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surface sites. Each metal has a specific 
binding affinity toward the adsorbates 
involved in each catalytic reaction, which 
allows for selective tuning and optimi-
zation of catalytic processes via consid-
eration of the incorporated metals.[1] In a 
binary disordered alloy, two metals ran-
domly occupy symmetry equivalent sites 
in the crystal lattice, while the metals in an 
intermetallic structure occupy the crystal-
lographic sites in the structure in a non-
random arrangement at a specific atomic 
stoichiometry.[2] Alloys and intermetallics 
are known to have very different proper-
ties for catalysis. For example, interme-
tallic NPs composed of Pd and Cu have 
been observed to display superior catalytic 
activities in the CO2 reduction reaction 
and oxygen reduction reaction over disor-
dered face-centered cubic (fcc) alloys of the 
same composition, which has been attrib-
uted to changes in the electronic surface 
structure owing to the differences in local 
atomic arrangements.[3,4]

In order to explore and implement the improved catalytic 
properties accessible in intermetallic NPs, it is crucial that 
the NP structure is controlled to promote only the most cata-
lytically active structure. This degree of control can be obtained 
only if we understand how intermetallic NPs are formed, and 
which synthetic conditions dictate the resulting structure. Pre-
vious studies have indicated that the formation of intermetallic 
PdCu NPs proceeds through a disorder-order transformation, 

Intermetallic nanoparticles (NPs) have shown enhanced catalytic properties 
as compared to their disordered alloy counterparts. To advance their use 
in green energy, it is crucial to understand what controls the formation of 
intermetallic NPs over alloy structures. By carefully selecting the additives 
used in NP synthesis, it is here shown that monodisperse, intermetallic PdCu 
NPs can be synthesized in a controllable manner. Introducing the additives 
iron(III) chloride and ascorbic acid, both morphological and structural con-
trol can be achieved. Combined, these additives provide a synergetic effect 
resulting in precursor reduction and defect-free growth; ultimately leading to 
monodisperse, single-crystalline, intermetallic PdCu NPs. Using in situ X-ray 
total scattering, a hitherto unknown transformation pathway is reported that 
diverges from the commonly reported coreduction disorder–order transfor-
mation. A Cu-rich structure initially forms, which upon the incorporation of 
Pd(0) and atomic ordering forms intermetallic PdCu NPs. These findings 
underpin that formation of stoichiometric intermetallic NPs is not limited by 
standard reduction potential matching and coreduction mechanisms, but is 
instead driven by changes in the local chemistry. Ultimately, using the local 
chemistry as a handle to tune the NP structure might open new opportunities 
to expand the library of intermetallic NPs by exploiting synthesis by design.
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1. Introduction

Nanocrystalline alloys and intermetallic nanoparticles (NPs) 
have in recent years received increasing interest due to their 
use in (electro)catalysis. Compared to monometallics, the cat-
alytic properties of alloys and intermetallic NPs can be tuned 
through the incorporation of a second metal in the structure, 
which can lead to a variation in the nature of exposed metallic 

Small Methods 2022, 6, 2200420

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.202200420&domain=pdf&date_stamp=2022-04-23


www.advancedsciencenews.com www.small-methods.com

2200420 (2 of 11) © 2022 The Authors. Small Methods published by Wiley-VCH GmbH

where disordered fcc alloy (A1) PdCu NPs (Fm3m) are initially 
formed.[5] Additional high-temperature heating provides the 
conditions needed for atomic ordering to occur, i.e., the forma-
tion of the intermetallic (B2) CsCl-type structure (Pm3m). The 
ability to engineer small, monodisperse intermetallics is thus 
often limited by the tendency of NPs to undergo sintering at 
these elevated temperatures. However, recent work has led to 
the development of new synthesis pathways of binary metal 
NPs using organic solvents for controlled reactions at lower 
temperatures (i.e., 200 °C). These methods rely either on seed-
mediated approaches or coreduction of metal salts. While seed-
mediated syntheses are commonly employed to reach highly 
morphologically and structurally controlled NPs by trans-
lating the characteristics of the seed to the final NP, synthesis 
methods relying on coreduction of metal salts often require 
the use of capping agents to control crystal growth and avoid 
aggregation.[5d,6] Despite recent progress in the field, the reac-
tion mechanisms governing monodisperse intermetallic NP 
formation in nonseeded reactions remain elusive.[7] Specifically, 
the structural path from the disordered fcc PdCu structure to 
the final CsCl-type intermetallic PdCu structure has not yet 
been uncovered. Thus, in order to develop rational synthesis 
by design, where we can manipulate structures and morpholo-
gies of superior intermetallic NPs in a controllable and general-
ized manner, it is crucial that we obtain insights into how these 
transformations are taking place during synthesis.

Here, we show that both morphological and structural con-
trol of intermetallic PdCu NPs can be achieved through the use 
of selected additives in the synthesis process. The formation 
mechanism of the additive-directed synthesis of intermetallic 
PdCu NPs is investigated using in situ X-ray total scattering 
(TS) and pair distribution function (PDF) analysis. We observe 
an initial formation of a Cu-rich phase (PdCu3, P4/mmm) prior 
to A1 PdCu formation, in which atomic ordering of Pd and Cu 
in the A1 structure eventually forms intermetallic PdCu NPs. 
Our results therefore diverge from the current hypothesis that 
metallic species must reduce at the same rate to form stoichi-
ometric intermetallic NPs. Instead, the reduction of Pd2+ and 
Cu2+ provides a self-seeded formation mechanism, where Pd0 
incorporates into the readily formed Cu-rich seed. Our findings 
do not only provide detailed experimental evidence on the for-
mation mechanism of intermetallic PdCu NPs, but also pave 
the way for mechanistic synthetic control of intermetallic NPs.

2. Results and Discussion

2.1. Phase and Morphology Control of PdCu Nanoparticles 
Using Additives

The synthesis of PdCu NPs employed in this study relies on 
a strategy reported by Bai et al., where metal ion acetylace-
tonate precursors (M(acac)2) are mixed with oleylamine (OLA), 
iron(III) chloride (FeCl3) and ascorbic acid (AA) under air in a 
capped flask.[5d] To unravel what governs the formation of PdCu 
NPs, we start out by investigating the effect of additives on both 
the atomic scale of the precursors and the nanoscale structure 
of the particles. AA is commonly used in NP syntheses to obtain 
faster reduction of the metal ion precursors, and the addition of 

FeCl3 is expected to affect both reduction rate and defect chem-
istry of the particles. The introduction of FeCl3 introduces two 
chemical species to the synthesis; Cl– and Fe3+, each of which 
plays an integral role in the synthesis. First, adding halide 
ions, e.g., Cl–, is a well-known strategy to manipulate reduction 
kinetics of metallic species in NP syntheses as it enables ligand 
exchange between metal ion precursors and the added halide 
ions.[8] Exchanging the initial metal ion precursor ligand with 
a more strongly bound ligand such as Cl– may significantly 
diminish the reaction rate and thereby narrow the gap in reduc-
tion potentials between the two metal ions involved in the syn-
thesis of bimetallic NPs.[9] Second, the presence of halide ions 
is also expected to facilitate so-called localized oxidative etching 
on NPs with defects.[10] Oxidative etching enables the forma-
tion of defect-free single-crystal NPs with a lower surface free 
energy by selectively dissolving small twinned NPs formed in 
the synthesis.[11] In the oxidative etching process, the zerovalent 
metal atoms in the NPs are oxidized into ions by an etchant 
(e.g., O2 from air) and coordinated by a ligand (e.g., Cl– ions). 
Eventually, the metal ions are reduced back to elemental form 
and deposited onto the surface of existing, defect-free seeds. 
However, in some cases, the O2 from air alone is not a suffi-
cient etchant to completely etch twinned seeds. In such cases, 
the addition of a Fe3+/Fe2+ pair has been shown to function as 
an effective and controllable etching source.[12] The formed Fe2+ 
is then reoxidized by O2 from the air into Fe3+, which is again 
capable of functioning as an oxidizing agent.[12b] This cycle of 
Fe3+–Fe2+ oxidation–reduction eventually results in defect-free 
NPs.[12a]

