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One-pot aqueous synthesis of ultrathin trimetallic PdPtCu 
nanosheets for the electrooxidation of alcohols
Hao Lv,a Lizhi Sun,a Dongdong Xu,a,* Steven L. Suib,b and Ben Liua,*

Due to synergistically structural and compositional advantages, ultrathin multimetallic nanosheets are widely 
recognized as the high-efficiency electrocatalysts for alcohol electrooxidation. Despite great efforts, the 
current synthetic strategies for the preparation of multimetallic nanosheets mainly focus on the reduction of 
metal precursors in organic solvents or the presence of toxic CO. In this contribution, one-pot aqueous 
synthesis based on the self-assembly of novel surfactant of docosyltrimethylammonium chloride is employed 
to produce ultrathin free-standing trimetallic PdPtCu nanosheets under ambient and eco-friendly conditions. 
No any toxic chemicals (even organic solvent) were employed in the synthesis. The obtained PdPtCu 
nanosheets are ultrathin with a dendrite-like nanostructure (with an average thickness of ~3.5 nm) and alloyed 
crystalline feature. The synthetic strategy is also universal for tuning the elemental ratios and compositions of 
ultrathin multimetallic nanosheets. Due to multiple advantages of unique ultrathin dendrite nanostructures 
and multimetallic elemental compositions, PdPtCu nanosheets exhibit remarkably enhanced performances in 
the electrooxidation of alcohols (methanol, ethanol, glycerol and glucose). The one-pot eco-friendly synthetic 
concept could be expected to build more multimetallic nanostructures with synergic enhancement effect for 
a range of electrocatalyitc applications. 

Introduction
The past two decades have witnessed the significant development 
for searching sustainable and renewable resources to replace 
transitional fossil fuels.1, 2 Direct alcohol fuel cells (DAFCs) have been 
recognized as one of most important solution,3-5 because they 
possess the higher efficiency in energy conversion and better 
sustainability in the environment. Currently, noble metals of Pd and 
Pt are still the most efficient anode catalysts for electrocatalyzing 
alcohol oxidation reactions in DAFCs.6-10 However, the potential 
commercialization of the DAFCs is greatly hindered by the high price 
and poor stability of the nanocatalysts. Nanoalloyed Pd/Pt with 
secondary metal, such as Au, Ag, Ru, Cu and Zn, has been found to 
be an attractive route to enhance the utilization efficiency of metal 
metals and boost the electrocatalytic performance, based on the 
well-known d-band theory.11-15 Meanwhile, the introduction of more 
oxophilic metals could efficiently promote the formation of adsorbed 
OH (OHads), and thus facilitate the further oxidation/removal of 
poisoning intermediates on Pd/Pt.16-19 Such bifunctional effects not 
only enhance the mass activity, but also improve the long-term 
stability of the nanocatalysts during the electrocatalysis. The 
formation of multimetallic nanoalloys with different elemental 
compositions in one catalyst would further optimize and enhance the 

electrocatalytic performances (known as a compositionally 
synergetic enhancement effect). 

Apart from the elemental compositions, engineering the 
nanostructures of noble metal-based catalysts has been recognized 
as another effective tool to improve the electrocatalytic 
performances.20-28 Of various nanostructures available, anisotropic 
two-dimensional (2D) ultrathin nanosheets with an average 
thickness less than 5 nm have recently received special attention for 
electrocatalytic applications, due to the higher exposed and 
undercoordinated surface sites, and anisotropic nanostructures.29-37 
For example, Zheng et al. found that Pd nanosheets displayed a 2.5-
fold enhancement in the electrooxidation of formic acid, compared 
to commercial Pd NPs.38 Cheng and his colleagues observed that 2D 
PdAg nanosheets can retain ~ 50 % activity in ethanol 
electrooxidation even after 10, 000 cycles.39 Wang et al. showed that 
Pt-Cu nanosheets or nanocones exhibited the larger peak current 
density of ethanol oxidation, almost 22 times that of commercial Pt 
black and 14 times that of Pt/C.40, 41 Therefore, we rationally 
anticipate a highly active and stable electrocatalyst by combining 
with the above advantages of multimetallic elemental compositions 
and 2D ultrathin nanostructures. To date, unfortunately, only limited 
synthetic methods are successfully developed to grow ultrathin 
noble metal-based nanosheets, principally because anisotropic 
nanostructure of ultrathin multimetallic nanosheets does not 
thermodynamically fit to symmetric face-central cubic (fcc) 
crystalline phases of noble metal nanocrystals. Because toxic CO is 
universally used as the reducing agent and nanosheet-
forming/stabilizing agent during the fabrication of ultrathin 
nanosheets,36 concerns about safety and environment should also be 
seriously resolved. Therefore, a big challenge remains to develop a 
facile, eco-friendly, and low-cost method to prepare ultrathin 
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multimetallic nanosheets, especially through an aqueous 
synthesis.42-44  

