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Abstract

A rationalized interfacial design strategy was applied to tailoring the porous transport layer

(PTL)-catalyst layer (CL) contact and the PTL bulk-phase architecture.  Particularly, at the

PTL-CL interface,  our results reveal that laser ablated sintered titanium power-based PTLs

improve electrolyzer performance at both the H2NEW Consortium baseline catalyst loading

of 0.4 mgIr·cm-2 as well as at the ultra-low catalyst loading of 0.055 mg Ir·cm-2. Under ultra-low

catalyst  loadings,  the  laser  ablated  PTL  demonstrates  maximum  reduction  of 230  mV

compared to the commercial PTL at 4 A·cm-2, and reduces by 68 mV at 3.2 A·cm-2 under

H2NEW baseline loading. Laser ablation alters the titanium phase at the interface, so it forms

more uniform structure like a microporous layer or a backing layer, leading to an increase in

the  surface  area  in  contact  with  the  catalyst  layer  while  preventing  the  membrane  from

deforming into the PTL. Moreover, we reveal that PTL bulk-phase architecture modification

of  the  PTL  by  ablating  patterned  pores  at  the  flow  field-PTL  interface  improves  mass

transport without sacrificing contact at the CL-PTL interface. Overall, laser ablation of the

PTL is  an  effective method  to  customize  interfacial  design  to  enhance  proton  exchange

membrane electrolyzer performance.
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1. Introduction

With global CO2 emissions rebounding to peak in 2021 after a short decline from pandemic,

demands for electrification of energy related sectors have escalated to curtail anthropogenic

emissions.1 The challenge  in  decarbonization  of  energy related  sectors  arises  from heavy

dependence on fossil fuels for diverse applications such as in power, transportation, industry,

and district heating.2,3 However, decarbonization of these sectors cannot solely be realized

through electricity. Hydrogen is an excellent alternative to fossil fuels that can power various

sectors including the power sector,4 heavy-duty transportation sector,5 district heating sector,6

and extending on to industrial sectors to be used as chemical feedstock to produce ammonia7

or metals.8 Currently, approximately 95% of hydrogen  produced today are  gray hydrogen,

which  comes  from reforming  hydrocarbons  and  leaves  immense  carbon  footprint  during

hydrogen production.9 Therefore, continuously relying on gray hydrogen demeans the purpose

of shifting towards alternative fuels. On the other hand, green hydrogen, which is hydrogen

produced via electrolysis powered by renewables, leaves no carbon footprint and thus is a key

that complements the usage of renewables while shifting towards green hydrogen economy.10

Proton  exchange  membrane  (PEM)  water  electrolyzer  is  one  of  the  most  promising

electrolysis techniques for green hydrogen production. When powered by renewables, a PEM

electrolyzer  cell  converts  liquid  water  into hydrogen and oxygen gases in  the absence  of

carbon emissions. Hence, PEM electrolyzers carry enormous potential in leveraging a shift

from gray hydrogen to green hydrogen at the heart of energy related sectors. To achieve this

shift towards green hydrogen, cost reduction of PEM electrolyzer technology is inevitable.

With increasing supply of renewables curtailing the cost of electricity,11 the next task in PEM
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electrolyzer research is to reduce capital expenditures especially at larger production scales.

This  requires  minimizing  voltage  losses  occurring  at  higher  current  densities  while

significantly  reducing  precious  metal  catalyst  loadings.  Specifically,  since  the  amount  of

precious materials required in the electrolyzer is predicted to increase substantially at a GW

scale,12 there needs to improve and optimize electrolyzer components so it exhibits low cell

potential at lower catalyst loadings. 

The interplay of a porous transport layer (PTL) in providing a firm contact at the catalyst layer

and facilitating effective mass transport and charge transfer is a critical design consideration

in the PEM electrolyzer system. The titanium phase in contact with anode catalysts completes

a  pathway for  electrons  to  transfer  to  reaction  sites.  Previous  studies  emphasize  that  the

contact  between  the  PTL  and  the  catalyst  layer  significantly  impacts  the  electrolyzer

performance,  where  highly  porous  interface  reduces  the  electron  conductivity  thereby

lowering catalyst utilization.13–15 Conversely, dense catalyst layer and PTL interface (CL-PTL

interface)  increases  mass  transport  losses  from  accumulation  of  gases  over  the  reaction

surface,  limiting  the  transport  of  liquid  water  to  the  reaction  surface.16 Taie  et  al.  have

demonstrated  that  these  interfacial  impacts  on  electrolyzer  performance  intensifies  under

ultra-low  catalyst  loadings  because  the  number  of  reaction  sites  decreases.17 Rationally

modified  PTLs  have  been  proven  to  improve  electrolyzer  performance  from  enhanced

interfacial  properties.  For instance,  PTLs with porosity  gradient  (or PTLs with a backing

layer) fabricated via vacuum plasma spraying exhibited improved contact and mass transport,

extending  the  performance  of  electrolyzers.18–21 A  microporous  layer  (MPL)  has  been

constructed on the PTL by Schuler et al.,22 where they observed increased catalyst utilization

by a  factor  of  2.2  and  reduction  of  mass  transport  losses  by  45%.  PTLs  with  patterned

structure have also shown to improve performance of the electrolyzer, where the perforated
4



pores in the PTL enable effective bubble detachment, enhancing the mass transport during

electrolysis.23–26 Moreover, previous studies have attempted in modifying microstructure of

the PTL to improve the electrolyzer performance.27,28  Specifically,  Suermann et al.27 have

demonstrated improved ohmic and mass transport  performance of felt-based PTLs by using

femtosecond laser to modify microstructure of the felt material. Femtosecond laser provides a

small pulse width with a high peak power, which results in a small heat influence zone that

can be used to alter microstructure of each individual fiber in the felt PTL. These previous

studies direct that novel rationalized PTL designs are necessary for improving performance of

the electrolyzer and ultimately curtail the cost of green hydrogen.

