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We enhance the current capability of additive manufacturing (AM)/(3D printing) to produce electronic
devices by presenting a facile methodology for the production of electroconductive/electrocatalytic AM
polylactic acid (PLA) filaments containing electrocatalytic materials; 2D-MoSe, (M), electro-conductive
carbon (C) and 20% Pt on carbon (Pt/C). The AM printed structures/electrodes (AMEs) produced using
these filaments display bespoke electrochemical signals, in this case, efficient catalysis towards the major
reactions that occur within a water electrolyser, namely the hydrogen evolution reaction (HER) on the
cathode and the oxygen evolution reaction (OER) on the anode without the need for any post-
production treatments. Various percentage mass incorporations, of the additives, into the PLA filaments
were explored, with a 25% mass incorporation representing an ideal compromise between electroactivity

and printability. Utilizing the optimized M;gy—Cis4-AME and Pt/C,s4-AME as the cathode and anode,
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Accepted 23rd October 2019 respectively, whilst a commercially available alkaline battery applied a potential of 1.5 V, water-splitting
was achieved with obvious effervescence occurring at each electrode. This AM technique could mitigate

DOI: 10.1039/c95e00679¢ the need for complex fabrication procedures, allowing researchers, industry and any interested
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1. Introduction

Reducing the production costs of ‘green hydrogen’ could enable
a plethora of hydrogen fuelled energy generation techniques to
become cost competitive with their polluting fossil fuel based
counterparts.”® A promising technique for the production of
hydrogen is water splitting within an electrolyser, where the
hydrogen evolution reaction (HER) (2H' + 2e~ — H,) occurs on
the cathode.®* Currently, there is a requirement within
commercial electrolysers for relatively expensive platinum (Pt)
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individuals to rapidly go from ‘desktop designs’ to workable electrochemical prototype devices.

and iridium (Ir) based catalysts to act as the cathodic and
anodic materials, respectively.*® There are however, numerous
studies within the literature demonstrating that novel 2D
nanomaterials, in particular, the transition metal di-chalco-
genides,® such as 2D-MoS, and 2D-MoSe, can offer comparable
activity, in regards to the HER onset potential and achievable
current densities, whilst being cheaper and more earthly
abundant.”® One such study by Mao et al.’® demonstrated the
deposition via DC-magnetron sputtering of MoSe, films upon
a graphitic substrate. The unmodified graphite electrode
exhibited an overpotential and a Tafel value at a current density
of 10 mA cm > of —495 mV (vs. RHE) and 220.6 mV dec %,
respectively, whereas the loading of MoSe, upon the graphitic
substrate resulted in a superior overpotential and Tafel value of
—125 mV (vs. RHE) and 52.1 mV dec ™, respectively. Theoretical
studies suggest that it is the active edge planes, in particular the
edge dangling electronegative Se atoms (with a binding energy
towards H™ of —0.05 eV),!* that exhibit the catalytic activity
towards the HER, possessing exchange current densities close
to that of the Pt-group metals, whilst the basal planes are rela-
tively inert.**

Often studies that use MoSe, based materials are discon-
nected between their research findings and the transfer to
industry. This is due to their use of the drop-casting technique
in order to modify a chosen electrode, typically glassy carbon

This journal is © The Royal Society of Chemistry 2020
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(GC), and then explore the electrochemical behaviour of the
given material.***** Whilst drop-casting is an easy/convenient
method to explore the electrochemical properties of a given
material it has low levels of reproducibility/stability and cannot
be reliably scaled for industrial use. A previous study by Rowley-
Neale et al.*® attempted to overcome this problem by incorpo-
rating 2D-MoSe, into the bulk of screen-printed electrodes. The
resultant fabricated MoSe,-SPEs exhibited a HER onset and
Tafel value of —460 mV (vs. SCE) and 47 mV dec ' respectively.
Through a technique (screen-printing) that has an application
in industry, this study presented a partial bridge between
research and industry however it is intrinsically limited to
working in 2D."

