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Abstract

The emerging two-dimensional (2D) materials, particularly 2D transition metal 

dichalcogenides (TMDs), show great potential for catalysis due to their extraordinary 

large surface areas and tuneable activities. However, the as-synthesized TMDs are 

usually chemically inert because of their perfect atomic structure and inaccessible 

interlayer space for electrolytes. Herein, we activate 2D palladium diselenide (PdSe2) 

for catalysing oxygen reduction reaction using a controllable electrochemical 

intercalation process. The electrochemically activated PdSe2 exhibits greatly enhanced 

electrocatalytic activities such as the doubled current density, 250-mV positive shift of 

potential, 5 times smaller Tafel slope, and greatly improved stability. DFT calculations 

were employed to study the mechanisms of electrochemical activation. Complementary 

experimental and theoretical studies suggest that the significantly increased activities 

come from (1) the activated surface with enriched Se vacancies and chemically bonded 

oxygen, and (2) easy access of interlayer space for intermediates. Furthermore, the 

robustness of the Pd-Se bonding ensures high structural stability and excellent 

resistance to degradation. 
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Introduction

Oxygen reduction reaction (ORR) has wide application ranging from metal-air 

batteries to fuel cells. Typically, precious metals platinum (Pt)-based materials are used 

as the electrocatalysts, however, the high cost and scarcity of these precious metals are 

hindering their widespread implementation. Methods to reduce the usage of precious 

metals without compromising the catalytic activity are highly desirable.1 A facile and 

effective way is to mix precious metals with nonprecious elements, e.g., Pt mixed with 

carbon black.2 Another effective way is to forming precious metal alloy or compound, 

e.g., Pt3M alloys (M = Ni, Co, Fe, V, Ti, Sc, Y) show high ORR activity with 

significantly lowered Pt loading.3-8 Newly developed strategy is to introduce 

phosphorus (P) into the precious metal to reduce the precious metal loading such as 

RuP2,9 IrP2,10 and the most recent PtP2
11. By introducing P, the mass activity of PtP2 

had seen significant improvement for ORR in alkaline medium. Alternative to Pt, 

another superior ORR catalyst, palladium (Pd) has also been extensively studied.12-14 

Being more abundant than Pt, Pd could serve as a perfect alternative to Pt. Phosphor 

(P)-doped Pd exhibits very high catalytic activity owing to its amorphous structure.15, 

16 Electrodeposited palladium–gold (PdAu) alloys also show excellent performances in 

both acidic and basic medias.17-19

The emerging 2D materials, particularly transition metal dichalcogenides (TMDs), 

represent a new family of candidates for catalysis.20-22 2D materials have atomic-thick 

layer as their basic unit cell, which could maximize the exposure of atoms to its 

surroundings, and thus maximize the catalyst surface with the same amount of material 
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used. Moreover, 2D materials have much better stabilities than other nanomaterials of 

similar sizes as their surfaces are free of dangling bonds.23-27 Palladium diselenide 

(PdSe2) is a Pd-based 2D TMD that is potentially a promising electrocatalyst due to its 

excellent electrical conductivity and containing Pd.28, 29 Moreover, the mass of Pd in 

PdSe2 is 60% lower than that of pure Pd metal, implying lower Pd loading for 

electrocatalysis. Monolayer PdSe2 has recently been exfoliated from its bulk crystals 

and shows excellent electrical conductivity and stability in air.29, 30 2D PdSe2 has been 

employed to catalyse water-splitting,31 and the PdSe2 crystal prepared at high-

temperature shows excellent electrical properties but limited catalytic activity, due to 

its perfect crystallinity (i.e., free of defects) and inaccessible interlayer space. Generally, 

strategies to activate 2D catalysts include: (1) creating vacancies/defects,32-34 (2) 

applying elastic strain,35 and (3) doping or alloying.32, 36-39 One of the unique properties 

of 2D layered materials is that their layered geometry allows guest species, e.g., lithium 

(Li), sodium, magnesium, copper, etc.,40-43 to be inserted between the layers via 

intercalation to alter the physical and chemical properties of the pristine materials.

