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Abstract  
Carbon monoxide (CO) is extremely poisonous to the Pt catalyst resulting in the available reaction surface reduction and fuel cell 
performance degradation. Therefore, the reform of natural gas or other hydrocarbons is avoided to be used as the CO is 

inevitable. CO -tolerant catalysts are required to overcome this bottleneck. Herein, MXene (Ti­3C2Tx ) and carbon nanotube 

(CNT) hybrid materials are used as the catalytic support to load Pt nanoparticles (NPs) to achieve the anode catalyst for proton- 

exchange- membrane fuel cell (PEMFC). The Pt/Ti3C2Tx-CNT catalyst performs higher hydrogen oxidation reaction (HOR) 

activities and stability compared with the Pt/C catalysts, and the peak power density of PEMFC based on the Pt/ Ti3C2T x -CNT 

catalyst achieves 0.86 W cm­
−2

 with H­2/air and 1.6 W cm­
−2

 with H­2/O2. Furthermore, the Pt/Ti3C2T x -CNT catalyst 

exhibits superior electrocatalyst activity and remarkable CO-tolerant performance, which could be attributed to the metal-support 

interactions between Pt nanoparticles and Ti­3C2T x-CNT hybrid supports. 
 
Keywords  CO-tolerant anode · Hybrid catalytic support · Hydrogen oxidation reaction · Metal-support interactions 
 
 

Introduction 
 
PEMFC is attractive energy storage equipment for vehicles 

and other applications because of its high energy efficiency 

and being environmentally friendly [1, 2]. Hydrocarbons and 

other liquid fuels (for example, methanol) store a lot of energy 

[3, 4 ]. Nowadays, the majority of hydrogen pro-duction 

comes from the steam reforming of natural gas or other 

hydrocarbons, which makes hydrogen at a lower cost [5]. 

However, one problem associated with the reformer is the 

incomplete reaction resulting in inevitable amounts of carbon 

monoxide (CO) [6]. CO is extremely poisonous to the Pt 

catalyst because of easier absorption of CO to Pt surface rather 

than H­2, which will result in a reduction of activ-ity area and 

degradation of the fuel cell performance [7–9]. There are 

many significant efforts have been made to over-come the CO 

poisoning problem; one approach is Pt-based alloy to fabricate 

CO-tolerant bimetallic electrocatalysts  
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(PtM, where M = Fe, Ni, Co, Mo, Ru, Sn), [10–17] that the 

non-noble metals improve the CO tolerance of bimetallic 

electrocatalysts through the electronic effect and 

bifunctional or oxyphilic effect (accelerating the removal 

of adsorbed CO by supplying species containing oxygen) 

[18–20]. On the other hand, the application of metal-

support interactions rep-resents a promising strategy to 

perfectly solve the problem of catalyst poisoning problem, 

which not only improves the catalyst activity and stability 

but also alters the electronic properties of metal and thus 

weakens the metal-CO interac-tion [21].  
Metal oxides are the main support for metal-support inter-

actions with metal NPs [22, 23]. However, the poor elec-

tronic conductivity of metal oxides restricts their application 

as catalyst support for PEMFC. MXene, a two -dimensional 

(2D) material, has attracted great attention as catalyst sup-

ports due to its kinetic-favorable layered nanostructure, high 

conductivity, and good surface reactivity [24–29]. Recently, 

Li et al. [30] reported a platinum nanoparticle catalyst sup-

ported on ­Nb2CTx MXene for water–gas shift reaction, 

which exhibited weaker CO adsorption than monometal-lic 

platinum due to the formation of a Pt–Nb surface alloy. 

Moreover, MXene as the support of metal catalyst (Pt, Pb, Co, 

Cu) can significantly improve CO oxidation reaction even at a 

lower temperature [31–33]. Unfortunately, two-dimensional 

MXene sheets demonstrated would suffer from 

 



   

 

aggregation and restacking due to van der Waals interactions 

and hydrogen bonds. However, the combination of MXene 

nanosheets and carbon nanomaterials to design MXene-carbon 

hybrid support is a considerable approach to pre-venting 

restacking of MXene nanosheets and improving 

electrochemical performance [34, 35]. Herein, Pt is loaded on 

Ti3C2Tx-CNT hybrid support by microwave reduc-tion. This 

configuration enhanced the reaction activity and stability 

because of the synergistic effect between Pt and Ti3C2Tx -

CNT. The Pt/Ti3C2Tx-CNT electrocatalysts dem-onstrate a 

much better CO tolerance than the Pt/C catalyst. 
 
