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 10 

Crystallization by particle attachment (CPA), which is a common mechanism of colloidal 11 

crystallization resulting in hierarchical morphologies1-4, has been both exploited to create 12 

nanomaterials with unique, emergent properties4-6 and implicated in the development of 13 

complex mineral textures1,7. Oriented attachment (OA)7,8, a form of CPA in which crystalline 14 

primary particles align and attach along specific crystallographic directions, produces 15 

structures — typically referred to as mesocrystals — that diffract like single crystals, even 16 

though the constituent particle domains are still discernable2,9. While the existence of 17 

mesocrystals has been well documented in a wide range of crystal systems1-9 and individual 18 

particle attachment events have been directly visualized10, the mechanism by which these 19 

seemingly random events lead to well-defined, self-similar morphologies remains a mystery, 20 

as does the role of organic ligands, which are ubiquitous in nanoparticle systems3,9,11. 21 

Combining in situ TEM at 80°C with “freeze-and-look” TEM using indexed grids, we 22 

tracked formation of hematite (Hm) mesocrystals in the presence of oxalate and interpreted 23 

the results using classical density functional theory. The results show that formation of 24 

isolated Hm particles rarely occurs. However, once formed, interfacial gradients created by 25 

hematite-bound oxalate drive new hematite particles to repeatedly nucleate about 2 nm away 26 

from the new interface and then immediately undergo OA. Because Hm nucleation rates are 27 
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statistically deterministic and direction-specific, the resulting mesocrystals are self-similar. 28 

Comparison to natural and synthetic systems suggests interface-driven pathways are 29 

widespread. 30 

The conventional view of OA is that nucleation and particle assembly are distinct events. That is, 31 

nucleation provides a supply of primary particles, which encounter other primary particles or 32 

particle aggregates via Brownian motion biased locally by attractive interparticle potentials. 33 

However, many mesocrystals exhibit highly regular morphologies and uniform size distributions, 34 

with shapes that appear similar irrespective of size or location, which calls into question how a 35 

random nucleation, diffusion and aggregation process can underlie their formation. (Random 36 

cluster-cluster aggregation is predicted to produce power-law cluster size distributions12.) 37 

Attempts to understand how the initial nuclei evolve to a mesocrystal via OA have been 38 

complicated by the fact that, in many mineral systems, the first particles to form during 39 

crystallization are often of a distinct phase from that of the stable bulk phase1,13,14. Consequently, 40 

OA often occurs in concert with a phase transformation such that the resulting mesocrystal consists 41 

of the bulk phase instead of the primary phase. Little is known about the role of starting primary 42 

phase, how or when phase transformation and ordering takes place. While some studies have 43 

proposed that particles convert before attachment15, others have attributed conversion to the 44 

attachment process itself16 and still others have concluded that transformation occurs after the 45 

mesocrystal exceeds a characteristic size14,17. Still further confounding attempts to develop a 46 

predictive understanding of OA is the fact that nanoparticles, whether synthetic or natural, are 47 

typically coated with surface-bound ligands18 and thus studies on bare nanoparticles provide 48 

limited insight into the vast majority of OA systems9. While all but a few of the above studies 49 
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based their conclusions on morphological and structural data obtained post-synthesis, they 50 

nonetheless highlight the key knowledge gaps in understanding of OA mechanisms and pathways.  51 

To address these gaps, we investigated mesocrystal formation of iron oxides, which are amongst 52 

the most important colloidal phases in natural environments19,20. Iron oxides present classic 53 

examples of systems that both form ubiquitous precursor phases and undergo OA accompanied by 54 

phase transformations to more stable forms15,20-22. Moreover, in soils, where iron oxides are 55 

amongst the most common mineral phases, organic constituents, such as oxalate (Ox), are 56 

abundant and commonly associate with mineral surfaces, thus the role of organic adsorbates is of 57 

particular importance23. 58 

We started with a precursor consisting of aggregates of poorly crystalline two-line ferrihydrite 59 

