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Understanding the mechanism of particle-based crystallization is a formidable problem
due to the complexity of macroscopic and interfacial forces driving particle dynamics.
The oriented attachment (OA) pathway presents a particularly challenging phenome-
non because it occurs only under select conditions and involves a precise crystallo-
graphic alignment of particle faces often from distances of several nanometers. Despite
the progress made in recent years in understanding the driving forces for particle face
selectivity and alignment, questions about the competition between ion-by-ion crystalli-
zation, near-surface nucleation, and OA remain. This study examines hydrothermal
conditions leading to apparent OA for hematite using three initial particle morpholo-
gies with various exposed faces. All three particle types formed single-crystal or twinned
one-dimensional (1D) chain-like structures along the [001] direction driven by the
attractive interactions between (001) faces and repulsive interactions between other
pairs of hematite faces. Moreover, simulations of the potential of mean force for iron
species and scanning transmission electron microscopy (S/TEM) imaging confirm that
the formation of 1D chains is a result of the attachment of independently nucleated
particles and does not follow the near-surface nucleation or ion-by-ion crystallization
pathways. These results highlight that strong face specificity along one crystallographic
direction can render OA to be independent of initial particle morphology.

oriented attachment (OA) j particle-based crystallization j hematite j nonclassical crystallization j
interfacial force

As one of the most important physicochemical processes, crystallization plays key roles
in geochemical and biological processes and in materials synthesis (1–11). With the
development of in situ characterization and its expansion into more complex systems,
numerous nonclassical crystallization phenomena, i.e., crystallization processes that do
not involve monomer-by-monomer addition, were observed (3, 5, 6, 12–23). One of
the common types of nonclassical crystallization pathways involves the repeated attach-
ment of either crystalline or amorphous particles. Among various particle-based crystal-
lization phenomena, oriented attachment (OA) of crystalline particles has attracted
particular attention (14, 24–33). To date, OA has been observed in a wide range of
synthetic systems and natural environments (3, 5, 6, 11, 12, 14, 15, 20, 24, 25). More-
over, OA has shown enormous potential in synthesizing single crystals with well-
defined size and a wide variety of crystal morphologies including chains (34), nanorods
(35, 36), nanosheets (37), nanocubes (38), nanowires (24, 39), nanobranches (40), and
so on. Because single crystals with various unique morphologies emerge from self-
assembled nanocrystals, OA has been widely used in various fields including energy
storage (41, 42), catalysis (43–46), optics (47), and biomedicine (48, 49), to synthesize
nanomaterials that exhibit superior functionality.
Although the idea of crystal growth via the attachment of aligned small crystals was

first proposed more than 100 y ago (50, 51), a definitive proof of the OA pathway was
obtained only recently by direct in situ observation of particle attachment in liquid cell
transmission electron microscopy (TEM) (27, 52). These experiments revealed complex
dynamic processes preceding attachment, encompassing small particle translation along
the surface of the bigger particle; rotation; and, finally, alignment along the matching
crystallographic face followed by a rapid jump to contact from about 1 nm distance
(27, 52). This sampling of relative orientation of nanocrystals while in a long-lived sol-
vent-separated state at distances of several nanometers points to a critical role of chemi-
cal dynamics at particle–solution interfaces, which produces the forces that attract,
align, and attach specific crystal faces to each other.
This process of sequential particle attachment often produces one-dimensional (1D)

single crystals or twinned chains. The pathway may be more complex when two- or
three-dimensional (2 or 3D) architectures are formed. Based on cryogenic transmission

Significance

Many crystallization processes
occurring in nature produce highly
ordered hierarchical architectures.
Their formation cannot be
explained using classical models of
monomer-by-monomer growth.
One of the possible pathways
involves crystallization through the
attachment of oriented
nanocrystals. Thus, it requires
detailed understanding of the
mechanism of particle dynamics
that leads to their precise
crystallographic alignment along
specific faces. In this study, we
discover a particle-morphology–
independent oriented attachment
mechanism for hematite
nanocrystals. Independent of
crystal morphology, particles always
align along the [001] direction
driven by aligning interactions
between (001) faces and repulsive
interactions between other pairs of
hematite faces. These results
highlight that strong face specificity
along one crystallographic direction
can render oriented attachment to
be independent of initial particle
morphology.