 

Experimental Section 
 

Synthesis of Ti3C2Tx MXene 
 

The preparation of Ti­3C2Tx nanosheets was carried out as 

follows [36]: 0.8 g LiF was injected into 10 ml 9 M HCl 

solution with stirring at 20 °C for 5 min, and then 0.5 g 

Ti3AlC2 was added into the solution with 24 h magnetically 

stirring at 35 °C. The precipitates were rinsed with deion-ized 

water several times until the pH was around 7. Finally, the 

collected supernatant was collected and vacuum dried. 
 

Synthesis of Ti3C2Tx‑CNT Hybrid Support 
 

Ti3C2Tx-CNT hybrid support was prepared by a self-assem-

bly process. A total of 100 -ml CNT aqueous (1 mg ml­
−1

) 

and 100-ml CTAB aqueous (2 mg ml­
−1

) were ultrasonically 

mixed for 2 h in ambient conditions to fabricate CTAB-CNT, 

and then CTAB-CNT solution (1 mg ml­
−1

) was added to 

Ti3C2Tx suspension (1 mg ml­
−1

).  

Synthesis of Pt/Ti3C2Tx‑CNT Catalyst 
 

Pt/Ti3C2Tx-CNT catalyst was prepared by a microwave-

assisted polyol reduction method as shown in Scheme S1. Fifty 

milligrams of Ti­3C2Tx-CNT hybrid support and 1.24 ml of 

­H2PtCl6·6H2O aqueous (40 mg ml­
−1

) were mixed with 50 

ml of ethylene glycol solution in a custom-built flask with 2 h 

of magnetically stirring and adjusting the mixture pH to 10. 

Finally, the flask was placed in a microwave oven and heated 

to 160 °C at a power of 500 W for 5 min and fil-tering 

precipitates with enough deionized water. After being dried at 

60 °C in a vacuum oven overnight, the Pt/Ti3C2Tx-CNT 

catalyst sample was collected. 
 

Characterizations 
 

X-ray diffraction (XRD) patterns were examined by X-ray 

diffraction (XRD, Philips X’Pert Pro diffractometer) with a 

CuKα X-ray source (λ = 1.5405 Å). Raman patterns were 

 

characterized using a HR Evolution Microscopic confocal 

laser Raman spectrometer. X-ray photoelectron spectros-

copy (XPS) data were recorded using an ESCALAB250Xi 

model. The morphologies of the materials were obtained 

by JEM1400FLASH and high-resolution transmission 

electron microscopy (HRTEM). The Pt loading amount on 

the CNT modified MXene was measured by Agilent 5110 

ICP-OES plasma spectrometer, and the Pt loading amount 

in the meas-ured Pt/Ti3C2TX-CNT is 20%. 

 

Electrochemical Measurement 
 

Electrochemical test was under a three-electrode system 

(working electrode: a glassy carbon rotating disk electrode 

(area: 0.1963 ­cm
2
); reference electrode: Ag/AgCl electrode; 

counter electrode: graphite rod), and the electrochemi-cal 

experiments were tested in 0.1 M HClO­4 solution (the 

reversible hydrogen electrode potential is calculated accord-

ing to E(RHE) = E(Ag/AgCl) +0.0591 * pH +0.197). The 

working electrode ink was prepared through dissolving 20% 

Pt/Ti3C2Tx- CNT and 20%Pt/C in solution (500 μL of deion-

ized water: 450 μL of isopropanol: 50 μL of 5 wt% Nafion 

solution), and 18 μl catalyst ink was loaded onto the glassy 

carbon electrode (the Pt loading was 0.092 mg cm­
−2

). The 

electrochemical surface areas (ECSA) were calculated by the 

following equation: 
 
   SH    

ECSAPt =  v (1) 
     

0.21 mC cm−2 Mpt 
 

where SH is the integrated area of hydrogen desorption 
peak or hydrogen adsorption peak of the CV, v is for the 

scanning speed of the CV, and Mpt represents the loading 
mass of Pt on the WE.  