Fig. 1 Schematic illustrating formation of ultrathin free-standing 
trimetallic PdPtCu nanosheets using the surfactant-directed 
solution-phase synthesis. 

Herein, we developed a one-pot, eco-friendly, reactively prompt 
synthesis strategy to fabricate ultrathin free-standing trimetallic 
PdPtCu nanosheets under an aqueous solution, and further 
investigated their enhanced electrocatalytic performances in alcohol 
oxidation reactions. Ultrathin PdPtCu nanosheets with a thickness of 
~ 3.5 nm and a diameter of ~45 nm were synthesized using 
docosyltrimethylammonium chloride (C22TAC) as the surfactant 
template, PdCl42-, PtCl64-, and Cu2+ as metal precursors, and ascorbic 
acid (AA) as reducing agent at room temperature. No toxic chemicals 
(even organic solvents) were employed in the synthesis. The 
introduction of amphiphilic C22TAC with a long-chain alkyl 
hydrophobic tail, a hydrophilic quaternary ammonium head and a 
counter ion of Cl- as the surfactant template is critically important to 
drive the formation of 2D ultrathin nanosheet structure (see Fig. 1). 
Meanwhile, elemental ratios and compositions of ultrathin 
nanosheets were readily tailored by changing initial feed ratios and 
species of metal precursors. As-resultant ultrathin PdPtCu 
nanosheets were demonstrated as electrocatalysts for alcohol 
oxidation reactions, in which remarkably enhanced electrocatalytic 
performances (activity and stability) were achieved, compared to 
their counterpart nanocatalysts with bimetallic/monometallic 
compositions or 0D nanostructures. More importantly, such 
enhancement is universal in various alcohol electrooxidations 
(methanol, ethanol, glycerol, and glucose electrooxidation).

Results and Discussion
Synthesis and characterizations of ultrathin PdPtCu nanosheets
In a typical synthesis of ultrathin free-standing PdPtCu nanosheets, 
H2PdCl4, H2PtCl6 and Cu(NO3)2 were added to an aqueous solution 
containing C22TAC (1.5 mg/mL) under stirring. Subsequently, freshly 
prepared AA solution was injected, and kept at room temperature 
for 30 min. As-resultant products were then collected by 
centrifugation and washed with acetic acid and ethanol/H2O for 
three times to remove the surfactants on the surfaces of PdPtCu 
nanosheets (see experimental section for more details) (Fig. 1). 

Fig. 2 (a, b) Low-magnification, (c) high-magnification, and (d, e) high-
resolution TEM images of ultrathin PdPtCu nanosheets.

Ultrathin free-standing PdPtCu nanosheets were first indicated by 
low-magnification transition electron microscopy (TEM) images. As 
shown in Fig. 2a, as-resultant products are ultrathin with a sheet-like 
nanostructure. The average lateral diameter of PdPtCu nanosheets is 
45 nm with a small distribution of 3.5 nm. A clearer observation in 
Fig. 2b showed that the nanosheets are composed of several radial 
nanobranches from the same core. Ultrathin dendrite-like nanosheet 
structures were further observed by a high-magnification TEM image 
(Fig. 2c). The thickness of ultrathin PdPtCu nanosheets was evaluated 
to be 3.5 nm with ~ 16 atomic layers (Fig. 2d), when in a 
perpendicular orientation on carbon supports (see Fig. S1 for low-
magnification TEM images†). The high-resolution TEM observation 
was also shown to unveil the crystalline nature, in which a clear d-
spacing of 0.223 nm was well-matched to the (111) planes of fcc 
PdPtCu alloyed nanocrystals (Fig. 2e). The successful formation of 
ultrathin free-standing nanosheets with dendrite-like nanostructures 
was also revealed by high-angle annular dark-field scanning TEM 
(HAADF-STEM) (Fig. 3a).

