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ARTICLE INFO ABSTRACT

Keywords: The anode porous transport layer (PTL) is a key component in proton exchange membrane electrolyzer cells
PEMEC (PEMEGs), which directly affects the cell’s overall electrochemical performance. Currently, Ti felt is one of the
Porous transport layer most suitable materials for anode PTL, although a surface coating layer is necessary due to the oxidized
Eltecc(t):;i:;osmon passivation film on the surface of the Ti felt, which leads to high interfacial contact resistance. Therefore, rational

design and the appropriate coating strategy are crucial. In this study, the electrodeposition technique was
employed to fabricate Pt coating layers with different thicknesses on Ti felt-based PTLs and its impact on
PEMEC’s performance was systematically investigated. The results showed that the optimized Pt coating can
maximize performance by improving the PTL/catalyst layer (CL) interface. Interestingly, high Pt coating (>0.7
pm) resulted in lower cell performance, which was attributed to increased mass transfer resistance and restricted
two-phase flow caused by excessive coating. To address this issue, ordered water channels on the coated PTL
were constructed via the laser ablation technique. Mass transfer overpotential had been reduced by more than
40 % due to the introduction of water channels, and the bubble transfer behavior was monitored in-situ via a
transparent electrolyzer. In addition, the durability of PEMEC was further confirmed through aging tests,
highlighting the positive effect of the Pt coating. This study provides an experimental basis for the optimization
strategy of PTL’s coating and valuable guidance for other energy conversion systems, such as fuel cells and CO,
electrolyzers.

Mass transfer

1. Introduction plate (BP) to the catalyst layer (CL), and also for the gas transport from
the CL to the BP, as well as conducting electrons and heat between the
flow field and the catalyst-coated-membrane (CCM) [13]. During

operation, the anode region of the PEMECs is in an oxygen-rich state,

Hydrogen energy plays a crucial role in addressing the climate crisis
and maintaining national energy security, making it an essential part of

the energy transition [1-6]. In particular, the production of green
hydrogen is one of the key issues limiting the sustainable expansion of
hydrogen energy. Currently, the cost of green hydrogen production re-
mains relatively high, posing a major challenge [7]. Utilizing renewable
energy for power generation is an effective way to reduce costs, but it
requires efficient and technological support [8,9]. In this regard, proton
exchange membrane electrolyzer cells (PEMECs) have a rapid response
time on the order of microseconds, effectively compensating for the
intermittency and instability of renewable energy generation. It is a
critical technology that requires vigorous development [10-12].

The porous transport layer (PTL) is one of the key components of
PEMECs, providing channels for the transport of water from the bipolar
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which imposes high demands on the material of the anode’s PTL
[14,15]. Ti is renowned for its excellent electrical conductivity and good
corrosion resistance. Consequently, sintered Ti plates [16-18], Ti
meshes [19,20], Ti foils [21,22], Ti felts [23-25] have been widely used
as anode PTLs in PEMECs. In practical applications, these materials still
exhibit certain limitations. For instance, high thickness of sintered Ti
plates results in large volume and low conductive ability [26]. The rough
surface can easily damage the CCM [27]. Additionally, sintered Ti plates
are relatively dense with small pores, increasing mass transfer resistance
[28]. The large pores of Ti meshes often lead to a reduced contact area
with the CL, which in turn impedes the catalyst’s full potential from
being realized [20]. Uneven stress distribution between the Ti mesh and

E-mail addresses: zhangzhen@vision-batt.com (Z. Zhang), minwang@upc.edu.cn (M. Wang), wumb@upc.edu.cn (M. Wu).

https://doi.org/10.1016/j.fuel.2024.133559

Received 8 July 2024; Received in revised form 23 October 2024; Accepted 25 October 2024
0016-2361/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:zhangzhen@vision-batt.com
mailto:minwang@upc.edu.cn
mailto:wumb@upc.edu.cn
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2024.133559
https://doi.org/10.1016/j.fuel.2024.133559

