diversities of o-SWCNHs
inspired the extension of our studies to their outer-sphere and
inner-sphere electron transfer properties.

3.2 Chemical functionality of o-SWCNHs

Fig. 2[A] shows the FTIR spectrum of o-SWCNHs. Characteristic
peaks are seen from (C–O)in-plane bending and (CH2)in-plane rocking

at 668 and 720 cm�1; (O–H)deformation, (C–O–C)stretching, the
stretching of ether or alkoxy linkages at 803, 872 and 1019 cm�1;
(C–O)stretching of aliphatic alcohols, saturated aliphatic esters, epoxy
or phenol groups, and carboxyl groups at 1113, 1164, 1260 and
1384 cm�1; (C–O–C)stretching of epoxy groups, (CQC)stretching of
aromatic rings, (CQC)stretching of alkenes, (CQO)stretching of
carbonyls, aldehydes and acids, (QC–H)stretching of aldehydes,
(C–H)stretching of aliphatic and aromatic units, and (O–H)stretching

of alcohols at 1459, 1558, 1653, 1743, 2852, 2922 and 2955, and
3416 cm�1, respectively, confirming that o-SWCNHs possess
several oxygenated functional groups along with the main
graphene-type backbone.60 Atmospheric CO2 introduced a pair
of IR peaks at 2344 and 2362 cm�1.

The Raman spectrum of o-SWCNH (Fig. 2[B]) showed that
a topological D-band at 1328 cm�1 was originated from the
combination of the A1g lattice vibration modes at the zone and

the normal D-band excited near the edge of the o-SWCNHs. It
differed by 30–50 cm�1 from the D-band activation at the edge
of the graphene layer observable in the wavenumber range of
1365–1385 cm�1. This is attributed to a lack of homogeneous
distinction between the carbon atoms in o-SWCNHs due to the
presence of many pentagonal topological defects in very close
proximity to the carbon honeycombs.61 The G-band observed at
1583 cm�1 was originated from the degenerate E2g lattice
vibration modes of the hexagonal carbon lattice. The intensity
ratio of the topological D-band to the G-band was calculated as
1.04, which confirmed the presence of topological defects in
the honeycomb base structure of o-SWCNH.

The XPS survey spectrum of o-SWCNHs is shown in Fig. S3
(ESI†). The peaks at 284.7 and 531.5 eV represent the C1s and O1s

binding energies. Background features below 10% with respect to
the C1s intensity were neglected. The C/O ratio of o-SWCNHs was
calculated to be 2.3 from the respective peak areas. Therefore, the
topological defects in o-SWCNHs, as observed from the Raman
spectrum, were mostly contributed by the pentagonal carbon
structures in the carbon honeycomb lattice rather than the attached
oxygenated functional groups. The high-resolution binding energy
profile of the C1s peak centered at 284.8 eV could be de-convoluted
into three peaks centered at 284.7 eV (37.6%), 285.3 eV (39.5%) and
287.7 eV (22.9%) (Fig. 2[C]). On the other hand, the high-resolution
binding energy profile of the O1s peak centered at 531.5 eV could be
de-convoluted into two peaks centered at 531.5 eV (92.4%) and
533.9 eV (7.6%) (Fig. 2[D]). It confirmed that the major constitu-
tional components of the o-SWCNHs were sp2 carbon atoms from
the honeycomb backbone, sp3 carbon atoms at the edges, and
pentagonal defects and carbonyl (CQO) carbon atoms in acid,
ketone and aldehyde functional groups.62

3.3 The electrochemical properties of o-SWCNHs

The electrochemical features of o-SWCNH/GCs in comparison
to bare GC were studied via cyclic voltammetry in sat. Na2CO3

Fig. 1 [A] A TEM image of coexisting bud-like (as shown by the blue
arrows) and dahlia-like (as shown by the pink broken arrows) aggregates
of o-SWCNHs. [B] A magnified TEM image of dahlia-like aggregates of
o-SWCNHs. [C and D] HR-TEM images of o-SWCNHs.

