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Hydrogen has a large array of uses throughout the chemical and energy industries, yet is largely produced
through the reformation of fossil fuels. Renewable production of hydrogen, via electrolytic water splitting,
could be key to moving beyond fossil fuel reliance, but research has mainly focused on maximising
efficiency to increase the performance of the electrolysis process. Access to cheap, renewable earth
abundant materials to produce hydrogen could be argued to be of equal importance. Electron-coupled
proton buffers (ECPBs) have been shown to separate the oxygen and hydrogen evolution reactions of
water electrolysis (OER and HER) in space and time, but have previously relied on precious metal

catalysts to produce H,. Herein, we report the use of four earth abundant catalysts capable of
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Accepted 16th August 2017 spontaneously evolving hydrogen from reduced ECPBs. The hydrogen production rate was found to be
influenced by both the onset potential of the HER for a particular catalyst, and the redox potential of the

DOI: 10.1039/c75e00334) ECPB used. The catalysts were shown to evolve hydrogen at rates up to 9.4 mmol H, per h per mg
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Introduction

Hydrogen is a vital commodity for the chemical industry, as an
essential feedstock for the formation of ammonia, and has the
potential to be a clean energy carrier replacing fossil fuels for
transport."” Currently, hydrogen is produced through the
reformation of fossil fuels, thus it relies on a finite resource and
cannot be considered a “clean” energy vector.® An alternative
method to produce hydrogen, which has been known for more
than two centuries, is water electrolysis.” Water electrolysis
involves the splitting of H,O to constituent gases O, and H,,
thus removing the carbon-containing element of the process. To
sustainably produce hydrogen, renewable energy sources (such
as solar, wind and tidal) would need to be utilised.® Recent
advances in this field have pushed solar and wind renewables to
a point where they can supply a large portion of the country with
their energy needs under certain circumstances.” However,
varying circumstances such as weather and geographical loca-
tion can drastically affect electrical output of these sources.”™
Therefore, any system that would rely on these sources to
produce hydrogen needs to be capable of adapting to a variable
energy input. Currently no commercially produced system
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catalyst and up to 60% of the theoretical maximum hydrogen capacity of the ECPBs.

exists that can take full advantage of renewable energies to
produce hydrogen.*

An example of current technology used to produce hydrogen
is the proton-exchange membrane electrolyser (PEME). The
PEME utilises acidic conditions and precious metal catalysts to
split water into oxygen and hydrogen simultaneously.”* These
processes are separated by a proton exchange membrane to
allow the transfer of protons between the water oxidation side of
the electrolyser to the hydrogen evolving side.** Trying to link
renewable energies to PEMEs are presently troublesome.” Gas
crossover is a significant drawback of renewable energy pow-
ered PEME systems, due to the intermittent and varying power
inherent to changing environmental conditions.''® This situ-
ation leads to a lowering of the obtainable hydrogen yield while
potentially creating an explosive gas mixture (explosive limits of
4 to 94 mol% for hydrogen in oxygen).”” The presence of
hydrogen, oxygen and catalyst particles in proximity with each
other has also been shown to cause degradation of the
membrane due to reactive oxygen species forming.'® To over-
come these barriers to a renewably powered hydrogen produc-
tion system, the two gas evolution reactions would need to be
separated.

Previously, we reported a way of splitting the hydrogen and
oxygen evolving reactions of water electrolysis in both space and
time.” The original electron-coupled proton buffer (ECPB)
system utilised a polyoxometalate, phosphomolybdic acid
(PMA), which when reduced took up the protons and
electrons created by the water oxidation reaction while

This journal is © The Royal Society of Chemistry 2017
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preventing the hydrogen evolving reaction (HER) from
occurring. This reduced PMA species could then be re-
oxidised to evolve hydrogen using an additional electrical
input. By separating the oxygen and hydrogen evolving reac-
tions in space and time, the issues of gas crossover and degra-
dation of the membrane can be mitigated.*® A further benefit of
the ECPB system is that decoupling the HER and oxygen
evolving reaction (OER) effectively delimits the rate of hydrogen
evolution. PEME hydrogen evolution rates are restricted by the
rate of oxygen evolution. By decoupling the two processes, the
HER is no longer dependent on the rate of the OER."®

Further work showed that hydrogen could be spontaneously
evolved from a similarly reduced compound (silicotungstic acid
(STA)) and a catalyst." STA was reduced at a potential negative
of the normal hydrogen electrode (NHE) by using a carbon
electrode. The reduced STA could subsequently evolve hydrogen
through contact with a platinum catalyst without any further
energy input.” The previous work reported that a catalyst could
spontaneously evolve hydrogen from a reduced polyoxometalate
if the redox potential of the polyoxometalate was more negative
than the HER onset potential of the catalyst." The drawback of
this system, and for PEME systems in general, is their use of
precious metal catalysts.*® If the ECPB based system were to be
adapted for commercial use, the quantity of platinum required
would prove to be too expensive and scarce a resource to be
economically viable (currently $28.81 g~ ').2° For a commercially
viable system, an alternative catalyst that is cheaper and more
abundant would be needed.