Herein, we employ electrochemical intercalation process to activate PdSe2 for ORR 

catalysis. Li ions are controllably inserted and extracted from the PdSe2 crystal in situ 

without modifying the electrode morphology or the phase of the material. The activated 

PdSe2 shows greatly improved electrocatalytic activity including more than 100% 

increase in current density, 250-mV positive shift of potential, and 5 times decrease in 

Tafel slope. Though typically there is a trade-off between activity and stability of 

catalyst because high activity indicate stronger chemical interaction between reaction 
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intermediates and catalyst surface, it is noted that the stability is also greatly enhanced, 

attributed to the sustained 2L phase29, which is different from other TMD 

electrocatalysts that experience a 2H-to-1T phase change during intercalation.44-46 With 

the complementary theoretical modelling, the electrochemical activation of PdSe2 ORR 

catalyst is attributed to two factors: (1) the electric potential-forced Li 

insertion/extraction creates defects that facilitate the adsorption of oxygen molecules, 

and (2) the intercalation process increases the interlayer distance and makes much more 

surface accessible for oxygen species. 

Experimental

Synthesis of intercalated PdSe2 (I-PdSe2)

Bulk PdSe2 single crystals were grown by a self-flux method through melting 

stoichiometric amounts of Pd powder and Se powder.29 I-PdSe2 was obtained by 

activating PdSe2 via electrochemical intercalation with lithium hexafluorophosphate, 

as schematically illustrated in Fig. S1. A certain amount PdSe2 and polyvinylidene 

fluoride (PVDF) were dispersed in 10 ml NMP and ultrasonicated for 24 h (the ratio of 

PdSe2: PVDF was 9:1), and then coated on copper foil to about 3cm by 4cm. The sample 

was then attached to a Land Battery tester in argon atmosphere to perform the 

intercalation. After which, the sample was removed from the copper foil through a few 

rounds of ultrasonication and centrifugation. The sample preparation method was 

repeated with intercalation current (current density) of 25 µA (2.08 µA cm-2), 50 µA 

(4.17 µA cm-2) and 100 µA (8.33 µA cm-2), where the samples were denoted as I-PdSe2-
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25, I-PdSe2 and I-PdSe2-100, respectively.

Physical Characterization

The crystal phase and structure were examined by X-ray diffraction (XRD, 

Panalytical Xpert Pro) with Cu Ka (λ=0.15406 nm) radiation in the range of 10−90o. 

Raman spectra were obtained using a WITec CRM200 confocal Raman microscopy 

system with the excitation line of 488 nm. The morphology of the samples was 

examined by transmission electron microscopy (TEM, JEOL-2010) at an acceleration 

voltage of 200 KV. X-ray photoelectron spectroscopic (XPS) measurements were 

performed on a Kratos AXIS Supra with an Al Ka source (hv= 1486.6eV).

Electrochemical measurements

Electrochemical measurements were carried out with a conventional three-

electrode system on an electrochemical workstation (Gamry Potentiostat Reference 600) 

at room temperature. Platinum wire and Ag/AgCl (Saturated KCl)) electrode were used 

as the auxiliary and reference electrodes, respectively. All potentials in this study were 

given versus reversible hydrogen electrode (RHE) according to the following equation

𝐸(𝑅𝐻𝐸) =  𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) +  0.059 ×  𝑝𝐻 +  0.198 

The working electrode was prepared as follows: 4 mg of material (the ratio of the 

as-prepared catalyst: acetylene black was 1:1) and 12 L of Nafion solution (5 wt.%) 

were dispersed in 2 mL isopropanol solution by sonication for 30 min. Then, 25 L of 
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the catalyst ink was dropped on the glassy carbon electrode surface (D = 5 mm). For 

comparison, the commercial Pt/C (20 wt % Pt, Alpha Aesar) catalyst ink was prepared 

by following the same procedure.

A rotating disk electrode (RDE) measurement was performed in O2-saturated 0.1 

M KOH solution at different rotation rates (400-1600 rpm) with a scan rate of 5 mVs-1 

from -1 V to 0.2 V (vs. Ag/AgCl).

