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1. Introduction

Operando X-ray absorption spectroscopy of
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Green hydrogen production is limited by the thermodynamic energy requirement of water splitting. By
decoupling the anodic and cathodic reactions using redox mediators, alternative feedstocks such as
lignocellulosic biomass can yield comparable hydrogen purity with around half the total electrical energy input
of conventional water electrolysis. Keggin-type heteropolyacids such as phosphomolybdic acid (HzPMo1,040)
are increasingly of interest as mediators in decoupled electrochemical energy conversion applications, due to
their reversible redox characteristics. However, the redox behaviour of heteropolyacids in aqueous solution
during this process is still poorly understood. X-ray absorption spectroscopy (XAS) techniques offer the
opportunity to directly probe changes in oxidation state and local structure of the mediator in operando,
allowing unprecedented insight into redox processes in a flow cell environment. Here, for the first time, we
demonstrate operando XAS of reduced phosphomolybdic acid as it undergoes oxidation in a proton
exchange membrane electrolyser with bespoke 3D-printed flow-fields. Changes in the time-resolved XAS
were correlated to structural changes in the Keggin anion, which were closely related to the state-of-charge
of the mediator, laying the groundwork for future studies of solution-phase Keggin-type heteropolyacid redox
states. Furthermore, reduction of the phosphomolybdic acid via mild thermal digestion of either pure lignin or
real agricultural biowaste is compared, in a step towards real-world applications. This work contributes
significantly to the efficient and low-cost production of green hydrogen from waste biomass feedstocks, as
well as providing insights into similar decoupled electrolysis processes.

Decoupled electrolysis provides a promising route to
hydrogen with lower energy input and cost by separating

Hydrogen is central to decarbonising hard-to-abate sectors
and enabling sustainable chemical synthesis. Today, most
hydrogen is produced via steam reforming of natural gas,
generating substantial CO, emissions.” Green hydrogen from
water electrolysis offers a low-carbon alternative, but
conventional systems remain costly due to high cell voltages
and reliance on scarce catalysts such as iridium, to overcome
the sluggish oxygen evolution reaction which consumes
around one quarter of the energy required for the process,
and 30-50% of stack manufacturing costs.”™
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oxidation and reduction steps using a soluble redox mediator
such as a polyoxometalate (POM), and can make use of
sustainable feedstocks such as waste biomass instead of pure
water.” This eliminates the need for an oxygen evolution
reaction (OER) catalyst at the anode and enables operation at
lower cell voltages. In such a system, the mediator is reduced
chemically through interaction with a low-value feedstock such
as lignocellulosic biomass. The reduced mediator can then be
oxidised electrochemically to generate hydrogen (taking the
place of water in a conventional electrolyser).*” The regenerated
mediator can be cycled in either a batch or continuous system.®
This architecture significantly improves the system design not
only by removing the need for expensive OER catalysts, but also
by drastically reducing energy input because the
thermodynamic and kinetic barriers associated with water
oxidation are bypassed; hence cell voltages are lowered from
~1.6 V, for a typical commercial PEM water electrolyser, to
between 0.8 V and 1.0 V. Furthermore, the flow cell design

This journal is © The Royal Society of Chemistry 2026
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enables continuous operation and precise control of the
reaction environments, making decoupled electrolysis a scalable
and potentially more energy-efficient pathway for green
hydrogen production.

Mediator selection is critical to the performance of
decoupled electrolysis. In this work, we focus on POM:s,
which comprise large polyanions based upon [MO,], units (M
= Mo, W, V or Nb and x = 4-7) with various charge-balancing
cations.” One branch of POMs which are particularly well-
studied as electrocatalysts/mediators are heteropolyanion
(HPA) POMs in which a heteroatom (e.g. phosphorous) lies at
the centre of the POM cluster.”"* HPAs include Dawson-type
([XaM1506,]") and Keggin-type ([XM;,040]°7) structures (X =
heteroatom), both capable of multiple highly reversible one-
or two-electron reductions.”"*

Keggin-type POMs, such as phosphomolybdic acid
(H3[PMo0,,040] or PMA), have shown good thermal and redox
cycling stability during electrochemical evaluation, and readily
react with lignin and cellulose, making them promising
candidates for use as mediators in the aforementioned biomass
digestion and electrolysis process."*' As such, H;[PMo;,0,0]
has been the primary mediator used in a number of studies of
this type. For example, Liu et al. performed thermal and UV-
irradiative digestion of lignin, cellulose, starch and glucose,
prior to electrolysis using a PEM electrolysis cell. Using a PGM-
free carbon cloth anode, a Nafion PEM and a Pt/C cathode,
hydrogen production was achieved with an electricity
consumption as low as 0.69 kWh N m™.2° Li et al. also found
that significant reductions in power consumption in the
production of hydrogen from corn starch could be made using
a similar process (in comparison to water electrolysis using a
PEM electrolyser).'®

Deeper understanding of the processes occurring in
decoupled electrolysis systems may ultimately lead to improved
performance by informing tailored formulation of
heteropolyacid mediators and operating conditions. One
powerful tool to probe the chemical state of materials systems
is X-ray absorption spectroscopy (XAS). XAS analyses of various
POM mediators have been performed previously, but those
concerning H;[PMo;,0,,] focus primarily on ex situ analysis** >’
and some in situ studies,*®*° all in the solid state. Most relevant
to the aforementioned aqueous-phase electrolysis of H3[PMo;,-
0,40] is an operando report of the use of TBA3[PMo0,,0,] (TBA =
[N(CH,CH,CH,CH3;),]") as a cathode material for lithium-ion
batteries (LIBs). XAS of this cathode material upon charging
and discharging clearly demonstrates the reversible structural
changes of this heteropolyanion induced by the transformation
of a Mo=0 bond to a Mo-O bond.*

However, operando XAS in the aqueous phase for POM-
based systems remains largely unexplored and presents unique
challenges.  Unlike solid-state  studies, aqueous-phase
measurements require handling highly absorbing liquid
samples within an electrochemical environment, maintaining
stable flow and avoiding beam-induced artefacts. Additionally,
the dynamic redox behaviour of POMs in solution under
applied potential introduces complexity in correlating spectral
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changes to electrochemical states. Furthermore, designing an
electrochemical cell that is simultaneously suitable for
operando XAS measurements and efficient for electrolysis is
highly complex, requiring specialized materials and
construction. Despite these challenges, such studies are highly
valuable: they provide direct insight into the structural and
electronic evolution of mediators under realistic operating
conditions, enabling mechanistic understanding that cannot be
captured ex situ.

