
Atomic-Scale Mechanism on Nucleation and 

Growth of Mo2C Nanoparticles Revealed by in 

Situ Transmission Electron Microscopy 

Linfeng Fei,† Sheung Mei Ng,† Wei Lu,† Ming Xu,† Longlong Shu,‡ Wei-Bing Zhang,†

Zehui Yong,† Tieyu Sun,† Chi Hang Lam,† Chi Wah Leung,† Chee Leung Mak,*,† and Yu 

Wang*,‡

†Department of Applied Physics, The Hong Kong Polytechnic University, Hong Kong SAR, 

China 

‡School of Materials Science and Engineering, Nanchang University, Nanchang, Jiangxi 330031, 

China 

*E-mail: apaclmak@polyu.edu.hk (C.L.M.).

*E-mail: wangyu@ncu.edu.cn (Y.W.).

This is the Pre-Published Version.
This document is the Accepted Manuscript version of a Published Work that appeared in final form in Nano letters, copyright © 2016 American Chemical 
Society after peer review and technical editing by the publisher. To access the final edited and published work see https://doi.org/10.1021/
acs.nanolett.6b04160.



ABSTRACT:  

With a similar electronic structure as that of platinum, molybdenum carbide (Mo2C) holds 

significant potential as a high performance catalyst across many chemical reactions. Empirically, 

the precise control of particle size, shape, and surface nature during synthesis largely determines 

the catalytic performance of nanoparticles, giving rise to the need of clarifying the underlying 

growth characteristics in the nucleation and growth of Mo2C. However, the high-temperature 

annealing involved during the growth of carbides makes it difficult to directly observe and 

understand the nucleation and growth processes. Here, we report on the use of advanced in situ 

transmission electron microscopy with atomic resolution to reveal a three-stage mechanism 

during the growth of Mo2C nanoparticles over a wide temperature range: initial nucleation via a 

mechanism consistent with spinodal decomposition, subsequent particle coalescence and 

monomer attachment, and final surface faceting to well-defined particles with minimum surface 

energy. These microscopic observations made under a heating atmosphere offer new 

perspectives toward the design of carbide-based catalysts, as well as the tuning of their catalytic 

performances. 
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In the chemical industry, an ideal catalyst should be highly active, stable, and abundant in nature 

at low cost. Having these features, transition metal carbides (TMCs) make a promising 

alternative for noble-metal-containing catalysts (e.g., Pt, Pd) over a wide spectrum of application 

scenarios.1-3 Among them, molybdenum carbide (Mo2C), a representative industrial 

hydrodesulfurization catalyst,4,5 also with rising interest associated with methane reforming,6,7 

reduction of CO2 to CO,8,9 and the emerging hydrogen evolution reaction (HER),10-15 is 

currently under intense study. In the past few years, a considerable number of works have 

contributed to engineering this material at nanometer scale (nanoparticles, nanopolyhedrons, 

etc.), in order to selectively/simultaneously control its size, shape, and surface structure during 

its growth.9-17 Notably, each of these material parameters can greatly affect the electronic 

structure of the nanoparticles and therefore play a crucial role in determining the catalytic 

performance of Mo2C (for example, different crystallographic facets are preferred for certain 

catalytic reactions).16,18  

Under such circumstances, a thorough understanding on the growth mechanism of Mo2C 

nanocrystals as well as other TMCs would be greatly helpful for the design and development of 

novel structures for better catalytic performances. However, the synthesis of Mo2C inevitably 

involves high-temperature thermal treatment, making direct monitoring of the growth process 

almost elusive. Very recently, Cao et al. demonstrated their successful attempt in examining the 

formation of Mo2C from the reaction between Mo and carbon nanotubes, by using combinative 

spectroscopic methods (including in situ X-ray diffraction and ex situ Raman measurements).19 

However, these spectroscopic approaches or other post-mortem tests (so-called “quench-and-

look” approach) fail to eliminate the inhomogeneity across different  nanoparticles. Another 

issue of using these approaches is that important reaction dynamics including the short-lived 



intermediated structures during the very-initial stage (such as nucleation process) are very likely 

to be overlooked because of the limitations of time and length scales used.20-22 Therefore, it 

would be essential to develop a realspace, time-resolved, atomic-level observation on the growth 

of Mo2C nanostructures that can vividly reflect the growth trajectory.  