Author contributions: J.J.D.Y., J. Zhu, K.M.R., M.L.S., and
X.Z. designed research; Y.W., S.X., Q.L., D.S., Y.H., L.L., J.
Zhou, M.Z., M.L.S., and X.Z. performed research; Y.W.,
S.X., Q.L., D.S., J.J.D.Y., J. Zhu, K.M.R., M.L.S., and X.Z.
analyzed data; and Y.W., S.X., Q.L., M.L.S., and X.Z.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1Y.W., S.X., and Q.L. contributed equally to this work.
2To whom correspondence may be addressed. Email:
xin.zhang@pnnl.gov, maria.sushko@pnnl.gov, kevin.
rosso@pnnl.gov, or zhujw@njust.edu.cn.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2112679119/-/DCSupplemental.

Published March 11, 2022.

PNAS 2022 Vol. 119 No. 11 e2112679119 https://doi.org/10.1073/pnas.2112679119 1 of 8

RESEARCH ARTICLE | CHEMISTRY

https://orcid.org/0000-0002-4569-7783
https://orcid.org/0000-0003-4010-7630
https://orcid.org/0000-0002-5136-7959
https://orcid.org/0000-0002-9595-4303
https://orcid.org/0000-0002-8474-7720
https://orcid.org/0000-0002-7229-7072
https://orcid.org/0000-0003-2000-858X
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xin.zhang@pnnl.gov
mailto:maria.sushko@pnnl.gov
mailto:kevin.rosso@pnnl.gov
mailto:kevin.rosso@pnnl.gov
mailto:zhujw@njust.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112679119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112679119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2112679119&domain=pdf&date_stamp=2022-03-11


electron microscopy (cryo-TEM) time series, these structures
have been proposed to form in a multistep process involving
the formation of mesocrystals composed of oriented nanocrys-
tals as a precursor (25). Moreover, recent in situ TEM studies
revealed that the OA-like formation of 3D mesocrystals from
saturated solutions can be mediated by the nucleation of new
particles in the interfacial region of the existing particles
followed by their subsequent attachment (31, 53). This
recently identified pathway, in which nucleation and assembly
processes are intimately linked, is distinct from the OA of
independently nucleated particles (26, 52). Simulations predict
that this pathway is driven by deviations in solution chemistry
in the interfacial region near existing particles that reach a
maximum at ∼1 to 2 nm distance from the particle surface,
creating conditions for nucleation of new particles and
attractive forces that drive the particles to attach to one another
(31, 53). In contrast, numerous theoretical calculations and
simulations predict that OA is driven by a balance of attractive
and repulsive interparticle forces, some of which are mediated
by interfacial solution structure (32, 52–55).
In light of the implication of OA in geochemistry and mate-

rials synthesis, considerable effort has been devoted to the
understanding of the underlying mechanism and conditions
favoring OA. Progress has been made in identifying the
strength and range of the driving forces for facet-specific inter-
particle attraction. These studies have combined recent experi-
mental methods for measuring orientation-specific interactions
between nanocrystals and interfacial structure and dynamics
with well-established and other modeling techniques (52,
56–60). The findings show that face specificity of attractive
interparticle forces during the initial stages of approach from
∼6 to 8 nm is due to some combination of macroscopic
dipole–dipole forces, shape-specific van der Waals interactions,
and mesoscopic ion correlation interactions between ion density
fluctuations in the electric double layers of the particles (52,
54, 55, 60–64). At closer separations of ∼1 to 6 nm the main
forces driving facet specificity and alignment are dominated by
the entropic hydration and ion correlation forces (52, 54, 55,
61). Chemical interactions, which encompass enthalpic hydra-
tion, and van der Waals interactions due to materials dielectric
anisotropy dominate interparticle interactions at separations
smaller than 1 nm (54). Finally, once in contact, reduction of
surface energy drives chemical bonding between particle surfa-
ces, thus completing the transformation into a single or
twinned crystal. We note that particles are often already aligned
before the jump to contact and attachment take place, as evi-
denced by in situ liquid cell TEM imaging of the OA process
(27, 29, 30, 52).
Hematite (α-Fe2O3) is an important system for expanding

understanding about conditions that select for OA versus ion-
by-ion growth. Particle-based hematite crystallization has been
reported widely, including formation of 1D chain-like struc-
tures to 3D superstructures (20, 34, 65). However, the underly-
ing basis that selects one type of crystal architecture versus
another remains poorly understood. While previous studies
have focused on understanding facet selectivity and alignment
between two particles, none have yet put this knowledge to the
test by examining particle morphology effects on crystallization
outcomes. Here we systematically investigated particle-based
growth of hematite in hydrothermal suspensions of initial par-
ticles possessing three distinct morphologies: 1) rhombohedral
particles with 6 f104g faces, 2) hexagonal nanoplates with
f001g and f012g facets, and 3) hexagonal bipyramids with 12
f116g facets. High-resolution (HR) scanning transmission

electron microscopy (S/TEM) studies show that, independent
of initial particle morphology, their dominant attachment
behavior always favors alignment along the [001] axis, yielding
1D chain structures. Theoretical calculations predict that this
invariance in the attachment direction along [001] originates in
the repulsive interactions between all other hematite face pairs
studied.