Recently, we reported the successful electrochemical
conversion of whisky distillery waste streams (draff, pot ale
and spent lees) to hydrogen via thermal digestion with a 0.3
mol dm™ solution of PMA,q, followed by PEM electrolysis
using a carbon felt anode and a Pt/C cathode with a loading
of only 0.937 mg cm™ Pt."®> While biomass conversion was
demonstrated, limitations in materials and setup prevented
high faradaic efficiencies.

Here, we present the first operando XAS investigation of
PMA during aqueous-phase electrolysis, using a bespoke PEM
electrolysis cell enabling simultaneous XAS, electrochemical
monitoring, and gas analysis. We compare PMA solutions
reduced electrochemically and via biomass digestion,
correlating Mo K-edge spectral changes with state-of-charge and
hydrogen production measured by mass spectrometry during
electro-oxidation, towards a deeper understanding of reversible
redox behaviour of POM mediators in decoupled electrolysis
applications.

2. Experimental
2.1 Preparation of reduced phosphomolybdic acid solutions

2.1.1  Thermogravimetric  analysis. = Samples  of
phosphomolybdic acid (H3[PMo01,040]-xH,0, PMA, Thermo
Scientific Chemicals, ACS Reagent) were subjected to
thermogravimetric analysis (TGA) using a Netzsch STA 449 C
Jupiter ® instrument (University of St Andrews) and a Netzsch
STA 449 F3 Jupiter® instrument (University of Strathclyde) to
determine the water content of the as-received material. Firstly,
a correction run using two empty alumina crucibles (one for
reference and one for sample) was performed by heating the
furnace to 600 °C at a rate of 5 °C min ' under a 20 cm® min™"
flow of compressed air. Subsequently, PMA was added to the
sample crucible and analysed using the same method,
subtracting the correction run from the experimental data using
the Netzsch Proteus analysis software. Run 1 (University of St
Andrews) employed 90.49 mg of PMA, whilst runs 2 and 3
(University of Strathclyde) used 81.00 mg and 75.83 mg,
respectively. The water content determined was then used to
produce PMA solutions of known concentration.

2.1.2 Cyclic voltammetry and electrochemical reduction/
oxidation of PMA. Electrochemical behaviour of the PMA
solution was thoroughly characterised ex situ to provide a
baseline for analysing the biomass electrolysis process. 500
em? of stock solution of 0.1 mol dm™ PMA was prepared by
dissolving the yellow, crystalline material in deionised water
(DI H,0, 15.0 MQ cm) under stirring at 25 °C. The requisite
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mass was determined from the TGA analysis described
above.

Cyclic voltammetry and bulk electrolysis experiments of
aliquots of this solution were performed using a BioLogic
SP300 potentiostat with a Ag/AgCl reference electrode
(conditioned in 3.0 mol dm™ KCl,q)) and a coiled platinum
wire counter electrode. For publication the potential data
have been converted to the reversible hydrogen electrode
(RHE) scale based on the measured PMA solution pH = 0.8
and using the formula E(V vs. RHE) = E(V vs. Ag/AgCl) + 0.209
(V) + 0.059 x pH (V). For cyclic voltammetry the working
electrode was a glassy carbon disk (area 0.071 cm?) in an
unstirred single chamber cell with PMA diluted to 0.01 mol
dm™. For bulk electrolysis experiments an H-cell was used,
with a platinum wire working electrode. Both the
compartments were stirred and separated by an activated
Nafion™ 117 membrane. For the reduction step, the working
compartment contained 15 cm® of 0.1 mol dm™ PMA, while
the counter compartment contained 15 ecm® of 0.5 mol dm™
H,SO,. Bulk reduction of the PMA was performed using a
chronoamperometric method at a constant potential of 0.506
V vs. RHE until the theoretical amount of charge required to
reduce this volume of PMA(,q) by 2 electrons had been passed
and the current began to plateau. Results from an example of
this process are shown in Fig. S4a, together with oxidation of
the same solution sample at 0.947 V vs. RHE, shown in Fig.
S4b. For further experiments and comparisons, the
remaining volume of the stock solution was fully reduced
until the theoretical amount of charge required for 2 electron
reduction had been achieved, subsequently referred to as
“electrochemically reduced” herein.

