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compared to the conventional two-step method. Yet, there are factors inhibiting the toluene
supply to the cathode reaction site and reducing the conversion rate to methylcyclohexane.
Thus, hydrogen may be generated as a side reaction. Understanding how hydrogen bubbles are
distributed is crucial regarding the design optimization of these electrochemical devices. This
work presents, for the first time in a direct toluene electro-hydrogenation electrolyzer, the X-
ray visualization of hydrogen bubbles inside the porous electrode. The concentration of bub-
bles was higher near the cathode catalyst and tended to increase with the electric current and
operating time. Bubble distribution spreads across the active area when using flat field plates.
As forrib-and-channel field plates, despite bubbles mostly concentrated beneath ribs, the total
hydrogen accumulated inside the porous electrode could be reduced.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

1. Introduction

A greater share of renewable energies is central to curving the
carbon footprint of the current energy mix and limiting the
global temperature rise [1]. However, the transition towards a
net-zero energy system cannot be addressed overnight [2],
and the current energy crisis hinders the deployment of sus-
tainable energy ecosystems [3]. Year over year greenhouse gas
(GHG) emissions continue to grow because of the unabated
use of pollutant fossil fuels [4]. Besides, renewables (e.g., solar
or wind) face bottlenecks derived from their unequal
geographical distribution or intermittent nature. Therefore,
there are locations where the use of green electricity through
direct electrification is technically unfeasible; energy storage
and transport technologies are usually required.

Green hydrogen (herein H,), produced via water electrolysis,
is an attractive energy vector concerning long-haul transport
and seasonal storage of green electricity [5]. Nevertheless, the
exceptionally low volumetric energy density of H, complicates
its storage (e.g., 0.003 kWh/L-H, versus 8.6 kWh/L-gasoline [6]).
Among the variety of hydrogen storage solutions (e.g., com-
pressed, and liquefied H,, metal hydrides, and so forth [7]), liquid
organic hydrogen carriers (LOHCs) are one of the most prom-
ising. Most LOHCs are in the liquid phase at ambient tempera-
ture and pressure, which may enable using the existing oil
infrastructure. LOHCs are based on reversible hydrogenation
and de-hydrogenation cycles and, unlike circular H, carriers
(e.g., ammonia, formic acid, or methanol [8]), without binding or
releasing other substances to/from the atmosphere [9].

There are numerous LOHCs candidates [10]; yet none of
them is ideal in terms of storage capacity, energy density,
temperature range at liquid state, de-hydrogenation heat and
temperature, de-hydrogenation indicators (i.e., amount of
heat, temperature, and rate of H, release), safety, availability,
or cost. For instance, the naphthalene/decalin system has
good storage capacity (i.e., 7.3 wt% and 2.2 kWh/L), but its high
toxicity and solid state at ambient temperature are issues [11].
Benzene/cyclohexane also exhibits high H, content, but ben-
zene is a carcinogen [12]. Toluene/methylcyclohexane (MCH)
needs elevated temperatures for de-hydrogenation, and its
volumetric energy density (i.e., =1.6 kWh/L) is lower than that
of other hydrogen carriers such as liquid H, or ammonia [13].

Nonetheless, this organic hydride system is an easily
manageable and stable liquid over a wide temperature range
(i.e., between 162-384 K and 146—374 K for toluene and MCH,
respectively [6]). In addition, it has low toxicity, exhibits
gasoline-like features, and has been identified as the most
cost-effective technology for the large-scale overseas trans-
portation of hydrogen [14].

The conventional hydrogenation of toluene to MCH con-
sists of a two-step process. First, H, is produced. Subse-
quently, H, is added to toluene through the following
exothermic reaction [15]:

CsHsCHj + 3H, — CgHy;CHs, AH= — 205 kJ / mol (1)

As a promising alternative, the direct toluene hydrogena-
tion technology relies on a single-step process using proton
exchange membrane (PEM) electrolyzers (Fig. 1) and avoids
the associated thermal losses. Besides, the theoretical voltage
of toluene direct electro-hydrogenation is lower than that of
electrochemical water splitting (i.e.,, 1.08 V versus 1.23 V,
respectively). Hence, the electric power consumption may be
lower than that of the conventional toluene hydrogenation
technique [16].

