
416 | Nature | Vol 590 | 18 February 2021

Article

Self-similar mesocrystals form via 
interface-driven nucleation and assembly

Guomin Zhu1,2, Maria L. Sushko1, John S. Loring1, Benjamin A. Legg1,2, Miao Song1, 
Jennifer A. Soltis1, Xiaopeng Huang1, Kevin M. Rosso1 & James J. De Yoreo1,2 ✉

Crystallization by particle attachment (CPA) is a frequently occurring mechanism of 
colloidal crystallization that results in hierarchical morphologies1–4. CPA has been 
exploited to create nanomaterials with unusual properties4–6 and is implicated in the 
development of complex mineral textures1,7. Oriented attachment7,8—a form of CPA in 
which particles align along specific crystallographic directions—produces mesocrystals  
that diffract as single crystals do, although the constituent particles are still discernible2,9.  
The conventional view of CPA is that nucleation provides a supply of particles that 
aggregate via Brownian motion biased by attractive interparticle potentials1,9–12. 
However, mesocrystals often exhibit regular morphologies and uniform sizes. 
Although many crystal systems form mesocrystals1–9 and individual attachment 
events have been directly visualized10, how random attachment events lead to well 
defined, self-similar morphologies remains unknown, as does the role of surface- 
bound ligands, which are ubiquitous in nanoparticle systems3,9,11. Attempts to 
understand mesocrystal formation are further complicated in many systems by the 
presence of precursor nanoparticles with a phase distinct from that of the bulk1,13,14. 
Some studies propose that such particles convert before attachment15, whereas 
others attribute conversion to the attachment process itself16 and yet others conclude 
that transformation occurs after the mesocrystals exceed a characteristic size14,17. 
Here we investigate mesocrystal formation by iron oxides, which are important 
colloidal phases in natural environments18,19 and classic examples of systems forming 
ubiquitous precursor phases and undergoing CPA accompanied by phase 
transformations15,19–21. Combining in situ transmission electron microscopy (TEM) at 
80 degrees Celsius with ‘freeze-and-look’ TEM, we tracked the formation of haematite 
(Hm) mesocrystals in the presence of oxalate (Ox), which is abundant in soils, where 
iron oxides are common. We find that isolated Hm particles rarely appear, but once 
formed, interfacial gradients at the Ox-covered surfaces drive Hm particles to 
nucleate repeatedly about two nanometres from the surfaces, to which they then 
attach, thereby generating mesocrystals. Comparison to natural and synthetic 
systems suggests that interface-driven pathways are widespread.

We started with a precursor consisting of aggregates of poorly crys-
talline two-line ferrihydrite (Fe2O3·xH2O, Fh)19, which exhibited two 
characteristic diffuse rings at approximately 1.5 Å and 2.5 Å (Fig. 1a). 
In the absence of additives, single crystals of Hm (Fe2O3) with well 
faceted surfaces formed within 10 h (Extended Data Fig. 1a–c). How-
ever, upon addition of 2-mM sodium oxalate (NaOx), after two hours, 
spindle-shaped Hm mesocrystals appeared within the Fh aggregates 
(Fig. 1b). By 10 h, all Fh disappeared, and only Hm mesocrystals 
remained (Fig. 1c, Extended Data Fig. 1d–f). Cryogenic transmission 
electron microscopy (cryo-TEM) at similar time points confirmed these 
results (Extended Data Fig. 2). High-resolution TEM (HRTEM) showed 
that all spindles consisted of assemblages of crystallographically 

aligned Hm particles (Fig. 1d–f) and were elongated along the [001] 
axis (see Methods and Extended Data Fig. 1 for details of identifying 
the elongation direction). Cross-sectional TEM (Extended Data Fig. 3), 
together with three-dimensional (3D) tomography (Supplementary 
Video 1) of microtomed samples, confirmed the spindle microstructure 
and revealed many nanometre-scale pores.

Dimensional analysis of the spindles showed that the size of the pri-
mary particles increased from about 3.5 nm at 2 h (Fig. 1d), to 6.5 nm at 
10 h (Fig. 1e), to 9.5 nm at 200 h (Fig. 1f). A plot of spindle length versus 
width revealed a constant aspect ratio of 2.15 ± 0.08 for all spindles, 
demonstrating the deterministic nature of the spindle growth. Moreo-
ver, this consistency was maintained even though the average spindle 
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length and width both increased for the first 12 h and decreased there-
after (Fig. 1g, h, Supplementary Table 1). In contrast to the aspect ratio, 
the sizes of the spindles varied greatly at any given time. For example, 
at 3.5 h, the spindle length varied between 40 nm and 140 nm. This 
approximately factor-of-four spread in sizes reflects the slow but con-
tinuous birth of new spindles. Nonetheless, the spindles exhibited a 
characteristic size rather than a power-law size distribution, as would 
be expected for random cluster aggregation22 (Supplementary Fig. 1).

Analysis also shows that the spindle development proceeded in two 
stages: during the first stage, the spindles grew in length, width and 
particle number. During the second stage, the spindle size decreased, 
but the average primary particle size continued to grow while the total 
number of discernible particles decreased (Fig. 1i) and the exposed 
particles slowly grew (Fig. 1i) and developed facets (Fig. 1e, f). Transi-
tion from the first to second stages correlated with the disappearance 
of the Fh (Fig. 1c, i). These results suggest that the first stage is domi-
nated by spindle growth, whereas the second stage is dominated by 
particle coarsening in a solution at equilibrium with respect to Hm 
and devoid of Fh.

To track the temporal evolution of Fh and Hm, we used a ‘freeze and 
look’ method by loading indexed TEM grids with Fh and imaging them 
over time. The Fh-loaded grids were placed into Ox-containing solu-
tion at 90 °C (see Methods), then returned to the TEM for imaging in 
the same regions after a few hours (Fig. 2a, Extended Data Fig. 4). The 
Fh was observed to initially consist of large aggregates (Fig. 2b) whose 
overall morphology was preserved after 3 h, when the first Hm particles 
began to appear, lying exclusively amongst the Fh aggregates (Fig. 2c). 
Given that the solution must be in equilibrium with Fh, the existence 
of Hm only in association with the Fh implies that the initial Hm parti-
cles must form either through the direct transformation of Fh or the 
heterogeneous nucleation at the Fh/solution interface.