The advent of additive manufacturing (AM)/3D printing
technology could significantly decrease the time and cost
associated with the design and fabrication of complex 3D
structures.'® Hence, the emergence of this technology provides
a convenient and low cost platform to produce prototypes/
components for a variety of applications.*>** One such appli-
cation was a study by Chisholm et al.** whom utilized AM in
order to produce prototype PEM electrolyser flow plates from
polypropylene. Whilst this study was imaginative in its use of
AM, the flow plates it produced were non-conductive before
being electro-coated with silver and then sputter-coated with
gold. The requirement for these additional post-AM coating
steps significantly detracts from the low cost and ease of
application benefits associated with the technique. Another
study by Ambrosi et al* utilized a metal AM technique to
fabricate electrolyser anodes and cathode geometries, these
structures then underwent an electrodeposition step whereby Pt
and IrO, were electrodeposited on to the cathode and anode
respectively. The electrodes exhibited considerable activity
towards the HER and OER with onset potentials of —0.1 V and
+1.6 V, respectively.

While both the examples above are elegant in their use of
AM, they require post-AM modification steps to enable the
printed structure to be used as an electrode. The inclusion of
this additional production step increases the associated costs
and fails to harness the full potential of AM, which ideally
would enable the direct production of electrodes, from bespoke
computer aided drawings, that can be used as-is and exhibit
desirable electrochemical signal outputs with regards to their
HER and OER activities. In order to capitalise upon the benefits
of additive manufacturing it would be preferential to use an AM
filament that was conductive/electrocatalytic in order to
produce 3D architectures; namely, components for an electro-
lyser. A study by Foster et al.*® has shown that it is possible to
produce electrodes from electro-conductive filaments by
creating AM electrodes (AMEs) using the commercially available
graphene incorporated polylactic acid (PLA) filaments and
explore their application within lithium-ion batteries and
supercapacitors.

This paper, for the first time, outlines a facile technique for
the fabrication of highly reproducible 2D-MoSe,-carbon/PLA
and Pt/C AM filaments. These filaments are subsequently AM
(FFM) into operational electrolyser electrodes that exhibit low
overpotentials and tailorable current densities without the
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requirement for any post-printing treatment. The potential of
the displayed technology could mitigate complex fabrication
techniques in the production of prototype electrolyser compo-
nents, allowing researchers, industry and any interested indi-
viduals to rapidly go from desktop computer aided drawings/
designs (CAD) to workable prototypes, drastically reducing the
cost and time associated with traditional prototyping.

