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1. Introduction

Unveiling the nucleation process for con-
trolling aggregation of metal cations into 
structure-specific crystal nuclei represents 
a key step for isolating ultrafine nanoclus-
ters (NCs) with advanced functionality.[1–6] 
In liquid phase, metal cation nucleation 
into ultrafine crystal nuclei represents 
an essential step in the crystallization of 
nanomaterials. These ultrafine clusters 
have been regarded as key intermediates 
during self-catalyzed crystal growth,[7–9] 
which have played a decisive role in the 
precise control of the size and structure of 
the final products. As a result, ingenious 
control of nucleation conditions can create 
various nanomaterials with prominent 

size and geometry-dependent functionality.[10–16] However, it is 
still a great challenge to isolate ultrafine NCs in liquid phase 
because the crystal nuclei are extremely prone to aggregation 
without the stabilizers in the initial nucleation process.

Ru metal tends to adopt hexagonal close packed (hcp) struc-
tures with low potential energy in the bulk phase at all tempera-
ture ranges.[17–19] Recently, more attention has been paid to explore 
Ru nanoparticles (NPs) in face-centered cubic (fcc) phase with 
more exposed active sites than their hcp analogue.[20] They usu-
ally exhibit much higher catalytic activity than that of hcp Ru NPs 
in a number of reactions, such as methanol oxidation, hydrogena-
tion, Fischer–Tropsch synthesis, and dehydrogenation, especially 
for ammonia borane (AB) methanolysis.[21–30] Recently, controlled 
synthesis of ultrafine fcc Ru NCs has been of significant interest 
to further greatly improve their catalytic efficiency.[28,29] Up to 
date, fcc Ru NPs with sizes > 2.0 nm have been confirmed by the-
oretical and experimental investigations. For example, fcc Pt NPs 
were applied as core for epitaxial growth to form 6.8 ± 1.5 nm 
fcc Ru NPs with polyvinylpyrrolidone as a weak stabilizer.[27] In 
another case, pure fcc Ru NPs with a diameter of 2−5.5 nm were 
synthesized via a chemical reduction method with γ-Al2O3 as the 
support.[28] Most recently, Zhou and co-workers designed a neg-
atively charged porous coordination cages as a template for the 
synthesis of ultrafine fcc Ru NCs with an average size of 2.5 nm. 
This particular work exhibits a record high turnover frequency 
(TOF) of 304.4 min−1 in AB methanolysis.[29] These small fcc Ru 
NPs are all confirmed as high-performance catalysts due to the 
exposure of high energy crystal plane. They were all obtained 
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through carefully and ingeniously designed synthesis strategy. 
Further reducing the size of fcc Ru NPs into ultrafine fcc Ru NCs 
around 1 nm will make them contain higher energy atoms to give 
them a very high catalytic activity. It is no doubt that this will be 
one of the best strategies to optimize advanced materials for high-
performance catalysis. However, no effective strategy has been 
explored to achieve ≈1 nm fcc Ru NCs.

For the synthesis of ultrafine NCs, heterogeneous porous sup-
ports, homogeneous templates, and solution phase surfactants 
have been applied as stabilizers.[31–34] In these studies, strong 
metal–support interaction was considered as an efficient strategy 
to stabilize high surface-energy single-site catalysts and ultrafine 
NCs.[35–40] Among them, metal–organic frameworks (MOFs) 
were investigated intensively due to their tunable structure, 
composition, and internal cavities. These advantages made this 
candidate ideal for ordered and tunable confinement of metal 
atoms/clusters, preventing excessive agglomeration during the 
catalytic processes.[4,41–45] However, large metal NPs are often 
formed in the pyrolysis process due to the fast aggregation of 
high-energy metal centers during the destruction of the MOF 
templates. It is well known that MOFs can act as molecular plat-
form to incorporate mixed-ligands or mixed-metal centers into a 
crystalline framework, giving rise to multivariate (MTV) MOFs 
as the solid solution.[46–48] The proportions of the mixed-ligand 
or mixed-metal can be easily adjusted in the MTV MOFs to con-
trol the concentration of the solid solution. In this pyrolysis pro-
cess, the organic components and their decomposed fragments 
can act simultaneously as the reductants and stabilizers via the 
in situ formation of N-doped porous carbon (NDPC), which 
can be used to stabilize the resulting metal NCs. Similar to NC 
nucleation in liquid-phase systems, the aggregation and nuclea-
tion of these metal centers should happen during the pyrolysis 
of the solid solution. Therefore, mimicking the liquid-phase 
crystal growth process, instantly capturing crystal nucleus with 

in situ formed stabilizers during the initial nucleation process 
should represent an effective synthetic strategy to synthesize 
ultrafine NCs. However, isolating ultrafine fcc Ru NCs around 
1 nm has still represents a great challenge due to the unclear 
nucleation mechanism makes it extremely difficult to determine 
the nucleation stage of fcc Ru NCs.

In this work, we adopted a MTV synthetic strategy to uni-
formly disperse ruthenium centers into a porous UiO-67 frame-
work through a one-pot reaction of Ru–L/H2bpdc (Ru-L =  
[Ru(bpy)2(H2bpydc)]2+, bpy = 2,2′-Bipyridine, H2bpydc = 
2,2′-Bipyridine-5,5′-dicarboxylic acid, H2bpdc = Biphenyl-4,4′-
dicarboxylic acid) with Zr4+, constructing a MTV MOF as the 
solid solution. Systematic experimental investigation and simu-
lated nucleation demonstrates that Ru centers tend to prefer-
entially aggregate from single atoms (SAs) to ultrafine fcc NCs 
during the initial aggregation stage, thus providing the possibility 
for immobilizing ultrafine fcc Ru NCs into the in situ formed 
NDPC. As a result, for the first time, a series of uniform Ru fcc 
NCs with the size around 1 nm (0.93, 1.15, and 1.33 nm) were 
controllably synthesized via the variation of the pyrolysis temper-
ature and ruthenium concentration of the MTV MOF. Further, a 
transformation of fcc Ru NCs to hcp NCs (2.16 nm) with lower 
energy atoms was achieved during the aggregation process of Ru 
SAs via further increasing the Ru concentration. Impressively, 
1.33 nm fcc Ru NCs exhibit remarkable catalytic activity for the 
methanolysis of AB with a record-high TOF of 1300.53 min−1.