X. Wang et al.

the membrane electrode assembly (MEA) can cause irreversible me-
chanical damage to the MEA, reducing its lifespan [29]. Ti foils are not
common in PEMEC, they act as PTLs mainly by perforating the surface to
form gas-liquid channels. The extremely thin Ti foils (typically 20-30
pm) are beneficial for reducing the volume of PEMECs and lowering
contact resistance [22]. However, the thin structure has a negative effect
on its mechanical strength. It should be noted that the mechanical
properties of thin Ti foils cannot meet the requirements for PEMECs with
high hydrogen outlet pressures [30,31]. In contrast, Ti felts offer better
control of thickness and porosity, and when used in PEMECs, the
thickness of Ti felts is kept in the hundred-micron range, with the
porosity ranging from 30 % to 50 % [32]. This structure is more
conducive to maintaining a stable, two-phase transport process within
the PEMECs. However, the surface of Ti felts is prone to forming an oxide
passivation film, resulting in increased contact resistance and reduced
hydrogen production efficiency [33,34]. To address these challenges,
rational design of coating technology is crucial to improving PEMEC’s
performance.

Currently, PEMECs are required to operate for tens of thousands of
hours, especially large-scale equipment like GW-scaled PEMECs, where
continuous high efficiency and stability are necessary [35,36]. An
appropriate coating strategy can improve the performance and dura-
bility of PEMECs. Liu et al. [37] conducted a study on different noble
metal coatings and found that after 4000 h of durability tests, Pt and Ir
coatings showed excellent protective effects. Considering the scarcity of
global Ir resources [38], Pt coatings are more cost-effective compared to
Ir coatings. Kang et al. [39] compared the performance of different
coating techniques. They found that the surface of the gold-plated
coating obtained by plasma sputtering deposition exhibited noticeable
cracks compared to the samples obtained by electrodeposition. The
advantages of the electrodeposition treatment were also revealed by
polarization performance and durability tests. Physical vapor deposition
(PVD), another commonly used deposition techniques, can precisely
control the thickness, composition, and microstructure of the coating.
However, PVD requires larger initial investment costs. Electrolyzers
require appropriate PTL coverage. To meet this demand, PVD processes
necessitate oversized equipment chambers. It results in disproportion-
ately large Pt target areas and extremely high costs, making it unsuitable
for MW-scaled and GW-scaled electrolyzers. Compared to the PVD,
traditional electrodeposition technology, although slightly less precise,
is suitable for large-area deposition and provides a more uniform
coating. The thickness of electrodeposited coatings is closely related to
durability and cost, but research in this area is relatively scarce.

This study rationally designed and electrodeposited Pt coatings on Ti
felts as a substrate, providing a protective effect similar to Ir coatings but
with a more cost-effective advantage. By controlling the electrodeposi-
tion time, the thickness of the Pt coating was precisely controlled.
Through single-cell tests, the critical amount of the coating layer
(optimal coating thickness) was successfully defined. Beyond this
optimal coating thickness, no performance improvement was observed.
Overpotential analysis showed that at high current densities, the main
reason for the limited performance improvement is that the thicker Pt
coating (>0.7 pum) blocks the pores in the Ti felt, restricting the two-
phase transport in the PTL. Subsequent construction of water channels
on Ti felt-based PTL effectively solves this issue, providing a simple and
feasible solution to enhance mass transfer. Additionally, aging tests was
carried out, furthermore, the polarization performance decay of the Ti
felt-based PTL before and after coating was compared, confirming the
positive effect of the coating on PEMEC’s durability.

2. Experimental section
2.1. PTL’s treatment

2.1.1. Materials and pretreatment
The PTLs used in this study were purchased from China Titanium
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Guochuang (Qingdao) Technology Co., Ltd. with a thickness of
approximately 250 pm + 5 pm. The Ti felt-based PTL was denoted as
ZT250. The cross-sectional scanning electron microscopy (SEM) image is
shown in Fig. S1 (a). Before coating, all PTLs underwent a cleaning
process to remove surface contaminants [25]. Specifically speaking, the
PTLs were first immersed in ultrapure water and heated to 80 °C for 15
min. Next, they were placed in an ultrasonic bath with 2-propanol and
acetone for another 15 min. Finally, the PTLs were rinsed twice with
deionized water at 80 °C for 15 min each and then air-dried at room
temperature overnight.

