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The appearance of twin/stacking faults in nanoparticles creates strains affecting the catalytic, optical, and
electrical properties of nanomaterials. Currently, there is a lack of experimental tools for a numeric
characterization of these defects in samples. Therefore, many structure—property correlations are poorly
understood. Here, we report the exploration of the twinning effect on the XRD pattern and its practical
application. We developed a new approach focused on the special mutual orientation of periodic fcc seg-
ments, domains. Using computational simulations, we found that the more domains, the smaller the
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height ratio of 220 to 111 diffraction peaks. Knowing this correlation, we performed the XRD bulk mor-
phology and size analysis of Au and AuPt samples. The obtained results were compared with the results
of TEM and SAXS analyses. In a broader context, our multidomain XRD method is a simple alternative to
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Introduction

Ideal crystals are mathematic models describing filling the
space in a regular and predictable way. However, in physical
reality, not all crystal structures can be described with this
definition; i.e., it is impossible to find an ideal macroscopic
single crystal of any face centred cubic (fcc) metal. Regular fec
crystals can only be observed at the nanoscale." Besides point
vacancies, these metals most often contain twin or stacking
faults that break the symmetry. Moreover, the spatial arrange-
ment of these defects in nanocrystals creates complex struc-
tures being rather a rule, not an exemption.

The appearance of twin or stacking faults in nanoparticles
(NPs) leads to the formation of elastic (micro) strains.>™®
However, their influence on the nanoparticle properties is
often neglected. As shown by a number of experimental
studies, microstrains affect the catalytic properties of NPs.” !
Meanwhile, theoretical predictions of the catalytic activity do
not take into account the effect of elastic strains.'*>'* Also,
there are theoretical'*™® and experimental'” studies showing
the effect of microstrains on optical and electronic properties.
However, these properties of NPs (in particular, the localized
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TEM which enables unraveling the structure—property correlations in NP studies.

surface plasmon resonance) are mainly considered to be
dependent only on the shape and size.

Probably, such a gap between theory and practical studies
is caused by a lack of simple experimental tools for the ana-
lysis of the arrangement of atoms in NPs (their bulk mor-
phology). The current understanding has been mostly gained
from costly and complex transmission electron microscopy
(TEM) techniques.’® ' However, microscopy methods have
several fundamental issues. When we try to describe the struc-
ture of a nanomaterial consisting of e.g., 10'> NPs (as can be
the case for 1 mg of 5% Au catalyst and NPs of 5 nm size; Note
S1t), any microscopic insight may suffer from arbitrary
sampling, and it is hard to arrive at a statistically meaningful
set of frames. In some cases, the analysed crystal structure
may change its original configuration due to the TEM electron
beam itself.>* Also, TEM in only exceptional cases provides the
numerical characteristics of overall twinning in the sample."**

Natural growth of fce nanocrystals assumes frequent local
twinning because of a low energy difference between regular
(ABC) and twinned (ABA) local (111) plane sequences. The
random distribution of stacking faults may result in a crossing
of twin planes with the subsequent formation of complex
structures consisting of various numbers of fcc domains.
However, TEM based studies mainly identify and discuss
regular multidomain forms like decahedra (DEC) or icosahe-
dra (ICO). These perfect forms were used in XRD analysis to
least squares fit the experimental patterns to the sum of fcc
based DEC and ICO.* It however seems to be a vast oversim-
plification of the natural complexity. Longo and Martorana
strongly suggest the necessity to include varying contribution
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from stacking faults for satisfactory structure description of
small Au clusters.

The presence of twin/stacking faults in fcc NPs affects their
diffraction pattern in two ways. The first and well-known effect
is the appearance of microstrains. It causes a characteristic
shift of diffraction peaks.>**® The second one is the change in
the height of the diffraction peaks. These effects were
indirectly predicted more than 50 years ago by Warren®” and
observed later.>* However, it has not been systematically
studied beyond one dimensional twinning and stacking of low
probability. Moreover, to the best of our knowledge, this effect
has never been modelled and described in detail in the
literature.

The aim of this work is to consider the effect of such mul-
tiple twinning on the quantitative features of the diffraction
pattern and to develop a method for the bulk morphology ana-
lysis. The method allows one to estimate the average number
of ideally periodic segments, domains (fcc segments without
twin or stacking faults) inside an average cluster in a powder
sample. By applying our approach to in situ XRD (WAXS), it is
possible to explore the kinetics of NP growth processes: coar-
sening from seeds, coalescence, and size-morphology evol-
ution. The morphology analysis is a key tool for improving our
understanding of structure-property correlations in NP
studies. In addition, accounting for the twinning effect
enables arriving at a good agreement between size estimations
obtained from microscopy and X-ray diffraction techniques.

