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The development of structural hierarchy on various length scales
during the crystallization process is ubiquitous in biological
systems and minerals and is common in synthetic nanomaterials.
The driving forces for the formation of complex architectures
range from local interfacial interactions, that modify interfacial
speciation,
macroscopic interparticle forces. Although it is enticing to inter-

local supersaturation, and nucleation barriers, to

pret the formation of hierarchical architectures as the assembly of
independently nucleated building blocks, crystallization pathways
often follow monomer-by-monomer addition with structural com-
plexity arising from interfacial chemical coupling and strongly cor-
related fluctuation dynamics in the electric double layers. Here, we
show that the development of structural hierarchy through hetero-
geneous nucleation is driven by dipolar and solvation forces.
Specifically, coupled simulations and experimental studies revealed
that dipole build-up along the slow growth direction can trigger
twinning and the development of branched architectures.
Enthalpic solvation interactions were shown to either enhance or
reduce the dipole moment of the nanoparticles and, thereby,
control crystal morphology and architecture. The systematic
studies of chemical coupling between different solvents and
undercoordinated surface atoms of the growing nanocrystals
revealed the mechanism of dimensionality control and the devel-
opment of structural hierarchy without ligands or structure-
directing agents.

1. Introduction

Morphological control during nanoparticle synthesis can be
achieved using several conceptually different approaches. The
most common method is to leverage face-specific ligand
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adsorption."™ The adsorbed ligands direct the growth of
specific faces by modifying their relative surface energies.
These changes in surface energies can be finely tuned through
ligand chemistry and surface density, providing a flexible
approach to controlling particle morphology.*® Ligands used
as face-specific capping agents can direct the formation of
well-defined nanostructures. For example, preferential adsorp-
tion onto the (100) crystal faces of the fcc crystals can create
(100)-plane-stabilized nanocubes, and capping the (111) crystal
faces can yield octahedrons surrounded by the (111)-planes.’?
Capping a specific crystal facet could also promote overgrowth
at a certain site or inhibit the growth of a certain crystal
surface, forming a defect-rich concave structure.®™®

Alternatively, tuning the chemical potential of precursor
species by changing synthesis parameters, such as precursor
concentration, chemical identity of counterions, and solvent,
proved to be a powerful approach to direct growth and crystal
morphology. For example, numerous studies report the switch-
ing between classical monomer-by-monomer growth and par-
ticle-based crystallization caused by changing precursor con-
centration or pH.>™ The associated crystal morphologies
reflect the differences in the growth mechanism. However, the
transitions between faceted crystals, plate- and rod-like mor-
phologies, and hierarchical architectures are often difficult to
trace back to interfacial forces and the potential of mean-force
of precursor species.'

When the growth pathway involves heterogeneous nuclea-
tion and monomer-by-monomer addition, as observed in
Zn0,'®"” branching implies a deviation of the structure of the
growing crystal from its ideal bulk atomic arrangement.
Therefore, it is worth investigating if the deviations from the
bulk structure and properties of the nucleated nanoparticles
might provide clues about the mechanism for branching. Even
when the nucleus is crystalline, quantum confinement and
reduced dielectric screening at the nanoscale modulate its
surface and volume properties. Due to these unique electronic
properties, small deviations from the bulk-like positions of
surface atoms and small distortions of the unit cell of nano-
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crystals can lead to dipole moments of several Debyes.'®
Furthermore, for materials with polar faces, the common
macroscopic mechanisms of dipole compensation via surface
reconstruction and defect formation or ligand and solvent
adsorption are less efficient at the nanoscale because surface
reconstruction becomes thermodynamically unfavorable and
fluctuations in ligand distributions on nanoparticle faces are
translated into significant fluctuations in the surface dipole
and into buildup of inner potential.'® These fluctuations in
ligand coverage can leave surface dipoles partially uncompen-
sated and induce dipoles on nonpolar surfaces.’® Therefore,
nanoparticles often have a dipole moment that can drive their
assembly into linear one-dimensional (1D) chain-like struc-
tures®® or the formation of nanorods along the direction of the
particle dipoles, e.g., along the (001) direction for Zn0.*"*?
Dipolar forces can also be responsible for redirecting the
growth of nanoparticles toward branching when the dipole
builds up on some of the nanoparticle faces during growth.>?
Here, we aim to understand how nanoscale dipolar inter-
actions can be controlled to direct growth pathways and crystal
dimensionality. We also address the mechanism of structural
hierarchy development through branching when the growth
does not involve oriented attachment or structure-directing
agents.’>'” Understanding the branching mechanism can
help control the crystal’s architecture and dimensionality
during the post-nucleation stage exclusively by tuning the
interfacial forces in the electric double layer of the nucleus.

