
Sustainable
Energy & Fuels
Interdisciplinary research for the development of sustainable energy technologies

rsc.li/sustainable-energy

Volume 9
Number 23
7 December 2025
Pages 6315–6576

ISSN 2398-4902

PAPER
Regina Palkovits et al.
Integration of formic acid dehydrogenation with 
electrochemical pumping for the generation of clean 
hydrogen 



Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
ot

to
br

e 
20

25
. D

ow
nl

oa
de

d 
on

 2
8/

01
/2

02
6 

20
:5

8:
54

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Integration of fo
aChair of Heterogeneous Catalysis and Che

and Macromolecular Chemistry, RWTH Aa

Aachen, Germany. E-mail: palkovits@itmc.r
bInstitute for a Sustainable Hydrogen Econ

GmbH, Marie-Curie Straße 5, 52428 Jülich,

de
cMax-Planck-Institut for Chemical Energy Co

a. d. Ruhr, Germany

Cite this: Sustainable Energy Fuels,
2025, 9, 6439

Received 14th August 2025
Accepted 16th September 2025

DOI: 10.1039/d5se01101a

rsc.li/sustainable-energy

This journal is © The Royal Society o
rmic acid dehydrogenation with
electrochemical pumping for the generation of
clean hydrogen

Fabian Ketter, a Shwetambara Jha, a Sonja D. Mürtz a

and Regina Palkovits *abc

Hydrogen purification is a crucial challenge for the efficient use of hydrogen as a sustainable energy carrier.

However, systems combining the formation of hydrogen from easily transportable liquid organic carriers

with purification after release are rarely reported. Here, we present an integrated system combining

formic acid dehydrogenation (FADH) and electrochemical hydrogen pumping (EHP) for hydrogen

purification. The [RuCl2(p-cymene)]2-catalysed dehydrogenation of formic acid generated stable H2-CO2

mixtures with ratios of 1 : 1 and 2 : 1. Small-scale EHP tests demonstrated that a supported PdPt catalyst

exhibits high hydrogen oxidation reaction (HOR) activity and enhanced CO tolerance compared to a Pt

benchmark catalyst. This integrated system offers a promising approach for hydrogen purification with

potential applications in fuel cells and hydrogen storage systems.
Introduction

Due to increasing global energy demand, coupled with chal-
lenges such as rising temperatures and extreme weather events
caused by greenhouse gas emissions, signicant environmental
and economic pressures have developed worldwide. Hence,
current research efforts focus on the advancement of sustain-
able methods for energy production and storage.1–4

In this context, hydrogen is considered a promising energy
carrier due to its potential to provide secure and uninterrupted
energy supply and its widespread use in chemical synthesis.5,6

Fuel cells efficiently convert chemical energy into electrical
energy, while water is produced as the main product.7 When
hydrogen is produced through water electrolysis using renew-
able energy sources, green hydrogen offers a carbon-neutral
alternative to conventional fossil fuels. However, despite these
advantages, approximately 80% of hydrogen is still produced by
methane steam reforming (SMR), which generates CO2 as a by-
product (grey hydrogen).5,8 Critical challenges for the efficient
usage of hydrogen are storage and transport. With commonly
applied storage techniques at high pressures (350–700 bar) or at
low temperatures in the liquid state (about −253 °C),
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comparably low volumetric energy densities of 3–9 MJ L−1 are
achieved.9 In contrast, gasoline offers a volumetric energy
density of 34 MJ L−1.10

Liquid organic hydrogen carriers (LOHCs), such as formic
acid, offer an alternative with higher volumetric energy density
under ambient conditions. However, LOHC-based hydrogen
production oen generates impure hydrogen streams contain-
ing CO2, CO, CH4, and other gases. Thus, subsequent puri-
cation remains essential for efficient hydrogen utilisation.11

State-of-the-art purication methods include pressure swing
adsorption (PSA) and membrane-based techniques.12–14 A
promising and cost-effective alternative as shown by various
techno-economic analyses offers electrochemical hydrogen
pumping (EHP).13–16

