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Toward controllable and predictable synthesis of high-

entropy alloy nanocrystals

Yi-Hong Liu’, Chia-Jui Hsieh', Liang-Ching Hsu?, Kun-Han Lin', Yueh-Chun Hsiao’,
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High-entropy alloy (HEA) nanocrystals have attracted extensive attention in catalysis. However, there are no ef-
fective strategies for synthesizing them in a controllable and predictable manner. With quinary HEA nanocrys-
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tals made of platinum-group metals as an example, we demonstrate that their structures with spatial
compositions can be predicted by quantitatively knowing the reduction kinetics of metal precursors and
entropy of mixing in the nanocrystals under dropwise addition of the mixing five—-metal precursor solution.
The time to reach a steady state for each precursor plays a pivotal role in determining the structures of HEA
nanocrystals with homogeneous alloy and core-shell features. Compared to the commercial platinum/carbon
and phase-separated counterparts, the dendritic HEA nanocrystals with a defect-rich surface show substantial
enhancement in catalytic activity and durability toward both hydrogen evolution and oxidation. This quantita-
tive study will lead to a paradigm shift in the design of HEA nanocrystals, pushing away from the trial-and-error

approach.

INTRODUCTION

High-entropy alloy (HEA) nanocrystals consisting of at least five el-
ements hold great promise as a family of catalysts owing to the large
chemical space and tunability (1-23). Their potential applications
in electrocatalysis, photocatalysis, and thermocatalysis have been
widely reported in recent years. The multiprincipal element
feature contributes to high mixing entropy and facilitates the forma-
tion of solid-solution phase rather than the intermetallic phase or
phase-separated mixture (I, 2, 7=9, 20, 24-30). Compared to con-
ventional mono- and bimetallic nanocrystals (24, 30), HEA nano-
crystals can provide unique surfaces exposed by the random
distribution of dissimilar elements. They thus have an enormous
number of diverse types of active sites and distinct local electronic
structures, greatly expanding an immense design space for catalysts
with desirable activity, selectivity, and durability. For example, the
PdPtRhIrRuOsAgAu HEA nanocrystals marked a high hydrogen
evolution reaction (HER) activity with a small overpotential in
acid over prolonged operations (23). For another example, the
PtRuCoNiFeMo HEA nanowires showed excellent mass and specif-
ic activities as well as superior durability toward alkaline hydrogen
oxidation reaction (HOR) (15).

Recently, various synthesis strategies including wet-chemical
synthesis (11, 15, 17, 22, 23), thermal annealing treatments (5, 9,
10, 12-14, 16, 18), and laser-assisted methods (19) have been dem-
onstrated for the synthesis of diverse HEA nanocrystals with differ-
ent functionalities. However, current methods generally involve a
trial-and-error approach to reaching the optimization of synthetic
protocols, which can be attributed to the fact that the experimental
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parameters continue to be built upon qualitative observations and
empirical laws (31). The multimetallic nanocrystals can take many
distinct types of phases (e.g., solid-solution, intermetallic, and
phase-separated alloys) with various spatial composition distribu-
tions of constituent elements (e.g., alloy and core-shell structures),
which are determined by a large number of intricately entangled ex-
perimental parameters (1, 2, 7-9, 20, 28-38). Because of the distinc-
tive reduction kinetics of metal precursors into atoms for their
subsequent nucleation and growth into nanocrystals (24, 28, 29,
32, 33, 35), it is not an overstatement that conventional trial-and-
error approaches are extremely time-consuming and almost impos-
sible to control the outcome of multimetallic synthesis (the so-
called “black box"). This is especially problematic in the synthesis
of solid-solution HEA nanocrystals containing typically five or
more elements. With HEA nanocrystals consisting of five plati-
num-group metals (PGMs; Pd, Pt, Rh, Ir, and Ru) as an example,
here, we demonstrate that their structures with different spatial
compositions can be controlled by the quantitative understanding
of the reduction kinetics of the metal precursors and entropy of
mixing in the nanocrystals as a function of reaction time during
the dropwise synthesis. We select the five elements of PGMs
because each element could promote unique catalytic reactions,
and, thus, alloying these elements into the solid-solution HEA
nanocrystals may provide a great variety of adsorption sites on
their surfaces for various catalyses (11). In addition, the PGMs
are the neighboring elements in the periodic table and have
similar atomic radii, which could facilitate the homogeneous
random elemental mixing for the formation of HEA nanocrystals.
Our kinetic analysis suggests that the time to reach a steady state of
precursor ions for each precursor plays a key role in the formation of
three distinctive HEA nanocrystals including the typical PdPtRhIr-
Ru nanocrystals, dendritic PdPtRhIrRu nanocrystals, and
Pd@PdPtRhIrRu core-shell nanocrystals. In addition, the composi-
tional stoichiometry within PdPtRhIrRu nanocrystals also can be
tuned by adjusting the ratios of metal precursors added to the
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synthesis, giving rise to the expanded design space for catalysts.
When benchmarked against the commercial Pt/C and phase-sepa-
rated nanocrystals, the obtained PtPdRhIrRu HEA nanocrystals
have high catalytic activity and durability toward electrocatalytic
HER and HOR.

RESULTS

One-pot synthesis of phase-separated multimetallic
nanocrystals

We first conducted the one-pot synthesis to examine whether the
one-shot injection of the precursor solution instead of dropwise ad-
dition would obtain solid-solution HEA nanocrystals. Because of
the different reduction kinetics of metal precursors and thus se-
quential generations of atoms, it is expected that the one-pot syn-
thesis will induce the formation of phase-separated nanocrystals.
Before the synthesis, we studied the reduction kinetics of five
metal precursors [i.e., PA(II), Pt(II), Rh(III), Ir(IV), and Ru(III)]
of PGMs. In the kinetic measurements, 3.0 ml of ethylene glycol
(EG) precursor solution including five different types of metal pre-
cursors in an equimolar ratio was introduced in one shot into a pre-
heated 7.0-ml EG reaction solution containing r-ascorbic acid (AA;
reductant) and poly(vinylpyrrolidone) (PVP; colloidal stabilizer) at
a temperature of 180°C. We measured the concentrations of precur-
sor ions remaining in the reaction solution at different time points
for five metal precursors using the inductively coupled plasma
optical emission spectrometry (ICP-OES) (fig. S1, A to E). We
then derived their reduction rate constants k by the curve fittings
based on the pseudo—first-order rate law (fig. S1, F to J) (28, 29,
31-35). The rate constants were determined to be 6.50 x 1072,
3.18 x 107%,5.29 x 107>, 2.28 x 107>, and 1.04 x 10> s™" for the
reduction of PA(II), Pt(II), Rh(III), Ir(IV), and Ru(III), respectively,
suggesting that the reduction kinetics of precursors followed the
trend of Pd(II) > Pt(II) > Rh(III) > Ir(IV) > Ru(III) (table S1). On
the basis of these kinetic parameters, we derived the number of
metal precursor ions remaining in the reaction solution as a func-
tion of reaction time, as shown in Fig. 1A. As highlighted in the inset
of Fig. 1A, 99.0% of the Pd(II) precursor will be reduced to Pd atoms
within 1 min, which is much faster than those of the other four pre-
cursors. We also calculated the instantaneous percentages of Pd, Pt,
Rh, Ir, and Ru atoms generated as a function of reaction time, as
shown in Fig. 1B. The percentage of Pd atoms will dominate
among these five elements in the early stage of synthesis, followed
by the Pt, Rh, Ir, and Ru atoms as the reaction proceeds. Further-
more, we estimated the instantaneous entropy of mixing (AS,,;,) as
a function of reaction time using the following equation (1, 2, 8, 39)