In this work, we investigated alternative hydrogen evolution
catalysts that use elements more abundant in the earth's crust
than platinum. In particular we investigated two molybdenum
compounds (Mo,C and MoS,) and two forms of nickel phos-
phide (Ni,P and NisP,), all of which have been shown to operate
as HER electrocatalysts in previous work.”*** We investigated
the performance of these catalysts in four separate ECPB
systems, each using a different POM to determine what effects
the varying redox characteristics have on the catalytic evolution
of hydrogen (Fig. 1).
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Fig. 1 A schematic of a redox mediated H, evolution system using
earth abundant catalysts. Water oxidation occurs, releasing oxygen gas
while electrons travel through the circuit and protons travel through
the porous membrane. The POM species becomes reduced and
protonated, then is transferred over the earth abundant catalyst to
release hydrogen gas catalytically.
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Results and discussion

The HER onset potential of each catalyst was determined by
linear sweep voltammetry, and the redox behaviour of the POMs
examined using cyclic voltammetry. The catalysts’ HER onset
potentials are presented in Table S1 of the ESL{ Fig. 2 shows
these onset potentials alongside the cyclic voltammogram of
STA overlaid, obtained using a glassy carbon working electrode.
Starred is the reduction potential the mediator was reduced to,
in this case the second electron reduction peak. Fig. 2 shows
that glassy carbon evolves no hydrogen until potentials more
negative than the —0.225 V vs. the reversible hydrogen electrode
(RHE) of the second STA reduction peak. Therefore, STA can be
reduced by two electrons on a carbon electrode without any
competing hydrogen evolution reaction occurring.

Previously, the onset potential of the HER on the respective
catalyst was shown to dictate if hydrogen would spontaneously
evolve from the reduced POM." Therefore it would imply that
selecting POMs with more positive redox potentials should
change the volume of hydrogen produced and the possible rate
of the hydrogen evolution. Three other POMs were chosen to
investigate this; phosphotungstic acid (PTA), phosphomolybdic
acid (PMA) and silicomolybdic acid (SMA). Fig. 3 shows PTA
with a positive shifted redox peak (E;,, = —0.036 V and 0.237 V)
when compared to STA (E;/, = —0.195 V and 0.042 V) (Fig. 2). It
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Fig. 2 Linear sweep voltammetry of catalysts tested and CV of STA
overlaid to show where the redox values are with respect to each
catalysts HER onset (* = extent POM was reduced to).
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Fig. 3 Linear sweep voltammetry of catalysts tested plus CV of PTA,
overlaid to show where the redox values are with respect to each
catalysts HER onset (* = extent POM was reduced to).
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Table 1 Oxidation, reduction and Ejy,, values for the POMs tested (* = 2e™ process)

Reduction peak Oxidation peak

Reduction peak

Oxidation peak Eip Eip

POM 1 (vs. RHE) (V) 1 (vs. RHE) (V) 2 (vs. RHE) (V) 2 (vs. RHE) (V) (peak 1) (V) (peak 2) (V)
STA —0.225 —0.165 0.008 0.076 —0.195 0.042

PTA —0.075 0.004 0.198 0.276 —0.036 0.237

SMA 0.469 0.548 — — 0.509* —

PMA 0.538 0.601 0.647 0.702 0.570 0.675

was expected that PTA would not spontaneously release as large
avolume of hydrogen as STA, nor as fast. Fig. S22 and S231 show
the redox waves for SMA and PMA respectively, where the star
represents where each compound was reduced to (in both cases
these correspond to a two electron reduction). Further reduc-
tion of the compounds beyond the two electron reduction
resulted in a precipitate forming on the electrode. The E;),
values (0.509 V (SMA) and 0.570 V (PMA)) are more positive than
the HER onset potentials of any of the catalysts, and thus should
not spontaneously evolve hydrogen.

A compilation of the oxidation and reduction peaks, along
with their equivalent E;, values can be found in Table 1.