Fig. 3 (a) HAADF-STEM image, (b) elemental mappings, (c) EDX, and 
(d) corresponding elemental compositions of ultrathin PdPtCu 
nanosheets.
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The elemental compositions and distributions of ultrathin PdPtCu 
nanosheets were further revealed by STEM mappings and 
corresponding energy-dispersive X-ray (EDX) spectroscopy. As shown 
in Fig. 3b, homogeneously distributed Pd, Pt, and Cu were spatially 
overlapped throughout the whole nanosheets, definitely suggesting 
ultrathin PdPtCu nanosheets are solid nanoalloys, rather than phase-
separated ones. The co-existence of trimetallic PdPtCu was also 
indicated by STEM-EDX (Fig. 3c). The compositional ratio of Pd, Pt, 
and Cu in ultrathin PdPtCu nanosheets was determined to be 
54:21:25 (by wt. %) (Fig. 3d), similarly to the results collected from X-
ray photoelectron spectra (XPS) survey (57: 17: 26, Fig. S2†) and 
inductively coupled plasma mass spectrometry (58:22: 20).

Fig. 4 (a) Wide-angle XRD pattern, (b) high-resolution Pd 3d, (c) Pt 4f, 
and (d) Cu 2p XPS spectra of ultrathin PdPtCu nanosheets.

The crystalline features and nanoalloyed elemental compositions 
of ultrathin PdPtCu nanosheets were also indicated by wide-angle X-
ray diffraction (XRD) and high-resolution XPS. Five typical XRD peaks 
located between 30-90o can be assigned to metallic fcc crystalline 
phases ((111), (200), (220), (311) and (222) planes, respectively) (Fig. 
4a). No other peaks ascribed to pure fcc Pd, Pt, or Cu can be 
observed. Due to the similar fcc crystallographic structure of Pd, Ag, 
and Cu, wide-angel XRD peaks of metallic alloys strongly depended 
on the element contents. From XRD patterns, the d-spacing of (111) 
plane was calculated to be 0.222 nm (45.12 o) for PdPtCu nanosheets 
which located in between Pt (0.227 nm) and Cu (0.209 nm), further 
evidencing the formation of PdPtCu alloys. The high-resolution XPS 
spectra of Pd 3d, Pt 4f, and Cu 2p were further deconvoluted to 
unveil the surface elemental states of ultrathin PdPtCu nanosheets. 
As shown in Fig. 4b, two representative XPS peaks with binding 
energies of 335.5 and 340.8 eV were assigned to the metallic Pd 3d5/2 
and 3d3/2, respectively, while the ones at 336.4 and 342.0 eV were 
attributed to the bivalent Pd2+. Both of these transitions are 
positively shifted in binding energy relative to pure counterparts, 
suggesting that the charge transfer between Pd and Pt/Cu modified 
the electronic structures of Pd in ultrathin PdPtCu nanosheets.39, 45, 

46 The occurrence of the electron transfer in ultrathin PdPtCu 
nanosheets was also confirmed by slightly shifted XPS peaks of Pt 4f 
and Cu 2p (Fig. 4c and 4d). The above structural and electronic 
characterization definitely suggested the successful formation of 
ultrathin free-standing PdPtCu nanosheets with dendrite-like 
structures and alloyed crystalline features.

