
ww.sciencedirect.com

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 2 0 7 7 6e2 0 7 8 6
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Sputter-etching treatment of proton-exchange
membranes: Completely dry thin-film approach to
low-loading catalyst-coated membranes for water
electrolysis
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� Surface of proton-exchange mem-

brane was modified by dry sputter-

etching process.

� Created fiber-like structure can

serve as a catalyst support for

PEM-WE applications.

� Level of porosity can be tuned by

varying the working pressure dur-

ing the treatment.

� CCM with modified PEM and thin-

film catalysts was prepared solely

by dry technique.

� High performance was achieved

with the combined Pt þ Ir loading

of just 220 mg cm�2.
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Simultaneous plasma etching of a proton-exchange membrane (PEM) and deposition of a

cerium oxide layer during reactive magnetron sputtering leads to the formation of a pro-

nounced fiber-like structure on its surface. The level of structural porosity can be adjusted

by varying the working pressure during the process. A PEM treated this way can be sub-

sequently coated with a thin layer of iridium, forming an anode-side catalyst-coated

membrane (CCM) for applications in water electrolysis. Due to the significantly enlarged

surface of the membrane, there is no necessity for any additional, potentially corroding,

support nanoparticles to achieve efficient in-cell operation. Moreover, utilizing a rotatory

frame-shaped substrate holder and a multitarget deposition apparatus, the sputter-etching

process can be used in the preparation of a full anode/cathode thin-film CCM in a single
Kú�s).
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Membrane modification
Catalyst support

Thin-film catalyst
vacuum entry. This structure yields remarkable performance characteristics in an elec-

trolyzer cell, considering its low combined noble metal loading of just 220 mg cm�2. Using

this completely dry process for CCM manufacturing may facilitate efficient large-scale

future production.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Nowadays, storing energy from renewable, yet intermittent,

power sources (e.g. wind and solar) is gaining attention since it

plays a pivotal role in the transition to a carbon emission-free

society. In this regard, numerous electrical energy storage

systems are being proposed, ranging from mechanical

through thermal to electrochemical systems [1e4]. Due to the

complex nature of energy generation, distribution and other

associated specifications, it is nontrivial to evaluate which

particular system is ideal for any given application. None-

theless, it is reasonable to expect that the greater the uni-

versality and scalability of any particular technology, the

better the chances of its widespread implementation across

the electrical grid. The concept of a hydrogen economy

therefore seems to be very attractive [5e8].

The hydrogen economy is built around the “power-to-gas”

conversion of electricity into H2 at times of energy over-

production, and its subsequent utilization in various ways.

The very diversity with which hydrogen can eventually be

utilized makes this an outstanding concept. Stored hydrogen

does not necessarily have to be converted back to electricity

on-site via fuel cells but can be either injected into the existing

natural gas network, processed as an industrial commodity or

be dispatched as a versatile energy vector. Regardless ofwhich

pathway is ultimately chosen, the key inseparable technology

necessary for a functioning hydrogen economy is water elec-

trolysis; i.e. the electrochemical splitting of water into gaseous

hydrogen and oxygen [9,10].

Among many different types of water electrolyzers, those

with a proton-exchange membrane (PEM-WE) are arguably

the most suitable for industrial scale-up [11,12]. However,

there are some technological challenges that need to be

resolved before PEM-WEs can enter mass production. Most

R&D efforts are dedicated to addressing the dependence on

noble metals that are currently the only active and stable

catalysts suitable for individual reactions; Ir for the oxygen

evolution reaction (OER) on the anode [13,14] and Pt for the

hydrogen evolution reaction (HER) on the cathode [15,16].

Although various multimetal oxides [17,18], complex alloys

[19,20] or core-shell structures [21e23] within which the noble

metal is substituted by more abundant elements are being

investigated, the most common and reliable way to reduce Pt

and Ir loading is by their thorough dispersion over supporting

nanoparticles or other objects with a large surface-to-bulk

ratio. On the cathode, Pt is typically carried on some sort of

carbon-based material [24]; this method has been conve-

niently adapted from fuel cell technologies [25]. However, the

situation is muchmore complicated on the anode of PEM-WE,
where high operational potentials render carbon nano-

particles inappropriate [26,27]. To identify a material capable

of withstanding up to 2 V while remaining sufficiently corro-

sion resistant and electrically conductive is a non-trivial

problem. Some metal oxides [28e32] and carbides [33e37]

have been reported, within certain limits, to substitute for

carbon in its role as a catalyst support but the long-term sta-

bility of such materials is not always satisfactory.