2.1.2. Electrodeposition of Pt coating

The electrolyte was prepared using chloroplatinic acid (Aldrich),
sulphuric acid (Sinopharm Chemical Reagent Co., Ltd.) and ultrapure
water. For electroplating, a Ru-Ir Ti mesh was used as the anode and a Ti
felt-based as the cathode. A 0.1 pm thick layer was electrodeposited
within 5 min at a current density of 30 mA cm ™2, as demonstrated by the
SEM and mapping images of ZT250-Pt0.1 in Fig. S1(b). Under constant
current conditions, the coating thickness of the PTL was controlled by
varying the electrodeposition time. The electrodeposited samples were
denoted as ZT250-Pt0.1, ZT250-Pt0.3, ZT250-Pt0.5, and ZT250-Pt0.7
(the sample details are shown in Table S1).

2.1.3. Laser ablation

A VLS3.60 machine (Universal Laser Systems, Inc.) was employed to
create ordered water channels on the surface. Laser power of 35 W at a
speed of 5 % was applied to fabricate straight-through pores on the Ti
felt-based PTL surface. The number of pulses per inch (PPI) of the laser
system is set to 500. The diameter of the pores was approximately 500
um, and the center-to-center distance between adjacent pores was 1 mm.
It was obtained by repeating the process 100 times. The porosity caused
by the straight-through pores was calculated to be about 20 %. After the
laser ablation, cleaning was performed with reference to the post-
processing method of Lee et al. [40]. The treated sample was denoted
as ZT250-Pt0.7-Waterchannel.

2.2. Preparation of CCMs

In this experiment, Nafion115 was chosen as the proton exchange
membrane. Before preparing the CCM, activation of Nafion was per-
formed [41,42]. The specific steps were as follows: first, the Nafion 115
was treated with a 5 wt% aqueous H,0; solution at 80 °C for 1 h to
remove organic impurities. Then, the membrane was immersed in a 1.0
M H,SO4 aqueous solution at 80 °C for 1 h to promote protonation. Next,
the membrane was heat-treated in ultrapure water at 80 °C for 1 h to
remove residual acid and hydrogen peroxide. Finally, the membrane
was repeatedly rinsed with ultrapure water.

CCMs were prepared using the UAM4000 ultrasonic spaying system
(Hangzhou Cheersonic Ultrasonic Equipment Co., Ltd.), with 95 wt%
IrO2 (Ningbo Zhongke Innovation Energy Technology Co., Ltd.) and 50
wt% Pt/C (TANAKA Kikinzoku Korea Co., Ltd.) as the anode and cath-
ode catalysts, respectively. The slurry formulation followed the method
published by Kang et al. [11], where the catalyst powders were evenly
dispersed in a solvent mixture of n-propanol and ultrapure water, with a
certain amount of Nafion D520 added as a binder. The water/alcohol
volume ratio was 1.3. For the anode slurry, the ionomer/catalyst mass
ratio was 0.24, while for the cathode slurry, it was 0.45. Ultrasonic
dispersion was conducted in an ice bath, with the anode catalyst layer
slurry undergoing 1 h of ultrasonication and the cathode catalyst layer
slurry undergoing 30 min of ultrasonication [43]. After ultrasonic
dispersion, the slurry was evenly sprayed onto both sides of Nafion 115.
The catalyst loading for the anode was determined to be approximately
2 mgro2 cm~2, and for the cathode, it was approximately 0.5 mgp; cm 2.
The cross-sectional image of the CCM is shown in Fig. S1(c).
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2.3. Electrolyzer assembly

The MEA is a crucial component of PEMECs, comprising PTLs and
CCM. TGP-H 060 carbon papers (Toray Industries, Inc.) with a thickness
of 190 pm were used as cathode PTLs, while Ti felts with different
coating thicknesses were used as anode PTLs. A schematic diagram of
the electrolyzer’s structure is shown in Fig. 1 (a). Single-cell test was
conducted using dual-sided Pt-coated plates with an active area of 4 cm?
and single serpentine flow channel. A torque of 3 N m was uniformly
applied to each of the 4 bolts.