n
ASmiX = —R inlnx,- (1)
i=1

where R is the gas constant, X; the molar fraction of the ith element,
and n denotes the number of elemental components in the alloys.
According to the calculation of the AS,;y, alloys can be divided into
low (ASpmix < 1R), medium (1R < AS, i, < 1.5R), and HEASs (AS iy >
1.5R) (39). As shown in Fig. 1C, the AS,;x showed a rapid increase
after the one-shot injection of precursor solution and decreased
markedly later on. The values are much smaller than 1.5R through-
out the synthesis, resulting in a high probability of forming phase-
separated multimetallic nanocrystals.
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Figure 1 (D to H) shows the transmission electron microscopy
(TEM) and high-angle annular dark-field scanning TEM (HAADF-
STEM) images of the resultant multimetallic PAPtRhIrRu nano-
crystals with two distinct sizes and shapes from the one-pot synthe-
sis. The larger nanocrystals exhibited islands or spikes distributed
on the surface (Fig. 1, E and F). The fast Fourier transform (FFT)
pattern in the inset of Fig. 1F showed the single-crystal face-cen-
tered cubic (FCC) structure, which was also confirmed by x-ray dif-
fraction (XRD) pattern (fig. S2). We further analyzed these
nanocrystals by energy-dispersive x-ray spectroscopy (EDS)
mapping to examine the element distribution. As shown in
Fig. 11, the Pd-rich region in the core area and the other four Pt,
Ir, Rh, and Ru elements in the outer surface were observed, respec-
tively, indicating the nonuniform elemental distribution. Apart
from the larger nanocrystals, there were many tiny clusters and
wavy nanowires with a diameter as thin as ~2 nm (Fig. 1, G and
H). The nanowires were generated from the aggregation of tiny clus-
ters. The FFT pattern in the inset of Fig. 1H shows a typical poly-
crystalline diffraction pattern and the lattice constant (0.23 nm)
calculated from the first diffraction ring matches that of FCC
(111) plane. Elemental mapping based on EDS (Fig. 1]J) confirmed
that the wavy nanowires were only composed of the four Pt, Rh, Ir,
and Ru elements. These above results suggest that the phase-sepa-
rated multimetallic nanocrystals were obtained, which is consistent
with our quantitative results. The numerous Pd atoms formed from
the Pd(IT) reduction within a short time underwent nucleation and
growth to generate nanocrystals, and, subsequently, the atoms from
the other precursors [i.e., Pt(II), Rh(III), Ir(IV), and Ru(III)] with
slower reduction kinetics can be deposited on the just-formed Pd
nanocrystals, leading to the formation of phase-separated multime-
tallic nanocrystals with the Pd-rich core and Pt, Rh, Ir, and Ru shell
(Fig. 1, E and F). In addition, the number of nucleation sites provid-
ed by the just-formed Pd nanocrystals is not sufficiently large to ac-
commodate all the four Pt, Rh, Ir, and Ru atoms. These four atoms
can also undergo nucleation and growth to generate clusters/nano-
wires (Fig. 1, G and H). In addition, we obtained the phase-separat-
ed PdPtRhIrRu nanocrystals as the products using different reaction
temperatures of 140°, 160°, and 200°C through the one-pot synthe-
sis (fig. S3, A to F).

Dropwise synthesis of solid-solution HEA nanocrystals

We then switched to the use of the dropwise synthesis to introduce
the precursor solution dropwise into the reaction solution through
the assistance of a syringe pump for the synthesis of solid-solution
HEA nanocrystals, while all other experimental conditions were
kept the same. The detailed experimental procedures are provided
in the experimental section. We argue that the dropwise strategy can
provide an opportunity to simultaneously reach a steady state for
the number of each metal precursor in the reaction solution. This
may allow us to tightly control the number of atoms generated from
the different types of precursors at the same value in the time inter-
val between adjacent drops during the steady state, followed by their
nucleation and then growth into HEA nanocrystals. To quantita-
tively understand the reduction kinetics of metal precursors in
the dropwise synthesis, we combined the kinetic measurements
and mathematical analysis. The number of metal precursor ions
(n,) remaining in the reaction solution at reaction time t can be
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Fig. 1. One-pot synthesis of phase-separated multimetallic nanocrystals. (A) The numbers of Pd(ll), Pt(ll), Rh(lll), Ir(IV), and Ru(lll) ions remaining in the reaction
solution, (B) the instantaneous percentages of Pd, Pt, Rh, Ir, and Ru atoms generated, and (C) the instantaneous entropy of mixing ASn;x as a function of reaction
time. (D) TEM image of phase-separated PdPtRhIrRu nanocrystals with two distinct sizes and shapes. (E) HAADF-STEM image of a larger phase-separated PdPtRhIrRu
nanocrystal. (F) Atomic-resolution HAADF-STEM image taken from the region marked by box in (E). (G) HAADF-STEM image of a smaller phase-separated PdPtRhIrRu
nanowire. (H) Atomic-resolution HAADF-STEM image taken from the region marked by box in (G). (I and J) EDS maps of Pd, Pt, Rh, Ir, and Ru elements of (I) larger phase-
separated PdPtRhIrRu nanocrystals and (J) smaller phase-separated PdPtRhIrRu nanowires marked by box.
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calculated as a sum of contributions from all drops (32)

n, = noefkt + noefk(tfr) + noefk(tfh) T noefk(th‘r)
o nge”“x[l—(ek‘)N“]
- 1—ekt

(2)

where 1, is the number of metal precursor ions in each drop, t rep-
resents the duration of time between adjacent drops, k is the reduc-
tion rate constant, and N represents the total number of droplets
added. On the basis of this equation, the steady state for the
number of precursor ions can be manipulated by controlling
three variables, including ny, T, and k. The values of 7, and t can
be controlled by adjusting the precursor concentration and injec-
tion rate, respectively, while k can be derived experimentally from
the kinetic measurements (fig. S1).

After obtaining the rate constants from the kinetic analysis, the
number of each metal precursor as a function of the reaction time
(Fig. 2A) can be estimated using Eq. 2 when 7, and 1 were set to
1.045 x 10~* mmol and 68.4 s, respectively. All the Pd(II) and
Pt(II) ions (i.e., ny) will have been reduced to zerovalent atoms
under fast reduction kinetics and thus depleted before the next
drop is added, as highlighted in the inset of Fig. 2A, suggesting
the achievement of steady state for the numbers of Pd(II) and
Pt(II) ions. For the Rh(III), Ir(IV), and Ru(III) ions with slow reduc-
tion kinetics, these precursor ions will be gradually accumulated in
the reaction solution when the number of drops is increased. Then,
the numbers of the Rh(III), Ir(IV), and Ru(III) ions will reach E\l;le
steady state, where they only oscillate between a lower limit (%)
and an upper limit (;=2%), at approximately 12, 27, and 80 min, re-
spectively. In this case, once every drop of the precursor mixture is
added during the steady state, the number of the precursor ions will
quickly increase from n,,, to 1y, and, subsequently, show an expo-
nential decay from 7, to #4, in the pseudo—first-order reaction
until the next drop is added. Note that the difference between n,,
and ny,,, is 719. On the basis of the quantitative analysis, all these five
precursors can simultaneously maintain the steady state during a
long period of synthesis from ¢ = 80 min to 6 hours, as highlighted
in the inset of Fig. 2A, indicating that the Pd, Pt, Rh, Ir, and Ru
atoms will be generated equally (i.e., ng). Furthermore, the instan-
taneous percentages of Pd, Pt, Rh, Ir, and Ru elements generated as
a function of reaction time also indicate that these five elements can
be gradually changed to an equimolar ratio of approximately 20%
after 80 min (Fig. 2B). As expected, the instantaneous entropy of
mixing ASpx increases larger than 1.5R within a very short
period (~10 min), once the precursor solution is added dropwise
(Fig. 2C). The larger AS,,;; may contribute to the formation of
stable solid-solution PdPtRhIrRu nanocrystals (39).