Fig. 2 [A] FTIR, [B] Raman, and high-resolution binding energy [C] C1s and
[D] O1s XPS spectra of o-SWCNHs.
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(pH 10.9) solution at a scan rate (n) of 25 mV s�1 (Fig. 3[A]).
o-SWCNH/GC showed a higher background current compared to
bare GC. The anodic peak at about�0.388 V and the corresponding
cathodic current over a wide potential range can be attributed to
redox reactions representing the desorption of hydroxyl (–OH)
groups in combination with the formation of carbonyl (CQO)
and carboxyl (HO–CQO) functional groups, which have been
evidenced to be electrochemically stable under the present
voltammetric experimental conditions.63–66 A cathodic current
surge near �1.5 V was observed due to the evolution of
molecular hydrogen on o-SWCNH/GC (eqn (1)):

2H2O + 2e� - H2 + 2OH� (1)

From preliminary inspections, it can be seen that the over-
potential for hydrogen evolution in sat. Na2CO3 (pH 10.9)
decreased by about 100 mV using o-SWCNH/GC compared to
the GC electrode. The anodic peak current (Ia

p) of o-SWCNH/GC
increased as n increased over the range of 0.025–0.300 V s�1

(inset of Fig. 3[A]), and the slope of the straight line of a plot of
ln(Ia

p) versus ln(n) was calculated as 0.81 (Fig. 3[B]). Here, we
should declare that slopes of 1.0 and 0.5 in a plot of ln(Ia

p) versus
ln(n) theoretically represent ideal surface-bound and diffusion-
limited voltammetric events, respectively. Hence, we could
conclude that the anodic peak at about �0.388 V originated
from the desorption of hydroxyl (–OH) groups in combination
with the formation of carbonyl (CQO) and carboxyl (HO–CQO)
functional groups at the surface of o-SWCNHs.63 However, the
electrochemical stability of o-SWCNH/GC was found to be quite
satisfactory for further explorations. For initial comparative trial
experiments, electrochemically reduced o-SWCNH/GC was pre-
pared via keeping an o-SWCNH/GC electrode in sat. Na2CO3

(pH 10.9) at �1.6 V for 240 s. From our previous research
involving oxygenated carbon nanomaterials, this was believed
to be satisfactory for this purpose.52,60,67

Fig. 4[A] shows CVs of 5 mM K3[Fe(CN)6] in 0.1 M KCl
(pH 6.8) on GC and o-SWCNH/GC electrodes at n = 25 mV s�1.
The cathodic (Ec

p) and anodic (Ea
p) peaks from the [Fe(CN)6]3�/

[Fe(CN)6]4� redox reaction on bare GC were observed at 0.227
and 0.298 V, respectively, resulting in a peak-to-peak separation
(DEp) of 71 mV. On the other hand, the Ec

p and Ea
p peaks from

the same redox reaction on o-SWCNH/GC were observed at

0.233 and 0.295 V, respectively, resulting in a DEp value of
62 mV. The observed change in DEp, which can be considered
as one of the signatures of electrochemical reversibility, was not
significant in this case. The electron transfer reactions on [i] GC
and [ii] o-SWCNH/GC were studied at different scan rates over
the range of 25–300 mV s�1, and the respective peak parameters
are listed in Table S1 (ESI†). The slopes of plots of ln(Ic

p) versus
ln(n) on GC and o-SWCNH/GC were calculated as 0.48 (with
R2 = 0.9999) and 0.49 (with R2 = 0.9926), respectively (Fig. S4[A],
ESI†), where Ic

p represents the cathodic peak current. Therefore,
it could be understood that the redox reaction of [Fe(CN)6]3� on
both electrodes happened through fast electron transfer reactions
governed by the diffusion-controlled mass-transfer of analyte
towards the electrode surface. Furthermore, it was understood that
the nature of the oxygenated functional groups present on
o-SWCNHs did not induce any additional electrostatic interactions
with the negatively charged redox analytes ([Fe(CN)6]3�/[Fe(CN)6]4�)
at pH 6.8. The electrochemically effective surface areas (A) of GC
and o-SWCNH/GC were calculated to be 0.074 and 0.088 cm2,
respectively, through the Randles–Sevcik equation (eqn (2)) from

plots of ic
p versus n

1
2 (Fig. S4[B and C], ESI†):

icp ¼ 2:69� 105n
3
2D

1
2ACn

1
2 (2)

where, n, D and C are the stoichiometric electron transfer
number per analyte molecule (here n = 1), the diffusion

Fig. 3 [A] Cyclic voltammograms (CVs) of (a) o-SWCNH/GC and (b) bare
GC in sat. Na2CO3 (pH 10.9) solution at n = 25 mV s�1; inset: CVs of
o-SWCNH/GC in the same system at n = 25, 50, 75, 100, 150, 200, 250 and
300 mV s�1. [B] A plot of ln(Iap) versus ln(n) of o-SWCNH/GC.

