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ABSTRACT 
Striking effects are expected in solid-solution alloying, which offers enormous possibilities for various applications, especially in 
industrial catalysis. However, phase diagrams have revealed that a wide range of metallic elements are immiscible with each other 
even above their melting points. Achieving such unknown alloying between different immiscible metallic elements is highly desirable 
but challenging. Here, for the first time, by using an innovative solid ligand-assisted approach, we achieve the solid-solution alloying 
between the bulk-immiscible Au and Rh in plenty of clean, ultrafine (~ 1.6 nm) and highly dispersed nanoclusters. The solid-solution 
alloying of immiscible Au and Rh significantly enhances their catalytic performance toward the hydrogen evolution from formic acid 
in contrast to the monometallic Au and Rh nanoclusters. Moreover, the resultant binary solid-solution nanoclusters are stable 
without any segregation during catalytic reactions. The approach demonstrated here for homogeneously mixing the immiscible metals 
at the atomic scale will benefit the creation of advanced alloys and their catalytic applications in future. 
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1 Introduction 
The chemistry of solid-solution alloying, as modern-day alchemy, 
opens enormous possibilities for many applications including 
optics, electronics, mechanics, biomedicine, and especially 
industrial catalysis, owing to the widely tunable structures and 
compositions, and the strong intermetallic synergistic interactions, 
which occur from the atomic interaction of different metals and 
usually lead to an enhanced intrinsic performance because of 
both geometric and electronic effects [1–6]. High-performance 
solid-solution alloys are heavily reliant on the well-defined 
miscible metallic elements up to now, whereas phase diagrams 
have revealed that many metallic elements are immiscible with 
each other even above their melting points [7–9]. Recently, 
significant progresses in both theoretical and experimental 
studies have demonstrated that phase segregation in bulk alloys 
could be restricted in nanostructured metals, often achieved by 
organic stabilizers, on account of the size-dependence effect 
[10–13]. However, issues have been encountered in this process 
that the use of organic capping agents at high temperature and 
pressure may produce large, segregated and unstable particles 
with limited synergistic interactions and blocked surfaces 
lacking accessible active sites to reactants, resulting in the loss 

of catalytic activities. 
An ideal way to boost metals’ catalytic activity is via anchoring 

metal clusters (MCs) with sizes less than 2 nm on solid supports, 
such as porous carbons, metal oxides, metal–organic frameworks 
(MOFs), covalent organic frameworks (COFs) and organic cages, 
on the basis of their distinct advantages: The clean surface and 
ultrafine size of supported MCs allow most of their constituent 
atoms to be exposed as accessible active sites [14–19]. Although 
supported MCs consisting of one element or two miscible 
elements have been well-demonstrated as excellent heterogeneous 
catalysts, to the best of our knowledge, there are few reports on 
the supported solid-solution alloy clusters consisting of bulk- 
immiscible metals, due to their great synthetic difficulties. 

Emerging as a new class of functional materials, functionalized 
carbons synthesized by post-synthetic modification of carbons 
with functional groups have shown a broad scope of applications 
due to their high surface area, conductivity and thermal stability 
[20–25]. One particular use of functionalized carbons is to 
stabilize metal nanoparticles (MNPs), where C=O or C–N sites 
act as the MNP nucleation and growth sites. Intriguingly, some 
functionalized carbons can immobilize MCs and even single 
metal atoms. As Beller and co-workers have proposed, 
functionalized carbons in this case serve as solid ligands because 
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the acquisition of isolated metal species involves the formation 
of complexes between metal precursors and N sites [23]. 
Monometallic Au and Rh have been used as efficient catalysts 
in various chemical reactions [26–28]. However, there are few 
systematic investigations for Au-Rh alloys owing to the large 
immiscibility gap between Au and Rh as predicted by the 
phase diagram, even in the liquid phase above 2,139 K [29]. 
Herein, we demonstrate a solid ligand-assisted methodology for 
the first time that, through significantly enhancing the chemical 
binding ability and electrostatic adsorption of the two metal 
precursors to an innovative solid ligand, can achieve the solid- 
solution alloying of the bulk-immiscible Au and Rh in plenty of 
clean, ultrafine (~ 1.6 nm) and highly dispersed nanoclusters at 
room temperature (Fig. 1). The pyridinic N/N–H sites act as 
N ligands for chemical binding while the C=O and OH groups 
provide surface charges for electrostatic adsorption; no additional 
capping agents are needed. Surprisingly, the obtained Au-Rh 
solid-solution alloy nanoclusters possess an extremely enhanced 
catalytic activity toward the hydrogen evolution from formic 
acid (HCOOH, FA) compared to their monometallic parents, 
i.e., Au becomes more active when contacted with Rh, even 
though the latter is catalytically inactive. Moreover, the obtained 
Au-Rh nanoclusters are stable without any segregation during 
the catalytic reactions. We anticipate that the facile and effective 
approach demonstrated here will benefit the creation of advanced 
alloys for catalytic applications. 

