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 ABSTRACT 

The synthesis of highly uniform alloy nanocrystals with a concave feature is 

desirable for applications in catalysis but is an arduous task. This article proposes

an initiative protocol for the fabrication of novel Cu-Pd alloy nanocrystals, wherein 

the volume of decylamine (DA) in the reaction system was found to greatly

influence the formation of different morphologies, including the tetrahedron 

(TH), concave tetrahedron (CTH), rhombohedral-tetrapod (RTP), and tetrapod 

(TP). The alloy structure of the products arises from the coordination interaction

between the DA and metal ions, which affects the reduction potential of Cu and 

Pd species, and thus yields co-reduction. Other reaction parameters, such as the 

type of ligand, amount of reductant, and temperature, were also altered to study 

the growth mechanism, yielding consistent conclusions in the diffusion-controlled

regime. As a catalyst, 48-nm Cu-Pd concave tetrahedral nanocrystals were highly

active for the hydrogenation of 3-nitrostyrene and exhibited >99.9% chemoselectivity

to C=C instead of –NO2. 

 
 

1 Introduction 

In many cases, bimetallic-alloy nanocrystals not only 

exhibit a simple combination of the properties related 

to their two parent metals but can also exhibit great 

enhancement in a given physicochemical property 

compared with their monometallic counterparts.  

This is known as the synergistic effect [1−4]. The 

enhancement can be attributed to heteroatom bonds, 

lattice effects, etc., and it introduces a wide range of 

applications for alloy nanocrystals [5−9]. In recent 

years, palladium-based alloy nanocrystals have drawn 

increasing attention in catalysis owing to their various 

synergistic effects [10−12]. Pd, which is famous for its 

high hydrogen solubility, is widely used as an industrial 

catalyst in petroleum cracking, low-temperature 

reduction of automobile pollutants, oxidation of CO, 

etc. [13−16]. The incorporation of a non-noble 3d 

transition metal, such as Cu, into Pd can not only 

lower the cost but also achieve a shift of the surface 
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d-band center and alter the reaction mechanism 

[17−20]. Considering its immense potential for catalysis, 

the controllable synthesis of Cu-Pd alloy nanocrystals 

is worth investigating. 

Two methods are frequently used to synthesize alloy 

nanocrystals: galvanic replacement and co-reduction 

[21−30]. Both have been adopted for the synthesis of 

Cu-Pd alloy nanocrystals [31−34]. Galvanic replacement 

is typically used for the synthesis of bimetallic hollow 

nanostructures by adding a secondary metal ion  

into a solution containing an active metal template. 

However, alloy structures obtained via galvanic 

replacement often lack control over the distribution 

of the two components, leading to a higher ratio of the 

active metal inside [35]. In contrast, a homogeneous 

alloy can easily be produced when two kinds of metal 

salts are reduced simultaneously. It should be noted 

that Cu2+ and Pd2+ have very different reduction 

potentials, making the co-reduction of these two metal 

ions difficult to achieve. There are only a few cases 

where co-reduction and shape control are simul-

taneously realized. For instance, Tan et al. observed 

that decreasing the concentration of formanilide can 

probe the shape evolution from Cu-Pd nanocubes to 

irregular polyhedrons and that branched nanocrystals 

could be formed by increasing the concentration of 

the precursors [28]. Yu et al. demonstrated a protocol 

to synthesize Cu-Pd nanocubes by using trioctyl-

phosphine to stabilizing the {100} facets [33]. Thus far, 

Cu-Pd alloy nanocrystals have mainly been limited  

to those with a convex surface. Moreover, the growth 

mechanism of alloy nanocrystals with different struc-

tures is seldom elucidated.  

Herein, we demonstrate a strategy using decylamine 

(DA) as a coordinating ligand to achieve controlled 

co-reduction of the Cu and Pd species. By carefully 

manipulating the amount of DA and other reaction 

parameters, such as the temperature and amount of 

glucose, we prepared Cu-Pd alloy nanocrystals in the 

shape of a tetrahedron, concave tetrahedron, 

rhombohedral-tetrapod, and tetrapod. A mechanistic 

study revealed that the reaction parameters functioned 

by changing the relative effects of atomic deposition 

and diffusion [36−38]. Three kinds of as-prepared 

Cu-Pd bimetallic nanocrystals—48-nm concave tetra-

hedrons, 50-nm rhombohedron-tetrapods, and 10-nm  

concave tetrahedrons—were employed as catalysts 

for the hydrogenation of 3-nitrostyrene. Among the 

examined catalysts, the 48-nm Cu-Pd concave tetra-

hedrons were found to have the highest catalytic 

activity toward the hydrogenation of 3-nitrostryene 

and could afford >99.9% chemoselectivity toward the 

production of 3-nitroethylbenzene. 

2 Experimental section 

2.1 Chemicals and materials 

Sodium tetrachloropalladate(II) (Na2PdCl4), decylamine 

(DA), trioctylamine (TOA), ethylenediamine (EDA), 

activated carbon (C), and 3-nitrostyrene (C8H7NO2) 

were purchased from Sigma-Aldrich. Copper(II) chloride 

dehydrate (CuCl2·2H2O), poly (vinyl pyrrolidone) 

(PVP, MW ≈ 40, 000), glucose (α or β form), N, 

N-dimethylformamide (DMF), sodium hydroxide 

(NaOH), hydrochloric acid (HCl), dodecane (C12H26), 

and ethanol (C2H5OH) were purchased from Sinopharm 

Chemical Reagent Co. Lid. (Shanghai, China). All 

chemicals were used as received, without further 

purification. Deionized (DI) water with a resistivity of 

18.2 MΩ·cm was used for the preparation of all aqueous 

solutions. 