Fig. 4 [A] CVs of 5 mM K3[Fe(CN)6] in 0.1 M KCl (pH 6.8) on (a) GC and
(b) o-SWCNH/GC electrodes at n = 25 mV s�1; inset: CVs from the same
system on [i] GC and [ii] o-SWCNH/GC electrodes at n = 25, 50, 75, 100,

150, 200, 250 and 300 mV s�1. [B] Plots of C versus
1

npFDn
RT

� �1
2

for the same

reaction on (a) GC and (b) o-SWCNH/GC. [C] Difference current density
( jd) values from cathodic square wave voltammograms (cSWVs) for the
reduction of [Fe(CN)6]3� in 0.1 M KCl on (a) GC and (b) o-SWCNH/GC. The
square wave pulse amplitude and frequency were 0.05 V and 50 Hz,
respectively. [D] Nyquist plots of 5 mM K3[Fe(CN)6] in 0.1 M KCl (pH 6.8) on
(a) GC and (b) o-SWCNH/GC electrodes. The potential was kept constant
at 0.263 V with a sine potential perturbation with an amplitude of 5 mV
over the frequency range of 1 � 105 to 1 � 10�1 Hz.
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coefficient of [Fe(CN)6]3� (D = 7.6 � 10�6 cm2 s�1)68 and the
concentration of [Fe(CN)6]3� in the bulk solution (here C = 5 �
10�6 mol cm�3), respectively. It can be seen from Fig. 4[A] that
both electrodes showed comparable current densities ( j) in
CVs, although the DEp value of o-SWCNH/GC was found to be
slightly better than that of GC. Therefore, we studied the CVs
further to calculate the standard heterogeneous electron transfer
rate constant (k0) for both electrodes. The rate and rate constant
of the electron transfer reaction both increase on for an electro-
catalysis reaction. The k0 can be derived from the slope of the
dimensionless current parameter C (which defines the shape of

the CV) with respect to
npFDn
RT

� ��1
2
, as shown in eqn (3):

C ¼ k0

npFDn
RT

� �1
2

(3)

where, F, R and T are the Faraday constant, universal gas
constant and temperature on the absolute (Kelvin) scale,
respectively. We developed an empirical formula (eqn (4)) to
calculate C from the experimentally observed DEp values at
different values of n:60

1

C
¼ �2:11þ 34:67DEp �

1

2!
� 39:56 DEp

� �2þ1

3!
� 3570:42 DEp

� �3
(4)

The k0 values of the electron transfer reaction of [Fe(CN)6]3�/
[Fe(CN)6]4� on GC and o-SWCNH/GC were calculated to be
8.58 � 10�3 and 5.59 � 10�2 cm s�1, respectively, from the

slopes of the plots of C versus
1

npFDn
RT

� �1
2

(Fig. 4[B]). Therefore,

it could be concluded that the rate of the electron transfer
reaction of [Fe(CN)6]3�/[Fe(CN)6]4� on o-SWCNH is catalyzed by
the oxygenated functional groups of o-SWCNHs. However, we did
not observe any electrostatic influence or overall improvement in
the comparative current densities when using o-SWCNH/GC
compared to a bare GC electrode. Fig. 4[C] shows the difference
current density ( jd) values from the reduction of [Fe(CN)6]3� in
0.1 M KCl on GC and o-SWCNH/GC. We should state here that
jd is the signal recorded by the instrument at each sampling
potential after subtracting the current density sampled
during the application of a reverse square-wave pulse from
the current density sampled during the application of a forward
square-wave pulse. The baseline current of the voltammogram
corresponding to the o-SWCNH/GC electrode was found to be
significantly negative, owing to pseudo-reactions of oxygenated
functional groups of o-SWCNH. Thus, we calculated the peak
current ( jp

d) of each voltammogram from the respective baseline
current. jp

d was calculated to be �7.7 and �9.9 mA cm�2 at
0.260 and 0.259 V for GC and o-SWCNH/GC, respectively. The
electrocatalytic interaction of o-SWCNHs in the reduction
of [Fe(CN)6]3� could be understood from this result, and this
was further supported by Nyquist plots of electrochemical

impedance spectroscopy carried out at 0.263 V with a sine
potential perturbation with an amplitude of 5 mV in the linear
frequency ( f ) range of 1 � 105 to 1 � 10�1 Hz (Fig. 4[D]). The
impedance spectra were fitted with best possible physically
realizable electrical equivalent circuits (EECs) (Fig. S5, ESI†),
and the respective values of the circuit elements representing
the solution resistance (Rs), charge transfer resistance (RCT),
constant phase element (CPE), Warburg impedance of semi-
infinite diffusion (W), restricted diffusion (O), and resistance
due to restricted diffusion (Rf) are listed in Table S2 (ESI†).
Rs, RCT and Rf represent the impedance responses from the
orientation–reorientation of solvent molecules and ions from
the supporting electrolyte at the interface, from the charge
transfer reaction between the electrode and analyte, and from
restricted diffusion of the analyte across the porous interface,
respectively. The CPE is used to simulate/fit the impedance
spectroscopy data, incorporating the energetic heterogeneity
(i.e., the roughness) of the electrode surfaces. The CPE impe-
dance is expressed via eqn (5):