Introduction of C22TAC as the surfactant template is the key to 
the formation of ultrathin PdPtCu nanosheets. C22TAC highlights 
three structural features, including the long-chain hydrophobic C22 
tail, the hydrophilic quaternary ammonium head, and the counter 
ion of Cl-.44,47,48 Among them, i) the hydrophobic C22 tail drives the 
self-assembly into a lamellar mesostructure, ii) the hydrophilic head 
stabilizes the assembled nanostructure and binds with metal 
precursors through electrostatic and/or coordination interactions for 
in-the-plane epitaxial growth of ultrathin nanosheets, and iii) Cl- 
assists the formation and stabilization of 2D nanosheets. To further 
reveal the key factor of C22TAC in the formation of ultrathin PdPtCu 
nanosheets, more control experiments were also carried out. First, 
amphiphilic C16TAC with the shorter hydrophobic alkyl tail was used 
as the surfactant template for the formation of PdPtCu nanoalloys. 
Mesoporous nanospheres, rather than ultrathin nanosheets, were 
obtained (Fig. S3a, b†). This can be ascribed to the changed packing 
parameter (g value) of C16TAC that favors self-assembly into 
hexagonal mesophases. Second, Br- was used as the counter ion 
(docosyltrimethylammonium bromide (C22TAB)) for the synthesis. In 
comparison to Cl-, Br- possesses a preferential chemisorption on 
(110) and (100) planes of Pd, and thus facilitates the growth along 
specific exposed crystalline planes into the thicker dendrite-like 
nanoplates (~7-10 nm) (Fig. S3c, d†). Lastly, toxic CO has also been 
investigated as the reducing agent for driving the reduction of metal 
precursors. Ultrathin nanosheets were synthesized under the same 
synthetic conditions (Fig. S3e, f†), further suggesting the importance 
of C22TAC for fabricating ultrathin multimetallic nanosheets.

Fig. 5 Multimetallic PdPtCu nanostructures synthesized by changing 
initial feed ratios of (a-d) Cu and (e-h) Pt.
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   The elemental ratios of multimetallic nanoalloys are 
compositionally important to their electrocatalytic performances. In 
the current work, compositional ratios of PdPtCu nanoalloys were 
also investigated on their final nanostructures (Fig. 5). We first 
studied the effect of Cu, and found that perfect ultrathin dendrite-
like nanosheets were obtained in Cu content < 25 wt. % (Fig. 5a, b). 
The higher Cu ratio in PdPtCu nanoalloys (> 47 wt. %) gave rise to 
more fractal branches of PdPtCu nanosheets (Fig. 5c), in which 
smaller nanoparticles gradually appeared when Cu content is higher 
than 61 % (Fig. 5d). Similarly, ultrathin free-standing nanosheets can 
be synthesized when Pt content is lower than 21 wt. % (Fig. 5e-g). 
However, the higher Pt content in trimetallic PdPtCu nanoalloys (23 
wt. %) may change the self-assembled behavior of the surfactant, 
and cause the formation of mesoporous nanoparticles (Fig. 5h). The 
slower crystalline nucleation rate of Pt and Cu (compared to Pd) may 
suppress the lamellar nanostructures from C22TAC and results in the 
formation of thermodynamically more stable nanoparticles. These 
results obviously revealed good controllability in the composition of 
ultrathin multimetallic PdPtCu nanosheets.

Fig. 6 (a) CV curves and (b) corresponding ECSAs of trimetallic PdPtCu 
nanosheets (NSs), bimetallic PdPt and PdCu nanosheets, 
monometallic Pd nanosheets, PdPtCu nanoparticles (NPs), and 
commercial Pt and Pd nanoparticles obtained in 1.0 M KOH at 50 mV 
s-1.

Electrocatalytic performance
Ultrathin PdPtCu nanosheets have multiple advantages, including 
unique ultrathin dendrite-like nanostructures and multimetallic 
elemental compositions, both of which enhance the utilization 
efficiency of noble metals and benefit enhanced electrocatalytic 
performance towards alcohol oxidation reactions. On the one hand, 
ultrathin nanosheets would expose more electrocatalytic active sites 
and facilitate electron/mass transfer during the electrocatalysis, 
compared to their 0D nanoparticle counterparts. Meanwhile, 
anisotropic nanostructures would also suppress the Ostwald ripening 

of nanocrystals, strengthening the contraction between 
nanocatalysts and carbon/electrode, and thus improving their self-
stability. On the other hand, trimetallic nanoalloyed compositions 
render the nanocatalysts with a bifunctional effect. More oxophilic 
metals of Cu alloyed with Pd/Pt promote the adsorption of OH (Cu-
OHads) and facilitate the direct reaction between Pd/Pt-COads and Cu-
OHads. This kinetically accelerates the further oxidation/removal of 
the intermediates during the electrocatalysis, and enhances their 
electrocatalytic performances. To reveal the merit of the ultrathin 
nanosheet structure, 0D PdPtCu nanoparticles which were 
synthesized in the absence of the surfactant (see TEM images in Fig. 
S4a, b†) were tested. Similarly, to highlight the advantages of 
multimetallic compositions, bimetallic PdCu and PdPt nanosheets 
(Fig. 5a, e), and monometallic Pd nanosheets (see TEM in Fig. S4c, d†) 
were studied. In addition, commercial Pt and Pd nanoparticles were 
also investigated for standard comparisons.