In this report, we propose an innovative, yet straightfor-

ward and industrially adaptable approach to circumvent the

principal drawback of PEM-WE technology, i.e. the problem of

lowering the Ir loading on the anode side of the cell without a

reliance on complex multi-elemental catalysts or non-carbon

catalyst supports. The approach is based on utilizing magne-

tron sputtering. The novelty of our patented method is in the

simultaneous plasma etching of a PEM and deposition of a

CeOx thin film onto its surface. The CeOx layer serves as a

masking element that prevents loss of material at sites with

sufficient coverage. In contrast, unprotected sites are contin-

ually etched (see Fig. 1). This results in the formation of a fiber-

like structure with cross-sectional dimensions much smaller

than their height. The modified surface of the PEM itself is

therefore sufficiently large to carry a subsequently deposited

thin-film catalyst completely on its own. Additional infor-

mation on the mechanism of sputter-etching and its effect on

carbon-based materials can be found in our previous publi-

cations [38e42].

It was previously shown that magnetron sputtering is a

viable method for preparing low-loading catalysts with

remarkable specific performances for fuel cells and water

electrolyzers [43e51]. However, to obtain maximal perfor-

mance and due to the fact that sputtering forms compact thin

layers, deposition had to be carried out onto a surface of

nanoparticleswith a high degree of porosity. The presence of a

fiber-like structure made of the PEM itself significantly

simplified this problem. It should be also pointed out, that a

simple roughening of the PEM due to plasma etching was

previously investigated and indeed led to a notable improve-

ment in performance [52]. However, the absence of simulta-

neous material deposition, and hence the lack of a masking

effect, meant that the roughness was much less than in our

case. A very important factor that distinguishes our approach

from other methods of growing anisotropic supports or cata-

lysts, such as organic pigment nanowhiskers [53], nanowire

structures [54], nanorod arrays [55], nanosheets [56] or nano-

tubes [57] is that no wet process is involved and no laminate

transfer of material to the PEM is required; the procedure is

completely dry. Clean pristine PEM is placed in a dual

magnetron deposition system (one magnetron for the CeO2
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Fig. 1 e Schematic representation of sputter-etching of a PEM surface.
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target, another for the catalyst target) and after individual

sputterings, the modified sputter-etched catalyst-coated

membrane (CCM) is ready for its use in a water electrolyzer as

part of the membrane electrode assembly (MEA).

Recently we have shown that our membrane comprising a

modified surface coveredwith a thin-film Pt catalyst exhibited

high levels of a noble metal utilization when used in a PEM

fuel cell and had superior durability compared to traditional

carbon-based systems [58]. Additionally, we described the

influence of the composition of the working atmosphere and

the effect of varying the deposition/etching time on the

morphology of the modified PEM.

In this paper, we identify another key parameter, the

working pressure, used during the sputtering process in the

preparation of the modified PEM. This impacted significantly

on the resultingmorphology and therefore CCM performance.

Most importantly however, we demonstrate that the modified

membrane is ideal for the anode of a PEM-WE, where it is

capable of supporting a thin-film Ir catalyst on its own,

therefore completely omitting a corrosion-susceptible cata-

lyst support. This study comprises a morphological charac-

terization of the modified anode-CCM, determination of the

electrochemical active surface area (ECSA) via a rotating disk

electrode (RDE), and in-cell PEM-WE performance testing,

including electrochemical impedance spectroscopy (EIS). We

then describe the performance of a modified anode/cathode-

CCM, sputter-coated on both sides, i.e. prepared exclusively

using dry techniques, yielding remarkable specific current

values.
Experimental

Preparation of tested CCMs and corresponding MEAs

Pristine Nafion® NE 1035 membranes (88.9 mm thick, Fuel-

CellStore) were cleaned by blowing the surface with dry ni-

trogen; they were not cleaned chemically since it is necessary

to keep them dry before insertion into a high-vacuum multi-

magnetron deposition chamber. The chamber was evacuated

to a base pressure of 5.10�5 Pa. Mass flow controllers (Alicat)

