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Many metals and alloys, including Fe and W, adopt body-centred
cubic (BCC) crystal structures and nanoparticles of these metals
are gaining significant scientific and industrial relevance. Twinning
has a marked effect on catalytic activity, yet there is little evidence
for or against the presence of twinning in BCC nanoparticles. Here,
we explore the potential shapes of twinned BCC nanoparticles,
and predict their electron microscopy and diffraction signatures.
BCC single crystal and twinned shapes often appear similar and
diffraction patterns along common, low-index zone axes are often
indistinguishable, casting doubt on many claims of single crystalli-
nity. We conclude by outlining how nanoparticles can be charac-
terized to conclusively prove the presence or absence of twinning.

About one third of metallic elements crystallise in a body-
centred cubic (BCC) structure, including the transition metals
Cr, Mo, W and Fe. Nanoparticles (NPs) of these metals are
finding applications in strain sensing,' catalysis,”” and, for
Fe, medical diagnosis, treatment, and electronic media.’
Twinning and grain boundaries are known to affect catalytic
activity,® ' yet there is little recorded evidence for or against
the presence of twinning in BCC NPs.

Catalytic properties are controlled by NP shape, compo-
sition, and crystallinity. Twinning in NPs, i.e. the presence of
one or more planar crystallographic defects, leads to not only
novel shapes but also strain that influences catalytic
properties.®”® For instance, twinned icosahedral Pd and Pt-Ni
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NPs have higher activities than single crystal octahedra for
formic acid oxidation and oxygen reduction, respectively,
despite both being bound exclusively by {111} facets;”® this is
attributed to strain bestowed by the twin boundaries.
Furthermore, the presence and density of related, strain-indu-
cing defects such as grain boundaries increase the catalytic
activity of Au for the reduction of CO, to CO and of Cu for the
electrochemical reduction of CO to ethanol, acetate, propanol,
and ethylene.”'® Scanning electrochemical cell microscopy
directly confirmed the increase in local activity at grain bound-
aries of Au electrodes for the reduction of CO,.'* The charac-
terization, understanding, and control of twinning and poly-
crystallinity is, therefore, crucial for designing catalysts.

Fuelled by their exciting catalytic and magnetic properties,
an increasing number of syntheses of (presumed) single-crys-
talline NPs of Fe'>™* and W,">'® both BCC, are emerging. The
NPs have diameters as small as 10 nm, and their single-crystal-
linity is typically supported by shape observation and a single
low-index electron diffraction pattern, which we demonstrate
is insufficient evidence.

Why has seemingly no one looked for twinning in BCC
NPs, and why are such unconvincing arguments on single crys-
tallinity accepted? Likely, it is because BCC metals do not
readily form growth twins in the bulk, and, therefore, it is
assumed they are not present at the nanoscale. The argument
here is that BCC is not like face-centred cubic (FCC) systems,
where {111} growth twins are ubiquitous in bulk and nano-
structures.'” Until recently, BCC might have instead been said
to behave like hexagonal close-packed (HCP) structures, both
having rare bulk growth twins. However, very recently, follow-
ing the steps of Ohno and Yamauchi,'® we showed that growth
twins behave differently at the nanoscale, demonstrating that
nearly half (48%) of solution-grown NPs of HCP Mg are
twinned." Further, BCC structures readily produce defor-
mation twins on the {112} planes, seen upon shearing of nano-
pillars*® and in bulk specimens.”’ In this light, we question
the absence of twinning in BCC NPs.
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The shape of a freestanding (e.g:, solution-grown) crystal is
related to the relative surface energy of its facets following the
Waulff construction; in real systems growth velocities are used
instead of thermodynamic energies to include Kkinetic
effects.”> The mathematical proportionality between the
surface energy/growth velocity and the distance from a facet to
the NP centre implies that facets of low energy/growth velocity
dominate the structure. Wulff constructions for twinned crys-
tals are built from a parent crystal and one (or more) twins, all
truncated and joined by one (or more) shared twin plane.**??
In BCC, Fig. 1a, we assume twinning on the {112} planes and
low growth velocities for the {100}, {110}, {111} and {112}
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Fig. 1 Shapes of BCC NPs. (a) Dense crystallographic planes in BCC
and their color-coding. (b, d, f and h) Analytical thermodynamic and (c,
e, g and i) numerical kinetic shapes from the surface energies/growth
velocities listed; twin planes are shown as a black line, viewing directions
are [110] or [123]; these and the x, y, z directions refer to the parent
crystal, on, for [110], the bottom left of and, for [123], behind the crystal.
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facets with their relative values depending on reaction
conditions.>?*?3