2.1.3 Thermal digestion of biomass. Separate 100 cm’
solutions of PMAg were prepared to 0.1 mol dm™
concentration for digestion of biomass, as an alternative
method of reducing the mediator. 25 cm® of the PMAgg)
solution was added to a three-neck, 25 cm® round bottom flask,
along with a magnetic stirrer (setup shown in Fig. 1).
Subsequently, the biomass source was added to a (dry basis)
concentration of 30 g dm™>. Two types of biomass were trialled
in this study: lignin (alkali, Sigma-Aldrich) and draff from the
Isle of Raasay Distillery. Draff comprises the spent barley grains
from the whisky production process and further details of its
characterisation may be found in our previous publication.™
The flask was connected to a reflux condenser via the central
neck, whilst the remaining necks were used to introduce a
continuous purge of Ar (100 cm® min™) (to ensure anaerobic
conditions) and a thermocouple (to monitor reaction
temperature). The flask was lowered into a silicone oil heating
basin resting on a hotplate stirrer and the purge of Ar was
initiated to flush the system for 10 minutes. Subsequently, the
temperature of the hotplate was increased to 160 °C
(corresponding to a reaction temperature of 100 °C) and stirring
of both the silicone oil and the reaction mixture at 800 rpm
commenced. Once the reaction mixture had stabilised at 100
°C, typically after 20 to 30 minutes, the reaction was allowed to
proceed for 4 hours before cooling. The cooled mixture changed
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Fig. 1 Thermal digestion setup employed for waste biomass digestion
used to reduce the PMA catalyst.

from transparent yellow to dark blue in colour and was Buchner
filtered to remove any solid residues of biomass.

2.2 Proton exchange membrane electrolyser

A flow cell setup was used to re-oxidise reduced PMA solutions
using a proton exchange membrane electrolysis cell (PEMEC).
The flow cell design is from Pinflow energy storage (Czech
Republic), however some custom components were
manufactured to allow for operando X-ray absorption
spectroscopy (XAS). Fig. 2a shows an overview of the
components used to construct the flow cell. From the outside
towards the centre, the flow cell comprised customised 22 mm
thick Al end plates, PTFE insulating sheets (0.2 mm thickness)
and Cu current collection plates (2 mm thickness) with a 10
mm diameter central aperture to allow transmission of the
focussed X-ray beam through the cell (Fig. 2b). Next, conductive
carbon plates and 3D-printed plastic flow frames were stacked
together to complete one half of the flow cell. This stacking
process was identical for each side of the setup. As the anolyte
and catholyte liquids were introduced to the PEMEC through
the plastic flow frames, silicone gaskets were applied to the
faces of these flow frames to prevent leakage around the
PEMEC. The flow frames (Fig. 2c) contained rectangular
apertures of 40 mm x 50 mm area which were used to feed the
electrolytes into the anode and cathode chambers. 5 mm thick
carbon felt electrodes/current collectors are placed into these
apertures in direct contact with the carbon plates.

A non-activated carbon felt (Mersen, Scotland) was employed
as the anode material whilst an activated carbon felt was
employed as the cathode current collector. In addition, a gas
diffusion electrode (GDE) containing a HyPer™ Pt black catalyst
(0.4 mg cm™) on carbon paper from Ames Goldsmith Ceimig
Ltd. (Dundee, Scotland) was employed as a hydrogen evolution

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 a) Exploded view of the bespoke PEM electrolysis cell, b) cross section of constructed cell with 10 mm diameter bore to allow transmission
of X-rays during XAS experiments, c) flow field plate with 20 cm? working area.

reaction (HER) catalyst on the cathode side. A Nafion™ 117
proton exchange membrane (PEM) was applied to the silicone
gasket on the cathode side of the setup, isolating the cathode
and anode compartments, when final stacking of the anode side
onto the cathode side was complete, to form the membrane
electrode assembly (MEA). The setup was secured and
compressed with nuts and bolts tightened to a torque of 9 N m
using a calibrated torque screwdriver.

30 cm® of the anolyte (0.1 mol dm™ reduced PMA) and
catholyte (0.5 mol dm ™ H,S0,(,q)) solutions were placed into
two separate 50 cm® Duran bottles fitted with GL32 3-port
connector caps. Silicone tubes were attached to the inlet and
outlet ports for circulation of the electrolytes between the
reservoirs and the flow cell electrode compartments through
a Masterflex™ L/S™ Digital Miniflex Pump (Dual Channel),
fitted with L/S™ 16 Tygon™ tubing. The final port from the
reservoirs was used to allow gas collection or analysis. For
operando XAS experiments a 2-electrode setup was used with
the cell potential difference measured as described in section
2.3.3. To further illustrate the anode potential profile during
the oxidation step, a flow cell was also set up with a reference
electrode for the result shown in Fig. 3c. Here, a Hydroflex
hydrogen reference electrode was placed in a separate beaker
of 0.5 mol dm™ H,SO, which was physically connected to the
inlet tube on the anode side via a piece of activated Nafion™
tubing. The tubing was activated in a comparable manner to
the Nafion™ 117 membrane. The measured potentials in this
experiment have been converted to RHE using the PMA
solution pH = 0.8, i.e. +47.2 mV.

2.3 Operando X-ray absorption spectroscopy

2.3.1 XAS experimental conditions. XAS experiments were
performed at beamline B18 (core EXAFS) at Diamond Light
Source (Didcot, United Kingdom).*" The aforementioned flow
cell setup was mounted onto the motorised stage (SI, Fig. S1)
and electrical connections were made to a Metrohm Autolab
PGSTAT204 (with a FRA32M frequency response analyser) for
electrochemical analysis.

At the time of the measurements the synchrotron was
operating with a ring energy of 3 GeV and at a current of 300
mA. The X-ray source was a bending magnet and, via a pair

This journal is © The Royal Society of Chemistry 2026

of Si(111) DCM crystals, with focussing Si mirrors coated in
Pt pitched at 2.4 mrad, the beamline delivers an X-ray spot
size of 800 x 800 um* FWHM (V x H) to the sample position.
The data were acquired in transmission mode using ion
chambers and Stanford amplifiers. Acquisition times of 31.55
s per spectrum were used in QEXAFS mode with ~8.2 ms per
point and a 0.3 eV step size. The energy calibration of the
DCM was achieved by measuring the spectrum of a Mo foil.