(Fe2O3·xH2O, Fh)20, as verified by the electron diffraction, which exhibited the two characteristic 60 

diffuse rings at approximately 1.5 Å and 2.5 Å (Fig. 1a) (see SI for details on preparing Fh). In the 61 

absence of additives, single crystals of Hm (Fe2O3) with well faceted surfaces formed within 10 62 

hours (Fig. S1a-c). However, upon addition of 2 mM sodium oxalate (NaOx), after two hours, 63 

spindle-shaped Hm began to appear within the Fh aggregates (Fig. 1b). By 10 hours, all Fh 64 

disappeared, and only spindle-shaped Hm mesocrystals remained. (Fig. 1c and Fig. S1d-f) Cryo 65 

TEM at similar time points confirmed these ex situ results (Fig. S2). HRTEM shows that all 66 

spindles consisted of assemblages of crystallographically aligned primary Hm particles (Fig. 1d-67 

f) and were elongated along the [001] axis (see SI for identifying the elongation). We used an 68 

ultramicrotome to make cross sectioned TEM samples of the spindles. The cross sectional TEM 69 

(Fig. S3), together with the 3D tomography (Movie M1) confirmed the structure of the spindles 70 

and showed that they contained many nm-scale pores.  71 



 4 

Dimensional analysis of the spindles showed that the size of the primary particles increased from 72 

about 3.5 nm at 2 hours, (Fig. 1d) to 6.5 nm at 10 hours (Fig. 1e) to 9.5 nm at 200 hours (Fig. 1f). 73 

A plot of spindle length vs. width revealed a constant aspect ratio of about 2.15 ± 0.08 for all 74 

Fig. 1 Formation of spindle-shaped Hm mesocrystals from Fh nanoparticles. a Ex situ TEM 

image of Fh aggregate, with selected area electron diffraction (SAED) showing two diffuse 

rings. b Spindle-shaped Hm appeared in 2 hours. c Transformation of all the Fh to Hm occurred 

by 10 hours. d-f HRTEM images of spindle-shaped Hm exhibiting crystallographically 

coaligned domains whose sizes increase with time. Insets: FFTs performed on whole images. g 

Spindle length vs. width, showing constant aspect ratio. h Plots of average spindle length (green 

color) and width (red color) as a function of time. i Plots of average domain size (blue color) 

and domain number per spindle (purple color) as a function of time. (After about 10 hours, the 

product of average domain volume and number is approximately constant.)  
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spindles and all times in multiple experiments, demonstrating the deterministic nature of spindle 75 

growth. Because the primary particles are approximately spherical and uniformly distributed, this 76 

constant aspect ratio implies the particle addition rate was ~ 2.2 times faster along the [001] than 77 

along the [hk0] directions. Moreover, this consistency was maintained even though the average 78 

spindle length and width both increased for the first 12 hours and decreased thereafter (Fig. 1g and 79 

h, Table S1). In contrast to the aspect ratio, the sizes of the spindles varied greatly at any given 80 

time. For example, at 3.5 hours, spindle length and width varied from 10 nm to 60 nm and 20 nm 81 

to 140 nm, respectively. This factor of 6 to 7 spread in sizes reflects the slow but continuous birth 82 

of new spindles as long as Fh is present in the solution. 83 

The analysis also shows that spindle development proceeded in two stages: During the first stage, 84 

spindles grew in length, width and particle number. During the second stage, spindle size 85 

decreased, but the average primary particle size continued to grow while the total number of 86 

discernable particles decreased so that the total volume particles in a spindle remained nearly 87 

constant (Fig. 1i), while the exposed particles slowly grew (Fig. 1i) and developed facets (Fig. 1e 88 

and 1f). The transition from the first to second stage correlated with disappearance of the Fh (Fig. 89 

1c and i). These results imply that the first stage is dominated by spindle growth through continual 90 

addition of Hm particles that form at a solution saturation state set by the more soluble Fh, which 91 

gradually decreases in mass. In contrast, the second stage is dominated by particle coarsening in a 92 

solution at equilibrium with respect to Hm and devoid of Fh.  93 

To track the evolution of Fh and Hm over time, we used a “freeze and look” method by loading 94 

indexed TEM grids with Fh and imaged the grids over time. The Fh-loaded grids were then placed 95 

into Ox-containing solution at 90 °C (see SI for details). The grids were returned to the TEM for 96 

imaging in the same regions after a few hours of reaction (Fig. 2a and Fig. S4). Fh on the indexed 97 
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TEM grid was observed to consist initially of large aggregates (Fig. 2b). After 3 hours, the overall 98 

morphology of the Fh aggregates was preserved and the first Hm particles began to appear, but 99 

were only found amongst the Fh aggregates (Fig. 2c). Given that the solution must be in 100 

equilibrium with Fh, the fact that Hm only exists in association with the Fh implies that the initial 101 

