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Abstract

Electroactive hybrid nanomaterials were assembled by non-covalent, layer-by-layer deposition of
tungsten-based polyoxometalates on carbon nanotubes. Chemical functionalisation permitted access
to nanotubes densely and homogeneously covered with polyoxometalates. Electrochemical
characterisation of the nanohybrids highlighted the beneficial contribution of the nanotube platform
to the overall stability of POM, and to the enhancement of their catalytic performances when applied

to the hydrogen evolution reaction.
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1. Introduction

In the context of renewable energies, hydrogen is regarded not only as a clean and sustainable carrier
but also as the main alternative to carbon-based fuels.[1] Molecular hydrogen can be produced by
electro-catalytic reduction of water (hydrogen evolution reaction - HER) but the current use of
platinum in industrial electrolytic cells is a major drawback, due to the scarcity and cost of the precious
metal. To make the HER technology economically viable and sustainable, platinum ought to be
replaced by cost-effective and abundant materials.[2] In that regard, the molecular metal oxide
clusters known as polyoxometalates (POMs) are promising candidates, as they can undergo reversible
multivalent reduction/oxidation reactions, leading to the formation of mixed-valence species with
favorable electro-catalytic properties.[3—6] Pioneering work on POMs applied to HER dates from 1985
with the seminal publication from Keita and Nadjo.[7] The electro-catalytic performances of POMs can
be improved by immobilization on solid supports,[8] including nanostructured materials which offer
high specific surface areas and tridimensional networks that are beneficial in terms of loading, stability
and active site accessibility. Among these materials, carbon nanotubes (CNTs) combine the above
advantages together with excellent electronic conductivity that is highly sought for the preparation of
electrodes to be used in electro-catalytic devices.[9] However, POM immobilization by covalent
functionalization of CNTs leads to some degradation of the nanotube surface that, in turn, alters their
electronic properties. On the other hand, CNTs can be functionalized by non-covalent processes,
without affecting the graphitic network. However, the latter functionalization processes classically
provide unstable assemblies and limited density of decoration. Some of us have long been involved in
the development of strategies for the immobilization of catalytic species on CNTs, via a layer-by-layer
approach.[10—-17] The method fully preserves the integrity of the carbonaceous support and allows for
dense, homogeneous and stable anchoring of the active components at the surface of the nanotubes.
With these features in mind and as part of our interest in CNT-based heterogeneous systems applied
to electro-catalysis,[18—21] we report here the robust supramolecular assembly of POMs on CNTs and

the evaluation of the resulting nanohybrids as electro-catalysts for the hydrogen evolution reaction.

2. Material and methods
2.1.Electrocatalyst preparation by assembly of POMs on CNT

2.1.1. Material

Chemicals were purchased from Sigma—Aldrich and used without further purification. Multi-walled

carbon nanotubes were prepared by catalytic decomposition of methane on a Ni-MgO catalyst.[22]



Raw MWCNTSs were purified by treatment with 8N HNOs for 12 h under refluxing conditions. DANTA

was synthesised according to our previously reported procedure.[23]

2.1.2. Self-assembly and polymerization of DANTA amphiphile on CNT

DANTA (60 mg) was dissolved in 25 mM Tris aqueous buffer (6 mL, pH 8) before MWNTSs (150
mg) were added. After 10 min of sonication with an ultra-sonic probe (5 min, 300 ms pulses per
second, 25 W output power) a stable suspension was obtained and transferred into Eppendorf®
tubes (6 x 1.5 mL) and centrifuged (5000 xg, 3 min) to remove amorphous carbon. The
supernatants were collected and centrifuged (15000 xg, 45 min) to separate the DANTA-
decorated nanotubes from amphiphile in excess. The supernatant was discarded while the
pellets were resuspended in fresh Tris-buffer and centrifuged again (15000 xg, 45 min). The
final pellets were resuspended in buffer (4.5 mL) and submitted to UV irradiation (254 nm, 8 h)
to polymerise the diacetylene groups and yield stabilised nanoring assemblies. Polymerization
reinforces the cohesion of amphiphiles on the surface of the nanotube and leads to more

robust assemblies.

