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Abstract

Additive manufacturing (AM) provides a unique platform for the rapid design and
fabrication of complex structures. Printed structures can be used as is or as templates to be
decorated with electrochemical deposited nanomaterials, which may be utilised as
electrocatalytic sensing platforms. Novel methods are required to determine the
electrochemical deposited morphology present on the electrode surfaces. Additively
manufactured graphene macroelectrodes (AM-Gus) were fabricated using a commercially
available feedstock and molybdenum (di)oxide (MoO») was successfully electrochemically
deposited onto the electrode surface. The electrochemically deposited MoO> was analysed
using scanning electron microscopy (SEM), optical interferometry, Raman spectroscopy and
multifractal analysis (MFA). Although the electrochemical deposition of MoO; nanowires were
clearly visible using SEM, MFA enabled quantification of the MoO; nanowires, deposited at a
variety of time points (20 — 300 s). MFA was utilised to generate quantitative data, derived from
f(a) curves, to determine the area of the electrochemical deposited MoO; nanowires, including
coverage, density, dispersion and clustering. The AM-Gms which were subjected to 300 s
(maximum time period) of MoO; electrodeposition demonstrated the greatest percentage area
coverage (20.14 %). The use of such mathematical systems offers an inexpensive method to
characterise the parameters of electrochemically-deposited materials.
Keywords: Additive Manufacturing; Graphene; MoQO; Multifractal analysis;

Macroelectrodes.



Introduction

Additive manufacturing (AM) is now routinely being used to fabricate advantageous
electrochemical surfaces. The incorporation of 2D nanomaterials such as graphene'-? and
carbon nanomaterials®?, into additive manufactured polymers has resulted in a wide range of
interest, due to their combined superior physical and electrochemical properties in comparison
to their macroscopic counterparts. An alternative approach currently being researched is the
AM of an electrode as the basis/template, with nanomaterials then being electrochemically
deposited onto the electrode surface, these electrodes can then be used as, for example,
electrocatalytic electrochemical sensing platforms towards a range of target analytes®’.

The fabrication of graphene-based conductive filaments, consisting of polylactic acid
(PLA) and acrylonitrile-butadiene-styrene (ABS), with graphene loadings of up to 5.6 wt.%,
have been successfully AM, resulting in the production of macroelectrodes for potential
application in next generation energy architectures’. Furthermore, studies utilising AM
graphene macroelectrodes (AM-Gus) have been conducted®’; in a study conducted whereby
graphene-based polylactic acid (PLA) filaments were AM to fabricate a range of architectures,
which were successfully applied as both, freestanding anodes (within Li-ion batteries) and
solid-state capacitors'®. The graphene/polylactic acid filament has also been AM into a base
electrode material and the fabricated electrodes were sputtered with gold and utilised as solid-
state supercapacitors, demonstrating promising capacitive performance and cycling stability
over 100 charge/discharge cycles!!. There is consequently a need to characterise the
electrochemically deposited surface morphology. In this paper we AM graphene
macroelectrodes (AM-Gwms) and demonstrate a novel quantification technique to determine the
area of electrochemically deposited MoO» nanowires upon AM-Gms. Molybdenum (di)oxide
(Mo00») was selected for utilisation in this study due to its wide negative potential working window,

multiple valance states, excellent electrochemical activity, environmentally benign nature and low



cost'>!7. Through the utilisation of MFA, the physical coverage of the electrodeposited MoO;
was quantified, allowing the true area of the deposited material to be determined. This approach
is useful for the determination and quality assurance of AM-Gus, which have both wide and
diverse implications in a plethora of applications.

Experimental section

All chemicals (of analytical grade or higher) were used as received from Sigma-Aldrich
without further purification. All solutions were prepared with deionised water of resistivity no
less than 18.2 MQ cm and were vigorously degassed prior to electrochemical measurements
with high-purity, oxygen-free nitrogen. This degassing stage is of paramount importance, as it
removes any trace oxygen, which if present could convolute the results acquired due to the
oxygen reduction reaction (ORR) occurring'8.

