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ABSTRACT 

Ultrafine intermetallic nanoparticles are attractive candidates as catalysts, especially in 

electrocatalysis and selective hydrogenation reactions. An intermetallic may possess 

stronger metal bonding and exhibit better chemical stability under harsh reaction conditions 

than its alloy counterpart, which exists as solid solution. Thermal treatment is often 

necessary for the preparation of intermetallic nanoparticles to achieve the required atomic 

ordering. Such processes are often carried out at elevated temperatures, which inevitably 

cause particle growth, resulting in broad distribution in structure and composition of 

nanoparticles (NPs). This change poses a challenge in obtaining uniformly deposited, 

ultrafine intermetallic NPs on supports. Here we report the control over particle size and 

uniformity of ultrafine PtZn intermetallic NPs using a dual-ligand metal-organic 

framework (MOF) as atomically dispersed precursors (ADPs) in a one-pot synthesis. Face-

centered tetragonal (fct) 2.1 nm-sized L10-Pt50Zn50 intermetallic NPs were produced after 

the thermal treatment. The simplicity of this synthesis allows us to study the effects of 

several key factors on particle size and uniformity. The resulting catalyst of L10- Pt50Zn50 

on carbon has a Brunauer-Emmett-Teller (BET) surface area in the order of 150 m2/g. It 

acts as a highly selective hydrogenation catalyst for the liquid-phase conversion of 1-iodo-

4-nitrobenzene and 1-bromo-4-nitrobenzene to the corresponding semi-hydrogenated 

products exclusively. Furthermore, the one-pot synthesis using ADPs allows for the 

preparation of ultrafine (<3 nm) bimetallic nanoparticles with a record high total metal 

mass loading of 29%, paving a way for the design of high metal loading intermetallic 

catalysts. 

  



3 
 

INTRODUCTION 

Structurally ordered intermetallic nanoparticles (NPs) have attracted much interest as a 

new generation of catalysts with promising activity and durability, especially in several 

fast-growing fields, such as electrocatalysis1-5 and selective hydrogenation.6, 7 

Incorporation of non-precious metals (M) into precious metals such as platinum (Pt) is 

desirable because of the considerations of not only sustainability and elemental abundance, 

but also improved activity and stability.8 It is common that Pt intermetallic NPs could 

achieve higher catalytic activity than pure Pt after the optimization of compositions and 

structures.9 In addition, on electrochemical durability, Pt-M intermetallic NPs are more 

stable10 against oxidation or corrosion than their alloy counterparts, which are solid 

solutions of metal atoms. The enhanced stability stems in part from the atomically ordered 

structures and strong Pt-M bonding via d-electron interactions.11 The stoichiometric nature 

with well-defined crystal unit cell and atomic ordering makes Pt-M intermetallic NPs an 

ideal catalyst to examine the structure-property relationship.12 Recent studies reported 

enhanced catalytic activity and durability of ultrafine Pt-based NPs in both 

electrocatalysis13-16 and selective hydrogenation.17, 18 Therefore, the development of 

synthesis methodology for making ultrafine Pt-M intermetallic NPs could usher the 

development of highly active and durable catalysts on a unit mass basis and facilitate the 

understanding of reaction mechanism. 

There are two general pathways to synthesizing Pt-M intermetallic NPs. One is to prepare 

alloy NPs in solution-phase, followed by heat treatment to convert them into intermetallic 

structures.1, 19 The other method requires the use of wet impregnation approach to deposit 

metal precursors onto porous solid supports. Intermetallic NPs can be made after thermal 

treatment of the impregnated solid precursors.2, 3 Since the formation of intermetallic NPs 

needs to overcome the energy barrier for atomic ordering,20 high-temperature treatment (> 

500 ° C) is necessary in both cases, resulting in Ostwald ripening21 and particle 

coalescence,22 thus producing polydisperse NPs and making the preparation of ultrafine 

intermetallic NPs challenging. One strategy to overcome this technical hurdle is to disperse 

metal elements in three-dimensional space in order to facilitate the formation kinetics of 

intermetallics.20, 23 Another approach is to incorporate a protective layer on the metal NP 
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to prevent the particle overgrowth.2, 24 However, there are few studies on making 2 nm-

sized intermetallic nanoparticles with tunable metal loading. Metal-organic frameworks 

(MOFs), a class of materials consisting of metal ions and organic ligands,25, 26 may be an 

excellent structure to serve as the atomically dispersed precursors (ADPs), which 

accommodate metal species in the porous hierarchical structures. Besides the topotactic 

dispersion of reacting metal elements, MOFs could be simultaneously converted into 

carbon-based support for metal catalysts in situ during the pyrolysis step. Previously, 

MOFs such as zeolitic imidazolate framework (ZIF)-67 and ZIF-8 have been utilized in the 

preparation of supported metal nanoparticle27 and single-atom catalysts.28, 29 Though many 

MOFs consist of a single organic ligand, a mix-ligand structure of two or more kinds of 

organic linkers introduces additional possibilities to tune the framework, porosity, and 

adsorbent properties.30 For example, MOFs made from dicarboxylate and diamine ligands 

produce pillared-layer structures. In this dual-ligated MOF, dicarboxylates interact with 

metal ions to form the later structure, while the diamines function as the ligands for pillar. 