ZCPE ¼
1

Q0 jo½ �n0
(5)

where, Q0, o and n0 are the frequency-independent parameter,
the angular frequency (o = 2pf ), and the parameter describing
the deviation of the electrode–electrolyte interface from ideal
capacitive behavior (i.e.; n0 = 1.0, 0.0 and 0.5 represent pure
resistive, pure capacitive and Warburg impedance behavior,
respectively), respectively. Table S2 (ESI†) suggests that, although
both electrodes deviate from ideal capacitive interface behavior due
to the presence of energetically heterogeneous sites on the elec-
trode surfaces, the presence of energetic heterogeneity is greater at
o-SWCNH/GC compared to GC. The RCT value for the [Fe(CN)6]3�/
[Fe(CN)6]4� redox reaction decreased from 55.6 O on GC to 0.027 O
on o-SWCNH/GC. In addition, with respect to the Randles EEC, the
restricted diffusion of [Fe(CN)6]3�/[Fe(CN)6]4� in the fine pores of
o-SWCNH was responsible for the addition of Rf and O elements
in the EECs for o-SWCNH/GC. The absence of any capacitive arc
in the high-frequency region was confirmed from corresponding
Bode plots (in terms of both the modulus impedance (Z) and
phase angle (j) versus log( f )), as shown in Fig. S6 (ESI†).

A close inspection of Fig. 4[C](b) reveals an additional peak
at �0.065 V, which results from other surface-bound reactions
of o-SWCNHs. The currents sampled during the application of
forward and reverse pulses in square wave voltammograms of
[Fe(CN)6]3� in 0.1 M KCl (pH 6.8) on GC and o-SWCNH/GC
are shown in Fig. S7 (ESI†). The signature of surface-bound
reactions of o-SWCNHs was evident from both forward and
reverse currents at potentials of about �0.065 V. A shift in the
potential of the surface-redox reactions of o-SWCNHs towards
a less negative potential was evident in the presence of the
[Fe(CN)6]3�/[Fe(CN)6]4� redox reaction, but the actual reason
for this is not known. Therefore, we chose [Ru(NH3)6]3+/
[Ru(NH3)6]2+ (formal redox potential, E0

0, B�0.135 V) as a
suitable redox reaction to study the interference from surface-
bound reactions of o-SWCNHs on electron transfer reactions at
nearby potentials.
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Fig. 5[A] shows CVs from 5 mM [Ru(NH3)6]Cl3 in 0.1 M KCl
(pH 6.8) on GC and o-SWCNH/GC electrodes at n = 25 mV s�1.
The Ec

p and Ea
p values of the [Ru(NH3)6]3+/[Ru(NH3)6]2+ redox

reaction on bare GC were �0.170 and �0.095 V, respectively,
resulting in a DEp value of 75 mV. On the other hand, the Ec

p

and Ea
p values of the same redox reaction on o-SWCNH/GC were

�0.176 and �0.095 V, respectively, resulting in a DEp value of
81 mV. The observed change in DEp was not significant, but
showed a different trend to our previous results from the
[Fe(CN)6]3�/[Fe(CN)6]4� redox reaction.

The electron transfer reactions on GC and o-SWCNH/GC were
studied at different scan rates over the range of 25–300 mV s�1,
and the respective peak parameters are listed in Table S3
(ESI†). The slopes of plots of ln(Ic

p) versus ln(n) on GC and
o-SWCNH/GC were calculated to be 0.48 (with R2 = 0.9999) and
0.49 (with R2 = 0.9998), respectively (Fig. S8, ESI†). Therefore, it
could be understood that the redox reaction of [Ru(NH3)6]3+ on

both electrodes happened through fast electron transfer
reactions governed by the diffusion-controlled mass transfer
of analyte towards the electrode surface. Furthermore, it
was understood that the nature of the oxygenated functional
groups present on o-SWCNHs did not induce any additional
electrostatic interactions with the positively charged redox
analytes ([Ru(NH3)6]3+/[Ru(NH3)6]2+) at pH 6.8. The k0 values
of the electron transfer reactions of [Ru(NH3)6]3+/[Ru(NH3)6]2+

on GC and o-SWCNH/GC were calculated to be 8.6 � 10�3 and
6.2 � 10�3 cm s�1, respectively, from the slopes of plots of