Here, we systematically study the effect of FeCl3 and AA 
on the final structure, size, and shape of PdCu NPs and pro-
pose a mechanism accounting for the intermetallic NP forma-
tion. Four different NP syntheses were initially performed. In 
all syntheses, Pd(acac)2 and Cu(acac)2 were used as metal ion 
precursors, while the four different combinations of additives 
were: 1) OLA, 2) OLA and FeCl3, 3) OLA and AA, 4) OLA, AA 
and FeCl3.[5d]

Figure 1a,b shows powder X-ray diffraction (PXRD) patterns 
of the products obtained from the four syntheses. Initially, we 
investigate the syntheses without the addition of AA, i.e., syn-
thesis 1 and 2, which differ by the addition of FeCl3 in synthesis 2.  
The data from both synthesis 1 and 2 show that in the absence 
of the strong reducing agent AA, disordered fcc (A1) type PdCu 
NPs are obtained. Some peak asymmetry is observed for syn-
thesis 1, which could suggest the formation of a small amount 
of monometallic Pd NPs as highlighted in Figure 1b. The rela-
tive difference in peak position visible in Figure  1b indicates 
that synthesis 1 produces NPs with a slightly smaller unit cell 
on average compared to the value expected for A1 PdCu.[13] This 
observation is supported by Rietveld refinements (Figure S1 and 
Table S1, Supporting Information), which reveal that NPs from 
synthesis 1 exhibit a 1.8% smaller unit cell parameter than the 
NPs obtained from synthesis 2. The PXRD peak profiles of the 
NPs from synthesis 1 are furthermore significantly broader than 
the peak profiles of NPs obtained in the presence of FeCl3 from 
synthesis 2. This is indicative of FeCl3 promoting the NP growth. 
Previously, the presence of Br– ions in the synthesis of B2 PdCu 
NPs was suggested to destabilize the interaction between the 
NP surface atoms and the stabilizing agents/surfactants in the 
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synthesis to allow for growth through monomer deposition.[5a] 
Thus, in the presence of Br–, larger NPs of varying composition 
were formed. Analogously, the presence of Cl– in synthesis 2 can 
be assumed to destabilize the OLA-surface interaction, resulting 
in the formation of large A1 PdCu NPs.

Besides promoting growth of the NPs, Cl– ions were also 
introduced in the synthesis with the aim of coordinating to the 
metal ions and thereby alter the redox properties of the metal 
precursor to ultimately tune the reduction kinetics and enable 
the formation of a mixed alloy.[14] In the metal ion precursors 

used, both Pd2+ and Cu2+ coordinate to acetylacetonate (acac) 
ligands. The acac ligands have a high degree of resonance sta-
bilization, which makes them ideal leaving groups upon reduc-
tion. Both the Cu2+ and the Pd2+ metal ion precursors should 
readily reduce, when surrounded by acac ligands. However, the 
higher reduction potential of Pd2+/Pd (0.915 V versus standard 
hydrogen electrode (SHE)) compared to Cu2+/Cu (0.340  V 
versus SHE) means that Pd2+ will be reduced before Cu2+.[15] 
This could potentially lead to monometallic NP formation, 
indications of which were observed in the PXRD pattern of 

Figure 1. a) PXRD patterns of the products from synthesis 1 including only OLA, synthesis 2 containing OLA and FeCl3, synthesis 3 including OLA and 

AA, and synthesis 4 including OLA, AA, and FeCl3 besides the metal ion precursors. The scattering vector Q is defined as π θ
λ=Q

4 sin( ) . In the pattern 

from synthesis 3, the sharp Bragg peaks present just below 2.1 Å–1 originate from unreduced metal ion precursor. b) Displays the change in synthesized 
PdCu structures by focusing on a limited angular range. c–q) Bright-field STEM, HR-TEM, and STEM-EDX micrographs of synthesized PdCu NPs using 
different combinations of additives. c–g) TEM, HR-TEM, and STEM-EDX of synthesis 2 containing OLA and FeCl3, h–l) bright-field STEM, HR-TEM and 
STEM-EDX images of synthesis 3 including OLA and AA, and m–q) bright-field STEM, HR-TEM and STEM-EDX of synthesis 4 including OLA, AA and 
FeCl3 besides the metal ion precursors. The elemental distribution of Pd and Cu in the samples is presented as the average Pd:Cu ratio (i.e., Pd/Cuave).
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synthesis 1 in Figure 1a,b. On the other hand, no indications of 
monometallic particles are seen when FeCl3 was present in the 
synthesis.

Absorption measurements using ultra-violet visible spec-
troscopy on Pd(acac)2 and Cu(acac)2 precursor mixtures were 
performed to investigate if ligand exchange occurs when 
FeCl3 is added. Figure S2a,b (Supporting Information) shows 
absorption spectra of both the metal ion precursors in hexane 
and upon addition of OLA or FeCl3 as additives. The spectra of 
Pd(acac)2 and Cu(acac)2 show clear blue shifts in the presence 
of FeCl3, which indicates that both metal ions interact with 
the Cl– ions. The spectra furthermore allow insight into inter-
actions between the metal ions and OLA. From Figure S2a,b 
(Supporting Information), a blue shift is seen for Pd2+ when 
OLA is added to the mixture, however, only a small shift 
towards shorter wavelengths is seen when OLA is added to 
the Cu2+ mixture. We suspect that this interaction between the 
metal ions and Cl– is likely responsible for the formation of 
phase pure A1 PdCu in synthesis 2 by altering the reduction 
kinetics.

Understanding the influence of FeCl3 in the synthesis is not 
only limited to elucidating the changes induced in the crystal 
structure, but also involves how FeCl3 impacts the NP size and 
morphology. HR-TEM images of the PdCu NPs from synthesis 
2 are shown in Figure 1c–g. The NPs are observed to have an on 
average quasispherical shape and display a nearly monodisperse 
size distribution (see histogram in Figure S3a and Table S2,  
Supporting Information) with an average diameter of 17  nm. 
The A1 structure observed in PXRD was confirmed by FFTs of 
several phase-contrast HR-TEM images of the NPs as shown 
in Figure  1e,f. Upon closer inspection of the FFTs, we found 
numerous particles which contained various planar defects. 
For example, we found indications of significant occurrence of 

twinning within the NPs, including the possible presence of ∑3 
twin boundaries.[16] Further experimental evidence of the exist-
ence of planar defects can be seen in Figure S4 (Supporting 
Information). Interestingly, this suggests that the Fe3+ etchant 
is not strong enough to facilitate complete oxidative etching to 
yield defect-free NPs. The high degree of twinning observed in 
the products could be explained by an insufficient amount of O2 
available in the solution during synthesis. As described above, 
the synthesis was performed in a closed system, but without 
the flow of an inert gas. This means that a limited amount of 
O2 (or other oxidant) is available in the system for the oxidation 
of Fe2+. With an insufficient amount of O2, the cycling between 
Fe2+/Fe3+ is interrupted and thus is unable to facilitate further 
oxidative etching, resulting in numerous twinned NPs being 
left undissolved.

The spatial distribution of elements in the NPs was ana-
lyzed by STEM-EDX. Figure  1g and Figure S5 (Supporting 
Information) show the calculated atomic ratio between Pd and 
Cu content for a number of particles produced using synthesis 
2. This way of visualizing the spatial elemental distribution 
highlights the presence of inhomogeneities, e.g., deviations 
from the 1:1 ratio of the pristine A1 phase. The map in Figure 1g 
reflects the homogeneous distribution of both Pd and Cu in a 
1:1 at% ratio throughout the sample as presented in the figure 
by the average Pd:Cu ratio (i.e., Pd/Cuave = 1.0).