2.4. Electrochemical measurements

2.4.1. PEMEC test

The PEMEC test system is shown in Fig. 1(b). Throughout the tests,
the system temperature and inlet water temperature were maintained at
80 °C, with ultrapure water circulated in the anode chamber at a flow
rate of 40 mL min .

Before conducting polarization curve and electrochemical imped-
ance spectroscopy (EIS) tests, the MEA needed to be activated in the
electrolyzer. The break in procedure [25] was as follows: 1) hold the cell
at a current density of 0.2 A-cm™~2 for 30 min; 2) continue running at a
current density of 1.0 A-cm ™2 for another 30 min; 3) maintain at 1.7 V
until the current change is less than 1 % per hour. After activation,
polarization performance test was conducted using a constant voltage
method, increasing the voltage from 1.3 V to 2.4 V with an increment of
0.05 V. Each voltage was held for 5 min. The polarization curve mea-
surements were completed using a BT-2018D power supply (Hubei
LANBO New Energy Equipment Co., Ltd.). For EIS measurement, an
electrochemical workstation (Gamry, Interface 5000) was employed
using the Galvanostatic EIS mode. The test current was set to 1 A, the
current perturbation was 5 % of the test current, and the frequency
range was from 100 kHz to 0.1 Hz.

2.4.2. Transparent electrolyzer test

The transparent electrolyzer test system, as shown in Fig. S2, is
constructed similarly to the PEMEC test system. The distinction lay in
the use of an electrolyzer featuring a transparent plate on the anode side
in this setup. Besides, a KoPa Capture Ver9.9 optical microscope
(Guangzhou OSTEC Electronic Technology Co., Ltd.) was utilized for in-
situ observation of bubble changes. During the tests, ultrapure water was
still circulating in the anode chamber at a flow rate of 40 mL min .
Bubble generation was observed at a current density of 3 A cm ™2 for the
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ZT250-Pt0.7 and ZT250-Pt0.7-Waterchannel acting as the anode PTL,
respectively.

2.4.3. A three-electrode aging test

Aging tests were conducted in the aqueous HySO4 solution (pH = 2)
[44,45]. Electrochemical measurements were carried out using an
electrochemical workstation (DongHua Analytical DH7003), employing
a three-electrode system. The counter electrode (CE) was a Pt sheet, and
the reference electrode (RE) was an Ag/AgCl electrode. The reference
electrodes were calibrated according to established literature [46,47]
methods prior to use. Comprehensive experimental procedures are
provided in the Supporting Information. The tested sample served as the
working electrode (WE), with an effective area of 4 cm?. In the chrono-
potentiometric mode, the current was set constant at 10 mA for 100 h of
aging tests.

2.5. Overpotential analysis

The electrolyzer voltage (Ecep) is mainly composed of reversible
voltage (Eo(p, T)), ohmic overpotential (Nonmic), Kinetic overpotential
(Nkin), and mass transport overpotential (nmt) [48,49], which can be
expressed as:

Ecell = EO(P7 T) + thmic +Ekin + Emt

Under atmospheric pressure conditions, the reversible voltage (E°(p, T))
is related to the actual operating temperature of the electrolyzer and can
be defined as:

E°(p, T) = 1.2291 - 0.0008456 (T — 298.15)

where T is the electrolyzer temperature (K).
Nohmic iS calculated using high-frequency resistance (HFR) and can be
expressed as:

Nohmic = i-HFR

where i is the applied current density (A cm’z), and HFR is measured by
fitting x intercept from the Nyquist plot (Q cm?).