The basic operating principle of a direct toluene electro-
hydrogenation electrolyzer is illustrated in Fig. 1. Water split-
ting occurs at the anode electrode. Protons migrate through the
membrane and reach the cathode catalystlayer (CL), where they
react with both the electrons transferred via the external circuit
and the toluene transported through the porous transport layer
(PTL). Thus, toluene is converted to MCH. The following re-
actions occur, simultaneously, at both electrodes [17]:

Anode:2H,0 - O, +4H"+4e" (2.2)

Cathode : C7H8 + 6H" +6e” —>C7H14 (22)

Yet in practice, the overall conversion ratio could be lower
than 100%. The sufficient toluene supply to the cathode
catalyst layer is a critical issue. It has been assumed that the
toluene path to the reaction site is partially blocked by the
water dragged from the anode side [18], as well as by the in-
crease of MCH concentration. Consequently, hydrogen bub-
bles are generated as a side reaction at the cathode catalyst
electrode (Fig. 1) [16]. Moreover, the H, bubbles may stay at the
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Fig. 1 — Schematic diagram of direct toluene electro-hydrogenation in a PEM-type electrolyzer of toluene flow affected by the

H, bubble generation.

cathode catalyst layer and the PTL, thereby, further inhibiting
the toluene mass transfer [19].

To improve the electrochemical performance, previous
works have attempted to enhance the toluene mass transport
under a “trial and error” approach. For example, Nagasawa
et al. [20] investigated the effect of different cathode flow field
structures on electrochemical performance. Also, it has been
studied the effect of the operating temperature and the
toluene concentration on the mass transfer limit at the cath-
ode side [21]. It was determined that the use of materials with
long side chain structure and high equivalent weight (e.g.,
Nafion™), for both the membrane and ionomer, better sup-
presses the hydrogen generation [22]. Besides, it was found
that the use of a Pt-loaded carbon paper flow-field promotes
the chemical-hydrogenation of toluene with the generated
hydrogen bubbles [17], and the activity of the PtRu/C catalyst
layer for the electro-hydrogenation of toluene was higher than
that of Pt/C-coated catalyst [23]. Recently, it was found that an
optimum thickness of the cathode catalyst layer correspond-
ing to catalyst loadings of 1.4—1.6 mg/cm? could maximize the
current efficiency of the electrolyzer [19].

Visualization studies shed light on the mass transfer phe-
nomena in electrochemical devices [24]. Shigemasa et al. [16]
showed the visualization of both water droplets and gener-
ated H, bubbles on the surface of the cathode's PTL using a
high-speed camera. Nevertheless, there is a research gap on
how bubbles are distributed near the reaction site and across
the PTL in toluene direct electro-hydrogenation cells.

X-ray imaging techniques provide non-invasive optical ac-
cess to the processes occurring inside electrochemical cells
[25]. Indeed, X-rays are widely used in numerous studies
dealing with hydrogen technologies, for example, for the in

situ visualization of liquid water inside operating PEM fuel cells
[26,27], or oxygen bubbles in PEM water electrolyzers [28,29].
For instance, Markotter et al. [30] performed a study of water
distribution in a PEM fuel cell with a perforated gas diffusion
layer at the cathode side. Kato et al. [31] also used X-ray to
quantify the cross-flow rate and the amount of liquid water in
gas diffusion layers with different thicknesses. On the other
hand, despite many studies that have been developed using
synchrotron facilities [32], micro X-ray computed tomography
(CT) allows gaining detailed insight into the porous electrode
[33] with lower cost and major availability [34].

The aim of this paper is the in situ X-ray CT visualization,
for the very first time, of hydrogen bubbles inside the cathode
PTL of a direct toluene electro-hydrogenation electrolyzer. To
accomplish the objective, an in-house cell was developed, and
various scenarios were considered in terms of flow fields,
electric current density, and operating time. This will provide
worthy information to optimize the design and concerning
middle-term development of this electrochemical technology.

The structure of the paper is as follows. After the intro-
duction and objective, Section 2 describes the experimental
setup and conditions. Afterward, Section 3 presents the dis-
cussion of the visualization results obtained. Finally, the main
conclusions are summarized in Section 4.

