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Centimetre-scale crack-free self-assembly for
ultra-high tensile strength metallic nanolattices

Zhimin Jiang and James H. Pikul ®

Nanolattices exhibit attractive mechanical, energy conversion and optical properties, but it is challenging to fabricate large
nanolattices while maintaining the dense regular nanometre features that enable their properties. Here we report a crack-free
self-assembly approach for fabricating centimetre-scale nickel nanolattices with much larger crack-free areas than prior
self-assembled nanolattices and many more unit cells than three-dimensionally printed nanolattices. These nickel nanolat-
tices have a feature size of 100 nm, a grain size of 30 nm and a tensile strength of 260 MPa, which approaches the theoretical
strength limit for porous nickel. The self-assembly method and porous metal mechanics reported in this work may advance the
fabrication and applications of high-strength multifunctional porous materials.

trong and lightweight porous materials are commonly used

in industry, but the difficulties in controlling their physi-

cal and chemical structures during fabrication have limited
their mechanical properties’. Nanolattices are porous materials
with nanoscale features that promise to overcome these limitations
using size-based effects’”. Three-dimensional (3D) printing using
two-photon polymerization is the most common nanolattice fabrica-
tion method*’, but even with a record-high printing speed, it would
take 64 days to fabricate a 20X 20 X 0.1 mm® woodpile nanolattice®.
Alternatively, self-assembly methods have realized relatively fast
nanolattice fabrication (typically several days for centimetre-scale
face-centred cubic (fcc) nanolattices)’"'. Metallic nanolattices made
by filling the voids of self-assembled colloidal templates'*-'?, in par-
ticular, have demonstrated 10 nm periodic features*’, titanium-like
compressive strength'’, selective photonic absorption/emission’?
and high temperature and chemical stability''-*. These properties
show the advantages of nanolattices over traditional porous met-
als that have stochastic pore structures and thick struts or walls'.
Self-assembled templates, however, are subject to dense cracks
that, when filled with a material, form inverted-crack structures
that divide the sample into small nanolattice domains’, cause stress
concentrations, block fluid/gas transport'® and increase optical
scattering’®. Although many studies have focused on fabricating
self-assembled nanolattices'*"'>"”, and several have attempted to
eliminate inverted cracks'®'*, no self-assembly fabrication approach
can produce large-area metallic nanolattices without inverted
cracks. A method to eliminate template cracks and precisely control
metallic nanostructure across millions of units would realize nano-
lattices with unprecedented properties and enable applications in
sensing, energy conversion and mechanics.

Additionally, there is a critical need to measure, predict and opti-
mize nanolattice tensile properties to understand how these mate-
rials fracture and respond to complex loading>". Nearly all prior
nanolattice mechanical characterization, however, has been done in
compression with micro-/nanoindentation>*'>**-** because of the
limited size of 3D-printed nanolattices (typically <5mm?)**, the
small assembled nanolattice domains between inverted cracks (typ-
ically <0.01 mm?)*'® and difficulties in reliably testing small nano-
lattices under tension®. The few studies that investigated nanolattice
tensile behaviour used samples smaller than a few millimetres or

with low absolute strength>*'***, while no studies have explored
the tensile properties of high-strength nanolattices at centimetre
scales with millions of unit cells. To truly take advantage of the
remarkable properties of nanolattices and further understand their
large-scale fracture, it is essential to realize methods for fabricating
macroscopic nanolattices and understand how their chemical and
physical features affect their tensile properties.

We demonstrate a crack-free self-assembly approach to fabricate
centimetre-scale multifunctional metallic nanolattices with 100 nm
periodic features and 30nm grain sizes, which corresponds to a
20,000 times increase in crack-free area and 1,000 times increase
in the number of unit cells in the loaded direction, relative to prior
nanolattices. These nanolattices have 257 MPa tensile strengths
at 1.12% strain and a density of 2.67gcm™, which is 2.6 times
the strength of the strongest porous metals with the same relative
density at any scale. We eliminated cracks during self-assembly by
maintaining a wet template and utilizing electrostatic forces to assist
metal electrodeposition through the template. The resulting nickel
nanolattices have excellent photonic colouration and approach their
macroscopic theoretical tensile strength. The high absolute strength
and the low density would allow nickel nanolattices to replace sand-
wich panel cores with 50% smaller volume than porous titanium,
50% lower mass than porous iron and, importantly, ten times less
volume than other nanolattices.