Electrochemical measurements were conducted using a ‘pAutolab Type III” (Metrohm
Autolab, The Netherlands) potentiostat and data generated was collected and analysed using
the software; NOVA (Version 2.0). All measurements were conducted using a typical three-
electrode system. The working electrodes utilised throughout this study were additively
manufactured (AM) Black Magic macroelectrodes (AM-Gus; see below), where a platinum
wire and a saturated calomel electrode (SCE) were used as counter/auxiliary and reference
electrodes, respectively.

Fabrication of the additively manufactured Graphene Macroelectrodes (AM-Gws)

The AM designs were fabricated using a MakerBot Replicator + (MakerBot Industries,
USA) with a direct drive extruder at a temperature of 210 °C, using a commercially procured
filament (Black Magic 3D, USA), which is a Graphene/PLA composite with a calculated
conductivity of 2.13 S/cm'? and a graphene content of 8 wt.%'?. The AM designs were drawn
via Fusion 360 (Autodesk, USA), to create a circular disc electrode architecture with a diameter

of 6.0 mm and a thickness of 1.0 mm. The AM-Gus were printed with a connecting strip



allowing simple connection of the electrode to the electrochemical system via a crocodile
clip'®. The 3AM-Gus electrodes utilised in this study had a theoretical surface area of 0.75 cm?,
however, in order to compare the electrochemical analysis with the MFA analysis, one face of the
electrode was isolated using Parafilm®, due to its flexibility and insulating properties®®!. Thus, a
theoretical surface area of 0.282 cm? was utilised throughout this study.
The electrodeposition of M0oOz on AM-Gus

A solution containing 1 mM sodium molybdate (NaMo0Os), in supporting 1 M sodium
chloride (NaCl) and 1 M ammonium chloride (NH4Cl) was prepared and adjusted to a pH of
8.5 with NH4OH. Cyclic voltammetry was performed within the potential range of + 0.5 V to
— 1.2 V at a scan rate of 5 mV s! (vs. SCE)*2. On the cathodic sweep, MoO> deposition is
evident via a reduction peak at ca. - 0.9 V to - 1.0 V. The average half peak potential of the
reduction/deposition peak (-0.805 V (vs. SCE)) was then taken as the deposition value which
was then utilised throughout this study (N = 6). Subsequently, this potential was held during
chronoamperometry for varying time-points, namely, 20, 40, 60, 120, 180, 240 and 300 s in
order to achieve successful deposition of MoO; nanowires upon the AM-Gus. Following
chronoamperometry, the electrodes were rinsed gently with deionised water (as above) in order
to remove excess salt residues. At each time-point, MoO; deposition was carried out in
triplicate with 3 independent electrodes.
Surface characterisation

Prior to the MoO» electrodeposition process the topography of the isolated surfaces
were measured using optical interferometry?>. An AM PLA electrode (containing no graphene)
was also evaluated in order to derive accurate comparisons. Surface roughness was
quantitatively defined through the measurement of average roughness (S.), highest peak (S,),

lowest valley (Sv) and the peak-to-valley ratio (Spy), using a Zemetrics, Zegage 3D optical



profiler (Zygo, USA) at x 50 magnification. Zemaps (version 1.14.38) was the image analysis
software used. Only samples that had > 90 % of the surface analysed were included (N = 9).

Scanning electron microscope (SEM) images were obtained using a JEOL JSM-
5600LV model SEM with an accompanying energy dispersive spectrometer (EDS). Raman
Spectroscopy was conducted using a ‘Renishaw InVia’ spectrometer, which was equipped with
a confocal microscope (% 50 objective) and an argon laser (with an excitation wavelength of
514.3 nm). In order to prevent any potential heating effects, measurements were performed at
a low laser power level (0.8 mW)'824,

Multifractal analysis (MFA) was carried out in a similar manner to that adopted by
Wickens et al, 2014%. In order to observe the properties of typical multifractal spectra, datasets
were constructed from a set of motifs of the SEM images obtained using MATLAB®?S, and
theoretical and physical f(a) spectra were compared. Using an iterative program, datasets of
size 512 x 512 pixels were computed by overlapping the given motifs on top of one another,
thus, after one iteration a 4 X 4 matrix was formed, a second iteration leads to an 8 x 8 matrix,
through until completion (Figure 1). Datasets were converted to greyscale images via the
MathWorks Image Processing Toolbox®; in this converted scale a value of zero would give a
black pixel and a value of one would give a white pixel>>2, It is important to note that the
theoretical f(a) spectra generated in our recent paper exist for, —oo < g < oo, however, in
physical applications the g values are usually restricted by physical constraints. In Figure 1,
theoretical f(a) spectra are plotted with blue curves and numerical f(a) spectra are plotted with
red pluses.