Structural and compositional advantages of ultrathin PdPtCu 
nanosheets were first revealed by CV and corresponding 
electrocatalytic active surface area (ECSA). Fig. 6a displayed the CVs 
of PdPtCu nanosheets and their counterparts collected in N2-
saturated 1.0 M KOH (50 mV s-1). Clearly, the reduction peaks (from 
PdO/PtO to Pd/Pt) located in the range of -0.5 V and 0 V (vs SCE) 
appeared during the negative scans, indicating the potential of the 
nanocatalysts for electrocatalyzing alcohol oxidation reactions.49 
Amongst them, the lowest reduction potential and largest area were 
seen for ultrathin PdPtCu nanosheets, compared to other 
nanocatalysts, indicating more electrocatalytic active sites and easier 
reduction of PdO/PtO to Pd/Pt. We further estimated the ECSAs by 
fully considering the elemental compositions of noble metals (Pd and 
Pt) based on the Coulombic charges for PdO/PtO reduction.39, 49, 50 As 
expected, ultrathin PdPtCu nanosheets exhibited the largest ECSA of 
46.3 m2 gNM

-1 (Fig. 6b). In contrast, the ECSAs of bimetallic PdPt, 
PdCu, and monometallic Pd nanosheets are 20.9, 30.1 and 19.4 m2 
gNM

-1, respectively. Similarly, a smaller ECSA of 10.0 m2 gNM
-1 was 

seen for trimetallic PdPtCu nanoparticles. 

Fig. 7 (a) CV curves and (b) normalized mass activities of trimetallic 
PdPtCu nanosheets, bimetallic PdPt and PdCu nanosheets, 
monometallic Pd nanosheets, PdPtCu nanoparticles, and commercial 
Pt and Pd nanoparticles obtained in 1.0 M KOH and 1.0 M methanol 
at 50 mV s-1. (c) CO stripping voltammograms collected in 1.0 M KOH 
at a scan rate of 50 mV s-1. 
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The enhanced electrocatalytic activity of ultrathin PdPtCu 
nanosheets was first investigated in methanol oxidation reaction. As 
shown in Fig. 7a, the CVs of all the nanocatalysts in 1.0 M KOH and 
1.0 M methanol are totally different than those obtained in 1.0 M 
KOH. Two characteristic peaks were seen, indicating the occurrence 
of methanol electrooxidation. Notably, electrocatalytic activity of 
methanol oxidation reaction is strongly related to the nanostructures 
and compositions of the nanocatalysts. Mass activities of all the 
nanocatalysts were further normalized to their peak currents (Fig. 
7b). Remarkably, ultrathin PdPtCu nanosheets exhibited superior 
electrocatalytic activity with a mass activity of 2.67 A mgNM

-1, which 
is 1.7, 1.9, 2.1, and 1.7 fold higher than that of PdPt nanosheets (1.59 
A mgNM

-1), PdCu nanosheets (1.38 A mgNM
-1), Pd nanosheets (0.98 A 

mgNM
-1), and 0D PdPtCu nanoparticles (1.54 A mgNM

-1), respectively. 
There results also highlighted synergistically structural and 
compositional merits of ultrathin PdPtCu nanosheets in methanol 
electrooxidation (Table S1†). For comparison, the mass activities of 
commercial Pd and Pt nanoparticles are only 1.43 and 0.47 A mgNM

-

1, respectively. Enhanced electrocatalytic performances of ultrathin 
PdPtCu nanosheets were also confirmed by CO anti-poisoning 
experiments (Fig. 7c). Apparently, ultrathin PdPtCu nanosheets 
exhibited the lowest onset potential and the largest oxidation active 
area, indicating better ability for further oxidation/removal of the 
intermediates during the electrocatalysis.16, 49  

Fig. 8 (a) i-t chronoamperometry curves of trimetallic PdPtCu 
nanosheets, bimetallic PdPt and PdCu nanosheets, monometallic Pd 
nanosheets, PdPtCu nanoparticles, and commercial Pt and Pd 
nanoparticles at the fixed potential of -0.2 V. (b) The long-term 
cycling stability curves of ultrathin PdPtCu nanosheets and 
commercial Pt nanoparticles.

