
 
 

Delft University of Technology

Document Version
Final published version

Citation (APA)
Demiröz, E., Hooijer, G. J., Mulder, F. M., & Urakawa, A. (2026). Beyond competition: hydrogen evolution as a
productive pathway in direct toluene hydrogenation. EES Catalysis. https://doi.org/10.1039/d6ey00268d

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1039/d6ey00268d


© 2026 The Author(s). Published by the Royal Society of Chemistry EES Catal.

Cite this: DOI: 10.1039/d6ey00268d

Beyond competition: hydrogen evolution
as a productive pathway in direct toluene
hydrogenation

Ezgi Demiröz, ab Gerben-Jan Hooijer,a Fokko M. Mulder ab and
Atsushi Urakawa *ab

The hydrogen evolution reaction (HER) is typically considered a parasitic reaction in electrochemical

hydrogenation (ECH) because it reduces the faradaic efficiency toward the desired product. In this work,

we investigate the role of HER and conventional thermochemical catalysis in direct toluene hydrogenation

coupled with oxygen evolution reaction (OER). We evaluated the electrolysis performance at a fixed

current density of 200 mA cm�2, and compared it with systems in which molecular hydrogen was used

instead of proton electroreductions. A carefully designed control test showed that the proton conducting

cathode catalyst layer, consisting of Pt/C and Nafion ionomer, facilitates both (i) electrochemical HER and

(ii) subsequent thermochemical hydrogenation of toluene by utilizing the molecular H2 produced in situ.

These findings challenge the common interpretation of ECH of toluene by demonstrating that the process

proceeds through an electro-thermochemical mechanism, and thus provide essential insights for the

design of energy-efficient hydrogenation processes.

Broader context
Electrification is increasingly viewed as a route to decouple chemical manufacturing from fossil-derived heat and reagents. For electrolyzers to deliver energy
savings, however, performance metrics must be carefully linked to the reaction pathway. In this work, we investigate an electrified hydrogenation reaction that
connects hydrogen storage with renewable electricity, and reveal the importance of in situ generated H2 utilization over the cathode catalyst layer.

Decarbonizing the chemical industry is essential for meet-
ing climate targets, and powering processes with low-carbon
electricity has emerged as an important route to reduce emis-
sions and build a sustainable future.1–3 Electrification of
hydrogenation reactions that are traditionally carried out in
thermocatalytic reactors has received considerable attention.4–9

Electrochemical hydrogenation (ECH) is reported to offer several
advantages over the conventional route. First, it generates reac-
tive hydrogen in situ from water, thereby eliminating the need to
produce, store, and transport molecular hydrogen (H2).10–14

Second, it allows performing hydrogenation under milder
temperatures and pressures compared to the conventional
route.4,7,10,15–19 Third, targeting compounds with reduction
potentials more positive than the competing hydrogen evolution
reaction (HER) offers the possibility of achieving higher overall

energy efficiencies.20–22 Despite these benefits, realizing ECH at
large scales requires electrolyzers that can operate efficiently at
high current densities—a critical challenge for accelerating the
transition towards electrochemical processes, which also leads to
overpotentials high enough to enable HER.1,5

To tackle these challenges, electrolyzers used in industrial-
scale applications increasingly employ zero-gap electrolysis sys-
tems, in which the electrodes are in direct contact with the
membrane. Such systems minimize ohmic losses, enhance mass
transport, and allow operation at high substrate concentra-
tions.7 A successful example is ENEOS Corporation’s ‘‘Direct
MCH’’ process, demonstrated with 150 kW electrolyzer in
Queensland, Australia.5,23 This project of ENEOS stands as an
important milestone, showcasing ECH of neat toluene into
methylcyclohexane (MCH), a well-established liquid organic
hydrogen carrier.5

Conventional toluene hydrogenation involves a two-step
process: H2 production (possibly by water electrolysis) and
subsequent hydrogenation in a separate thermocatalytic
hydrogenation (TCH) reactor.
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3H2O - 3H2 + 3/2 O2 Ecell1 = �1.23 V, DH1 = +286 kJ mol�1

The concept of coupling toluene hydrogenation with OER
using membrane electrode assemblies (MEAs) was first intro-
duced by Mitsushima et al. in 2015.20 This approach directly
utilizes the protons generated from water, proceeding via the
following envisaged reactions:

Anode: H2O - 1/2O2 + 2H+ + 2e� + 1.23 V vs. RHE

Researchers employed IrO2-based catalysts for the OER, Nafion
as a proton exchange membrane (PEM), and Pt/C and PtRu/C
catalysts at the cathode.20 Subsequent studies largely adopted the
design, exploring Pt group metal catalysts at the cathode in
particular24–30 (Table S1). Notably, Pt-based materials are also
highly active for conventional TCH of organic molecules.31 In
addition, Pt-based cathode materials used for ECH are also active
for HER due to the shared Volmer-reaction step.5