The number of transferred electrons (n) calculated from RDE test was based on 

the Koutecky-Levich (K-L) equation:

𝐼 ―1
𝑑 = 𝑖 ―1

𝑑𝑙 + 𝑖 ―1
𝑘 = (𝐵𝜔

1
2)

―1

+ 𝑖 ―1
𝑘

𝐵 = 0.62𝑛𝐹𝐶𝑜(𝐷𝑜)
2
3𝑣

―
1
6

where id is the measured current density, idl and ik are the kinetic and film diffusion-

limiting current densities, and B is the reciprocal of the slope, ω is the angular velocity 

of the disk (ω = 2πN, where N is the linear rotation speed), n is the number of electrons 

in oxygen reduction, F is the Faraday constant (96500 C mol−1), Co is O2 volume 

concentration in 0.1 M KOH (1.14 × 10−6 molcm−3), v is the kinematic viscosity of the 

electrolyte (0.01 cm2s−1), and Do is the diffusion coefficient of O2 in 0.1 M KOH (1.73 

× 10−5 cm2s−1).

Tafel slope was calculated according to Tafel equation:

𝐸 = 𝑎 + 𝑏 𝑙𝑜𝑔(𝑗𝑘)

where E is the applied potential in the LSV test, a is a constant, b is the Tafel slope and 

jk is the kinetic current density.
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The electrochemically active surface areas (ECSA) were estimated from the 

electrochemical double-layer capacitance (Cdl) by collecting cyclic voltammograms 

(CV) in a non-Faradaic region of 1.06 – 1.16 V vs RHE following the equation 

𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙

𝐶𝑑𝑙𝑟𝑒𝑓

where Cdl is the double layer capacitance measured by CV scan in non-Faradaic 

potential window. The reference Cdlref is typically around 20 to 80 μF•cm-2,47, 48 and 

thus we adopted the Cdlref around the middle value of 60 μF•cm-2 which is consistent 

with that of reported precious metals including Pd.49-51

The CV tests were recorded over an applied potential range of 1.06 to 1.17 V vs 

RHE. The potential range is constant for all catalysts and the same scan rates of 40, 60, 

80, and 100 mV s−1 were selected.

Calculation methods

The density function theory (DFT) calculations were performed by Vienna Ab-initio 

Simulation Package (VASP).52 The exchange-correlation energy functional was 

described within the generalized gradient approximation (GGA)53 in the Perdew-

Burke-Ernzerhof (PBE) functional.54 The projector augmented wave (PAW)55 

potentials were used with a 520 eV cut-off energy and the Brillouin zone integration 

was sampled by a 3 3 1 k-grid mesh for a unit cell. The van der Waals interactions × ×

were described by DFT-D2 approach of Grimme56 and spin polarization effect was 

considered. The convergence criteria for the energy and force were set to 1  10-5 eV ×

and 0.02 eV/Å, respectively.
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The defect formation energy ( ) of Se was calculated using following equation:𝐸𝑓

𝐸𝑓 = 𝐸𝐷 ― 𝐸𝑃 + 𝑁𝑆𝑒𝜇𝑆𝑒

where  and  are the calculated ground state energy of defected and pristine 𝐸𝐷 𝐸𝑃

model, respectively;  corresponds to the number of defected Se atoms;  𝑁𝑆𝑒 𝜇𝑆𝑒

represents the chemical potential of Se which was obtained from bulk octaselenium 

ring structure.

The overall reaction of O2 reduction to OH- in alkaline media is as follows:

𝑂2 + 2𝐻2𝑂 + 4𝑒 ― →4𝑂𝐻 ―

To examine ORR performance, following associative mechanism with the four-electron 

reaction pathway is considered in the calculations:

(1) ∗ + 𝑂2 + 𝐻2𝑂 + 𝑒 ― →𝑂𝑂𝐻 ∗ + 𝑂𝐻 ―

(2) 𝑂𝑂𝐻 ∗ + 𝑒 ― →𝑂 ∗ + 𝑂𝐻 ―

(3) 𝑂 ∗ + 𝐻2𝑂 + 𝑒 ― →𝑂𝐻 ∗ + 𝑂𝐻 ―

(4) 𝑂𝐻 ∗ + 𝑒 ― → ∗ + 𝑂𝐻 ―

The sign * refers to an active site on the catalyst models. The Gibbs free energy of 

adsorption is calculated by following equation:

∆𝐺 = ∆𝐸 + ∆𝑍𝑃𝐸 ― 𝑇∆𝑆 + ∆𝐺𝑈 + ∆𝐺𝑝𝐻 + ∆𝐺𝑤

where  is the adsorption energy which can be directly obtained from the ∆𝐸

calculations;  is the zero point energy corrections and  is the vibrational ∆𝑍𝑃𝐸 ∆𝑆

entropy contribution at room temperature (T = 298.15 K)31; , where U is ∆𝐺𝑈 = ―𝑒𝑈

the electrode potential;  is the correction of the H+ free energy where ∆𝐺𝑝𝐻 ∆𝐺𝑝𝐻 = ―

 (  is Boltzmann’s constant and );  is the 𝑘𝐵Tln (10) × 𝑝𝐻 𝑘𝐵 𝑝𝐻 = 13 ∆𝐺𝑤
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stabilization energy by water molecules calculated by implicit solvation model.57 The 

free energy of O2 was derived from . The free energy 𝐺𝑂2 = 2𝐺𝐻2𝑂(𝑙) ―2𝐺𝐻2 +4.92 𝑒𝑉

of H2O(g) and H2 was calculated in the gas phase at room temperature. The free energy 

of H2O(l) was calculated by , where R is the ideal gas GH2O(l) = GH2O(g) +RT ∗ ln (
p
p0

)

constant, T = 298.15 K, p = 0.035 bar, and p0 = 1 bar.

The overpotential was calculated by . Free 𝜂𝑅𝐻𝐸 = 1.23 ― 𝑚𝑎𝑥[∆𝐺1, ∆𝐺2,∆𝐺3,∆𝐺4]

energy changes of each reaction step are shown in Table S1.

Results and discussion

The schematic PdSe2 before (pristine) and after the electrochemical activation 

process (I-PdSe2) is illustrated in Fig. S1. When the as-prepared PdSe2 is subjected to 

the Li intercalation forced by an electric potential, the interlayer distance increases due 

to the relatively larger diameter of Li ion compared to the van der Waal gap. This 

expands the volume of the crystal, and thus allows the diffusion of the ions between 

layers and encourages oxygen diffusion into the interlayer space.58 Subsequently, the 

chemically active parts of the crystal, e.g., the edge, grain boundaries, are activated by 

the reactive and energetic Li ions, and structure defects such as Se vacancies are created.

X-ray diffraction (XRD) and Raman spectroscopy were performed to establish the 

crystal structure, as shown in Fig. 1a and Fig. 1b, respectively. Despite the lithiation 

process, the XRD shows that the major PdSe2 peaks have been retained after 

intercalation, suggesting similar crystallinity. It is noted that there is no obvious shift 

of the (002) peaks at 23.1˚ but an overall change of 0.1 degree (Table S2), suggesting 
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that the interlayer spacing increment is small after de-lithiation, which is crucial to 

maintaining the electrode integrity after activation process. However, the presence of 

newly formed bump on the left the (002) peak evidently suggests strain broadening of 

the lattice which can be attributed to the intercalated foreign species that could have 

been lodged in between the plane.59 The lodged molecules in this case could have 

contributed to exposing the interplanar layers to increase activity through improved 

oxygen diffusion60 as evident from the improvement of electrochemical surface area 

(ECSA), which will be discussed later. The Raman spectrum in Fig. 1b shows 

negligible change of peak position or width, suggesting no dramatic chemical 

composition/structure change has occurred. The main peaks of PdSe2 occurs around 

~143.65, 206.62, 222.27 and 257.32 cm-1 while that of I-PdSe2 occurs at ~142.86, 

205.06, 220.70 and 256.54 cm-1, indicating a redshift which suggests the bond length 

increasing. This could be attributed to the effect of introducing lithium into the structure 

that induced strain on the layer61 and loosening the chemical bond of the structure which 

is consistent with the XRD characterization.

Transmission electron microscopy (TEM) images in Fig. S2a and S2b further 

confirm that there is no obvious difference in morphology between flakes of PdSe2 and 

I-PdSe2, suggesting the maintaining of structural integrity after activation process.

