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ABSTRACT: Iridium nanoparticles are important catalysts for several
chemical and energy conversion reactions. Studies of iridium nanoparticles
have also been a key for the development of kinetic models of
nanomaterial formation. However, compared to other metals such as
gold or platinum, knowledge on the nature of prenucleation species and
structural insights into the resultant nanoparticles are missing, especially
for nanoparticles obtained from Ir,Cl, precursors investigated here. We
use in situ X-ray total scattering (TS) experiments with pair distribution
function (PDF) analysis to study a simple, surfactant-free synthesis of
colloidal iridium nanoparticles. The reaction is performed in methanol at
50 °C with only a base and an iridium salt as precursor. From different
precursor salts—IrCl;, IrCl,, H,IrClg, or Na,IrCls—colloidal nanoparticles
as small as Ir._gs are obtained as the final product. The nanoparticles do not show the bulk iridium face-centered cubic (fcc) structure
but show decahedral and icosahedral structures. The formation route is highly dependent on the precursor salt used. Using IrCl; or
IrCl,, metallic iridium nanoparticles form rapidly from Ir,CL"" complexes, whereas using H,IrCls or Na,IrCls, the iridium
nanoparticle formation follows a sudden growth after an induction period and the brief appearance of a crystalline phase. With
H,IrCl,, the formation of different Ir, (n = 55, 55, 85, and 116) nanoparticles depends on the nature of the cation in the base (LiOH,
NaOH, KOH, or CsOH, respectively) and larger particles are obtained with larger cations. As the particles grow, the nanoparticle
structure changes from partly icosahedral to decahedral. The results show that the synthesis of iridium nanoparticles from Ir,Cl, is a
valuable iridium nanoparticle model system, which can provide new compositional and structural insights into iridium nanoparticle
formation and growth.
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1. INTRODUCTION

Understanding the formation of nanomaterials is an intense and
rewarding area of research.' > By understanding how nanoma-
terials form, a better control of their synthesis can be achieved,
which ultimately allows tuning and optimizing their physico-
chemical properties for a given application. In the past decades,
the development and increasing accessibility of characterlzatlon
tools, such as transmission electron microscopy (TEM),® small
angle X-ray scattering (SAXS),” or X-ray absorption spectros-
copy (XAS),*” with the opportunities to perform in situ
studies'’ have provided new insights into the formation of
nanomaterials,'’ for example, for the formation of supported
nanomaterials in the solid phase.'”"* However, wet-chemical
methods performed in a solvent are also widely used to prepare
nanomaterials due to their tractability, and wet-chemical
colloidal syntheses have indeed already largely contributed to
advancing various research fields.'”'® Understanding the
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formation of nanomaterials in liquids remains challenging'®
due to the complex interplay between the chemicals needed as
precursors,17 solvent,'®"” ligands,19 reducing agents,20 and
parameters, such as temperature, pH, pressure, etc. The exact
process(es) of formation of nanomaterials in the liquid phase,
e.g., from molecular metal ion precursors of precious metals to
nanomaterials comprising hundreds or thousands of atoms, is
therefore still debated and refined.'®'”*"*>

The formation of precious metal nanoparticles (NPs) such as
gold (Au) or platinum (Pt), that are key in multiple applications,
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has been extensively studied.”'” For other systems such as
iridium (Ir) NPs, there is a lack of understanding of the
formation at the molecular and atomic level.”> An exception to
this statement is the case of Ir(0), stabilized by polyoxoanions
where nucleation, for example, is defined at the near-atomic
level.** However, for Ir NPs formed from IerIy precursors, e.g.,
with alcohols as reductants, the prenucleation species, the
specific Ir-based intermediates or products formed are still not
well understood and there is virtually no knowledge of the
resulting structures. This lack of knowledge is at first surprising
for two reasons. First, Ir is a relevant material for multiple
applications,”** including heterogzeneous catalysis.”*” Ir has
also found applications in sensing™ or medicine,””*° both as
monoatomic, or within multimetallic materials.”* Ir NPs are also
increasingly studied for energy conversion, in particular as
catalyst for the oxygen evolution reaction.””***" Second, Ir NPs
have been a model system used for development of kinetic
models of nanomaterial formation.* In particular, Finke and co-
workers have done extensive, seminal work on Ir_;y, clusters
stabilized by a polyoxoanion and tetrabutyl ammonium cations
to develop and refine the so-called Finke—Watzky kinetic-based
autocatalytic model.””****** Finke and co-workers have over
several years studied the influence of numerous parameters and
tested different models, for which an account is given in a recent
review.”> Based on experimentally identified key pseudo-
elementary steps, a slow and continuous nucleation followed
by an autocatalytic surface growth is key to explain the formation
of Ir NPs.”*** Recently, it was shown that the narrow size
distribution observed for Ir NPs can be explained by different
kinetics of growth where smaller NPs grow faster than large
ones.” Further understanding of the causes of this phenomenon
for various Ir NP syntheses on a molecular or atomic level would
be a key achievement to refine and build additional structural
insights into models for NP formation.

The formation of nanomaterials in solution is often described
by the classical nucleation theory (CNT)"® where seeds are first
formed in a nucleation step followed by the growth of the seeds
to NPs. However, identifying the seeds with often a short
lifetime remains an experimental challenge, and studies driven
by computational approaches generally rely on assumptions on
the species present and formed during nucleation.”” The CNT
and its framework are therefore regularly challenged. For
instance, recent work on Ir, disproved the applicability of the
CNT.”*** The possible existence of “prenucleation clusters”
(PNCs) has in the past decade led to a large number of studies
investigating the chemistry and interactions of the compounds
and clusters formed before nucleation.>>™>® However, the
structure and role of the prenucleation species on the material
formation pathway is still not clear. To achieve a more detailed
understanding of nanomaterial formation, ultimately to fully
master the design of NPs, it is crucial to obtain more
experimental evidence on the nature of the species formed
during synthesis.