A closer examination of the Hm particles showed that they exhib-
ited a half-spindle shape with all half-spindles pointing towards the 
solution rather than into the Fh aggregate (Fig. 2d). HRTEM (Fig. 2e, 
f) showed that the primary Hm particles were crystallographically 
coaligned (Fig. 2f, inset, fast Fourier transform (FFT) pattern). If the 
Hm spindles were growing through direct addition of Fh, which then 
transformed to Hm, we would expect the spindle to be growing into the 

a 

g 

0 150 200 250 300
0

40

80

120

160

Time (h)

A
ve

ra
ge

sp
in

d
le

le
ng

th
(n

m
)

0

40

80

120

160

A
ve

ra
ge

sp
in

d
le

w
id

th
(n

m
)

200 nm

b c 

100 nm

2 nm–1

100 nm

5 nm5 nm5 nm

d e f 

h i 

Fh

Fh

Hm

Hm
Hm

Hm

0.15 nm

0.25 nm

0.15 nm

0.25 nm
0 h 10 h2 h

0 h 200 h10 h

Hm HmHm

[001] [001] [001]

0 40 160 200 240 280 320
2

4

6

8

10

12
Average domain size

A
ve

ra
ge

d
om

ai
n

si
ze

(n
m

)

Time (h)

–6

0

6

12

18

24

30

36

Domain number per spindle

D
om

ai
n

nu
m

b
er

(×
10

0)

0 10 20 30 40 50 60 70
0

30

60

90

120

150

180
2 h
3.5 h
4.5 h
7 h
12 h
24 h
294 h

Le
ng

th
(n

m
)

Width (nm)

5 nm–1 5 nm–1 5 nm–1

Fig. 1 | Formation of spindle-shaped Hm mesocrystals from Fh nanoparticles.  
a, Ex situ TEM image of a Fh aggregate. Inset, selected-area electron diffraction 
(SAED) images showing two diffuse rings. b, Spindle-shaped Hm appeared 
within 2 h. c, Transformation of all the Fh to Hm occurred within 10 h.  
d–f, HRTEM images of spindle-shaped Hm exhibiting crystallographically  
coaligned domains; their size increases with time; shown at 0 h (d), 10 h (e) and 

200 h (f). Insets, corresponding FFTs of each Hm spindle shown in d–f.  
g, Spindle length versus width, showing constant aspect ratio. h, Plots of 
average spindle length (green) and width (red) as a function of time. Data are 
mean ± s.d., from approximately 35 spindles for each data point. i, Plots of 
average domain size (blue) and domain number per spindle (purple) as a 
function of time.
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aggregate of Fh particles—that is, the tip of the spindle would advance 
towards the source of the Fh particles. The fact that the spindle tip 
advances away from the Fh source and into the bulk solution implies 
that the Hm primary particles are instead forming and adding from the  
surrounding solution.

If the Hm particles come from the free solution, the implication of a 
time-independent spindle shape and aspect ratio is that the Hm parti-
cles that form first determine the rate of production and attachment of 
subsequent particles. To further explore this possibility, well faceted 
single-crystal seeds of Hm were added to Ox-containing solutions of 
Fh precursor particles. The number density of seeds was negligible 
compared to the Fh, mimicking the situation early in stage 1. After 
incubating for 5 h, Hm primary particles had formed and attached to 
the Hm seeds in crystallographic coalignment to create spindles for 
which the ratio of the added length to the added width was again about 
2.2 (Methods, Fig. 3a, Extended Data Fig. 5). Thus seeded Hm growth 
follows the same crystallization pathway as unseeded growth, with 
the seed providing a template for organization of the new particles. 
When the reverse experiment was run and Hm spindles were added 
to Fh-containing solutions free of Ox, Hm with well faceted surfaces 
grew over the Hm spindles in crystallographic coalignment (Extended 
Data Fig. 6).

The above observations suggest that, once Hm particles are present 
in Ox-containing solutions of Fh—whether through nucleation of Hm 
from solution, on the Fh, or by seeding—the Fh then dissolves to provide 
solute for the new Hm particles, which must nucleate either directly on 
the initial Hm crystals in crystallographic coalignment or in the solution 
near the Hm crystals to which they then attach in a coaligned fashion. 
To test this hypothesis and determine where the new Hm particles 

formed, we used in situ liquid-phase TEM operating at 80 °C23–25 to 
observe spindle formation on existing Hm seeds.

In TEM mode, the Hm seeds were initially clearly resolved, but the 
Fh particles were difficult to see owing to their low contrast (Fig. 3c–e, 
Supplementary Videos 2, 4, 5, 6). However, scanning TEM (STEM) imag-
ing simultaneously resolved both the Hm seeds and the Fh particles 
(Extended Data Fig. 7, Supplementary Video 3). The combined results 
confirm that the Fh gradually dissolves while new ‘daughter’ Hm par-
ticles nucleate adjacent to—but not on—the surface of the ‘parent’ Hm 
seeds and then attach to the seeds (arrows in Fig. 3c–e). Moreover, 
the spheroidal shape of the nuclei and large contact angles of over 
90° between seed and nucleus are inconsistent with a heterogeneous 
nucleation model on the seed surface, where nucleation would only be 
preferred if the interfacial energy—and hence the contact angle—was 
low. In addition, the flat faces of the seed away from the locations of the 
attached particles do not grow noticeably and do not develop rough-
ness at the scale of a nanometre or more. This is consistent with the 
observation that, during late-stage coarsening, the exposed particle 
surfaces develop facets (Fig. 1e, f). When the experiments were allowed 
to progress for extended periods of time, during which the beam was 
blocked between collection of multiple short image series (Fig. 3e, 
Supplementary Videos 6, 7), the development of spindles around the 
seeds and the repeated nucleation and attachment of daughter par-
ticles to the growing spindles could be directly followed. Analysis of 
the liquid-cell contents after in situ heating for 5 h showed that the 
final products were indistinguishable from the spindles formed ex situ 
(Extended Data Fig. 8 versus Fig. 1c).

The in situ TEM results provide clear evidence that Fh acts as a 
buffer to provide the source and set the concentration of solute 
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Nature | Vol 590 | 18 February 2021 | 419

ions from which daughter Hm primary particles form. As long as 
Fh particles are present, the solute concentration remains fixed at 
the solubility of Fh, ensuring that the Hm particles form at constant 
supersaturation as the Fh dissolves to replace the ions taken up by the 
growing Hm. However, these daughter particles nucleate near the Hm– 
solution interface, exhibiting an intervening edge-to-edge gap of about 
2 nm before attaching to build the spindle-shaped Hm monocrystals, 
although the two-dimensional nature of TEM imaging and resolution 
limits preclude a precise determination of the initial separation (see 
Methods, Extended Data Figs. 9, 10). All new Hm particles attach to the 
parent seed or spindle and none is found diffusing into the bulk solu-
tion far from the seed (or spindle), which is a clear reflection of motion 
within a potential that attracts the daughter particles to the parent 
seed or spindle. However, we cannot discern from these experiments 
whether the new Hm particles are coaligned upon nucleation, align 

during attachment, or whether they exhibit other styles of oriented 
attachment1 including misaligned attachment followed by elimination 
of defects10,26, or, in some instances, attachment via formation of a neck 
in the intervening gap12,27.