Thus, dual-ligand MOFs ensure the control of three-dimensional, porous hierarchical 

structures and are beneficial to the synthesis of ultrafine nanoparticles. 

Herein, we report the synthesis of two nm-sized PtZn intermetallic NPs using dual-ligated 

MOFs as the ADPs via a one-pot synthesis. Compared with the size control of metal 

nanoparticles in solution-phase synthesis,31, 32 the formation of metal NPs from MOF 

precursors is a solid state process, where Ostwald ripening and particle coalescence are 

more critical due to the slow diffusion rate of metal atoms in solid-phase precursors. In this 

sense, we explore the key factors in the controlled synthesis which lead to a high particle 

density and ultrafine size using ADP-based precursors. We produced face-centered 

tetragonal (fct) L10-PtZn intermetallic NPs from 1,4-diazabicyclo[2.2.2]octane-

terephthalic acid (DABCO-TPA) dual-ligand MOF after the thermal treatment. The 

resulting metal NPs supported on carbon exhibited two nm-sized pseudo-spherical shapes 

in a densely packed and uniform manner. We achieved a total metal loading up to 29 wt.% 

on carbon support for these MOF-derived ultrafine NPs under the optimized reaction 

conditions. The 2.1 nm-sized L10-Pt50Zn50/C intermetallic NPs catalyst exhibits an 

exceptional selectivity and high conversion in the hydrogenation of 1-iodo-4-nitrobenzene 

and 1-bromo-4-nitrobenzene to 4-iodoaniline and 4-bromoaniline, respectively, showing 
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preferential hydrogenation of the nitro group (-NO2) group over the activation of the C-X 

(carbon-halogen) bond. We have also demonstrated that catalytic activity of L10-PtZn/C 

catalysts in the hydrogenation of α,β-unsaturated aldehydes. PtZn intermetallic NPs were 

highly selective in hydrogenating C=O bonds over C=C bonds, resulting in unsaturated 

alcohols. On the contrary, commercial Pt/C exhibited a mixture of C=C and C=O 

hydrogenation products. This observation further highlights the necessity of the PtZn 

intermetallics phase in selective hydrogenation reactions. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of L10-PtZn NPs. The DABCO-TPA dual-ligand MOF 

with Zn2+ as the cation center was used as the ADP in this study. Scheme 1 illustrates the 

one-pot synthesis of L10-phase intermetallic PtZn NPs from this kind of ADPs. In the 

preparation of DABCO-TPA dual-ligand MOF, Zn(NO3)2, DABCO, and TPA were first 

dispersed in dimethylformamide (DMF). Zinc ions coordinated with organic ligands, 

followed by a self-assembly (SA) to form Zn-DABCO-TPA MOFs (ZnDT) after the 

evaporation of DMF.30 The as-prepared MOF served as the host structure for uniform 

deposition of Pt(acac)2 in the framework via the wet impregnation. The Pt(acac)2-

incorporated ZnDT (Pt/ZnDT) was then converted into intermetallic NPs at 700 °C with 

ramping rate of 2 °C/min through a vacuum pyrolysis process (Scheme 1). The use of 

vacuum significantly lowered the required processing temperature. 

 

Scheme 1. Synthetic pathway of PtZn intermetallic NPs from ZnDT, which serves as the 

ADP. 

Scanning electron microscopy (SEM) studies show the ZnDT has well-defined 

morphology (Figure S1). The X-ray diffraction (XRD) pattern of this MOF exhibits sharp 

peaks, suggesting large size of crystalline domain (Figure S2). Ultrafine and well-
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dispersed NPs were produced from the Pt0.05/ZnDT at Pt(acac)2/ZnDT feeding ratio equal 

to 5/100 (atomic) using this procedure (Figure 1a). Carbon support formed simultaneously 

from the carbonization of the organic segments of the precursor. High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) was applied to examine 

the intermetallic structure of as-made PtZn NPs (Figure 1b). The corresponding fast 

Fourier transform (FFT) image shows diffraction spots of facet (200) and facet (001) of 

fct-PtZn intermetallic with the d-spacing of 0.20 nm and 0.38 nm, respectively (inset of 

Figure 1b). Energy dispersive X-ray spectroscopy (EDS) was used to study the elemental 

distribution (Figure 1c). The Pt and Zn elemental maps overlapped with each other well, 

suggesting the excellent dispersion of both metal elements. The XRD pattern of the product 

fits well with that of the fct- PtZn (PDF#06-0604) (Figure 1d). The broadening of the XRD 

peaks implies relatively small domain size of these intermetallic NPs, which is consistent 

with the TEM study. 