In the past decade, the advancement of technology associated with transmission electron 

microscopy (TEM) has made it possible for direct observations of the growth process of 

nanostructured materials at high spatial and temporal resolution upon rational experimental 

design.23,24 For example, significant achievements associated with degradation of perovskite 

solar cells,25 structural evolution of Pd@CeO2 catalyst,26 and growth of Y2BaCuO5 

nanowire27 have been made by using advanced in situ TEM configurations. Recently, we have 

also successfully figured out the growth dynamics of carbon nanostructures and MoS2 flakes in 

such field.28,29 Taking the stringent synthesis conditions and the operative experimental design 

into account, here, we conduct a detailed study on Mo2C growth during in situ TEM annealing 

experiments as an attempt to reveal the complex nucleation and structural transitions during 

synthesis. With the assistance of state-of-the-art TEM techniques such as bright-field TEM 

imaging, high-resolution TEM imaging (HRTEM), selected-area electron diffraction (SAED), 

and electron energy loss spectroscopy (EELS), our results suggest that Mo and C first nucleate 

into Mo2C clusters via interfacial diffusion at 800 °C then mutually merge into irregular 

nanoparticles at 1000 °C before undergoing a sophisticated faceting process to form 

nanocrystalline polyhedrons at 1200°C. This conceptive study adopts simple TEM 

configurations to observe the dynamic structural changes of metallic carbide catalysts during 

chemical reaction and material growth as a function of temperature and time to allow further 

tailoring the physicochemical properties of catalytic nanoparticles, as well as optimizing the 



growth parameters of carbide catalysts. This technique, in general, could be applied to document 

particle growth other than only carbides. 

RESULTS AND DISCUSSION  

Mo film was magnetron-sputtered (∼1.6 nm in thickness, refer to Figure S1 for atomic force 

microscopy measurement) onto a heating chip (see Figure S2, also see Methods section for the 

details), on which an amorphous carbon film (∼20 nm in thickness) was predeposited.30 As 

shown in Figure 1A, a heterostructure composed of a molybdenum film on a carbon film was 

thus constructed for the in situ annealing experiment. The carbon film served as both the support 

and the carbon source, and the ultrathin thickness of the heterostructure guarantees a high 

resolution. The in situ annealing experiments were conducted on a TEM (JEOL JEM-2100F). 

Results of chemical analysis (energy-dispersive X-ray spectroscopy, EDS) across the figures in 

Figure S3 showed that the Mo layer was homogeneously distributed on the carbon support, 

creating an optimal electrontransparent window for our observation. As suggested by Cao et al. 

in their recent report,19 Mo and C start their reaction in vacuum above ∼800 °C. Therefore, the 

complete sequence of annealing was designed as Figure S4 in our experiment in which the 

temperature was raised from room temperature to 1200 °C in about 200 min.  

Initially, both Mo and C show their amorphous natures at room temperature, as evidenced by the 

featureless SAED pattern (shown in the first frame in Figure 1B). After reaching 800 °C, a 

sequence of SAED patterns was taken as a function of heating time to survey the reaction 

between Mo and C at this temperature. As shown in Figure 1B, blurred diffraction rings 

emerged after annealing the sample for 5 min, and these rings became progressively sharper and 

brighter with increasing time, a clear sign of improved crystallinity. Notably, the SAED patterns, 



when evident, can all be related to a Mo2C structure    h  he  pace  roup o            ,       

card No. 15-0457, also see Supplementary note 1), although there is also a possibility that 

nonstoichiometric phases (MoCx) exist in the early stage. The SAED analysis has confirmed that 

the reaction/crystallization of molybdenum carbide is initialized at 800 °C, in a good consistency 

   h  ao’  repor .19 Figure 1C compares two core-level EELS spectra of C K-edge, obtained at 

room temperature and 800 °C for 30 min, respectively (also refer to Figure S5 for their 

corresponding zero-loss peaks). The EELS spectrum at room temperature (the black line in 