Here, we investigate the structural changes taking place during
the formation of Ir NPs in a simple colloidal synthesis. Colloidal
synthesis methods generally rely on the use of additives, such as
surfactants,”” polymers,** polyoxanions," or ionic liquids,”® and
it is challenging to assess the effect(s) of these additives in the
formation of NPs. We overcome these challenges using a
surfactant-free synthesis of Ir NPs** that can be performed at
high metal concentration of 100 mM,* which makes it
compatible with in situ X-ray total scattering (TS) experiments
with pair distribution function (PDF) analysis™* to gain new

insights into the structural chemistry of Ir NP formation. We first
report the formation of surfactant-free Ir NPs in alkaline
methanol (MeOH) using different precursors, e.g., IrCl;, IrCl,,
and H,IrCl,. We show that even small modifications to the
synthesis procedure, such as changing IrCl; or IrCl, for H,IrCly,
change the overall formation pathway and lead to a transient
crystalline phase that appear to induce a burst-growth-like
phenomenon.””** We then show that the cation of the base
added also heavily affects the reaction pathway and the resulting
size of the Ir NPs. The NPs formed herein do not take the bulk
face-centered cubic (fcc) structure but are decahedral and
icosahedral clusters whose size (from Ir, ¢ to Ir_;;4) depends on
the synthesis conditions.

2. MATERIALS AND METHODS

2.1. Iridium NP Synthesis. The NP synthesis was performed
following a previously reported method.*>***® A solution containing
either IrCly-«H,0 (99.9%, Alfa Aesar), IrCl, (99.9%, Alfa Aesar),
H,IrClg¢H,0 (99.9%, Aldrich), or Na,IrCl,-6H,0 (99.9% trace metals
basis) as metal ion precursor in alkaline LIOH (anhydrous 98%, Alfa
Aesar), NaOH (98%, Alfa Aesar), KOH (KOH=xH,0, >99.995%,
Fluka), or CsOH (99.95%, Aldrich) in methanol (MeOH, >99.9%,
HiPerSolv CHROMANORM, VWR) was obtained by mixing a stock
solution of the metal ion precursor with a solution of the base of interest
in MeOH. To obtain a high enough scattering signal for PDF analysis,
the final concentration of metal ion precursor was 100 mM and 1 M
base. The solution was then heated to 40 or 50 °C as noted for each
experiment.

2.2. Data Acquisition for X-ray TS Experiments. The X-ray TS
experiments were conducted in a custom-made setup for in situ studies
provided by the 11-ID-B beamline, APS, Argonne National Laboratory
(see Figure S1). This setup is composed of an aluminum block with cut
out slots where glass tubes designed for nuclear magnetic resonance
(NMR) can be vertically placed (Wildmad, 3 mm outer diameter, 0.27
mm wall thickness, Type 1 Class A). The precursor solution was
injected into the NMR tube. The temperature was monitored using a
thermocouple, which was placed in an NMR tube with a NaCl powder
standard. TS data were collected in transmission geometry using a
Perkin-Elmer flat panel detector with a pixel size of 200 X 200 ym. A
wavelength of 0.2114 A was used, and the sample-to-detector distance
was calibrated using a NaCl powder standard. The 2D data were
integrated using GSAS-II and Fit2D.*’~* TS data for the precursor
solutions were collected for 10 min at room temperature before
initiation of heating. The solutions were then heated to S0 °C
(alternatively 40 °C) at a rate of 5 °C min~" while collecting TS data
with a time resolution of 30 s.

We note here that exposure of a sample to an X-ray beam may cause
beam damage due to X-ray absorption. At this point, we cannot address
whether the beam has any influence on the Ir NP formation but note
that the high X-ray energy (58.6 keV) used for TS measurements
reduces X-ray absorption and thus beam damage effects.

2.3. PDF Analysis. The X-ray TS data were Fourier transformed to
obtain the PDFs using xPDFsuite with a Q. of 18 A7 The
background subtraction was performed by subtracting the scattering
signal obtained from an identical experiment performed without the
metal ion precursor present. Modeling of PDFs was done using DiffPy-
CMI®! as described in further detail in Section 1 of the Supporting
Information (SI).

2.4. Further Characterization. We furthermore conducted XAS,
SAXS, TEM, Fourier transform infrared (FTIR) spectroscopy, and gas
chromatography coupled to mass spectrometry (GCMS) experiments,
as well as density functional theory (DFT) calculations. Details on these
experiments and methods are given in Section 1 of the SL

3. RESULTS AND DISCUSSION

3.1. General Equations of the Reactions. Before
presenting data and results from our experiments, we discuss
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Figure 1. (a—c) Experimental in situ X-ray TS data following the formation of Ir NPs from (a) IrCl,, (b) IrCl,, and (c) H,IrClg as precursors presented
in real space, G(r). (d—f) Selected PDFs from (bottom) precursor to (top) Ir NPs from the beginning to the end of the experiments with 2.5 min time
resolution. (g—i) Evolution of PDF peak intensity associated with Ir—Cl (2.35 A), Ir—Ir in the precursor (3.45 A), and Ir—Ir in the NPs formed (2.72
A). Panels (a, d, and g) relate to IrCL;, (b, e, and h) relate to IrCl,, and (c, f, and i) relate to H,IrCl,

the general equations of the reactions expected to take place in
our Ir, NP synthesis. The formation of NPs in our synthesis
method requires the precursors IrCl;, IrCl,, or H,IrCly together
with MeOH and MOH (where M = Li, Na, K, or Cs). Along
with Ir, NPs, the main products of the reactions are thus likely
M, CI7, H,0, as well as oxidation products from MeOH."® The
oxidation can lead to different species, e.g.,, aldehydes,
carboxylates, and possibly alkoxides as suggested elsewhere as
key reducing agents.”” As it will be discussed further below, we
expect here CO, and CO as products. These species are very
likely to stabilize the surfactant-free NPs. Previous Zeta-
potential analysis of Pt NPs'® from a closely related synthesis
suggests the presence of stabilizing negatively charged species on
the NP surface, and CO,q is also expected to serve as stabilizer on
the Ir NP surface. Moreover, due to the very close pKa values of
MeOH (15.3) and water (15.7), most M'OH™ is actually in the
form M*CH,0~ as ion-pairs in MeOH.>* Methoxy groups may
thus also stabilize the NP surface.