Results and Discussion

Hematite nanoparticles with different morphologies (Fig. 1)
were prepared using iron(III) chloride hexahydrate as iron
source under hydrothermal or solvothermal conditions (see
Methods for details). Surfactants were not used during synthesis
to avoid surface modification with adsorbates. The morphology
and structure of as-synthesized hematite nanoparticles were first
characterized in detail using X-ray diffraction (XRD), scanning
electron microscopy (SEM), and HR S/TEM. As shown in SI
Appendix, Fig. S1, the XRD patterns indicated that all samples
were pure hematite with high crystallinity. All diffraction pat-
terns matched well with rhombohedral α-Fe2O3 (International
Centre for Diffraction Data 33-0664) (66, 67). The sharp
peaks located at the 2θ angles of 33.3°, 35.7°, and 54.2° were
assignable to (104), (110), and (116) lattice planes,
respectively.

SEM and TEM reveal the highly uniform particle sizes,
shapes, and optimal crystallinity for each of the three types
of morphologically distinct hematite nanoparticles (Fig. 1).
Fig. 1A shows the hexagonal-shaped hematite nanoplatelets
defined by 2 dominant f001g basal facets and 12 f012g edge
facets, for which the surface area ratio of f001g to f012g is
52:48. The 3D schematic inserted in Fig. 1A illustrates the
morphology of hexagonal-shaped hematite particles where blue
represents f001g planes and green represents f012g planes.
The HRTEM micrograph in Fig. 1D shows the high crystallin-
ity of the nanoplatelets. Similar high-quality synthesis results
were obtained for the other two sets of hematite particles. The
second set consisted of rhombic crystals enclosed by 6 f104g
facets shown in Fig. 1 B and E. The third set consisted of
hexagonal bipyramidal particles enclosed by 12 f116g facets as
shown in Fig. 1 C and F. The orientation of the enclosing facets
was confirmed using HRTEM. For example, Fig. 1F confirms
that (116) planes terminate the hexagonal bipyramidal particles by
referencing to the [1-10] zone axis. More details of the characteri-
zation results are provided in SI Appendix, Figs. S2–S4.

To examine the aggregation behavior of the three nanoparticle
types, we focused on hydrothermal conditions at temperatures
between ∼120 and 180 °C, using various solutions ranging from
pure water to dilute ferric chloride as an additional source of
iron. Excess Fe was added either as ferric chloride salt hydrate or
as akageneite (β-FeOOH) solids (Methods), which is a mineral
phase more soluble than hematite. The concentration of the
hematite nanoparticle suspension is 1.6 mg�mL�1 and the con-
centration of the additional iron source is up to 10 mM (defined
as Fe concentration). The ferric chloride additive was used to
understand the role of solubilized iron cations on growth by par-
ticle attachment, particularly as a consequence of changes in the
ion correlation force. Depending on the form of the ferric chlo-
ride used (Methods), the initial pH of the solutions ranged from
∼3 to 6. These weakly acidic conditions enable solubilization of
the ferric chloride additive while avoiding dissolution of the
hematite nanoparticles.

First, we explored the aggregation behavior of the hexagonal-
shaped hematite nanoplatelets. In pure water at 180 °C, no
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particle aggregation was observed despite being held at these
conditions for 2 d (SI Appendix, Fig. S5 A and B). However, in
the presence of additional iron sources, such as 5 mM akage-
neite (defined as the concentration of Fe ions in the solution
after dissolving the solid completely), multiparticle crystals were
observed after 2 d. This indicates the importance of excess free
Fe3+ ions in driving particle-based crystallization in the hema-
tite system (SI Appendix, Fig. S5 C–F). The resulting multipar-
ticle crystals were composed of multiple hexagonal-shaped
hematite nanoplates aligned along the [001] axis to form a
chain, with interparticle boundaries either lattice matched or
related through twinning (Fig. 2). The single-crystal nature of
these multiparticle chains was confirmed using selected area
electron diffraction (SAED) (a corresponding fast Fourier trans-
form [FFT] pattern is shown in Fig. 2 B, Inset). The single-
crystal or twinned nature of the boundaries was verified by the
mutual orientation of the (104) and (012) planes of the neigh-
boring nanoplates (Fig. 2 B and C). For example, the twinning
angle between the (012) edge planes in two adjacent crystals in
Fig. 2 was 115.52° along the zone axis [010] in both images.
All diffraction spots in the FFT pattern shown in Fig. 2D can
be identified as twin and matrix. The corresponding FFT pat-
terns for both regions of Fig. 2C reveal that the twin boundary
is parallel to the (006) plane.
Remarkably, we found that the propensity of hematite nano-

