
 

Crystallization by particle attachment is a colloidal assembly
process
Citation for published version (APA):
Mirabello, G., Ianiro, A., Bomans, P. H. H., Yoda, T., Arakaki, A., Friedrich, H., de With, G., & Sommerdijk, N. A.
J. M. (2020). Crystallization by particle attachment is a colloidal assembly process. Nature Materials, 19(4), 391-
396. https://doi.org/10.1038/s41563-019-0511-4

Document license:
TAVERNE

DOI:
10.1038/s41563-019-0511-4

Document status and date:
Published: 01/04/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1038/s41563-019-0511-4
https://doi.org/10.1038/s41563-019-0511-4
https://research.tue.nl/en/publications/12660d46-8f6f-44e8-b3f2-a1ec80ffe555


Letters
https://doi.org/10.1038/s41563-019-0511-4

1Laboratory of Materials and Interface Chemistry and Center of Multiscale Electron Microscopy, Department of Chemical Engineering and Chemistry, 
Eindhoven University of Technology, Eindhoven, the Netherlands. 2Institute for Complex Molecular Systems, Eindhoven University of Technology, 
Eindhoven, The Netherlands. 3Laboratory of Physical Chemistry, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, 
Eindhoven, the Netherlands. 4Division of Biotechnology and Life Science, Institute of Engineering, Tokyo University of Agriculture and Technology, Tokyo, 
Japan. 5Present address: Department of Biochemistry, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, the 
Netherlands. 6These authors contributed equally: Giulia Mirabello, Alessandro Ianiro. *e-mail: nico.sommerdijk@radboudumc.nl

The nucleation of crystals has long been thought to occur 
through the stochastic association of ions, atoms or molecules 
to form critical nuclei, which will later grow out to crystals1. 
Only in the past decade has the awareness grown that crys-
tallization can also proceed through the assembly of different 
types of building blocks2,3, including amorphous precursors4, 
primary particles5, prenucleation species6,7, dense liquid drop-
lets8,9 or nanocrystals10. However, the forces that control these 
alternative pathways are still poorly understood. Here, we 
investigate the crystallization of magnetite (Fe3O4) through 
the formation and aggregation of primary particles and show 
that both the thermodynamics and the kinetics of the process 
can be described in terms of colloidal assembly. This model 
allows predicting the average crystal size at a given initial Fe 
concentration, thereby opening the way to the design of crys-
tals with predefined sizes and properties.

Magnetite (Fe3O4) is a naturally occurring ferrimagnetic iron 
oxide11 with great biological12,13 and geological14 importance that 
has a large variety of technological and biomedical applications15. 
The magnetic properties of Fe3O4 depend on the size and shape of 
the crystals16. Therefore, predicting the size and shape of magnetite 
crystals is important for the rational synthesis of crystalline mate-
rials with predetermined properties tuned to specific applications.

We synthesized Fe3O4 using the partial oxidation of fer-
rous hydroxide (Fe(OH)2) (see Methods and Supplementary 
Information)17. In a titration set-up, the pH of a Fe2+ solution was 
increased from 3–4 to 9 (Supplementary Fig. 1), leading to the 
precipitation of the Fe(OH)2 precursor, which appeared as ultra-
thin (~1 nm) platelets (Fig. 1a) under cryogenic transmission elec-
tron microscopy (cryo-TEM). Subsequent titration of the oxidant 
(KNO3) led to conversion of the precursor into magnetite crystals 
(Fig. 1c–f). During this process, particles, ~2 nm in diameter, formed 
in solution (Fig. 1b). Electron diffraction analysis (see Methods, 
Supplementary Fig. 2 and Supplementary Discussion 1) of the pri-
mary particles (PPs) showed two weak reflections with d spacing of 
1.96 Å and 1.55 Å, respectively (Fig. 2a and Supplementary Fig. 3). 
These reflections show that the PPs represent a crystalline precursor 
phase and are not loose hydrated clusters18. It is difficult to unequiv-
ocally identify this mineral phase based on only two reflections, as 
iron oxides and hydroxides often present similar reflections11. In 
fact, a ~1.5 Å d spacing is found in many iron oxides and hydrox-
ides, including magnetite (440), green rust (113) and ferrihydrite 

(115)11,19. The presence of such a reflection corroborates that the 
electron diffraction signal is due to the presence of an ordered iron 
(oxy-)hydroxide phase rather than an environmental impurity. The 
1.96 Å PP d spacing is not consistent with magnetite nor green rust 
(Supplementary Table 2) but it is close to the spacing of (113) planes 
of ferrihydrite, a known magnetite precursor phase5,20. As two-line 
ferrihydrite exhibits only two diffraction peaks21, we speculate that 
the PP crystalline phase may be structurally similar, but contain 
both Fe2+ and Fe3+ ions, rather than only Fe3+ ions as is the case for 
two-line ferrihydrite.