We further studied the stability of ultrathin PdPtCu nanosheets, 
since this is another severe challenge for the development of the 
electrocatalysts towards alcohol oxidation reactions. We expected 
that synergistically structural and compositional advantages of 
ultrathin PdPtCu nanosheets can also improve their electrocatalytic 

stability. First, the electrocatalytic stabilities of the nanocatalysts 
were studied by current-time (i-t) chronoamperometry 
measurements at a fixed potential of -0.2 V (Fig. 8a). A fast activity 
loss was observed for all the nanocatalysts, due to the dissolution 
and partial poisoning. However, the retained activity is obviously 
different. After the electrocatalysis for 5,000 s, ultrathin PdPtCu 
nanosheets still retained a mass activity of 1.09 A mgNM

-1 (40.5 %). In 
contrast, the lower retained mass activity is 0.72 A mgNM

-1 for PdPt 
nanosheets, 0.72 A mgNM

-1 for PdCu nanosheets, 0.51 A mgNM
-1 for 

Pd nanosheets, and 0.23 A mgNM
-1 for PdPtCu nanoparticles. Second, 

the cycling stability of ultrathin PdPtCu nanosheets was investigated 
by successive CV scans (Fig. 8b). Similarly, mass activity of ultrathin 
PdPtCu nanosheets declined to 1.31 A mgNM

-1 after 2,000 cycles (Fig. 
S5†), which is 1.7 fold higher than that of Pt NPs (0.72 A mgNM

-1). 
These results further suggest that ultrathin PdPtCu nanosheets 
intrinsically possessed better electrocatalytic stability. Additionally, 
we also compared the methanol electrocatalytic performance of 
PdPtCu nanosheets reduced by AA and CO. As shown in Fig. S6, low 
mass activity and electrocatalytic stability were found for PdPtCu 
nanosheets by CO, which may be caused by the relatively irregular 
nanosheets structures. 

Fig. 9 CV curves of ultrathin PdPtCu nanosheets, commercial Pt and 
Pd nanoparticles for (a) ethanol, (c) glycerol and (e) glucose 
electrooxidation. Normalized mass activities of trimetallic PdPtCu 
nanosheets, bimetallic PdPt and PdCu nanosheets, monometallic Pd 
nanosheets, PdPtCu nanoparticles, and commercial Pt and Pd 
nanoparticles for (b) ethanol, (d) glycerol and (f) glucose 
electrooxidation.

Ultrathin PdPtCu nanosheets are electrocatalytically active not 
only in methanol oxidation, but also in other alcohol oxidations. As 
shown in Fig. 9, ultrathin PdPtCu nanosheets were remarkably active 
in ethanol, glycerol and glucose electrooxidation, with respect to its 
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bimetallic/monometallic or 0D counterparts and commercial Pt and 
Pd nanoparticles (see all CVs in Fig. S7-9†). For example, mass activity 
of ultrathin PdPtCu nanosheets in ethanol electrooxidation is 3.79 A 
mgNM

-1, which is 1.5-2.5 fold higher than its counterparts and 4-6 fold 
higher than Pt and Pd nanoparticles (Fig. 9b). These results implied 
that synergistic structural and compositional advantages of ultrathin 
PdPtCu nanosheets again contributed to enhanced electrocatalytic 
alcohol oxidation reactions. 

Conclusion
In summary, ultrathin free-standing trimetallic PdPtCu nanosheets 
with dendrite-like nanostructures and tailorable elemental 
compositions were successfully synthesized through a one-pot, eco-
friendly, aqueous synthetic method. Control experiments implied 
that rationally designed C22TAC with the long-chain alkyl tails and 
counter ions of Cl- as the surfactant template are critical for 
nanoconfining the in-the-plane growth of ultrathin PdPtCu 
nanosheets. As-resultant nanosheets have multiple advantages, 
including structurally ultrathin (3.5 nm) and dendrite nanosheets, 
and compositionally multimetallic elements, and thus synergistically 
enhanced electrocatalytic activity and stability in alcohol oxidation 
reactions. Our synthetic strategy is powerful and can readily provide 
a new avenue to synthesize other multimetallic ultrathin nanosheets 
(for example, PdAgCu in Fig. S10†) with synergistic enhancement 
effects for various electrocatalytic applications. 