Results

Conventional self-assembly approaches for fabricating metallic
nanolattices lead to fully dense metal walls (inverted cracks) that
surround nanolattice domains. Figure la shows the conventional
method for growing fcc lattice templates from spherical nanopar-
ticles (Methods). As a result of free energy minimization®>*, water
evaporation drives nanoparticles to assemble into fcc lattices (also
called opals)’ on a conductive substrate. During self-assembly, the
top of the opal dries and cracks (Fig. 1a, inset), while the region
closest to the receding waterline remains wet*' and has no cracks.
The wet region typically maintains a constant height, while the dry,
cracked region grows until all the water evaporates®. The cracked
template is then converted into a nanolattice by sintering the par-
ticles, electrodepositing nickel into the voids and removing the tem-
plate (Fig. 1b). Figure 1c shows a resulting nickel nanolattice with
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Fig. 1| A comparison of the WE method for fabricating inverted-crack-free metal nanolattices with the conventional method. a, Conventional
self-assembly of lattice templates from the evaporation of negatively charged particle colloids on negatively charged surfaces. The inset is a top-view

optical image of a cracked template in the dried area above the waterline. Scale bar, 20 um. b, Fabrication steps to turn a lattice template into a metallic
nanolattice. ¢, SEM images of nickel nanolattices with inverted cracks (white arrows) fabricated by the conventional method (also Supplementary Figs.
8 and 9). d, The WE method for fabricating metallic nanolattices without inverted cracks using positively charged particles and a glycerol additive. The
inset is a top-view optical image of a wet opal template without cracks. Scale bar, 20 um. e, SEM images of nickel nanolattices without inverted cracks,
fabricated by the WE method (also Supplementary Figs. 10 and 11). f, Ratio of wet opal height to total opal height versus volume concentration of
low-vapour-pressure alcohols added to the evaporating colloidal solution. The insets are images of templates made with pure water: top view of the vial
after assembly (left) and top view of the sample (right). Scale bars, 1cm. g h, Schematics of electrostatic forces on negatively charged (g) and positively

charged (h) templates during electrodeposition. V, voltage. Positive and negative signs denote charges on electrodes (green), particles (dark blue and

orange) and ions (light blue and red).

inverted cracks that separate nanolattice domains of typically less
than 0.01 mm? (Fig. 1c and Supplementary Figs. 8 and 9). Due to the
energetic advantage of cracking in dried opals, our previous model
confirmed the inevitable crack formation using the conventional
fabrication method’.

We found that adding low-vapour-pressure alcohols to the col-
loidal solution can prevent assembled opals from drying, and there-
fore cracking, by concentrating the alcohols in the opal voids as
water evaporates (Fig. 1d). We chose glycerol and ethylene glycol
to prevent the opals from drying because they are soluble in water,
are not volatile compared to water and only have hydroxyl groups
that do not screen the charges on nanoparticles. As the assembled
particles aggregated’, van der Waals forces between particles were

strong enough to hold the template together to survive subsequent
processing (Fig. 1b,d,e and Supplementary Section 12). Figure 1f
shows the wet opal height, h,,, normalized by the full opal height,
By for glycerol and ethylene glycol at 0 to 1% initial volume con-
centrations. Without the alcohols (inset in Fig. 1f), the wet opal
height was typically less than 10mm (h./h,,=0.45 in Fig. 1f).
When 0.06%v/v glycerol was added, h,,/h,, increased to 1. For
ethylene glycol, h,./h,, was smaller than samples with glycerol
but larger than pure water, as glycol has an evaporation rate higher
than glycerol but lower than water. At low concentrations, glycerol
and ethylene glycol did not impact the self-assembly order, whereas
the assembled opal quality deteriorated when their concentra-
tions increased beyond 1% v/v and 2% v/v (Supplementary Fig. 1).
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At this point, the alcohols’ local concentration at the assembly
front was too high to densify particles into fcc packing
(Supplementary Section 1). This experiment showed that 0.06%
glycerol in the colloidal solution resulted in fully wet opals with
high-quality packing and no cracks (Fig. 1d, inset).