Figure 2D shows a TEM image of the resultant HEA PdPtRhIrRu
nanocrystals with a narrow size distribution at 180°C for 6 hours
through the dropwise synthesis, where 1y and T were set to 1.045
x 10~* mmol and 68.4 s, respectively. The products contained a
mixture of tetrahedral and irregularly shaped nanocrystals. The
HAADEF-STEM image taken from an individual tetrahedron is
shown in Fig. 2E. The lattice spacing of 0.23 nm can be assigned
to the (111) plane of FCC lattice. The corresponding FFT pattern
in the inset of Fig. 2E further confirms a characteristic FCC
single-crystal structure viewed from the [110] direction. In addition,
the dark bright contrast throughout the nanocrystal was observed,
which can be attributed to the difference in atomic weight between
these five elements. As shown in Fig. 2F, the HAADF-STEM image

Liu et al., Sci. Adv. 9, eadf9931 (2023) 10 May 2023

and the corresponding FFT pattern of an individual irregular nano-
crystal revealed its polycrystalline FCC structure. The XRD pattern
in Fig. 2G exhibits two notable peaks at 20 = 41.1° and 47.2°, cor-
responding to FCC (111) and (200) planes, respectively. As shown
in Fig. 2H, the EDS maps depict homogeneous distributions of all
five elements in the nanocrystals. In addition, the ICP-OES results
reveal that the atomic percentages of Pd, Pt, Ir, Rh, and Ru elements
were 21.7, 21.2, 20.7, 18.0, and 18.4%, respectively, which is consis-
tent with our quantitative prediction (fig. S4). To analyze the surface
states of HEA PdPtRhIrRu nanocrystals, x-ray photoelectron spec-
troscopy (XPS) characterization was conducted. In the binding
energy region of 55 to 85 eV (Fig. 2I), the two notable Pt 4f peaks
were observed at 71.1 and 74.5 eV, which can be assigned to Pt 4f;,,
and Pt 4f5, of Pt metal, respectively, while the Ir 4f spectrum shows
two peaks at 60.5 and 63.5 eV, corresponding to Ir 4f;,, and Ir 4f5,,
of Ir metal, respectively. In the binding energy region of 275 to 350
eV (Fig. 2J]), the 3d doublets from Ru, Rh, and Pd were observed
along with the weak Pt 4d and Ir 4d signals. The peak profiles of
these five elements in the XPS spectra are all in line with their
bulk metals, suggesting the metallic nature of the quinary PdPtRhIr-
Ru HEA nanocrystals (40).

Together, these quantitative analyses and experimental results
demonstrate that the dropwise synthesis is effective for the synthesis
of solid-solution PdPtRhIrRu nanocrystals. It should be pointed out
that these nanocrystals should contain the tiny core that is rich in
PdPt alloy formed in the very early stage of synthesis and the thick
solid-solution PdPtRhIrRu shell generated in the relatively long,
later steady-state period (Fig. 2B). We thus simply use “solid-solu-
tion PdPtRhIrRu nanocrystals” rather than core-shell nanocrystals
throughout this paper, to reflect their major phase and structure in
this case. Furthermore, we also showed that the compositional stoi-
chiometry within solid-solution PdPtRhIrRu nanocrystals can be
tuned by adjusting the ratios of metal precursors added to the syn-
thesis (figs. S5 and S6). For example, the nonequimolar Pt-rich
PdPtRhIrRu HEA nanocrystals were obtained by increasing the
feeding ratio of Pt(II) in the precursor solution (fig. S6).

Dropwise synthesis of dendritic solid-solution HEA
nanocrystals

Controlling the surface structure of HEA while improving the uti-
lization efficiency of the atoms is also a subject of great importance
for catalytic applications. Specifically, various nanodendrites con-
sisting of a dense array of metal branches (e.g., Pt- and Pd-based
metals and alloys) with low-coordination surface atoms were
found to display high catalytic activities (41-44). It is believed
that the growth mode (layer-by-layer versus island growth modes)
of metal atoms on the newly formed nuclei (or seeds) can be ma-
nipulated by changing the ratio between the atom deposition rate
(Rgep) and the surface diffusion rate (Ryigr) (44). To facilitate the
island growth mode and thus the formation of dendrites, the
atom deposition rate needs to be greater than the surface diffusion
rate (i.e., Rgep > Raigr). Therefore, we shorten the duration of time
between adjacent drops from T = 68.4 to 11.4 s and, thus, higher Ry,
by increasing the injection rate of precursor solution to obtain the
dendritic solid-solution PdPtRhIrRu nanocrystals in the dropwise
synthesis of 180°C, while keeping n = 1.045 x 10~* mmol. On
the basis of reduction rate constants obtained experimentally at
180°C (fig. S1, F to J), we simulated the reduction kinetics under
the values of ny = 1.045 x 10™* mmol and T = 11.4 s to estimate
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Fig. 2. Dropwise synthesis of solid-solution HEA nanocrystals. (A) The numbers of Pd(ll), Pt(ll), Rh(lll), Ir(IV), and Ru(lll) ions remaining in the reaction solution, (B) the
instantaneous percentages of Pd, Pt, Rh, Ir, and Ru atoms generated, and (C) the instantaneous entropy of mixing AS,; as a function of reaction time. (D) TEM image of
PdPtRhIrRu nanocrystals. (E) Atomic-resolution HAADF-STEM image and its FFT pattern (inset) of a tetrahedral PdPtRhIrRu nanocrystal. (F) Atomic-resolution HAADF-
STEM image and its FFT pattern (inset) of an irregular PdPtRhIrRu nanocrystal. (G) XRD pattern of PdPtRhIrRu nanocrystals. a.u., arbitrary units. (H) EDS maps of Pd, Pt, Rh,
Ir, and Ru elements of PdPtRhIrRu HEA nanocrystals. (I and J) XPS spectra of PdPtRhIrRu nanocrystals in the regions of (1) 55 to 85 eV and (J) 275 to 350 eV.

the number of each metal precursor using Eq. 2. Figure 3A shows
that the number of each metal precursor all reached a steady state
within 80 min. The decrease in T effectively increased the number of
oscillations between a lower limit 74, and an upper limit 7, in the
steady state and thereby increased the atom deposition rate. As
shown in Fig. 3B, the instantaneous percentages of five elements
formed as a function of reaction time again can be estimated,