CV, LSV, and CO-stripping measurements were worked 

in 0.1 M ­HClO4 solution. CV was measured between 0 

and 1.2 V (vs. RHE) at a scan rate of 50 mV ­s
−1

, and LSV 

was measured at the potential range of −0.1–0.6 V (vs. 

RHE) with 10mV s
−1

 and 1600 rpm. The catalysts in the 

electro-lyte solution were saturated with CO at 0.1 V (vs. 

RHE) for 30 min and purged with ­N2 to remove excess 

CO from the solution for CO stripping. Accelerated 

stability tests of the Pt/Ti3C2Tx-CNT catalysts and the 

commercial Pt/C catalysts were carried out by a 

consecutive sweep from 0 to 1.2 V at 50mV s
−1

 for 1000 

potential cycles in a 0.1 M ­HClO4 solution. 
 
Fuel Cell Performance Test  The catalyst ink was obtained 

by mixing commercial 20 wt% Pt/C or 20 wt% Pt/Ti3C2Tx-CNT 

catalysts for the anode and commercial 60 wt% Pt/C catalyst for 

the cathode, respectively. The homogeneous ink was sprayed to 

the surface of a 5 ­cm
2
 membrane by 

 



  
  

 
ultrasonic spraying. The Pt loadings of cathode and anode 

were 0.3mg cm
−2

 and 0.1 mg cm­
−2

, respectively. H­2 or a 

mixture of H­ 2 with CO and Air/O2 were fed into the cell at 

flow rates of 150 ­cm
3
 min

−1
 and 300 ­cm

3
 min

−1
 (air) or 

150 cm
3
 min

−1
 (O2), respectively. For the CO-tolerance test, 

the current density of 0.8 A ­cm
−2

 was supplied constantly, 
and the drop in the voltage was recorded. 
 
 

Results and Discussions 
 

The XRD of Pt/Ti3C2Tx -CNT catalysts is exhibited in Fig. 

1a. A characteristic peak of ­Ti3C2T x left shift from 9.66 

to 6.74° was observed, which indicates the increased 

interlayer space because of the successful etching and 

intercalation. The diffraction peaks of Pt at 39.96°, 46.37°, 

and 67.77° corresponded to (111), (200), and (220),  

 

respectively. These results demonstrated that Pt/Ti3C2 Tx-

CNT had been successfully synthesized. Meanwhile, the 

disappearance of peak (002) of Ti­3C2Tx in Pt/Ti3C2Tx-

CNT represents the incorporation of CNT, which led to an 
increased interplanar spacing of the MXene flakes when 
the hybrid support was achieved. All catalysts exhibit 

obvious peaks at 1360 cm­
−1

 (D band) and 1580 cm­
−1

 (G 

band) in Raman spectra of the Pt/Ti3C2Tx-CNT and Pt/C 

catalysts as shown in Fig. 1b. The Pt/Ti3C2Tx-CNT 

catalyst showed a higher ID/IG ratio, which indicates the 

Pt/Ti3C2Tx- CNT catalyst had a higher degree of graph-ite 

domain or defects, with a better load capacity of Ti3C2Tx-

CNT hybrid support. The XPS spectra in Fig. 1c reveal the 
binding energy of C 1 s (284 eV) and Pt 4f (75 eV) in the 

Pt/C, and the XPS survey of the Pt/Ti3 C2Tx-CNT catalyst 

presented the elements of Pt 4f, C 1 s, Ti 2p and O 1 s with 
binding energies of 74 eV, 284 eV, 459 eV, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 1  a XRD patterns of Pt/Ti3C2Tx-CNT, Ti3C2Tx, and Ti­3AlC2; b Raman spectra of and Pt/C; c XPS spectra of Pt/Ti3C2Tx-CNT and 