Since no intermetallic PdCu structure was formed when only 
FeCl3 was used in the synthesis, we added AA to OLA to inves-
tigate if a more reductive environment could help in facilitating 
the atomic ordering process. AA is believed to enable a faster 
reduction of the metal ion species and thereby possibly a faster 
atomic ordering process of the disordered alloy into the inter-
metallic structure at the temperature used. This possible role of 
AA is supported by the PXRD pattern of synthesis 3 (addition of 

Figure 2. Schematic illustration of the mechanism proposed for the synthesis of intermetallic PdCu NPs, when both AA and FeCl3 are added to OLA 
with the metal ion precursors present. I) Oxidative etching occurs as Fe3+ reduces into Fe2+ in order to eliminate defects present in the NPs. The metal 
species, M0, are oxidized into Mn+. II) M+ is reduced as AA is oxidized into DAA, followed by III) controlled deposition of M° forming a defect-free 
NP. IV) DAA is reduced and Fe2+ is oxidized in the presence of excess O2, which results in recovery of Fe3+ and AA. This enables the synergetic cycling 
processes to continue.
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OLA and AA, but not FeCl3) in Figure 1a,b, where both the A1 
and B2 PdCu phases are observed. This suggests that the metal 
ion precursors are readily reduced and that atomic ordering has 
begun. However, a complete conversion to the B2 phase is not 
achieved under these conditions.

The nature of the additives was also observed to have a sig-
nificant impact on the NP size. When comparing the TEM 
images from the samples obtained from synthesis 2 and 3, a 
clear change in the size distribution is seen, which is illustrated 
in Figure S3a,b (Supporting Information). While the use of 
FeCl3 in synthesis 2 led to NPs with a narrow size distribution, 
synthesis 3 resulted in a broader, more polydisperse, dis-
tribution of NP sizes (Figure S3b, Supporting Information 
and Figure  1h). It has been proposed that a size-dependent 
disorder–order transformation exists in PdCu NPs.[5a] However, 
from synthesis 3 we see no clear correlation between NP size 
and atomic structure in the sample. Both small and large NPs 
are found with A1 and B2 structures as presented in Figure 1i–k 
and Figure S6 (Supporting Information). Additionally, STEM-
EDX analysis shows that in the presence of AA, more Cu is 
incorporated into the PdCu NP structure as seen in Figure  1l 
and Figure S7 (Supporting Information). The average Pd/Cu 
ratio for the NPs obtained using AA in synthesis 3 has been cal-
culated to be 0.8. This suggests that the reduction rate of Cu2+ 
has been increased to a value higher than the inherently faster 
reducing Pd2+ species.

The presented results suggest that the individual properties 
of the additives (FeCl3 and AA) at the used concentration are 
not sufficient to facilitate either oxidative etching or a complete 
reduction and atomic ordering. A successful synthesis requires 
an additive that can reoxidize Fe2+, while still providing a fast 
and continued source of reductant. Looking further at the 
chemistry of this system, these requirements can be met when 
combining the two additives AA and FeCl3 as illustrated by 
the mechanism in Figure 2. During the reduction of the metal 
ions, step (II) in Figure 2, AA oxidizes to dehydroascorbic acid 
(DAA).[17] When all AA has been oxidized, the reduction rate 
of metal ion species is greatly dampened, leading to a decrease 
in the amount of metal atoms available for deposition on 
already formed NPs, denoted step (III). In order to recover the 
reducing power of AA, reduction of DAA is needed. This may 
take place through oxidation of Fe2+ into Fe3+ as shown in step 
(IV). As Fe3+ is formed, oxidative etching can proceed with the 
dissolution of twinned NPs, as illustrated in step (I) in Figure 2. 
The presence of both additives may therefore provide a syner-
getic and cooperative effect by enhancing the properties of the 
individual additives.

This is observed in synthesis 4, where almost pristine 
intermetallic B2 PdCu NPs were produced as displayed in 
Figure  1a,b.[5d] The small shoulder to the left of the main dif-
fraction peak highlighted in Figure 1b suggests the presence of 
only a very small amount of disordered fcc (A1) PdCu phase. 
The TEM images presented in Figure 1m,n reveal spherical NPs 
of approximately 17 nm in diameter. The FFTs of the HR-TEM 
phase-contrast images of individual NPs highlight their single-
crystalline nature and confirm that the NPs adopt the B2 
structure (Figure  1o,p). STEM-EDX reveals a homogeneous 
distribution of both Pd and Cu in an approximately 1:1 at% in 
the sample (Pd/Cuave = 1.1), except for the occasional NP with 

indications of a Pd-rich surface as displayed in Figure  1q and 
Figure S8 (Supporting Information). The combination of addi-
tives thereby enables controlled metal ion reduction, while 
promoting oxidative etching, resulting in single-crystalline B2 
PdCu NPs.

To further establish the synergetic effect of the FeCl3, AA, 
and O2, we performed additional experiments as presented in 
Table S3 (Supporting Information). These were based on the 
method used for synthesis 4. First, we replaced FeCl3 with NaCl 
(synthesis 5) and with Fe(acac)3 (synthesis 6). These experi-
ments allowed us to establish if both Cl– and Fe3+ are needed. 
The PXRD patterns (Figure S9, Supporting Information) 
revealed the formation of the disordered A1 structure as the 
main phase, unlike synthesis 4, confirming the needed for 
FeCl3. TEM and STEM-EDX (see Figures S10–S13, Supporting 
Information) furthermore showed a high degree of structural 
defects, polydispersity, and surface-located Fe. In synthesis 7, 
we included FeCl3 but limited the amount of O2 present in 
the synthesis by providing a N2 flow in the OLA solution both 
before the addition of metal ion precursors and additives. 
Although the PXRD in Figure S9a,b (Supporting Informa-
tion) showed that the major phase could be described as B2, 
there was still a significant amount of A1 left as compared to 
the synthesis performed in the presence of O2, i.e., synthesis 4. 
Additionally, even though the NPs were found to be small and 
monodisperse as observed in Figure S9e,h (Supporting Infor-
mation), they were found to contain considerably more defects 
than observed in synthesis 4. The experiments thus confirm the 
role of FeCl3 and O2 in the synthesis to obtain monodisperse, 
defect-free intermetallic PdCu NPs

2.2. Watching the Formation of Intermetallic PdCu 
Nanoparticles in Action

With an understanding of how additives influence the 
structures obtained, we can now, in a controllable manner, 
form the intermetallic B2 PdCu structure. To complete our 
understanding of the formation mechanism, we address the 
structural changes that take place during the formation of the 
B2 PdCu structure in the presence of AA and FeCl3. In situ 
X-ray Total Scattering (TS) allows us to study the formation of 
the intermetallic structure all the way from the initial precursor 
structure to the final B2 structure in real time. This enables us 
to investigate how the synthetic parameter space influences the 
formation pathway and identify the key intermediate structures 
involved in bridging the disorder-order transformation.

2.2.1. Precursor Complex Structure

Before addressing the PdCu formation mechanism, we 
use PDF analysis of X-ray TS data to get further insight into 
the precursor complex structure. Figure S14 (Supporting 
Information) shows the experimental PDF of a PdCu precursor 
solution obtained at room temperature, when both FeCl3 and 
AA are present in OLA. The PDF is the Fourier transformation 
of total scattering data, and represents a histogram of intera-
tomic distances in the sample structure. The relatively low  
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concentration of metal ion precursors in the solution (50 × 10–3 m)  
means that the majority of the scattered signal comes from 
the OLA solvent, which is subtracted before the Fourier trans-
form. This limits the quality and resolution of the PDF from 
the precursor complex, however, distinct peaks can still be iden-
tified, as illustrated in Figure S14 (Supporting Information). 
The first peak is observed at ≈2.00 Å, and this peak has a broad 
shoulder at approximately 2.30 Å. From the absorption meas-
urements, we know that the metal ions in the metal ion precur-
sors interact with OLA and FeCl3. The bond distances expected 
are approximately 2.04 Å (i.e., Pd-N) and 2.30 Å (i.e., M-Cl), 
which agrees well with the PDF from the PdCu precursor solu-
tion.[18] However, M−O bonds in M(acac)2 may also contribute 
to the peak at approximately 2.00 Å.[19] We also observe peaks at 
higher r-values, most clearly at 3.00 Å, which most likely origi-
nate from distances between Pd or Cu and C in the acac coor-
dination.[20] The PDF analysis thus complements the UV–vis 
absorption analysis by confirming the interaction between the 
metal ion precursors, OLA and FeCl3.