In the water electrolysis process, both the hydrogen evolution reac-
tion (HER) and the oxygen evolution reaction (OER) occur, and OER is
considered the rate-determining step. The nyi, and nn, caused by OER
are much greater than those caused by HER. Therefore, in this study,
only the nyi, and 1y, caused by OER, as well as the nopmic of the entire
electrolyzer, are considered. Based on this, nki, can be expressed as:

1——Water Bath 2——Water Pump 3——Power Supply
4——Thermocouple 5——PEMEC

Fig. 1. Schematic diagram of (a) PEMEC and (b) PEMEC test system.
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Niin = blog (L)
lo

where b is the Tafel slope (mV dec™), i is the applied current density (A
cm_z), and iy is the exchange current density (A cm_z).
Nmt can be expressed as:

Emt = Ecell - EO (p7 T) - thmic - Ekin
2.6. Structural characterization

SEM was performed using a Hitachi Regulus SU8100 to observe the
morphology of the CCM’s cross-section and the PTL, while Zeiss Sigma
300 was used for EDS analysis of the coated PTL to determine element
distribution. The coating thickness of ZT250-Pt0.1 was observed using a
Helios 600i from FEI, with carbon used as a protective element during
testing. Keyence VR-3000 was used to observe the 3D profiles of the PTL
before and after coating, and the surface average roughness (R,) was
calculated. The conductivity of the PTL before and after electrodeposi-
tion was tested using a four-probe resistivity tester, model ST-2722,
from Suzhou Lattice Electronics Co., Ltd. X-ray diffraction (XRD) was
conducted using Cu Ka radiation (A = 1.5418 10\) with a Rigaku Ultima IV
to characterize the crystal structure of the samples. X-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha to
study the effect of the coating on durability.

3. Results and discussion
3.1. Characterization of PTL’s coating

Fig. 2(a) shows the key components inside the PEMECs, where the
PTL acts as a bridge for gas-liquid transport between the BP and the CL.
As shown in the SEM and mapping image in Fig. 2(b), the surface
structure of ZT250 was relatively regular, and the Ti wire’s diameter was
around 25 pm. In addition to the Ti element, a large amount of oxygen
element was also distributed on the surface of ZT250, which was due to
its surface oxidation in the air [37]. After electrodeposition, the Pt
element was uniformly distributed (Fig. 2(c)), not only on the substrate’s
surface but also covering the Ti wires inside the pores. Fig. S4 presents
SEM images and mapping of the Ti felt after PVD coating. The com-
parison clearly showed that the PVD coating primarily affects the
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surface layer, with minimal Pt observed within the internal pores of the
Ti felt. This explains why electrodeposition is superior to the PVD. The
effect of electrodeposition coating on the R, was investigated by a 3D
profilometer. Compared with ZT250 (Fig. 2(d)), the surface of ZT250-
Pt0.5 (Fig. 2(e)) exhibited a smoother three-dimensional morphology.
R, was calculated by randomly selecting 40 straight lines on the surfaces
of ZT250 and ZT250-Pt0.5, and the results are shown in Fig. 2(f) and (g),
respectively. The coating treatment reduced the R, values.

Fig. 3 shows the XRD patterns of PTL with different coating thick-
ness. The grey lines represent the XRD results of ZT250, which showed
the main peaks of (100), (002), (101), (102), (110), (103), (112), and
(201) at 20 angles of 35.1°, 38.1°, 40.2°, 53.0°, 62.9°, 70.7°, 76.2°, and
77.4°, respectively. The results of ZT250 are in accordance with the Ti
standard diffraction file (PDF# 44-1294). The other samples with Pt
coatings have increased (111), (200), and (220) diffraction peaks
compared to ZT250. Their main peaks are distributed at 20 angles of
39.8°, 46.2°, 67.5°, corresponding to the standard diffraction file for Pt
(PDF# 04-0802). The (111), (200), and (220) diffraction peaks were
more prominent, and the peak intensity increased with the increase in
coating thickness. By observing the enlarged XRD spectra in Fig. 3(b), it
can be seen that the peak width of the Pt (111) peak is small, indicating
that the size of the Pt crystal on the PTL surface is larger. According to
the peak widths of the corresponding XRD peaks, the size of the crystal
can also be determined by using Scherrer’s formula [50]. The specific
formula is shown below:

kA
Dpq = Ng = fcosd
where Dy is the grain diameter along the direction perpendicular to the
crystal plane (hkl), k is Scherrer’s constant (usually 0.89), A is the
wavelength of incident X-rays (Cuka wavelength 0.15406 nm), 6 is the
Bragg angle of diffraction (°), and f is the half-peak width of the
diffraction peak (rad).