If assuming that the main reactions accounting for the
reduction and stabilization of the Ir NPs are (1) deprotonation

of CH;OH, (2) reduction of Ir’* or Ir** to Ir(0) through
oxidation of CH;OH to CO,, (3) reduction of Ir** or Ir** to
Ir(0) through oxidation of CH;OH to CO, and (4) stabilization
of Ir NPs by CI”, CO, and CH;07, the overall reaction for the
precursor salts can be summarized as

3
(x + y) ICl, + [% + Ty + z)CH3OH + (3x + 3y + z) NaOH

3
- [Ir,,(C1),(CO), (CH,;0),1 "9 + %co2 + (Ty - b)CO

+(57x +3y+z)HZO+(3x+3y—a)Cl_+(3x+3y+z)Na+
+(z - ¢) CHO"

for the example of the reduction of IrCl;. Details on balancing
these equations are given in Section 2 of the SI together with the
related equations when IrCl, and H,IrCly are used as precursors.
We can thus describe the product as
[Ir,(C1),(CO),(CH;0),]~“*9. As we will discuss below in
Sections 3.3 and 3.6, our experiments show that n can be
controlled to the values n ~ 5SS, 86, or 116 by carefully
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controlling the reaction conditions. However, the PDF,
extended X-ray absorption fine structure (EXAFS), and DFT
analysis performed here do not allow us to address which species
may be present on the surface of the NPs and thus evaluate a, b,
or c. For the X-rays based techniques, this is due to the limited X-
ray scattering power of O and C compared to Ir. We will
therefore refrain to claim here any full reaction mechanism and
only focus on the structural changes related to the Ir precursors
and products in the synthesis.' >* For simplicity, we will also not
further use the descrigtion of the products as
[Ir,(C1),(CO),(CH;0),]-“*9 but refer to the surfactant-free
Ir NPs as Ir,,. The species that might account for the stabilization
of the Ir, NPs have not been considered at this stage in PDF,
XAS, or DFT modeling and fitting,

Note that in the reactions presented above, we have not taken
into account the possible role of M* cations and possibly H*
cations in NP stabilization although this may take place. In
particular, it has recently been suggested that Ir—H hydrides are
likely intermediates in the formation of Ir NPs.** Although there
is at this stage no definite proof of their formation for the
synthesis used here, they could come into play via the reaction:

H,CO + Ir, » H — Ir, — CHO — H,Ir,CO

where H,CO is an oxidation product of MeOH, which is
consistent with the observation of CO,q species as detailed
below.

3.2. Influence of Metal Precursor Salts on the Ir NP
Formation Pathway. 3.2.1. Trends. Uncovering how the
synthetic parameters influence the characteristics and properties
of Ir NPs is essential to ultimately control nanomaterial shape,
size, and structure. We therefore start by gaining an overview of
the effect(s) of different metal ion precursors with different
oxidation degrees on the reaction process and end products
using IrCly, IrCl,, or H,IrCly as precursor salts. Figure la—c
shows PDFs obtained from experimental X-ray TS data
collected during Ir NP syntheses at 50 °C. Selected PDFs are
shown in Figure 1d—f. The disappearance and appearance of
specific interatomic distances describe well the reduction and Ir
NP formation processes, occurring during the synthesis. At the
beginning of all of the three experiments, a strong peak at 2.35 A
can be assigned to the nearest-neighbor Ir—Cl bond in the
precursor structure (see Figure S2a for representation of the
peak origin in the structure).”> At the end of the experiments, a
strong peak representing the nearest-neighbor metallic Ir—Ir
bond with a distance of 2.72 A is present, confirming the
formation of metallic Ir NPs (Figure $2b).°® These results are
confirmed by XAS, see Section 2.3 in SL. A closer look at selected
PDFs in Figure 1d—f also shows a third intense PDF peak from
the precursor structure (i.e., 0 min into the experiment) at 3.45
A. The distance at 3.45 A can be assigned to an Ir—Ir distance in
the precursor structure if assuming edge-sharing octahedral
coordination, revealing that the precursor clusters formed in the
solution are larger than, e.g., isolated Cl- or O-coordinated Ir
monomers (see Figures S2a and S3 for enhanced view of the
peak changes at 3.45 A).

3.2.2. The Cases of IrCl; and IrCl,. While the three PDF peaks
discussed are present using both IrCl;, IrCl,, or H,IrCly as
precursors, the evolution of the peak intensity reveals different
kinetics of NP formation for the different precursors. We first
consider the experiments performed with IrCly and IrCl,. As
seen in Figure 1g,h, the formation of Ir NPs from the precursors
involves a gradual decrease of the precursor Ir—Cl and Ir—Ir
PDF peak intensity (denoted Ir—Cl and Ir—Ir

PTEC‘.II‘SOI‘)

respectively, in Figure 1gh) and a gradual increase in the
metallic Ir—Ir peak intensity (denoted Ir—Ir ., ). This behavior
reveals that a continuous reduction and the formation of Ir NPs
take place while using the metallic Ir—Ir peak as a proxy for the
formation of Ir NPs. The formation of Ir NPs accelerates over
time when the temperature reaches 50 °C. However, we also
note that the metallic Ir—Ir PDF peak is observed almost from
the beginning of the reaction and its peak intensity shows a
continuous increase even at 25 °C. The presence of Ir—Ir bonds
from the beginning of the reaction agrees with partial reduction
of Ir precursor ions observed by X-ray absorption near edge
structure (XANES) in presence of a base, see Figure S4. At the
end of the experiment, the precursor Ir—Cl and Ir—Ir PDF peaks
have completely disappeared, which supports a full conversion
of the initial precursor complex structure into Ir NPs during the
in situ experiments. Although a detailed kinetics study would be
challenging here due to the change of temperature during the
precursor consumption and NP formation, the observed peak
intensity trends would be compatible with the expected
reduction and autocatalytic growth described by a three-step
kinetic model.*> 7 Furthermore, the size distribution of ca.
+15% for the near monodisperse NPs obtained here is also
consistent with the operation of that mechanism.