2.2 Synthesis of Cu-Pd bimetallic nanocrystals 

with controlled structures 

For the synthesis of Cu-Pd concave tetrahedrons, 

9.0 mg of Na2PdCl4, 5.2 mg of CuCl2·2H2O, 300 mg of 

PVP, 80 μL of DA, and 250 mg of glucose were 

dissolved in 5 mL of DMF in a 20-mL vial. After being 

capped, the vial was transferred into an oil bath and 

heated at 110 °C under vigorous magnetic stirring for 

2 h. The obtained Cu-Pd nanocrystals were collected 

by centrifugation and washed several times with DI 

water and ethanol to remove the excess PVP, DA, and 

glucose.  

For the synthesis of Cu-Pd alloy nanocrystals with 

different structures, we used the same procedure as 

described for the 48-nm concave tetrahedrons, changing 

only the volume of DA and the reaction temperature. 

The detailed experimental conditions for each synthesis 

are presented in Table 1. 
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Table 1 Reaction Conditions for Synthesis of Cu-Pd Bimetallic 
Nanocrystals and Structural Information of Resulting Cu-Pd 
Nanocrystals with Different Morphologies 

Composit-i
onc / % T/ °C 

VDA
a 

/ μL 
Shapeb 

Size 

/ nm 
Cu Pd

Results
/Figure

70 80 TH 7  1 10 90 S16A 

80 65 TH 9  1 10 90 6A 

80 80 CTH 10  1 11 89 6B 

80 95 RTP 10  1 12 88 6C 

80 150 TP 30  1 15 85 6D 

95 80 CTH 35  1 9 91 S16B 

110 65 TH 20  1 3 97 1A 

110 80 CTH 48  2 5 95 1B, 2 

110 95 RTP 50  2 7 93 1C, 3 

110 150 TP 70  5 16 84 1D 

120 80 S 8  2 4 96 S16C 
a VDA = volume of DA. 
b TH = tetrahedron, CTH = concave tetrahedron, RTP = rhombo-
hedron-tetrapod, TP = tetrapod, S = sphere. 
c The atomic ratios of Cu and Pd were investigated by ICP-AES. 

2.3 Hydrogenation of 3-nitrostyrene 

First, 2.7 mg of activated carbon was added to an 

ethanol solution containing 0.3 mg of 48-nm Cu-Pd 

concave tetrahedrons (Cu-Pd-1). After stirring for 2 h 

at room temperature, the mixture was dried in vacuo, 

yielding 10% Cu-Pd-1/C. The preparation of the other 

two catalysts followed the same procedure as that of 

the 10% Cu-Pd-1/C. 

The procedure for the hydrogenation of 3-nitrostyrene 

by the three different types of Cu-Pd nanocrystals or 

commercial Pd/C catalysts was as follows: 3 mg of the 

catalysts was placed in a three-necked round-bottom 

flask, followed by the addition of dodecane (3 mL) 

and 3-nitrostyrene (0.3 mmol). The flask was fitted 

with a gas inlet tube and a condenser with a liquid 

seal at the end. A stream of H2 was conducted into 

the reaction mixture at a constant flow rate (1–2 

bubbles/min). The reaction was performed at 75 °C in 

an oil bath with magnetic stirring at 300 rpm. After 

the completion of the reaction, the catalysts were 

removed by centrifugation, and the supernatant was 

analyzed by GC-MS to determine the conversion and 

selectivity. 

2.4 Instrumentation 

Transmission electron microscopy (TEM) images 

were taken using a Hitachi H-7650 transmission electron 

microscope at an acceleration voltage of 100 kV. High- 

resolution TEM (HRTEM), high-angle annular dark- 

field scanning TEM (HAADF-STEM), and energy 

dispersive X-ray (EDX) analysis were performed with 

a JEOL ARM-200F field-emission transmission electron 

microscope operating at an accelerating voltage of 

200 kV using Mo-based TEM grids. X-ray diffraction 

(XRD) characterization was performed using a Philips 

X’Pert Pro X-ray diffractometer with a monochro-

matized Cu Kα radiation source and a wavelength  

of 0.1542 nm. The atomic ratio of Cu and Pd was 

investigated by inductively coupled plasma atomic 

emission spectrometry (ICP-AES, Atomscan Advantage, 

Thermo Jarrell Ash, USA). To obtain further evidence 

for the composition of the products, X-ray photoelectron 

spectra (XPS) were used. These were recorded on an 

ESCALAB-250 spectrometer having a monochromatic 

Al Kα X-ray source (hν = 1486.6 eV), with a spot size of 

500 μm. The extinction spectra were obtained using a 

Cary 60 UV–vis spectrophotometer. Fourier transform 

infrared (FT-IR) spectra were measured using a Bruker 

Vector-22 FT-IR spectrometer from 400 to 4,000 cm–1 

at room temperature. All gas chromatography-mass 

spectrometry (GC-MS) experiments were performed 

and recorded by a GC-MS (Agilent Technologies, GC 

7890A, MS 5975C). 

3 Results and discussion 

3.1 Coordination effect of DA 

The standard reduction potential of the PdCl4
2–/Pd 

pair (0.62 V) is more positive than that of the Cu2+/Cu 

pair (0.34 V) [39], which indicates that PdCl4
2– can  

be reduced far more easily than Cu2+. It is reported 

that under-potential deposition (UPD) and galvanic 

replacement reaction (GRR) usually occur between 

two metal precursors with greatly different reduction 

potentials, such as Cu2+ and Pd2+. One feasible method 

for avoiding the separate nucleation of the two 

metals is to introduce a coordination ligand having a 

far stronger coordination interaction with Pd2+ than  
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with Cu2+. Such ligands can make the reduction 

potentials of Cu2+/Cu and Pd2+/Pd become close, leading 

the two species to reduce simultaneously and thereby 

restraining the occurrence of UPD and GRR. 