The high-resolution TEM (HRTEM) image of pristine PdSe2 (Fig. 1c) and the 

corresponding Fourier transform pattern (Inset of Fig. 1c) show high degree of 

crystallinity with no obvious defects, arising from the high-temperature growth process, 

which ensures the superior electrical properties. The interlayer spacing is 0.29 nm, 
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corresponding to the (002) face of PdSe2. The HRTEM image of I-PdSe2 in Fig. 1d 

confirms the structural integrity and good crystallinity of PdSe2 after the activation 

process. Moreover, the corresponding Fourier transform pattern (inset of Fig. 1d) 

supports the slight variation of crystallinity after the activation.

Fig. 1 Material characterizations. (a) XRD patterns, (b) Raman spectra, (c, d) HRTEM images of PdSe2 

and I- PdSe2. Insets of (c) and (d): the corresponding Fourier transform patterns.

The detailed chemical composition was further examined by X-ray photoelectron 

spectroscopy (XPS). No notable difference can be seen in the XPS spectrum before and 

after activation (Fig. 2a), indicating that all the elements and chemical bonds have been 

preserved in I-PdSe2 during activation. The emerging F1s peak after intercalation at the 
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high energy region could come from the residual of intercalation agent (i.e., PDVF) in 

the sample, which agrees with the new carbon peaks in C 1s spectrum. 

The Pd 3d XPS spectrum of PdSe2 crystal (Fig. 2b), exhibits doublet peaks at 

around 334.5 eV and 339.8 eV, corresponding to the 3d5/2 and 3d3/2 components of 

PdSe2, respectively. The minor downshift of Pd peaks in I-PdSe2 could be caused by 

the decrease of Pd oxidation state arising from Se vacancies created in the activation 

process. As suggested in previous report,29 the Li+ species could have formed bonds 

with Se during the lithiation process hence allows the easy dissociation of Se during 

de-lithiation. 

The Se 3d spectrum (Fig. 2c) consists of two peaks corresponding to Se 3d5/2 and 

3d3/2, respectively, and they tend to merge due to weakening of Se peak intensity, which 

can be ascribed to Se vacancies formed during intercalation. Fitting of XPS spectra 

indicates decreasing of Se:Pd ratio from 1.6947 to 1.5867 due to intercalation (Table 

S3), suggesting the loss of Se. Introducing Se vacancies allows ORR intermediates to 

contact the interlayer Pd more easily. As a precious metal, Pd’s high selectivity and 

affinity to oxygen62-64 plays a huge part at capturing O2 for further reduction process as 

O2 binds and dissociates readily on Pd.62 This means that the O-O bonds in the ORR 

intermediates could actively interact with the newly exposed interlayer Pd.

The O1s spectrum (Fig. 2d) was deconvoluted into three peaks located at 530.3, 

531.5 and 533 eV, corresponding to the lattice oxygen species, hydroxide species and 

the surface adsorbed oxygen, respectively.65 The increase in lattice oxygen in I-PdSe2 

sample, further supports that activation process generated surface vacancies that are 
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prone to be oxidized. At the same time, the intercalation increased the amount of 

adsorbed oxygen, suggesting the structure defects created during intercalation have 

good affinity to oxygen species. And the enhanced affinity to oxygen intermediates can 

promote catalytic oxygen reduction reaction.

Fig. 2 XPS characterization. XPS spectra (a) and high-resolution XPS curves of (b) Pd3d, (c) Se3d, and 

(d) O1s of PdSe2 and I- PdSe2.

Fig. 3a shows the LSV curves of PdSe2, I-PdSe2-25, I-PdSe2-50, I- PdSe2-100 and 

commercial 20 wt% Pt/C, where the number at the back signifies the intercalation 

current applied (in µA), and a summary of the performances is presented in Table S4. 

Apparently, I-PdSe2-50 exhibits more positive potentials (both onset and half-wave 

potentials) and larger diffusion-limited current density than PdSe2, I-PdSe2-25 and I-
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PdSe2-100, indicating I-PdSe2-50 has an optimized ORR activity.

To further unravel the reaction kinetics for ORR, the LSV measurements at 400-

1600 rpm were performed, and the kinetic parameters were calculated by Koutecky-

Levich (K-L) equation, as shown in Fig. S3. The diffusion-limited current densities of 

different samples show an increasing trend due to the higher rate of diffusion. The 

fitting K-L plots show linear relationships between j-1 and ω-1/2 under each potential. 

