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ABSTRACT: PtTe is a layered bulk material that has been 
discovered in 1897. According to first principles calculations, it is 
one of the few layered materials that maintains structure and 
metallic character when thinned down to the monolayer. Interlay-
er energy is small enough to allow for chemical exfoliation tech-
niques. Our calculations show that monolayer PtTe is a candidate 
to substitute Pt electrodes, and we computationally studied the 
catalytic performance of the oxygen reduction reaction (ORR). 
Remarkably, the basal plane of PtTe monolayer exhibits excellent 
catalytic activity towards ORR with a positive half-wave potential 
(~0.90 V) and a high four-electron (4e) reduction pathway selec-
tivity. These characteristics suggest that it outperforms the catalyt-
ic performance of Pt electrodes, has a reduced Pt content, high Pt 
utilization and a high surface area, and make it a promising candi-
date for fuel cell components. 

Fuel cells, which directly convert chemical energy into electric-
ity through an electrochemical reaction, are one of the most prom-
ising solutions for future energy supply. Normally, the kinetics of 
cathode oxygen reduction reaction (ORR) in fuel cells is much 
slower than the anode reaction, which makes it the bottleneck for 
the overall fuel cell performance.1 A catalyst is required to speed 
up the ORR kinetics, which is dominated, at the current stage, by 
platinum (Pt)-based materials. Though some non-Pt and even 
metal free catalysts have been proposed in recent years,2 their 
catalytic performance and long-term durability are still overshad-
owed by Pt-based catalysts. The high price of Pt-based catalysts 
significantly hinders their large-scale commercialization. To 
achieve sustainable development of fuel cells, it is crucial to 
reduce the Pt-loading in Pt-based catalysts without sacrificing the 
catalytic activity, which thus requires a high utilization of Pt 
atoms. 

In recent years, the rise of two-dimensional (2D) materials has 
brought new opportunities for the development of efficient cata-
lysts.3 Compared with traditional materials, 2D materials have 
high specific surface area and surface atomic ratio, which are very 
beneficial to their application in the field of catalysis. Inspired by 
the extensive studies of 2D materials, many groups have reported 
the synthesis of 2D ultrathin Pt-containing nanosheets and even 
monolayer, which exhibit excellent ORR catalytic activity in 
comparison to commercial Pt/C catalysts.4 However, these 2D Pt-
containing catalysts are mostly supported on other noble metals 
(e. g. Au, Pd) rather than the free-standing or dispersed genuine 

2D structures, which is not favorable for efficient catalysis. In the 
1950s, Grønvold et al. demonstrated that Pt also can bind with 
chalcogenide elements (S, Se, Te) to form layered dichalcogeni-
des.5 After exfoliation has been proposed,6 many Pt-containing 
chalcogenides (e. g. PtS2

7, PtSe2
8) have been synthesized. Unfor-

tunately, these 2D Pt-containing dichalcogenides were all identi-
fied to be semiconducting without electronic states at the Fermi 
level,6-9 and thus are intrinsically inert to ORR. Therefore, at 
present, free-standing Pt-containing 2D metals with excellent 
ORR catalytic activity are still not known. 

In this paper, we propose an intriguing 2D Pt-containing mate-
rial as ORR catalyst, namely PtTe monolayer, on the basis of 
comprehensive density functional theory (DFT) calculations (see 
SI for the computational details). It is found that PtTe monolayer 
is experimentally feasible, with high mechanical, thermodynamic 
and chemical stability. Different from semiconducting 2D Pt-
containing dichalcogenides, PtTe monolayer is metallic due to the 
existence of an inner metallic Pt layer. Remarkably, the basal 
plane of PtTe monolayer exhibits superior catalytic activity and 
high four-electron (4e) selectivity towards electrochemical ORR, 
endowing it for promising applications in fuel cells. 
 

 
Figure 1. (a) Top (upper) and side (bottom) views of geometric 
structure, and (b) phonon spectrum of PtTe monolayer. Blue and 
orange balls represent Pt and Te atoms, respectively. 
 

Bulk PtTe has been known since 189710 while its layered struc-
ture was determined by Bhan and co-workers in 1969.11 Figure 
S1 depicts the geometric structure of bulk PtTe, which can be 
regarded as the ABC stacking of PtTe layers in space group R3�m. 
The lattice parameters of bulk PtTe were optimized to be a = b = 
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3.95 Ǻ, c = 19.86 Ǻ at PBE-D3 level of theory, which agree well 
with Bhat et al.’s experimental data (a = b = 3.96 Ǻ, c = 19.98 
Ǻ).11 Each PtTe monolayer comprises two Pt atomic layers sand-
wiched between two Te atomic layers (Figure 1a). To evaluate 
the experimental feasibility of PtTe monolayer, we computed the 
cleavage energy (Ecl) of PtTe monolayer by introducing a fracture 
in a five-layers slab model of PtTe (Figure S2). The determined 
Ecl of PtTe (0.95 J m‒2) is comparable to some recently exfoliated 
2D structures, such as MoS2 (0.42 J m‒2)12 and Ca2N (1.09 J m‒

2)13, suggesting that isolation of 2D PtTe monolayer from the bulk 
is feasible via exfoliation strategies. 