2. Results and discussion

2.1. Dipole build-up during nanoparticle growth

The surface structure of nanoparticles reflects the interplay
between the interfacial energy of the corresponding crystal
faces and the contribution from interfacial solvation. These
properties of the corresponding infinite solid-liquid interfaces
are insufficient to capture the essential contributions to
surface energy. The finite nature of nanoparticles is mani-
fested in the deviation of the structure and electronic pro-
perties of nanoparticle faces from the corresponding extended
surfaces. These effects were studied here using ZnO as a
model ionic material known to produce a variety of complex
nanoarchitectures. The experiments and calculations were per-
formed in pure solvents with different interactions with ZnO
faces to eliminate the impact of face-specific binding of
ligands.

Our previous studies demonstrated that ZnO grows faceted
nanorods in an aqueous solution, which subsequently evolves
into a branched architecture with self-similar nanorod
branches.'® Detailed in situ studies revealed that ZnO branch-
ing in aqueous solution is not the result of particle-based crys-
tallization. Instead, the branched ZnO nanorod growth follows
the monomer-by-monomer pathway with branching involving
the formation of twin boundaries at the (1010) surfaces.'® To
understand the mechanism of twinning the structure of a
nanorod with a representative cross-section was simulated
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using a novel hybrid approach based on density functional
theory (DFT).>*® The approach overcomes the limited reach of
molecular simulation methods into relevant scales of time,
length, and system complexity. The novel hybrid approach
couples first-principles plane-wave DFT with classical DFT
(cDFT). In this approach, a region of interest, including the
ZnO nanoparticle and its first solvation layer, is described
using DFT, which interacts with the surrounding medium
described using cDFT to arrive at a self-consistent ground
state. Benchmarking against experimental observations and
entirely first-principle DFT simulations demonstrates that this
hybrid model efficiently encompasses the key short-range and
collective interactions in the electric double layer and inter-
facial relaxation of solid/liquid interfaces.”* The ZnO nanorod
was generated from the wurtzite phase of bulk ZnO crystal
with lattice parameters of @ = 3.25 A, and ¢ = 5.201 A (see ESI{
for details).>***?” Solution model mirrored the experimental
composition of 2.5 mM Zn(NO3), and 38 mM KOH in water,
ethylene glycol, or ethanol. Simulations revealed a significant
relaxation of Zn-O dimers at the side surfaces, with Zn atoms
moving inward away from their bulk-like position by 0.36 A.
The surface Zn-O dimer, on average, formed a 9.4-degree
angle with the surface (Fig. 1A). Each of these Zn-O dimers
carries a 7.14D dipole, which builds up with the elongation of
the nanorod. Dipole build-up reflects the nanoscale nature of
the particles, in which quantum confinement prevents the cre-
ation of the space charge layer to compensate for surface
dipoles.*

2.2. Solvent effect on dipolar interactions

Partial dipole compensation may be achieved through inter-
actions with a polar solvent. It is reasonable to assume that
solvation water will effectively compensate surface dipole of
the nanoparticle. Surprisingly, DFT results indicate that
hydration water not only does not compensate surface dipole
but enhances it by binding to surface Zn atoms and forming
hydrogen bonds with surface O (Fig. 1B and C). The resulting
average angle formed by the surface Zn-O dimers increases
from 9.4° degrees in vacuum to 20.4° degrees in water.

This dipole enhancement in an aqueous solution leads to
dipole accumulation along the side surfaces of the ZnO
nanorod with the elongation of the nanorod. The associated
thermodynamic cost of dipole accumulation prevents further
elongation of the nanorod. In the absence of other mecha-
nisms for dipole compensation, such as the formation of the
space-charge layer or ligand adsorption, the formation of twin
boundaries and redirection of the growth towards branching
on one hand compensates the surface dipole at the twin
boundary sites and preserve thermodynamically favorable fast
growth direction along [001] axis for each branch. As reported
previously, the growth process yields the formation of
branched architecture with self-similar shapes of the parent
particles and the branches (Fig. 1C inset).'®