2.2.2. The Effect of Metal ion Concentration on the Intermetallic 
PdCu Formation Mechanism

To complete our current understanding of the importance of 
introducing both AA and FeCl3 in the synthesis, we started out 
by examining if the relative amounts between additives, OLA, 

and the metal ion precursors play a central role in the forma-
tion pathway.
Figure 3 shows the in situ X-ray TS data collected during the 

formation of PdCu NPs with an individual metal ion precursor 
concentration of a) 12 × 10–3 m, b) 24 × 10–3 m, and c) 50 × 10–3 m.  
The volume of OLA and the concentration of AA and FeCl3 were 
kept constant. The changes in reciprocal space are followed 
by examining the evolution of the background-subtracted and 
reduced structure function, F(Q), as seen in Figure  3, where 
the scattering vector Q is defined as Q  =  4πsin(θ)/λ. Features 
at high Q values, which otherwise may be difficult to observe, 
are enhanced in F(Q). As observed in Figure 3, the formation 
kinetics of the B2 phase is heavily impacted by the metal ion 
concentration. Using an individual metal ion concentration of 
12 × 10–3 m rapidly leads to the formation of the B2 phase (high-
lighted with vertical black lines in Figure  3a) from the initial 
A1 phase as the synthesis temperature reaches 220  °C. This 
formation pathway is schematically illustrated in Figure  3d. 
Increasing the individual metal ion concentration to 24  × 
10–3 m and 50  × 10–3 m leads to a slower formation of B2 as 
evidenced in Figure  3b,c, respectively, where a B2 phase only 
appears by prolonging the reaction time. While an A1 phase is 
clearly formed prior to the B2 formation at a higher metal ion 
concentration, a different crystalline phase is observed to form 
prior to the A1 formation. A comparison of selected F(Q) data-
sets to crystal structures in the literature reveals that the first 
crystalline phase formed at 24 × 10–3 m and 50 × 10–3 m is most 

Figure 3. In situ X-ray TS data of the formation of intermetallic PdCu NPs performed at 220 °C. a–c) Displays the experimental data plotted as the 
reduced structure function F(Q), with an individual metal ion precursor concentration of 12 × 10–3 m, 24 × 10–3 m, and 50 × 10–3 m, respectively. The 
time scale displayed for the datasets is defined from when 220 °C has been reached in each experiment (i.e., t = 0). The emerging PdCu3, A1 and B2 
reflections have been highlighted with vertical lines in blue, red, and black, respectively. d–f) Show the structures and the transformation pathway 
observed when using the three different metal ion precursor concentrations. The X-ray TS data were collected at 11-ID-B, APS.
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likely a tetragonal Cu-rich structure, PdCu3, which has a slightly 
smaller unit cell volume than A1 PdCu. The Cu-rich structure 
then transforms to the A1 phase (highlighted with blue lines 
in Figure 3c), which is schematically presented in Figure 3e,f. 
The transformation from the PdCu3 to A1 PdCu structure is 
particularly apparent when following the change in peak inten-
sity assigned to PdCu3 in Figure 3c. The peaks at 4.80 Å–1 and 
5.70 Å–1 decrease, while peaks related to the stoichiometric A1 
PdCu structure at 4.60 Å–1 and 5.50 Å–1, emerge and intensify 
over time. The formation of a Cu-rich phase suggests that Cu2+ 
reduces faster than the readily reducible Pd2+ species. Although 
this seems counterintuitive, it agrees well with the observa-
tions of a Cu-rich structure seen in the STEM-EDX images in 
Figure 1l. Similar behavior has furthermore been observed for 
a PtPb NP system through a seed-mediated growth and diffu-
sion mechanism, where AA was found to initially reduce the 
Pb2+, rather than Pt2+.[21] This was followed by the formation of 
a Pb seed and the subsequent formation of intermetallic NPs. A 
similar mechanism is here suggested for PdCu.

By closer inspection of the scattering patterns resulting from 
the 50  × 10–3 m individual metal ion precursor concentration 
experiment in Figure 3c, a synthesis product with asymmetric 
A1 Bragg peaks can be identified. This is especially clear at low 
Q-values. When comparing the calculated Bragg peak posi-
tions of the A1 phase (red lines) and PdCu3 (blue lines) in 
Figure 3b,c, it is evident that the asymmetric behavior cannot 
be explained by the presence of these two phases. Instead, 
this suggests the formation of a new PdCu phase. We there-
fore turn to related systems to see if such behavior has been 
observed elsewhere. Similar bimetallic systems, such as AuCu, 
FePd, and FePt, are found to form a different stoichiometric 
intermetallic phase apart from the A1 phase: Upon a disorder–
order transformation, a face-centered tetragonal (fct) phase 
(space group P4/mmm), referred to as L10, has been reported.[5d] 
Additionally, FePd has been found to undergo a martensitic 
phase transformation denoting the transition from a fcc (A1) 
to CsCl structure (B2).[22] Depending on the stoichiometry, 
FePd has been reported to follow the Bain transformation path, 
which geometrically describes the fcc to CsCl lattice transfor-
mation.[23] The phases formed along the Bain path are the fcc, 
fct, bct (body-centered tetragonal), and eventually the CsCl 
structure. Each phase can be described by a variation in the 
degree of tetragonal distortion, where moving between the dif-
ferent structures takes place through an associated directional 
strain known as Bain strain.[24] Since no L10 phase is known to 
form for PdCu, we calculated Bragg peak positions for AuCu 
to examine the impact of this phase on the scattering pattern. 
As seen in Figure S15a (Supporting Information), significant 
differences are present between the A1 and L10 structures 
of AuCu. Clearly, the L10 structure exhibits more reflections 
than A1 due to the change in crystal symmetry from a cubic 
to a tetragonal unit cell. The slightly larger unit cell volume of 
the tetragonal phase furthermore induces a small peak shift 
towards lower Q-values for the (111)-reflection at 2.80 Å–1 as 
presented in Figure S15b (Supporting Information). This shift 
agrees well with the in situ TS data from PdCu formation, 
which thus hint at a PdCu L10 structure being an interme-
diate in the A1–B2 phase transformation. We thus hypoth-
esize that the disordered A1 PdCu alloy appears to undergo a 

disorder-order transformation through an atomic ordering pro-
cess to an ordered L10 PdCu phase.

In the real-space representation, G(r), of the 50  × 10–3 m 
experimental in situ TS data, PDF peaks at 2.58 Å and 3.61 Å 
can be assigned to Pd−Cu and Pd−Pd/Cu−Cu bond distances, 
respectively, in the PdCu3 structure (see Figure S16, Supporting 
Information). The formation of the A1 structure results in the 
emergence of PDF peaks at 2.67 Å and 2.78 Å, which can be 
assigned to the random Cu−Pd bond pairs in the A1 struc-
ture. A two-phase refinement was performed using the PdCu3 
and A1 PdCu structures. Results from selected refinements of 
the in situ X-ray TS data are shown in Figure S17 (Supporting 
Information) with values presented in Table S4 (Supporting 
Information). The formation of the A1 PdCu phase over time 
is accompanied by a decrease in the amount of PdCu3, as seen 
in Figure S18b (Supporting Information). We furthermore 
observe a small contraction of the unit cell volume of the A1 
phase as it forms (Figure S18c,d, Supporting Information). 
This indicates that the cell parameter is affected by the size of 
the NPs.[23a] Similar behavior has been seen for other NP sys-
tems, where increased surface tension exerting on the parti-
cles can either cause a contraction or expansion of the lattice 
parameters depending on the crystal symmetry.[25] As the NP 
sizes obtained from the PDF fits are significantly smaller than 
the NP sizes previously retrieved from TEM (see Figure 1 and 
Figure S4, Supporting Information), it is important to note that 
the sizes obtained from the fits are possibly underestimated, 
but the observed trends are representative and therefore valid to  
discuss here. The discrepancy originates from the fact that 
PDF is less sensitive to NP sizes above 5–8 nm due to the use 
of the RA-PDF setup. PDF furthermore probes the volume 
weighted coherent scattering domains within the NPs (in con-
trast to TEM, which images particles directly), and additionally,  
the use of a different synthesis reactor in the in situ  
experiments may furthermore introduce minor differences in 
particle size. Finally, the L10 PdCu phase is introduced in the 
PDF refinement at the end of the experiment. The use of L10 
in the refinement results in a better peak intensity descrip-
tion with a refined phase ratio showing 55% of L10 and 45% of 
the A1 PdCu structure. The PDF refinements can be found in  
Figure S19 and Table S5 (Supporting Information). Note, how-
ever, that the similarities between the two structures in real 
space make a detailed analysis of, e.g., the phase fraction of the 
two phases difficult.