2.1.3. Assembly of the second PDADMAC layer on the nanoring-coated nanotubes

After polymerization, the Tris-buffer volume was adjusted to 4.5 mL and the suspension was
stirred in the presence of PDADMAC (2.1 mL of a 20% water solution) for 1 h to permit the
formation of the two-layer assembly. Polymer in excess was removed by centrifugation
(15000 xg, 30 min) and the pellets were re-suspended in Tris-buffer (1.5 mL). This operation
was repeated twice with Tris-buffer and two more times with pure water. The final pellets were

combined and re-suspended in water (1 mL).

2.1.4. Deposition of POMs on CNTs

A representative procedure is given for the deposition of {W1s} on the coated CNTs: the multilayered
nanotubes (200 pL of the above-described suspension) were transferred to an Eppendorf’ tube before
{Wi1s} (1 mL of a 10 mM solution/H,0) was added. The mixture was left at room temperature with 1
min vortex-stirring every 30 min, for 4 h. The suspension was then centrifuged at 3000 xg for 5 min
and the nearly colorless supernatant was discarded and replaced with fresh aqueous solution of {W1s}
(1 mL, 10 mM). The same process was repeated two more times to ensure optimal loading of the tubes

with {Ws}. The final pellets were washed 3 times by centrifugation/redispersion in water. Finally,



water (200 pL) was added to yield the {W1s}CNT suspension that was used as such in electro-catalysis

experiments.

2.2.Electrochemistry

2.2.1. Material

Pure water was obtained with a Milli-Q Intregral 5 purification set. High-purity grade H,SO4 was
purchased from Sigma Aldrich and used without further purification. The composition of the medium
was as follows: 0.5 M H,SO,4 / pH 0.3. All POMs and their hybrid derivatives are sufficiently stable to be
characterised in this medium. Electrochemical data were obtained using an EG & G 273 A potentiostat
driven by a PC (M270 software). A divided cell with a standard three-electrode configuration was used
for cyclic voltammetry experiments. The reference electrode was a saturated calomel electrode (SCE)
and the counter electrode a glassy carbon plate of large surface area. The two electrodes were
separated from the bulk electrolyte solution via fritted compartments filled with the same electrolyte.

The working electrode was a 3 mm outer diameter glassy carbon (GC) from Mersen (France).

2.2.2. GCelectrode pre-treatment

The electrode is polished for 5 min with a diamond paste of 6 um grain size, then another 5 min with
a diamond paste of 3 um grain size, and finally immersed in pure water and subject to ultrasound
sonication for 5 min. A volume of 3 pL of the suspension containing the material, previously
homogenised by ultrasound sonication, is deposited on the surface of the GC electrode, which is left

to dry in the open air overnight (at least for 12 h).

2.2.3. General experimental considerations

Before use, the modified electrode is immersed in the electrolyte for 5 min in order to release in the
solution all traces of soluble or insoluble materials not solidly adsorbed on its surface. Prior to each
experiment, solutions were thoroughly de-aerated for at least 30 min with pure argon. A positive
pressure of this gas was maintained during subsequent work. The potentials are quoted against SCE
unless otherwise stated and all experiments were performed at room temperature. Results were
reproducible from one experiment to the other and the slight variations observed over successive runs
are attributed to the uncertainty associated with the detection limit of our equipment (potentiostat,

hardware and software) and not to the working electrode pre-treatment nor to possible fluctuations



in temperature. For comparison, CVs were recorded under the same conditions with solutions

containing the free POMs used to obtain the hybrids (polyanion concentrations: 0.5 mM).

3. Results and discussion

3.1.Immobilization of POMs on CNTs

Polyoxometalates are anionic molecular metal oxides based on early, high-valent transition metals.[24]
Four different tungsten-based POMs (Figure 1), namely Dawson-type [P2Wis062]® ({Wis}),
[P2W17Ni(OH2)061]®  ({W1sNi}), and  sandwich-type  [(P2W1sOse)2Nio(NaOH,),]*®  ({W3oNi2}),
[(P2W150s6)2Niz(NiOH,)2]*® ({W30Nis}) were synthesized[25-28] and immobilised at the surface of

CNTs, following a layer-by-layer procedure that was adapted from our previous reports.[29,30]
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Figure 1. Structures of the different POM species.