2. Experimental
2.1. Cell configuration and components

Fig. 2 shows the experimental setup and the developed in-
house electrochemical cell used in this research. It consists
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Fig. 2 — Image of the electrolyzer cell inside the X-Ray CT-Scan system.

of a vertical sandwich-like configuration, integrated by a
gasket (cathode side), cathode-porous transport layer (PTL),
catalyst-coated membrane (CCM), anode-PTL, and gasket
(anode side). These components are clamped between the
flow field plates (FFPs).

This cell was engineered to investigate, through visuali-
zation experiments, the distribution of hydrogen bubbles in-
side the cathode PTL. To enable visualizations within the cell,
an acrylic enclosure (Fig. 2) was utilized to provide support
and hold the components securely in place. The supply of the
fluid reactants for both the anode and cathode were located at
the top and bottom of the cell, respectively. The X-ray CT scan
captured images while the cell rotated, with its vertical
alignment at the middle center of the cell. This positioning
allowed for visualizations inside the cathode PTL.

Unlike conventional PEM electrolyzers that use water as an
electrolyte [35], in this study, the anode is supplied with
hydrogen gas, while the cathode is supplied with toluene. The
reason behind this choice is to investigate the distribution of
gas bubbles, which is a crucial factor affecting the perfor-
mance of direct toluene electro-hydrogenation electrolyzers.
By focusing on the hydrogen supply, we aim to gain insights
into the behavior of gas bubbles inside the PTL and their
impact on the efficiency of the system.

To analyze the effect of the toluene supply flow field on the
hydrogen bubble's mass transport and distribution pattern
inside the cathode PTL, the following two FFP geometries were
considered: flat and rib-and-channel. Fig. 3 shows a three-

dimensional (3D) view of both FFPs and their flow field dis-
tributions. The diagram illustrates the specific patterns and
directions of fluid flow within each FFP, allowing a better
understanding of the flow dynamics and how they differ be-
tween the two FFPs [36]. The flat FFP serves as a reference
point to assess the cell's performance without any specific
flow channel structure. On the other hand, we are also
examining the rib-and-channel structure, which induces a
parallel flow pattern widely used in conventional PEM-type
electrolyzers and fuel cells [37]. The material used for the
FFPs was graphite G347B (Tokai Carbon Co., Ltd. [38]) with
excellent electrical and terminal conductivity, and whose
molecular weight is like that of toluene, thereby enabling flow
visualization using X-ray technology.

The CCM was cropped to a 20 mm-diameter circular shape
(Fig. 2) for the sake of better cell assembling, to prevent cross-
leakage and ensure a more effective conversion. The electro-
lyte thickness was =12 pm (GORE-SELECT® [39]) and the
catalyst was placed in the middle center of the FFP with a
reaction area of 1 cm?.

As for the PTLs, Sigracet 39 series non-woven carbon fiber
paper with a Microporous Layer (MPL) that has been PTFE
treated to 5% and 80% porosity [40]. Type 39BC (325 pm-thick,
<12 mQ cm?® through-plane electrical resistivity) was used,
both at the anode and cathode sides, for those experiments
using the flat FFP. The manufacturer permanently replaced
the 39BC type with 39BB (315 um-thick, <13 mQ cm? through-
plane electrical resistivity), which was the PTL used for the
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Fig. 3 — Flow field plate geometries considered: (a) Flat and (b) Rib-and-channel.

experiments using the ribbed channel FFP both at the anode
and cathode side. Both at the anode and cathode sides, a
200 pm-thick rubber sheet-made gasket (Kureha Elastomer Co.
[41]) was used to cover the edges of the PTL.

In a PEM fuel cell or electrolyzer, the PTL is a key compo-
nent that helps distribute reactants (toluene in this case) to
the active electrode surface while also providing a conductive
pathway for the generated electrons. As the reactants flow
through the cathode side, there is a pressure drop that occurs
because of the resistance of the porous material and the ge-
ometry of the flow fields. This pressure drop is not uniform
across the PTL but rather varies depending on the location
within the PTL. Specifically, the pressure tends to be highest at
the inlet, where the reactants first enter, and decreases
gradually as the reactants move further towards the exit. If the
pressure drop is too high, the pumping consumption can in-
crease and reduce the overall efficiency of the system. On the
other hand, if the pressure drop is too low, it can lead to non-
uniform reactant distribution and lower performance.
Therefore, careful design and optimization of the PTL is
important to ensure optimal performance of industrial scale
electrolyzers. The thickness of PTL used in this research is

very small 200 pm; the toluene flow through the PTL is
dominated by viscous forces rather than inertia forces (low
Reynolds number ~10~%), thereby, it was assumed a uniform
toluene flow distribution through PTL.