 

Figure 1. (a) Low-resolution TEM micrograph, (b) HAADF-STEM micrographs (inset: 

the corresponding FFT image), (c) STEM-EDS images, and (d) XRD pattern of as-made 

L10-Pt50Zn50 NPs produced from Pt0.05/ZnDT through vacuum pyrolysis at 700 °C at a 

ramping rate of 2 °C/min. 
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Size and Composition of Ultrafine L10-PtZn Intermetallic NPs. The as-prepared PtZn 

intermetallic NPs exhibited a very high packing density meanwhile having a uniform 

distribution in size and shape across the carbon support (Figure 2). Interestingly, the 

original morphology of the MOF remained after pyrolysis (Figure S3). We further noticed 

when the feeding ratios of Pt(acac)2/ZnDT were small (i.e., Pt0.01/ZnDT and Pt0.02/ZnDT), 

alloys were produced instead of intermetallic (Figure S4). To examine the ability of ZnDT 

in dispersing the Pt precursor and its effect on size and composition of the products, we 

carried out the synthesis at feed ratios of Pt(acac)2/Zn(NO3)·6H2O in the range of 5/100-

20/100 (Pt/Zn atomic ratio) while keeping the amount of ZnDT the same. TEM study 

shows the formed NPs were uniform for all products made from Ptx/ZnDT (x=0.05, 0.10, 

0.15, and 0.20) (Figure 2a-2d). The average size of the NPs ranged from 2.0 nm for 

samples made from Pt0.20/ZnDT to 2.6 nm from Pt0.05/ZnDT (Figure 2e-2h). It appears the 

synthesis with the relatively large amount of Pt(acac)2 in the feed resulted in the formation 

of small nanoparticles. The reason might be a short diffusion length of Pt atoms in the MOF 

at a high Pt loading amount. Average sizes of all samples were in the two nm-sized range. 

X-ray diffraction patterns of these PtZn NPs exhibited broad peaks, including the 

characteristic intermetallic diffractions centered at 25.4 ° and 31.1° (2θ) (Figure 2i). 

SEM studies show the as-prepared PtZn intermetallic NPs on MOF-derived carbon 

supports retained their original morphologies (Figure S5). Figure S6 shows the SEM 

image of the MOF product and the corresponding elemental maps of Pt and Zn. Both Pt 

and Zn signals distributed evenly across the entire MOF product. The metal compositions 

of products were further examined by both inductively coupled plasma optical-atomic 

emission spectroscopy (ICP-OES) (Table S1) and energy-dispersive X-ray fluorescence 

(XRF) (Table S2) techniques. The data obtained using these two methods agree with each 

other very well. For a relatively low Pt loading amount (i.e., Pt0.05/ZnDT), the obtained 

NPs had a composition of Pt50Zn50, which agrees with the stoichiometry of the fct phase 

intermetallic. When the Pt(acac)2/ZnDT feeding ratio increased, the compositions became 

rich in Pt. The L12-Pt3Zn intermetallic phase may locally exist beside the global ordered 

fct phase. 
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Figure 2. (a-d) TEM micrographs and (e-h) corresponding size distributions of PtZn NPs 

obtained from Ptx/ZnDT at the x values of (a, e) 0.05, (b, f) 0.10, (c, g) 0.15, and (d, h) 0.20. 

(i) XRD patterns of the PtZn NPs obtained from the Ptx/ZnDT. (j) Volume-weighted mean 

crystallite sizes (LVol-IB) calculated from Scherrer equation based on Rietveld refinement 

results, and measured crystal sizes along with corresponding errors for PtZn NPs with 

different Pt loading. 

We used two methods to obtain mean sizes of these intermetallic Pt-Zn NPs. One is the 

direct measurement of diameter for over a hundred nanoparticles (Table S3) based on TEM 

data (Figure 2e-2h). The other is to calculate the volume-weighted mean crystallite size 

(LVol-IB) using Scherrer equation based on the XRD data (Table S4). To improve 

accuracy, we carried out Rietveld refinement to analyze the XRD patterns and obtain full-

profile fittings using the TOPAS software. Similar values were obtained with these two 

methods and the average diameter of all particles were between 2.0 and 2.7 nm (Figure 

2j). Compared with other reported PtZn NPs which were made through thermal treatments, 



9 
 

we produced uniform 2 nm-sized PtZn intermetallic NPs with metal loading up to 29 wt.% 

(Table 1). To the best of our knowledge, this value represents the highest metal loading 

among the known sub-3 nm PtZn intermetallic NPs produced. The ultrafine size (~2 nm) 

and uniform distribution that were enabled by using MOF-based precursors contributed to 

the observed high metal loading. 

Table 1. Summary of reaction conditions, metal content and mean size of selected small 

L10-PtZn intermetallic NPs. 

Sample 
T 

 (°C) 

Time 

(h) 

Metal content 

(wt.%) 

Mean size*  

(nm) 

PtZn/MWNT-E33 600 2 4.1 3.2 

PtZn/NC34 800 3 25.3 5.1 

1Pt1Zn/MZ35 580 2 1.4 <3 

PtZn/HNCNT6 800 1 0.82 2.24 

Pt50Zn50 (this work) 700 2 8.7 2.1 

Pt63Zn37 (this work) 700 2 29 2.0 

* Diameter 

Study of the Reaction Conditions for Controlling the Ultrafine L10-PtZn NPs. Besides 

the feeding ratio, we examined the effects of ramping rate (𝑇̇) and pyrolysis temperature 

(𝑇) on the particle size and uniformity. In a typical synthesis, the temperature of the furnace 

was raised to a pre-designated reaction temperature, i.e., 700 °C at different ramping rates. 