HER uses protons and electrons to generate H2:

Cathode: 2H+ + 2e� - H2 0 V vs. RHE

Suppression of HER is considered critical for ECH reactions,
including CO2 reduction,32,33 N2 reduction,34,35 NOx

� reduction,36

NO reduction,37,38 organic molecule hydrogenation,39,40 and trans-
membrane hydrogenation.10,41

In the case of toluene hydrogenation coupled with OER, the
DG-based theoretical least negative cell potential is �1.08 V,42

less negative than for water decomposition �1.23 V, while the
corresponding DH-based thermoneutral potentials are �1.13
and �1.48 V, respectively. Despite this thermodynamic advan-
tage, substantial overpotentials are required in practice. Under
the reported conditions for electrochemical toluene hydrogena-
tion, the HER is expected to occur concurrently, as indicated by
previous reports42,43 and the literature summarized in Table S1.

Separately, most anodic oxidation reactions are coupled
with HER, where it is considered an auxiliary reaction.44

Moeller et al. utilized this ‘‘waste’’ H2 in a separate flask for
hydrogenation of a,b-unsaturated carboxylic acid with a Pd/C
catalyst, showing utilization of on-site generated H2 for a TCH
reaction.45 Here, the requirement of a separate reactor under-
scores a key limitation: molecular H2 must still be handled and
reacted ex situ. This raises a fundamental question for process
design: can the H2 generated via HER be directly utilized in situ
within an electrochemical reactor? Could this already be hap-
pening in electrochemical reactors?

In the electrochemical hydrogenation pathway, active
adsorbed hydrogen is generated by proton reduction

(H+ + e�- Hads), rather than molecular hydrogen dissociation
(H2 - 2Hads).

53 Previous works on electrochemical hydrogena-
tion of toluene have extensively focused on electrocatalyst
development, and on controlling the competition between
ECH and HER.24,28,29,46–52 However, the effect of in situ gener-
ated molecular H2 utilization (TCH) on the proton conducting
cathode catalyst layer remained largely unexplored. In this
work, we critically evaluate and challenge the conventional
view of HER as a competing reaction. To do so, we first examine
the electrolysis performance under constant-current operation,
where the rate of proton and electron supply is fixed. This
allows us to evaluate how the charge is allocated between the
products, MCH and H2.

In a simplified description, direct toluene hydrogenation in a
PEM-type electrolyzer proceeds as follows: water oxidizes at the
anode to produce oxygen, protons, and electrons. The electrons
transfer through an external circuit, whereas the protons migrate
across the PEM toward the cathode. At the cathode catalyst, these
protons combine with electrons to form adsorbed hydrogen
species (Hads). Protons that are not involved in the hydrogenation
of toluene into MCH combine and exit the reactor as H2 gas
(Fig. 1a). This process shows high selectivity, with the formation
of partially hydrogenated intermediates being negligible.

In electrolysis experiments, catalyst-coated Nafion 115 mem-
branes with a 2 cm � 2 cm active area are used. Catalyst layers
consisted of ionomer, Pt/C (2 mg cm�2, 40 wt% Pt) at the
cathode and IrO2 (1 mg cm�2) at the anode. Carbon paper and
titanium fiber felt served as the cathode and anode porous
transport layers (PTL), respectively (Fig. 1b). Pre-heated toluene
and water were continuously supplied to the electrolyzer oper-
ating at 80 1C. All measurements were conducted at a current
density of 200 mA cm�2. Liquid samples were analyzed using
gas chromatography, and the outlet H2 flow was measured
using a gas flow meter (Fig. 1c). A representative chromatogram
and the calibration curve are provided in Fig. S1.

To evaluate single-pass conversion, theoretical (maximally
achievable) conversion was calculated based on assuming the
maximum use of electrons, for the formation of the target product,
corresponding to a faradaic efficiency (FE) of 100% toward MCH:

Xthð%Þ ¼
I � t�Mw

z� F � r�Q
� 100

where I is the applied current (A), t is time (s), Mw is the
molecular weight of toluene (g mol�1), z is the number of
electrons required to hydrogenate one toluene molecule
(z = 6), F is Faraday’s constant (96 485 C mol�1), r is the
density of toluene (0.867 g mL�1), and Q is the feed flow rate
(mL s�1). This calculation is important to ensure that sufficient
protons and electrons are supplied to hydrogenate the target
molecule compared to the aimed single-pass conversions.