2.2.  Visualization and image processing

A third-generation 3D Microscopic X-ray CT with a cone-
shaped beam system (model TDM-1000H-II(2K) manufac-
tured by Yamato Kagaku Co., Ltd. [42]) was used to visualize
the inside of the operating electrolyzer cell. As shown in Fig. 4,
the X-ray beam is irradiated from the source, and the trans-
mitted image of the specimen is acquired at a small angle of
0.05°. In addition, by using a plane detector, multiple scan
lines in the vertical direction are collected in a single scan,
eliminating the need for vertical scanning, and enabling the
acquisition of transmission images necessary for 3D recon-
struction in a brief time. The separation between the sample
and the X-Ray source was 100 mm (Fig. 2).

Table 1 summarizes the parameter settings for the X-ray
CT system, which enable the best visualization results and are
consistent with previous research [43]. Individual images (i.e.,
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Fig. 4 — Schematic of visualization procedure of the X-Ray CT scan.

slices) were captured and gathered while the sample rotates
continuously (180°, half rotation). Subsequently, all these sli-
ces are reconstructed resulting in a single stacked image. More
slices lead to higher stacked image quality, but also longer
scanning time. Considering these trade-offs, the scan time
(half rotation) was set for 15 min.

Table 1 — Operating conditions set for the X-ray CT scan
system.

Parameter Value
Tube voltage 30 kv
Tube current 100 mA

Number of views 3600
Scanning time 15 min

The software Image]J [44] and Dragonfly [45] were both used
for the processing of the images obtained. As an example, Fig. 5
shows a cross-sectional view of the cathode's PTL (along the
thickness direction) when the cell was operated at 30 mA/cm?
for 30 min. Fig. 5 (a) depicts the raw image of a slice after
applying automatic brightness and contrast correction. The
gray level intensity ratio is an indicator used to analyze the
results obtained in this work. It takes values between 0 and
100% so that higher values indicate lower X-ray absorption (i.e.,
darker zones shown in Fig. 5 (a)).

Even though hydrogen is more likely to exist in those darker
regions of Fig. 5 (a) (because of its very low atomic mass, which
leads to lower X-ray absorption), it is usually challenging to
distinguish hydrogen bubbles not only from the other phases
(e.g., toluene or MCH) but also from voids in the carbon fiber of

(c)

Fig. 5 — Image processing sequence for isolation of hydrogen bubbles. (a) Raw data, (b) preliminary (automatic)
segmentation of a single slice, (c) final (refined) segmentation with removed background, (d) 3D hydrogen bubble

distribution. Flow direction from bottom to top.
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the PTL. Therefore, the application of segmentation methods
based on machine learning algorithms is required to localize
hydrogen bubbles with a degree of accuracy.

Fig. 5 (b) depicts the preliminary segmentation result ob-
tained for a single slice, and Fig. 5 (c) illustrates the final
segmented slice after manual refinement and removing the
layers corresponding to the cell background. Then, the image
processing software applies the same segmentation criteria to
the whole set of slices integrating the stacked image. Note that
to enhance the accuracy and speed up the analysis process,
the total active area captured in the visualizations (i.e., 1 cm?)
was cropped to focus on a smaller portion of 0.32 cm?.

Finally, after binarizing the segmented slices, Fig. 5 (d)
shows the 3D distribution of hydrogen bubbles inside the PTL.
The “area fraction” technique [44] was used to measure the
total hydrogen bubble fraction, which is the indicator used to
evaluate the total percentage of hydrogen bubbles inside the
entire PTL. Those pixels that correspond to hydrogen gas in
the delimited active area in the binarized stacked images (i.e.,
white pixels) were automatically counted.

2.3. Experimental conditions

The distribution of hydrogen bubbles was visualized and
analyzed under different operating conditions. Beyond the

Table 2 — Tests performed prior to visualization
experiments.

Test Aim/parameters

Leak Test To verify that there were no
outflows.

EIS 0.65 ~ 0.80 Q. The values remained
within these ranges for both FFP
geometries.

