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l to highly efficient electrodes:
harnessing the nanotextured surface of swarf for
effective utilisation of Pt and Co for hydrogen
production†

Madasamy Thangamuthu, *a Emerson C. Kohlrausch,a Ming Li,b Alistair Speidel,b
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Hydrogen is considered to be the key element to achieving climate neutrality, leading to a massive demand

for electrocatalysts. This work explores the transformation of metal waste into active and stable electrode

materials for water splitting by modifying the surface through atomic deposition of platinum (Pt) and cobalt

(Co). Our study finds that with the addition of only 28 mg cm−2 of Pt and 30 mg cm−2 of Co to metal waste,

high-performance electrolysis can be achieved. We investigated discarded stainless-steel (SST), titanium

(Ti), and nickel (Ni) alloys and found that they had nanotextured surfaces, consisting of 10–50 nm wide

grooves, which offered an excellent platform for effective bonding of Pt or Co atoms. We demonstrate

a strong synergistic relationship between the metal of the swarf surface and the metal of catalytically

active centers, such that only some combinations lead to effective electrocatalysts. Furthermore, we

discovered that the surface density of atomically deposited Pt or Co has a profound impact on the

nanoscale morphology of the active centers, providing a mechanism for the optimization of

electrocatalytic characteristics. For instance, the optimal Pt loading (28 mg cm−2) on Ti swarf yields 5–

20 nm Pt nanoparticles within the grooves with exceptional hydrogen evolution reaction (HER) activity.

Similarly, the optimal surface density of Co (30 mg cm−2) on Ni swarf generates ∼100 nm interlinked

flakes of Co(OH)2 with outstanding oxygen evolution reaction (OER) performance. Combining these best

electrodes in a full-cell electrolyser resulted in a current density of 40 mA cm−2 at 1.6 V vs. RHE and the

rates of H2 and O2 production of 22.09 and 10.75 mmol min−1, respectively, with 100% faradaic

efficiency with no decrease in activity in 24 hours. This study opens the door to more sustainable

electrode fabrication and effective hydrogen production in alkaline water electrolysis.
Introduction

The global manufacturing industry generates a substantial
amount of low-value metal waste primarily in the form of chips
and swarf produced from mechanical machining processes
such as turning, milling and drilling.1 Unfortunately, a signi-
cant portion of these commercially valuable metals is disposed
of in large quantities and inadequately recycled or reused. Full
recycling may be prohibitively expensive or impractical. On the
other hand, the iron and steel manufacturing industry
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f Chemistry 2024
consumes approximately 8% of the world's energy,2 with its
processes and energy-related emissions contributing to 7.2% of
anthropogenic CO2 emissions.3 Similarly, titanium (Ti) and its
alloys generate signicant volumes of waste material relative to
their initial feedstock size.4 Particularly, more than 80% of Ti
waste originates from the aerospace industry during the
conventional machining of Ti fan blades.5 Consequently, the
direct reuse and re-purposing of metal wastes are critically
essential endeavours, crucial for reducing the environmental
impact, addressing the global energy demand, and advancing
towards a circular economy.

Recently, there has been a notable utilisation of small chip
metal waste as a viable substitute for powder in laser additive
manufacturing.6 Similarly, large swarf-type feedstocks and so
metals like aluminium have proven to be effective materials for
solid-state sintering.7,8 Surprisingly, the unique surface and
geometrical characteristics of the swarf have remained largely
unexplored in the realm of heterogeneous catalysis. Spiral-
J. Mater. Chem. A, 2024, 12, 15137–15144 | 15137
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Scheme 1 Schematic representation of the swarf preparation showing its nano–micro-textured surface. In the bottom left a photo of bulk Ti
swarf waste after machining; a scanning electron microscopy image and a photo of a single Ti swarf (used in this work), respectively.
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turned metal swarf, characterised by its exceptional surface
area-to-weight ratio, holds signicant promise in electro-
catalysis to increase reaction efficiency. Prior research has
demonstrated the fabrication of a 3D-printed helical-shaped
stainless steel (SST) electrode for the oxygen evolution reac-
tion (OER) by depositing an oxidation cocatalyst, IrO2.9

However, this 3D printing method is slow and lacks scalability
for producing helical shapes, which is unlikely to make
a meaningful industrial impact. In this work, for the rst time,
we show that the naturally occurring helical shape and textured
surface of the waste metal swarf could offer superior support for
electrocatalysts (Scheme 1).

