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I. DETAILS OF EXPERIMENTS AND CALCULATIONS

S1. Preparation of Graphene Oxide (GO)

GO was prepared according to the modified Hummers’ method [1]. In brief, 1 g of graphite 

powder and 0.5 g of NaNO3 were added into 23.3 mL of concentrated H2SO4 successively 

under stirring in an ice bath. Then, 3 g of KMnO4 was slowly added into the above mixture; 

during which the temperature of the reaction system was kept below 10 °C, and continuously 

stirred for 1h. The oxidation reaction was allowed to proceed at room temperature for 40 min 

under stirring. Subsequently, 50 mL of deionized water was slowly added, and the mixture 

was stirred for another 15 min at 95 °C in an oil bath. Additional 167 mL of water was added, 

followed by dropwise addition of 5 mL of 30% H2O2 and the mixture turned from dark brown 

to bright yellow. The mixture was filtered and washed with aqueous HCl solution (100 mL) 

three times to remove metal ions. Then, 100 mL of water was used to wash the solid to 

remove the residual acid. The obtained solid was redispersed in deionized water under 

stirring and purified by dialysis for 2 weeks. The resultant GO dispersion was then exfoliated 

by sonication for 30 min and centrifuged for 45 min at 4000 rpm twice to remove the 

unexfoliated graphite. The concentration of the GO solution was assessed through filtration, 

drying, and weighing of the GO film. 

S2. Determination of Dose Rate through Fricke Dosimetry

Fricke dosimetry is a reliable technique for quantifying the radiation dose rate of γ-radiation. 

When ionizing radiation interacts with a specific medium, it triggers a chemical reaction that 

can be quantified to ascertain the absorbed dose. The Fricke solution, based on this principle, 

comprises a blend of FeSO4, H2SO4, and NaCl. This solution is divided into 5 identical vials 

of equal volume and concentration, each labeled accordingly. Subsequently, these vials are 

subjected to irradiation within a 60Co chamber. At appropriate intervals, samples from each 

vials are extracted, and UV spectra are recorded to gauge the alteration in absorbance of Fe3+ 

at 304 nm. A graph is then plotted correlating absorbance with time to derive the slope, and 

calculations are performed utilizing the equation (1):

𝐷 =  
     0.967 𝑥 107𝑥 𝑠𝑙𝑜𝑝𝑒           

𝜀𝑏𝜌𝐺(𝑝𝑟𝑜𝑑𝑢𝑐𝑡)
                  (1)

where  is the molar absorption coefficient of Fe3+ (2174 dm3 mol-1 cm-1), b is the path length 𝜀

and  is the density of the Fricke solution. To obtain G(product), we need to consider the 𝜌
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primary species produced during the radiolysis of water with the Fricke solution as described 

below:

H2O  + H3O-, H., OH., H2, H2O2
→𝑒 ‒

𝑎𝑞 𝐻 + , 

H. + OH.   HO2
.→

HO2
. + Fe3+  HO2

- + Fe3+→

HO2
- + H+  H2O2→

H2O2 + Fe2+  OH. + OH- + Fe3+→

OH. + Fe2+  OH- + Fe3+→

Thus, the final product of this reaction is Fe3+ and its overall yield is 

G(Fe3+) = 3G(H.) + 2G(H2O2) + G(OH.) = 15.5

Using these calculations, the dose rate was determined to be 15 Gy min-1.  

S3. Material Characterization

The X-ray absorption spectroscopy experiments, including both X-ray absorption near edge 

structure (XANES) and extended X-ray absorption fine structure (EXAFS), were performed 

on the scanning EXAFS beamline (BL-09) at Indus-2 SRS, Raja Ramanna Centre for 

Advanced Technology (RRCAT), Indore, India. The beamline was furnished with a double-

crystal monochromator utilizing Si (111) crystals for energy selection and a meridional 

cylindrical mirror coated with Rh and Pt for collimation. The measurements were executed at 

room temperature and employed transmission mode. N2, He and Ar gases were introduced 

into the ion chambers for both the Pt foil and the samples for accurate measurements. The 

XANES and EXAFS measurements were executed utilizing the quick-X-ray absorption 

spectroscopy (XAS) mode, which employs a continuous scan over the energy or angle range, 

deviating from the conventional step-by-step scanning employed during XAS data 

acquisition. To suppress the higher harmonic components, the second crystal of the 

monochromator was deliberately set to a 60% detuned state during the data collection. The 

energy calibration was performed using Pt metal foil at 11564 eV as a reference. The 

standard normalization and background subtraction procedures were executed using the 