C versus
1

npFDn
RT

� �1
2

(Fig. 5[B]). Therefore, from similarities in

the DEp and k0 values of the [Ru(NH3)6]3+/[Ru(NH3)6]2+ redox
reaction on GC and o-SWCNH/GC electrodes, it could be con-
cluded that the oxygen-functional groups of o-SWCNHs did not
influence outer-sphere electron transfer from/to [Ru(NH3)6]3+/
[Ru(NH3)6]2+, however, the proximity of the potentials of surface-
bound redox reactions of o-SWCNHs to the redox reaction of
[Ru(NH3)6]3+/[Ru(NH3)6]2+ sometimes distorted the voltammo-
grams. Fig. 5[C] shows the difference current density ( jd) values
from the reduction of [Ru(NH3)6]3+ in 0.1 M KCl on GC and
o-SWCNH/GC. Here also, the baseline current of the voltammo-
gram corresponding to the o-SWCNH/GC electrode was found
to be significantly negative owing to pseudo-reactions of
the oxygenated functional groups of o-SWCNHs. Thus, we calcu-
lated the jpd value for each voltammogram from the respective
baseline current. The jpd values were calculated to be �6.86 and
�3.11 mA cm�2 at �0.138 and �0.153 V for GC and o-SWCNH/
GC, respectively. In addition to that, an additional peak was
observed at about �0.3 V for o-SWCNH/GC, and this was also
evident in the current sampled during the application of forward
and reverse pulses in the square wave voltammograms of
[Ru(NH3)6]3+ in 0.1 M KCl (pH 6.8) on GC and o-SWCNH/GC
(Fig. S9, ESI†). Therefore, it was not the surface charge, but the
surface-bound oxygenated functional groups of o-SWCNHs that
could influence the kinetics of the inner-sphere heterogeneous
electron transfer reactions of redox couples such as [Fe(CN)6]3�/
[Fe(CN)6]4� at positive potentials. o-SWCNHs did not influence
the kinetics of outer-sphere heterogeneous electron transfer
reactions of redox couples such as [Ru(NH3)6]3+/[Ru(NH3)6]2+

at negative potentials, and the close proximity of the redox
potentials of the oxygenated functional groups of o-SWCNHs
with the E0

0 value of the [Ru(NH3)6]3+/[Ru(NH3)6]2+ redox couple
prevented us from performing electrochemical impedance
spectroscopy studies on this redox pair for further analysis.

On the basis of the above-mentioned results, we extended our
studies to explore the electrochemical behavior of o-SWCNHs with
respect to the quasi-reversible [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5�

redox couple (E0
0 B �0.75 V) in sat. Na2CO3 (pH 10.9). Fig. 6[A]

shows the CVs of 0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3

(pH 10.9) on GC and o-SWCNH/GC at n = 25 mV s�1. The Ec
p

and Ea
p values of [U(VI)O2(CO3)3]4� on GC were �1.265 and

�0.218 V with jc
p and ja

p values of �0.188 and 0.104 mA cm�2,
respectively. The E0

0 and DEp values were calculated to be

Fig. 5 [A] CVs of 5 mM [Ru(NH3)6]Cl3 in 0.1 M KCl (pH 6.8) on (a) GC and
(b) o-SWCNH/GC electrodes at n = 25 mV s�1; inset: CVs from the same
system on [i] GC and [ii] o-SWCNH/GC at n = 25, 50, 75, 100, 150, 200, 250

and 300 mV s�1. [B] Plot of C versus
1

npFDn
RT

� �1
2

from the same reaction on

(a) GC and (b) o-SWCNH/GC. [C] The jd values from cSWVs for the
reduction of [Ru(NH3)6]3+ in 0.1 M KCl on (a) GC and (b) o-SWCNH/GC.
The square wave pulse amplitude and frequency were 0.05 V and 50 Hz,
respectively.
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�0.742 V52 and 1.047 V, respectively. Therefore, a quasi-
reversible electrochemical reaction involving the [U(VI)O2(CO3)3]4�/
[U(V)O2(CO3)3]5� redox couple on the GC electrode could be
observed due to the stability of U(V) in sat. Na2CO3 (pH 10.9).52,53