Hm particles must form either through transformation of Fh or heterogeneous nucleation at the 102 

Fh/solution interface.  103 

A closer examination of the Hm particles showed that they exhibited a half-spindle shape with all 104 

of the Hm half-spindles pointing towards solution rather than into the Fh aggregate (Fig. 2d). 105 

HRTEM near the spindle-Fh interface (Fig. 2e and f) shows the primary Hm particles are 106 

Fig. 2 Relationship between developing Hm spindles and Fh precursor. a Schematic of 

experimental approach using indexed TEM grids to follow the reaction at a given location over 

time. b Aggregates of Fh deposited on an indexed lacy carbon TEM grid. c Appearance of Hm 

particles among the Fh aggregates after 3 hours. d Representative images of Hm particles and 

half-spindles on the edge of the Fh aggregates. Inset illustrates the aggregates of Fh (blue) with 

half spindles (red) growing on the top and pointing towards the solution. e, f TEM images of a 

half-spindle Hm pointing away from the Fh and into the solution, with crystallographically 

coaligned domains. The Fh-Hm boundary is marked by the dashed line. The half spindle is 

elongated along the [001] axis denoted by the white arrow.  



 7 

crystallographically coaligned (see inset FFT pattern) and spindles formed in this manner are also 107 

elongated along the c axis. If the Hm spindles were growing through direct addition of Fh, which 108 

then transformed to Hm, we would expect the spindle to be growing into the aggregate of Fh 109 

particles, i.e., the tip of the spindle would advance toward the source of the Fh particles. The fact 110 

that the spindle tip advances towards the Fh source and into the bulk solution implies that the Hm 111 

primary particles are instead forming and adding from the surrounding solution. (This process did 112 

not occur on the Fh side of the spindle, which was a fixed, dense mass of Fh nanoparticles, showing 113 

that direct Fh transformation to Hm is not the source of the Hm primary particles in the spindles).”  114 

If the Hm particles come from the solution surrounding the forming spindles, the implication of a 115 

time-independent spindle shape and aspect ratio is that the first formed Hm particles determine the 116 

rate of production and attachment of subsequent particles. To further explore this possibility, well 117 

faceted single crystal seeds of Hm, which have exposed (001) and (012) facets, were added to 118 

sodium Ox containing solutions of Fh precursor particles. The number density of seeds was 119 

negligible compared to the Fh, mimicking the situation early in stage 1. The results show that Hm 120 

spindles indeed grew around these Hm seeds. After incubating for 5 hours, Hm primary particles 121 

had formed and attached to the Hm seeds in crystallographic coalignment with the seeds to create 122 

spindles for which the ratio of the added length to the added width was again 2.2. (Fig. 3a; see SI 123 

for details, and Fig. S5 for more examples) Thus seeded Hm growth follows the same 124 

crystallization pathway as unseeded growth, with the seed providing a template for the 125 

organization of the new Hm particles. When the reverse experiment was run and Hm spindles were 126 

added to Fh containing solutions free of Ox, Hm with well faceted surfaces grew over the Hm 127 

spindles. Moreover, the well faceted Hm was crystallographically coaligned with the encapsulated 128 

Hm spindle. (Fig. S6).   129 
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The above observations suggest that, once Hm particles are present in solutions of Fh and sodium 130 