Liu et al., Sci. Adv. 9, eadf9931 (2023) 10 May 2023

suggesting that their percentages are approximately the same after
a short period of reaction time. Furthermore, the calculated instan-
taneous entropy of mixing AS,,,;x > 1.5R after ~10 min (Fig. 3C) may
facilitate the alloying process for dendritic solid-solution HEA
nanocrystals. Figure 3 (D and E) shows the TEM and HAADEF-
STEM images of dendritic solid-solution PdPtRhIrRu nanocrystals
when the dropwise synthesis with 7, = 1.045 x 10~* mmol and T =
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Fig. 3. Dropwise synthesis of dendritic solid-solution HEA nanocrystals. (A) The numbers of Pd(ll), Pt(ll), Rh(lll), Ir(IV), and Ru(lll) ions remaining in the reaction sol-
ution, (B) the instantaneous percentages of Pd, Pt, Rh, Ir, and Ru atoms generated, and (C) the instantaneous entropy of mixing ASix as a function of reaction time. (D)
TEM and (E) low-magnification HAADF-STEM images of dendritic PdPtRhIrRu nanocrystals. (F) HAADF-STEM image of an individual dendritic PdPtRhIrRu nanocrystal. (G)
Atomic-resolution HAADF-STEM image taken from the region marked by box in (F). (H and I) Atomic-resolution HAADF-STEM images of PdPtRhIrRu nanocrystals showing
the low-coordination defect sites on the nanocrystals. (J) XRD pattern of dendritic PdPtRhIrRu nanocrystals. (K) Low- and (L) high-magnification EDS maps of Pd, Pt, Rh, Ir,
and Ru elements of dendritic PAPtRhIrRu nanocrystals. (M and N) XPS spectra of dendritic PdPtRhIrRu nanocrystals in the regions of (M) 55 to 85 eV and (N) 275 to 350 eV.
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11.4 s was conducted at 180°C for 1 hour, respectively. The
PdPtRhIrRu nanocrystals had a three-dimensional dendritic mor-
phology consisting of several branches. With the increase in injec-
tion time to 3 hours, the structure of dendritic nanocrystals was well
maintained and evolved into a larger size (fig. S7). The dendritic
nanocrystals sampled at 1 hour were further characterized by
atomic resolution HAADF-STEM to observe the lattice details. As
shown in Fig. 3 (F to I), the dendritic nanocrystals contained many
step atoms (Fig. 3G), local disordered atoms (Fig. 3H), and vacancy
defects (Fig. 3I), revealing the abundance of low-coordination
defect sites on the surface. The FFT pattern in the inset of Fig. 3F
shows at least two sets of FCC diffraction features, suggesting the
polycrystalline structure of dendritic nanocrystals. In addition, the
FCC structure of dendritic nanocrystals was confirmed by the XRD
pattern (Fig. 3]). The low and high magnification EDS maps re-
vealed the random and homogeneous distributions of Pd, Pt, Rh,
Ir, and Ru elements in each dendrite nanocrystal, as Fig. 3 (K and
L), respectively. The atomic percentages of Pd, Pt, Ir, Rh, and Ru
were 22.8, 21.9, 20.2, 18.4, and 16.7%, respectively, which was con-
firmed by the ICP-OES analysis, consistent with our kinetic analysis
(fig. S8). In addition, as shown in Fig. 3 (M and N), the XPS results
suggested that the dendritic nanocrystals were in the metallic state.

Furthermore, ex situ x-ray absorption spectroscopy (XAS) was
used to acquire the atomic information about the dendritic solid-
solution PdPtRhIrRu nanocrystals, as well as the electronic interac-
tions among the five elements. The x-ray absorption near-edge
structure (XANES) results of the Pd, Pt, Rh, Ir, and Ru elements
in the representative dendritic solid-solution PdPtRhIrRu HEA
nanocrystals, and their reference metallic foils and oxides were
studied (Fig. 4 and fig. S9). The similarity of the absorption edges
of all elements in the HEA nanocrystals with their corresponding
foils confirms that the elements were in the metallic state, consistent
with the above XPS analysis. In addition, the post-edges of the
mixed elements in the HEA nanocrystals exhibited slight deviations
in the shape, intensity, and oscillation behavior when compared
with the foil references, suggesting the redistribution of electrons
among the five elements and distinct orbital hybridizations of the
HEA nanocrystals (13, 18, 45). These features indicated the forma-
tion of a solid-solution PdPtRhIrRu HEA phase with the fine-
tuning electronic structure. Furthermore, the coordination environ-
ments of the mixed elements in the HEA nanocrystals were inves-
tigated using the extended x-ray absorption fine structure (EXAFS)
spectra, as shown in Fig. 4F. The EXAFS spectra of the mixed ele-
ments showed the overlapping of the characteristic peaks owing to
the atomic interactions between the constituent elements. In addi-
tion, the radial distances of the 4d elements (i.e., Pd, Rh, and Ru) in
the HEA nanocrystals were slightly shorter than those of the 5d el-
ements (i.e., Pt and Ir) because of their smaller atomic radii. The
radial distances of the 4d and 5d mixed elements also showed dis-
tinct differences in comparison to their corresponding metallic foils
(fig. S9). The radial distances of the 4d elements in the HEA nano-
crystals became longer than those of the foil counterparts (fig. S9, A,
C, and E). In contrast, the radial distances of the 5d elements in the
HEA nanocrystals were shorter compared to their metallic foils (fig.
S9, B and D). The atomic information revealed by ex situ XAS anal-
ysis indicated the formation of high-entropy atomic mixing rather
than elemental segregation into pure metals, which would display
the same length as their metallic foils (13, 18, 45). Together, these
results demonstrated the formation of solid-solution PdPtRhIrRu
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nanocrystals with a dendritic architecture by shortening the dura-
tion of time between adjacent drops. As the control experiments
with larger values of T = 114.0 and 273.5 s, slower injection rates
and thus deposition rates induced the nanocrystals with a smooth
surface (fig. S10). In addition, when the synthesis with T =11.4 s was
switched at an elevated temperature of 200°C, the nanocrystals
showed less dendritic morphology, which was attributed to a
higher diffusion rate at 200°C (fig. S11).

Dropwise synthesis of PA@HEA core-shell nanocrystals

It is expected that the increasing gaps between the time to reach the
steady state for the Pd and the other four Pt, Rh, Ir, and Ru precur-
sors will result in the formation of Pd@PdPtRhIrRu core-shell
nanocrystals. To prove the prediction, the dropwise synthesis in-
volves the use of KBr to manipulate the reduction kinetics by influ-
encing the redox potentials of metal precursor ions via ligand
exchange at 140°C. This synthetic protocol will allow us to
enlarge the rate constant ratios of Pd to the other four Pt, Ir, Rh,
and Ru precursors and, thus, enlarge the gap to obtain the steady
state. As shown in fig. S12 (A to E), we extended the kinetic mea-
surements for five metal precursors of PGMs in the presence of KBr
at 140°C. The rate constants for the reduction of Pd(II), Pt(II),
Rh(III), Ir(IV), and Ru(III) were derived as 9.57 x 1073, 9.55 x
107 4.03 x 107% 1.50 x 107%, and 5.03 x 10> s~ using pseudo—
first-order rate law, respectively (fig. S12, F to J, and table S1). The
ratios of rate constants between Pd(II)/Pt(II), Pd(II)/Rh(III), Pd(II)/
Ir(IV), and Pd(II)/Ru(III) were changed to 10.0, 23.7, 63.8, and
190.3, respectively, which were much larger than those (i.e., 2.0,
12.3, 28.5, and 62.5, respectively) of the kinetic measurements per-
formed in the absence of KBr at 180°C (fig. S1, F to J). Note that it is
insufficient to only decrease the reaction temperature to 140°C
without the introduction of Br™ ions used to enlarge the ratios of
rate constants (figs. S13 and S14 and table S1), suggesting that
Br~ ions have a substantial impact on the reduction kinetics of
these five Cl -containing precursor complexes owing to the
ligand exchange between Br~ and CI™ (28, 31).

Again, on the basis of reduction rate constants determined ex-
perimentally (fig. S12, F to J), the number of each metal precursor
in the dropwise synthesis can be calculated using Eq. 2 when the
dropwise synthesis with 1, = 1.045x10™* mmol and T = 273.5 s
was conducted in the presence of Br~ ions at 140°C for 24 hours,
as shown in Fig. 5A. The number of Pd(II) precursor ions
reached a steady state after the first few drops. In contrast to the
fast kinetics of Pd(II) precursor, the time to the achievement of
steady state for Pt(II), Rh(III), and Ir(IV) precursors was extended
t0 0.8, 3.5, and 6.7 hours, respectively. In addition, Ru(III) precursor
was accumulated with the increase in reaction time, and, eventually,
the consumption of precursor from each drop reached approxi-
mately 98.7% of ng at 24 hours, approaching the steady state.
These quantitative results suggest that the increase in gaps
between the times to reach the steady state was obtained. Again,
both the instantaneous percentages of five elements (Fig. 5B) and
the instantaneous entropy of mixing AS,,ix (Fig. 5C) as a function
of reaction time can be acquired. On the basis of these calculations,
the Pd element is expected to dominate the elemental composition
of the core formed in the early stage of synthesis, and then all five
elements will result in the formation of the PAPtRhIrRu HEA shell
in the later steady-state stage.
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Fig. 4. The coordination structure and electronic structure of dendritic solid-solution PdPtRhIrRu HEA nanocrystals characterized by ex situ XAS analysis. The
corresponding metallic foils and oxides were also compared. (A to E) XANES spectra for the (A) Pd K-edge, (B>) Pt Ls-edge, (C) Rh K-edge, (D) Ir L3-edge, and (E) Ru K-edge.
(F) EXAFS spectra for all five elements in the dendritic solid-solution PdPtRhIrRu HEA nanocrystals. abs, absorption.