2 Results and discussion 

2.1 Synthesis of a solid ligand 

We began by synthesis of a solid ligand consisting of the rich N 
and O sites through pyrolysis of urea with a commercial carbon 
(MSC-30) at 548 K (denoted as uC-548, see the Electronic 
Supplementary Material (ESM) for details). Raman spectra show 
similar G and D bands for uC-548 and MSC-30, confirming 
that the structure of carbon framework is maintained (Fig. S1 
in the ESM). The specific surface area of uC-548 decreases 
drastically compared to MSC-30 (Fig. S2 in the ESM), meaning 
that most of the pores of MSC-30 have been occupied by the 
functional groups or products derived from the thermal 
decomposition of urea. High-resolution X-ray photoelectron 
spectroscopy (XPS) was performed to determine the incorporated 
groups (Figs. S3 and S4 in the ESM). In addition to the similar 
peak of graphitic C at 284.6 eV in C 1s spectrum of MSC-30, 
there are two strong shoulders at 285.7 and 288.8 eV for uC-548, 
corresponding to a higher percentage of C–N, C–O and C=O 
sites [30]. The O 1s spectrum shows C=O, C–O and hydroxyl 
groups in uC-548 [31]. While no N signals are detected in the 
N 1s spectrum of MSC-30, the strong N signals are observed 

in the survey and N 1s spectrum of uC-548, indicating that the 
incorporated groups are rich in N and O. The incorporated N 
species are well-fitted as four different components: The peak 
at 401.1 eV is assigned to quaternary N, which is contributed 
by the thermally stable N species; the peak at 400.2 eV is 
attributed to N atoms in pyrrole-like configuration; the peak 
at 399.5 eV refers to N–H bonds in low-temperature stable 
amide and amine; and the peak at 398.7 eV is assigned to the 
pyridine-like N [31]. 

2.2 Solid-solution alloying of bulk-immiscible Au 

and Rh 

In a further step, the Au-Rh system was chosen to demonstrate 
the effectiveness of solid ligands toward the solid-solution 
alloying of bulk-immiscible metals (Fig. 1, see the ESM for 
details). The powder X-ray diffraction (PXRD) measurements 
were carried out to investigate the crystal structures of the 
obtained AuxRh1−x/uC-548 samples, where x = 1.0, 0.9, 0.7, 
0.5 and 0.3. As shown in Fig. 2(a), the broad peaks of AuxRh1−x 

clusters, which locate in between the characteristic peaks of 
the individual Au (JCPDS File No. 65-8601) and Rh (JCPDS 
File No. 05-0685) with marked shifting through varying the 
molar ratios of Au and Rh, indicate the alloying of Au and Rh. 
The electronic interactions between Au and Rh atoms were 
studied by the high-resolution XPS analysis (Fig. 2(b) and Fig. S5 
in the ESM). The Au 4f7/2 peaks shift to the higher binding energy 
with the increase in Rh content, indicating the charge transfer 
between Au and Rh due to alloying. Although shifts are shown 
for the Rh 3d5/2 peaks of AuxRh1−x/uC-548 compared to Rh/ 
uC-548, a clear variation trend in Rh 3d lines with the increase 
in Au content cannot be observed, due to the effect of the Rh(III) 
species. The effect of Rh on the electronic structure of Au is 
clearer in the Au 4f spectra, for which the observed upward 
shifts of around 0.4–0.9 eV indicate the internal diffusion of 
atomic Au into Rh. Moreover, to confirm the coordination 
information for Au and Rh atoms, the samples were investigated 
by synchrotron radiation based X-ray adsorption fine structure 
(XAFS) spectroscopy. Figure 2(c) shows the Au L3-edge X-ray 
absorption near-edge structure (XANES) spectra of Au0.5Rh0.5/ 
uC-548 and Au/uC-548 in reference to standard Au foil. The 
XANES spectra of Au0.5Rh0.5/uC-548 and Au/uC-548 have similar 
shapes to that recorded on Au foil, indicating the formation of 
metallic Au in alloyed Au0.5Rh0.5 and Au clusters. However, 
owing to the low coordination number of the Au–Au bond, 
the Au L3 edge of Au in the alloyed Au0.5Rh0.5/uC-548 shifts to 
higher energy, and its white line becomes broader, compared to 
Au/uC-548 and Au foil. Processed by using a Fourier-transform 
(FT), the Au L3-edge extended XAFS (EXAFS) was obtained 
(Fig. 2(d)). The Au–Rh bonds appear with the disappearance 