We now seek to understand the role of Ox. In solution, Ox binds Fe3+ to 
make Ox complexes the dominant Fe species28. Ox is therefore capable 
of accelerating Fh dissolution, although it does not appreciably shift 
the bulk Fe3+ activity, which remains fixed at the Fh solubility. However, 
the difference in Hm growth with and without Ox shows that it also 
acts at the Hm surface: in the absence of Ox, Hm forms large faceted 
crystals (Fig. 3a, Extended Data Fig. 1a–c); in its presence approximately 
spheroidal particles form, presumably growing ion-by-ion, but do so 
very slowly once they reach approximately 5 nm in diameter. Conse-
quently, one role of Ox is to stabilize Hm nanoparticles and inhibit their 
growth. Moreover, nucleation and attachment of daughter Hm particles 
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2.4 nm is measured at 7 s (inset), the spheroidal particle is attached to the seed 
with a contact angle over 90° at 9 s and coarsens to eliminate the negative 
curvature created by the attachment event by 14 s. e, Sequential TEM images 
from Supplementary Video 6 showing the growth of Hm spindles from Hm 
seeds, similar to those in b, c, over a time period of about 15 min. The beam was 
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white arrows.
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only occur when Ox is present. Thus Ox must reside at the Hm-particle  
surface where its second role is to promote Hm nucleation by bias-
ing the local chemistry and possibly assisting in driving particle  
attachment.

To test the above hypothesis, we first measured the degree to which 
Ox binds to the common (001) and (012) faces of Hm using attenuated 
total reflection–Fourier transform infrared (ATR-FTIR) spectroscopy 
and ion chromatography29. The results show that the Hm (001) and (012) 
surfaces develop high Ox coverages of 4.38 and 12.17 Ox molecules per 
nm2, respectively (Fig. 4a, Supplementary Table 2). Calculations using 
plane-wave density functional theory (DFT) gave similar results of 
4.30 and 13.92 Ox anions per nm2, with Ox exhibiting strong bidentate 
side-on mononuclear binding on both faces (Supplementary Fig. 2, 
Supplementary Table 2), consistent with prior analyses30,31.

We then performed classical DFT (cDFT) calculations to determine 
the effect of Ox on the Fe3+ concentrations near the interface, as well as 
the corresponding Hm–Hm interparticle forces (Fig. 4b). Following an 
approach that separates contributions to the total chemical potential 
describing the entropy of mixing (ideal chemical potential) and all 
interfacial interactions (potential of mean force, PMF; see Methods), 
we find the driving forces for Fe3+ accumulation at Hm surfaces exhibit 
a qualitative difference in the Fe3+ PMF with and without Ox in solution. 
Without Ox, the PMF is dominated by short-range Fe/surface interac-
tions and the shape of its distance dependence predicts a barrier-free 
process of ion addition. By contrast, in the presence of Ox surface com-
plexes—which create a layer of negatively charged sites—the PMF of Fe3+ 
is dominated by entropic ion-correlation interactions, which stabilize 
the interfacial diffuse layer of solvated Fe3+, hindering diffusion and 
deposition on the surface. Solvation interactions contribute to the 
chemical-potential barrier (Supplementary Fig. 2). These two factors 
lead to Fe3+ accumulation approximately 1 nm from the surface, which is 
in approximately the same region where nucleation of new Hm particles 
is observed (Fig. 4c). Although the chemical potential of Fe3+ relative to 
the bulk Hm must be constant throughout a well mixed system, these 
results predict that the solution chemistry in the interfacial region 
differs from that of the bulk and the greatest difference occurs about 
1 nm from the surface.

Nucleation rates in the interfacial region may be increased for both 
kinetic and thermodynamic reasons. Kinetic effects should only scale 
linearly or, at most, quadratically, with the concentration of precur-
sor species. For Fe3+, the concentration increases predicted by cDFT 
would have a negligible effect on the kinetic prefactor, although some 
other Fe–Ox complexes may be more substantially influenced (see  
Methods). Thermodynamic effects, however, may be large. For homog-
enous nucleation of spherical nuclei, the energy barrier to form a critical 
nucleus is typically estimated as ΔGcrit = (16/3)(πω2α3)/Δμ2 where ω is 
the volume per molecule in the solid, α is the interfacial free energy and 
Δμ is the difference in chemical potential between the solution and the 
bulk solid. The absence of nucleation in the bulk solution indicates that 
this barrier is very high; indeed we estimate the value to be approxi-
mately 80kT (k, Boltzmann’s constant, T, temperature; see Methods). 
However, models of heterogeneous nucleation32, have shown that such 
barriers can be greatly reduced if clusters have favourable interactions 
with interfaces, owing to reductions in α. Such treatments are prob-
ably oversimplified, because clusters interact with surfaces in diverse 
ways that may cause the form of the energy landscape to deviate from 
classical scaling laws. Nonetheless, just a 5% reduction of the effective 
interfacial free energy would increase the nucleation rate by a factor 
of e12.4 = 2.4 × 105 (see Methods).

Other evidence suggests that solubilities are altered in confined 
spaces and thin solution layers and near organic interfaces, resulting in 
necking between nanoparticles and deposition of crystalline films33,34. 
A reduced Hm solubility would lead to an increased value of Δμ near 
the interface; a reduction by just 10% would increase the predicted rate 
by e2.6 = 13.4 (see Methods).

Remarkably, the TEM evidence suggests that nucleation is most 
favoured within a few nanometres of the Hm surface instead of directly 
on the surface, indicating that the barrier to nucleation is smallest in 
this region, consistent with the cDFT predictions of chemical gradients. 
Moreover, because the Ox coverage differs on distinct crystallographic 
faces (Fig. 4a)—as should the structure of the hydration layers35—we 
can expect direction-dependent nucleation rates, which will generate 
anisotropic mesocrystal morphologies, such as the spindle-shape 
crystals obtained here.

The cDFT calculations of corresponding interparticle forces also 
predict that, following nucleation of the new Hm particles, they should 
attach to the primary particles along a barrier-free attractive interpar-
ticle potential, owing mainly to van der Waals interactions, with weak 
facet specificity of the attractive interparticle pressure arising from 
ion-correlation interactions (Fig. 4d).

The collective findings reported here converge on an important 
pathway of CPA that resolves several key questions about mesocrystal 
formation (Fig. 4e). Ligands associated with nanocrystal surfaces can 
bias nucleation to occur in the interfacial region near the surface where 
attractive interactions then drive attachment. Thus, the processes of 
nucleation and particle aggregation that have been traditionally viewed 
as separate are instead inherently linked and bias the growth pathway 
away from conventional ion-by-ion growth towards CPA. Moreover, 
the self-similar morphology of branched nanoparticle aggregates 
with uniform aspect ratio can now be understood as arising from this 
interface-driven process of nucleation and CPA. Given that the sys-
tem investigated here presents typical characteristics of nanoparticle 
systems, this proposed pathway may be able to account for numer-
ous occurrences of mesocrystal formation, including BaCO3, BaSO4, 
TiO2, CuO and ZnO2,9,36, many of which also occur in spindle-shaped 
morphologies (Supplementary Fig. 3)9,37,38

.