particles to form chain-like structures along the [001] direction
was found to be invariant to the initial nanoparticle morphol-
ogy and synthesis temperature. For example, after aging the
rhombic-shaped nanoparticles at 120 °C for 7 d, ex situ
S/TEM revealed formation of 1D chain-like structures com-
posed of two to seven rhombic-shaped nanoparticles aligned
along [001] (Fig. 3 A–C and SI Appendix, Figs. S6 A–E and
S7). The lattice-matched boundary between rhombic grains is
consistent with high crystallinity within the multiparticle array
(Fig. 3B), and this was further confirmed using SAED (Fig. 3 B,
Inset). The mutual orientation between the (104) and (012)
planes of neighboring particles measured using HRTEM imaging
and SAED clearly point to their alignment along the [001]

direction. When the temperature of hydrothermal aging was
increased to 180 °C, the rhombic particles evolved into hexagonal
bipyramidal shapes (SI Appendix, Figs. S6 F–H and S8) including
partial exposure of f113g facets (SI Appendix, Fig. S8C). This
local reconstruction can be attributed to the instability of f104g
planes relative to the nanoplatelet morphology as well as f113g
facets at the higher-temperature condition. Nonetheless, in all
cases explored, the rhombic nanoparticles merged along the [001]
direction, similar to the hexagonal nanoplatelets (SI Appendix,
Fig. S8 A and B).

Finally, similar 1D arrays were observed for the hexagonal
bipyramidal particles with 12 f116g facets in the presence of
excess iron at 120 °C (Fig. 3 D–F and SI Appendix, Fig. S9
A–E). As presented in Fig. 3E, the lattice-matched boundary
between two particles was observed via HRTEM imaging using
reference orientations of (110) and (003) planes of neighboring
particles (Fig. 3 E, Inset). Qualitatively similar array formation
along [001] was also obtained at a higher temperature of
180 °C (SI Appendix, Figs. S9 F–H and S10). However, here
again the relative instability of f116g facets was evident from
the emergence of f113g facets. The structures of the aggregates
were further explored using 3D tomographic reconstruction.
S/TEM-high-angle annular dark-field (HAADF) micrographs
were collected every 2° between �70° and +70° along the
α-axis of the holder and combined to construct 3D tomographs
showing the morphology of chain-like aggregates of hematite
f116g nanoparticles (SI Appendix, Figs. S11 and S12).

The consistency of the observed aggregation along [001]
independent of the initial particle morphology points to a uni-
form mechanism of alignment. Although the presence of excess
iron is important for mediating aggregation, complete reforma-
tion by simple ion-by-ion recrystallization can be ruled out
given that initial particle morphologies are largely preserved.
Hence this mechanism may involve either 1) OA of indepen-
dently nucleated particles or 2) preferential nucleation of new
particles in the interfacial region at the (001) surface of the
existing particles followed by either jump to contact or attach-
ment via bridge formation (3).

Fig. 1. The morphologies of the three sets of initial as-synthesized hematite nanoparticles. (A and D) Hexagonal-shaped nanoplatelets with 2 f001g basal
facets and 12 f012g edge facets. (B and E) Rhombic-shaped nanoparticles with 6 f104g facets. (C and F) Hexagonal bipyramid-shaped nanoparticles with
12 f116g facets.
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To delineate between these two scenarios theoretical simula-
tions of interparticle forces and the potential of mean force
(PMF) of iron species at various hematite faces were performed.
Simulations were performed using classical density functional
theory (cDFT) in an aqueous solution of 10 mM FeCl3, pH 3,