Pellets of standard materials were prepared by adding the
required mass of material to cellulose (Sigma-Aldrich),
totalling 80 mg, and thoroughly mixing in a pestle and
mortar to ensure homogeneity. The mixture was subsequently
pressed in a 13 mm diameter die and punch at 1 tonne for
60 seconds. Pellets were transferred to a sample frame and
held in place with Kapton tape at the edges, before being
mounted on the B18 beamline for XAS analysis of the Mo
K-edge. A summary of the full list of materials and masses
used to create standard pellets is included in SI, Table S1.
Table 1 lists the relevant quantities used for MoO; and MoO,
pellets. In addition, a Mo foil standard sample was also used
(25 um foil thickness, 99.9% purity, Goodfellow, UK).

2.3.2 XAS analysis. Data processing of the spectra was
performed using Athena v 0.9.26, part of the Demeter
software®” and followed standard procedures. The cyclic X-ray
absorption spectra were processed with the Diamond Light
Source developed DAWN program v. 2.22.** A deglitching and
normalisation processing followed this step. The k*weighted
EXAFS spectra underwent Fourier transform over the k = 3.3-
15 A™* region, using a Kaiser-Bessel window, and a phase
correction applied.

Density functional theory (DFT) was employed to
determine the scattering paths within the PMA cluster for the
endmember states (reduced and oxidised) investigated in this
work. Geometric relaxation calculations were performed
using the DFT software package QUANTUM ESPRESSO. Spin-
polarised DFT simulations of the electronic structure of the
Mo POM were carried out using QUANTUM ESPRESSO v.
7.4.1 via the PW.X package.’**> QUANTUM ESPRESSO
implements DFT within the pseudopotential and plane-wave
approaches. A kinetic energy cut-off of 110 Ry (1497 eV) was
imposed on the plane-wave basis set for the Kohn-Sham
wavefunctions and 1100 Ry (14966 eV) for the electronic

Catal. Sci. Technol,, 2026, 16, 1444-1456 | 1447
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Fig. 3 a) Triplicate TGA data for Hz[PMo03,040]-xH,O, b) cyclic
voltammogram of PMA collected at 10 mV s indicating the reduction
(#) and oxidation (*) peaks associated with redox cycling of this
material in aqueous solution, c) a plot of operating potential (versus
RHE) and charge passed as a function of time during re-oxidation of a
reduced PMA solution, showing sustained hydrogen generation at
<0.85 V vs. RHE due to POM-mediated electrolysis before rising
sharply when fully discharged.

density. Electron exchange-correlation effects were treated
using the Perdew-Burke-Ernzerhof generalized gradient
approximation.®® The first Brillouin zone was sampled at the

1448 | Catal Sci. Technol., 2026, 16, 1444-1456
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I-point only; the dimensions of the cubic unit cell (|a| =
23.813 A) were constructed such that there were at least 13 A
of vacuum separation between periodic images. Moreover, to
account for periodic boundary conditions, Martyna-
Tuckerman corrections were applied to the energy and
potential.>” The stoichiometry of the system investigated was
[PM0,,0,], to which a total charge of -3 electrons and 0
electrons was applied, which approximates the before and
after structures of PMA for use in the Artemis EXAFS
modelling. For convergence of the self-consistent cycle, a
Gaussian smearing of 68 meV to the electronic occupations
was applied, while the crystal structure was relaxed with the
Broyden-Fletcher-Goldfarb-Shanno quasi-Newton algorithm.
Once a force tolerance of 1.3 x 10~* atomic units was reached,
the structure was deemed to be relaxed. The ultra-soft
pseudopotentials Mo.pbe-spn-rrjkus_gipaw.UPF, O.pbe-n-
rrkjus_gipaw.UPF and P.pbe-n-rrkjus_gipaw.UPF, from A.
Dalcorso's PSlibrary version 1.0.0, were employed.*®

Modelling of the EXAFS spectra of each of the determined
structures was performed using Artemis software with a
K-range of 3.3-14.8 A and a R-range of 1.0-3.5 A. Spectra were
background corrected but not phase corrected.

2.3.3 Flow cell electrolysis procedure. A dual-channel
peristaltic pump, calibrated to a flow rate 100 cm® min™", was
used to circulate the reduced PMA solution and 0.5 mol dm™
H,SO, through the anode and cathode compartments of the
flow cell, respectively. A sequence of electrochemical steps
was then carried out wusing an Autolab PGSTAT204
potentiostat and Nova 2.1 software, as follows: (i) open-circuit
potential (OCP) was determined for 30 s; (ii) galvanostatic
electrolysis at 0.1 A held until the cell reached a cell voltage
limit of 1.0 V; (iii) potentiostatic measurement at 1.0 V until
the cell current decreased below 0.003 A and (iv) final OCP
determination.

2.3.4 Mass spectrometry. The remaining port on each of the
anolyte and catholyte reservoirs was connected to a Pfeiffer
Omnistar 1.0 and an ESS Ecocat mass spectrometer,
respectively, for analysis of the off-gases from each
compartment. A flow of 2 cm® min™ Ar was employed as carrier
gas and air was drawn in through an exhaust in order to ensure
the correct gas flow rate for the mass spectrometers.