Although keeping the opal wet prevented cracks, nickel could
no longer be subsequently electrodeposited through the template
due to particles’ negative surface charges. Negatively charged par-
ticles made from sulfated polystyrene (PS), sulfated polymethyl
methacrylate (PMMA) and silica are commonly used because they
are relatively easy to synthesize with high surface charge densities
compared to positively charged particles'’. During electrodeposi-
tion, however, the negatively charged electrode repels the parti-
cles’ negative charges and delaminates the opal from the substrate
(Fig. 1g and Supplementary Sections 2 and 6). The conventional
fabrication method uses sintering to prevent the delamination, but
sintering requires a dry opal and exacerbates crack formation’.

We solved the delamination problem using positively charged
particles, which reverses the electrostatic forces (Fig. 1h) so that
nickel nanolattices without inverted cracks can be deposited
(Fig. le and Supplementary Figs. 10 and 11). The positively
charged particles, synthesized by dispersion polymerization
(Methods), had amidine functional groups that fully protonated/
ionized in water and created strong surface charges (67 to 82mV
zeta potentials; Supplementary Section 5). The strong charges were
necessary to self-assemble particles into fcc packings®, whereas
other weakly ionized, positively charged functional groups, such
as amine groups, had low zeta potentials and resulted in random
particle packings (Supplementary Sections 5 and 7). During elec-
trodeposition, the strong electric field in the electrode double layer
attracts positively charged particles after uncovering the ion cloud
surrounding the particles (Fig. 1h; also Supplementary Section 6
for details)”, which allows nickel to deposit through the wet
template without cracks (Fig. le and Supplementary Section 6).
Figure 1b,d,h summarizes the developed method, which we call
the wet-electrostatic (WE) method.

The WE method extended the available materials for
crack-free self-assembled nanolattices from only oxides to metals
(Supplementary Fig. 34 for a Cu nanolattice), while simultane-
ously increasing the maximum nanolattice thickness by 10 times,
allowing centimetre-scale samples, and maintaining excellent
optical properties. Previousstudies that used coassembly to fabri-
cate oxide nanolattices were limited to a thickness of 16 layers of
particles, beyond which large internal stresses generated by oxide
sintering cracked the sample'®. By contrast, electrodeposition does
not require a sintering process to transform or densify the solid
phase as the as-deposited nickel is fully dense (8.908 +0.060 g cm;
Supplementary Section 20), and the resulting nanolattice
thickness is limited only by the opal thickness (up to 500 um).
Figure 2a shows a 90-um-thick crack-free nickel nanolattice,
which was ten times thicker than prior crack-free studies on oxide
nanolattices'®. The inset shows a centimetre-scale crack-free
nickel nanolattice (>2cm?), which is a 20,000 times increase in
crack-free area compared to the conventional assembly method
(0.01 mm?). Eliminating inverted cracks also decreased the sur-
face roughness substantially (Supplementary Fig. 15), which
improved the nanolattice optical functionality. Figure 2b shows a
highly ordered (111) crystal plane on the top of a nickel nanolat-
tice, along with a clear colour transition from blue to red as the
angle, 6, between a camera and incident light increased (Methods).
The regions having slight colour variation in the insets were
due to variations in nanolattice grain orientations (Supplementary
Fig. 14). The overall excellent colour uniformity throughout
the sample further confirmed that the resulting nickel nanolat-
tices had well-aligned polycrystalline structures separated by
small-angle grain boundaries.
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Fig. 2 | Physical and optical characterization of inverted-crack-free nickel
nanolattices. a, A cross-section SEM image of an inverted-crack-free
and free-standing nickel nanolattice. The blue mark represents the prior
thickness limit of inverted-crack-free silica nanolattices, equivalent to a
thickness of 16 layers of particles'. The inset is an image of a large-area
nickel nanolattice without inverted cracks. The blue and red columns
denote sample thicknesses and do not relate to the colours of the inset.
b, An SEM image of a high-quality inverted-crack-free nickel nanolattice
with a (111) surface facet that selectively reflects colour based on the
relative viewing angle. The left inset is the experimental set-up for the
spectrum images on the right.

