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Abstract: The high cost and limited durability of iridium (Ir)-based anode catalysts are huge
barriers for the large-scale applications of proton exchange membrane water electrolyzers
(PEMWESs). Employing a conductive and corrosion resistant catalyst supports can mitigate
these issues by maximizing the Ir utilization and long-term stability. This work reports boron
carbon nitride (BCN) catalyst support for Ir nanoparticles that exhibits improved oxygen

evolution reaction kinetics and excellent stability in PEMWEs. Ir-BCN prepared via facile

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

solid-state synthesis of BCN followed by Ir nanoparticles deposition via polyol synthesis shows

a high oxygen evolution activity achieving an overpotential of 240 mV at 10 mA cm?. More

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:22:12 AM.

importantly, the Ir-BCN as anode catalyst layer in PEMWEs shows high performance and
improved stability compared to IrO,-TKK based catalyst. The detailed voltage breakdown

(cc)

analysis revealed that the low kinetic and mass transport losses of Ir-BCN based catalyst layer
contribute to the improved cell performance. Similarly, the corrosion test results also reveal a
significantly low corrosion current for Ir-BCN than IrO-TKK, highlighting its enhanced
durability. This work highlights the combination of high conductivity, corrosion resistance,

and scalable synthesis of BCN as a catalyst support for durable anode catalysts in PEMWEs.

Keywords: PEM water electrolyzer; Low-Iridium,; Catalyst support, Corrosion resistant,

Boron carbon nitride, Voltage breakdown, Polarization curve.
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L. Introduction: DOI: 10.1039/D6MA00453A

With growing urgency to reduce dependence on fossil fuels, transitioning to sustainable
green hydrogen has become a vital pathway for decarbonizing transportation and other high-
emission industries.!* Among the different hydrogen production methods, water electrolysis
via renewable energy is the most sustainable method that produce high purity green hydrogen.*
¢ Alkaline water electrolyzers, proton exchange membrane water electrolyzers (PEMWEs),
solid oxide electrolyzers, and anion exchange membrane electrolyzers are the major
electrolyzer technologies for green hydrogen production.” While all these technologies have
their own advantages, the PEMWEs are considered promising due to their wide operational
current density, low operating temperature, low ohmic losses, high efficiency and high purity
hydrogen.?® Membrane electrode assembly (MEA) is the core part of PEMWEs, which consist
of anode and cathode catalyst layers on proton exchange membrane sandwiched between
porous transport layer (PTL) and gas diffusion layer (GDL).

The anodic catalyst layer is the most crucial component due to sluggish oxygen
evolution reaction (OER) kinetics catalysed by the costly iridium based catalysts.!%!! Due to
the scarce resources and high cost of Ir based catalyst, the large scale hydrogen production with
high Ir loadings (~1-2 mg cm™2) is unaffordable compared to traditional energy sources.!?!3
Therefore, reducing the Ir loadings is indispensable for large scale applications of PEMWEs.
Meanwhile, despite the high performance of various low Ir-loading of Ir based catalysts, their
limited stability under harsh PEMWEs conditions is still a huge barrier to meet the long-term
applications.'#16 Thus, it is of significant importance to reduce Ir loadings without
compromising catalyst stability.!”-18

Employing a conductive and corrosion-resistant support helps to overcome these
challenges. Catalyst supports improve Ir utilization and preserve the structural integrity of
catalyst layers with low Ir loadings, which is difficult to achieve with unsupported catalysts
that tend to dissolve rapidly at low Ir loadings. A good support provides better dispersion that
increases the active sites density, improves charge transfer properties of catalyst and enhances
the structural stability of the catalyst through a strong metal support interaction.!*-2! Thus,
loading Ir nanoparticles (NPs) on a conductive, high surface area and corrosion resistant
catalyst support can enhance the stability of anode catalysts in PEMWEs.?>23 Carbon is widely
used as catalyst support in electrocatalysis due to its high surface area, facile surface
functionalization and excellent conductivity.?** However, due to higher operating voltage in
PEMWE, carbon is prone to corrosion and oxidation.!® Thus, replacing the carbon with other