Evidence for interfacially driven nucleation due to local chemical 
gradients has been reported for other systems. An investigation of Au 
nanoparticle growth concluded that pH-sensitive chemical gradients 
can drive near-surface nucleation followed by particle attachment 
to be dominant27. The effect of organic films at mineral interfaces on 
concentrating cations was also invoked to explain the formation of 
barite in the oceans, which are globally undersaturated in barite33. A 
number of other studies have attributed heterogeneous nucleation to 
chemical transformations of precursors near interfaces39,40.

Our results provide a possible explanation for unusual morphologies 
of naturally occurring iron oxides. The most obvious examples are the 
very similar spindle-shaped mesocrystalline Hm recently discovered 
in the classic Precambrian banded-iron formations of Australia41 (Sup-
plementary Fig. 3), as well as so-called “rainbow” Hm42. Other studies 
on iron oxide-rich tropical soils reported Hm and goethite consisting of 
nanoparticle aggregates, including spindles of similar dimensions43. In 
our study, spindle-shaped Hm formed at temperatures as low as 40 °C, 
suggesting that the process observed here is feasible in these settings.

Understanding the mechanisms and dynamics of CPA in natural sys-
tems is critical to developing quantitative models for biogeochemical 
cycling of nutrients and metals, environmental remediation, climate 
reconstruction based on isotopic and impurity signatures, and the 
enigmatic textures and compositions of many mineral deposits1,7,41,44. 
Learning to deterministically manipulate CPA will enable advances 
in nanomaterials design and synthesis for applications in thermoe-
lectrics, photonics, catalysis and photovoltaics2–6,45. Taken together, 
the above findings and comparisons to other systems suggest that 
interface-driven processes of CPA may be widespread in both synthetic 
and natural environments.
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Methods

Chemicals
NaOx (99.99%, 379735-5G), ferric nitrate nonahydrate (99.95%, 254223-
10G), and sodium hydroxide (99.99%, 306576-25G) were all purchased 
from Sigma-Aldrich. Nuclease-free water (438736-1L) was purchased 
from ThermoFisher Scientific.

Growth of spindle Hm mesocrystals from Fh
Spindle Hm was synthesized following a procedure adapted from 
previous work18,19,46,47. Two-line Fh was synthesized by mixing 0.6 ml 
of iron nitrate (72 mM) and 0.40 ml of sodium hydroxide (0.32 M) in a 
15-ml Teflon container. 15 μl of NaOx (0.253 M) was added to the mixed 
solution and the Ox concentration was kept around 3.7 mM. The final 
pH was adjusted by adding sodium hydroxide solution or nitric acid 
solution and kept in the range 6.0–8.0. The container was incubated 
at 90 °C without light.

Growth of rhombohedral Hm with smooth faceted surfaces
The growth of rhombohedral Hm18,46,48 was achieved by mixing 0.6 ml 
of iron nitrate (72 mM) and 0.38 ml of sodium hydroxide (0.32 M) solu-
tion in a Teflon container. The pH was adjusted to neutral using sodium 
hydroxide or nitric acid solution. The solution was heated at 90 °C 
for 10 h.

Growth of spindle Hm over existing rhombohedral Hm seeds
Rhombohedral Hm seeds were obtained first as described above. The 
seeds were washed twice with water followed with centrifugation. The 
seeds were then mixed with the solution for the synthesis of spindle 
Hm. The suspension was shaken and sonicated (Branson, 1800 series) 
for 1 min and placed into the oven at 90 °C.

Growth of rhombohedral Hm over existing spindle Hm seeds
Hm spindles were first obtained as described above, and then used as 
seeds for growth of rhombohedral Hm. The spindles were washed twice 
by addition of water into the suspension followed with centrifugation. 
The seeds were then mixed with the solution to synthesize rhombo-
hedral Hm. After shaking and sonicating for 1 min, the spindles and 
solutions were placed into the oven at 90 °C.

Cryo-TEM to monitor the crystallization
Cryo-TEM was performed in a Titan ETEM 80–300 kV. Samples (3 μl) 
were vitrified at different time points using an automated vitrification 
robot (FEIVitrobot Mark III, FEI) by blotting the samples and quickly 
plunging them into liquid ethane. R2/2 Quantifoil Jena grids were sur-
face plasma treated before the vitrification procedure using a carbon 
coater (Cressington 208).

Reference TEM grids to investigate the Fh to Hm transformation
Reference TEM grids made of molybdenum and gold (7GG300, Ted 
Pella) were used. The reference grids are marked with letters and num-
bers. First, a 10-μl solution of two-line Fh was dropped on the grid and 
air dried. TEM was used to identify several regions of interests, and 
the grid was placed inside a reaction solution which contains Ox at 
a concentration of 2 mM, and heated to 90 °C. After a few hours, the 
TEM grid was taken out and put into the TEM where the same positions 
were again imaged. We note that that Fh is not strongly bound to the 
substrate at high temperature, but is fixed in place adequately to lose 
its ability to move in the solution. We examined multiple regions to 
improve the success rate of each experiment.

3D STEM tomography and HRTEM imaging
3D STEM tomography was performed using an advanced tomography 
holder (model 2020, Fishione) by acquiring a tilt series over a range of 
±65° at 2° increments in a FEI probe corrected 80-300 S/TEM. HRTEM 

images (Fig. 1a, Extended Data Figs. 1, 4, 5) were captured using an FEI 
Titan ETEM.

Cross-section of Hm spindles using microtome
Spindle Hm was infiltrated with LR White resin (Electron Microscopy 
Sciences), which was polymerized at 60 °C for 24 h. The hardened 
blocks were sectioned on a microtome (Reichert UCT, Leica) using 
a diamond knife, and then mounted on ultrathin Au grids (Ted Pella). 
We estimated the thickness by comparison to an interference card that 
gives a colour spectrum that corresponds to the thickness. The image 
(Extended Data Fig. 3) was estimated to have a thickness of around 
30 nm. Both the 3D tilting series and cross-sectional images confirmed 
the porous structure of the Hm spindles, which consisted of crystal-
lographically aligned particles.

In situ liquid-phase TEM heating experiments
Liquid-phase TEM was performed using an in situ fluid stage (Protochips)  
with heating control. The heating capability has been demonstrated 
previously49. Two silicon chips with silicon nitride membranes were 
used to encapsulate the liquid. The thickness of the spacer chip was 
100 nm. The holder tip was cleaned by sonication in ethanol, and then 
warm water (80 °C) for over half an hour. Amorphous silicon nitride 
membranes with a thickness of 50 nm spanned the opening in the centre 
of the silicon chips to form the electron transparent window. The mem-
brane was cleaned by sequentially rinsing with acetone, isopropanol 
and water. The solution was dropped onto the chips, which were then 
assembled according to a previous report50. The solution contained 
a mixture of rhombohedral Hm, Fh and Ox, the same conditions for 
growing spindle Hm over rhombohedral Hm seeds. After loading  
into the TEM, several regions of interest were located and marked. 
We heated the solution at a rate of 1 °C min−1 to minimize stage drift 
and air-bubble formation. During the experiment, the electron beam 
was blocked by blanking the beam, and the electron beam was only 
applied while searching the area of interest, adjusting the focus and 
acquiring images.

