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13 Abstract

14 MXenes are an emerging class of two-dimensional transition metal carbides with attractive 

15 electrical conductivity, surface chemistry tunability, and high surface area, making them 

16 promising candidates for electrocatalyst support materials in proton exchange membrane 

17 fuel cells. However, their practical use at positive electrochemical potentials is severely 

18 limited by rapid and irreversible oxidative degradation. Here, we demonstrate that 

19 introducing chemical disorder through oxyphilic metal co-substitution is an effective 

20 strategy to extend the electrochemical stability window of Ti3C2Tz MXenes. Hafnium- and 

21 tantalum–hafnium co-substituted MAX phases were synthesized and converted to 

22 corresponding MXenes, enabling systematic investigation of single and co-substitution 

23 effects. X-ray photoelectron spectroscopy reveals that Ta-Hf co-substitution suppresses 

24 titanium oxide formation and stabilizes the surface chemistry of the MXene. 

25 Electrochemical corrosion measurements show that the corrosion potential of optimized 

26 Ta-Hf co-substituted MXenes shifts positively by up to 94 mV relative to pristine Ti3C2Tz, 

27 accompanied by reduced anodic currents and delayed passivation. Operando element-

28 resolved dissolution measurements further confirm suppressed metal leaching under 

29 anodic polarization. When employed as catalyst supports in proton exchange membrane 

30 fuel cells, Pt-loaded Ta-Hf co-substituted MXenes exhibit significantly improved 

31 durability during accelerated stress testing. Specifically, the co-substituted MXene showed 

32 a 9 mV degradation, whereas the pristine MXene degraded by 39 mV. Additionally, Ta-Hf 

33 MXenes demonstrate superior stability under anode reversal conditions, outperforming 
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1 both unsubstituted and singly substituted MXenes. These results establish oxyphilic metal 

2 co-substitution as a general materials design strategy for stabilizing MXenes under anodic 

3 conditions, enabling their application as durable catalyst supports in advanced fuel cell 

4 systems.

5 Keywords: MAX, MXene, electrocatalyst, support material, PEM-fuel cell. 

6 Introduction

7 The increase in global energy demand has drawn widespread attention to alternative 

8 technologies, including polymer electrolyte membrane fuel cells (PEMFCs).1,2 Due to their 

9 high efficiency and low emissions, PEMFCs have garnered significant attention for their 

10 ability to directly convert green fuels, such as hydrogen, into electricity. Thereby reducing 

11 the dependence on fossil fuels.3 Traditionally, platinum (Pt) and Pt-based alloys have been 

12 the most commonly used electrocatalysts for PEMFCs because they offer high exchange 

13 current density, chemical stability, and substantial work function.3,4 In most cases, 

14 catalysts2 used for PEMFCs are supported by conductive and nanoporous carbons.5–7 

15 Carbon-supported noble-metal-based catalysts demonstrate high activity and are 

16 considered the standard for advancements in fuel cell durability. However, carbon supports 

17 suffer from corrosion at potentials above 1.1 V vs RHE due to the parasitic oxidation of 

18 the carbon support to CO2, which decreases the durability and lifetime of the fuel cell.8–10 

19 This degradation of the support is particularly evident during the frequent start-up and shut-

20 down operations that mobile fuel cells endure, as opposed to stationary fuel cells.11,12 

21 Therefore, to improve the lifetime and durability of PEMFC fuel cells, the development of 

22 alternative support materials is highly desirable, as addressing catalyst-support degradation 

23 is essential for their practical implementation in PEMFCs.13

24 In the past decade, transition metal carbides (TMCs) have received significant attention as 

25 a class of electrocatalyst support material due to their high chemical stability in acidic 

26 environments, corrosion resistance, and excellent electrical conductivity. 1,14 MXenes, a 

27 class of 2D transition metal carbides, have gained significant interest in the electrocatalysis 

28 community in the field of energy storage and conversion.15,16   MXene synthesis has often 

29 been carried out using selective engraving of the A-layer of the MAX phases Mn+1AXn.16–

30 18 The general stoichiometric formula of MXene is written as Mn+1XnTz where Tz represents 
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1 the surface functional groups such as -O, -OH or –F, etc.19–22 To date, more than fifty 

2 distinct MXenes have been successfully prepared and reported.

3 Among MXenes, Ti3C2Tz has gained the greatest attention owing to its relative ease of 

4 preparation, high surface area, high electrical and thermal conductivity, versatile intrinsic 

5 properties, hydrophilicity, and electrochemical activity.23–28 Ti3C2Tz undergoes oxidative 

6 degradation in a wide variety of environments, including atmospheric exposure29,30, 

7 exposure to an oxidative gas31 or liquid32 or a positive electrochemical potential.33 The 

8 mechanism of oxidation depends highly on the type of oxidative exposure and the physical 

9 state of the MXene.34 The electrochemical oxidation of multilayer MXene flakes was 

10 studied in different electrolytes.35,36 The corrosion behavior of single- and few-layer 

11 Ti3C2Tz flakes were investigated in acidic electrolyte (1 M H2SO4), demonstrating that 

12 oxidation initiates at potentials above 0.3 V versus the saturated calomel electrode (SHE) 

13 and accelerates rapidly with increasing potential. It has been demonstrated that extensive 

14 anodic oxidation converts Ti3C2Tz into electrochemically inactive TiO2, causing severe 

15 loss of capacitance, whereas controlled low-potential partial oxidation preserves active Ti-

16 C sites while creating enlarged interlayer spacing and nanoscale porosity. As a result, 

17 partial oxidation markedly enhances ion transport and high-rate electrochemical 

18 performance.32,33 

19 The challenge is therefore to design MXene, which has an extended electrochemical 

20 window of stability over which its functionality is retained, and oxidation is controlled.28 

21 Among the strategies to achieve this goal is to substitute oxyphilic species at the M-site 

22 which can alter how the MXene flakes react under oxidative electrochemical conditions. 

23 Expanding the electrochemical window can therefore increase the number of applications 

24 for which MXenes can be used as electrocatalysts or electrocatalyst supports. 

25 To control the electrochemical oxidation of Ti3C2Tz, single and multi-transition-metal 

26 substitutions were introduced into Ti3C2Tz MXenes derived from triple transition metal-

27 substituted 312 MAX phases.30–32 Moreover, single transition metal atom substitution 

28 improve the electrochemical oxidation performance but usually provide only limited 

29 resistance to electrochemical oxidation.37 The multiple transition metal-substituted MAX 

30 phases are the most widespread solid solutions.38,39 Altering the MAX phases and MXenes 

Page 3 of 35 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

1/
20

26
 8

:2
1:

25
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6TA00700G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00700g


4

1 by substituting different transition metal atoms can improve or customize their optical, 

2 electronic, thermal, mechanical, and electrochemical properties.40-43 

3 Herein, we have studied the electrochemical oxidation of Ti3C2Tz before and after 5 at% 

4 and 10 at% hafnium (Hf) and tantalum-hafnium (Ta-Hf) co-substitution (for example, 

5 Ti2.85Ta0.075Hf0.075C2Tz and Ti2.7Ta0.15Hf0.15C2Tz) in 0.5 M H2SO4 at oxidizing potentials 

6 above the reversible hydrogen electrode (RHE). Ta and Hf elements can form strong metal-

7 carbon and metal-oxygen bonds within the MXene skeleton, thereby improving the 

8 material's stability and preventing oxidative degradation in corrosive environments.44  

9 Moreover, Ta and Hf are very well known for the formation of a stable protective oxide 

10 layer.45 Furthermore, the influence of the Ta and Hf co-doping in the MXene significantly 

11 improved the durability of the PEMFCs catalyst support.  Therefore, multi-substituted 

12 MXenes increases the chemical variety of MXenes which can be studied, and therefore 

13 work such as ours which show synergy between multiple substitutions can encourage many 

14 more future studies using other variations. 