Ox — whether through nucleation of Hm from solution, on the Fh, or by seeding — the Fh then 131 

serves only as a source of solute and all subsequent Hm particles form from the solution that 132 

surrounds existing Hm crystals. These new particles must nucleate either directly on the initial Hm 133 

crystals in crystallographic coalignment or in the solution near the Hm crystals and then attach in 134 

a coaligned fashion. To test this hypothesis and determine where the new Hm particles formed, we 135 

exploited the ability to grow spindles on existing Hm seeds by using in situ liquid phase TEM with 136 

a heating holder operating at 80°C24-26.  137 

In TEM mode, initially, the Hm seeds were clearly resolved, but the Fh particles were difficult to 138 

see due to their low contrast (Fig. 3c and Movie M2). However, STEM imaging simultaneously 139 

resolved both the Hm seeds and the Fh particles (Fig. S7 and movie M3). The combined results 140 

show that the Fh gradually dissolves, while new Hm particles nucleate adjacent to — but not on 141 

— the surface of the Hm seeds and then attach to the seeds (arrows in Fig. 3c-e). Moreover, the 142 

spheroidal shape of the nuclei and large contact angles of over 90° between seed and nucleus are 143 

inconsistent with heterogeneous nucleation on the seed surface, where nucleation would only be 144 

preferred if the interfacial energy, and hence the contact angle, was low. In addition, the flat faces 145 

of the seed away from the locations of the attached particles do not grow significantly and do not 146 

develop roughness at the scale of a nm or more. This is consistent with the observation that, during 147 

late-stage coarsening, the exposed particle surfaces develop facets (Figs. 1e and 1f). When the 148 

experiment was allowed to progress for extended periods of time during which the beam was 149 

blocked between collection of multiple short image series (Fig. 3e and Movie M6 and M7), the 150 
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development of spindles around the seeds and the repeated nucleation and attachment of new 151 

Fig. 3 Liquid phase TEM observation of Hm nucleation close to the Hm-solution interface 

and subsequent attachment to form Hm spindles. a Hm seeds with initital smooth surfaces 

are covered with primary particles after 2 hours and develop into fully-formed spindles by 5 

hours, as confirmed by ex situ TEM. b Cartoon showing the dissolution of Fh, and near-interface 

Hm nucleation and attachment to Hm seeds. c and d Sequential in situ TEM images from movie 

M5 and M2 collected at 80°C showing Hm nucleation close to Hm-solution interface followed 

by attachment to the seed. The black arrows highlight particles that nucleate and then attach to 

the seed. For the series in c, a surface-to-surface gap of 2.4 nm is measured at 7s (inset), the 

spheroidal particle is attached to the seed with a contact angle over 90° at 9s and coarsens to 

eliminate the negative curvature created by the attachment event by 14s. Additional nucleation 

events are indicated by the white arrows. e Sequential TEM images from movie M6 showing the 

growth of multiple Hm spindles from Hm seeds, like those in b and c, over a time period of 

about 15 minutes. The electron beam was blocked for most of time course of the experiment, 

with beam exposure only occurring for collection of short image series in the middle of the 

experiment. The black arrows highlight near-interface nucleation at about 5min 13s, and 

attachment to the mother particle near 5min 15s, featured by the black arrow. Additional near-

interface nucleation events are highlighted by the white arrows. 
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particles to the growing spindles could be directly followed. Analysis of the liquid cell contents 152 

after in situ heating for 8 hours showed that the final products were indistinguishable from the 153 

spindles formed ex situ (Fig. S8 vs. Fig. 1c), thus confirming the fidelity of heated liquid phase 154 

TEM experiments to the experiments done in bulk solution, as well as those using indexed TEM 155 

grids.   156 

The in situ TEM results provide clear evidence that Fh acts as a buffer to provide the source and 157 

set the concentration of solute ions from which new Hm primary particles form. As long as Fh 158 

particles are present, the solute concentration remains fixed at the solubility of Fh ensuring that 159 

the Hm particles form at constant supersaturation as the Fh dissolves to replace the ions taken up 160 

by the growing Hm. However, these new Hm particles nucleate near the Hm-solution interface, 161 

exhibiting an intervening edge-to-edge gap of about 1-3 nm before attaching to build the spindle-162 

shaped Hm monocrystals, though the 2D nature of TEM imaging and resolution limits preclude a 163 

precise determination of the initial separation (see SI for a detailed analysis, Fig. S9). The fact that 164 

all new Hm particles attach to the parent seed or spindle and none are found diffusing into the bulk 165 

solution far from the seed (or spindle), is a clear reflection of motion within a potential that attracts 166 

the dauighter particles to the parent seed or spindle around which they nucleate. However, we 167 

cannot discern from these experiments whether the new Hm particles are coaligned upon 168 

nucleation, align during attachment, or whether they exhibit other styles of OA1 including 169 

attachment with some misalignment followed by elimination of defects,10,27 or,  perhaps in some 170 

instances, attachment via formation of neck in the intervening gap.28,29  171 

What is the role of Ox then? In solution, Ox binds with Fe3+ to make Ox complexes the dominant 172 