2. Results and discussion

2.1. Physicochemical characterization of the additives

Physicochemical characterization was performed on the addi-
tives utilized in the AME production (namely 2D-MoSe,, Super P
and 20% Pt/C) using Raman spectroscopy, TEM, XRD and XPS.
TEM analysis was utilized in order to determine the average
particle size of the additives. The 2D-MoSe,, Super P and Pt/C
particles can be observed in ESI Fig. S1-S31 and were found
to have average particle sizes of ca. 500, 50 and 100 nm,
respectively. The lattice fringe d-spacing, shown in ESI
Fig. S1(A),T was found to be 0.3 and 0.6 nm, corresponding to
the (100) and (002) lattice planes of the bulk 2D-MoSe,,
respectively.* ESI Fig. S2(A) and S3(A)t present the crystalline
fringe d-spacing of 0.3 nm, corresponding to the (002) lattice
plane in Super P** and d-spacing of 0.2 nm, corresponding to
the (111) lattice plane in the 20% Pt/C.>* XRD analysis obtained
for the 2D-MoSe, utilized herein is presented in ESI Fig. S4(A).T
The characteristic diffraction peaks at 26 = 13.7°, 37.8°, 47.5°,
55.8° and 56.7° are assigned to the (002), (103), (105), (110) and
(112) facets of the hexagonal face of MoSe, (2H crystallinity)
respectively.®?” XRD analysis of Super P (see ESI Fig. S5(A)f)
exhibits two characteristic peaks at 260 = 25.0° and 44.0° corre-
sponding to the diffraction planes (002) and (100).*** XRD
analysis of the 20% PtC powder is presented in ESI Fig. S6(A),T
where characteristic diffraction peaks at 26 = 25.6°, 40.1°, 46.5°,
59.9° 67.8° and 81.6° are indexed to the (002), (111), (200), (004),
(220) and (311) facets of the Pt on activated carbon support
lattice.*** Raman analysis was also implemented (see ESI
Fig. S4(B)1), with a Raman spectra showing the A, and Ej, vi-
brational bands at ca. 238 and 283 cm ™ respectively, which are
two of the most prominent peaks associated with 2D-MoSe,,
agreeing well with literature.'>'*** The A, peak corresponds to
the out-of-plane Mo-Se phonon mode whilst the Eig vibrational
band is the in-plane mode.'>**** Raman analysis of Super P
displayed characteristic vibrational bands D and G at ca. 1350
and 1586 cm ™!, as well as a broad band at ca. 2680 cm™*, cor-
responding to the 2D vibrational mode (ESI Fig. S5(B)t).**
Raman analysis of the 20% Pt/C powder shown in ESI
Fig. S6(B)7 also presented the typical vibrational bands D and G
observed in a carbon based material at ca. 1360 and 1589 cm ™ *,
respectively.®**® The D and G vibrational bands are both indic-
ative of sp® hybridisation in the activated carbon support of the
Pt/C or Super P.*” The presence of a Pt signal is evident by the
lack of a strong 2D band usually observed at ca. 2680 cm ™" as
observed in the Super P spectra, moreover, the Pt/C spectrum
displays a broad band between 2600-2950 cm ™", this suggests
the presence of Pt nanoparticles has led to a significant reduc-
tion in the 2D band.*®* XPS was utilized to investigate the
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binding energies within the 2D-MoSe, nanoparticles, Super P
and 20% Pt/C powders. Upon inspection of ESI Fig. S4(C)t
binding energies are evident for both Mo 3d*? and Mo 3d*? at
229.0 and 232.3 eV respectively, such analysis reveals a Mo**
oxidation state. Note that the printing process is likely to create
oxygenated species due to the high temperatures involved in the
extrusion process, however this is a necessary step in the AMEs
fabrication. Further study to investigate the creation of type of
surface oxygenated species and their interaction with the HER
and OER would be of interest. Also shown within ESI Fig. S4(D)¥
are binding energies for Se 3d*? and Se 3d*? positioned at 54.6
and 55.4 eV, indicating a Se®’” oxidation state.** Analysis of
Super P XPS spectra displayed in ESI Fig. S5(C)f shows the
presence of a binding energy of 284.4 eV corresponding to the C
1s orbital in Super P. XPS spectra for the 20% PtC powder, given
in ESI Fig. S6(C)} exhibits the presence of a peak at 284.4 eV
relating to the C 1s orbital. ESI Fig. S6(D)t displays the binding
energies 71.1, 74.0 and 76.3 eV, corresponding to the 4f orbitals
in Pt, PtO and PtO,, respectively. Quantification by mass
concentration of the 20% PtC powder revealed an elemental
composition of 69.7%, 9.3% and 21.0% for C, O and Pt,
respectively, hence confirming the correct percentage compo-
sition of the reagent used to synthesise the 25% PtC filament.

2.2. Physicochemical characterization of the AMEs

Upon production of the AME variants, TGA analysis was per-
formed to ensure that they contained the selected percentage of
additive content. ESI Fig. S7{ depicts a phase transition of the
Mi005—Cs%, M1006—C10%; M10%~C1s9, and Pt/Cys0, PLA filaments
over a temperature range of 25 to 850 °C in a nitrogen atmo-
sphere. It is clear, that the PLA begins to thermally degrade at
ca. 300 °C with the remaining percentage residue additive
content being 10.3, 15.4, 26.2 and 27.6% by 850 °C, these values
are within an acceptable range of those expected due to the
fabrication process of 10, 15, 25 and 25% for the M;o,~Cso,
M109%6-C100%, Mi0—Cis0, and Pt/C,se, PLA filaments, respec-
tively. These findings attest to the reliability of the fabrication
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technique, as well as showing that the subsequent printing
process of the modified will not affect the thermal properties or
the percentage additive content of the bespoke PLA based fila-
ments. It is important that the surface of the bespoke AMEs had
exposed electrocatalytic materials (MoSe, and 20% Pt/C) to
ensure an optimal electrode-electrolyte interface, therefore
SEM and EDX analysis was employed to determine if there was
a uniform dispersion of the additives upon the polymer struc-
tures surface. Fig. 2(A1) and (B1) depict SEM images of the
surface structure of a M;ge,—C150,-AME and a Pt/C,5,,-AME, it
can be deduced that the electrodes had a diameter of ca. 3.5 mm
and a height of 1.5 mm, which yielded a geometric surface area
of 0.36 cm” for the AMEs. This value was utilised as the elec-
trode area for current density calculations. The Pt/C,s50,-AME
had a significantly rougher surface than that of the M;o,~C150,-
AME (note, the electrochemical analysis demonstrates that the
mass transport occurring at either electrodes surface was due to
diffusional processes and were not resulting from a thin layer/
film effect). Fig. 2(A2) is an SEM image of a section of
a Mi9,—C150-AME, Fig. 2(A3)-(A6) show EDX mapping of the
molybdenum, selenium, oxygen and carbon content of this
section. It is clear from this figure and ESI Table S17 that there
is a homogenous distribution of carbon (62.6%) and oxygen
(29.4%) that can be accounted for by the PLA and added Super
P. There is also a uniform surface coverage of Mo (2.8%) and Se
(5.1%) as a result of the added MoSe, nanoflakes. Note, that the
Mo and Se isin a ca. 1 : 2 ratio expected from MoSe,. In the case
of the Pt/C,54,-AME (see ESI Table S1,} Fig. 2(B4) and (B5)) there
is a uniform coverage of carbon (56.8%) and oxygen (35.2%),
which is a result of the PLA filament. Fig. 2(B3) also displays the
expected uniform presence of Pt (8.1%) upon the electrode
surface as a result of the incorporation of Pt/C at a mass
percentage of the total mix of 25%. The analysis above shows
that the fabricated AME contains the desired masses of addi-
tives and that they are uniformly distributed upon the electrode
surface where they can interact with the electrolyte. Raman
analysis was performed on the AMEs and shown within ESI
Fig. $8.7 The Raman spectrum of PLA exhibited characteristic
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Fig.1 Schematic showing the incorporation of the additive materials within the PLA (A), the extrusion of modified PLA into a filament that can be
additively manufactured (B) and the additive manufacturing of ready to use electrodes with bespoke electrochemical activity (C).
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Fig. 2 SEM and EDX elemental mapping analysis of the Mgy —Cys%-AME (A) and Pt/Cys4-AME (B).