15 Experimental Section
16 Materials

17 Titanium (Ti, 99.8%), aluminum (Al, 99.7%), and lithium fluoride (LiF, 99.7%), powders 

18 were acquired from Strem Chemicals and utilized as is. Tantalum (Ta), titanium carbide 

19 (TiC), and hafnium (Hf) were procured from Alfa Aesar. Hexachloroplatinic acid 

20 (H2PtCl6·6H2O, >37.5% Pt) was obtained from Merck. Hydrochloric acid (HCl, 32%), 

21 sulfuric acid (H2SO4, 95-98%), isopropanol (IPA), and ethylene glycol (EG), were sourced 

22 from Lab-Chem. SIGRACET GDL 28BC carbon paper gas diffusion layer (GDL) and a 

23 single-sided Pt/C-coated Nafion NR-212 membrane, and a 20% Nafion solution, were 

24 purchased from Ion-Power (USA). Deionized (DI) water generated by a Milli-Q system 

25 was used in all experiments and the electrochemical study.

26 Ti3AlC2, Ti3-xHfxAlC2 and Ti3-2xTaxHfxAlC2 MAX phase synthesis

27 Ti3AlC2 synthesis

28 TiC, Ti, Ta, Hf and Al powders were used to synthesize MAX phases with Hf and Ta-Hf 

29 co-substitution such as Ti3AlC2, Ti3-2xHfxAlC2, and Ti3-2xTaxHfxAlC₂. Initially, Ti3AlC2 

30 was synthesized using a molar ratio of 2:1:1.15 for TiC:Ti:Al. The powders were mixed 
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1 using ball milling (5 min at 1800 rpm) to obtain a homogeneous mixture. 5 g of the resulting 

2 mixture was cold-pressed into 20 mm diameter pellets under a uniaxial pressure of 50 MPa. 

3 The resulting pellet was placed in an alumina boat with an alumina lid and transferred to 

4 the tubular furnace for high-temperature synthesis. The pellet was annealed at 1500 °C 

5 (heating rate: 5 °C/min) for 2 h in a protective atmosphere using argon (Ar) with a 200 

6 sccm flow rate and a small amount of Ti powder, which served as a sacrificial oxidizing 

7 agent to prevent undesired oxidation of the MAX phase. The pellet was then crushed and 

8 ball-milled at 1800 rpm to obtain a powder with a uniform particle size of 25 µm. Finally, 

9 the resulting powder was stirred overnight in HCl (9M) and washed with DI water several 

10 times to avoid the impurities, and the final product was verified as Ti3AlC2. 

11 Ti3-xHfxAlC2 and Ti3-2xTaxHfxAlC2 synthesis

12 Synthesis of the phases substituted with Hf and Hf-Ta were prepared using a similar 

13 procedure as outlined above. To obtain targeted solid MAX phases of Ti2.85Hf0.15AlC2, 

14 Ti2.7Hf0.3AlC2, Ti2.85Ta0.075Hf0.075AlC2 and Ti2.7Ta0.15Hf0.15AlC2 (312 MAX phases), 

15 powders of TiC, Ti, Ta, Hf, and Al were mixed in the molar ratios given in Table 1. 

16

17 Table 1: Precursor molar ratios for targeted MAX phase synthesis.

Molar ratio of the elements

Sample Name Ti Al TiC Ta Hf

Ti3AlC2 1 1.15 2 - -

Ti2.85Hf0.15AlC2 0.85 1.15 2 - 0.15

Ti2.7Hf0.3AlC2 0.7 1.15 2 - 0.3

Ti2.85Ta0.075Hf0.075AlC2 0.85 1.15 2 0.075 0.075

Ti2.7Ta0.15Hf0.15AlC2 0.7 1.15 2 0.15 0.15

18

19 MXene synthesis

20 The synthesis of MXenes Ti3C2Tz, Ti2.85Hf0.15C2Tz, Ti2.7Hf0.3C2Tz, Ti2.85Ta0.075Hf0.075C2Tz 

21 and Ti2.7Ta0.15Hf0.15C2Tz, were carried out using selective etching of the Al layer from the 

22 as-synthesized Ti3AlC2, Ti2.85Hf0.15AlC2, Ti2.7Hf0.3AlC2, Ti2.85Ta0.075Hf0.075AlC2, and 

23 Ti2.7Ta0.15Hf0.15AlC2 parent MAX phases. Typically, 500 mg of the Ti3AlC2 MAX phase 
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1 was added to a solution comprising 800 mg of LiF and 10 mL of concentrated HCl and 

2 stirred at 45 °C in an oil bath for 24 h. Similarly, Hf-substituted MXene were synthesized. 

3 For Ta-Hf co-substituted Max phases, 500 mg of Ta-Hf co-substituted MAX phase powder 

4 was mixed to the solution containing 2000 mg of LiF and 30 mL of concentrated HCl and 

5 vigorously stirred at 45 °C for 24 h. Etching conditions for pristine Ti3AlC2 differ from the 

6 Ta-Hf co-substituted MAX phases due to the changes in the bonding environment. Co-

7 substitution of Ti with Ta and Hf alters the M-A bonding. This co-substitution increases 

8 the overall stability of the MAX phases and reinforce the interaction between Al layer and 

9 transition metal layer. Therefore, the co-substituted MAX requires a higher concentration 

10 in-situ generated HF to successfully remove the Al layer to yield corresponding MXenes.46 

11 After the etching process, the resulting mixture was washed with deionized (DI) water and 

12 spun down in a centrifuge at 7500 rpm for 5 minutes per cycle until the pH of the 

13 supernatant reached 7. The supernatant was collected, sonicated in an ice-cold bath 

14 sonicator for 30 min, followed by another round of centrifugation at 7500 rpm for 30 min. 

15 The resulting supernatant contained single flakes of Ti3C2Tz, Ti2.85Hf0.15C2Tz, 

16 Ti2.7Hf0.3C2Tz, Ti2.85Ta0.075Hf0.075C2Tz or Ti2.7Ta0.15Hf0.15C2Tz. Vacuum filtration (Celgard 

17 3105) was used on the supernatant to prepare free-standing films.