The size of the Pt particles was calculated to be roughly 20 nm after
the fit. Due to the lower concentration of Pt relative to the Ti substrate,
the diffraction peaks corresponding to the (3 1 1) and (2 2 2) crystal
planes of Pt were less pronounced, appearing as weaker signals amidst
the intense peaks of the Ti substrate. Nonetheless, a trend towards
increasing coating thickness can still be seen by observing the change in
the intensity of the diffraction peaks.

| ~————2ZT250 Ra=15.1 ym

0 10 20 30 40
Line

I ——ZT250-Pt0.5 Ra=11.1 ym

0 10 20 30 40
Line

Fig. 2. (a) Schematic diagram of PEMEC’s key components; surface morphology and element distribution of (b) ZT250 and (c) ZT250-Pt0.5; surface profile of (d)
ZT250 and (e) ZT250-Pt0.5; average surface roughness of (f) ZT250 and (g) ZT250-Pt0.5.



X. Wang et al.

(a)

Pt(111) th(200) Pt(220) ZT250-Pt0.7
; ‘ ZT250-Pt0.5
E; A A A AL
:-? | ) A L i‘mo-mo 3
[72]
c
Q
< ZT250
E | l A A . A

30 40 50 60 70 80 920
2 Theta (degree)

Fuel 381 (2025) 133559

(b) N
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Fig. 3. (a) XRD patterns of PTL with different coating thickness; (b) enlarged XRD patterns.

3.2. Electrochemical performance analysis

In this study, PTLs with Pt coating thicknesses of 0.1 pm, 0.3 pm, 0.5
pm, and 0.7 pm were selected. According to Fig. 4(a), the polarization
performance showed improvement with increasing the Pt coating’s
thickness. It should be noted that the linear increase in coating thickness
did not result in a simple linear improvement in performance. When the
Pt coating thickness was below 0.7 pm, the conductivity of the PTL was
significantly enhanced by the electrodeposited Pt coating, as illustrated
in Fig. S5. Additionally, the Tafel slope of the cell was reduced, as shown
in Fig. 4(b), leading to an improvement in overall performance (Fig. 4
(a)). EIS Nyquist plots were fitted with the equivalent circuits model, as
shown in Fig. 4(c). Where the points are measured data while the solid
line is obtained by fitting with ZSimpWin software. The EIS also showed
the promoting effect of the coating on the contact between PTL/CL

within the PEMECs. According to the HFR obtained from EIS (Fig. 4(d)),
the HFR significantly decreased when the coating thickness increased to
about 0.5 pm. However, when the coating thickness increased from 0.5
pm to 0.7 pm, the polarization performance showed almost no change.
These test results indicated that increasing the coating thickness is not
always beneficial for performance in practical applications of PEMECs.
Additionally, the hydrophilicity of the Ti felt was reduced with the
presence of Pt coating (Fig. S6). Numerous studies had demonstrated
that the hydrophilic PTL is more suitable for the PEMEC system. The
increase in hydrophilicity contributes to easier water transport from the
anode BP to the CL and membrane. Adequate water in the CL is bene-
ficial to improve proton transfer, while adequate water in the membrane
reduces ohmic resistance [51-53]. Therefore, there is a trade-off be-
tween the positive effect of Pt coating on PTL’s conductivity and the
negative effect of Pt coating on PTL’s hydrophilicity and mass transfer in
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Fig. 4. (a) Polarization curves, (b) Tafel slopes of (c) EIS spectra, and (d) HFR of electrolyzers assembled with Ti-felt electrodeposited with different Pt coating.
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the PEMECs.

