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The three-dimensional (3D) Pd-based nanoflower structures, assembled from two-dimensional (2D)
nanosheets, are characterized by their stable and ordered configurations. These structures have been ex-
tensively designed as anode materials for fuel cells. However, the exploration of trimetallic nanoflow-
ers with porous architectures remains limited. In this study, we present a straightforward one-step
solvothermal method for the synthesis of trimetallic PACuNi porous nanoflowers (PNFs). Leveraging sev-
eral unique advantages, such as an open superstructure, high porosity, and enhanced electronic interac-
tions among the trimetals, the resulting PACuNi PNFs demonstrate significantly improved electrochemical
performance, with mass activities reaching 5.94 and 10.14 A/mg for the ethanol oxidation reaction (EOR)
and the ethylene glycol oxidation reaction (EGOR), respectively. Furthermore, the PdCuNi PNFs exhibit op-
timized d-band centers and the most negative onset oxidation potential, indicating enhanced antitoxicity
and stability. This study not only provides a novel perspective on the synthesis of 3D porous nanomate-

rials but also highlights the potential application value of trimetallic nanoalloys in catalysis.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Direct alcohol fuel cells (DAFCs) represent an emerging and sus-
tainable energy conversion technology, which promises to replace
traditional fossil fuels [1,2]. This innovative system offers distinct
advantages including rapid low-temperature start-up, environmen-
tal friendliness and simple structure [3-6]. However, the sluggish
kinetics of the anodic oxidation reaction significantly hinder its
commercialization [7-9]. Pt-based catalysts can effectively catalyze
alcohol oxidation reaction (AOR), while the scarce reserves and
easy-to-poisoning issues limit practical application [10-13]. No-
tably, Pd, with similar electronic structure and lattice parameters
to Pt, can also deliver superior activity in alkaline AOR [14-17].
Therefore, a variety of strategies have been proposed to stimulate
the catalytic potential of Pd nanomaterials [18-21].

The addition of one or two transition metals to form Pd-based
nanoalloy has been validated as an effective strategy in a large
number of practices [22-24]. On one hand, alloying can cut down
the Pd usage and increase Pd atom utilization while maintain-
ing activity through synergistic effects [25,26]. On the other hand,
transition metals can weaken the adsorption of toxic species like
CO and provide OH™ adsorption sites, facilitating oxidative removal
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of toxic species [27-29]. Among transition metals, Cu and Ni excel
because they effectively promote C-C and C-H bond cleavage and
the generation of oxygen species [30-32]. Especially the simultane-
ous introduction of Cu and Ni creates strong multi-component syn-
ergy and electronic interaction, significantly boosting electrocat-
alytic activity and stability [33]. For instance, Wang et al. prepared
PdCuNi ternary alloys via wet-chemical methods, which showed
exceptional oxygen reduction activity and remarkable methanol
tolerance [34]. Therefore, rational introduction of Cu and Ni is cru-
cial for constructing high-efficiency Pd-based ternary alloy cata-
lysts for alcohol oxidation.

Moreover, the microstructure of catalyst plays a crucial role in
electrocatalysis [35-37]. The 3D nanoflower structures assembled
from 2D nanosheets, featuring open structure and abundant active
sites, have triggered extensive research [38-40]. As a representa-
tive example, Zhang et al. developed a surfactant-free strategy for
preparing ordered and stable 3D self-assembled nanosheet elec-
trocatalysts [41]. However, most reported 3D nanoflowers display
smooth surfaces, lacking additional porous architectures that accel-
erate mass transport and electron conduction [37]. Precisely engi-
neering 3D nanoflowers with porous structures would significantly
enhance anodic AOR kinetics and oxidation activity.
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Scheme 1. Schematic of the synthetic procedure for the PACuNi PNFs.

In this contribution, we propose an effective one-step method
for constructing 3D PdCuNi nanoflowers that self-assembled from
2D nanosheets, characterized by their densely porous features. This
porous structure provides enhanced pathways for mass transport
and electron transfer. More importantly, the synergistic effect of Cu
and Ni effectively tunes the electronic structure of Pd, mitigating
the issue of Pd catalysts being prone to deactivation during elec-
trochemical tests. Consequently, due to the aforementioned advan-
tages, the mass activities of the PdCuNi PNFs in the ethanol and
ethylene glycol oxidation reaction are found to be as high as 5.94
and 10.14 A/mg, significantly surpassing those of bimetallic PdCu
PNFs, PdNi NFs and monometallic Pd/C. In addition to high activ-
ity, the PdCuNi PNFs also exhibit remarkable stability and excellent
tolerance to poisoning species. This study not only presents a sim-
ple and straightforward scheme for constructing porous nanostruc-
tures but also confirms the reliable potential of trimetallic nanoal-
loy for electrocatalytic alcohol oxidation.