CT Scan Dry N, purge for 45 min.
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two FFP geometries considered (Fig. 3), experiments were
conducted at the following current densities: 10, 20, and
30 mA/cm?, while maintaining the X-ray CT operating condi-
tions constant at 100 mA and 30 kV. On the other hand, ex-
periments were conducted for 15-min and 30-min operations
to discuss the effect of the operating time on the hydrogen
bubble depletion and distribution.

The hydrogen and toluene flow rates were set at 2 mL/min
and 0.1 mL/min, respectively, supplied with Smoothflow Pump
Q Series [46]. A unit Biologic EC-LAB series SP-240 (Toyo Tech-
nical Co. Ltd. [47]) monitored the voltage, current and cell
resistance (based on the EIS test) in every experiment. All sub-
sequent tests were conducted before performing a visualization
scan on the X-Ray CT for the different conditions each time.

Table 2 shows the parameters set for the tests performed
prior to visualization experiments. Leak testing is crucial in
fuel cells to ensure the safety and reliability of the system.
Fuel cells typically use hydrogen gas, which is highly flam-
mable and can be dangerous if leaked. A leak in the system
can also compromise the performance of the fuel cell by
causing a drop in pressure or flow rate, leading to reduced
efficiency and potential damage to the cell components. The
electrochemical impedance spectroscopy (EIS) test was con-
ducted to check that the resistance was within the typical
values. Additionally, the CT scan was purged for 45-min using
nitrogen to ensure dry operating conditions.

3. Results and discussion
3.1. Distribution of hydrogen bubbles
Fig. 6 shows the gray level intensity ratio averaged along the

PTL's thickness (i.e., z-direction) when the electrolyzer cell
operates for 30-min operation, at various current densities

(b)
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Fig. 6 — Distribution of hydrogen bubbles along the PTL's thickness (z-direction) at various current densities, for a 30-min

operation using (a) flat and (b) rib-and-channel FFP.
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and using the different flow field geometries considered in
this work.

For the case using a flat FFP depicted in Fig. 6 (a), the
amount of hydrogen accumulated inside the cathode's PTL
increases with the electric current. More electrons are sup-
plied to the cathode reaction site as the electric current rises,
thereby promoting the generation of hydrogen. Moreover, the
concentration of hydrogen bubbles tends to increase along the
PTL thickness (i.e., from the PTL/FFP interface towards the
PTL/catalyst interface), so the highest accumulation of
hydrogen was found near the cathode's reaction site.

As shown in Fig. 6 (b), the same trend observed for the flat
FFP was also found in the PTL fraction beneath the ribs when
using rib-and-channel FFP. Nevertheless, Fig. 6 (b) also in-
dicates that the amount of hydrogen accumulated in the PTL

(a) Flat FFP

fractions beneath channels is significantly lower than that
under ribs. In addition, the number of bubbles is roughly
constant along the PTL thickness. Channels provide a path to
the generated hydrogen gas towards the cathode outlet, but
ribs act as a physical barrier that hampers somehow the free
movement of bubbles which may tend to accumulate.

To gain insight into the effect of the flow field on the
bubble's distribution patterns, Fig. 7 shows the distribution of
hydrogen in the PTL thickness direction (z-direction) ob-
tained for the flat and rib-and-channel FFPs for 30-min
operation and at 30 mA/cm? The darker zones observed in
the raw stacked image given in Fig. 7 (a) indicate that the
absence of structural elements in the flat FFP results in a
distribution of bubbles that spread across the active area.
Moreover, the post-processed image corresponding to the

Flow

(b) Rib Channel FFP
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Fig. 7 — Hydrogen bubbles distribution in the thickness direction of the cathode PTL for a 30-min operation of the
electrolyzer cell at a current density of 30 mA/cm?, (a) Flat FFP, (b) Rib-and-channel FFP.
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Fig. 8 — Hydrogen bubble distribution in the toluene flow direction at a current density of 30 mA/cm? for 30-min operation.
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area delimited by the black-dotted line highlights the
absence of local bubble concentration regions. In contrast,
Fig. 7 (b) shows the more complex distribution pattern
resulting from the use of a rib-and-channel FFP. This con-
firms the findings derived from Fig. 6.