Through secondary analysis of the polarization curves, the ohmic
overpotential (Fig. 5(a)) and the kinetic overpotential (Fig. 5(b)) can be
separated, and the total overpotential at different current densities
(Fig. 5(c)) can be compared. The test results showed that with the in-
crease in coating thickness, the kinetic overpotential during the PEMEC
reaction showed a decreasing trend. Since there was no proton-
conducting polymer like Nafion in the coated PTL, the Pt in the PTL
was unlikely to act as an electrocatalyst and cannot cause a change in the
kinetic overpotential [25]. More likely, this phenomenon was due to the
introduction of the coating reducing the surface roughness of the PTL,
thereby improving the interfacial contact between the CL and the PTL.
This improvement in interfacial contact increased the density of active
reaction sites, leading to a decrease in Tafel slope ((Fig. 4(b)) and a
decrease in kinetic overpotential ((Fig. 5(b)). Comparing the np, in Fig. 4
(c), the excessively thick coating caused performance loss at 3 A cm ™2,
Table S2 provides detailed values of the various overpotentials at 3 A
em ™2 for each sample. This phenomenon indicated that an excessively
thick coating will cause mass transfer issues, especially at high current
densities.

3.3. Mass transfer enhancement

To address the mass transfer issue of ZT250-Pt0.7, ordered water
channels were successfully constructed on the surface via laser ablation
technique, and the structure of ZT250-Pt0.7-Waterchannel is presented
in Fig. S7. Combining a transparent electrolyzer with an optical micro-
scope system (Fig. S2), the bubble transfer behavior of the PTL with
water channels was directly observed at a high current density of 3 A
cm~2. When using ZT250-Pt0.7 as the anode PTL, the unfavorable
conduction of Ti felts for bubbles were clearly observed (Fig. 6(a;)),
where small bubbles continued to grow and slow down the transfer rate.
In contrast, the ZT250-Pt0.7-Waterchannel with ordered pores produced
bubbles that were finer and did not over-aggregate (Fig. 6(az)), resulting
in a faster transfer rate. As shown in Fig. 6(a), the polarization perfor-
mance of the ZT250-Pt0.7-Waterchannel at low current densities
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decreased, which may be due to the reduced contact area between the
ZT250-Pt0.7-Waterchannel with straight-through pores and the CL,
resulting in a lower utilization of the catalyst. However, at high current
densities, its performance significantly increased. According to EIS
analysis, the HFR was increased by the introduction of pores, as shown
in Fig. 6(b), which may be due to the introduction of straight-through
pores causing an increase in interface contact issues. The fitted EIS
curve shows that a smaller diffusion resistance is observed for samples
with water channels compared to the ZT250-Pt0.7. The specific fitting
parameters can be seen in Table S3. The overpotential at 3 A cm™2 of
ZT250-Pt0.7 and ZT250-Pt0.7-Waterchannel was presented in Fig. 6(c).
Compared with the original sample, the ohmic overpotential (Fig. S7a)
and kinetic overpotential (Fig. S7b) of ZT250-Pt0.7-Waterchannel both
increased by about 25 mV and 43 mV, respectively, by no more than 15
%. However, the mass transfer overpotential decreased by about 87 mV,
which is roughly 46 % lower than the original. It suggests that the effect
of mass transfer overpotential on the polarization curve was more pro-
nounced at high current densities. Therefore, despite the slight increase
in ohmic and kinetic overpotential caused by the construction of water
channels, the comprehensive performance was improved. Aging tests
were performed on both (Fig. S8(c)), showing that water channels do not
destabilize the PTL. This finding aligns with the stability tests done with
and without pores in the electrolyzer [54]. In conclusion, the con-
struction of water channels was highly effective for improving the per-
formance of ZT250-Pt0.7. This strategy holds promising prospects for
future practical applications.