2. Results and Discussion

2.1. Synthesis and Characterization

The heterogeneous Ru-based SA and NC catalysts were pre-
pared via the pyrolysis of MTV MOF (Figure 1a). First, the MTV 

Figure 1. a) Scheme view of the synthetic procedure for Ru-1–4, HADDF-STEM images of b) SA catalyst of Ru-1a, SAs are highlighted with red circles, 
c) Ru-1b, d) Ru-2, and e) Ru-3.
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MOFs were directly synthesized with a mix-and-match syn-
thetic strategy by a one pot reaction of ZrCl4, 2,2′-bipyridine-
5,5′-dicarboxylic acid (H2bpdc), and Ru(bpy)2(H2bpydc) (Ru–L) 
(Figures S1 and S2, Supporting Information). During this crys-
tallization process, the Ru cations were evenly dispersed over 
the crystalline UiO-67 framework. In this MTV MOF, the con-
centration of Ru metal centers could be easily controlled and 
adjusted by tuning the loading molar ratio of H2bpdc/Ru–L. As 
shown in Figure S3 (Supporting Information), the color of the 
reaction solution gradually darkened proportionally to the con-
centration of Ru–L. A series of Ru–MOFs (Ru–MOF-1–4) was 
obtained with molar ratios of H2bpdc to Ru–L of 40: 1, 30: 1, 10: 
1, and 5: 1, respectively. Scanning electron microscopy (SEM) 
images show that the Ru–MOFs exhibit the typical octahedral 
morphology of UiO-67 with the size mainly between 100 and 
300 nm. Elemental mapping results reveal that the Ru is uni-
formly dispersed on the crystalline octahedra (Figures S4 and 
S5, Supporting Information). The powder X-ray diffraction 
(PXRD) patterns of these MTV MOFs are similar to that of sim-
ulated results, indicating that these Ru–MOFs indeed maintain 
the structure and shape of the parent UiO-67 (Figure S6, Sup-
porting Information).

To demonstrate the nucleation of the Ru centers in the MTV 
MOF, MOFs with different loading amounts of Ru were ther-
mally treated in an argon atmosphere at variable temperatures 
to control the nucleation rate of the NCs. After a 3 h pyrolysis at 
600 and 700 °C, the skeleton of the Ru–MOFs was in situ trans-
formed into NDPC, decorated by small ZrO2 nanocrystals and 
Ru species (Figure S7, Supporting Information). Element Zr 
was removed from the NDPC by hydrofluoric (HF) treatment, 
eliminating the possibility of the interference of Zr in the high-
resolution TEM (HRTEM) test. The final products derived from 
Ru–MOF-1 obtained by pyrolysis at 600 and 700 °C were named 
as Ru-1a and Ru-1b, respectively. The products from Ru–MOF-
2–4 obtained by pyrolysis at 700 °C were named Ru-2, Ru-3, and 
Ru-4, respectively. The loading amounts of Ru for these prod-
ucts were determined to be 0.17%, 0.29%, 0.57%, 2.40%, and 
4.01%, respectively by inductively coupled plasma-mass spec-
trometry (ICP-MS). To further conform the Ru contents in the 
samples, we conducted energy dispersive X-ray spectroscopy 
(EDS) analysis on HRTEM. The EDS data showed that the Ru 
wt% of Ru-1a, Ru-1b, Ru-2, Ru-3, Ru-4 are 0.28, 0.45, 0.60, 3.26, 
4.79, respectively. The EDS results also reveal that the Ru con-
tents are very low in these samples, confirming the rationality 
of the ICP results (Figures S8 and S9, Supporting Information). 
Further, ICP-MS analysis and EDS results reveal that trace 
amount of Zr element remains in these samples (Figures S8, 
S9, and Table S1, Supporting Information), however the Zr 
species did not have obvious influence on the catalytic perfor-
mance (detail discussion was supplied in the catalytic section).

SEM measurements were performed on the pyrolysis prod-
ucts to reveal their morphology and size. As shown in Figure S10 
(Supporting Information), the pyrolysis products show initial 
octahedral structure of the pristine MOF nanocrystals. Further, 
aberration-corrected high angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM) was per-
formed on these samples to track the aggregation process via 
regulating the pyrolysis temperatures and Ru concentrations. 
For Ru-1a calcined at 600 °C, high density bright dots can be 