In  this  study,  we  present  novel  PTL  designs  fabricated  by  applying  laser  ablation  to  a

commercially  available  sintered  titanium  powder-based  PTL.  Laser  ablation  offers  an

effective method for rationally customizing macrostructure at the CL-PTL interface, providing

similar advantages as PTLs with an MPL or a backing layer. Tailoring laser ablation pathways

and path spacing (dpath) (Figure 1) have resulted in two distinct interfacial patterns at the CL-

PTL interface: a parallel pattern and a cross pattern. Surface morphology of these interfacial

patterns are first characterized by observing at the PTL surface as well as the anode side of the

CCM post to the electrolyzer operation. Then, the impact of laser ablation patterns on the

performance of the electrolyzer under ultra-low catalyst loadings is evaluated through various

electrochemical  techniques.  Lastly,  the  effect  of  the  laser  ablated  PTLs  at  high  catalyst

loading conditions has been investigated, along with the impact of laser ablation on the bulk

structure of PTL. Our results demonstrate the feasibility of laser ablation to customize PTL

interfacial design and the effectiveness of improving PEMWE performance.
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Figure 1. The schematic of the laser ablation patterns on the catalyst layer-PTL interface.

2. Results 

2.1. Laser Ablated Porous Transport Layers

Controlling laser ablation pathways and  dpath results in two distinct patterns at the CL-PTL

interface as seen in Figure 2. Laser ablation in parallel patterns imprint land-channel structure

on the PTL (Figure 2b-d), and laser ablation in cross patterns inscribe checker-like structure

on the PTL (Figure 2f-h). The PTL surface affected by the laser becomes smooth while the

surface unaffected by the laser, such as the land region in Figure 2b and 2c, maintains original

roughness. Controlling dpath dictates the exposure of the PTL surface to laser ablation, and a

large change in dpath results in a completely different PTL morphology albeit undergoing the

identical  laser ablation pathway as seen in Figure 2 (higher magnification images seen in

Figure S1). 

6



Figure 2. SEM images of the laser ablated sintered titanium-based PTLs. Schematics of laser

paths for parallel and cross patterns are as shown in (a) and (e), respectively. Parallel patterns

with  dpath = (b) 38 µm, (c) 76 µm, and (d) 127 µm. Wider  dpath imprints more evident land-

channel structure at the CL-PTL interface. Cross patterns with dpath = (f) 38 µm, (g) 76 µm,

and (h) 127 µm. Wider  dpath results in more concise checker-like structure at  the CL-PTL

interface. Laser ablation closes some of the surface pores with the cross paths with dpath > 76

µm. For parallel patterns, smaller dpath results in more uniform surface while for cross patterns,

larger dpath results in more uniform surface.

Ablating  laser  in  parallel  paths  forms  land-channel  structure  at  the  CL-PTL  interface.

Specifically,  laser ablation smooths out the channel region (Figure S1), providing enhanced

connectivity to the pores in the PTL, which facilitates the gas removal process. Also, the land

structure increases interfacial surface contact area between the PTL and the catalyst layer.

Widths of the land region increases when dpath is increased, where the PTL with dpath = 127 µm

exhibits  largest  land features  and the  PTL with  dpath = 38 µm barely  shows land-channel

structure. Since overall number of laser paths increase with shorter dpath, the PTL with dpath =

38 µm obtains  more  of  a  granular  structure  from laser  melting  titanium powders  on  the
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surface, which further reduces the surface roughness of the PTL. Compared to the pristine

PTL (Figure S2g), the pores in parallel patterned PTLs show higher connectivity. 

In cross patterned PTLs, laser ablation imprints checker-like structure. Longer dpath decreases

surface  roughness  of  the  PTL  and  flattens  out  the  PTL  interface.  In  particular,  higher

magnified SEM image shown in Figure S1f shows that the cross pattern PTL with dpath = 127

µm effectively melts the titanium particles resulting in closure of many surface pores at the

PTL interface, which can effectively enhance the contact with the catalyst layer. This structure

also minimizes membrane deformation into the PTL interface and prevent the catalyst layer

deformation within the large pores of conventional PTL structures, which decreases electrical

and ionic conductivity within the catalyst layer as previously reported by Schuler et al.13,14

Membrane  deformation  could  also  lead  to  local  membrane  thinning,  therefore  leaching

fluoride  ion,  which  in  return  exacerbates  electrolyzer  component  degradation.  When  dpath

decreases,  surface  roughness  increases  and  the  interface  gains  more  granular  structure.

Specifically,  increased number of laser paths  from having shorter  dpath over  melt  the PTL

interface causing formation of tiny pores within titanium phase that appear to be dead-ended

(Figure S1d). Dead-ended pores block transport of both liquid water and oxygen gas, which

causes loss of effective interfacial contact between PTL and CL.