In this work, we demonstrate that the swarf has a naturally
formed nanotexture which allows effective adsorption and sta-
bilisation of catalytic nanostructures, Pt and Co, to harness
their electrocatalytic properties in the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) under
alkaline conditions. We investigate the surface density of Pt and
Co atoms deposited onto the swarf and its impact on the
nanoscale morphology of the catalytically active centres, which
is correlated with the electrocatalytic properties. The relation-
ship between the nature of the metal of the swarf with the metal
of catalytically active centres appears to play a signicant role in
the electrochemical performance of the swarf electrodes with
Pt–Ti and Co–Ni offering the lowest overpotentials for the HER
and OER respectively. Our method of direct deposition of Pt or
Co atoms onto the swarf surface not only eliminates the need
for solvents or reagents10–12 but also allows HER activity to be
achieved with one-tenth the amount of Pt loading (0.028 mg
cm−2) as compared to state-of-the-art Pt/C (0.1–0.6 mg cm−2)
commercial catalysts.13,14 Establishing the structure–property
relationship enabled us to combine the best of swarf-based
electrodes in a full-cell electrolyser to achieve H2 (22.09
15138 | J. Mater. Chem. A, 2024, 12, 15137–15144
mmol min−1) and O2 (10.75 mmol min−1) evolution with a 2 : 1
ratio at 1.6 V vs. RHE with 100% faradaic efficiency.
Results and discussion

First, we assessed the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) activities of the bare titanium
(Ti), stainless steel (SST) and nickel (Ni) swarf (the composition
of each alloy can be found in Table S1†) electrodes in 1 M KOH
(5.6%) solution under an Ar atmosphere. SST showed the
highest HER activity followed by Ni and then Ti (Fig. 1a). The
poor HER activity of the bare Ti and Ni alloys (see the compo-
sition in Table S1†) as electrodes can be explained by the fact
that Ti and Ni form amore stable metal hydride bond compared
to SST leading to surface poisoning and hence less current
density15 and for Ti also due to the formation of a TiO2 layer
(Fig. S1a†). We also evaluated the OER activity of these swarf
electrodes and observed the best performance from the bare Ni
electrode which is due to the formation of Ni(OH)2 (Fig. 1b and
S1c†), which agrees well with earlier reports.16–19 Bare Ti shows
poor OER activity due to the formation of a TiO2 layer, as
mentioned previously.

To further enhance the HER and OER activity of the Ti, SST
and Ni swarf electrodes, we deposited Pt and Co, respectively, in
atomic form on swarf surfaces which then self-assembled as
nanostructures due to the metal atoms' surface diffusion.20 The
ux of Pt and Co atoms was provided by magnetron sputtering
for 90 seconds yielding their loadings of 28 mg cm−2 and 30 mg
cm−2, respectively (Fig. 1, Table S2†). Hereaer, the swarf
electrodes loaded with an electrocatalyst will be denoted as Xp–
Y, where X is the electrocatalyst, p represents the surface density
in mg cm−2 of X and Y is the swarf material. Then, we assessed
the HER and OER activities of the Pt and Co-loaded swarf
electrodes under similar conditions. The addition of Pt and Co
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic representation of Pt deposition on Ni, Ti, and SST swarf using atom dispersion, and their hydrogen evolution activities
measured in 1 M KOH solution at a scan rate of 10 mV s−1 vs. Hg/HgO. The solid orange, green, and blue lines represent the HER activities of the
SST, Ni, and Ti swarf electrodes in the presence of Pt and the corresponding dashed lines represent the activities without Pt. (b) Schematic
representation of Co deposition on Ni, Ti, and SST swarf using atom dispersion, and their OER activities measured in 1 M KOH solution at a scan
rate of 10 mV s−1 vs. Hg/HgO (the RHE values were obtained using the Nernst equation).