At later stages, nanogranular particles (Fig. 1c–e) diffracting as 
magnetite (Fig. 2a and Supplementary Fig. 2i,j) were observed. The 
formation of crystals with granular morphology is not compatible 
with a dissolution–reprecipitation process like Ostwald ripening. 
Hence, magnetite must have formed through colloidal assembly of the 
PPs, as also reported for the co-precipitation of Fe2+ and Fe3+ (ref. 5).  
The PPs converted into magnetite after aggregation, as shown by 
electron diffraction analysis of the granular magnetite crystals  
(Fig. 2a and Supplementary Fig. 2i,j).

With continued addition of the oxidant, the nanogranular crys-
tals grew in size and number (with the constituting PPs still being 
recognized; Fig. 1e), at the expense of the precursor crystals, which 
developed cracks and subsequently dissolved (Supplementary  
Fig. 4c). The final product consisted of faceted magnetite crystals 
(Fig. 1f), indicating that, in addition to the crystallization via par-
ticle attachment (CPA)2, coarsening occurs, minimizing the total 
energy of the developing crystals.

Depending on the initial Fe concentration ([Fe]i), which ranged 
from 0.5 to 100 mM, the magnetite nanocrystals had an average 
radius ðRexp

xtl Þ
I

 between 5 and 96 nm with a coefficient of variation of 
26–41% (Fig. 2b, Supplementary Fig. 5 and Supplementary Table 1).

Vibrating sample magnetometry (see Methods and 
Supplementary Fig. 6) produced values for coercivity, remanent 
magnetization and saturation magnetization that are in good agree-
ment with literature data for pure magnetite22. Surprisingly, the 
average crystal size increased with increasing [Fe]i (Fig. 2b), in con-
trast to conventional crystallization experiments where the reverse 
is observed23,24.

Although it has been shown previously that the involvement of 
PPs lowers the total Gibbs free energy of crystallization (∆Gxtl) com-
pared to classical theory5,6, the role of the chemical transformation 
of the PP that takes place in this process has not yet been discussed.
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We now consider ΔGxtl via aggregation of PPs to have three dif-
ferent components associated with (1) formation of x PPs composed 
of an intermediate phase (ΔGpp), (2) aggregation of the PPs into 
clusters of x PPs (ΔGclust) and (3) conversion of the clusters into the 
final crystalline phase (ΔGconv):

ΔGxtl ¼ xΔGpp þ ΔGclust þ ΔGconv ð1Þ

Considering the PPs as a crystalline condensed phase (Fig. 2a 
and Supplementary Fig. 3), rather than loose hydrated clusters18, we 
can write equation (1) as a function of a bulk and surface term:

ΔGxtl ¼
4
3
πR3

clust gpp þ ϕΔgconv
� �

þ 4πR2
clustðγpp þ ϕΔγconvÞ ð2Þ

where Rclust is the radius of a cluster composed of x PPs and 
Δgconv ¼ R3

xtl=R
3
clust

� �
gxtl � gpp

I
 represents the change in bulk energy 

density and particle volume for the conversion of clusters into the 
final crystals with size Rxtl. Δγconv ¼ R2

xtl=R
2
clust

� �
γxtl � γpp

I
 is the cor-

responding change in interfacial energy, and 0 < ϕ < 1 represents 
the degree to which the cluster has converted to the crystal (see 
Supplementary Materials and Methods).

Here, ΔGxtl does not depend on the size of the PPs. If no inter-
mediate phase is involved (gpp = gxtl, γpp = γxtl) or if the intermedi-
ate phase converts instantaneously into the final crystalline phase 

(ϕ = 1), our model recovers the classic expression for the free energy 
of crystallization (Fig. 3a). In the limit of ϕ = 0, equation (2) reduces 
to the expression proposed in ref. 5 (see Supplementary Materials 
and Methods).

In agreement with the literature25, the model further predicts 
that the conversion of the intermediate phase becomes favourable 
above a critical cluster size, Rconv, which depends on the change of 
interfacial and bulk energy upon conversion:

Rconv ¼ � 3Δγconv
Δgconv

ð3Þ

Hence, in the early stages (Rclust < Rconv) the crystallization process 
will be dominated by PP clustering, with the conversion to magne-
tite occurring at a later stage (Fig. 3a,b).

