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a b s t r a c t

Unraveling the essence of electronic structure effected by d-d orbital coupling of transition metal and

methanol oxidation reaction (MOR) performance can fundamentally guide high efficient catalyst design.

Herein, density functional theory (DFT) calculations were performed at first to study the d–d orbital in-

teraction of metallic PtPdCu, revealing that the incorporation of Pd and Cu atoms into Pt system can

enhance d-d electron interaction via capturing antibonding orbital electrons of Pt to fill the surrounding

Pd and Cu atoms. Under the theoretical guidance, PtPdCu medium entropy alloy aerogels (PtPdCu MEAAs)

catalysts have been designed and systematically screened for MOR under acid, alkaline and neutral elec-

trolyte. Furthermore, DFT calculation and in-situ fourier transform infrared spectroscopy analysis indicate

that PtPdCu MEAAs follow the direct pathway via formate as the reactive intermediate to be directly ox-

idized to CO2. For practical direct methanol fuel cells (DMFCs), the PtPdCu MEAAs-integrated ultra-thin

catalyst layer (4–5μm thickness) as anode exhibits higher peak power density of 35mW/cm2 than com-

mercial Pt/C of 20mW/cm2 (∼40μm thickness) under the similar noble metal loading and an impressive

stability retention at a 50-mA/cm2 constant current for 10h. This work clearly proves that optimizing the

intermediate adsorption capacity via d-d orbital coupling is an effective strategy to design highly efficient

catalysts for DMFCs.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Direct methanol fuel cells (DMFCs) as green and sustain-

able devices have been received widespread attention in many

portable electronics owning to their high theoretical energy den-

sity (6.13 kWh/kg), abundant source, low-cost, and simple cell

structure [1,2]. To achieve large-scale application, it is essentially

vital to exploit efficient and robust methanol oxidation reaction

(MOR) electrocatalysts. The MOR in DMFCs anode is a very slow

process that involves the 6 e- transfer to the electrode to com-

pletely oxidize methanol to CO2. The MOR mechanism shows that

there are two reaction paths, including direct path (HCOOH path)

and indirect path (CO path). In the CO path, methanol is first de-

hydrogenated to CO and then further oxidized to CO2, while in

the HCOOH path, methanol is directly oxidized to CO2 [3-5]. The

sluggish MOR kinetics caused by the poisoning of carbonaceous
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intermediates lead to low activity and poor durability under pH-

universal [3]. The effective way to overcome the above problems

is to add other precious metals or transition metals to reduce the

binding energy of CO intermediates and improve the catalytic ac-

tivity [4-6]. Nowadays, alloying strategy can greatly adjust the sur-

face structure of the catalyst, thus regulating the adsorption and

reaction rate of the intermediate, so as to significantly improve the

catalytic activity of the catalyst, such as Pt-M alloy (M=Ru [7,8],

Cu [9], Pd [10], Ni [11], Rh [12], Co [13], Zn [14], Ag [15], Au [16]),

which have shown high MOR capability due to their tunable elec-

tronic configuration [17,18]. The MOR volcano diagram calculated

by density functional theory (DFT) has demonstrated that the PtCu

alloy structure is closer to the top of the volcano diagram than

other alloy structure, benefited by the high activation activity of

methanol on Pt atoms and the Cu elements to extract OH∗ from

water [19-21]. However, conventional alloy catalysts lack precise

modulation of d orbitals electron interaction for targeting active

sites for various intermediates produced in the MOR process.

https://doi.org/10.1016/j.cclet.2024.110532
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Medium-entropy alloys (MEAs) as prospective electrocatalysts

have received much interest owing to the synergistic effects of

multi-element composition space and intensive catalytic perfor-

mance [22-25]. Considering the high correlation between surface

activation and electrocatalytic performance for MOR, a desired

MEAs catalyst needs adjustable electronic configuration over re-

action intermediates. Nevertheless, there are still huge challenges

to evaluate the relationship of MEAs electronic structure and their

catalytic performance. Therefore, it is particularly important to de-

sign active sites on the catalyst surface that can synergistically

modulate the activation energy barrier of intermediates by d-

electron interaction to optimize the catalytic performance for MOR.