bands at 873, 1455, 1770 and 2946 cm ™. The prominent band
at 2946 cm™ ' is assigned to the CH; symmetric stretch. The
peaks at 873 and 1455 cm™" are the »C-COO and dCH; asym-
metric modes, respectively while the band located at 1771 cm™*
is assigned to C=0 stretching.*

2.3. Electrochemical performance of the AMEs towards the
HER and OER

The AMEs were characterised, with regards to their HER and
OER activity. This was carried out using a typical three-electrode
system, where a given AME acted as the working electrode, with
a large area nickel mesh and Reversible Hydrogen Electrode
(RHE) acted as the counter and reference electrodes, respec-
tively (see Fig. 3(A)). Note, all the experiments were carried out
in deoxygenated (nitrogen bubbled) 0.5 M H,SO, or 0.1 M KOH.
Fig. 3(B) shows the linear sweep voltammetry (LSV) obtained for
the Mi09~Cs%, M10%~C10%s Mi10%=Cis0s Ci5%, Pt/Ca50, AMES
and a polycrystalline Pt electrode. The Pt electrode shows
optimal HER activity with a HER onset of (—0.01 V (vs. RHE).** It
is important to note, efforts to produce a pure Pt powder based
filament were not successful. This was likely a result of the
relatively high density of Pt powder (21.45 g cm ), in
comparison to that of PLA (1.25 g cm™>). This resulted in a poor
dispersion of Pt powder within the PLA when it was incorpo-
rated on a weight% basis, or the degradation of the filaments
structural integrity due to too small an amount of PLA being
present within the filament. Therefore, a filament was produced
using a commercially available 20% Pt on Vulkan carbon (Pt/C)
that had a comparable density to that of PLA. A 25% loading of
Pt/C yielded an AME (Pt/C,50,-AME) that had the least electro-
negative HER onset potential of all the AMEs produced at
—0.09 V (vs. RHE). The C;54,-AME displayed the most electro-
negative HER onset potential at —0.68 V (vs. RHE), this can be
accounted for by the presence of only electroconductive carbon
within the PLA AME and no material that displays efficient HER
catalysis. Incorporating MoSe, into the conductive carbon
containing AMEs resulted in a reduction in the electronegativity
of the HER onset potentials, with the M;49,~Cs0,, M1006—C10%
and M;4¢,—C150, AMEs displaying HER onsets of —0.37, —0.36
and —0.30 V (vs. RHE), respectively. It can be observed that the