introduced Ar (99.9999%, Linde), and O2 (99.995%, Linde) gases

in a ratio of 65:1. In order to investigate the influence of
different working pressures of the Ar:O2 mixture during the

sputter-etching process, four CCMs were prepared. The pres-

sures were set by reducing the pumping speed of a turbomo-

lecular pump to values of 0.2 Pa, 0.4 Pa, 0.6 Pa or 0.8 Pa

respectively; pressure was measured using a CMR 365 capac-

itance gauge (Pfeiffer Vacuum). Subsequently, each of the four

membranes was treated similarly with the only exception

being the working pressure. By means of a CESAR® RF

generator (13.56 MHz) coupled with a NAVIO™ impedance

matching device (both fromAdvanced Energy) the plasmawas

ignited over the 400 circular ceramic CeO2 target (99.99%, K. J.

Lesker) and deposition began. The power was set to 65W, and

the deposition time was 70 min, resulting in a layer thickness

of 10 nm. Modification of the PEM surface was based on a

simultaneous plasma etching and CeOx deposition during

magnetron sputtering. The membrane was etched in places

where it was not being protected by the sputtered CeOx layer

that acted as a masking element. In this way, pronounced

etched hollows were formed while parts of the membrane

that were protected by the CeOx thin film created fibers. The

chamber was then pumped down to base pressure and a

working atmosphere of 0.5 Pa was created using Ar alone. By

means of a DC01BP power source (K. J. Lesker) the plasma was

ignited over the surface of a 200 circular metallic Ir target

(99.9%, K. J. Lesker) and deposition onto the modified surface

of the PEM was started. The power was set to 30 W and the

deposition time was 30 min, resulting in growth of an Ir thin

film with a thickness of 50 nm (i.e. a noble metal loading of

113 mg cm�2). These steps led to the creation of four anode-

CCMs, i.e. the catalyst was present only on themodified anode

side of the PEM, while the cathode side was intact.

Another two anode-CCMs were prepared to act as refer-

ences for comparison of our sputter-etching method with

more traditional preparations that utilize thin-film deposi-

tion. The first reference was a plain PEM with 50 nm of Ir

sputtered on its anode side; deposition of the catalyst was

carried out the same way as on the four modified PEMs. The

second reference was a PEM with 50 nm of Ir sputtered over a

0.2 mg cm�2 of TiC-based support sublayer (15 wt% of Nafion®

with respect to TiC); again the catalyst was deposited similarly

and the preparation details of the TiC-based sublayer are

described in our previous work [59]. To complete the MEA, all

described anode-CCMs were inserted between a cathode gas
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diffusion electrode (GDE) and an anode current collector. The

commercial carbon-supported Pt catalyst (Pt 0.5 mg cm�2,

FuelCellStore) in the form of a micro porous layer (MPL) on a

carbon paper gas diffusion layer (GDL) (Toray) served as a GDE

on the cathode side. On the anode side, a porous sintered

micro grained titanium GDL (Mott) with a 50 nm protection

layer of Pt was used as a current collector.

To demonstrate that our method of PEM modification is

convenient for the preparation of a double-sided fully modi-

fied membrane, using exclusively dry techniques in a single

vacuum entry, i.e. sputter-etched and catalyst-coated from

both anode and cathode sides, we prepared the seventh CCM.

This last CCM was attached to a special frame-shaped holder

that allowed us to sputter-etch both sides of the PEM and

consequently deposit 50 nm of Ir on the anode side and 50 nm

of Pt on the cathode side. Sputter-etching was performed as

described above at a working pressure of 0.4 Pa; Ir deposition

was also performed as mentioned previously; Pt deposition

was carried out in 0.5 Pa of Ar from a 200 circular metallic Pt

target (99.99%, SAFINA) using the same DC power source as in

the case of Ir with power being held at 20 W for 35 min. The

MEA was completed by inserting the CCM between a com-

mercial carbon GDL (Sigracet 29 BC) on the cathode side and

the previously described titanium GDL on the anode side.