Fig. 1 illustrates the currently accepted vision of a hydrogen
economy and possible roles of liquid organic hydrogen carriers
and EHPs within the value chain. EHPs utilise proton-exchange
membranes (PEMs) to separate impurities during the hydrogen
oxidation reaction (HOR) at the anode, while simultaneously
generating pressurised hydrogen in the cathode compartment
during the hydrogen evolution reaction (HER). For the occur-
ring reactions, platinum-based catalyst systems are commonly
used due to their high activity.3,17

Research efforts for electrochemical hydrogen pumps
strongly focus on improving the efficiency of such systems.
Thus, the reduction of activation-, mass transport-, and ohmic
overpotentials is extensively studied.14 A schematic setup of an
EHP is presented in Fig. 2.

A critical challenge towards the efficient use of EHPs pres-
ents poisoning of the anode catalyst by impurities like CO2 and
CO in the feed stream. To mitigate these effects, alloying
Sustainable Energy Fuels, 2025, 9, 6439–6446 | 6439
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Fig. 1 Schematic overview of a hydrogen economy. Electricity from renewable energy sources is used to produce hydrogen through water
electrolysis. The generated hydrogen can either be stored in liquid organic hydrogen carriers or be directly transported in existing infrastructure.
Electrochemical hydrogen pumping allows for purification and simultaneous compression at the location of utilization or industrial application.

Fig. 2 Schematic setup of an electrochemical hydrogen pump.
Hydrogen is oxidised to protons at the anode (left) and transported
through a proton-exchange membrane (PEM). At the cathode (right),
the protons are reduced back to high-purity hydrogen.
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platinum with other metals like palladium has been shown to
lead to increased CO tolerance due to enhanced chemisorption
of hydroxyl groups that promote CO oxidation.17,18 The mecha-
nism for CO electrooxidation is explained in more detail in
Fig. S1.19

Although considerable research efforts focus on the opti-
misation of hydrogen supply from LOHCs20–23 and electro-
chemical hydrogen pumping15,24–26 individually, barely any
studies have explored integrated systems.27 In previous studies,
Wu et al. and Liu et al. used EHPs for thermo-electrochemical
dehydrogenations of methanol28,29 and ethanol30 with pure
feed streams. Mrusek et al. focused on LOHC systems that
deliver relatively pure hydrogen.27 However, in practical appli-
cations, hydrogen generated from LOHC dehydrogenation oen
contains impurities such as CO and CO2, which can negatively
affect system performance.
6440 | Sustainable Energy Fuels, 2025, 9, 6439–6446
Herein, we address this gap by presenting an integrated
system that combines LOHC-derived hydrogen generation with
controlled impurities and EHPs. By post-processing the gas
generated from LOHC decomposition, the system's perfor-
mance is examined under varying conditions. In this way, this
study provides insights into the practicability of combining
LOHC decomposition with EHP under relevant conditions.

To achieve this, we optimise the catalytic dehydrogenation of
formic acid to provide a stable gas stream with controlled
amounts of impurities, which is then fed into an electro-
chemical hydrogen pumping cell. In the electrochemical cell,
palladium-platinum catalysts supported on reduced graphene
oxide (PdPt@rGO) are used for increased tolerance against
catalyst poisons such as CO and CO2, maintaining high
hydrogen oxidation activity under challenging conditions.17,18

Owing to their oxophilicity, the addition of palladium and the
use of reduced graphene oxide (rGO) as support facilitate the
oxidation of catalyst poisons such as CO. Furthermore,
compared to other carbon-based supports, rGO increases the
catalyst's polarity, improving wetting and electrochemical
connectivity to the sulfuric acid electrolyte. This can lead to
enhanced catalyst performance. The catalysts are synthesised
by a facile hydrothermal method and characterized by means of
X-ray diffraction (XRD), inductively coupled plasma-optical
emission spectroscopy (ICP-OES), and X-ray photoelectron
spectroscopy (XPS).

As far as our knowledge, this study for the rst time explores
integrated systems of LOHC decomposition generating impure
hydrogen streams and electrochemical hydrogen pumping in
a straightforward and simple setup.