The crystallization, especially the final crystal size, therefore 
strongly depends on the kinetics of PP formation and clustering. 
The role of Coulombic interactions in regulating the kinetics of 
crystallization processes involving PPs has been recognized by sev-
eral authors6,26,27.

Charged colloidal particles in water are surrounded by  
an electric double layer28. When the particles approach, the  
overlap of these double layers creates a repulsive interaction that 
disfavours clustering. However, at close distances the attrac-
tive forces dominate and the colloids aggregate irreversibly, as  
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Fig. 1 | Cryo-TeM of different stages of magnetite formation. a, Solution at pH ≈ 7.5 before the addition of NO3
−. b, Primary particles formed after the 

addition of NO3
– on a graphene oxide support (see Supplementary Materials and Methods for details). c,d, Reaction product after the addition of 35% (c) 

and 40% (d) of the total stoichiometric amount of NO3
–. e, Enlargement of a growing nanogranular magnetite crystal. f, Magnetite crystals in the  

end product.
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described by Derjaguin–Landau–Verwey–Overbeek (DLVO)  
theory29,30. This balance between long-range repulsion and short-
range attraction that results in a barrier (ΔEint) affecting the  
kinetics of PP aggregation has not yet been considered in crystal-
lization theories.

Our kinetic model assumes the cluster-to-crystal conversion to 
occur only at a late stage of the process, and describes the changes 
in the number of PPs (Npp) and clusters (Nclust) via four kinetic con-
stants, k0, kp,p, kc,c and kp,c (see Figs. 3f and 4a and Supplementary 
Materials and Methods for details). Constant k0 describes the for-
mation of the PPs, modelled with zero-order kinetics, because the 
supersaturation level of the Fe in solution is constant and deter-
mined by the solubility product of the precursor; kp,p describes 
the aggregation of two PPs, and can be regarded as the initiation 
step; kp,c and kc,c describe two possible growth mechanisms, via the 
addition of a single PP to a cluster or via the aggregation of two 
clusters, respectively (Fig. 4a). Constants kp,p, kp,c and kc,c depend 
on the repulsive barriers of the interaction potential between the 
particles (ΔEp;p

int
I

, ΔEp;c
int ;ΔE

c;c
int

I
, respectively) and were estimated using 

DLVO theory29,30 and literature data (Supplementary Discussion 2), 
for the different experimental conditions (pH, total ion concentra-
tion [I]). The value of k0 cannot be directly measured nor predicted 
theoretically. Hence, k0 is used as a fitting parameter in the model 
(Supplementary Discussions 2 and 4).

The clusters are modelled with an effective average size �Rclust
I

 
(see Supplementary Materials and Methods and Supplementary 
Discussion 4). Under this approximation, the evolution of Npp and 
Nclust follows from

dNpp

dt
 k0 � 2kp;pN

2
pp � kp;cNppNclust ð4Þ

dNclust

dt
 kp;pN

2
pp � kc;cN

2
clust ð5Þ

Numerical solution of equations (4) and (5) using Npp(t = 0) = 0 
and Nclust(t = 0) = 0 as starting conditions yields the evolution of Npp 
and Nclust over time (Fig. 4b,c). The model predicts that the cluster-
ing process initially dominates, with Nclust increasing until the reac-
tion reaches the steady state (Fig. 4b,c). At the steady state, Npp and 
Nclust remain constant over time and hence dNpp/dt = 0 and dNclust/
dt = 0 (Fig. 4b). With these conditions an analytical solution for the 
steady-state value of Nclust Nss

clust

� �

I
 can be derived by solving equa-

tions (4) and (5):

Nss
clust ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0

2kc;c þ
ffiffiffiffiffi
kc;c
kp;p

q
vuut ð6Þ

Equation (6) can be used to readily predict the number of crys-
tals formed in solution (Nxtl), when the reaction reaches the steady 
state Nss

xtl ¼ Nss
clust

� �

I
. From this, the expected average value of the 

crystal radius, Rss
xtl
I

, can be estimated using the principle of conser-
vation of mass (Supplementary Discussion 3 and Supplementary 
equation (27)). Similarly, we can estimate the experimental number 
of particles formed in solution ðNexp

xtl Þ
I

 from the experimental aver-
age radius of the crystals ðRexp

xtl Þ
I

.
The values of Nss

xtl
I

 (Fig. 4d) and Rss
xtl
I

 (Fig. 4e), predicted using 
equation (6) and Supplementary equation (27), match with the 
experimental data independent of the value chosen for the effective 
average cluster size, �Rclust

I
. Under the experimental conditions used, 

our model predicts the interaction potentials to be barrierless for 
the regime ½Feigt; rsim5mM