The interfacial contact area of the catalyst layer and PTL has been further analyzed through

synchrotron X-ray computed tomography (XCT) obtained from the Advanced Light Source at

Lawrence Berkeley National Laboratory (Beam-line 8.3.2). The tomographic images acquired

for a pristine PTL, and a laser ablated PTL (cross patterned PTL with 127 µm spacing) are as

shown in Figure 3. The XCT image of the laser ablated PTL (subset of Figure 3) exhibits flat

and planar  surface  created  by  heat  from the  laser,  and this  leads  to  enhanced  interfacial
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contact area against the catalyst layer compared to the baseline PTL. Similar observations on

interfacial contact have been made via SEM image processing (Figure S3, Figure S4) and

optical profilometer (Figure S6), where laser ablated regions improve the point of contact with

the catalyst layer. The surface analysis directs that laser ablation is a promising yet facile

process for modifying the PTL interfacial structure for improving performance of PEM water

electrolzyers.

Figure 3. X-ray computed tomographic images of (a) a pristine PTL and (b) a laser ablated 

PTL. The CL-PTL interface of the two PTLs is shown as a subset figure. The laser ablated 

morphology provides enlarged contact surface between the PTL and CL.

2.2. Impact of Laser Ablation Patterns on Electrochemical Performance under Ultra-

low Ir Loading Conditions

2.2.1. Parallel Patterned Porous Transport Layer with Land-Channel Structure
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Electrochemical performance of electrolyzers assembled with parallel patterned PTLs under 

the ultra-low catalyst loading condition (0.055 mgIr·cm-2) is shown in Figure 4. All parallel 

patterned PTLs with 3 different dpaths (38 µm, 76 µm, 127 µm) outperform the baseline PTL up

to current density of 2.8 A·cm-2. Above 2.8 A·cm-2, overpotentials for the PTL with dpath = 127

µm start to increase, eventually exceeding the overpotential of the baseline PTL at 3.2 A·cm-2. 

The parallel patterned PTLs with dpath = 38 µm and 76 µm outperform the baseline PTL 

throughout the tested current density. The PTL with smallest path spacing exhibits lowest cell 

potential.

Parallel patterns at the CL-PTL interface fabricated through laser ablation improve kinetic

performance during water  electrolysis.  All  three parallel  patterned PTLs experience lower

kinetic overpotential compared to the baseline PTL as shown in Figure 4b, and the PTL with

the  smallest  dpath exhibit  the  lowest  kinetic  overpotential  (30  mV  improvement  against

baseline).  This  improvement  in  kinetics  stems from the improved contact  at  the  CL-PTL

interface,  which  improves  charges  transfer  as  also  observed  with  smaller  Tafel  slope

(discussion below). PTLs with distinct land-channel structure at the CL-PTL interface (dpath =

76 µm and 127 µm) has less improvement on the kinetics because of the decreased electrical

conductivity within the catalyst layer caused by the membrane deforming into the channel

region of the PTL.  Even a small  amount of  catalyst  layer  deformation  decreases  catalyst

utilization  because  the  catalyst  layer  thickness  is  significantly  thinner  under  low loading

conditions and electrical conductivity decreases with membrane deformation.13,14,17
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Figure 4. Applied voltage breakdown of laser ablated PTLs with land-channel structure. (a)

Polarization  curve,  (b)  kinetic  overpotential,  (c)  high  frequency  resistance  and  (d)  mass

transport overpotential in comparison to the baseline PTL at ultra-low loading (0.055 mg·cm-

2). While HFR and kinetic improves with land-channel pattern at the CL-PTL interface, mass

transport losses emanate from accumulation of the gas at the channel region. Larger dpath leads

to higher mass transport overpotential.

Land-channel structure in the parallel patterned laser ablated PTL (Figure 2 c, d) reduces the

high frequency resistance (HFR).  Figure 4c shows PTLs with  dpath = 76 µm and 127 µm

displaying lower HFRs in contrast to the other two PTLs. When the land-channel structure

exists  at  the  CL-PTL interface,  higher  compression  is  applied  to  the  membrane  because

smaller area is in contact with the membrane (i.e, only the land region is compressing the

membrane). Therefore, higher local compression further squeezes the membrane, reducing the

HFR compared to the baseline PTL. At higher current densities, HFRs start to increase, where

the  rate  of  HFR increase  becomes  more  prominent  for  dpath =  127 µm,  which  has  more
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protuberant  land-channel  structure.  This  increase  in  HFR  is  associated  with  the  gas

accumulation in channel regions of the CL-PTL interface. Higher gas content accumulates at

high current densities in the channel region of the CL-PTL interface,  thereby dehydrating

membrane with increased HFR. Moreover, this increase in HFR is observed with the increase

in the mass transport losses. The build-up of gas exacerbates mass transport  losses in these

laser ablated PTLs with land-channel structure (Figure 5d). PTLs with wider channel regions

suffer more from increased mass transport as observed by higher mass transport overpotential

for  dpath = 127 µm compared to  dpath = 76 µm. It can be seen that the channel region of the

pattern behaves similar to delamination at the CL-PTL interface leading to accumulation of

gas, as reported previously.29 Of the tested parallel patterned PTLs, the PTL with dpath = 38

µm, which has granular structure than land-channel structure (Figure S1a-c), demonstrates the

best cell performance.

2.2.2. Cross Patterned Porous Transport Layer with Checker-like Structure

Applied voltage breakdown of electrolyzer performance operating with cross patterned PTLs

under the ultra-low catalyst loading is shown in Figure 5. Except for the PTL with dpath = 38

µm, which experience significant overpotentials at current densities greater than 2.0 A·cm-2,

cross patterned PTLs outperform the baseline PTL. Unlike the trend observed for parallel

patterned PTLs, cross patterned PTLs improve electrolyzer performance with increasing dpath.