18 Synthesis of Pt/Ti3C2Tz, Pt/Ti2.85Hf0.15C2Tz, Pt/Ti2.7Hf0.3C2Tz, 

19 Pt/Ti2.85Ta0.075Hf0.075C2Tz and Pt/Ti2.7Ta0.15Hf0.15C2Tz 

20 Platinum (Pt) was loaded onto the surface of the MXenes at a mass of 40 wt% using the 

21 polyol method. Specifically, 45 mg of MXenes such as Ti3C2Tz, Ti2.85Hf0.15C2Tz, 

22 Ti2.7Hf0.3C2Tz, Ti2.85Ta0.075Hf0.075C2Tz and Ti2.7Ta0.15Hf0.15C2Tz was taken in a 50 ml 

23 centrifuge tube, followed by 2 mL of H2PtCl6·6H2O (30 mg/mL) solution was added. The 

24 mixtures were sonicated for 15 min.
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1

2 Scheme 1. Schematic representation of the synthesis of the Pt/MXene using polyol method. 

3 Created with BioRender.com.

4 Afterwards, 50 mL of EG was added to the above mixture and purged with N2 gas for 15 

5 minutes, after which the mixture was placed in a bath sonicator for 1 h. The resulting 

6 solution was transferred to a three-necked round-bottom flask and refluxed at 160 °C for 2 

7 h under a protective nitrogen atmosphere, with vigorous stirring in an oil bath. After 

8 cooling to room temperature, the obtained powders were washed several times with an 

9 ethanol-water mixture (40:10 v/v) using a centrifuge at 7000 rpm for 5 min for each cycle 

10 and finally washed with pure ethanol. The obtained Pt/MXene powders were dried 

11 overnight at 80 oC and used for further studies.

12 Structural and Chemical Characterization

13 The PANalytical diffractometer (Aeris research edition) with a Cu Kα X-ray radiation 

14 source (λ = 1.5406 Å) in the range of 5-70º 2θ with a step size of ∼0.01087º 2θ and scan 

15 speed ∼0.0557º 2θ /sec was used to obtain the XRD patterns. The JEOL (IT200) and 

16 Quanta 200FEGESEM scanning electron microscope (SEM) with an energy-dispersive 

17 spectroscopy (EDS) detector was used to investigate the microstructure and the elemental 

18 analysis of the prepared samples. Atomic-scale characterization of the MAX lamellae FIB 

19 samples was carried out by high-resolution scanning transmission electron microscopy 

20 (HR-STEM), using a Cs-corrected (S-CORR) probe operating at 200 kV (Thermo Fisher 

21 Scientific Spectra 200). TEM and STEM modes using a high-angle annular dark field 

22 (HAADF) detector were used to record the material images. The EDS spectra were 

23 collected with a Super-X (Thermo Fisher Scientific) silicon drift detector (SDD). The 

24 images and the EDS spectra were processed with Thermo Fisher Scientific Velox software 

25 (version 3.14). 
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1 X-ray photoelectron spectroscopy (XPS) measurements were carried out under ultra-high 

2 vacuum (UHV) conditions with a base pressure of 2.5×10-10 Torr, using a 5600 Multi-

3 Technique System (PHI, USA). The samples were irradiated with an Al Kα monochromatic 

4 source (1486.6 eV), and the emitted electrons were analyzed with a Spherical Capacitor 

5 Analyzer equipped with a 0.8 mm slit aperture. The binding energy scale was calibrated to 

6 C1s peak at 284.8 eV. Spectra were fitted using mixed Gaussian–Lorentzian line shapes 

7 after Shirley background subtraction. Peak deconvolution was performed using constraints 

8 on peak positions, area ratios, and spin-orbit splitting based on literature values. 

9 Operando Element-Resolved Dissolution Measurements

10 Operando electrochemical experiments were performed using a scanning flow cell (SFC) 

11 connected to a potentiostat (Reference 600, Gamry Instruments) and an inductively 

12 coupled plasma-mass spectrometer (ICP-MS, NexION 300X, Perkin Elmer) for time- and 

13 potential-resolved analysis of dissolved ion concentrations (47Ti, 178Hf, 181Ta). The 

14 SFC, consisting of 400 µm V-shaped channels with the electrolyte outlet connected to the 

15 ICP-MS, was pressed with 200 mN onto the free-standing MXene films used as the 

16 working electrode, exposing a geometric area of approximately 0.178 mm². A Pt tube (0.38 

17 mm diameter) was used as the auxiliary electrode and placed in the inlet channel, while a 

18 silver-silver chloride (Ag/AgCl) electrode in 3 M KCl positioned in the outlet channel 

19 served as the reference electrode. A 0.1 M H2SO4 electrolyte was prepared from H2SO4 

20 (96%, Merck) and deionized water (PureLab Flex2, Elga, 18MΩ cm-1, TOC < 3ppb), and 

21 pumped with a flow rate of approximately 170 µL min-1 through the cell.  Due to the high 

22 dissolution of Hf and Ta, these elements were electronically diluted using the band pass 

23 mass filter of the Dynamic Reaction Cell of the ICP-MS. The electrochemical protocol 

24 started with a 600 s open-circuit potential (OCP) hold, after the sample was brought into 

25 contact with the electrolyte. The potential was then ramped to 1.2 V vs RHE at a scan rate 

26 of 1 mV s⁻¹.

27 Electrochemical Measurements

28 The Biologic VSP-300 potentiostat was used to examine the electrochemical performance 

29 of the synthesized MXenes. Electrochemical corrosion studies were carried out using a 

30 typical three-electrode system with 0.5 M H2SO4 as the electrolyte. As-prepared materials 
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9

1 coated on a glassy carbon (GC) rotating disk electrode (RDE, area=0.19625 cm2) were 

2 used as the working electrode. The working electrode was prepared using the drop-casting 

3 method. A freshly prepared 20 µl MXene colloidal solution (0.2 g/l) was drop-cast onto a 

4 cleaned GC disk coated with diamond slurry and subsequently dried at room temperature. 

5 An Ag/AgCl saturated KCl electrode and a Pt wire were employed as the reference and 

6 auxiliary electrodes, respectively. The potentiodynamic oxidation studies of all the 

7 MXenes were carried out by varying the potential from 0.2 to 1.2 V vs RHE at a potential 

8 sweep rate of 0.167 mV/s.  Open-circuit potential (OCP) tests were performed for 3 h prior 

9 to each measurement to ensure system equilibrium. 

10 The electrochemical oxidation of MXenes carried out using three electrode system. Where, 

11 as synthesized MXene flakes drop casted on the gold coated TEM grid and wrapped in the 

12 Pt mesh and used as working electrode. The electrochemical oxidation carried out at the 

13 potential range of 0 to 0.9 V vs RHE with the scan rate of 0.167 mV/s in 0.5 M H2SO4. The 

14 Pt wire and Ag/AgCl used as counter and reference electrode. Further, TEM images were 

15 acquired before and after electrochemical oxidation to evaluate the morphological changes 

16 and degradation pattern.

17 An electrochemical quartz crystal microbalance (EQCM) with a QSD-300 (Biologic) was 

18 used to investigate mass changes during electrochemical oxidation. A 4 µg MXene-loaded 

19 quartz crystal coated with Au/Ti (10 MHz frequency and sensitivity of 0.0815 ng/Hz·cm2) 

20 was used as the working electrode. A platinum wire and Ag/AgCl, saturated KCl electrode 

21 served as the auxiliary and reference electrode, respectively. All the experiments were 

22 carried out in 0.5 M H2SO4 electrolyte solution.