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
d’

ab
ri

l 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
5/

2/
20

26
 8

:0
2:

57
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electrocatalysts in their atomic form on the bare metal swarf
electrodes signicantly improved the HER and OER activities
(Fig. 1). In the case of Pt, the addition of 28 mg cm−2 on SST, Ti
and Ni swarf has changed their order of activity in the HER,
such that the Pt28–Ti electrode exhibited the highest HER
activity followed by Pt28–Ni and then Pt28–SST (Fig. 1a). The
changes in relative HER activities are dramatic with the Ti and
Ni swarf increasing their activity by a factor of 60 while that of
SST only increases by a factor of 4 for the same loading of Pt.

To better understand this HER performance, we analysed the
charge-transfer resistance and reaction kinetics using electro-
chemical impedance spectroscopy and Tafel analysis of the
Pt28–Ti, Pt28–Ni and Pt28–SST. The Nyquist plot obtained for
Pt28–Ti shows a relatively small charge-transfer resistance of
12.7 U with a slight increase to 14.5U for Pt28–Ni whereas Pt28–
SST shows a much higher resistance of 79.0 U (Table S3†) sug-
gesting that the lower charge-transfer resistance of the Pt28–Ti
at the electrode–electrolyte interface boosts the HER activity.
Furthermore, Pt28–Ti exhibited a Tafel slope of 103 mV dec−1,
whereas Pt28–Ni and Pt28–SST displayed a slope of 123 mV
dec−1 and 153 mV dec−1 respectively (Fig. S2†) which indicates
more favourable reaction kinetics for Pt28–Ti corroborating
This journal is © The Royal Society of Chemistry 2024
with the EIS and HER results. We have also normalised the
catalytic performance of Pt28–Ti, Pt28–Ni and Pt28–SST by their
electrochemically active surface area (ECSA) which conrmed
that active sites on Pt28–Ti are the most active (Fig. S3†). In
addition, Pt28–Ti showed a very low overpotential (0.183 V)
compared to Pt28–Ni (0.23 V) and Pt28–SST (0.390 V) (Fig. S4†),
suggesting a strong metal–support interaction (SMSI) between
the Pt and Ti surface consistent with the literature.21,22 It is
important to mention that our study is focused on alloy waste
metals of industrial relevance which consist of several elements;
for instance, the Inconel 625 alloy contains Cr, Mo, Fe and Nb in
addition to Ni (Table S1†). Therefore, these results cannot be
directly compared with the literature based on pure Pt/Ni.23,24

Subsequently, we conducted long-term durability tests on the
electrodes using chronoamperometry in 1 M KOH at a constant
potential of −0.5 V vs. RHE. All the swarf electrodes exhibited
remarkable stability, with virtually no changes in current
observed for Pt28–Ti and Pt28–Ni, and only a modest ∼15%
decrease observed for Pt28–SST aer a 24 hour reaction
(Fig. S5†).

We assessed the HER activities of standard Pt plate, graphite,
Pt28–graphite, glassy carbon, and Pt28–glassy carbon
J. Mater. Chem. A, 2024, 12, 15137–15144 | 15139
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Fig. 2 (a) Hydrogen evolution activities of bare Ti, Pt13–Ti, Pt28–Ti,
and Pt60–Ti electrodes, (b) oxygen evolution activities of bare Ni,
Co15–Ni, Co30–Ni, and Co68–Ni electrodes, measured in 1 M KOH at
a scan rate of 10 mV s−1 vs. Hg/HgO, (c and d) Nyquist plots of Ti swarf
electrodes at different Pt loadings and Ni swarf electrodes at different
loadings of Co, respectively. (e and f) The double-layer charging
currents measured at 0.1 V vs. Hg/HgO were plotted against the scan
rates, with the ECSA values given for each sample on the left hand.
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electrodes, and compared them with those of Pt28–Ti, Pt28–Ni,
and Pt28–SST (Fig. S4a†). At 10 mA cm−2, the overpotential of
the Pt28–Ti swarf electrode was 0.183 V, which is only 30 mV
higher than that of the standard Pt plate (0.153 V), while Pt28–
Ni and Pt28–SST displayed overpotentials of 0.230 V and
0.390 V, respectively (Fig. S4b†). Similarly, the control electrodes
like Pt28–graphite and Pt28–glassy carbon electrodes also
exhibited the high overpotentials of 0.340 V and 0.410 V,
respectively. This underscores that Pt–Ti stands out as an
exceptional electrocatalyst with only 28 mg cm−2 of Pt, which is
equivalent to 50 atomic monolayers, if no nano–micro-textured
surface is considered, yet closely approaching the performance
of commercial bulk Pt electrodes.