3. Results and discussion
3.1 Physical characterisation of H3[PMo0;,0,4]

In order to accurately determine the concentration of the
PMA solutions produced from the yellow, crystalline solid
received from the manufacturer, thermogravimetric analysis
(TGA) of this material was performed to determine the
amount of water of crystallisation present in the structure
of this very hygroscopic material. Fig. 3a displays this TGA
data in the form of percentage mass loss as a function of
temperature. Three experiments were performed using two
different instruments to verify water content and the
formula of this compound was determined to be:
H,[PM0;,0,,]-27.2H,0.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00763a

Open Access Article. Published on 15 January 2026. Downloaded on 4/17/2026 12:37:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

View Article Online

Paper

Table 1 Details of materials used as standards for XAS analysis and the quantities of active material/cellulose matrix used to make each pellet

Standard material Purity/supplier Mass of standard/mg Mass of cellulose/mg
MoO; Sigma-Aldrich 24.30 56.71
MoO, Sigma-Aldrich 21.66 58.34

3.2 Electrochemical evaluation of PEM electrolysers operating
with reduced PMA anolytes

The cyclic voltammetry conducted on PMA (at pH = 0.8) is
shown in Fig. 3b, with the oxidation and reduction potentials
of the first two redox peaks noted. This data aligns well with
previously reported work'®> and shows that variation of the
concentration of PMA does not affect the observed redox
peaks. It is widely assumed that this anionic charge is
delocalised across the oxide framework in the Keggin
structure, but to our knowledge no aqueous XAS experiments
have been carried out to verify this until the present
study.>®*" Utilising the redox potentials identified in the CV
data (Fig. 3b), electrochemical reduction (0.506 V vs. RHE)
and oxidation (0.947 V vs. RHE) operations were carried out
in an H-cell and are shown in Fig. S4. These experiments
demonstrate the electrochemical behaviour of PMA without
any potential interference from the biomass-based reducing
agents and allows comparison of the extent of reduction/
oxidation when biomass is the only source of reduction for
PMA. The reduction current shows a distinct plateau
(between 2000 and 4000 seconds) which could be indicative
of two 1-electron processes.

To showcase the unique selling point of the redox
mediated electrolysis process, a further experiment was
conducted to illustrate the lower potential required to
conduct electrolysis under these conditions as compared to
water electrolysis, which typically occurs around 1.6 V. Fig. 3¢
provides an example of how the potential varies as the redox
mediator is electrochemically oxidised from the fully reduced
to fully oxidised state. When the current is held at 0.1 A, the
potential needed to oxidise the PMA is between 0.65 V and
0.85 V vs. RHE. Once most of the charge held within the PMA
has been removed (approximately 90 C), the potential starts
to rise above 0.9 V rapidly, as there is now less reduced PMA
available to oxidise and the system starts to oxidise water
instead. This is shown due to the rapid increase from 0.9 V
(the oxidation potential of PMA) to >1.5 V (well into the
region of water oxidation) at 0.1 A.

3.3 Thermal digestion of biomass and determining extent of
reduction

The biomass samples (both lignin and draff) were thermally
digested according to previously reported work,'” to prepare
samples of reduced PMA. In addition, an electrochemically
reduced PMA solution (containing no biomass) was produced to
provide a reference data set. Based upon the re-oxidation
experiments performed during XAS experiments, the charge
passed for each reduced PMA solution (electrochemically, lignin

This journal is © The Royal Society of Chemistry 2026

or draff-reduced) calculated, with respect to the
concentration and volume used. As the sample without biomass
was electrochemically reduced to 100% (with respect to the first
2-electron process observed in the CV data), this sample was
used as a baseline to determine the reduction extents of the
lignin and draff-reduced samples. A summary of the average
reduction extents from all experiments performed during XAS is
provided in Table 2 and the corresponding electrochemical data
is presented in section 3.4.

Lignin displays a high average reduction extent (85.1%),
proving to be a good standard to compare other waste
biomass sources to for this digestion process. In addition,
the three samples that were available during the operando
experiments all exhibited consistent reduction extents. Draff
digestion, by comparison, resulted in a lower reduction
extent (48.0%); around half the reduction extent compared
with purely electrochemical reduction, but demonstrating
similar results to previous work exemplifying the
reproducibility of the thermal digestion process.”> As draff
comprises 80% by weight (wt%) water, 4 wt% cellulose, 5%
hemi-cellulose, 3 wt% protein, 5 wt% Lignin, 2 wt% ash and
1 wt% residual starch, and lignin is known to be more readily
digested by PMA than cellulosic materials, the lower
reduction extent of draff, even at comparable dry loading of
biomass, is expected.””*® In addition, native biomass
digestion performed by other researchers leads to similar
extent of reduction to those determined in this work.>

was

3.4 Operando XAS analysis of PMA during electrolysis

In order to probe the changes in oxidation state of the Mo-
centres within the PMA, as well as the local chemical
structure of the catalyst, a PEM electrolysis cell was operated
whilst synchrotron XAS measurements were collected.
Aliquots of the same reduced PMA solutions used in the
three-electrode electrochemical evaluations were employed
for these operando XAS experiments, though two-electrode
measurements were performed in this instance, due to setup
limitations during the experimental period.

Table 2 Average charge and reduction extent observed with various
reduction methods of PMA

Reduction
Sample (reduced PMA) Charge (C) extent (%)
Electrochemically 213.7 100.0
Lignin 181.9 85.1
Draff 102.5 48.0

Catal. Sci. Technol.,, 2026, 16, 1444-1456 | 1449
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Fig. 4 Electrochemical data from operando XAS experiments: a)
voltage vs. time, b) current vs. time and c) cumulative charge vs. time
for oxidation in a PEM electrolysis cell using a 0.03 mol dm™> reduced
PMA anolyte, a 0.5 mol dm™ H2SO4(aq) catholyte at 25 °C.

Fig. 4 displays electrochemical data collected for the PEM
electrolyser during this operando experiment including (a) cell
voltage, (b) current and (c) cumulative charge versus time.
Initially the PEM was operated in galvanostatic mode at a
current of 0.1 A to reoxidise the PMA catalyst, whilst capturing
changes in the Mo K-edge of the Mo centres within the POM
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structure. The voltage can be seen to increase under
galvanostatic conditions which confirms that reoxidation
occurred readily. The data for the electrochemically reduced
sample shows the presence of two 1-electron processes (at ~0.70
V and ~0.85 V vs. counter) that are expected in this voltage range
for the PMA catalyst; the two-electron redox shuttling between
[PMo01,040"” and [PMoy,0,0]” being the mechanism accessed
for this POM-mediated electrolysis. However, for the reduced
PMA solutions resulting from thermal biomass digestion, it is
interesting to note that there is only one diffuse peak, possibly
representing a single two-electron process (between 0.70 V and
0.85 V), before the voltage increases sharply towards the 1.0 V
cutoff. This could be explained by the fact that the PMA
solutions that were exposed to thermal digestion of biomass
were less than 100% reduced, which may result in a less
prominent second reduction peak (due to a lower concentration
of reduced PMA being present in solution) which is convolved
with the prominent first reduction peak.