corrosion resistant materials or modifying its chemical structure could improve its durability
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as a catalyst support.?® Graphitic carbon nitride (GCN) has been reported as a gogd, corro§ioris ;o tsn
resistant support material under acidic OER conditions.?’* For instance, a homogeneous
confinement of IrO, NPs on GCN sheets shows enhanced OER performance, where nitrogen
rich environment of GCN induce a strong electronic interaction with IrO, and improve the
catalyst activity.?’ Nitrogen defects on GCN surface enhance the electrical conductivity and
alters the surface properties that provide strong anchoring sites for IrO, NPs. Similarly, doping
heteroatoms in GCN could further improve the electronic structure and alters the
physicochemical properties of GCN.3! For instance, doping boron into GCN could further
enhance the thermal stability and oxidation resistance.’>33 B atom activates the N sites due to
higher electronegativity of B-N bond compared to C-N, resulting in more strengthening of Ir-
N coordination on the BCN surface.?* Thus, incorporating B into carbon nitrides could enhance
the intrinsic activity and stability via strong metal support interaction and could be used as a
potential catalyst support for OER catalysts in PEMWEs. Although carbon nitrides are known
for their excellent stability and conductivity, they have rarely been explored as catalyst supports
for anode catalyst layers in PEMWE:s. In a recent work, BCN has been used as a catalyst
support for Ir catalyst in PEMWE.3> The synthesized Ir-BCN catalyst exhibits excellent half-
cell performance and stability. While the same catalyst shows good PEMWE performance yet,
the test conditions such as acidic electrolyte (0.1 M HCIO,4) and durability of merely 50 hours
at 0.2 A cm2, don’t reflect the standard operating conditions of PEMWESs. Therefore, current

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

work aims to develop an efficient and durable supported catalyst to improve the anode catalyst

performance and stability under standard operating conditions of PEMWEs.36-37

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:22:12 AM.

In this work, BCN catalyst support is utilized to deposit Ir NPs as anode catalyst layer
in PEMWESs. The synthesized BCN supported Ir NPs shows significantly improved stability

(cc)

under standard PEMWEs operating conditions. Thus, bridging the gap between half catalyst
assessment and standard PEMWEs operating condition, this study demonstrates the improved
anode catalyst performance and stability surpassing the IrOx-TKK based commercial catalyst
under standard PEMWE operating conditions. The detailed structural characterizations and pol
curves analysis of cell voltage losses along with corrosion testing further validates the excellent

performance and stability of the Ir/BCN catalyst in PEMWEs.

2. Experimental and methods

2.1 Preparation of BCN: For preparing BCN, 3.0 g of melamine added with 1.47 g of H;BO;

(3:3) and dispersed in deionized water to form a uniform white mixture.’® The mixture was
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dried at 60 °C and grind into powder with an agate mortar. The powdered mixture was anpealeds;oiisn
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at 550 °C in inert atmosphere for 4 hours (with a heat rate 5 °C min!). The obtained products
were washed with deionized water and dried at 60 °C. Finally, the pale-yellow BCN powder

was collected and used as catalyst support for Ir nanoparticles deposition in next step.

2.2 Preparation of Ir-BCN: Iridium deposition is carried out by polyol method.?° The required
amount of IrCl, is added to 30 mL of ethylene glycol followed by few drops of 0.1 M NaOH
solution. The mixture was refluxed for 2 hours at a reaction temperature of 170 °C (Inert
atmosphere). Another pre-sonicated mixture of BCN in ethylene glycol is added to above
solution and refluxed the reaction overnight at 80 °C. Finally, the solution was cooled down
naturally and filtered by using vacuum filtration. The obtained product Ir-BCN is washed with

deionized water and dried at 60 °C.