I
, while at ½Fei≲5mM

I
 a barrier appears 

that increases with decreasing [Fe]i (Fig. 3c–e). This is due to the 
associated differences in [I], and in particular in the concentrations 
of counterions (Cl–, K+) and added oxidant. Consequently, the model 
predicts a decrease of Nss

xtl
I

 with increasing [Fe]i until [Fe]i ≈ 5 mM, 
and a constant value of Nss

xtl
I

 for ½Feigt; rsim5mM
I

 (Fig. 4d). These 
predictions perfectly match the change in Nexp

xtl
I

, as derived from the 
experimentally observed crystal radii Rexp

xtl
I

. Concomitantly, the pre-
dicted crystal radii Rss

xtl
I

 follow the experimental ones over the entire 
[Fe]i interval (Fig. 4e).

The rate constants for the cluster–primary particle aggregation 
kp,c and cluster–cluster aggregation kc,c vary with [I] (Fig. 3f). At low 
[I], kp,c �

I
 kc,c and crystals are predicted to grow at comparable rates 

and to have narrow size distributions. However, as [I] increases, 
kc,c increases relative to kp,c and their values become comparable. 
Cluster aggregation will lead to a decrease in Nclust and hence to 
a decrease in Nxtl and a concomitant increase in Rxtl with growth 
occurring in steps of unequal size, resulting in more polydisperse 
crystals. Indeed, when magnetite was synthesized at high [I], using 
[Fe]i = 0.9 mM and 8 mM of KCl, the average size of the crystals 
(Rexp

xtl ¼ 78 ± 30 nm
I

, Nexp
xtl ¼ 1:3 ´ 1012

I
) was significantly higher 

than those grown in the absence of added salt (Rexp
xtl ¼ 19 ± 5 nm
I

, 
Nexp
xtl ¼ 9:2 ´ 1013

I
) with a corresponding increase in the coefficient 

of variation from 26% to 38% (Supplementary Fig. 7).
Hence, we demonstrate that for this CPA system the so-called 

non-classical crystallization mechanism can be fully explained by 
classical concepts of colloidal theory. We show that the primary 
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Fig. 2 | Quantitative analysis of the TeM images. a, Radially averaged 
electron diffraction patterns at different stages of magnetite formation. As 
a comparison, data are also shown for the dry (grey curve) and wet (red 
curve) graphene oxide support used for the analysis of the PPs (blue curve) 
and platelets (green curve). Quantifoil carbon film was used for magnetite 
(black curve). b, Average crystal radius, Rexpxtl

I
, determined by TEM data as a 

function of [Fe]i. Average crystal radii were obtained by measuring 100 to 
400 individual crystals per sample. The dashed line is a guide to the eye. 
Error bars represent standard deviation in the mean.
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particles involved in the process behave as colloids, and that the 
kinetics of the crystallization process is regulated by the interaction 
potential between the particles and by the rate of transformation 
of the precursor particles. This generic model allows us to predict 
the size and to qualitatively interpret variations in the polydisper-
sity of the crystals due to changes of the solution conditions. The 

model can be adapted to describe the specific case where crystals are 
formed via the oriented attachment of crystalline building blocks31 
by accounting for the relative orientation of the colliding particles 
and introducing orientation-dependent interactions. However, in 
such a case, less complex polymerization models might be a more 
appropriate choice32,33.

Preferred path

Classic theory

a

d

fe

b

Preferred crystallization pathway

c

Rclust Rclust
Rconv

Rconv
Δ

G
xt

l Δ
G

xtl

ϕ = 0

ϕ

ϕ = 1

ϕ = 0.5

0

0.2

0.4

0.6

0.8

1.0

V
(H

,t 
=

 0
) 

/ k
B
T

V
(H

, t
 =

 0
) 

/ k
B
T

V
(H

, t
 =

 0
) 

/ k
B
T

H (nm)

[Fe]i = 0.5 mM

[Fe]i = 0.9 mM

[Fe]i = 4.0 mM

[Fe]i = 6.0 mM

[Fe]i = 20.0 mM

[Fe]i = 40.0 mM

[Fe]i = 100.0 mM

[Fe]i = 0.5 mM

[Fe]i = 0.9 mM

[Fe]i = 4.0 mM

[Fe]i = 6.0 mM

[Fe]i = 20.0 mM

[Fe]i = 40.0 mM

[Fe]i = 100.0 mM

[Fe]i = 0.5 mM

[Fe]i = 0.9 mM

[Fe]i = 4.0 mM

[Fe]i = 6.0 mM

[Fe]i = 20.0 mM

[Fe]i = 40.0 mM

[Fe]i = 100.0 mM

–50

0

50

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

0.1 0.2 0.3 0.4

–10

0

10

–10

0

10

0 10 20 30 40 50

H (nm)