observed in the NDPC support, indicating the formation of 
SA Ru on the stabilizer (Figure 1b). By increasing the pyrolysis 
temperature to 700 °C, the aggregation of SA Ru into 0.93 nm 
ultrafine NCs can be observed in the Ru-1b (Figure 1c). Inten-
sity profile analysis of the HADDF-STEM results indicate the 
atomic distance of Ru in Ru-1a is around 0.45 nm, much longer 
than that in the nanocluster of Ru-1b of around 0.17 nm. These 
results further confirm the SA distribution of Ru center in 
Ru-1a, which is consistent with the extended X-ray absorption 
fine structure (EXAFS) results (Figure S11, Supporting Infor-
mation). These SAs and NCs were stabilized by the NDPC, 
which was in situ formed in the pyrolysis of MTV MOF. These 
observations reveal that the strong MOF interactions with two 
additional bpy ligands as the space isolation agent can promote 
the formation of Ru SAs without the formation of Ru NCs at a 
lower pyrolysis temperature. By further increasing the pyrolysis 
temperature to 700 °C, this MOF interaction can be restrictively 
broken, thus the Ru SAs partially aggregated into ultrafine 
NCs. As shown in Figure S12 (Supporting Information), there 
are still abundant Ru SA centers on the NDPC support those 
coexist with the ultrafine Ru NCs in Ru-1b. Meanwhile, a sim-
ilar nucleation behavior to that of what would be expected in a 
liquid solution was observed, where the size of NCs increased 
gradually with an increase in the Ru concentration.[8,9] Very 
interestingly, the in situ formed supports with strong immo-
bilizing ability can ensure the effective capture and stabiliza-
tion of ultrafine NCs. Thus, Ru–NCs with the sizes of 0.93, 
1.15, 1.33, and 2.16 nm were facilely obtained by the pyrolysis 
of Ru–MOF-1–4 at the same temperature of 700 °C (Figure  1; 
and Figures S13–S16, Supporting Information). Control experi-
ments were performed through the introduction of RuCl3 in 
the samples instead of Ru–L incorporation with a similar 
loading amount of Ru (Ru–MOF-5). PXRD patterns indicated 
that Ru–MOF-5 containing Ru3+ still maintained the parent 
UiO-67 structure (Figure S17, Supporting Information). After 
the pyrolysis at 700 °C and HF etching, the loading amount of 
Ru was determined to be 0.38% by ICP-MS, and the product 
was named as Ru-5. As shown in Figure S18 (Supporting Infor-
mation), obvious characteristic peaks of the Ru particles were 
observed in the PXRD of ZrO2–Ru-5 and Ru-5, indicating the 
formation of large Ru-based NP occurs by replacing the MTV 
MOF with a mixture of pristine UiO-67 and RuCl3. Therefore, 
the strong MOF interactions exhibited in the MTV MOF can 
be determined to efficiently control the NC nucleation rate and 
ensure the effective separation of the ultrafine NCs.

HAADF-STEM images and corresponding elemental map-
ping results show that the Ru, N, C, and O are all uniformly dis-
persed in the NDPC supports in the Ru-1a–4 samples (Figure 2; 
and Figures S13–S16, Supporting Information). The HRTEM 
images clearly show a fivefold-symmetry twinned NP, repre-
senting the (111) fcc planes with decahedral structure, which is 
well-known as a typical fcc structure of metal NPs (Figure 2d). 
As shown in Figures S19 and S20 (Supporting Information), 
the HRTEM and HAADF-STEM images of Ru-1b and Ru-2 also 
clearly show the lattice constants of ≈2.21 Å, corresponding to 
the lattice spacing of (111) fcc Ru NCs. These results were fur-
ther confirmed by the fast Fourier transform (FFT) diffraction 
pattern, which unambiguously illustrated a typical fcc structure 
of these metal NCs.[49]

Adv. Energy Mater. 2020, 10, 2002138
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In this work, for the first time, ultrafine fcc Ru NCs with the 
size around 1 nm were synthesized by immobilizing Ru aggre-
gate formed in the early stage of crystallization process into in 
situ generated NDPC. By further increasing the Ru concentra-
tion of the MTV MOF, it could be found that the structures 
of Ru NCs transform from fcc to hcp phase (Figure S21, Sup-
porting Information). This shift in the phase can be confirmed 
by the shift of lattice constant, which shifts to ≈2.06 Å, cor-
responding to the lattice spacing of (101) in hcp Ru NCs. The 
transformation of the crystal phase also matches well with the 
FFT pattern and the PXRD results. As shown in Figure S22 
(Supporting Information), the PXRD patterns of Ru-1a, Ru-1b, 
and Ru-2 all show a distinctly broad peak at 24.1°, which can 
be attributed to the (002) crystal plane of graphite carbon.[50] No 
obvious characteristic peaks of Ru NCs can be observed due to 
ultrafine size of these Ru-species in the support. These findings 
are consistent with the HAADF-STEM results. As the propor-
tion of Ru–L increases in these Ru–MOFs, the Ru concentra-
tion of the MTV MOF also gradually increases. Thus, the size 
of the Ru NCs gradually increases. For Ru-3, two very weak dif-
fraction peaks can be detected at 40.92° and 47.81° under slow 
scan conditions, corresponding to the lattice spacing of (111) 
and (200) in fcc Ru NCs (Figure S23, Supporting Information). 
For Ru-4, the diffraction peaks of Ru NCs were well directed in 
the Ru hcp crystal structure, indicating the transformation of 
the Ru NCs from the fcc phase to hcp phase with the increase 

of Ru concentration in the solid solution. This transformation 
of the crystal phase was also confirmed by the FFT patterns 
(Figure S21, Supporting Information) and molecular dynamics 
simulations. As a result, different Ru concentrations of the 
MTV MOF were determined to play a significant role in the iso-
lation of ultrafine fcc Ru NCs. It also has a great influence on 
the size and structure of final products.