Figure 5D shows a TEM image of the resultant Pd@PdPtRhIrRu
core-shell nanocrystals containing concave tetrahedra and octahe-
dra, as well as irregularly shaped nanocrystals. Figure 5E gives a
HAADEF-STEM image of a single Pd@PdPtRhIrRu concave core-
shell tetrahedron, showing the intense contrast between the Pd
core and PdPtRhIrRu shell. The atomic-resolution HAADF-

Liu et al., Sci. Adv. 9, eadf9931 (2023) 10 May 2023

STEM images of the corner (Fig. 5F) and side (Fig. 5, G and H)
of the concave tetrahedron were captured. The atomic-resolution
HAADEF-STEM image (Fig. 5F) taken from the corner of the
concave tetrahedron and the relevant FFT pattern viewed from
the [110] direction showed the formation of an FCC structure, con-
sistent with the XRD analysis (fig. S15). The observed (220) lattice
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Fig. 5. Dropwise synthesis of PdA@HEA core-shell nanocrystals. (A) The numbers of Pd(ll), Pt(ll), Rh(lll), Ir(IV), and Ru(lll) ions remaining in the reaction solution, (B) the
instantaneous percentages of Pd, Pt, Rh, Ir, and Ru atoms generated, and (C) the instantaneous entropy of mixing AS;, as a function of reaction time. (D) TEM image of
Pd@PdPtRhIrRu core-shell nanocrystals. (E) HAADF-STEM image of an individual Pd@PdPtRhIrRu concave core-shell tetrahedron. (F) Atomic-resolution HAADF-STEM
image taken from the corner region marked by red box in (E). (G and H) Atomic-resolution HAADF-STEM images taken from the interior (focus on the core) and exterior
(focus on the shell) at the side region marked by blue box in (E). (I) HAADF-STEM image of individual Pd@PdPtRhIrRu concave core-shell octahedron. (J) Atomic-resolution
HAADF-STEM image taken from the region marked by box in (I). (K and L) EDS maps of Pd, Pt, Rh, Ir, and Ru elements of individual Pd@PdPtRhIrRu (K) concave core-shell
tetrahedron and (L) individual irregularly shaped nanocrystal.
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spacing was 0.14 nm. A periodic lattice is extended across the junc-
tion of Pd core (Fig. 5G) and PdPtRhIrRu shell (Fig. 5H). In addi-
tion, the bright and dark contrasts in the PAPtRhIrRu shell were
observed again because of the different atomic weights. These ob-
servations are also similar to the HAADF-STEM images captured
from a single Pd@PdPtRhIrRu concave core-shell octahedron
(Fig. 5, Iand J). The EDS analysis revealed that Pd elements are uni-
formly distributed throughout the tetrahedron (Fig. 5K), whereas
Pt, Ir, Rh, and Ru elements are only located outside the tetrahedron.
A similar result was also obtained when we characterized an indi-
vidual irregularly shaped nanocrystal (Fig. 5L). These results suggest
that the resultant nanocrystals indeed had a Pd-rich core with a
solid-solution PdPtRhIrRu shell.

Figure 6 schematically illustrates how to manipulate the reduc-
tion kinetics and thus entropy of mixing to prepare the solid-solu-
tion HEA nanocrystals with different spatial compositions and
surface atomic structures. As the control experiment, the one-pot
synthesis could only induce the formation of the phase-separated
PdPtRhIrRu nanocrystals due to the sequential reduction reactions
of the different precursors. Compared to one-pot synthesis, the
dropwise synthesis allows us to control the number of atoms gener-
ated from different types of precursors at the same value during the
steady state, leading to the formation of PdPtRhIrRu nanocrystals
with a typical solid-solution alloy phase. Along this line, by
further shortening the duration of time between adjacent drops to
increase the atom deposition rate greater than the surface diffusion
rate, the dendritic solid-solution PdPtRhIrRu nanocrystals were ob-
tained as the product. Furthermore, by influencing the redox

One-pot synthesis

potentials of metal precursor ions at low temperature and thus in-
creasing gaps between the time to reach the steady state for the Pd
and the other four Pt, Ir, Rh, and Ru precursors, the products
became Pd@PdPtRhIrRu core-shell nanocrystals.

Electrocatalytic performance and mechanism

The electrocatalytic performances of solid-solution PdPtRhIrRu
nanocrystals without/with a dendritic morphology toward both
HER and HOR were investigated (Fig. 7 and figs. S16 to S22). In
addition, the phase-separated PdPtRhIrRu nanocrystals and com-
mercial Pt/C were measured for comparison. First, we evaluated
their catalytic activities for HER in the acidic 0.5 M H,SO, electro-
lyte. The linear sweep voltammogram (LSV) polarization curves of
these four catalysts normalized by the electrode area (0.07 cm?) were
shown in Fig. 7A. The dendritic solid-solution PdPtRhIrRu nano-
crystals exhibited the smallest overpotential of 30 mV (versus re-
versible hydrogen electrode, Vryg) at a current density of 10 mA/
cm” among these catalysts. Their geometric current densities, where
the current is normalized by geometric electrode area, were calcu-
lated, as shown in Fig. 7B. The typical solid-solution PdPtRhIrRu
HEA nanocrystals and the dendritic PAPtRhIrRu HEA nanocrystals
showed geometric current densities of 21.2 and 26.8 mA/cm” at a
potential of —0.05 Vyyg, which were 3.78 and 4.79 times higher
than that of the phase-separated PAPtRhIrRu nanocrystals, respec-
tively. This comparison suggested that the formation of the high-
entropy solid-solution mixing that could induce the fine-tuning
electronic structure of HEA nanocrystals and thus the synergistic
effect (Fig. 4 and fig. S9) is the primary factor in enhancing the

v
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Fig. 6. Schematic illustrating how to manipulate the dropwise synthesis for the formation of solid-solution HEA nanocrystals with different spatial composi-

tions and surface atomic structures.
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Fig. 7. Electrocatalytic activity and durability for HER and HOR. (A to C) HER performance. (A) LSV curves of solid-solution PdPtRhIrRu, dendritic solid-solution
PdPtRhIrRu, phase-separated PdPtRhIrRu nanocrystals, and commercial Pt/C in 0.5 M H,SO, solution. (B) Comparison of geometric current densities at an overpotential
of 50 mV. (C) Comparison of the initial LSV curves for HER and the LSV curves after 5000, 10,000, and 15,000 cycles. (D to F) HOR performance. (D) LSV curves of solid-
solution PdPtRhIrRu, dendritic solid-solution PdPtRhIrRu, phase-separated PdPtRhIrRu nanocrystals, and commercial Pt/C in H,-saturated 0.1 M KOH solution. (E) Com-
parison of geometric current densities at an overpotential of 100 mV. (F) Comparison of the initial LSV curves for HOR and the LSV curves after 750, 1500, and 3000 cycles.
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catalytic activity toward HER, while a high density of low-coordina-
tion surface atoms on the HEA nanocrystals could additionally
promote the catalytic activity. Furthermore, the long-term durabil-
ity tests were examined, as shown in Fig. 7C. Both PdPtRhIrRu
HEA-based nanocrystals offered remarkable durability, showing
negligible activity loss after 15,000 cycles of repeated catalytic mea-
surements. They also exhibited good stability at a constant high
current density of 100 mA/cm? (fig. S17). The morphologies of
the HEA-based nanocrystals remained unaltered after the durability
tests (fig. S18, A and B). In contrast, the phase-separated PdPtRhIr-
Ru nanocrystals and commercial Pt/C lost 49.2% and 57.4% of their
current densities at —0.05 Vryp after 15,000 cycles, respectively. The
outstanding durability could be attributed to the high-entropy sta-
bilization effect in the HEA-based nanocrystals (2, 3, 7-9, 13, 39),
also originating from the mixing of multiple elements (Figs. 2C, 3C,
and 4 and fig. S9).