0 10 20 30 40 50

H (nm)
0 10 20 30 40 50

–2

0

2

4

6

8

10

–5

0

5

10

15

20

0

20

40

60

80

[I]i (mM)
10–2

10–61

10–45

10–29

10–13

10–1 100 101 102

kp,p

kp,c

kc,c

k p
,p

 , 
k p

,c
 , 

k c
,c

Fig. 3 | Thermodynamic model. a, Comparison between the ΔGxtl curves as a function of Rclust for ϕ = 1 (green curve), ϕ = 0.5 (blue curve) and ϕ = 0 
(red curve) and Rxtl = Rclust (no size variation upon conversion). The plus symbols represent classical nucleation and the thick black dots indicate the 
most favourable thermodynamic pathway. The vertical red dashed line indicates Rconv. b, Contour plot showing ΔGxtl as a function of ϕ and Rclust. The 
vertical dashed line indicates Rconv, while the white arrow indicates our proposed crystallization pathway. Data are generated using Δgpp = −1 × 106 kJ m−3, 
Δgxtl = −2 × 106 kJ m−3, γpp = 0.2 J m−2 and γxtl = 1 J m−2 as estimates for the generic bulk (on the order of a few hundreds of kJ mol−1) and surface energy 
densities of inorganic materials28. c–e, Pair interaction potential V(H,t) as a function of the interparticle distance H at the beginning of the crystallization 
process (t = 0) between two primary particles (c), a primary particle and a cluster (d) and two clusters (e), calculated using Supplementary equation (23) 
(Supplementary Discussion 2), showing all interaction potentials are barrierless for [Fe]i > 5 mM, while at [Fe]i < 5 mM a barrier appears and increases 
with decreasing [Fe]i. The insets in c–e show the short-range primary minima of V(H,t). f, Kinetic constants as a function of the total ion concentration 
using Supplementary equations (22) and (23) (Supplementary Discussion 2).
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The realization that crystallization from primary particles  
is a colloidal assembly process will allow us to control such pro-
cesses, for example through the use of external stimuli34 or confine-
ment35. We expect the intersection of crystallization theory and 
colloidal theory to bring a new level of understanding to crystal 
formation mechanisms.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author 
contributions and competing interests; and statements of data and 
code availability are available at https://doi.org/10.1038/s41563-
019-0511-4.

Received: 8 August 2018; Accepted: 13 September 2019;  
Published online: 21 October 2019

references
 1. Frenkel, J. A general theory of heterophase fluctuations and pretransition 

phenomena. J. Chem. Phys. 7, 538–547 (1939).
 2. De Yoreo, J. J. et al. Crystallization by particle attachment in  

synthetic, biogenic and geologic environments. Science 349,  
aaa6760 (2015).

 3. Cölfen, H. & Antionetti, M. Mesocrystals and Nonclassical Crystallization 
(Wiley, 2008).

 4. Yi‐Yeoun, K. et al. Capillarity creates single‐crystal calcite nanowires  
from amorphous calcium carbonate. Angew. Chem. Int. Ed. 50,  
12572–12577 (2011).

 5. Baumgartner, J. et al. Nucleation and growth of magnetite from solution. Nat. 
Mater. 12, 310–314 (2013).

d e

b c

a

+ NO3
–

Primary particle
formation

Colloidal assembly

Initiation

Growth I

Growth IIk0

kp,p

kp,c

kc,c

[Fe]i = 0.5 mM

[Fe]i = 0.9 mM

[Fe]i = 4.0 mM

[Fe]i = 6.0 mM

[Fe]i = 20.0 mM

[Fe]i = 40.0 mM

[Fe]i = 100.0 mM

1013

1012

1011

1010

1014

1013

10–2 10–1 100 101 102 103

0 20 40 60 80 100 120

0

20

40

60

80

100

120

140

N
cl

us
t, 

N
pp

N
xt

l

1015

1013

1011

109

107

N
cl

us
t

Npp

Nclust

R
xt

l (
nm

)

[Fe]i (mM)

0 20 40 60 80 100

[Fe]i (mM)