Fe-species down to pH values well below those used here 30. Ox is therefore capable of accelerating 173 

Fh dissolution, though it does not appreciably shift the bulk Fe3+ activity, which still remains fixed 174 
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at the solubility of Fh. However, the difference in Hm growth with and without Ox shows it also 175 

acts at the Hm surface: In the absence of Ox, Hm forms large faceted crystals (Fig. 3a and S1a), 176 

while in its presence approximately spheroidal particles are formed, which presumably grow ion-177 

by-ion but only grow very slowly once they reach about ~ 5nm in diameter. Consequently, one 178 

role of Ox is to stabilize Hm nanoparticles and inhibit their growth. Moreover, in the absence of 179 

Ox, we find no evidence for aggregation of Hm particles, suggesting that Ox resides at the Hm 180 

particle surface and biases the local chemistry to promote Hm nucleation and possibly assist in 181 

OA.  182 

To test the above hypothesis, we first measured the degree to which Ox binds to the common (001) 183 

and (012) faces of Hm using attenuated total reflection Fourier transform infrared (ATR-FTIR) 184 

spectroscopy and ion chromatography31. The results show that the Hm (001) and (012) surfaces 185 

develop high Ox coverages of 4.38 and 12.17 Ox molecules per nm2, (respectively Fig. 4a, and 186 

Table S2). Calculations using plane wave density functional theory (see SI for details) gave similar 187 

results of 4.30 and 13.92 Ox anions per nm2 at full coverage with Ox exhibiting strong bidentate 188 

end-on mononuclear binding on both Hm faces (Fig. S11 and Table S2) consistent with prior 189 

analyses32,33. 190 

We then performed classical density functional theory (cDFT) calculations, which are ideal for 191 

modeling the chemical potential of ions within complex multicomponent electrical double layers, 192 

to determine the impact of Ox on the Fe3+ concentrations near the interface, as well as the 193 

corresponding Hm-Hm interparticle forces (Fig. 4b). Following an approach that separates 194 

contributions to the total chemical potential describing entropy of mixing (ideal chemical 195 

potential) and all interfacial interactions (potential of mean force) (See SI for details), our cDFT 196 

analyses show that the driving forces for Fe3+ accumulation at the surface of a Hm particle exhibit 197 



 12 

a qualitative difference in Fe3+ potential of mean force with and without Ox in solution. Without 198 

Ox, potential of mean force is dominated by the short-range Fe/surface interactions and the shape 199 
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200 

Fig. 4 Structure and thermodynamics of Hm-solution interface. a ATR-IR spectra of Ox 

adsorbed on Hm (001) vs. Hm (012). The offset spectra of trioxalatoiron (III) and the aqueous 

Ox anion are models for inner-sphere bidentate-mononuclear and outer-sphere water-separated 

binding, respectively (24). Comparison of the spectra of adsorbed Ox to these reference spectra 

indicates that Ox is predominantly bound to Hm through direct surface Fe (III) coordination in 

a bidentate mononuclear fashion. b Schematic of the solution speciation and simulation set-up. 