This is because laser ablation in a cross-pattern provides more uniform modification at the

interface rather than concentrating at the specific regions as parallel passes do. In addition,

increasing dpath avoid overmelting the titanium interface for cross patterns since higher number

of dpath reduces the total number of laser ablation passes.
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Cross patterns imprint checker-like structure at the CL-PTL interface, and wider dpath further

reduces surface roughness of the PTL. Laser ablation in a cross pattern deforms titanium

particles and flattens out the titanium phase at the interface. As titanium particles melt during

laser ablation, they fill-in smaller surface pores with titanium phase, increasing surface area at

the CL-PTL interface. The shallow deformation of the membrane observed at dpath = 127 µm

is evidence that deformed titanium particles enhance the interfacial contact,  which will be

discussed later. Improve kinetic performance of the electrolyzer under low loading conditions

is seen in Figure 5b, where the cross patterned PTL with widest dpath exhibits lowest kinetic

overpotential.  Furthermore,  checker-like  structure  reduces  HFR  of  the  electrolyzer.  In

particular, PTLs with dpath = 76 µm and 127 µm exhibit the lowest HFR. Instead of the local

compression effect as observed in parallel patterned PTLs, the cross patterned laser ablated

PTLs’ flattened morphology (seen from surface profiles in Figure S6) increases the interfacial

contact area while prohibiting intrusion of membrane into the  interfacial pores at the  PTL.

Therefore, the catalyst layer maintains firm contact, preventing the spread of iridium particles

and preserving electrical conductivity within the catalyst layer.13,14 This effect is even more

sensitive under ultra-low loading conditions  as the content of iridium oxide in the catalyst

layer is significantly  reduced  under low loading conditions. Hence, the HFR values remain

constant  throughout  current  densities  (Figure 5c),  while  HFR values  of  parallel  patterned

PTLs increase at high current densities. Cross patterned PTLs with dpath = 76 µm and 127 µm

provide similar advantages as that of an MPL or a backing layer, which enhances the contact

against  the  catalyst layer.  In  contrast,  the  cross  patterned  PTL with  dpath =  38  µm forms

agglomerate structure from over-melting titanium particles, which creates small dead-ended

pores at the interface as a by-product. 
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Figure 5d shows that the checker-like structure of laser ablated PTLs increases mass transport

overpotentials  at  higher  current  densities  under  ultra-low  loading  conditions.  Since  the

catalyst layer is significantly thinner and denser under low loading,17 mass transport occurring

within the catalyst layer (i.e., in-plane direction) becomes less significant, and mass transport

would mostly occur through pores at the CL-PTL interface (i.e.,  through-plane). As fewer

pore openings are available for mass transport at the interface of cross patterned PTLs (Figure

2 and Figure 3), these PTLs exhibit slightly higher mass transport overpotentials compared to

the baseline PTL (16 mV at 3.2 A·cm-2). Nevertheless, improvements in the high frequency

resistance  and  kinetics  overcome  increased  mass  transport  overpotentials  when  using

electrolyzers operating with cross patterned PTLs.

The best performing laser ablated PTL, which is the cross patterned PTL with dpath = 127 µm,

and the baseline PTL has been operated up to 4 A·cm-2 to investigate the impact  of PTL

interface  on  higher  current  density  operations  (Figure  S5).  A  surprising  cell  potential

reduction of 230 mV has been achieved at 4 A·cm-2 between the laser ablated PTL and the

baseline  PTL.  Our  laser  ablated  PTL  exhibits  similar  or  even  improved  performance

compared to bi-layer structured PTLs reported in literature although we use thicker membrane

(~50 µm thicker)  at  ultra-low iridium loading (reduction greater  than  ×40).18,19,21,22 Under

ultra-low loading and high current density operation, the baseline PTL experiences increase in

HFR  and  mass  transport  from  accumulation  of  gas  at  the  interface  reducing  the

electrochemical  surface  area  from dehydrating  the  membrane  and  thereby  decreasing  the

catalyst utilization. In contrast, the laser ablated PTL preserves the electrochemical surface

area even at higher current densities and hence maintains catalyst utilization. In addition, the

laser  ablated  PTL  minimizes  the  accumulation  of  gas,  dampening  the  increase  in  mass
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transport overpotentials (i > 3.5 A·cm-2). Our work demonstrates that laser ablation is an effect

approach to improve electrolyzer performance under ultra-low catalyst loadings.

Figure 5. Applied voltage breakdown of laser ablated PTLs with checker-like structure. (a)

Polarization  curve,  (b)  kinetic  overpotential,  (c)  high  frequency  resistance  and  (d)  mass

transport overpotential in comparison to the baseline PTL at ultra-low loading (0.055 mg·cm-

2).  Checker-like  structure  at  the  CL-PTL  interface  improves  both  HFR  and  kinetic

performance.  Increasing  dpath further  improves  HFR  and  kinetics.  Slightly  higher  mass

transport overpotential observed for 127 µm however is significantly lower than land-channel

structured PTLs.