Details of all seven tested MEAs are listed in Table 1.

PEM-WE in-cell performance testing

The performance of each prepared MEA was evaluated in a

pneumatically operated single cell (TP-5, Greenlight Innova-

tion) with an active area of 4.62 cm2. The cathode end plate

was made from high-density graphite, the anode end plate

from TiN-coated Ti. During the entire operation, cell press

pressure was held at 8 bars and the temperature of the cell

was kept at 80 �C. A constant flow of 3 ml min�1 deionized

water (18.2 MU cm at 25 �C) was supplied to the anode half-

cell. A potentiostat Bio-Logic SP-150 with a 20 A booster was

used for the electrochemical analysis.
Table 1 e List of parameters of seven tested MEAs.

Tested MEAs Anode side

0.2 Pa anode-CCM 50 nm Ir (113 mg cm�2) on modified PEM

(at 0.2 Pa working pressure)

þ micro grained Ti GDL (Mott)

0.4 Pa anode-CCM 50 nm Ir (113 mg cm�2) on modified PEM

(at 0.4 Pa working pressure)

þ micro grained Ti GDL (Mott)

0.6 Pa anode-CCM 50 nm Ir (113 mg cm�2) on modified PEM

(at 0.6 Pa working pressure)

þ micro grained Ti GDL (Mott)

0.8 Pa anode-CCM 50 nm Ir (113 mg cm�2) on modified PEM

(at 0.8 Pa working pressure)

þ micro grained Ti GDL (Mott)

Smooth PEM reference 50 nm Ir (113 mg cm�2) on smooth PEM

þ micro grained Ti GDL (Mott)

Ir/TiC reference 50 nm Ir (113 mg cm�2) on TiC-based sublay

þ micro grained Ti GDL (Mott)

0.4 Pa anode/cathode-CCM 50 nm Ir (113 mg cm�2) on modified PEM

(at 0.4 Pa working pressure)

þ micro grained Ti GDL (Mott)
Before testing the PEM-WE performance, the assembled

MEAs within cells underwent a break-in procedure consisting

of repetitive switching at 5 min intervals of constant voltage

between 1.6 and 1.7 V for a total duration of 3 h, followed by an

8 h long period of 1.7 V constant voltage. Only after this acti-

vationwere IV curvesmeasured in a fine galvanostatic regime,

applying 80 mA steps with a 10 s stabilization period. Elec-

trochemical impedance spectroscopy (EIS) spectra were

measured in potentiostatic mode at 1.5 V in the frequency

range from 200 kHz to 500mHz (15 points per decade) with the

sine amplitude set to 5 mV. The Nyquist plots of kinetic loops

were interpreted considering a simple Randles model [60,61].

RDE samples preparation and testing

Three samples simulating the anode sides of the respective

MEAs were prepared to carry out ECSA measurements on an

RDE setup; all were deposited on polished glassy carbon (GC)

disks. The first samplewas a continuous 50 nm thick layer of Ir

(resembling the anode of the Smooth PEM reference MEA). The

second sample was a 50 nm thick layer of Ir, sputtered over

the 0.2 mg cm�2 of TiC-based support sublayer previously

dripped on GC (resembling the anode of the Ir/TiC reference

MEA). The third samplewas a 50 nm thick layer of Ir, sputtered

over the sputter-etched surface of 0.15 mg cm�2 of Nafion®

previously dripped in the form of a 1 wt% solution onto GC

(resembling the anode of the 0.4 Pa anode-CCM MEA). The

amount of Nafion® was carefully chosen such that after

etching, the GC surface was uncovered in the hollows and

after the sputtering of Ir, an electric contact was created be-

tween the disk and the catalyst. The sputter-etching process

was carried out in aworking atmosphere of 0.4 Pa. For all three

samples, Ir depositions were performed as described above.

Parameters of all three samples for RDE measurements are

listed in Table 2.