We systematically varied the solvent chemistry to demon-
strate the effect of solvation on dipolar interactions and the
morphology of nanoparticles. Specifically, ethylene glycol (EG)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Solvent effect on the structure of ZnO nanorods. (A) Zn—O dimer relaxation on the (1010) surface of ZnO nanoparticle in vacuum. (B)
Structure of hydrated (1010) and (0001) faces of ZnO nanoparticle. (C and D) Distribution of dipoles on the (1010) surface of ZnO nanoparticles in
vacuum, and solutions of 2.5 mM Zn(NOs),/38 mM KOH in water, ethylene glycol, and ethanol. The insets show the structure of the (1010) surface
of ZnO in the corresponding solvents (full solution structure not shown for clarity). The structure of branched ZnO grown in aqueous solution is

shown in the inset in (C).

with two OH-groups per molecule and ethanol (EtOH) with
one OH-group were selected to vary the number of bonds
between solvent O and surface Zn (up to 2 for each ethylene
glycol molecule and 1 for water and ethanol) and hydrogen
bonding with neighboring surface oxygen. Both ethylene
glycol and ethanol reduce surface dipole compared to that in
aqueous solution, with ethylene glycol reducing the average
angle for the Zn-O dimers to 18.7° and ethanol to 14.7°
(Fig. 1D). These changes in surface dipoles were accompanied
by changes in preferential growth direction and the mor-
phology of ZnO particles.

Synthesis of ZnO nanostructures in these solvents was per-
formed by drop-wise addition of 38 mM solution of KOH,
which serves as a reducing agent, to the solutions of 2.5 mM
Zn(NOj3), in water, ethylene glycol, and ethanol under identical
conditions (see ESIf for details). This procedure keeps the
reaction rate approximately the same in all solvents. Thereby,
the changes in particle morphology can be mainly attributed
to the differences in face-specific barriers for monomer attach-
ment, which define the fast growth directions.

Transmission electron microscopy (TEM) imaging of ZnO
crystals grown in aqueous 2.5 mM Zn(NOj3),/38 mM KOH solu-
tion revealed a flower-like structure similar to that reported
previously'® (Fig. 2A). The primary particle forms a nanorod
along [0001] directions, and the branches form twin bound-

This journal is © The Royal Society of Chemistry 2025

aries with the primary particles and grow predominantly along
[0001]. Notably, the concentration-dependent change in the
barrier for monomer deposition drives the transition from
flower architecture to rod-like branches.'® The experiments in
this study were conducted in the relatively low precursor con-
centration regime of 2.5 mM Zn(NOj3),, which was expected to
produce a flower-like architecture.'® To test whether impurities
affect the growth pathway, precursor solutions were carefully
filtered. TEM micrographs show that the morphology did not
change in filtered solutions (Fig. 2A, and S1 in the ESIY), sup-
porting the hypothesis that branching in aqueous solutions is
driven by the intrinsic properties of ZnOj/water interfaces
rather than impurity incorporation. The analysis of the initial
stages of ZnO growth in aqueous solution revealed that
branches form a twin boundary with the primary particle. ZnO
branches exhibited elongation along the [0001] direction and
slower lateral growth along the [1000] direction (Fig. 2A,
second row). The change in solvent from water to ethylene
glycol in 2.5 mM Zn(NOj3),/38 mM KOH precursor solution
resulted in the preferential growth along the [0001] and [2110]
directions and the formation of (1010) plates, and compact,
low-aspect ratio nanoparticles were formed in ethanol under
identical conditions (Fig. 2B).

Powder XRD of isolated nanoparticles synthesized in these
three solvents confirms the solvent-driven change in the rela-
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Fig. 2 Solvent effect on the directionality of growth and ZnO particle morphology. TEM micrographs of the morphology of ZnO nanoparticles
grown in (A) non-filtered (left) and filtered (middle and right) aqueous solution, (B) ethylene glycol, and ethanol solutions of 2.5 mM Zn(NOs),/
38 mM KOH. The second row in (A) shows the low (left) and high (right) resolution images of the initial stages of particle growth. The schematic of
particle morphology in ethylene glycol is shown as an inset. (C) The XRD patterns and corresponding Rietveld fits (dashed lines) of ZnO synthesized
in aqueous, ethylene glycol, and ethanol solutions of 2.5 mM Zn(NO3), and 38 mM KOH. (D) Adsorption configuration of ethylene glycol (EG) and

ethanol (EtOH) on (0001), (1010), and (2110) ZnO surfaces.

tive growth directions (Fig. 2C). Relative differences in the
primary diffraction peaks at 31.3° (1000), 33.9° (0002), and
35.7° (1001) correlate with the relative differences in the nano-
particles’ respective crystal habits. To better quantify these
relative differences, these patterns were fit using Rietveld
refinement to estimate the preferred axis and anisotropy of the
particle aggregates. For ZnO synthesized in H,0, it was found
that the long axis was along the [0001] direction with an an-
isotropy ratio of 1.5 along this direction. By contrast, ZnO
grown in ethylene glycol had an improved match to the experi-
mental pattern when fit to a [1010] long axis, with an aniso-

17540 | Nanoscale, 2025,17,17537-17543

tropic ratio of 0.4, indicating a preference for platelet rather
than rod-like morphology. ZnO grown in ethanol was deter-
mined to be the most isotropic, with a ratio of 1.1.