ATHENA software version 0.9.26 to obtain normalized XANES spectra [2]. Fourier 

transformed (FT) EXAFS oscillations were calculated to observe the ǀχ(R)ǀ vs R space spectra 

and its fitting was done using ARTEMIS software version 0.9.26 which uses FEFF6 and 

ATOMS2 programs to simulate the theoretical scattering paths according to crystallographic 

structure [3].
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S4. Electrochemical Characterization

All the electrochemical experiments were carried out using a three-electrode cell at room 

temperature with a Bio-Logic SAS (VSP-300) electrochemical workstation. To investigate all 

the electrochemical processes, a glassy carbon rotating disk electrode (RDE) with diameter 4 

mm, graphite rod, and Ag/AgCl electrode were used as the working, counter, and reference 

electrode, respectively. For ORR (Oxygen Reduction Reaction), an additional setup, Rotating 

Ring Disc Electrode (RRDE) setup was employed, comprising a glassy carbon electrode 

alongside a platinum ring. The RRDE setup featured a collection factor of 0.35, and the 

relevant measurements are detailed in S8 and S9. The catalyst ink was prepared by mixing 5 

mg of the catalyst in 1 ml of stock solution (consisting of 100 μl of Nafion solution, 5 ml of 

isopropanol, and 20 ml of Milli-Q water) under vigorous ultrasonic treatment for 30 min. 

Subsequently, 6 μL of the obtained catalyst ink was loaded onto the electrode. All the 

measured potentials in electrochemical experiments were converted to reversible hydrogen 

electrode (RHE) by the conversion factor ERHE = Eo + EAg/AgCl + 0.0591pH. 

In ORR, the CV measurements were performed in N2-saturated 0.1 M HClO4 solutions at a 

scan rate of 100 mV s-1. LSV measurements were performed at a scan rate of 10 mV s-1 at 

different rotations from 400 to 2500 rpm. The electrochemical active surface area (ECSA) of 

the catalysts was determined from the hydrogen underpotential deposition (HUPD) region 

within the potential range of 0.05-0.35 V, assuming a double layer correction of 210 μC cm-2 

corresponding to the adsorption of a hydrogen monolayer in an acidic electrolyte (details 

given in S5). The specific activity (SA) and mass activity (MA) (details given in S6) of the 

catalysts were computed by normalizing the kinetic current density with respect to the 

electrochemical surface area and the loading amount of Pt metal. To assess the stability of the 

catalyst for ORR, polarization curves were obtained before and after subjecting the system to 

10,000 cycles in O2-saturated solutions. Detailed information regarding all parameters 

computed for ORR is provided in S5-S10 of the supporting information.

For OER and HER, the LSV curves were generated at a scan rate of 10 mV s-1 in N2-saturated 

0.1 M HClO4. All kinetic measurements were benchmarked against 10 wt% Pt/C on Vulcan 

XC72 carbon.
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S5. Determination of Electrochemical Active Surface Area (ECSA) for ORR

The electrochemical active surface area (ECSA) of the catalysts was calculated from the 

Hydrogen underpotential deposition (Hupd) region in the potential range of 0.05-0.35 V after 

assuming the double layer correction of 210 μC cm-2, corresponding to the adsorption of 

hydrogen monolayer in acidic electrolyte. The value of the ECSA was calculated from the 

equation 2:

𝐸𝐶𝑆𝐴 =
𝑄𝐻 ‒ 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝐶)

210 ( 𝜇𝐶

𝑐𝑚 2
𝑃𝑡 

) 𝐿𝑃𝑡(𝑚𝑔𝑃𝑡

𝑐𝑚2 ) 𝐴𝑔(𝑐𝑚2)

 105                (2)

where QH-adsorption (C) is the charge of hydrogen adsorption/desorption. The charge associated 

with full monolayer coverage on a clean polycrystalline Pt is QH = 210 µC cmPt
-2 and is used 

as a conversion factor. The Pt loading on the glassy carbon electrode, LPt calculated from 

ICP-MS values and reported in mgPt cm-2, while Ag is the surface area of glassy carbon 

electrode (i.e. 0.126 cm2) [4][5][6].

S6. Determination of Specific Activity (SA) and Mass Activity (MA) for ORR

The SA and MA of the catalysts were calculated after normalizing the kinetic current density 

(jk) by ECSA and loading amount of Pt metal using the equations (3-4) [5][7].

