
Li et al., Sci. Adv. 8, eabq0969 (2022)     1 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 8

M A T E R I A L S  S C I E N C E

Mismatched ligand density enables ordered assembly 
of mixed-dimensional, cross-species materials
Tongtao Li1,2†, Xiuyang Xia3,4†, Guanhong Wu1, Qingfu Cai2, Xuanyu Lyu2,  
Jing Ning1, Jing Wang2, Min Kuang1, Yuchi Yang2, Massimo Pica Ciamarra4, Ran Ni3*, 
Dong Yang2*, Angang Dong1*

The ordered coassembly of mixed-dimensional species—such as zero-dimensional (0D) nanocrystals and 2D 
microscale nanosheets—is commonly deemed impracticable, as phase separation almost invariably occurs. Here, 
by manipulating the ligand grafting density, we achieve ordered coassembly of 0D nanocrystals and 2D nanosheets 
under standard solvent evaporation conditions, resulting in macroscopic, freestanding hybrid-dimensional super-
lattices with both out-of-plane and in-plane order. The key to suppressing the notorious phase separation lies in 
hydrophobizing nanosheets with molecular ligands identical to those of nanocrystals but having substantially 
lower grafting density. The mismatched ligand density endows the two mixed-dimensional components with a 
molecular recognition-like capability, driving the spontaneous organization of densely capped nanocrystals at the 
interlayers of sparsely grafted nanosheets. Theoretical calculations reveal that the intercalation of nanocrystals 
can substantially reduce the short-range repulsions of ligand-grafted nanosheets and is therefore energetically 
favorable, while subsequent ligand-ligand van der Waals attractions induce the in-plane order and kinetically 
stabilize the laminate superlattice structure.

INTRODUCTION
Colloidal assembly allows combining distinct building blocks into 
one entity with precise structural control over multiple length scales 
(1–7). Many existing works on multicomponent ordered self-assembly 
have focused on colloidal nanocrystals (NCs) (8–11), mainly because 
of the ready access to various NC building blocks (12, 13). As one of 
the most notable examples, coassembly of two different-sized NCs 
has led to binary superlattices with a rich array of structures (14–22). 
As the field of colloidal assembly continues to advance, there is 
an increasing need to integrate mixed-dimensional, cross-species 
materials in a predictable and controllable manner, as this provides 
tremendous opportunities to access emergent properties that are not 
otherwise presented in pure-NC assemblies (23–25). However, the 
phase behavior becomes enormously elusive and phase separation 
is commonly observed when coassembling mixed-dimensional building 
blocks. For instance, binary mixtures of zero-dimensional (0D) NCs 
and 2D microscale nanosheets (NSs) tend to undergo bulk demixing 
and/or microphase segregation (Fig. 1A), due to their largely different 
geometry and the intrinsically strong van der Waals (vdW) attractions 
between 2D materials (26, 27). Phase separation is also entropically 
favored for hard spheres and hard plates, as such structural configu-
ration can maximize the packing fraction of 0D/2D systems (9, 28). 
One common example is displayed in the cross-sectional scanning 
electron microscopy (SEM) image in Fig. 1B, where phase separation 
occurs when drying a chloroform dispersion containing graphene 

oxide (GO) NSs [monolayer (1L) to few-layer thick, several hundred 
nanometers to a few micrometers in lateral dimension; fig. S1] and 
oleate-capped Fe3O4 NCs (~15 nm in diameter; fig. S2). Clearly, GO 
NSs self-stack into multilayers (MLs), whereas Fe3O4 NCs predomi-
nately self-assemble into bulk superlattice domains.