The WE method also enabled the macroscopic study of nano-
lattice tensile mechanical properties, which has been very chal-
lenging because of the difficulty in fabricating large (>1cm?)
samples’. Most prior studies measured compressive properties
using micrometre-sized cubic or cylindrical samples>*>!**-**, Even
for self-assembled nanolattices, the nanolattice properties could
only be isolated with nanoindentation or nanocompression because
of the small separation between inverted cracks”'*'>?**. Using the
WE method on an indium-tin-oxide-coated (ITO-coated) substrate
with a dog-bone pattern (Supplementary Fig. 18), we overcame
these prior limits and fabricated free-standing crack-free nickel
nanolattice dog bones with 2.4cm sample length and four differ-
ent internal pore sizes (determined by particle sizes; Supplementary
Section 4). Figure 3a shows the dog-bone samples (Supplementary
Fig. 21 for scanning electron microscopy (SEM) graphics). The
coloured regions show the selective light reflection from the pure
nickel nanolattices. ITO’s low adhesion to metals allowed easy peel-
ing of the nanolattices from the substrates to form free-standing
samples for tensile testing’.

Tensile testing of the dog bones showed an ultra-high ultimate
tensile strength (UTS). Figure 3b shows a typical fracture surface
of a nickel nanolattice after tensile failure. The insets show the full
sample before, during and after testing. As indicated by the white
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Fig. 3 | Tensile properties of nickel nanolattices. a, Dog-bone samples of inverted-crack-free nickel nanolattices with different internal pore sizes. The
coloured areas are nickel nanolattices. No false colouring was used. b, The fracture surface of a nickel nanolattice with a 649 +13 nm average pore size.
The blue-coloured area shows a layer of solid nickel at the bottom of the sample. The majority of the fracture surfaces are {111} crystallographic planes.
The insets are a dog-bone sample in tensile grips before (left), during (middle; the colour was excited by external light) and after (right) fracture. t,.,.oaticer
nanolattice thickness; ty; solid nickel layer thickness. ¢, Tensile stress () versus strain (e) of four typical samples with different pore sizes. d, Ultimate
tensile strength of nickel nanolattice dog bones versus the fraction of solid nickel at the sample bottom, t/t,...- The black dashed line is the linear fit for all
data (Supplementary Fig. 30 for individual size data and fits). Error bars show s.d. R?, coefficient of determination.

dashed-line polygons in Fig. 3b, tensile fracture mainly occurred
at {111} crystal planes. A thin solid nickel layer can be seen at the
bottom of the fracture surface (blue region, typically 0-3 pm thick),
which formed during the nucleation stage of electrodeposition.
Although mechanical milling can remove the solid nickel layer
(Supplementary Fig. 22), we tested the dog bones without milling
to avoid the potential damage from milling. We treated the samples
as laminated composites, and the dog-bone UTS is 615 = 6 panolaice
(1-x)+ oX, where 6,00 a0d 0y are stresses in the nanolattice
and in the solid nickel layer at failure; x =t;/t,,, is the ratio of the
solid nickel layer thickness to the total thickness.

Figure 3c shows four typical strain-stress measurements for
samples with different pore sizes. The average fracture strain of
the composite samples was 1.12% (Supplementary Table 6), and no
obvious yielding stage was present. A 0.2% offset yield stress analysis
indicated that there was very little plastic deformation before 0.9%
strain (Supplementary Fig. 20). The strain in the figure was esti-
mated using a simulation, which underestimated the strain at failure
by 0.15% on average, and was accurate below 0.9% (Supplementary
Section 14). The fracture strain of solid nickel was about 2.5%
(Supplementary Fig. 24), suggesting that the nickel nanolattice frac-
tured prior to the failure of the bottom solid nickel layer. Therefore,
O panolattice 18 the UTS of the nickel nanolattice, which can be obtained
from a linear fit of composite dog-bone UTS measurements with
respect to x. Figure 3d shows the UTS of composite dog bones ver-
SUS i/t A larger ty/t . led to a higher UTS, as expected. The
data presented here were statistically analysed (over 50 samples) to
prevent inaccuracy caused by sample misalignment during testing
(Supplementary Section 23).