𝑀𝐴 (𝑚𝐴 𝜇𝑔𝑃𝑡) =
𝑗𝑘

𝑃𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
              (3)

𝑆𝐴 (𝑚𝐴 𝑐𝑚2) =
𝑗𝑘

𝐸𝐶𝑆𝐴
                          (4)

S7. Determination of n-value using K-L Plot for the ORR 

The ORR kinetics analysis can be conducted using Koutecky-Levich (K-L) equation.  It is 

derived from the principles of mass transport and kinetics in electrochemical systems and is 

given by the equation (5 and 6) [6][7]:
1
𝑗

=  
1
𝑗𝑑

+  
1
𝑗𝑘

=  
1

𝐵√𝑤
+

1
𝑗𝑘

                (5)

B = 0.62nF υ-1/6Co                        (6)𝐷2/3

where ω is the angular velocity, υ is kinematic viscosity of the electrolyte (1.009 × 10−2 cm2 

s-1 ) in 0.1M HClO4 , n is the overall number of electron transferred in the ORR, F is the 

Faraday constant (96 500 C mol−1), Co
 is the O2 saturated concentration in the 0.1 M HClO4 
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electrolyte (1.26 x 10-3 mol L-1), D is the diffusion coefficient of oxygen in the 0.1 M HClO4 

electrolyte (1.93 x 10-5 cm2 s-1) [7]. 

K-L plots obtained from the LSV curves (j-1 vs. ω-1/2) were analyzed at various electrode 

potentials. The slopes were used to calculate the transferred electron number (n) per oxygen 

molecule involved in the ORR on the basis of the K-L equation. The n value provides 

information about the number of electrons transferred in the electrochemical reaction

S8. Calculation of n and p values using RRDE for ORR

The rotating ring disk electrode (RRDE) was also utilized to study kinetics and mechanism of 

ORR. It consists of a glassy carbon electrode and platinum ring.  For RRDE study, the ink 

and electrode were prepared using similar method as that of RDE; with only difference of 

catalyst loading (6 μl on the 4 mm diameter). The RRDE characterization was performed in 

the potential range between -0.2 V to 1.0 V vs Ag/AgCl with sweep rate 10 mVs-1 from 400 

to 2500 rpm and the ring held at constant potential 1 V (vs Ag/AgCl). The amount of 

peroxide intermediate (% yield of H2O2) and number of electron transfer (n) were calculated 

using following equations (7) and (8).

   

𝑛 = 4 
𝑖𝑑 +   

𝑖𝑟

𝑁
𝑗𝑟

𝑁

                   (7)

          

𝐻𝑂 ‒
2 =  

200 𝑥 
𝑖𝑟

𝑁

𝑖𝑑 +   

𝑖𝑟

𝑁

                (8)

where, id is the disk current, ir is ring current and N = 0.35 is collection efficiency of Pt ring 

in this experiment (procedure to determine collection efficiency is given below).

S9. Determination of Collection Efficiency (N) for ORR

The calibration of the collection efficiency (N) of RRDE is necessary prior to any collection 

experiments. To determine N, a redox solution containing a known concentration of 

electroactive species is chosen so that it could be electrochemically oxidized or reduced at the 

disk [8][9]. Here, 2mM K3Fe(CN)6 solution was prepared in 0.1M KNO3 solution to be used 

as the electrolyte. The RRDE electrodes were dipped into this N2-saturated solution and 

potential was scanned between 0.6 V to -0.2 V vs Ag/AgCl by the disk electrode while the 
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ring electrode was fixated at 0.6 V to drive the electrode reaction. Both the currents generated 

at the disk and ring electrodes during the calibration experiment were recorded at various 

rotation rates. The reactions taking place at the disk and ring electrodes being Fe(CN)6
3- + e- 

 Fe(CN)6
4- and  Fe(CN)6

4-  Fe(CN)6
3- + e-, respectively. The i-V curves obtained are → →

assessed to get the N value by the equation (9),

𝑁 =
|𝑖𝑟,𝑙|

|𝑖𝑑,𝑙|
                          (9)

The collection efficiency was obtained to be 0.35. In addition, we also determined its value 

theoretically and it was found to be 0.4. This difference can be attributed to the electrode 

geometry which may have imperfections and also to the negligence of mass-transport 

limitations in the theoretical calculations [8][9]. 