2.2.3. Enabling Formation of the Intermetallic PdCu Structure 
by Increasing Reaction Time

It has now been established that the relative ratios of amounts 
between metal ion precursor, OLA, and additives provide a 
kinetic tool to tune the PdCu phases obtained. Rapid B2 PdCu 
NP formation occurs when a low metal ion precursor concen-
tration relative to FeCl3 and AA is used. However, the question 
remains whether it would be possible to drive the formation of 
B2 PdCu NPs even at high metal ion precursor concentrations 
by simply increasing the reaction time.

To answer this question, an in situ X-ray TS experiment 
of a PdCu synthesis using an individual metal ion precursor 
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concentration of 50  × 10–3 m was performed. The F(Q) func-
tions from this experiment are presented as a contour plot in 
Figure 4a. Bragg peaks belonging to the Cu-rich PdCu3 phase 
and the A1 PdCu phase are present at the beginning of the 
experiment, prior to any heating. The formation of metallic 
NPs without the application of heat indicates that the metal 
ion species in the precursor solution have been reduced. This 
is most likely a result of long ultrasonication upon mixing of 
the precursor solution.[26] The coexistence of two phases is 
especially clear from the peak splitting seen at 4.80 and 5.60 Å–1 
in Figure  4b. With time, the peaks from the Cu-rich phase 
decrease while the amount of A1 increases, again showing the 
transformation of the PdCu3 phase into the A1 phase. Eventu-
ally, the B2 phase forms with a distinct different long-range 
structure. The differences in long-range structures are also 
clearly visualized in the calculated F(Q) patterns in Figure S20 
(Supporting Information).

The formation of the intermetallic B2 PdCu phase is also 
clearly observable in the experimental PDFs shown in Figure 4c. 
The first peak associated with the nearest-neighbor correlation 
splits into two, indicating the formation of an ordered struc-
ture with well-defined atomic pair distances, which is further 
highlighted in Figure  4d. The resulting parameters from the 
refinement and selected PDF fits are shown in Figure  4e–g, 
Figures S21 and S22 (Supporting Information) and Table S6 
(Supporting Information). Initially, the amount of the A1 phase 
slightly increases at the expense of the PdCu3 phase, which  

illustrates the transformation of PdCu3 into the A1 PdCu struc-
ture as observed in Figure 4e. The phase ratio thereafter remains 
relatively constant until the B2 structure emerges. After the 
B2 structure is formed, the amount of B2 rapidly increases as 
the amount of the PdCu3 and the A1 phases decrease. As seen 
in Figure  4f, the unit cell volumes remain relatively constant, 
while the NPs are formed. The continuous increase in particle 
diameter and scale factor indicates that Cu and Pd monomers 
are still being nucleated and incorporated into the NP structure, 
while the NPs are growing as observed in Figure S21 (Supporting 
Information) (Figure  4e,g). This shows that the disorder-order 
transformation still occurs and that the growth of the particles 
does not follow an Ostwald ripening procedure.[27] Interestingly,  
as the A1 NPs reach a size of approximately 3 nm, 3 nm sized 
B2 PdCu NPs form and continue to grow. This could suggest 
the presence of a size-dependent activation barrier as previously 
reported in the formation of the B2 structure.[5a] However, as 
we saw in Figure  1h–l, the disorder–order transformation is 
not always dependent on a specific size barrier, but is instead 
heavily linked to the synthetic conditions employed. Thus, the 
main properties governing the transformation should be con-
sidered to rely strongly on the local chemistry and how it alters 
the growth and reduction of the metal species.[28] From the 
phase ratios in Figure 4e, it is observed that a full B2 conversion 
has not been reached within the duration of the experiment as 
approximately 10% of the A1 PdCu phase is still present. Based 
on the increasing behavior of the B2 phase ratio, we expect that 

Figure 4. In situ X-ray TS data showing the formation of intermetallic PdCu NPs performed at 220 °C with a precursor concentration of 50 × 10–3 m.  
a) The data are plotted as F(Q), i.e., the reduced structure function. b) Presents selected experimental F(Q) functions, where the emerging A1, PdCu3, 
and B2 reflections have been highlighted in red, blue, and black vertical lines, respectively. c) Shows the corresponding in situ PDF data with the PDFs of 
the initial precursor (gray) and the final PdCu NPs (orange). d) Displays selected experimental PDFs, where the atomic correlations in the B2 structure 
are highlighted in black. Results from PDF refinement showing the temporal evolution in e) phase ratio, f) unit cell volumes, and g) NP diameter of 
PdCu3, A1, and B2 structures during the experiment. The data were collected at I15-1, DIAMOND.
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a prolonged experiment beyond 6 h would most likely result in 
a phase pure B2 phase.

Density functional theory (DFT) calculations were performed 
to evaluate the likelihood of the proposed transformation 
pathway through the structural stability. Figure S23 (Supporting 
Information) presents the DFT energy change, ΔE, for the 
model reaction pathway with the observed crystalline interme-
diate phases, which is calculated relative to pure fcc phases of 
Pd and Cu (ΔE = 0.0 eV). For each reaction step, the energy of 
the BEEF-vdW is written with its corresponding one standard 
deviation uncertainty for 1876 BEEF ensembles to approxi-
mate the uncertainty associated with DFT calculations.[29] Also 
shown are the energies of the PBE functional, which are shown 
to follow the same trend as BEEF-vdW providing confidence in 
the relative stabilities of the investigated phases.

From the X-ray TS experiments, the first phase formed was 
identified as PdCu3. As observed in Figure S23 (Supporting 
Information), this intermediate phase is associated with a 
negative ΔE at –0.14 eV per PdCu formula unit, i.e., it is ener-
getically favorable to form this phase initially. Following the 
PdCu3 phase, a slightly more energetically stable intermediate 
phase is found to form upon the formation of the A1 PdCu 
phase, which is associated with an energy at –0.16  eV. As 
atomic ordering occurs, the L10 phase formed can be consid-
ered slightly more stable than the disordered A1 alloy resulting 
in an energy of –0.22 eV. Eventually, the B2 phase is found to 
be the most stable phase with an energy at –0.27  eV. For the 
proposed model reaction pathway, there is thus a thermody-
namic driving force for the observed phase changes with incre-
mental lower internal energy between the intermediate phases, 
providing theoretical confidence in the observed experimental 
results.

3. Conclusion

In summary, we have demonstrated how single-crystalline, 
intermetallic PdCu NPs of controlled morphology and structure 
can be obtained by exploring the synergetic effect induced by 
AA and FeCl3 as additives in the synthesis. Increased reduc-
tion rates of the metal ion species are achieved using AA, while 
FeCl3 both facilitates ligand exchange and oxidative etching.