The RDE setup from Pine Research Instruments with a Pt

counter electrode and a Hg/Hg2SO4 reference electrode was

used for the ECSA evaluation. Individual GC disks with the
Cathode side Ir þ Pt loading

GDE (Fuel Cell Store)

Pt 500 mg cm�2

613 mg cm�2

GDE (Fuel Cell Store)

Pt 500 mg cm�2

613 mg cm�2

GDE (Fuel Cell Store)

Pt 500 mg cm�2

613 mg cm�2

GDE (Fuel Cell Store)

Pt 500 mg cm�2

613 mg cm�2

GDE (Fuel Cell Store)

Pt 500 mg cm�2

613 mg cm�2

er GDE (Fuel Cell Store)

Pt 500 mg cm�2

613 mg cm�2

50 nm Pt (107 mg cm�2) on modified PEM

(at 0.4 Pa working pressure)

þ GDL (Sigracet 29 BC, Fuel Cell Store)

220 mg cm�2

https://doi.org/10.1016/j.ijhydene.2020.05.245
https://doi.org/10.1016/j.ijhydene.2020.05.245


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 5 ( 2 0 2 0 ) 2 0 7 7 6e2 0 7 8 620780
layers to be investigated were used as the working electrodes.

The 0.1 M H2SO4 electrolyte was purged with N2 for 1 h prior to

themeasurements as well as throughout the experiment. The

rotating speed was set to 2500 rpm. Using a Bio-Logic SP-50

potentiostat, each sample was cycled in the narrow interval

from 0.0 V to 0.6 V versus RHE in order to avoid Ir oxidation,

which would prevent hydrogen from being adsorbed onto the

surface of the catalyst. The ECSA was determined by inte-

grating the HUPD region and using 179 mC cmIr
�2 constant for the

charge value per surface unit [62].

Morphological analysis

The top viewmorphologies of CCMs were probed by scanning

electron microscopy (SEM), using a Tescan MIRA 3 apparatus,

operating at an accelerating voltage of 10 kV. Cross-sectional

views of CCMs were obtained by transmission electron mi-

croscopy (TEM) using a 200 kV JEOL JEM NEOARM-200F mi-

croscope. The samples for TEM observations in the form of

very thin lamellas, were prepared by the lift-off technique,

utilizing a gallium focused ion beam (FIB) of a Tescan LYRA

dual beam microscope. A silicon oxide layer prepared by

electron beam-induced and subsequent ion beam-induced

deposition was applied to protect the membrane during the

lift-off process.
Results and discussion

Effect of working pressure on the morphologies of modified
membranes during sputter-etching and its impact on MEA
performance in a PEM-WE cell

Even though the process of simultaneous etching of the PEM

and sputtering the material onto its surface is very straight-

forward, facilitating the creation of a large surface area for

catalyst dispersal without the need for additional nano-

particles, and using a combination of dry and wet techniques,

the process still has to be carried out using utmost precision in

order to obtain the desiredmorphology. The etching agent, i.e.

oxygen and inert sputter gas (argon) must be mixed in the

correct ratio and theDC power and duration of the process has

to be chosen accordingly [58]. The working pressure also

needs to be precisely controlled during the sputtering process.

Fig. 2 shows different morphologies of four anode-CCMs that

were deposited similarly with the exception of the working

pressure, which ranged from 0.2 Pa to 0.8 Pa (additional high-

resolution TEM images can be found in Ref. [58]). Corre-

sponding in-cell PEM-WE performances, i.e. IV curves of

assembled MEAs with individual anode-CCMs are plotted in

Fig. 3.
Table 2 e List of parameters of three tested RDE samples.