at 120 °C and explored forces in the electric double layer
(EDL) and the EDL-mediated forces between two particles sep-
arated by ∼0.5 to 8 nm. The structure of hydroxylated hema-
tite facets and their relative surface energies were determined
using plane-wave DFT, which informed cDFT simulations (31,
52, 61). Simulations of interparticle forces revealed high-energy
barriers preventing aggregation between two f012g and two
f104g faces (Fig. 4). In contrast, the calculated distance depen-
dence of the disjoining pressure between two f001g hematite
surfaces has a profile typical of the systems undergoing OA.
Specifically, the force–distance curve has a deep primary mini-
mum at close separations and two shallow secondary minima at
separations of 1.5 and 3.5 nm (Fig. 4). The barriers between
secondary minima are of the order of ∼5 kT/nm2, which is
expected to temporarily slow down particle approach, but allow
for thermally induced transitions between the metastable states.
As we have shown in our previous work, particles can undergo
rotation around the [001] axis for fine adjustment of their
mutual orientation toward lattice matching or twinned configu-
ration while in the metastable states (61). The combination of
long-range facet selectivity and fine-aligning forces rotating the
f001g faces to lattice-matching or twinned configurations pro-
vides a pathway for 1D array formation by independently
nucleated particles. It is noteworthy that the theoretical
approach used here provides information on interparticle forces
for particles separated by at least one layer of “liquid” water,
i.e., water that is not physi/chemisorbed onto particles’ surfaces.
When the attachment is not prohibited by energy barriers in
the solvent-separated state, the next stages of particle attach-
ment involve elimination of interfacial hydroxyl groups and
chemical bonding between two particles. The mechanism of
these processes remains poorly understood and requires further
careful study. One of the proposed models involves a zipper-
like mechanism, in which consecutive recombination of surface
hydroxyls with protons and their elimination from the gap cre-
ate the conditions for direct interparticle binding (28). We

Fig. 2. Multiparticle chains formed from hematite nanoplatelets possess-
ing f001g and f012g facets after hydrothermal aging in the presence of
excess iron at 180 °C. (A) Low-magnification HAADF image showing the
aggregation of the hematite nanoplates. (B) HRTEM image of the lattice-
matched particle boundary, marked with a red dashed box in A. Inset is the
corresponding FFT pattern. (C) HRTEM image of the particles with twin
boundary, marked with a red dashed box in A. (D) Corresponding FFT pat-
tern of C. The red pattern corresponds to the upper particle, while the
green one corresponds to the lower particle.

Fig. 3. Oriented attachment of rhombic nanoparticles with 6 f104g facets (A–C) and hexagonal bipyramidal nanoparticles with 12 f116g facets (D–F) at
120 °C. (A) Low-magnification TEM image of an aggregated hematite dimer with f104g facets at 120 °C. (B) HRTEM image, showing the lattice-matched par-
ticles boundary, marked by a yellow dashed box in A. Inset is the corresponding SAED pattern. (C) Low-magnification HAADF image, showing the morphology
of the aggregated α-Fe2O3 nanoplates. (D) Low-magnification TEM image, showing the hematite dimer of f116g nanocrystals formed at 120 °C. (E) HRTEM
image, showing the lattice-matched particles boundary, marked by a yellow dashed box in D. Inset is the corresponding SAED pattern. (F) Low-magnification
HAADF image of a hematite trimer.
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anticipate that these processes will give rise to another energy
barrier due to enthalpic hydration interactions at about 0.3 nm
separation followed by a deep energy minimum at particle con-
tact. However, the presented theoretical model cannot quantify
this barrier.
Simulations predict that for all pairs of crystal faces studied

the disjoining pressure is dominated by mesoscopic ion-
correlation forces, which are the van der Waals forces due to
the interactions between the instantaneous dipoles in the
opposing EDLs (Fig. 4). Ion fluctuation dynamics in the EDL
are very sensitive to the distribution of hydroxyl groups on a
mineral surface (18, 31, 52, 54, 61), which, in turn, depends
on the crystal face and solution pH, thereby providing the
mechanism for facet selectivity and alignment during the OA
process. It is noteworthy that ion correlation interactions also
strongly depend on the concentration of excess electrolyte.
Namely, the more diffuse is the EDL, the weaker are the corre-
lations between ionic fluctuations. For example, at FeCl3 con-
centration of 2 mM the EDL becomes too diffuse for correlated

ion fluctuation dynamics and ion correlation interactions
between f001g surfaces become negligibly small (SI Appendix,
Fig. S13). At this excess iron concentration, the interactions
between f001g surfaces are dominated by Coulomb repulsion
and particles are predicted not to attach, as observed experi-
mentally in the low excess iron regime.

To evaluate the feasibility of the near-surface nucleation
pathway, the interfacial forces acting on iron species were ana-
lyzed. The PMF curves for iron species indicate that there is no
driving force for particles to nucleate in the interfacial region
(Fig. 4D). Despite the differences in the PMF profiles, at all
three hematite faces the PMFs of iron species are either purely
repulsive, as at the f001g surface, or attractive only in the
immediate vicinity of the surface, as at f104g and f012g faces.
These PMFs are therefore inconsistent with the near-surface
nucleation pathway, but support growth by monomer addition.
The PMF data suggest that the probability of classical growth
by monomer addition is the highest at f104g faces and the
lowest at the f001g face, which is consistent with the observed
relative stabilities of these surfaces deduced from the micro-
scopic observations and first-principles simulations. In particu-
lar, DFT calculations for the vacuum-terminated surfaces
predict that the surface energy of the f001g face is the lowest
and equal to 149.8 meV/Å2 while the surface energies of f104g
and f012g faces in vacuum are 271.5 and 158.4 meV/Å2,
respectively, suggesting that the f001g surface is the most sta-
ble. Overall, simulations of the PMFs and the face-specific
interparticle interactions point to the OA mechanism for the
formation of 1D hematite arrays.