Furthermore, a stronger coordination with Pd2+ could 

lower the concentration of Pd2+ (cA). According to classic 

chemical kinetics (vA = kcA
n), a lower concentration of 

Pd2+ reduces the reduction rate far more than the case 

of Cu2+, balancing the reduction rates of the two 

species. The close reduction rates further promote the 

co-reduction process. Considering these two aspects, 

the selection of an appropriate coordination ligand is 

an efficient route to synthesize Cu-Pd alloy nano-

crystals. It is reported that the reduction potentials of 

Pd(NH3)4
2+/Pd pair (0 V) [40] and Cu(NH3) 4

2+/Cu pair 

(0 V) [39] are equal. Thus, the amine may be an 

efficient additive for the co-reduction strategy for  

Pd and Cu species. In this case, we chose DA as the 

coordination ligand. 

To validate the existence of coordination, UV-vis 

and FT-IR measurements were performed. Figure S1 

shows the UV–vis extinction spectra of different 

coordination complexes with a corresponding 

photograph of the samples. These complexes were all 

dispersed in DMF, and the molar ratio of metal ions 

to DA remained the same. The extinction peaks of 

pure CuCl2 and pure Na2PdCl4 were located at 437 

and 442 nm, respectively. When DA was involved in 

the system, the extinction peaks shifted to 713 and 

336 nm, respectively, which agreed with the visual 

observation of the change in the color of the solution. 

In addition, FT-IR spectra (Fig. S2) were used to 

characterize DA, the Pd2+-DA complex, and the Cu2+-DA 

complex. The absorption peaks of DA around 3,330 

and 1,650 cm–1 were attributed to N-H stretching 

vibration and N-H in-plane bending vibration, 

respectively. When DA was mixed with Na2PdCl4 or 

CuCl2, these two peaks shifted; the difference was more 

obvious in the case of Na2PdCl4. This observation is 

ascribed to the changes in the N-H vibration modes 

caused by the coordination interaction between the 

amine and Cu2+ or Pd2+. It can thus be concluded that 

both the Cu2+ and Pd2+ have coordination interactions 

with DA in the solution. 

3.2 Structural analysis of Cu-Pd bimetallic nano-

crystals with controlled structures 

To fabricate a homogenous Cu-Pd alloy, DA was used 

as a coordination ligand to balance the reducing rate 

of Cu and Pd species in DMF [25, 26]. In a typical 

synthesis, precursors—including Na2PdCl4 and CuCl2· 

2H2O—PVP as dispersing agent, DA as the coordination 

ligand, and glucose as the reducing agent, were 

dissolved in DMF to form a homogeneous mixture. 

The reaction was conducted by heating the mixture 

in an oil bath at 110 °C for 2 h while stirring. By 

varying the volume of DA (see Table 1 for details), 

Cu-Pd nanocrystals with different structures were 

prepared, whose representative TEM images are 

shown in Fig. 1. When 65 μL of DA was added to the 

reaction system, conventional tetrahedrons (THs) 

enclosed by a flat surface with a size of 20 ± 1 nm 

were obtained, as shown in Fig. 1(a). With the addition 

of 80 μL of DA, it was obvious that each side face of 

the tetrahedron was excavated at the center, forming 

concave tetrahedrons (CTHs) with a typical yield of 

>90% (Fig. 1(b)). These concave nanocrystals had a 

uniform edge length of 48 ± 2 nm. As the volume of 

DA was increased to 95 μL, the growth of nanocrystals 

tended to occur on the corners of tetrahedrons, 

yielding high-purity tetrapods with an edge length  

of 50 ± 2 nm, as shown in Fig. 1(c). The as-obtained 

tetrapods, resembling four rhombohedron-like arms 

(~20 nm in length) jointed together by one shared 

tetrahedron at the center, were called rhombohedral 

tetrapods (RTPs). Further increasing the volume of 

DA to 150 μL led to an overgrowth on each arm, 

yielding tetrapods (TPs) enlarged to 70 ± 5 nm in size 

(Fig. 1(d)). Similar to the model proposed in the inset 

of Fig. 1(d), in the RTPs, each arm of the TPs comprises 

two rhombohedrons jointed together. 

A representative TEM image of the as-prepared 

CTH is shown in Fig. 2(a). It is clear that each CTH is 

curved inward, with a trigonal pyramid on each side 

face (Fig. 2(b)). As shown in Fig. S3(a), SEM images 

indicated that the CTHs with an edge length of 

~48 nm had a high purity. The selected-area electron 

diffraction (SAED) measurement on an individual 

CTH indicated its single-crystalline nature, as shown  
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Figure 1 TEM images of Cu-Pd bimetallic nanocrystals obtained 
at 110 °C in the presence of (a) 65, (b) 80, (c) 95, and (d) 150 μL of 
DA. All other reaction conditions are the same: Na2PdCl4 (9.0 mg, 
6.1 mM), CuCl2·2H2O (5.2 mg, 6.1 mM), PVP (300 mg), glucose 
(250 mg), DMF (5 mL), reaction temperature (110 °C), reaction 
time (2 h). Inset shows corresponding three-dimensional geometric 
model for each type of structure. 