c Average potential of mean force of Fe ions vs. distance away from the surface with and 

without Ox. d Distance dependence of particle-particle interaction showing barrier free 

attraction, which biases the aggregation. e Schematic of ion-by-ion growth vs. interface driven 

nucleation and oriented attachment, without oxalate and with oxalate, respectively. In the latter 

case, the process is as follows: Hm first nucleates within the Fh aggregate leading to depletion 

of solute ions in the solution. Thus Fh begins to dissolve to maintain the equilibrium solution 

speciation. The oxalate/Hm/solution interface then drives nucleation of new Hm particles near 

interface and the newly formed particles, which initially grow ion-by-ion to about 5 nm, 

undergo OA to attach to the growing spindle, while. Fh continues to dissolve to maintain 

equilibrium. After all the Fh is consumed, the Hm particles in the spindle continues to coarsen 

through slow ion-by-ion growth. 
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of its distance dependence predicts a barrier-free process of ion addition. In contrast, in the 201 

presence of Ox surface complexes, which create a layer of negatively charged discrete sites, the 202 

potential of mean force of Fe3+ is dominated by the entropic ion correlation interactions, which 203 

stabilize the interfacial diffuse layer of solvated Fe3+ hindering diffusion and deposition on the 204 

surface. Solvation interactions contribute to the chemical potential barrier (Fig. S11c). These two 205 

factors lead to Fe3+ accumulation approximately 1 nm away from the surface, which is 206 

approximately the same region in which nucleation of new Hm particles is observed (Fig. 4c). 207 

While the chemical potential of Fe3+ relative to bulk hematite must be constant throughout a well-208 

mixed system, these results predict that the solution chemistry in the interfacial region differs from 209 

that of the bulk and the greatest difference occurs about 1 nm from the surface. 210 

Nucleation rates in the interfacial region may be enhanced for both kinetic and thermodynamic 211 

reasons.  Kinetic effects should only scale linearly with the concentration of precursor species. For 212 

Fe3+, the concentration enhancements predicted by cDFT would have a negligible effect on the 213 

kinetic pre-factor, although some other Fe-oxalate complexes may be more significantly 214 

influenced (See SI for details).  Thermodynamic barriers, however, may be dramatically affected. 215 

For homogenous nucleation of spherical nuclei, the energy of forming a critical nucleus is typically 216 

estimated as Δ𝐺𝑐𝑟𝑖𝑡 = −
16

3
𝜋𝜔2𝛼3/𝑘𝑇∆𝜇2 where  is the volume per growth molecule in the 217 

solid,  is the interfacial free energy, and ∆ is difference in chemical potential between the 218 

solution and the bulk solid. The absence of nucleation in the bulk solution indicates that this barrier 219 

is very high; indeed we estimate the value to be on ~ 80kT (see SI). However, models of 220 

heterogeneous nucleation34, have shown that such barriers can be dramatically reduced if clusters 221 

have favorable interactions with interfaces due to reductions in . Such treatments are probably 222 

oversimplified, since clusters interact with surfaces in diverse ways that may cause the form of the 223 
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energy landscape to deviate from classical scaling laws. A reduction of the effective interfacial 224 

free energy of just 5% would enhance nucleation rates by a factor of e19.6 = 3.3E8 (see SI for 225 

details).  226 

Other evidence suggests that solubilities are altered in confined spaces, thin solution layers and 227 

near organic interfaces, resulting in necking between nanoparticles and the deposition of 228 

crystalline films35,36. A reduced hematite solubility would lead to an increased value of ∆ near 229 

the interface; a reduction by just 10% would increase the predicted rate by e10 = 2.2E4. 230 

Remarkably, the TEM evidence suggests that nucleation is most favored roughly a couple of 231 

nanometers from the hematite surface, rather than directly on the surface, indicating that the barrier 232 

to nucleation is smallest in this region. This is consistent with the predictions of the cDFT 233 

simulations that Fe3+ species are most concentrated roughly 1 nm from the oxalate-covered Hm 234 

surfaces. Moreover, because the oxalate coverage differs on distinct crystallographic faces (Figure 235 

4a,c) — as should the structure of the hydration layers37 — we can expect direction dependent 236 

nucleation rates, which will generate anisotropic mesocrystal morphologies, such as the spindle-237 

shape crystals obtained here. Following nucleation and growth of the new Hm particles, the cDFT 238 

calculations of corresponding interparticle forces predict that they should attach to the primary 239 

particles along a barrier-free attractive inter-particle potential, which is mainly due to van der 240 