2.3 Physical characterization: The surface morphology of the synthesized samples was
examined using a Hitachi SU1510 VP scanning electron microscope (SEM), equipped with
energy dispersive X-ray spectroscopy (EDS) and operated at an accelerating voltage of 20 kV.
EDS was used to analyze surface composition and perform elemental mapping. Detailed
morphological analysis was carried out using a Thermo Scientific Talos 200X transmission
electron microscope (TEM), which is equipped with an X-FEG source and supports adjustable
accelerating voltages ranging from 80 to 200 kV. The X-ray diffraction (XRD) patterns were
obtained for BCN and Ir-BCN utilizing the New D8 ADVANCE instrument manufactured by
Bruker AXS. This analysis employed both Bragg—Brentano geometry with a full scan between
20 = 15°- 80°, employing Cu ko radiation with a wavelength of 1.54 A at 40kV and 30 mA.
X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI Quantes
spectrometer with an aluminum anode, providing a photon energy of 1486.6 eV (Ka). Depth
profiling was conducted through sequential ion etching. XPS was employed to identify and
characterize the material surfaces, providing information on their chemical composition and

oxidation states in selected regions.

2.4 Electrochemical half-cell measurements: Catalyst ink was prepared by sonication of 5
mg of the material in 7.5 mL of ethanol, 2.4 mL of IPA, and 10 pL of 5 % Nafion solution.
Half-cell OER testing was performed using a catalyst-coated gold electrode (working
electrode), graphite (counter electrode), and Reversible Hydrogen Electrode (RHE, reference

electrode) in a BioLogic SP-300e Potentiostat. 0.5 M H,SO, used as a catalyst solution. The
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results were compared with those of commercially purchased IrO,-TKK. All the potentials;dté. o s

measured vs. RHE.

2.5 Preparation of CCM and single-cell PEM water electrolyzer testing: MEA were
prepared using Nafion 115 membrane as the electrolyte, commercial 20 wt% Pt/C catalyst for
the cathode, and a synthesized Ir-BCN sample for the anode. The catalysts were converted into
inks by mixing the appropriate amount of catalyst material (20 wt% Pt/C and the synthesized
sample) with isopropyl alcohol, ultrapure water, and Nafion solution. The mixture was
subjected to sonochemical dispersion to ensure uniformity, followed by ball milling for seven
days. The resulting homogeneous inks were spray coated onto each side of the Nafion 115
membrane, achieving a Pt 0.5 mg cm? and Ir mass loading of 0.7 mg cm. The MEA was then
assembled into a single-cell PEM water electrolyzer with an effective area of 5 cm? A
commercial IrO4-TKK based catalyst was also prepared and tested as a reference under
identical conditions.

The electrochemical performance of the MEAs was characterized by polarization curves
recorded with current densities varying from 0.01 to 3 A cm™ to assess OER activity.
Electrochemical impedance spectroscopy (EIS) measurements were conducted, and Nyquist
plots were obtained over a frequency range of 100 kHz to 100 mHz with a 10 mV amplitude.

Durability testing was performed under a constant current density of 1 A cm™ for 575 hours.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

All electrochemical evaluations were carried out at a water temperature of 80 °C and a flow

rate of 140 Ml min-!, using a Greenlight electrolyser test station.

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:22:12 AM.

3. Results and discussion
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3.1 Catalyst design and Characterization: BCN support was synthesized by a facile one step
annealing followed by the deposition of Ir NPs via polyol synthesis (Fig. 1a). The precursors
were mixed in deionized water and dried at 60 °C followed by the annealing at 550 °C in inert
atmosphere.*® For Ir deposition, required amount of Ir salt was dissolved in ethylene glycol and
refluxed 170 °C (Inert atmosphere), followed by the addition of sonicated mixture of BCN and
the reaction was refluxed overnight at 80 °C.*° The polyol method is less toxic than hydrazine
or sodium borohydrate based reduction methods and allows size-controlled nanoparticle
synthesis simply by adjusting the reaction pH and temperature, without requiring surfactants.*
Moreover, the BCN synthesis is facile and scalable for gram scale synthesis and could also be

extended to other support materials. The morphology of the Ir supported BCN is analysed by
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(SEM) and high-resolution transmission electron migros€Opi o s

(HRTEM) and energy dispersive spectroscopy (EDS) mapping. The SEM image shows porous

lamellar structure of BCN having particle sizes ranging in few hundred micrometres (Fig. 1b).