Linear regression analysis of each dataset in Fig. 3d (Supplementary
Fig. 30 for details) determined the UTS values to be 247.5+9.3,
261.3+7.8, 256.9+6.7 and 264.9+ 3.7 MPa for samples with pore
sizes of 494+ 10, 649+ 13, 754 +12 and 844 + 9 nm, respectively, at
a 0.298 +0.006 relative density (Supplementary Section 22), which
corresponded to 0.0935+0.006, 0.0988 +0.006, 0.0971+0.005 and
0.100 + 0.004 MPa/(kg m) specific strengths, respectively. The mea-
sured relative density was higher than the ideal value, 0.26 (ref. »°),
because of particle size variation and defects in the nanolattices
(Supplementary Fig. 25). These effects can also broaden the nano
strut size variation and potentially cause weak spots in nanolattices,
which could be a reason for the limited pore-size dependence in
Fig. 3d. Our observations agree with previous compression mea-
surements, which showed no strong size dependence with struts
larger than 60nm (the smallest strut size here is 76nm)’. The lin-
ear fit for all the data (black dashed line) gave an overall UTS of
257.3 +3.9 MPa, and indicated the stress in the solid nickel layer, oy,
at fracture was 781 + 53 MPa, agreeing with the solid nickel stress at
1.12% strain (732 + 17 MPa; Supplementary Fig. 24). Supplementary
Tables 6 and 7 summarize all the tensile testing data.

The fabricated nickel nanolattices approached their theoreti-
cal UTS limit and realized a combination of material properties
that outperformed other porous metals. A well-known formula to
predict the porous material UTS, oy, is

ours = Cop (p*/p)"°, (1)

where o, and p*/p are the bulk counterpart UTS and the relative
density of the porous metal™. p* and p are the densities of porous
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metal and bulk metal, respectively. The constant, C (typically, <1),
characterizes the porous geometric structure®. A larger C corre-
sponds to a porous structure allowing a more even stress distribu-
tion and smaller internal stress concentrations.

Figure 4a summarizes the UTS of several porous metals (Ni
(refs. 47°), Fe (refs. *-*), Ti (refs. ***!), Al (ref. %), Cu (refs. ©**), Au
(refs. *=*) and Ag (refs. ***)) versus relative density with the dashed
lines following equation (1) at different Co, values. Prior fabrication
techniques, including particle sintering®****, dealloying*~*/,
Gasar’®**, slurry foaming®* and syntactic foaming®, encoun-
tered a Co,, limit of 0.6 GPa (black dashed line). This empirical limit
has been set due to compromises in porous metal manufacturing.
For example, a small Co, can result from poor geometric control
of internal pores (small C) or from the inability to tune the mate-
rial microstructure (small o). The solid dots in the figure show the
nickel nanolattice dog bones in this study. Our nanolattices broke
the Co,=0.6 GPa limit by a factor of 2.6, with a Co, of 1.57 GPa
(overall 6,;3=257.3 MPa, and p*/p=0.298). The high strength was
due to the fcc-arranged nanostructures with 100nm periodic fea-
tures (large C) and 30 nm average grain size tuned by electrodeposi-
tion (large o,; Supplementary Sections 9 and 24).

We compared this performance to the theoretical limit by sub-
stituting the strongest bulk nickel UTS (2 GPa in electrodeposited
nickel with 26 nm grain size*’) into the bulk strength in equation (1).
Using 6, =2 GPa and C=1, equation (1) predicts that the theoretical
UTS limit of porous nickel is 325 MPa at a relative density of 0.298,
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only 26% higher than our nickel nanolattices (257 MPa). When
compared to other nanolattices®**, nanoporous graphene®~>
and aerogels™, the nickel nanolattices had an order of magnitude
higher UTS (Fig. 4b). This agrees with prior simulations showing
that the inverse opal structure can outperform octet trusses and
isotropic trusses in terms of Young’s modulus, bulk modulus and
shear modulus®. Compared to other porous metals tensile failure
strains (0.1-7.3% with 0.16-0.84 relative densities)*****°) our
nickel nanolattices’ average failure strain (1.12%) did not show a
substantial drawback. Overall, the presented nanolattice has excel-
lent tensile strength compared to prior porous metals because of
the unique combination of pore shape and material microstructure.