Waals interactions, with weak facet specificity of the attractive inter-particle pressure arising from 241 

ion correlation interactions (Fid. 4d and S11e and f).  242 

The collective findings reported here converge on an important new pathway of CPA that resolves 243 

some key questions about mesocrystal formation (Fig. 4e). Ligands associated with nanocrystal 244 

surfaces can bias nucleation to occur in the interfacial region near the surface where attractive 245 

interactions then drive attachment. Thus, the processes of nucleation and particle aggregation that 246 
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have been traditionally viewed as separate are instead inherently linked and bias the growth 247 

pathway away from conventional ion-by-ion growth towards OA. Moreover, one of the key 248 

characteristics of Hm spindle-shaped particles, namely the self-similar morphology of branched 249 

nanoparticle aggregates with uniform aspect ratio, can now be understood as arising naturally from 250 

this interface-driven process of nucleation and OA. Given that the system investigated here 251 

presents typical characteristics of nanoparticle systems — i.e., the particles form from an initial 252 

metastable phase, they are stabilized by organic ligands, and they exhibit attractive interactions at 253 

short range — this proposed pathway may be able to account for numerous occurrences of 254 

mesocrystal formation, which include, for example, BaCO3, BaSO4, TiO2, CuO, and ZnO, etc.2,9,38, 255 

many of which also occur in spindle-shaped morphologies (Fig. S12)9,39,40
.
 Moreover, these results 256 

point towards a strategy for synthesizing mesocrystalline materials with control over size, shape 257 

and uniformity. The phenomenon observed here suggests mixtures of ligands that exhibit face-258 

specificity of binding can be used to drive nucleation of new particles adjacent to the surfaces of 259 

seed crystals with similar face-specificity. Thus, with the proper choice of bulk supersaturation, 260 

ligand coverage, and ligand chemistry, one could presumably control the direction-specific rate of 261 

particle generation and attachment. 262 

Evidence for interfacially driven nucleation due to local chemical gradients has been reported for 263 

other systems. An investigation of Au nanoparticle growth concluded that when these pH sensitive 264 

chemical gradients become comparable, near-surface nucleation followed by particle attachment 265 

becomes the dominant growth pathway28. The effect of organic films at mineral interfaces on 266 

concentrating cations was also invoked to explain the formation of barite in the oceans, which are 267 

globally undersaturated with respect to the mineral35. Nucleation and growth of barite 268 

nanoparticles was shown to occur in slightly undersaturated solutions on COOH- and SH-269 



 17 

terminated films due to concentration of Sr2+ at the charged organic interface. A number of other 270 

studies have attributed heterogeneous nucleation due to chemical transformations of precursors 271 

near the interface, including reduction of Au and Pd during seeded nanoparticle synthesis 41 and 272 

Ni films during electrodeposition from NiCl solutions42. 273 

Our results also provide a possible explanation for unusual morphologies of naturally occurring 274 

iron oxides. The most obvious examples are the strikingly similar spindle-shaped mesocrystalline 275 

Hm recently discovered in the classic Precambrian banded iron formations of Australia43 (Fig. 276 

S12),  as well as the so called, “rainbow Hm”, whose name reflects the natural iridescence of the 277 

mineral, is composed of spindle-shaped Hm 200-300 nm in length and 50-60nm in width44. Other 278 

studies on iron oxide-rich tropical soils reported Hm and goethite consisting of nanoparticle 279 

aggregates, including spindles of similar dimensions45. In our study, spindle-shaped Hm formed 280 

at temperatures as low as 40°C, suggesting that the process observed here is feasible in these 281 

natural settings, where organic constituents, including oxalate, are abundant.  282 

Understanding the mechanisms and dynamics of CPA in natural systems is critical to developing 283 

quantitative models for biogeochemical cycling of nutrients and metals, environmental 284 

remediation, climate reconstruction based on isotopic and impurity signatures, and the enigmatic 285 

textures and compositions of many mineral deposits1,7,43,46. Learning to deterministically 286 

manipulate CPA will enable advances in nanomaterials design and synthesis for applications in 287 

thermoelectrics, photonics, catalysis, and photovoltaics2-6,47. Taken together, the findings reported 288 

here and the comparisons to other systems suggest that an interface-driven process of CPA may 289 

be a widespread phenomenon in both synthetic and natural environments. 290 

 291 

 292 
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