Pt atoms have significant CO∗ adsorption catalytic activity and Cu

atoms play an important role in the water dissociation. Hence, Pt

and Cu atoms are the main active sites for MOR. Pd as a tran-

sition metal is able to optimize the Pt electronic structure and

thus enhance the electron transfer in the electrocatalytic process

[26-29]. Based on the 3d94s2, 4d10, and 5d96s1 valence electron

configuration of Cu, Pd and Pt, the introduction of non-full (3d9)

and full (4d10) valence electron of Cu and Pd to facilitate favorable

Cu 3d/Pd 4d/Pt 5d orbitals electron interaction for electrocataly-

sis. Therefore, it is highly scientifically meaningful to unravel the

regulation behavior by constructing catalysts with adjusted elec-

tronic structures as models to reveal the relationship of d-d or-

bital coupling and MOR electrocatalytic performance. Nevertheless,

there are still huge challenges to systematically and clearly eval-

uate the relationship between electron structure effected by d-d

orbital coupling of catalysts and MOR electrocatalytic performance.

Herein, we demonstrated the first example on engineering

the d-electron orbitals coupling over Pt 5d/Pd 4d/Cu 3d sys-

tem for optimizing the d-band center of Pt to achieve high-

performance DMFCs. In particular, DFT calculations of density

of states (DOS), charge transfer and crystal orbital Hamilton

population (COHP) demonstrated that there existed strong d-

d electron interaction over Pt 5d, Pd 4d and Cu 3d orbitals.

Based on the results of d-d orbitals theory, we prepared Pt-

PdCu medium entropy alloys aerogels (PtPdCu MEAAs) with

ultrathin diameter of ∼6nm and adjustable surface composi-

tion by a simple surfactant-free and NaBH4-reduction method.

The PtPdCu MEAAs catalysts showed high specific activity of

3.24mA/cm2 and 4.22mA/cm2 in acid and alkaline electrolyte, ex-

hibiting higher MOR activity compared to PtCu AAs (1.80mA/cm2

and 2.73mA/cm2) and PdCu AAs (0.21mA/cm2 and 2.51mA/cm2),

PtPd AAs (1.35mA/cm2 and 2.10mA/cm2) as well as Pt/C cat-

alysts (0.83mA/cm2 and 1.14mA/cm2). In neutral condition, the

PtPdCu MEAAs possessed a higher MOR activity with a cur-

rent density of 1086.7mA/mgNoble metal than that of the Pt/C

(587.5mA/mgNoble metal), PtCu AAs (687.9mA/mgNoble metal) and

PtPd AAs (582.5mA/mgNoble metal) yet. Moreover, the PtPdCu

MEAAs presented a strong CO anti-poisoning ability which peak

potentials of CO-stripping curve shift down by ∼100mV compares

to that of Pt/C. DFT calculations and in-situ FTIR spectra analysis

on the PtPdCu MEAAs confirmed that the direct pathway via for-

mate as the reactive intermediate to be directly oxidized to CO2

will be more active. A single-cell tests of polarization curves dis-

played a higher peak power density of 35mW/cm2, compared to

commercial Pt/C of 20mW/cm2. And single cell also exhibited an

impressive stability retention of 76% at a 50mA/cm2 constant cur-

rent density for 10h. The results demonstrated that PtPdCu MEAAs

with d-d orbitals coupling was indeed an efficient MOR electrocat-

alyst in DMFCs.

The d-d orbital coupling of transition metal alloys plays a cru-

cial regulatory role in the catalytic performance that the energy

level after electron interaction effected from d orbitals can split

into a bonding state and an anti-bonding state [30-33]. The Fermi

level plays an important role in stabilizing systems, where the

position of the anti-bonding state relative to the Fermi level di-

rectly controls the electronic interaction [34]. Here, for investigat-

ing the relationship between d-d orbitals electron interaction in

each metal component and MOR catalytic performance, the PtPdCu

MEAAs as a model was chosen and regulate the Pt 5d/Pd 4d/Cu 3d

orbitals coupling by inducing alloying. The atomic stacking model

and the d-d orbitals interaction schematic illustration of PtPdCu

MEAAs were presented on Figs. 1a and b, respectively. At first, the

crystal orbital Hamilton population (COHP) was calculated to anal-

ysis the d-d orbitals coupling impact on the adsorption character-

istic of adsorbate molecule by introducing Pt, Pd and Cu transition

metal heteroatoms. As shown in Figs. 1d–f, the COHPs were dis-

played following the usual way. That is to draw negative (bond-

ing) contributions to the right and positive (anti-bonding) to the

left. While the PtPdCu structure presented a decrease of the filling

of anti-bonding orbital population, increasing the binding strength

with methanol molecule.