Results and discussion
Effect of twinning on diffraction peaks

To analyse the twinning effect, let us consider two fcc gold
cuboctahedra (CUBs) merged by their 111 face as a mirror
plane (Fig. 1(a)). Rewriting Laue equations for the 111 peak
which can be redefined as 00/ allows one to calculate the peak
height (H):

()
H = Foof® Z% = o YO0 (1)
where P, is the length of the i-th row of atoms in the [00/] direc-
tion and F is the structure factor. This simplified equation
describes how the twinning effect changes a diffraction peak
height. If the length of rows of atoms is doubled, the resulting
peak height for a given direction will be bigger by a factor of 4.
In other words, the height of diffraction peak of the extended
[111]* direction will be 4 times larger than that for the regular
[111]'7 directions (Fig. S17).

For one CUB, there are eight equal [111] orientations; for
two CUBs, the number is doubled (8 x 2). However for the
merged CUBs, there are two types of [111] directions: 6 x 2
regular directions ([111]'” x 2) and two extended ([111]* x 2)
[111] directions. It can be expected that the resulting 111 peak
height in powder diffraction is proportional to the sum of
intensities over all orientations. Therefore, the 111 height of
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Fig.1 (a) Two gold cuboctahedra (CUBs) merged via the (111) plane,
view along [-110]. Clusters shown on the picture represent two CUBs
with the original number of atoms equal to 309. The merged CUB
model consists of 603 atoms (the twin plane consists of 15 atoms). (b)
XRD diffraction patterns calculated for regular relaxed: gold CUB, gold
CUB multiplied by 2 and two merged Au CUBs. The 111 height of the
merged CUBs is 1.2 times greater than the doubled height of the regular
CUB.

merged CUBs (Hycug) is higher than the height of two separ-
ated CUBs (H,.cus):

Hwcus  Fool® (2 X 6Preg > + 2Pex?)
© Foor®(2 X 8Preg.?)
_ 12Preg® +2 X 4Preg”
- 16Preq 2

HZCUB

=1.25.

Indeed, the simulated diffraction pattern of twinned NPs
reveals that the height grows about 1.2 times with respect to
the doubled single NP height (Fig. 1(b)). The simulated 111
peak height enhancement is smaller than that predicted by
eqn (1) because the merged CUBs share 1 common (111)
plane. The extended row is only nearly doubled (minus one
atom belonging to the mirror plane). Energy relaxation of the
twin NP leads to a slight misalignment of the [111] rows of
atoms belonging to each twin having a negligible effect on the
height. From Fig. 1(b), we can notice that the considered
single twinning has no effect on the 200 and 220 reflections as
there is no [200] family directions (as well as [220]) that can
continue across the (111) twinning planes.

This journal is © The Royal Society of Chemistry 2023
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Disassembling of a DEC: 111 peak heights

The DEC structure can well illustrate the combined effect of a
set of twin planes: the change in peak heights and the appear-
ance of strains. The decahedron contains five twin planes and
can be divided into five equisized domains. To see only the
twinning effect (without the effect of strains), we cut off the
single fcc domain from the relaxed DEC, multiplied its XRD
pattern by 5, and compared it with the original DEC diffraction
pattern.

The most noticeable difference between the diffraction pat-
terns shown in Fig. 2(a) is the narrowing and increased height
of 111, 311 and 420 peaks (the total intensity remains con-
stant). It is noteworthy that the enhancement of the 111 peak
height of a regular DEC is stronger than that in the case of two
merged CUBs (Fig. 1(b)): 1.43 vs. 1.2 respectively. This differ-
ence arises from the fact that each [111] twinning contributes
to the enhancement.

The discussed diffraction pattern properties are created
from the mutual orientation of the domains (not from the
twin planes) and the formation of new interatomic distances.
Therefore, for diffraction studies, the term “multidomain” NP
is more suitable than the term “multiply-twinned” NP.

To see how the diffraction pattern changes depending on
the number of domains, we disassembled the DEC into the fol-
lowing structures: full DEC (5 domains), 4 domain, 3 domain,
2 domain and 1 domain models. Only the original decahedron
was relaxed, while its derivatives were not. This was done in
order to conserve strains within the models and to track down
the twinning effect alone. Since in all XRD databases the 111
peak amplitude of fcc metals equals 100, we equalized the
height of 111 peaks to 100% for all the models (Fig. 2(b)).