To establish realistic shapes and surface energies, we mod-
elled shapes inspired by numerical and experimental results.
Wulffmaker®® and Crystal Creator'®?” were used to predict
single crystalline NP shapes based on the relative surface ener-
gies or growth velocities reported for Fe and Mo***® (Fig. 1b-
g). Complementarily, relative surface energies were extracted
from matching published NP shapes from ref'* (Fig. 1h and i).
The relative surface energies/growth velocities differ widely
under varying experimental conditions, and in turn so do the
shapes obtained. In Fe NPs, truncated cuboctahedra have been
observed and modelled;?* truncated nanocubes have also been
seen.'” In Mo, first-principles calculations and bond-cutting
calculations  yield differently  proportioned  Bijinski
dodecahedra.”

Wulffmaker and Crystal Creator were then modified to
model (112)-twinned BCC crystals, using surface energies/
growth velocities mapped on those of single crystals. The
twinned shapes produced are remarkably similar to single
crystal shapes (Fig. 1).

This similarity between single crystal and twinned shapes
undermines shape-based experimental identification of
twinned BCC NPs. Simple shape characterization approaches
such as scanning electron microscopy (SEM) or atomic force
microscopy (AFM) reveal out-of-plane topography; however,
given the typically small size (<50 nm) of catalytically relevant
NPs and experimental edge/corner rounding, low resolution
and shape similarities limit their use. High-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) offers improved resolution over SEM and more
straightforwardly interpretable images than TEM; it produces
thickness projections such as those predicted in Fig. 2 and
S1.7 The cuboctahedral single crystal and related twinned NPs
look virtually identical along the [001], [110] and [111] zone
axes, for instance (Fig. 2). Taking a similar shape approach,
one could use STEM-HAADF 3D tomography, yet again round-
ing and small sizes will cause issues unless atomic resolution
is achieved.

The analytical model (Wulffmaker-based) is purely thermo-
dynamic, whereas kinetically enhanced growth at re-entrant
corners was included in the numerical Crystal Creator
approach. This effect likely gives more accurate predictions of
experimental shapes, as demonstrated in twinned FCC NPs,
where experimentally observed bipyramids form kinetic pro-
ducts without thermodynamically predicted re-entrant
notches.”” While kinetic effects can vary depending on growth
conditions, here their extent makes little difference in the per-
ceived crystal shape (Fig. 1 and S27), and twinning only mar-
ginally disturbs the facet surface area ratio (Table S1+).

The shape differences between twinned and single-crystal-
line NPs are often too subtle for definitive identification, so
characterization should instead rely on probing the symmetry
of atomic packing. This approach can clearly indicate the pres-
ence of the twin defect, either via diffraction or direct lattice
imaging. Diffraction patterns are indeed common evidence of

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Simulated images and diffraction patterns for BCC single crystal
(left) and twinned NPs (right) from Fig. 1b and c, reproduced in (a and b).
(c—h) Projected thickness maps as a proxy for HAADF-STEM images,
thickness profile along the yellow line, and simulated diffraction pat-
terns, with parent in black and twin in red. Diffraction spots areas scale
with intensity.

the crystallinity of novel shapes.'”*® Due to the different orien-
tations of the parent and twinned crystals, the superposition
of their (distinct) diffraction patterns can differ from that of
single crystals. For instance, distinguishable patterns are

This journal is © The Royal Society of Chemistry 2020
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obtained along [101] for (111)-twinned FCC crystals (Fig. S37)
and [101] for (112)-twinned BCC crystals (Fig. 3).