Once a critical value of 1.0 V was achieved, operation
switched to potentiostatic mode (held at 1.0 V) until the current
response dropped to a critically low value (<0.003 A), which
indicated that the reoxidation process was complete. Again, a
clear difference in the current profile of the electrochemically
reduced PMA and the thermally digested PMA solutions can be
identified. In the case of the electrochemically reduced PMA,
the current declines from 0.10 A to ~0.003 A between 1700 and
2990 s (Fig. 4b). In comparison, all PMA samples reduced by
thermal digestion of draff and lignin show a much more rapid
drop in current (~900-1200 s and ~1500-1700 s, respectively),
before exhibiting a small increase in current output. Although
the rapid decline of current, after switching to potentiostatic
operation, is expected in the draff and lignin samples (due to
the lower extent of reduction and, therefore, shorter time for
reoxidation), the uptick in current passage could relate to direct,
electrochemical oxidation of any remaining soluble biomass in
the PMA anolyte at these higher voltages as there is a clear
absence of any such processes in the current vs. time plots of
any of the electrochemically reduced PMA samples presented in
this work. In addition to these features, there appears to be
good reproducibility between draff samples and lignin samples,
especially as new MEAs were employed for each experiment.

Furthermore, the cumulative charge vs. time plots presented
in Fig. 4c show a distinct difference between the profiles of
electrochemically reduced and biomass reduced PMA solutions.
The former exhibits strong linearity throughout the main part
of the experiment, followed by a gradual increase in charge
passed (indicated by the curvature of this data series) as the
reoxidation reaches the terminal stages. In comparison, the
latter demonstrates a sharp reduction in the rate of charge
passing, corroborating the aforementioned observations.

3.5 Operando mass spectrometry analysis

Fig. 5 displays mass spectra for the anode and cathode chamber
exhausts as a function of operational time (note the differences
in experiment duration) displaying recorded traces for H,, O,

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Mass spectrometric data of anode and cathode chamber
exhaust gases for operando XAS experiments utilising PMA solutions
reduced a) electrochemically, b) via thermal digestion of draff (run 1)
and c) via thermal digestion of lignin (run 1).

and CO,. Additional traces for N,, H,O and Ar were recorded
but showed a stable ion current throughout and are omitted for
clarity of the figures. First to note, regardless of the method
used to reduce the PMA solutions, each experiment indicated
that hydrogen production clearly occurs at the cathode, but
there is also a back-diffusion of hydrogen through the PEM to
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the anode, known as ‘crossover’ in this field of research.**
Experimental conditions, such as concentration of anolyte and
catholyte, pressure, flow rate and current/voltage of operation,
should be modified in future work to minimise this crossover
phenomenon to ensure that the majority of hydrogen can be
collected from the cathode compartment for simpler system
design. In PEM water electrolysers, crossover of hydrogen back
into the anode compartment, where oxygen evolves, can cause
significant safety issues, unless operational procedures are
implemented to reduce this crossover phenomenon.** As no
oxygen evolution occurs in this mediated electrolysis system,
the phenomenon of crossover poses less of a safety concern and
offers a direct benefit over state-of-the-art PEM water
electrolysers. In addition, for the electrolysers operating on
biomass reduced PMA anolytes (i.e. draff run 1 and lignin run
1), after the plateaux of hydrogen production are reached and
begin to wane, an increase in carbon dioxide production is
observed in the anode compartment (Fig. 5b and c). As PMA is
a highly corrosive species, the release of carbon dioxide could
relate to oxidation of the carbon paper and felt of the electrodes,
however, as shown by Fig. 5a, the analogous region of the mass
spectra for the electrochemically reduced PMA shows a
negligible increase in carbon dioxide concentration. Although
there is a time delay between the electrochemical oxidation of
the PMA solutions and the gas analysis (due to the low flow rate
required by the mass spectrometers employed), the uptick in
current passage, observed only for the biomass-containing
solutions in Fig. 4b, appears to relate to the evolution of carbon
dioxide in the corresponding mass spectra. Therefore, this
increase in carbon dioxide evolution could relate to direct
oxidation of residual biomass that is soluble in the PMA
solution, which is consistent with observations in the
literature.*” This “direct’ biomass oxidation results in additional
charge passage to the re-oxidation of the reduced PMA solution,
providing an explanation for the origin of the higher charge
than expected from the lignin and draff solutions.

3.6 Correlation of XAS data with PMA state of charge

Fig. 6a displays X-ray absorption spectra for the Mo K-edge of
MoO, and MoO; standard materials and additional spectra
from other relevant standard materials are shown in SI Fig.
S2, all of which are comparable to those presented in the
literature.*®™*® Spectra of pre- and post-electrolysis (reduced
and oxidised, respectively) 0.03 mol dm™ electrochemically
treated, lignin-digested or draff-digested PMA solutions are
also plotted in Fig. 6a for comparison to the standards. As
expected, the solid-state (shown in Fig. S2) and liquid-state
fully oxidised PMA samples exhibit a maximum in the first
derivative of the absorption coefficient (20017 eV) almost
identical to that of MoO; (20016.9 eV), indicating that the
Mo centres in these materials most likely have a formal
oxidation state of VI. Interestingly, only a small change in the
Mo K-edge position is observed between the fully oxidised
and fully reduced liquid PMA samples, as indicated by the
comparative plot in Fig. 6a. However, the shoulder peak at
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(a) XANES spectra before and after reoxidation of reduced PMA solutions compared with MoOs and MoO, standards. (b-d) XANES energy

of shoulder peak (~20 005 eV) and charge passed vs. time for b) electrochemical, c) draff and d) lignin reduced PMA.