On the other hand, the Ec
p and Ea

p values of [U(VI)O2(CO3)3]4� on
o-SWCNH/GC were �0.906 and �0.588 V, with jcp and jap values of
�0.258 and 0.230 mA cm�2, respectively. The DEp value of the
reaction was decreased for o-SWCNH/GC compared to GC, to
0.318 V. The decreases in both the cathodic and anodic over-
potentials by 0.359 V and 0.370 V, respectively, on o-SWCNH/GC
compared to GC caused a significant decrease in the DEp value of
the reaction on o-SWCNH/GC by 0.729 V compared to GC. Hence,
it can be concluded that the heterogeneous electron transfer
kinetics of the [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox couple were
significantly enhanced on o-SWCNHs compared to GC. Here, it
should be declared that before planning and executing all the
experiments, some preliminary electrochemical studies were per-
formed with electrochemically reduced (at �1.6 V for 240 s in sat.
Na2CO3 (pH 10.9)) o-SWCNH/GC with an electrochemically active
surface area of 0.079 cm2 (determined using the same procedure
as followed for the other electrodes). Fig. S10 (ESI†) shows the CVs
of 0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3 (pH 10.9) on o-SWCNH/
GC and electrochemically reduced o-SWCNH/GC at n = 25 mV s�1.
It can be clearly seen that the activity of the electrode became
inferior following electrochemical reduction. The Nyquist plot
(Fig. 6[B]) obtained at �0.742 V with a sine amplitude of 0.01 V
over the frequency range of 1 � 105–0.02 Hz showed that the
RCT value of the [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox reaction

decreased from 181 kO (on GC) to 3.47 kO (on o-SWCNH/GC) at
�0.742 V. The other electrochemical parameters obtained via
fitting the experimentally obtained impedance data with the EEC
(Fig. S5[A], ESI†) are shown in Table S4 (ESI†).

The corresponding Bode plots (in terms of both modulus
impedance (Z) and phase angle (j) versus log(f)) are shown in
Fig. S11 (ESI†). o-SWCNH/GC showed a different relaxation
process (with a jmax value of �69.31 at 19.3 Hz) compared to
GC (with a jmax value of �77.61 at 560 Hz) during the electron
transfer reactions of U(VI)/U(V) in sat. Na2CO3 (pH 10.9). The
shift in the phase angle frequency of the reaction on o-SWCNH/
GC compared to on bare GC is an indication that the electro-
chemical reaction occurred at o-SWCNHs and not at the bare
GC electrode surface.69 The exposure of the external oxygenated
surfaces of o-SWCNHs and their structural defects, like horns,
pentagons, etc., to the electrolyte may be responsible for the
electrocatalysis of the U(VI)/U(v) reaction. Therefore, it can be
understood that the oxygenated functional groups of o-SWCNHs
significantly helped the interfacial electrochemistry of the
[U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox couple on o-SWCNH/GC.
The CVs of 0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3 (pH 10.9) on
GC and o-SWCNH/GC at n = 25, 50, 75, 100, 150, 200, 250, and
300 mV s�1 are shown in Fig. 6. The peak parameters are shown
in Table S5 (ESI†). It can be seen that the Ec

p and Ea
p values both

symmetrically shift towards more negative and more positive
potentials, respectively, by 163 mV upon increasing n from 25 to
300 mV s�1, but E0

0 remains almost constant at�0.745� 0.003 V.
The average absolute ratio of jcp/jap was calculated to be 1.67,
indicating a higher contribution from the cathodic reaction
compared to the anodic reaction. The cathodic charge transfer
coefficient (ac), which is a representation of the fraction of the
applied external potential that becomes effective for the electron
transfer reaction, was calculated from eqn (6); the values were
0.25� 0.01 and 0.29� 0.03 for GC and o-SWCNH/GC electrodes,
respectively, and these are found to be better than the value
(0.111 � 0.007) from the same system reported elsewhere.53

ac ¼
0:04768

Ec
p
2

� Ec
p

(6)

From the slopes of 0.49 (R2 = 0.9972) and 0.45 (R2 = 0.9999) of
the plots of ln( jap) versus ln(n) and ln( jcp) versus ln(n), respectively
(inset of Fig. 6[C]), the reduction of [U(VI)O2(CO3)3]4� as well as the
oxidation of [U(V)O2(CO3)3]5� on GC was found to be controlled
by a diffusion-controlled mass transfer process. The diffusion
coefficient of [U(VI)O2(CO3)3]4� in sat. Na2CO3 at room tempera-
ture (T = 298 K) was calculated to be 1.8 � 10�6 cm2 s�1 from the

slope of the plot of jcp versus n
1
2, using eqn (7).

