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Introduction

Defining the origins of electron transfer at
screen-printed graphene-like and graphite
electrodes: MoO, nanowire fabrication on edge
plane sites reveals electrochemical insights+}

Samuel J. Rowley-Neale, Dale A. C. Brownson and Craig E. Banks*

Molybdenum (di)oxide (MoO,) nanowires are fabricated onto graphene-like and graphite screen-printed
electrodes (SPEs) for the first time, revealing crucial insights into the electrochemical properties of
carbon/graphitic based materials. Distinctive patterns observed in the electrochemical process of nano-
wire decoration show that electron transfer occurs predominantly on edge plane sites when utilising SPEs
fabricated/comprised of graphitic materials. Nanowire fabrication along the edge plane sites (and on edge
plane like-sites/defects) of graphene/graphite is confirmed with Cyclic Voltammetry, Scanning Electron
Microscopy (SEM) and Raman Spectroscopy. Comparison of the heterogeneous electron transfer (HET)
rate constants (k°) at unmodified and nanowire coated SPEs show a reduction in the electrochemical
reactivity of SPEs when the edge plane sites are effectively blocked/coated with MoO,. Throughout the
process, the basal plane sites of the graphene/graphite electrodes remain relatively uncovered; except
when the available edge plane sites have been utilised, in which case MoO, deposition grows from the
edge sites covering the entire surface of the electrode. This work clearly illustrates the distinct electron
transfer properties of edge and basal plane sites on graphitic materials, indicating favourable electro-
chemical reactivity at the edge planes in contrast to limited reactivity at the basal plane sites. In addition
to providing fundamental insights into the electron transfer properties of graphite and graphene-like
SPEs, the reported simple, scalable, and cost effective formation of unique and intriguing MoO, nanowires
realised herein is of significant interest for use in both academic and commercial applications.

basal plane sites.">'* Whilst it is clear that the HET kinetics of
the edge- and basal-planes are anisotropic,"? the proportion of

Carbon based electrode materials have long been utilised in a
plethora of analytical and industrial electrochemical
applications."® Their popularity has arisen due to their dis-
tinct advantages when compared to traditional noble metal
based electrodes, such as being comparatively cheap and
easily obtainable, whilst out-performing traditional metals
with their structural polymorphism, chemical stability, wide
operable potential windows and relatively inert electro-
chemistry."> However, despite the vast number of studies and
applications for carbon-based electrodes, researchers disagree
over which structural characteristic is the predominate origin
of heterogeneous electron transfer (HET) kinetics at graphitic
surfaces;’* in contention as to whether it is the edge plane or
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the electrochemical activity assigned to each structural charac-
teristic is highly controversial. There have been numerous
studies reporting that, in comparison to the edge plane sites,
basal planes are effectively inert."**® It is inferred that HET
occurs predominantly from graphite/graphene’s edge plane
contributions.”*™® Conversely, reports have claimed that
(under certain limited conditions) measurable electrochemical
activity is observed at the basal plane,'®'*'"*° most notably
when using scanning electrochemical cell microscopy.'® Such
studies have demonstrated that the basal plane sites of freshly
cleaved/exposed highly ordered pyrolytic graphite (HOPG)
exhibit favourable electrochemical reactivity.'"® However, this
finding is time dependant and the observed HET activity
diminishes proportionally with exposure to air,"® eventually
reaching a stage where the HET observed at the basal plane is
negligible in comparison to the edge plane sites (at one hour
post-exposure)."*'**® This time-based diminishment of HET
reactivity at freshly exposed basal planes effectively eliminates
any prolonged contribution to the HET kinetics for a graphitic
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electrode in many real world situations, where there is no
immediate use of the electrode post the fresh exposure of its
basal planes.

Exploring the voltammetry of HOPG has proven to be a
useful approach in order to investigate and understand the
electrochemical properties of carbon-based electrodes, allow-
ing for generalised conclusions.”**'">*> Within the literature,
the two most commonly employed HOPG structural orien-
tations are the basal plane orientated HOPG and edge plane
orientated HOPG, denoted BPPG and EPPG respectively.
As would be expected, EPPG has a high geometric
coverage/contribution of edge plane sites and has been shown
to exhibit fast/reversible HET kinetics; making it an ideal elec-
trode material for a range of applications where fast HET is
favourable."**2°728 Furthermore, BPPG has been well charac-
terised in the literature and the voltammetric signatures
observed towards common redox probes (for example,
[Fe(CN)s]* >~ and [Ru(NH;)¢]’"*") generally indicate
slow/unfavourable HET properties at BPPG when compared to
EPPG.'#?2%32% The improved electrochemical properties of
EPPG in contrast to the BPPG are typically inferred (with the
earlier insights) to be due to the beneficial architecture of
EPPG comprising a large number of exposed (reactive) edge
plane sites, with its orientation of such sites “almost”
ideal."'*"*?>?3 1t is evident that HOPG is an ideal material to
study the electrochemical properties of carbon based
materials: it is however, costly.**