in Fig. 2(c). Figure 2(d) shows the HRTEM image 

recorded along the [111] zone axis of the regions 

marked by boxes in Fig. 2(a). The measured lattice 

spacings (1.4 Å) marked in Fig. 2(d) can be indexed 

to {220} planes. As shown in the enlarged HRTEM 

image on the edge, the fringes with an interplanar 

spacing of 1.4 Å were running along the edge of 

tetrahedron (Fig. S4). Considering the model analysis, 

we confirm that the concave side facing toward the 

center of the tetrahedron were essentially {110} facets 

[38, 47]. Together with the TEM image and SAED 

pattern, the HAADF-STEM image (Fig. 2(e)) illustrates 

good geometric agreement between the CTH morp-

hology and the model shown in Fig. 2(b), on which 

STEM-EDX mapping was induced. Figures 2(f) and 

2(g) show the elemental distributions of Cu and Pd, 

respectively. The full coverage of both Cu and Pd 

confirms the alloy structure. The merged image 

(Fig. 2(h)) further reveals overlapping of both Cu and 

 
Figure 2 Structure and composition characterizations of concave Cu-Pd tetrahedrons shown in Fig. 1(b). (a) TEM image of the 
as-prepared CTH. (b) Ideal structure model of nanocrystal. (c) Corresponding SAED pattern with electron beam directed along [111]
zone axis. (d) HRTEM image taken from region marked by box in (a). (e) HAADF-STEM image of two individual nanocrystals. (f, g) 
STEM-EDX mapping image for Cu (f) and Pd (g). (h) Merged image of (e), (f), and (g). (i) EDX spectrum of two nanocrystals. (j) 
Line-scanning profiles recorded from single Cu-Pd concave tetrahedron along symmetric axis. 
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Pd throughout the nanocrystals. The corresponding 

EDX spectrum of the CTHs (Fig. 2(i)) suggests that 

the atomic ratio of Cu was 5%, which was consistent 

with the ICP-AES analysis (shown in Table 1). The 

EDX line-scanning profile recorded from a single Cu-Pd 

concave tetrahedron along the symmetric axis further 

supports the homogeneous distribution of the two 

metal components, as shown in Fig. 2(j). 

The structure and composition characterizations of 

the Cu-Pd RTPs are shown in Fig. 3. It can be seen 

from the TEM image of a typical RTP nanocrystal 

(Fig. 3(a)) that the tetrapod was 50 nm in size and 

had an arm length of 20 nm. Figure S3(b) shows its 

shape homogeneity. A geometric model viewed from 

the same direction for the case of CTHs (along [111] 

zone axis) is illustrated in Fig. 3(b), suggesting that a 

typical RTP is completely covered by {111} facets, 

with 12 rhombus-like faces and 12 regular triangular 

faces included. The SAED pattern (Fig. 3(c)) recorded 

from the same RTP indicates a single-crystalline 

structure. In Fig. 3(d), the HRTEM image of the RTP 

shows lattice fringes with an interplanar spacing of 

1.4 Å, corresponding to the {220} planes. STEM-EDX 

mapping was induced on an individual RTP as shown 

in Fig. 3(e), confirming the alloy structure of the Cu-Pd 

RTPs (Figs. 3(f)–3(h)). The corresponding EDX spectrum 

(Fig. 3(i)) indicates that the atomic ratio of Cu was 

10%, which is fairly close to that (7%) measured by 

ICP-AES (Table 1). EDX line-scanning analysis along 

the symmetric axis of a single Cu-Pd RTP further 

confirmed its alloy structure (Fig. 3(j)).  

XRD analysis was used to reveal the crystalline 

 

Figure 3 Structure and composition characterizations of Cu-Pd RTPs shown in Fig. 1(c). (a) TEM image of typical RTP nanocrystal. 
(b) Ideal structure model of nanocrystal. (c) Corresponding SAED pattern. (d) HRTEM image taken from region marked by box in (a). 
(e) HAADF-STEM image of individual RTP nanocrystal. (f, g) STEM-EDX mapping image for Cu (f) and Pd (g). (h) Merged image of 
(e), (f), and (g). (i) EDX spectrum of individual nanocrystal. (j) Line-scanning profiles recorded from single Cu-Pd RTP along 
symmetric axis. In proposed model, four rhombohedrons are jointed together by one shared tetrahedron at the center to form the 
tetrapod. Each rhombohedron was enclosed by six rhombus-like {111} faces. 



 

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

2421 Nano Res. 2015, 8(7): 2415–2430 

structure of the Cu-Pd alloy CTHs and RTPs. As 

shown in Fig. S5(a), small biases in the peak position 

can be observed between the as-prepared nanocrystals 

and pure face-centered cubic (fcc) Pd (JCPDS no. 

46-1043) because the contents of Cu in the products 

were fairly low, and the peak positions of fcc Cu 

(JCPDF: 85-1326) and fcc Pd (JCPDF: 46-1043) were 

close. After partly enlarging the XRD pattern, we clearly 

observed that each peak occurred amongst that of 

pure fcc Cu and pure fcc Pd, suggesting the possibility 

of an alloy structure (Fig. S5(b)–5(d)). According to 

the hypothesis of the alloy structure, the atomic 

ratios of Cu were calculated to be 4% and 9% for the 

Cu-Pd alloy CTHs and RTPs, respectively, using 

Vegard’s law. [41] This result accords with those 

obtained by ICP-AES and EDX measurements. 

To analyze the composition on the surface of the 

novel structures shown in Fig. 1, XPS measurements 

were conducted for each of the four nanocrystals [42]. 

The atomic ratio of Cu can be determined by integra-

ting the area under the high-resolution peaks (Fig. S6). 

The XPS data show that the ratio of Cu on the surface 

of the samples was almost equal to that in the bulk 

nanocrystals measured by ICP-AES, corroborating 

the co-reduction of Cu2+ and Pd2+ (Fig. S7). To prove 

that DA plays a vital role in this co-reduction strategy, 

we conducted an experiment using the typical synthesis, 

except for the addition of a tertiary amine (in this 

case, TOA). The UV–vis extinction spectrum taken 

from the DMF solution containing Na2PdCl4 and TOA 

shows that the peak was located at 445 nm, which 

was nearly the same as that for pure Na2PdCl4 (Fig. S8). 