A 200-kV FEI Tecnai G2 microscope was used with a 2,048 × 2,048 pixel 
charge-coupled device camera (FEI). TEM is operated at an extracting 
voltage of 3,900 kV with an acceleration voltage of 200 kV. For the in situ 
experiment, SiN chips act as a container that encloses the solution. 
To exclude the container influence on Hm crystallization, reference 
experiments were performed by adding chips into solution for the 
synthesis of spindle Hm between 70 °C and 90 °C. Similar spindle Hm 
mesocrystals were obtained. The dynamic process was captured using 
CamStudio and VitrualDub software. Images were processed using 
open-source software ImageJ. The built-in lookup tables ‘glow’ and 
‘cool’ were used to produce pseudo-colour images. We used Adobe 
Illustrator to make Figs. 1–4.

In situ liquid-phase heating in STEM mode
We performed in situ experiments using several electron-beam configu-
rations49. Applying different beam conditions is useful for evaluating 
the effect of the electron beam on the system49,51. After loading into the 
TEM, we first used the lowest magnification (1,000×), in order to mini-
mize electron flux. Once an area of interest was found, we then increased 
magnification and started heating the solution. Although beam radia-
tion is known to promote metal nucleation, owing to the reduction of 
metal ions by hydrated electrons, in oxide minerals a high dose rate has 
been shown to instead drive dissolution13,49,52. We carefully chose the 
dose rate to minimize noticeable effects of the beam. Moreover, the 
production of Hm from Fh was not observed in the absence of heating, 
demonstrating the dominant role of heating in driving the reaction. 
This was further illustrated by the observation of similar behaviour in 
both TEM and STEM imaging modes. To further quantify the effect of 
the beam, we estimated the nucleation rate for the ex situ experiments 
using the datasets from Fig. 1i by assuming that each domain particle 



Article
comes from one nucleus, which gives a lower limit, and obtained a value 
of about 3.5 particles per min, compared to the value of 15 particles per 
min estimated from the in situ TEM experiments. The electron flux for 
liquid-phase S/TEM experiments was determined by measuring the 
beam current on the small fluorescent screen, the value of which was 
calibrated using a Faraday cup.

Post-mortem in situ S/TEM analyses
In situ liquid-phase S/TEM could be applied to probe the dynamic behav-
iour of the system, but suffers from low contrast, limited characteriza-
tion and possible beam effects. However, post-mortem analyses can help 
overcome these limitations. After the in situ experiments, we transferred 
the chips into a beaker filled with water and gently shook the beaker to 
separate the chips. Rubber-tipped tweezers were used to maximize our 
ability to hold the chips. We then used an optical microscope to deter-
mine the integrity of the chips and note the position for electron dif-
fraction and energy-dispersive X-ray spectroscopy mapping in the TEM.

In-situ FTIR study of Ox adsorption on different Hm facets
Infrared spectra of Ox adsorbed on Hm samples with predominately 
(001) and (012) crystal faces53 were collected using an attenuated total 
reflection (ATR) cell (FastIR, Harrick Scientific) with a custom-built flow 
attachment and a single-reflection silicon internal reflection element29. 
The Hm indexing is based on the hexagonal unit cell with cell parameters 
a = 5.038 Å, b = 5.038 Å, c = 13.772 Å, α = 90°, β = 90° and ϒ = 120°. (001) is 
the c cut and (012) is the r cut. The spectrometer was a Bruker Vertex 80v 
with an air-cooled source and a deuterated triglycine sulfate detector. 
Spectra were an average of 512 scans at 4-cm−1 resolution between 360 
and 5,000 cm−1. First, a background spectrum of the empty cell was col-
lected. Second, a 4 g l−1 aqueous suspension was evaporated onto the 
ATR crystal under flow of dry N2 (gas), deionized H2O was reintroduced 
into to the flow cell atop the mineral overlayer, and a sample spectrum 
of the Hm exposed to water was obtained. Third, a 2-mM solution of Ox 
at pH 4 was flowed through the cell, and sample spectra of Ox adsorbed 
to Hm were collected as a function of time until the adsorption reaction 
had come to equilibrium, as indicated by no further increase in the Ox 
asymmetric CO stretching bands at 1,680 cm−1. Quantitative comparison 
of the spectra of Ox adsorbed was performed by normalizing the spectra 
using the Fe–O stretching band of the bulk at 522 cm−1.

Simulation of the PMF of Fe ions
We used a DFT-based atomistic-to-mesoscale approach we previously 
reported (see ref. 54 for details and ref. 55 for numerical implementation). 
The concentration of spherical ‘water molecules’ was 55.5 M, chosen to 
model experimental water density. We used experimental ionic diam-
eters for mobile ions of 0.146 nm for Fe3+, 0.204 nm for Na+, 0.358 nm 
for NO3

−, 0.655 nm for Ox and a van der Waals diameter for the water 
molecules of 0.275 nm. Ion charges reflected the dominant species in 
an experimental pH interval of 5.5 to 7.5 and were equal to −2 for Ox, −1 
for NO3

−, +1 for Na+, +3 for Fe3+ ions and 0 for water. The complexation 
between other species, for example, Fe3+ and Ox2−, in solution was not 
imposed a priori. Therefore, the formation of multispecies complexes 
through electrostatic and short-range interactions may occur as a result 
of optimization of the structure of the interfacial solution. Short-range 
interactions were treated explicitly, as described above. Interactions 
of oxalic acid with bulk-terminated 1 × 1 Hm surface slabs were calcu-
lated using plane-wave DFT (Supplementary Fig. 2). Atomic positions 
of the surface iron atoms were used to define the spatial distribution 
of surface interaction sites for Ox. Experimental enthalpies of hydra-
tion were used for short-range interactions of all ions and ligands with 
water. The model considers two Hm nanoparticles in aqueous solution 
containing 32-mM Fe(NO3)3, 100-mM NaOH and 3-mM oxalic acid, at 
interparticle separations varying from 0.5 nm to 7.0 nm.

Within cDFT, solvent density is optimized along with the densities 
of all other species and as such solvent structuring and solvation effects 

are intrinsically included in all components of the free energy. The total 
free-energy functional will then have the contributions from Coulomb 
interactions (F C

ex), electrostatic correlations (F el
ex), hard-sphere repul-

sion (F hs
ex), short-range interactions (F sh

ex) between the species, image 
interactions (F im

ex) and ion–surface interactions (F ion–s
ex ):
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ex

All contributions to the excess free energy, except the short-range 
term, are calculated analytically from first principles using the mean 
spherical approximation, fundamental measure theory and Lifshitz’s 
theory of dispersion interactions. The short-range interactions between 
all mobile species are given by

∬ ∑F r r ρ r ρ r Φ r r=
1
2

d d ′ ( ) ( ′) (| − ′|),sh
ex

Ω α β αβ

where Φαβ is the square-well potential with depth equal to the equi-
librium pair-wise interaction energies calculated using plane-wave 
DFT, ρα and ρβ are the densities of mobile species of type α and β,  and 
Ω is the calculation domain. These interactions include ion–solvent 
interactions (solvation) and ion–surface chemical interactions. Parti-
cle–particle dispersion interactions are treated using Lifshitz’s theory 
of dispersion forces56. The cDFT code is parallelized using the multigrid 
approach and a linear scaling with respect to the number of grid points 
has been achieved55.