Scheme 1 illustrates the synthesis of PACuNi PNFs by direct re-
duction of Pd, Cu and Ni precursors, using CTAB and benzoic acid
as surfactant and structure-directing agent, with Mo(CO)g as re-
ducing agent. First of all, the microstructure of the PdCuNi cata-
lyst was characterized by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and TEM. As pre-
sented in Figs. 1a and b, the PdCuNi PNFs exhibit a typical 3D
nanoflower structure self-assembled from layered nanosheets. No-
tably, the nanoflowers possess abundant porous structures dis-
tributed throughout both interior and edge regions (Fig. 1c), which
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Fig. 1. Typical (a) HAADF-STEM image, (b, c) TEM image, (d, e) HRTEM image, (f)
SAED, (g) SEM-EDS spectrum, (h) XRD pattern and (i) elemental mapping analysis
of the PdCuNi PNFs.
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substantially increase the specific surface area to provide more ac-
tive sites for reactant adsorption [42,43]. Meanwhile, the dense
pores also offer additional channels for electron transport [37]. In
addition, the pores exhibit an irregular configuration as observed
by high resolution TEM (HRTEM) (Fig. 1d). Fig. 1e reveals lattice
fringes with a measured interplanar spacing of 0.226 nm, slightly
smaller than that of the pure Pd (111) plane, indicating lattice con-
traction induced by the arrival of Cu and Ni. The atomic ratios
of Pd, Cu and Ni in PdCuNi PNFs was measured as 40.1/36.9/23.0
by inductively coupled plasma mass spectrometry (ICP-MS) (Ta-
ble S1 in Supporting information). Scanning electron microscopy
energy-dispersive X-ray spectrometer (SEM-EDS) determined that
the surface atomic ratio of Pd, Cu and Ni in PdCuNi PNFs was
43.3/38.1/18.6. (Fig. 1g). Thus, the Ni content in the bulk phase
is slightly higher than that on the surface. The X-ray diffraction
(XRD) pattern of PdCuNi is depicted in Fig. 1h, with diffraction
peaks positioned between standard Pd (PDF #46-1043), Cu (PDF
#04-0836), and Ni (PDF #04-0850), indicating the formation of a
highly crystalline PdCuNi alloy [44]. The four peaks are indexed to
the (111), (200), (220), and (311) planes of face-centered cubic (fcc)
Pd. Elemental mapping images reveal the spatially uniform distri-
bution of Pd, Cu, and Ni throughout the suface of PNFs (Fig. 1i),
further verifying the formation of the ternary alloy. Moreover, the
excellent crystallinity of the material is further confirmed by se-
lected area electron diffraction (SAED), as the pattern display well-
defined diffraction rings (Fig. 1f) [2]. The diffraction rings from the
inner to the outer correspond to the (111), (200), (220), and (311)
crystal planes, respectively.

PdCu PNFs and PdNi NFs were synthesized by omitting the Ni
and Cu precursors, respectively, while keeping other conditions un-
changed. TEM images reveal that PdCu PNFs exhibit layered porous
nanoflower structures analogous to those of PdCuNi PNFs, with the
majority of pores localized in the edge regions (Fig. S1a in Support-
ing information). In contrast, the PdNi NFs diaplay a smooth and
flat surface without obvious pore distribution (Fig. S1d in Support-
ing information). The atomic ratios of Pd/Cu and Pd/Ni were deter-
mined to be 53.6/46.4 and 49.9/50.1 by ICP-MS (Table S1 in Sup-
porting information), respectively. In the XRD patterns (Figs. S1c
and f in Supporting information), the positions of the diffraction
peaks shift relative to standard Pd and Cu/Ni, implying the pres-
ence of alloy structures [45,46].