However, diagnostic diffraction patterns are rare along low-
index directions in BCC twins. The most straightforward direc-
tion along which to record a diffraction pattern is with the
electron beam perpendicular to the support film and/or one of
the facets. Fan et al.'> and Wang et al.>® use the square sym-
metry of the [001] pattern from a NP to argue for single crystal-
linity in Fe and W, respectively. Simulated diffraction patterns
(Fig. 2c and d) show identical (001) symmetry between
twinned and single crystal; the only distinguishing feature is a
more intense line along [110], that is in fact hinted in Fan
et al.’s (incorrectly indexed) pattern. Intensities, however, carry
large uncertainties: diffraction spots are weak for small NPs
and perfect zone axis alignment is difficult to achieve.

A systematic survey of diffraction patterns (Fig. 3, Table S27)
reveals that the symmetry of most patterns from low-index
directions (defined as & + k + [ < 6 and A, k, [ < 4) would
indeed not reveal twinning in a BCC NP, potentially leading to
incorrect classification. None of the (100) and (111) orien-
tations and only 6 of the 12 (110) orientations lead to diagnos-
tic pattern symmetry. Thus, of the 26 probable orientations of
a single crystal truncated cuboctahedron on a substrate, only
6 give diffraction patterns with symmetries different from that
of a twinned NP. For higher order index directions, requiring
careful tilting, 12 of the 36 (210), 12 of the 24 (311), 12 of the
36 (410) and 24 of the 48 (321)directions produce distinguish-
able patterns. This may be why twinned BCC NPs have never
been reported.

Since there are so few low-index distinguishable directions,
care must be taken before concluding that a NP is single crys-
talline, ideally using one or more of the following strategies.
Firstly, twinned NPs can be found by acquiring dark field (DF)
TEM images centred on different diffraction spots. In a single
crystal, the whole NP will always be seen regardless of the spot
used. In a twinned NP, spots are produced by either one or
both twins, even in patterns with indistinguishable symmetry,
leading to a striking contrast between the twins for some
spots. For example, in the [001] direction (Fig. 2d), a DF image
centred on the 110 spot will show both twins, whereas centring
on the 110 spot will only show one. Related diffraction contrast
may be perceptible in bright field TEM images, most evidently
for large NPs in orientations with the beam far from perpen-
dicular to the twin plane. This contrast lacks crystallographic
orientation information so should only be used, if seen, as a
support in the twinning assessment.

Alternatively, different zone axes could be interrogated by
tilting. Those with distinguishable patterns (Fig. 3), can then
be found and assigned. This method commonly supplies evi-
dence for twinning in FCC NPs. One could attempt selected
area electron diffraction or convergent beam electron diffrac-
tion of the larger NPs at a few tilt angles in order to obtain
(different if twinned) local diffraction patterns. Another strat-
egy is to record complete three dimensional electron diffrac-
tion data®® and subsequently extract planes from the reciprocal
space that make twinning clear in post-processing.

Nanoscale, 2020, 12, 22009-22013 | 22011
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Fig. 3 Diffraction patterns diagnostic of a BCC NP twinned on the (112) plane. (a) Stereographic projection with directions showing diagnostic and
indistinguishable symmetries coloured blue and orange, respectively. Examples of (b—f) diagnostic and (g) indistinguishable diffraction patterns and
atomic arrangements. Black and red colouring indicate the parent and twinned crystal, respectively.

Direct lattice or atomic symmetry imaging with high-resolu-
tion (HR) TEM or STEM can also validly demonstrate twinning
in NPs, and has been extensively used for FCC metals.
Examples of expected atomic alignment patterns are reported
in Fig. 3 and S4.1 As with diffraction, we systematically investi-
gated the distinguishable crystallographic directions (Fig. S57);
few show twinning unequivocally. Viewing the NP parallel to
the (112) twin produces fringes stacked in an obviously
different orientation except for [111] and [111], so twinning is
best revealed by so tilting the NP and avoiding (111) direc-
tions. Images obtained from directions not parallel to the twin
plane have varying degrees of differentiation and may be
difficult to interpret. Unfortunately, most lattice images shown
in support of single crystallinity fall in this non-diagnostic cat-
egory: Wang et al."®> and Magnusson et al.,'® look for fringes
along the [001] (simulations in Fig. S4t), while Zhang et al.**
and Magnusson et al.*® show (110) (incorrectly identified as
(100)) and (111) spacings, respectively, both from unknown
directions.