Chemical potential calculations utilize the notion that although the 
total chemical potential for each of the species is constant, individual 
components of chemical potential are position dependent, vary with 
local concentration and reflect the nature of the driving forces for 
nucleation and growth:

μ μ r μ r= ( ) + ( ),bulk id ex

where μid(r) is the ideal chemical potential and

μ r μ r μ r μ r μ r μ r μ r( ) = ( ) + ( ) + ( ) + ( ) + ( ) + ( ).ex
C
ex

el
ex

hs
ex

sh
ex

im
ex

ion–s
ex

The excess chemical potentials (PMF) were averaged over the gap 
volume. The Fe3+ accumulation about 1 nm from the surface is slightly 
smaller than the observed experimental gap between daughter particle 
and parent particle. They are consistent with each other in that the 
daughter particle nucleates a couple of nanometres away from the 
surface. Those are two very different methods, so we do not expect a 
perfect match between them.

cDFT free-energy functional
To determine the equilibrium water, ligand and ion distributions via 
cDFT and ion-mediated forces between nanoparticles, the total Helm-
holtz free-energy functional is minimized with respect to the densities 
of all the species in the presence of rigid nanoparticles. For this optimi-
zation, it is convenient to partition the total free energy of the system 
into so-called ideal (Fid) and excess components (Fex)57. The ideal free 
energy corresponds to the non-interacting system and is determined by 
the configurational entropy contributions from water and small ions,

r r r r∫∑F kT ρ ρ ρ= ( ( )log ( ) − ( ))d
i

N

i i i
id

Ω

where ρi is the density profile of ion and water species i, N  is the number 
of species, and r ∈ Ω is the ion coordinate. The excess free energy is 
generally not known exactly but can be approximated by
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where F F F= +EDL
ex

C
ex

im
ex  describes first-order electrostatics and includes 

direct Coulomb term and image terms, F hydr
ex  is the ion hydration term 

and F hs
ex, F el

ex F ion–s
ex  are as given in Methods section ‘Simulation of the 

PMF of Fe ions’.
Periodic plane-wave DFT calculations of the adsorption energy and 

configuration of Ox on the Hm (001) and (012) surfaces were performed 
using the PBE (Perdew–Burke–Ernzerhof) exchange-correlation func-
tional and projector augmented-wave potentials in the VASP code58. 
The spin-polarized rotationally invariant DFT+U formalism was used59. 
Following the work by Mosey et al.60, we used a fully ab initio value for 
the spherically averaged intra-atomic Coulomb minus the exchange 
energy of the localized d electrons, U − Jex, equal to 4.3 eV for Fe60

. The 
plane-wave basis with a 500-eV cutoff and a 2 × 2 × 2 gamma-centred 
Monkhorst–Pack grid were used. Hm surfaces were modelled as a 
two-dimensional slab and a 15-Å vacuum gap was used to avoid inter-
actions between the slabs. The top two surface layers and the adsorbate 
were fully relaxed. The adsorption energies are 1.29 eV and 0.20 eV 
for bidentate and monodentate configurations, respectively, on the 
(001) surface, and 0.32 eV for oxalic acid adsorption onto the (012) 
surface. The optimized configurations for the Ox anion and oxalic 
acid are shown in Supplementary Fig. 2. On the basis of available iron 
surface site densities, the calculated Ox maximum coverage is 4.55 and 
14.61 molecules per nm2 on the (001) and (012) surfaces, respectively. 
The atomic positions of these adsorption sites were used in cDFT to 
define the position of interaction centres for Ox adsorption. The cov-
erage in the above-mentioned aqueous solution was calculated by 
integrating the cDFT density profiles over the distance equal to the 
Ox diameter from the surface (Supplementary Table 1).

Density profiles
Density profiles are calculated within cDFT via the minimization of the 
excess free-energy functional Fex with respect to the densities of all the 
species. The densities satisfy the following equation
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where ρi
bulk is the bulk value for the density of each mobile species. We 

solve Poisson’s equation for the electrostatic potential, φ(r). The result-
ing system of equations was solved iteratively to self-consistency using 
a numerical procedure described previously55. In particular, equilibrium 
ion-density distributions were obtained using a relaxed Gummel iter-
ative procedure. Convergence was considered to be achieved when 
the maximum difference between the input and the output density 
profiles between iterations was smaller than 10−6.

Structure of Hm spindles
We applied multiple techniques to characterize the Hm spindles. From 
TEM and STEM, we clearly resolved the individual Hm nanocrystals at the 
edges of the spindle (Fig. 1d–f, Extended Data Fig. 1d–f) and determined 
their typical sizes. The statistics of the spindle size and individual Hm 
particle size are shown in Fig. 1g–i. HRTEM/HRSTEM imaging (Fig. 1d–f, 
Extended Data Fig. 1e, f, i) revealed the mesocrystalline nature of the 
spindle, which has a continuous lattice, indicating that the individual Hm 
nanocrystals are crystallographically aligned. From 3D STEM tomogra-
phy and STEM imaging, we know the spindle is porous (Supplementary 
Video 1). This was confirmed by imaging thin sections (~20-nm thick, 
Extended Data Fig. 3). Electron diffraction also confirms the mesocrys-
talline nature, which shows a single-crystal-like diffraction pattern with 
an arc originating from misorientation of the primary particles.

Spindle elongation
To identify the crystallographic direction of the long axis we located an 
isolated Hm spindle (Extended Data Fig. 1g), then rotated the sample 

such that the long axis of the particle was perpendicular to the beam. 
The axis of elongation was then assigned on the basis of the diffraction 
pattern (Extended Data Fig. 1h). Ten out of ten particles were elongated 
along [001], leading us to conclude that the long axis of the spindle is 
along the c axis. FFTs were also used to confirm the spindle elongation 
(Extended Data Fig. 1e).

Measurement of the gap size
Owing to the orthogonal projection of TEM imaging and the probable 
distribution of new particles both above and below the equatorial 
plane, gap sizes can be underestimated, and it is likely that particles 
for which no gap was observed were nonetheless separated. In other 
words, the gap measurements we obtain are lower limits. As illus-
trated in Supplementary Fig. 4, owing to the large diameter of the 
seeds (~50 nm) relative to the size of the new particles, we can only 
clearly see the particles (with a gap) if they are within a range of about 
20° above or below the equatorial plane. Beyond that angle, a 2-nm 
particle is occluded by the seed and no gap is observed. Conversely, 
even at the maximum possible angle of observation, an observed gap 
of 2 nm would only correspond to a true gap of 4 nm. Consequently, 
we can definitively say 4 nm is the upper limit of the potential gap size. 
However, if gap sizes of 4 nm did exist, then for more than 20 particles 
we ought to observe at least some with gap sizes in excess of 2 nm. 
Because what we observed were mostly below 2 nm, we believe the 
separation is about 2 nm.