Walter et al.’>® and Davies et al.'* have reported the electro-
chemical deposition of MoO, onto the edge planes of HOPG,
producing Mo nanowires for various applications. Note that
the reported molybdenum oxides deposited under such con-
ditions comprise a mixture of MoO, and MoOj;, with the
general description of MoO, being denoted within the litera-
ture.*! From these studies and others like it,>***7* it has been
shown that metal and metal oxides preferentially nucleate on
the edge plane like-sites/defects of HOPG. This method is
often referred to as “step edge decoration” within the
literature.?**>73* Moreover, in further work by Davies and col-
leagues the anisotropic electrochemistry of edge and basal
planes was examined wusing this selective coating
method."**"** Findings showed, after the BPPG has had the
majority of its edge planes decorated with MoO,, a near com-
plete blocking of the cyclic voltammetric response towards [Ru
(NH;)s]*"/*" was observed. The authors then passivated/blocked
the entire surface of their BPPG electrode (utilising nitrophe-
nyl radicals, creating an electrochemically inert coating, block-
ing the basal planes that remained exposed) so that no HET
was observed.'® In the final step, the authors selectively
removed the MoO, nanowires (via HCI treatment) that were
shielding the electrochemically ‘reactive’ edge plane sites,
revealing/re-exposing them. Crucially, subsequent voltammetry
(utilising only the exposed edge plane sites) matched that
exhibited prior to the blocking treatments being performed
(i.e. utilising the unmodified BPPG electrode)."* This work
demonstrated unambiguously that the edge plane like-
sites/defects of graphite are the predominant origin of electron

15242 | Nanoscale, 2016, 8, 15241-15251

View Article Online

Nanoscale

transfer in HOPG based electrode materials, exhibiting signifi-
cantly enhanced HET kinetics when compared to the basal
planes terraces, which have no (or limited/negligible) influence
on the observed cyclic voltammetry in this case.* In our work,
we intend to extend this understanding further, to encompass
that of both graphene-like and graphite screen-printed electro-
des (SPEs) for the first time.

The use of SPEs is becoming more prevalent due to their
numerous advantages over other traditional carbon based elec-
trodes, such as their ultra-low production cost, competitive
and variable electron transfer properties/performance, and the
ability to tailor designs and mass-produce such electrodes.*®>”
As a result of the tailorability in the inks utilised, it is
possible to fabricate SPEs that have varied edge plane and
basal plane contributions, thus varying the HET properties of
the electrodes produced.’”*® Furthermore, this variability
extends to utilising alternative carbon sources, such as gra-
phene (GSPE) and graphite (ESPE) based SPEs.'’ Randviir
et al’’ showed that GSPEs have inherently slower HET
kinetics when compared to ESPEs as a result of the fewer
number of active edge plane like-sites/defects and a higher
proportion of (comparably) inert basal plane domains
present."*® Such variations originate from the nature of the
different ‘graphene’ and ‘graphite’ inks used during the
respective electrodes’ production. The varying compositions
and resultant distinct HET properties of the aforementioned
SPEs make them ideal candidates to study the structural con-
tributions towards the overall electrochemical response at
carbon-based electrodes. We propose to de-convolute the true
proportion of HET kinetics assigned to edge and basal plane
structural contributions at SPEs through observing changes in
the electrochemical behaviour of metal deposition whilst fabri-
cating unique nano-structures.

There is significant interest in the production of metal
nano-structures via the step decoration method outlined
above.*° Particular attention is focused on metal nanowires due
to the interesting electronic,** magnetic,"> and mechanical pro-
perties that they possess.”> They have consequently been uti-
lised in a wide variety of applications; such as in sensors,***>
nanoscale photonics,® and electronics.*®*” The requirement
for relatively expensive HOPG as a template material in the pro-
duction of such metal nano-structures results in real world cost
limitations to their wholescale manufacturing. Consequently,
there is a significant need for cost effective and more easily
obtainable template alternatives to HOPG. One alternative to
HOPG is the use of carbon based SPEs.*®

Herein, we utilise SPEs as a low-cost alternative for HOPG
to gain insight into the anisotropic HET properties of graphi-
tic-based electrodes. Through investigation of the process of
decorating ESPEs and GSPEs with MoO, using the methodo-
logy outlined by Zach et al.>* and Walter et al.,*° we determine
the electrochemical contributions from the edge and basal
plane sites of such materials and reveal insights into the fun-
damental electrochemical reactive sites (HET activity) of
graphene/graphitic (carbon) based electrodes and for the first
time, SPEs.

This journal is © The Royal Society of Chemistry 2016
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Experimental section

All chemicals (analytical grade or higher) were used as received
from Sigma-Aldrich without any further purification. All solu-
tions were prepared with deionised water of resistivity not less
than 18.2 MQ cm and were vigorously degassed prior to
electrochemical measurements with high purity, oxygen
free nitrogen; this step was utilised to remove any trace of
oxygen, which if present may convolute the experimentally
acquired results due to the oxygen reduction reaction
occurring.***°

Electrochemical measurements were performed using an
Ivium Compactstat™ (Netherlands) potentiostat. Measure-
ments were carried out using a typical three electrode
system with a Pt wire and a saturated calomel electrode (SCE)
as the counter and reference electrodes respectively. The
working electrodes utilised herein were screen-printed graph-
ite (ESPE) and graphene-like (GSPE) electrodes; fabricated
in-house with appropriate stencil designs (3 mm working
diameter) using a DEK 248 screen-printing machine (DEK,
Weymouth, UK).

For the fabrication of the SPEs, first, a carbon based ink for-
mulation was screen-printed onto a polyester (Autostat,
250 pm thickness) flexible film. Note that different carbon
based inks were used; with graphite (product code
C2000802P2; Gwent Electronic Materials Ltd, UK) utilised for
the ESPEs and a graphene-like ink used for the GSPEs
(product code HDPlas™ Graphene Ink SC213; Haydale Ltd,
UK). This layer was cured in a fan oven at 60 °C for 30 min.
Next, a silver/silver chloride reference electrode was included
by screen-printing Ag/AgCl paste (product code C2040308D2;
Gwent Electronic Materials Ltd, UK) onto the polyester sub-
strates, which was subsequently cured as previously stated.
Finally, a dielectric paste (product code D2070423D5; Gwent
Electronic Materials Ltd, UK) was printed onto the polyester
substrate to cover the connections and in doing so defined the
carbon based electrode’s working area. The stencil design uti-
lised to fabricate the SPEs for this work has been reported
previously.”® After a further curing at 60 °C for 30 min the
screen-printed electrodes are ready to use. Note that for the
purpose of this work, electrochemical experiments were per-
formed using only the inbuilt working electrode of the SPEs,
with external reference and counter electrodes utilised (as
detailed earlier) instead of the SPE’s on-board counter and
reference.