Pt/C; and d Pt 4f regions of Pt/C and Pt 4f regions of Pt/C and Pt/Ti3C2Tx-CNT 

 



   
 

and 531 eV, respectively. The Pt 4f­5/2 and Pt ­4f7/2 

binding energy of Pt/Ti3 C2Tx-CNT in Fig. 1d were 71.93 

eV and 74.93 eV, which 0.45 eV and 0.3 eV left shifted 
from Pt/C, respectively. These shifts indicated a stronger 

interaction between the Ti­3 C2Tx-CNT and Pt 

nanoparticles than that between carbon and Pt. The peaks 

of Pt ­4f5/2 and Pt ­4f7/2 corresponded to ­Pt
0
 and ­Pt

2+
 

peaks, respectively (as shown in Fig. S2 and Table S1), 
which indicated the formation of the oxidized Pt species.  

TEM and HRTEM images as shown in Fig. 2a, b indi-

cated continuous substrates formed by lamellar ­Ti3C 2Tx and 

tubular CNTs. Pt nanoparticles were uniformly distributed on 

the ­Ti3C2Tx-CNT hybrid support and the Pt particles with a 

diameter of around 3.36 nm. Figure S1 presents the TEM of 

layered ­Ti3C2Tx. Figure 2c exhibits that the fringe spac-ing 

was around 0.23 nm, which could be recognized as Pt  
(111) plane in face-centered cubic (fcc) structure. Moreo-

ver, the energy-dispersive system (EDS) mapping of the 

Pt/Ti3C2Tx-CNT catalyst in Fig. 2d further confirmed the 
 

 

uniform distribution of characteristic elements, Ti and O in 

Ti3C2Tx, and the C element from both ­Ti 3C2T x and CNT. 

These proved the good dispersibility of Pt nanoparticles on 

the ultrathin ­Ti3C 2Tx-CNT hybrid support.  
As shown in Fig. 3a, b, the solid line indicated the CV and 

LSV curves for pure H­2 circumstance, and the ECSAs of 

Pt/Ti3C2Tx-CNT and Pt/C catalysts were calculated as 68.65 

m
2
 g

−1
 and 49.19 m­

2
 g

−1
, respectively. The Pt/Ti3C2Tx-

CNT catalysts exhibited a slightly larger ECSA than the Pt/C 
catalyst. Figure 3 b shows all of the catalysts exhibited the 

overpotential for H­2 oxidation obviously in pure H­2; the 

Pt/Ti3C2Tx-CNT catalyst provided a higher current den-sity, 

indicating a higher HOR catalytic activity. A total of 1000 

ppm CO with an ­H2 mixture was applied to examine the CO 

tolerance performance of the catalyst; the ECSAs of 

Pt/Ti3C2Tx-CNT and Pt/C catalysts were 65.5 m­
2
 g

−1
 and 

41.86 m­
2
 g

−1
, respectively. The performance decrease of 

Pt/Ti3C 2T x-CNT catalyst (4.6% ECSA lost) is negligible 

compared to Pt/C (14.9% ECSA lost). Moreover, the limit 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2  a TEM image of Pt/Ti3C2Tx-CNT, b, c HRTEM image of Pt/Ti3C2Tx-CNT, and d EDS mapping of Pt/Ti3C2Tx-CNT 

 
 
 
 
 

 



  
   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3  a CV curves for Pt/Ti3C2Tx-CNT and Pt/C, b LSV curves for Pt/Ti3C2Tx-CNT and Pt/C, c The ECSA of Pt/Ti3C2Tx-CNT and Pt/C, 

and d CO stripping voltammograms of Pt/Ti3C2Tx-CNT and Pt/C 

 