On the other hand, we note that 0D/2D hybrid architectures have 
been accessible by various approaches (29–33), yet these methods 
typically allow a limited structural control, giving rise to ensembles 
with inhomogeneous distribution of the two components in most cases. 
For instance, direct coassembly of NCs and NSs can easily lead to 
severe phase separation (31), whereas in situ growth methods do not 
allow the fine control of the structure and packing arrangement of 
NCs (32). While stacked assembly of NCs and NSs can be realized 
by the layer-by-layer method, this procedure is tedious and lacks 
the in-plane nanoscale spatial precision (33). In addition, the more 
recent electrostatic assembly method can enable the nice alternative 
intercalation of NCs into the interlayer of NSs, resulting in 0D/2D 
hybrids with homogeneous distribution of the components (34). 
Besides 0D/2D hybrids, this method also allows the fabrication of 
2D/2D and 1D/2D heterostructures (35). Despite its versatility, electro-
static assembly applies mainly to oppositely charged components. 
Hence, it is highly desirable to develop previously unidentified meth-
odologies that enable the close-packed coassembly of NCs and NSs 
with widely tunable compositions while preserving the precise and 
on-demand structural control.

Here, we report a generalized ligand-density mismatching strategy 
to overcome the grand challenge associated with the colloidal co-
assembly of NCs and NSs. Taking Fe3O4 NCs and GO NSs as a 
prototypical 0D/2D combination, we show that the substantial 
ligand-density difference between the two components is the key to 
suppressing the notorious 0D/2D phase separation, enabling hybrid-
dimensional superlattices (hD-SLs) with excellent out-of-plane and 
in-plane order. Further theoretical calculations reveal the formation 
mechanism of 0D/2D hD-SLs, corroborating the vital role of ligand-
density mismatching in driving the ordered coassembly of NCs and 
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NSs. Benefiting from their unique structural features, such 0D/2D 
hD-SLs are shown to exhibit notably enhanced physiochemical prop-
erties compared with conventional pure-NC superlattices. This self-
assembly method is amenable to a variety of NCs and NSs, opening a 
modular and controllable route for integrating mixed-dimensional, 
cross-species materials to construct multifunctional superstructures.

RESULTS
Self-assembly and characterization of 0D/2D hD-SLs
We note that, besides the above-mentioned thermodynamic effect, 
the intrinsic colloidal incompatibility between NCs and NSs may also 
contribute to the 0D/2D phase separation. This is due to the fact that 
most colloidal NSs prepared by liquid phase exfoliation (36), in con-
trast to conventional colloidal NCs (37), are not well dispersible 
in nonpolar solvents like chloroform. Therefore, a prerequisite to 
coassembling NCs and NSs is that the two components can be dis-
persed in the same solvent with comparable colloidal stability. In the 
light of the established merits of long alkyl chain molecular ligands 
in directing the assembly of various ordered superstructures (9, 38), 