To further confirm the chemical composition on the surface 
of these Ru-species, energy dispersive X-ray spectroscopy (XPS) 
was utilized to again support the simultaneous presence of Ru, 
N, C, and O in the Ru-1–4 samples (Figure S24, Supporting 
Information). The CN peak at 286.5 eV was clearly recorded 
in the C 1s spectra of Ru-1–4 (Figure 3b; and Figure S25, Sup-
porting Information). In the N 1s spectrum of isolated NDPC, 
three peaks at 398.4, 400.1, and 401.1 eV were designated as 
pyridinic N, pyrrolic N, and graphitic N, respectively. Pyrrolic 
N was determined to be the main component in the sample 
(Figure S26, Supporting Information).[35] Compared to NDPC, 
the peak at 400.1 eV, related to pyrrolic N in the Ru-1–4 sam-
ples, shifts to higher energies after loading the Ru centers in 
the sample (Figure  3a; and Figure S26, Supporting Informa-
tion). No obvious shift can be detected for the corresponding 
C peaks (Figure  3b). These results reveal the coordination of 
the pyrrolic N with Ru centers in Ru-1–4 samples. These XPS 
results indicate that the Ru–NCs and the SAs are encapsulated 
in the NDPC via the Ru–N coordination modes.[51] As shown 

Figure 2. Characterization of Ru-3 a) HAADF-STEM images, b) elemental mapping images, c) magnified HADDF-STEM image, d) magnified HADDF-
STEM images, and the FFT pattern of the region signed by red frame.
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in Figure  3b; and Figure S27 (Supporting Information), the 
average Ru valence decreased from +3 to ≈0 when the size of 
the Ru NCs gradually increased from SA, sub-nm to 2.16 nm 
NC. For Ru-1a, only Ru3+ 3d5/2 was detected in the SA catalyst, 
corresponding to the valence of SA Ru centers. This was further 
confirmed by the X-ray absorption near edge structure (XANES) 
analysis (Figure S28, Supporting Information). The Ru peaks at 
280.2, 280.8, and 281.1 eV in the Ru-4 sample could be attrib-
uted to the Ru0 3d5/2, Ru2+ 3d5/2, and Ru3+ 3d5/2, respectively.[52]

2.2. XANES and EXAFS Measurements

XANES and EXAFS measurements were performed to obtain 
electronic and local coordination structural information. As 
shown in Figure S28 (Supporting Information), the absorption 
edge energy of Ru-1a was shown to exhibit an identical profile 
with that of Ru(acac)3 in the edge range of 22 100 and 22 130 eV.  
These results revealed that the oxidation state of Ru in the 
Ru-1a sample was ≈+3, similar to that observed in Ru(acac)3. 
Ru-1b also exhibited a similar absorption edge energy profile 
with that of Ru(acac)3, but showed a slightly negative shift 
compared to that of the Ru-1a sample. These observations indi-
cated that a lower average valence state of the Ru center was 
observed in Ru-1b as compared to the one seen in Ru-1a. In 
comparison, the energy absorption edge for both of Ru-3 and 
Ru-4 was much closer to that of Ru foil. This indicated the low 
valence of Ru in Ru-3 and Ru-4. This was especially apparent 
for the Ru-4 sample. These observations agree well with the 
aforementioned XPS results (Figure 3b; and Figure S27, Sup-
porting Information). As shown in Figure 3c; and Figure S29 

(Supporting Information), a prominent peak at ≈1.95 Å for the 
Ru-1a sample and ≈2.00 Å for the Ru-1b to Ru-4 samples were 
observed in all the FT-EXAFS curves. These peaks were mainly 
assigned to the scattering of the Ru–N coordination. This was 
confirmed by the XPS results and the pristine Ru–N coordi-
nation mode observed in the UiO structure.[50] For Ru-1a, no 
scattering from metallic RuRu was discernible, revealing 
the atomic dispersion of isolated Ru centers on the NDPC. 
These results further supported the HAADF-STEM observa-
tions (Figure  1c). For Ru-4, a peak located at ≈2.6–2.7 Å was 
observed, implying the presence of RuRu (Ru0) metallic 
bonds. However, the RuRu metal bond in Ru-1–3 cannot be 
obviously observed in the XANES curves. To further obtain the 
structure parameters, we conducted a least-squares EXAFS  
fitting (Figure S29, Supporting Information). As shown in 
Table S2 (Supporting Information), the FT-EXAFS results 
show the coordination number of ≈5 for each SA Ru center to 
the N donors in Ru-1a to Ru-3. This analysis included a con-
tribution of RuRu in Ru-1b to Ru-3. The low average coor-
dination number of RuRu in the sample is due to its minor 
fraction and/or the ultrafine size of the samples, confirming 
the HAADF-STEM results (Figure S12, Supporting Informa-
tion). By further increasing the NC size, the metallic RuRu 
bonds with a coordination number of 3–4 could be obtained in 
Ru-4, revealing that the surface Ru centers decrease in concen-
tration with the increase of the fraction of NCs and/or the size 
of NCs. These results were also confirmed by the increase of 
the ratio of graphitic N to pyrrolic N from Ru-1 to Ru-4, where 
pyrrolic N was determined to be the primary contribution for 
the coordination of the Ru centers (Figure S26, Supporting 
Information).

Figure 3. XPS spectra for a) N 1s in NDPC and Ru-3 and b) Ru 3d5/2 and C 1s in Ru-1–4, c) R-space EXAFS spectra for Ru-1a, Ru-4, Ru foil, and RuO2.
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2.3. Molecular Dynamics Simulations

To further study the aggregation mechanism of these ultrafine 
NCs, serials molecular dynamics simulations were carried out 
to simulate the transformation of Ru species from ordered Ru 
coordination centers in the MTV MOF to Ru SAs and Ru NCs. 
Compared with the stable structure at room temperature, when 
Ru–MOF was heated to 600 and 700 °C, the backbone structure 
of Ru–MOF was destroyed. Meanwhile, 30 and 41 Ru atoms dif-
fused outside the framework when heated Ru–MOF-1 at 600 
and 700 °C, respectively. This observation matches well with 
the decomposition of Ru–MOF during the pyrolysis, and indi-
cate that Ru atoms can move freely throughout the Ru–MOF 
and the mobility of Ru atoms at 700 °C is higher than that at  
600 °C (Figure S30, Supporting Information). Hence, all fol-
lowed molecular dynamics simulations were carried out only 
based on free Ru atoms.