Spherical shape Ir NPs are uniformly dispersed over BCN surface are evidenced by TEM image

(Fig. 1c¢). The HRTEM image

shows the individual Ir NP of 2 nm size within the BCN layers,

with the lattice fringes 0.22 nm corresponding to (111) plane of the Ir that matches the planes

of face-centered cubic (FCC) Ir (Fig. 1d). There are no gaps or interfacial voids visible, due to

this coherent interface, the Ir

NPs are firmly attached to the BCN support, most likely by

chemical or electrical interactions made possible by the BCN's nitrogen-rich domains. Particle

size distribution analysis shows that most particles have sizes between 2 and 4 nm, indicating

a narrow and uniform particle

size distribution (Fig. 1e). Furthermore, the composition of the

Ir-BCN is studied by EDS mapping where C, B and N are found as base material and the Ir

NPs are dispersed on the surface (Fig. 1f).
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Figure 1. Synthesis and morphology analysis: a) Schematic diagram for the synthesis Sf 7. oiton
BCN, b) FESEM images of Ir-BCN ¢, d) TEM and HRTEM images, e) Particle size
distribution, f) EDS elemental mapping of Ir-BCN.

The X-ray Diffraction (XRD) shows the diffraction pattern of BCN and Ir-BCN, where
Ir a broadened peak at ~ 41° corresponds to Ir (111) crystal plane demonstrating the Ir
incorporation into BCN (Fig.2 a). This broadened diffraction peak can be assigned to the Ir
(111) reflection of face-centered cubic metallic Ir, in agreement with the standard Ir diffraction
pattern (JCPDS card No. 06-0598).4142 A broadened Ir peak also indicates the existence of
small Ir NPs,which is already validated by the particle size distribution analysis in HRTEM
results . Furthermore, BCN broadened peak at ~23° shows the reduced crystallinity of the
material, which is generally caused by the incomplete thermal polymerization/condensation
that produces unreacted amino moieties. These NH, groups in the precursors results in surface
defects in BCN during annealing, that inhibit in-plane charge mobility by causing low

crystallinity.*3

3.2 Electronic and coordination structure analysis: Surface electronic properties and
element compositions of the catalyst are further analysed by X-ray photoelectron spectroscopy
(XPS). The complete survey spectrum (Supplementary Information S1) confirmed the presence

of Ir, B, C, and N on the surface. Furthermore, the high resolution B 1s spectra, deconvoluted

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

into two major peaks at binding energies of 190.9 and 192 eV are attributed to —N,BH bonds
and B-N bond (Fig 2b).** The carbon 1s spectra deconvoluted into three different species
shows C-N (286.1 eV), C-B (284.9 ¢V) and sp? C=C (283.3 e¢V) (Fig. 2¢). Two characteristic

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:22:12 AM.
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peaks for N 1s spectra at binding energy of 398.6 and 397.4 eV ascribed to pyridinic N and B-
N respectively (Fig. 2d).4¢4® The high-resolution Ir 4f spectra for IrO,-TKK and Ir-BCN is
further deconvoluted into major peaks at 60.2 and 63.3 eV correspond to 4f 5/2 and 4f 7/2
respectively (Fig. 2e). A notable shift of 0.3 eV can be seen for Ir-BCN, which shows the
existence of Ir in zero oxidation state as Ir NPs compared to IrO,-TKK XPS spectra.*® The
electron transfer from B to Ir increases the electron density around Ir active sites, which is
essential inhibiting the over oxidation of Ir under higher voltage operating conditions of
PEMWESs. Thus, B restricts the over oxidation of surface Ir through surface-stabilization

effects, which improves the durability of the catalyst.>0-!
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Figure 2. Electronic structural analysis: a) XRD pattern of BCN and Ir-BCN, XPS spectra
of b) Bls, ¢) Cls, d) N1s and e) Ir 4f in Ir-BCN and IrO,-TKK

