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We report the proof-of-concept of spark plasma sintered (SPS)
consolidated mesoporous composite catalytic electrodes based on
nickel—copper alloys and carbon nanotubes for the electrocatalytic
hydrogen evolution reaction (HER) in alkaline media. The optimized
electrode (203 m? g%, 5 wt% Ni;sCuys) operated at —0.1 A cm™2
(current of —0.15 A) for 24 h with a stable overpotential of about
0.3 V. This newly described freestanding SPS approach allows the
rational control of specific surface area, metal loading, and electro-
catalytic performance, thus opening a new route to catalytic electro-
des with controllable physical and catalytic properties.

Hydrogen (H,) is expected to be one of the cornerstones as a
feedstock and energy carrier for next generation industrial pro-
cesses with minimal CO, footprint; however, producing the
needed millions of tons of H, remains a challenge."™ While a
growing enthusiasm surrounds the “white H,” (the so-called
geologic, or native H,),"” there are currently no facilities capable
of providing a large supply. So the water electrolysis [2H,0 —
2H, + O,, AE° =1.23 V, AG® = +237 k] mol(H,) '] remains the only
likely green alternative to fossil fuels for artificially synthesizing
high-purity H, in large amounts."*® For such a power-to-H,
scenario, electrolysis offers an undeniable lead, that is, the diver-
sity of renewable energy sources (solar, wind, hydro, etc.), and
therefore the possibility of energy storage to bypass intermittency.
However, the kinetic limitations (both electron transfer and mass
transport) at electrodes [the hydrogen evolution reaction (HER,
2H,0 + 2e~ — H, + 2HO : cathode) and the oxygen evolution
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reaction (OER, 4HO™  — O, + 2H,0 + 4e : anode)] lead to high
electricity input of at least 53 kW h kg(H,)™" per unit cell under
standard conditions, which prevents mass deployment. The
decrease of that energy input relies on the development of efficient
electrocatalysts to speed up the kinetics.

Carbon-based electrodes with small amounts of catalytic
metals could reduce both the kinetics and the cost compared
with nickel-coated perforated stainless steel in alkaline water
electrolysis (AWE), industrialized for a century now (ESI).>”® We
note that bulk Ni is seminally the standard in AWE; however,
achieving a high specific surface area remains costly and
AWE technology faces some drawbacks (discussed in the ESIT).
Hence, hydroxide anion exchange membrane water electrolyzer
(AEMWE) could be a solution where Ni promotes the key step of
the water dissociation,>® while Ni;o_,Cu, (x = 20-50 at%) alloy
has a near-optimal hydrogen binding energy’** due to surface
oxophilicity."® To date, electrocatalysts for AEMWE, are often made
as powders before, most frequently, using ultra-sonication'* to
prepare catalytic inks and drop-casting on substrates (carbon, metal
foams, etc.), which can result in low durability and lack of reprodu-
cibility. Porous free-standing electrocatalysts can help to mitigate
these limitations while accelerating both the electron transfer and
the mass transport kinetics.>>'® In fact, active and durable catalysts
for HER require a well-defined porosity (H, gas management), a
mechanically stable structure and a relatively high electrical
conductivity. Although electrospinning,’” electrodeposition,®
and atomic layer deposition™® are possible methods for free-
standing Ni-based electrocatalyst preparation, spark plasma
sintering (SPS) appears to have been scarcely explored.>’™>>

To date, SPS has been used to prepare electrodes for HER.>***
Hitherto, Ni-based electrodes for the HER were prepared by SPS
in the bulk form. By contrast, we aim to investigate Ni;po_,Cu,
nanoparticles (x = 25 at%, the range of 20-50 at% has a near-
optimal hydrogen binding energy’'?) dispersed within a porous
scaffold of carbon nanotubes (CNTs). The latter are relatively
light, show high specific surface area and electrical conductivity
and can be shaped into free-standing mesoporous electrodes by
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SPS.>* One of the key advantage of SPS for this work is that it
will simultaneously provide the consolidation of the CNT scaffold
into an electrode and the in situ reduction of the NiO-CuO
precursors into the nanostructured and active metallic alloy of
Ni-Cu. The rapidly produced electrodes with tuneable character-
istics (surface area, porosity, etc.), will allow a better control of
mass transport and electron transfer. The results show that we
successfully synthesized a library of CNT-based electrodes con-
taining different loadings of Ni;sCu,s (referred to Ni-Cu here-
after), formed in situ during the SPS run. Electrocatalytic tests for
HER in 1 M NaOH electrolyte showed that the electrode contain-
ing 5 wt% Ni-Cu is the best compromise in terms of geometric
current density (mA cm ) and mass density (A g~ '), while
exhibiting a high stability as demonstrated by chronopotentio-
metry at —100 mA cm™ > (24 h). The SPS methodology provides
future guidance for porous carbon electrodes with a small
amount of catalytic metals to produce electrodes of different
thicknesses for AWE or AEMWE systems if the electrodes are
sufficiently thin (less than mm).