Finally, as can be seen from Fig. 2(a) there are two groups
of diffraction peaks: peaks affected and not affected by twin-
ning. By analysing the height ratio of a not affected 200 or 220
peak to an affected 111 peak, one can determine the number
of domains in the model. Fig. 2(b) demonstrates the principle
of this concept: the more domains, the smaller the 220 (or
200) to 111 peak height ratio.

Disassembling of a DEC: origin of strains

It is known that there is 7.35° angle deficiency in the DEC
stacking that forces atoms to move from their nodal positions.*
The disassembling approach allows us to monitor how this
gap causes the appearance of expansion strains in a DEC.
Fig. 2(c) shows that as the number of domains increases, after
energy relaxation all the peaks move to the left-hand side,
corresponding to the expansion of the lattice. One may expect
that the transition from the four domain structure to the five
domain structure should be accompanied by a strong expan-
sion of the lattice, due to the necessity to fill in the 7.35° gap.
However, as we can see from Fig. 2(c) this transition is charac-
terized by moderate shifts. It means that each twinning leads
to the appearance of microstrains. Fig. 1(a) shows that even a
single twin plane in between two regular CUBs leads to a mis-
alignment in the rows of atoms.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Comparison of the diffraction patterns of the gold DEC, one
DEC domain and one DEC domain multiplied by 5. The difference
marked by the orange oval is due to the twinning effect. The 111 height
of the DEC is 1.43 times greater than that of a single DEC x 5. The DEC
separation model consists of 4772 atoms (view along the 5-fold axis
[220]) and represents equisized domains (dotted lines), avoiding the
central row (17 atoms). Atoms shown in grey belong to twin planes. (b)
Comparison of 111 normalized XRD patterns: stars — CUB; triangles — 1
DEC domain, crosses — domains 1 + 2, circles — domains 1 + 2 + 3,
asterisks — domains 1 + 2 + 3 + 4, squares — all domains (DEC made of
4772 atoms). Details of the DEC model and its domains can be found in
Table S1.7 (c) XRD patterns of relaxed DEC derivatives: 1 domain (green
triangles), 2 neighbour domains (yellow crosses), 3 neighbour domains
(brown circles), 4 sectors (purple asterisks) and full decahedron (blue
squares). The figure at the top right shows the cross-section of the volu-
metric strain distribution map of the relaxed DEC.
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Despite the expansion forces, the diffraction peaks of a
single DEC domain are shifted to the right-hand side compared
to those of the non-relaxed CUB (lattice constant = 4.08 A;
Fig. S2af). In other words, comparing to the bulk value, the
single DEC domain has more contracted lattice parameters.
Therefore usually the expansion forces in the DEC are overrid-
den by the contraction. This statement can be visualized with a
volumetric strain analysis performed using the OVITO program,
which shows only shrinking of the DEC cluster (Fig. 2(c)).>®

The appearance of expansion microstrains (Fig. 2(c)) is visible
only when we consequently consider relaxed 1-5 domain models.
At the same time, the analysis of non-relaxed domains (with con-
stant microstrains) allow one to monitor the strain effect, which
was described by Warren.”” The stacking faults or/and 1D twin
planes lead to the appearance of a new interatomic distances,
causing characteristic shifts of the 111 peak to the right-hand
side and the 200 peak to the left-hand side (Fig. S3aft).

Size estimation of a single domain

As it can be seen from Fig. 2(c) the multi-twinning also affects
the peak width, and consequently, the size estimation follow-
ing the Scherrer formula. Comparing the calculated XRD pat-
terns of CUBs (2057 atoms) and DECs (4776 atoms) (Fig. 3(a)),
one may notice that the full widths at half-maximum (FWHM)
of the corresponding 111 peaks are similar. However, their
structures and actual sizes are different. The diameter of CUB
NPs calculated using the Scherrer equation from the 111 peak
is ~3.6 nm while the actual size is ~3.8 nm. This means that
the Scherrer equation works well for a single domain CUB
NPs. However, for the DEC NPs it gives wrong results. The DEC
NP diameter calculated from the 111 peak is 3.9 nm, and the
actual size is 5.1 nm, meanwhile the diameter calculated from
the 200 peak is 2.3 nm, which differs even more (Fig. S47).

Analysis of 220 peak widths (by the Scherrer equation) of
both DEC and its single domain gives the same size
of-2.7 nm. This means that for DECs, the 220 peak width
does not correspond to the size of the whole cluster, but rather
to the size of the single domain.*® This is one of the reasons for
the discrepancy between NP sizes estimated by XRD and TEM.