Figure 3a shows the XRD patterns of the NPs produced from the precursors of Pt0.05/ZnDT 

mixtures at a ramping rate changing from 1 to 5 °C/min. Under these ramping rates, PtZn 

intermetallic NPs formed, judging by the characteristic XRD peaks centered around 25.4° 

and 31.1° 2θ. The atomic ratio between Pt and Zn is either 50:50 or close to this value 

(Table S5). The Pt50Zn50 matched the stoichiometry of tetragonal L10 phase PtZn 

intermetallic. There is no strong correlation between the stoichiometry of PtZn and the 

ramping rate of heat treatment. For the sample produced at 5 °C/min, however, the XRD 

peaks shifted slightly, and the apparent composition also changed to Pt69Zn31. Such a large 

deviation from 50:50 suggests a severe loss of Zn at a high ramping rate. The removal of 

Zn element during the heat treatment may be attributed to the vaporization of Zn atoms and 



10 
 

the decomposition of zinc oxide (ZnO). The application of vacuum reduced the pressure of 

the reaction chamber to ~10-5 atm, thus facilitated the vaporization of Zn.36 The trace 

amount of water in the tube furnace might catalyze the decomposition of ZnO, further 

lowering the reaction temperature required for Zn removal,37 which was below the typical 

pyrolysis temperature when Zn was used as a sacrificial metal.29 The small amount of water 

molecules should come from the decomposition of ADPs and could remain in the furnace, 

if not promptly removed. The slow removal of water may contribute to the severe loss of 

Zn at 5 °C/min. Thus, other than the formation of fct L10 intermetallic structure, the product 

might contain Pt-enriched face-centered cubic (fcc) phase L12-Pt3Zn (or Pt75Zn25) 

intermetallic, judging by the XRD pattern. 

Our data further indicates a moderate ramping rate produced ultrafine and uniform PtZn 

intermetallic NPs. We found there was a good agreement in the analysis of particle size 

between the TEM and XRD studies (Figure 2j), thus we used the latter method directly to 

obtain the mean size of NPs (Table S6). The size of the NPs reached the minimum at the 

ramping rate of 2 °C/min (Figure 3b). At the slowest ramping rate of 1 °C/min, we 

observed ultrafine primary nanoparticles in the TEM micrograph (Figure S7a), though 

NPs might also sinter (Figure 3c). It appears when a low ramping rate was used in the 

synthesis, the reaction time increased substantially, facilitating the migration of small NPs 

on the formed carbon support to sinter, giving rise to the formation of large aggregates. 

When the ramping rate was 5 °C/min, the formed NPs exhibited sharp peaks in the XRD 

pattern, suggesting the NPs became polydisperse (Figure 3d, S7b-c). Both small and large 

NPs formed in the same sample, indicating local reaction rates differed throughout the solid.  

The high pyrolysis temperature (700 °C) inevitably caused the Ostwald ripening in the 

solid-state preparations. We used the Gibbs-Thomson equation to analyze the effect of the 

key processing parameter, namely, the pyrolysis temperature 𝑇 on the final structures of 

NPs. In this treatment, the equilibrium concentration of solute atoms 𝐶!"(𝑟) depends on 

the size of nanoparticles: 

𝐶!"(𝑟) = 𝐶!"(∞) 𝑒𝑥𝑝 ,
#$%!"
&'#(

-                                                                                          (1) 
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where 𝐶!"(∞) is the solubility of atoms taken from an infinite flat surface, 𝜎 is surface 

tension, 𝑣)* is atomic volume, 𝑟 is the radius of the nanoparticle, 𝑘+ is Boltzmann constant 

and 𝑇 is temperature. The chemical potential 𝜇, which is closely related to the equilibrated 

concentration, can be written as: 

𝜇 = 𝑘+𝑇𝑙𝑛4𝐶!"(𝑟)5 =
#$%!"
&

ln	[𝐶!"(∞)]                                                                                  (2) 

The temperature gradient across the impregnated MOF precursors may result in different 

local reaction rates. Such differences in the formation process produced NPs with varied 

sizes. Thus, the discrepancy in chemical potential between two NPs (𝑟, and 𝑟#) should be: 

∆𝜇 = 𝜇, − 𝜇# = 2𝜎𝑣)*ln	[𝐶!"(∞)](
,
&$
− ,

&%
)                                                                     (3) 

Primary metal NPs produced in the region with slow reaction rates have small size (~2 nm) 

as observed in Figure S7a, while those produced in the fast reaction region should have 

large size (Figure S7b). This variance in particle sizes results in a difference in chemical 

potential. Since temperature gradient is caused by ramping rate 𝑇̇, and the right side of 

equation (3) is related to the mean size 𝐷, we can correlate ramping rate with particle size 

and uniformity in the following equation: 

∆𝜇@𝑇̇A = 2𝜎𝑣)* ln4𝐶!"(∞)5 ,
,
&$
− ,

&%
- = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 × 𝑔(𝐷)                                                          (4) 

This analysis suggests under relatively fast ramping rates, Ostwald ripening could 

dominate, resulting in the large mean size and broad size distribution.  