The developed methodology is sketched in Fig. 1 (detailed in
the ESIt and Fig. S1): (i) combustion synthesis of a powder made
up of an intimate mixture of NiO and CuO, (ii) ball-milling, mixing
with CNTs and lyophilization, and (iii) consolidation by SPS with
in situ formation of the metallic Ni-Cu nanoparticles.

The raw powder was prepared by the nitrate-urea combustion
route,”®*” in a furnace preheated at 700 °C for 15 min, using 5 times
the so-called stoichiometric fuel (urea) proportion. Scanning elec-
tron microscopy (SEM) images (Fig. 2a) reveal the presence of
primary grains 50-200 nm in size forming large agglomerates.
The X-ray diffraction (XRD) pattern (pattern “raw” in Fig. 2b) reveals
the peak characteristics of NiO, CuO and some Ni—-Cu alloy, in
line with the aforementioned reducing (fuel-rich) conditions.

Ni(NO,), + Cu (NOs), + CO(NH,), + H,0

Combustion \l/

NiO + CuO powder
Mixing with CNT \l/
Oxide-CNT powder

Spark plasma sintering \l/

Ni Cu - CNT electrode

Fig. 1 The methodology to prepare the Ni—-Cu — CNT electrocatalytic
electrodes.
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Fig. 2 (a) SEM image of the raw powder (inset is a higher-magnification

image). (b) XRD patterns of the raw powder and the electrodes prepared by
SPS.

Less than 1 wt% of residual carbon was found by CHNS analysis.
Energy-dispersive X-ray spectroscopy (EDS) confirms the expected
Ni/Cu and O/(Ni + Cu) atomic ratios of 3.7 + 0.5 and 0.7 £+ 0.2
(Fig. S2, ESIt). The raw powder was ball-milled in order to break the
agglomerates and was divided in several batches, which were mixed
with the CNTs [Nanocyl, Belgium (specific surface area: 242 m* g™
average number of CNT walls: 8; average CNT external diameter:
10 nm; maximum CNT length: 1.5 um)*’], using sonication in water,
before lyophilization. Five (5) metal oxide-CNT powders were pre-
pared (1.2, 2.4, 6, 15, and 25 wt% metal oxide).

The above powders underwent a SPS run in a vacuum (residual
cell pressure < 12 Pa): (i) heating at 300 °C min~" from room
temperature to 600 °C (1 min dwell) with a charge of 100 MPa on the
pellet, and (i) heating at 100 °C min~" to 1300 °C (3 min dwell).
These conditions were found to be appropriate for CNT
monoliths.>** The final cylindrical pellets (Fig. 1, bottom image)
are 8 mm in diameter and 1.25 + 0.25 mm thick. They will
be referred to as E1, E2, E5, E12 and E20 (Eo, o = metal proportion
in wt%) in the following.

This journal is © The Royal Society of Chemistry 2023
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The XRD patterns of the electrodes (Fig. 2b) display the
characteristic (002) and (004) diffraction peaks of multi-walled
CNTs at 25.5°-26.5° and 54.5°, respectively.”® XRD patterns
reveal the (111), (200) and (220) peaks of a face-centred cubic
Ni-Cu alloy.’*? This result shows that the combination of high
temperature and the reductive conditions in the SPS cell are
sufficient to trigger the reduction of NiO and CuO into the
metallic state. The formation of alloy particles (with probably
some composition distribution, which may warrant further
studies), as opposed to separate Ni and Cu particles, confirms
that the raw oxide powder was an intimate mixture of NiO and
CuO. A further analysis of the XRD patterns reveals a shift of the
Ni-Cu diffraction peaks to higher values with increasing metal
content, which suggests a strong metal-carbon interaction,
which is known to positively contribute to the electrocatalytic
activity and stability by modulating the adsorption of reactants
and intermediates.”*” The relative density of the electrodes is
(63 £ 1)%, in good agreement with the values found for CNT
monoliths (56-60%).>* The corresponding volumetric metal
loadings are 13.5, 30.8, 63.3, 204.6, and 324.6 mg cm >, Hence,
this wide range of metal contents will allow the rationalization
of the study of textural and electrocatalytic properties.