It should be noted that the 220 DEC peak is less sensitive
to strains (Fig. 2(c)) and to the shape of the domain (Fig. S57)
than the 200 peak. We assume that it is caused by the fact that
the [200] direction has a small multiplicity,® whereas the [220]
direction has 12 orientations allowing better domain size aver-
aging. Therefore the 220 peak width can be used as an indi-
cator of the mean size of the single domain. In addition, this
peak does not overlap significantly with other peaks (there is a
strong overlap only for very small NPs), which makes back-
ground line estimation easier. Taking into account all these
features, we propose to use the 220 peak in further multido-
main XRD analysis.

Estimation of the number of domains

As can be seen from Fig. 2(b), the ratio of heights of the 220 to
111 peaks allows one to find the number of domains in a
cluster. The analytical prediction of H,,,/Hq1; Seems to be
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Fig. 3 (a) Calculated XRD 111 and 220 peak patterns of a CUB with

2057 atoms, a DEC with 4776 atoms and 1 DEC domain with 951 atoms
(separately relaxed). More details can be found in Fig. S4.1 (b) Hz20/H111
ratio as a function of the 220 peak FWHM. 13 DEC models are separated
into 1-5 domain structures. The yellow stars in the lower right corner
represent two ICO models with 12 431 and 14 993 atoms (Note S27).

possible only for models with a small number of domains.
The more domains, the more difficult the prediction.
Additionally, in order to apply the analytical solution to an
actual sample, the Debye-Waller factor must be taken into
account. However, the classical formula cannot be used,
because, as follows from the simulations, the Debye-Waller
factor depends on the cluster size. Therefore, in order to sys-
tematically analyse the dependence of the ratio of peak heights
on the number of domains, we used extensive atomistic simu-
lations, similar to that in Fig. 2(b).

We built 13 models of Marks DEC (m = n, p = 3 *°), with the
size ranging from 3.15 to 8.95 nm. Then using molecular
dynamics simulation, each model was equilibrated at 293 K
for at least 30 psec, followed by separation into one, two, three
and four domain structures (as it is shown in Fig. 2(b)). For
each model, we calculated the diffraction pattern followed by
the H,,0/Hy11 ratio analysis as a function of the FWHM of the
220 peak. The results are summarized in Fig. 3(b).

As shown in Fig. 3(b), the H,,0/H;1, ratio decreases stepwise
as the number of domains (Num. dom.) increases. The
obtained dependencies can be fitted to the linear equations

This journal is © The Royal Society of Chemistry 2023
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with a constant slope. The spacing between curves can be
approximated by the natural logarithm of the number of
domains (the spacing is given in the square brackets):

Haso
=0.0065 x FWHM,;,,
Hin (3)

+ [-0.06 x In(Num.dom.) + 0.368]

Hjo
0.368 — 0.0065 x FWHMyp —

111 . (4)

Num.dom. = exp 0.06

The spacing between the curves was determined in the way
to minimize the difference between the obtained H,,o/Hi11
values and the fitting equation. An important aspect of the fit
is the position of H,,o/H;1, for ICO models (Fig. 3(b), yellow
stars). The linear eqn (3) fits badly to ideal ICOs. This is due to
the simultaneous presence of expansion and contraction
elastic strains inside a single domain of an ideal ICO, which
significantly enlarge the FWHM of ICO diffraction peaks.* If
we calculate the 220 FWHM ignoring the strain effect, then the
eqn (3) points to the correct number of domains (Note S27).

The dependences shown in Fig. 3(b) were obtained from
the models equilibrated at 293 K. However, computational
simulations often consider models at ~0 K, after the relaxation
procedure. A change in temperature affects the motion of
atoms, which modifies the Debye-Waller factor. Therefore eqn
(3) and (4) are not applicable to models at ~0 K. The separate
calibration for the relaxed models is shown in Fig. S5 and
described in Note S3.}

Estimation of the whole cluster size

Once the size of the average single domain and the number of
domains are known, it is possible to find the size of the whole
cluster. This correlation can be found numerically, by analys-
ing the size of a single domain from the 220 peak (using the
Scherrer equation) and calculating the actual sizes of clusters
with the CLUSTER software*? (Fig. 4(a)).

As can be seen from Fig. 4(a) there is a good linear corre-
lation between the Scherrer size estimation and the actual size
for all three morphology types. Therefore, the more domains,
the greater the value of the slope. Assuming a uniform and
linear change of variables, one may derive the following
equation for the estimation of the whole cluster size:

Actual size = a x Scherrer,,, size + b. (5)

Both coefficients a and b change linearly depending on the
number of domains:

a = 0.2489 x Num.dom. + 0.9118 (R? = 0.99) (6)

b = —0.2165 x Num.dom. — 0.0639 (R*> = 0.99).  (7)

The use of eqn (5) allows one to determine the average size
of Au clusters in a sample.