Our data shows the size of PtZn intermetallic NPs was uniform at the low ramping rate of 

1 °C/min using the ADP-based synthesis. Ostwald ripening became increasingly important 

when the ramping rate increased, resulting in temperature gradient across the Pt0.05/ZnDT 

precursor mixtures. Under such processing conditions, both particle mean size and size 

distribution increased (Figure 3b). The observed relationship between mean size 𝐷 and 

ramping rate 𝑇̇ agrees well with the exponential relationship between reaction rate and 

temperature, based on the above analyses: 

-.
-(̇
> 0, -

%.
-(̇%

> 0	                                                                                                                     (5) 
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Figure 3. (a) XRD patterns, (b) relationship between size and ramping rate, and (c, d) TEM 

micrographs of PtZn intermetallic NPs made through vacuum pyrolysis at 700 °C. The 

TEM specimen were made using NPs formed at a ramping rate of (c) 1 and (d) 5 °C/min, 

respectively.  

Another crucial factor in the formation of PtZn intermetallic structures is reaction 

temperature. We performed a series of experiments at different reaction temperatures to 

find out the upper and lower limit of producing intermetallic NPs. Platinum zinc 

intermetallic began to form at 600 °C (Figure 4a), and only a mixture of ZnO and Pt 

nanoparticles was observed when the reaction temperature was 500 °C (Figure S8). The 

XRD peaks matched very well with the tetragonal phase of PtZn intermetallic for sample 

made at a temperature between 600 °C and 700 °C. For the NPs formed at 750 °C, the (111) 

diffraction peaks at ~41° 2q for PtZn intermetallic shifted, as is indicated by the dash line 

in Figure 4a. This shift indicates the phase transformation towards the fcc phase of the 
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Pt3Zn intermetallic structure. When the reaction temperature was raised to 800 °C, fcc Pt 

NPs formed due to the severe loss of Zn (Table S7). 

While reaction temperature affected greatly the sizes, its effect on the particle uniformity 

was much less pronounced, based on the calculation of domain size from XRD patterns 

(Table S8). When the temperature changed from 600 °C to 750 °C, the particle size 

monotonically increased (Figure 4b). The size dropped while the uniformity remained 

when temperature further increased from 750 °C to 800 °C. The drop in size should be the 

result of loss of Zn at higher temperature. TEM study shows the NPs are still uniformly 

distributed on the supports in the temperature range between 600 °C and 750 °C (Figure 

4c and 4d). 

 

Figure 4. (a) XRD patterns and (b) calculated sizes of the Pt-Zn NPs made from 

Pt0.05/ZnDT at different reaction temperatures (ramping rate: 2°C/min). TEM micrographs 

of PtZn intermetallic NPs produced at (c) 600 °C, and (d) 750 °C, respectively.  

Size control of intermetallic NPs is related to the reduction of the metal salts and the 

formation of ordered alloy phase between the two, thus the rate of reduction reaction is 
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important. In this context, we examined the products from the heat treatment of Pt0.05/ZnDT 

at 700 °C (ramping rate: 2 °C/min) under both pure Ar and 5%H2 in Ar forming gas 

atmospheres. The obtained NPs on carbon are denoted as PtZn-A (pure Ar atmosphere) 

and PtZn-H (5% H2 in Ar atmosphere), respectively. The XRD patterns of the resulting 

products show the formation of fct PtZn intermetallic (Figure S9). If the thermal treatment 

was performed under pure Ar, organic linkers decomposed and acted as reducing agent at 

the same time to convert the metal ions into intermetallic NPs. In the absence of reducing 

gas and vacuum, a good amount of Zn cation might be oxidized to form ZnO particles, as 

is shown by the sharpened XRD peaks. TEM study shows the NPs of PtZn-A exhibited a 

bimodal distribution in size. The FFT analysis shows the large NP (purple box) had a d-

spacing of 0.25 mm, which fits well with (101) facet of ZnO, and the ultrafine NP (red box) 

had a d-spacing of 0.22 nm, which can be attributed to the (111) diffraction of fct PtZn 

intermetallic (Figure S10). Large ZnO and ultrafine PtZn intermetallic NPs formed 

simultaneously, suggesting the mild reducing agent should be a key factor for the formation 

of ultrafine NPs. Interestingly, the carbon support produced in this one-pot synthesis 

retained the MOF morphology (Figure S11). 

When forming gas was used in the synthesis, hydrogen gas effectively reduced Zn cations 

to form fct PtZn intermetallic NPs (Figure S9). TEM micrograph shows large NPs formed 

at this temperature, when hydrogen gas was used as reducing agent (Figure S12). These 

results suggest fast reaction rate causes decomposition of MOF precursors and the collapse 

of carbon structure.  

Figure 5 summarizes the key factors for the production of ultrafine PtZn intermetallic NPs 

using ZnDT as ADP. There exists a strong interplay among the pyrolysis temperature, 

reducing atmosphere, ramping rate and reaction time. A moderate ramping rate is 

significant in preparation of ultrafine and uniform PtZn intermetallic NPs. Fast heating 

causes temperature gradient, giving rise to the Ostwald ripening. Slow heating may trigger 

sintering of primary NPs. Both ripening and sintering may result in large size, broad size 

distribution and polydispersity. When mild reducing agents are used, reaction temperature 

becomes important in determining the crystal structure of final products with different 

Pt/Zn ratios. 
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Figure 5. Illustration of the formation of ultrafine PtZn intermetallic NPs from the 

Pt/ZnDT and the effects of key reaction parameters on size and uniformity.  