Moreover, X-ray photoelectron spectroscopy (XPS) analysis re-
veals the surface valence state distribution and electron transfer
behavior of as-prepared samples [47]. In Fig. 2a, the XPS spectra
of the Pd 3d orbitals indicate that the valence states of Pd among
these three substances are Pd(0) and Pd(II), with the former ac-
counting for the major proportion. For PACuNi PNFs, two promi-
nent peaks at the binding energies (BEs) of 335.57 and 340.87 eV
are identified as Pd(0) 3ds5j, and Pd(0) 3d3,, respectively. Two mi-
nor peaks observed at 336.43 and 341.70eV correspond to Pd(II)
3dsp, and Pd(Il) 3ds),, respectively. Meanwhile, it can be detected
that the Pd(0) 3d BEs of PdCuNi PNFs display a positive shift of
0.57eV compared to the standard values (335.00 and 340.30eV).
Similarly, the BEs of Ni(0) 2p3, and 2py, in PdCuNi PNFs (853.17
and 870.60eV) show a positive shift relative to those of standard
Ni (852.60 and 869.90eV) (Fig. 2c). However, the BEs of Cu 2p;,
and 2pyj, (932.17 and 952.03) are negatively shifted in comparison
with those of standard Cu (Fig. 2b). These BE shifts indicate the
presence of electronic interactions among Pd, Cu, and Ni. Specifi-
cally, electrons flow from Pd and Ni to Cu. This electron transfer
effectively modifies the electronic structure of Pd and enhances its
catalytic performance [48]. Further, the XPS spectra of elements in
PdCuNi PNFs are compared with those in PdCu PNFs and PdNi NFs.
It is obvious that the BEs of the metallic states of Pd, Cu and Ni in
PdCuNi PNFs are shifted relative to those in PdCu PNFs and PdNi
NFs, further confirming electron transport between Pd, Cu and Ni.
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Fig. 2. (a) XPS spectra of Pd 3d in PdCuNi PNFs, PdCu PNFs and PdNi NFs. (b) XPS spectra of Cu 2p in PdCuNi PNFs and PdCu PNFs. (c) XPS spectra of Ni 2p in PdCuNi PNFs

and PdNi NFs. (d) The valence band spectra. (e) CO stripping voltammograms.

Since the Cu 2p binding energies of Cu(0) and Cu(I) overlap, LMM
Auger spectra was adopted to correctly distinguish between them
in the sample. Cu(0) LMM peaks typically appear at the kinetic
energy of 918.4eV and Cu(l) at 916.5eV [49]. As shown in Figs.
S2a and b (Supporting information), a prominent LMM peak is ob-
served at 918.6eV, consistent with Cu(0), with no characteristic
Auger peak Cu(l) near 916.5eV. For Cu(ll) identification, the Cu 2p
XPS spectra of PdCuNi PNFs and PdCu PNFs show peaks at about
934 and 954 eV, accompanied by satellite peaks at about 943 and
963 eV. Since no Cu(l) signals are detected, it is reasonable to con-
clude that surface Cu species are dominated by metallic Cu and
CuO. Finally, most Ni exists in the oxidized state, and only a small
portion is in the metallic state. This phenomenon can be attributed
to the strong oxygenophilicity of Ni and the surface sensitivity of
XPS characterization [50].

The valence band spectra (VBS) can reveal the d-band center
metals, thereby providing insights into the adsorption/desorption
strength of intermediate species [37]. Fig. 2d displays that the
PdCuNi PNFs present a d-band center of —4.11eV, an apparent
downshift relative to that of PdCu PNFs (—3.96eV) and PdNi NFs
(—3.85eV). The downward shift of the d-band centre in PdCuNi
PNFs can attenuate the strong adsorption of toxic intermediates
(e.g., CO) and liberate blocked active sites. Furthermore, CO strip-
ping experiments were conducted to evaluate the poisoning re-
sistance against CO of each sample [51]. As depicted in Fig. 2e,
PdCuNi PNFs exhibit the most negative onset potential compared
with PdCu PNFs, PdNi NFs and Pd/C. A more negative potential sig-
nifies easier CO oxidative desorption, and superior anti-poisoning
performance. Therefore, based on the analysis of the VBS and
CO stripping experiments, it can be concluded that the PdCuNi
PNFs possess remarkable CO tolerance capability. This might stem
from that the strong electronic structure regulation ability of the
trimetal system, prompting the main catalytic metal Pd to exert
greater catalytic potential [52].