Nxtl (Rclust = 2 nm, k0 = 1.35 × 1014)ss

Nxtl (Rclust = 5 nm, k0 = 1.65 × 1014)ss

Nxtl (Rclust = 10 nm, k0 = 2.15 × 1014)ss

Nxtl (Rclust = 20 nm, k0 = 3.20 × 1014)ss

Nxtl 
exp

Rxtl (Rclust = 2 nm, k0 = 1.35 × 1014)ss

Rxtl (Rclust = 5 nm, k0 = 1.65 × 1014)ss

Rxtl (Rclust = 10 nm, k0 = 2.15 × 1014)ss

Rxtl (Rclust = 20 nm, k0 = 3.20 × 1014)ss

Rxtl 
exp

t (s)
10–2 10–1 100 101 102 103

t (s)

Fig. 4 | Model of the CPA process. a, Schematic of the formation (left), colloidal assembly (middle) and conversion of the PPs (right) into magnetite.  
b, Evolution of Npp and Nclust over time according to numerically solved equations (4) and (5) at [Fe]i = 100 mM. c, Evolution of Nclust at different values of 
[Fe]i. d, Comparison between the experimentally measured (Nexp

xtl
I

, black markers) and theoretically predicted (Nss
xtl
I

, continuous curves) average number 
of crystals. e, Comparison between experimental (Rexpxtl

I
, black markers) and predicted (Rssxtl

I
, continuous curves) values of the crystal radius. Average 

experimental crystal radii were obtained from TEM data by measuring 100 to 400 individual crystals per sample. The predicted Nss
xtl
I

 and Rssxtl
I

 values were 
calculated using equation (6) and Supplementary equation (27), respectively. Different curves are obtained using different values for the effective average 
cluster size �Rclust

I
, which resulted in different fitted k0 values.

NATure MATerIAlS | VOL 19 | APRIL 2020 | 391–396 | www.nature.com/naturematerials 395

https://doi.org/10.1038/s41563-019-0511-4
https://doi.org/10.1038/s41563-019-0511-4
http://www.nature.com/naturematerials


Letters NaTure MaTerials

 6. Habraken, W. J. E. M. et al. Ion-association complexes unite classical and 
non-classical theories for the biomimetic nucleation of calcium phosphate. 
Nat. Commun. 4, 1507 (2013).

 7. Gebauer, D., Völkel, A. & Cölfen, H. Stable prenucleation calcium carbonate 
clusters. Science 322, 1819–1822 (2008).

 8. Nielsen, M. H., Aloni, S. & De Yoreo, J. J. In situ TEM imaging of CaCO3 
nucleation reveals coexistence of direct and indirect pathways. Science 345, 
1158–1162 (2014).

 9. Smeets, P. J. M. et al. A classical view on nonclassical nucleation. Proc. Natl 
Acad. Sci. USA 114, E7882–E7890 (2017).

 10. Li, D. et al. Direction-specific interactions control crystal growth by oriented 
attachment. Science 336, 1014–1018 (2012).

 11. Cornell, R. M. & Schwertmann, U. The Iron Oxides: Structure, Properties, 
Reactions, Occurrences and Uses (Wiley, 2006).

 12. Lin, W. et al. Origin of microbial biomineralization and magnetotaxis during 
the archean. Proc. Natl Acad. Sci. USA 114, 2171–2176 (2017).

 13. Amor, M. et al. Mass-dependent and -independent signature of Fe isotopes in 
magnetotactic bacteria. Science 352, 705–708 (2016).

 14. Macouin, M. et al. Is the Neoproterozoic oxygen burst a supercontinent 
legacy. Front. Earth Sci. 3, 44 (2015).

 15. Laurent, S. et al. Magnetic iron oxide nanoparticles: synthesis, stabilization, 
vectorization, physicochemical characterizations and biological applications. 
Chem. Rev. 108, 2064–2110 (2008).

 16. Goya, G. F., Berquó, T. S., Fonseca, F. C. & Morales, M. P. Static and dynamic 
magnetic properties of spherical magnetite nanoparticles. J. Appl. Phys. 94, 
3520–3528 (2003).

 17. Altan, C. L. et al. Partial oxidation as a rational approach to kinetic control in 
bioinspired magnetite synthesis. Chem. Eur. J. 21, 6150–6156 (2015).

 18. Sun, S., Gebauer, D. & Cölfen, H. Alignment of amorphous iron oxide 
clusters: a non-classical mechanism for magnetite formation. Angew. Chem. 
Int. Ed. 56, 4042–4046 (2017).

 19. Bernal, J. D., Dasgupta, D. R. & Mackay, A. L. The oxides and hydroxides of 
iron and their structural interrelationships. Clay Miner. Bull. 4, 15–30 (1959).

 20. Dey, A., Lenders, J. J. M. & Sommerdijk, N. A. J. M. Bioinspired magnetite 
formation from a disordered ferrihydrite-derived precursor. Faraday Discuss. 
179, 215–225 (2015).