icp ¼ 2:69� 105n naacð Þ
1
2D

1
2ACu

1
2 (7)

where na represents the number of electrons involved in the
activation state (here we assume that na = 1 for the U(VI)/U(V)
redox reaction). The calculated D value of [U(VI)O2(CO3)3]4� was
found to be in the range of the reported values (3.73 � 10�6)
elsewhere.53 The post-cathodic peak current for o-SWCNH/GC

Fig. 6 [A] CVs of 0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3 (pH 10.9) on
(a) GC and (b) o-SWCNH/GC at n = 25 mV s�1. [B] Nyquist plots of 0.8 mM
[U(VI)O2(CO3)3]4� in sat. Na2CO3 (pH 10.9) on (a) GC and (b) o-SWCNH/GC
at a fixed potential of �0.742 V with an amplitude of 0.01 V over the
frequency range of 1 � 105–0.02 Hz. The solid lines show the calculated
data obtained from fitting the impedance data with the Randles electrical
equivalent circuit (Fig. S5[A], ESI†); inset: a magnified image showing the
Nyquist plot for o-SWCNH/GC (b). CVs of 0.8 mM [U(VI)O2(CO3)3]4� in sat.
Na2CO3 (pH 10.9) on [C] GC and [D] o-SWCNH/GC at n = 25, 50, 75, 100,
150, 200, 250, and 300 mV s�1; insets of [C] and [D]: plots of the respective
[i] ln( jap) versus ln(n) and [ii] ln( jcp) versus ln(n) values.
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increased with increasing n because of an increase in the rate of
hydrogen evolution through the reduction of water (eqn (1)).
Table S5 (ESI†) shows that the Ec

p and Ea
p values for o-SWCNH/GC

both asymmetrically shifted towards more negative (by 144 mV)
and positive (by 178 mV) potentials, respectively, upon
increasing n from 25 to 300 mV s�1. Further, the average
absolute ratio of jcp/jap was calculated to be 1.04, indicating
significant improvement in the oxidation of [U(V)O2(CO3)3]5�

on o-SWCNH/GC compared to GC. Hence o-SWCNHs, which is
p-type semiconducting material,6 influence the quasi-reversible
[U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox reaction through the
oxygenated functional groups. However, they did not change
the overall mechanisms of the reduction of [U(VI)O2(CO3)3]4� and
the oxidation of [U(V)O2(CO3)3]5� on o-SWCNH/GC, which are
governed by diffusion-controlled mass transfer, as understood
from the slopes of 0.38 (R2 = 0.9923) and 0.35 (R2 = 0.9987) of
ln( jap) versus ln(n) and ln( jcp) versus ln(n), respectively (inset of
Fig. 6[D]). It should be mentioned that these values are found to
be closer to an ideal value of 0.5 (for a diffusion-controlled
reaction) than an ideal value of 1.0 (for an adsorption-controlled
reaction) within the limits of the experimental conditions, and
we suspect that interfering reactions involving the surface func-
tionalities of o-SWCNH/GC influenced the baseline currents of
the quasi-reversible electron transfer reactions and decreased
the values of the slopes compared to GC. Furthermore, we are
not in a position to completely exclude the effects of electrostatic
repulsion between the negatively charged surfaces of o-SWCNHs
at pH 10.9 and [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� ions on these
peak currents.

Then, the k0 values of the electrochemical reaction of the
[U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox couple in sat. Na2CO3

(pH 10.9) were calculated from the slopes of plots of C versus
1

npFDn
RT

� �1
2

(Fig. 7[A]) to be 2.8 � 0.08 � 10�6 (R2 = 0.9993) and

1.1 � 0.03 � 10�4 (R2 = 0.9991) cm s�1 on GC and o-SWCNH/GC,
respectively. Therefore, the higher k0 value for the [U(VI)O2(CO3)3]4�/
[U(V)O2(CO3)3]5� redox reaction on o-SWCNH/GC compared to
GC was the result of the inner-sphere electrocatalytic action of
the oxygenated functional groups as well as the pentagonal
structural defects of o-SWCNHs on electron transfer to and
from [U(VI)O2(CO3)3]4� and [U(V)O2(CO3)3]5�, respectively. The
o-SWCNH/GC electrode showed a stable electrochemical CV
signal from 0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3 for at least
15 continuous potential cycles at a scan rate of 50 mV s�1

(Fig. 7[B]). Also, Fig. 7[C] shows that o-SWCNH/GC modified
electrodes were very reproducible, and four o-SWCNH/GC
electrodes (named E1, E2, E3 and E4) prepared via similar
procedures showed very similar CVs, except for the hydrogen
evolution region, from 0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3

at a scan rate of 50 mV s�1.
Therefore, the performance of o-SWCNH/GC was tested using

blank subtracted cathodic square wave voltammograms (cSWVs)
for the reduction of [U(VI)O2(CO3)3]4� with progressively increasing
concentrations of U(VI) in the range of 70–681.5 mg L�1 in sat.