Besides the perfect models divided into equal sections, the
proposed method can be applied successfully to randomly

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Dependence of the actual cluster size on the single domain

size calculated from the 220 peak (using the Scherrer equation) depend-
ing on the number of domains (Num.dom.). The black triangles rep-
resent CUB models (Table S1}); red diamonds — DEC models; yellow
stars — ICO models. The dotted lines correspond to the linear fit of the
simulated data (eqn (5)). (b) Domain number analysis of experimental
samples by three different methods: MDXRD method alone (red circles;
left y-axis); a combination of TEM grain distribution analysis (volume-
weighted fraction) and XRD (shown in green pluses, right y-axis); a com-
bination of SAXS mean size analysis (volume-weighted fraction) and XRD
(shown in blue triangles, right y-axis). Black arrows show the direction of
the sample transition from its initial state to the final one (after tempera-
ture/X-ray treatment).

multi-twinned models of nanostructures. An example is given
at the end of the discussion section.

Verification of the MDXRD

To verify the introduced multidomain XRD (MDXRD) concept,
we have meticulously analysed 11 samples (Table S2}). For
each sample, we analysed the mean volume weighted size and
the average number of domains. To assess the MDXRD accu-
racy, we compared its results with those obtained by reference
methods: TEM and small-angle X-ray scattering (SAXS). Nine
of these 11 samples (Table 1) show the direct applicability of
MDXRD, the remaining two samples (Table 2) serve as
examples of limitations of the method.

The average number of domains can be obtained not only
from XRD, but also by combining XRD with TEM and SAXS
using eqn (5): the Sch.,,, size values are calculated from XRD,

Nanoscale, 2023, 15, 8633-8642 | 8637
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Table 1 Mean sizes calculated by MDXRD, TEM and SAXS

Mean size, [nm]

Group no. Sample ID MDXRD TEM SAXS

1 Au_PVP 1 2.2 2.3 2.6
Au_PVP 2 2.8 2.7 3
Au_PVP 3 2.9 2.9 3.1

2 Au_PVP_SiO, RT 7.1 6.7 7
Au_PVP_SiO, 400 °C 5.8 6.3 6.7
Au_PVP_SiO, 500 °C 6.9 6.4 6.5
Au_PVP_SiO, 600 °C 6.9 6.7 6.7

3 Au_Pt_SiO, RT 3.9 4.2 3.5
Au_Pt_SiO, 450 °C 5.3 5.4 5

while Act. sizes (volume weighted mean sizes) are calculated
by TEM and SAXS techniques:

0.9118 x Sch.yygsize — Act. size — 0.0639

Num.dom. = -
0.2165 — 0.2849 x Sch.yygsize

(8)

The results obtained by combining TEM with XRD and SAXS
with XRD are in good agreement. However, the number of
domains obtained by MDXRD is significantly and systematically
greater than values obtained by combined techniques (Fig. S6t).
Since this difference is systematic, it is justified to modify the
intercept part () of eqn (4) from 0.368 to 0.32 (eqn (9)). The origin
of this shift is discussed in the section below. This correction
enables achieving a good correlation between MDXRD and com-
bined techniques (Fig. 4(b)). The obtained agreement is much
better than in the case of using the regular Scherrer equation for
the 111 or 220 peak or Williamson-Hall plot analysis (Table S27).

Hayo

B — 0.0065 x FWHM,0 —
Hiyq

Num.dom. = exp (9)

0.06

Corrections and limitations

The necessity for 13% shift of the height ratio down (from
0.368 to 0.32; Fig. 4(b)) is caused by the shape of simulated
DEC domains. These domains (especially 1 domain models)
are asymmetrically elongated in one direction. Therefore, the
height ratio of 220 to 111 peaks is greater than that for the one
domain CUB model with a more symmetrical shape, which is
proved by atomistic simulations (Fig. S77).

We assume that in experimental powder diffraction, the
multidomain particles consist of domains, on average, of more
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regular shape than that of the simulated DEC. The height ratio
shift (Fig. 4(b)) is necessary to convert the theoretically calcu-
lated dependence into the experimental one. Moreover the
standard X-ray powder diffraction data (e.g. JCPDS no. 04-0784)
also points to the H,,0/Hq1; ratio of 0.32. This fact additionally
justifies the necessity for the shift of the H,,0/H;1; ratio.