3.3 Electrochemical half-cell activity and durability: Electrochemical half-cell testing
carried out to assess the electrocatalytic OER properties of the Ir-BCN and benchmarked with
commercial IrO4-TKK catalyst. Cyclic voltammetry (CV) performed to calculate the ECSA
(Fig.3a).>> ECSA was calculated using two complementary approaches. Initially, integrated
voltametric charge obtained from CV, Ir-BCN shows a higher ECSA of 108 m?g! compared
to IrO,-TKK (83 m?g!) due to increased active sites density of small Ir NPs uniformly
dispersed over BCN support. Moreover, double layer capacitance (Cdl) calculated from CV at
different scan rate (Supplementary information S2), providing a relative estimate of the
electrochemically accessible surface area. The Ir-BCN catalyst exhibited a Cdl derived ECSA
of 73.4 m?g-! which is higher than that of IrO,-TKK (37.8 m?g!"). Linear sweep voltammetry
measurements show the excellent OER activity of [r-BCN with an overpotential of 240 mV at
a current density of 10 mA cm compared to IrOx (320 mV) (Fig. 3b). For improving the
accuracy of measured electrochemical response, iR corrected potential was also shown for both
catalysts (Vig) which exhibit a significant difference of 10 mV overpotential. Solution
resistance is calculated from the EIS Nyquist plot at high frequency region (Supplementary
information S3). Superior kinetic properties are further evidenced by lower Tafel slope of 72
mV dec! (R= 0.987) compared to commercial IrO,-TKK (89 mV dec!), which shows the
accelerated kinetic properties of the [r-BCN (Fig. 3¢). Higher conductivity of BCN and metal

support interaction are the key factors that facilitates electron transfer between Ir NPs and
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catalyst support during the OER. A lower Tafel slope is a significant sign of an,effiiénts
electrocatalyst since it reduces the overpotential substantially for the sluggish multi-electron
transfer OER reaction.>3-3% Furthermore, a detailed comparison of OER overpotential and Tafel
values of Ir-BCN with recently published works shows the excellent electrocatalytic OER
properties of the Ir-BCN catalyst (Fig. 3d) (Supplementary information Table S1).46 47
Similarly, the mass normalized OER activity is another important factor that determines the
efficiency of the catalyst, where Ir-BCN demonstrated a mass activity of 386 A g,! at 1.53 V
which is 20 times higher than that of IrO,-TKK catalyst (18.27 A g, ") (Fig. 3e, Supplementary
information S4, table S2). Higher mass activity is attributed to lower loadings with highly
uniform dispersion of smaller Ir NPs on BCN support that maximizes the exposure the active
sites leadings to enhanced ECSA. Furthermore, a global comparison of mass activity with

recently published work shows a better mass activity Ir-BCN catalyst at the corresponding

potential (Fig. 3f).
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Figure 3. Electrochemical Half-cell testing in liquid electrolyte: a) CV profile for [r-BCN
and IrO,-TKK, b) LSV curves of Ir-BCN and IrO,-TKK in 0.5 M H,SOy, solution at scan rate
of 5 mV s, ¢) Tafel slope and d) corresponding comparison of overpotentials and Tafel plots
of Ir-BCN and IrO,-TKK with recently reported Ir-based OER electrocatalysts, e€) Mass
activity and ECSA comparison of Ir-BCN and IrO4-TKK catalysts with the, f) Corresponding

global mass activity comparison with recently published OER electrocatalyst
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Electrocatalyst durability of the Ir-BCN and IrOx-TKK is tested o ddsorisn

chronoamperometry at 1.5 V vs RHE for 20 hours in 0.5 M H,SO, where, Ir-BCN catalyst
shows enhanced operational stability relative to IrO,-TKK catalyst (Fig. 4a). Detailed analysis
shows initial decrease in the current density is primarily associated with surface stabilization
and restructuring of Ir based catalyst during the early stage of OER operation in acidic media.>!
Moreover, a slight decrease in current density occurs after 10 hours. The observed fluctuations
and recovery events in the chronoamperometric profile are attributed to temporary removal of
accumulated oxygen bubbles from the electrode surface, which partially restored electrolyte
accessibility to active sites. The excess bubble formation and accumulation on the surface of
the electrode leads to partial electrode blockage and cause a quick degradation. Corresponding
retention profile (Fig. 4b) assessed the enhanced degradation resistance of Ir-BCN than IrO,-
TKK. Further validation of the excellent stability of Ir-BCN is evidenced by the LSV curves
after 20 hours of durability testing, where Ir-BCN retains maximum current density compared

to [rO,-TKK (Fig. 4c¢).
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Figure 4. Half-cell Durability testing of Ir-BCN and IrO,-TKK: a) Chronoamperometry
stability evaluation of Ir-BCN and IrO,-TKK at 1.5 V vs RHE. b) Corresponding retention

10


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00453a

Page 11 of 24 Materials Advances

profile derived from chronoamperometric data, ¢) LSV curve of Ir-BCN and IrOx-FKK, b&fofes;oitsn
and after stability test.