3.4. PTL’s degradation study

To investigate the effect of Pt coating on the PTL’s degradation of
PEMECs, the aging experiment was conducted in the three-electrode
system for 100 h (Fig. 7(a)). Before conducting aging tests, polariza-
tion performance tests were carried out and the initial polarization
performance of ZT250 and ZT250 Pt0.5 is shown in Fig. 7(b), labeled as
ZT250-BoT and ZT250 Pt0.5-BoT, respectively. It can be seen that the
polarization performance difference between the coating and non-
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coating begins to show when current density exceeds 1 A cm 2. As the
current density further increases, the difference became more pro-
nounced. Subsequently, the PTLs after aging test were assembled in
PEMECs and the polarization performance was tested again, labeled as
ZT250-EoT and ZT250 Pt0.5-EoT. As shown in Fig. 7(b), the attenuation
of ZT250 was significant, and its polarization performance was already
less than half of its initial performance. In contrast, the attenuation
degree of ZT250 Pt0.5 was effectively alleviated, and the polarization
performance can reach about 80 % of the initial performance. The
voltage decay rate of the electrolyzer at three representative voltages
(1.5V, 2V and 2.4 V) was further analyzed (Fig. 7(c)). The uncoated
ZT250 sample showed a high decay rate of about 50 % at multiple
voltage points, indicating a significant performance degradation under
these conditions. In contrast, the ZT250-Pt0.5 with Pt coating showed a
decay rate of less than 20 % at the voltage points of 1.5 V and 2.0 V.

Although the decay rate increased at the voltage point of 2.4 V, it still did
not exceed 25 %. A similar trend is shown in the overpotential analysis
(Fig. S9), with increases observed in ohmic overpotential, kinetic
overpotential, and mass transfer overpotential for the ZT250, with dis-
tributions increasing by approximately 40 mV, 90 mV, and 140 mV.
These results indicated that the degradation of Ti-based PTLs was slowed
down by the addition of Pt coating. This finding is crucial for under-
standing and improving the long-term stability and reliability of
PEMECs in practical applications, as the addition of the Pt coating
provides an effective strategy for enhancing the durability of the
PEMEGs system.

In order to provide an in-depth analysis of the degradation behavior
of PTLs, XPS was utilized to investigate the changes in PTL’s chemical
structure before and after the aging test. As shown in Fig. 8(a), pristine
ZT250 exhibited peaks at 454.1 eV, corresponding to the Ti%™ 2p3 5
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low-valence state, which disappeared after the aging test, indicating
complete oxidation of all low-valence Ti species. It suggested the weak
anti-oxidation capability of pristine ZT250. In contrast, Fig. 8(b) shows
minimal change in the Pt 4f spectra of ZT250-Pt0.5 before and after the
aging test. After aging for 100 h, only 2.7 % of Pt (0) was oxidized to a
higher valence state, demonstrating the excellent corrosion resistance
and anti-oxidation performance of ZT250-Pt0.5. The specific component
changes are shown in Table S4. The O 1 s spectra in Fig. 8(c) reveal
distinct peaks for HyO, OH™ and O%" species. It had been shown in the
reference [55] that the content of 0% can be used to assess its anti-
oxidant capacity. After the aging test, the comparison of O 1 s is
shown in Fig. 8(d), and the O% content in ZT250-Pt0.5 was significantly
lower than that of ZT250, further confirming its superior anti-oxidation
performance. Specific compositional changes are shown in Table S5.

4. Conclusion

In conclusion, this study elucidated the impact of different Pt-coated
Ti felts as anode PTL on the electrochemical performance of PEMECs,
revealing a critical coating amount for cost-effective maximization of
performance. The experimental analysis demonstrated that an excessive
increase in coating thickness can lead to an increase in mass transfer
resistance at high current densities, hindering gas-liquid transport in the
Ti felt and limiting the improvement of PEMECs performance. The
employment of laser-ablated ordered water channels on ZT250-Pt0.7
provided a simple and feasible solution to enhance mass transfer effi-
ciency at high current densities. Furthermore, the Pt coating signifi-
cantly enhanced the operational stability of PEMECs, which is crucial for
the commercial application of coated Ti felts in PEMECs system. The
findings of this study provide new insights into the design and
manufacturing of electrolysis equipment in the hydrogen industry, of-
fering a reference for achieving more cost-effective hydrogen production

technologies.
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