 
Figure 1 Schematic illustration showing the solid-solution alloying of the bulk-immiscible Au and Rh via a solid ligand-assisted approach. 
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of the Au–Au bonds in Au0.5Rh0.5/uC-548, suggesting that Rh 
atoms are mostly coordinated with Au atoms. The experimental 
EXAFS results are well consistent with the IFEFFIT fitting 
data (Fig. S6 and Table S1 in the ESM), further confirming the 
successful formation of Au-Rh alloys. 

The transmission electron microscopy (TEM), high-angle 
annular dark-field scanning TEM (HAADF-STEM) and energy- 
dispersive X-ray spectroscopy (EDX) analyses were performed 
to clarify the morphology and alloying state of the obtained 
Au, Au0.5Rh0.5 and Rh clusters. Tiny and highly dispersed Au, 
Au0.5Rh0.5 and Rh clusters with the average size of ~ 1.5, 1.6 and 
1.3 nm strongly interact with uC-548 surfaces, respectively 
(Fig. 3 and Fig. S7 in the ESM). The area scan of EDX indicates 
the co-existence of Au and Rh elements in a small region (Fig. S8 
in the ESM). Considering that MCs are too small, the spot mode 
of EDX on multiple individual bimetallic nanoclusters was carried 
out, which can help determine the composition consistency by 
comparing the designated and actual weight ratios [32]. The 
actual weight ratios of the obtained Au0.5Rh0.5 nanoclusters are 
consistent with the expected ratio, indicating the strong interaction 
between Au and Rh atoms in bimetallic nanoclusters (Table S2 
in the ESM). Similarly, EDX mapping and line scan results suggest 
that Au and Rh atoms are well-distributed in each nanocluster 
(Fig. S9 in the ESM). Clearly, the solid ligands are highly effective 
for immobilizing highly dispersed MCs, especially, the alloy 
clusters consisting of the bulk-immiscible elements. 

2.3 Catalytic hydrogen evolution from formic acid 

The AuxRh1−x/uC-548 was tested in the decomposition of 

liquid-phase FA to evaluate their catalytic activities. FA is well- 
known as a safe, nontoxic, easily accessible and highly stable 
hydrogen carrier that releases H2 through the dehydrogenation 
process (HCOOH(l) → H2 (g) + CO2(g)) [33–41]. As shown in 
Fig. 4 and Fig. S10 in the ESM, monometallic Au/uC-548 shows 
poor activity while monometallic Rh/uC-548 shows no activity 
for this reaction. However, the introduction of Rh to Au leads to 
a significantly enhanced catalytic efficiency. All AuxRh1−x/uC-548 
samples exhibit higher catalytic activity toward the H2 evolution 
from FA than that of their monometallic parents (Fig. 4 and 
Fig. S10 in the ESM). Among all AuxRh1−x/uC-548 samples, 
Au0.5Rh0.5/uC-548 with a metal loading of 8.26 wt.% is 
found to be the most active catalysts, with which FA can be 
dehydrogenated completely (146 mL) within 1.67 min at 333 K, 
affording an initial turnover frequency (TOF) value as high as 
2,297 h−1 (n(Au+Rh)/n(FA) = 0.02, Fig. S11 in the ESM). After 
that, the generated gas with a slow speed is attributed to the 
decomposition of SF. The gas chromatography (GC) analysis 
suggests the generated gas consisting of H2 and CO2 without a 
trace of CO (< 5 ppm), implying the high selectivity of AuxRh1−x 
alloy clusters (Fig. S12 in the ESM). 