20005 eV exhibits an increase in amplitude in the reduced
state, whilst the extended X-ray absorption fine structure
(EXAFS) region (Fig. 7, further discussed below) shows
changes in the second and third shells, implying that
although some structural rearrangement of the Mo-centre
network occurs within this material, dispersal of charge
throughout the whole structure is likely.

Considering the change in oxidation state of the Mo centres,
Fig. 6(b-d) shows the normalised absorption coefficient of the
pre-edge feature in the XANES region (at 20005 eV), overlaid
with the charge passed, as a function of time during the
operando PEM electrolysis measurements. Fig. 6b-d show data
traces for electrochemical, draff (run 1) and lignin (run 1)
samples, respectively. All data series (including those displayed
previously in Fig. 4) show two different rates of charge passage
which correlate directly to the operational mode employed; i) a
faster rate with a steeper gradient observed during galvanostatic
operation at 0.1 A (until the 1.0 V cutoff was reached) and ii) a
slower rate with a shallower gradient relating to potentiostatic
operation at 1.0 V. The increase in normalised absorption
coefficient that accompanies charge passage indicates that a
small shift in the peak position of the Mo K-edge, and
consequently oxidation state, occurs and relates to partial re-
oxidation of the Mo centres of the PMA structure, whereas the
difference in amplitude of the shoulder peak (displayed in

1452 | Catal. Sci. Technol., 2026, 16, 1444-1456

Fig. 6a), may relate to changes in symmetry of the structure of
the material. The changes in normalised absorption coefficient
match the charge passage behaviour of POM-mediated PEM
electrolysers well, with the electrochemically reduced sample
showing a more gradual increase in coefficient after switching
to potentiostatic mode, in comparison to a sharp reduction in
the rate of change of this coefficient for the biomass-reduced
samples.

Though this is the first report of XAS performed upon PMA
in the aqueous state, important information on the structural
rearrangements that this material might undergo can be found
in the solid-state XAS literature. In particular, work by Wang
et al. suggested that when incorporating the TBA;[PMo0;,0,0]
material into the cathode of a LIB, each Mo centre was reduced
from Mo®" to Mo*", corresponding to a 24-electron reduction. In
this case, the polyanion was reduced from [PMo;,04]% to
[PMo04,0,40]*"", resulting in the formation of new Mo*" triangles
within the structure.*® This was confirmed by Falbo et al. whose
DFT studies indicated that significant structural changes did
not occur within the polyanion until each Mo centre had been
reduced by 1 electron (ie. forming [PMo;,040]">7), at which
point Mo®" centres would exist.”” In addition, the existence of
individual Mo®>" centres**> within hybrid POMs, e.g. mixed
molybdenum-tungsten Keggin-type POMs,” has been shown.
However, given that a relatively mild two-electron reduction was

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 EXAFS plots collected before and after reoxidation of a variety
reduced PMA solutions (a) k?-weighted EXAFS spectra in k-space and
(b) the forward Fourier transform (FFT) over the k = 3.3-15 A region,
using a Kaiser-Bessel window, and a phase correction applied, in
R-space and (c) before and after R-space plots for the
electrochemically reduced and oxidised PMA samples, fitted using
simulated X-ray absorption spectra derived from DFT calculations.

performed during the current work, it is unlikely that such an
extensive structural rearrangement occurred.

Fig. 7a and b display the K-space and R-space plots of the
EXAFS region before and after electrolysis of the electrochemically-
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reduced, lignin-reduced and draffreduced PMA solutions. The
peak at ~1.8 A is an amalgam of scattering responses from
Mo—0 double and Mo-O single bonds, whilst those found
between 3-4 A relate to Mo-Mo bonds. Considering the PMA
solutions before electrolysis, the reduction extent follows the order:
electrochemically reduced > lignin-reduced > draff reduced. This
is reflected in the data displayed in Fig. 7 and indicates that as the
extent of reduction increases, the amplitude of the peak ~1.8 A
increases corresponding to a lengthening of these axial Mo—0
and bridging Mo-O bonds. In order to provide more accurate
information on the structure of the reduced and oxidised, liquid
phase PMA, DFT calculations were performed on a [PMo;,0,]
structure with charges associated with 3 electrons and 0 electrons
applied, respectively. The simulated structural information was
used to fit experimental XAS data collected for the
electrochemically-treated samples (Fig. 7c) and lignin and draff-
reduced samples (Fig. S6) using Artemis, allowing bond lengths
and coordination numbers to be determined for each of the
aforementioned samples before and after electrolysis. This data,
including R-factors, is summarised in Table 3 and corroborates the
aforementioned observation. Here, the Mo-O2 bond lengths
(representing one type of bridging oxygen between Mo centres)
clearly shorten upon oxidation, along with the Mo—0O1 bond
lengths (representing the ‘capping” Mo—O bonds in the axial
positions of the PMA cluster), with the exception of the Mo=—01
bond for the electrochemically treated sample which lengthens,
but is within error. The Mo-O3 and Mo-O4 bonds also generally
decrease in length. This, therefore, implies that charge distribution
does indeed occur throughout the Mo-O skeleton of the PMA
cluster rather than directly at Mo centres and that the relative
reduction extent of the PMA solutions under investigation can be
observed using XAS, offering an additional method for verification
for degree of reduction in these mediator systems.

