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Atomic-level homogeneously mixed and well-dispersed Irg gsBig 15
solid-solution nanoparticles (NPs) were synthesized successfully
for the first time despite large differences of crystal structures,
redox potentials and atomic radii between Ir and Bi. Compared
with Ir, the Irg gsBig 15 solid-solution NPs exhibited superior cost-
efficiency in hydrazine decomposition.

Precious metal-based catalysts, particularly those involving plati-
num-group metals (PGMs), have been extensively investigated for
applications in diverse important fields, such as the automotive
sector,"* drug delivery,” fuel cells®® and aerospace.””® However,
their high cost and limited natural abundance have motivated
continuous efforts to enhance both the catalytic activity and util-
ization efficiency of PGMs. Recently, various atomically dispersed
alloy structures including single-atom alloys,” intermetallic com-
pounds™ and solid solutions,*™'? have attracted considerable
attention. Among those, solid-solution alloys formed between
PGMs and nonprecious elements, with random atomic-level
mixing, largely controllable ratios and greatly modified electronic
states, have demonstrated significant potential for improving
their intrinsic performances.">'* Nevertheless, synthesizing
homogeneous PGM/nonprecious solid-solution nanoparticles
(NPs) remains challenging due to their inherent thermodynamic
instability under equilibrium conditions.

As a PGM, iridium (Ir) demonstrates excellent activities in
several pivotal catalytic reactions, including hydrogen evol-
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ution reaction,” oxygen evolution reaction'® and hydrazine

(N,H,) decomposition.'”'® Despite its remarkable perform-
ance, the high cost and rareness of Ir necessitate improving its
catalytic performances and reducing its usage. Thus, solid-
solution alloying of Ir with nonprecious metals could be a
competitive choice. Owing to its natural abundance and low
cost, bismuth (Bi) is regarded as an ideal candidate for par-
tially substituting Ir. However, due to the large differences of
crystal structures,'®*° redox potentials®® and atomic radii**
between Ir and Bi, there are great challenges in synthesizing
Ir-Bi solid solutions. Given that Bi possesses a relatively larger
atomic radius compared to Ir, their alloys tend to form
thermodynamically stable intermetallic compound phases® >
rather than solid-solution phases. Moreover, no Ir-Bi solid-
solution NPs have been reported to date.

In this study, we have synthesized face-centred cubic (fcc)-
structure Ir, gsBig 15 solid-solution NPs mixed homogeneously
for the first time. The effects of the precursor, reducing agents
and protecting agents on the formation of Ir-Bi solid-solution
NPs were also analysed. Furthermore, the as-synthesized
Iry.g5Bip.15 solid-solution NPs showed much higher hydrazine
decomposition activity than pure Ir NPs.

The polyol method was employed to synthesize homoge-
neously mixed Ir-Bi solid-solution NPs. Considering the pre-
vious synthesis of Pt,Bi NPs,*® diethylene glycol (DEG) served
as both the solvent and reducing agent. IrCl;-3H,0 and BiCl;
were chosen as the precursors with the same ligand. 49.4 mg
(0.14 mmol) IrCl;-3H,0 and 18.9 mg (0.06 mmol) BiCl; in
20 mL DEG were added dropwise for 5 min into a mixture
solution of 80 mL DEG and 66 mg (0.6 mmol) polyvinylpyrroli-
done (PVP) at 190 °C under magnetic stirring. The reaction
mixture was kept for 5 min, and then cooled to room tempera-
ture. After the reaction, the black solution was centrifuged,
washed with ethyl acetate, acetone, ethanol and petroleum
ether three times, and dried under vacuum. The black powder
was collected and denoted as sample 1.