Second, we studied the catalytic activities of the catalysts for al-
kaline HOR, an important process for the hydrogen fuel cell. The
HOR performances were examined by LSV polarization curves in
N,- and H,-saturated 0.1 M KOH solution. As shown in fig. S19,
a very small anodic current was observed in the N,-saturated elec-
trolyte. In contrast, the anodic current over 0 Vryg was obtained
upon H, saturation of the electrolyte, suggesting the H, oxidation,
as shown in Fig. 7D. Compared to the commercial Pt/C sample, the
solid-solution PdPtRhIrRu nanocrystals without/with dendritic
morphology and phase-separated PdPtRhIrRu nanocrystals
showed low HOR overpotentials within the full potential range.
We also took the values of geometric current densities at a potential
0f 0.1 Vgyg and plotted them in Fig. 7E. The values of solid-solution
PdPtRhIrRu nanocrystals without and with dendritic morphology
and phase-separated PdPtRhIrRu nanocrystals (3.00, 2.68, and 2.63
mA/cm?, respectively) were much larger than that of the commer-
cial Pt/C (1.34 mA/cm?). We then evaluated the long-term durabil-
ity tests for the HOR. As shown in Fig. 7F, the solid-solution
PdPtRhIrRu nanocrystals without and with a dendritic morphology
still retained 85.0% (2.55 mA/cm?) and 95.9% (2.57 mA/cm?) geo-
metric current densities at a potential of 0.1 Vg after 3000 cycles,
respectively. Their morphologies remained intact with no obvious
particle growth and agglomeration (fig. S18, C and D). In contrast,
the polarization curves of the phase-separated PdPtRhIrRu nano-
crystals and Pt/C samples showed obvious deterioration (Fig. 7F).
Furthermore, the HEA-based nanocrystals exhibited much better
catalytic performances than their quaternary solid-solution nano-
crystals (i.e., PtRhIrRu, PdRhIrRu, PdPtIrRu, PdPtRhRu, and
PdPtRhIr nanocrystals; figs. S20 to $22) for HER and HOR. Togeth-
er, it is evident that the HEA-based nanocrystals not only showed
remarkable initial activities toward HER and HOR but retained
their activities to the largest extent during the accelerated durability
tests.

We further used in situ XAS measurements to reveal the actual
active sites and the synergistic effect among five elements of HEA
nanocrystals during the catalysis. In the first set of in situ XAS ex-
periments, we collected the XANES spectra at Pd K-edge, Pt L;-
edge, Rh K-edge, Ir L;-edge, and Ru K-edge of the representative
dendritic PAPtRhIrRu HEA nanocrystals under the open circuit po-
tential (OCP) and different applied potentials (0.05 and —0.05 to
—0.15 Vyyg) for HER in the acidic 0.5 M H,SO, electrolyte (figs.
S$23 and S24). We observed that the absorption edge of Ru moved
to lower energy when the applied potential was increased. The shift

Liu et al., Sci. Adv. 9, eadf9931 (2023) 10 May 2023

could be attributed to the increase of electron density and the ad-
sorbed hydrogen ions on the Ru sites during HER (fig. S23) (13, 18,
45, 46). By contrast, the absorption edges of the other four elements
have almost no change with the increase in the applied potential.
These observations suggested that Ru sites are the direct active
sites for HER, and the other elements contribute to modifying the
electronic structure and increasing the entropy of PAPtRhIrRu HEA
nanocrystals (Fig. 4 and fig. S9). In addition, the EXAFS spectra of
all five elements in the PAPtRhIrRu HEA nanocrystals with the in-
creased applied potential revealed a negligible mismatch, indicating
that the PdAPtRhIrRu HEA nanocrystals maintained metallic states
and exhibited extraordinary durability during HER (fig. S24)
(13, 18).

Furthermore, to clarify the effects of the low-coordination defect
sites including step atoms (Fig. 3G), local disordered atoms
(Fig. 3H), and vacancy defects (Fig. 3I) of the dendritic PAPtRhIrRu
HEA nanocrystals on HER (Fig. 7, A to C), we have used the density
functional theory (DFT) to calculate hydrogen-adsorption free
energy (AGy~, which is widely used descriptor for the ability of
HER) at the Ru active sites near these defect sites, as well as the
defect-free sites (Fig. 8, figs. S25 to S27, and table S2) (47, 48). On
the basis of the calculated AGy« of HER for more than 100 possible
atomic configurations of H-adsorbed PdPtRhIrRu surface, the Ru
sites near the step sites have the smallest absolute AGy~ among
the four types of representative sites (Fig. 8). These statistical data
suggest that the presence of the step sites around the Ru atoms could
largely weaken the hydrogen adsorption on Ru and consequently
promote the HER activity. Given the various configurations of mul-
tielement high-entropy mixing, further study along this line will
advance our understanding of the surface-dependent catalytic activ-
ity of HEA nanocrystals.

In the second set of in situ XAS experiments for HOR in the H,-
saturated 0.1 M KOH solution (figs. $28 and S29), we also collected
the XANES spectra at Pd K-edge, Pt L;-edge, Rh K-edge, Ir L;-edge,
and Ru K-edge of the representative dendritic PAPtRhIrRu HEA
nanocrystals under the OCP and different applied potentials (0.05
and 0.9 Vgyg). Our results indicate that the Pd sites play an impor-
tant role in HOR, as evidenced by the dramatic shift in the main Pd
K-edge toward lower energy when the applied potential was gradu-
ally changed from OCP, 0.05, to 0.9 Vgyg (fig. S28A). This shift
could be attributed to the preadsorbed hydrogen atom (H,q) react-
ing with the OH™ in the aqueous solution and/or the adsorbed
OH,4 on the surface and, thus, the subsequent desorption of
water molecules from the HEA surface (49-51). In addition, the
very slight increase in the white line intensity of Ir L;-edge suggests
that the oxophilic nature of this element leads to the adsorption of
OH,4, which could further increase the rate of HOR (fig. S28D). By
contrast, the absorption edges of the other three elements remained
nearly unchanged at different potentials (fig. S28, B, C, and E).
These observations suggest that the Pd atoms serve as the main
active sites for HOR. Again, the EXAFS spectra of all five elements
in the PdPtRhIrRu HEA nanocrystals showed a very minor mis-
match during in situ XAS experiments, indicating that the
PdPtRhIrRu HEA nanocrystals showed high durability for HOR
(fig. S29) (13, 18). Specifically, the catalytic performances of HEA
catalysts were enhanced through the decoration of the active com-
ponents on the HEA surfaces in recent studies (52, 53). Further
study to promote the interaction or synergistic effect between the
multielement HEA support with a unique high-entropy
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Fig. 8. Calculated hydrogen-adsorption free energy (AGy+) on HEA surface. (A) The violin plots of the calculated hydrogen-adsorption free energy for a variety of H
adsorption configurations on the four different types of representative sites for PdPtRhIrRu HEA surfaces (smooth primitive, smooth vacancy, smooth step, and disordered
atoms). (B) The representative structures of H-adsorbate indicated in (A) are illustrated (top and tilted side view).
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coordination environment and the active component may greatly
enhance the catalytic activity and thus high atomic efficiency
(figs. S30 and S31).