3.2.3. The Case of H,lrCls. In contrast to IrCl; and IrCl,, the
formation of Ir NPs from H,IrCl, follows a significantly different
process as illustrated in Figure 1i. While the system seems to be
in an induction phase, where no changes occur until ca. 15 min
into the experiment, a behavior compatible with a burst-growth
mechanism®® is observed. Here, the intensity of the Ir—Ir peak,
characteristic of metallic NPs, suddenly increases when the
temperature reaches 50 °C and quickly reaches a steady value.
Meanwhile, the peaks related to the precursor decrease.
Although our data unfortunately do not allow a detailed kinetic
analysis, this behavior would be compatible with a four-step
double autocatalytic kinetic model more commonly used to
describe Pt NP formation.'”® These results are reproducible,
Figure S8, and also observed at a lower temperature (i.e., 40 °C),
Figure S9. The induction period, where no new PDF peaks
appear, may be related to a phase in the reaction where the
precursor gets reduced as assessed from XANES experiments,
Figure S4. An additional surprising feature is observed when
H,IrClg is used as precursor. Just as the metallic Ir structure
begins to form in the sudden burst-growth event (i.e, 15 min
into the experiment), a transient crystalline structure with long-
range atomic order emerges. We only observe this crystalline
phase when H,IrCly is used as the precursor. The transient
crystalline phase is clearly observed in the PDFs in Figure 1c and
the corresponding Q-space data in Figure S10c, showing clear
Bragg peaks. The transient crystalline phase is present for ca. 5
min (from time-point 1S to 20 min into the experiment),
whereafter it vanishes and Ir NPs form. Interestingly, this area
coincides with the point during synthesis where the peaks
related to the precursor decrease and the metallic Ir—Ir peak
intensity rapidly increases: the area highlighted in red in Figure
li. The same crystalline phase was observed to form also in the
experiment performed at lower temperature (40 °C). Here, the
lifetime of the crystalline phase was observed to extend
throughout the experiment, Figure S9.

3.2.4. Discussion. The similarities in behavior between IrCl,
and IrCl, and the differences to the experiment with H,IrCl can
be at first surprising. Ir in IrCl, and H,IrCly are expected to be in
the same oxidation state IV, while it is III in IrCls. It could thus
be expected that the reduction of the precursors with Ir"'Cl, or
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H,Ir"VCl¢ would follow the same trends but would be different
for I''™'Cl;. XANES analysis (Figure S4) of the precursor
solutions shows that Ir in IrCl; solutions is indeed more reduced
than Ir in IrCl, and H,IrCl, solutions although we also observed
a slightly lower oxidation degree for IrCl, than H,IrCls in
solution. However, to explain the apparent different formation
routes of Ir NPs, the geometry of the starting complex seems to
matter more than its oxidation degree as it will be discussed further
below. The dependence of the formation route on experimental
parameters such as precursors is in line with previous results on
Ir, NPs although very different model systems were used.”***
3.3. Size and Structure of Ir, NPs from Different Metal
Precursors. 3.3.1. Size of the Final Ir, NPs. Before addressing
the nature of the precursors present in solution, we examine the
size and structure of the final product of the reactions. SAXS
analysis of the final synthesis product reveals Ir NPs with a size of
ca. 1.3 nm, which agrees with TEM characterization, see Table 1

Table 1. Size Evaluated by TEM for Different Experimental
Conditions”

H,IrClg
1.3+0.3

precursor IrCly IrCl,

size after in situ X-ray TS 1.3+02 12+03

experiments/nm

“The size distributions are given in Figure S12.

and Figure S11. The lack of influence of the precursors on the
NP size between the three syntheses is in agreement with
previous reports using UV—vis synthesis,”” and the size
observed is consistent with 1.1—1.6 nm obtained at lower
precursor concentration.**”® It is also consistent with the
small size of Ir NPs obtained by other surfactant-free
syntheses.*”°" The resulting sizes thereby show that despite
using a surfactant-free synthesis, small-sized NPs can be easily
obtained. For this size range, Irss_, 5o NPs are expected to form,””
i.e., smaller than the typical Ir_;,, obtained by Finke and co-
workers in presence of a polyoxoanion that is typically larger
than 2 nm.”

3.3.2. Structure of the Final Ir, NPs. Since bulk Ir is a fcc
metal, it could be expected that the structure of the final NPs is
fec.>® However, using a Ir fcc model for the refinement does not
account for the observed PDFs of the final NP products, see
Figure 2a—c. Details on the refinement are given in Section 1 in
SI, and refined parameters can be found in Table S3. While the
first two nearest-neighbor Ir—Ir distances at 2.72 and 3.85 A are
fully described by a fcc structure model, discrepancies are found
at higher r values in real space. In particular, a pronounced
second peak at 5.20 A in the experimental data is not taken into
account and we therefore look toward other atomic structure
models.

3.3.3. Cluster Mining and PDF Fitting Using Non-fcc
Structures. 1t is well known that small metallic NPs are likely to
take, e.g., multitwinned structures as proposed for Au NPs by
Ino and Ogawa,®” or the Marks decahedron structure proposed
by Marks and Smith.”>~*° While the growth of icosahedral
structures is described by the addition of a discrete number of
atoms in a shell-like pattern (13, 55, 147, etc.°°), decahedral
structures can evolve along three main axes, which eventually
forms different sizes and shapes of NPs with the fivefold
symmetry maintained. In addition to the regular or Marks
decahedron, which incorporates reentrant surfaces at the twin
boundaries between adjoining single crystals (for further details,
see Section 2.9 in SI), elongation perpendicular to the plane can

form the so-called Ino decahedron.®”®® To investigate the

possibility of forming decahedral and icosahedral Ir NPs, a
“cluster mining” approach as introduced by Banerjee et al.”” was
applied using the ASE software package.””’® Here, icosahedral
NPs of discrete sizes were introduced in the analysis by varying
the amount of atomic “shells” in the NPs, while decahedral NPs
of different sizes and shapes were incorporated by varying the
atomic addition along the three main axes.