To investigate the crystal structure of the as-synthesized
Ir-Bi alloy, X-ray powder diffraction (XRPD) measurements

This journal is © The Royal Society of Chemistry 2026
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were conducted. The XRPD pattern of sample 1 showed the
same fcc structure as that of fcc-Ir NPs (Fig. 1a). As shown in
Fig. 1a, the Rietveld refinement on the XRPD pattern of
sample 1 estimated the lattice constant as 3.854(1) A, larger
than that of fcc-Ir NPs at 3.839(7) A (Fig. S1), which showed
the possible formation of Ir-Bi solid solution. To clarify the
dispersion and mixing states of the as-synthesized Ir-Bi alloy,
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and STEM-energy-dispersive X-ray
(EDX) mapping measurements were performed. The mean dia-
meter of sample 1 from the HAADF-STEM image was 2.7 +
0.4 nm (Fig. S2). The STEM-EDX maps (Fig. 1b) show that
most Bi and Ir dispersed homogeneously as a Ir-Bi alloy, while
some Bi still grew on the outside of alloy NPs, due to the
different reaction times between the precursors of Bi and Ir
(Fig. S3). Additionally, X-ray Fluorescence (XRF) measurement
of sample 1 revealed that the ratio of Ir and Bi was 0.91:0.09,
being only one third of the Bi nominal ratio, maybe due to the
preferred reduction of the Ir precursor than the Bi precursor
during the 5 min reaction (Fig. S3).

For coreduction of Ir and Bi elements, ethylene glycol (EG)
with a stronger reducing ability was used to synthesize sample
2 (see more details in the SI). For characterization, XRPD,
TEM, HAADF-STEM, STEM-EDX mapping and XRF measure-
ments were conducted (Fig. S4 and S5). The Rietveld refine-
ment on the XRPD pattern of sample 2 showed an fcc struc-
ture, with a lattice constant of 3.853(3) A (Fig. S4a), similar to
that of sample 1. The TEM image (Fig. S5) shows that sample
2 had the mean diameter of 2.8 + 0.5 nm, but agglomerated.
This might come from the tendency to agglomerate with too
much reduced Bi atoms®® under the strong reducing ability of
EG. The STEM-EDX mapping measurement of sample 2
revealed that the mixing state of Ir and Bi was improved sig-
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Fig. 1 (a) Rietveld refinement on the XRPD pattern of sample 1; the
black dots and red, grey and blue curves represent raw data, calculated
patterns, different profiles and simulated Ir at 300 K. The radiation wave-
length was 1.54056 A. (b) HAADF-STEM image and STEM-EDX maps of
Ir-M (red), Bi-M (blue) and an overlay in sample 1.
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nificantly, and its Ir: Bi atomic ratio was 0.91:0.09 (Fig. S4b),
which was consistent with XRF measurement results. The EG
with a strong reducing ability reduced more Ir and Bi atoms,
and they tended to co-nucleate and grow due to the lower vis-
cosity of EG than that of DEG.?””