In contrast, FCC NPs are relatively easily identified by their
shapes in SEM or TEM, especially in the case of multiply
twinned NPs. In addition, knowledge and expectation of twin-
ning along {111} leads to a more stringent analysis and review
process, demanding patterns along known diagnostic direc-

22012 | Nanoscale, 2020, 12, 22009-22013

tions (Fig. S3f) and lattice imaging perpendicular to the
known twin plane.

Conclusions

In conclusion, the shapes and diffraction signatures of
twinned BCC NPs can resemble that of their single crystal
counterparts, making experimental identification elusive. Yet,
twinning is critical in dictating catalytic activity, such that
further understanding of its behaviour in BCC NPs is much
overdue. We outlined approaches to achieve identification of
twinned structures based on diffraction patterns and lattice
fringes. These results invite the reconsideration of characteriz-
ation of new and old BCC NPs. Studies revealing that BCC
twins are as common as those of HCP would open a new
chapter in the understanding of NP shape; the opposite result
would outline a new fundamental differentiation between
nanoscale HCP, FCC, and BCC.

Methods

Analytical, thermodynamic single crystal NP shapes were
obtained using the open-source Mathematica-based software
Wulffmaker, downloaded from http:/pruffle.mit.edu/wulff-

This journal is © The Royal Society of Chemistry 2020
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maker/. Analytical twinned shapes were obtained by modifying
the Wulffmaker code to introduce truncation and reflection on
an arbitrary twin plane assumed to form at the centre of the
crystal, ie. assuming negligible twin energy compared to
surface energies. Numerical, kinetic single crystal and twinned
shapes were calculated using Crystal Creator, an open-source
Matlab-based software available for download at on.msm.cam.
ac.uk/code. Re-entrant enhancements were applied in the
kinetic twinned structures to produce more realistic NP
shapes. Thickness projections were generated using these
kinetic structures. The surface energies used for each shape
are reported in Fig. 1 and twinning was modelled on the (112)
plane, but applies, of course, for all {112}: in a cubic system, g,
b, and ¢ are equivalent and the choice of specific twin plane is
a matter of convention. An equivalent (but rotated) stereogram
(Fig. 3a) would be obtained for other {112}-type planes.

Diffraction patterns were computed using SingleCrystal™
(http://www.crystalmaker.com) for a sample of thickness 100 A
at 100 keV. For twinned crystals, two twins were observed
along [110] and [110] respectively and rotated such that the
112 stereogram poles were aligned, corresponding to (112)-
twinning. The twins were rotated simultaneously to view diffr-
action patterns along chosen directions. Stereograms were gen-
erated using the MATLAB toolbox MTEX (https:/mtex-toolbox.
github.io/). Atomic alignment patterns were obtained by creat-
ing a finite BCC lattice of spheres that was truncated and
reflected through a (112) plane in Mathematica.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (Grant agreement No.
804523). C.B. is thankful for funding from the Engineering
and Physical Sciences Research Council (Standard Research
Studentship (DTP) EP/R513180/1), and E.R.H. for support from
the EPSRC NanoDTC Cambridge (EP/L015978/1). J].S.B
acknowledges the UKRI Future Leaders Fellowship program,
grant number MR/S017186/1.

Notes and references

1 M. Zheng, W. Li, M. Xu, N. Xu, P. Chen, M. Han and B. Xie,
Nanoscale, 2014, 6, 3930-3933.

2 Y. Hy, B. Yu, M. Ramadoss, W. Li, D. Yang, B. Wang and
Y. Chen, ACS Sustainable Chem. Eng., 2019, 7, 10016-10024.

3 J. Chen, H. Wang, Z. Wang, S. Mao, ]J. Yu and Y. Wang, ACS
Catal., 2019, 21, 5302-5307.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

4 N. D. Spencer, R. C. Schoonmaker and G. A. Somorjai,
J. Catal., 1982, 74, 129-135.

5 D. L. Huber, Small, 2005, 1, 482-501.

6 B. T. Sneed, A. P. Young and C. K. Tsung, Nanoscale, 2015,
7,12248-12265.

7 C. H. Kuo, L. K. Lamontagne, C. N. Brodsky, L. Y. Chou,
J. Zhuang, B. T. Sneed, M. K. Sheehan and C. K. Tsung,
ChemSusChem, 2013, 6, 1993-2000.