we achieve such comparable colloidal stability by modifying GO NSs 
with oleic acid (OA) and oleylamine (OAm) ligands commonly used 
for stabilizing NCs (see Materials and Methods and fig. S3). The grafting 
density of OA and OAm ligands on GO is modulated to be about one 
order of magnitude lower than that of OA ligands on Fe3O4 NCs 
(~0.4 nm−2 versus ~3.9 nm−2, this density was defined in the text 
under fig. S4). Despite the low grafting density, such ligand-grafted 
GO NSs are well dispersible in chloroform with colloidal stability 
comparable to that of Fe3O4 NCs (fig. S5). More unexpectedly, the 
mismatched ligand density is found to be critical to suppressing the 
notorious phase separation that plagues the coassembly of mixed-
dimensional building blocks. We hypothesize that, owing to the sub-
stantially different grafting density, the dense ligand chains tethered 
to NCs tend to penetrate the sparse ligand layer grafted onto NSs to 
maximize molecular interactions, thereby leading to a molecular 
recognition-like effect despite the absence of bonding complemen-
tarity (Fig. 1C). This is manifested by the preferential organization 
of densely capped NCs at GO interlayers upon solvent drying, resulting 
in 0D/2D hD-SLs with unprecedented out-of-plane and in-plane order 
without influencing the intrinsic characteristics of the two components 
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Fig. 1. Ordered coassembly of 0D NCs and 2D NSs. (A) Schematic illustration of conventional phase separation when coassembling 0D and 2D materials. (B) Cross-sectional 
scanning electron microscopy (SEM) image of a typical phase-separated sample when coassembling Fe3O4 NCs and graphene oxide (GO) NSs. (C) Achieving ordered co-
assembly of 0D and 2D materials by exploiting the concept of mismatched ligand density. OA, oleic acid; OAm, oleylamine. (D) Cross-sectional SEM image of 0D/2D 
hybrid-dimensional superlattices (hD-SLs) self-assembled from Fe3O4 NCs and GO NSs. (E) Small-angle x-ray scattering (SAXS) patterns of 0D-SLs and 0D/2D hD-SLs and 
low-angle x-ray diffraction pattern of 2D-SLs (inset). a.u., arbitrary units.
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(Fig. 1D and fig. S6). In this hybrid architecture, each NC is separated 
from the adjacent NC superlattice layer by an atomically thin layer 
of GO. As indicated by small-angle x-ray scattering (SAXS) and low-
angle x-ray diffraction, single-component superlattices self-assembled 
from Fe3O4 NCs and GO NSs (termed 0D-SLs and 2D-SLs, respec-
tively) have a face-centered cubic and lamellar packing symmetry, 
respectively (Fig. 1E). In comparison, Fe3O4/GO hD-SLs exhibit a SAXS 
pattern signifying both out-of-plane and in-plane order. Meanwhile, 
the first scattering peak of hD-SLs shifts toward the lower angle rela-
tive to that of 0D-SLs (Fig. 1E), consistent with the enlarged inter-
particle spacing caused by the incorporation of GO NSs (fig. S7). 
The distance between adjacent GO NSs in Fe3O4/GO hD-SLs can be 
roughly determined from the SAXS pattern, which was calculated to 
be 14.6 nm. This distance is close to the size (15 nm) of Fe3O4 NCs, 
thus confirming that the intercalated NCs form a single layer at GO 
interlayers.

Owing to the delicate integration of flexible GO building blocks, 
resulting hD-SLs typically exist as macroscopic, freestanding lami-
nate films (Fig. 2A and fig. S8, A and B), which is in sharp contrast 
to conventional pure-NC superlattices that are powders in most cases 
(fig. S8, C and D). Closer inspection of Fe3O4/GO hD-SLs reveals 
that Fe3O4 NCs assemble into 2D close-packed arrays with distinct 
grain boundaries conformal to the underlying GO (fig. S9). The 
common wrinkling in large-flake GO NSs (fig. S10) has negligible 
influence on the long-range ordering of NC arrays (Fig. 2, B and C). 
Even at the interlayers of locally folded NSs, NCs can still retain their 
close-packed structure (Fig. 2, D and E). To better verify the interior 
spatial arrangement of Fe3O4/GO hD-SLs, focused ion beam was 
used to obtain cross sections, from which close-packed NCs evenly 
distributed at GO interlayers are observed (Fig. 2F). Cross-sectional 
SEM surveys across the entire film confirm the homogeneous dis-
tribution of 1L Fe3O4 NCs sandwiched at GO interlayers (fig. S11). 
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Fig. 2. Structural characterization of 0D/2D hD-SLs. (A) Photograph of a macroscopic Fe3O4/GO hD-SL laminate. (B) Top view SEM image of Fe3O4/GO hD-SL laminates. 
(C) A zoom-in taken from the region in (B) and the corresponding fast Fourier transform (inset), revealing the long-range ordered assembly of Fe3O4 NCs at the film sur-
face, despite the crumpling of GO NSs. (D) Cross-sectional SEM image and (E) the corresponding schematic of Fe3O4/GO hD-SLs, revealing the close-packed Fe3O4 NCs at 
locally folded GO interlayers. (F) SEM image of focused ion beam sections. (G) Cross-sectional SEM images of self-assembled Fe3O4/GO laminates with NC varying from 
3.0 to 3.9 nm−2.
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Notably, the film thickness of Fe3O4/GO hD-SLs can be tuned in a 
wide range without affecting structural order (fig. S12), simply by 
changing the amount of GO NSs and Fe3O4 NCs used for coassembly. 
Besides, the layer number of the intercalated Fe3O4 NCs can also be 
adjusted as ML, bilayer (2L), 1L, and even submonolayer (S1L) by 
tuning the ratio of the two components (fig. S13A). In addition, no 
apparent phase separation is observed in all cases, although the out-
of-plane order of ML, 2L, and S1L laminates is inferior to that of their 
1L counterparts. N2 adsorption-desorption measurements (fig. S13B) 
show that the specific surface area of Fe3O4/GO laminates increases 
monotonically from 49 to 92 m2 g−1 as the Fe3O4 layer number varies 
from ML to S1L. All Fe3O4/GO laminates have relatively uniform 
mesopores at ~3.7 nm regardless of the Fe3O4 layer number (fig. S13C). 
These large mesopores should be ascribed to the interstitial voids 
between Fe3O4 NCs and GO NSs, as illustrated in fig. S3D. It is also 
worth mentioning that the resulting Fe3O4/GO hD-SLs demonstrate 
excellent structural stability, as cooling (−196°C) or thermal (500°C) 
treatment has negligible influence on their global ordering (fig. S14). 
As expected, further increasing the temperature up to 700°C leads 
to the gradual sintering of the intercalated Fe3O4 NCs, yet the multi
laminate structure of Fe3O4/GO hD-SLs could still be maintained.