The catalytic activity exhibited by alloys usually involves the 
strong electronic effects of the constituent metals. As shown in 
XPS analyses (Fig. S13 in the ESM), Au/uC-548 and Rh/uC-548 
show a small shift of Au 4f7/2 and Rh 3d5/2 peaks compared to 
bulk Au and Rh, respectively, while Au0.5Rh0.5/uC-548 shows 
large shifts of 0.8 and 0.4 eV for Au 4f7/2 and Rh 3d5/2 peaks due 
to alloying. Additionally, significant increases in the full-width 
at half maximum (FWHM) are observed for the Au 4f7/2 and Rh  

 
Figure 2 The PXRD patterns (a) and Au 4f core-level XPS spectra (b) recorded on uC-548 stabilized Au, Au0.9Rh0.1, Au0.7Rh0.3, Au0.5Rh0.5 and Au0.3Rh0.7

clusters. The normalized Au L3-edge XANES spectra (c) and Fourier-transformed r-space data (d) of uC-548 stabilized Au0.5Rh0.5 and Au clusters 
compared with Au foil as reference. 
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Figure 3 TEM and HAADF-STEM images of uC-548 stabilized (a) and 
(b) Au clusters, (c) and (d) Au0.5Rh0.5 clusters and (e) and (f) Rh clusters. 

 
Figure 4 Volume of the generated gas vs. time for the dehydrogenation 
of FA over the Au/uC-548, Au0.5Rh0.5/uC-548 and Rh/uC-548 catalysts 
(n(Au+Rh)/nFA = 0.02, nSF/nFA = 2.5, 333 K). Inset: corresponding TOF values 
of the catalysts. 

3d5/2 peaks of Au0.5Rh0.5/uC-548. Thus, the highly enhanced 
catalytic activity of Au0.5Rh0.5 clusters can be ascribed to the 
electronic structure changes of the constituent Au and Rh 
atoms resulted from the atomic interaction. To gain deep insights 
into the use of Au0.5Rh0.5/uC-548 for the catalytic dehydrogenation 
of FA, the reaction kinetics were investigated. As the reaction 
rate is constant at the beginning of the reaction (Fig. S14 in 
the ESM), the initial rates and TOFs are used to evaluate   

the effects from the temperature, base, FA and metal catalyst. 
Madon-Boudart test was performed to evaluate the significance 
of heat and mass-transfer effects [42, 43]. Similar TOFs are 
observed for Au0.5Rh0.5/uC-548 with different metal loadings at 
different temperatures, indicating the absence of heat transport 
limitations (Fig. S15 in the ESM). Increased gas release rates 
and TOF values are observed at elevated reaction temperatures 
(Fig. S16 in the ESM). The activation energy (Ea) calculated from 
the Arrhenius plot is 55.0 kJ·mol−1. The Au0.5Rh0.5/uC-548 shows 
a very low activity towards the hydrogen generation from pure 
sodium formate (HCOONa, SF) (Fig. S17 in the ESM). The 
addition of SF boosts the gas release rate (Fig. S18 in the ESM), 
indicating that the catalytic dehydrogenation of FA is limited 
by the step involving metal-formate intermediates present at 
saturation condition. The initial concentrations of FA and metal 
also have obvious influence on the gas release rate (Figs. S19 and 
S20 in the ESM). On the basis of the slopes of double logarithmic 
plots recorded in dilute FA in aqueous solution, the observed 
rate law for the FA dehydrogenation has rate ~ [metal]1[SF]0.5 

[FA]0.5. It means that two sites of the metal catalyst are activated 
by a single equivalent of SF for dehydrogenation of a single 
equivalent of FA, thus leading to half-order dependence on base 
and FA. Upon consideration of the above results, a possible 
reaction pathway is proposed (Fig. S21 in the ESM). The basic 
N sites on uC-548, as a proton scavenger, facilitate the O–H 
cleavage, leading to the formation of a metal-formate complex. 
The altered electronic structure of Au0.5Rh0.5 clusters facilitates 
the β-hydride elimination of metal-formate species, producing 
CO2 and metal hydride species. Finally, H2 is generated by 
the reaction of the hydride species with N sites, along with the 
regeneration of the zero-valent metal species. 

Durability and stability are critical indicators for heterogeneous 
catalysts. The Au0.5Rh0.5/uC-548 catalysts maintain the outstanding 
catalytic activities for at least 7 cycles (Fig. S22 in the ESM). TEM 
and HAADF-STEM images reveal that the size and morphology 
of Au0.5Rh0.5 clusters in Au0.5Rh0.5/uC-548 after 7 cycles remain 
the same as those of the fresh catalysts (Fig. S23 in the ESM). 
PXRD and EDX spot model measurements show that there is 
no phase segregation in Au0.5Rh0.5 clusters during the catalytic 
reactions (Fig. S24 and Table S3 in the ESM). Thus, the 
construction of an appropriate solid ligand to achieve the solid- 
solution alloying of bulk-immiscible metals is very promising 
for the creation of advanced alloy catalysts. 