To demonstrate the formation of Ru NCs from Ru SAs 
when increase the pyrolysis temperature from 600 to 700 °C, 
the assembly process was calculated with molecular dynamics 
simulation. As shown in Figure  4, the evolution processes 
for Ru-1b (19 atoms), Ru-2 (55 atoms), Ru-3 (87 atoms), and 
Ru-4 (369 atoms) start from disorder state (a1–d1 in Figure 4). 
And then, the atoms nucleate into ultrafine clusters as nuclei 
within 200 ps (a2–d2), and these clusters assemble to increase 
in a short time (a3–d3). Finally, these SAs assemble into the 
NCs and reach the equilibrium state (a4–d4). The fcc pattern 
can be observed on these final snapshots (a5–d5). Figure 4e is 
the radial distribution function (rdf) of Ru atoms for the Ru 
NCs. Ru particles usually have both fcc and hcp lattice face. 
The distances of Ru atoms are 0.34 and 0.40 nm on fcc and 
hcp faces, respectively. The peak width change was utilized to 
demonstrate how Ru particles were derivate from the standard 
crystalline structure. The larger change of peak shape at hcp 
position means the particle loses hcp structure. Compared with 
that of standard NPs (Figure S31, Supporting Information), the 

rdf of these four systems illustrates that the Ru-1b, Ru-2, and 
Ru-3 have more ratio of atoms in fcc state than that of Ru-4. 
Moreover, the potential energy also illustrates the assembly pro-
cess with the driven force of energy minimization. As shown in 
Figure S32 (Supporting Information), the simulated curves all 
possess of a quick decrease at the first region, and the assembly 
process reaches the platform after 3000 ps. These results reveal 
the decrease of potential energy during the nucleation process. 
The averaged potential energy for every atom illustrates that 
Ru-4 has the lowest energy among all the four systems, which 
means, Ru-4 has more atoms in hcp pattern. The simulated 
aggregation procedure matches well with experimental data 
and demonstrates that Ru centers tend to preferentially aggre-
gate from SAs to ultrafine fcc NCs during the initial aggrega-
tion, and eventually transfer from fcc NCs to hcp NCs with a 
lower energy at higher pyrolysis temperature and Ru concen-
tration. The preferential aggregation from SAs to fcc NCs can 
supply clear nucleation stage for the formation of the Ru fcc 
crystal nucleus, thus providing the opportunity for isolating 
ultrafine fcc Ru NCs with in situ formed supports.

2.4. Methanolytic Dehydrogenation of AB

For the chemical H2 storage, the AB is very promising for indus-
trial H2 storage. The exploration of highly efficient catalysts 
represents a key step in releasing H2 timely and efficiently by 
methanolysis of AB, however it still a great challenge for large-
scale applications since most of the current high-efficiency cata-
lysts are precious metal catalysts. In this field, development of 
nonprecious metal catalysts or exploring efficient catalysts with 
ultra-low loading of precious metal will be a promising way for 
achieving large-scale applications of this H2 production system. 
In this work, these Ru NCs with low Ru content can be used as 
heterogeneous catalysts to efficiently drive the methanolysis of 
AB. The reaction was initiated by the introduction of AB into 

Figure 4. Simulated aggregation procedures. a) Ru-1b with 19 atoms, b) Ru-2 with 55 atoms, c) Ru-3 with 87 atoms, d) Ru-4 with 369 atoms at different 
simulation time frames, from left to right: 0 1), 1000 2), 2000 3), 4000 ns 4), and final results 5), respectively. e) The rdf of Ru atoms for the NCs, SRu-4 
for standard 2.16 nm fcc NCs.
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a reaction flask containing Ru NC catalysts with vigorous stir-
ring at room temperature (25 °C). The amount of H2 produced 
in AB methanolysis was collected and measured through dis-
placement in a water-filled burette. As shown in Figure 5, AB 
can successfully undergo methanolysis to produce H2 in the 
presence of these Ru NC catalysts and without any byproducts 
forming during the reaction (Figures S33–S36, Supporting 
Information). A series of experiments with different amounts 
of NC catalysts with a controlled amount of AB catalysts was 
performed, and related results demonstrate that the hydrogen-
generating rates were highly dependent upon the size of the 
NCs (Figure 5a; and Figure S37, Supporting Information). How-
ever, it was also shown that there is less dependence on the AB/
Ru molar ratio (Figure  5d; and Figure S38, Supporting Infor-
mation). It can be clearly observed that the hydrogen release 

rate notably increases from Ru-1a to Ru-3, and decreases for 
Ru-4 when controlling equal AB/Ru molar ratio of 4.67 × 102. 
The TOF decreased from 336.5 min−1 of Ru-3 to 73.97 min−1 of 
Ru-1b (Table  1) with the decrease of the size of the NCs. This 
can be further confirmed by the control experiments with Ru-1a 
as the catalyst, where SA Ru centers possess very low activity 
toward the methanolytic dehydrogenation of AB. Under these 
evaluation conditions, this 1.33 nm Ru NC can afford an overall 
hydrogen generation rate of 81.63 mL min−1 mgRu