Although Fig. 4(b) and Table 1 demonstrate a good agree-
ment between MDXRD and other techniques, there are some
applicability limitations. In principle, there are no limitations
regarding the size of analysed NPs, because twinning will
affect XRD patterns regardless of NP sizes. However, the multi-
domain method is not suitable for samples with a broad size
distribution. The intensity of scattered X-rays is proportional
to the volume of particles (to the number of atoms). Since the
volume is proportional to the third power of the particle size,
the contribution of large clusters is greater than the contri-
bution of small ones. As a result, the XRD spectra of samples
with a wide size distribution of NPs will mainly represent a
large size fraction. Thereby, the mean size will be shifted
towards bigger values. Also, applying combined TEM and XRD
or SAXS and XRD to such samples gives meaningless results,
i.e. as it can be seen from Table 2, the number of domains for
the Au@C sample is varying from ~0.6 to ~6. The mean size
analysis results also differ markedly.

Another example is the Au@PVP@SiO, sample after treat-
ment at 800 °C. For all previous samples (Au@PVP@SiO, at
RT, 400, 500 and 600 °C) all techniques were consistent with
each other. However, at 800 °C, NPs started to grow rapidly,
contributing to a high size tail in the size distribution. This
results in overestimation in the mean size analysis, because
X-ray diffraction is sensitive to the large size particles. The
negative number of domains (for TEM + XRD) results from the
size estimation of the average domain (the Scherrer equation
applied to the 220 peak) that is larger than the mean size of
the entire cluster (obtained by TEM), which is meaningless.

For samples with a significant broadening of the size distri-
bution, the average single domain size can be analysed not
with the FWHM but with the integral breadth of the 220 peak.
This can significantly improve the consistency of the obtained
results (Table 2).

To provide better statistics, analysis of six more supplemen-
tary samples (alloyed AgPt and CuAg NPs) can be found in
Table S2.T These examples confirm the same trend: if the NP
size distribution is narrow, the MDXRD and TEM analysis
results are in agreement.

Table 2 The mean size and domain number analyses (using the 220 FWHM and integral breadth) for NPs with broad size distribution

MDXRD TEM SAXS
Group no. Sample ID Dom. num.  Mean size, [nm]  Dom. num. Mean size, [nm]  Dom.num.  Mean size, [nm]
FWHM (no correction)
4 Au@C 6.45 13.89 0.56 5.79 2.14 7.97
2 Au@PVP@SiO, 800 °C 4.01 19.03 —0.61 7.24 0.17 9.23
Integral breadth
4 Au@C 5.7 7.29 3.69 5.79 6.61 7.97
2 Au@PVP@SiO, 800 °C 3.7 10.18 1.58 7.24 3.01 9.23
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As is seen in Table 1, the multidomain approach can be
directly applied only to single phase samples (monometallic
and bimetallic alloy structures). The analysis of two-phase bi-
metallic samples is more complicated. Preliminary simulations
of core-shell structures (S. Fig. 81) showed that the multi-
domain approach can provide reasonable results, if the lattice
constants of both metals are similar. Nevertheless, additional
justification of this statement is required. Meanwhile, the
structural features of Janus NPs cause a dramatic change in
the profile of 220 peaks, which does not allow characterizing
them by the MDXRD method.

In a broader context, the multidomain approach shows how
twin planes affect XRD patterns, ie. whenever twinning
occurs, it can be noticed (as a change in a height ratio of
peaks) by diffraction techniques. Since twinning is typical for
hexagonal close-packed (hcp) metals, after major update,
MDXRD can also be used for the analysis of these metals.
However, such update requires further extensive studies,
because twinning of hcp structures differs from that of fcc
metals.

Apart from the features mentioned above, there are only
general requirements of powder XRD that should be met: the
amount and granularity of the sample must conform to a
powder with the grain size lying within the system resolution
and the effect of the preferred orientation should be avoided.

Additional outcomes of MDXRD

The obtained dependencies were calculated for gold. Taking
into account that the platinum scattering properties are very
similar to those of Au, eqn (5) and (9) can be directly applied
to platinum/alloyed Au-Pt samples (Table 1). In addition, the
possibility of applying MDXRD to other fcc metals can be con-
sidered. The second part of the method (eqn (5)) is not related
to the material; therefore, it can be used without corrections.
However, some parts of eqn (9) are material dependent.
Definitely the § intercept needs to be modified as it depends
on the properties of the material. The § parameter represents a
height ratio of peaks H,,,/H11; for the bulk (FWHM > 0);
hence, the § value can be taken from the standard XRD data-
base. The spacing between lines can be applied without correc-
tion as it depends on the mutual orientation of domains. The
slope of the eqn (9) includes two factors: the mutual orien-
tation of domains (independent of the fcc material) and a size
dependent Debye Waller (DW) factor. The material dependent
DW correction is included as a f parameter, while its size
dependence is considered using molecular dynamics simu-
lations. Therefore, to apply MDXRD to a monometallic fcc
material, only one parameter is necessary — the characteristic g
value. In the case of bimetallic samples, the § parameter can
be found using the Vegard’s law (Table S2t). Nevertheless, the
further justification is required.