Through in situ X-ray TS and PDF analysis, new structural 
insights in the disorder–order transformation are provided by 
identifying more intermediate structures than previously iden-
tified. Upon reduction of the precursor solution complex, a Cu-
rich phase (PdCu3, P4/mmm) initially nucleates in the presence 
of the early PdCu precursor structure. Continuing the reduc-
tion of the precursor leads to the formation of the disordered 
fcc alloy as more Pd0 incorporates into the Cu-rich structure. 
As further heating is applied, ordering of metallic Pd and Cu 
in the structure is identified with the presence of a fct phase 
(P4/mmm), which has previously not been observed in the dis-
order–order PdCu transformation. While heating progresses, 
the structure becomes increasingly ordered with a final con-
version into the ordered intermetallic phase characterized by 
a martensitic-like phase transformation. We thus hypothesize 
the formation of intermetallic PdCu NPs to follow a self-seeded 
seed-mediated growth and diffusion mechanism in the initial 

stages of NP formation with a subsequent diffusion-less mar-
tensitic-like transformation to convert the tetragonal fct phase 
into the intermetallic CsCl-like PdCu structure. Contrary to 
what is normally proposed to determine alloy formation, we 
here directly observe that coreduction of the metal ions at the 
same rate is not essential to form stoichiometric intermetallic 
PdCu NPs. Instead, these observations challenge the general 
design criteria of intermetallic NPs, where only metal ion 
species with similar reduction potentials are believed to form 
stoichiometric bimetallic NPs. With our findings, the local 
chemistry is considered as the main descriptor in the interme-
tallic NP formation by modifying growth and reduction of the 
metal ion species through Cl– coordination at different stages in 
the formation pathway. Our study opens up for more investiga-
tions on intermetallic NP systems to elucidate if the self-seeded 
seed-mediated formation mechanism can be generalized to 
other systems by including the changes in the local chemistry. 
By exploring further the impact of the local chemistry on the 
intermetallic NP formation, we might obtain new design prin-
ciples to develop an expanded library of intermetallic NPs. 
Knowing how to promote specific, catalytically superior inter-
metallic NPs through synthetic design could provide us with 
new catalysts to fuel our society in the future.

4. Experimental Section
Chemicals: Oleylamine (70%, OLA), copper (II) acetylacetonate 

(Cu(acac)2), palladium (II) acetylacetonate (Pd(acac)2), iron (III) 
chloride (FeCl3), and ascorbic acid (AA) were purchased from Sigma 
Aldrich. All reagents were used as received.

Synthesis of Intermetallic PdCu NPs: The intermetallic PdCu 
nanoparticles (NPs) were synthesized by modifying a previously 
reported approach by Bai et  al.[5d] In the preparation of PdCu NPs, 
Pd(acac)2 (35.55  mg, 12 × 10–3 m),  Cu(acac)2  (31.41  mg,  12 × 10–3 m), 
AA  (71.20  mg)  and FeCl3 (10.80  mg) were added into a round-bottom 
flask containing OLA (10  mL). The resulting mixture was heated from 
room temperature to 160 °C under reflux at a heating rate of 7 °C min−1 
and maintained at 160 °C for 5 h, while stirring at 300  rpm. Afterward, 
the temperature was increased to 220 °C at a heating rate of 7 °C min−1 
and subsequently maintained at 220 °C for 3 h. Finally, the solution was 
cooled to room temperature. The resulting dispersion was centrifuged 
in hexane (20  mL) at 9000  rpm for 10 min to separate the NPs from 
solution. The NPs were washed with a 3:1 ratio of ethanol:hexane three 
times and then suspended in hexane (5 mL) for future use.

For the in situ X-ray total scattering experiments, the procedure was 
slightly modified. The initial precursor mixtures of varied metal ion 
concentrations were mixed in a centrifuge tube and capped, followed 
by 20  min of ultrasonication to ensure a homogenous mixture of the 
metal precursors and that the additives were fully dissolved. For each 
of the experiments, the resulting precursor mixture was injected into 
a nuclear magnetic resonance (NMR) tube or quartz capillary, and 
the solution was heated directly from room temperature to 220  °C 
at a heating rate of 7 ○C min−1 until an intermetallic PdCu phase was 
observed. Below, two experimental setups will be introduced to examine 
the formation mechanism. In the first setup, a heating gun was used to 
heat the precursor solution in an NMR tube. The second setup used a 
heated block into which a quartz capillary with the precursor solution 
was placed, which provided a better heat transfer to the capillary and the 
precursor solution.

Pair Distribution Function Analysis: Data Acquisition: X-ray total TS 
data were obtained at beamline 11-ID-B, Advanced Photon Source 
(APS), Argonne National Laboratory, USA, and at beamline XPDF 
I15-1, Diamond Light Source, UK. At 11-ID-B, the TS experiments of 

Small Methods 2022, 6, 2200420



www.advancedsciencenews.com www.small-methods.com

2200420 (10 of 11) © 2022 The Authors. Small Methods published by Wiley-VCH GmbH

intermetallic PdCu NPs were conducted by injecting the precursor 
solution into a thin borosilicate glass NMR tube (from Wilmad) with a 
3 mm diameter and a wall thickness of 0.27 mm, which was heated with 
a jet of hot air. The dimensions of the NMR tube were chosen to ensure a 
high transmission of X-rays. X-ray TS data were collected in transmission 
geometry using a Perkin-Elmer flat panel detector with a pixel size 
of 200 × 200  µm  in the rapid-acquisition pair distribution function 
setup.[30] The X-ray beam had a wavelength of 0.211 Å, and the sample-
to-detector distance was calibrated using a CeO2 standard. Fit2D was 
used to calibrate the experimental geometry parameters and azimuthally 
integrate the scattering intensities to 1D scattering patterns.[31] At XPDF 
I15-1, a liquid hydrothermal cell reactor setup available at the beamline 
was used.[32] In this setup, the reactor was instead composed of a fused-
quartz capillary (2 mm diameter) into which the precursor solution was 
injected. The capillary was heated by heating elements in an aluminum 
block. TS data were collected in transmission geometry using a Perkin-
Elmer flat panel detector with a pixel size of 100 × 100  µm.  The X-ray 
beam has a wavelength of 0.161 Å, and the sample-to-detector distance 
was calibrated using a Si NIST standard. The measured data were 
continuously integrated using DAWN Processing software.[33]

Pair Distribution Function Analysis: PDF Modeling: X-ray TS data were 
Fourier transformed through xPDFsuite[34] to obtain the PDFs using 
a Qmin of 1.5 Å–1 and a Qmax of 17.0 Å–1. The background subtraction 
was performed by subtracting the scattering signal obtained from an 
identical experiment performed with only OLA present in the NMR tube 
or fused-quartz capillary. PDFgui[35] was used for analysis and refinement 
of the obtained PDFs, in which a least-square optimization procedure 
was performed between a theoretical PDF and the experimental PDF. 
The refined parameters included the unit cell, δ2-parameter describing 
local correlated atomic movement, scale factor, a spherical particle 
diameter, and the isotropic atomic displacement parameters for Pd and 
Cu.

Transmission Electron Microscopy and Scanning Transmission Electron 
Microscopy with Energy-Dispersive X-Ray Spectroscopy: The NPs were 
washed with a 3:1 ratio of ethanol:hexane five times and centrifuged at 
9000 rpm for 10 min. The resulting NPs were left overnight in acetone to 
remove the remaining oleylamine. The NPs were suspended in acetone 
and subsequently drop-casted onto Au 300 mesh grids with 2 nm carbon 
(Quantifoil). High-resolution transmission electron microscopy (HR-
TEM) images were collected using a Talos FX-200 equipped with a Ceta 
16M camera with samples mounted in a double tilt holder. A 100 µm 
object aperture was used during imaging. Using FIJI software, quadratic 
regions were cropped from the collected images around selected NPs 
oriented with major zone axes aligned with the optical axis.[36] The 
cropped regions were apodized using a Hann window and subsequently, 
fast Fourier transformed (FFT) using HyperSpy.[37] The resulting power 
spectra of the FFT images are displayed on a log scale with the minimum 
value to display set at the 30th percentile.

Scanning transmission electron microscopy (STEM) images were 
collected on the same microscope using a 10.5 mrad converged probe. 
The collection angle of the STEM bright-field (BF) images was 0–9 mrad, 
while the collection angle of the high angle annular dark-field (HAADF) 
images was 60–200 mrad. STEM energy-dispersive X-ray spectroscopy 
(EDX) datasets were collected using the ChemiSTEM system installed 
on the Talos Microscope. Data analysis and plotting were subsequently 
performed using HyperSpy, SciPy, NumPy, and scikit-image.[38] Details 
on the STEM-EDX data treatment can be found in the Supporting 
Information section F.