The calculated PDFs of the resulting structures were fitted to
the final experimental PDFs where the agreement value, R, was
used to evaluate the agreement between the experimental data
and the model structures. For the NPs resulting from all three
metal ion precursors, the cluster mining method suggested
several decahedral structures. The suggested structures included
the Ino decahedral Ir; and Irgg structures to describe the final
NPs. Interestingly, others have reported Ir_,, as relatively stable
Ir, structures althoug7h these were obtained and stabilized for
instance in zelolites’' or with AlEt,.”” Furthermore, DFT
calculations suggest that Ir.,,_ss are relatively stable.”?
However, Ino decahedral Ir;y and Irgg structures are difficult
to distinguish through PDF analysis. This is emphasized in
Figure S13a,b where comparison of calculated PDFs of different
decahedral structures clearly illustrates the difficulties of
separating very similarly sized structures as also shown when
calculating the Pearson correlation coefficient between the
PDFs (Figure Sl3e—g).74 This limitation is further highlighted
when using differently sized decahedral structures as models in
the PDF refinement. As seen in Figure S14 and Table S6, using
Iryg and Irss as structural models provide similar R, values for
refinements of the final PDF of the H,IrCly experiment. This
stresses the limitation of solely basing structural conclusions on
the PDFs. To further analyze the cluster structures suggested
from the cluster mining analysis, we thus turned to DFT
calculations to evaluate the stability of the proposed structures.
As seen in Figure S13d, the Ino decahedral Irgg structure has
lower energy per atom than the decahedral Ir;y, and we therefore
consider the Ino decahedral Irgg structure for further refine-
ments.

3.3.4. PDF Fits with Irss Models: Presence of Decahedral
and Icosahedral NPs. Figure 2d—f shows single-phase refine-
ments using the Ino decahedral Irss structure for the data set
from each of the three metal ion precursors. Compared to the fit
with the fcc model, an improvement is seen as reflected in the
lower R,, value, which decreases from ca. 0.35 to 0.22 for the NPs
synthesized from IrCl; and IrCl,. However, the Ino decahedral
Irss structure is not solely enough to describe the final Ir
structure resulting from H,IrClg as metal precursor. As
illustrated in Figure 2f, the relative intensities between the
peaks at 4.70 and 5.20 A cannot be fully accounted for. We
therefore explore other structures. The cluster mining approach
also suggested an icosahedral Irsg structure as a main component
for the particles formed when using H,IrClg as metal ion
precursor. Interestingly, icosahedral Irgs can be identified as one
of the “magic-sized” Ir structures proposed by Watzky and Finke
in previous work.””>” By introducing this structure in the
refinement, the agreement with the data from the H,IrClg
synthesis increases as seen from the lower R,, value of 0.18 in
Figure 2j. Including the icosahedral Irgs structure also gave a
slightly better fit to the PDFs from IrCl; and IrCl, (Figure 2g,h)
by including approx. 20—30% of the icosahedral structure. Since
a larger amount of the icosahedral structure is needed to
describe the NPs resulting from H,IrClg, the NPs formed in this
synthesis are more likely to display structural polymorphism.
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Figure 2. PDF refinements for Ir NPs formed at the end of the in situ PDF experiments (a—c) using a Ir fcc model with the refined values given in Table
S3, (d—f) using a single-phase refinement with the Ino decahedron Irg as the structure model, refined values are given in Table S4, and (g—i) when also
implementing an icosahedral Irss model in a two-phase refinement. The refined values are given in Table SS. The metal ion precursor is (a,d,g) IrCl;,
(b,e,h) IrCly, and (cf,i) H,IrClg. The synthesis time was ca. 25 min for IrCly and IrCl, and ca. 40 min for H,IrClg.

These results could be reproduced in a separate synthesis as
shown in Figure S15.

Regardless of the precursor used, similarly sized Ir_s5 NPs
thus form and decahedral and icosahedral Ir._s5 is thus
considered the final product of the syntheses using the three
precursors considered so far. We also note that the two-phase
model is not only capable of describing the final NPs but also the
NPs formed immediately after a metallic Ir—Ir distance appears.
This is illustrated in Figure S16 where the time-resolved PDFs
have been refined using the Irss models. The refinements show
that the two-phase description provides a good fit to the data
soon after a metallic Ir—Ir distance appears although the
presence of unreduced precursor in the beginning of the
experiment leads to a lower agreement.

3.3.5. Discussion. We note here that the small and
monodisperse NPs are obtained without surfactants, which is
beneficial for high catalytic activity for, eg, the oxygen evolution
reaction for water electrolyzers.*”**°° Various colloidal
syntheses of Ir NPs have shown to give rather small NPs.*”%!
Finke and co-workers suggested that small particles with a
narrow size dispersion can be obtained because the smaller NPs
grow faster than the larger ones,”” and an open question was on
the role of the polyoxoanion used as stabilizer to observe this
narrow size distribution.”” It is here shown that the same

phenomenon might occur using a surfactant-free synthesis. It
must be kept in mind that, as shown for a similar surfactant-free
Pt NP synthesis,' MeOH gets oxidized during the metal
reduction, see Figure S17. The related products such as CO4
moieties may serve as stabilizers on the Ir NP surface, see Figure
S18.

3.4. Ir,Cl, Precursor Complex Structures. 3.4.1. Initial
Species Formed. Having established the synthesis products, we
now investigate the initial precursor complex structures
obtained by dissolving IrCl;, IrCl,, or H,IrCls in alkaline
MeOH before formation of Ir,. Elucidating the initial precursor
complex structures before the formation of Ir, might provide
insights into possible relations between the local ligand
environment of the Ir ion in the precursor state and how the
formation of NPs proceeds. This information can ultimately
provide useful knowledge on the formation and role of PNCs*
that are reported to play a role in the formation of various
nanomaterials and in particular precious metal NPs.”® However,
structural knowledge of PNCs is currently very limited.