2.4 Investigation of the role of solid ligands 

The role of uC-548 in the alloying and stabilization of ultrafine 
AuxRh1−x clusters aroused our interest. In general, the atomic 
interaction of well-defined miscible metals in alloys can be easily 
achieved by simultaneously reducing the metal precursors, 
whereas for the bulk-immiscible metallic elements, severe phase 
segregation will occur owing to their complex alloying process [9]. 
To prove this point, control experiments with the support-free 
and carbon-supported Au0.5Rh0.5 NPs were performed. The 
support-free Au0.5Rh0.5 NPs are too large with severe aggregation 
and phase segregation, and thus exhibit no activity for the 
dehydrogenation of FA (Figs. S25–S27 in the ESM). The carbon- 
supported Au0.5Rh0.5 NPs (Au0.5Rh0.5/MSC-30) are also too large 
with severe phase separation and non-uniform distribution 
(Figs. S28 and S29, and Table S4 in the ESM) owing to the 
weak affinity between carbon surfaces and metal precursors. As 
expected, Au0.5Rh0.5/MSC-30 show a poor catalytic activity, with 
which the FA dehydrogenation is uncompleted even in 40 min 
(Fig. S30 in the ESM). Another control experiment with the 
polyol reduction method, in which polyvinylpyrrolidone (PVP) 
was used as surface capping agent to control the NP nucleation 
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and growth, was further performed. The PXRD pattern reveals 
that the obtained bimetallic NPs are composed of multiple 
components (Fig. S31 in the ESM). The subsequent catalysis 
experiments indicate that the obtained MNPs possess low 
catalytic kinetics, owing to the large amount of capped metal 
sites, and the weak synergistic interaction between Au and Rh 
(Fig. S32 in the ESM). In addition, a control experiment with 
the use of polyethylene glycol (PEG8000) to control the NP 
nucleation and growth was performed. The obtained Au0.5Rh0.5 
NPs show poor catalytic activities for FA dehydrogenation 
(Fig. S33 in the ESM). It is no doubt that the solid-solution 
alloying of the immiscible Au-Rh system can be attributed to 
the use of uC-548 to replace the traditional solid supports and 
organic capping agents. 

The high-resolution XPS spectra provide the local information 
of the interactions between the N, O-sites of uC-548 and metals. 
Figure 5(b) compares the Rh 3d spectra for the unreduced 
Au3+Rh3+/uC-548 and the reduced Au0.5Rh0.5/uC-548 samples. 
The trivalent Rh species in the Au3+Rh3+/uC-548 samples undergo 
a transformation to zero-valent Rh components assigned to 
Au0.5Rh0.5 clusters upon reduction using NaBH4. However, a 
fraction of trivalent Rh species with a shift of 0.2 eV still exists 
in Au0.5Rh0.5/uC-548, which can be ascribed to the formed 
complexes between the N sites and Rh3+ ions. As shown in  
Fig. 5(c) and Table S5 in the ESM, the loading and reduction 
of metal precursors cause a modification of the N 1s species: a) 
The pyridinic N and N–H components decease while pyrrolic 
N components increase with the loading of metal precursors 
due to the strong interactions between metal ions and N; b) the 

pyrrolic N components decrease while the pyridinic N and N–H 
components increase after the reduction of metal precursors, 
similar to the starting uC-548, which can be attributed to the 
mobility of Au0.5Rh0.5 clusters during reduction where the metal 
ion-coordinated N species can become surface exposed; and  
c) the pyridinic N, N–H and pyrrolic N species shift to low 
values resulting from the charge transfer from metals, indicating 
the strong affinity between the N sites and MCs. The O 1s spectra 
are also modified: a) The relative abundance of the C=O 
components decreases with the loading of metal precursors, 
which can be attributed to the strong electrostatic adsorption 
of C=O to metal precursors, b) the C=O components increase 
after the reduction of metal precursors due to the mobility  
of MCs, and c) the C–O and C=O species shift to low values 
indicating the strong affinity between the O sites and MCs 
(Fig. 5(d)). On the other hand, the electrostatic interactions, 
through the strong electrostatic adsorption from the charged 
C=O sites or OH groups to oppositely charged metal precursors, 
are usually suggested to be the main driving force for NP 
nucleation and growth on solid supports. A strong electrostatic 
interaction can be achieved by adjusting the pH value of aqueous 
solution relative to the surface point of zero charge (PZC). Here, 
a PZC value of 6.1 was determined for uC-548 (Fig. S34 in the 
ESM), i.e., the surface of uC-548 is positive below pH of 6.1, 
and negative above pH of 6.1. It is reasonable to assume that a 
pH range near 6.1 is appropriate for this wok because the high 
pH allows the cationic Rh(III) to be absorbed while the low pH 
drives the anionic AuCl4(I) to be absorbed by the solid ligand. 
Although alloyed clusters can be obtained by different pH  