Experimental
Formic acid dehydrogenation

For a typical formic acid dehydrogenation (FADH) experiment,
sodium formate (2.955 g, 45.6 mmol, $99%, Carl Roth) and
This journal is © The Royal Society of Chemistry 2025
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[RuCl2(p-cymene)]2 (91.8 mg, 0.15 mmol, Sigma-Aldrich) were
dissolved in aqueous formic acid solution (700 g L−1, 114 mmol,
7.5 mL, $99%, Th. Geyer). The reaction was initiated at 110 °C,
and the gases were analysed with on-line mass spectrometry
(MS, Pfeiffer GSD 350 OmniStar) using a nitrogen stream of 20
mL min−1 as carrier gas. The calculation of the produced
amount of H2- and CO2 gas streams is shown in eqn (S1) and
(S2) in the SI.

For the experiments involving a gas washing step, the
produced gas was passed through a gas washing bottle con-
taining a sodium phosphate solution (0.75 M, $98%, 250 mL,
pH = 12, Sigma-Aldrich) as washing medium.
Catalyst synthesis

Hydrogen oxidation catalysts were synthesised by a simple
hydrothermal procedure. First, exfoliation of graphene oxide
(200 mg, 4–10% edge-oxidized, Sigma-Aldrich) was conducted
in deionized water (15 mL) for 15 minutes with the aid of
ultrasonication. Subsequently, PtCl2 (Pt@rGO: 17 mg, 64 mmol/
PdPt@rGO: 5.9mg, 22 mmol,$99.9%, Sigma-Aldrich) and PdCl2
(PdPt@rGO: 13.7 mg, 78 mmol, $99.9%, Sigma-Aldrich) were
added and dispersed for another 10 minutes through ultra-
sonication. The prepared dispersion was transferred to a Teon-
lined autoclave and sodium borohydride (Pt@rGO: 13.3 mg,
0.35 mmol/PdPt@rGO: 21.6 mg, 0.57 mmol, Sigma-Aldrich) was
slowly added. The dispersion was then allowed to react at 200 °C
for 12 h under autogenic pressure. Subsequently, the product
was centrifuged, washed with water. and dried in a drying oven
at 80 °C for 24 h. The corresponding reaction for catalyst
synthesis is shown in Scheme 1, where (r)GO represents
(reduced) graphene oxide.
Physical catalyst characteriation

X-ray diffraction measurements were carried out on a D2 Phaser
diffractometer from Bruker® with an acceleration voltage of 30
kV and Cu-Ka radiation in a 2 q range of 6–90° in 0.02° steps.
The average crystallite size was determined using the Scherrer
Equation (eqn (S3) in the SI) at the (220) reection of the syn-
thesised catalysts. The shape factor was assumed to be 0.9 in
this work.31

X-ray photoelectron spectroscopy (XPS) measurements were
carried out on an AXIS Supra+ spectrometer from Kratos
Analytical Ltd with a monochromatic Al-Ka X-ray source oper-
ated at 25 W. The sample holder was covered with non-
conductive tape to mitigate charging effects and the powder
samples were applied on top of the holder, which was covered
with double-sided carbon tape. Survey spectra were acquired in
a binding energy (BE) range of 1400–0 eV with a step size of 1 eV
and a pass energy of 160 eV. Large area region scans were
Scheme 1 Reaction equation for the hydrothermal synthesis of
Pt@rGO catalysts. The reduction of PdCl2 is expected to proceed in the
same way.

This journal is © The Royal Society of Chemistry 2025
measured with a step size of 0.1 eV, a pass energy of 20 eV, 20
sweeps per region and a scan time of 60 s per sweep. During all
measurements, the base pressure in the analysis chamber was
below 8.4 × 10−9 mbar. Data acquisition was conducted with
aid of the ESCApe™ soware.32 Data analysis and tting were
performed with CasaXPS.33 For the correction of charging
effects, binding energies were referenced to the C 1s BE of
adventitious sp3 carbon at 284.8 eV.34

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used for the determination of the metal loading.
The catalysts were dissolved in aqua regia with the aid of
a microwave. The obtained catalyst solution was analysed by
ICP-OES on a Spectroblue device from SPECTRO® Analytical
Instruments GmbH.