Fig. 1d compares this theoretical conversion curve with
measured conversions across nearly three orders of magnitude
in toluene flow rate. Low toluene flow rates yielded high single-
pass conversions, reaching 41% at 2 mL min�1 with an apparent
FEMCH of 10% (Fig. 1e). As expected for continuous-flow opera-
tion, the MCH production rate follows the same trend as
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apparent FEMCH. Increasing toluene flow rate enhances the
consumption of adsorbed hydrogen (Hads) for hydrogenation,
resulting in higher rates and apparent FEMCH. At toluene flow
rates above 0.1 mL min�1, the MCH formation rate approaches
a flow-independent value, indicating that the rate is no longer
governed by the toluene flow rate. The fraction of protons that
have not participated in the hydrogenation reaction appears as
measurable H2 flow at the reactor outlet (Fig. 1f). Throughout
the test, cell voltage remained between �1.6 to �1.7 V (Fig. S2,
MEA 1). To confirm the reproducibility of the findings, the
electrolysis tests were performed with other membrane elec-
trode assemblies (MEAs), as shown in Fig. S2–S4. Total FE in
the tests, as well as water drag rate from the anode due to
electroosmosis, are given in Fig. S5.

Electrolysis results show that a substantial fraction of the
cathodic current leads to molecular H2. Since Pt-based catalysts
are active for TCH of organic compounds, the locally generated
H2 may, in principle, be utilized within the same catalyst layer
before leaving the reactor. Therefore, a control experiment is
carefully designed to evaluate the thermocatalytic activity of the
catalyst layer (Fig. 2a and b). The H2 gas flow rate was set at

5.6 mL min�1, the same as the H2 flow rate measured at the
outlet when toluene is not introduced to the cathode (water
electrolysis operation at 800 mA, 4 cm2, 92% FE). This way, the
inlet H2 flow rate can be considered equivalent to the amount
of H2 generated in situ by electrochemical HER. The anode is
continuously flushed with inert N2 to ensure open circuit
potential of 0 V during tests to avoid any potential polarization
and charging effect on the catalyst. For a better comparison, an
electrolysis test was performed before switching to the control
test using the same MEA (Fig. 2c). Notably, similar toluene
conversions of about 20% are observed in both cases, indicat-
ing that a Nafion-containing Pt/C catalyst layer thermochemi-
cally utilizes in situ generated H2. More control experiments on
different MEAs are given in Fig. S6 and S7.

Arrhenius relationship can reveal the factors controlling
reaction rates in chemically driven versus electrically driven
processes, as the reaction mechanisms and thus kinetic para-
meters are expected to be distinct. Such comparisons have been
reported by Lercher and co-workers, who examined hydrogena-
tion rates by increasing hydrogen chemical potential either
through elevated H2 pressure or by applying a cathodic

Fig. 1 Electrolysis tests. Schematic of the cathode under electrolysis (a), MEA and current collectors with serpentine flow field (b), schematic of
the experimental setup (c), single-pass toluene conversion (d), apparent faradaic efficiency and MCH production rate (e), and outlet H2 flow rate (f)
at 200 mA cm�2, 80 1C, 1.85 mL min�1 MilliQ feed at anode.
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potential.54–56 In contrast, our approach does not treat HER as a
competing pathway. Instead of controlling the cathodic potential,
we control current density to fix the H2 generation at the cathode.
During experiments, temperature is varied between 50 and 80 1C,
within Nafion’s operation range. For the TCH, a packed bed
reactor is designed for the analysis (Fig. S8 and S9). To eliminate
temperature control-related differences between experiments, the
catalyst bed is placed inside the electrolyzer. For a fair compar-
ison between the electrolysis test, a catalyst bed is prepared using
dried catalyst ink having the same composition as that used for
MEA preparation. Nafion ionomer served as a binder to pelletize
Pt/C catalyst, which was further sieved in the range of 56–100 mm.
Similar to the control test, 5.6 mL min�1 H2 was fed with toluene.
The toluene flow rate was selected from regimes in which the
MCH formation rate was nearly independent of toluene feed rate,
corresponding to 2 mL min�1 for electrolysis, and 0.5 mL min�1

for the thermocatalytic test (Fig. S10).
If ECH were the dominant and kinetically distinct pathway,

a different temperature dependence might be expected com-
pared with TCH. Instead, Fig. 3 shows that the two systems
exhibit practically no difference in apparent activation energy.
However, measured values of approximately 20 kJ mol�1 are
substantially lower than those typically reported for toluene
hydrogenation over Pt nanoparticle catalysts under comparable
temperature conditions, which are around 50 kJ mol�1 within a
comparable temperature range.57 This unusually low apparent
activation energies may indicate that both systems are influ-
enced by similar internal mass-transfer limitations, where
reactants cannot move fast enough inside the pores of the

catalyst particle, biasing the activation energy to close to the
half. Such limitations may originate from the Nafion binder
phase occupying the catalyst pores, which can weaken the
temperature dependence of the measured reaction rate.