As mentioned above, the substantially different ligand density be-
tween NCs and NSs is hypothesized to be crucial for the successful 
assembly of 0D/2D hD-SLs. We thereby investigate the effect of the 
ligand density on the structural evolution of 0D/2D systems. Although 
it is technically difficult to widely tune the ligand density of GO NSs, 
the ligand density of Fe3O4 NCs (NC) can be readily adjusted in the 
range of 3.0 to 3.9 nm−2 by repeated washing, without sacrificing their 
dispersibility in chloroform. As revealed by cross-sectional SEM (Fig. 2G), 
varying NC (fig. S15) while keeping the ligand density of GO at 0.4 nm−2 
leads to distinct assembly outcomes under identical self-assembly 
conditions. Specifically, severe microphase segregation occurs at NC = 
3.0 nm−2 where Fe3O4 NCs and GO NSs tend to self-assemble inde-
pendently to form segregated domains. Increasing NC to 3.4 nm−2 
lessens the extent of microphase segregation, while further increasing 
NC to 3.9 nm−2 effectively suppresses microphase segregation. These 
results indicate that the phase behavior of 0D/2D systems is very 
sensitive to the ligand density difference between NSs and NCs, 
provided that the comparable colloidal stability of the two types of 
building blocks is achieved (figs. S16 and S17).

Computational study
Tracking the coassembly process by transmission electron micro
scopy (TEM) reveals that Fe3O4 NCs and GO NSs remain largely 
intermixed during drying (fig. S18), suggesting that the formation 
of 0D/2D hD-SLs occurs at the very late stage of solvent evaporation 
(Fig. 3A), analogous to conventional drying-mediated assembly of 
pure-NC superlattices (9). To fundamentally understand the hybrid-
assembly mechanism, we calculate pairwise interactions (U, here 
 = 1/kBT, kB and T are the Boltzmann constant and the tempera-
ture of the system, respectively; see Materials and Methods) for two 
Fe3O4 NCs (UNN), an NC and a graphene NS (UNG), and two graphene 
NSs (UGG), respectively, in both chloroform and air (i.e., after solvent 
drying). In our calculations, the radius of NCs, R, is fixed at 7 nm 
and NC is varied from 2.0 to 4.0 nm−2, with the ligand density of 
graphene NSs (G) fixed at 0.4 nm−2. The interaction in both envi-
ronments can be estimated as the sum of vdW interaction between 
two nano-objects and the interaction between two ligand layers. In 
the first part of the interaction, the two nano-objects are mediated 