−1 with a TOF 
as high as 336.5 min−1. This is a record-high value among all 
the reported catalysts (Table 1). However, when the Ru content 
was increased to 4.01%, the fcc Ru NCs were transformed into 
hcp phase with a size of 2.16 nm. This material has a much 
lower catalytic activity compared to that of the Ru-3 with a TOF 
of 187.66 min−1 (Figure 5b). ICP-MS analysis confirmed that the 

Figure 5. Catalytic performance. a) Time-course plots of H2 generation for AB methanolysis; b) TOF values of Ru-1–4; c) recycle experiments with Ru-3 
as catalyst with AB/Ru molar ratio of 4.67 × 102; d) TOF values of Ru-3 catalyst with different AB/Ru molar ratios (25 °C, CH3OH/AB molar ratio = 
95.25), i) 10.90 × 102, ii) 7.43 × 102, iii) 6.29 × 102, iv) 4.67 × 102, v) 3.27 × 102; e) Time-course plots of H2 generation and f) TOF values of Ru-3 catalyst 
with different CH3OH/AB molar ratio (25 °C, AB/Ru molar ratio = 4.67 × 102), i) 6.35, ii) 31.75, iii) 95.25, iv) 158.75.
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loading amount of Ru in Ru-3 (2.40%) is much lower than that 
of Ru-4 (4.01%), and the proportion of SAs Ru in Ru-3 is much 
higher than that in Ru-4 confirmed by HAADF-STEM and FT-
EXAFS measurements. In addition, the SA Ru centers exhibited 
a much lower activity toward the methanolytic dehydrogenation 
of AB. As a result, it can be concluded that the catalytic activity 
of fcc NCs with more exposed active sites is much higher than 
that of the hcp Ru variant.

Based on above results, it can be concluded that Ru-3 repre-
sents the most active catalysts among these reported samples. 
Therefore, the Ru-3 was used as a model catalyst to optimize 
the reaction conditions. As shown in Figure 5e; and Figure S39 
(Supporting Information), the catalytic reaction was performed 
at different reaction temperatures of 25, 30, 35, and 40 °C with 
Ru-3 as the catalyst. It could be found that the reaction shows 
higher catalytic activity at a higher temperature, which was 
consistent with the reported results.[53] Further, methanol/AB 
molar ratios with 6.35, 31.75, 95.25, and 158.75 were further 
used to perform the catalytic reaction. When the methanol/AB 
molar ratio is 6.35, the TOF can reach as high as 1300.53 min−1 
(Figure  5f), ≈4 times higher than that with the ratio of 95.25, 
representing the most efficient catalytic system among these 
catalytic systems. To confirm whether the Zr element affects 
the catalytic performance, the blank NDPC obtained from iso-
lated UiO–MOF without any Ru spieces was used as the cata-
lyst. ICP analysis reveals that some Zr element remains in the 
NDPC. As shown in Figure 5a, only trace amount of H2 can be 
detected, indicating that the NDPC did not have obvious influ-
ence on the catalytic performance. For Ru-1a, a Ru SA catalyst 
with similar Zr content to Ru-3 also shows very low catalytic 
activity (Figure 5a). All these results confirm that the fcc Ru NC 
was the really catalytic active center for the methanolysis of AB, 

and Zr element do not have obvious influence on the catalytic 
performance.

The catalytic process of the methanolysis of AB occurs on 
the surface of metal nanomaterials forming activated com-
posite species via the interaction between AB molecules and 
surface metal centers. The first step is the formation of acti-
vated composites, which were then attacked by CH3OH, 
resulting in synergistic cleavage of BN bond and methanol-
ysis of the resulting BH3

−intermediate to yield B(OCH3)4
− and 

H2.[54] In this work, these ultrafine Ru NCs exhibit prominent 
size and geometric effects to their functionalities, where fcc Ru 
NCs with the diameter of 1.33 nm exhibit record-high catalytic 
activity for the methanolysis of AB with a turnover frequency 
of 336.5 min−1 at ambient temperatures. It can be proposed 
that the suitable metal particle size, structure, and geometric 
effects of NCs all play important roles in the improvement of 
the catalytic activity. 1) The aggregation of Ru metal centers into 
ultrafine NCs facilitates direct contact between the substrate 
and the Ru metal centers. The methanolysis of AB, gener-
ating H2, is a multiactive site synergetic catalytic reaction.[55–61] 
When compared to SA, the Ru-1a–3 catalysts all have charac-
teristics of multiple adjacent active sites. The conversion of 
adsorbed substrates was also carried out simultaneously at sev-
eral active sites, increasing the rate of the catalytic reaction.[30] 
EXAFS results also show a higher coordination number (CN) 
for RuRu in the Ru-3 sample than that of the Ru-1 samples. 
2) The reaction is also facilitated by less interaction between the 
Ru NCs and the NDPC supports. The interaction between the 
metal NCs and the support should be weakened with increasing 
the size of Ru NCs in the catalyst. This result can be confirmed 
by XPS characterization (Figure S26, Supporting Informa-
tion), where the percentage of N coordinated with Ru centers 
decreases gradually with increasing concentration of the Ru in 
the MTV MOF. Thus, the binding ability between active spe-
cies on the metal surface and the support is reduced, leading to 
higher catalytic activity. 3) The structure and geometric effects 
of the NCs both play important roles in improving the catalytic 
activity. With the increased concentration of Ru in the samples, 
the Ru centers tend to form more stable hcp Ru NCs. This is 
seen in the Ru-4 sample with a slightly larger size and lower 
facial index exposed than that of the (111) and (200) face in fcc 
Ru NCs.[29,62] As well known, Ru centers on the NC surface 
with higher lattice index (fcc) have lower coordination number, 
which leads to stronger binding of AB with lower energy. As a 
result, the fcc Ru NCs show a much better performance in the 
methanolysis reaction of AB than that of hcp Ru NCs.