This journal is © The Royal Society of Chemistry 2020

larger the percentage incorporation of conductive carbon within
the AMEs, the greater the achievable current densities, with the
M109%~Cs06, M10%6—C10% and M;ge,—C150, AMEs achieving current
densities of —1.31, —2.72 and —12.58 mA cm > by 1.0 V (vs.
RHE), respectively. The M;0,~C;50,-AME displayed the optimal
HER activity of the non-Pt containing electrodes, this is likely as
aresult of the MoSe, offering highly active HER catalysis, due to
the exposed Se atoms at its active edge sites, whilst the 15%
incorporation of conductive carbon offered the greatest number
of electrical pathways through the AME. The HER activity of the
M;9—C150,-AME was explored within a solution of 0.1 M KOH
with the obtained LSV being shown in Fig. 3(B). The observed
HER onset potential was —0.8 V (vs. RHE), which was 0.56 V
more electronegative than the HER onset observed within
a 0.5 M H,SO, solution. This shows that the M;(o,~C;50, AME
offers significantly greater HER catalysis in an acidic over an
alkaline solution. Note, that an AME containing a ratio of 10%
MoSe, to 90% PLA was produced and electrochemically evalu-
ated, however it was found to display negligible electrochemical
activity and therefore the data is not presented within this
manuscript. Note that by performing cyclic voltammetry and
plotting peak height versus square root scan rate revealed
a linear response, which suggests the mass transport recorded
from the AMEs was found to be solely diffusional in nature and
that there was no trapped electrolyte/thin film effect occurring.

Next, it was important to assess the HER reaction mecha-
nism occurring at each of the fabricated AMEs, this was done
using Tafel analysis as is common within the literature.**"*® The
activity of a HER catalyst is related to the kinetic barrier of the
rate-determining hydrogen evolution pathway with three sepa-
rate rate limiting steps being identified. Those being the initial
adsorption of a hydrogen atom onto the electrode by the Volmer
step (characterised by a Tafel slope of 120 mV dec™ '), and the
Heyrosky (40 mV dec™ ") and Tafel (30 mV dec™ ') H,(g) discharge
steps. Tafel analysis of the faradaic regions in the LSV's repre-
sented in Fig. 3(B) yielded the Tafel slopes shown in Fig. 3(C).
The Pt electrode and Pt/C,so, AME exhibited Tafel slope values
of 21 and 43 mV dec ™, respectively whilst the M;40,~Cso6, M106—
Ci00 and M;0,—C150, AMEs exhibited Tafel slopes of 153, 123
and 68 mV dec”'. Interpretation of these Tafel slope values

Sustainable Energy Fuels, 2020, 4, 302-311 | 305
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Fig. 3

(A) Image of the M1g,—C15% AME as the working electrode (cathode), which is clearly bubbling in a typical three cell system, with a nickel

mesh counter electrode and RHE reference electrode. (B) Linear sweep voltammetry of unmodified and various modified electrodes showing
HER activity of a polycrystalline platinum electrode, Mygs,—Csy, M1g%—Cios% Migx—Cisy, Cisy and Pt/Cyse AMES, solution composition: 0.5 M
H,SO.4; scan rate: 10 mV s—*. Note, the dark green dotted line displays the LSV obtained for Mgy —Cjss, solution composition: 0.1 M KOH; scan
rate: 10 mV s~ (C) Tafel slopes corresponding to the faradaic regions of the LSVs shown in (B). (D) Cyclic stability examination of a Mgy —Ciss
AME via LSV (scan rate: 100 mV s~ was performed between the potential range of 0 to —1.5 V (vs. RHE), repeated for 1000 cycles (inset:

chronoamperometry for 36 000 seconds at —0.60 V (vs. RHE).

allowed for the rate-limiting step to be determined in each case.
As predicted by the literature the Pt electrode allowed the
reaction to occur via the desirable Volmer-Tafel mechanism>®
whilst the Pt/C,50,-AME allowed the HER to occur via the
Volmer-Heyrosky mechanism. The rate-limiting step for the
M1096—Cso, and Mjge,—C100 AMESs was the initial adsorption step
showing that these electrodes exhibit poor HER catalysis. The
Mi00,—C159 AME Tafel slope suggests that the reaction mecha-
nism likely follows the Volmer-Heyrosky mechanism and
therefore displays good HER catalysis. The repeatability of each
electrode towards the HER and OER was assessed using the
Mi09,—C100 and Pt/C,54,-AME's as representative examples, with
% RSD values of 4.89 and 2.26%, respectively. The intrinsic
electrocatalysis exhibited by the M;49,~C100, and Pt/C,50,-AME'S