S10. Calculation of Tafel Slope for ORR, OER and HER

The Tafel plots was obtained from the polarization curves by plotting the overpotential (η) vs 

logarithm of the absolute value of current density (|j|) using the equation (10 and 11) in case 

of ORR, OER and HER:

        
         𝜂 =  

2.303𝑅𝑇
𝛼𝑛𝐹

 log 𝑗0 ‒
2.303𝑅𝑇

𝛼𝑛𝐹
log 𝑗𝑘            (10)    

                   𝜂 = 𝑏 𝑙𝑜𝑔 𝑗0 + 𝑐                                       (11)

where η (mV) indicates the applied overpotential, α is the transfer coefficient, and jk, jo (mA 

cm-2) are the kinetic and exchange current densities respectively, b (mV dec-1) is the Tafel 

slope. 

S11. Calculation of Turnover Frequency (TOF) of HER

TOF calculation [10][11]: The TOF per metal (Pt-based) site in the developed catalyst for the 

HER is calculated by the equation (12):

𝑇𝑂𝐹 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟/ 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑐𝑚2) 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 / 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 (𝑐𝑚2 )
   (12)

The total number of hydrogen turnovers was calculated from the current density (at η = -

20mV) using the equation (13):
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𝑇𝑜𝑡𝑎𝑙 𝑛𝑜: 𝑜𝑓 𝐻2

= (𝑗
𝑚𝐴

 𝑐𝑚2)( 1𝐶 𝑠
1000𝑚𝐴)( 1 𝑚𝑜𝑙 𝑒 ‒

96485.3 𝐶)(1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒ )(6.02 × 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝐻2

1 𝑚𝑜𝑙 𝐻2 )  (13)

From the ICP-MS measurement, the Pt loading was determined and shown in Table S4. Thus 

the number of active site density (NAS) based on bulk Pt is obtained by the equation (14) and 

shown in Table 7:

𝑁𝐴𝑆

= 𝑃𝑡 (𝑤𝑡%) 𝑥 𝑃𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑛 𝐺𝐶𝐸  (𝑚𝑔 𝑐𝑚 ‒ 2) ×
1 𝑚𝑀

195 .1(𝑚𝑔)
 × 6.022 × 1020 𝑠𝑖𝑡𝑒𝑠 𝑚𝑀 ‒ 1

                                                                                    (14)

 Thus, per-site turnover frequency (TOF) of the catalyst is determined from equation (15), 

𝑇𝑂𝐹 =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑜: 𝑜𝑓 𝐻2 𝑥 10 𝑚𝐴 𝑐𝑚 ‒ 2 

𝑁𝐴𝑆
                  (15)

S12. Calculation of Work Function  () using the Retarding Field Method

The work function () of Ti3C2Tx-rGO support was determined using the retarding field 

method (modified diode method) . For this purpose, a low-energy (10 eV) electron gun with 

magnetic focusing was employed. The electron current directed at the sample was reduced by 

applying a time-varying negative potential relative to the cathode. Generally, the target 

current as a function of the retarding field is described in the equation 16 and 17:

                     (16)
𝐼𝑡 = 𝐴𝑇2

𝑐 𝑒𝑥𝑝[
(𝑒𝑉𝑡 ‒  𝑒∅𝑡)

𝑘𝑇𝑐
]

 
𝑙𝑛 (𝐼𝑡) = ln 𝐴𝑇2

𝑐 +  
𝑒

𝑘𝑇𝑐
(𝑉𝑡 ‒  ∅𝑡)      (17)

where, A is a constant and Tc is the cathode temperature. In diode method the target current is 

a monotonic function of the retarding potential Vt given in equation 18:

𝐼𝑡 = 𝑓( ∅𝑡 ‒ 𝑉𝑡)                                     (18)

In this setup, Vt represents the potential difference between the cathode of the electron gun 

and the target, while t denotes the work function of the target. The incident electron current 

on the sample was recorded using a Keithley 2400 multimeter as a function of the retarding 

potential. When plotting the sample current (on a logarithmic scale) against the applied 

retarding potentials, the resulting straight line provides the necessary information. Gold was 
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used as a reference sample, and the shift on the X-axis (Vt axis) for the sample relative to 

gold was used to determine the work function of the sample under investigation.

II. LIST OF FIGURES

Figure S1: AFM image of Ti3C2Tx MXene nanosheets and its related analysis file shown 
below.
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Figure S2: (a) XPS survey spectrum of Ti3C2TX MXene. High-resolution XPS spectra of (b) 

Ti2p, (c) C 1s, and (d) O 1s.