Electrochemical catalyst characterisation

The applied or recorded potentials Epstat were 85% iR-corrected
and referenced to the RHE to obtain ERHE by adding the
constant potential of the Ag/AgCl (3 M KCl) RE measured as
0.244 V vs. RHE against a hydrogen RE (HydroFlex, Gaskatel)
according to eqn (1), where i represents the applied or recorded
current and RU denotes the uncompensated resistance deter-
mined by electrochemical impedance spectroscopy.35

ERHE = Epstat + 0.244 V − i × RU (1)

Electrochemical measurements were performed according to
the following protocol:

1. Determination of the open circuit potential (OCP) for 900 s
during which the electrolyte is saturatedwith the respective
gas.
2. Electrochemical impedance spectroscopy (PEIS) at the
OCP with a perturbation root mean square voltage of 10 mV
in a frequency range of 100 kHz to 1 Hz.
3. Recording of 5 CVs in a potential range of−0.06 V to 1.44 V
vs. Ag/AgCl with a scan rate of 50 mV s−1.
4. Recording of one LSV in a potential range of −0.54–0.74 V
vs. RHE at a scan rate of 5 mV s−1.
5. Chronoamperometry at a potential of 0.74 V vs. RHE for
1200 s.

Results and discussion
Formic acid dehydrogenation

In a rst step, the controlled release of hydrogen by formic acid
dehydrogenation (FADH) was optimised to adequately supply
the electrochemical hydrogen pumping (EHP) cell in this work.
A hydrogen ow rate of 30 mL min−1 over at least 30 min is
assumed to be sufficient for electrochemical measurements in
a small-scale EHP cell.

FADH was performed with the homogeneous Ru catalyst
[RuCl2(p-cymene)]2 and a sodium formate base as proposed by
Guan et al.21 The homogeneous catalyst [RuCl2(p-cymene)]2 was
selected as FADH catalyst as it is a commercially available,
affordable precursor that has been widely used for formic acid
dehydrogenation, showing good activity while being stable
under ambient storage and handling conditions.21,36
Sustainable Energy Fuels, 2025, 9, 6439–6446 | 6441
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Fig. 3 CO2-flow of the formic acid dehydrogenation under optimised
conditions with- and without post-processing.

Fig. 4 Powder X-ray diffraction patterns of the reduced graphene
oxide (rGO) support (black), Pt@rGO (blue) and PdPt@rGO (red).
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While long-term stability of such catalysts is limited under
reaction conditions, advanced ligand engineering and immo-
bilization of the used precursor could further improve both
activity and durability, rendering the catalyst suitable for
industrial application.20,37 The dehydrogenation setup and the
structure of the employed catalyst are shown in Fig. S2. The
reaction conditions were varied to temperatures up to 110 °C
(see Fig. S3 and S4). Gas chromatography analyses showed that
the CO concentration in the product gas was below the detec-
tion limit of 10 ppm, indicating high catalyst selectivity towards
the dehydrogenation reaction and suppression of competing
dehydration.

To obtain a H2-to-CO2 ratio that more closely resembles the
composition of typical industrial reformate gas streams with
a CO2-content of 20–25%, the gas stream from FADH was post-
processed using a simple gas washing procedure with different
washing media.38 Aer an induction period of approximately
10–20 min, the detected CO2 ow remains stable at approxi-
mately 15 mL min−1 using a sodium phosphate buffer (Fig. 3).

Aer the reaction, the pH of the sodium phosphate buffer
was 10.6 in all measurements. Contrary, experiments with a 1 M
KOH washing medium led to complete removal of CO2 from the
gas stream. The CO2 ltration capacity of 0.1 M KOH varies
throughout the reaction, possibly due to a decrease in pH with
increasing CO2 absorption. Thus, the sodium phosphate buffer
performed best and was used in further experiments.
Fig. 5 Time evolution of the H2 and CO2 generation from formic acid
dehydrogenation (top) and the open circuit potential (OCP) of the
electrochemical cell fed with the gas mixture from formic acid
dehydrogenation (bottom).
Physical catalyst characterisation