 

The catalytic selectivity of the L10-Pt50Zn50 catalyst were evaluated in the liquid phase 

hydrogenation reactions of 1-halo-4-nitrobenzene, crotonaldehyde, and trans-

cinnamaldehyde (Scheme 2). Figure S13 shows the results of nitrogen isotherm analysis 

of the carbon-supported 2.1 nm-sized L10-Pt50Zn50 intermetallic catalyst made from 

Pt0.05/ZnDT in 700 °C under vacuum pyrolysis (ramping rate: 2 °C/min). The isotherm 

results show that this catalyst has a mesoporous structure with BET surface area of 156 

m2/g and an average pore diameter of 3.6 nm (BJH), suggesting it as a promising 

heterogeneous catalyst in the hydrogenation reaction. 
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Scheme 2. Liquid phase hydrogenation of (1) 1-halo-4-nitrobenzene, (2) crotonaldehyde, 

and (3) trans-cinnamaldehyde catalyzed by the ultrafine L10-Pt50Zn50 catalyst. 

We reported our findings from the liquid phase hydrogenation of 1-halo-nitrobenzenes on 

2.1 nm-sized L10-Pt50Zn50 catalyst in Figure 6. The experiments were intended to study 

the hydrogenation selectivity between C-X and -NO2 groups. The ultrafine ultrafine L10-

Pt50Zn50 catalyst exhibited exceptionally high conversion of >99% and high selectivity to 

4-haloaniline (98-99%) (Figure 6a). In contrast, a commercial 5% Pt/C catalyst, though 

exhibited >99% conversion for 1-halo-4-nitrobenze, had a much lower selectivity to 

desired product, 4-iodoaniline (20.8%), 4-bromoaniline (33.5%), and 4-chloroaniline 

(52.3%), respectively. It has been previously demonstrated that PtZn intermetallics are 

chemoselective for the liquid phase hydrogenation of 1-halo-4-nitrobenzene to 

corresponding haloanilines.38 The addition of Ga and Zn enhances the performance of Pt-

based bimetallic catalysts by donating electrons to Pt, i.e., the proposed active sites. In our 

case, the exceptional high chemoselectivity to haloaniline in the case of ultrafine L10-

Pt50Zn50 catalyst would also origin from the electron-enriched Pt in PtZn catalysts, 

increasing the selectivity of haloaniline above 99%.38 The slightly lowered selectivity for 
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1-iodo-4-nitrobenzene could be the result of strong adsorption of iodine on Pt surface,39, 40 

which leads to dehalogenated aniline side-product. Table S9 summarizes the results of the 

performances of this catalyst, together with a reference Pt catalyst.  

 

Figure 6. Conversion and selectivity of liquid phase hydrogenation reactions: (a) 

hydrogenation of 1-iodo-4-nitrobenzene (INB), 1-bromo-4-nitrobenzene (BNB), and 1-

chloro-4-nitrobenzene (CNB); (b) hydrogenation of crotonaldehyde (CRAL) and trans-

cinnamaldehyde (CAL) on 2.1 nm-sized L10-Pt50Zn50 intermetallic NPs and 5% Pt 

catalysts. Reaction conditions for (a): 0.4 mmol of 1-halo-4-bromobenzene, 2 mL toluene, 

20 mg xylene as internal standard, 80 °C, 20 bar H2, 600 rpm, 12 h. Reaction conditions 

for (b): 1.2 mmol of α,β-unsaturated aldehydes, 1.2 mL toluene, 20 μL mesitylene as 

internal standard, 100 °C, 20 bar H2, 600 rpm, 12 h. 

Another typical kind of chemoselective hydrogenation reaction is from α, β-unsaturated 

aldehydes/ketones to unsaturated alcohols, as shown in Figure 6b and Table S10. 

Previously reported Pt-based bimetallic catalysts have shown to be promising candidates 

for the hydrogenation reaction of α, β-unsaturated aldehydes, though high selectivity is still 

lacking.41-44 The selectivity of monometallic Pt and the ultrafine L10-Pt50Zn50 catalysts are 

compared in the hydrogenation of crotonaldehyde and trans-cinnamaldehyde (Scheme 2). 

Commercial Pt exhibited higher conversion in both crotonaldehyde and trans-

a b



18 
 

cinnamaldehyde hydrogenation, however, the L10-Pt50Zn50 catalyst outperformed Pt 

catalysts in the outstanding selectivity towards crotyl alcohol (95.3%) and cinnamyl 

alcohol (97.8%). The inferior selectivity of Pt catalysts are caused by the formation of C=C 

hydrogenation products (butyraldehyde and 3-phenylpropanal) and complete 

hydrogenation products (1-butanol and 3-phenyl-1-propanol). This enhanced 

hydrogenation selectivity for C=O bonds over C=C bonds can be attributed to the different 

adsorption configurations of α, β-unsaturated aldehydes on intermetallic surfaces.45-47 For 

example, on the Pt(111) surface, both C=C and C=O bonds can be adsorbed via the two σ-

orbitals (di-σ mode) or the π-orbital (π-mode), while C=O can solely attaches to the Pt sites 

by an “end-on” mode, where only the oxygen end is captured by the surface Pt site. Such 

“end-on” mode facilitates the preferential hydrogenation of C=O bond and yields the 

desired hydrogenation products. Meanwhile, the pure Pt catalysts and our ultrafine L10-