2.2.3. Impact of PTL-CL interfacial engineering on electrode kinetics

Tafel  and  EIS  analysis  provide  another  insight  on  how  laser  ablation  improves  water

electrolyzer  performance.  Figure  6a  shows  an  overlay  of  Tafel  slopes  on  measured  cell

potentials at ultra-low loading for baseline and parallel patterned PTLs. All modified PTLs
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exhibit lower Tafel slope compared to the baseline (Table 1), with 38 µm dpath experiencing

lowest value of the Tafel slope. This observation is in agreement with the EIS results shown

in the Nyquist plot measured at 1 A·cm-2 for the parallel patterned PTLs in Figure 6c. All

Nyquist plots show a single semicircle loop, indicating the anode oxygen evolution reaction

dominates the electrode behavior at this current. The difference between two intercepts at high

and low frequency regions indicates a lower charge transfer resistance for laser ablated PTLs,

with  dpath=  38 µm the lowest, suggesting improved electrode kinetics compared to baseline

PTL.

The Tafel slope measured from cross patterned PTLs are shown in Figure 6b. Laser ablated

PTLs exhibit improved Tafel kinetics compared to the baseline. The smoothened surface from

the laser ablation improves contact at the CL-PTL interface, not only improving kinetics but

also reducing HFR under ultra-low catalyst loading conditions. The corresponding Nyquist

plot (Figure 6d) shows that for  dpath = 76 µm and 127 µm, laser ablated PTLs significantly

reduce HFR, which is similar to the case for parallel patterned PTLs. Overall, the Tafel slopes

(Table 1) and Nyquist plots suggest that laser ablation can not only alter the ohmic resistance

but  also  improves  electrode  kinetics  during  electrolysis,  indicating  that  both  the  contact

resistance  and  reaction  charge  transfer  resistance  can  be  impacted  by  interfacial  contact

between PTL and CL. 

16



Figure  6. Tafel  analysis  for  (a)  parallel  patterned  PTLs  and  (b)  cross  patterned  PTLs.

Galvanostatic  electrochemical  impedance  spectroscopy  measurement  at  1  A·cm2 for  (c)

parallel patterned PTLs and (d) cross patterned PTLs.

Table 1. Tafel slopes for baseline and laser ablated PTLs.

Sample Tafel Slope [mV/dec]
Baseline 50.8

38 µm Parallel 43.7
76 µm Parallel 48.4
127 µm Parallel 48.9

38 µm Cross 46.1
76 µm Cross 47.6
127 µm Cross 46.7

2.2.4. Impact of Laser Ablated PTLs on Catalyst Coated Membrane post to Operation

Observing the anode side of CCMs post to the electrolyzer operation enables more in-depth

analysis of the PTL-CL interface of laser ablated PTLs (Figure 7). Parallel patterned PTLs

with  dpath = 76 µm and 127 µm, which clearly portrays land-channel structure at  the PTL
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interface,  imprint  land-channel  structure  in  the  membrane  as  well.  These  land-channel

structures are formed by membrane deformation caused by high compression from PTL’s

land region, which forces the membrane to deform towards the channel region. The parallel

patterned PTL with larger dpath shows more notable land-channel structure. This land-channel

structured deformation is less favorable for electrolyzer performance because the deformation

of membrane into the channel region decreases electronic conductivity in the catalyst layer as

mentioned by Schuler et al.,13,14 which also reduces catalytic utilization, leading to increase of

electrode kinetic overpotential  in Figure 4b. Moreover,  the channel  region at the PTL-CL

interface  acts  as  delamination,  further  exacerbating  the  interfacial  contact  while  also

accumulating the delaminated space with gas, germinating significant mass transport losses.

As  a  result,  increases  in  HFR as  well  as  mass  transport  losses  are  observed  with  PTLs

featuring land-channel structure (Figure 4c, d). The parallel patterned PTL with dpath = 38 µm

imparts granular structure rather than land-channel structure since the PTL itself has more of a

granular structure. As a result, the post operation image shows smoother CCM surface.

 

Cross patterned PTLs also impart granular structure (Figure 2a, d-f) on the membrane when

assembled in the electrolyzer (Figure 7, higher magnification images in Figure S2). Compared

to  deformation  observed  in  the  baseline  PTL (Figure  7g),  deformation  from checker-like

structure  of  cross  patterned  PTLs  portrays  larger  granular  structure,  resulted  from  being

compressed by molten titanium agglomerates at the PTL interface. When a laser ablates the

PTL surface in a cross pattern, it melts and merges titanium particles together forming larger

titanium  agglomerates  (Figure  2f).  Moreover,  laser  ablated  surfaces  show  lower  surface

roughness compared to the baseline PTL, which improves the interfacial contact at the CL-

PTL interface. A CCM assembled with the cross pattern PTL with  dpath = 127 µm imparts

most uniform deformation amongst tested PTLs (Figure 7f), which is in agreement with the
18



electrochemical performance test where this PTL demonstrated superior performance amongst

other tested PTLs.  The laser ablation of the PTL surface enhances the contact at the catalyst

layer  in  a  similar  mechanism as  to  a  backing  layer  or  an  MPL.  However,  laser  ablation

removes material from the PTL reducing the thickness whereas application of backing layers

or MPLs adds on extra PTL thickness, increasing tortuosity and possibly exacerbating mass

transport properties at higher current densities.22,30,31

Figure 7. SEM images of CCMs post to the electrolyzer operation. Parallel patterns with dpath

= (a) 38 µm, (b) 76 µm, and (c) 127 µm. Wider  dpath results in more distinct imprints of the

land-channel structure on the CCM. Cross patterns with dpath = (d) 38 µm, (e) 76 µm, and (f)

127 µm. Wider  dpath results in more uniform CL-PTL interface.  (g) An SEM image of the

CCM post to the electrolyzer operation with the baseline PTL. 