In this paper, the numerical f(a) spectra were computed for, —10 < g < 10, in all cases
and dataset boxes of size, € = 4, 8, 16, 32, 64, 128 and 256> were used in the computation.

From this, the f(a) curves were generated and this enabled relative density, dispersion and



clustering of the MoO; nanowires to be computed. The maximum value of the f(a) curve (when
q="0):

Dy = f(ato) (1)
gives a numerical value for the density of MoO; upon the surface of the electrodes, whilst
dispersion of the MoO» at the edge planes was measured by (2):

Ao =a_q9 — Aqp. (2)
The degree of MoO:; clustering was established via the symmetry/antisymmetry of the
generated f(o)) curves® using the formula (3):

Af (a) = f(ai0) — fla_q10). 3)
A positive value of Af () indicated clustering of MoO,, whereas a negative value of Af (a)
indicated clustering of gaps (Figure 1). Independently of the f(a) curves, analysis of the images
was also conducted to determine maximum area and the total MoO» percentage coverage®>3°,
The theory behind MFA theory and f(a) curves is described (Figure 1). The previously
obtained SEM images (all at 15.00 K X) were analysed using MFA. Firstly, grey-scale images
were converted to a binary format using image processing and MFA was carried out and the
resultant computed curves were plotted. Following the acquisition of the f(a) spectra,
quantitative outputs were calculated using equations (1)-(3).
Results and Discussion

Prior to the MoO, electrodeposition process, the surface roughness of the electrodes

was evaluated utilising optical interferometry (Figure 2). This allowed comparisons of the AM-
Gws to be derived against AM PLA (AM-PLA) electrodes, which were graphene deficient. The
AM-Gus demonstrated the greatest average surface roughness (4.40 um; PLA control (3.44 pm)),
highest peak (13.86 um; PLA control (10.99 um)), lowest valley (-21.12 um; PLA control (-13.81
um)), and the peak-to-valley ratio (34.95 um; PLA control (24.70 um)). This indicates that the

addition of graphene resulted in an enhanced surface topography; this phenomenon could be a direct



result of the agglomeration of graphene, which may protrude through the surface of the electrode,
resulting in a less uniform topography than the PLA counterpart!®.

Cyclic voltammetry was utilised in order to establish an effective deposition potential
that was utilised during the chronoamperometry studies, allowing for the adequate coating of
the AM-Gwms with MoO». An average half reduction peak potential was determined at -0.805
(£0.002) V (vs. SCE) (N = 6). Subsequently, this potential was held during chronoamperometry
to coat the AM-Gums with MoO; nanowires over varying deposition times, namely, 0, 20, 40,
60, 120, 180, 240 and 300 s. The above method has been adapted from Zach et al?’, Walter et
al?? and more recently Rowley-Neale et a/?® and Garcia-Miranda et al*®, whereby the cathodic
sweep in the voltammograms reveals the deposition of the MoO> due to the reduction of Mo®*
to Mo*" and this occurs via the following equation (4)>22%:

MoO,;~ + 2H,0 + 2e¢™ = MoO, + 40H™ 4

The above equation (4), at the appropriate potential (- 0.805 V (vs. SCE)) results in the
nucleation and production of MoO> nanowires on the AM-Gus presented in this study. The
inverse reaction, which is presented as an oxidation peak during the anodic sweep of the cyclic
voltammograms, relates to the oxidation of MoO: on the surface on the electrode to MoO4*,
which is then re-dissolved into the solution. The maximum intensity of the reduction peak is
observed at ca. - 0.95 V (vs. SCE), whilst the study carried out by Rowley-Neale ef al, reported
a maximum reduction peak intensity of ca. - 1.3 V (vs. SCE) utilising screen-printed graphite
electrodes®®. Previously, Walter ef al. demonstrated that MoO> nanowire formation can be
controlled by selecting specific parameters (such as deposition potential and time) upon a
highly oriented pyrolytic graphite (HOPG) electrodes; at - 0.7 V (vs. SCE) this study reported
that MoO; formation was exclusive to the edge planes, whilst at - 0.85 V (vs. SCE) a high
degree of specificity was revealed but a small number of particles could be seen via SEM on

the basal planes??>. However, at - 1.25 V (vs. SCE), MoO; nucleation drastically increased on



the basal planes?’. Subsequently, for this study, the average half peak potential of - 0.805 V
(vs. SCE) was selected in order to ensure specificity to the electro-active regions (edge planes)
only.

The AM-Gws coated with MoO» were subjected to independent surface characterisation
specifically SEM, Raman spectroscopy and MFA. Evidence of MoO, deposition was
determined via the utilisation of SEM (Figure 3). The SEM images acquired, revealed that the
electrodes coated with MoO-, for 20, 40 and 60 s demonstrated little variation from the control
electrode. However, electrodes electrodeposited with MoO; for 120, 180, 240 and 300 s,
exhibited the formation of MoO> nanowires. After a deposition time of 240 s the formation of
filamentous nanowires was observed, specifically along the edge plane like-sites/defects
planes. The nucleation of MoOy, increased, with the AM-Gus coated for 300 s resulting in a
thick nucleation on the edge planes of the electrode. For both the 240 s and 300 s time points,
MoO; nanowires > 2 um in length were observed (Figure 3).

To further validate the electrodeposition of MoO,, Raman spectroscopy was performed
on the AM-Gus over the eight varying deposition times. The Raman spectra of four selected
MoO; deposition time points are displayed (Figure 4). The Raman spectra over eight varying
deposition times are presented in Electronic Supplementary Information (ESI; Figure S1);
whilst, the first 1000 cm™' of Raman shift, due to the diversity in presence and intensity of
peaks displayed in this region are also depicted (Figure S2). Each of the Raman spectra
obtained in this study revealed carbonaceous characteristic peaks, commonly referred to as the
G and 2D (G’) bands at ca. 1580 cm™! and 2690 cm!, respectively3?-34. The spectra obtained in
this study revealed that the graphene component of the AM-Gus was comprised of multi-layer
graphene sheets, which was evidenced in the highly symmetrical 2D (G’) band peak. Further,
there was a distinct lack of the characteristic ‘shoulder’, which was observed in the case of

graphite’®3>. The large D band that was prominent in the Raman spectra’s indicated a high



number of edge plane like-sites*®. Full width half maximum (FWHM) analysis of the 2D bands,
revealed the control AM-Gums demonstrated a Raman shift of 86.55 (= 0.98) cm!, whilst the
FWHM of the 2D bands, of the AM-Gws subjected to MoO, deposition produced Raman Shift
values in the range of 72.80 (= 1.07) cm™ (300 s) — 103.96 (+ 2.83) cm™ (180 s). This was in
agreement with Foster et a/, (2017) who utilised the same AM-Gws and reported a FWHM value of
94 cm™ (of the 2D peak), indicating agglomeration of the graphene in the PLA filament'?.
Therefore, the presence of multi-layered graphene was confirmed, as the FWHM values of the
2D band for monolayer graphene and quasi-layer graphene corresponded to 28 cm™ and 58
cm’!, respectively3’-38,