The full physicochemical characterisation of the (unmodi-
fied) ESPEs and GSPEs utilised in this work has been reported
previously (those interested are directed to ref. 44 and 50). The
specific ESPEs and GSPEs utilised herein were found to exhibit
HET rate constants, k°, of ca. 1.56 x 10~ and 6.41 x 10™* cm
s~! respectively,®”*> measured using the outer-sphere redox
probe [Ru(NH;)s]>""** whilst employing the Nicholson method
(as detailed below). As stated in the introduction, the unique
morphological features of the graphite (ESPE) and graphene-
like (GSPE) electrodes give rise to the distinct electrochemistry
observed, with slower HET kinetics exhibited by the GSPE

This journal is © The Royal Society of Chemistry 2016
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when compared to that of the ESPE. Note that the electro-
chemical response of an outer-sphere system is sensitive pri-
marily to the electronic structure of the electrode material
(electronic Density of States, DoS) and thus for the case of
graphitic/carbon-based materials is sensitive to the respective
coverage of ‘reactive’ edge plane sites (opposed to the
relatively ‘un-reactive’ basal plane sites).>**° The electrode acts
merely as a source (or sink) of electrons and electron transfer
is not influenced by the surface state (absence/presence of
specific oxygen containing functionalities, or the surface clean-
liness in terms of the presence of uncharged adsorbates),>*>°
thus making [Ru(NH;)s]*"** an ideal redox probe for the
assessment of the carbon electrodes utilised herein.

In order to evaluate the effect of MoO, deposition upon the
SPE’s HET properties, it is possible to employ the Nicholson
method.>” This method is widely used within the literature to
estimate the HET rate constant (k°) for semi-reversible electro-
chemical reactions via the following formula:

@ = ko[xDnvF /RT) /2

where ¢ is a kinetic parameter, D is the diffusion coefficient
(D=9.1x10"° cm? s™* for [Ru(NH;)s]*"*"),>* n is the number
of electrons taking part in the process, F is the faraday con-
stant, v is the scan rate, R is the gas constant, and T is the
temperature (Kelvin). ¢ is deduced from AEp (the peak-to-peak
separation) for a one electron process at a set temperature
(298 K). The function of ¢ (AEp), which fits Nicholson’s data,
for practical usage (rather than producing a working curve) is
given by: ¢ = (—0.6288 + 0.0021X)/(1 — 0.017X), where X = AEp
is used to determine ¢ as a function of experimentally
obtained AE, values at various voltammetric scan rates.'* It is
therefore possible to produce a graph, whereby ¢ is plotted
against [xDnvF/RT] ", and the standard heterogeneous rate
constant (k°) can be determined via the gradient. In cases
where the AEp exceeds a value of 212 mV, the following
equation should be implemented:
aan) " AEP}
RT

where a is assumed to be 0.5.%°

Independent physicochemical characterisation of the elec-
trodeposited MoO, was performed. Scanning electron micro-
scope (SEM) images with accompanying energy dispersive
spectroscopy (EDS) analysis was obtained using a JEOL
JSM-5600LV model SEM. Raman Spectroscopy was performed
using a ‘Renishaw InVia’ spectrometer equipped with a con-
focal microscope (x50 objective) spectrometer and an argon
laser (514.3 nm excitation). Measurements were performed at a
very low laser power level (0.8 mW) to avoid any heating
effects. Raman mapping was performed using a ‘Thermo

Scientific DXR Raman Microscope’ fitted with a 532 nm exci-
tation laser.

K = [2.18(aDmyF/RT)}|exp {—(
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Results and discussion
Optimising the coating (deposition) process

The method utilised for ‘decorating’ SPEs with MoO, was
adapted from Zach et al.®* and Walter et al.*° whom recently
reported the electrodeposition of molybdenum oxides onto
BPPG electrodes (made from HOPG) to produce nanowire
structures, which (at the appropriate deposition potential)
formed exclusively along edge plane steps and at edge plane
like-sites/defects. In this work, we develop and extend this to
graphene-like and graphite SPEs.

In order to incorporate the aforementioned procedure
herein, it was first necessary to ascertain at which potential
the MoO, electrochemically deposits/nucleates onto and sub-
sequently ‘strips’ from the electrode surface in question. Utilis-
ing the SPEs (immersed in a solution of 1 mM Na,MoO, in
1 M NaCl and 1 M NH,CI, adjusted to pH 8.5 using liquid
NH;,),*® cyclic voltammetry was performed within the potential
range of +0.5 to —1.5 V. Fig. 1 depicts a typical cyclic voltam-
mogram where on the cathodic sweep the ‘deposition’ of
MoO, onto the electrode surface is evident via a peak at ca.
—1.3 V. In this case, the reduction of Mo®" to Mo*" occurs
through the following reaction mechanism: MoO,>~ + 2H,0 +
2e” — MoO, + 40H™, producing our MoO, nanowires,*>%2830
Further analysis of Fig. 1 reveals an oxidation peak at ca.
—0.4 V (on the anodic sweep), corresponding to the inverse
reaction noted above in which MoO, is oxidised to MoO,*~
and re-dissolves into the solution (the subsequent ‘stripping’
step). The potential at which electrodeposition of MoO, is
observed corresponds to that used by Walter and co-workers.*°