Briefly, multi-walled carbon nanotubes were first sonicated in an aqueous suspension of diacetylene-
nitrilotriacetate (DANTA) amphiphiles bearing a polar nitrilotriacetic head group and a diacetylene
lipophilic chain. The choice of DANTA amphiphile as primary layer was governed by key benefits,
including: i) the excellent dispersion of all kinds of CNTs (notwithstanding their surface oxidation state),
ii) the formation of dense nanoring-like structures around the tubes that can be photopolymerized, iii)
the stability of the polymerized nanorings which are resistant to dialysis and organic solvents washings,
and iv) the creation of an array of anionic charges (NTA head groups) that are used to further
functionalize the assemblies with a cationic polymer, interfacing with POMs. [29] Other surfactants
and/or polymers have previously been investigated in our group but provided poorer assemblies in

terms of stability and/or homogeneity of decoration.



Under ultrasound in aqueous suspension, DANTA self-organized at the surface of the CNTs into
nanoring-like structures having their lipophilic chains in contact with the hydrophobic surface of the
CNTs and their polar heads interfacing with water. Subsequent UV irradiation of the rings at 254 nm
triggered the photopolymerization of neighboring diacetylene units. This 1,4-topochemical
polymerization process led to the formation of a conjugated ene—yne network within the core of
individual nanorings and reinforced the architecture of the assembly around the CNTs. The water-
dispersible nanoconstructs (CNT-DANTA) display high density of anionic carboxylates on their surface,
which allows for electrostatic deposition of a second cationic layer of poly(diallyldimethylammonium)
chloride (PDADMAC). Finally, anionic POMs are added to the CNT-aqueous suspension. The
tridimensional network of ammonium groups[31] acts as an anchoring and stabilizing environment for
the negatively charged POMs that become tightly bonded to the CNT surface (Figure 2). After careful
washing by several successive centrifugation/dispersion cycles, the four {POM}CNT hybrids were

obtained as aqueous suspensions that were further characterised.

hydrophobic tail with central  nitrilotriacetic acid

polymerizable diacetylene. hydrophilicihead]

Figure 2. a) Overview of the {POM}CNT assembly; b) Structure of DANTA; c) Structure of PDADMAC.



3.2.Characterisation of the nanohybrids

Quantitative assessment of the tungsten content of the nanohybrid suspensions was obtained by
inductively coupled plasma mass spectrometry (ICP-MS) analyses carried out on digested samples (by
H,0, treatment).[32] ICP-MS permitted the quantification of the POM concentration in the four

nanohybrid aqueous suspensions (Table 1).

Table 1. POM and tungsten contents in the hybrid suspensions as

determined by ICP-MS analysis.

{WIS}CNT {W17Ni}CNT {W3oNi2}CNT {WgoNiz;}cNT

{POM} (M) 56 10.6 9.7 4.7
W (uM) 100 180 290 140

The morphology of the {POMJ}CNT assemblies was investigated by scanning transmission electron
microscopy (STEM) using a high angle annular dark field (HAADF) detector carried out in parallel with
energy-dispersive X-ray spectroscopy (EDS). The analysis performed on the different samples allowed
the mapping of C, W, and Ni elements present in the constructs. Figure 3 shows {W3oNi,}POMs
regularly and densely distributed at the surface of the CNTs, with co-localization of Ni and W (for other

{POMICNT assemblies mapping, see Figures S1-S3 in Appendix A).



Figure 3. EDS mapping of the {W3oNi}CNT assembly showing selected elements: a) merged; b) carbon; c) tungsten; d) nickel.

3.3.Electrochemical evaluation: POM vs {POM}CNT
3.3.1. {Wig} and {Wi;Ni} in solution and on CNT

Cyclic voltammograms of freestanding {W1s} (in solution) and CNT-immobilised POMs (i.e. {W13}CNT)
deposited on a GC electrode, were recorded in 0.5 M H,SO4 (pH 0.3) at a scan rate of 100 mV s™%. The
two systems show roughly the same characteristics in terms of number of redox steps, peak potentials,
the peak currents remaining proportional to the number of electrons exchanged in each step (Figures
4a/4b and Table S1 in Appendix A). These observations suggest that anchoring on CNTs did not alter
the structure of POMs, although the first and second steps are, to some extent, merged for {W1s}CNT.
The study of the peak current variation as a function of the square root of the scan rate (or the scan
rate), indicated that, in solution, the electron transfer process is controlled by diffusion of {W1s}. It also
validated that {W1s}CNT is successfully immobilised at the surface of the electrode (Figures S4 and S5).
This is further supported by the sharp shape of the waves (Figure 4b) characteristic of species adsorbed
on the working electrode surface and by the differences between the oxidation and reduction peak

potentials, AE = E, - E., lower than those of the species in solution (Table S1).[33]
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Figure 4. CVs of a) {W1s} in solution (0.5 mM); b) {W1s}CNT deposited on the working electrode. Electrolyte: 0.5 M H,SO4, pH

=0.3. Working electrode: GC; counter electrode: Pt; reference electrode: SCE. Scan rate: 100 mV s™1.