 
Figure 5 (a) Schematic illustration of the strong affinity between uC-548 and metal precursors, (b) Rh 3d core-level XPS spectra recorded on metal3+/
uC-548 and Au0.5Rh0.5/uC-548, (c) N 1s and (d) O 1s core-level XPS spectra of uC-548, metal3+/uC-548 and Au0.5Rh0.5/uC-548, and (e) PXRD patterns of 
Au0.5Rh0.5/uC-498, Au0.5Rh0.5/uC-548, Au0.5Rh0.5/uC-598 and Au0.5Rh0.5/uC-1073. 
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conditions, as expected, the highest catalytic activity is observed 
for Au0.5Rh0.5/uC-548 prepared at pH 7 (Figs. S35 and S36 in 
the ESM). Clearly, uC-548 with rich N and O sites has strong 
chemical binding ability and electrostatic absorption to Au and 
Rh precursors, which can facilitate the solid-solution alloying 
of bulk-immiscible Au and Rh during reduction process and 
stabilize the resultant alloy clusters, and finally, promote catalysis 
by downscaling the alloys, offering more available active sites, 
and benefiting the dispersion of Au0.5Rh0.5 clusters and their 
intermetallic synergetic effects (Fig. 5(a)). 

To gain further insights into the roles of uC-548, three 
control solid ligands, named as uC-498, uC-598 and uC-1073, 
were synthesized at different temperatures for achieving the 
solid-solution alloying of the immiscible Au and Rh, respectively. 
As revealed by PXRD patterns (Fig. 5(e)), Au0.5Rh0.5/uC-498, 
Au0.5Rh0.5/uC-598 and Au0.5Rh0.5/uC-1073 show overlapped 
diffraction peaks corresponding to the severe phase segregation 
in MNPs compared to Au0.5Rh0.5/uC-548, illustrating that the 
heating temperature of urea is crucial for enhancing the affinity 
of carbon surfaces to metal species, and 548 K is the optimal 
temperature for constructing solid ligands. Consequently, 
Au0.5Rh0.5/uC-548 shows much higher catalytic activities than 
Au0.5Rh0.5/uC-498, Au0.5Rh0.5/uC-598 and Au0.5Rh0.5/uC-1073 
(Fig. S37 in the ESM). Interestingly, the elemental analysis and 
XPS spectra suggest that the maximum amount of N and O 
components were incorporated on carbon surfaces at 548 K 
(Tables S6 and S7 in the ESM) [44]. That is, the obtained 
maximum amount of appropriate N and O components such as 
pyridinic N, N–H, C=O and hydroxyl groups could significantly 
and simultaneously enhance the chemical binding ability and 
electrostatic adsorption of the two metal precursors to solid 
ligands, and thus achieve the solid-solution alloying of the 
entirely immiscible Au and Rh in MCs. 

3 Conclusions 
In conclusion, we demonstrate a simple and effective solid 
ligand-assisted methodology for achieving the solid-solution 
alloying of bulk-immiscible Au and Rh in plenty of clean, ultrafine 
and highly dispersed MCs. The strong interaction between the 
entirely immiscible Au and Rh produces the significantly 
enhanced catalytic activities for solid-solution nanoclusters 
compared to their monometallic parents. The solid-solution alloy 
nanoclusters of Au and Rh is stable without any segregation 
during catalytic reactions. Our success relies on simultaneously 
and significantly enhancing the chemical binding ability and 
electrostatic adsorption of solid ligands to the two different metal 
precursors; no additional organic ligands/capping agents were 
needed. We anticipate that the approach demonstrated here for 
constructing solid-solution nanoclusters containing the entirely 
immiscible metals will benefit the creation of advanced metal 
alloys for catalytic applications in future. 
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