The survey spectrum revealed distinct signals from Ti, C, O, and F (Figure S2a). Peaks at 

binding energies of 33, 120, 284, 453, 476, 530, 557, 682, 832, and 985 eV correspond to Ti 

2p, Ti 3s, C 1s, Ti 2p, Ti 2p1/2, O 1s, Ti 2s, F 1s, Ti LMM, and C KLL, respectively 

[12][13][14]. The high-resolution Ti 2p spectra (Figure S2b) show three doublets at 454.05 

(460.5), 455.25 (458.2), and 456.8 (464.15) eV, attributed to Ti-C, Ti-O, and Ti-X, 

respectively. The C 1s spectra (Figure S2c) are deconvoluted into four peaks, indicating C-Ti 

(280.9 eV), C-Ti-Tx (283.75 eV), C-C (284.6 eV), and C-F (287.75 eV). The O 1s spectra 

(Figure S2d) show three peaks, including one at 532.35 eV due to the C-O bond, with the 

others at 529.4 and 531.05 eV assigned to O bound to Ti. These XPS findings align with 

previous reports on Ti₃C₂Tₓ MXene, confirming its successful preparation [12][13].
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Figure S3: FTIR spectrum of Ti3C2TX MXene.

The FTIR spectrum (Figure S3) of Ti₃C₂Tx shows a broad band around 3450 cm⁻¹, assigned 

to O-H stretching vibrations. The broad nature of the band suggests extensive hydrogen 

bonding. At 1637 cm⁻¹, the spectrum exhibits a band corresponding to C=O stretching 

vibrations, associated with the presence of carbonyl groups (C=O) formed during the 

synthesis or post-treatment of Ti₃C₂Tx, indicating oxidation on the surface. A band at 1378 

cm⁻¹ is assigned to O-H bending vibrations, reinforcing the presence of hydroxyl 

functionalities on the surface of the Ti₃C₂Tx. The band at 1104 cm⁻¹ is attributed to C–F 

stretching vibrations. The peak at 668 cm⁻¹ is associated with Ti–O stretching vibrations, 

suggesting the presence of Ti-O bonds due to partial oxidation of the titanium layers within 

the Ti₃C₂Tx structure [15][16].

Figure S4: (a) XRD patterns of graphite, GO, and rGO (obtained after radiolysis).
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Figure S5: (a) FTIR spectrum of GO nanosheets.

The FTIR analysis of GO (Figure R3b) reveals a broad band around 3400 cm⁻¹ (O-H 

stretching, indicating hydroxyl groups and adsorbed water), a band at ~1730 cm⁻¹ (C=O 

stretching from carbonyl groups, highlighting oxidation), a band near 1620 cm⁻¹ (C=C 

stretching, reflecting residual aromatic structure), a band around 1380 cm⁻¹ (O-H bending 

and/or C-O stretching, representing hydroxyl and epoxide groups), band at 1080 cm⁻¹ (C-O 

stretching from C-O-C groups), and a band at ~ 670 cm⁻¹ (C-H bending vibrations) [15][16].

 

Figure S6: (a ) SEM image of GO nanosheets. (b and c) AFM images of GO nanosheets and 
its related analysis profile.
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Figure S7. (a) XPS survey spectrum of Pt@Ti3C2Tx-rGO, Pt@Ti3C2Tx, and Pt@rGO. High-
resolution XPS spectra of (b) Ti 2p, (c) C 1s, and (d) Pt 4f of Pt@Ti3C2Tx-rGO, Pt@Ti3C2Tx, 

and Pt@rGO.

Figure S8: (a) TEM image of Pt@Ti3C2Tx-rGO aerogel (inset shows high resolution TEM 
(HR-TEM) image of Pt over Pt@Ti3C2Tx-rGO.) (b and c) selected area electron diffraction 

(SAED) pattern of Pt@Ti3C2Tx-rGO (non-indexed and indexed images, respectively).
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Figure S9: LSV curves of (a) Pt@Ti3C2Tx-rGO 1:3, (b)  Pt@Ti3C2Tx-rGO 1:1, (c) 
Pt@Ti3C2Tx-rGO 3:1, (d) Pt@Ti3C2Tx, (e) Pt@r-GO, and (f) Pt/C catalysts obtained in an 
O2-saturated 0.1 M HClO4 electrolyte with different rotating rates (corresponding Koutecky-
Levich (K-L) plots of catalysts  at different potentials are shown in the inset). 