Otherwise, the integral COHP (ICOHP) obtained by calculating

the energy integral up to the highest occupied bands that be-

low Fermi level, directly giving more quantitative information to

evaluate the adsorption performance for adsorbate molecule. And

the ICOHPs of PtCu, PdCu and PtPdCu system were −0.208 eV,

−0.044 eV and −0.218 eV, respectively. The results have demon-

strated that a less anti-bonding electron orbital filling for Pt-

PdCu system by enhancing the of d-d orbitals electron interaction.

Thereby modulating the MOR by lowering the adsorption free en-

ergy of adsorbate molecule. Therefore, the stronger d-d orbitals

between Pt, Pd and Cu atoms in PtPdCu MEAAs entail the up-

shift of Ef (Fig. 1c). To reveal the essence of electronic structure in

each metal d orbital, the corresponding projected density of states

(PDOSs) was calculated (Figs. 1g–i). It was obvious that the center

of Pt 5d orbital is close to the Fermi level, resulting in fewer anti-

bonding components filling below the Fermi level. It explains the

essential characteristic of PtPdCu with strong adsorption for adsor-

bate molecule. Compare to PdCu and PtCu systems, PtPdCu struc-

ture has a wider Pt 5d, Pd 4d and Cu 3d band of orbitals coupling

and higher density near the Fermi level for PtPdCu than that of

PdCu and PtCu, suggesting that the PtPdCu system could induce

more free electrons near Pt electrons transfer.

PtPdCu MEAAs as a d-d electron orbitals model were synthe-

sized by a simple NaBH4-assisted reduction and surfactant-free ap-

proach, and the synthesis process is shown schematically in Fig.

2a, demonstrated by our previous work [29,35]. To investigate the

growth mechanism of the alloy aerogels, the structures were char-

acterized by UV–vis spectroscopy (Fig. S1 in Supporting informa-

tion) and time-dependent transmission electron microscopy (TEM)

images (Fig. S2 in Supporting information) of the morphology evo-

lution in different synthesis processes [36,37]. HRTEM images were

performed to investigate the PtPdCu MEAAs morphology structure.

Fig. 2b and Fig. S3 (Supporting information) present the structures

of the PtPdCu MEAAs with interlinked ultrathin nanowires. The Pt-

PdCu MEAAs display an average diameter distribution of ∼6nm,

as presented in the inset in Fig. 2b. As shown in Fig. 2c, there

is a major interplanar distances along the single nanowire are

about 2.27 Å, which could be assigned to the (111) plane of face-

centered cubic (fcc) PtPdCu alloy. Moreover, it shows severe lattice

distortion (the inset in Fig. 2c) [24]. EDS mapping images (Fig. 2d)

and the corresponding line-scanning profile for elemental analy-

sis display a uniform distribution of Pt, Pd and Cu atoms on the

whole nanowires, as shown in the inset in Fig. 2d. The Pt/Pd/Cu

atomic ratio of the PtPdCu MEAAs was 29/26/45, which obtained

by inductively coupled plasma optical emission spectrometer (ICP-

OES) measurement, and the result corresponds with the ratio de-

termined by STEM-EDS (Figs. S4 and S5 in Supporting informa-

tion). According to Boltzmann’s hypothesis, the change in entropy

of mixing (�Smix) of PtPdCu alloy can be deduced as 1.1R, which

2



K. Wang, P. Liu, M. Wang et al. Chinese Chemical Letters 36 (2025) 110532

Fig. 1. (a) Schematic illustration atomic stacking and (b) the d−d orbitals coupling model of PtPdCu MEAAs. (c) Schematic illustration Ef of PdCu, PtCu and PtPdCu. The

COHP analysis of (d) PtCu, (e) PdCu and (f) PtPdCu. PDOS plots of d-d orbitals coupling of (g) PtCu, (h) PdCu and (i) PtPdCu structures.

was regarded as medium entropy alloys [38,39]. Binary PtCu AAs,

PdCu AAs and PtPd AAs were synthesized with Pt/Cu, Pd/Cu and

Pt/Pd atomic ratio of 1/2 and structure similar to PtPdCu MEAAs,

and PtCu AAs (Fig. S6 in Supporting information) and PdCu AAs

(Fig. S7 in Supporting information) morphological were character-

ized by TEM images.