Pt50Zn50 intermetallic catalysts differ in the surface atomic ordering. The contiguous Pt 

ensembles of the pure Pt catalysts are advantageous for the hydrogenation of di-σ-mode 

adsorption while the π-mode and the “end-on” mode only requires single atomic site thus 

is preferable in the intermetallic system. Based on the discussion above, we propose the 

intermetallic surface can give rise to reactant taking preferential perpendicular adsorption 

of C=O on the active site, leading to unsaturated alcohol products.48 Interestingly, the 

selectivity of trans-cinnamaldehyde to cinnamyl alcohol (97.8%, Table S10) is higher than 

that of crotonaldehyde to crotyl alcohol (96.35%, Table S10). The slightly higher 

selectivity to unsaturated alcohol suggests the hinderance effect of the phenyl, which may 

contribute to the preferable “end-on” mode adsorption. 

CONCLUSION 

We developed a facile one-pot synthesis for making two nm-sized PtZn intermetallic NPs 

from ZnDT, which was used as ADP. Using ADP approach, the ultrafine PtZn intermetallic 

NPs (< 3nm) could have a high metal loading up to 29 wt.%. Ramping rate, reaction 

temperature, and reducing agents can all affect the particle size and uniformity. Moderate 

ramping rate, uniform heating, and optimized reaction time could effectively prevent 

Ostwald ripening and particle sintering. Using MOF-based precursors could result in the 

simultaneous formation of mesoporous carbon supports. The 2.1 nm-sized L10-Pt50Zn50 
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intermetallic NPs catalyst showed excellent selectivity in the liquid phase hydrogenation 

of several types of unsaturated hydrocarbon derivatives, with preferable activity in the 

carbonyl and nitro group over the carbon double bond. This study highlights the advantage 

of using ADP in the preparation of ultrafine bimetallic nanostructures, paving a way for 

the design of catalysts where both atomic ordering and high metal loading are important. 

 

EXPERIMENTAL SECTION 

Chemicals and Materials. Zinc nitrate hexahydrate (Zn(NO3)2 ·6H2O) (98%, reagent 

grade), terephthalic acid (TPA) (98%), 1,4-diazabicycyclo[2,2,2]octane (DABCO) 

(ReagentPlus, ≥ 99%), 1-iodo-4-nitrobenzene (98%), 1-chloro-4-nitrobenzene(99%), 

toluene (anhydrous, 99.8%), and p-xylene (anhydrous, 99+%) were purchased from Sigma 

Aldrich. Trans-cinnamaldehyde (99%), crotonaldehyde (99%), and mesitylene (99%) were 

purchased from Acros Organics. 1-bromo-4-nitrobenzene (98%) was purchased from Alfa 

Aesar. Dimethylformamide (DMF) (D131-4) was obtained from Fisher Chemical. 

Platinum (Ⅱ) acetylacetonate (Pt(acac)2) (98%) was purchased from Strem Chemicals. 

Argon (UHP), and 5% hydrogen balance argon (certified standard mixture) were supplied 

by Airgas, Inc. All chemicals and gases were used without further purification. 

Synthesis of ZnDT. In a typical synthesis of MOF precursor, Zn(NO3)2·6H2O (480 mg, 

1.61 mmol), DABCO (548.2 mg, 4.89 mmol), and 15 mL DMF were mixed in a three-neck 

50 mL flask. The flask was placed in an aluminum heating block on the hotplate/stirrer 

(VWR 7x7 Ceramic Hotplate Stirrer 97042-714) which was preheated to 150 °C. In a 

separate 50-mL beaker, TPA (803.4 mg, 4.86 mmol) was dissolved in 10 mL DMF before 

adding to the flask, followed by another addition of 10 mL DMF. The total volume of DMF 

in the flask was 35 mL. Two openings of the flask were sealed with glass stoppers, and the 

central opening was connected to a condenser with running cold water. After the mixture 

was stirred at 400 rpm and heated at 150 °C for two hours, the condenser was removed to 

evaporate all the solvent. The dried product was collected in a 50-mL centrifuge tube and 

washed by 35 mL of warm DMF (~150 °C). The solid product was separated from the 

liquid by centrifugation at 9000 rpm for 10 min (Beckman Coulter Inc., Allegra X-30 
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Series). The washing and centrifugation step was repeated at least three times until the 

supernatant was colorless and transparent. The wet solids were then dried at 80 °C in a 

vacuum oven (VWR Symphony, Cat. No. 414004-582) overnight to obtain the ZnDT. 

Synthesis of L10-Pt50Zn50 Intermetallic Nanoparticles on Carbon by Vacuum 

Pyrolysis. In a typical synthesis, Pt(acac)2 (31.2 mg, 0.08 mmol) at 5/100 atomic ratio of 

Pt/ZnDT was dissolved in 1 mL of DMF by sonication and added to 950 mg of as-prepared 

ZnDT in a mortar. A glass stick was used to stir the mixture with MOF until a slurry was 

formed without visible particles. This slurry was dried at 80 °C in a vacuum oven for 30 

min. till dry. The dried solid was ground into fine powder and transferred into an alumina 

combustion boat. The boat was placed inside an air-tight tube furnace (MTI Corporation, 

GSL-1500X) and purged with Ar for 30 min. After the purge, the vacuum was pulled for 

30 min using a vacuum pump (Edwards RV12) before the temperature of the furnace was 

raised from room temperature to 700 °C at a ramping rate of 2 °C/min. The alumina boat 

was kept at 700 °C in vacuum for 2 h, followed by cooling naturally to room temperature. 