23 Membrane electrode assembly (MEA)

24 The gas diffusion electrodes (GDEs) were fabricated using 5 cm2 square-shaped carbon 

25 paper. As obtained catalysts Pt/Ti3C2Tz, Pt/Ti2.85Hf0.15C2Tz, Pt/Ti2.85Hf0.30C2Tz, 

26 Pt/Ti2.85Ta0.075Hf0.075C2Tz, and Pt/Ti2.7Ta0.15Hf0.15C2Tz were used to fabricate the anodes 

27 for PEM-FC. Typically, 4 mg of each catalyst was dispersed in 1 ml of a solution 

28 comprising IPA, water, and Nafion in a 1:1:0.01 volume ratio. To obtain homogenous 

29 dispersion, the mixture was sonicated for 30 min in an ice-cold bath sonicator. The 

30 microporous layers of carbon paper were drop-casted with the resulting catalyst dispersion 

31 and dried on a hot plate at 80 oC. A commercially available Pt/C catalyst coated Nafion 
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10

1 NR-212 membrane (0.3 mg Pt/cm2) was employed as the cathode, while blank carbon 

2 paper (5 cm2) was used on the back side of the Pt/C coated catalyst as a support. The Pt 

3 loading of all GDEs was maintained at 0.3 mg/cm2. Further, hot-pressing was used to 

4 fabricate the membrane electrode assembly (MEA) by pressing the GDEs and the NR-212 

5 membrane at 120 °C for 120 seconds under 1 MPa.

6 The 850e fuel cell test workstation (Scribner Associates Inc., North Carolina, USA) was 

7 used to evaluate the fuel cell performance. A full cell assembly consists of a 5 cm2 working 

8 area of the commercial single-fuel cell, with PTFE gaskets of 230 µm thickness at the 

9 cathode and anode. Measurements of the fuel cell were recorded at a working temperature 

10 of 80 °C, with oxygen (O2, 0.2 L/min) provided as oxidant to the cathode and humidified 

11 hydrogen (H2, 0.2 L/min) supplied to the anode as fuel.  Subsequently, the cell was 

12 conditioned using a break-in process before each measurement. The break-in process 

13 involved cycling the cell potential consecutively between 0.6 V (2 min.) and 0.35 V (2 

14 min). 

15 PEM Fuel Cell Testing

16 Finally, accelerated stress tests (AST) and anode reversal tests were performed with a 

17 Biologic VSP-300 to evaluate the stability of catalysts such as Pt/Ti3C2Tz, 

18 Pt/Ti2.85Ta0.075Hf0.075C2Tz, and Pt/Ti2.7Ta0.15Hf0.15C2Tz. The ASTs were performed at an 

19 operating temperature of 80 oC with a supply of fully humidified H2 and N2 to the anode 

20 and cathode, respectively. The stability test consisted of 20,000 (20k) cycles using 

21 chronoamperometric technique, cycling between a holding potential of 0.6 V (3 seconds) 

22 and 0.9 V (3 seconds). The stability of each catalyst was assessed by comparing 

23 polarization curves recorded before and after the 20k cycles.

24 Results and Discussion

25 Structural Characterization of MAX Phases

26 XRD analysis was carried out to determine the crystallographic properties and phase of the 

27 Ti3-xHfxAlC2- and Ti3-2xTaxHfxAlC2-type MAX phases with different Hf, Ta compositions 

28 (for Hf doping x = 0.15, 0.3 and for Ta, Hf co-doping x = 0.075 and 0.15). Figure 1 shows 

29 the comparative X-ray powder diffractograms of Ti3AlC2, Ti2.85Ta0.075Hf0.075AlC2, 

30 Ti2.7Ta0.15Hf0.15AlC2, Ti2.85Hf0.15AlC2 and Ti2.7Hf0.3AlC2. As-synthesized pristine Ti3AlC2 
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11

1 shows good agreement with previously reported XRD pattern in literature.47,48 Figure 1(b) 

2 reveals a clear shift in peaks (as represented by the dominant (104) reflection) towards 

3 lower 2θ angles due to lattice expansion upon substitution of Ti with larger atom Hf and 

4 Ta (5d element) with larger electronic cloud.37 XRD also confirms that the substituted 

5 MAX phases retained the same structure as the pristine material, with only a small amount 

6 of secondary TiC phase (PDF-01-089-3828) indicated by an asterisk in Figure 1(a). Figure 

7 S1 shows the XRD patterns of synthesized free-standing Ti3C2Tz, Ti2.85Hf0.15C2Tz, 

8 Ti2.7Hf0.3C2Tz Ti2.85Ta0.075Hf0.075C2Tz, and Ti2.7Ta0.15Hf0.15C2Tz MXene films, which 

9 confirm the basal plane alignment and 2D carbide crystal structure.49,50 Moreover, it 

10 confirms the absence of the other crystalline phases (Figure S1). Unlike MAX phases, the 

11 shift of the (002) peak for Ti2.7Ta0.15Hf0.15C2Tz and Ti2.85Ta0.075Hf0.075C2Tz samples is 

12 mainly attributed to variations in the interlayer water content, consistent with the hydration-

13 sensitive (002) reflection of Ti3C2Tz MXene rather than a fundamental change in the 

14 MXene crystal lattice.51

15  

16
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1 Figure 1. XRD analysis. (a) Comparative XRD patterns of as-prepared powders targeted 
2 to MAX phase (Ti3-xHfxAlC2), (Ti3-2xTaxHfx)3AlC2 with change in Ta and Hf content (x=0, 
3 0.075, 0.15, and 0.3). (* indicate TiC; secondary phase) (b) Zoomed in portion of high 
4 intensity peak at 2Ɵ value of 30-41o, which depict the expansion of the lattice parameter.

5

6 Morphology and Atomic Structure Characterization of MAX Phases

7 The SEM, high-resolution scanning electron microscopy (HR-SEM), TEM, and STEM 

8 were all used to investigate the morphology and atomic structure of Ti2.85Ta0.075Hf0.075AlC2, 

9 Ti2.7Ta0.15Hf0.15AlC2, Ti2.85Hf0.15AlC2 and Ti2.7Hf0.3AlC2. Figure S2 shows SEM images of 

10 the Hf-substituted MAX phases, where a representative layered structure was observed 

11 resembling pristine Ti3AlC2. The lateral distribution of Ta and Hf in the as-prepared Ta- 

12 Hf co-substituted MAX phases was confirmed using SEM-EDS as well as TEM-EDS 

13 analysis, as revealed in Figures S3-S5.  

