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Abstract

Atomic layer deposition (ALD) is a method to grow thin metal oxide layers on a variety of materials for
applications spanning from electronics to catalysis. Extending ALD to colloidally stable nanocrystals
promises to combine the benefits of thin metal oxide coatings with the solution processability of
nanocrystals. However, challenges persist in applying this method, which relate to finding precursors that
promote growth of the metal oxide while preserving colloidal stability throughout the process. Herein, we
introduce a colloidal ALD method to coat nanocrystals with amorphous metal oxide shells using metal
and oxygen precursors that act as colloidally stabilizing ligands. Our scheme, involves metal-amide
precursors modified with solubilizing groups and oleic acid as the oxygen source. The growth of the oxide
is self-limiting and proceeds in a layer-by-layer fashion. Our protocol is generalizable and intrinsically
scalable. Potential applications in display, light detection and catalysis are envisioned.

Introduction

Gas phase atomic layer deposition (ALD) relies on two self-limiting half reactions to grow atomically
precise thicknesses of a variety of materials on solid substrates.’ "3 Such an atomic level of control has
spurred extensive industrial and fundamental efforts for the assembly of optoelectronic and catalytic

devices.? The translation of this approach to colloidally stable substrates, such as nanocrystals (NCs),
would combine the advantages derived from such coatings with the solution processability of NCs, which
is sought after in advanced manufacturing.

A colloidal derivative of ALD (c-ALD) was introduced by Ithurria et al. through the development of a self-

limited growth of CdS layers on CdSe NCs.* This approach relies on the sequential transfer of NCs
between polar and non-polar solvents, isolating the two half reactions in each solvent to achieve layer-by-
layer growth of metal-chalcogenide shells.*® Extending c-ALD to the growth of amorphous metal oxides
is desirable as such coatings would provide photo- and environmental protection while not imposing
detrimental geometric strain to the nanocrystalline core, properties that are needed for optoelectronic
devices.613

Recently, a c-ALD methodology was introduced to grow thin metal oxide coatings through an initial half
reaction with a highly reactive alkylmetal precursor followed by the introduction of water, O, or
isopropanol as the second half reaction.’~1® This scheme resulted in the formation of hybrid shells, in

which the organic ligands become integral components of the grown metal oxide.''!” This structure
offers new opportunities in the design of multifunctional materials for applications in photocatalysis,

incoherent photon conversion'” and electrocatalysis'®. However, these hybrid oxide shells are not readily
amenable to solid-state optoelectronic devices, where ligands are commonly removed to promote

electronic transport in dense NC films.® Consequently, a scheme needs to be developed that result in
fully inorganic coatings.
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Herein, we propose a c-ALD scheme which creates a fully inorganic metal oxide coating on the NCs. Key
to this method is the use of precursors that are simultaneously reactive towards the NC surface and
provide colloidal stabilization. First, we demonstrate that metal-amides react with bound carboxylates,
resulting in the direct anchoring of the precursor to the NC surface. On this basis, we develop a scheme
were metal-amides are functionalized with solubilizing groups; then, we use oleic acid as both a ligand
and oxygen source to grow metal oxide shells. Through "H nuclear magnetic resonance (NMR) and X-ray
absorption spectroscopy (XAS) measurements, we probe the nucleation and growth of the shell and show
that the developed scheme successfully removes all of the native ligands and results in the formation of
an amorphous inorganic shell. We demonstrate our claims by growing gallium oxide and titanium oxide
shells on a variety of nanocrystalline compositions. This approach results in the successful growth of
thin amorphous oxides, which is envisioned as ideal for NC based solid-state optoelectronic devices.

Results and discussion

We studied the interaction of five typical ALD precursors for the growth of metal oxides by c-ALD on
carboxylate passivated NC surfaces.?'? We opted for alkyl-metals and metal-amides as they are soluble
in non-polar solvents and their expected byproducts should not interfere with shell formation. We selected
trimethylgallium (TM-Ga), dimethyl zinc (DM-Zn), trimethyl aluminium (TM-Al),
tris(dimethylamido)gallium (TDMA-Ga) and tetrakis(dimethylamido)titanium (TDMA-Ti), as a
representative set to contrast the interaction strength of each precursor (Supplementary Fig. 1).7°-20