Figure 1C) consists of a peak at around 284 eV (originating from the excitations from 1s spin 

level  o e p y π* orb    o   he  p -bonded atoms) followed by a diffuse hump at around 289 eV 

 due  o  ran    on  ro   he 1  level  o e p y σ* orb    a  bo h sp2- and sp3-bonded atoms). The 

finding is highly consistent with that from previous reports on amorphous carbon structures.31 In 

contrast, the EELS spectrum at 800 °C (the red line in Figure 1C) displays notable changes: first, 

the  harper EEL  peak   bo h π* and σ* peaks) reflect an improvement in crystallization; second, 

bo h  he π* and σ* peaks show an obvious chemical shift toward the higher-energy region, 

suggesting the alternation of chemical bonding due to the formation of carbide.32-34 Our 

findings from the EELS analysis further verify the reaction of Mo and C to yield Mo2C at this 

stage. 

To vividly describe the dynamics of nucleation, in situ micrographs concerning this stage were 

sequentially captured with respect to heating time (Figure 1D). Interestingly, the sample was 

found to first (after 7 s) nucleate into interpenetrating nanostructures (web-like structures of 1-2 

nm in diameters, see second frame in Figure 1D) from the original amorphous heterostructure. 

The interpenetrating structures then quickly evolved into twisty rod-like nanostructures (at 31 

s, 1-3 nm in diameters, see third frame in Figure 1D). Finally, the structures gradually 



transformed into isolated, irregular, anhedral nanoclusters with good homogeneity and 

monodispersity (at 160 and 1020 s, 2-3 and 2-5 nm in diameter, respectively, see fourth and fifth 

frames in Figure 1D). It should be noted that in the last frame of Figure 1D, Mo2C nanoclusters 

possess visible diffraction contrast (the bright halos around some dark crystals) to indicate better 

crystallinity. 

Multiple representative areas across the heating chip were observed synchronously, and the 

results are well consistent with Figure 1D. Based on all these observations, we further draw 

simple schematic diagrams to attempt to elucidate the underlying mechanism in this stage. Figure 

2A,B outlines the bird-view and side-view of the above process, respectively. Once heated to 

800 °C, the Mo layer and the C layer begin their diffusional reaction on the solid-solid interface 

(namely, the Kirkendall effect),35 in which the predominant process should be the dissolution of 

C atoms into Mo matrix because of the low diffusion coefficient of Mo, a result from its high 

melting temperature.36 This unidirectional material transportation contributes to the slight 

microstructural inhomogeneity of the heterostructure and leads to the formation of asobserved 

interpenetrating nanostructures.21 Upon continuous heating, the interpenetrating structures act as 

interconnected transporting channels for mobile species. Therefore, in the succeeding nucleation 

process, Mo2C clusters increase their contact angle on the carbon support (Figure 2B) to increase 

their surface areas for structural stabilization, corresponding to the morphological transformation 

from nanowebs to nanoclusters (Figure 2A). This conclusion is also supported by the mass-

thickness contrast of bright-field TEM micrographs as shown in Figure 1D (the last four frames) 

in which the Mo2C structures became increasingly darker to correspond to the increasingly 

thicker nanoclusters under the same imaging conditions. 



We believe that the above observation of distinctive coarsening of Mo2C nanostructures is 

indicative of a spinodal decomposition process.37 The interfacial reaction of Mo and C induces 

topographical fluctuations, leading to the formation of voids in the bicontinuous Mo/C 

heterostructure. These voids then merge, so that the Mo2C forms interpenetrating nanostructures. 