Porous materials are often used to reduce the weight of struc-
tural materials subjected to bending and buckling, such as sand-
wich panel cores, and our nickel nanolattice shows excellent
promise for bearing bending loads with a low volume and low mass.
Previous nanolattice studies emphasized specific strength®’, but it
is also important to consider the total mass and volume required
to resist a load. For example, the strongest 3D-printed nanolat-
tice (UTS=27.4MPa)* requires ten times more cross-sectional
area (or volume) than a steel wire (UTS >400MPa) to hold the
same weight. Here, we consider how much volume and mass a
material needs to resist failure when being bent. For a rectangu-
lar beam with variable height, p*oy™"? and oy~ characterize
the minimum beam mass and volume needed to resist failure
(Supplementary Section 25 for derivation)”. Figure 4c shows
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ours 2 versus p*oyrs "2 for different porous metals, nanolattices
and nanoporous materials. The dashed lines denote different spe-
cific strengths and show that our nickel nanolattices have the high-
est specific strength among porous metals. The high UTS and low
density allow the nickel nanolattices to resist a bending load with
50% smaller volume than porous titanium, 50% lower mass than
porous iron and, importantly, ten times less volume than nanopo-
rous graphene and other nanolattices.

Moreover, the presented fabrication approach can create much
larger nanolattices than prior 3D-printing-based approaches.
The challenge with nanolattice fabrication is to maintain pre-
cise nanoscale dimensions at the unit-cell level, which enable
the enhanced properties, while simultaneously connecting mil-
lions of unit cells in a reasonable time with minimal defects or
imperfections, such as big voids and missing struts, that could
substantially decrease the strength. Thus, a technique resulting in
fewer such imperfections should produce higher-strength nano-
lattices at larger scales. Here, we define the fabrication method’s
scalability as the ratio of a sample’s loaded length to unit-cell
length. Figure 4d shows the specific strength versus the scalabil-
ity of nanolattices. For our samples, the loaded length was the
equivalent length (Supplementary Fig. 19), while for prior work,
we used the total distance between grips. The specific strengths
of the nickel nanolattices outperform most other nanolattices,
and the self-assembly technique allows a scalability that is three
orders of magnitude larger than 3D printing. The large sample
size and the high specific strength of the nickel nanolattices show
that the self-assembly fabrication approach is capable of minimiz-
ing imperfections while maintaining nanoscale features across
millions of unit cells.

Conclusions

In summary, this work presents a crack-free self-assembly approach
to fabricate large-area multifunctional metallic nanolattices with an
ultra-high 257 MPa tensile strength, which is 2.6 times the strength
of prior porous metals at 0.298 relative density. We found that the
key to eliminating cracks during self-assembly was to keep the
template wet with 0.06% glycerol. Additionally, synthesized, posi-
tively charged PS particles allowed subsequent electrodeposition
through the thick, wet opals due to electrostatic forces. Benefiting
from the scalability of this fabrication approach, we grew large-area
nickel nanolattices without inverted cracks and measured the ten-
sile properties with macroscopic testing equipment. The resulting
nickel nanolattices had excellent photonic colouration, approached
the theoretical limit of the upper tensile strength, achieved a com-
bination of strength and relative density that outperformed other
porous metals and nanolattices and could resist bending frac-
tures with a lower volume and mass than most porous materials.
The developed methods and findings in this work will further
the design and fabrication of lightweight porous metals with the
promising combination of high strength, electrical and thermal
conductivity, structural colouration and high specific surface area,
which may enhance the performance of many applications such as
high-power-density batteries, efficient heat and mass exchangers
and selective infiltration membranes.
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Methods

We prepared amidine-functionalized PS particles with positive charges

by dispersion polymerization with 2,2’-azobis(2-methylpropionamidine)
dihydrochloride and poly(diallyl dimethyl ammonium chloride) as the initiator
and the stabilizer, respectively. Supplementary Fig. 3 shows the experimental
set-up and synthesis process. Synthesis recipes, particle size distributions and
particle zeta potentials at a self-assembly pH of 7 and electrodeposition pH of

4 are in Supplementary Sections 3-6. The detailed synthesis steps can be found

in Supplementary Section 3. In general, a flask was filled with ethanol, aqueous
poly(diallyl dimethyl ammonium chloride) and styrene, sequentially. The mixture
was deoxygenated for 10 min by bubbling nitrogen gas and heated to 70°C.
Deoxygenated aqueous 2,2’-azobis(2-methylpropionamidine) dihydrochloride was
then injected into the flask. The final mixture was kept at 70 °C and magnetically
stirred for 20 h. The synthesized particles were centrifuged, washed by Milli-Q
water and redispersed in water by sonication five times before use. The average
particle diameters were characterized by SEM and image processing in MATLAB.
Delsa Nano C particle analyser characterized the particle zeta potentials.
MicroParticles and Thermo Fisher supplied negatively charged PS colloid
suspensions functionalized with sulfate groups and PS particles functionalized with
amine groups. Supplementary Table 8 lists the source, grade and concentration of
all the chemicals.