However, as for the solution containing CuCl2 and 

TOA, a weak extinction peak was recorded at 437 nm, 

and another broad peak appeared at 830 nm. This 

indicates the existence of both free Cu2+ ions and a 

Cu2+-TOA complex. It is obvious that TOA has weaker 

coordination interactions with metal ions compared 

with DA, which is probably because of its steric effect 

[43]. Although Cu2+ can coordinate with TOA, PdCl4
2– 

cannot achieve ligand exchange with TOA, owing  

to the weak coordination ability, which leads to an 

increased difference in reduction potential between 

Cu and Pd species. Figure S9 shows the TEM image 

of Cu-Pd nanocrystals prepared in the experiments 

with the addition of TOA. Most of the products were 

small (~10 nm) sphere-like nanocrystals. The ICP-AES 

analysis reveals that the content of Pd exceeds 97% in 

the nanocrystals. When neither DA nor TOA was 

added into the reaction system, a similar result was 

obtained: thermodynamically favored polyhedrons 

with a high ratio of Pd (>97%) were acquired (Fig. S10). 

We thus conclude that the coordination interaction 

was fairly critical to the co-reduction and the formation 

of alloy nanocrystals. 

As previously mentioned, the reduction potentials 

of Cu and Pd were quite different. We bring the 

reduction rates of the two precursors close to each 

other with the addition of DA. However, the atomic 

ratio of Cu was still far lower than that of Pd in the 

products. There are two approaches to manipulate 

the composition ratio: 1) varying the volume of DA to 

manipulate the coordination degree and 2) adjusting 

the molar ratio of the metal precursors. Unfortunately, 

both approaches affect the reaction kinetics and thus 

the final shape of products. It remains a challenge to 

manipulate the composition ratio while maintaining 

the shape of the product in this reaction system. 

According to the aforementioned results, non-uniform 

polyhedrons with a large size were prepared when 

no DA was involved in the reaction system. The large 

size of the product was probably due to the lack of 

confinement, which was caused by the absence of   

a capping agent [44]. In addition, a morphological 

analysis of the nanocrystals synthesized in the presence 

of DA and TOA indicates that the amine (both DA and 

TOA) could function as a capping agent. Specifically, 

DA would preferentially adsorb on {111} facets (side 

faces of tetrahedrons), which is essential for the 

formation of the tetrahedral structure [38]. Additionally, 

TOA could control the size via the capping effect 

without the selection of a specific facet. This is probably 

because DA is a kind of primary amine with only one 

carbon chain linked to the N atom. When the N atoms 

adsorb on the surfaces of the as-prepared nanocrystals, 

the long carbon chains tend to form ordered assembled 

structures because of the van der Waals force [45]. 

However, TOA, as a tertiary amine, has a strong steric 

effect that hinders the assembly. To further explore 

the capping effect of the primary amine, a bidentate 

primary amine (in this case, EDA) was introduced as 

a substitute for DA. The obtained product exhibited a 
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high contrast and angular corners under TEM, likely 

owing to the overlapping of multiple concave tetra-

hedrons (Fig. S11). Given that one EDA molecule 

adsorbs on two concave tetrahedrons simultaneously, 

the concave tetrahedrons are assembled together as a 

result. Therefore, these findings are strong evidence 

that the amino group could cap on the {111} facets 

and help maintain the tetrahedral structure. 

3.3 Effect of amine on acceleration of reaction 

From the viewpoint of the coordination effect, the 

presence of DA should inhibit the growth of Cu-Pd 

nanocrystals. Interestingly, in the absence of amine, 

the reaction solution remained clear and transparent, 

and no obvious product was obtained at 2 h. The 

final product shown in Fig. S10 was generated at 12 h. 

In contrast, the solution color quickly turned dark at 

~5 min in the presence of DA, and similar phenomena 

were observed in the cases of TOA and EDA. In the 

present work, the reaction seems to be accelerated by 

the addition of amine. To better understand how the 

reaction kinetics were related to the volume of DA, 

we conducted a set of time-dependent experiments 

for the four types of nanocrystals shown in Fig. 1 and 

collected the samples obtained at different times. 

After the samples were dissolved with aqua regia, 

ICP-AES was used to monitor the process of these 

reactions. As shown in Fig. 4(a), for the synthesis of 

THs with 65 μL of DA, the concentration of reduced 

metal atoms ([Cu0] + [Pd0]) in the sample increased 

only to 0.77 μmol·mL–1 at 5 min. However, the con-

centrations of reduced metal atoms quickly increased 

to 1.38, 1.49, and 3.11 μmol·mL–1 at 5 min with 80, 95, 

and 150 μL of DA involved, respectively. These results 

clearly reveal that increasing the volume of DA resulted 

in the acceleration of the reduction. Meanwhile, the 

atomic ratio of Cu in the four products increased 

with the reaction time (Fig. 4(b)). For each type of 

nanocrystal, the atomic content of Cu remained almost 

constant during the reaction. It was also observed 

that the atomic ratio of Cu increased with the volume 

of DA in the system, indicating that the reduction 

rates of Cu2+ and Pd2+ became close with the addition 

of a larger volume of DA, owing to the more obvious 

co-reduction.  

 

Figure 4 (a) ICP-AES kinetic data for reactions containing 65, 
80, 95, and 150 μL of DA. (b) Plots showing atomic ratio of Cu 
in the four products as a function of reaction time. 

Clearly, the reaction can be accelerated by DA. This 

is probably because of the enhancement in alkalinity 

caused by introducing a Lewis base (in this case, DA). 