14

15 Figure 2. Morphological and atomic scale characterization of Ti2.7Ta0.15Hf0.15AlC2 solid 
16 solution MAX phase. (a) The HR-SEM image of the Ti2.7Ta0.15Hf0.15AlC2 particle (b) atomic 
17 structure viewed along zone axis [010] of Ti2.7Ta0.15Hf0.15AlC2 using high resolution STEM, 
18 (c-d) EDS compositional line profiles obtained from elemental mapping.
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1

2 The co-substituted Ti2.7Ta0.15Hf0.15AlC2 MAX phase was studied using various 

3 microscopic techniques to learn about the atomic structure and cross-sectional distribution 

4 of the substituting atoms. A typical layered MAX phase morphology of 

5 Ti2.7Ta0.15Hf0.15AlC2 was confirmed by HR-SEM in Figure 2(a).52 Moreover, clear visuals 

6 of the atomic layers of Ti2.7Ta0.15Hf0.15AlC2, observed from the [010] zone axis, were 

7 provided by STEM and are shown in Figure 2(b). The Z-contrast between the inner and 

8 outer layers of the substituted carbides was observed using HAADF imaging, as depicted 

9 in Figure 2(b). Further, the inset of Figure 2(b) shows the selected-area electron diffraction 

10 (SAED) pattern, corroborating the crystallographic planes identified by XRD in Figure 

11 1(a). 

12 Interestingly, the line profile in Figure 2(c-d) shows that Ti and Hf were present in 

13 approximately equal amounts among the metal layers of the MAX phase (i.e., had no 

14 preferential partitioning), whereas Ta was strongly concentrated within the middle metal 

15 layer. Previous studies by the co-authors have reported selective Ta distribution in the 

16 middle layer; however, here it is shown that this effect is unchanged even with the addition 

17 of Hf to the MXene (which did not show the segregation effect).53 Such a differentiation 

18 may lead to differential chemical properties of the co-substituted MXenes as the relative 

19 amounts of Hf and Ta are changed.[34] 

20 Structural and Chemical Characterization of MXenes

21
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1 Figure 3. Morphological and atomic scale characterization of the solid solution 
2 Ti2.7Ta0.15Hf0.15C2Tz MXene. (a) TEM image the Ti2.7Ta0.15Hf0.15C2Tz (b) The STEM image 
3 of single flake of MXene and corresponding SAED patterns in inset.

4

5 Furthermore, TEM and STEM were used to analyze the atomic structure of the 

6 Ti2.7Ta0.15Hf0.15C2Tz, the MXene with the largest level of substitution among the materials 

7 studied. Figure 3(a) reveals the single few flakes of the Ti2.7Ta0.15Hf0.15C2Tz, which follow 

8 the morphology characteristic of reported MXenes.54 STEM analysis of single-flake 

9 Ti2.7Ta0.15Hf0.15C2Tz shown in Figure 3(b) occurrence emphasizes the lateral distribution 

10 of the Ta and Hf substitutions, as these elements appear with brighter contrast compared to 

11 Ti in HAADF.  

12 The chemical composition and surface elemental valence state of the Hf-substituted 

13 Ti2.85Hf0.15C2Tz and the Ta-Hf co-substituted Ti2.7Ta0.15Hf0.15C2Tz MXenes were studied 

14 with XPS and shown in the Figure 4. While XPS of Ta-substituted Ti3C2Tz has previously 

15 been reported,37 the addition of Hf and Ta-Hf (co-substitution) is expected to further alter 

16 the electronic structure of the metals within the flake.   

(a) (b)

(c) (d)
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1 Figure 4. XPS spectra for the Ti2.7Ta0.15Hf0.15C2Tz and Ti2.7Hf0.3C2Tz core levels of (a) Ti 
2 2p, (b) Ta 4f and Hf 4f, and the Ti2.7Hf0.3C2Tz core levels of (c) Ti 2p and (d) Hf 4f show 
3 different chemical environments.  

4

5 Figure 4(a) shows the Ti 2p core electron spectrum of in the Ta-Hf co-substituted 

6 Ti2.7Ta0.15Hf0.15C2Tz with peaks characteristic for Ti3C2Tz-type MXenes. The peaks at 

7 binding energies (BEs) of 455.4 eV (Ti 2p3/2) and 461.2 eV (Ti 2p1/2) are attributed to Ti-

8 C bonding. Moreover, the peaks at BE values of 456.7 eV and 462.5 eV, which correspond 

9 to the spin orbit coupling pair of Ti 2p3/2 and Ti 2p1/2, occurred due to the Ti-Cz bond (where 

10 z represents the -O, -F, and OH functional groups present at the surface of the MXene).55,56 

11 Further, the partially oxidized surface of the Ta-Hf co-substituted Ti2.7Ta0.15Hf0.15C2Tz was 

12 observed at BE values of 459.1 eV and 464.8 eV, which correspond to the Ti-O bond, and 

13 is regularly observed in as-synthesized Ti3C2Tz.57,58 Ta 4f and Hf 4f XPS spectra were 

14 deconvolved and shown in Figure 4(b). Peaks at 14.3 eV (Hf 4f7/2) and 15.9 eV (Hf 4f5/2) 

15 are attributed to Hf-C bonding, whereas the peaks at 23.80 eV (Ta 4f7/2) and 25.74 eV (Ta 

16 4f5/2) in the same spectrum are from Ta-C bonding.  

17 By comparison, XPS of Ti and Hf for the Hf-substituted (i.e., no Ta) Ti2.7Hf0.3C2Tz are 

18 shown in Figure 4(c) and Figure 4(d), respectively. Importantly, the total Ti content 

19 remained the same in both samples. The metals in the as-synthesized Hf-substituted 

20 Ti2.7Hf0.3C2Tz MXene appear more oxidized compared to the co-substituted 

21 Ti2.7Ta0.15Hf0.15C2Tz MXene, suggesting that the presence of Ta has a significant effect on 

22 the electronic structure. This effect was quantified by deconvoluting the XPS spectra and 

23 calculating how the relative fraction of M-C, M-O, and M-Tz bonding in as-synthesized 

24 MXenes varied between the unsubstituted (Ti3C2Tz), Ta-substituted (Ti2.85Ta0.3C2Tz), Hf-

25 substituted (Ti2.7Hf0.3C2Tz), and Ta-Hf co-substituted (Ti2.7Ta0.15Hf0.15C2Tz) MXenes, as 

26 shown in Table 2. 

27

28

29

30
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1 Table 2. Fraction of the bonds of each metal in Ti3C2Tz, Ti2.7Ta0.3C2Tz, Ti2.7Hf0.3C2Tz and 
2 Ti2.7Ta0.15Hf0.15C2Tz. M stands for metal, either Ti, Ta or Hf: 

Element Ti 2p3/2 Ta 4f7/2 Hf 4f7/2

Sample

Bond
Unsubst

ituted
at.%

Hf- 
substitu

ted
at.%

Ta 
substitu

ted
at.%

Ta-Hf 
co-

substitu
ted

at.%

Ta-
substitu

ted
at.%

Ta-Hf 
co-

substitu
ted

at.%

Hf-
substitu

ted
at.%

Ta-Hf 
co-

substitu
ted

at.%

M-C 60.32 34.29 22.26 41.08 3.34 47.47 34.71 49.31

M-O 4.50 5.00 17.94 13.06 17.68 21.90 37.85 24.99

M-Tz 35.17 60.70 59.80 45.86 78.98 30.62 27.44 25.69

3 XPS data revealed that in the Ti 2p3/2
 spectrum, the Ti-C contribution decreased from 

4 60.32% to 34.29% as a result of Hf substitution, while Ti-Tz increased from 35.17% to 

5 60.70%, indicating enhanced termination coverage with Hf substitution. For the Ta-