It is worth noting that for the gap measurement, in order to make 
reliable measurements we chose daughter particles that are in good 
focus with clearly resolved edges. Measurements were performed 
as follows: we first exported a series of images from Supplemen-
tary Video 4, then used the ‘Smooth’ tool in ImageJ to smooth the 
images. We then identified new-born nuclei in good focus (high-
lighted by the arrow in Extended Data Fig. 9a). We obtained line 
profiles (three pixels in width) of intensity passing through a seed 
particle and a new-born nucleus, as shown in Extended Data Fig. 9a, 
c. A gap of ~2 nm was identified as seen from the peak (Extended 
Data Fig. 9c). At a later time point (14 s) shown in Extended Data 
Fig. 9b, these particles have aggregated, and no gap is observed, 
with the line profile showing no peak between the nucleus and the 
particle (Extended Data Fig. 9d). These data also show the spheroi-
dal shape of the nucleus and contact angles in excess of 90°. Such 
characteristics of the nuclei would not be observed if nucleation 
were heterogeneous on the surface of the seed, and are consistent 
with nucleation a couple of nanometres away from the interface. 
Three other examples of the gap measurement are shown (Extended 
Data Fig. 10, Fig. 3c), confirming the shape of the nucleus and the 
existence of the ~2-nm gap.

It is also worth noting that we cannot reliably track every nucleus. 
Some may connect to the seed particle through neck formation 
between them, or some may stick to the window and connect to the 
seed afterward. Nevertheless, our observation of the gap and spheroi-
dal shape of the nucleus suggests that this near-interface nucleation 
and attachment has a key role in mesocrystal growth.

Statistics of spindle growth
Between 25 and 55 spindles were randomly chosen for each time 
point in different locations (see Source Data for complete datasets). 
The solution was acidified for 2 h to selectively dissolve Fh, and the 
remaining Hm was then imaged. Domain size was determined by 
measuring individual domain particles and averaged over the spin-
dles. We chose domain particles at the tip of spindle. We assume that 
domains inside the spindle have similar dimensions, on the basis of 
the cross-sectional imaging and tomography. For each domain, we 
identified its centre and measured its length perpendicular to the c 
axis. Domain number is approximated by assuming that the spindle 
is similar to a cuboid.
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Calculation of nucleation-rate increase for three potential 
mechanisms
The rate of nucleation within the framework of classical nucleation 
is given by
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Here β is a kinetic pre-factor, Z is the Zendelovich factor, C0 is the 
equilibrium solute concentration, ΔG* is the height of the free-energy 
barrier, Ω is the molecular volume in the solid and Δμ is the chemical 
potential of the solution relative to the solid. For Hm, Ω = 25.2 Å3.

The value of σ for the precipitation of Hm in the bulk solution (σb) is 
set by the solubility of Fh61:

Klog( (Fh)) = − 38.6 ± 0.6,sp

Klog( (Hm)) = − 41.99 ± 0.39,sp
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where Ksp(X) is the solubility product constant of X. Thus the chemical 
potential relative to Hm in the bulk solution is Δμ = 6.9kTas an approxi-
mation.

Three factors could lead to an increase of the nucleation rate near 
the interface: 1) a decrease in α, 2) an increase in Δμ, and 3) an increase  
in β.

Nucleation-rate increase due to interfacial energy differences. We 
assume that the difference in the solution chemistry in the bulk from 
that in the interfacial region leads to a reduced value of α and all terms 
in J are the same except for α. Thus the ratio of the nucleation rate at 
the interface to that in the bulk solution becomes:
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The value of αb (the bulk interfacial energy) for Ox-containing solu-
tion can be estimated using a previous method62. The value is plotted 
as a function of pH (Supplementary Fig. 5).
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where αb is the interfacial energy in the bulk solution, Xsat is the mole 
fraction of all monomeric iron in a saturated solution, For an aqueous 
solution, Xsat ≈ Csat/55.6 mol l−1 (where Csat is the number of all monomeric 
iron ions per litre of water and is given in mol l−1), and Ω is the volume 
associated with one iron atom in solid phase; for Hm, Ω = 25.2 Å3 per 
½ (Fe2O3).

For the pH of our experiments, this approach gives a value of about 
αb = 0.3 J m−2, which is considerably smaller than estimates from lit-
erature17, which is around 0.75 J m−2. However, larger values of αb will 
cause the magnitude of the increase to be even larger, in this case, by 
many orders of magnitude. Consequently, we take the smaller value to 
calculate a conservative estimate of the degree of increase. If we take 
αb = 0.3 J m−2 we get an estimate for ΔG of 86.9kT. We calculate that if αi 
is 1% smaller than αb, Ji/Jb = e2.6 or 13, and if the difference is 5%, the ratio 
becomes e12.4 or 2.4 × 105, which may lead to the preferential nucleation 
close to the interface.

Nucleation-rate increase due to the solubility difference. Studies 
suggest that the solubility in a confined space can be reduced from that 
in the bulk solution: I) When an AFM tip is brought to the surface of a 
KH2PO4 (KDP) crystal at moderate humidity, a meniscus forms at the 
contact, whereas the rest of the surface is covered with monolayers of 
water. The deposition of KDP within the meniscus shows that equilib-
rium activity differs in the bulk fluid of the meniscus compared to in 
the confined water film. Similarly, placing the tip over grooves in the 
crystal leads to the grooves filling in63. II) Using surface X-ray scattering 
measurements, a previous work33 found that barite nanoparticles form 
on negatively charged self-assembled monolayers when the solution 
itself is undersaturated with respect to barite. The organic–water inter-
face was believed to induce the enrichment of ions close to the interface 
and increase the local saturation state33. III) Applying liquid-phase TEM, 
a previous work34 found that during aggregation of Au nanoparticles, 
necks form while the particles are still separated by around 1 nm, which 
suggests a local supersaturation increase34. Because the chemical po-
tential of a solution species must be the same everywhere, the implica-
tion of these studies is that the solubility of the solid is different in the 
confined regions than in the bulk.

Assuming that CHm
i (the solubility of Hm close to the interface) is 

smaller than CHm
b  (the solubility of Hm in the bulk), we have 

σ C C= ln( / )b Fh Hm
b  and σ C C= ln( / )i Fh Hm

i . Then the degree of increase 
becomes:
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where B is defined above using the bulk value. Taking αb as 0.3 J m−2 as 
described above, if CHm

i  is 5% smaller than CHm
b , Ji/Jb = e1.3 or 3.7, whereas 

if CHm
i  is 10% smaller than CHm

b , the ratio reaches e2.6 or  13.3.