306 | Sustainable Energy Fuels, 2020, 4, 302-311

was calculated by a H, Turn over Frequency (ToF) calculation.
These ToF calculations are presented in the ESL{ The Mg~
Ci50 and Pt/Cys0,-AME's yielded ToF values of 0.0015 s~! and
0.0018 s, respectively. These values imply that the AMEs
display efficient electrocatlysis towards the HER with the Pt, as
expected, displaying the greater per active site catalysis. Note
that it was important to determine the electrochemical working
area of the AMEs in order to accurately determine the TOF, the
M;i00,—Ci509, and Pt/C,s¢,-AME's were found to have electro-
chemical working areas of 0.46 and 0.35 cm”, respectively.
These electrochemical area values were determined using the
near ideal redox probe [Ru(NH;)s**** and the methodology
described by Garcia-Miranda et al.*’ It is clear from the deduced
electrochemical areas of the AMEs that the majority of the AMEs

This journal is © The Royal Society of Chemistry 2020
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surface (0.36 cm?) is electrochemically active. This implies that
the AME production produces a homogeneous coverage of the
electroconductive additives across the surface of the AMEs. This
is due to the random distribution of the catalyst within the PLA
filament. To ensure that these area values were accurate the real
surface area of the Pt/C,s4,-AME was determined by hydrogen
adsorption using the CV technique described by Rodriguez
et al.*® The obtained CV can be observed in ESI Fig. S9f with the
determined area of the Pt/Cys0,-AME of 0.36 cm?® matching
closely to the actual and electrochemical area. This supports the
utilisation of the electrochemical area calculations used within
the TOF values.

It was important to assess the stability of the fabricated
AMEs electrochemically, so a M;¢9,-C150, AME was utilized as
a representative example for the AMEs and subjected to 1000
repeat cyclic voltammograms (CVs) and chronoamperometry
for 36 000 seconds, the results of which are displayed in
Fig. 3(D). M199—C1500 AME signal output remained stable from
the 1°t to the 10™ scan with a HER onset potential of ca. —0.30 V
(vs. RHE). There was a significant increase in the achievable
current density from the 10™ to 100™ and 100" to the 1000
CVs, whist the current deviated increasingly away from the
baseline. The HER onset potential was difficult to accurately
determine for the 100™ and the 1000™ CV. The increase in
background current observable in the 100™ and 1000 CV scan
is likely a result of the PLA degrading within the 0.5 M H,SO,
over the course of the scan and revealing more electrocatalytic
MoSe, active edge sites and electro-conductive carbon. The
inset in Fig. 3(D) shows the signal output (current) exhibited by
a Mj00,—C150 AME when chronoamperometry was performed at
—0.60 V (vs. RHE) for 36 000 seconds. In a similar trend to the
1000 repeat CV scans, there was a clear increase in achievable
current from ca. 160 pA at 8000 s to ca. 810 pA at 36 000 s,
representing a 506% increase, likely a result of the increased
exposed electroactive edge sites of the additive materials due to
the degradation of the PLA.
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In order to utilize the AMEs in unison as the anode and
cathode within a water-splitting device, it was necessary to
explore the optimized M;jge,—Cy50, and Pt/C,s0, AMEs towards
the OER. Fig. 4(A) shows the obtained LSVs for a pure iridium
(Ir) electrode, Myg0,—C150, and Pt/C,s50, AMEs in 0.1 M KOH. The
iridium (Ir) electrode has the least electropositive OER potential
at +0.48 V (vs. RHE) with the M;y9,—C150, and Pt/C,se, displaying
OER onset potentials of +0.9 V and +0.5 V (vs. RHE), respectively.
The OER activity of the optimized Pt/C,5,, AME was explored
within a 0.5 M H,SO, solution, with the obtained LSV displayed
within Fig. 4(A). The observed OER onset potential was +0.69 V
(vs. RHE), which was 0.19 V more electropositive than the ob-
tained OER onset potential within a 0.1 M KOH solution. It is
clear that the Pt/C,5o, AME displays preferential OER activity
within an alkaline rather than an acidic solution. Tafel analysis
of the faradaic regions of the LSVs shown in Fig. 4(A) was per-
formed with the Tafel slopes corresponding to values of 39, 137
and 247 mV dec™ ' (see Fig. 4(B)). This clearly suggests that the Ir
displays characteristic excellent OER activity whilst the Pt/Cy,5q,
AME and M;e,—Ci50-AMEs display moderate and poor elec-
trocatalytic activity towards the OER, respectively. As described
above for the Pt powder, it was not feasible to produce an Ir
powder containing AME due to its high density (22.65 g cm™3),*
therefore a Pt/C,5¢, AME was chosen to act as the anodic
material, to catalyse the OER, within the water splitting device.