6 substituted Ti2.7Ta0.3C2Tz, the Ti 2p3/2 comprised of 22.26% Ti-C, 59.8% Ti-Tz, and 

7 17.94% Ti-O, reflecting increased termination coverage accompanied by a notable rise in 

8 oxide content relative to the unsubstituted sample. For the Ta-Hf co-substituted material, 

9 the Ti 2p3/2 components shifted to 41.08% Ti-C, 45.86% Ti-Tz, and 13.06% Ti-O, 

10 suggesting partial recovery of carbide bonding and reduced oxide content compared to the 

11 Ta-only case. In the Hf 4f7/2
 region, Ti2.7Hf0.3C2Tz showed 37.85% Hf-O, 34.71% Hf-C, 

12 and 27.44% Hf-Tz, while in the case of the Ta-Hf co-substituted sample, Hf-C increased to 

13 49.31% and Hf-O decreased to 24.99%, evidencing suppressed Hf oxidation when co-

14 substituted with Ta. In the Ta 4f7/2 region, the Ta-only sample exhibited 78.98% Ta-Tz, 

15 17.68% Ta-O, and 3.34% Ta-C, indicating that Ta strongly participated in termination 

16 bonding rather than forming carbides. The larger presence of termination bonds as 

17 measured by XPS can also be evidence of the inclusion of defects within the MXene upon 

18 doping. 

19 In contrast, the Ta-Hf co-substituted material contained 47.47% Ta-C, 30.62% Ta-Tz, and 

20 21.90% Ta-O, marking the emergence of carbide and termination-bound Ta alongside a 
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1 modest decrease in Ta oxide compared to the Ta-only case. 

2 These changes support a cooperative effect in which oxyphilic Hf preferentially 

3 accommodates oxygen, while Ta stabilizes carbide and termination states, thereby 

4 suppressing bulk oxide growth and stabilizing the surface chemistry. This effect could be 

5 rationalized by the strong carbide stability of Ta and the high oxyphilicity of Hf, which 

6 drives Hf toward oxidation while Ta competes for oxygen and stabilized 

7 carbide/termination states, altering oxide nucleation energetics, and promoting mixed 

8 terminations that suppress HfO2 formation. This trend, therefore, suggests a synergistic 

9 effect between Ta and Hf, in which Ta stabilized Hf in its carbide form and suppressed its 

10 surface oxidation. Given the uncertainties associated with peak fitting and the surface 

11 sensitivity of XPS, the extracted fractions should be treated as semi-quantitative. In 

12 addition, the electronic structure of the of the MXene mainly ruled by Ti 3d state near the 

13 fermi energy level, arising from strong hybridization between Ti 3d and C 2p orbitals.59 

14 This outcome high electrical conductivity but also localized electron density around Ti, 

15 which can act as a reactive center. Due to co-doping of Ta and Hf at the Ti site, substantial 

16 alteration of the electronic structure attributed to the introduction of more 5d orbitals. The 

17 hybridization between Ti 3d, Ta 5d, Hf 5d and C 2p states strengthen the M-C bond and 

18 widen the density of state near the fermi level.  This electronic modification reduces the 

19 density of high energy reactive centers and enhances the lattice stability. Moreover, co-

20 substitution of Ta and Hf gives better electronic compensation to single metal doping. As 

21 a result, Ta and Hf co-substituted MXene phase shows improved structural robustness and 

22 better resistance to oxidation than that of pristine MXene.60

23  Accordingly, we focus on relative trends rather than absolute compositions. The 

24 electrochemical corrosion study was carried out using forced anodic polarization curves.  

25 Electrochemical Oxidation and Passivation Behavior
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1

2 Figure 5. Potentiodynamic anodic polarization curves for the native Ti3C2Tz, Hf-
3 substituted Ti2.85Hf0.15C2Tz, Ti2.7Hf0.3C2Tz and Ta-Hf co-substituted Ti2.85Ta0.075Hf0.075C2Tz, 
4 Ti2.7Ta0.15Hf0.15C2Tz in N2-saturated 0.5M H2SO4 at a potential scan rate of 0.167 mV/s.

5 Figure 5 shows a comparison of potentiodynamic anodic corrosion curves of Ti3C2Tz, 

6 Ti2.85Hf0.15C2Tz Ti2.7Hf0.3C2Tz, Ti2.85Ta0.075Hf0.075C2Tz, and Ti2.7Ta0.15Hf0.15C2Tz, at a 

7 potential scan rate of 0.167 mV/s in 0.5 M H2SO4 electrolyte solution.

8 Table 3. Data derived from the potentiodyanamic anodic corrosion curves of as-

9 synthesized materials.

Sample Name Ecorr            
[mV vs RHE]

Icorr [µA] Epp                
[mV vs RHE]

Ip[µA] 

Ti3C2Tz 428 0.098 671.1 14.00 

Ti2.85Ta0.075Hf0.075C2Tz 486 0.036 695.1 0.132

Ti2.7Ta0.15Hf0.15C2Tz 522 0.033 701.6 0.291

Ti2.85Hf0.15C2Tz 423 0.025 656.8 28.44

Ti2.7Hf0.3C2Tz 398 0.041 593.4 36.48

10
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1 The reproducibility of measurements was ensured by repeating the experiments three 

2 times. The co-substitution of Ta and Hf exhibited substantial improvement in the corrosion 

3 potential (Ecorr) compared to the pristine Ti3C2Tz, with an increase of 58 mV and 94 mV 

4 for Ti2.85Ta0.075Hf0.075C2Tz and Ti2.7Ta0.15Hf0.15C2Tz respectively. The noticeable 

5 enhancement widens the electrochemical stability range of the MXene based catalysts and 

6 improves their suitability and selectivity for the electrochemical applications. Additionally, 

7 there is a substantial decrease in the average kinetic current in the case of 5% and 10% Ta-

8 Hf co-substituted MXene compared to the pristine MXene. Furthermore, the passivation 

9 potentials of the Ti2.85Ta0.075Hf0.075C2Tz and Ti2.7Ta0.15Hf0.15C2Tz were improved by 24 mV 

10 and 31 mV, respectively. The enhancement in the passivation potential may be due to the 

11 synergistically formation of Ta2O5 and HfO2. Additionally, during the electrochemical 

12 corrosion test, the Ta and Hf have the ability to form stable oxides such as Ta2O5 and HfO2, 

13 which synergistically prevent the oxidation of the Ti based MXene. In contrast, the Hf-

14 substituted MXene showed a lower value of Ecorr and Epp compared to the pristine MXene.  

15
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1 Figure 6. (a) The comparative polarization curves of the Ti3C2Tz, Ti2.85Ta0.075Hf0.075C2Tz 
2 and Ti2.7Ta0.15Hf0.15C2Tz in N2-saturated 0.5M H2SO4 at a potential scan rate of 0.167 mV/s. 
3 (b-d) Change in mass versus potential for Ti3C2Tz, Ti2.85Ta0.075Hf0.075C2Tz and 
4 Ti2.7Ta0.15Hf0.15C2Tz single layer flakes drop casted on TiAu EQCM electrode.