The corrosion resistance characteristics of Ir-BCN and IrO,-TKK have been further
assessed under realistic operating conditions using the potentiodynamic polarisation method.>®
A three electrode cell was setup to measure the corrosion behaviour of the electrocatalyst with
Hg/Hg,SO, as reference electrode (with a potential of 0.650 V) and graphite electrode as
Counter electrode in a 0.5 M H,SOy at 80 °C (fig. 5a). (All the values in electrochemical studies
are tabulated in the supplementary information Table S3). In this setup, the corrosion resistance
of the materials is evaluated over a range of potential, where the corrosion current is used an
assessment for the anti-corrosion behaviour of material (fig. 5b). Ir-BCN revealed superior
corrosion resistance than of IrO,-TKK, with corrosion current density (i) of 182.88 pA cm-
2 compared to IrO-TKK i. (329.83 pA cm?), demonstrating the improved corrosion

resistance of BCN support material.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 5. Corrosion testing result of Ir-BCN and IrO,-TKK. a) Three electrode cell for
evaluating corrosion characteristic, b) Potentiodynamic polarization curve of [rO4-TKK and

Ir-BCN in 0.5 M H,SO, at 80 ©C.

3.4 Ir-BCN single cell test: To further investigate the potential of Ir-BCN as anodic catalyst,
we have assembled the Ir-BCN as anode CL in a membrane electro assembly (MEA) . [r-BCN
was used as anode CL and Pt/C TKK as cathode CL, are spray coated on Nafion membrane
(N-115) on a 5 cm? active area. The MEA consist of catalyst coated membrane sandwiched

between the anode porous transport layer (Pt-coated titanium felt) and carbon microporous
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layer (Carbon paper MPL) at cathode CL (Supplementary information S5 a). For ¢ompati§oiys;orssn

another MEA with IrO,-TKK as anode CL and Pt/C TKK as cathode CL were assembled and
tested under similar conditions. The cell was conditioned for 5 hours with constant current and
voltage hold protocols before measuring the beginning of life polarization curves to ensure the
catalyst activation and stabilization of the cell. Polarization curves for Ir-BCN and IrO,-TKK
were recorded via galvanostatic polarization in a current density range of 0.1 to 3 A cm™ at 80
°C. Electrochemical impedance spectroscopy (EIS) was performed to assess the cell voltage
losses at different current density in frequency range of 100 kHz to 100 mHz. Ohmic losses
due to membrane and cell components are corrected by high frequency resistance (HFR) for
both samples. The polarization curves show superior cell performance for Ir-BCN compared
to IrO4-TKK with lower cell voltage at the respective current density (Fig. 6a). The cell voltage
for Ir-BCN as anode CL at current density 2.0 A cm=is 1.85 V, which is significantly lower
than IrO,-TKK that has exhibited the cell voltage of 2.12 V at 2.0 A cm2, demonstrating the
superior performance under similar Ir loadings.

Furthermore, the cell resistance measured via EIS are used for the detailed analysis of
voltage losses (ohmic, kinetic and mass transport losses) within the PEMWEs system. HFR in
typical EIS data represents the voltage losses due to ohmic resistance contributed mainly by
the charge transfer resistance, the resistance to proton transfer across the membrane and
interfacial resistance within the MEA. Both MEAs, Ir-BCN and IrO,-TKK show similar HFR
values with the Ir-BCN MEA slightly higher HFR than of IrO,-TKK (0.166 vs 0.162 Q cm?),
yet, these differences are insignificant (Supplementary information S5 b). HFR free voltage is
calculated using Voumic free=V-nohmic, nohmic=ixHFR , which shows a significant impact of
the ohmic resistance on the cell voltage. The HFR-free polarization curves shows that Ir-BCN
MEA has significantly lower cell voltage compared to IrO,-TKK MEA at the corresponding
current density. [r-BCN MEA achieved a voltage of 1.52 V at the current density of 2.0 A cm-
2, which is substantially lower than that of IrO,-TKK that shows a minimum voltage of 1.81 V
for 2.0 A cm current density. After ohmic loss determination, we have further performed the
cell voltage breakdown into kinetic and mass transport losses to find out the individual
contributions by the kinetic and mass transport resistances. The calculations are performed
according to our previous work.’” Cell voltage breakdown plots show the detailed comparison
of voltage losses contributed by kinetic, ohmic and mass transport for both samples (Fig. 6b).
The kinetic loss for Ir-BCN based MEA is significantly lower than IrO,-TKK, which shows
the superior kinetic properties of the Ir-BCN catalyst. Kinetic losses increase for both MEAs