by a hybrid OA-solvent layer, which depends on the solvent polarity 
and concentration, and a pure OA layer in solvent and air, respec-
tively. In the second part of the interaction, due to the different mobility 
and the volume fraction of ligands, the forms of interactions between 
two ligand layers in solvent and air are also different.

In good solvents like chloroform, osmotic and entropic effects 
dominate the effective interactions due to the fully swollen ligand 
layers (9). As a result, all components experience short-range repul-
sions that are consistent with the thickness of ligand layers (figs. S19, 
A to C, and S20, A to C). However, our calculations show that the 
repulsive energy between two ligand-grafted NSs is far higher than 
that between an NS and an NC regardless of NC (Fig. 3B). There-
fore, when the 0D/2D system is densified caused by solvent evapo-
ration, NCs have the tendency to undergo intercalation along with 
the stacking alignment of graphene NSs (Fig. 3, A and I), because 
such an arrangement can significantly reduce the repulsion between 
two ligand-grafted NSs and is therefore energetically favorable.

The spontaneous intercalation of NCs at NS interlayers is the first 
step toward establishing the out-of-plane order. With further solvent 
drying, the configuration of stretched ligands is stabilized by the 
stronger ligand-ligand vdW attraction (9). The vdW interaction 
between two nano-objects is weak enough to be neglected when the 
equilibrium separation distance, which corresponds to the minimum 
effective interaction, is larger than 1 nm (figs. S19 and S20). Instead, 
the vdW attraction or elastic repulsion between two ligand layers 
will dominate the effective interactions, producing different assem-
bly outcomes depending strongly on NC. Specifically, NCs at low 
ligand coverages (NC ≤ 3.0 nm−2) experience pronounced molecu-
lar interpenetration, such that UNN attraction is much higher than 
UNG attraction (Fig. 3, C and D, and fig. S19, D and E). As a result, 
NCs would preferentially self-assemble rather than coassemble with 
NSs, thereby leading to microphase segregation (Fig. 3AII, left). For 
NCs with high ligand coverages (NC > 3.0 nm−2), UNN attraction 
decreases with increasing NC and turns out to be lower than UNG 
attraction at NC > ~3.5 nm−2 (Fig. 3, C and D). This is because the 
ligand shell of NCs becomes too dense to allow efficient molecular 
interpenetration (39), which is particularly true for NCs at NC = 4.0 nm−2 
where elastic repulsion dominates UNN interactions (fig. S20D). In 
contrast, ligand-ligand vdW attraction continues to govern UNG inter-
actions even at NC = 4.0 nm−2 (Fig. 3D and fig. S20E). This result 
can be understood by considering that the sparse ligand layer tethered 
to graphene NSs can still penetrate the dense ligand shell of NCs (Fig. 1C). 
Therefore, with the increasingly greater competition of UNG attrac-
tion, NCs having dense ligand shells tend to coassemble with NSs to 
inhibit microphase segregation (Fig. 3AII, right). Because of the dense 
packing and the intense attraction between ligand layers, the vibra-
tional entropy difference between NCs’ self-assembly and coassembly 
with graphene NSs is negligible. Hence, a critical NC, below which 
coassembly is no longer observable, occurs when the minimum of 
UNG ​​​(​​ ​U​NG​ min​​)​​​​ is equal to that of UNN ​​​(​​ ​U​NN​ min​​)​​​​. Figure 3E shows the plots 
of ​​U​NG​ min​​ and ​​U​NN​ min​​ as a function of NC while fixing G at 0.4 nm−2, 
where the cross-point between the two curves is the critical NC. One 
can see that the critical NC is ~3.6 nm−2, which agrees quantitatively 
with the experimental observation (Fig. 2G).