5

6 An electrochemical quartz crystal microbalance (EQCM) was used to investigate change 

7 in mass of the electrode during the same forced electrochemical oxidation of the Ti3C2Tz, 

8 Ti2.85Hf0.15C2Tz, Ti2.85Ta0.075Hf0.075C2Tz, and Ti2.7Ta0.15Hf0.15C2Tz as described above, the 

9 results of which are shown in Figure 6. 

10 EQCM measures apparent mass changes at the electrode surface during electrochemical 

11 cycling. Such mass variations can be consistent with processes such as oxidation, 

12 dissolution, passivation, or ion adsorption. However, EQCM alone cannot distinguish 

13 between these mechanisms or identify the chemical nature of the surface species.61 

14 Therefore, the observed mass changes are interpreted cautiously and discussed in 

15 conjunction with the electrochemical data. The pristine Ti3C2Tz and Ti2.85Hf0.15C2Tz 

16 revealed significant mass loss during the primary oxidation step due to the degradation of 

17 the surface functional groups (-O, -OH and -F), leading to the reduction in mass as shown 

18 in Figure 6(a). In the case of the Hf-substituted MXene formation of amorphous HfO2, 

19 which may have dissolved in the electrolyte with increase in potential as depicted in Figure 

20 6(b). Moreover, once reaching the primary passivation potential (Epp), the mass stabilizes 

21 due to of the formation of a protective oxide layer. 

22 Interestingly, there was no significant mass loss during the primary oxidation step in the 

23 case of the Ta-Hf co-substituted Ti2.85Ta0.075Hf0.075C2Tz and Ti2.7Ta0.15Hf0.015C2Tz as shown 

24 in Figure 6(c-d). This is consistent with the potentiodynamic anodic polarization curves in 

25 Figure 5, which showed significantly less oxidation current before reaching a passivation 

26 plateau. While the Hf-substituted MXene showed passivation behavior, the onset of 

27 oxidation was at significantly lower potentials, and the passivation currents were 

28 significantly higher compared to the Ta-Hf co-substituted MXene. This suggests that while 

29 Hf-substitution could slightly lower the passivation current compared to pristine MXene, 

30 only the co-substitution of Ta-Hf yielded improved performance with respect to arresting 

31 the oxidation process with increased electrochemical potential. DFT calculations have 
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1 shown 56,62 that the dissociation enthalpy for Ta-O is slightly larger than that of Hf-O, and 

2 yet, the oxyphilicity of Ta was slightly lower than that of Hf , although quantitative 

3 comparison of oxyphilicity is limited by the lack of normalization data for Hf. Therefore, 

4 the stability resulting from the addition of Ta may be related to the stability of the formed 

5 oxides (i.e., Ta2O5 and HfO2), and less likely due to the inherent oxyphilicity of Ta by 

6 comparison to Hf.   

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
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1 Element-Resolved Corrosion and Structural Integrity

2

3 Figure 7. In-situ ICP-MS flow cell measurements of Ti3C2Tz (a-d), Ti2.85 Hf0.15C2Tz (b,e,g), 
4 and Ti2.85 Hf0.075Ta0.075C2Tz (c,f,h–i). (a–c) Current density, (d–f) Ti dissolution, (g,h) Hf 
5 dissolution, and (i) Ta dissolution. OCP (0.35 V vs. RHE) was held for 600s and then 
6 ramped to 1.2V vs RHE at a rate of 1 mV/s.
7
8 In-situ ICP-MS was used to track the water-soluble corrosion products of pristine, Hf-

9 substituted and Ta-Hf co-substituted Ti3C2Tz during forced anodic polarization similar to 

10 the procedure used in Figure 5. As seen from Figure 7.d ICP-MS of pristine Ti3C2Tz 

11 showed significant Ti dissolution starting at 1025s (0.7 V), in alignment with the increased 

12 current. The amount of Ti lost to anodic corrosion dropped significantly with Hf 

13 substitution (Figure 7.e), and even more significantly with Ta-Hf co-substitution (Figure 

14 7.f) (at the same overall substitution level for Ti at the MXene with only Hf-substitution). 

15 Additionally, as seen in Figure 7.h, the amount of Hf measured by the ICP-MS noticeably 

16 dropped with the simultaneous addition of Ta. Importantly, the ICP-MS does not fully 

17 characterize the corrosion processes of the MXene flakes, but rather, only corrosion 

18 processes which lead to soluble corrosion products which are flushed away from the cell 
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1 and fed into the ICP-MS. Metal leaching from electrodes during electrochemical operation 

2 is a significant barrier to electrode durability since its occurrence is typically irreversible. 

3 The ICP-MS result (as shown in Figure 7. f,h-i) of the Ta-Hf co-substituted MXene 

4 therefore suggests that the co-doping strategy plays an important role in mitigating the 

5 overall corrosion (as described by the current density) and the formation of soluble 

6 corrosion products leading to irreversible damage, as shown by the metal content in the 

7 ICP-MS during anodic polarization. We believe that the mechanism by which the 

8 dissolution of Ti is reduced by the addition of Ta and Hf (and likewise the dissolution of 

9 Hf by the addition of Ta) has to do with favoring the forming non-soluble corrosion 

10 products based on Ta2O5 and HfO2. This hypothesis comes from XPS, which indicates that 

11 the termination coverage and surface carbide composition (and hence corrosion product 

12 composition) varied dramatically upon Hf, Ta, and Hf-Ta co-substitution. 

13 In order to corroborate chemical information, the structural effects of corrosion during 

14 potentiodyanamic anodic polarization was analyzed here using TEM and reported by the 

15 authors previously.37 Given the fact that the Ta-Hf co-substituted MXene showed the best 

16 performance in the forced anodic polarization tests, Ti2.7Ta0.15Hf0.15C2Tx was analyzed 

17 using TEM and shown in Figure 8.  

18 Figure 8(a) shows the flakes of Ti2.7Ta0.15Hf0.15C2Tz before electrochemical oxidation 

19 treatment whereas Figure 8(b) and Figure S6 shows the TEM and HR-TEM images of 

20 flakes after electrochemical corrosion testing conducted up to 0.9 V vs. RHE at a potential 

21 sweep rate of 0.167 mV/s in an acidic electrolyte (0.5 M H2SO4). 
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1

2 Figure 8 (a) Bright-field TEM image of the pristine Ti2.7Ta0.15Hf0.15C2Tz. (b) Bright-field 
3 TEM images of the Ti2.7Ta0.15Hf0.15C2Tz after scanning to the 0.9 V vs. RHE at 0.167 mV/s 
4 scan rate in the 0.5M H2SO4.

5

6 TEM shows that Ti2.7Ta0.15Hf0.15C2Tz retained its original shape with edges remaining 

7 sharp and straight after electrochemical oxidation treatment. This contrasts with 

8 unsubstituted Ti3C2Tz flakes reported by us37 and others34 whose edges and size undergo a 

9 dramatic change as a result of oxidation after the same (or similar) treatment. During 

10 oxidation of the Ta-Hf co-substituted MXene, 10-20 nm holes were observed on the basal 

11 plane of the flakes. The hole formation is likely associated with localized oxidation during 

12 anodic polarization, forming localized vacancies on its basal plane that served as initiation 

13 points for further oxidative attack rather than oxidation on its edges as seen in pristine 

14 MXene.37 The occurrence of holes is due to the favored oxidation of Ta and Hf (compared 

15 to Ti), which altered how the flake oxidized and ultimately increased its durability under 

16 positive electrochemical potentials.