In the case of {WsNi}, the reduction waves were attributed to the tungstic skeleton (Figure 5). Neither
reduction nor oxidation of the Ni" centre were detected in the range of potentials applied. However,

upon successive cycling, CVs evolved as a function of both the applied potentials and the scan rates.
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Figure 5. CVs of a) {W17Ni} in solution (0.5 mM); b) {W17;Ni}CNT deposited on the working electrode. Electrolyte: 0.5 M H,S0Qy,

pH = 0.3. Working electrode: GC; counter electrode: Pt; reference electrode: SCE. Scan rate: 100 mV s™1,

Cycles were recorded between 0.6 V and -0.75 V vs SCE. In the first cycle {W1s;Ni} exhibits three bi-
electronic reduction waves located at —0.13 V, -0.41 V and -0.69 V vs SCE (black CV, Figure 5a). In the
second scan, the first reduction wave splits into two single-electron reduction steps at 0.00 Vand -0.12
V vs SCE (red CV, Figure 5a), but the following two reduction steps are not affected. If the potential is
kept between 0.6 V and -0.25 V vs SCE, splitting is no longer observed, irrespective of the number of
consecutive cycles (Figure S7c). Beyond this first wave, and when the scan includes the second

reduction wave, E, = -0.58 V vs SCE, the same phenomenon (splitting of the first reduction wave) is



again observed (Figures S7a and S7b). Another peculiarity is that re-oxidation is taking place in two
single-electronic steps, during the backward scan. This phenomenon is prominent at low scan rates
but tends to disappear at high scan rates (v > 100 mV s™) (Figure S8). The above observations can be
rationalized by the following hypothesis: the reduced form of {W;Ni} is not stable in solution and
expels the Ni' centre to give a {Wis}-like species. This is supported by the fact that the new reduction
wave observed for {Wi;Ni} is superimposable to the first wave of {Wis} (Figure S9). It is therefore
important to find electro-catalytic conditions which favour the stability of the reduced form of {W1;Ni},

by preventing the release of nickel from the POM scaffold.

On the other hand, the CVs of {W1;Ni}CNT deposited on a GC electrode show no evolution over the
consecutive cycles, whatever the range of the investigated potentials (Figure 5b). This suggests that
{W1;Ni} deposited on CNTs is more robust and stable during reduction. There are four composite
reduction waves (Table S1) that are all shifted towards positive potentials, compared to {WisNi} in
solution (Figure S10a). {W1;Ni}CNT shows a better separated first reduction step and slightly more
positive (E. = 40 mV) than {W1s}CNT. The subsequent reduction waves are shifted to more negative
potentials (Figure S10b, Table S1), and some splitting is observed. For example, the third reduction
wave of {Wy7Ni}CNT has two distinct peaks at -0.36 V and at —0.41 V vs SCE, and the backward scan
also has two distinct re-oxidation steps at -0.34 V and at -0.39 V vs SCE. The second reduction wave
has a single peak at -0.27 V vs SCE, while the associated re-oxidation wave has two distinct peaks at
-0.23 V and -0.27 V vs SCE. These slight differences in the shape and position of the redox waves
indicate that the immobilisation of {W1s;Ni} on the CNTs has an impact on its redox behaviour, as
anticipated. However, the CV retains its general shape, confirming that the structure and the

electrochemical properties of the POM are preserved.

3.3.2.  {Ws3oNiz} and {W3oNis} in solution and on CNT

The redox behaviour of {W3oNi,} and {WS3oNis} in solution are very similar. There are four and three
reduction waves, respectively, all attributed to the reduction of the tungstic skeleton (Table S2).[27]
As opposed to {Wy;Ni}, CVs of {W3Ni»} and {W3oNis} in solution remain consistent during cycles,
indicating greater stability of the reduced forms. The CV of {W3oNi.}CNT (on a GC electrode) resemble
that of {W3oNi>} in solution. The number of redox waves is the same and the peak potential values are
close (Figures 6a and 6b). There is, however, a more distinct separation between the first two redox

steps of {W3oNi,}CNT, compared to {W3oNi>}.