Table 1 Solvent binding energy to ZnO faces in eV and the morphology
of ZnO particles

ZnoO (0001) ZnO (1010) ZnO (2110) Morphology
EG -3.53 —4.95 -3.68 (1010) plate
EtOH -2.85 -3.49 —3.33 Compact

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Solvent effect on the driving forces for Zn-ion deposition onto ZnO surfaces. Potential of mean force of Zn?* ions at (0001) and (1010) sur-
faces of ZnO nanoparticle in 2.5 mM Zn(NOs),/38 mM KOH solutions in (A) water, (B) ethylene glycol, and (C) ethanol. Orange and blue rectangles
show the position of the (0001) and (1010) surfaces of ZnO nanoparticle immersed in electrolyte, respectively.

The strength of solvent adsorption to ZnO crystal faces cor-
relates well with the observed preferential growth directions.
The adsorption energy of ethylene glycol to ZnO surfaces is an-
isotropic, with adsorption energy to (1010) face ~1.4 times
larger than that to (0001) and (2110) faces (Table 1). In con-
trast, there is little variation between the adsorption energies
of ethanol to these ZnO faces (Table 1).

These differences in solvent interactions with ZnO faces
reflect the number of binding sites per solvent molecule dic-
tated by the structure of the surfaces and the number of OH
groups in the solvent molecules. Ethylene glycol molecule
forms 2 bonds with neighboring Zn atoms on the (1010)
surface, but only 1 bond with surface Zn on (0001) and (2110)
faces (Fig. 2D). Ethanol molecule forms 1 bond with each of
the three surfaces. The binding energies of ethanol two all
three ZnO faces are similar to those of ethylene glycol with
(0001) and (2110) faces, suggesting that the strength of solvent
interactions with ZnO faces is largely defined by the solvent
OH-group binding with surface Zn.

2.3. Solvent effect on the driving forces for monomer
additions and morphological control

The differences in solvent interactions with ZnO faces affect
the distribution of precursor ions and their potential of mean
force (PMF) at nanoparticle faces, defining the preferential
growth direction.

Simulations reveal that in all three solvents considered,
there is about 1kgT (Where kT is the thermal energy, equal to
0.03 eV at a synthesis temperature of 60 °C) barrier for Zn**
deposition onto the (1010) surface. However, the PMF of pre-
cursor ions at the (0001) surface strongly depends on the
solvent (Fig. 3). In water, the PMF has an attractive well of
about 7kgT (0.2 eV) and no barrier, indicating a thermo-
dynamic preference for Zn>* attachment to the (0001) surface,
which is consistent with the observation that [0001] is the fast
growth direction in aqueous solution. The attractive potential
well decreases to under 1kT (0.02 €V) in ethylene glycol and
ethanol, and a ~1kgT (0.03 eV) barrier appears in ethanol
(Fig. 3). This dependence of the PMF on the solvent indicates
the decrease in the growth preference along [0001] direction in
the sequence water > ethylene glycol > ethanol. These differ-

This journal is © The Royal Society of Chemistry 2025

ences in the PMF in these solvents support the observed high
uniaxial anisotropy of the growth in water, biaxial 2D growth
in ethylene glycol, and isotropic growth in ethanol.

3. Conclusions

Combined theoretical and experimental studies revealed that
interfacial dipolar and solvation forces control the morphology
of ZnO crystals during monomer-by-monomer growth. Solvent
interactions with crystal faces either reduce or enhance the
dipole and control the growth rate of various faces or promote
twinning as a dipole compensation mechanism. These find-
ings reflect the nanoscale nature of the particles during
nucleation and early stages of growth, which, in the absence of
the macroscopic dipole compensation mechanism, elevates
dipolar forces to become the main interfacial drives of mor-
phological control. The extension of the finding to other
systems can provide a general pathway for ligand-free morpho-
logical control of nanoparticles during solution synthesis,
enabling the synthesis of well-defined nanomaterials via a
thermodynamically deterministic pathway.
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