It is worth mentioning that, due to the intrinsically large graphene-
graphene vdW contribution, UGG attraction is considerably higher 
than UNG attraction regardless of NC (figs. S19F and S20F), which 
should favor the self-stacking of graphene NSs thermodynamically. 
However, to squeeze the intercalated NCs out of graphene layers, 
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the system must pay a large energetic penalty. To illustrate this, we 
calculate the ligand-ligand vdW attraction between NCs and NSs, 
which is ~−50 kBT per particle at NC = 4.0 nm−2. We speculate that 
such a large vdW attraction is sufficiently strong to restrict the escape 
of NCs from graphene layers, thus kinetically stabilizing the 0D/2D 
laminate structure. In this context, sandwiching monolayer NCs be-
tween two NSs is more favored, because such an arrangement can 
maximize ligand-ligand vdW interactions between the two mixed-
dimensional components. It should also be noted that, in addition 
to driving the intercalation of NCs in solution, the soft ligand layer 
tethered to NSs is also beneficial for establishing the in-plane order 
subsequently, presumably through a self-assembly process resembling 
molecular epitaxy (40). We hypothesize that before the complete sol-
vent evaporation, the in-plane organization of the intercalated NCs 
proceeds before their coassembly with GO NSs. Entropy should be 
the main force driving the in-plane close-packed assembly of NCs 
considering the weak NC-NC interactions, while the ligand layer 
tethered to GO NSs could facilitate the movement of NCs at inter-
layers by providing steric repulsions. Upon the complete solvent evapo-
ration, the strong ligand-ligand vdW interactions between NCs and 

NSs start to dominate the 0D/2D coassembly and eventually stabi-
lize the hybrid structure.

The above calculation results, in good agreement with experi-
mental observations shown in Fig. 2G, suggest that the substantially 
different ligand density between of NCs and NSs plays a vital role in 
suppressing phase separation. In this mechanism, the NCs to be 
intercalated should have high ligand density, as NCs with lower 
ligand density tend to self-assemble, thus disturbing their hybrid 
assembly with NSs. Meanwhile, NSs should have comparatively low 
ligand density to induce the intercalation and fixation of NCs at inter-
layers. In this context, the densely capped NCs behave like “adhesives” 
gluing together the sparsely grafted NSs through molecular inter-
penetration (fig. S21). To further illustrate the importance of ligand-
density mismatching for achieving cooperative hybrid assembly, we 
calculate UNN and UNG interactions when the ligand density of NCs 
and NSs is identical. Our calculations predict that UNN and UNG 
attractions are comparable under these conditions (Fig. 3F and fig. 
S22). We surmise that, with similar ligand density, the self-assembly 
of NCs competes with their coassembly with NSs, which will inevitably 
lead to microphase segregation. On the other hand, reversing the relation 
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minimum UNG and UNN interactions as a function of ligand density NC while fixing G at 0.4 nm−2. (F) Calculated UNG and UNN interactions in air when the two mixed-
dimensional components have the same ligand density at 3.0 nm−2. (G) Calculated UNG and UNN interactions in air for graphene NSs with various G while fixing ligand 
density NC at 0.4 nm−2. NN, nanocrystal-nanocrystal; NG, nanocrystal-graphene; GG, graphene-graphene.
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between the mismatched ligand density of NCs and NSs, i.e., higher 
G and lower NC, also induces comparable UNN and UNG attractions 
theoretically (fig. S23). Figure 3G shows the calculated UNG and 
UNN interactions in air for graphene NSs with various G while fix-
ing NC at 0.4 nm−2. One can clearly see that UNN will compete with 
UNG under this situation, and, as a result, microphase segregation is 
predicted to be inevitable. Experimentally, one can reasonably expect 
that NCs with such a low NC would be colloidally unstable when 
dispersed in chloroform due to the weak ligand repulsions, which 
favors the self-organization of NCs and could lead to the phase sepa-
ration as well.