The lattice constants of PtTe monolayer were optimized to be a 
= b = 3.99 Å, which are slightly larger than those of bulk PtTe. It 
has a diamagnetic ground state, indicating that there are no un-
paired electrons or dangling bonds in PtTe monolayer. The kineti-
cal stability of PtTe monolayer is confirmed by its phonon disper-
sion (Figure 1b), where no imaginary phonon branches can be 
found. The elastic constants of PtTe monolayer (C11 = C22 = 73.66 
N/m, C12 = 35.60 N/m, and C66 = 19.03 N/m) meet the criteria for 
a hexagonal 2D crystal (C11 > |C12|, C66 >0), indicating that it is 
mechanically stable. Moreover, first-principles molecular dynam-
ics (FPMD) simulations (4×4 supercell) demonstrate that the 
structure of PtTe monolayer remains intact throughout the 10 ps 
FPMD up to 1200 K (Figure S3a), indicating that PtTe monolay-
er is thermodynamically stable. Encouragingly, there is no spon-
taneous dissociation for O2 molecule on the surface of PtTe 
monolayer after a 10 ps FPMD simulation at 300 K, implying that 
PtTe monolayer would not prone to oxidation and is stable at 
ambient conditions (Figure S3b). 
 

 
Figure 2. (a) Band structure (left) and density of states (DOS) 
(right) of PtTe monolayer. (b) Sliced electron localization func-
tion (ELF) of PtTe monolayer along the (001) plane. I and II label 
two sliced planes through the center of Pt-Pt and Pt-Te bonds, 
respectively. The iso-values of 0 and 1 imply low and high elec-
tron localization, respectively.  
 

After confirming the stability of PtTe monolayer, we next ex-
plored its electronic properties. As shown in Figure 2a, PtTe 
monolayer maintains the metallic character of its bulk counterpart 
(Figure S4). Here we re-computed the band structure using 
HSE06 functional (Figure S5),14 which also predicted a metallic 
nature for PtTe monolayer. The analysis of partial density of 
states (PDOS) reveals that the states near the Fermi level are 
contributed by both Pt-5d and Te-5p states, which can be con-
firmed by the partial charge density in energy range of ‒0.5 to 0 
eV vs. Fermi level (Figure S6). The electron localization function 
(ELF), shown in Figure 2b for the (001) plane sliced through the 
center plane (inbetween the Pt atoms), reveals a typical electron-
gas-like metallic picture with an ELF iso-value of around 0.4. 
Moreover, the ELF iso-value of Pt−Te bond center is around 0.5, 
indicative of delocalized bonding character. Therefore, both atom 
types contribute almost equally to the metallic character of PtTe 
monolayer. 

The aforementioned results demonstrate that PtTe monolayer is 
a metallic material which is expected to be obtained by exfoliation 
experiments from the bulk. We are quite curious whether this 
novel 2D structure is a promising candidate for fuel cell applica-
tions as other Pt-based nanomaterials have displayed outstanding 
performance for launching the sluggish ORR. To this end, we 
then explored the ORR catalytic activity of PtTe monolayer on the 
basis of the computational hydrogen electrode (CHE) model.15 
 

 
Figure 3. Geometrics of ORR intermediates: (a) 2O*, (b) 
O*+OH*, (c) O*, and (d) OH*. The red and green balls represent 
O and H atoms, respectively. e) Free energy diagrams for the 
dissociative ORR pathway on PtTe basal plane at U = 0 V. The 
Te-O bond lengths are given in Å. 
 

Generally, there are two reaction mechanisms for ORR, namely 
the dissociative (equation S(1)) and the associative (equation 
S(2)) ones. The first step is the adsorption of O2 on PtTe mono-
layer, where, intriguingly, the outer Te atoms of PtTe monolayer 
were found to be the active sites for O2 activation rather than the 
inner Pt atoms, which is different from previously reported Pt-
containing ORR catalysts. When O2 reaches the surface of PtTe 
monolayer, the O−O bond length is significantly stretched from 
1.23 Å to be 1.35 Å, indicating that O2 has been effectively acti-
vated. Moreover, the activated O2 molecule, which has been tuned 
from triplet into singlet, can be dissociated into two adsorbed O* 
species with a small energy barrier of 0.32 eV (Figure S7), which 
is lower than the O2 dissociation barrier of O2 on Pt (111) (0.48 
eV)16. Therefore, we mainly focused on the dissociative mecha-
nism as it appears to be the most like reduction pathway. The 
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atomic configurations of ORR intermediates along the reaction 
path are displayed in Figure 3a-3d. 