The MoO> coated AM-Gwms of deposition times, 20, 40 and 60 s demonstrated three
distinct peaks at ca. 404 cm™, 510 cm™ and 630 cm’!, respectively. However, these peaks were
also evident on the control AM-Gws and therefore were assumed to be from the AM process.
The AM-Gwus that were electro-deposited with MoO> for 120 s, 180 s and 240 s demonstrated
a distinct peak at ca. 281 cm™'. Zhou et al, (2016) previously demonstrated a Raman spectra of
MoQO; nanoparticles, with characteristic peaks observed at ca. 287 cm™!, 341 cm™!, 666 cm’!,
819 cm! and 987 cm™!3°. The peak at 287 cm™! was observed at 120 s, 180 s and 240 s, whilst
it could be suggested that other potential peaks demonstrated could be masked by the signals
from the electrode material alone®. The AM-Gus that was exposed to MoQ: deposition over
300 s, demonstrated that the Raman spectra observed in this instance demonstrated differences
to the other time-points analysed. This may have been due to the build-up of the MoO- on the
surface. Two new peaks were specific to this time point, observed at ca. 860 cm™ and 960 cm
I, providing further evidence of MoO> on the surface of the electrode which was in further
agreement with Zhou et al, (2016)*°.

For image analysis and MFA to be conducted, the grey scale images obtained during

SEM (at 15.00 K X) were converted to binary images (Figure S3), this resulted in the
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production of f(a) curves to compute density, dispersion and clustering (Figure 5). Area
coverage (percentage coverage) was also calculated, this revealed that the AM-Gus coated with
MoO:; for the 20 s deposition rate which had the lowest coverage of MoO». An increase in
percentage area cover was observed on the 120 s MoO2 AM-Guws (8.37 %). This increase was
observed to be relatively linear (excluding the 180 s deposition time point — 19.34 %), with the
240 s and 300 s deposition time points demonstrating MoO, area coverage of 13.07 % and
20.14 %, respectively (Figure 5C). The f(a) curve (Figure 5B), results showed that the AM-
Gwss coated with MoO: for 20 s produced the lowest density of the MoO; area coverage, D, =
1.45, whilst the AM-Gus coated with MoO- for 300 s produced the greatest density, Dy = 1.75.
The dispersion of the MoO- area coverage was calculated which related to the heterogeneity
of the MoO» nanowires present on a given area of the electrode surface. Dispersion, and hence
heterogeneity, was highest for the AM-Gws coated with MoO; for 20 s, Aa = 1.17, and lowest
for the AM-Gums coated with MoO; for 300 s, Aa = 0.69. Finally, clustering (Af(a)) of the
MoO; nanowires were determined as per equation (3). Excluding the control AM-GMs (no
MoO; deposition), the 20 s MoO» deposition time produced the highest clustering value (0.76).
A Af(a) >1, indicated a cluster of gaps and therefore more space between the MoO> on the
surface of the electrode?*°. As the deposition time of MoO> increased, the clustering value
became more negative, with the first negative value reported at 180 s (-0.055) and the most
negative value was observed at the 300 s MoO: deposition time point. A Af(a) < 1 indicated
more intense clustering of the M0Q,2>#, Therefore, MFA revealed that clusters of gaps were
dominant up to 60 s, and that clusters of MoO were observed for 240 s and 300 s, indicating
a time-dependent deposition process. Interestingly, as the MoO» deposition time increased the
MoO; on the AM-Gwms became more agglomerated, this strengthens the theory that the MoO»
selectively bound to the electrochemically active sites of the AM-Gws. Thus, MFA which relies

upon the estimation of fractional features*' was successfully used in this study, the fractional
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features correlate to MoO> depositions. MFA has been applied in a wide array of biological
and chemical fields, such as, disease diagnosis,*' bacterial quantification and cell dispersion?>4?
and to evaluate the sensitivity of catalytic reactions to catalyst structure**. MFA has previously
been shown as a method to characterise the topography of surfaces*.

Table 1 lists the generalized fractal dimensions, Dy, corresponding to the f(a) curves

displayed in Figure 5 B) for —10 < g < 10. A multifractal methodology is provided by Salat

et al.,**, where the formula for obtaining D, from the f(a) curves is shown to be (5):

_ fla)—qa
D, = Er— (5)

where —oo < g < . The generalized dimension, D,, is the capacity (or box-counting)
dimension and gives a measure of density. The elements, D4, are known as the entropy (or
information) dimensions and relate to Shannon’s entropy giving a measure of how even/uneven
the data density is. The other commonly used generalized fractal dimensions are, D..,, called
the correlation dimensions, which relate to how scattered the data is. Table 1 shows that the
quantities, Dy, D14, and D,,, all increase as the deposition time points increase from 20 s up
to 300 s. Higher values of D, ;, imply a more uniform density and increasing values of D,
imply increasing compactness. The full range of values of D, versus q illustrates the strength
of the multifractality of the data.