Based upon analysis of the typical cyclic voltammogram
reported above (Fig. 1), further optimisation (data not shown),
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Fig. 1 Typical cyclic voltammogram recorded in 1 mM Na,MoO, (with 1 M

NaCl and 1 M NH,4C|, adjusted to pH 8.5), showing the disposition and strip-
ping of MoO, at an ESPE. Scan rate: 5 mV s™* (vs. SCE).
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and in line with previous literature reports, subsequent electro-
deposition of MoO, nanowires onto our SPEs was achieved
using chronoamperometry; performed at either —0.78 (onset
of deposition) or —0.92 V (fully initiated deposition) for
specific durations.'*?%*2%? Following the establishment of a
suitable potential for electrodeposition via chronoamperome-
try, it was necessary to vary the duration that electrodeposition
was performed. In previous work the mean thickness of nano-
wire deposition was shown to be dependent on the deposition
time, thus allowing wires with controlled diameters to be pre-
pared.* In this work, utilising a range of deposition times (at
the above optimised potentials) and performing detailed
interpretation with SEM and cyclic voltammetry allowed us to
determine deposition times that corresponded to a range of
nanowire coverages. As such, deposition times of 256, 384, 512
and 640 seconds were implemented within this work and
encompass varied nanowire coverages, from partial to com-
plete electrode coverages. Investigations utilising the range of
deposition potentials and times determined above will allow
us to observe the effects of the resultant variations in
coating/coverage of the SPE surface and the implications of
this towards subsequent voltammetry (electron transfer kine-
tics); thus, the corresponding SEMs and voltammetry are pres-
ented later. Note that for the purpose of nanowire fabrication
and analysis, immediately after deposition, the respective elec-
trode was removed from the coating solution and any excess
solution remaining on the surface was gently removed (rinsed
off) with deionised water prior to further testing.

Physicochemical characterisation of MoO, coated SPEs
(edge sites)

Fig. 2(B) and (C) show SEM images of a typical
graphite/graphene flake found in both ESPEs and GSPEs. As is
readily observed in Fig. 2(B), the basal plane is several pm in
diameter, whereas the thickness of the graphitic sheet (the
exposed edge plane sites) observed in Fig. 2(C) is ca.
100-200 nm. Following the coating procedure detailed above,
MoO, nanowires were electrodeposited onto the surface of an
ESPE utilising a chronoamperometric procedure lasting 256
seconds at a deposition potential of —0.92 V (corresponding to
fully initiated deposition). The SEM images in Fig. 2(E) and (F)
were recorded immediately after MoO, deposition and are dis-
tinct from those obtained prior to the process, where now an
ensemble of nanowires ca. 100-200 nm in diameter is evident.
As detailed earlier, the average thickness of such nanowires
has been shown to depend on the deposition time and poten-
tial utilised.® As such, deposition resulting from a potential of
—0.78 V (again for 256 seconds) was performed and the resul-
tant SEM images are depicted in Fig. 3. Upon comparison of
Fig. 2(E) and 3, it is evident that relatively ‘thin’ (length: ca.
3 pm, width: ca. 50 nm) MoO, nucleation has occurred on the
edge plane sites of the SPEs (comprising graphite flakes) when
utilising a potential of —0.78 V. Conversely, using the greater
potential of —0.92 V resulted in a ‘thick’ nucleation (length: ca.
3 pm, width: ca. 200 nm) of the MoO, nanowires occurring.*
Generally, the shortness and uniform morphology of the elec-

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Cyclic voltammetric response towards 1 mM [Ru(NHz)el**/2* in 0.1 M KCl at a bare/unmodified ESPE (A) and using an ESPE following MoO,
deposition (D). Scan rate: 100 mV s™* (vs. SCE). Note that MoQ, deposition in D was achieved via chronoamperometry at —0.92 V for 256 seconds in
1 mM Na;MoO4, 1 M NaCl, 1 M NH4Cl (adjusted to pH 8.5). SEM images of a bare/unmodified graphite flake (with an observable edge plane site
exposed) found upon the surface of an ESPE (B and C) and of a graphitic flake found upon the surface of an MoO, electrodeposited ESPE (E and F).
Scale bars: 1 pm in B and E, and 200 nm in C and F respectively. SEM magnifications were x30k and x150k magnification respectively for the pro-

gressive images.

Fig. 3 SEM images of a graphitic island comprising an ESPE following being coated (using a pH 8.5 coating solution of 1 mM Na,MoQO,4, 1 M NaCl
and 1 M NH4Cl) at —0.78 V for 256 seconds. Images show MoO, deposition on the edge plane sites. (A) x30k magnification (scale bar: 1 um), (B)

x50k magnification (scale bar: 200 nm).

trodeposited MoO, nanowires can be attributed to the amor-
phous nature of the morphological features comprising the
graphite flakes found within the ink of our SPEs.