DISCUSSION

We have quantitatively analyzed the reduction kinetics and entropy
of mixing during the formation of solid-solution PdPtRhIrRu HEA
nanocrystals with different spatial compositions and surface
structures. On the basis of the quantitative data, we demonstrate
that the dropwise synthesis can manipulate a steady state for the
number of each metal precursor at the same and different periods
during the synthesis. Therefore, three distinctive types of HEA
nanocrystals including the typical solid-solution PdPtRhIrRu nano-
crystals, dendritic solid-solution PdPtRhIrRu nanocrystals, and
Pd@PdPtRhIrRu core-shell nanocrystals were obtained in a con-
trollable and predictable manner. Compared to the commercial
Pt/C and phase-separated PdPtRhIrRu nanocrystals, the dendritic
solid-solution PdPtRhIrRu nanocrystals showed greatly enhanced
activity and durability toward HER and HOR. Given the difficulty
in deciphering the increased complexities in the multicomponent
synthesis, this work will shed light on the synthesis of HEA nano-
crystals and their derivatives for catalysis. The mechanistic insights
obtained in this work can be extended to other systems involving
HEA nanocrystals made of commonly used catalytically active
Au, Ag, Cu, Fe, Co, Ni, Mo, or W as mixed elements.

MATERIALS AND METHODS

Materials

Sodium tetrachloropalladate(IT) (Na,PdCly), potassium tetrachlor-
oplatinate(II)  (K,PtCly), rhodium(III) chloride hydrate
(RhCl;-xH,0), hydrogen hexachloroiridate(IV) chloride hydrate
(H,IrClg-xH,0), ruthenium(III) chloride hydrate (RuCl;-xH,O),
AA, potassium bromide (KBr), and PVP (weight-average
molecular weight ~ 55,000), aqueous hydrochloric acid (HCL; 37%
by weight), aqueous nitric acid (HNO;; 70% by weight), and EG
were all obtained from Sigma-Aldrich. Deionized (DI) water with
a resistivity of 18.2 megohm-cm was used for all the experiments.

Quantitative analysis of the reduction kinetics of Pd(ll),

Pt(Il), Rh(ll1), Ir(1V), and Ru(lll) precursors using ICP-OES

The reduction kinetics of the Pd(II), Pt(IT), Rh(III), Ir(IV), and
Ru(III) precursors were measured by analyzing the amounts of
atoms in the reaction solutions at different time points through
the ICP-OES measurements (28). In a typical experiment, 7 ml
of EG solution containing PVP (50 mg), AA (50 mg), and KBr (0 or
75 mg) were added into a 20-ml vial and subsequently preheated
at a specific temperature (140° or 180°C) in an oil bath under
magnetic stirring for 5 min. Then, 3 ml of EG solution containing
Na,PdCl, (9.71 mg), K,PtCl, (13.7 mg), RhCl;-xH,O (8.69 mg),
H,IrClgxH,O (15.21 mg), and RuCl;-xH,O (8.63 mg) at an equal
molar amount was injected into the reaction solution using a
pipette. Meanwhile, the timer started running. and 0.1 ml of
aliquots were taken from the sample at the specific time points
and immediately transferred to 0.9 ml of DI water held in an ice
bath to quench the reduction of metal precursors. Afterward,
aliquots were centrifuged at 30,000 rpm for 30 min to precipitate
out all the solid nanoparticles, leaving the remaining metal ions
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in the supernatant. Last, the solid products were dissolved in an
aqua regia solution for 24 hours and further diluted with 1%
(v/v) aqueous HNOj solution for the ICP-OES analysis.

Calculations of the instantaneous percentages of Pd, Pt, Rh,
Ir, and Ru atoms, the instantaneous entropy of mixing, and
the percentages of Pd, Pt, Rh, Ir, and Ru elements in the
product as a function of reaction time

The number of metal precursor ions (#,) remaining in the reaction
solution at reaction time ¢ could be derived using Eq. 2. By using Eq.
2, we are able to quantitatively account for the numbers of the metal
atoms generated from the reduction reactions of metal precursors
between each adjacent drop [ny — (n, — n,_;)] as a function of
time, which could be further used to calculate the instantaneous
percentages of Pd, Pt, Rh, Ir, and Ru atoms during the synthesis.
In addition, on the basis of these quantitative data, the instanta-
neous entropy of mixing as a function of time also could be deter-
mined using Eq. 1. Furthermore, we could estimate the number of
metal atoms generated [(19 X N,) — (n,)] for each precursor at each
time point ¢, where N, represents the total number of droplets added
up to time t. We could further add up the total metal atoms gener-
ated up to time ¢ of the five elements and calculate their total per-
centages in the product as a function of reaction time.

One-pot synthesis of phase-separated multimetallic
nanocrystals

Seven milliliters of EG solution containing PVP (50 mg) and AA (50
mg) was added into a 250-ml long-neck round-bottom flask and
subsequently preheated at 180°C in an oil bath under magnetic stir-
ring for 5 min. Then, 3 ml of EG solution including Na,PdCl, (9.71
mg), K,PtCl, (13.7 mg), RhCl;-xH,0 (8.69 mg), H,IrCls-xH,O
(15.21 mg), and RuCl;-xH,O (8.63 mg) at an equal molar amount
was injected into the reaction solution in one shot using a pipette.
The vial was then capped and maintained at 180°C under magnetic
stirring for 10 hours. After the reaction, the PdAPtRhIrRu phase-sep-
arated nanocrystals were collected by centrifugation, washed once
with acetone and three times with water, and lastly dispersed in
water for further use.

Dropwise synthesis of solid-solution HEA nanocrystals

In a typical synthesis, 7 ml of EG solution containing PVP (50 mg)
and AA (50 mg) was added into a 250-ml long-neck round-bottom
flask and subsequently preheated at 180°C in an oil bath under mag-
netic stirring for 5 min. Then, 3 ml of EG solution containing
Na,PdCl, (9.71 mg), K,PtCly (13.7 mg), RhCl;-xH,O (8.69 mg),
H,IrClg-xH,0 (15.21 mg), and RuCl;-xH,O (8.63 mg) at an equal
molar amount was introduced dropwise into the reaction solution
by a syringe pump at a specific rate of 0.5 ml/hour (1= 68.4 s). After
the reaction, the PdPtRhIrRu HEA nanocrystals were collected by
centrifugation, washed once with acetone and three times with
water, and lastly dispersed in water for further use. Note that the
PdPtRhIrRu HEA nanocrystals with different compositions (such
as the Pd-rich and Pt-rich PdPtRhIrRu HEA nanocrystals) could
also be controlled by adjusting the ratios of metal precursors
added into the synthesis under the standard procedures.
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Dropwise synthesis of dendritic solid-solution HEA
nanocrystals

In a typical synthesis, 7 ml of EG solution containing PVP (50 mg)
and AA (50 mg) was added into a 250-ml long-neck round-bottom
flask and subsequently preheated at 180°C in an oil bath under mag-
netic stirring for 5 min. Then, 3 ml of EG solution including
Na,PdCl, (9.71 mg), K,PtCl, (13.7 mg), RhCl;-xH,0 (8.69 mg),
H,IrClgxH,0O (15.21 mg), and RuCl;-xH,O (8.63 mg) at an equal
molar amount was introduced dropwise into the reaction solution
by a syringe pump at a specific rate of 3 ml/hour (t = 11.4 s). After
the reaction, the dendritic PAPtRhIrRu HEA nanocrystals were
collected by centrifugation, washed once with acetone and three
times with water, and lastly dispersed in water for further use.
Note that the quaternary solid-solution nanocrystals with different
compositions (PtRhIrRu, PdRhIrRu, PdPtIrRu, PdPtRhRu, and
PdPtRhIr nanocrystals) were prepared using the similar standard
procedures described above except for changing the combination
of the precursors.