Following a similar strategy, we examined the OER perfor-
mance of Co30–Ti, Co30–Ni and Co30–SST under the same
experimental conditions. The deposited Co yields Co(OH)2 on
the surface of the swarf electrodes through natural oxidation in
the KOH electrolyte under positive potentials, signicantly
enhancing O2 evolution compared to the bare swarf electrodes
(Fig. 1b and S1d†). In contrast to the HER, the addition of Co to
the different types of swarf did not change the trend of relative
OER activities with the Co30–Ni electrode exhibiting the highest
OER followed by Co30–SST and then much lower Co30–Ti. At 10
mA cm−2, the overpotential of the Co30–Ni electrode was
0.350 V, while for Co30–SST it was at 0.430 V (Fig. S6†). The
superior performance of Co30–Ni is likely due to the fact that
the bare Ni swarf has an OER activity of its own, which is further
enhanced by the formation of nano Co(OH)2 clusters. Interest-
ingly, replacing Co with nearly the same amount of Ru (25 mg
cm−2) did not improve the performance of the OER (Fig. S7†).
This combined with the cost-effectiveness of Co makes the
Co30–Ni electrodes exceptionally attractive for large-scale water
electrolysers.

We then evaluated the impact of the surface density of
atomically deposited Pt and Co onto Ti and Ni swarf, respec-
tively, as they showed the best performance for the HER and
OER. We found that decreasing or increasing the Pt loading
onto Ti swarf to 13 mg cm−2 or 60 mg cm−2, in Pt13–Ti and Pt60–
Ti, respectively, had a negative impact on the electrocatalytic
performance of the swarf electrodes, as compared to that of
Pt28–Ti (Fig. 2a). This suggests that there is an optimal loading
of catalytic centres on the swarf material. A similar trend was
evident for SST and Ni swarf electrodes, with their HER activi-
ties following the order of Pt28–SST > Pt60–SST > Pt13–SST (Fig.
S8a†), and Pt28–Ni > Pt60–Ni > Pt13–Ni (Fig. S8b†). A similar
analysis of the Co loading onto the Ni swarf electrode revealed
that the medium loading in Co30–Ni demonstrated better OER
activity compared to that in Co15–Ni and Co68–Ni (Fig. 2b). To
reveal the underlying mechanisms responsible for the observed
trends, we investigated the inuence of the surface density of Pt
and Co electrocatalytic centres on charge transfer by obtaining
Nyquist plots. Pt–Ti swarf exhibited notable variations: the
overall resistance Rp value for the Pt28–Ti electrode amounted
to 12.7 U, which was approximately 10% that of the Pt13–Ti
electrode and about 50% lower than that of the Pt60–Ti elec-
trode. This observation suggests that Pt28–Ti exhibits superior
charge transfer characteristics, implying lower charge transfer
15140 | J. Mater. Chem. A, 2024, 12, 15137–15144
resistance at the electrode–electrolyte interface (Fig. 2c). Simi-
larly, we evaluated the charge-transfer resistance for the most
efficient OER electrode. The Nyquist plots generated for Ni
swarf electrodes modied with Co atoms exhibited marked
disparities with the Co30–Ni electrode showing less overall
resistance of 2.5 U, compared to the Co15–Ni (4 U) and Co68–Ni
(3.6 U) electrodes (Fig. 2d and Table S3†). These ndings
strongly support that the HER and OER current densities are
strongly dependent on the loading of catalytic centres.