From the free energy diagram, one can see that all the electro-
chemical steps are downhill at U = 0 V (Figure 3e), and the pro-
tonation of OH* to H2O is the potential-limiting step for the 
whole ORR process with a ∆G of −0.86 eV. Therefore, the maxi-
mum value of U at which all reactions are still exothermic (name-
ly limiting-potential, for details see SI) is accordingly predicted to 
0.86 V for PtTe monolayer (Figure S8), which is even higher than 
that of Pt (111) (0.79 V),16,17 suggesting that PtTe monolayer has 
a rather good ORR activity. As suggested by Nørskov et al.,18 the 
∆G of OH* to H2O for an ideal ORR catalyst is also −0.86 eV, 
which implies that PtTe monolayer has actually reached the top of 
4e ORR activity volcano.  

In addition to superior activity, PtTe monolayer exhibits a high 
selectivity for four-electron (4e) reduction pathway. As shown in 
Figure 3e and Figure S8, the H2O2 formation step is extremely 
endothermic, suggesting that the two-electron (2e) pathway could 
be significantly suppressed by the 4e pathway under the normal 
working conditions. Therefore, PtTe monolayer can act as a prom-
ising low-Pt catalyst in fuel cells as it has high activity and selec-
tivity towards ORR as well as has a high density of active sites 
(~1.45 × 1015/cm2). 

To give an intuitive demonstration of the superior ORR catalyt-
ic performance for PtTe monolayer, we simulated its polarization 
curve and compared to that of Pt by means of micro-kinetic simu-
lations. As shown in Figure 4, the predicted onset potential (at j = 
50 µA cm-2) of PtTe monolayer is ~0.93 V vs. RHE, and the half-
wave potential reaches ~0.90 V vs. RHE, which outperforms Pt 
(111) by ~50 mV. Therefore, PtTe monolayer is expected to show 
better ORR catalytic activity than Pt and it could be a promising 
alternative to the state-of-the art commercial Pt electrodes. 
 

 
Figure 4. Simulated polarization curves of PtTe monolayer and Pt 
(111). The energy data of Pt (111) are taken from refs. 16 and 17. 
 

The high basal plane activity of PtTe monolayer can be under-
stood from its unique charge distribution. According to the Bader 
charge population analysis, there is a significant charge transfer 
from the outer Te atoms to the inner Pt atoms, resulting in a net 
charge of −0.39 and 0.39 ǀeǀ for Pt and Te, respectively. The posi-
tively charged Te sites can provide an empty p-orbital to active O2 
molecular and then trigger the whole ORR process. This electron 
activation mechanism is similar to that known for N doped carbon 
materials, where the active sites are positively charged carbon 
atoms neighboring to the nitrogen dopant.19 Moreover, we plot the 
partial DOS of the intermediates to get some vivid insights. As 
shown in Figure S9, there are obvious hybridizations between the 
2p orbitals of the adsorbed species and the Te site-5p orbital. 

Considering that the adsorbed O2* might be directly protonated 
to form OOH* before dissociating into O* species, we also stud-
ied the association ORR mechanism of PtTe monolayer and iden-
tified a high limiting-potential of 0.85 V (Figure S10), which is 
quite close to that of the dissociative mechanism. Interestingly, it 
is found that the basal plane of thicker PtTe nanosheet (Figure 11) 
can maintain the excellent ORR activity as that identified for 
monolayer. In contrast, the edge sites of PtTe monolayer are 
actually inert to ORR due to the too strong interaction between 
edge atoms and OH* intermediate (Figure S12).  

In summary, we systematically studied the structural, electron-
ic, and catalytic properties of a novel 2D material, namely PtTe 
monolayer, on the basis of comprehensive DFT calculations. 
According to our results, PtTe monolayer is a stable 2D structure 
and can be obtained probably via exfoliation method. Due to the 
presence of inner Pt layer, PtTe monolayer is metallic with con-
siderable electronic states at the Fermi level. In particular, the 
CHE model-based computations demonstrated that PtTe mono-
layer is a promising ORR catalyst candidate with an outstanding 
catalytic activity and a high 4e reduction pathway selectivity. Due 
to the high experimental feasibility and structural stability, it is 
expected that PtTe monolayer could be realized in the lab and be 
utilized as ORR catalyst in the near future. We also hope our 
studies would motivate experimental and theoretical efforts on 
developing more 2D Pt-based ORR catalysts. 
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