Fig. 3a shows the N, adsorption-desorption isotherms,
which are characteristic of the type IV(a) isotherm found for
mesoporous materials.*® The pore size distribution (Fig. 3a and
Table S1, ESIt) shows a peak at 4-5 nm. The calculated (BET
specific surface area Sggy (Fig. 3a and Table S1, ESIY) is 190, 198,
203,155 and 121 m* g * for E1, E2, E5, E12 and E20, respectively,
compared to 214 m*> g~' for the metal-free CNT monolith,>*
reflects the increase in metal content in the sample. This could
indicate that the consolidation of the CNT scaffold was unaf-
fected by the presence of the Ni-Cu alloy nanoparticles. The
specific pore volume [Barrett-Joyner-Halenda (BJH) method
using the desorption branch of the isotherm] follows a similar
decreasing trend, i.e., 0.234, 0.232, 0.265, 0.217, 0.178 cm® g~ * for
E1, E2, E5, E12 and E20, respectively. We next sought to study the
surface of the electrodes. SEM images for E1 (Fig. 3b), E5 (Fig. 3¢
and Fig. S3, ESIT) electrodes show a homogeneous distribution of
Ni-Cu particles (white on the images) while agglomerates are
observed in E12 (Fig. 3d), which may suggest overloading for
higher metal contents. A higher-magnification image (Fig. 3e)
shows Ni-Cu particles dispersed in the porous CNT network.

Having validated the ability to synthesize a library of elec-
trodes with different characteristics, we then sought to study
their catalytic activity for the HER. For each investigated metal
content, several electrodes were prepared to verify the reprodu-
cibility of our results. Fig. 4a and b show the catalytic tests
when the current was normalized by the estimated geometric
surface area for each metal proportion (in wt%). The decrease
in overpotential with increasing metal content reflects an
improvement in electron transfer capability. The trend for the
specific mass current density (Fig. S4, ESIT) could be attributed
to the Ni-Cu particle agglomeration as well as to the decrease of
the porous volume. They affect the availability of active sites
and the evacuation of H, bubbles, which can form a physical
barrier between the electrolyte and the active sites.* The Tafel
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Fig. 3 (a) N, adsorption—desorption isotherms of the electrodes (inset are
the specific surface area and the pore size distribution). (b)—(d) SEM images
(backscattered electron mode) showing Ni—Cu particles (appearing white
on the images) for different electrodes: (b) E1, (c) E5, (d) E12. (e) High-
magnification SEM image of the electrode showing Ni—Cu nanoparticles
and the CNT network.

slope of 232-313 mV dec™ " (Fig. S5, ESIT) indicates the electron
transfer limitation by the Volmer reaction (H,O) + €~ — Hagg) +
HO (oq) with mass transfer interference.*” Based on these promis-
ing tests, the most efficient electrode (E5) was aged in order to
study the durability. Chronopotentiometry at the metric current
density of —0.1 A cm~> was done for 24 h. The overpotential at
—50 mA cm™? went from 280 to 235 mV showing an even better
performance after the ageing, probably because of better metal-
carbon interaction.*'”*> This result is comparable to the Ni-Cu
based catalysts and is very promising (Table S2, ESI).'*">'¢

In conclusion, we have demonstrated for the first time that
spark plasma sintering (SPS) can be used to reduce NiO and

Chem. Commun., 2023, 59, 13719-13722 | 13721
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Fig. 4 HER performance of electrodes (1 M NaOH, 25 °C) after consoli-
dation by SPS. (a) Preliminary ohmic-drop corrected LSV (5 mV s™%) and (b)
overpotential at —10 mA cm™2. Optimized electrode: (c) successive
chronopotentiometry (CP) at —0.1 A cm™2 (applied current of —0.15 A);
(d) ohmic-drop corrected LSV (5 mV s7%).

CuO to Niy5Cu,s nanoparticles while consolidating carbon
nanotubes into a scaffold supporting them. The so-obtained
electrodes show an appreciable catalytic activity for the hydro-
gen evolution reaction (HER). We highlight the tuneable prop-
erties (specific surface area from 208 to 121 m” g ', pore
volume from 0.255 to 0.178 cm® g, total metal content from
1 to 20 wt%) and electrocatalytic performance towards the HER
in 1 M NaOH. The electrode operated at —0.1 A cm ™ (current of
—0.15 A) for 24 h which resulted in an improved overpotential
of about 235 mV.
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