The electrochemical performance of PACuNi PNFs towards EOR
was evaluated in alkaline solution, with PdCu PNFs, PdNi NFs, and
Pd/C serving as comparative catalysts for parallel investigation. The
electrochemical active surface area (ECSA) is an important perfor-
mance metric, obtained from the area of the reduction peak in the
cyclic voltammetry (CV) curves measured in 1 mol/L KOH solution
(Fig. 3a). The ECSA values of PdCuNi PNFs, PdCu PNFs, PdNi NFs

and Pd/C are 42.81, 40.96, 42.47 and 25.06 m?/gpy, respectively.
The PdCuNi PNFs exhibit the highest ECSA value, suggesting that
the trimetallic porous nanostructure provides massive active sites
during electrochemical reactions [32]. Subsequently, the CV curves
tested in 1 mol/L KOH and 1 mol/L ethanol solution were recorded
and normalized by mass for the most intuitive assessment of the
EOR performance of four catalysts. The forward peak at approx-
imately —0.22V arises from the oxidation of ethanol molecules,
and the reverse peak at —0.35V results from the further oxida-
tion of strongly adsorbed species [31]. The results (Fig. 3b) reveal
that PdCuNi PNFs display outstanding electrocatalytic activity of
5.94 A/mg, approximately 1.42 times higher than that of PdCu PNFs
(418 A/mg), 1.9 times that of PdNi NFs (3.12 A/mg), and 4.37 times
that of commercial Pd/C (1.36 A/mg). The specific activity main-
tains the identical ranking order: PdCuNi PNFs (13.87 mA/cm?2)
> PdCu PNFs (10.20 mA/cm?) > PdNi NFs (7.35mA/cm?) > Pd/C
(5.44mA/cm?) (Fig. 3c). Meanwhile, the ethanol oxidation activ-
ity of PdCuNi PNFs also show remarkable advantages over re-
cent Pd-based nanomaterials (Table S2 in Supporting information).
Thus, the synergistic effects among the trimetallic components
profoundly optimize the electrocatalytic ethanol oxidation activity
[53]. Moreover, the porous structure plays an important role in en-
hancing the EOR performance. On one hand, the porous structure
confers PdCuNi PNFs with an enlarged surface area and abundant
low-coordination surface atoms, thereby increasing the number of
active sites [23]. On the other hand, the pores can provide trans-
port channels for reactants and charges, facilitating their access to
the active sites, thus enhancing the reaction rate [37]. The onset
potentials derived from the CV curves are compared to probe the
reaction kinetic (Fig. 3d). Compared with commercial Pd/C, the on-
set potentials of PdCuNi PNFs, PdCu PNFs, and PdNi NFs exhibit
negative shifts of 84, 5, and 67 mV, respectively, indicative of ac-
celerated electrode reaction kinetics for the PdCuNi catalyst. The
CV curves at different scan rates were employed to further eval-
uate the electrochemical kinetics (Fig. 3e and Fig. S3 in Support-
ing information). Fig. 3f depicts mass activity (j) follows a linear
relationship with the square root of the scan rate (v!/2), and the
PdCuNi electrode delivers the largest slope among all these stud-
ied electrodes. This result indicates that the PdCuNi PNFs electrode
possesses a higher transport electron coefficient during the kinetic
process, markedly boosting the overall EOR efficiency.
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Fig. 3. The EOR performances of PdCuNi PNFs, PdCu PNFs, PdNi NFs and commercial Pd/C. CV curves in (a) 1mol/L KOH solution and (b) 1 mol/L KOH containing 1 mol/L
ethanol electrolyte. (c) The histogram of mass activity and specific activity. (d) Onset potentials. (e) CV curves of PdCuNi PNFs at different scan rates. (f) The plot of mass
activity vs. the square root of the scan rate. (g) CA curves at —0.24V. (h) The variation of mass activity along with 500 cycles. (i) EIS spectra.

Another critical requirement for DAFCs is the long lifespan of
anode catalysts. First, the chronoamperometry (CA) tests were con-
ducted to investigate the changes in their current density over
time. As depicted in Fig. 3g, the oxidation current of all cata-
lysts declines gradually with time during ethanol electrooxida-
tion, primarily due to the accumulation of intermediate prod-
ucts [35]. Strikingly, the PdCuNi PNFs display the slowest cur-
rent density loss and sustain the highest activity (0.30 A/mg) af-
ter 4000s. In contrast, the current densities of PdCu PNFs, PdNi
NFs, and commercial Pd/C suffer rapid decline and retain only
0.092, 0.069 and 0.043 A/mg, respectively, over the same pe-
riod. Subsequently, we performed consecutive 500 CV cycles and
recorded the remaining mass activity of the catalyst every 100 cy-
cles (Fig. 3h and Fig. S4 in Supporting information). After 500 cy-
cles, the PdCuNi PNFs still maintain a residual mass activity of
136 A/mg, outperforming all other comparative catalysts. There-
fore, the PdCuNi PNFs demonstrate optimal stability and the de-
sired enhancement can stem from the introduction of the third
metal. This incorporation further modulates the electronic struc-
ture of active sites and mitigates catalyst deactivation caused by
excessively strong adsorption of toxic species in single metal or
bimetal systems [54]. In addition, the electrochemical impedance
spectroscopy (EIS) was adopted to further measure the interfa-
cial charge transfer resistance [55,56]. The PdCuNi catalyst exhibits
an apparently smaller impedance arc diameter (DIA) and lower
charge transfer resistance (R.t) value (Fig. 3i and Table S3 in Sup-
porting information), thus enabling more rapid interfacial reaction
kinetics.