2.2.5. Cross Patterned Porous Transport Layer at High Loading Conditions

The performance improvement achieved with the cross patterned PTL under high catalyst

loading conditions (0.40 mg·cm-2, which is the baseline loading for H2NEW consortium) is

shown in Figure 8. The cross patterned PTL (dpath = 127 µm) demonstrates lower cell potential

than  the  baseline  PTL under  the  high  catalyst  loading  condition.  The  laser  ablated  PTL
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reaches just below 2 V at 3.2 A·cm-2, while the baseline PTL reaches about 2.07 V at the same

current  density.  The main contributors  to performance improvements  are attributed  to the

lower  HFR  and  mass  transport  overpotential.  Two  PTLs  exhibit  nearly  identical  kinetic

performance. This is likely due to the electrode kinetics dictated by catalyst loading rather

than the PTL-CL interfaces.

Checker-like structure provides firm contact at the CL-PTL interface. As a result, reduction in

the HFR is observed even under higher catalyst loadings when the laser ablated PTL is used.

The  dpath = 127 µm cross patterned PTL used for the high loading test  provides enlarged

interfacial contact surface against the catalyst layer,  which minimizes membrane intrusion

into the PTL; therefore, prohibiting membrane deformation into the PTL and preventing loss

of electrical  conductivity  within the catalyst  layer  even at  higher loading conditions.  Yet,

kinetic performance remains fairly similar to the baseline PTL because sufficient reaction sites

are available under higher loading conditions in contrast to low loading conditions. 

Furthermore, checker-like structure in the PTL improves mass transport under high catalyst

loadings, which is different from the trend observed at ultra-low loadings. Under low catalyst

loading conditions, the catalyst layer is significantly thinner and denser than higher catalyst

loading conditions. Therefore, mass transport is mostly confined to the two-dimensional space

in the through-plane direction, along the pores at the CL-PTL interface. While at relative high

catalyst loadings, mass transport is less severe at the interface because thicker catalyst layer

allows gas bubbles transfer to the catalyst layer itself in the three-dimensional space. The gas

bubbles  generated  underneath  the  flattened  titanium phase  is  then  capable  of  permeating

through the pores in the catalyst layer and evacuate through the pores enlarged by the laser

ablation.  Therefore,  effective  transport  of  gas  and  liquid  water  develops  at  the  CL-PTL
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interface on the checker-like structure of laser ablated PTLs. This work demonstrates that

laser ablated PTLs enhance electrolyzer performance at both low and high loading conditions

without applying a backing layer or an MPL.

Figure 8. Applied voltage breakdown of the laser ablated PTL with checker-like structure at

high  loading  (0.4  mg·cm-2).  (a)  Polarization  curve,  (b)  kinetic  overpotential,  (c)  high

frequency resistance and (d) mass transport overpotential in comparison to the baseline PTL.

Laser ablated PTL outperforms the baseline PTL at higher loading conditions as well, with

improvements in HFR and mass transport losses. The HFR of the laser ablated PTL exhibits

similar values at low and high loadings.

2.3. Bulk-phase Architecture Modification of the Porous Transport Layer

While  previous  laser  ablation  focuses  on  CL-PTL  interfacial  modifications,  this  section

investigates the strategy of modifying the bulk-phase architecture of PTLs by implementing
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patternable  half-through pore at  the flow field-PTL interfaces.  Previous  studies  show that

modifying  pore  structure  to  enhance  mass  transport  comes  at  a  cost  of  losing  CL-PTL

interfacial  contact  due  to  the  trade-off  relationship  between  interfacial  contact  and  mass

transport.15,32 In fact, some studies highlight that performance lost from the CL-PTL interfacial

contact is  significantly more harmful to the electrolyzer performance than the improvement

obtained from the improved mass transport.28,31,33 Moreover, some studies demonstrate that

these pore structure exacerbate mass transport losses emanated from having poor interfacial

contact.28,33 Therefore,  there  needs  a  technique  to  balance  PTL  bulk-phase  porosity  and

tortuosity to gain in mass transport and the PTL-CL interfacial contact to enhance electrode

kinetics  and  catalyst  utilization.  Rationally  applying  laser-ablation  at  the  flow  field-PTL

interface to fabricate half-through could help improve the overall PTL porosity and reduce

PTL tortuosity while maintaining the PTL-CL interfacial properties. 

The electrochemical performance of the patterned half-through pore PTL (on a baseline PTL)

and  the  baseline  PTL  are  shown  in  Figure  9.  The  patterned  pore  PTL  improves  the

electrolyzer performance by 124 mV at 4 A·cm-2. HFRs and kinetic overpotentials measured

from the  two  PTLs  exhibit  similar  values,  with  the  patterned  half-pore  PTL performing

slightly better. More notable difference in performance of two PTLs comes from the mass

transport  overpotentials.  In  particular,  the  PTL with  half-through  pores  at  the  flow  field

interface reduces mass transport overpotentials by 82 mV at 4 A·cm-2. This result reveals that

the patterned half-through pore PTL improves mass transport during electrolysis with having

minimal impact on the CL-PTL interface. Reduction in the mass transport overpotential will

be even more substantial at higher current densities, as demonstrated by Lee et al. and their

patterned-through pore PTL, where they improved mass transport overpotential by 76.7% at 9

A·cm-2.26 Our findings on the half-through pore PTL provide valuable insights for future PTL
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designs. Fabrication and optimization of patterned half-through pore designs on the flow-field

interface will enable reduction of mass transport losses without exacerbating losses related to

the CL-PTL interface.