To evaluate how shifting redox potentials would affect the
catalytic hydrogen evolution reaction, the work carried out
previously by Rausch et al.*® was repeated but with varying
concentrations of STA. This was to determine if concentration
affected catalytic hydrogen evolution as the previous work only
used 0.5 M. Solutions of STA (0.05 M to 0.5 M) were reduced by
two electrons and introduced to 50 mg of Pt/C (1%). The results
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Fig.4 Rate of hydrogen evolution (A) by catalyst mass, (B) by moles of
STA used vs. concentration of STA.
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are displayed in Fig. 4A, along with the rates of hydrogen
evolution per mass of catalyst metal used (Pt). A linear trend was
observed in the rate of hydrogen evolved with increasing STA
concentration, which is to be expected, as there are more
protons and electrons available to combine to form hydrogen.
The values obtained determined the reaction was first order.
These results show a lower concentration of POM would be
viable to use in forthcoming experiments. Fig. 4B shows the
same results as Fig. 4A but the rates are calculated based on the
concentration of STA as well as the mass of catalyst. The
conversion was made to determine the efficiency of hydrogen
production and if lower concentrations of STA produce compa-
rable faster rates than higher concentrations of compound.
While the experimental results do not yield a linear trend, they
do show that lower molar volumes of STA evolve hydrogen at
a more efficient rate than higher concentrations. This could be
due to mass transport limitations, as converting the data from
Fig. 4A to take into account the concentration of STA should
result in a horizontal line. However, the lower concentrations
show significantly faster rates. Therefore, as the concentration of
STA increases, the active sites of the Pt catalyst may be
approaching saturation thus decreasing the rate. Taking this
into account 0.1 M STA was used for the purposes of this study.
To measure the gas evolution from the reduced POM species,
0.1 M solutions of STA and PTA were reduced by two electrons
and exposed to the Pt/C (1%) catalyst, with the volume of gas
evolved measured over time (Fig. 5). It was demonstrated that
reduced PTA could spontaneously evolve hydrogen gas when
introduced to a platinum catalyst, at a rate just below half of STA
(1.947 mL s~ * for STA compared to 0.872 mL s~ * for PTA). The
slower rate and lower volume observed with PTA (=30 mL for

32-
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Fig. 5 Hydrogen evolution over 5 minutes from 0.1 M STA and PTA

using Pt/C (1% wt).
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Fig. 6 Hydrogen produced over time from earth abundant catalysts
with 0.1 M reduced (A) silicotungstic acid and (B) phosphotungstic acid.

STA compared with =18 mL with PTA after five minutes) was
attributed to the position of the E; , potentials associated with the
POM. PTA has an E; ), value more positive than STA and hence
closer to the HER potential of platinum (see Tables 1 and S17).

When the reduced POM (STA or PTA) is introduced to the
catalyst, the AG value of the system is negative (which can be
determined from eqn (1)) as the E;,, of the POM is more nega-
tive than the HER onset potential of the catalyst. Hence AE is
positive and the reaction is spontaneous.

AG =-nFAE

Eqn (1): Equation relating the change in Gibbs free energy to coulomb of charge passed
(AG = Gibbs free energy, » = number of electrons (2), F = Faraday constant (96 485 C

mol ™), AE = potential difference).

As the POM becomes oxidised, the potential difference
between the (2 — x) reduced POM (x denoting the degree of
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Fig. 7 Hydrogen produced over time from Ni,P supported on silica
with 0.1 M reduced (A) silicotungstic acid and (B) phosphotungstic
acid.

oxidised POM in the system, between 0 and 2) and the HER of
the catalyst becomes smaller.

In other words, the concentration of 2 electron reduced POM
is decreasing as hydrogen gas is formed from the POM by the
catalyst. As AG decreases, the reaction starts to slow down as
there is less 2 electron reduced POM to continue the reaction.
This explains the emergence of a plateau for H, produced in
Fig. 5. Once AG reaches 0, the reaction stops (i.e. the “After
18 hours” time point). A further explanation of the theory is
available in the ESL

0.1 M solutions of all four POMs were reduced by two elec-
trons and exposed to the earth abundant catalysts. Fig. 6A and B
detail the volume of hydrogen produced spontaneously from
reduced STA and PTA respectively. All four bulk earth abundant
catalysts showed noticeable hydrogen evolution, with detailed
values recorded in Table 2. The evolved gas was confirmed as
hydrogen by gas chromatography analysis. A similar trend was

Table 2 Total decoupling volume and H, production rate from 0.1 M reduced STA and PTA with various bulk catalysts

Silicotungstic acid

Phosphotungstic acid

% of theoretical

H, production rate
(mmol h™* mg ™)

% of theoretical
H, obtained (after 18 h)

H, production rate
(mmol h™* mg %)

Catalyst H, obtained (after 18 h)

NisP, (bulk) 60.2 1.198
Mo,C (bulk) 49.7 1.006
MosS, (bulk) 42.9 0.438
Ni,P (bulk) 51 0.250

This journal is © The Royal Society of Chemistry 2017

44.6 0.205
26.6 0.226
18.4 0.038
42.9 0.039
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Table 3 Total decoupling volume and H, production rate from 0.1 M reduced STA and PTA with supported Ni,P catalysts