Tested samples Rotating disk electrode

Smooth RDE Glassy carbon 50 nm

TiC RDE Glassy carbon 0.2 m

Sputter-etched RDE Glassy carbon 0.15 m
Based on the top-view SEM images (Fig. 2, top row), it can

be concluded that lowering the working pressure resulted in a

more pronounced porous structure. TEM cross-sectional im-

ages (Fig. 2, middle row) further confirmed this and allowed us

to determinate the actual length of individual fibers. In addi-

tion, the material contrast between ionomer and subse-

quently deposited Ir catalyst (Fig. 2, bottom row) enabled us to

estimate its dispersion over the fiber structure. Clearly, a

denser field of shorter fibers (i.e. structures sputter-etched at

0.6 Pa and 0.8 Pa) tended to be covered predominantly from

the top, resulting in a nearly continuous layer at the surface,

while the larger spacing between longer fibers (i.e. structures

sputter-etched at 0.2 Pa and 0.4 Pa) favored a more even

catalyst distribution over the surface. Based on these obser-

vations, aworking pressure of 0.2 Pawould seem to be an ideal

value for the sputter-etching procedure. Note however that

decreasing the working pressure below 0.2 Pa is not possible

since the glow discharge on the magnetron head ceases to be

stable.

When comparing actual in-cell performances, we noted

that the 0.2 Pa anode-CCM was not the most efficiently per-

formingMEA, but the 0.4 Pa anode-CCMwas. A current density

of 3180 mA cm�2 at 1.9 V was achieved, surpassing the 0.6 Pa

anode-CCM by 200 mA cm�2, the 0.2 Pa anode-CCM by

720 mA cm�2 and the 0.8 Pa anode-CCM by 950 mA cm�2.

Increasing the PEM porosity with a fixed thin-film catalyst

loading did not automatically translate into higher perfor-

mance, which seemed counter-intuitive. However, taking our

previous results into account [58] and looking again at the TEM

cross-sections we determined that dispersion of a given

amount of metal over a significantly enlarged surface inevi-

tably led to disruptions of electron pathways; i.e. lateral con-

ductivity was insufficient, some regions of the PEM were

therefore inactive and performance was inferior. On the other

hand, when the sputter-etching process was carried out at

higher pressures, the fibers were shorter and denser. The

catalyst was thus deposited mostly on the tips of fibers rather

than on the body, resulting in poor dispersion and again

worsened performance.

Therefore, based on the in-cell comparison of tested CCMs

shown in Fig. 3, we show that 0.4 Pa is the ideal working

pressure that results in an optimal morphology and, in com-

bination with 50 nm of subsequently sputtered Ir catalyst,

yields maximal PEM-WE performance. The 0.4 Pa anode-CCM

was used therefore in the following comparative

investigation.

Comparison of MEA with sputter-etched anode-CCM and
conventionally prepared MEAs

In the former section, we have identified the optimal sput-

tering pressure for the preparation of the anode-CCM, which,
Catalytic layer

Ir (113 mg cm�2)

g cm�2 of TiC sublayer þ 50 nm Ir (113 mg cm�2)

g cm�2 of sputter-etched Nafion® at 0.4 Pa þ 50 nm Ir (113 mg cm�2)
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Fig. 2 e Top-view SEM micrographs of sputter-etched structures formed at different working pressures (top row) and

corresponding cross-sectional TEM views (middle and bottom rows); sets of SEM and TEM images in respective rows are

taken with the same magnification.
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in conjunction with other previously studied and tuned up

parameters, leads to maximal PEM-WE in-cell efficiency. We

then compared the best performing MEA using the optimized

anode-CCM (i.e. 0.4 Pa anode-CCM) with other MEAs
Fig. 3 e PEM-WE IV curves of MEAs with anode-CCMs,

sputter-etched at different working pressures.
containing more conventional anode-CCMs; namely, to an

MEA with plain untreated PEM, sputtered over with Ir on its

anode side (i.e. Smooth PEM reference) and an MEA with TiC-

supported Ir sputtered on its anode side (i.e. Ir/TiC reference;

this systemwas developed and discussed in Ref. [59,63]). Fig. 4

Shows the morphology of these anode-CCMs. Fig. 5a com-

prises IV curves of MEAs with the same noble metal loading

within the PEM-WE cell, Fig. 5b compares their EIS

characteristics.