The number of transferred electrons n for I-PdSe2-50 was calculated to be 3.67 at 

different potentials from 0.2 V to 0.6 V (inset of Fig. S3), indicating a four-electron 

dominated transfer pathway for ORR. The higher electron transfer number of I-PdSe2-

50, than those of I-PdSe2-25 and I-PdSe2-100, indicates a better suppression of 

formation of HO2
- during the conversion of O2 into OH-, in turn translating to the better 

performance of ORR conversion since the desired four-electron pathway is dominant.66 

Optimization at intercalation current density of 4.17 µA cm-2, i.e., current of 50 

µA, could be a result of balanced rate of intercalation. A high intercalation current 

density of 8.33 µA cm-2 (current of 100 µA) decreases the effectiveness of intercalation 

where the intercalation could be incomplete due to drastic interlayer ion drifting and 

hence insufficient to expose all interlayer active sites 67. On the other hand, a low current 

density of 2.08 µA cm-2 (current of 25 µA) enables a milder intercalation and might 

have been insufficient to create abundant active sites. Moreover, a slow rate of 

intercalation could allow the build-up of solid electrolyte interface from the breakdown 

of electrolyte on the surface of the PdSe2,
68, 69 which creates a protective layer that 

shields the material from defects formation or blocks the actives sites.70

Page 15 of 30 Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
6 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 N
an

ya
ng

 T
ec

hn
ol

og
ic

al
 U

ni
ve

rs
ity

 o
n 

4/
26

/2
02

1 
3:

13
:2

0 
A

M
. 

View Article Online
DOI: 10.1039/D0QM01113D

https://doi.org/10.1039/d0qm01113d


16

The corresponding Tafel slope (Fig. 3b) of I-PdSe2-50 was calculated to be 64 mV 

dec-1, smaller than that of Pt/C (74 mV dec-1), suggesting the faster kinetics process 

than Pt/C. The electrochemical double-layer capacitance (Cdl) was measured to obtain 

ECSA. Cyclic voltammetry (CV) was performed to evaluate Cdl and then to calculate 

the ECSA of various catalysts. The CV curves recorded at different scan rates for all 

catalysts, and the linear fitting of current density versus scan rate are displayed in Fig. 

S4. The summary of ECSA values is shown in Fig. 3c, and I-PdSe2 has a much greater 

ECSA than pristine PdSe2, confirming that the ORR active sites density has been 

dramatically increased by intercalation.

Next, we examine the stability of the catalysts. As shown in Fig. 3d, I-PdSe2 

exhibits 14.5% decrease after 28800-s continuous operation, showing a much better 

durability and stability than Pt/C which displays a faster current loss about 35% under 

the same conditions. The change in half-wave potential and loss of diffusion-limited 

current density are almost negligible, as shown the Fig. S5, further supporting the 

superior stability of I-PdSe2-50. The lack of durability of the Pt/C relative to I-PdSe2-

50 can be attributed to the loose carbon black constituent in the commercial Pt/C 

catalyst that leads to easily dissolved Pt particles and aggregation under working 

conditions.71 The excellent stability of I-PdSe2-50 is attributed to the retained 

thermodynamically stable 2L phase after intercalation, which is different from 2H-to-

1T phase transition caused by Li interaction in other TMD electrocatalysts including 

molybdenum sulfide, tungsten sulfide etc.44-46, 58 To benchmark the optimized catalyst 

I-PdSe2, the catalytic performance of some other Pd-based ORR electrocatalysts are 
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compared in Table S5, which shows that I-PdSe2-50 is among the best in terms of 

balanced performance and stability despite the ease of activation process. It is worth 

noting that, despite the robustness and durability of the material, it is still based on 

precious metal catalysts, thus it is unable to resist the methanol crossover during ORR 

process. 72-74

Fig. 3 Electrochemical performances of PdSe2, I-PdSe2-25, I-PdSe2-50, I- PdSe2-100 and Pt/C. (a) ORR 

polarization curves and (b) corresponding Tafel plots, (c) ECSA, and (d) chronoamperometric curves in 

O2-saturated 0.1 M KOH solution at 400 rpm under a potential of 0.55 V versus RHE.