17 PEM Fuel Cell Measurement

18 Finally, 40 wt.% platinum was loaded on the as-synthesized MXenes, and designated here 

19 as Pt/Ti3C2Tz, Pt/Ti2.85Hf0.15C2Tz, Pt/Ti2.7Hf0.3C2Tz Pt/Ti2.85Ta0.075Hf0.075C2Tz and 

20 Pt/Ti2.7Ta0.15Hf0.15C2Tz. Pt loading on the MXene (Pt/Ti2.7Ta0.15Hf0.15C2Tz) flake was 

21 observed using TEM (Figure S7). The TEM image shows the uniform distribution of Pt 

22 particles on the MXene flake, with an average particle size of 4.2 nm.  A single-cell 5 cm2 
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1 PEMFC was used to evaluate the performance of the variously substituted Pt-loaded 

2 MXene catalysts employed at the anode.  While the use of the MXene at the anode does 

3 not completely parallel the corrosion tests reported above, owing to the flow of hydrogen, 

4 anode reversal tests simulating extreme fuel starvation were performed to reach the highly 

5 positive potentials known to cause degradation in PEMFCs during startup-up and shut-

6 down operations.63 

7 Figure S8 shows the polarization curves of the Pt/Ti3C2Tz, Pt/Ti2.85Hf0.15C2Tz, 

8 Pt/Ti2.7Hf0.3C2Tz, Pt/Ti2.85Ta0.075Hf0.075C2Tz, and Pt/Ti2.7Ta0.15Hf0.15C2Tz. Among all the 

9 catalysts, Pt/Ti2.7Ta0.15Hf0.15C2Tz showed substantially improved performance. This 

10 represents a significant accomplishment in catalyst support development, as the co-

11 substituted MXene support shows both better performance and better durability, as shown 

12 in Figure 5 and Figure 6 and discussed further below. Typically, improvements in 

13 durability come at the expense of activity, and vice versa.64,65  

14 The impact of Hf- and Ta-substitution on catalyst durability was tested using an AST, 

15 which included cycling the cell between 0.6 and 0.9 V for up to 20k electrochemical cycles. 

16 The polarization curves before and after 20k cycles of the Pt/Ti3C2Tz, 

17 Pt/Ti2.7Ta0.15Hf0.15C2Tz, Pt/Ti2.85Ta0.075Hf0.075C2Tz and Pt/Ti2.85Ta0.15C2Tz when used as 

18 anode catalyst and commercially available Pt/C catalyst coated Nafion NR-212 membrane 

19 used as cathode in full cell are represented in Figure 9, Figure S9(a) and Figure S10, 

20 respectively. As a result, after 20k cycles, the Pt/Ti3C2Tz supported anode was degraded 

21 by 39 mV, as shown in Figure 9(a). Impressively, in the case of the Pt/Ti2.7Ta0.15Hf0.15C2Tz 

22 (Figure 9(b)) anode degradation was only 9 mV at 0.6 A/cm2 under the same 

23 electrochemical cycling test after 20k cycles. In addition, Pt/Ti2.7Ta0.15Hf0.15C2Tz exhibited 

24 a degradation trend comparable to that of Pt/Ti2.85Ta0.15C2Tz (Figure S10), tested in our 

25 previous work. 37

26 The anode reversal degradation test was performed to investigate the sustainability of the 

27 anode under severe fuel starvation. In this test, the anode side of the fuel cell was purged 

28 with humidified nitrogen (N2) and a constant current density of 0.2 A/cm2 was applied, 

29 causing a sudden drop in cell voltage (i.e., a dramatic increase in anode voltage). 

30 Furthermore, the system changes were monitored for 2 hours under the applied reversal 
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1 condition. After the anode reversal test, the cell was conditioned, and the polarization curve 

2 was measured to evaluate the performance after the anode reversal test. 

3

4 Figure 9. Comparative AST polarization curves of fuel cell cycled between 0.6 to 0.9 V 
5 using state-of-the-art Pt/C cathode and Pt anode supported by (a) Ti3C2Tz and (b) 
6 Ti2.7Ta0.15Hf0.15C2Tz. Polarization curves for 5 cm2 fuel cell using Pt/C cathode and a Pt 
7 supported by (c) Ti3C2Tz and (d) Ti2.7Ta0.15Hf0.15C2Tz before and after anode reversal 
8 measurement.

9 Figure 9(c-d) and Figure S9(b) show the polarization curves Pt/Ti3C2Tz, 

10 Ti2.7Ta0.15Hf0.15C2Tz and Pt/Ti2.85Ta0.075Hf0.075C2Tz as anode in fuel cell before and after the 

11 anode reversal test, respectively. The results of the anode reversal sustainability study are 

12 consistent with those obtained from the AST test, indicating that Pt-loaded 

13 Ti2.7Ta0.15Hf0.15C2Tz anode shows superior performance compared to Ti3C2Tz supported Pt 

14 anode in a fuel cell. Moreover, TEM analysis was carried out to examine the surface 

15 changes of the electrocatalyst Pt/Ti2.7Ta0.15Hf0.15C2Tz after 20k AST. Figure S11 reveals 

16 the TEM images of the Pt/Ti2.7Ta0.15Hf0.15C2Tx after the AST test. Figure S11 reveals no 
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1 significant change in the morphology of the Pt/Ti2.7Ta0.15Hf0.15C2Tz, whereas Pt particles 

2 start to agglomerate, which confirms the stable nature of the catalyst.

3 Overall, all the results suggest that 10 at. % co-substituted Ta and Hf MXene 

4 (Ti2.7Ta0.15Hf0.15C2Tz) shows significant enhancement in the electrochemical oxidation 

5 properties, which helps to improve the durability and sustainability of the support material 

6 in fuel cell technology. 

7 Conclusions

8 Ti3C2Tz MXenes were modified through hafnium substitution and tantalum–hafnium co-

9 substitution to investigate how oxyphilic metal incorporation influences anodic 

10 electrochemical stability and durability. While single Hf substitution provided limited 

11 improvement, Ta–Hf co-substitution significantly suppressed anodic corrosion, reduced 

12 metal dissolution, and extended the electrochemical stability window to more positive 

13 potentials. Operando dissolution measurements and surface analysis reveal that co-

14 substitution stabilizes the MXene surface chemistry by suppressing titanium oxide 

15 formation and promoting the formation of protective mixed oxides. When employed as 

16 catalyst supports in proton exchange membrane fuel cells, Pt-loaded Ta–Hf co-substituted 

17 MXenes exhibited markedly improved durability under accelerated stress testing and anode 

18 reversal conditions compared to pristine and singly substituted MXenes. These findings 

19 demonstrate that oxyphilic metal co-substitution is an effective and general materials 

20 design strategy to stabilize MXenes under anodic conditions, enabling their use as durable 

21 catalyst supports in fuel cell and other electrochemical energy conversion applications.
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