The capacity of PdCuNi catalysts for ethylene glycol oxidation
under alkaline conditions was investigated by the same method.
Fig. 4a depicts the PdCuNi PNFs achieve the highest mass ac-
tivity value of up to 10.14 A/mg, followed by PdCu PNFs (6.54
A/mg), PdNi NFs (5.51 A/mg) and commercial Pd/C (1.84 A/mg)
electrodes. The PdCuNi PNFs remarkable EGOR performance can be
ascribed to the porous structure that exposes more catalytically ac-

tive sites and the co-modification by Cu and Ni that optimizes the
Pd electronic structure and enhances its intrinsic catalytic capabil-
ity [32,57]. Similarly, the PdCuNi PNFs electrode reaches a max-
imum specific activity value of 23.69mA/cm? (Fig. 4b), and the
value is found to be about 1.48, 1.83, and 3.21 times as large as
those of the PdCu PNFs (15.97 mA/cm?), PdNi PNFs (12.97 mA/cm?),
and Pd/C (7.37mA/cm?2) electrodes, respectively. In addition, the
ethylene glycol oxidation activity of PACuNi PNFs is also more com-
petitive compared with that of recent Pd-based nanocatalysts (Ta-
ble S4 in Supporting information). As depicted in the enlarged CV
curves (Fig. 4c), the PdCuNi electrode achieves the same EG oxi-
dation current at a lower potential than other electrodes, imply-
ing that the presence of the PdCuNi PNFs catalyst makes the cat-
alytic reaction proceed more easily. For consistent evaluation, the
CA tests were utilized to compare the stability of PACuNi PNFs
with that of other electrodes (Fig. 4d). The data reveals the Pd-
CuNi PNFs electrode could maintain considerable mass activity af-
ter 4000, with residual activities of 1.05, 0.43, 0.36, and 0.17 A/mg
for PACuNi PNFs, PdCu PNFs, PdNi NFs, and Pd/C, respectively. This
confirms that the porous structure and the alloy effect of Pd, Cu
and Ni are conducive to sustaining the EGOR activity [58]. Further-
more, the PdCuNi PNFs also display a distinct advantage in con-
tinuous 500 CV tests with a lower attenuation rate of mass ac-
tivity compared with PdCu PNFs, PdNi NFs and Pd/C electrodes
(Fig. 4e and Fig. S5 in Supporting information). The result further
confirms that the PdCuNi PNFs catalyst is highly effective in ex-
tending the service life. Finally, the DIA and R value of the Pd-
CuNi PNFs electrode are much smaller than those of other catalyst
electrodes (Fig. 4f and Table S5 in Supporting information), indi-
cating that Cu and Ni greatly promote electron transfer and mass
transport.

In summary, a robust co-reduction approach is successfully de-
veloped for the fabrication of 3D PdCuNi porous nanoflower cata-
lysts. The resulting structure exhibits layered porous features, low
coordinated sites, a strong trimetallic synergistic effect, a lower
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d-band center and excellent conductivity. Collectively, these char-
acteristics significantly enhance the electrocatalytic process for
ethanol and ethylene glycol oxidation reactions. Consequently, ex-
ceptional electrocatalytic capabilities have been achieved for Pd-
CuNi PNFs, including higher ECSA values, a mass activity of up
to 594 A/mg and 10.14 A/mg for EOR and EGOR, respectively.
The PdCuNi PNFs catalyst also demonstrates more prominent re-
action kinetics, and superior stability and resistance to toxicity. It
is believed that this simple co-reduction strategy can be easily ex-
tended for the design and synthesis of other trimetallic porous
nanoflowers, holding broad application promise in organic small
molecule catalysis.
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