Once the catalytic performance of the AMEs had been
physiochemically and electrochemically characterized and
shown to be electrocatalytically active towards the HER and
OER, we have for the first time, using any previous
manufacturing technique, the opportunity to design and
directly fabricate electrolyser anodes and cathodes in any
geometry/structure we desired. Fig. 5(A) demonstrates a proof-
of-concept for the above, we designed hexagonal lattice struc-
tures using a CAD software and then printed the design using
the M;40,—C159, and Pt/C,s0, filaments. The fabricated large area
M;00,—C150 and Pt/C,s50, AMEs were utilized as the cathode and
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(A) Linear sweep voltammetry showing the OER activity of a polycrystalline platinum electrode M;5Cis%, Pt/Cosy, AMEs and a poly-

crystalline Ir electrode, solution composition: 0.1 M KOH; scan rate: 10 mV s~%. Note, the dark yellow dotted line displays the LSV obtained for Pt/
Casz AME, solution composition: 0.5 M H,SOy,; scan rate: 10 mV s~* (B) Tafel slopes corresponding to the faradaic regions of the LSVs shown in

(A).
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(A) CAD design for a high surface area electrode and an electrode that has been additively manufactured utilizing this design using

a byspoke electrocatalytic filament. (B and C) Image of water splitting enabled utilizing a M;04C15%-AME and a Pt/C,s4-AME as the cathode and
anode, respectively. Solution composition: 0.5 M H,SO4. Cell voltage applied using a commercially available alkaline zinc—manganese dioxide

1.5V battery.

anodes within a water splitting device (see Fig. 5(B)) where the
solution composition was 0.5 M H,SO, and the cell voltage was
applied using a commercially available alkaline zinc-manga-
nese dioxide 1.5 V battery. As can be seen in Fig. 5(C) there was
a significant amount of bubbling observed as hydrogen was
formed at the cathode and oxygen was formed at the anode. A
liquid impermeable case was designed and AM printed using
a Projet MJP 2500 plus© 3D printer with Visijet PXL© polymer
resin in order to house the electrolyte and the novel AMEs. This
novel fabrication route has the clear potential to produce
completely bespoke electrolysers using a single manufacturing
stage as a multi-nozzle AM printer could be used to print the
case, anode and cathode in situ.

3. Conclusions

The concept of AM printable filaments that have entirely tune-
able electrochemical properties have been reported. To this end,
we have presented a facile technique of incorporating MoSe,/C
and Pt/C into PLA to obtain filaments that are utilized in the
production of additive manufactured/3D printed electrodes
(AMEs), of which their electrochemical properties towards
hydrogen and oxygen evolution are greatly improved comparable

308 | Sustainable Energy Fuels, 2020, 4, 302-311

to carbon-based counterparts. Using a commercially available
alkaline zinc-manganese dioxide battery to apply a potential of
1.5 V, we were able to observe hydrogen and oxygen gas effer-
vescence at the cathode and anode, respectively and therefore,
with the use of polymer/FFM additive manufacturing, produce
a proof-of-concept water electrolyser unit. With the bespoke
filaments that we have produced, it is now possible to attain AM
electrochemical devices that are highly active with respect to
water-splitting. The ability to produce a water-splitting device
solely using a 3D printer and these bespoke filaments described
herein has the potential to allow communities which have access
to water and require fuel, in this case hydrogen for burning or use
within a fuel cell, to simply and rapidly produce hydrogen.
Furthermore, the process has demonstrated the potential to
reduce the quantities of expensive and dwindling electrocatalytic
materials, by developing a additive manufacturing feedstock with
arelatively low filler density. This provides a platform to redesign
the electrode structures further to maximise the areal efficiency
maximising the benefits of additive manufacturing as a platform.
This work has the potential to expose a plethora of electro-
chemical applications using bespoke AM filaments which can be
electrochemically tuneable by varying their composition towards
the desired application.