To ensure that no POM is released in solution and demonstrate the stability of the assembly during
the various characterisation cycles, a CV of the electrolyte that was used for several characterisation

cycles was recorded on a bare polished glassy carbon electrode. Figure S11 shows superimposed CVs



of: i) the {W30Ni>}CNT species (red) and ii) a bare electrode in the previously used electrolyte (black).
No trace of POM was detected in the latter by cyclic voltammetry. The absence of polyoxometalates

in the electrolyte employed before was further confirmed by ICP-MS analyses.
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Figure 6. CVs of a) {W3oNi,} in solution (0.5 mM); b) {W3oNi,}CNT deposited on the working electrode. Electrolyte: 0.5 M

H,SO4, pH = 0.3. Working electrode: GC; counter electrode: Pt; reference electrode: SCE. Scan rate: 100 mV s~1.

For the POM containing four Ni" centres, some marked changes in the CVs of {W3Nis}CNT are observed
with a new redox step resulting from the splitting of the first bi-electronic redox wave into two mono-
electronic steps (Figures 7a and 7b, Table S2). Again, immobilization of {W30Nis} on CNTs does not
affect the overall redox properties (a comparative study of POMs directly deposited on the surface of

GC electrodes is presented in Figure S12).
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Figure 7. CVs of a) {W3oNis} in solution (0.5 mM); b) {W3oNis}CNT deposited on the working electrode. Electrolyte: 0.5 M

H,SO4, pH = 0.3. Working electrode: GC; counter electrode: Pt; reference electrode: SCE; Scan rate: 100 mV s71.



3.3.3. Evaluation of the electro-catalytic properties using linear sweep voltammetry (LSV)

To complete their characterisation, the three nickel-containing materials were tested using LSV and a

rotating disk electrode (RDE) after deposition on glassy carbon.

The study as a function of the potential scan rate confirms that the material is well deposited at the
surface of the working electrode (Figures S13a and S13b). At low scan rates, v < 20 mV s™, it can be
seen that, even for moderate overpotential values, E > —0.75 V vs SCE, the last reduction wave is
already catalytic (red curves, Figure S14a). It is necessary to go beyond this threshold value to observe
the same catalytic effect, the electro-reduction of protons, at higher scan rates (Figure S14b). As in the
case of the cyclic voltammetry study, it can be concluded that two parameters have a decisive influence
on the effectiveness of these modified electrodes as catalysts for the HER: i) the scan rate mentioned
above and ii) the number of consecutive cycles plotted. The results of this study are thus in agreement

with those obtained by cyclic voltammetry.

3.4.Hydrogen evolution reaction

To facilitate the evaluation of the catalytic efficiency and comparison of the nanohybrids, the
measured currents are expressed hereafter as a function of the active surface area of the considered
electrode. To observe an irreversible wave, characteristic of the electro-catalytic reduction of H, it was
found necessary to go down to potential values close to —1.0 V vs SCE for POMs in solution. When the
same POMs are deposited on CNTs, a gain in potential is observed, the value of which varies between
20 and 130 mV, and the current density is multiplied by a factor 2 to 8 (Figures S15, Table S3, Appendix
A). The transitioning from POMs in solution to POMs deposited on CNTs thus improves the overall

electro-catalytic performances of polyoxometalates.

In the case of POMs in solution, the surface of the GC working electrode does not undergo any
noticeable change and is regenerated even when brought to low potential values (-1.0 V vs SCE,
Figures S16). Gratifyingly, the behaviour of POM deposited on CNT is irreversible when the same
potential values are applied to the electrode. In the case of {Wys}CNT electrode (no nickel), scanning
of potentials to values as low as —1.0 V vs SCE leads to a drastic decrease in the peak currents of all the
reversible redox waves observed between 0.60 V and -0.78 V vs SCE (Figure S17a). A similar
phenomenon is observed with modified electrodes containing either {W17;Ni}CNT or {W3oNi}CNT. The
first two reversible redox waves disappear almost completely, while the last wave becomes fully
irreversible (Figures S17b and S17c). Electrochemical activation of the electrode may therefore be

assumed when brought to low potential values. The increase in the Ni'/W"' ratio accentuates this



phenomenon. In the case of the {W3oNis}CNT electrode (four Ni" centres), it is no longer necessary to
reach values as negative as —1.0 V vs SCE to observe the same transformations. Several consecutive
CVs recorded between 0.6 V and -0.78 V lead to the same observations (Figure S17d). In summary,
except for {W3oNis}CNT, if one does not go beyond the first reversible wave, i.e. -0.78 V vs SCE, the
recorded CVs remain superimposable and no electro-catalytic reduction of protons is observed.