We further conducted density functional theory (DFT) calculations to evaluate 

the stability and ORR activity for PdSe2 and I-PdSe2. In our calculations, bulk PdSe2 

structure has lattice parameters of a = 5.82 Å, b = 5.91 Å and c = 7.40 Å, consistent 
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with experimental values.75 For I-PdSe2 model, the interplanar distance was doubled as 

depicted in Fig. S6 to observe the ORR activity between layers. The (001) facets of 2 

 2 supercell for both PdSe2 and I-PdSe2 were modelled with periodically repeating ×

4-layer slab with a vacuum of about 15 Å along the direction normal to the sheet plane 

to avoid interaction between the periodic images, as shown in Fig. 4a. The bottom two 

layers were fixed in their bulk positions.

To evaluate the stability, the defect formation energy for PdSe2 and I-PdSe2 with 

various defect formation pathways were calculated, as presented in Fig. 4b. Since it is 

well known that defect formation of a Se is more favourable than that of Pd, the models 

with Se defects were constructed. There are 5 types of defective models as shown in 

the inset of Fig. 4b. Two of them are the models with one Se defect on the first (L1) 

and the second layer (L2) each. Since there is a high chance that the first Se defect is 

already formed during de-lithiation, the formation energy of the second Se defect was 

also analysed to evaluate the stability during ORR process. Therefore, rest of the models 

have two Se defects, i.e., two defects on the first layer (L1L1), one defect on each layer 

(L1L2), and two defects on the second layer (L2L2). One can see that I-PdSe2 shows 

greater defect formation energy than PdSe2, suggesting higher stability against defect 

formation. To obtain more insights into the Se defect formation energy and the nature 

of chemical bond between Pd and Se, the defect formation on the surface was examined 

by Crystal Orbital Hamilton Populations (COHP) analysis, which separates the band 

structure energy into bonding (negative value), nonbonding, and antibonding (positive 

value) contributions.76 As shown in Fig. S7, COHP plot of PdSe2 (black) is positioned 
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at lower energy than that of I-PdSe2 (blue) indicating more electrons are involved in 

Pd-Se bonding because of the covalent-like quasi-bond between layers.77 As the anti-

bonding orbitals are crossing the Fermi energy, more electrons are occupying anti-

bonding orbital for PdSe2 than I-PdSe2 leading to weaker bond strength. The integrated 

COHP (ICOHP) in Table S6, which summarizes the electrons filled in states up to the 

Fermi energy in COHP, also indicates Pd-Se bonding in I-PdSe2 is more stable than 

that in PdSe2. Additionally, bond length between Se and two adjacent Pd are compared 

in Table S7, where I-PdSe2 has slightly smaller Pd-Se bond length than PdSe2, implying 

stronger bond strength between Pd and Se.

For PdSe2, a Se defect formation on the first layer (L1, 1.71 eV) is more difficult 

than that on the second layer (L2, 1.68 eV). After the formation of the Se defect on the 

first layer (L1), subsequent Se defect can be formed on both layers with less energy, 

i.e., the first layer next to the already formed one (L1L1, 1.57 eV) or the second layer 

(L1L2, 1.58 eV). For the case when a defect is formed on the second layer (L2), it is 

easier for the second Se defect to be formed on the same layer (L2L2, 1.14 eV) than on 

the first layer (L2L1, 1.71 eV). The defect formation energy on I-PdSe2 for L1 (2.21 

eV), L1L2 (2.25 eV), L2 (2.24 eV) and L2L1 (2.22 eV) are similar as the interlayer 

interaction is weaker than that of PdSe2 due to the larger interlayer distance. The second 

Se defect forms relatively easier on the layer with existing first defect (L1L1, 2.03 eV; 

L2L2, 2.05 eV); however, these defect formations are still endothermic which requires 

high energy to overcome. In other words, even a Se defect is formed during de-lithiation 

process, the subsequent Se defect formation is still unfavourable which leads to the high 
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stability of I-PdSe2.