It is well acknowledged that the alkaline environment 

can enhance the reduction power of the aldehyde 

group in glucose (reducing agent) by consuming its 

oxidation product (gluconic acid) and can thus promote 

the reduction rate [46, 47]. To test this hypothesis, we 

manipulated the acid-alkaline environment of the 

standard reaction condition for Cu-Pd CTHs by adding 

HCl or NaOH. Figure S12 shows the corresponding 

TEM images of the products achieved in the presence 

of HCl and NaOH, respectively. We observe that the 

dominant products were tetrahedrons and slightly 

concave tetrahedrons when HCl was involved in the 

system, similarly to the case with less DA. With the 

addition of NaOH, RTPs and TPs were prepared, which 

was consistent with the products obtained when more 

DA was used. These results confirm that the alkalinity of 

the amine can promote the reduction reaction, leading 

to the preferential formation of different morphologies. 
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3.4 Effect of Cu ions  

To explore the role of Cu ions in the shape evolution 

of the nanocrystals, we conducted experiments using 

the standard procedure for 48-nm CTHs, except with 

varying amounts of CuCl2 (Fig. S13). When no CuCl2 

was added, nanocrystals without certain facets were 

obtained, most of which exhibited twinning structures 

(Fig. S13(a)). When 0.2 mg of CuCl2 (1/30 of [Na2PdCl4]) 

was added, tetrahedrons started to appear (Fig. S13(b)). 

As shown in Figs. S13(c)–13(e), it can be concluded 

that the purity of the obtained CTHs can be improved 

with the addition of more CuCl2 in a certain range. 

However, when the concentration of CuCl2 was five 

times that of Na2PdCl4, the rate of overgrowth on the 

edge started to slow down (Fig. S13(f)). Clearly, Cu 

ions play an important role in the structural evolution 

of nanocrystals, although the atomic ratio of Cu in the 

final product is low. We suspect that Cu ions affect the 

nucleation, favoring the generation of single-crystal 

seeds. Thus, the addition of CuCl2 unifies the morp-

hology. However, excessive amounts of CuCl2 affect 

the reaction kinetics and thus the final shape of the 

products. 

3.5 Effect of reducing agent 

Changing the concentration of the reducing agent, 

glucose, may be the most direct way to control the 

reaction kinetics and thus the structure of the products. 

To establish a relationship between the reaction 

kinetics and morphological change, we conducted an 

experiment to vary the amount of glucose added to 

the system. When the amount of glucose was reduced 

to 25 mg (1/10 of amount used in typical synthesis), 

CTHs and octahedrons 25 nm in size were obtained 

(Fig. 5(a)). As the amount of glucose was increased to 

750 mg (thrice the standard amount), most of the 

products were RTPs (Fig. 5(b)). These results indicate 

that increasing the amount of glucose promotes 

protrusion. This process probably occurred because 

of the preferential growth at corner sites caused by 

the acceleration of the reaction, which is consistent 

with the phenomenon observed when increasing the 

volume of DA. 

 

Figure 5 TEM images of products obtained using standard 
procedure, except varying amount of glucose used: (a) 25 and (b) 
750 mg. Amount of glucose used in standard condition was 250 mg. 

3.7 Effect of PVP 

The role of PVP should be clarified in order to 

elucidate the formation mechanism of Cu-Pd bimetallic 

nanocrystals with different structures. The products 

obtained using the standard procedure, except for 

the absence of PVP, are shown in Fig. S14. Here, most 

of the nanocrystals aggregated together owing to the 

loss of the dispersion effect of the PVP. [49] Furthermore, 

the size distribution of the product was extensive, 

and polyhedral nanocrystals were produced during 

the inhomogeneous synthesis. Thus, in this case, the 

major function of the PVP is to prevent the as-prepared 

nanocrystals from aggregating, and it is not effective 

to alter the morphology. 

3.8 Effect of reaction temperature 

We performed a set of experiments using the standard 

procedure but at 80 °C (see Table 1 for details). 

Figs. 6(a)–6(d) show representative TEM images of 

the nanocrystals obtained in the presence of 65, 80, 95, 

and 150 μL of DA, respectively. In parallel with 

Figs. 1(a)–1(d), by controlling the volume of DA in the 

system, conventional THs (9  1 nm in size, Fig. 6(a)), 

CTHs (10  1 nm in size, Fig. 6(b)), RTPs (10  1 nm 

in size, Fig. 6(c)), and TPs (30  1 nm in size, Fig. 6(d)) 

were successfully synthesized, but with smaller sizes. 

Higher-magnification TEM images of the Cu-Pd RTPs 

and TPs are presented in Fig. S15. Each arm of the 

RTPs consists of a rhombohedron, while each arm of 

the TPs consists of two that form a longer zigzag arm. 

The shape evolution and volume of DA follow similar 

trends as those at 110 °C. The EDX spectrum (Fig. S16)  
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Figure 6 TEM images of Cu-Pd alloy nanocrystals synthesized 
at 80 °C in the presence of (a) 65, (b) 80, (c) 95, and (d) 150 μL 
of DA. All other reaction conditions are the same: Na2PdCl4 
(9.0 mg, 6.1 mM), CuCl2·2H2O (5.2 mg, 6.1 mM), PVP (300 mg), 
glucose (250 mg), DMF (5 mL), reaction time (2 h). Inset shows 
corresponding three-dimensional geometric model for each type 
of structure. 

reveals that the atomic ratio of Cu was ~15%, which 

agrees with the atomic ratio measured by ICP-AES 

(11%). This is probably because the stability of the 

complex is enhanced as the reaction temperature is 

lowered [48]. This enhancement leads to the reduction 

rates of the two species being close, yielding Cu-rich 

nanocrystals. 

When the reaction was performed at 70 °C, only 

small tetrahedrons with no concave surfaces and a 

size of approximately 7 nm were obtained (Fig. S17(a)). 

At 95 °C, the concave feature became obvious, and 

most of the products were concave tetrahedrons with 

an enlarged size of 35  1 nm (Fig. S17(b)). As the 

temperature was increased to 120 °C, sphere-like 

nanocrystals were observed, attributed to the change 

of the nucleation mechanism (Fig. S17(c)). It seems 

that morphological evolution was not obvious when 

the reaction temperature was changed. This is probably 

because variation in the reaction temperature changes 

the reduction rate and diffusion rate simultaneously. 