Eventually, the interpenetrating nanostructures develop into as-observed Mo2C nuclei as 

nanoclusters due to Rayleigh instability.38 The increase of aforementioned contact angle with 

heating time can be further understood by the Youn ’  equa  on: 

       
       

   
 

 

(1) 

 

 here θ     he con ac  an le, and γE , γ N, and γEN deno e  he interfacial energies at 

environment/substrate, substrate/nucleus, and environment/nucleus, respectively (Figure 2B).21 

Throu hou   he above nuclea  on proce  , γE  can be re arded a  con  an ;  h le γEN     he 

average surface energy of all nuclei in environment, which only changes slightly and can also be  

 rea ed a  con  an  dur n  nuclea  on. Ho ever, γ N  ro   rapidly during nucleation because of 

the increasing lattice mismatch between the crystalline nucleus and the substrate due to 

crystallization of Mo2C. Therefore, the contact angle continues to increase along with the 

hea  n     e  0° < θ < 180°), resulting in the structural transformation as that shown in Figure 

1D. 

The annealing temperature was then raised to 1000 °C for further growth of Mo2C. At this 

temperature, particle 

coalescence behaviors which lead to rapid growth of nanoparticles were widely identified. Figure 



3A shows the sequential images depicting the coalescence behavior of four Mo2C nanoparticles. 

In this example, initially, one particle (III) met another (IV) to form a dimer (1st frame). The 

dimer then attacked a third particle (II) to form a twisted chain (2
nd

 frame). Subsequently, the 

short chain experienced gradual relaxation in its structure, from irregular chain to quasi-spherical 

particle (V, third to sixth frame) when a fourth particle (I) was approaching it. The four particles 

eventually merged together and developed into one single-crystalline nanoparticle (7
th

 frame). 

Such coalescence behavior in crystal growth is frequently reported in many other material 

systems; for example, gold nanoparticles.39-41 One interesting phenomenon during this process 

is that particle I changed its outline (denoted by the white arrow in sixth frame) to connect with 

particle V at a very close situation, possibly caused by the van der Waals attractions.42 Another 

interesting observation is that annealing at this temperature also led to the presence of a certain 

population of atomic-scale species across the entire sample (see Figure 3A) that has not been 

identified previously. These species may be absorbed by particles and hence were also 

responsible for the particle growth. Based on the above, the growth of nanoparticles should be a 

collaborative result from simultaneous monomer attachment and particle coalescence, another 

analogy to previously reported CaCO3 nucleation and Pt colloidal growth.43,44 

Thereafter, we captured HRTEM micrograph series on the coalescence event as an attempt to 

fully understand the underlying mechanism. The in situ lattice-resolved images, as shown in 

Figure 3B, offer a clear insight into a representative attachment scenario between two 

neighboring particles. Two particles, with their (111) planes misaligned by ∼8°, approached and 

contacted each other (1st frame in Figure 3B). They then rotated themselves in opposite 

directions until their lattice planes were close to perfect alignment (∼1° mismatch in the second 

frame in Figure 3B) before coalescing into a single particle. Meanwhile, the small mismatch 



induced in er ac al de ec   a   he e par  cle ’ boundary   nd ca ed by yello  arro  ),  h ch  ere 

eliminated later by successive atom diffusion and mass redistribution driven by the decrease in 

total system energy (3rd frame in Figure 3B). Eventually, a perfect single crystal without any 

trace of boundary was formed (4
th

 frame in Figure 3B). The foregoing process represents the 

typical oriented attachment (OA) mechanism. This mechanism is often found in solution-based 

synthesis process that benefits from the high mobility and flexibility of either molecular clusters 

or nanoparticles in solution environment.22 We prove herein this mechanism can also exist in 

solid-state reactions under certain circumstances, i.e., when the nearby nanoparticles can 

overcome small lattice mismatch. The order of attachment time consumed in our experiment is 

also comparable with that during a typical OA process in solution environment (10-100s).42 

Notably, although most of the nanoparticles became single-crystalline after coalescence at this 

stage, their morphologies remained twisted and irregular for an extended period of time (refer to 

the first frame in Figure S6) 

For the irregular (spherical) nanoparticles produced from the above nucleation and growth stages, 

their surfaces must contain high-index crystallographic planes, which results in high surface 

energies. However, the Wulff construction has predicted the equilibrium shape of nanocrystals, 

which follows 

   ∑  
 

 ∑    
 

   
 

(2) 

where E is total energy, Ei is the surface energy for a given facet (i), li is the length of a normal 

vec or dra n  ro   he cry  al cen er  o  he ex ernal  ace , and α     a con  an .45 The Wulff 

construction states that the higher-energy facet grows faster than the lower-energy facet. As a 



result, the high-energy facet should eventually disappear during particle development, leading to 

a nanocrystal terminated by low-index facets.  