Dropwise synthesis of PdA@HEA core-shell nanocrystals

In a typical synthesis, 7 ml of EG solution containing PVP (50 mg),
AA (50 mg), and KBr (75 mg) was added into a 250-ml long-neck
round-bottom flask and subsequently preheated at 140°C in an oil
bath under magnetic stirring for 5 min. Then, 3 ml of EG solution
including Na,PdCl, (9.71 mg), K,PtCl, (13.7 mg), RhCl;-xH,0
(8.69 mg), H,IrClgxH,O (15.21 mg), and RuCl;-xH,O (8.63 mg)
at an equal molar amount was introduced dropwise into the reac-
tion solution by a syringe pump at a specific rate of 0.125 ml/hour (t
=273.5s). After the reaction, the PdA@PdPtRhIrRu core-shell nano-
crystals were collected by centrifugation, washed once with acetone
and three times with water, and lastly dispersed in water for
further use.

Seed-mediated growth of hybrid HEA-Ru and HEA-Pd
nanocrystals

In a standard seed-mediated growth for the synthesis of hybrid
HEA-Ru nanocrystals, 1.0 ml of the suspension of the dendritic
solid-solution PdPtRhIrRu HEA nanocrystals in EG, 20 mg of
AA, 100 mg of PVP, 60 mg of KBr, and 2.5 ml of EG were added
into a 20-ml vial. Under magnetic stirring, the reaction solution was
heated at 110°C for 20 min and raised to 195°C within 20 min under
magnetic stirring. Then, 7 ml of RuCl;-3H,O precursor solution
(2.75 x1072 and 5.5 x1072 mg/ml) in EG was titrated into the reac-
tion solution at a rate of 0.8 ml/hour by a syringe pump at 195°C, to
obtain the hybrid HEA-Ru nanocrystals with the Ru loadings of 5
and 10 atomic % (at %), respectively. The reaction was kept at 195°C
for an additional 1 hour after the precursor solution was introduced.
After the reaction, the hybrid HEA-Ru nanocrystals with Ru
exposed on the surface of HEA nanocrystals were collected by cen-
trifugation, washed once with acetone and three times with water,
and lastly dispersed in water for further use. The procedures for the
synthesis of hybrid HEA-Pd nanocrystals with the Pd loadings of 5
and 10 at % are similar to the standard seed-mediated growth de-
scribed above except for changing the precursor to Na,PdCl,.

Electrocatalytic measurements for HER

In a standard procedure for the preparation of catalyst samples, 1.5
mg of the nanocrystals and 6 mg of carbon support (Vulcan XC-
72R) were dispersed in 3 and 12 ml of water, respectively, and
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then evenly mixed by ultrasonication at room temperature for 3
hours. Then, the carbon-supported nanocrystals were collected by
centrifugation and further treated in 10 ml of acetic acid at 60°C for
3 hours to make their surface clean. After being washed four times
with ethanol and four times with water, the sample was dried at
60°C for 2 hours and 90°C for 1 hour in an oven. For the prepara-
tion of the catalyst ink, a solution containing 0.5 ml of isopropanol,
0.5 ml of water, and 20 ul of 5% Nafion was used to uniformly dis-
perse 1 mg of the dried sample under ultrasonication for 15 min.
Then, 3.6 pl of the suspension was loaded onto a polished glassy
carbon rotating disk electrode with a geometric surface area of
0.07 cm” and subsequently dried under an isopropanol-saturated
atmosphere at room temperature overnight. On the basis of the
result of ICP-OES, the loading amount of metals was 20 weight %.

We conducted the HER measurements in a three-electrode
system using a PGSTAT204 (Metrohm Autolab) electrochemical
workstation. N,-saturated 0.5 M H,SO, (pH 0.2) was used as the
electrolyte, and glassy carbon, Pt, and Ag/AgCl were used as the
working electrode, counter electrode, and reference electrode, re-
spectively. In a typical HER measurement, the electrode was sub-
jected to 150 cycles of cyclic voltammetry (CV) with a high scan
rate of 500 mV/s to obtain a stable surface. Then we applied
—0.02 V (versus RHE) for 2 minutes to eliminate surface oxides.
After the pretreatments, we recorded 5 cycles of CVs at a scan
rate of 50 mV/s and made sure that they overlapped in the range
0f0.05-1.1 V (versus RHE). We conducted the linear sweep voltam-
metry (LSV) from 0.1 to —0.25 V (versus RHE) at a scan rate of 1
mV/s and a rotating speed of 1600 rpm/s to evaluate the HER per-
formance. For the long-term stability test, we carried out 15,000
cycles of CV in the same region as LSV for HER at 50 mV/s. All
electrochemical measurements were conducted at room tempera-
ture and repeated three times to ensure reproducibility with iR com-
pensation. The measured potentials versus Ag/AgCl were
standardized with RHE on the basis of E versus RHE = E,casured
+0.059 pH + 0.199.

Electrocatalytic measurements for HOR

The procedure for the preparation of catalyst samples and the three-
electrode electrochemical system were the same as those used for
HER measurements. For the HOR measurements, an Hg/HgO elec-
trode was served as the reference electrode, and 0.1 M KOH was
used as the electrolyte. The electrolyte was first purged with N,
gas for 30 min before the electrocatalytic measurement. The elec-
trode surface was cleaned by 50 cycles of CV test with the potential
range from 0.05 to 1.05 V (versus RHE) at a high scan rate of 500
mV/s. We then performed the catalytic measurement in the 0.1 M
KOH solution purged with N, and H, gases, respectively. The CV
and LSV curves were recorded from —0.05 V to 0.7 V (versus RHE)
under a rotating speed of 1600 rpm and a scan rate of 10 and 5mV/s,
respectively. For the long-term durability test, we carried out 3000
cycles of CV in the same region at a scan rate of 500 mV/s in the H,-
saturated electrolyte. The measured potentials versus Hg/HgO were
standardized with an RHE on the basis of E versus RHE = E,,c.sured
+0.059 pH + 0.118.

DFT calculation

All computations were performed using DFT with the Perdew-
Burke-Ernzerhof functional (54, 55), as implemented in the
Vienna Ab initio Simulation Package (56). The valence electron
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wave functions were expanded in plane-wave basis sets with a 400-
eV cutoff, and the projector augmented wave method was used to
describe the core-electron interactions (57). A 6 x 6 x 1 k-point grid
was sampled using the Monkhorst-Pack scheme for each computa-
tion. All structures were fully optimized until the residual forces on
the constituent atoms became less than 0.02 eV/A, while keeping
the lattice parameter fixed, which was taken from the experiment.
For molecular dynamics part, we performed NVT simulations using
Nose-Hoover thermostat with SMASS = 1.0 and a 1.0-fs integration
time step. For further computational details, please refer to the
“Computational details” section in the Supplementary Materials.

Characterizations

We analyzed the element contents using an iCAP 7200 ICP-OES
(Thermo Fisher Scientific). We obtained TEM and HAADF-
STEM images and EDS mapping on a spherical aberration—correct-
ed field-emission TEM (JEOL, JEM-ARM200FTH) operated at 200
kV. We studied the crystal structures using XRD on an x-ray diffrac-
tometer (Bruker, D8). We analyzed the surface chemistry through
XPS with a high-resolution x-ray photoelectron spectrometer
(ULVAC-PHI, PHI Quantera II). The ex situ and in situ XAS
spectra were recorded at beamline TPS 44A of the National Syn-
chrotron Radiation Research Center.

Supplementary Materials
This PDF file includes:

Figs. S1 to S31

Tables S1 and S2
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