3.9 Formation mechanism of Cu-Pd bimetallic 

nanocrystals with different structures 

As previously mentioned, the effects of the amine are 

critical to the formation of different Cu-Pd alloy 

nanocrystals. Essentially, DA in the solution will 

coordinate with Pd2+ and Cu2+ ions, leading to the 

co-reduction of Cu2+ and Pd2+. In principle, the 

addition of DA decreases the ability of metal ions to 

be reduced by glucose. However, our observations 

indicate that the reaction can be accelerated by 

increasing the volume of DA. This is probably 

because increasing the volume of DA makes the 

reaction environment more alkaline and thus enhances 

the reduction power of glucose. Furthermore, DA can 

serve as a capping agent, selectively binding to the 

{111} facets. This promotes the corner-selected 

deposition of atoms by slowing down the deposition 

rate on the side faces, which is essential to dictate the 

formation of the tetrahedral structure. 

Considering the results from the previous experi-

ments, we conclude that a fast reduction rate promotes 

selective growth at the corner sites. Accordingly, a 

plausible mechanism for the formation of different 

types of Cu-Pd bimetallic nanocrystals is proposed 

(Fig. 7). In a general growth process, the newly reduced 

Cu and Pd atoms tend to deposit at the corner sites of 

tetrahedral seeds (Fig. 7(a), 1) owing to the blocking 

effect of DA as the capping agent on {111} facets. The 

rate of this effect is called V1. The adatoms may not 

remain at the same sites where the depositions occurred; 

rather, they can migrate to other sites, including edges 

(Fig. 7(a), 2) and side surfaces (Fig. 7(a), 3), via surface 

diffusion. The diffusion rates from corners to edges 

and from corners/edges to side faces are called V2 

and V3, respectively. Different growth modes (Fig. 1) 

can result from the relative effects of the deposition 

and diffusion processes (Fig. 7(b)). When the volume 

of DA was relatively small (65 μL), the growth mode 

was mostly diffusion-controlled (V1 ≈ V2 ≈ V3). The 

adatoms had enough time to migrate to other sites, 

and therefore, the shape of tetrahedron was maintained 

(Fig. 1(a)). As the volume of DA was increased to 

80 μL, the side faces were strongly capped by DA, 

and thus, the probability of the atoms migrating from 

the corner sites to the side faces was low, and 

overgrowth mainly occurred on the edges. In the case 

of V1 ≈ V2 > V3, the atoms could only diffuse to the 

edges, leading to the formation of concave tetrahedral 

nanocrystals with each side face excavated by a  
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Figure 7 Schematic illustrating plausible mechanism for formation 
of Cu-Pd alloy nanocrystals. 

trigonal pyramid (Fig. 1(b)). As mentioned beforehand, 

increasing the volume of DA increases the deposition 

rate (V1), leading to the case of V1 > V2 > V3. 

Consequently, the overgrowth that mainly occurred at 

the corner sites makes it possible to form the structure 

of the RTP (Fig. 1(c)). Further increasing the volume 

of DA to 150 μL leads to an even higher V1 and pro-

bably V1 >> V2, V3. In this case, another rhombohedron 

was allowed to grow on each arm of the RTP, and 

nanocrystals with the shape of TP were obtained 

(Fig. 1(d)). 

To validate the proposed mechanism, additional 

time-dependent experiments were conducted. As 

shown in Fig. S18, the intermediate nanocrystals 

produced at different times were characterized by 

TEM. Figures S18(a)–18(c) detail the morphological 

evolution of Cu-Pd THs during the synthesis. These 

Cu-Pd polyhedrons obtained at t = 5 min had an edge 

length of ~10 nm (Fig. S18(a)). As the growth continued, 

their average edge length increased to ~11 nm at 15 min 

(Fig. S18(b)), ~14 nm at 30 min (Fig. S14(c)), and ~20 nm 

at 2 h (Fig. 1(a)). In the case of the CTHs, THs with an  

edge length of ~12 nm were produced in the initial stage 

(t = 5 min, Fig. S18(d)). After the reaction proceeded 

for 15 min, overgrowth started to occur on the edges 

(Fig. S18(e)). At 30 min, the edge length of the products 

had increased to 30 nm, and the cavity was more 

obvious (Fig. S18(f)). Similarly, in the case of the RTPs, 

small THs were obtained in the initial stage (t = 5 min, 

Fig. S18(g)). At 15 min, overgrowth mainly occurred at 

the corner sites owing to the increase of the deposition 

rate, resulting in the appearance of RTPs with an arm 

length of ~10 nm (Fig. S18(h)). Typical RTPs formed 

when the reaction was prolonged to 30 min (Fig. S18(i)). 

The TPs were obtained under a higher deposition 

rate. Even at 5 min, some small tetrapods had formed 

(Fig. S18(j)). Further growth and second-generation 

overgrowth are displayed in the products collected at 

15 min (Fig. S18(k)) and 30 min (Fig. S18(l)), respectively. 

3.10 Catalytic behaviors of Cu-Pd bimetallic nano-

crystals 

The unique concave structure and characteristics of 

the Cu-Pd nanocrystals motivated us to investigate 

their catalytic properties [50–56]. The catalytic activity 

and selectivity of the two typical Cu-Pd nanocrystals 

shown in Figs. 1(b) and 1(c) were evaluated for the 

hydrogenation of 3-nitrostyrene using H2 (1 atm, 75 °C, 

under magnetic stirring at 300 rpm). Table 2 clearly 

indicates that when the reduction reaction proceeded 

for 0.5 h, the conversions of 3-nitrostyrene related to 

different catalysts were 77.7% (Cu-Pd-1, 48-nm CTHs) 

and 35.9% (Cu-Pd-2, 50-nm RTPs), respectively. The 

corresponding turnover frequency (TOF) values were 

1,205.4 h–1 (Cu-Pd-1) and 843.9 h–1 (Cu-Pd-2), illustrating 

the significantly higher activity of the concave 

tetrahedral structure compared with the tetrapod 

structure. According to the discussion, we also applied 

smaller Cu-Pd concave tetrahedrons (Fig. 6(b)) to the 

catalytic reaction. It is acknowledged that smaller 

catalysts often exhibit higher catalytic activity because 

of their relatively high surface-to-volume ratio [57, 58]. 