The two experiments performed above confirm that the
MoO, nanowires are indeed electrodeposited onto edge plane
like-sites/defects, with the experiment at the lower deposition
potential (—0.78 V) producing incomplete/discontinuous nano-
wires. Through observation of the incomplete/discontinuous
nanowires, it is possible to see the edge plane sites/steps of
the graphitic structure emerging from the ends and from
beneath the said nanowires. This provides conclusive evidence
for the production of MoO, nanowires using ESPEs and GSPEs

This journal is © The Royal Society of Chemistry 2016

as the underlying substrates. Of note is the clear selectivity for
the graphitic edge plane (rather than basal plane) sites for
MoO, deposition, which concurs well with previous studies
and indicates that ‘edge planes sites are the predominant
structures contributing to HET’ occurring on a graphitic elec-
trode’s surface (see later for further investigations).'>'*3%:58
However, note that further increasing the electrodeposition
potential and/or time results in a decreased selectively of
nucleation. Fig. 4 depicts the surface of an ESPE following the
attempted nanowire deposition utilising a chronoampero-
metric procedure lasting 640 seconds at a deposition potential
of —0.92 V. Electrodeposition for time periods less than

Nanoscale, 2016, 8, 15241-15251 | 15245
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Fig. 4 Cyclic voltammetric response (A) towards 1 mM [Ru(NHs)gl>*/2* in 0.1 M KCl utilising an ESPE following MoO, deposition via chronoampero-
metry at —0.92 V for 640 seconds in 1 mM Na,MoO,, 1 M NaCl, 1 M NH4CL; adjusted to pH 8.5. Scan rate: 100 mV s~ (vs. SCE). Corresponding SEM
images showing complete MoO, deposition/coverage of the ESPE surface at x10k magnification (B, scale bar: 1 um) and x30k magnification

(C, scale bar: 1 um).

640 seconds can lead to incomplete coverage and the exposure
of graphitic sites, such as that seen in ESI Fig. 1.7 The resul-
tant ‘thick’ electrodeposited ‘film’ has encompassed and
engulfed the entire electrode surface, evidently expanding out
from the edge plane like-sites/defects. It is evident that
throughout the process, the basal plane sites of the
graphene/graphite SPEs remain relatively uncovered, except
when the available edge plane sites have been utilised, in
which case the MoO, deposition expands and grows from the
‘reactive’ edge sites, covering the entire surface of the
electrode.'*>%%8

Independent physicochemical characterisation was next
performed in order to determine the composition of the
nucleated materials to unambiguously confirm the presence of
the proposed electrodeposited MoO, nanowires. First, Raman
spectroscopy and Raman mapping were performed on both an
unmodified ESPE and an ESPE following the electrodeposition
process utilising a deposition potential of —0.92 V for 256
seconds. ESI Fig. 21 depicts the resultant Raman spectra of the
aforementioned unmodified ESPE (red) and electrodeposited
ESPE (black). The Raman spectra of the unmodified ESPE is as
expected and as previously reported,’””** exhibiting a peak at
ca. 1580 cm™' (G band), which is typical of graphitic
materials.>>***® Accompanying the G band is a peak at ca.
1355 ¢cm™' (D band), which is characteristic of graphitic
defects typically observed in commercially available graphite
samples and in SPEs.>”> Finally, the presence of a small peak
(relative to the peak height of the G band) at ca. 2700 cm™" (2D
band) is also characteristic of graphitic materials,>*° thus
confirming the high quality graphitic constituents of the SPEs
utilised. Notably, in the spectra of the unmodified ESPE, there
are no visible Raman peaks in the region of 100-1000 cm™.
Conversely, when analysing the Raman spectra recorded at
the ESPE that has undergone our electrodeposition process
(see ESI Fig. 27), in addition to the characteristic graphitic
peaks detailed above, characteristic peaks associated with
MoO, are evident between ca. 100 to 1000 cm™".°® Notably,
individual peaks at ca. 200, 363 and 871 cm™" are present,*
indicating that the electrodeposited nanowires(material)

15246 | Nanoscale, 2016, 8, 15241-15251

are(is) indeed comprised of molybdenum oxides and the
intended MoO,.

To further support the SEM analysis depicted previously,
Raman mapping was also performed in order to offer insight
into how/where the electrodeposited MoO, nanowires form.
Raman maps of the aforementioned electrodes were recorded
at the Raman intensity of 871 cm™', which is indicative of
MoO, (as determined above).®® ESI Fig. 3(A) and (B)} shows
an optical image and 400 point Raman map of a
blank/unmodified ESPE. Although a graphitic flake is visible
in the optical image presented, the Raman map depicts a fea-
tureless area. There is no indication of MoO, present and
importantly there is no variation in the Raman intensities
recorded at 871 cm™' when the map intercepts the various
morphological features of the underlying SPE (i.e. there is no
change/difference recorded at the contrasting edge and basal
plane sites). ESI Fig. 3(C) and (D) depict the respective optical
image and 400 point Raman map of an ESPE following the
electrodeposition process, giving rise to MoO, nanowire for-
mation (chronoamperometry for 256 seconds at —0.92 V).
Close inspection of ESI Fig. 3(D)f clearly shows that the
nucleation of MoO, has occurred onto the SPE surface, as indi-
cated by ‘dark’ patches/areas that seem to follow distinctive
patterns. Upon comparing the optical image in ESI Fig. 3(C)f
indicating the respective area utilised for the Raman map, it is
evident that the MoO, nanowire electrodeposition appears to
occur at the edge planes of the graphite flake visible. Further
indicating the presence and formation of MoO, nanowires on
the surface of our SPEs, but more importantly, occurring
specifically at the edge plane like-sites/defects comprising the
graphitic material.

Last, ESI Fig. 41 depicts an SEM image of a GSPE (following
the electrodeposition process noted above at —0.92 V for 384
seconds) with complimentary EDS mapping analysis. EDS
mapping was performed to offer insight into the elemental
composition of the electrode surface over the electrodeposited
area shown. Analysis of the EDS map depicts the coverage of
Mo and O on the surface of the ESPE with an atomic percen-
tage of 12.1% and 21.7% respectively. The respective ratio is

This journal is © The Royal Society of Chemistry 2016
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1.0:1.8 for Mo: O. This composition correlates with expected
values for the structure of MoO, (ca. 1.0 : 2.0 for Mo : O respect-
ively), supporting the former analysis performed and indicat-
ing the successful electrodeposition of MoO, onto the surface
of the SPEs.