Figure S10. Percentage peroxide yield in Pt@Ti3C2Tx-rGO 3:1 and Pt/C.
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Figure S11: Current-time (i-t) chronoamperometric response of Pt@Ti3C2Tx-rGO 3:1 and 
Pt/C by adding 3 M methanol after 1500 s at −0.4 V in O2-saturated 0.1 M HClO4.

Figure S12: Comparison of OER catalytic performance (overpotential and Tafel slope 
values) of (i) Pt@Ti3C2Tx-rGO 1:3, (ii)  Pt@Ti3C2Tx-rGO 1:1, (iii) Pt@Ti3C2Tx-rGO 3:1, (iv) 

Pt@Ti3C2Tx, (v) Pt@r-GO, and (vi) Pt/C catalysts.

Figure S13: Shows the target current vs Retarding potential curve (b) Shows logarithmic 
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plots of target current vs retarding potential for Ti3C2Tx-rGO support and gold as reference.

Figure S14. EXAFS k-space spectra k2-weighted Pt L3-edge EXAFS spectra

Figure S15. Quantitative fitting of Fourier-transformed EXAFS (FT-EXAFS) in R space for 
(a) Pt@Ti3C2Tx-rGO 1:3, (b) Pt@Ti3C2Tx-rGO 1:1 and (c) Pt@Ti3C2Tx-rGO 3:1
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Figure S16: XRD patterns of Pt@Ti3C2Tx-rGO 1:3, Pt@Ti3C2Tx-rGO 1:1 and (c) 
Pt@Ti3C2Tx-rGO 3:1 and Pt/C catalysts (dotted line showing the higher angle shift of Pt 

(111) plane in Pt@Ti3C2Tx-rGO catalysts compared to Pt/C) 

III LIST OF TABLES

Table S1: Summary of the d(200) XRD peaks of bulk Ti3AlC2, exfoliated and delaminated 
Ti3C2Tx MXene.

Samples Average crystallite 
Size (D) (nm)

2θ (°) of 
d(002)

d-spacing
of d(002)

Bulk Ti3AlC2 32.7 9.6 0.930

Exfoliated Ti3C2Tx MXene 11.2 8.7 1.036

Delaminated Ti3C2Tx MXene 6.69 6.9 1.334

Table S2: Summary of the d(002)  and  d(001) XRD peaks of graphite, graphene oxide (GO) and 
reduced graphene oxide (rGO obtained after radiolysis)

Samples 2θ (°) d-spacing
(nm)

Average crystallite 
Size (D) (Å)

Graphite 26.1 of d(002) 0.342 3.36

Graphene Oxide(GO) 11.8 of d(001) 0.881 6.57

Reduced Graphene Oxide(r-GO) 23.1 of d(002) 0.401 3.89

Table S3: Summary of texture parameters of the all the catalysts from N2 adsorption-
desorption physisorption analysis.

Sample SBET 
a

(m2 g-1)
Pore volume b

(cm3 g-1)
Pore size distribiution 

(nm)
Pt@Ti3C2Tx-rGO 1:3 125.32 0.123 4.756
Pt@Ti3C2Tx-rGO 1:1 111.23 0.103 7.62
Pt@Ti3C2Tx-rGO 3:1 101.21 0.098 8.29
Pt@Ti3C2Tx 48.69 0.069 12.58
Pt@rGO 110.63 0.156 4.85
Ti3C2Tx 13.23 0.035 12.35
r-GO 96.56 0.108 3.74
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a The specific surface area was calculated by the Brunauer-Emmett-Teller (SBET) method. 
SBET calculated in the region of P/P0 =0.05 to 0.3. b Pore volume represents the total pore 
volume, determined at P/P0=0.9997.

Table S4: Percentage of Pt-loading of the developed catalysts determined from ICP-MS 
measurements. 

Sample Total Pt loading (%)

Pt@Ti3C2Tx-rGO 1:3 7.14 
Pt@Ti3C2Tx-rGO 1:1 7.16
Pt@Ti3C2Tx-rGO 3:1 9.74

Pt@Ti3C2Tx 8.93
Pt@rGO 8.91

Pt/C  (standard) 10

Table S5. Summary of the integrated area of XRD peaks of (111) and (200) plane.