We functionalized substrates to adjust surface charges before using them for
self-assembly. ITO-coated glass slides were sonicated in methanol, acetone and
isopropyl alcohol for 15 min each. After that, soaking the ITO slides in a ‘base
piranha’ solution (H,0,/NH,OH/H,O with the volume ratio of 1:1:5) at 80°C
for 2h functionalized the ITO surface with hydroxyl groups. Then, soaking
the substrates in 1.0 wt% 3-(trihydroxysilyl) propane-1-sulfonic acid methanol
solution, or 1.0 wt% N-(3-(trimethoxysilyl)propyl)-N,N,N-trimethylammonium
chloride methanol solution, for 24 h functionalized the substrates with negative/
positive charges. The substrates were rinsed with Milli-Q water thoroughly before
being used for growing opals. For fabricating dog-bone samples, ITO slides were
patterned by an ultraviolet laser (IPG Photonics IX-255) before functionalization
(Supplementary Section 14 for the pattern dimensions).

Figure 1a,b shows the conventional nickel nanolattice fabrication process
using self-assembly. ITO slides functionalized with negative charges were placed
in Nalgene vials filled with 0.5 wt% negatively charged PS colloid suspensions. The
vials were then heated to 55°C to assemble opals for 24-36h. After self-assembly,
opals were sintered at 95°C for 3h to increase the adhesion to the substrate,
followed by electrodepositing nickel at —1.5V with nickel as a counter electrode in
an Elevate Nickel 5910 bath (Supplementary Table 3 for the chemical composition).
After electrodeposition, samples were soaked in toluene for over 12h to dissolve
the PS templates.

Figure 1b,d shows the WE (crack-free) fabrication approach for nickel
nanolattices without inverted cracks. The self-assembly process followed the
conventional method with some important changes. Instead of negatively charged
particles and ITO slides, we used amidine-functionalized PS particles and
positively charged ITO substrates. The positively charged PS colloid solution was
1wt% PS with 0.06% v/v of added glycerol. The crack-free self-assembled template
could be made as thick as 500 um. After self-assembly, the wet opals were quickly
transferred to the electrodeposition bath following the steps in Supplementary
Section 12 to electrodeposit nickel at 1.5V versus a nickel counter electrode.
After electrodeposition, samples were mechanically peeled from their substrates
(Supplementary Fig. 18) and then soaked in toluene for over 12h to dissolve the
PS template. For the dog-bone sample fabrication, only the dog-bone pattern
was connected to the power source so that the deposited nickel nanolattice
automatically formed the dog-bone shape (Supplementary Fig. 17).

A camera (Nikon D7100) mounted on top of a sample measured the structural
colour while the incident light angle was adjusted from 61° to 71° with respect
to the camera (Supplementary Fig. 13). An Instron mechanical tester (68SC-2)
performed mechanical testing with side-action tensile grips and flat surface
specimen holders (Fig. 3b, middle inset and Supplementary Fig. 20). During
gripping, the specimen was adjusted several times until there was no visible
sample distortion, to minimize the effect of misalignment. The initial distance
between grips was 16.36 mm. Only dog-bone samples where the crack-free nickel
nanolattices filled the majority of the area between grips were used for mechanical
characterization. Preparation of dog-bone samples was carried out with caution
to ensure that no inverted cracks appeared in the gauge sections (Supplementary
Sections 12 and 15). The crosshead speed was 1 pms™, equivalent to a strain rate
of 8x10~°s". Only the samples that fractured in the gauge section were analysed
and reported. The sample thicknesses were characterized in an SEM instrument
(Supplementary Section 17) to calculate the stress (the sample width was 1.95 mm).
The strain was estimated by dividing the grip displacement by 12.62 mm, which
was determined by simulation and verified using image processing with time-series
sample images (Supplementary Section 14). Electrodeposited nickel density
and nickel nanolattice relative density were calculated from mass and volume
measurements (Supplementary Sections 20 and 22). Rigaku MiniFlex X-ray
diffraction characterized the nickel grain size (Supplementary Section 24).

Data availability
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available from the corresponding author on reasonable request.
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