The final product was collected for further use and characterization. 

Synthesis of PtZn Intermetallic Nanoparticles on Carbon under Different Reaction 

Conditions. Preparations with predetermined amounts of Pt(acac)2 other than 

Pt(acac)2/ZnDT precursor atomic ratio of 5/100 were carried out to study the key 

processing parameters on the formation of ultrafine PtZn intermetallic nanoparticles. The 

amounts of Pt(acac)2 used were 6.3 mg (Pt0.01/ZnDT), 12.7 mg (Pt0.02/ZnDT), 63.3 mg 

(Pt0.10/ZnDT), 95.0 mg (Pt0.15/ZnDT), and 126.6 mg (Pt0.20/ZnDT), respectively. The wet 

impregnation steps for Ptx/ZnDT (x=0.01, 0.02, 0.05) were the same, while those for 

Ptx/ZnDT (x=0.10, 0.15, 0.20), both the impregnation and drying steps were repeated for 

two, three, and four times, respectively. Each time 31.2 mg of Pt(acac)2 was dissolved in 1 

mL of DMF and added to the MOF to form a slurry. 

Besides the Pt(acac)2/ZnDT atomic ratio, we studied the effect of ramping rate at 1, 3, 4, 

and 5 °C/min, respectively, to reach the reaction temperature of 700 °C. In addition, we 

tested the formation at a temperature of 500, 600, 650, 750, and 800 °C, respectively. The 

ramping rate was kept as 2 °C/min for the different reaction temperatures.  
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In addition to vacuum pyrolysis, both pure argon and forming gas of 5%H2 in Ar were also 

tested for the synthesis. The corresponding final products were denoted as PtZn/C-A for 

samples treated in pure Ar and PtZn/C-H for samples treated in forming gas of 5%H2 in 

Ar.  

Structural and Compositional Characterization. Powder X-ray diffraction (XRD) 

patterns were obtained using Rigaku Miniflex 600 diffractometer with Cu Kα X-ray source 

(λ =1.54056 Å). Scanning electron microscopy (SEM) images and energy dispersive 

spectrometry (EDS) elemental mapping were taken using Hitachi S-4800 high resolution 

microscope and Oxford’s Ultim Max 100 mm2 large area silicon drift detector. 

Transmission electron microscopy (TEM) micrographs were obtained on JEOL 2100 Cryo 

microscope at an accelerating voltage of 200 kV. The atomic ratio of Pt/Zn in the samples 

were determined by Shimadzu EDX-7000 energy-dispersive X-ray fluorescence (XRF) 

spectrometer and from inductively coupled plasma optical-atomic emission spectroscopy 

(ICP-OES) using a PerkinElmer Optima 8300 system. 

Size Analysis Based on X-Ray Diffraction. Rietveld refinement of XRD patterns and the 

corresponding size analyses were carried out using TOPAS, a profile fitting software 

provided by Bruker Corporation. Scherrer equation was used to calculate the volume-

weighted mean crystallite size (LVol-IB) using full-profile peaks, calculated by the built-

in size estimation functions (Figure S14-25). 

Catalytic Performance Tests of Liquid Phase Hydrogenation.  

Hydrogenation reactions were performed in a high-pressure reactor. Before each reaction, 

the L10-Pt50Zn50/C catalyst was pre-treated at 300 °C for 1 h under 10% H2/Ar. In a typical 

hydrogenation reaction of crotonaldehyde or trans-cinnamaldehyde, 5 mg of L10-

Pt50Zn50/C catalyst was added to a one-dram vial containing a solution of 1.2 mmol of 

substrate (crotonaldehyde or trans-cinnamaldehyde), 20 μL of mesitylene as internal 

standard and 1.2 mL of toluene as solvent. The reaction mixture was loaded inside a 

stainless-steel autoclave, and 20 bar H2 was used to purge the reactor five times. The 

hydrogenation reaction was carried out at 100 °C, under 20 bar H2, and stirred at 600 rpm 

for 12 h.  
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For the hydrogenation of nitrobenzene compounds, 5 mg of L10-Pt50Zn50/C catalyst was 

added to a one-dram vial containing a solution of 0.4 mmol of halonitrobenzene substrate 

(1-iodo-4-nitrobenzene, 1-bromo-4-nitrobenzene, or 1-choloro-4-nitrobenzene), 22.8 μL 

of xylene as internal standard and 2.0 mL of toluene as solvent. The reaction mixture was 

loaded inside a stainless-steel autoclave, and 20 bar H2 was used to purge the reactor five 

times. The hydrogenation reaction was carried out at 80 °C, under 20 bar H2, and stirred at 

600 rpm for 12 h. 

The product mixture was analyzed in a HP 6890 series gas chromatogram (GC) equipped 

with a capillary column HP-5 and a flame ionization detector (FID) and a HP 6890N GC-

mass spectrometer (MS) equipped with a capillary column HP-5MS. 
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