Beyond this value, the modified electrodes are activated and HER is observed.
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Figure 8. XPS analysis of the {W3oNi,}CNT hybrid before electro-catalysis (black line), after electro-catalysis at — 0.75 V (green

line), and after electro-catalysis at — 1 V (red line). a) Global survey; b) Ni-2p region; c) W-4f region.

It thus appears that the most effective way to observe the electro-catalytic performances of the
modified electrodes is to record CVs at low scan rates: 10 mV s™* and 2 mV s (Figure S18). Under these
conditions, the HER takes place from -0.75 V vs SCE (for all four hybrid compounds) without electrode
degradation. X-ray photoelectron spectroscopy (XPS) was performed on samples i) before electro-

catalysis (Figure 8, black line), ii) after electro-catalysis at — 0.75 V (green line) and iii) after electro-



catalysis at —1 V (red line). These experiments show that the electrode surface composition remains
the same if the limit value (E 2 -0.75 V vs SCE) is not exceeded, which is in line with cyclic voltammetry

results (Appendix C, Figure S26).

The scan rate selected to evaluate and compare catalytic efficiencies of the different electrodes is v =
2 mV s (Figure S19). An important observation is the marked improvement in the electro-catalytic
performances of each of the electrodes during successive cycles before stabilising. The electrodes

remain stable and active for several months.

When comparing the CVs of the four nanohybrids deposited on CNTs, the POM/CNT without Ni" centre
(i.e. {W1s}CNT) gives the lowest current density and smallest potential gain (Figure S20). This
observation suggests a beneficial contribution of Ni", as far as the HER is concerned. Although
electrochemically silent, Ni'" centres embedded in the structure of POMs have a direct impact on the

electro-catalytic properties, with respect to proton reduction (Table S5).[34]

Our primary objective was to improve the electro-catalytic properties of POMs by incorporating them
in a nanostructured hybrid material through tailor-made assembly on CNT. The influence of the atomic
percentage of nickel (ratio of the number of Ni centres to the total number of metal centres, i.e. Ni
and W. %Ni = {[n(Ni) / [n(Ni) + n(W)]} x 100) was more particularly scrutinized and its influence on the
overall catalytic performances tentatively rationalized. In the case of POMs in solution, our previous
studies indicated that there is a direct correlation between Ni % and efficiency, with respect to HER
(Table S5).[27,35] In order to achieve a relevant comparison of the performance of the different CNT-
immobilised POMs, it is necessary to evaluate the electrochemically active surface area, I, and correct
the current density values accordingly. In the case of an electroactive species adsorbed on the surface

of a working electrode, the surface concentration of the species on the electrode is given by:
r=@4i,RT)/(n*FvA)

ip = peak current

n = number of electrons transferred (4 in our case)
v=scanrate (0.1Vs1?)

A = geometric surface area of the electrode (0.0725 cm?)
R = gas constant = 8.314 ) mol-1 K1

T =room temperature = 298 K

F = Faraday constant = 96 485 C mol!

For this calculation we have taken into consideration the values of the reduction peak current

intensities, ip;, of the second tungsten reduction step (W,) for a scan rate of v = 100 mV s™. The



corrected current densities, J, which take into account the electrochemically active surface area, are

compiled in Table 2.

Table 2. Maximum electro-catalytic current as a function of the surface of the modified
electrode, jmax (current density), and maximum current density as a function of the surface
concentration, I, of the species deposited on the electrode, Jmax. Values measured at E = -0.75
V vs SCE.