Figure 3a presents the experimental PDFs of the IrCl;, IrCl,,
or H,IrClg dissolved in alkaline MeOH at room temperature. As
discussed above, for all three precursors, we observed peaks that
can be related to Ir—Cl bonds, Ir—Ir in edge-sharing octahedra,
as well as metallic Ir—Ir bonds. The corresponding in situ EXAFS
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Figure 3. Precursor complex structures. (a) compares the experimental PDFs of the precursor complex structures obtained using H,IrClg (green),
IrCl, (blue), and IrCl, (pink) as metal ion precursors with the IrCl; (black), Na,IrCl, (dark gray), and (NH,),IrCl, (light gray) crystal structures. The

atomic pair correlations have been indicated in the IrCl; and (NH,),IrCly structures as shown in (b). (c) presents and compares the experimental PDF
using H,IrCl, with calculated PDFs for the suggested Ir,Cl, precursor complex structures as shown in (d). PDF modeling of the resulting complex from

using (e) H,IrCly, (f) IrCl,, and (g) IrCl, as precursor complex structures using the models indicated.

data, Table S2, furthermore showed Ir—O bonds, which are
expected to form under alkaline conditions.”” We do not observe
these directly in the PDF possibly due to the smaller scattering
power of O as well as overlapping termination ripples from the
limited Q-range.

To elucidate the structure of the Ir,ClL"" complexes, we
compared our experimental data to calculated PDFs from the
monoclinic IrCly crystal structure (space group C12/ml), the
Na,IrClg crystal structure (space group P2,/n), and the
(NH,),IrCl, crystal structure (space group Fm3m) in Figure
32.”%7% This comparison allows us to identify if the local
structure and atomic arrangement in the bulk materials can be
related to that seen in the solution structure. All three crystal
structures are built from [IrCly] octahedra that are either
connected by edge-sharing or isolated units. While the
calculated PDFs of the IrCly and (NH,),IrCl crystal structures
illustrated in Figure 3b show features also observed in the
experimental PDFs, the Na,IrCly structure does not show any
similar features as clearly observed in Figure 3a. In particular, the
peaks at 5.50 and 6.10 A in the experimental data are not
described using this model.

3.4.2. Structural Motifs—H,IrCls Solution. We start by
considering the precursor complex structure resulting from
H,IrClg in further detail. Note that in the following, we will refer

to structural motives between brackets, such as [IerIy] )
meaning that the actual related species are best described as
Ir,CL"". The PDF peak positions and relative intensities
compare well to those in the local structure of the calculated
PDF from IrCl;, suggesting that the [IrCls] octahedra in the
H,IrCly solution should be considered as edge-sharing rather
than isolated [IrCl]. We therefore use the bulk IrCl, structure as
an initial building block and “carve” out possible structures of
varying lengths and coordination environments. Figure 3¢ shows
the experimental PDF of H,IrCl, (green) and calculated PDFs
of the carved-out structures, which are presented in Figure 3d.
Structure [A] illustrates a layered structure as seen for the bulk
IrCl; structure, while [B] shows a single layer of the IrCl,
structure. As clearly illustrated, the coherence length of
structures [A] and [B] extends beyond the oscillations observed
in the experimental PDF. Furthermore, the relative intensities of
the two peaks at ca. 5.50 and 6.10 A do not show the same
intensity ratio as observed in the experimental PDF. Thus, the
[A] and [B] structures were excluded as possible precursor
clusters. Smaller single-layered structures were further inves-
tigated as illustrated in Figure 3c,d. The smaller structures were
found to provide a better description; however, when reaching
the di- and monomeric structures [F] [Ir,Cl;,] and [G] [IrCl],
respectively, the calculated PDFs were significantly different
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Figure 4. Experimental X-ray TS data following the formation of Ir NPs with different bases using H,IrCl, as metal ion precursor in (a—e) real space,
G(r), where (f—j) show selected PDFs from (bottom) precursor to (top) Ir NPs from the beginning to the end of the experiments with S-min time
resolution in a limited r-range from 1.6 to 10 A. (k—o) Evolution of peak intensity associated with Ir—CI (2.35 A), Ir—Ir in the precursor (3.45 A), and
Ir—Ir in the NPs formed (2.72 A). The base used was (a,fk) no base, (b,gl) LiOH, (c,h,m) NaOH, (d,i,n) KOH, and (e,j,0) CsOH.

from the experimental PDF data. Especially, the ratio of the
peaks at ca. 5.50 and 6.10 A and the coherence length are not
described correctly in [F] and [G].

Based on these observations and by comparing the Pearson
correlation between the experimental PDF data and calculated
PDFs of the proposed models (see Figure S19), the candidate
precursor complex structures are likely to fall in between [C]
[IrsClys] and [D] [Ir,Cljg]. By using these models, PDF
refinements were performed as shown in Figure S20—21 and
Tables S8—89. The difference curve shows an oscillating pattern,
which has previously been related to solvent restructuring
around the small precursor complex structures.®"** Incorporat-
ing a sine wave function in the fit greatly improved the fit quality
as seen in Figure 3e for structure [D] [Ir,Cl;g]. Since both the
[C] [Ir,Clys] and [D] [Ir,Cl,5] models show a good agreement
with the experimental PDF, the precursor may be composed of
complexes with varying sizes ranging mainly from Ir,Cl;"” to
Ir,CL".

3.4.3. Structural Motifs—IrCl; and IrCl, Solutions. With this
in mind, we turn to the precursor complex structures resulting
from IrCl; and IrCl,. In Figure 3a, we see that the precursor
complex structures were found to exhibit less-dominating
features at higher r values compared to those identified in the
H,IrClg solution. This indicates that the precursor complex
structures of IrCl; and IrCl, should be described with smaller
structures but still with more than two Ir atoms. The PDF
resulting from using IrCl, was modeled using the [E] [Ir;Cl,,]
model structure, including a wave function, which provided the
best agreement between data and model as seen in Figures 3f
and S22 and Table S10. The [E] [Ir,Cl,,] structure model was
likewise used to model the PDF resulting from using IrCl; as

metal ion precursor, see Figures S23c and S24c. However, a
slight misfit of the peak intensity ratio at 5.50 and 6.10 A is
observed. An attempt to decrease the misfit was found by
constructing a reduced version of [E] where Cl—Cl the CI-Cl
peak contributions at 6.10 A could be minimized. The
introduction of the reduced structure [H] [Ir;Clg] led to a
slightly better peak intensity ratio although the agreement factor
R,, was not improved as displayed in Figures 3g and $23d and
Table S11. Additional PDF refinements and resulting
parameters are presented in Figures $20—S24 and Tables S8—
S12.