For the purpose of this study, we elected to focus mainly on PbS NCs, as they are valuable for a variety of
optoelectronic applications and their surface chemistry is well-established.?'?2 We also opted to grow
metal oxide shells on InP NCs, CdSe nanoplatelets (NPLs) and NaGdF, NCs as they are recognized
alternatives in display, lasing, and biological imaging but face persistent issues in terms of stability.23726
We synthesized PbS NCs (spheres and cubes), InP NCs, CdSe NPLs and NaGdF, NCs all capped by oleate

ligands through previously established protocols (Supplementary Figs. 2—12).26-30

Figure Ta-e reports "H NMR spectra which track changes in the alkene resonance of bound oleates on
PbS NCs while titrating the c-ALD precursor.2' During each titration, a new resonance upfield to the alkene
resonance emerges, which indicates an interaction of the precursors with the oleate ligands. Titrations
were arrested when precipitation of the NCs occurred. We compared the amount of
displaced/transformed oleates from the surface per equivalents of added precursor (Supplementary

Figs. 13—22), which we used as a metric to quantify the strength of interaction between the ALD
precursors and the oleate ligands. Based on such quantification, we established a reactivity trend among
the precursors: TM-AI>DM-Zn>TM-Ga<TDMA-Ga<TDMA-Ti (Fig. 1, Supplementary Note 1).

Drawing parallels with gas phase ALD on polymers3273° we consider that an adduct forms between the
Lewis acidic metal precursors and the Lewis basic carbonyls of bound oleates. TM-Al is a harder Lewis

acid than TM-Ga and DM-Zn.2® Thus, TM-Al is expected to interact more strongly with the bound oleates
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compared to the other two methyl-based precursors. Through the same principle, it is anticipated that the
harder Lewis acidity of TDMA-Ti compared to TDMA-Ga rationalizes the larger release of oleates for the
former. Finally, the larger displacement observed for TDMA-Ga compared to TM-Ga correlates well with
the harder character of the amide ligands compared to the methyl groups, effectively hardening the
precursor and making it more reactive towards the bound oleates.

We then sought to identify the chemical species generating the new "H NMR resonances. Based on a
suite of 1D and 2D NMR characterization, alkyl-metals result in the formation of cluster-like species
(Supplementary Figs. 23—31), which do not interact with the NC surface. These cluster-like species are
known to assemble from such precursors and metal-carboxylates.3’ =0 Instead, when using metal amide
precursors, we found sharp resonances (Fig. 1f, Supplementary Figs. 32—40), that correspond to dimethyl
oleamides.*'#2 The presence of this species is consistent with an amidation reaction between the
precursor and the surface oleate, which results in the formation of dimethyl oleamide and of a Pb-O-M (M
= Ti or Ga) bond on the surface of the PbS NCs (Fig. 1g).32 Thus, metal-amide precursors react with
surface oleate to directly anchor the precursor to the NC surface by transforming the starting ligands into
species which do not interact with the NC surface.

Having learned that all the metal precursors do interact with the surface of the oleate-capped PbS NCs,
we proceeded in growing the oxide shell according to the previously reported c-ALD method, which yields
hybrid oxide shells with embedded oleate ligands.'*1® Each precursor lead to the formation of such
shells on the NCs, with the exception of TM-Ga (Supplementary Figs. 41-43), which is consistent with the
reported reactivity scale. This latter issue can be circumvented by having an alumina layer initially
present, exploiting the higher reactivity of TM-Al to seed gallium oxide formation (Supplementary

Figs. 44—45). Further, only dilute and sub-stoichiometric amounts of the precursors can be employed in
this method without causing loss of colloidal stability of the NCs. This limitation results in a partial
coverage of the NC surface by the oxide layer for each cycle. To expand the scope of this previous
methodology and yield a fully inorganic interface between the NC and the oxide shell, we reasoned that
both the precursor and oxygen source needed to be colloidally solubilizing ligands.

To this end, we developed a methodology that relies upon the observation of dimethyl oleamide and Pb-
O-M bond formation during the addition of metal-amide precursors. We first sought to endow the metal
precursor with colloidally solubilizing functionalities (i.e make it a good ligand). Thus, we performed a
transamidation reaction to partially replace the short destabilizing dimethylamide with solubilizing
didodecylamides (Fig. 2a, Supplementary Figs. 46—47, Supplemental Note 2).%* Further, we noted that the
addition of oleic acid to metal-amide precursors results in the formation of metal oxides and dimethyl
oleamides (Fig. 2b Supplementary Fig. 48).