Nucleation-rate increase due to differences in kinetic prefactor. We 
assume that the kinetic prefactor is linearly related to the solute con-
centration, as the collision rate of ions with a cluster is proportional to 
their concentration. For the Hm–Ox interface, the degree of increase is:

J
J

C

C
= .i

b

Hm
i

Hm
b

The increase in concentration is calculated from the PMF obtained 
from the cDFT calculation. For the bulk, μ kT C C kTΔ = ln( / ) = 6.91b Fh Hm

b . 
The decrease in PMF due to the Ox–solution interface increases this 
driving force for the (012) and (001) faces by 0.009 eV and 0.017 eV, 
respectively, leading to μ kT C C kTΔ (012) = ln( / ) = 7.27Fh Hm

012 , and 
μ kT C C kTΔ (001) = ln( / ) = 7.57Fh Hm

001 . The resulting values of Ji/Jb are 
e0.36 = 1.4 and e0.66 = 1.9 for (012) and (001), respectively, showing that 
this effect is minor.
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Extended Data Fig. 1 | Characteristics of rhombohedral Hm versus spindle 
Hm. a, b, TEM image of rhombohedral Hm, synthesized without adding Ox.  
c, HRTEM image of the edge of rhombohedral Hm showing a smooth surface 
with a perfect two-dimensional lattice. Inset, the corresponding FFT. d–f, TEM 
image of spindle Hm with a rough surface, synthesized with the addition of Ox, 
showing that the spindle is comprised of atomically aligned primary particles. 

Insets in e, f, are FFTs of their respective images. g, h, Example of the use of 
electron diffraction to identify the elongation direction of the spindle. 
Similarly, an FFT of the HRTEM image (e, inset) was used to identify the 
elongation direction of the spindle, which is [001]. i, High-resolution STEM 
image of the edge of the spindle highlighting the continuity of the lattice from 
particle to particle. Potential nanopores are indicated by the arrow in i.



Extended Data Fig. 2 | Cryo-TEM investigation of the growth of 
spindle-shaped Hm mesocrystal from Fh at 90 °C. a, Loose aggregates of Fh 
after 1 h. b, Hm spindles appear among Fh aggregates after 3 h. c, Spindle Hm 

after 8 h. d, Schematic of cryo sample preparation and sublimation of the 
vitrified ice to remove the background from the ice. e, HRTEM of the spindle to 
confirm the formation of Hm. Inset, FFT.
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Extended Data Fig. 3 | TEM imaging of a cross-section of a Hm spindle.  
a, Schematic of a spindle consisting of an aggregate of primary particles.  
b, TEM image of the cross-section through a cut parallel to the y–z plane. Inset, 
FFT of the structure. c, Cross-section of a cut parallel to the x–y plane. Inset,  

FFT of the structure. d, Line profile along the (104) plane in the inset to b. e, Line 
profile (arbitrary units) along the (114) plane in the inset to c. The elongation 
can be used to measure the particle misorientation.



Extended Data Fig. 4 | Further examples of applying reference TEM grids to 
follow the Hm growth on Fh as protruding half-spindles pointing towards 
the solution. a, Initial Fh aggregates. b, TEM image showing half-spindles of 
Hm growing on the original Fh aggregates. Shrinkage of the Fh aggregates 
from 787 nm to 713 nm is indicated. Arrows highlight the Hm growth over the 
Fh. c, d, Multiple examples of half-spindle Hm. e, HRTEM showing a half-spindle 

Hm mesocrystal, the initial Fh, and the boundary between the two. Upon 
examination of over 30 half-spindles, all were found to point away from the Fh 
and into the solution. Inset, FFT of the Hm. Note that only Hm spindles on the 
edges of the Fh aggregates can be used to determine whether or not the 
spindles point towards the solution, owing to the two-dimensional projection 
in TEM.
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Extended Data Fig. 5 | TEM imaging of Hm spindles grown over 
rhombohedral Hm seeds. a, d, Rhombohedral Hm particles with a smooth 
surface are used as seeds. b, e, Primary Hm particles that have grown over the 
seeds after 2 h. Inset of e, FFT showing that the seed and the primary particles 

are crystallographically aligned. c, f, Formation of spindle Hm after 5 h with the 
rhombohedral Hm seeds still seen inside the spindles. The yellow dashed lines 
mark the boundaries of the rhombohedral seeds.



Extended Data Fig. 6 | TEM imaging of the growth of rhombohedral Hm over 
spindle Hm seeds. This is the inverse process to that shown in Extended Data 
Fig. 5. a, TEM image of spindle Hm seed. b, c, Growth of Hm over the 
spindle-shaped seeds in a solution without Ox to direct growth to a classical 

ion-by-ion process. Inset, electron diffraction pattern from the particle, 
showing its monocrystalline nature. d, Schematic of the rhombohedral Hm 
growth over the spindle Hm seed.
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Extended Data Fig. 7 | Sequential STEM images of the dissolution of Fh and 
nucleation of new Hm particles close to the Hm seed/solution interface. 
Hm seed particles appear and diffuse within the field of view as denoted by the 

numbers. Fh aggregates are easily resolved in the STEM mode. The white 
arrows indicate newly formed Hm particles close to the Hm seeds.



Extended Data Fig. 8 | Post-mortem analyses of products after disassembly 
of the liquid-cell chips. The liquid-cell chamber was aged at 80 °C for 5 h in the 
TEM. a, STEM image of spindle Hm with clear porous structure. b, c, STEM and 
energy-dispersive X-ray spectroscopy mapping of the spindles in a, showing 
the oxygen and iron distributions only. d, TEM image of spindle Hm at low 

magnification showing uniform distribution of spindle Hm on the SiN window. 
e, Corresponding selected area diffraction from spindles in d highlighting two 
diffraction rings of Hm from (012) and Hm (104) planes with an interplane 
distance of 0.37 nm and 0.27 nm, respectively.
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Extended Data Fig. 9 | Analysis of the gap size between a Hm seed and a 
nucleus and its elimination over time during in situ TEM. The gap is defined 
as the distance between the edge of the seed and the edge of the new particle.  
a, TEM image of a spheroidal nucleus that occurs close to the seed surface 
indicated by the arrow. b, TEM image of the nucleus attaching to the seed 

particle over time. c, Line profile along the red dashed line in a, measuring the 
gap size between the nucleus and the seed. The grey value unit is arbitrary.  
d, Line profile along the red dashed line in b, demonstrating elimination of the 
gap over time.



Extended Data Fig. 10 | Further examples of the measurement of the gap 
size between a seed particle and a nucleus. a, c, TEM image of a spheroidal 
nucleus that occurs close to the seed surface (a), and its line profile (c) 
demonstrating the existence of the gap at 23 s of Fig. 3. b, d, TEM image (b) of 

another case of the gap measurement between the spheroidal nucleus and the 
seed particle, and the corresponding line profile (d). The overall contrast 
change could come from a change in focus during the in situ experiment. Line 
profile units are arbitrary.
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