However, the results disagreed. The conversion of 

3-nitrostyrene at 0.5 h for 10-nm CTHs (Cu-Pd-3) was 

75.6%, and the corresponding TOF value was 457.7 h–1, 

slightly lower than the case of Cu-Pd-1. Figure S19 

shows the time profiles for the three different catalysts. 
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Among the three reactions, that of the Cu-Pd-1 

exhibited the highest conversion of 3-nitrostyrene 

(~90%), and that of the 50-nm Cu-Pd-2 exhibited the 

lowest conversion (less than 60%, as shown in Fig. S19). 

It is established that both the composition and 

structure of the nanocatalysts influence their catalytic 

properties. Our catalytic experiments were conducted 

with the same total amounts of Cu and Pd. A slight 

compositional difference was presented with Pd ratios 

of 95% for Cu-Pd-1, 93% for Cu-Pd-2, and 89% for 

Cu-Pd-3. The composition could function by modifying 

the electronic state of the primary component and 

binding properties of the species involved in the 

reaction [59]. Regarding the structure, the {111} and 

{110} facets of Cu-Pd-1 and Cu-Pd-3 contrast the {111} 

facet of Cu-Pd-2. In addition, Cu-Pd-1 exhibited a 

larger size and more obvious concavity than Cu-Pd-3. 

The catalysts’ composition and structure both contri-

buted to the differences in the catalytic results. Notably, 

the commercial Pd/C catalyst exhibited the highest 

activity (100% conversion of 3-nitrostyrene) and the 

corresponding highest TOF value (315.8 h–1), together 

with 75.5% to 3-nitroethylbenzene at 0.5 h (Table 2). 

However, at 2 h, the 3-nitroethylbenzene in the product  

Table 2 Catalytic results for hydrogenation of 3-nitrostyrene 
using various Cu-Pd alloy nanocrystalsa 

Selectivity  
/ % 

catalyst Time 
/ h 

Conversion 
/ % 

 

TOFe 
/ h–1 

0.5 77.7 >99.9 0 1205.410% 
Cu-Pd-1b/C 2 88.7 >99.9 0 344.0

0.5 35.9 >99.9 0 843.910% 
Cu-Pd-2c/C 2 45.9 >99.9 0 269.7

0.5 75.6 >99.9 0 457.710% 
Cu-Pd-3d/C 2 81.0 >99.9 0 122.6

0.5 100 75.5 24.5 315.8
10% Pd/C 

2 100 0 >99.9 78.9 
a Reaction conditions: catalyst (3 mg), substrate (0.3 mmol), 
dodecane (3 ml), H2 (1 atm), reaction temperature (75 °C). 
b Cu-Pd-1, 48-nm CTHs. 
c Cu-Pd-2, 50-nm RTPs. 
d Cu-Pd-3, 10-nm CTHs. 
e TOF = [reacted mol substrate]/[(the number of surface metal 
atoms) × (reaction time)]. (see electronic supplementary material 
for details) 

 

Figure 8 Time course of hydrogenation of 3-nitrostyrolene 
with H2 using (a) Cu-Pd-1, (b) Cu-Pd-2, and (c) Cu-Pd-3. 

was hydrogenated completely to 3-aminoethylbenzene 

for Pd/C, whereas for the other three catalysts, there 

was interestingly almost no 3-aminoethylbenzene  

in the products after the three reactions reached 

thermodynamic equilibrium (Fig. 8). These results 

demonstrate that the three kinds of as-prepared Cu-Pd 

nanocrystals exhibited outstanding chemoselectivity 
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(>99.9%) toward the reduction of the C=C of 

3-nitrostyrene and that they enabled the formation of 

3-nitroethylbenzene without the further reduction of 

the nitro group to 3-aminoethylbenzene (Figs. 8(a)–8(c)). 

4 Conclusion 

We demonstrated a new strategy for the shape- 

controlled synthesis of Cu-Pd alloy nanocrystals by 

adding DA as a coordination ligand to achieve co- 

reduction. By varying the volume of DA in the system, 

we successfully synthesized Cu-Pd nanocrystals with 

different shapes, including THs, CTHs, RTPs, and 

TPs. Further research reveals that DA played an 

important role in the kinetic controlled synthesis.   

In addition to a coordination ligand, DA also served 

as a capping agent on {111} facets, prompting the 

corner-selective deposition and controlling the 

diffusion rate of the adatoms and thus leading to the 

formation of nanocrystals with different shapes. In 

addition, DA, as a Lewis base, enhanced the reduction 

power of the aldehyde group, which greatly influenced 

the reaction kinetics. Other reaction parameters, such 

as the temperature and the concentration of the 

reducing agent, were also ascertained to influence the 

morphologies of the nanocrystals. Three kinds of 

Cu-Pd nanocrystals (48-nm CTHs, 50-nm RTPs, and 

10-nm CTHs) were evaluated as catalysts for the 

hydrogenation of 3-nitrostyrene and exhibited a high 

chemoselectivity to C=C instead of –NO2. Among them, 

the 48-nm CTHs exhibited the highest conversion. We 

expect that this work will provide a novel strategy 

for the shape-controlled synthesis of bimetallic nano-

crystals and will further our understanding of the co- 

reduction growth mechanism. Therefore, it promotes 

the application of these nanomaterials in catalysis, 

electrochemistry, and other areas. 
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