Interestingly, Fig. 4(a) illustrates the fundamental applica-
bility of the Scherrer equation to nanoparticles. The width of
the peaks does not correspond to the entire cluster size, but
rather to an averaged signal from all domains. Therefore, on
applying only the Scherrer equation, the size estimation error

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

LB L L L L
"

—6— 1ideal DEC 4722 atoms

=% Multidomain 4168 atoms

- B - Multidomain 5220 atoms

Normalized intensity [a.u.]

o . . 3 X
30 40 50 60 70 80 90
2 theta [degree]

4168 atoms 5220 atoms
Multidomain gold DEC-like structures

Fig. 5 Comparison of XRD diffraction patterns of an ideal relaxed DEC
and relaxed irregular Au multidomain structures consisting of approxi-
mately 5 domains (cross sections are shown). Red atoms correspond to
the surface/twin plane and neighbouring defect atoms; all other colours
represent ideal fcc domains.

increases with the size and the number of domains. In
addition, different diffraction peaks represent the size of the
“average domain” differently (Fig. S91).

Another important aspect of the MDXRD method is the
characterization of irregular multidomain structures. Such
clusters may have a diffraction pattern similar to that of the
regular DEC; however, their interiors are completely different.
As it can be seen from Fig. 5, multidomain particles have a set
of domains with random shapes and sizes. The average
number of domains in such models can only be estimated
using eqn (9) adapted for computational modelling (Note S37).

Conclusions

Although the twinning effect which leads to a change in the
ratio of peak heights is known,” the Warren’s classical
approach focuses on the peak shift and is a phenomenological
description of the effect. The multidomain approach consist-
ently explores these phenomena. Starting from the analysis of
two merged CUBs (Fig. 1), followed by disassembly of the DEC

Nanoscale, 2023, 15, 8633-8642 | 8639
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into domains, we found how the increase of the 111 peak
height depends on the number of domains (Fig. 3(b)). The
second step was to find the correlation between an average
single domain and the entire cluster size as a function of the
number of domains (Fig. 4(a)). The combination of these two
elements (eqn (3) and (5)) allowed us to perform straight-
forward XRD analysis of the mean particle size with accuracy,
comparable to TEM and SAXS techniques (Table 1).

MDXRD is based on diffraction; therefore, it is sensitive to
the volume-weighted size and the large-size fraction of par-
ticles. If the grain size distribution of particles is monomodal
and roughly symmetrical, the multidomain approach can be
applied directly (Table 1). However, with a change in the size
distribution profile and the appearance of a high size tail, the
multidomain method results in significant overestimation of
the mean size (Table 2). This limitation is clearly seen from
experiments on heating Au@PVP@SiO, samples (from 23 °C
to 800 °C). The MDXRD analysis provided correct results at up
to 600 °C, where the size distribution was not significantly
extended to high sizes. At 800 °C, when the SiO, supporting
material began to evolve, initiating rapid coalescence, the mul-
tidomain approach started to overestimate the mean size.
Nevertheless, although the size is overestimated, the mor-
phology characterization remains valid, but for particles of
large sizes. This limitation can be overcome to some extent by
using the integral breadth (instead of the FWHM). However, in
this case, the size estimate is less accurate.

The most important aspect of this work is the development
of a tool for the simple morphology analysis of fcc NPs. It is
shown for the first time: how the successive appearance of
domains affects XRD patterns by changing the ratio of peak
heights. We have demonstrated that twin planes are respon-
sible for the formation of various strains that modify the pro-
perties of NPs. Using MDXRD, different types of morphology
evolution can be followed. From Fig. 4(b) (Au@PVP series),
one can see how the X-ray exposure triggers a slow growth of
nanoparticles leading to an increase in the number of
domains. At the same time, from the Au@SiO, sample, order-
ing of the bulk morphology is observed, which can be seen as
a decrease in the number of domains. In a broader context,
the multidomain XRD approach is an important step towards
revealing the structure-property correlations in NP studies.

Experimental
Computational simulations

To construct 3D atomistic models of fcc nanocrystals and cal-
culate their diffraction patterns, we used the program Cluster
developed by us.**** The program enables model construction
of fcc ‘magic number’ CUBs and non-periodic ICOs and DECs.

This program enables flexible model design and its energy
relaxation following conjugated gradient minimization and/or
molecular dynamics. The used potential scheme followed that
of Sutton & Chen.** Powder diffraction patterns were calcu-
lated via the Debye summation formula. Diffraction pattern
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calculation from a single oriented NP followed a simple sum-
mation of the cosine phase terms. All XRD patterns were calcu-
lated using laboratory Cu radiation.