Catalyst Integrated Area of 
(111)

Integrated Area of 
(200)

Volume fraction 
of (100)

Pt@Ti3C2Tx-rGO (1:3) 1488.23 633.68 2.34

Pt@Ti3C2Tx-rGO (1:1) 2615.15 1036.33 2.52

Pt@Ti3C2Tx-rGO (3:1) 2809.16 917.72 3.06
Pt@Ti3C2Tx 1855.60 743.65 2.49

Pt@rGO 3865.09 1347.77 2.86

Table S6: Summary of the electrochemical properties for ORR of the catalysts in O2-
saturated 0.1 M HClO4 electrolyte. (All data were taken from the LSV tests at a rotational 
speed of 1600 rpm). 
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a Half-Wave Potential, b onset –potential, c current density, d mass activity, e specific activity

Table S7: Total number of hydrogen turnovers and active site density based on bulk Pt of the 
investigated catalyst

Table S8: Summary of ORR performance of MXene-based hybrid heterostructure

Electrocatalyst Synthesis Route Electrolyte Half-Wave Potential (V) References

Pt@Ti3C2Tx-rGO  Gamma-radiolysis 0.1 M HClO4 0.828 Present
Work

Pt/TfGnP Chemical Reduction 0.1 M HClO4 0.729 17
Pt/Nb2O5/C Chemical Reduction 0.1 M HClO4 0.787 18
PtNW/PCNF Ultrasonic Reduction 0.5 M H2SO4 0.768 19

Pt/MWCNT-400 Reduction by 
Magnetron Sputtering 0.05 M H2SO4 0.75 20

Pt-Ir/MWCNT Chemical Reduction 
by Refluxing 0.1 M HClO4 0.77 21

Pt/CNT−Ti3C2Tx Self-Assembly Process 0.1 M HClO4 0.876 22
N-doped graphene/ Ti3C2Tx 
aerogel Mechanical Mixing 0.1 M KOH 0.705 23

Pt/Ti3C2Tx
Ultrasonic Assisted 
Chemical Reduction 0.5 M H2SO4 0.772 24

Pt/MXene Ultrasonic Assisted 
Chemical Reduction 0.1 M HClO4 0.766 25

MXene@PPy-800
Heterostructure In situ polymerization 0.1 M KOH 0.71 26

Ru-SA/ Ti3C2Tx
Ultrasonic assisted 
Freeze drying 0.1 M HClO4 0.80 27

Sample ECSA
(m2 g-1)

aEonset
(V)

bE1/2
(V)

cjd
(mA cm-2)

dMA
(mA µgPt

-1)
eSA

(mA cm-2)
Tafel Slope 
(mV dec-1)

Pt@Ti3C2Tx-rGO 1:3 50.32 0.918 0.772 -6.50 0.048 0.096 -120.80

Pt@Ti3C2Tx-rGO 1:1 48.31 0.925 0.793 -6.58 0.069 0.144 -115.07

Pt@Ti3C2Tx-rGO 3:1 80.12 0.957 0.813 -6.98 0.132 0.146 -112.77

Pt@Ti3C2Tx 75.67 0.925 0.801 -6.85 0.097 0.128 -114.45

Pt@rGO 59.77 0.872 0.737 -6.13 0.043 0.046 -123.30

Pt/C (10%) 56.13 0.885 0.763 -6.83 0.021 0.097 -121.39

Samples Total number of hydrogen 
turnovers

( H2 s-1 cm-2 per mA cm-2)

No: Active site (NAS)
( s-1 per Pt sites)

turnover frequency 
(TOF)

per Pt sites
Pt@Ti3C2Tx-rGO 1:3 8.71 x 1015 6.92 x 1015 12.58
Pt@Ti3C2Tx-rGO 1:1 8.49  x 1015 6.18 x 1015 13.73
Pt@Ti3C2Tx-rGO 3:1 14.47 x 1015 11.42 x 1015 12.67

Pt@Ti3C2Tx 6.96 x 1015 9.71 x 1015 7.17
Pt@rGO 4.65 x 1015 9.65 x 1015 4.81

Pt/C 8.45 x 1015 12.22 x 1015 6.92
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MoS2QDs@Ti3C2TxQDs@
MWCNTs-2 
Heterostructure

Thermal treatment 1 M KOH 0.75 28

Fe-N-C@MXene
Heterostructure

Thermal treatment in 
N2 atmosphere 0.1 M HClO4 0.777 29

Pt1-N/BP Refluxing followed by 
pyrolysis 0.1 M HClO4 0.76 30

PdCu/C Microwave reduction 0.1 M HClO4 0.73 31
Co3O4/NCNTs/Ti3C2
Heterostructure Pyrolysis 0.1 M KOH 0.79 32