Figure 9. SEM images of the patterned half-through pore PTL (a and b).  Polarization curve 

(c) and overpotential breakdown (d) of baseline and patterned PTLs under ultra-low loading 

(0.055 mg·cm-2). 

3. Conclusion

In this work, we present laser ablation as a facile and scalable technique for modifying the

PTL interface to achieve performance improvement of a PEM electrolyzer system. The PTLs

are ablated  with laser  in a  parallel  pattern  and a cross  pattern,  where the  parallel  pattern

exhibits in land-channel structure and the cross-pattern results in checker-like structure at the

CL-PTL  interface.  The  spacing  between  each  laser  path  is  found  critical  to  electrolyzer

performance, where shorter spacing is favorable for the parallel pattern while wider spacing is

favorable for the cross pattern. Experimental results have shown that the cross-patterned PTL
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with dpath = 127 µm exhibited best PTL/CL interface, followed by the parallel-patterned PTL

with dpath = 38 µm. Both patterns outperformed the baseline PTL under both ultra-low (0.055

mg·cm-2) and high (0.40 mg·cm-2) loadings. Major improvements are observed from ohmic

kinetic overpotentials, where the modified titanium phase provided enlarged contact against

the catalyst layer. The CL-PTL interface plays a key role in mass transport under ultra-low

loadings because thinner  catalyst  layer  limits  transport within the catalyst  layer.  The best

performing laser ablated PTL exhibits reduction of cell potential by 230 mV compared to the

baseline PTL under ultra-low loadings. Lastly, we show that bulk modification of the PTL,

where  fabricating  patterned  half-through  pores  at  the  flow  field  interface  reduced  mass

transport overpotentials without altering the CL-PTL interface at high current densities. This

shows that via laser ablation, optimal PTLs may be designed by ablating both interface as

well as the bulk PTL. Our results reveal that laser ablation is a facile and scalable technique

for modifying PTL structure to further improve PEM electrolyzer performance under high and

ultra-low catalyst loadings.

4. Experimental Methods 

Laser Ablation of Porous Transport Layers (PTLs): The surface of the PTL was ablated using

a class 4 fiber laser cutter  (FIBER50FC, Full  Spectrum Laser).  Laser power of 5 W at a

frequency of 20 kHz was applied to fabricate both patterns (parallel pattern and cross pattern)

on the PTL surface.  100 passes were sufficient  to modify the morphology of the PTL as

shown in Figure 2. The patterned pore PTL was fabricated by laser ablating 400 pores with a

diameter of 200 µm at the PTL-flow field interface. The pores were fabricated in an array of

20 by 20 pores with center-to-center distance being 1 mm. The laser power was set to 5 W at

a frequency of 20 kHz and 600 passes were applied. Post to the laser ablation, the PTLs were

rinsed first with isopropanol and then with deionized (DI) water. After rinsing, PTLs were

submerged in isopropanol for 30 min and underwent chemical  etching for 3 min using a

commercial Ti metal etchant (Multi-etch). Then, PTLs were coated with Pt to enhance contact

properties  using  a sputtering  process.  A thin  platinum layer  was sputtered  onto  the  laser

ablated surface of the PTL to provide proficient electrical conductivity. Approximately 40 nm

layer of platinum was sputtered onto the laser ablated PTL at a deposition rate of 1.75 Å/sec

in  an  Argon  environment  using  AJA  RF  Sputter  System  (AJA  International  Inc.).  The

24



deposition rate was obtained by measuring the thickness of the sputtered layer of a sacrificial

substrate. 

Preparation of Catalyst Coated Membranes (CCMs): Ultrasonic spray coating technique was

used to prepare CCMs used in this study. The anode ink was made by mixing commercially

available  iridium oxide (TKK ELC-0110 SA = 100, Tanaka)  with water,  ethanol,  and n-

propanol at  a ratio of 1:1:2 by volume and adding Nafion ionomer solution (5 wt %, Ion

Power D521). The ionomer to iridium ratio was set at 0.116 for all anode catalyst used in this

study. Prior to the catalyst deposition, the anode ink was immersed into an ice bath and was

sonicated  using  a  horn  sonicator  (CEX500,  Cole-Parmer)  at  38%  power  for  30  min.

Information about the anode ink agglomerate size distribution obtained with dynamic light

scattering can be seen in Figure S8. The cathode ink was made by mixing platinum supported

by carbon catalyst (TEC10V50E 46.8% Pt, Tanaka) with water and n-propanol at a ratio of

1:1 by volume, and adding Nafion ionomer solution (5 wt%, Ion Power D521). The ionomer

to catalyst  ratio was set at  0.45 for all  cathode catalysts  used.  The cathode ink was bath

sonicated for 30 min at a constant temperature of 10 ˚C before spray coating. The volume of

the ink and ratios were kept identical throughout the study for each loading to ensure minimal

impact of ink preparation on electrolyzer performance. 7 thou thick Nafion perfluorosulfonic

acid membranes  (N117, Ion Power) were used as membrane for fabrication of the CCM.