DFT Calculations: Density functional theory (DFT) calculations 
were performed using the GPAW code within the atomistic simulation 
environment (ASE) using the PBE (Perdew-Burke-Ernzerhof) and 
BEEF-vdW (Bayesian error estimation functional with van der Waals 
correlation) functionals.[29,39] The wavefunction was expanded in spin-
paired plane waves with an energy cutoff of 600 eV. The Brillouin zone 
was sampled on a (4, 4, 4) Monkhorst-Pack k-point grid for periodically 
repeated unit cells of comparable spatial dimensions consisting of 
32 to 36 atoms. The reported energies are the fitted minimum electronic 
energies with respect to the unit cell size for each structure, obtained 

by sampling five-unit cell volumes around the minimum energy volume. 
Each reaction step energy is given with reference to the pure Cu and 
Pd fcc phases. For more specifics concerning the DFT calculations, see 
Supporting Information section P.

Absorption Spectroscopy: Absorption spectra were recorded on a 
Lambda 1050 UV/VIS/NIR absorption spectrometer from PerkinElmer 
using a halogen lamp as excitation source in the wavelength range 
200–600  nm. The samples were prepared by filtering off any larger 
aggregates with syringe filters (Frisenette QMax RR syringe filters 13 mm 
PTFE hydrophobic) and diluted with hexane at a 1:10 ratio. The resulting 
solution was added into a quartz cuvette (Starna scientific) with a path 
length of 10  mm. Hexane was used for solvent background, and was 
subtracted manually from the spectra. Slits were kept at 1.0 nm.

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

Acknowledgements
The authors are grateful to the Villum Foundation for financial support 
through a Villum Young Investigator grant (VKR00015416). The authors 
acknowledge support from the Danish Ministry of Higher Education and 
Science (Structure of Materials in Real Time (SMART) grant) and the 
Danish National Research Foundation Center for High Entropy Alloy 
Catalysis (DNRF 149). E.D.B. acknowledges funding from the Carlsberg 
Foundation (Grant CF18-0705). M.S.T. thanks the Villum Foundation 
(grant#14922) for support. The Danish Research Council is acknowledged 
for covering travel expenses in relation to the synchrotron experiment 
(DanScatt). The authors acknowledge the staff of beamline 11-ID-B at 
APS and I15-1 at DIAMOND for experimental assistance. This work was 
carried out with the support of Diamond Light Source, instrument I15-1 
(proposal EE20187). Use of the Advanced Photon Source, an Office of 
Science User Facility operated for the U.S. Department of Energy (DOE) 
Office of Science by Argonne National Laboratory, was supported by the 
U.S. DOE under Contract No. DE-AC02-06CH11357. Figure 1 has been 
updated on June 20th 2022.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
formation mechanism, in situ X-ray total scattering, intermetallic 
nanoparticles, synthesis by design

Received: April 9, 2022
Published online: April 23, 2022

[1] H. Li, K. Shin, G. Henkelman, J. Chem. Phys. 2018, 149, 174705.
[2] J. Li, S. Sun, Acc. Chem. Res. 2019, 52, 2015.

Small Methods 2022, 6, 2200420



www.advancedsciencenews.com www.small-methods.com

2200420 (11 of 11) © 2022 The Authors. Small Methods published by Wiley-VCH GmbH

[3] a) X. Jiang, N. Koizumi, X. Guo, C. Song, Appl. Catal. 2015, 170, 173; 
b) R. Loukrakpam, S. Shan, V. Petkov, L. Yang, J. Luo, C.-J. Zhong, 
J. Phys. Chem. C 2013, 117, 20715; c) J. T. L. Gamler, H. M. Ashberry, 
S. E.  Skrabalak, K. M.  Koczkur, Adv. Mater. 2018, 30, 1801563; 
d) E. Antolini, Appl. Catal. 2017, 217, 201.

[4] a) K.  Jiang, P.  Wang, S.  Guo, X.  Zhang, X.  Shen, G.  Lu, D.  Su, 
X.  Huang, Angew. Chem., Int. Ed. 2016, 55, 9030; b) S.  Ma, 
M.  Sadakiyo, M.  Heima, R.  Luo, R. T.  Haasch, J. I.  Gold, 
M. Yamauchi, P. J. Kenis, J. Am. Chem. Soc. 2017, 139, 47; c) Y. Mun, 
S. Lee, A. Cho, S. Kim, J. W. Han, J. Lee, Appl. Catal. 2019, 246, 82.

[5] a) C. Wang, D. P. Chen, X. Sang, R. R. Unocic, S. E. Skrabalak, ACS 
Nano 2016, 10, 6345; b) X. Cai, A. Wang, J. Wang, R. Wang, S. Zhong, 
Y.  Zhao, L.  Wu, J.  Chen, S.  Bai, J. Mater. Chem. A 2018, 6, 17444; 
c) V. S. Marakatti, S. C. Sarma, B.  Joseph, D. Banerjee, S. C. Peter, 
ACS Appl. Mater. Interfaces 2017, 9, 3602; d) S. Bai, Q. Shao, P. Wang, 
Q. Dai, X. Wang, X. Huang, J. Am. Chem. Soc. 2017, 139, 6827.

[6] a) R.  Ferrando, J.  Jellinek, R. L.  Johnston, Chem. Rev. 2008, 108, 
845; b) K. D. Gilroy, A. Ruditskiy, H. C. Peng, D. Qin, Y. Xia, Chem. 
Rev. 2016, 116, 10414; c) L.  Wu, A.  Mendoza-Garcia, Q.  Li, S.  Sun, 
Chem. Rev. 2016, 116, 10473; d) M. Chen, Y. Han, T. W. Goh, R. Sun, 
R. V.  Maligal-Ganesh, Y.  Pei, C.-K.  Tsung, J. W.  Evans, W.  Huang, 
Nanoscale 2019, 11, 5336; e) N. H. Chou, R. E. Schaak, J. Am. Chem. 
Soc. 2007, 129, 7339; f) R. E. Cable, R. E. Schaak, Chem. Mater. 2007, 
19, 4098.

[7] L. Wu, A. P. Fournier, J. J. Willis, M. Cargnello, C. J. Tassone, Nano 
Lett. 2018, 18, 4053.

[8] T.-H. Yang, S. Zhou, M. Zhao, Y. Xia, ChemNanoMat 2020, 6, 576.
[9] A. L.  Wang, L.  Zhu, Q.  Yun, S.  Han, L.  Zeng, W.  Cao, X.  Meng, 

J. Xia, Q. Lu, Small 2020, 16, 2003782.
[10] a) Y. Zheng, J. Zeng, A. Ruditskiy, M. Liu, Y. Xia, Chem. Mater. 2014, 

26, 22; b) K. E. Korte, S. E. Skrabalak, Y. Xia, J. Mater. Chem. 2008, 
18, 437.

[11] a) S. H.  Im, Y. T. Lee, B. Wiley, Y. Xia, Angew. Chem., Int. Ed. Engl. 
2005, 44, 2154; b) B.  Wiley, T.  Herricks, Y.  Sun, Y.  Xia, Nano Lett. 
2004, 4, 1733.

[12] a) Y.  Ma, W.  Li, J.  Zeng, M.  McKiernan, Z.  Xie, Y.  Xia, J. Mater. 
Chem. 2010, 20, 3586; b) B. Wiley, Y. Sun, Y. Xia, Langmuir 2005, 21, 
8077; c) L. Ma, C. Wang, M. Gong, L. Liao, R. Long, J. Wang, D. Wu, 
W. Zhong, M. J. Kim, Y. Chen, Y. Xie, Y. Xiong, ACS Nano 2012, 6, 
9797; d) Y. Xiong, J. M. McLellan, J. Chen, Y. Yin, Z.-Y. Li, Y. Xia, J. 
Am. Chem. Soc. 2005, 127, 17118.

[13] A. Soutter, A. Colson, J. Hertz, Mem. Etud. Sci. Rev. Metall. 1971, 68, 
575.

[14] W. Lei, J. Xu, Y. Yu, W. Yang, Y. Hou, D. Chen, Nano Lett. 2018, 18, 
7839.

[15] P.  Vanysek, CRC Handbook of Chemistry and Physics, Vol. 8, CRC 
Press, Boca Raton, FL 2000.

[16] A. P.  Sutton, R. W.  Balluffi, Interfaces in Crystalline Materials,  
Clarendon Press, Oxford 1995.