Physicochemical characterisation has confirmed the compo-
sition and presence of MoO, nanowires/films, generated via the
electrodeposition process indicated. We have demonstrated a
procedure allowing the production of variable/tailored MoO,
nanowires onto the surface of SPEs (more specifically, originat-
ing at the edge plane like-sites/defects present). Our cheap, ver-
satile and tailored/bespoke SPEs (ESPEs and GSPEs) can be
utilised (and the deposition process manipulated) in order to
produce nanowires of varying morphologies. The reported
simple, scalable and cost effective formation of unique and
intriguing MoO, nanowires and films realised herein (utilising
graphite and graphene SPEs) is of significant interest for use in
both academic and commercial applications.

Electrochemical characterisation/implications

Having developed the method to selectively electrodeposit
and fabricate MoO, nanowires onto the edge plane like-
sites/defects of our SPEs (effectively covering/blocking/
inhibiting them), we next explore the resultant electrochemical
implications. The distinctive patterns alone, observed in the
electrochemical process of nanowire decoration, show that
electron transfer occurs predominantly on edge plane sites
when utilising SPEs fabricated/comprised of graphitic
materials. However, by altering the amount of MoO, depo-
sition and varying the degree to which said edge plane
sites are covered/blocked, we turn our attention towards identi-
fying the role of the edge plane like-sites/defects on the
observed voltammetry and monitor the HET performance of
our SPEs when correlated to varied ‘blockage’ and MoO,
coverage.

Fig. 2(A) depicts a typical cyclic voltammogram of 1 mM
[Ru(NH;)s]*"** (0.1 M KCl) obtained utilising an unmodified
ESPE. Inspection of Fig. 2(A) reveals a reduction peak at ca.
—0.27 V and an oxidation peak at ca. —0.12 V, resulting in a
peak-to-peak separation (AEp) of 0.15 V (at 100 mV s~ '), which
agrees well with the literature.*®*” Fig. 2(D) illustrates a com-
parable cyclic voltammogram obtained at a MoO, coated ESPE
(following an electrodeposition process at —0.92 V for 256
seconds, as detailed above). Interestingly, the voltammetry of
[Ru(NH;)s]*""** at the MoO, coated ESPE exhibits a reduction
peak at ca. —0.32 V and an oxidation peak at ca. —0.09 V, result-
ing in a AEp of 0.23 V. As observed, the ESPE with MoO, nano-
wires instead of edge plane like-sites/defects (where these sites
have been coated/blocked) gives a response with a larger AEp
than that of the unmodified ESPE. This indicates slower elec-
trode kinetics (HET) in the former case and agrees with the
hypothesis that edge plane sites are the predominant origin of
electron transfer at graphitic materials,">'*** in which the
SPE’s (comprised of graphite and graphene, see later) response
is thus similar to that of HOPG, that is, of a nano-band array.*”
The AEp and resultant HET rates, k°, of such a random array of
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nano-bands comprising edge plane sites will depend on the
surface coverage, ©, and respective electron transfer rate con-
stant, Ok, .., in which k. is the HET rate constant of the
nano-band material. Therefore, above, the ‘reactive’ edge plane
sites are blocked/coated with MoO,, resulting in a lower global
coverage, Ok,q,., and thus an overall decrease in the observed
HET rates. Notably, although MoO, is electrically conductive
(i.e. it is not completely insulating), it is a poor electron trans-
fer material.">'* As such, one might certainly expect a MoO,
electrode to exhibit slower electrode kinetics than (for
example) that of a noble metal and of the HET exhibited by the
edge plane like-sites/defects of HOPG.">'* Consequently, as
Keage is expected to be greater than ky,, the increased AEp
resulting from covering and effectively blocking the edge plane
like-sites/defects (reducing the Okq,) of our SPEs is easily
explained. Of course, if the uncovered (and unaffected) basal
plane sites of the graphitic material were the primary reactive
sites, then we would expect to observe no changes in the vol-
tammetry. This fact, that we perceive a blocking as a result of
reduced HET rates, indicated by a larger AEp, when inhibiting
the electrochemical reactivity of the edge planes, proves that
the edge plane like-sites/defects are the predominant origin of
electron transfer at graphitic SPEs. Indeed, the electrochemical
reactivity, k°, of the edge and basal planes comprising HOPG
have previously been reported as ca. 0.022 and less than
107° em s~ respectively,® which (as indicated above) allows
one to infer that the basal planes are ‘effectively/comparably’
inert. Although we are considering the presence and reactivity
of ‘edge sites’ and ‘basal sites’, note that a range of different
‘defect sites’ will likely be present, which act as further ‘edge
sites’ in terms of their reactivity and as such, if they are not
blocked/covered, will allow electron transfer akin to that of the
edge planes.'"?

We next explore the HET rate constants, k°, of the unmodi-
fied and MoO, coated ESPEs in order to gain further insights.
Note that the electrochemical performance/properties of our
ESPEs and GSPEs are benchmarked throughout this work uti-
lising k° calculations towards the commonly employed redox
probe, [Ru(NH;)s]*"** (1 mM, in 0.1 M KCl), as detailed in the
Experimental section and as utilised above. Considering the
electrodes above (and as depicted in Fig. 2), that is, an un-
modified ESPE and a MoO, coated ESPE (electrodeposition at
—0.92 V for 256 seconds), the corresponding k° values were
estimated respectively at ca. 1.56 x 10~ (bare/unmodified
ESPE) and 7.02 x 10~ em s™' (MoO, coated ESPE). Compari-
son of the k° values at the unmodified and nanowire coated
ESPE clearly indicates a reduction in the electrochemical reac-
tivity of the SPE when the edge plane sites are effectively
blocked/coated with MoO,. This further supports the afore-
mentioned crucial insights into the electrochemical properties
of these SPEs and indicates that electron transfer occurs pre-
dominantly on the edge plane like-sites/defects present on
carbon/graphitic-based electrodes.