To further conrm this hypothesis, we investigated the
electrochemical active surface area (ECSA), a key parameter for
the electrocatalyst activity, by the double-layer capacitance
approach which is the most suitable for the intricate composi-
tion of Ti and Ni swarf electrodes containing multiple metals
(see details in ESI Fig. S9†).25,26 The calculated ECSA for the best-
performing swarf electrode, Pt28–Ti, was found to be 7.1 cm2, as
compared to 2.3, 1.2 and 0.9 cm2 for Pt60–Ti, Pt13–Ti and bare
Ti respectively (Fig. 2e and Table S4†). This further demon-
strates the importance of the optimal surface density of the
electrocatalytically active centres on the swarf. Similarly, we
examined the ECSA of the OER swarf electrodes using the same
approach as described earlier (Fig. 2f). The ECSA for the Co30–
Ni electrode was calculated to be 4.34 cm2, which is
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 SEM images of (a) Pt13–Ti, (b) Pt28–Ti, (c) Pt60–Ti, (d) Co15–Ni,
(e) Co30–Ni, and (f) Co68–Ni electrodes.

Fig. 4 (a) Schematic diagram illustrating a full-cell alkaline water
electrolyser with swarf electrodes Pt28–Ti and Co30–Ni operating as
electrocatalysts for the HER and OER, respectively. (b) Evolution of
oxygen and hydrogen from the cell over time.
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approximately 1.5 times and 1.3 times higher than those of the
Co15–Ni and Co68–Ni electrodes, respectively (Table S4†).
Considering the geometric surface area of the swarf in our
experiments is about 1 cm2, the optimal loading of catalytic
centres allows effective utilisation of swarf nanotexture.

To link the electrochemical parameters with the nanoscale
morphology of the swarf electrodes, we have performed
a systematic eld emission gun scanning electron microscopy
(FEG-SEM) imaging for all Pt–Ti and Co–Ni electrodes (Fig. 3).
The blank swarf appears to have a highly textured outer surface
of the spiral, featuring parallel 10–50 nm wide grooves running
along the primary axis of the spiral with the Ni swarf showing
the same features (Fig. S10†). Upon atomic deposition of Pt and
Co, the surface of the swarf became decorated with nano-
structures of Pt and Co, as evident from both FEG-SEM images
(Fig. 3) and EDX spectra (Fig. S11†). The size and morphology of
these nanostructures appear to be strongly dependent on the
catalyst loading. For example, Pt13–Ti contains mainly Pt
nanoclusters as it cannot be observed by FEG-SEM due to its
resolution limitations (Fig. 3a). Doubling the amount of plat-
inum in Pt28–Ti resulted in increased coverage of the swarf
surface with Pt and the formation of 5–20 nm particles deco-
rating the grooves (Fig. 3b). Doubling the loading once again in
Pt60–Ti led to the formation of 3D diffuse agglomerates of Pt
nanoparticles with a grain size of >100 nm (Fig. 3c). Variation of
Co loading on Ni swarf had a similarly striking effect on the
electrocatalyst morphology. FEG-SEM imaging of Co15–Ni
revealed that the texture of the swarf surface was unchanged but
became covered with rods ∼10 nm in diameter (Fig. 3d), which
is attributed to Co(OH)2 consistent with Co oxidation aer
atomic deposition.27,28 Doubling the Co amount in Co30–Ni
increased the coverage of the swarf surface with Co(OH)2
forming a network of interlinking akes ∼100 nm in diameter
(Fig. 3e). Doubling it once again in Co68–Ni resulted in the
formation of Co(OH)2 lm with 100–500 nm wide akes
protruding from it on the swarf surface (Fig. 3f). Therefore, FEG-
SEM comparative analysis for different loadings of
This journal is © The Royal Society of Chemistry 2024
electrocatalytic metals suggests that a balance between coverage
and nanostructure size is crucial for high HER and OER
performance.