4. Conclusions

In this research, a promising route for decoupled hydrogen
production wusing a redox cycle- and thermally-stable
polyoxometalate catalytic mediator, phosphomolybdic acid
(H3[PMo0;,0,40] or PMA), was investigated in a bespoke proton
exchange membrane (PEM) electrolysis cell. Building upon
the authors' previous work, it has been demonstrated that
waste biomass sources including lignin and draff (spent
grains from a whisky distillery) can be thermally digested by
PMA in aqueous solution, reducing the mediator with respect
to the first 2-electron process identified during cyclic
voltammetry. This reduction process is the result of
abstraction of protons and electrons from (i.e. oxidation of)
the biomass. Subsequently, use of the reduced PMA solution
as the anolyte during PEM electrolysis experiments indicated
that upon application of an electrolysis current, the PMA
could be reoxidised at around 0.8 V (regenerating the
mediator for repeated use), whilst generating green hydrogen
when using renewably-generated electricity. This potentially
halves the energy requirement for green hydrogen production
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Table 3 A summary of bond lengths, coordination numbers (CN) and R-factors for before (reduced) and after (oxidised) samples of PMA reduced

electrochemically, by lignin digestion and draff digestion

EChem Lignin Draff
Shell Before After oxidation Before After oxidation Before After oxidation
Mo=01 1.640(2) 1.643(3) 1.642(3) 1.639(5) 1.626(2) 1.603(3)
CN 1.2(1) 1.0(1) 1.4(2) 1.2(3) 1.5(1) 1.1(2)
0% x107° 0.4(3) 0.7(6) 1.4(8) 4.1(17) 1.7(6) 1.5(10)
Mo-02 1.805(1) 1.790(3) 1.796(3) 1.764(8) 1.773(2) 1.733(2)
CN 2.3(1) 2.5(1) 2.3(2) 2.7(2) 2.4(1) 2.1(1)
o®x107° 1.7(2) 3.4(4) 1.9(5) 5.8(7) 2.2(4) 2.0(5)
Mo-03 1.945(1) 1.967(4) 1.941(3) 1.939(13) 1.923(3) 1.893(5)
CN 2.4(1) 2.1(2) 2.4(2) 2.0(2) 2.1(2) 1.9(3)
o® x107° 1.3(3) 5.4(8) 1.6(6) 5.8(7) 1.4(5) 5.0(14)
Mo-04 2.404(5) 2.371(13) 2.396(11) 2.380(17) 2.375(7) 2.353(14)
CN 1.0(2) 0.8(3) 0.9(2) 0.7(2) 1.2(1) 1.0(4)
o” x107° 2.5(11) 3.9(36) 1.6(12) 2.0(17) 2.2(7) 4.2(14)
Mo-Mo1 3.436(2) 3.413(4) 3.447(5) 3.451(6) 3.372(3) 3.435(6)
CN 1.8(2) 1.7(2) 2.0(5) 2.0(4) 2.0(3) 2.4(6)
0% x107° 4.1(5) 5.9(8) 4.7(13) 3.2(8) 4.7(8) 6.7(15)
Mo-Mo2 3.765(7) 3.608(13) 3.779(10) 3.753(12) 3.727(5) 3.717(10)
CN 2.3(5) 2.3(3) 2.7(13) 2.4(5) 2.2(5) 2.6(10)
¢® x107 10.8(17) 15.0(20) 8.9(29) 7.7(19) 5.8(11) 9.1(26)
EO0 5.8(1) 5.9(2) 5.8(4) 4.9(4) 2.1(3) 0.9(4)
S0 0.96(1) 0.96(1) 0.96(3) 0.98(3) 0.96(2) 0.96(3)
r-Factor x10™* 1.38 5.96 15.17 16.11 10.64 11.86

when compared to water electrolysis whilst also valorising
underutilised waste biomass streams.

The authors report the successful design, construction
and operation of a bespoke PEM flow cell to enable the first
operando electrolysis X-ray absorption spectroscopy (XAS)
experiment to gain insight into the behaviour of aqueous
PMA under operating conditions. These experiments allowed
the change in oxidation state of the Mo-centres within the
[PMo0,,0,40]* ®” structure to be probed as a function of charge
passed (reoxidation), through monitoring of the Mo K-edge
position, and indicated that only a minor shift in Mo K-edge
position was observed upon reoxidation. This infers that
charge may be more widely distributed throughout the entire
structure rather than solely between the 12 Mo centres.
Complementary DFT fitting of EXAFS data confirmed this
interpretation, revealing a measurable decrease in Mo-O
bond lengths upon reoxidation, consistent with structural
contraction and global charge delocalisation across the
heteropolyacid framework. Moreover, electrochemical data
collected during operando XAS experiments indicated that the
passage of charge during reoxidation correlated well with the
change in oxidation state of the Mo K-edge. Significantly,
after the initial galvanostatic operation (0.1 A) of the PEM
electrolyser (required to provide a controlled reoxidation rate
of the PMA mediator for XAS) and switching to potentiostatic
operation (1.0 V), samples reduced through biomass
digestion displayed secondary upticks in current passage,
whilst those that were reduced electrochemically did not.
Mass spectrometry of off gases from the electrolyte vessels
confirmed the generation of hydrogen in the cathode
compartment. However, some presumed crossover of
hydrogen back towards the anode compartment via the

1454 | Catal. Sci. Technol., 2026, 16, 1444-1456

membrane was observed, which should be minimised, but is
not critical to operation here, owing to the lack of oxygen
evolution at the anode in this particular system. Interestingly,
in biomass reduced samples only, evolution of carbon
dioxide was observed, likely corresponding to the
aforementioned upticks in current passage and implying that
these observations may relate to direct oxidation of biomass
in solution.

These findings demonstrate the powerful potential of
applying combined operando XAS with mass spectrometry and
electrochemical analysis and help to establish a foundational
methodology for future studies of heteropolyacids in decoupled
electrochemical hydrogen production technologies.
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