The PtPdCu MEAAs were analyzed by X-ray diffraction (XRD)

(Fig. 2e). The distinct peaks assigned to (111), (200), (220), and

(311) planes display positive shift according to Pt (PDF #65–2868),

Pd (PDF #65–2867) and Cu (PDF #04–0836) crystalline structure,

proving uniform alloying of the well-defined PtPdCu MEAAs cat-

alysts [29,40]. In addition, a small diffraction peak (marked by a

red dashed line) appears at an angle of about 35.2° for PtCu AAs

and PdCu AAs, which could be the crystallographic structure for

oxide of Cu (Fig. S8 in Supporting information) [41]. X-ray photo-

electron spectroscopy (XPS) present the electron structure of Pt-

PdCu MEAAs, revealing that Pt, Pd and Cu elements are primar-

ily in the metallic state, indicating that surface Pt or Pd atoms

prevents Cu atoms from being oxidized (Figs. 2f–h). For PtPdCu

MEAAs, the peaks of Pt0 4f and Pd0 3d are positively shifted

∼0.38 eV and ∼0.55 eV compare to pure Pt and Pd [42,43]. Mean-

while, the Cu0 2p peak has a negative shift ∼0.34 eV with respect

to bulk Cu [42,44,45]. This indicates a strong electronic effect be-

tween Pt 4f, Pd 4d and Cu 2p electronic orbits of PtPdCu MEAAs

due to the charge transfer between Pt, Pd and Cu atoms. The elec-

tron interaction between Pt, Pd and Cu could modulate the adsorp-

tion/desorption of intermediate oxygenated species and therefore

beneficial for MOR catalysts [26,46].

For the practical applications of direct methanol fuel cell, this

is grand challenge that the MOR is dramatically retarded at pH-

general conditions, especially in neutral condition due to the slug-

gish water dissociation step caused by an insufficient H+ number

[47]. Herein, the MOR performances of PtPdCu MEAAs, PdCu AAs,

PtCu AAs and PtPd AAs are investigated in 0.1mol/L HClO4, 1mol/L

KOH and 1mol/L Na2SO4 solution electrolytes with wide pH values.

At first, CV measurements of PtPdCu MEAAs, PtCu AAs, PdCu AAs,

PtPd AAs and commercial Pt/C and Pd/C catalysts were performed

in 0.1mol/L HClO4 solution (Fig. 3a, Figs. S9a and S10a in Sup-

porting information). The ECSAs of PtPdCu MEAAs, PtCu AAs, PdCu

AAs, PtPd AAs and commercial Pt/C and Pd/C were calculated to be

45.9 m2/gNoble metal, 40.8 m2/gNoble metal, 42.5 m2/gNoble metal 38.9

m2/gNoble metal, 69.6 m2/gNoble metal, and 18.2 m2/gNoble metal, re-

3
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Fig. 2. (a) Schematic illustration for preparing PtPdCu MEAAs networks by simple NaBH4 reduction method. (b) TEM image, inset shows the diameter size distribution

presented in the inset. (c) HRTEM image, inset show the randomly selected magnified images. (d) STEM image and EDS elemental mapping images of Pt, Pd and Cu atoms,

inset shows the STEM-EDS line-scanning profile. (e) XRD pattern of PtPdCu MEAAs. XPS spectras of (f) Pt 4f, (g) Pd 3d and (h) Cu 2p.

spectively, based on the integrated hydrogen adsorption/desorption

region charge of Pt-based aerogels and PdO reduction peak of PdCu

AAs from the CV curves in acidic solution. In contrast to the binary

PdCu AAs, PtCu AAs and PtPd AAs, the PtPdCu MEAAs with inter-

connected structure exhibited a higher ECSA and displayed abun-

dant electrochemically active sites [48].

The electrochemical activity for MOR in acidic condition for Pt-

PdCu MEAAs, PtCu AAs, PdCu AAs PtPd AAs and commercial Pt/C

and Pd/C catalysts was investigated. As shown in Fig. 3b, Figs. S9b

and S10b (Supporting information), the peak current density of

the PtPdCu MEAAs has higher MOR performance than PtCu AAs,

PdCu AAs PtPd AAs and commercial Pt/C and commercial Pd/C dis-

play almost no MOR performance. The specific activity of PtPdCu

MEAAs, PtCu AAs, PdCu AAs, PtPd AAs and Pt/C catalysts were 3.24,

1.80, 0.21, 1.35, and 0.83mA/cm2, respectively. The mass activity of

PtPdCu MEAAs was 1487.2mA/mgNoble metal, which were 2.0-folds,

17.2-folds, 2.8-folds, and 2.6-folds higher than that of PtCu AAs

(734.2mA/mgNoble metal), PdCu AAs (86.5mA/mgNoble metal), PtPd

AAs (527.3mA/mgNoble metal) and Pt/C (576.3mA/mgNoble metal), re-

spectively (Fig. 3c). According to the mechanism of methanol ox-

idation, during the forward scan, methanol was first oxidized to

carbon dioxide, carbon monoxide and/or other carbonaceous in-

termediates. During the reverse scan, the MOR intermediates were

further oxidized to carbon dioxide [14]. The forward scan current

density with full potential range of PtPdCu MEAAs was higher

among all four catalysts. From the above results, it demonstrated

that the high activity of PtPdCu MEAAs benefits from the strong

d-d electron interaction of co-alloying effect of Pt atoms, Pd atoms

and Cu atoms.