To observe the effects of varied MoO, coverage/coating (and
resulting variations in the Ok.4,) at the graphene-like and

e

graphite SPEs (GSPEs and ESPEs respectively), we next utilised

Nanoscale, 2016, 8, 15241-15251 | 15247


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nr04220a

Open Access Article. Published on 04 August 2016. Downloaded on 12/4/2025 2:58:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale

Table 1 An overview of the respective k° and AEp (100 mV s™%) values obtained at unmodified SPEs and SPEs that have undergone chronoampero-
metric electrodeposition under the tabulated conditions (in 1 mM Na;MoQ,4, 1 M NaCl, 1 M NH,CL: adjusted to pH 8.5). Note: the unmodified graph-
ite electrode (ESPE) exhibited a k° of 1.56 x 10> cm s~ and a AEp of 0.15 V; the unmodified graphene electrode (GSPE) exhibited a k° of 6.41 x
10~* cm s~ and a AEp of 0.28 V. Values calculated towards 1 mM [Ru(NHz)gl3*/2* (0.1 M KCl) utilising cyclic voltammetry (vs. SCE) at a range of scan
rates (5 to 200 mV s7). Interested readers are directed to ESI Fig. 6, which depicts cyclic voltammograms of the scan rate studies utilised
to extract/calculate the k° data tabulated herein for a representative range of electrode conditions

Potential (—0.78 V)

Potential (—0.92 V)

Time (s) SPE type ko (ems™) AEp (V) ko (ems™) AEp (V)
256 Graphite (ESPE) 1.42x107° 0.17 7.02x107* 0.23
384 Graphite (ESPE) 1.18x107° 0.19 NP NP
512 Graphite (ESPE) 7.04x107* 0.21 NP NP

640 Graphite (ESPE) 6.74x107" 0.25 NP NP

256 Graphene (GSPE) 1.25%x107° 0.18 7.92x107* 0.22
384 Graphene (GSPE) 8.18x 107" 0.20 NP NP
512 Graphene (GSPE) 7.99 x 107* 0.21 NP NP

640 Graphene (GSPE) 7.87x107* 0.23 NP NP

NP; it was not possible to determine a value due to the lack of visible redox peaks (i.e. a completely blocked electrode surface resulted, with

limited electron transfer occurring).

a range of deposition times and potentials in our chronoam-
perometric process and considered the electrochemical impli-
cations of these towards the subsequent voltammetry. The
resultant data, including respective AEp and k° values, is
presented in Table 1. Inspection of Table 1 reveals a
correlation/trend, indicating that (when utilising both SPE
types) an increase in MoO, nanowire deposition/coverage (i.e.
when increasing the deposition time and/or potential utilised,
as described earlier, corresponding to a decreased coverage/
availability of edge plane like-sites/defects (i.e. a smaller
Okegge)); results in larger AEp and reduced k° values. Interested
readers are directed to ESI Fig. 7,7 which depicts SEMs of
an ESPE surface after undergoing electrodeposition for
various durations, highlighting the above inferences. With
respect to the earlier optimisation and physicochemical
characterisation, given that the electrodeposited MoO, nano-
wires ‘reside on’ and ‘effectively block’ the edge plane like-
sites/defects of our SPEs, the observed decrease in HET kine-
tics (apparent when increasing nanowire coverage and decreas-
ing Ok,.) is further evidence that the origin of electron
transfer can be attributed to these ‘active’ edge plane sites at
graphitic materials.

It is interesting to note that in some instances of high
MoO, coverage, it was not possible to determine the electro-
chemical values of AEp and k°. Such occurrences were due
either to the absence of visible redox peaks or the complete
lack of observable voltammetry at the given electrodeposited/
coated SPE (i.e. in the case of completely covering/blocking the
electrode surface with MoO,, this resulted in limited under-
lying electron transfer occurring). It is apparent from Table 1
that greater MoO, electrodeposition (lower Ok,.) results in
reduced HET rates. This correlation continues until a complete
blocking of the underlying electron transfer processes occurs.
In such cases (as evidenced in Fig. 4), the coverage of MoO,
corresponds to that described earlier, where all of the available
edge plane sites are exhausted/covered and resultantly, MoO,

15248 | Nanoscale, 2016, 8, 15241-15251

deposition expands outwards from the nucleated edge sites,
covering/engulfing and blocking the entire surface of the
electrode via creating a thick film. Fig. 4 shows the accompany-
ing SEMs that are typical of this stage of coverage, in which
an ESPE underwent MoO, electrodeposition at —0.92 V for
640 seconds. Fig. 4 also shows the resultant cyclic voltam-
metric response towards [Ru(NH;)e]*">" (1 mM, in 0.1 M KCl),
where the absence of visible redox peaks is apparent. The
gradual inhibition of the SPE’s HET rates corresponding to a
decreased Qknge (and increased MoO, nanowire coverage)
until a complete blocking of the wunderlying electron
transfer reactivity/ability is achieved, further confirms the
inferences of this work. The distinct electron transfer pro-
perties of edge and basal plane sites on graphitic materials are
clearly presented and indicate favourable/greater electro-
chemical reactivity at the edge planes in contrast to limited
reactivity at the basal plane sites.