The synthesised HOR catalysts were characterised by powder X-
ray diffraction (XRD) and inductively coupled plasma-optical
emission spectroscopy (ICP-OES). The XRD patterns show the
characteristic reections of bare reduced graphene oxide (rGO),
indicated by the shaded areas in Fig. 4.39 Additional reections
are observed at 2q values of 39–40°, 46–47°, 67–68°, 81–82° and
83–84°, corresponding to the formation of Pt or PdPt particles
in the cubic crystal structure on the rGO support, respectively.
For the PdPt@rGO catalyst (red line in Fig. 4), the characteristic
reections for the metal particles are shied to higher 2q
values.40 This can be attributed to the presence of palladium in
the catalyst leading to a decreased lattice spacing due to the
lower spatial requirement of palladium compared to
platinum.40

The application of Scherrer equation to the reection of the
(220) plane of the Pt- and PdPt nanoparticles revealed average
6442 | Sustainable Energy Fuels, 2025, 9, 6439–6446
crystallite sizes 14 and 21 nm, respectively. ICP-OES analyses
further conrmed the successful deposition of platinum and
palladium species on reduced graphene oxide. The Pt@rGO
catalyst showed a platinum loading of 38.5(5) mg g−1, while the
PdPt@rGO catalyst showed a Pt loading of 15.1(2) mg g−1 and
a Pd loading of 29.7(4) mg g−1. Thus, the total metal content of
both catalysts is comparable under the applied synthesis
conditions.
Electrochemical catalyst characterization and system
integration

To investigate the electrochemical performance of the catalysts,
electrochemical measurements were carried out in an EHP cell.
Additionally, the composition of the gas stream from the
dehydrogenation was simultaneously investigated with on-line
mass spectrometry. Fig. 5 shows the time evolution of the
mass spectrometry signals for hydrogen (m/z = 2), carbon
dioxide (m/z = 44) and nitrogen (m/z = 14) aer the start of the
This journal is © The Royal Society of Chemistry 2025
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reaction as well as the open circuit potential of the working
electrode in the EHP cell for the PdPt@rGO catalyst during the
saturation of the electrolyte. Further information on the
hydrogen yield of the dehydrogenation reaction and experi-
mental details on the employed setup are presented in Fig. S5
and S6, respectively.

Aer an induction period of approximately 600 s, during
which the generated gases displace the air in the apparatus,
both hydrogen and carbon dioxide reach the mass spectrometer
and the signal intensities for those gases stabilise at high levels.
Conversely, the signal intensity of nitrogen decreases, showing
its displacement from the apparatus. When the produced
hydrogen reaches the EHP cell aer approximately 600 s, the
open circuit potential (OCP) of the working electrode sharply
drops from approximately 0.8 V vs. RHE to the equilibrium
value in hydrogen-saturated electrolyte of approximately 0 V vs.
RHE. This indicates that the conditions required for the HOR
are established when hydrogen dissolves in the electrolyte
within the anode compartment. Under open-circuit conditions,
the working electrode potential decreases to a value where the
HOR does not proceed.

To investigate the performance of the synthesized catalysts
in the HOR, cyclic voltammetry was performed. Fig. 6 shows
cyclic voltammograms (CVs) recorded in electrolyte saturated
with nitrogen, hydrogen and the gas stream from formic acid
dehydrogenation aer the gas washing process for the
PdPt@rGO catalyst.

In the CV recorded in nitrogen-saturated electrolyte, the ex-
pected features for platinum-based catalysts are observed. This
includes the HER onset at potentials below 0 V vs. RHE, the
underpotential hydrogen deposition signals in the potential
region between 0 V and 0.2 V vs. RHE and the Pt oxidation
signals at 0.5–0.7 V vs. RHE.41 No signicant currents indicating
other faradaic processes are observed in the cyclic voltammo-
grams besides these characteristic signals.

In hydrogen-saturated electrolyte, higher currents are
observed across the investigated potential range. This indicates
the occurrence of the hydrogen oxidation reaction. These
Fig. 6 Cyclic voltammograms recorded in electrolyte saturated with
nitrogen (blue), hydrogen (green) and the gas stream from formic acid
dehydrogenation (red) for PdPt@rGO. CVs were recorded at a scan
rate of 50 mV s−1.