Next, we examine the influence of the defect and increased interlayer distance on 

ORR activity for I-PdSe2.78 As presented in Fig. 4c, the Gibbs free energy diagrams on 

the associative 4e- reaction pathways in alkaline medium (pH = 13) were calculated 

using previously developed method79 for pristine PdSe2, pristine I-PdSe2, I-PdSe2 (L1) 

and I-PdSe2 (L2) models. Due to the larger interlayer distance of I-PdSe2 than that of 

PdSe2, we assumed that O2 can access interlayer space and the catalytic reaction can 

occur on the second layer (2L), as shown in Fig. S8. Therefore, ORR not only on the 

first layer (solid line) but also on the second layer (2L, dotted line) of I-PdSe2 were also 

presented. The Gibbs free energy diagram exhibits the lowest overall reaction energy 

change at equilibrium potential (U0), suggesting their theoretical ORR performance. 

For pristine PdSe2 (black) and I-PdSe2 (blue), the rate-determining step is evaluated as 

the first electron transfer step to form chemisorbed OOH* from H2O ( )for both 𝛥𝐺1

models. The first electron transfer step is the adsorption of OOH which is an 

endothermic reaction with overpotential of ( ) of 1.58 V for PdSe2 and 1.71 V for 𝜂𝑅𝐻𝐸

I-PdSe2. The rate-determining steps are determined as the first electron transfer step for 

all but two models. The two exceptions are the I-PdSe2 with a defect on the first layer 

(I-PdSe2 (L1)) and I-PdSe2 with a defect on the second layer whose active site is also 

on the second layer (I-PdSe2 (L2_2L)). I-PdSe2 (L1) and I-PdSe2 (L2_2L) show high 

ORR performance with different rate-determining step, the third electron transfer step 

( ) where overpotential is 0.98 eV and 1.14 eV, respectively. These two models are 𝛥𝐺3

the ones that intermediates adsorbed on the defect site. The defect increases the 
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adsorption energy of OOH which changes the rate-determining step and decreases the 

overpotential of ORR. The ORR overpotentials on the I-PdSe2 are similar or smaller to 

those of the PdSe2 indicating the surface area with similar or better activity compared 

to PdSe2 have increased for I-PdSe2. Therefore, one can conclude that the conversion 

from PdSe2 to I-PdSe2 activates the ORR by enriched and diversified active sites. Also, 

defects on I-PdSe2 improve the ORR activity by tuning electronic structure.80 

Fig.4 (a) Model systems of PdSe2 and I-PdSe2. (Pd: blue, Se: yellow). The top view of the first (L1) and 

second (L2) layer and the lateral views of PdSe2, I-PdSe2. (b) Defect formation energy for each defective 

models. Insets: The corresponding schematic models of 5 different defect types. (c) Gibbs free energy of 

the oxygen reduction reaction (ORR) at equilibrium potential (U0) for pristine and defective models with 

various active sites.

The strategy employed in this work shows that 2D crystals with robust phase can 
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be achieved with the development of more controllable in situ intercalation method, 

e.g., mild intercalation process that allows one to fine tune the activity and stability of 

2D catalyst, without damaged or drastic phase/structural changes during intercalation 

which is highly desirable. Therefore, exploring of in situ characterization tools to 

monitor the evolution of activity and stability during intercalation is crucial for reaching 

optimal balance between activity and stability.

Conclusion

2D PdSe2 has been activated for ORR catalysis using lithium intercalation. The good 

crystallinity and 2L phase of pristine PdSe2 are well retained, offering the greatly 

enhanced activity as well as superior stability. The de-lithiation process forces weak 

Pd-Se bonding to dissociate to create active sites by exposing more Pd element. 

Furthermore, the lithiation process introduces intercalation that improves the oxygen 

diffusion. Our complementary DFT calculation indicates Li-intercalation induces 

active sites that enhance ORR activity. Furthermore, the high bond energy between Pd 

and Se beneath the surface layers ensures that further defect formation is unfavourable, 

giving it superior stability. These complementary experimental and theoretical studies 

indicate that lithiation/de-lithiation cycle can activate PdSe2 for ORR without 

significantly degrading the original good crystallinity of PdSe2 synthesized at high 

temperature, in obvious contrast to the lithium intercalation of other TMD 

electrocatalysts where stable 2H phase is usually converted to metastable 1T phase 

accompany with structural defects. The immediate benefit of the retained crystallinity 
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and stable phase is the greatly enhanced activity without compromising stability, which 

could effectively address the activity-stability dilemma in electrocatalysts.
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