Therefore, upon further heating at 1200 °C, the above-formed irregular nanoparticles 

experienced evident facet development, leading to well-defined outlines for minimizing their 

surface free energies (refer to Figure S6, the overview of the shaping process for massive 

nanoparticles). In this regime, we found that many nanoparticles tended to shape into truncated 

cuboctahedrons (see Figure 4A, composed of eight {111}, six {100}, and 12 {110} facets) 

during extended annealing, an observation frequently found in similar nanoparticle 

systems.46,47 Figure S7 shows a simple example to demonstrate the typical faceting process. 

First, distinct {100} and {111} facets were developed almost simultaneously (at ∼800 s) from 

the original spherical nanoparticle (see the first five frames in Figure S7). At the later stage, {100} 

and {111} facets shrank, while {110} facets became prominent (see the last three frames in 

Figure S7) and so well-defined nanoparticles appeared after ∼1700 s annealing. This growth 

sequence is well consistent with the general knowledge that surface energy follows the order of 

γ{111} < γ{100} < γ{110}.48 

As the electronic structure of nanoparticles shows high dependence on the surface atomic 

arrangement, atomic-scale observation on the evolution of surface faceting should provide direct 

insights for designing nanoparticles with  desirable surface configurations. Therefore, we further 

proceed our in situ observations regarding the sophisticated faceting process with atom-resolved 

HRTEM in the [011] viewing direction as snapshots in Figure 4B. As can be seen, initially, the 

particle possessed irregular outlines after annealing at 1000 °C, and a clear atomic step can be 

identified on the surface (denoted by the red line in the first frame in Figure 4B). After 92 s, 

surface faceting commenced in the second frame of Figure 4B in which the {111} and {100} 



facets are iden    able. I   a  al o ob erved  ha  a  e  a o    ere “     n ” on cer a n  ace   

(denoted by red arrows in the second, fourth, and fifth frames), implying the occurrence of 

atomic dissociation and redistribution at that moment. (We want to mention it here that atoms 

directly knocked off by electron beam may be also responsible for such situation.49) It was also 

noted that the higher-energy {110} facet suddenly appeared at 400 s (the third frame in Figure 

4B). However, as the rearrangement of atoms proceeded intensively, evidenced by the variation 

of atomic columns among third and fifth frames, denoted by red arrows and numbers, we believe 

it should be an unstable intermediated stage during diffusion of atoms. As expected, the {110} 

facet disappeared in the fourth frame due to the competition between the surface energy of 

different facets (i.e., a thermodynamic control process).50 After annealing for 943 s, a well-

defined nanoparticle enclosed by {110}, {111}, and {001} facets were formed (the sixth frame 

in Figure 4B) as sketched in Figure 4A. 

The description above clearly shows that the main movement during faceting is mass 

redistribution caused by the enhanced atom diffusion ability at such elevated temperature. We 

also found that the attachment of atomic species to nanoparticles (see Figure S7, denoted by 

yellow arrows) on certain facets also occasionally happens during this process. Therefore, the 

faceting behavior in our experiment is a combined result of mass migration as well as atomic 

surface reconstruction. 

The a ore en  oned po   ble “knock-o  ” e  ec   n p red u   o   udy  he elec ron bea  e  ec  on 

nanoparticle growth, by comparing different areas across the sample (both irradiated and 

unirradiated areas) during the annealing experiments. We found that the electron beam has 

limited effect on different growth stages, especially when a relatively weak beam density was 

chosen throughout the experiment (see Methods section in SI). For example, as shown in Figure 



S7, the unirradiated area possesses similar particle morphology and size distribution as the 

irradiated one. It can then be concluded that the as-observed dynamics are intrinsic and solely 

driven by the thermal treatment. 