To increase the ratio of Bi in the alloy, Bi(NO;)3-5H,0 was
used instead of BiCl; together with IrCl;-3H,O to synthesize
sample 3 (see more details in the SI). The lattice constant of
sample 3 from Rietveld refinement was 3.885(3) A (Fig. 2a),
larger than that of sample 2 (3.853 A). The TEM image indi-
cated that the mean diameter of sample 3 was 1.5 + 0.2 nm,
smaller than that of sample 2, but still agglomerated (Fig. S6).
To figure out the reason for the smaller size, the reaction time
difference between Bi(NO;);-5H,0 and BiCl; should be con-
sidered. Since the steric hindrance of Bi(NO;);-5H,0 is larger
than that of BiCl;,*® the reaction time of Bi(NO3);-5H,0 was
longer, thereby decreasing the concentration of reduced Bi
atoms (Fig. S7). Generally, Ir NPs have small size, while Bi NPs
possess large size, indicating that Ir has a relatively fast nuclea-
tion rate, while Bi has a rapid growth rate. Hence, the
decreased Bi concentration favored the nucleation process
rather than the growth process, leading to a decrease of size.
Moreover, the STEM-EDX measurement indicated the homo-
geneous mixing of Ir and Bi with a ratio of 0.85:0.15 for
sample 3 (Fig. 2b), improved from sample 2. This improvement
in the Bi ratio is attributed to the etching effect. Generally,
protons and anions from strong acids in solution could etch
the NPs consisting of metals with low redox potentials.”*
Although both CI” and NO;~ are strong acid anions, Bi
(NO3);3-5H,0O with bidentate coordination from NO3;~ might
release less NO;~ than the monodentate-coordinated BiCl;.?®
The lower anion concentration of sample 3 resulted in weaker
etching, and achieved a higher Bi ratio than that of sample 2.
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Fig. 2 (a) Rietveld refinement on the XRPD pattern of sample 3; the
black dots and red, grey and blue curves represent raw data, calculated
patterns, different profiles and simulated Ir at 300 K. The radiation wave-
length was 1.54056 A. (b) HAADF-STEM image and STEM-EDX maps of
Ir-M (red), Bi-M (blue) and an overlay in sample 3.
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The amount of PVP was increased in sample 4 to solve the
problem of agglomeration in sample 3 (detailed in Table S1),
and the HAADF-STEM image revealed the much-improved dis-
persion (Fig. S8). As a protecting agent, more PVP effectively
wrapped the Ir-Bi NPs, inhibiting their collision and agglom-
eration (Fig. 3a). The Ir-Bi NPs of sample 4 presented an fcc
structure as determined from the Rietveld refinement, with a
lattice constant of 3.880(2) A (Fig. S9). STEM-EDX mapping
measurement exhibited that Ir mixed homogeneously with Bi
and the atomic ratio of Bi in sample 4 was nearly 15.0%
(Fig. 3b), which strongly demonstrated the successful synthesis
of Irg g5Big.15 solid-solution NPs. Moreover, the same method
was used to synthesize other ratio Ir-Bi solid-solution NPs, as
sample 5. The Ir-Bi NPs of sample 5 also presented the fcc
structure (Fig. S10a) and homogeneous element distribution
(Fig. S10b), with a mean diameter of 2.3 nm (Fig. S11) and a Bi
content of 7.2 at%. The lattice constants calculated by Rietveld
refinement were linear to Bi contents following Vegard’s law
(Fig. S9, S10a and S12), providing strong evidence for the for-
mation of Ir,_,Bi, solid solutions. Furthermore, high-resolu-
tion (HR)-TEM characterization confirmed the highly crystal-
line identity of fcc-Irg g5Big 15 solid-solution NPs (Fig. 3c). The
measured distances of fce-IrygsBig 5 {111} and {002} planes
were 0.225 and 0.195 nm, respectively, consistent with the cal-
culated values from Rietveld refinement (2.253 A and 1.952 A),
which further demonstrated the formation of fcc-Irg g5Big 15
solid-solution NPs.

To date, Ir is the most active for N,H, decomposition
among all the elements."”"*® With the formation of Ir-Bi solid-
solution NPs, the decomposition activity of N,H, may be
higher than that of pure Ir. Therefore, the Ir, Bi, Ir-Bi physical
mixture, Iryo3Bigo; and IrygsBigqs solid-solution NPs were
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Fig. 3 (a) Schematic illustration of the effect of PVP during the nano-
particle’'s formation. (b) HAADF-STEM image and STEM-EDX maps of Ir-
M (red), Bi-M (blue) and an overlay in sample 4. (c) HR-TEM images of
sample 4.
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loaded on y-Al,O3, and their performances in N,H, decompo-
sition were investigated (see more experimental details in the
SI).