Chronoamperometry (CA) curves in acidic solution at a poten-

tial of −0.5V vs. SCE for 3600 s were shown in Fig. 3d to eval-

uate catalysts durability. The high initial current densities of the

PtPdCu MEAAs, PtCu AAs, PdCu AAs and Pt/C catalysts were as-

cribed to the abundant active sites for activating of methanol. Sub-

sequently, the MOR activity decreased quickly at the initial stage,

probably because of the poison of intermediates like CO on cata-

lysts surface under low potential or the dropped quickly the con-

centration of methanol around the catalysts [35]. After CA tests

for 3600 s, the PtPdCu MEAAs displayed a higher current density

of 0.41mA/cm2 compare to commercial Pt/C (0.21mA/cm2), PtCu

AAs (0.28mA/cm2) and PdCu AAs (0.18mA/cm2), further confirm-

ing that the PtPdCu MEAAs presented the excellent activity and

durability for MOR. Furthermore, a relatively complete 1D struc-

ture of PtPdCu MEAAs was maintained after the CA test without

obvious agglomeration and broken (Fig. S11 in Supporting infor-

mation). The XPS spectrum showed that the Pt electronic structure

of the PtPdCu MEAAs had no significant change after the stability

measurement for MOR (Fig. S12 in Supporting information).

The MOR activities of PtPdCu MEAAs, binary PtCu AAs, PdCu

AAs and Pt/C catalysts were determined in alkaline solution con-

taining 1mol/L methanol electrolytes. Fig. 3e, Figs. S9c and S10c

(Supporting information) present the CV curves measured in N2-

saturated 1mol/L KOH electrolyte. Relative to Pt/C, the PtO re-

duction peak potential of PtPdCu MEAAs presents a major up-

shift of ∼61mV. Moreover, compared to other three catalysts,

the similar upshift phenomenon of PtO reduction peak poten-

tial for PtPdCu MEAAs was also observed in both acidic and

neutral electrolytes. The above results demonstrate that inter-
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Fig. 3. Electrocatalytic performance of commercial Pt/C, PtCu AAs, PdCu AAs and PtPdCu MEAAs catalysis under pH-general conditions: (a, e, i) CV curves, (b, f, j) MOR

polarization curves. (c, g, k) Histograms of specific activity and mass activity of MOR. (d, h, m) CA curves at 0.5V vs. SCE, −0.2V vs. Hg/HgO and 0.4V vs. SCE for 3600 s,

respectively. The measurements were performed in (a-d) 0.1mol/L HClO4 or 0.1mol/L HClO4 +1mol/L methanol, (e-h) 1mol/L KOH or 1mol/L KOH+1mol/L methanol, and

(i-m) 1mol/L Na2SO4 or 1mol/L Na2SO4 +1mol/L methanol, with scan rate of 50mV/s, respectively.

mediates like CO were easily removed by activating water be-

cause of the stronger binding ability of OH∗ on the PtPdCu

MEAAs surface. As displayed in Fig. 3f, Figs. S9d and S10d

(Supporting information), the PtPdCu MEAAs displays the high-

est peak current density of 1839.4mA/mgNoble metal than that

of Pd/C (375mA/mgNoble metal), Pt/C (565.1mA/mgNoble metal), PdCu

AAs (972.8mA/mgNoble metal), PtCu AAs (1140.9mA/mgNoble metal)

and PtPd AAs (864.4mA/mgNoble metal). And the corresponding

specific activity of PtPdCu MEAAs, PtCu AAs, PdCu AAs, PtPd

AAs, Pd/C and Pt/C are 4.22mA/cm2, 2.73mA/cm2, 2.51mA/cm2,

2.1mA/cm2, 2.0mA/cm2 and 1.14mA/cm2, respectively (Fig. 3g).