We combined these two reactions to propose a scheme for the growth of metal oxides that displaces all
the native ligands and generates a fully inorganic interface between the NC and the oxide shell without
loss of colloidal stability (Fig. 2c). In the first half-reaction, the transamidated precursor efficiently
replaces all the native oleate ligands through an amidation reaction to form oleamide and bound gallium-
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amides. Then, oleic acid is added to induce the release of secondary amines by forming gallium oleate
through a protic exchange with the bound amides, effectively regenerating a bound oleate surface while
completing the second half reaction and representing a full c-ALD cycle. In the following c-ALD cycles, the
newly passivating oleates are converted into oleamide by the transaminated precursors, and a second
metal oxide bond forms, permitting the growth of a second metal oxide layer. These steps can be
repeated arbitrarily as each addition involves the positioning of a long chained aliphatic tail on the
surface of the NC. Further, the evolved byproducts are alkyl oleamides and secondary amines, two

species that interact weakly with the NC surface,*! and therefore should not interfere with the process.

We tracked the complete process through a suite of solution NMR techniques (Fig. 3, Supplementary
Figs. 49—54) to confirm the proposed mechanism. As a first step, the transamidated gallium precursor
was added to a suspension of PbS NCs. "H NMR revealed the partial transformation of native oleates to
alkyl oleamide through the emergence of narrow alkene resonances (Supplementary Fig. 49). A variable-
temperature (VT) NMR experiment was performed to promote the full replacement of oleates and
revealed that all the oleates are replaced after reaching 70°C (Fig. 3a). Concurrently, a very broad
resonance arises (Fig. 3b), which is associated with bound Ga-didodecylamides. Diffusion ordered NMR
spectroscopy (DOSY) and nuclear Overhauser effect spectroscopy (NOESY) further confirmed the
anchoring of gallium amides to the NC surface and the completion of the first half reaction
(Supplementary Fig. 49). Presence of excess precursor does not result in further reactions, suggesting the
reaction is self-limiting (Supplementary Fig. 50). Importantly, the NCs remained colloidally stable despite
all the native oleates having been replaced by a Ga-amide terminated surface.

Upon introduction of oleic acid, the signal arising from bound gallium-didodecylamide is lost and a
bound oleate resonance is reestablished in the "H NMR spectrum (Figs. 3a-b, Supplementary Fig. 51). We
note that this resonance is upfield compared to the original PbS bound oleates, and is consistent with
oleates being bound to a metal oxide.*’ DOSY and NOESY further confirm this assignment. These steps
were repeated twice and tracked, showing a similar behavior (Figs. 3a-b, Supplementary Figs. 52—-55).
This demonstration confirms that our methodology proceeds as intended, i.e. by alternating the surface
ligands between bound oleates and bound amides (Fig. 3c). Thus, this approach should be growing
metal oxides on the surface of PbS NCs.

Figure 4 displays high-angle annular dark field- scanning transmission electron microscopy (HAADF-
STEM) images with the corresponding energy dispersive X-Ray spectroscopy (EDXS) elemental maps of
different NCs upon the growth of gallium or titanium oxide shells. After shell growth of both metal oxides,
PbS nanocubes retain their shape and size, while EDXS elemental maps confirm the spatial co-
localization of both Pb and the gallium or titanium, and the presence of a shell (Fig. 4a-f; PbS spheres are
presented in Supplementary Fig. 56). We applied the same approach to oleate passivated NaGdF, NCs,
InP NCs and CdSe NPLs to generalize the growth procedure (Fig. 4g,h, Supplementary Fig. 57-59).
Further, optical characterization confirmed that the InP and CdSe cores are unaffected by the growth of
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metal oxides (Supplementary Fig. 60—61). These results evidence the generalizability of this procedure to
a variety of oleate passivated nanocrystalline compositions.

Using PbS nanocubes as our benchmark, we then sought to investigate the structure of the gallium oxide
shell and its evolution during the growth. High-resolution X-ray diffraction (HR-XRD) analysis revealed no
significant alteration to the PbS lattice (Supplementary Fig. 63). Further, the absence of additional
diffraction peaks suggested that the gallium oxide shell is amorphous. We then performed XAS at the Ga
K, Pb L2 and Pb L3 edges of PbS nanocubes having undergone one, three and five cycles of growth. The
Pb L2 and L3 X-ray absorption near edge structure (XANES) revealed no significant alteration throughout
any step in the growth process (Supplementary Fig. 64). Together with the XRD analysis, these data
suggest that the grown gallium oxide is amorphous and does not induce surface oxidation or any
measurable geometric strain to the PbS lattice.