The 3D view given in Fig. 8 shows the distribution of
hydrogen bubbles through the toluene flow direction (i.e., x-
direction). Because of the very low Reynolds number of
toluene flowing through the PTL (Section 2.2), hydrogen bub-
bles tend to spread across the entire PTL surface when using a
flat FFP. The minor concentration of hydrogen gas in the
channels when using a rib-and-channel FFP was observed
inside the entire PTL.

To analyze the effect of the operating time on the
hydrogen bubble distribution, Fig. 9 depicts the local gray
level intensity averaged through the PTL thickness after the
cell was operated for 15 and 30-min. The effect of the oper-
ating time on the bubble accumulation beneath channels
when using rib-and-channel FFPs is almost negligible. On the
other hand, the general trend observed in the flat FFP and
under the ribs of the rib-and-channel FFP is that the amount
of hydrogen bubbles slightly increased with the operating
time. Nonetheless, the differences observed between both
operating times are not significant. Thus, operating the
electrolyzer cell for 30-min will be enough to consider that
the cell has reached a quasi-steady operating regime. The
emission and production rate of bubbles was stabilized so
that the amount of hydrogen that stayed in the PTL can be
measured and analyzed.

The section below further discusses the effect of the
operating time on the total hydrogen accumulated inside the
entire PTL.

3.2 Total bubble fraction inside the PTL

Fig. 10 depicts the bubble fraction calculated for the entire
active area (i.e., 1 cm?) of the electrolyzer cell at various electric
currents and operating times and from the binarized images.

At the lowest electric current case (i.e., 10 mA/cmz), the
bubble fraction using a flat FFP was 27.6% and 29.3% after 15
and 30-min operation, respectively; the rib-and-channel FFP
had a bubble fraction of approximately 20.6% and 23.1% for 15
and 30-min operation, respectively. At the highest current
density operation (30 mA/cm?), the flat FFP had a bubble
fraction of approximately 34.9% and 39.8% after the cell
operated for 15 and 30-min, respectively; the rib-and-channel
FFP had a bubble fraction of approximately 21.5% after 15 min
and 27.4% after 30-min operation.

The analysis of the bubble fraction percentage highlights
that the total amount of hydrogen gas may be reduced by
using the rib-and-channel FFP geometry. Nevertheless, the
average distance of the toluene flow toward the catalyst layer
is higher for the rib-and-channel geometry than in the case of
a flat FFP. The absence of channels provides toluene with a
shorter and direct path to the PTL across its entire surface,
thereby promoting the toluene supply to the reaction site in-
side the catalyst layer, which may be positive in terms of the
electrochemical performance.

The trade-offs between the two FFP geometries highlight
the significance of optimizing the design based on the
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Fig. 10 — Bubble fraction in the PTL at 10, 20 and 30 mA/cm?
for 15 and 30-min operation.

intended application and performance requirements of the
electrochemical device.

4, Conclusion

This paper presented the visualization using Microscopic X-
ray technology of the bubble distribution and depletion, for
the first time, inside the porous transport layer of an operating
direct toluene electro-hydrogenation electrolyzer.

Hydrogen bubbles are transported from the FFP interface
toward the cathode catalyst layer. As the electric current
increased, more hydrogen bubbles were observed. Longer
operating times tend to increase the total number of hydrogen
bubbles along the PTL. The visualizations showed that the
distribution of hydrogen bubbles spread across the whole
active area when using flat FFPs. As for rib-and-channel FFPs,
hydrogen bubbles are mostly concentrated under the ribs, and
channels enhance the bubble removal from the PTL towards
the cathode outlet, thereby reducing the overall number of
bubbles. Rib-and-channel FFPs allow reducing the pressure
drop concerning flat geometries, leading to lower pumping
energy consumption. This translates to cost-effective opera-
tions and enhanced energy efficiency. However, channels
introduce a greater distance between the toluene supplied and
the cathode catalyst layer, which may reduce the current ef-
ficiency. In contrast, flat FFPs without channels provide a
direct path for toluene to reach the reaction site, which can
improve the conversion rate of toluene to methylcyclohexane.
Flat geometries offer greater space efficiency, which makes
them attractive for applications where space is limited.

The use of imaging techniques can provide valuable in-
sights into the behavior of hydrogen bubbles within electro-
chemical devices. The results of this visualization study can
serve as a reference for optimizing the mass transfer in direct
toluene hydrogenation based on PEM-type electrolyzers
technology and improve their future designs.

direct toluene electro-hydrogenation
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