The N,H, decomposition activity for the five catalysts at
room temperature was evaluated from the generated N, and
H, volumes over time. After normalization by masses of Ir and
Bi metals, Ir, g5Big.q5 exhibited the fastest gas generation rate
of about 9102.4 mmol gnea”* h™", which was 1.4 times that of
Ir (6577.9 mmol g, * h™"), while the Bi showed no activity for
N,H, decomposition (Fig. 4a). As Ir is a precious metal while
Bi is an abundant metal, the gas generation rate based on the
Ir mass of Iry gsBig.15 Was 10 993.2 mmol g, ' h™, which was
1.7 times that of Ir (6577.9 mmol g, * h™"). This indicated that
Iro.g5Bip.15 had a much better intrinsic N,H, decomposition
activity than Ir. Moreover, Ir,gsBig15 demonstrated good
cycling stability, maintaining its initial activity after 6 cycles
(Fig. 4b) and 97% retention of its initial activity after 3 h
(Fig. S13), suggesting its good stability. The slight increase in
catalytic activity between 10 and 40 minutes (Fig. 4b) may be
primarily attributed to the exothermic nature of the N,H,
decomposition reaction. Moreover, the reaction intermediates,
particularly NH,* species, might poison the catalytically active
sites to decrease the activity over time.>® The post-reaction
Iro.g5Bip.15 was characterized by STEM-EDX measurement
(Fig. S14), which confirmed nearly no aggregation during the
reaction process. From the STEM-EDX mapping measurement,
the Ir/Bi ratio of the post-reaction Ir,gsBig 15 Was estimated to
be 85.7/14.3, consistent with that of the original catalyst before
reaction, which suggested nearly no loss of Bi during the reac-
tion process.

To investigate the electronic states of Irg gsBig .15 solid solu-
tion, X-ray photoelectron spectroscopic (XPS) measurements
were carried out for the Irg g5Biy.15 solid-solution NPs with Ir
and Bi NP references. The Ir® 4f peaks of Ir, gsBig 15 shifted to
lower energy compared to those of Ir NPs, while the Bi® 4f
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Fig. 4 (a) The time-dependent N, and H, generation curves for N,H4
decomposition at room temperature. (b) The volumes of N, and H, gen-
erated from the N,H, decomposition of IrggsBig1s for 6 cycles. (c) o
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dissociation processes of Ir and Irg g5Big 15.
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peaks of Irq g5Big 15 shifted to higher energy compared to those
of Bi NPs, proving the electron transfer from Bi to Ir in
Ir.g5Big.15 (Fig. S15 and Table S2). In general, the rate deter-
mining step for Ir in N,H, decomposition is considered to be
N-N dissociation in H,N-NH,.'® On the one hand, the strong
interaction between the Bi 6p orbitals and N 2p orbitals®**!
may enable Bi to act as a greater acceptor of 6 donation from
N,H,, owing to its greater spatial overlap coming from the
larger atomic radius of Bi and more efficient p-p interaction
rather than d-p interaction (Fig. 4c). This may enhance elec-
tron acceptance, promoting the dissociation of the rate-deter-
mining N-N bonds and thereby improving the decomposition
of N,H, (Fig. 4c). On the other hand, the electrons transferred
from Bi to Ir, gsBig 15-Ir site improved the electron density in
the Ir d-band, which strengthened the ¢ donation between the
Ir d,. orbital and N-lone pairs in N,H, or its intermediates.
This could weaken the N-N bond, thereby promoting the rate-
determining N-N bond dissociation, and accelerate the overall
decomposition process (Fig. 4d). Hence, the outstanding cata-
lytic activity of Ir, g5Big 15 solid-solution NPs may be attributed
to the synergetic effect between Ir and Bi, where Ir sites selec-
tively activate N-H bond dissociation,** while adjacent Bi sites
effectively promote the N-N bond dissociation, thereby coop-
eratively enhancing the overall decomposition process.

In summary, we have synthesized Ir, g5Big 15 solid-solution
NPs for the first time by a coreduction method, overcoming
great challenges from the large differences of crystal struc-
tures, redox potentials and atomic radii between Ir and Bi. The
XRPD Rietveld refinement and TEM and STEM-EDX mapping
measurements confirmed the formation of fce-IrygsBig.1s
solid-solution NPs with homogeneous distributions of Ir and
Bi. Additionally, the investigation of Ir-Bi solid-solution NP
syntheses has proved the significant effects of the precursor-
and reducing and protecting agents on the NP formation.
Moreover, the IrygsBip 5 solid-solution NPs demonstrated
excellent intrinsic activity for N,H, decomposition than Ir.
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