To verify that hydrogen production over Ru NCs was gen-
erated via the methanolysis of AB, we conducted a series of 
control experiments. When the reaction proceeded by adding 
only AB to methanol in the absence of catalyst or using isolated 
NDPC as catalyst, the hydrogen cannot be obviously detected 
(Figure  5a; and Figure S40, Supporting Information). There-
fore, it is concluded that the presence of Ru NCs is necessary 
for the hydrogen production by AB methanolysis. Further, after 
the catalytic reaction, Ru-1a and Ru-3 were washed several times 
with methanol and dried in a vacuum oven at 60 °C for recycle 
experiments. The recycle experiments show only a slight loss of 
the performance after five cycles of tests (Figure 5c). After com-
pleting the catalytic experiments, TEM and HRTEM studies 

Table 1. Catalytic activities of the catalysts for methanolytic dehydroge-
nation of AB.

Entry Catalyst Temperature 
[°C]

AB/M molar 
ratio [×102]

TOF  
[min−1]

Reference

1 Ru-1a 25 4.42 2.2 This work

2 Ru-1b 25 4.48 74.0 This work

3 Ru-2 25 4.44 131.8 This work

4 Ru-3 25 4.67 336.5 This work

5 Ru-4 25 4.66 187.7 This work

6 Ru NPs@PCC-2-homo 25 2.86 304.4 [29]

7 Ru NPs@PVP 25 2.86 38.1 [29]

8 HPRhS 25 2.06 296.1 [60]

9 Rh(0)/nanoCeO2 25 4.23 144.0 [61]

10 Rh/nanoSiO2 25 4.08 168.0 [63]

11 Rh/CC3-R-homo 25 0.50 215.3 [31]

12 Rh/CC3-R-hetero 25 0.50 65.5 [31]

13 Rh/P(triaz) 25 1.00 260.0 [64]

14 Rh/nanoHAP 25 4.93 147.0 [57]

15 Ru/MMT 25 3.33 118.1 [58]

16 Ru/graphene 25 3.33 99.4 [59]

17 Pd/C 25 0.5 2.4 This work
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show that Ru-3 still retains its pristine morphology, no obvious 
aggregation of the Ru NCs could be observed (Figure S41, Sup-
porting Information). EDS results showed that the Ru loading 
ratio also maintained the same with that before the catalysis 
(Figure S42, Supporting Information). No Ru nanoparticles 
can be observed on the TEM images of Ru-1a after the catalytic 
reaction (Figure S43, Supporting Information). PXRD measure-
ment reveals that no obvious peaks of the Ru particles could 
be detected of Ru-3 (Figure S44, Supporting Information). All 
these results confirm the good stability of the catalyst in the 
catalytic process.

3. Conclusion

In conclusion, we have developed an efficient strategy for con-
trollable construction of ultrafine fcc Ru NCs by mimicking the 
liquid-phase crystal growth process via the pyrolysis of a solid 
solution. In this method, the Ru centers are uniformly dis-
persed into the solid solution during the assembly and crystal-
lization process of the MTV MOF, and the Ru concentrations 
were adjusted by altering the loading amount of Ru–L ligand. 
The aggregation process of Ru centers can be facilely controlled 
via adjusting the pyrolysis temperature and Ru concentration 
in the MTV MOF, further controlling the crystalline phase and 
size of the Ru NCs. The successful synthesis of the SA catalyst 
and a series of Ru NCs from sub-nm to 2.16 nm confirmed that 
the aggregation and nucleation of the metal cations does occur 
in the solid solution in the initial step of the fcc crystal nucleus 
into the in situ formed stabilizers. A detail study of the catalytic 
activity revealed that these ultrafine Ru NCs exhibit prominent 
size and geometric effects. 1.33 nm fcc Ru NC sample exhibits 
a record-high catalytic activity for the methanolysis of AB at 
ambient temperature with high stability. This work highlights 
an efficient method to synthesize ultrafine metal NCs by the 
simulation of liquid-phase crystal growth processes with in 
situ formation of a strong stabilizer to stabilize ultrafine crystal 
nucleus formed during the initial nucleation.

4. Experimental Section
Materials and Characterization: All chemicals were commercially 

available and used without further purification. N,N-dimethylfor-mamide 
(DMF), methanol (CH3OH), zirconium chloride (ZrCl4), glacial acetic 
acid (HAc), hydrofluoric acid solution (HF 40%), and ruthenium(III) 
chloride hydrate (RuCl3•3H2O), 4,4-biphenyldicarboxylic acid (C14H10O4) 
were obtained from Shanghai Chemical Reagents, China. Deionized 
water was used in all experiments. Ru(H2bpydc)(bpy)2Cl2 (Ru–L) and 
Ru(bpy)2Cl2, were synthesized according to literature methods.[48] PXRD 
data were collected by a Smart X-ray diffractometer (SmartLab 9 KW, 
Rigaku, Japan). EDS elemental mapping images and HAADF-STEM 
images were taken using Aberration-corrected scanning transmission 
electron microscope (Titan Themis Cubed G260-300, FEI, America). TEM 
images were performed on transmission electron microscope (Tecnai 
G2 Spirit TWIN, FEI, America). Ru content was determined by ICP-MS) 
iCAP RQ, Germany). XPS was operated on an ESCALAB250Xi (Thermo, 
England). The X-ray absorption fine structure (XAFS) spectra at Ru K 
(E0 = 22  117 eV) edge was performed at BL14W1 beamline of Shanghai 
Synchrotron Radiation Facility operated at 3.5 GeV under “top-up” 
mode with a constant current of 240 mA. The XAFS data were recorded 
under fluorescence mode with a 7-element Ge solid state detector. The 