[17] J. C. Deutsch, Anal. Biochem. 1998, 255, 1.
[18] a) S. Nayab, H.-I. Lee, J. H. Jeong, Acta Crystallogr., Sect. E: Crystal-

logr. Commun. 2013, 69, m238; b) R. J. Clark, C. S. Williams, Inorg. 
Chem. 1965, 4, 350.

[19] S. H. Mushrif, A. D. Rey, G. H. Peslherbe, Chem. Phys. Lett. 2008, 
465, 63.

[20] L. Petters, S. Burger, S. Kronawitter, M. Drees, G. Kieslich, CrystEng-
Comm 2021, 23, 5425.

[21] L.  Bu, N.  Zhang, S.  Guo, X.  Zhang, J.  Li, J.  Yao, T.  Wu, G.  Lu, 
J.-Y. Ma, D. Su, Science 2016, 354, 1410.

[22] a) H.-S.  Chen, T. M.  Benedetti, V. R.  Gonçales, N. M.  Bedford, 
R. W.  Scott, R. F.  Webster, S.  Cheong, J. J.  Gooding, R. D.  Tilley, 
J. Am. Chem. Soc. 2020, 142, 3231; b) H. M. Ashberry, J. T. L. Gamler, 
R. R. Unocic, S. E. Skrabalak, Nano Lett. 2019, 19, 6418; c) Y. Takahashi, 
T. Koyama, M. Ohnuma, T. Ohkubo, K. Hono, J. Appl. Phys. 2004, 95, 
2690; d) A. K. Sra, R. E. Schaak, J. Am. Chem. Soc. 2004, 126, 6667; 
e) N. E. Motl, E. Ewusi-Annan, I. T. Sines, L.  Jensen, R. E. Schaak, 

J. Phys. Chem. C 2010, 114, 19263; f) D.  Alloyeau, C.  Ricolleau, 
C. Mottet, T. Oikawa, C. Langlois, Y. L.e Bouar, N. Braidy, A. Loiseau, 
Nat. Mater. 2009, 8, 940; g) K.  Sato, Nat. Mater. 2009, 8, 924; 
h) B.  Yang, M.  Asta, O.  Mryasov, T.  Klemmer, R.  Chantrell, Acta 
Mater. 2006, 54, 4201; i) A.  Crisan, J.  Bednarcik, Š.  Michalik, 
O.  Crisan, J. Alloys Compd. 2014, 615, S188; j) H.  Xu, H.  Heinrich, 
J. M. Wiezorek, Intermetallics 2003, 11, 963.

[23] a) M.  Sugiyama, R.  Oshima, F. E.  Fujita, Trans. Jpn. Inst. Met. 
1984, 25, 585; b) A. L.  Roytburd, in Solid State Physics, Vol. 33, 
Academic Press, New York, NY 1978, pp. 317–390; c) R. Hultgren, 
C. A. Zapffe, Nature 1938, 142, 395.

[24] a) E. C. Bain, N. Dunkirk, Trans. AIME 1924, 70, 25; b) J. Buschbeck, 
I.  Opahle, M.  Richter, U. K.  Rossler, P.  Klaer, M.  Kallmayer, 
H. J.  Elmers, G.  Jakob, L.  Schultz, S.  Fahler, Phys. Rev. Lett. 2009, 
103, 216101.

[25] M. Friedrich, M. Armbrüster, Chem. Mater. 2009, 21, 5886.
[26] a) X. Cui, X. Wang, X. Xu, S. Yang, Y. Wang, Electrochim. Acta 2018, 

260, 47; b) C. Kan, W. Cai, C. Li, L. Zhang, H. Hofmeister, J. Phys. D: 
Appl. Phys. 2003, 36, 1609.

[27] W. Ostwald, Z. Phys. Chem. 1900, 34, 495.
[28] E. Bøjesen, B. Iversen, CrystEngComm 2016, 18, 8332.
[29] J.  Wellendorff, K. T.  Lundgaard, A.  Møgelhøj, V.  Petzold, 

D. D. Landis, J. K. Nørskov, T. Bligaard, K. W.  Jacobsen, Phys. Rev. 
B 2012, 85, 235149.

[30] P. J.  Chupas, X. Y.  Qiu, J. C.  Hanson, P. L.  Lee, C. P.  Grey, 
S. J. L. Billinge, J. Appl. Crystallogr. 2003, 36, 1342.

[31] a) A. P.  Hammersley, S. O.  Svensson, M.  Hanfland, 
A. N.  Fitch, D.  Hausermann, High Pressure Res. 1996, 14, 235; 
b) A. P. Hammersley, J. Appl. Crystallogr. 2016, 49, 646.

[32] M. E.  Potter, M. E.  Light, D. J.  Irving, A. E.  Oakley, S.  Chapman, 
P.  Chater, G.  Cutts, A.  Watts, M.  Wharmby, B. D.  Vandegehuchte, 
Phys. Chem. Chem. Phys. 2020, 22, 18860.

[33] M. Basham, J. Filik, M. T. Wharmby, P. C. Y. Chang, B. El Kassaby, 
M.  Gerring, J.  Aishima, K.  Levik, B. C. A.  Pulford, I.  Sikharulidze, 
D. Sneddon, M. Webber, S. S. Dhesi, F. Maccherozzi, O. Svensson, 
S. Brockhauser, G. Naray, A. W. Ashton, J. Synchrotron Radiat. 2015, 
22, 853.

[34] X.  Yang, P.  Juhas, C. L.  Farrow, S. J.  Billinge, arXiv preprint 
arXiv:1402.3163, 2014.

[35] C. L.  Farrow, P.  Juhas, J. W.  Liu, D.  Bryndin, E. S.  Bozin, J.  Bloch, 
T. Proffen, S. J. Billinge, J. Phys.: Condens. Matter 2007, 19, 335219.

[36] J.  Schindelin, I.  Arganda-Carreras, E.  Frise, V.  Kaynig, M.  Longair, 
T.  Pietzsch, S.  Preibisch, C.  Rueden, S.  Saalfeld, B.  Schmid, Nat. 
Methods 2012, 9, 676.

[37] F.  De la Peña, V.  Fauske, P.  Burdet, T.  Ostasevicius, M.  Sarahan, 
M. Nord, J. Taillon, D. Johnstone, K. MacArthur, A. Eljarrat, Microsc. 
Microanal. 2017, 23, 214.

[38] a) P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, 
D.  Cournapeau, E.  Burovski, P.  Peterson, W.  Weckesser, J.  Bright, 
Nat. Methods 2020, 17, 261; b) S.  Van der Walt, J. L.  Schönberger, 
J. Nunez-Iglesias, F. Boulogne, J. D. Warner, N. Yager, E. Gouillart, 
T.  Yu, PeerJ 2014, 2, e453; c) C. R.  Harris, K. J.  Millman, S. J.  van 
der  Walt, R.  Gommers, P.  Virtanen, D.  Cournapeau, E.  Wieser, 
J. Taylor, S. Berg, N. J. Smith, Nature 2020, 585, 357.

[39] a) J.  Enkovaara, C.  Rostgaard, J. J.  Mortensen, J.  Chen, M.  Dulak, 
L.  Ferrighi, J.  Gavnholt, C.  Glinsvad, V.  Haikola, H. A.  Hansen, 
H. H.  Kristoffersen, M.  Kuisma, A. H.  Larsen, L.  Lehtovaara, 
M.  Ljungberg, O.  Lopez-Acevedo, P. G.  Moses, J.  Ojanen, T.  Olsen, 
V.  Petzold, N. A.  Romero, J.  Stausholm-Moller, M.  Strange, 
G. A.  Tritsaris, M.  Vanin, M.  Walter, B.  Hammer, H.  Hakkinen, 
G. K. Madsen, R. M. Nieminen, et al., J. Phys.: Condens. Matter 2010, 
22, 253202; b) A. H. Larsen, J. J. Mortensen, J. Blomqvist, I. E. Castelli, 
R.  Christensen, M.  Dułak, J.  Friis, M. N.  Groves, B.  Hammer, 
C. Hargus, J. Phys.: Condens. Matter 2017, 29, 273002; c) J. J. Mortensen, 
L. B.  Hansen, K. W.  Jacobsen, Phys. Rev. B 2005, 71, 035109; 
d) J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

Small Methods 2022, 6, 2200420