Notably, besides the short-range vdW interactions, the contribu-
tion of the long-range electrostatic interactions in driving the co-
assembly of NCs and NSs was also investigated. The results indicate 
that the electrostatic interaction can only play a very minor role in 
driving the 0D/2D coassembly, because both the ligand-grafted 
NCs and NSs bear only a small amount of surface charges (fig. S24). 
This is also consistent with previous work dealing with the self-
assembly of organically stabilized colloidal nanostructures (41, 42), 
where the electrostatic contribution is usually excluded as the main 
driving force.

Compositional engineering of 0D/2D hD-SLs
It is also noteworthy that the size and composition of NCs and NSs 
play a minor role in calculating pairwise interactions (fig. S25), sug-
gesting that the coassembly of various 0D and 2D building blocks is 
possible by exploiting the concept of ligand-density mismatching. 
Replacing 15-nm Fe3O4 NCs with cubic Fe3O4 (19 nm), octahedral 
MnO (15 nm), and cubic Cu (73 nm) NCs while keeping GO has no 
apparent influence on the hybrid-assembly behavior, resulting in 
0D/2D hD-SLs with diverse NC compositions (Fig. 4, A to C). To 
further demonstrate the versatility of the approach, the coassembly 
of Fe3O4 NCs with different 2D building blocks was also investigated 
(Fig. 4D). We first select the more rigid MXene (Ti3C2Tx, a few 
hundred nanometers in lateral dimension) as the 2D building block 
(4), which is modified with OAm with a ligand coverage density of 
~0.5 nm−2. Analogous to GO NSs, coassembly of MXene NSs and 
Fe3O4 NCs under the same solvent-drying conditions produces high-
quality 0D/2D hD-SLs, in which the alternating alignment of the 
two mixed-dimensional components can be well established by cross-
sectional SEM, TEM, and elemental mapping (Fig. 4, E to G). Further-
more, when taking titanium oxide NSs modified with OA as the 
2D building block (43), similar 0D/2D hD-SLs can also be achieved 
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Fig. 4. Generality of the 0D/2D coassembly approach. (A) TEM images of 15-nm octahedral MnO, 19-nm cubic Fe3O4, and 73-nm cubic Cu NCs. Insets show the sche-
matics of the corresponding NCs. (B) Cross-sectional SEM images and (C) SAXS patterns of 0D/2D hD-SLs self-assembled from GO NSs and various NCs shown in (A). 
(D) Schematic showing the tunable 2D component of hD-SLs. Cross-sectional (E) SEM, (F) TEM images, and (G) scanning TEM image and corresponding elemental map-
ping of hD-SLs self-assembled from Fe3O4 NCs and MXene NSs. (H) Cross-sectional SEM images of hD-SLs self-assembled from Fe3O4 NCs and titanium oxide NSs. Inset 
shows the corresponding low-magnification image.
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upon coassembly with Fe3O4 NCs (Fig. 4H). These results clearly 
demonstrate that the composition of the two mixed-dimensional 
components can be independently tuned, thus offering a modular 
route to create multidimensional metamaterials with user-specific 
functionalities.

DISCUSSION
In summary, we have demonstrated by both experiments and theo-
retical calculations that ligand density mismatching can be exploited 
to effectively suppress the phase separation during colloidal coassembly 
of NCs and NSs without encoding any specific bonding comple-
mentarity. Our experimental and computational results underscore 
the significance of the molecular-level understanding of the role of 
ligand-ligand interactions responsible for driving cooperative assem-
bly of multicomponent building blocks that are drastically different 
in geometry and surface chemistry. Given the generality of the 
approach, we anticipate that deterministic multidimensional meta-
materials with emergent physiochemical properties can be realized 
through judicious selection of mixed-dimensional, cross-species 
building blocks.