We note here that the structure models presented should be
considered simple representations of the true precursor complex
structures and only account for the main structural motifs
present. The PDF data do not allow us to take into account
interactions with solvent, cations, and base and their role in
stabilizing the precursor complexes.

We also analyzed the precursor complexes appearing without
adding base to the solutions. PDFs from these samples are
shown in Figures $25—S27 and Tables S13—S15, showing that
the precursor complexes display similar structures as those with
base added. However, the XANES analysis, Figure S4, shows
that it is only upon adding a base that the precursors start
significantly reducing. Without base, the synthesis does not
proceed to NPs. This can be expected assuming that the
formation of alkoxide accounts for the formation of reducing
agents for the reaction.”” It can be expected that the different
structures of the initial metal precursor complexes in solution at
least partially account for the different NP formation pathway.*®

3.5. Formation of Transient Crystalline Structures and
Effect of Base on Reaction Pathway. 3.5.1. Presence of a
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Figure S. Modeling of (top, a—e) the precursor structures, (middle, f—j) the Ir NPs using H,IrCl, as metal ion precursor after the in situ X-ray TS
experiments, and (bottom, I—0) the Ir NPs formed after 1 week of synthesis when varying the base in the synthesis as indicated (a,fk: No Base; b,g!:
LiOH; c,h,m: NaOH; d,i;n: KOH; e)j,0: CsOH). The models used in the refinement of each structure are presented above the refinement.

Transient Crystalline Phase. A remaining question is to clarify
the nature and role of the transient crystalline species formed
when H,IrCl; is used, as well as the influence of the base on the
reaction pathway. In Figure 1c,j, it was observed that a crystalline
structure suddenly emerged 15 min into the experiment but
disappeared as Ir NPs formed. This is clearly seen when
examining the data in reciprocal space, I(Q), in Figure S28a from
the sudden appearance of intense Bragg peaks. However, as seen
in Figure S28b, weaker and very broad peaks with the same peak
position can already be identified in the scattering pattern from
the precursor. Some of the structural features observed in the
transient crystalline structure must thus already be present in the
precursor structure. Several possible candidate structures were
compared to the experimental data to attempt to identify the
nature of the transient crystalline phase, see Figure S28. The
crystalline phase could be a result of either a new Ir structure
being formed or arising from ordering between separate units of
the precursor complex structures. However, comparing the
Bragg peaks to the reported structures of IrO,, Irs(CO) 4, and
Ir(CO),Cl structure did not show any resemblance as observed
in Figure $28¢.53785 Oxides, hydroxides, and chlorides
containing Ir or Na were also investigated due to the use of
NaOH in the synthesis, including Na,IrCly and other Na-
containing salts.®%¢%7 However, these structures could also not
describe the Bragg peaks (Figure S28c).

To further clarify the role of NaOH in the formation of the
crystalline phase, we also performed experiments using Na,IrCly
as metal ion precursor with and without NaOH added. Figure
S29a shows the PDF obtained when using Na,IrClg without
NaOH where no crystalline phase was formed. However, the
addition of NaOH to the reaction solution was found to
immediately promote the formation of a crystalline structure as

observed in Figure S29b. This crystalline phase remains
throughout the reaction (Figure S29b,f); however, Ir NP
formation is also observed, see Figure S29h. The formation of
the crystalline phase thus appears to be dependent on alkaline
conditions.

3.5.2. Influence of Cations. Motivated by this observation,
and by the observation of a strong influence of cations in the
surfactant-free synthesis of Pt NPs in alkaline MeOH,** we
investigated the influence on cations on the reaction pathway.
Using H,IrCl, as the metal ion precursor, cations with increasing
size were introduced, namely LiOH, KOH, and CsOH (where
the cation size increases as Li* < Na* < K* < Cs*). Additionally,
an experiment was performed without any base present for
comparison. Figure 4 shows the PDFs from the resulting data
with increasing cation size. Each cation induces a significantly
different formation pathway.

First, Figure 4a,fk confirms that in the absence of a base, no Ir
NPs form. By adding the smallest cation Li* using LiOH (Figure
4b,gl), Ir NPs are found to form after ca. 15 min; however,
unlike in the case of NaOH, no transient crystalline phase is
observed. Instead, the Ir—Cl and Ir—Ir precursor structure PDF
peaks are observed to slowly decrease, while the metallic Ir—Ir
peak at 2.72 A suddenly appears and rapidly increases. The
metallic Ir—Ir peak intensity still increases as the experiment is
terminated, and thus Ir NP formation continues beyond the time
scale of the experiment. The use of KOH results in a crystalline
precursor as evident by the appearance of peaks at high r values.
The structure can be identified as crystalline K;IrCly (Figure 5d,
details of fit in Section 2.26 in SI), which is not soluble in
MeOH. The PDFs (Figure 4i,n) show that metallic Ir—Ir peaks
are found to emerge in the end of the experiment; however, the
crystalline precursor phase remains due to its low solubility. We
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also note that toward the end of the experiment, “spotty”
features were observed in the 2D detector images, showing the
formation of large crystals, which is possibly related to the
crystalline precursor. Finally, significant changes are observed
when using CsOH as base. Just as KOH, the use of CsOH is
found to lead to a crystalline Cs,IrClg precursor structure
(Figure Se). However, the structure clearly changes as Ir NPs
begin to form, which is evident in the PDFs in Figure 4j. In
Figure 40, a rapid increase in the intensity of the Ir—Ir peak at
2.72 A is observed. While the amount of precursor is reduced as
seen by the decrease of Ir—Cl and Ir—Ir peak intensities from the
precursor structure, Ir NPs rapidly form. This burst phenom-
enon could point toward autocatalytic surface growth as
observed when using NaOH. The Ir NPs that emerge are,
however, of a larger size than seen in experiments using other
bases. This is especially evident in the PDFs, Figure 4e,j, where
the final Ir structure emerging extends to higher r values than
observed with other bases. The particle size will be further
addressed below. Some Cs,IrCly is preserved throughout the
experiment, i.e., not all of the precursor has reacted at the end of
the in situ experiment.