Pd@Ni-0.1/C
Heterostructure

Ultrasonication 
followed by thermal 
reduction

1 M KOH 0.71 33

PtPdRu/ nanodendrites
Heterostructure

Reduction by 
continuous stirring 0.1 M HClO4 0.769 34

g-C3N4/Ti3C2
Heterostructure

Thermal treatment in 
N2 atmosphere 0.1 M KOH 0.79 35

MoS2/Ti3C2Tx/MMWCNT
Heterostructure Ultrasonication 1.0 M KOH 0.75 36

 

Table S9: Summary of HER performance of MXene-based hybrid heterostructure

Electrocatalyst Synthesis Route Electrolyte η10mA/cm
2

(mV) References

Pt@Ti3C2Tx-rGO  Gamma-radiolysis 0.1 M HClO4 43 Present
Work

MDTi3C2/MoSx-100 Gamma-Radiolysis 0.5 M H2SO4 165 37
Pt/Mo2C Atomic Layer Deposition 0.5 M H2SO4 144 38
Pt/TiWC Reverse Microemulsion 1 M HClO4 100 39
Pt1@Fe-N-C Incipient Wet Impregnation 0.5 M H2SO4 60 40
Pt/MWCNT Potentiodynamic Method 0.5 M H2SO4 84 41
PPy(CoS2)MWCNTsPt In-situ Electro-

Polymerization 
0.5 M H2SO4 200 42

Pd-MoS2/MWCNT Wet-Chemical Synthesis 0.5 M H2SO4 120 43
TBA-Ti3C2Tx-Pt-20 
Heterostructure

Wet-Impregnation And 
Photoinduced Reduction 

0.5 M H2SO4 55 44

N-Ti2CTx Heterostructure Nitridation Method 0.5 M H2SO4 215 45
Ni2P/Ti3C2Tx/NF Wet-Impregnation 1 M KOH 135 46
N-Ti3C2Tx Heterostructure  Ammonia Heat Treatment 0.5 M H2SO4 198 47
Ti3C2Tx@ rGO Heterostructure Hydrothermal Method 1 M KOH 121 48
Rh-Co-Ni LDH/Ti3C2Tx In-situ growth 1 M KOH 74.6 49
LDH/MXene-RGO Bottom-up approach 1 M KOH 326 50
40Pt-TBA-Ti3C2Tx Atomic layer deposition 0.5 M H2SO4 67.8 51

Ti3C2Tx@Pt/SWCNTs Wet-Impregnation 0.5 M H2SO4 62 52
P-Mo2C/Ti3C2@NC polymerization and annealing 0.5 M H2SO4 177 53
PtNPs/Ti3C2Tx Chemical reduction 0.1 M H2SO4 226 54
RuSA-N-S-Ti3C2Tx Wet-Impregnation 0.5 M H2SO4 76 55
Mo2TiC2Tx-PtSA Electrochemical deposition 0.5 M H2SO4 30 56
Ti3C2Tx@0.1Pt Electrophoretic deposition 0.5 M H2SO4 43 57
Pt3.21Ni@Ti3C2 Chemical reduction 0.1 KOH 55.6 58
MoS2/Ti3C2-MXene@C Carbon-Nanoplating 0.5 M H2SO4 135 59
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Table S10: Relative intensity of Pt(0) and Pt(II) from XPS analysis

Relative Intensity (wt.%)Sample 
Pt(0) Pt(II)

Pt@Ti3C2Tx-rGO 1:3 68.72 31.29
Pt@Ti3C2Tx-rGO 1:1 71.72 21.29
Pt@Ti3C2Tx-rGO 3:1 86.56 29.34

Pt/C  (standard) 56.85 43.15

Table S11: EXAFS fitting parameters

Sample Na R 
(Å)b σ2 (Å)2 c ΔEo (eV)d r-factor 

(%)e

Pt@Ti3C2Tx-rGO 1:3 10.19 ± 1.085 2.750 0.00633 ± 0.000447 6.347 ± 0.575 0.006

Pt@Ti3C2Tx-rGO 1:1 9.48 ± 0.542 2.748 0.00646 ± 0.000377 6.420 ± 0.910 0.005

Pt@Ti3C2Tx-rGO 3:1 9.04 ± 0.625 2.730 0.00662 ± 0.000694 6.427 ± 0.486 0.018

Pt foil 12 2.771 0.00481 ± 0.00047 7.683 ±0.638 0.01
aCoordination number bBond distance cDebye-Waller factor dDifference in the threshold 

Fermi level between data and fit egoodness of fit parameter

Table S12. Summary of XRD results regarding Pt(111) facets
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