Silicotungstic acid

Phosphotungstic acid

% of theoretical

H, production rate
(mmol h™* mg ™)

% of theoretical
H, obtained (after 18 h)

H, production rate
(mmol h™* mg %)

Catalyst H, obtained (after 18 h)
Ni,P (10% wt) 51.3 2.060
Ni,P (1% wt) 53.1 9.418

observed as with the platinum catalyst, where STA showed faster
rates and larger volumes of hydrogen compared to PTA. Table 2
details the total volume of hydrogen produced using each
catalyst when the system was left for 18 hours and H, evolution
had ceased. The rates of hydrogen produced per mass of catalyst
used are also shown. The “% of theoretical H, obtained” term is
the percentage of the hydrogen evolved from the POM in
comparison to the theoretical volume that could be evolved
(eqn (S1) in the ESIY).

NisP, and Mo,C evolve hydrogen at a significantly faster rate
(1.198 and 1.006 mmol H, per h per mg respectively for STA,
0.205 and 0.226 mmol H, per h per mg for PTA) than either
MoS, or Ni,P (0.438 and 0.250 mmol H, per h per mg respec-
tively for STA, 0.038 and 0.039 mmol H, per h per mg respec-
tively for PTA). In terms of volume of hydrogen produced, an
unusual trend was observed. The nickel containing compounds
were seen to oxidise the POMs further (60.2% NisP,, 51.0% Ni,P
with STA and 44.6% NisP,, 42.9% Ni,P with PTA) than the
molybdenum containing compounds (42.9% Mo,C, 42.9%
MoS, for STA and 26.6% Mo,C, 18.4% MoS, for PTA). The other
two POMs tested (PMA and SMA) were unable to spontaneously
evolve hydrogen, even in the presence of the platinum catalyst.
This was expected because of the E;, values (0.57 V and 0.509 V
respectively) of the two POMs were more positive than the
catalysts' HER onset potentials, and so represents an energeti-
cally uphill process. Hence, AG is positive and the HER is non-
spontaneous.

Comparing the four earth abundant catalysts to the Pt/C,
a major difference was the physical form in which they took.
The Pt catalyst was dispersed on activated carbon, whereas the
earth abundant catalysts were all in an unsupported form,
hence a lower surface area. Dispersing these catalysts on
a support material should help improve the rates by increasing
the surface area exposed to the POMs and decreasing the mass
of catalyst used. Attempts were made to support NisP, and
Mo,C on silica but unfortunately were unsuccessful. Ni,P on
silica was synthesised and its stoichiometry was confirmed by
ICP, SEM and XRD (Fig. S14 to S21 of the ESI}).

As before, reduced STA and PTA was introduced to the sup-
ported catalyst (both 10% wt and 1% wt on silica). The volume
and rate of hydrogen produced over time is shown in Fig. 7, with
the values obtained for rate and volume summarised in Table 3.
When the rates obtained are compared to mass of catalyst used,
the supported catalysts have a rate 8 x (10% wt) and 37 x (1% wt)
that of the bulk material with reduced STA. For reduced PTA,
the rates are roughly 26 x (10% wt) and 23 x (1% wt) faster than
the bulk material, however the percentage of H, obtained was

1786 | Sustainable Energy Fuels, 2017, 1, 17821787

34.8 1.001
8.2 0.883

significantly lower with the 1% wt catalyst. When compared
with the STA data, it appears that the HER using PTA is more
susceptible to active site availability. For STA, the supported
Ni,P's % H, obtained is equal to the bulk form's value, yet PTA
shows a markedly low value when the % of catalyst present is
lowered. This may also explain the low values observed with the
Mo,C and MoS, catalysts with PTA.

Conclusions

We have shown that earth abundant catalysts (NisP,, Ni,P,
Mo,C and MoS,) are capable of spontaneously evolving
hydrogen from reduced polyoxometalates. By utilising POMs
with various redox potentials, a general trend can be observed.
The volume and rate of hydrogen evolved is linked to the redox
potential of the POM being used along with the HER onset
potential of the catalyst. Furthermore, the redox potentials of
the POM must be at least partially more negative than the HER
of the catalyst for H, evolution to occur. This work demon-
strates that platinum can be replaced in a hydrogen generation
system with a more earth abundant material, which should
allow a more economically viable system to be developed for
hydrogen production. Progress in this area continues as new
catalysts are discovered with lower HER onset potentials which,
according to our results, should increase H, evolution rates.>>*”
Polyoxometalates with redox potentials capable of spontaneous
hydrogen evolution are also being discovered thus providing
a large scope for the discovery of new systems.****
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