The rate of formation (i.e., the slope related to the increase in
metallic Ir—Ir peak intensity) varied between the different
cations used and did not show any clear trends. Although
different speciation is induced when different bases are used,
none of these systems illustrates the same transient crystalline
structure formation as observed for NaOH/MeOH. Con-
sequently, these results point toward the role of Na® and
MeO™ in the formation of the transient crystalline phase
observed.

3.5.3. Discussion. Figure 4 summarizes the influence of
different cations in the synthesis of Ir NPs from H,IrClg. The
experimental evidence provided here on the formation of a
transient crystalline phase in the case where NaOH is used for
the synthesis certainly opens a range of questions and important
comments. First, the presence of this transient crystalline phase
suggests a different formation pathway. Second, while the
structure, nature, and the exact role (e.g, on-path or off-path
intermediate) of this phase on the formation of Ir NPs remain
challenging to fully address, we have, until now, only observed
the transient crystalline phase when the initial precursor is
expected to have octahedral IrCl;>~ geometry and when NaOH
is used as base. This points toward the key role of the base and
the geometry of the precursor for the formation of this transient
structure. Although the data at this stage do not allow to identify
the exact structure of the transient crystalline phase, it is likely to
be mainly composed of Ir and Cl. This is in line with previous
reports where Au,,Cly9 or Pt,,Cl),W’89 was suggested to play a role
in the formation of metallic NPs. It has even been suggested that
species with the general formula M, Cl,, generally with ill-defined
stoichiometry and potentially partially reduced, are potential
PNCs in the formation of metallic M,, NPs.**"° Although the
species observed here may be too stable to be kinetically
effective considered PNCs, the different speciation noted for
different starting precursor and base combinations suggests that
the resulting PNCs will probably have different structures.

3.6. Ir NP Structures Formed with Different Bases. We
now turn to the structure and size of the final Ir NPs formed
using different bases. Since the presence of remaining precursor
was observed within the time frame of the in situ experiment
when using LiOH, KOH, and CsOH, a series of 1-week long
experiments were also performed and the final product analyzed
with PDF. The results are summarized in Figure 5. The refined

values for all presented PDF refinements can be found in Tables
S16—S20. Again, cluster mining was implemented to identify
candidate structures for the Ir NPs formed. The results showed
that the NPs obtained using LIOH can be described by the two-
phase model with the Ino decahedral and icosahedral Irgg
structures as also seen for NPs synthesized using NaOH. As
seen in Figure Sg)l, this is the case for the NPs formed both at the
end of the in situ experiment and after 1 week.

In the KOH synthesis, larger NPs were formed. While the
presence of a high amount of unreacted, but continuously
changing, precursor complicated the refinement of the data
obtained in the in situ experiment (Figure Si), the PDF from the
product formed after the 1-week synthesis showed disappear-
ance of the precursor, and Ir NPs that could be best described by
a decahedral Irgg structure. For the Ir NPs formed in the
presence of CsOH, it is retrieved from cluster mining that a large
Ino decahedral Ir, 4 structure is a possible candidate (Figure So)
both in the in situ experiment and after 1 week. The fact that the
larger particles that seem to appear are decahedral rather than
icosahedral agrees well with previous considerations of metallic
NP stability.””" The general trend thus shows that the larger
the cation, the larger NPs formed in the synthesis, which thereby
providessga fine size control missing to date for the surfactant-free
Ir NPs.

4. CONCLUSIONS

Using in situ X-ray TS and PDF analysis, detailed structural
insights into the formation of Ir NPs are reported. A simple, low
temperature, surfactant-free synthesis in alkaline MeOH was
used. By studying the influence of different precursors (IrCl,,
IrCl,, H,IrCly, and Na,IrCly) and bases (LiOH, NaOH, KOH,
and CsOH), several substantial findings are reported regarding
the NP formation process. Despite not using surfactants, small
size Ir NPs (<2 nm) are readily obtained even at high precursor
concentration of 100 mM. The NPs are expected to be stabilized
by adsorbed species such as CO,4 and electrostatic interactions.
Ir NPs can furthermore form at relatively low temperature,
which shows promising scalability of the method to develop for
instance highly active catalysts.*>**%°

Our results show that both the precursor salt, as well as the
nature of the base added, have an influence on the reaction
pathway and the NPs formed. The first species formed under
alkaline conditions in MeOH can be described as Ir,Cl, species
such as Ir,Cl;g"™ to IrsCl,4"". The resulting NPs show non-fcc
icosahedral and decahedral structures. As the cation size
increase, the size of the final NPs increases when H,IrCl, is
used as metal ion precursor. The average NP size can be
controlled from Ir_gg to Ir_gg or Ir_

The reaction pathway is highly dependent on the reaction
conditions. Ir NPs form from clusters of Ir,Cl, as it has
previously been seen also for Au and Pt. However, even
seemingly small differences in the synthesis procedure, such as
the change from IrCl; or IrCl, to H,IrCly, change the reaction
route. A transient crystalline structure forms in the case of
H,IrClg, but only when used in the presence of NaOH. These
results stress the probably overlooked effect of cations in
colloidal syntheses.

The results presented open a range of questions and
opportunities. First, the sudden formation and disappearance
of a crystalline phase observed before Ir NPs form seem to lead
to a burst-growth-like formation of Ir NPs."> While the exact
nature of this transient structure is still unclear, M,Cl,
intermediate structures such as Pt,Cl, were previously
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reported.”” Clarifying if M,CI, transition metal structures are
always observed, when such burst-growth-like behavior is at
stake, may provide new insights. Second, with recent exciting
results, methods development such as mechanism-enabled
population balance modeling (ME-PBM)** and refinement of
kinetics models,** we anticipate that the insights provided here
will help to further improve our understanding of the
mechanism(s) of formation of Ir NPs, for instance by ultimately
making the predictions from ME-PBM even more powerful and
accurate.

While this work provides a detailed study of the strong
influence of seemingly simple parameters in Ir NP synthesis,
further work is certainly needed, e.g, to understand the
interaction between the cations and Ir,CL, clusters and provide
a more complete picture of the NP formation. Nevertheless, the
results highlight the importance of considering the chemical
species present and formed when attempting to understand and
control further NP formation.
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