It is noteworthy that the formation of particle-based regular
architectures through OA, in which particles form single-crystal
or twinned hierarchical structures, can be driven by macro-
scopic interparticle forces and/or interactions between opposing
EDLs at particle surfaces (54). Often these forces work in tan-
dem to direct face-specific particle orientation, alignment, and
attachment (52). Bulk hematite is weakly ferromagnetic;
thereby it is conceivable that even in the absence of external
magnetic-field interactions between the magnetic dipoles of
hematite, particles may contribute to their alignment during
the formation of the chain-like structures. Extensive studies of
hematite particles assembly demonstrated that magnetic forces
on their own cannot drive the formation of 1D, 2D, or 3D
architectures, but it is imperative that magnetic forces are cou-
pled with morphology-specific steric interactions to drive the
assembly (68–72). In this study, the central conclusion is
reversed. That is, 1D chains form along the [001] direction
independent of particle morphology. However, the OA takes
place only when the concentration of excess Fe3+ is no smaller
than 5 mM. The excess Fe3+ concentration threshold marks
the concentration of ions in the electric double layer sufficient
to give rise to attractive ion-correlation forces between f001g
hematite faces exceeding several kT (Fig. 4A) and thereby driv-
ing particle alignment and attachment. The contribution of
macroscopic magnetic and van der Waals interactions and asso-
ciated torque was found to be of the order of 0.01 and 0.5 kT,
respectively, which is more than an order of magnitude smaller
than that of ion-correlation interactions (SI Appendix and SI
Appendix, Fig. S14). Therefore, magnetic torque is insignificant
compared to stochastic Brownian forces and is unlikely to affect
particle alignment in the absence of applied magnetic field.

In conclusion, our study revealed the remarkable indepen-
dence of hematite particle assembly behavior on particle
morphology at hydrothermal conditions. We found that, inde-
pendent of nanoparticle shape and the nature of the exposed

Fig. 4. The driving forces for hematite 1D array formation. (A–C) Interac-
tions between (A) two f001g, (B) two f012g, and (C) two f104g hematite
faces. The components of interparticle forces are shown as blue lines for
EDL forces, red lines for ion correlation forces, gray lines for hard sphere
excluded volume interactions, and green lines for ion solvation interac-
tions. Insets in A–C show the structure of hydroxylated hematite faces. (D)
The PMF of iron species at f001g (red line), f012g (blue line), and f104g
(black line) surfaces.
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crystal faces, in the presence of excess iron hematite nanopar-
ticles assemble into chain-like 1D arrays aligned along the
[001] direction. Theoretical simulations of interparticle forces
and the PMF of the iron species predict [001] array formation
through the OA mechanism, as opposed to near-surface nucle-
ation, driven by face-specific ion correlation forces. On the one
hand these simulations predict long-range attraction between
f001g hematite faces and the presence of two metastable states
facilitating particle alignment and high repulsive barriers pre-
venting particle aggregation along f104g and f012g faces. On
the other hand, the PMF of iron species is inconsistent with
the near-surface nucleation pathway for array formation. The
combined experimental observations and theoretical predictions
highlight aspects of the OA mechanism that strong face specif-
icity along one crystallographic direction can render the OA to
be independent of particle morphology. The findings thus pro-
vide insights for understanding the formation of certain unique
crystallization patterns observed in natural systems, in this case
particularly 1D structures such as those observed in the growth
of microplaty hematite crystallites that comprise nano- or
microsized particles in hematite ores located at Hamersley Prov-
ince, Australia (11). They also provide a basis for understanding
the formation of oriented biominerals (e.g., modern and fossil
nacre from molluscans) (73) and nanowires/chains/rods/needles
[e.g., PbSe (74), CdSe (75), ZnO (35, 52), and hematite 1D
materials (34)] with particle-based morphologies.

Methods

1. Chemicals and Materials. Iron(III) chloride hexahydrate (FeCl3�6H2O,
97%) was purchased from Sigma Aldrich Chemical Reagent Co., Ltd. Sodium
acetate (CH3COONa�3H2O, pure) was purchased from Amresco Chemical
Reagent Co., Ltd. Ethanol (200 proof) was purchased from Decon Laborato-
ries. All chemicals are analytical purity and can be used directly without any
further treatment. Deionized (DI) water used in this work was made with a
Barnstead water purification system.