The MOR stability in alkaline solution of the four catalysts was ex-

amined at −0.2V vs. Hg/HgO. It shown that the highest peak cur-

rent density still retains 287.2mA/mgNoble metal even after 3600 s,

was larger than these of Pt/C (192.2mA/mgNoble metal), PdCu AAs

(87.3mA/mgNoble metal) and PtCu AAs (209.3mA/mgNoble metal), as

shown in Fig. 3h. Next, we studied the electrocatalytic activity

and long-term stability for MOR among the four catalysts in neu-

tral condition with 1mol/L Na2SO4 and 1mol/L methanol solu-

tion. Fig. 3i, Figs. S9e and S10e (Supporting information) show

the CV curves tested in neutral electrolyte. Differ from CV curves

tested in acidic and alkaline solution, there was no obvious hy-

drogen desorption peak on range from −0.4V to 0V vs. SCE. As

expected, the PtPdCu MEAAs still displays a higher MOR activ-

ity with a current density of 1086.7mA/mgNoble metal than that of

the Pt/C (587.5mA/mgNoble metal), PtCu AAs (687.9mA/mgNoble metal)

and PtPd AAs (582.5mA/mgNoble metal), as well as PdCu AAs and

Pd/C exhibits almost no MOR performance in neutral electrolyte

(Figs. 3j and k, Figs. S9f and S10f in Supporting information). Af-

ter CA tests at 0.4V vs. SCE, the expected PtPdCu MEAAs cata-

lyst retained a mass activity of 106.2mA/mgNoble metal after 3600 s

(Fig. 3m). The above electrochemical results demonstrate that the

strong d-d interaction of PtPdCu MEAAs catalysts facilitated the ac-

tivity and durability for pH-general MOR, surpassing the most re-

ported in literature for Pt-based or Pd-based electrocatalysts (Table

S1 in Supporting information).

To further understand the excellent performance of PtPdCu

MEAAs, MOR was also performed within the temperature range

from 273.15K to 303.15K, and the activation energy of the four cat-

alysts was calculated by Arrhenius equation. Further corresponding

information can be found in Figs. S13a and b (Supporting infor-

mation). Electrochemical impedance spectroscopy (EIS) tests were

performed at 0.4V vs. SCE to analyze the reaction dynamics of

electrodes (Fig. S13c in Supporting information). CO-stripping tests

were performed to reveal the anti-CO poisoning activity for PtPdCu

MEAAs and the data analysis as displayed in Fig. S13d (Support-

ing information). On the whole, it can be concluded that the Pt-

PdCu MEAAs possess the excellent conductivity and thus facilitat-

ing electron transfer to enhance MOR activity. PtPdCu MEAAs also

has excellent CO oxidation reactivity because of the strong d-d in-

teraction by the incorporation of Cu and Pd into Pt lattice.

Experimental and theoretical calculations show that there are

two main reaction paths for MOR process on the surface of Pt-

based alloy catalysts, namely HCOOH direct path and CO indirect

path [49,50]. Among them, the intermediate product CO∗ is easily

produced at low potential during the MOR process, so the reaction

step of CO∗ +OH∗ is the step that determines the MOR rate to ef-

fectively and timely remove CO∗ [51-55]. Thus, we further studied

the electronic structure properties of CO and COOH intermediates

adsorbed on PtCu (111) PdCu (111) and PtPdCu (111) surfaces by

5
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Fig. 4. DFT calculation and in-situ FTIR spectra analysis of the MOR mechanism on the PtPdCu MEAAs. The free-energy diagrams of reaction full pathway spectrum (HCOOH

direct pathway and CO indirect pathway) for MOR over the surface of (a) PdCu AAs, (b) PtCu AAs and (c) PtPdCu MEAAs. (d) In-situ FTIR spectra for PtPdCu MEAAs catalysts

and (e) schematic illustration of reaction pathway selectivity on PtPdCu MEAAs for MOR process.

PDOS and charge density differential analysis based on DFT calcu-

lations, providing more details on the interaction between COOH

and CO on the catalyst surface and further illustrate the structure-

activity relationship and the further corresponding analysis infor-

mation in Figs. S14–S16 (Supporting information).

DFT calculations were carried out to understand the possible

mechanistic and high performance for MOR on PtPdCu surfaces.

MOR Gibbs free energy profiles of PtPdCu (111), PtCu (111), PdCu

(111) based on standard hydrogen electrode reaction were calcu-

lated. Table S2 (Supporting information) gives the Gibbs free ener-

gies of the MOR elementary reaction steps on PtPdCu (111), PtCu

(111) and PdCu (111) surfaces. Figs. 4a–c show the reaction full

pathway spectrum for MOR on the surface of PdCu (111), PtCu

(111) and PtPdCu (111) respectively, including the HCOOH direct

pathway and the CO indirect pathway [50,51]. As for the CO in-

direct pathway, the reaction path spectrum of MOR shows that the

potential-determining step (PDS) is ∗CO+H2O→ ∗COOH+H+ + e-.