current of Pt/Ti3C 2Tx -CNT in Fig. 3b decreased much less 

than that of Pt/C. As shown in Fig. 3d, the onset potential and 

the maximum peak for CO oxidation acquired from the Pt/C 

catalyst are at 0.53 V and 0.85 V, while the onset poten-tial 

and the maximum peak for CO oxidation are 0.41 V and 0.73 

V for Pt/Ti3C2Tx-CNT catalyst, respectively. These lower 

values indicate that the Pt/Ti3C2T x-CNT catalyst has 

superior CO oxidation activity than Pt/C because MXene 

could promote the oxidation of adsorbed CO at lower poten-

tials [31–33]. As shown in Fig. S3, it could be seen that an 

obvious ECSA drop (about 35.6%) of Pt/C catalyst after 1000 

cycles of potential sweeping according to the dissolu-tion and 

sintering of Pt particles and/or the corrosion of the carbon 

support. However, the Pt/Ti3C 2Tx- CNT catalyst exhibited a 

smaller ECSA drop; this superior stability may be attributed 

to the strong interaction between the Pt nano-particles and the 

Ti­3 C2Tx-CNT hybrid supports. Moreover, the CNT could 

also prevent the agglomeration of MXene and reduce the 

deformation of Pt nanoparticles [34, 35]. 

 
 

As shown in Fig. 4a, the peak power densities of fuel cells 

based on Pt/Ti3C2Tx-CNT were 0.86 W with ­H2/Air cm
−2

 and 

1.6W cm
−2

 with ­H2/O2, respectively. The fuel cell based on 

Pt/Ti3C2Tx-CNT and commercial Pt/C catalysts both exhibit 

similar open-circuit voltages (OCVs) with H­2/air in Fig. 4b. 

Moreover, it can be seen that the current density based on Pt/C 
anode decreased 29.4% at 0.65 V when CO mixture gas was filled 

in, while only an 11.1% reduction at 0.65 V based on Pt/ Ti3C2Tx-

CNT anode. Pt/C anode also exhibits larger decay-ing at 0.5 V and 

0.8 V than Pt/Ti3C2Tx-CNT anode in Fig. 4c. These results 

identified that the Pt/Ti3C2Tx-CNT catalyst could provide better 

performance than the commercial Pt/C cata-lyst both in the pure 

H­2 and CO/H2 mixture gas. CO-tolerance durability evaluation of 

the Pt/Ti3C2Tx-CNT catalysts is dem-onstrated in Fig. 4d. A total 

of 5 ppm CO/H2 results in a fast decrease of the relative voltage. 

The durability was enhanced to over 80 min with the Pt/Ti3C2Tx-

CNT catalyst. These results clearly demonstrate that the Pt/Ti3 

C2T x-CNT catalyst has a much better CO tolerance than that of 

commercial Pt/C. 
 
 

 



   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 4  a Polarization curves for MEA (anode: Pt/Ti3C2Tx-CNT, cath-  
ode: Pt/C), b polarization curves for Pt/C and Pt/Ti3C2Tx-CNT as 

anode catalysts in the presence of 100 ppm CO under ­H2/O2 condi-

tions, c current density for Pt/C and Pt/Ti3C2Tx-CNT as anode cata- 

 
 

Conclusion 
 

In summary, the 2D porous ­Ti3C2Tx-CNT hybrid sup-ports 

were synthesized by self-assembly of oppositely charged CNT 

and Ti­3C2Tx in an aqueous solution, and the Pt/Ti3C2Tx-

CNT catalyst was obtained by integration of Pt metal and 

Ti­3C2Tx -CNT composite supports through a microwave-

assisted polyol reduction method. The Pt/ Ti3C2Tx-CNT 

catalyst exhibited higher HOR activities and stability than that 
of the commercial Pt/C catalyst. The peak power density of 

Pt/Ti3C2 Tx-CNT catalyst achieves 0.86W cm
−2

 with 

H­2/Air and 1.6 W ­cm
−2

 with H­ 2/O2, respectively. 

Moreover, the interactions between Pt nan-oparticles with the 

­Ti3 C2T x-CNT hybrid support could reduce the adsorption 

of CO to Pt. Pt/Ti3 C2T x-CNT catalyst exhibits much less 

reduction of ECSA and more mitigat-ing fuel cell 
performance degradation during CO presence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

lysts in different voltages in the presence of 100 ppm CO under H­2/ 

O2 conditions, and d relative voltage vs. time curves of Pt/C and Pt/ 

Ti3C2Tx-CNT as anode catalysts in the presence of 5 ppm CO at a 

current density of 0.8A cm­
−2 
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