energy was calibrated accordingly to the absorption edge of pure Ru 
foil. Athena and Artemis codes were used to extract the data and fit the 
profiles. For the XANES part, the experimental absorption coefficients 
as function of energies µ(E) were processed by background subtraction 
and normalization procedures, and reported as “normalized absorption” 
with E0  = 22  117 eV for all the measured samples and references (Ru 
foil for Ru0, Ru(acac)3 for Ru3+, and RuO2 for Ru4+). For the EXAFS part, 
the Fourier transformed (FT) data in R space were analyzed by applying 
first-shell approximate (assuming that each Ru center is coordinated 
with four N atoms) and metallic Ru (fcc structure; space group #: 225) 
models for Ru–N and RuRu contributions, respectively. The passive 
electron factors, S0

2, were determined as 0.84 by fitting the experimental 
data on Ru foil and fixing the coordination number (CN) of RuRu to 
be 6+6, and then fixed for further analysis of the measured samples. 
The parameters describing the electronic properties (e.g., correction to 
the photoelectron energy origin, E0) and local structure environment 
parameters including CN, bond distance (R), and Debye–Waller factor 
(σ2) around the absorbing atoms were varied during the fit process. The 
fitted ranges for k space were selected to be k = 3–11 Å−1. The R-factor of 
each fit was lower than 3%.

Synthesis of UiO-67 MOF: UiO-67 was synthesized according to 
literature methods.[48] The typical procedure was as follows: UiO-67 
MOF was synthesized by the reaction of ZrCl4 (10.0 mg, 0.043 mmol) 
and H2bpdc (10.4 mg, 0.043 mmol) in 1.5 mL DMF. Then, 85 µL glacial 
acetic acid was added to the vial and was then heated at 100 °C for 24 h. 
After cooling, the resulting solids were isolated by centrifugation and 
washed with DMF and CH3OH repeatedly before drying under vacuum.

Synthesis of Ru–MOF-1-5: Ru–MOF-1 was synthesized through 
the reaction of ZrCl4 (10.0 mg, 0.043 mmol), H2bpdc (10.1 mg), 
Ru–L (0.74 mg), and 85 µL glacial acetic acid in 1.5 mL DMF under 
solvothermal conditions at 100 °C for 24 h. After cooling, the resulting 
solids were isolated by centrifugation, and washed with DMF and 
CH3OH repeatedly before drying under vacuum. The synthetic 
conditions of Ru–MOF-2-4 were similar to that of Ru–MOF-1, with the 
main exception being variations in the amounts of H2bpdc (10.0 mg  
for Ru–MOF-2; 9.4 mg for Ru–MOF-3; 8.7 mg for Ru–MOF-4) and 
Ru–L (1.0 mg for Ru–MOF-2; 2.8 mg for Ru–MOF-3; 5.1 mg for  
Ru–MOF-4). In the synthesis of Ru–MOF-1-4, the molar ratios of 
H2bpdc/Ru–L were 40: 1, 30: 1, 10: 1, 5: 1, respectively. The synthesis of 
Ru–MOF-5 was also similar to that of Ru–MOF-1, with the exception 
that RuCl3•3H2O (1.27 mg) was used instead of Ru–L in the synthesis 
of Ru–MOF-1.

Synthesis of ZrO2–Ru-1-5 and Ru-1-5: The powder of Ru–MOF-1-5 was 
placed in a tube furnace and heated to 600 °C for Ru-1a and 700 °C for 
Ru-1b-Ru-5 with a heating rate of 2 °C   min−1 under argon flow. This 
procedure was followed by another 3 h treatment at a same temperature 
under argon atmosphere. After cooling to room temperature, black 
powders, ZrO2–Ru-1-5, were collected and were further dispersed in 
0.1 m HF aqueous solution (15 mL) for 2 h. The resulting turbid liquid 
was centrifuged at 11  000 rpm for 5 min. Subsequently, the resultant 
product was washed with methanol and H2O (v/v = 1: 4) three times 
and dried under vacuum at 100 °C for further use. The black powder of 
isolated NDPC was synthesized with a similar procedure by the thermal 
treatment of UiO-67 MOF at 700 °C under argon flow.

Catalytic Activity: The powder of Ru-1-5 is activated at 250 °C for 
2 h with a heating rate of 5 °C min−1 under an atmosphere of 5% H2 
and 95% N2 before the catalytic reaction. The activated Ru–NC catalyst 
was placed in a two-necked round-bottomed flask (30 mL), which was 
placed in a water bath under ambient atmosphere. A gas burette filled 
with water was connected to the reaction flask to measure the volume 
of hydrogen generated. The solid Ru–NC catalysts (52.2, 30.2, 15.5, 3.5, 
2.1 mg for Ru-1a to Ru-4, respectively) and 1.5 mL methanol were added 
the flask. The reaction was started when a methanol solution containing 
12 mg AB was added into the solution. The gas and liquid products were 
identified by gas chromatography (Figure S30, Supporting Information). 
The amount of the produced H2 was monitored by recording the 
displacement of water in the gas burette. The reaction was completed 
when there was no more gas generation.
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TOF is based on the amount of Ru atoms, which was calculated from 
the equation below

TOF H / · ·2 m RuV V n t( )=
 

(1)

VH2 is the total volume of generated H2,Vm is calculated by RT/Patm 
(Patm is 101.325 kPa, R is 8.3145 m3  Pa mol−1 K−1, and T is 298 K), nRu is 
the total mole number of Ru atoms in catalyst, and t is the completion 
time of the reaction in minute.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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