Although the results/trends reported in this paper are
observed at both the ESPEs and GSPEs (see Table 1) it is noted
that upon the initial deposition of MoO, nanowires onto the
GSPE (and results obtained thereafter) an increased k° value is
observed. Indeed, the k° value (and resultant electrochemical
HET performance) of the unmodified GSPE remains ‘less’
than that of the nanowire modified GSPEs throughout. Given
that, by its nature, the GSPE (i.e. graphene) has a lower global
coverage of edge plane (@k:dge> than that of the ESPE (i.e.
graphite) and resultantly has a large geometric contribution of
basal plane comprising its structure, it is likely that the

respective HET rates, k°, of the materials (that is,
Kedge > Krioo, > Kigsy» as inferred previously),''>** result in

the modified MoO, layer being ‘more electrochemically
reactive/favourable’ in the case of single-layer graphene’s basal
plane (and that of the GSPE), resulting in the observed occur-
rence. Further, it may be likely that in blocking/coating gra-
phene’s single edge plane band with MoO,, favourable
changes in the mass transport mechanism present occur (with

This journal is © The Royal Society of Chemistry 2016
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respect to improving [Ru(NH;)s]*”*" transport to/from the
basal planes) and result in improvements to the observed vol-
tammetry.'"'* Whatever the cause, this is a fascinating obser-
vation that will require further (more in-depth and separate)
examination. Another consideration is the noticeable capaci-
tance (capacitive current) observed when performing electro-
chemistry with the MoO, nanowires electrodeposited on the
SPE’s surface. The observed capacitance increases proportion-
ally as one effectively blocks the reactive surface of the elec-
trode with additional MoO, and resultantly this effect
continues (increasing) until the entire electrode surface is
blocked/coated with MoO, (corresponding to the ‘thick film’
formation as noted above), in which case there are no observa-
ble redox peaks for the electrochemical processes studied
herein (only a capacitive current). This is as expected when one
effectively passivates an underlying electrode and may have
interesting academic/industrial implications for
applications.

A further interesting point to consider is the effect that
nanowire fabrication imparts upon the magnitude of the peak
currents observed. It has previously been reported that a
change in electrode kinetics from that of a ‘fully reversible
electron transfer process’ to the case of a ‘fully irreversible
process’ will give rise to a marginal decrease in the voltam-
metric peak current, which, as governed by the Randles-Sevéik
equation, is attributed to the reversible/irreversible limits
differing by a factor of 1.27.>' Thus in our case, if we take
an ESPE, which exhibits reversible electrode kinetics, and
modify the surface with MoO, nanowires so that electron
transfer is inhibited (resulting in a modified electrode exhibit-
ing irreversible electrode kinetics), a reduction in the magni-
tude of the peak current should be observed by a factor
of 1.27. Indeed, we observe only marginal alterations in
the peak currents obtained following initial/partial nanowire
fabrication and prior to the complete blocking process of
the ESPE’s surface.?’ However, due to the interference
caused by the above noted ‘capacitive current’ shielding/
distorting the expected voltammetric peaks, we are unable to
analyse any further correlations occurring in the deviating
peak currents.

Finally, cyclic voltammetry with both unmodified and
MoO, nanowire modified ESPEs was performed towards other
redox couples and gave the exact same results as observed
above. ESI Fig. 51 depicts the typical cyclic voltammetric
responses towards N,N,N’,N'-tetramethyl-p-phenylenediamine
(TMPD) in 0.1 M KCl and 1 mM Fe,,>"*" in 0.2 M HCIO,,
(Fe,q>"®" solution was made from Fe(NH,),-(SO4),-6H,0 and
70% HClO,4).®" ESI Fig. 5(A) and (B)7 clearly show (in line with
previous insights) that selectively blocking the edge plane like-
sites/defects (and effectively passivating the entire surface) of
our SPEs with MoO, nanowire arrays following an electrodepo-
sition process at —0.92 V for 640 seconds, in both instances,
results in an inhibited and reduced electrochemical perform-
ance (where the underlying HET properties have been, essen-
tially, blocked). Thus, the previous inferences are further
confirmed/strengthened.

various
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Conclusions

In this work, we have fabricated MoO, nanowire arrays onto
graphene and graphite based SPEs for the first time. We have
shown that the electrochemical process of nanowire decoration
occurs selectively onto the edge plane like-sites/defects of
these graphitic materials. Exploring the cyclic voltammetry
and resultant electrochemical properties of unmodified and
nanowire electrodeposited SPEs has provided crucial insights
towards exposing and answering some fundamental questions.
Comparison of the HET rate constants, k°, at unmodified and
nanowire coated SPEs shows a reduction in the electro-
chemical reactivity of SPEs when the edge plane sites are effec-
tively blocked/coated with MoO,. This clearly illustrates the
distinct electron transfer properties of edge and basal plane
sites on graphitic materials, indicating favourable electro-
chemical reactivity at the edge planes in contrast to limited
reactivity at the basal plane sites. We now know categorically
that the edge plane like-sites/defects of our SPEs are respon-
sible for the cyclic voltammetry observed. What, however, are
the implications for the basal plane of graphitic materials? In
line with previous studies,'*"'*****>* the results of our electro-
deposition experiments and ‘site knock out’ protocol per-
formed herein demonstrate that the basal plane cannot be
completely inert. However, it is inferred that kg, is signifi-
cantly smaller than k;dge (otherwise we would have observed
completely different voltammetry). Essentially, the edge plane
like-sites/defects of graphitic-based electrode materials are
shown to be the prominent origin of electron transfer (and the
observed voltammetric/electrochemical response, exhibiting
anomalously fast electrochemical reactions), where in compari-
son, the basal plane is effectively inert.'*'*'%?%3* Given that all
graphitic electrodes are made of the same fundamental building
blocks (that is, graphene sheets), there is no reason why these
findings cannot be applied to the other prevalent (or newly
emerging) carbon-based electrode materials utilised in the field.
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