Hybrid jmax (MA cm=2) I (umol cm~2) Jmax (A mol~t cm™2)
{W1s}CNT 0.830 172.61 1.188
{W;Ni}CNT 5.09 94.14 4.037
{W3oNi}JCNT 2.64 34.70 13.055
{W30Nig}JCNT 2.21 32.5 7.877

The obtained results are in line with the expected evolution of current densities as a function of the
nickel percentage. As expected, the electrode modified with {W1;Ni}CNT is the least efficient of the
three nickel-containing electrodes (Figure 9). On the other hand, the electrode modified with
POM/CNT containing two Ni" centres appears to be the most efficient. This observation corroborates
previous results obtained with cobalt analogues used for water oxidation electro-catalysis.[36] In fact,
compounds that have only two "d" metal centres in the equatorial metal cluster have two vacant
positions that are likely to favour substrate adhesion. Their catalytic efficiency is greater than that of

compounds of the same family whose equatorial metal cluster is "saturated" with four "d" metal

centres.
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Figure 9. Comparison of the CVs obtained with POM/CNT hybrid materials deposited on a GC electrode. Current density, J,
corrected with respect to the surface concentration of the hybrid deposited on the modified electrode. Electrolyte: 0.5 M

H,S04, pH = 0.3. Counter electrode: Pt; reference electrode: SCE. Scan rate: 2 mV s71,



Tafel plots were obtained (see Figure S21) based on the CVs of the four POM-CNT materials (Figure
S20B). We found that calculated parameters (see Table S6) such as the slope values for POM-CNTs
(comprised between -121 mV and -125 mV) are in the range of those of POM-based materials.[37] A
direct comparison based on exchange current densities (jo) values was carried out (see Table S7) and
shows that the performances of our materials are also in line with previously reported systems.[38—
46] However, it should be pointed out that this comparison is based on non-normalized values that do
not take the catalyst surface concentration into consideration and thus may underestimate the activity

of our best materials.

The catalytic efficiency of the three Ni-containing hybrids (investigated by LSV) follows the expected
order, i.e. {WNi}CNT < {W3oNis}JCNT < {W3oNi}JCNT (Figure S22a). This confirms the cyclic
voltammetry results in the sense that the catalytic efficiency of these compounds towards the HER
depends on both the number of Ni(ll) centres and the structure of the POM. Quantification of this
effect was attempted using RDE. However, the peculiarity of the HER, as seen on the LSVs, is that a
current plateau is not reached and it is therefore difficult to apply the Levich equation model in this
case. Nevertheless, the LSVs obtained by applying different electrode rotation rates, ranging between

100 and 3000 rpm, are presented in Figure S22b.

We did not observe any degradation in the catalytic performances of the POM-CNT over time, but
rather a slight shift of the onset potential to less negative values. Figure S23 shows representative LSVs
of the same {W3oNi,}CNT-modified electrode over a period of 9 days. Several hundred CVs and LSVs
were recorded and, in addition to the shift of the onset potential, we also observed a more intense

formation of H, bubbles at the surface of the electrode.

Finally, to benchmark our most active catalytic material ({W3oNi2}CNT), its performances were
compared to those of platinum on charcoal. The CVs recorded at a scan rate of 100 mV s™* show that
the HER starts in the same potential range for the two electro-catalysts (Figure S24a). On the other
hand, the LSVs (recorded with the same electrodes) at a scan rate of 2 mV st indicate that the Pt-
based material does outperform {W3oNi;}CNT to some extent in terms of the onset potential
(corresponding to the start of the catalytic reaction) and catalytic current (Figure S24b). Yet,
comparison with other POM-based materials (e.g. POM species deposited on Vulcan XC-72 carbon
[38]) shows that {W3oNi.}CNT is more active as regards the onset potential values obtained under

acidic conditions.



4. Conclusions

Nanohybrids were assembled from polyoxometalates on carbon nanotubes and used as efficient
electro-catalysts for the production of hydrogen. Four different tungsten-based POM with varying
numbers of nickel centres were studied. Electrochemical investigations highlighted that the CNT-based
constructs exhibit improved stability and performances, compared to their unsupported counterparts.
The hydrogen evolution reaction was also studied, with particular attention paid to the influence of
the nickel centres in the POM structures. Our results highlight the benefits of heterogenisation in terms
of catalytic activity. In fact, immobilised POMs show enhanced electro-catalytic properties compared
to their free-standing counterparts, with lower onset potentials and higher current densities. The study
also reveals that sandwich-type POM species with only two "d" metal centres in the equatorial metal
cluster (and two vacant positions) are the most active catalysts, most likely because of favoured

substrate adhesion.
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