This journal is © The Royal Society of Chemistry 2025
observations also apply when the formic acid-derived gas is
used as a feed. In these experiments, lower current densities are
reached compared to the experiments with pure hydrogen.
Possibly, this is owed to the hydrogen dilution with CO2, leading
to a decreased hydrogen concentration in the electrolyte. In the
experiments with hydrogen and the formic acid-derived gas
mixture, the highest current densities are observed at potentials
of approximately 1.2 V vs. RHE. Presumably, this can be
attributed to increased formation of platinum oxides that may
reduce the activity towards HOR. Similar ndings were reported
in earlier studies with rotating disk electrodes.42,43 To further
evaluate catalyst performance in HOR, chronoamperometry was
carried out at 0.74 V vs. RHE. These results are presented in
Fig. 7.

For both catalysts, the highest current densities are observed
in hydrogen-saturated electrolyte, while no signicant currents
were measured in nitrogen-saturated electrolyte. The catalyst's
stability was further examined by chronoamperometry in
hydrogen saturated electrolyte over 12 h, during which only
minimal activity loss was observed, indicating a high stability of
the catalyst under reaction conditions (see Fig. S7). In experi-
ments with the formic acid derived gas mixtures, reduced
current densities are observed compared to those obtained with
pure hydrogen. This decrease can be attributed to the presence
of carbon dioxide in this gas stream, which dilutes hydrogen
and, thus, may lead to decreased hydrogen concentration in the
electrolyte. Additionally, trace amounts of carbon monoxide
from the catalytic dehydrogenation could be present in the gas
stream and lead tominor catalyst poisoning, although they were
not detected in the gas chromatography analyses. When the gas
stream is not post-processed, the dilution effect increases,
leading to a further decrease in current density. However, with
all three FADH-derived gas streams, the hydrogen oxidation
reaction is performed effectively, demonstrating the successful
integration of both systems in a simple and straightforward
setup. These results highlight the possibility of employing gas
streams from formic acid dehydrogenation or related liquid
organic hydrogen carrier systems for electrochemical hydrogen
pumping.

Experiments with impure hydrogen as feed gas for the
electrochemical cell showed reduced current densities
compared to the experiments with pure hydrogen. This effect
can be attributed to CO-induced catalyst poisoning. A compar-
ison between the Pt@rGO and the PdPt@rGO catalysts
emphasises that, despite the lower Pt-loading in the PdPt
catalyst, the Pt@rGO catalyst exhibits a similar average current
density of 1.9 mA cm−2 compared to PdPt@rGO. This may
indicate a higher tolerance against CO poisoning for the
PdPt@rGO catalyst.

To support this hypothesis, cyclic voltammetry was con-
ducted using a gas mixture containing hydrogen with 1000 ppm
CO and 1000 ppmCO2. Representative CVs for both catalysts are
shown in Fig. 8.

Both cyclic voltammograms exhibit the characteristic broad
Pt-oxidation signal at a potential of approximately 0.6 V vs. RHE.
However, the characteristic signals for underpotential hydrogen
deposition are only present in the PdPt@rGO catalyst. This can
Sustainable Energy Fuels, 2025, 9, 6439–6446 | 6443
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Fig. 7 Chronoamperometry at 0.74 V vs. RHE for (A) the Pt@rGO benchmark catalyst and (B) the PdPt@rGO catalyst in electrolyte saturated with
nitrogen (blue), hydrogen (green), hydrogen with 1000 ppm CO and 1000 ppm CO2 (gray) the gas mixture from formic acid dehydrogenation
(light red, gas composition: approx. 50 vol% H2, 50 kratosvol% CO2) and the post-processed gas mixture from formic acid dehydrogenation (red,
gas composition: approx. 66 vol% H2, 34 vol% CO2). Shaded areas indicate the standard deviation across at least two independent
measurements.

Fig. 8 Representative cyclic voltammograms in sulphuric acid elec-
trolyte saturated with hydrogen containing 1000 ppm CO and
1000 ppm CO2 of the Pt@rGO (blue) and the PdPt@rGO (red) catalyst.
Cyclic voltammograms were recorded at a scan rate of 10 mV s−1.