This study reports the utilisation of MFA to determine the percentage coverage,
dispersion, density and clustering of MoO> on porous AM-Gws. Such analysis provides further
insight and evidence of fundamental graphene electrochemical behaviour via the nucleation of
MoO; nanowires. In light of these findings, it is suggested that this method can be utilised in
order to effectively visualise and quantify the electrochemical active regions (such as edge

plane sites/defects) of AM-Gws and other high surface area architectures.
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Conclusions

In this study, the fabrication of MoO> nanowires onto AM-Gus has been demonstrated.
SEM images demonstrated a time-dependent deposition process and the utilisation of MFA led to
the generation of quantitative data (percentage area cover, clustering, density and dispersion)
of the MoO» nanowires on the AM-Gws. This provided evidence that the MoO: selectively
bound and accumulated (as seen by the clustering) to the electrochemically active sites of the
AM-Guss. This technique has the potential to be applied to other carbonaceous macroelectrodes,
regardless of the fabrication method, allowing electrochemical active regions to be
appropriately benchmarked and characterised.
Supporting Information Description

The supporting information provides Raman spectra of the eight MoO> deposition time
points against the AM-Gus, Raman spectra (focussing on the first 1000 cm™) of the eight MoO»
deposition time points against the AM-Gus and examples of the binary images, which were
generated and modified following SEM, before MFA was conducted.
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Figure 5. A) Theory of f(a) curves for MFA B) f(a) curves of a selection of MoO; time points
selected for this study (control, 20, 60, 120, 240, 300 s) C) MoO, Area cover (deducted from
the control background (%) D) MoO, Density E) MoO: dispersion F) MoO, clustering (N =

3).
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Table 1. The generalized fractal dimensions (or multifractal dimensions), D, for the f(a)

spectra displayed in Figure 5 B) when —10 < g < 10.

D, A) Control | B)20s | D)60s | E) 120s | G) 240s | H) 300s
D_qy 2.0509 2.0244 | 2.1031 | 2.0934 | 2.2016 | 2.2004
D_; 1.8997 1.8573 | 1.9310 | 1.9251 | 2.0021 | 1.9880
D_, 1.8258 1.7758 | 1.8525 | 1.8598 | 1.9211 | 1.9102
D_4 1.7075 1.6396 | 1.7325 | 1.7752 | 1.8135 | 1.8191

D, 1.5562 1.4449 | 1.5932 | 1.6936 | 1.7119 | 1.7452
Dy 1.4439 1.2934 1 1.5099 | 1.6445 ] 1.6598 | 1.7124
D, 1.3586 1.1891 | 1.4585 | 1.6069 | 1.6306 | 1.6988
D3 1.3087 1.1344 | 1.4304 | 1.5825 ] 1.6153 | 1.6940
D1 1.1776 1.0138 | 1.3418 | 1.5098 | 1.5624 | 1.6721
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Figure S1. Raman spectra of the eight MoO» deposition time points against the AM-Gus. A)
Control (black), B) 20 s (blue), C) 40 s (green), D) 60 s (grey), E) 120 s (dark blue), F) 180 s

(orange), G) 240 s (red) and H) 300 s (purple).
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Figure S2. Raman spectra (focussing on the first 1000 cm™) of the eight MoO2 deposition

time points against the AM-Gws. A) Control (black), B) 20 s (blue), C) 40 s (green), D) 60 s
(grey), E) 120 s (dark blue), F) 180 s (orange), G) 240 s (red) and H) 300 s (purple).
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Figure S3. Examples of the binary images, which were generated and modified following
SEM, before MFA was conducted. A) Control, B) 20s,C)40s,D) 60 s, E) 120 s, F) 180 s,
G) 240 s and H) 300 s.
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