2. Materials Synthesis.
2.1. Synthesis of hexagonal-shaped hematite nanoplates. The hexagonal-

shaped hematite nanoplates were synthesized based on the method in
ref. 20. In brief, 270.3 mg FeCl3�6H2O was dissolved in a mixed solu-
tion (10 mL, Vethanol/Vwater is 9:1) under magnetic stirring at room tem-
perature to form a 0.1-M homogeneous solution. Then, 1.3276 g of
sodium acetate was slowly introduced into the above suspension with
stirring. After stirring at room temperature for about 6 h, the obtained
mixture was transferred into a 20-mL Teflon liner stainless steel auto-
clave and held at 180 °C for 12 h. After washing with DI water several
times, the final hexagonal-shaped products with f001g and f012g fac-
ets were collected by centrifugation at 8,000 rpm.

2.2. Synthesis of rhombic-shaped hematite nanoplates. A total of 27.0
mg FeCl3�6H2O was dissolved into 10 mL DI water at room temperature
to form a 10-mM homogeneous solution. Then, the obtained solution
was transferred into a 20-mL Teflon liner stainless steel autoclave and
heated at 120 °C for 3 d. After washing with DI water several times and
centrifugation at 8,000 rpm, the final rhombic-shaped products with
6 f104g facets were collected.

2.3. Synthesis of hexagonal bipyramid-shaped hematite nanocrystals.

A total of 67.6 mg FeCl3�6H2O was dissolved into 10 mL DI water at
room temperature to form a 25-mM homogeneous solution. Then, the
obtained solution was transferred into a 20-mL Teflon liner stainless
steel autoclave, put into an oven equipped with a rotation rack (10
rpm), and heated at 120 °C for 3 d. After washing with DI water several
times and centrifugation at 8,000 rpm, the final hexagonal bipyramid-
shaped products with 12 f116g facets were acquired.

3. Aggregation Experiments.
3.1. Synthesis of 1D arrays of hexagonal-shaped hematite nanoplates.

Following the same process as in 2.1. Synthesis of hexagonal-shaped
hematite nanoplates, wet hexagonal-shaped hematite nanoplates with
f001g and f012g facets were collected. The obtained wet powder was
dispersed into 10 mL DI water to make the hematite (001) suspension
for the aggregation studies. For the aggregation experiments in pure
water, 1 mL of above-prepared hematite (001) suspension was diluted
to 10 mL. For the aggregation experiments with additional iron sources,
1 mL of above-prepared hematite (001) suspension was diluted to 5 mL
and then mixed with 5 mL 10 mM akaganeite (β-FeOOH) suspensions.
The final concentration of the hematite nanoparticles and the additional
iron source is 10 mM and 5 mM (both defined as Fe concentration),
respectively. The fresh 10-mM akaganeite suspension was prepared via
dispersing 89 mg akaganeite powder into 10 mL DI water. Then, the
obtained suspension (10 mL pure hematite suspension or 10 mL hema-
tite plus akaganeite suspension) was transferred into a 20-mL Teflon
liner stainless steel autoclave and was kept at 180 °C for 2 d. After wash-
ing with DI water several times, the final chain-like hexagonal-shaped
hematite nanoplates were collected by centrifugation at 8,000 rpm.

3.2. Synthesis of 1D arrays of rhombic-shaped hematite nanoplates. A
total of 27.0 mg FeCl3�6H2O was dissolved into 10 mL of DI water at
room temperature to form a homogeneous solution. Then, the obtained
solution was transferred into a 20-mL Teflon liner stainless steel auto-
clave and held at 120 °C for 7 d or 120 °C for 3 d followed with 180 °C
for 4 d. After washing with DI water several times and centrifugation at
8,000 rpm, the final chain-like rhombic-shaped products were collected.

3.3. Synthesis of 1D arrays of hexagonal bipyramid-shaped hematite
nanocrystals. A total of 67.6 mg FeCl3�6H2O was dissolved into 10 mL
DI water at room temperature to form a 25-mM homogeneous solution.
Then, the obtained solution was transferred into a 20-mL Teflon liner
stainless steel autoclave, put into an oven equipped with a rotation rack
(10 rpm), and kept at 120 °C for 7 d or 120 °C for 3 d followed with
180 °C for 4 d. After washing with DI water several times and centrifu-
gation at 8,000 rpm, the final chain-like hexagonal bipyramid-shaped
samples were prepared.