Fig. 9 Large area region scans the Pt 4f region of the (A) Pt@rGO and
(B) PdPt@rGO catalyst and (C) the Pd 3d region of the PdPt@rGO
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be attributed to the blocking of Pt-sites with CO on the Pt@rGO
catalyst. In the PdPt@rGO catalyst, underpotential hydrogen
deposition is still observed. Possibly, this can be assigned to
hydrogen deposition on the Pd-sites that are only poisoned to
a lower extent compared to the Pt sites.

In addition to these signals, additional broad peaks are
observed at onset potentials of approximately 0.82 V vs. RHE.
These signals can be attributed to the CO-oxidation to CO2,
liberating the respective catalytic site for hydrogen oxidation.
The lower oxidation current with the PdPt@rGO catalyst may
further support a greater tolerance against carbon monoxide
indicating that less platinum is poisoned with CO compared to
the Pt@rGO catalyst. For the Pt@rGO system, an oscillating
current is measured at potentials above the CO-oxidation
potential. This behavior is likely due to the mechanism of CO-
6444 | Sustainable Energy Fuels, 2025, 9, 6439–6446
poisoning and liberation of CO sites and has previously been
reported in both experimental44 and theoretical45 studies.

To further examine the enhanced CO-tolerance, XPS studies
were performed to investigate the Pt and Pd surface oxidation
states. Fig. 9 shows large area region scans of the Pt 4f (binding
energy of approx. 75 eV) and Pd 3d (binding energy of approx.
340 eV) regions for the two synthesised catalysts.46
catalyst.
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All scans show the expected spin–orbit splitting for both
platinum and palladium species. The deconvolutions of these
scans reveal the absence of oxidised platinum species in both
catalysts. In the PdPt@rGO catalyst, Pd is present in oxidation
states 0 (56%) and +2 (44%). The presence of oxidised Pd
species supports the hypothesis that Pd facilitates the chemi-
sorption of hydroxyl species, which are crucial for CO oxidation
and the liberation of catalytic sites for hydrogen oxidation (see
Fig. S1 for details). These ndings are in line with various
studies in literature reporting enhanced OH chemisorption by
alloying palladium and platinum.17–19,47 The corresponding XPS
survey scans of the catalysts are presented in Fig. S8.13,14

Conclusions

In this study, we present an integrated system including
a LOHC decomposition unit together with an electrochemical
hydrogen pump. The generation of hydrogen with controlled
impurities was successfully performed through the [RuCl2(p-
cymene)]2-catalysed dehydrogenation of formic acid. The reac-
tion conditions and post-processing of the produced gas were
optimized to generate stable streams of approximately 45
mL min−1 with H2-to-CO2 ratios of 1 : 1 and 2 : 1, respectively.

Graphene oxide supported platinum (Pt@rGO) and
palladium-platinum (PdPt@rGO) electrocatalysts were syn-
thesised with a facile hydrothermal method and characterised
for their physicochemical properties and catalytic activity in the
HOR. Inductively coupled plasma-optical emission spectros-
copy (ICP-OES) and X-ray diffraction (XRD) experiments
conrmed the presence of 4–4.5 wt% Pt or PdPt particles on the
catalysts. X-ray photoelectron spectroscopy showed that the
surface of the PdPt@rGO catalyst contains Pt0, Pd0 and Pd2+

species, which may contribute to the increased CO tolerance of
this catalyst compared to Pt@rGO that primarily contains
elemental platinum. Cyclic voltammetry and chro-
noamperometry experiments in sulphuric acid saturated with
nitrogen, pure hydrogen and the gas streams produced through
formic acid dehydrogenation proved the high activity of the
synthesised catalysts in the HOR and further suggest a higher
CO-tolerance of the PdPt@rGO catalyst compared to the
Pt@rGO system. Furthermore, the successful integration of the
formic acid dehydrogenation with electrochemical pumping in
a combined system with both catalysts was demonstrated. This
integrated approach marks a signicant step towards a scalable
hydrogen economy by enabling the purication of impure
LOHC-derived hydrogen streams for efficient large-scale energy
storage and fuel cell applications.
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