 21. Janney, D. E., Cowley, J. M. & Buseck, P. R. Transmission electron  
microscopy of synthetic 2- and 6-line ferrihydrite. Clays Clay Miner. 48, 
111–119 (2000).

 22. Özdemir, Ö., Dunlop, D. J. & Moskowitz, B. M. Changes in remanence, 
coercivity and domain state at low temperature in magnetite. Earth Planet. 
Sci. Lett. 194, 343–358 (2002).

 23. Feng, B., Yong, A. K. & An, H. Effect of various factors on the particle size of 
calcium carbonate formed in a precipitation process. Mater. Sci. Eng. A 445, 
170–179 (2007).

 24. Wei, S. H., Mahuli, S. K., Agnihotri, R. & Fan, L. S. High surface area calcium 
carbonate: pore structural properties and sulfation characteristics. Ind. Eng. 
Chem. Res. 36, 2141–2148 (1997).

 25. McHale, J. M., Auroux, A., Perrotta, A. J. & Navrotsky, A. Surface energies 
and thermodynamic phase stability in nanocrystalline aluminas. Science 277, 
788–791 (1997).

 26. Zhang, H., De Yoreo, J. J. & Banfield, J. F. A unified description of 
attachment-based crystal growth. ACS Nano 8, 6526–6530 (2014).

 27. Zhang, H. & Banfield, J. F. Interatomic coulombic interactions as the driving 
force for oriented attachment. CrystEngComm 16, 1568–1578 (2014).

 28. Atkins, P. & Overton, T. Shriver and Atkins’ Inorganic Chemistry (Oxford 
Univ. Press, 2010).

 29. Derjaguin, B. & Landau, L. Theory of the stability of strongly charged 
lyophobic sols and of the adhesion of strongly charged particles in solutions 
of electrolytes. Prog. Surf. Sci. 43, 30–59 (1993).

 30. Verwey, E. J. W. Theory of the stability of lyophobic colloids. J. Phys. Colloid 
Chem. 51, 631–636 (1947).

 31. Penn, R. L. & Banfield, J. F. Morphology development and crystal growth in 
nanocrystalline aggregates under hydrothermal conditions: insights from 
titania. Geochim. Cosmochim. Acta 63, 1549–1557 (1999).

 32. Ribeiro, C., Lee, E. J. H., Longo, E. & Leite, E. R. Oriented attachment 
mechanism in anisotropic nanocrystals: a ‘polymerization’ approach. 
ChemPhysChem 7, 664–670 (2006).

 33. Cademartiri, L., Guerin, G., Bishop, K. J. M., Winnik, M. A. & Ozin, G. A. 
Polymer-like conformation and growth kinetics of Bi2S3 nanowires. J. Am. 
Chem. Soc. 134, 9327–9334 (2012).

 34. Leunissen, M. E., Vutukuri, H. R. & van Blaaderen, A. Directing colloidal 
self-assembly with biaxial electric fields. Adv. Mater. 21, 3116–3120 (2009).

 35. de Nijs, B. et al. Entropy-driven formation of large icosahedral colloidal 
clusters by spherical confinement. Nat. Mater. 14, 56–60 (2014).

Acknowledgements
We thank R. Tuinier and J. Landman for useful discussions. A.I. thanks the Python 
community for their effort in developing open-source scientific resources. The work 
of G.M. is supported by the Technology Foundation STW, Applied Science Division of 
the Netherlands Organization for Scientific Research (NWO). The work by A.A. was 
supported by a Grant-in-Aid for Scientific Research (B) (no. 18H01794) from the Japan 
Society for the Promotion of Science (JSPS).

Author contributions
N.A.J.M.S. and G.M. conceived and designed the experiments. G.M. performed the 
synthetic experiments. G.M., H.F. and P.H.H.B. conceived and designed the TEM 
and cryo-TEM experiments. G.M. and P.H.H.B. performed the TEM and cryo-TEM 
acquisition and analysis. A.I. developed the theoretical model. G.d.W. supervised the 
theoretical modelling. A.A. and T.Y. performed the vibrating sample magnetometry 
analysis. N.A.J.M.S., G.d.W., G.M. and A.I. contributed to writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41563-019-0511-4.