For hydrogenation proceeding through an electro-thermo-
chemical pathway, increasing the cathode pressure is expected
to promote product formation according to Le Chatelier’s prin-
ciple, without producing a clear voltage response. In this test, we
pressurize the cathode to 6 barg using a back pressure regulator
attached to the outlet of the electrolyzer. As shown in Fig. 4,
during the first 35 min, the cell was operated without cathode

Fig. 2 Control test. Schematic of cathode during the control test (a), schematic of experimental setup (b) and single-pass toluene conversion
comparisons (c) at 200 mA cm�2/5.6 mL min�1 H2 feed, 80 1C, 5 mL min�1 toluene.

Fig. 3 Arrhenius analysis comparison. Electrolysis performed at 200 mA cm�2,
thermal catalysis performed with 5.6 mL min�1 H2.
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pressurization or toluene flow, during which the cell potential
decreased and stabilized due to membrane hydration. The
cathode was then pressurized, and toluene was introduced
at 0.1 mL min�1 at ca. 43 min, and sampling started after
2 h. Under pressure, the toluene conversion was ca. 2.8%.
Upon pressure release at 3 h, the conversion decreased to
ca. 1.8%.

Both the control experiment and Arrhenius analysis confirm
that the Pt/C-Nafion cathode catalyst layer is active for thermo-
chemical hydrogenation and can achieve identical single-pass
toluene conversion and apparent activation energies as the
electrolysis operation. This result is consistent with the well-
established role of Pt as not only an effective HER and ECH
catalyst, but also a benchmark catalyst for aromatic hydrogena-
tion using molecular hydrogen.58

Most catalysis and modelling studies treat proton-conducting
catalyst layers as electrodes that are active for electrochemical
hydrogenation and HER.30,59 Considering there are no reports
showing 100% FEMCH at conditions where HER is not thermo-
dynamically expected, we believe such hydrogenation reactions
may not all be classified purely as electrochemical. Accordingly,
faradaic efficiency in such systems should be regarded as
apparent faradaic efficiency, reflecting electrical utilization rather
than the underlying chemical mechanism.

In the control test, zero-gap type cell architecture enabled
direct exposure of the catalyst layer to molecular hydrogen. For
H-cells or flow cells with gaps between components, ensuring
H2 availability near the electrode could be troublesome. This is
consistent with our previous PEM-based nitrate reduction study
where externally supplied H2 was much less effective than
electrolysis-assisted operation.60

Architectural dependence highlights a broader challenge in
electrocatalysis, where reactions are often evaluated across dif-
ferent cell configurations, such as transitioning from H-cells to
zero-gap systems or vice versa. We speculate that, if a reaction is
partially or predominantly promoted by in situ generated
H2, differences in H2 transport and accessibility between
these configurations may lead to divergent activity and
selectivity trends. As a result, performance metrics obtained in
different reactor designs may not be directly comparable.
Furthermore, cell construction factors (cell and gasket architec-
ture, compression, etc.) in zero-gap assemblies become highly
important.

From an energetic perspective, the necessity of HER
implies that operation at less negative cell potentials than
the thermodynamic water-splitting potential is unlikely.
Nonetheless, the process may still offer great system-level
advantages, as the exothermic hydrogenation reaction can
provide internal heat, and H2 generation and consumption
occur in a single integrated device without external handling
of H2. Even though both reactors are not optimized, we
observed that MCH production rate (per gram of catalyst) of
direct hydrogenation can be higher than that of the H2-fed
packed bed reactor (Fig. S10). In addition, using electrolyte-
free water at the anode as the hydrogen source simplifies
system design and improves relevance for practical imple-
mentation. A future system-level comparison with conven-
tional water electrolysis followed by thermocatalytic
hydrogenation would help clarify the practical advantages
of the integrated system.

Conclusions

Our work demonstrates that HER contributes productively to
direct toluene hydrogenation in PEM type electrolyzers. In the
Pt/C–Nafion cathode catalyst layer, electrochemically generated
molecular H2 is consumed in situ for thermochemical hydro-
genation to methylcyclohexane, rather than simply leaving the
reactor as an efficiency loss. The comparable performance
observed in the electrolysis and H2-fed control experiments
indicates that thermochemical hydrogenation takes place
under the investigated conditions. In such systems, observed
faradaic efficiencies should be interpreted as measures of how
effectively electrical input is converted into the target product,
rather than as direct evidence of the elementary hydrogenation
pathway. Recognizing this distinction provides a more reliable
basis for interpreting and designing integrated electrified
hydrogenation processes.
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