in the low current density region and become stable at higher current density with insignificant

12


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00453a

Page 13 of 24 Materials Advances

Agicle Online

changes beyond 100 mAcm due to dominant effect of ohmic and mass transpoyt, loss&s 355 oitsn
Superior kinetic properties of the Ir-BCN are also evidenced by the lower Tafel slope (38 mV
dec!) as compared to IrO,-TKK (76 mV dec!) (Supplementary information S5 (c,d)) which
indicates conductive BCN support improves the charge transfer properties between BCN and

Ir NPs.2! Ohmic loss for both the samples are same as expected which are mainly contributed

by the membrane and other interfacial resistances which observed to be similar for both MEAs
under similar testing conditions.

Finally, the mass transport loss for Ir-BCN is found to be lower than IrO,-TKK,
indicating the better mass transport features of Ir-BCN based CL. For Ir-BCN CL the mass
transport loss is lower, and it kept increasing with increase in current density. However, even
at high current density the mass transport loss for Ir-BCN is significantly lower than [rO4-TKK
based CL demonstrating superior mass transport properties of the Ir-BCN CL. This could be
ascribed to uniform dispersion of Ir NPs on porous architecture of the BCN support that
facilitates the active sites accessibility under dynamic conditions of higher current density.
Ohmic losses predominant contributor at high current densities, suggesting that the membrane
and contact resistance significantly limit overall efficiency under high load conditions
(Supplementary information S6). The percentage contributions of individual losses shows that
the small but non-negotiable undefined losses indicate the presence of additional factors such

as mass transport limitation or interfacial phenomena, which needs further investigation. Figure

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

6¢ describes the percentage comparison for the different losses for Ir-BCN and IrO,-TKK.

Both the catalysts were also run for long term stability test via steady-state operational

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:22:12 AM.

stability test at a constant current of 1 A cm by chronopotentiometry (CP) measurements at
80 °C. Ir-BCN CL shows superior durability to that of the IrO4-TKK based MEA over the
course of 575 hours with degradation rate of 104.3 uV hour! compared to IrO,-TKK that

(cc)

degrades significantly after the 542 hours with a degradation rate of 405.9 pV hour! (Fig. 6d).
For a direct comparison over the same operating duration, degradation rate for [r-BCN is also
calculated at 542 hours, which is 102.7 uV hour!. Results were compared with recently
published works (Supplementary information, Table S6). Polarisation curves for Ir-BCN at the
beginning and after 575 hours of stability test implicate excellent catalyst durability (Fig. 6e).
An increase in cell voltage in the high current density region is observed, which is attributed to
changes in CL structures leading to poor mass transfer properties. Interestingly, the low current
density region shows the similar performance after durability test demonstrating the stable
kinetic properties of Ir-BCN. To further assess the voltage losses that contribute to overall cell

voltage loss, we have performed the cell voltage breakdown after durability testing. As
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observed in polarization curves, there is negligible changes in the kinetic and olymic, J3SSe8s;ortsn

before and after the durability for Ir-BCN (Supplementary information S8). However, a
significantly higher mass transport loss is observed after durability studies, which indicates that
the Ir-BCN architecture might be disrupted that resulted in mass transport loss at higher current