The smaller the PDS value, the higher the activity of the catalyst.

PDS values of PdCu (111), PtCu (111) and PtPdCu (111) surfaces for

MOR are 0.93 eV, 0.91 eV and 0.85 eV, respectively. The smallest

PDS value of PtPdCu (111) surface indicated that H2O molecules are

more easily activated on the PtPdCu surface to oxidize and remove

the adsorbed CO∗ on Pt atoms, proving that the PtPdCu MEAAs al-

loy catalyst has stronger ability of CO anti-poisoning and higher

catalytic performance for MOR. Moreover, PdCu has the largest PDS

value (0.93 eV) for CO to COOH step, and the dehydrogenation of

CH3OH to CH2OH also has a high reaction energy barrier with

0.53 eV. Thus, PdCu AAs have a low MOR ability, consistent with

the experimental results. The above DFT calculations have demon-

strated that the PtPdCu MEAAs possess strong d-d electron interac-

tion, and thus facilitating the adsorption stability of CO∗ and OH∗

intermediates by extracting OH∗ from adsorbed water on the Pt-

PdCu MEAAs electrode surface at high potentials, but the modu-

lation d-d electron interaction provides adsorbed OH∗ under low

potential near Pt active sites. As shown in Fig. 4c of the energy

profiles for MOR over PtPdCu MEAAs, the reaction step occurred

at [∗COH→ ∗CO+H+ + e-] present a high energy barrier of 1.02 eV

on the CO indirect pathway, and a low energy barrier of 0.28 eV

occurred at [∗CHO+H2O→ ∗HCOOH+H+ + e-] over the HCOOH di-

rect pathway, demonstrating that the preferred reaction pathways

over PtPdCu MEAAs can be the direct pathway via formate as re-

active intermediate. For the reaction step profiles on PtCu AAs, the

PDS occurs at [∗CHO+H2O→ ∗HCOOH+H+ + e-] has a high energy

barrier of 0.53 eV compare to PtPdCu MEAAs of 0.28 eV, revealing

that the efficient d-d orbital coupling between Pt 5d, Pd 4d, and

Cu 3d lowers the energy barrier of electron transfer during MOR

process, and thus facilitating the stabilization of key intermediates

of the direct formate pathway to enhance MOR [56].

To reveal the evolution of the reaction intermediates and

byproduct on the PtPdCu MEAAs surface at molecular level dur-

ing MOR, in-situ FTIR analysis was performed. Pt-based nanoma-

terials have strong dehydrogenation ability in acidic electrolyte,

so we preferentially choose acidic system to study the reaction

mechanism for MOR. Negative going bands represent the produc-

tion of substances, and positive going bands represent the con-

sumption of substances. Fig. 4d displayed the acquired spectra of

0.5mol/L H2SO4 and 1mol/L methanol solution on PtPdCu MEAAs

at potentials between 0.2V and 1V vs. SCE during successive po-

tential steps of 0.1V. The following characteristic bands allow the

identification of the bulk products: The band with a strong inten-

sity at 2341 cm-1 related to the asymmetrical stretching mode of

the O=C=O group of the CO2 molecule, as the potential is above

0.4V vs. SCE [57,58]. The intensity of the bands increased with

potential, thus revealing a main expected product by a complete

methanol molecule oxidation. The band around at 1653 cm-1 re-

lated to the water bending mode on the Pt sites [59]. The band

related to the linearly adsorbed CO (COL) species (within the

range of 1935−1968 cm-1), together with the band at the range

of 1828−1867 cm-1 arising from the bridge-bonded CO (COB), in-

dicating the formation of CO intermediate at the beginning for the

6



K. Wang, P. Liu, M. Wang et al. Chinese Chemical Letters 36 (2025) 110532

Fig. 5. (a) Schematic diagram of DMFC single cell with PtPdCu MEAAs UTCLs as anode. (b) The spraying process and (c) Digital photo of PtPdCu MEAAs UTCLs on PEM.

(d) The representative SEM image for PtPdCu MEAAs UTCLs, inset show the cross-sectional SEM image. (e) Steady-state polarization curves for DMFC single cells employing

PtPdCu MEAAs UTCLs and commercial Pt/C as anode, respectively. (f) The stability curves at 50mA/cm2 for 10h and the histogram of attenuation percentage. Test conditions:

the flowing rate of 1mol/L methanol was 2mL/min and the flowing rate of O2 was 200mL/min, temperature at 65 °C.