4. Characterization. Powder XRD of all as-prepared samples was performed
on a Philips X’pert Multi-Purpose Diffractometer (MPD) (PANAlytical)
equipped with Cu Kα radiation operating at 50 kV and 40 mA within the 2θ
range from 5° to 75°. SEM imaging was conducted on the FEI Helios Nano-
Lab 600i dual-beam focused ion beam precision manufacturing instrument
operating at 5 kV. Before SEM imaging, a thin carbon layer (about 5 nm)
was deposited on the particle surface by using a carbon coater (208C; Ted
Pella, Inc.) to improve the electronic conductivity of the samples.

The sample water suspensions were dusted on the holey carbon-coated cop-
per grids (Lacey Carbon, 300 mesh; Ted Pella, Inc.) for subsequent microanalysis.
The TEM investigation was performed in the FEI Titan 80-300 Environmental
TEM microscope with an objective lens corrector and the FEI Titan 80-300 S/TEM
microscope at 300 kV. The S/TEM microscope was equipped with a probe spheri-
cal aberration corrector that enabled subangstrom imaging using STEM-HAADF
detectors and a Bruker energy dispersive X-ray spectrometer for element analy-
sis. For STEM-HAADF imaging, the inner and outer collection angles of the
annular dark-field detector were set at 55 and 220 mrad, respectively. The STEM-
HAADF images for 3D tomography were collected every 2° from�70° to +70°.
The 3D reconstruction was performed using TomViz.

5. Simulation Methods.
5.1. Plane-wave DFT. All DFT (76) geometry optimizations in this study

were performed with the pseudopotential NWChem plane-wave
(NWPW) module (77) implemented in the NWChem software package
(78, 79). The Perdew–Burke–Ernzerhof (PBE) functional (80) was used to
account for the exchange correlation energy. The on-site Coulombic (U)
and exchange (J) constants were introduced in the energy functional
(81) to correct the electron self-interaction error implicit in DFT calcula-
tions. In this work, U and J were chosen as 4 and 1 eV, respectively,
which were found by comparing the DFT+U calculated properties using
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different values (band gap, local spin moment, unit cell volume, etc.)
with experimental results (82). These parameters were applied to the
d-orbitals of the iron elements. In our plane-wave calculations, the
valence electron interactions with the atomic core were approximated
with generalized norm-conserving Hamann pseudopotentials (83) for O
and H, and a norm-conserving Troullier–Martins pseudopotential (84),
which contains 4s, 4p, and 3d projectors and a semicore correction, was
applied for Fe. All the pseudopotentials were modified to the separable
form suggested by Kleinman and Bylander (85). Unrestricted calcula-
tions were performed to accommodate spin ordering in the system. The
electronic wavefunctions were expanded using a plane-wave basis with
periodic boundary conditions at the Γ-point with a wavefunction cutoff
energy of 100 Ry and a density cutoff energy of 200 Ry.

5.2. cDFT. The focus of the theoretical simulations was on understanding
the thermodynamic driving forces for the observed nonclassical nucle-
ation and growth pathway. To achieve this goal, we used a DFT-based
atomistic-to-mesoscale approach we developed (61). The details of the
cDFT approach used in this work were previously published elsewhere
(see ref. 61 for full details and ref. 86 for numerical implementation)
and are provided in SI Appendix for completeness. The aqueous salt
solution was modeled as a dielectric medium with 78.5, consisting of
discrete charged spherical particles representing ions and neutral spher-
ical particles representing water molecules. The concentration of spheri-
cal “water molecules” was 55.5 M, chosen to model experimental water
density. We used experimental crystalline ionic diameters for mobile
ions equal to 0.146 nm for Fe3+, 0.200 nm for H+, and 0.275 nm for
HO� and van der Waals diameter for water molecules equal to 0.275
nm. Ion charges reflected the formal charges of ionic species and were
equal to �1 for OH�, +1 for H+, +3 for Fe3+ ions, and 0 for water.
The complexation between these species, e.g., Fe3+ and OH�, in solu-
tion was not imposed a priori. However, the formation of multispecies

complexes through electrostatic and short-range interactions may occur
as a result of optimization of the structure of interfacial solution. Atomic
positions of the surface atoms were used to define the spatial distribu-
tion of surface OH groups. Experimental enthalpies of hydration were
used for short-range interactions of all ions with water. The model con-
siders two hematite nanoparticles in aqueous solution containing 10
mM FeCl3, pH 3, at interparticle separations varying from 0.5 to 7.0
nm. The temperature was 120 °C.

Data Availability. All study data are included in this article and/or SI Appendix.
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