density regime.
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a) 26{ ¢ IrOx-TKK l2.6 Z b) IrOx-TKK 9,'3)“ =1 N unknwon
—_ ' < 0.5{ Ir-BCN ¢ S~ =
S ,4] ®I-BCN 048 = < 804 N ohm
24 . o 4T e e @ B N inetic
2 2.2 ° r2.2 ° = o *Kinetic 4 9 601
% 2.04 o ° : r2.0 o % 0.3 0000 @ ¢ o T o
> ¢ [0} + 404
= 1.8 ] 18 S & 0.2 : c
B 16 oooe ° 16 ET: 5 Ohmicy  MasSs transport o
O 161050°, ° ° 1o S ol e v £ 20
1.4@' 14T ookt v v v 5
00 05 10 15 20 25 3.0 3.5 0.0 0.5 1.0 15 2.0 25 3.0 3.5 0 ?BCN IrOx-TKK
Current density (A/cm?2) Current density (A/cm?2) ¥ ke
d 24
)2_2_ ® IrOx-TKK e) %“Tq I-BoN (BOL) .
—_ @ I-BCN ~ 2.2{® Ir-BCN (EOL)
> — I g = ° .
g 207 = @ 20 . o
@® f @ Qo
= 5] = 18 8
e o
z =~ 16 0?
T v 00"0
1.6+
O O 14¥°
14 : . . ; ; S —
0 100 200 300 400 500 600 1 05 10 15 20 25 30

Time (hr) Current density (A/cm?2)

Figure 6. PEMWEs performance in full cell test: a) Polarisation curve for Ir-BCN and IrO,-
TKK at 80 °C with Nafion 115 b) Contributions of ohmic, kinetic and mass transport
overpotentials as a function of current density, ¢) corresponding values of ohmic, kinetic and
mass transport loses, d) Chronopotentiometry curves of Ir-BCN and IrO,-TKK catalyst layers
in MEA operated at 1 A cm at 80 °C. e) Beginning of life and end of life polarisation curve
for Ir-BCN.

A post durability morphology evaluation was carried out via HR-TEM and EDS
mapping measurements by collecting the [r-BCN catalyst from anode CL after 575 hours of
durability test. TEM shows the spherical morphology of the Ir NPs, which implies similar
morphology studied before the beginning of life performance of Ir-BCN catalyst (Fig 7a, b, c).
There is no obvious aggregation of the NPs which further evidenced the strong anchoring of Ir
NPs to the BCN support. Particle size distribution shows the average size of 2-5 nm, which is
slightly larger than BOL morphology analysis, yet the changes are insignificant and indicates
the excellent stability of the Ir-BCN catalyst (Fig. 7d). Furthermore, the EDS mapping of the
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elemental distribution in Ir-BCN also shows uniform distribution of elements spegificallythe ;o isn
Ir in Ir-BCN catalyst indicating the insignificant changes in the overall catalyst nanostructure

(Fig. 7e).

i

Diémeterlt(nm)

Figure 7. Post durability morphology analysis of Ir-BCN: a-¢) TEM and HR-TEM analysis,
d) Particle size distribution, ) EDS elemental mapping after the durability testing at 1 A cm-
at 80 °C.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

4. Conclusion

In summary, the Ir-BCN catalyst demonstrates that reducing Ir loading without

Open Access Article. Published on 22 June 2026. Downloaded on 6/23/2026 3:22:12 AM.

compromising stability is achievable through strong metal-support interactions and the

conductive nanoarchitecture of BCN. Uniformly dispersed Ir nanoparticles (2-3 nm) on BCN

(cc)

deliver enhanced OER kinetics and improved durability compared to commercial IrOx—TKK.
Particularly, under standard PEMWESs operating conditions, the Ir-BCN based anode catalyst
layer achieves higher current density at lower cell voltage with minimal kinetic and mass
transport losses and excellent electrochemical stability over long-term operation. Voltage
breakdown analysis confirmed no significant changes in the overall ohmic, kinetic and mass
transport losses over the course of long-term durability. Similarly, corrosion testing confirmed
the superior anti-corrosion capability of the Ir-BCN catalyst, further supported by post-
durability morphology analysis showing excellent structural integrity of the Ir-BCN catalyst
layer after prolonged operation. These findings highlight Ir-BCN as a promising low-Ir, durable
anode catalyst for efficient PEMWE:s.
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