This journal is © The Royal Society of Chemistry 2020
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4. Experimental section

4.1. Chemicals

All chemicals used were of analytical grade and were used as
received from Sigma-Aldrich without any further purification.
This includes the MoSe,, which has a reported purity of 99.9%
on a trace metal basis,” and the 20% Pt/C.>* The electro-
conductive carbon black utilized “Super P®” was purchased
separately from Alfa Aesar.>” All solutions were prepared with
deionised water of resistivity not less than 18.2 MQ cm ™" and
were vigorously degassed prior to electrochemical measure-
ments with high purity, oxygen free nitrogen. All measurements
were performed in 0.5 M H,SO, or 0.1 M KOH. Note the sulfuric
acid solution and potassium hydroxide powder utilized was of
the highest possible grade available from Sigma-Aldrich
(99.999%). Note, where the HER and OER onset potentials are
denoted within the manuscript, this is defined as the potential
at which the current initially deviates from the background
current by a value of 25 pA cm 2, thus signifying the
commencement of the faradaic current associated with the HER
and OER redox reactions.

4.2. Electrochemical measurements

Electrochemical measurements were performed using an Ivium
Compactstat™ (Netherlands) potentiostat. Measurements were
carried out using a typical three-electrode system with a nickel
mesh counter electrode and Reversible Hydrogen Electrode
(RHE) reference. The working electrodes utilized were AMEs
that served as the cathode and/or anode dependent upon the
experiment.

4.3. Physicochemical characterization equipment

The specifics of the Raman spectroscopy, Scanning Electron
Microscope (SEM) with energy-dispersive X-ray microanalysis
(EDX), Transmission Electron Microscopy (TEM), X-ray diffrac-
tion (XRD) and X-ray Photoelectron Spectroscopy (XPS) equip-
ment utilized in order to characterise are all fully described
within the ESL{

4.4. Additive manufactured electrode fabrication

The 2D-MoSe,/Super-P (electro-conductive carbon)/PLA fila-
ment was fabricated in-house via the process summarized
within Fig. 1. Initially it was important to ascertain the optimal
mass of 2D-MoSe, incorporation into an AME. The 2D-MoSe,
was incorporated into the bulk of the PLA on the basis of the
weight percent of Mp and M;, where Mp is the mass of partic-
ulate, in this case the 2D-MoSe, and M; is the mass of the PLA
used in the fabrication, i.e. % = (Mp/M;) x 100. The maximum
amount of 2D-MoSe, that can be incorporated into the 2D-
MoSe,/PLA was found to correspond to ca. 10% as any further
percentage incorporation increased the fluidity of the resul-
tant polymer to such an extent where it was not possible to
produce a filament via the method utilized herein. This is
likely due to the weak interlayer forces between 2D-MoSe,
sheets causing a lubricating effect.>® As a result of this a mass

This journal is © The Royal Society of Chemistry 2020
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of 10% 2D-MoSe, to 90% PLA was pre-mixed utilizing a facile
solution based mixing step, briefly the 2D-MoSe, was
dispersed within xylene and heated (under reflux) at 160 °C for
3 hours, the PLA was then added to the mixture and left for
a further 3 hours (see Fig. 1(A)). The resulting homogenous
(solution phase) mixture then was then recrystallized within
methanol, and left to dry (at 50 °C in a fan oven) until the
xylene had evaporated. The resulting 2D-MoSe, loaded PLA
powder mix was then placed within a MiniCTW twin-screw
extruder (ThermoScientific) at a temperature of 200 °C and
a screw speed of 30 rpm, the diameter (1.75 mm) of the fila-
ment was controlled with a specific die with a set diameter (see
Fig. 1(B)). The 3D printed designs were fabricated using
a ZMorph® printer (Warsaw, Poland) with a direct drive
extruder at a temperature of 200 °C. The 3D printed designs
were designed via the CAD software Solidworks, to create
a circular disc electrode with a diameter of 3.5 mm and
a thickness of 1.5 mm, as seen in Fig. 1(C). The AME's were
printed with a connecting strip allowing simple connection to
a crocodile clip, as can be seen in Fig. 2(A). It is to be noted that
the 10% 2D-MoSe, AME's were non-conductive, therefore the
above fabrication technique was modified to include 5, 10 and
15% mass incorporation of Super P. This was done to increase
the number of electrical pathways within the AME and maxi-
mise conductivity, note the fabricated AMEs are denoted as
Myo,Cxo, and Pt/Cx, where M represents 2D-MoSe,, C is the
electro-conductive carbon (Super P), Pt/C is the commercially
sourced carbon with a 20% mass loading of Pt and X% is the
percentage incorporate within the PLA filament/AME. The
15% Super P was found to be the optimal mass of incorpora-
tion based on the compromise between increased percentage
incorporation leading to increased conductivity but decreased
printability.
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