Impurities were removed and protonated the sulfonic-acid groups in Nafion membranes via

following processes before spray coating. Membranes were first soaked in DI water at boiling

temperature for 1 h and were immersed in 0.5 M HNO3 (ACS Reagent, Sigma-Aldrich) for 1

h at room temperature. The membranes were then rinsed three times with DI water and were

stored in DI water until the spray coating process. The Sono-Tek ultrasonic spray coater was

used for catalyst deposition onto the membrane. The sonication was set to 120 kHz, and the

membrane was fixed on a vacuum plate at  constant temperature of 80 ˚C to maintain flat

surface throughout the spray coating process. X-ray fluorescence (XRF) (Bruker M4 Tornado,

Bruker) was used to measure catalyst loadings of both platinum and iridium on the CCM.

0.055 ± 0.005 mgIr·cm-2 was targeted for the ultra-low iridium loading and 0.4 ± 0.01 mgIr·cm-

2 was targeted for high iridium loading. The cathode side platinum was kept constant at 0.1 ±

0.01 mgPt·cm-2. The areal dispersion of the ultra-low iridium loading and baseline platinum

were as shown in Figure S7.
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X-ray  computed  tomography  (XCT)  and  Scanning  electron  microscope  (SEM):  Porous

transport layer (PTL) surface morphology was imaged by an FEI Quanta FEG 250 SEM. Ex

situ  XCT was  conducted  at  the  Advanced  Light  Source  at  Lawrence  Berkeley  National

Laboratory (Beamline 8.3.2) with a PCO Edge CCD camera, an LuAG scintillator, and 20x

optical lenses. The resulting images had a resolution of 0.323 µm voxel−1 and a horizontal

field of view of 1.8 mm. The samples were prepared for tomography imaging by cutting the

PTLs into ≈3 mm triangular sections each having an ≈45° tip and 5 mm base for mounting

on the pins which were mounted on the beamline rotating stage. A multilayer monochromator

was used to select the X-ray energy at 20 keV. 300 ms exposure time was used.

 

Electrolyzer Cell Assembly and Testing: The active area of CCMs were designed to be 5 cm2.

A single cell hardware (Fuel Cell Technology, FCT) built with platinum coated single channel

titanium parallel flow field on the anode and graphite single channel serpentine flow field on

the cathode was used for the cell testing. A sintered titanium powder-based PTL (Mott Corp.)

was used as  a  baseline  anode PTL and six laser-modified PTLs were  used for  the  study

(parallel patterns with dpath = 38, 76, and 127 µm and cross patterns with dpath = 38, 76 and 127

µm). 40 nm layer of platinum was sputter coated onto each PTL. A carbon paper without an

MPL (Toray  090)  was  used  as  the  cathode  gas  diffusion  layer  (GDL).  The  thickness  of

ethylene tetrafluoroethylene (ETFE) gaskets were controlled to achieve 20% compression in

the GDL while the thickness of the ETFE gaskets were matched to the titanium PTLs. The

electrolyzer cell was applied with a torque of 4.5 Nm to prevent leakage.

A  multichannel  potentiostat  (VSP  300,  Biologic)  with  20  A  booster  was  used  for  all

electrochemical  tests  conducted  in  this  study.  A modified  FCT test  station  was  used  for

electrolyzer  testing.  DI  water  with  recirculation  system  was  fed  into  the  anode  of  the

electrolyzer and fully humidified H2 was fed into cathode at 80 ˚C with flow rate of 100

mL·min-1.  An auxiliary  cell  heater  was used  to  heat  the  cell  up to  80 ˚C.   10  cycles  of

conditioned cyclic voltammetry measurements (CV) were obtained at a scan rate of 50 mV·s-1

between  voltage  of  1.2  and  2  V  prior  to  measurement  of  polarization  curves  and

electrochemical  impedances.  The  polarization  curve  was  measured  by  holding  at  various

constant cell currents for 130 s. Galvanostatic electrochemical impedance spectroscopy was

used to measure impedances at each current step. An AC current perturbation between 1 MHz

and 100 mHz was applied to the electrolyzer for each current step and measured the following
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voltage response. The amplitude of the AC current was selected for each step to ensure a

sufficient signal to noise ratio while maintaining a linear system response. After measuring

polarization curves and impedances, the Ir cyclic voltammetry was measured by cycling from

0.05 to 1.2 V at scanning rate of 50 mV·s-1.

Applied Voltage Breakdown: The electrolyzer cell potential,  Ecell, consists of reversible cell

potential,  E rev
0 ,  ohmic  overpotential,  ηohmic,  kinetic  overpotential,  ηkin,  and  mass  transport

overpotential, ηmt:

E cell=E rev
0

+ηohmic+ηkin+ηmt

We only considered the kinetics and mass transport of the oxygen evolution reaction for this

work because oxygen evolution reaction is more sluggish compared to hydrogen evolution

reaction. The reversible cell potential was calculated according to the literature:34

E rev
0

=1.2291−0.0008456 ∙(T−298.15)
where T is temperature [K]. Ohmic overpotential was calculated by measuring high frequency

resistance (HFR) during EIS:

ηohmic=i ∙ HFR
where i is the current density [A·cm-2] and HFR is high frequency resistance [Ω·cm-2]. Kinetic

overpotential was calculated from Tafel approximation assuming that kinetics are governed

by oxygen evolution reaction:

ηkin=b ∙ log ⁡(
i
i0

)

where  b is  the measured Tafel  slope [V·decade-1]  and  i0 is  the apparent  exchange current

density.  Finally,  mass transport overpotential  was calculated by subtracting reversible  cell

potential, ohmic overpotential and kinetic overpotential from the measured cell potential.
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