To assess the practical applicability of the extensively studied
HER and OER half-cells, we selected the best-performing Pt28–
Ti and Co30–Ni electrodes as the cathode and anode, respec-
tively, in a full-cell electrolyser setup. These electrodes were
separated by an anion exchange membrane (Fig. 4a and S12†)
and immersed in a degassed 1 M KOH solution. Water elec-
trolysis was initiated by applying a voltage of 1.6 V vs. RHE to the
anode using chronoamperometry. Signicant evolution of H2

and O2 gases was observed in the cathodic and anodic
compartments (Video S1†) during the reaction, accompanied by
a current density of 40 mA cm−2. The rates of H2 and O2

evolution were measured at 1.3 mol h−1 and 0.64 mol h−1,
respectively (Fig. 4b), reaching the 2 : 1 ratio required for effi-
cient water splitting. Importantly, we achieved a 100% faradaic
efficiency for both H2 and O2 evolution, indicating the
remarkable efficiency of the swarf-based cathode and anode in
this setup. The HER and OER activities of the present work were
also compared with earlier reports (Tables S5 and S6†).

The obtained superiority primarily stems from the swarf's
surface roughness and the resulting large active surface area,
which fosters enhanced interaction with catalytic centres and
the electrolyte. The relationship between the nature of the metal
of the swarf and the metal of catalytically active centres appears
to play a signicant role in the electrochemical performance of
the swarf electrodes with Pt28–Ti and Co30–Ni offering the best
HER and OER activities, respectively (Fig. 5a). We found that
even subtle variations in Ni alloys appear to impact the quality
of Co(OH)2 electrocatalysis, with Inconel 625 proving to be
a more active electrode for the OER compared to Inconel 718
(Fig. S13†). The synergistic relationship between the swarf and
catalytic centres may arise from chemistry. For example, the
notable enhancement in OER activity observed with Ni swarf
combined with Co(OH)2 catalytic centres may result from the
synergistic catalytic effect of in situ-formed Ni oxides under high
positive oxidation potentials and the presence of Co(OH)2 on
the nanotextured surface of the swarf.18,29 Conversely, the Ti
swarf electrode shows limited OER activity, which is attributed
to the formation of a TiO2 layer when subjected to a positive
J. Mater. Chem. A, 2024, 12, 15137–15144 | 15141
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Fig. 5 (a) A synergistic relationship between themetal of swarf and the
metal of catalytic centres allows maximising electrocatalytic perfor-
mance in the HER and OER. (b) The nanotextured surface of the swarf
plays a critical role in stabilising catalytically active centres. The surface
density of atomically deposited Pt or Co defines structures of cata-
lytically active centres which translates to the functional performance
of the electrocatalyst.
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applied voltage exceeding the water oxidation potential in 1 M
KOH solution, which leads to reduced electrical conductivity.30

We have shown that the morphology of catalytic centres at
optimal metal loadings plays a crucial role in determining
fundamental properties like electrochemical impedance and
active surface area (Fig. 5b). Using SEM analysis, we have
determined the mechanism of this effect: different atomic
densities of Pt or Co on the surface of the swarf lead to drasti-
cally different structures of catalytically active centres, which
translates to electrocatalytic performance of the swarf elec-
trodes. Using overpotential values, we have demonstrated
optimum surface densities for both Pt for the HER and Co for
the OER. Consequently, maintaining strict control over metal
loading at the optimal level is highly important for swarf elec-
trodes. To ensure this precision, we employed a method of
directly depositing Pt or Co atoms onto the swarf surface, with
the atomic ux carefully dened in our experiments. This
approach not only eliminated the need for solvents or reagents
but also enhanced the quality of contact between the swarf
support and electrocatalytic metal centres.21,22
Conclusions