Na2CO3 (Fig. 7[D]). The sensitivity of the cSWV measurements
was calculated as 0.75 mA cm�2 (mg L�1)�1 from a plot of the
mean peak current densities along with the standard deviation
from eight repetitive measurements for each concentration of
U(VI), as shown in the inset of Fig. 7[D]. A reliable wide linear
dynamic range was also shown. Furthermore, one doublet
cathodic peak at about �0.350 V originated from differences in
the peak potentials of the forward and backward peak currents
involving pseudo-redox reactions of the oxygenated functional
groups of o-SWCNH/GC (Fig. S12, ESI†), and its current also
increased upon increasing the concentration of U(VI). Therefore,
under the present experimental limitations, it could be ascer-
tained that the oxygenated functional groups of o-SWCNHs
played different roles in the electrocatalysis of three different
redox reactions, viz. [Fe(CN)6]3�/[Fe(CN)6]4� in 0.1 M KCl
(pH 6.8); [Ru(NH3)6]3+/[Ru(NH3)6]2+ in 0.1 M KCl (pH 6.8) and
[U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� in sat. Na2CO3 (pH 10.9), over
different electrochemical potential windows. The active sites of
the oxygenated functional groups of o-SWCNHs could reduce the
electron transfer barrier for the [Fe(CN)6]3�/[Fe(CN)6]4� redox
reaction; the concurrent redox reactions of the oxygenated
functional groups interfered with the electrochemical signals
of the [Ru(NH3)6]3+/[Ru(NH3)6]2+ redox reaction, but did not
influence the outer-sphere electron transfer reactions; and, at
higher negative potentials, the ionized carboxylate functional

Fig. 7 [A] Plots of C versus
1

npFDn
RT

� �1
2

for [i] GC and [ii] o-SWCNH

electrodes calculated from the CVs of 0.8 mM [U(VI)O2(CO3)3]4� in sat.
Na2CO3 (pH 10.9) at different scan rates. [B] CVs of 0.8 mM
[U(VI)O2(CO3)3]4� in sat. Na2CO3 (pH 10.9) on o-SWCNH/GC from the
first, fifth, tenth and fifteenth potential cycle at n = 50 mV s�1. [C] CVs of
0.8 mM [U(VI)O2(CO3)3]4� in sat. Na2CO3 (pH 10.9) at n = 50 mV s�1 from
four o-SWCNH/GC electrodes (viz. E1, E2, E3 and E4) prepared via similar
procedures. [D] Blank subtracted cSWVs on o-SWCNH/GC in sat. Na2CO3

(pH 10.9) solution containing 70.0, 174.2, 231.7, 345.8, 402.4, 584.4 and
681.5 mg L�1 (or ppb) U(VI) at an amplitude and a frequency of 0.05 V and
50 Hz, respectively; inset of [D]: a calibration plot of the difference peak
current density ( jpd) from cSWV with respect to the concentration of U(VI) in
ppb on o-SWCNH/GC. The standard deviation from eight repeatable
measurements is plotted as an error bar for each signal.
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groups of o-SWCNHs could mimic part of the complexing
carbonate unit to uranyl carbonates and could mediate the inner-
sphere redox reaction of [U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5�.

4. Conclusions

The hidden potential of o-SWCNHs in heterogeneous catalytic
electron transfer reactions involving inorganic redox couples
could be revealed through the above results. In fact, it was
evident that the oxygenated functional groups of o-SWCNHs
could influence the inner-sphere electron transfer reactions.
Furthermore, the electrocatalytic action and electroanalytical
merits of o-SWCNHs in relation to the electrochemistry of the
[U(VI)O2(CO3)3]4�/[U(V)O2(CO3)3]5� redox reaction were found to
be highly promising for further exploration. Since o-SWCNHs can
be economically produced on a very large scale without using any
metal catalysts, we hope that the results shown in this article may
boost research into the development of highly stable metal-free
carbon-based electrocatalysts for further potential applications.
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Cortés, M. Yudasaka, S. Iijima, F. Langa, P. Yáñez-Sedeño
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