Correspondence and requests for materials should be addressed to N.A.J.M.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2019

NATure MATerIAlS | VOL 19 | APRIL 2020 | 391–396 | www.nature.com/naturematerials396

https://doi.org/10.1038/s41563-019-0511-4
https://doi.org/10.1038/s41563-019-0511-4
http://www.nature.com/reprints
http://www.nature.com/naturematerials


LettersNaTure MaTerials

Methods
Synthesis of magnetite. Magnetite was synthesized by using the partial oxidation 
method. The reaction was carried out by using an automated titration system 
(Methrom Applikon) consisting of two 20 ml Dosino dosing units, a glass pH 
microelectrode and a magnetic stirring plate, all connected to two 905 Titrando 
titration units controlled by the TIAMO 2.3 software. All the syntheses were 
performed at room temperature and with 25 ml total volume inside a 50 ml double-
walled glass vessel under a constant flow of room-temperature argon. The overall 
synthetic set-up was located inside a glovebag filled with nitrogen gas in which the 
oxygen percentage was kept below 5% and constantly measured by a sensor. All 
the solutions were prepared with Milli-Q water and degassed with N2 for at least 
30 min before use. KOH and KNO3 were purchased from Merck, while FeCl2·4H2O 
was purchased from Sigma-Aldrich, and used as received. The pH of solution 
containing Fe2+ was gradually increased by adding KOH up to a pH of 9, which 
resulted in the formation of a ferrous hydroxide precursor phase, Fe(OH)2. The pH 
was held constant during addition of the oxidant KNO3 in a stoichiometric ratio of 
3:5 Fe:NO3

–, which oxidized the precursor to magnetite. Additional discussion and 
details are provided in the Supplementary Material and Methods.

TEM. For conventional dry TEM, we used 200 mesh Cu grids with continuous 
carbon films (Agar Scientific). The sample was prepared by applying 50 µl of 
solution onto the TEM grid and drying by air. For cryo-TEM, we used 200 mesh 
Cu grids with Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools) 
and lacey carbon films (Electron Microscopy Science). We used an automated 
vitrification robot (FEI Vitrobot Mark III) to plunge each sample in liquid ethane 
in preparation for cryo-TEM36. All TEM grids were surface plasma treated for 40 s 
using a Cressington 208 carbon coater before use. Conventional dry samples were 
analysed on an FEI Technai 20 system (type Sphera) operated at 200 kV, equipped 
with a LaB6 filament and a 1 k × 1 k Gatan charge-coupled device (CCD) camera. 
Cryogenic samples were analysed on a TU/e cryoTITAN system (FEI, www.
cryotem.nl) operated at 300 kV, equipped with a field emission gun, a postcolumn 
Gatan energy filter (GIF) and a post-GIF 2 k × 2 k Gatan CCD camera. Gatan 
DigitalMicrograph (including DiffTools) and MATLAB were used for TEM image 
and selected area electron diffraction pattern analysis.

Cryo-TEM analysis of the primary particles. To characterize the chemical nature 
of the primary particles observed in cryo-TEM, we used graphene oxide-coated 
grids (GOx grid) to reduce significantly the thickness of the vitreous ice layer as 
compared to conventional carbon-coated grids37. The GOx grids were prepared 
following the procedure reported in ref. 37. This method allows us to decrease 

the background contribution, enhancing the signal from the PPs in the electron 
diffraction patterns, and to increase the image contrast. Moreover, the graphene 
oxide can be used as an internal standard to evaluate the instrumental broadening 
line of the reflections and produce a more accurate interpretation of the signals. The 
obtained electron diffraction patterns are shown in Fig. 2a and Supplementary Fig. 2.

Crystal size measurements. Crystal size distributions were determined by 
manually measuring the long and short axes of more than 100 individual 
crystals per sample in TEM images using a MATLAB program. The average 
radius of a crystal was taken to be half of the sum of the long and short axes of 
the crystal. Crystal sizes are reported as mean ± standard deviation of the mean 
(Supplementary Table 1).

Vibrating sample magnetometry. Vibrating sample magnetometry measurements 
were performed on a TM-VSM101483N7-MRO magnetometer (Tamakawa Co.) 
with a 14 mm pole piece gap. Samples were prepared by dispersing between 10 
and 1 mg dried magnetite in an aliquot of 50 ml 1% agarose solution. The mixture 
gellified in a few minutes and thus fixated the magnetite, allowing quantification 
of remanent magnetization and coercivity. The magnetic hysteresis loops were 
acquired at room temperature from +1 T to −1 T and back in a total of 116 steps 
(time constant 10 ms, total measurement time ~30 min). The results were corrected 
for the diamagnetic background of the sample container/holder and normalized 
to the sample mass. Additional discussion and details are provided in the 
Supplementary Material and Methods.

Data availability
All data are available from the authors upon reasonable request.

Code availability
All Python and Mathematica scripts used for the theoretical modelling are available 
from the authors upon reasonable request.
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