To transform the initial decahedron into a Marks configur-
ation (m = n, p = 3) and to divide the DEC into domains, we
used the Blender software with the “Atomic Blender (PDB/
XYZ)” add-on. The initial nanoparticle structure was created
with the Cluster, and then imported as an XYZ file into the
Blender. After manual correction the modified structures were
exported as an XYZ file back to the Cluster for further compu-
tational simulations.

Irregular multidomain structures (Fig. 5) can be modelled
by adding a high density of vacancies in the fcc lattice, fol-
lowed by energy relaxation.

For the analysis of both simulated and experimental XRD
patterns, we used the Pearson type VII function as it is the
most commonly used one. All obtained dependencies
(Fig. 3(b)-4(b); eqn (3)-(7)) were calculated using this function;
therefore, the use of other functions may affect the results.

Sample description

For the verification of MDXRD, we prepared four main (no.
1-4) and two supplementary (no. 5-6) groups of samples:

Group 1 Au@PVP. Synthesized gold NPs stabilized by PVP
(Au@PVP 1) were exposed to continuous laboratory Cu-radi-
ation at RT in air for ~13.7 days (Au@PVP 2), followed by
~9 more days of exposure to X-rays (Au@PVP 3). For more
details, see Data S1-3 and Method S1.f

Group 2 Au@PVP@SiO,. Synthesized gold NPs stabilized by
PVP and surrounded by SiO, spheres (Au@PVP@SiO, RT) were
placed in a U-shaped quartz reactor and heated at 400 °C,
500 °C, 600 °C and 800 °C (Au@PVP@SiO, 400-800 °C) under
a constant flow of He. For more details, see Data S4-8 and
Method S2.71

Group 3 AuPt@SiO,. Synthesized AussPt,s NPs stabilized by
PVP and encapsulated in an amorphous SiO, matrix
(AuPt@SiO, RT) were placed in a U-shaped quartz reactor and
heated at 450 °C (AuPt@SiO, 450 °C) under a constant flow of
He. For more details, see Data S9 and 10 and Method S3.F

Group 4 Au@C. This group contains only one as-synthesized
sample: gold NPs stabilized by trisodium citrate dihydrate and
supported by Vulcan XC-72 (Au@C). For more details, see Data
S11 and Method S4.7

To provide better statistics for the MDXRD validation, we
prepared two supplementary groups of samples. These
samples were not analysed by the SAXS technique; therefore,
they were considered as supplementary samples.

Group 5 AgPt@SiO,. Synthesized Ag,,Ptss NPs stabilized by
PVP and encapsulated in an amorphous SiO, matrix
(AgPt@SiO, RT) were placed in a U-shaped quartz reactor and
heated at 400 °C (AgPt@SiO, 400 °C) and 600 °C (AgPt@SiO,
600 °C) under a constant flow of He. For more details, see Data
S12-14 and Method S5.1 Detailed information about MDXRD
analysis parameters can be found in Note S4.F

Group 6 CuAg@SiO,. Synthesized Cus,Agsg NPs stabilized
by PVP and encapsulated in an amorphous SiO, matrix

This journal is © The Royal Society of Chemistry 2023
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(CuAg®@SiO, RT) were placed in a U-shaped quartz reactor and
heated at 400 °C (CuAg @SiO, 400 °C) and 600 °C (CuAg@SioO,
600 °C) under a constant flow of He. For more details, see Data
S15-17 and Method S6.} Detailed information about MDXRD
analysis parameters can be found in Note S4.1

Experimental equipment

XRD. For the XRD studies we used a Bruker-AXS D5000 X ray
diffractometer setup in the Bragg Brentano 6 26 geometry. It
was equipped with a Cu tube operating at 40 kV and 40 maA,
and a Lynx-eye strip detector.

TEM. TEM investigations were carried out using an FEI
Talos F200X microscope operated at 200 kV.

SAXS. SAXS measurements were done at the brand-new
beamline P62 at the synchrotron PETRA III at the DESY/
Hamburg. All samples were measured with a monochromatic
X-ray beam of 11 555.5 eV. The scattering patterns were regis-
tered with an in-vacuum detector “Eiger 9M” having CdTe
sensors. All samples were mounted together with references
on a sample changer under Helium gas to reduce the air
scattering.

XRF. For the XRF studies, we used a PANalytical MiniPal 4
PW4025/00 energy dispersive spectrometer which was
equipped with a Rh tube operating at the maximum voltage of
30 kv and a semiconductor SDD detector.
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