Experimental Section
Synthesis of PdPtCu nanosheets
Ultrathin PdPtCu nanosheets were synthesized by a solution-phase 
route using C22TAC as surfactant, H2PdCl4, H2PtCl6 and Cu(NO3)2 as 
metal precursors and AA as reducing agent. Typically, 15 mg of 
C22TAC was totally dissolved in 10 mL of H2O at 50 oC, followed by the 
addition of 0.2 mL of NaOH (0.1 M) when cooling down to room 
temperature. Then, 0.5 mL of 10 mM H2PdCl4, 0.15 mL of 10 mM 
H2PtCl6 and 0.15 mL of 10 mM Cu(NO3)2 were added, and further 
incubated at 25 oC for 20 min. Subsequently, 1.0 mL of freshly 
prepared ascorbic acid (AA, 0.3 M) was injected into the above 
solution with gentle shaking, followed by a color change from yellow 
to black. After being undisturbed for 30 min, ultrathin PdPtCu 
nanosheets were collected by centrifugation and were washed with 
acetic acid and ethanol/H2O for three times. Similarly, PdPtCu 
nanostructures with different compositional ratios were synthesized 
by easily changing initial feed ratios. PdPt, PdCu, and PdAgCu 
nanosheets were obtained following similar procedures. PdPtCu 
nanoparticles were synthesized with the same reactants except in 
the absence of C22TAC.

Electrochemical measurements
Electrocatalytic tests were performed on the CHI 660E 
electrochemical analyzer at 25 oC. A three-electrode system was 
used for all electrochemical tests, in which glassy carbon electrodes 
(GCE, 0.07065 cm2), carbon rods, and saturated calomel electrodes 
were used as the working electrode, the counter electrode, and the 
reference electrode, respectively. For the ink of the nanocatalysts, 1 
mg of nanocatalysts, 4 mg of Vulcan XC-72 carbon, and 50 μL of 
Nafion solution (5 wt% in alcohol and H2O) were mixed into 1.5 mL 
of ethanol and 0.5 mL of H2O. 6 μL of the above-prepared ink solution 
was directly dropped on the GCE electrode and dried at 40 oC before 
testing. Cyclic voltammograms (CVs) were successively scanned until 
the stabilized curves were obtained for further removal of the 
surfactant in N2-saturated 1.0 M KOH. Mass activities of the 

nanocatalysts for methanol electrooxidation were collected by 
scanning CVs in 1.0 M KOH and 1.0 M methanol with a scan rate of 
50 mV s-1. In contrast, we evaluated ethanol electrooxidation in 1.0 
M KOH and 1.0 M methanol, glycerol electrooxidation in 1.0 M KOH 
and 0.1 M glycerol, and glucose electrooxidation in 0.1 M NaOH and 
0.01 M glucose. In the present study, all the results (electrochemical 
active surface area and mass activity) were normalized to the 
amount of noble metals (Pd and Pt).

Structural and compositional characterizations
TEM was carried out using a JEOL 2010 with an accelerating voltage 
of 200 kV. HAADF-STEM and corresponding line scans were 
performed on an FEI Talos F200X instrument at an accelerating 
voltage of 200 kV. XRD patterns were collected on powder samples 
using a D/max 2500 VL/PC diffractometer equipped with graphite-
monochromatized Cu Kα radiation (30-90o). XPS were performed on 
a scanning X-ray microprobe (Thermo ESCALAB 250Xi) that uses Al 
Kα radiation. ICP-MS was recorded on a NexION 350D.
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Ultrathin PdPtCu nanosheets are prepared by a facile, eco-friendly, and low-cost 
synthetic method and exhibited remarkably enhanced performances towards various 
electrocatalytic alcohol oxidations, due to synergistically structural and compositional 
advantages.
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