MATERIALS AND METHODS
Synthesis of colloidal NCs
Spherical Fe3O4 NCs (15 nm)
In a typical synthesis procedure, iron oleate (36 g) and OA (8.6 g) 
were dissolved in 1-ctadecene (ODE; 180 g) in a 500-ml three-neck 
flask. The resulting solution was degassed at 120°C and subsequently 
heated up to 320°C under N2 and kept at this temperature for 1 hour 
before cooling down to room temperature. Fe3O4 NCs were sepa-
rated and purified by centrifugation with methanol and ethanol as 
antisolvents. The precipitated Fe3O4 NCs were redispersed in chloro-
form with a concentration of ~50 mg ml−1.
Cubic Fe3O4 NCs (19 nm)
Iron oleate (18 g), sodium oleate (3.1 g), and OA (5.5 g) were dissolved 
in ODE (40 g) in a 500-ml three-neck flask. The resulting solution 
was degassed at 120°C and subsequently heated up to 320°C under 
N2 and held at this temperature for 2 hours. The purification and 
dispersion were conducted similarly to their spherical counterparts.
Octahedral MnO NCs (15 nm)
Manganese oleate (4.96 g) and OA (1.12 g) were dissolved in ODE 
(40 g) in a 100-ml three-neck flask. The resulting mixture was de-
gassed at 120°C for 1 hour, then heated up to 320°C under N2 and 
held at this temperature for 3 hours. The purification and dispersion 
were conducted similarly to their Fe3O4 counterparts.
Cubic Cu NCs (73 nm)
CuBr (86 mg) and trioctylphosphine oxide (194 mg) were dissolved 
into OAm (7 ml) in a three-necked flask by vigorous stirring at 80°C 
for 15 min. Then, the resulting solution was heated up to 260°C quickly 
and held at this temperature for 2.5 hours. The purification and dis-
persion were conducted similarly to their Fe3O4 counterparts.

Preparation of ligand-grafted NSs
In a typical procedure for modifying GO NSs, a mixture containing 
GO NSs (80 mg), hexane (30 ml), and OAm (300 l) was ultrasonically 
treated for 10  min at room temperature. Into the above mixture, 
300 l of OA ligands (300 l) was injected followed by ultrasonic 
treatment for another 10 min. After that, the ligand-grafted GO NSs 

were separated by centrifugation with ethanol (90 ml) as antisolvents. 
The precipitated GO NSs were redispersed in 20 ml of chloroform 
to form stable colloidal dispersions with a concentration of 4 mg ml−1.

To obtain the ligand-grafted MXene (Ti3C2Tx) NSs, we first pre-
pared the delaminated MXene (Ti3C2Tx) by selective etching of Al 
from Ti3AlC2 with HF. Then, a similar modification procedure was 
conducted using OAm as ligands to enable stable colloidal dispersions 
in chloroform. To access the ligand-grafted titanium oxide NSs, we 
synthesized layered titanate (H1.07Ti1.73O4·H2O) and delaminated it 
in a tetrabutylammonium hydroxide solution (43), followed by a 
modification procedure similar to their GO counterparts.

Self-assembly of 0D/2D hD-SLs
0D/2D hD-SLs were prepared based on a solvent evaporation–induced 
self-assembly process under ambient conditions. In a typical procedure 
for constructing Fe3O4/GO hD-SLs, a chloroform solution contain-
ing Fe3O4 NCs and ligand-grafted GO NSs with appropriate ratios 
was placed in a porcelain combustion boat, which was then covered 
by a glass slide. The subsequent evaporation of chloroform triggered 
the coassembly of Fe3O4 NCs and GO NSs, resulting in 0D/2D hD-SLs 
as macroscopic multilaminates after the complete solvent evapora-
tion. The layer number of Fe3O4 NCs sandwiched between GO NSs 
can be precisely tuned by varying the ratio of the two components.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0969
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