As expected, due to the low specific area of the flat mem-

brane surface, the Smooth PEM reference performed far worse

than both MEAs with enlarged surfaces on the anode side. A

difference between the Ir/TiC reference and the 0.4 Pa anode-

CCM was also noticeable, the sputter-etched anode surpassed

the TiC-based system by 370 mA cm�2 at 1.9 V. In addition,

from a practical point of view, the completely dry preparation

process of the 0.4 Pa anode-CCMwas significantly less complex

and less prone to error than that of the Ir/TiC reference, which

consisted of a multistage combination of wet and dry tech-

niques and hot-press support transitions [59].

Another key aspect is that the sputter-etching process did

not increase the overall ohmic losses of the MEA. The EIS

spectra in Fig. 5b, show that the 0.4 Pa anode-CCM not only

featured a smaller semi-arc in the negative imaginary half-

plane, i.e. improved reaction kinetics [64] in contrast to

other MEAs, but it also had practically the same ohmic resis-

tance (the high frequency intercept on the X-axis) as the

https://doi.org/10.1016/j.ijhydene.2020.05.245
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Fig. 4 e Top-view SEMmicrographs of Smooth PEM reference (a), Ir/TiC reference (b) and 0.4 Pa anode-CCM (c); images are taken

at the same magnification.

Fig. 5 e PEM-WE IV curves (a) and Nyquist plots (b) of Smooth PEM reference, Ir/TiC reference and 0.4 Pa anode-CCM.
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Smooth PEM reference. This was not true for the Ir/TiC reference,

which here represents a design relying on an additional

nanoparticle-based support layer being present on the actual

PEM for catalyst dispersion. Low ohmic resistance is a

particularly important parameter should the system operate

at very high current densities, since it can have a much larger

impact on the cell voltage than the actual improvement in
Fig. 6 e Cyclic voltammograms obtained from Smooth RDE,

TiC RDE and Sputter-etched RDE samples with integrated

HUPD regions.
kinetics [65]. Also, the fact that improved 0.4 Pa anode-CCM

performance stems from the morphological alteration of the

PEM surface is convenient from an industrial standpoint since

the modification process is catalyst-independent and there-

fore, is fully compatible with any other novel thin-film cata-

lyst that might, in the future, replace iridium.

To further demonstrate that the enhanced 0.4 Pa anode-

CCM performance was an effect of a larger surface, we con-

ducted an ECSA assessment using the RDE setup. Three

samples simulating the anode-CCM of respective MEAs, the

Smooth RDE, TiC RDE and sputter-etched RDE (details are given

in Table 2) were tested. Cyclic voltammograms are plotted in

Fig. 6.

In contrast to the Smooth RDE and the Sputter-etched RDE

samples, the CV of the TiC RDE exhibited a much higher

double-layer capacitance, reflecting a considerable increment

in the interfacial capacitance due to the presence of

0.2 mg cm�2 of TiC-based sublayer between the GC electrode

surface and the 50 nm Ir thin film. The ECSA values, obtained
Table 3 e Integrated charges and corresponding ECSA
values obtained from cyclic voltammograms presented in
Fig. 6

Sample Integrated charge [mC] ECSA [cm2 mg�1]

Smooth RDE 118.9 30

TiC RDE 218.6 55

Sputter-etched RDE 276.2 70
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Fig. 7 e PEM-WE IV curves in absolute current density (a) and specific current density (b) of the 0.4 Pa anode-CCM and the

0.4 Pa anode/cathode-CCM.
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by integration of the HUPD region (see Table 3), confirmed that

the Sputter-etched RDE indeed had the largest surface, nearly

30% and 130% larger than the TiC RDE and the Smooth RDE

samples, respectively.

It should be emphasized that the actual increment in ECSA

of the sputter-etched 0.4 Pa anode-CCM compared with the

Smooth PEM reference and the Ir/TiC reference samples is most

likely larger than indicated by the RDE experiment. The reason

is that the Nafion® layer on GC had to be relatively thin in

order to secure electrical contact after the sputter-etching

process and subsequent Ir coating, as such formed fibers

were not as long as in case of the 0.4 Pa anode-CCM. None-

theless, this measurement proves that the increased effi-

ciency of the sputter-etched CCM was indeed related to its

increased ECSA.