A signicant effort is currently being invested in the construction
of nanostructured surfaces to enhance the catalytic, tribological
15142 | J. Mater. Chem. A, 2024, 12, 15137–15144
and biological properties of materials. In this work, we success-
fully demonstrated that waste metal swarf possesses a remark-
able nanotextured surface, that is naturally present and allows
direct utilisation of discarded Ti and Ni metal waste as highly
effective electrocatalyst support materials. The nanoscale
grooves allow stabilisation of nanostructured Pt for the HER, and
Co for the OER, resulting in low overpotentials and high elec-
trochemically active surface areas required for H2 production
from water. This allows the utilisation of electrocatalysts at very
low mass loading, Pt (28 mg cm−2) and Co (30 mg cm−2) for the
HER and OER, respectively. We have discovered that the size and
morphology of the catalytic centres strongly inuence electro-
catalytic characteristics, which are controlled by the surface
density of Pt and Co on the swarf. The nanotextured surface of
the swarf provides an excellent microenvironment for HER and
OER electrocatalysis opening a pathway for direct use of metal
waste for hydrogen production and effective utilization of rare
elements, such as platinum. This approach provides a powerful
mechanism for tuning the performance of swarf-based elec-
trodes. Indeed, we have successfully demonstrated a full-cell
alkaline water electrolyser using electrodes based on a swarf.
Our work paves the way to address two major challenges of
modern industry – the recycling of waste metal and affordable
hydrogen production – combined within a single process.
Experimental
Preparation of stainless steel, nickel, and titanium alloy swarf

SST swarf was obtained by mechanically turning a 45 mm
diameter rod of 304L stainless steel, employing a Tormach 15L
Pro-Turn equipped with a 6 mm diameter TiCN-coated tungsten
carbide button tool. A thorough preliminary testing phase was
conducted to optimise parameters, resulting in the production
of 6 mm wide spirals of swarf. The nalised parameters include
a spindle speed of 600 rpm, a depth of 0.5 mm cut, and a feed
rate of 0.06 mm per min. Swarf preparation was carried out
without the use of a coolant, and the materials were collected in
a clean container. Ti alloy (Ti–6Al–4V) swarf was obtained from
industrially machined lathe swarf, generated under typical
conditions that included the use of a coolant. The width of the
Ti swarf matched that of the SST swarf at 6 mm. Inconel 625 and
718 were sourced from commercial industrial wastes. Before
proceeding to the subsequent experimental stage, all swarf
samples underwent ultrasonic cleaning in water, acetone and
isopropanol. This rigorous cleaning process was implemented
to remove any traces of coolant-based contamination. The
elemental composition of the SST, Ti–6Al–4V, and Inconel 625
and 728 materials is shown in Table S1.†
Atomic deposition of platinum and cobalt electrocatalysts

Aer ultrasonic cleaning, the electrodes were placed on a tailor-
made sample holder (Fig. S14†) and exposed to a ow of
atomically dispersed metal generated by magnetron sputtering
in a vacuum, with the desired area of the swarf exposed by
masking the rest using Kapton tape. Simultaneously, metals
were also dispersed onto lter paper (Fig. S15†) to quantify the
This journal is © The Royal Society of Chemistry 2024
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weight loading per unit area using ICP-OES analysis. An AJA
magnetron sputtering system operated at a work-pressure of 3
mTorr (Ar gas), room temperature, 370 V and 16mA was utilised
to create a ow of metal atoms, with the deposition time varied
as 45 s, 90 s and 180 s to control the weight loading of metal
onto the electrodes.

Characterisation

Scanning electron microscope (SEM) images of the samples were
obtained using a JEOL 7100F Field Emission Gun microscope at
a 10 kV e-beam, and elemental mapping was performed using an
Oxford Instruments Aztec EDX system. The determination of the
weight loading of sputter-deposited electrocatalysts was carried
out using ICP-OES analysis. Briey, the electrocatalyst-loaded
lter paper was digested in 5 mL of aqua regia within a 15 mL
centrifuge tube, using ultrasonication for 1 hour under a fume
hood. Subsequently, it was allowed to stand undisturbed for 24
hours. Then, it was centrifuged twice to remove lter paper
residues and diluted to a volume of 10 mL using a 5% HCl
solution. The resulting clear liquid was used for ICP-OES anal-
ysis. X-ray photoelectron spectroscopy (XPS) was performed
using a Kratos Liquid Phase Photoelectron Spectrometer
instrument with a monochromatic Al Ka X-ray source (hn =

1486.6 eV) operated at room temperature with 10 mA emission
current and 12 kV anode potential. The electron collection spot
size was 400 mm. A pass energy of 160 eV was used for the survey
scans and 20 eV for the high-resolution scans. Spectra were
converted into VAMAS format for further analysis. The data was
processed using CASA-XPS soware. Charge correction was done
in reference to C 1s at 284 eV.