MOR occurs at 0.2V vs. SCE [50,58-60]. Furthermore, formate ions

(HCOO-), with a series of bands including, 1340 cm-1 (C–O, asym-

metrical stretching) and 1576 cm-1 (C–H, asymmetrical stretching),

and the band at 1340 cm-1 presented a strong negative going band

at a potential between 0.2V and 1V vs. SCE [57,59]. In addi-

tion, the bands near the wavenumbers of 1750 cm-1 belong to the

C–O stretching mode of formic acid, indicating formic acid product

formed [60]. It is worth noting that in the HCOOH direct pathway

of MOR, some adsorbed formic acid is easily desorbed and trans-

ferred to the solution to produce formic acid products (Fig. 4e) [61-

64]. We analyzed the liquid phase products of MOR at the poten-

tial of 0.5V by using the liquid-phase mass spectrometer, and the

further analysis information is shown in Fig. S17 (Supporting infor-

mation).

To further reveal the excellent electrocatalytic activity of the

PtPdCu MEAAs catalysts as anode in real DMFC systems, control

polarization curves and constant voltage durability measurements

on PtPdCu MEAAs and commercial Pt/C served as anode catalysts

were made in acidic DMFCs system, as proton exchange membrane

is the core component of DMFCs, and the series of nafion mem-

brane is the most widely used and the most mature one at present.

The single-cell structure in DMFCs system is shown in Fig. 5a. The

self-supporting PtPdCu MEAAs anode was fabricated by spraying

without carbon support to construct the ultra-thin catalyst layer

(UTCL) electrode, as illustrated in Fig. 5b. The thickness of UTCL

could be facilely tuned by spray deposition. As observed in Fig.

5c, PtPdCu MEAAs UTCL can be handily attached onto the proton

exchange membrane (PEM) without breakage, exhibiting its excel-

lent mechanical rigidity and structural continuity and can facilitate

electron transferring during electrochemical reaction. SEM image

of the exterior surface was used to the morphological structure

of PtPdCu MEAAs UTCLs (Fig. 5d). It displays a 3D-network-like

nanoporous structures interconnected with each other and formed

abundant open pores, showing a uniform morphology on the exte-

rior surface to form a continuous film [65,66]. As the PtPd loading

was 0.6mg/cm2, the UTCL thickness was ∼1.3 μm, as presented in

the inset of Fig. 5d, leading to high quality UTCL electrodes. Fig. 5e

displays the steady-state polarization and power density curves for

the PtPdCu MEAAs catalysts with the PtPd loading of 2mg/cm2 (4–

5μm thickness). A control electrode sample using commercial Pt/C

catalysts with a higher noble Pt loading of 2mg/cm2 (∼40μm) is

also displayed for comparison. The maximum power densities of

PtPdCu MEAAs as anode UTCL at 65 °C were 35mW/cm2, which is

1.8 folds than that of the commercial Pt/C with 20mW/cm2. More-

over, Fig. 5f presented an impressive stability of PtPdCu MEAAs

electrode at a constant current of 50mA/cm2 for 10h, and the re-

sult voltage decreased by 24%. The less voltage loss may be causing

by the methanol crossover from PEM to cathode. In all, the above

test results in DMFC demonstrated an excellent newly developed

anode catalysts due to its high intrinsic electrocatalytic perfor-

mance facilitated by Pt 5d, Pd 4d, and Cu 3d orbitals coupling and

self-supporting nanoporous structure for accelerating mass trans-

portation inside the anode of DMFCs.

In summary, PtPdCu MEAAs were successfully designed by one-

step NaBH4-reduction strategy. DFT calculations reveal that the

strong d-d orbital coupling between Pt 5d, Pd 4d and Cu 3d are

contributed to elevate the Fermi level of PtPdCu MEAAs and thus

reduce the reaction barrier of the key intermediates for achieving

efficient high pH adaptability MOR electrocatalytic activity. Besides,

PtPdCu MEAAs display excellent long-term durability after 3600 s

for MOR under pH-general conditions. DFT calculation for the reac-

tion full pathway spectrum and in-situ FTIR spectra analysis iden-

tified that PtPdCu MEAAs preferentially choose to take the HCOOH

direct path and have the smaller the PDS value (0.28 eV), indicating

that the adsorbed CHO∗ can be removed by the more easily acti-

vated H2O molecules. Furthermore, the self-supporting nanoporous

anode equipped with the PtPdCu MEAAs catalyst at 2mg/cm2 has

a high peak power density of 35mW/cm2, which is much higher

than commercial Pt/C catalyst with the similar noble metal load-

ing. This discovery provided a new insight on the relationship of

electronic structure and MOR performance for DMFCs.
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