8 J. Wu, L. Qi, H. You, A. Gross, J. Li and H. Yang, J. Am.
Chem. Soc., 2012, 134, 11880-11883.

9 X. Feng, K. Jiang, S. Fan and M. W. Kanan, J. Am. Chem.
Soc., 2015, 137, 4606-4609.

10 X. Feng, K. Jiang, S. Fan and M. W. Kanan, ACS Cent. Sci.,
2016, 2, 169-174.

11 R. G. Mariano, K. McKelvey, H. S. White and M. W. Kanan,
Science, 2017, 358, 1187-1192.

12 X. Fan, J. Guan, Z. Li, F. Mou, G. Tong and W. Wang,
J. Mater. Chem., 2010, 20, 1676-1682.

13 B. Qi, D. Li, X. Ni and H. Zheng, Chem. Lett., 2007, 36, 722-
723.

14 S. Zhang, G. Jiang, G. T. Filsinger, L. Wu, H. Zhu, J. Lee,
Z.Wu and S. Sun, Nanoscale, 2014, 6, 4852-4856.

15 S. Wang, Y. He, J. Zou, Y. Jiang, J. Xu, B. Huang, C. T. Liu
and P. K. Liaw, J. Cryst. Growth, 2007, 306, 433-436.

16 M. H. Magnusson, K. Deppert and J. O. Malm, J. Mater.
Res., 2000, 15, 1564-1569.

17 Y. Xia, Y. Xiong, B. Lim and S. E. Skrabalak, Angew. Chem.,
Int. Ed., 2009, 48, 60-103.

18 T. Ohno and K. Yamauchi, jpn. J. Appl Phys., 1981, 20,
1385-1391.

19 J. Asselin, C. Boukouvala, E. R. Hopper, Q. M. Ramasse,
J. S. Biggins and E. Ringe, ACS Nano, 2020, 14, 5968-5980.

20 J. Wang, Z. Zeng, C. R. Weinberger, Z. Zhang, T. Zhu and
S. X. Mao, Nat. Mater., 2015, 14, 594-600.

21 C. N. Reid, J. Less-Common Met., 1965, 9, 105-122.

22 E. Ringe, R. P. Van Duyne and L. D. Marks, J. Phys. Chem.
C, 2013, 117, 15859-15870.

23 L. D. Marks, Philos. Mag. A, 1984, 49, 81-93.

24 0. Kovalenko, F. O. Chikli and E. Rabkin, Scr. Mater., 2016,
123, 109-112.

25 J. Che, C. Chan, W. E. Jian and T. Leung, Phys. Rev. B:
Condens. Matter Mater. Phys., 1998, 57, 1875-1880.

26 R. V. Zucker, D. Chatain, U. Dahmen, S. Hageége and
W. C. Carter, J. Mater. Sci., 2012, 47, 8290-8302.

27 C. Boukouvala and E. Ringe, J. Phys. Chem. C, 2019, 123,
25501-25508.

28 J. Zhang, S. Li, J. Wu, G. C. Schatz and C. A. Mirkin, Angew.
Chem., 2009, 121, 7927-7931.

29 S. Wang, Y. He, J. Xu, Y. Jiang, B. Huang, ]J. Zou,
Y. Wang, C. T. Liu and P. K. Liaw, J. Mater. Res., 2008, 23,
72-77.

30 M. Gemmi, E. Mugnaioli, T. E. Gorelik, U. Kolb,
L. Palatinus, P. Boullay, S. Hovmoller and ]J. P. Abrahams,
ACS Cent. Sci., 2019, 5, 1315-13209.

Nanoscale, 2020, 12, 22009-22013 | 22013


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr06957d

	Button 1: 