Electrochemical experiments

All electrochemical experiments were carried out using an Ivium
CompactStat.h instrument in a standard three-electrode setup at
room temperature. We employed the prepared Ti, SST, and Ni
electrodes with a geometric surface area of 1 cm2 as the working
electrodes. A platinum wire or graphite rod served as the counter
electrode, and Hg/HgO was utilised as the reference electrode.
The potentials observed against Hg/HgO were converted into the
reversible hydrogen electrode (RHE) scale using the Nernst
equation: E(RHE) = E(Hg/HgO) + 0.106 + 0.0596 × pH. Water
reduction and oxidation onset potentials were determined using
linear sweep voltammetry (LSV) in a 1 M KOH (5.6%) solution
under an argon (Ar) atmosphere at a scan rate of 10 mV s−1. The
resulting polarisation curve was subsequently used for Tafel
analysis. For a deeper understanding of the electrode properties,
the charge transfer resistance and double-layer capacitance were
assessed using electrochemical impedance spectroscopy (EIS) at
a constant bias of−1.3 V vs.Hg/HgO, covering a frequency range
from 100 kHz to 1 Hz with a 10 mV amplitude. The electro-
chemically active surface area (ECSA) of the electrodes was
calculated based on the double-layer capacitance at the elec-
trode–electrolyte interface using eqn (1).

ECSA ¼ CDL

Cs

(1)
This journal is © The Royal Society of Chemistry 2024
Here, CDL represents the electrochemical double-layer capaci-
tance, and CS is the specic capacitance of the metal electrode.
The CDL value was determined using cyclic voltammetry (CV) in
the capacitance region of 0 to 0.2 V vs. RHE at various scan rates
(20, 40, 60, 80, and 100mV s−1), and the resulting current values
were plotted against the scan rate. The recommended CS value
for metal electrodes in 1 M KOH is 0.04 mF cm−2, which was
applied for ECSA calculations.26 The stability of the electrodes
was tested using chronoamperometry at a constant potential of
−0.5 V vs. RHE for the hydrogen evolution reaction and +1.6 V
vs. RHE for the oxygen evolution reaction. Half-cell experiments
were carried out using a graphite rod as a counter electrode,
while H-cell experiments used a Pt wire counter electrode.
Full-cell alkaline water electrolysis

The most efficient HER and OER electrodes were selected for
use as the cathode and anode in a full-cell electrolysis setup.
The experiment was carried out within a conventional air-tight
H-cell system (Ossila) with an anion exchange membrane
(PiperION, FuelCell store) separating the cathodic and anodic
compartments. An electrolyte of degassed 1 M KOH was used,
and a voltage of +1.6 V vs. RHE was applied to the anode. The
quantication of H2 and O2 evolution from the cathodic and
anodic compartments was carried out at regular intervals using
online gas chromatography (Agilent 8890, equipped with
a thermal conductivity detector and Ar carrier gas). The faradaic
efficiency of H2 and O2 evolution was determined using eqn (2).

FE ð%Þ ¼ Qproduct

Qtotal

� 100 ¼ n� F � fgas � t� productmoles

Qtotal � 24:4� 103
� 100

(2)

Here, Qproduct represents the amount of charge needed to form n
moles of product. The n, F, fgas, and t correspond to the number
of electrons, the Faraday constant, the ow rate of gas, and the
duration of the reaction, respectively. Qtotal represents the total
amount of charge passed at the given time. It is important to
note that the molar volume of the gas, when measured at room
temperature and standard atmospheric pressure, is equal to
24.4 × 103 mL.
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