Our study has, hence, extracted the complete growth mechanism of Mo2C nanoparticles with 

respect to temperature and time, which can be divided into three stages. (I) Nucleation. Mo2C 

nucleates from the interfacial reaction of molybdenum and carbon, showing a spinodal pathway 

to gradually increase its surface area and to form nanoclusters. This typical heterogeneous 

nucleation may share potential similarities with common annealing crystallization and solidstate 

reaction processes. (II) Particle growth. The Mo2C nanoclusters grow via concurrent monomer 

attachment and nanoparticle attachment. Particularly, the oriented attachment mechanism was 

proved to exist in this stage, in parallel with conventional particle coalescence behaviors. (III) 

Facet development. Based on the principle of minimizing free surface energy, the spherical 

Mo2C nanoparticles undergo complex surface restructuring to develop flat facets with low-index 

planes exposed. All the above processes show strong dependence on both annealing temperature 

and time. This implies that these three stages can be manipulated either thermodynamically or 

kinetically. Such understanding would make controlling the size, shape, and surface structure of 

nanoparticles during synthesis possible and offer the freedom to design suitable novel functional 

nanostructures. 

One limitation of our study is that our in situ experiment was performed in a vacuum atmosphere 

(∼10-5 Pa in TEM column), not suitable for the study of catalysts (e.g., Rh-Pd and Pt-Pd), which 

show strong dependence of crystal growth behaviors on annealing atmosphere.51,52 We would 

anticipate that TEM accessories for atmosphere-control be developed in the future, and with that, 



it would become possible to achieve better understanding of the atomic-scale kinetic and 

thermodynamic mechanism of crystal growth under different atmospheres. 

In summary, we present a comprehensive observation on the atomic-scale growth dynamics of 

Mo2C nanocrystals by using collective TEM techniques during in situ annealing. We  

microscopically reveal a three-stage mechanism during nucleation and growth of Mo2C, which 

includes a series of important physicochemical changes. Our study paves the way for tailoring 

carbide materials in size, shape, and surface structure during growth. We also show that the 

fundamental issues associating with chemical reaction, material growth, and nanomaterial 

engineering can be better understood by in situ TEM observations with rational experimental 

design. 
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Figure 1. Nucleation dynamics in the formation of Mo2C. (A) Schematic illustration of the 

experimental setup, showing an amorphous Mo on amorphous C heterostructure was constructed 

for the in situ observation. (B) The change of SAED patterns as a function of temperature and 

time. (C) The comparison of core-loss EELS spectrum for C K-edge at room temperature and 

800 °C. (D) The representative bright-field TEM images at room temperature and 800 °C, 

suggesting the sequential transformation from amorphous films to interpenetrated nanowebs, 

twisted nanorods, and isolated nanoclusters. Time listed in all figures is relative to the reaching 

of 800 °C. Note that the scale bars in the first frame of (B) and (D) also apply to the subsequent 

frames. 

  



 

Figure 2. Schematic illustrations for the interfacial nucleation of Mo2C. (A) Bird-view and (B) 

side-view of the structural transformation process. 

  



 

Figure 3. Attachment of irregular Mo2C nanoparticles during annealing at 1000 °C. (A) The 

series of images shows the coalescence behavior of four particles into one. The Roman numerals 

denote different nanoparticles. Red arrows denote the distance between particle I and V. (B) 

Sequential HRTEM images show both crystal orientation change and structural relaxation. Time 

listed in (A) and (B) is relative to their first frame, respectively. The scale bars in the first frame 

of (A) and (B) also apply to the subsequent frames. 

  



 

Figure 4. Evolution of nanoparticle facets for Mo2C nanoparticles during annealing at 1200 °C. 

(A) The 3D model and 2D projection of Mo2C particle as truncated cuboctahedron, enclosed by 

{100}, {110}, and {111} facets. Only Mo atoms were included to simplify the image. (B) The 

series of representative micrographs shows the evolution of particle facets. Time listed in all 

figures is relative to the first frame. The scale bar in the first frame of (B) also applies to the 

subsequent frames. 
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