Performance of the MEA with the CCM prepared exclusively
by means of the dry technique

The results above show that the sputter-etched and subse-

quently Ir-coated PEM performed remarkably well as the

anode-CCM in PEM-WE. A question arises whether it is also

possible to employ the sputter-etching process on the cathode

side of PEM, i.e. creating a full anode/cathode-CCM prepared

exclusively using dry techniques that would retain the effi-

ciency of higher loading systems. We tested therefore the

performance of the all dry 0.4 Pa anode/cathode-CCM and

compared it with the 0.4 Pa anode-CCM with a commercial

cathode, the difference between the two being the cathode

composition and Pt loading (see Table 1). Fig. 7a shows that

despite having a significantly lower combined Pt þ Ir metal

loading (220 mg cm�2 vs. 613 mg cm�2) the all dry 0.4 Pa anode/

cathode-CCM performed surprisingly well, similar to the 0.4 Pa

anode-CCM with a commercial cathode.

Although the latter ran slightly more efficiently in the

activation-polarisation part of the IV curve, which is mostly

influenced by the amount of catalyst itself, the concentration-

polarisation part at high current densities favored the 0.4 Pa

anode/cathode-CCM [66]. This phenomenon is presumably

connected with the absence, or better said replacement of the

relatively thick MPL of carbon black, ionomer and Pt catalyst
with the more streamlined sputter-etched structure of the Pt-

coated PEM.

Moreover, it is interesting to compare the two tested CCMs

in terms of specific current, i.e. current density normalized to

noble metal loading (see Fig. 7b). The all dry 0.4 Pa anode/

cathode-CCM exhibited amore than three times higher specific

current at 1.9 V than the 0.4 Pa anode-CCM, containing a

commercial cathode. This further emphasizes the application

potential of sputter-etched PEMs, as catalyst reduction is one

of the top priorities in regard to the commercialization of PEM-

WE technology.
Conclusions

In this study, it was demonstrated that a highly porous fiber-

like structure on the surface of the PEM, formed by concur-

rent plasma etching and material deposition during reactive

magnetron sputtering of CeOx, can act as an efficient support

for thin-film anode catalysts to be used in PEM-WE applica-

tions. The undisputable advantage of this approach is that it

allows the complete omission of nanoparticle-based support

material for catalyst dispersion, which is often prone to

corrosion due to high operational potentials during the OER.

It was shown that aside from other previously studied

parameters, the working pressure during the sputter-etching

process plays a crucial role in tuning the porosity and

morphology of the resultant structure. The lower the pres-

sure, the more pronounced the porous surface and the longer

the individual fibers; however, this does not necessarily lead

to better PEM-WE performance because the sputter-etched

structure must be covered continuously by a thin-film cata-

lyst to ensure proper electron conductivity. The preset thick-

ness (50 nm) of sputtered catalyst, covering a moderately

sputter-etched surface that was formed at an increased

working pressure, yielded the highest current density.

The CCMwith the sputter-etched anode side outperformed

the CCM with the plain PEM surface as well as the CCM with

the TiC-based support sublayer. EIS analysis revealed that

sputter-etching leads to faster reaction kinetics, yet it did not
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increase the overall ohmic resistance of the CCM - it remained

unchanged with respect to CCM with the plain PEM, unlike in

case of the CCM with a TiC-based sublayer.

RDE measurements confirmed ECSA enhancement of the

sputter-etched PEM by approximately 30% compared to the

PEM covered by the TiC-based support sublayer, and by 130%

with respect to the plain PEM surface.

The sputter-etching process was then employed to modify

the surface of a PEM fromboth sides. It was shown that using a

frame-shaped holder and a multi-magnetron setup it was

possible to carry out themodification and subsequent catalyst

deposition in a single vacuum entry. As a result, a remarkably

performing CCM with a thin-film anode and cathode catalyst,

supported on the sputter-etched surface of a PEM was pre-

pared, solely using a dry vacuum coating technique e

magnetron sputtering. The use of a single industrially wide-

spread method has therefore the potential to simplify and

accelerate the manufacturing process in the context of large-

scale production. In addition, should the future bring more

active catalysts than Ir and Pt, conveniently the sputter-

etched PEM will be fully compatible with any novel material

deposited in the form of a thin film.
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