Looking at the Ga K-edge XANES, the spectral line shape evolves towards gallium oxide nucleated by
directly mixing the transamidated TDMA-Ga and oleic acid as more cycles are performed (Fig. 53,
Supplementary Fig. 48, 65). Extended X-ray absorption fine structure (EXAFS) analysis revealed clear
changes during the growth of the shell (Fig. 5b, Supplementary Figs. 66—67, Table 1). First, the EXAFS of
PbS nanocubes that have undergone only one cycle is consistent with the presence of O (first shell, r:
1.96A), Ga (second shell, r: 3.01A) and Pb (third shell, r: 3.91A) scattering, but shows no evidence for a
direct Ga-S bond. The absence of interactions with sulfur indicates that the anchoring of the first layer of
gallium oxide is through the surface ligands rather than through undercoordinated sulfur sites.
Furthermore, the third shell in the EXAFS is dominated by Pb-Ga scattering rather than by Ga-Ga. This Pb-
Ga scattering fades as more cycles are performed and becomes better described by Ga-Ga scattering.
Concomitantly, principle component analysis (PCA, Supplementary Figs. 68—69) indicated that the Ga K-
edge XAS of PbS nanocubes after one cycle is consistent with a single component. Based on the EXAFS,
we associate this component to gallium being a monolayer away to Pb. This component decreases from
near unity to ~30% and <5% for the three and five cycles, respectively, while a second spectroscopic
component associated with Ga-Ga scattering emerges. The EXAFS analysis also suggests a transition in
the configuration of gallium atoms being closer to octahedral in the first cycle and leaning more towards
tetrahedral as the shell grows (Supplementary Table 1). This result additionally emphasizes that the first
layer is distinct and strongly influenced by the underlying PbS. Structurally the grown metal-oxide
appears to be fully amorphous, yet its local structure might find similarities with the disordered ~y-

Ga, ¢,0, phase.4>™48

On the basis of all the above observations, we propose a plausible mechanism for the formation of the
metal oxide shells initiated by ligand-modified precursors (Fig. 6). Starting with a carboxylate-
functionalized surface (Fig. 6a), the first cycle results in the nucleation of a monolayer of gallium-oxygen
species through the amidation of bound oleates by the metal amide precursor, with each metal likely
anchoring with one or two surface sites (Fig. 6b). The formation of such monolayers is consistent with
the self-limited nature of the proposed c-ALD process (Supplemental Note 2). During the following cycles,
the growth likely proceeds by a continuous linear extension of gallium-oxygen species which merge to
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form the extended three-dimensional highly disordered gallium oxide network that propagates away from
the surface (Fig. 6c).

Overall, the self-limiting character of the process allows for the layer-by-layer growth of fully inorganic
metal oxide coatings of NCs while preserving their colloidal stability. Consequently, the presented c-ALD
methodology is unique compared to the alternative metal oxide coating strategies (Supplementary Note
3).

Conclusions

In conclusion, we have developed a new c-ALD method which creates fully inorganic metal oxide shells
around NC core while preserving their colloidal stability. Crucial to this achievement is the use of reactive
and colloidally stabilizing ligand-modified precursors.

The proposed mechanism only requires a carboxylate surface passivation, thus there are strong reasons
to believe that the growth of metal oxide shells by c-ALD is extendable to various nanocrystalline
composition such as metal chalcogenides, metal pnictogens and metal oxides as wells as lanthanide
doped inorganic nanoparticles and halide perovskites. Further, metal-amide precursors exist for a wide
variety of metals?%4° and, consequently, a large library of metal oxide shelled nanocrystal compositions

should be readily attainable by this method.

In addition, our treatment offers several possibilities beyond the growth of metal oxide shells. For
instance, the proposed mechanism can be employed to introduce well-controlled and variable
concentration of surface dopants via tuning the amount of initially anchored metal (e.g. Ga, Ti). Lastly,
the formation of metal-amide terminated surface offers a new playground for surface modification as the
introduction of a stoichiometric amount of carboxylic acids results in their exchange on the surface
without inducing a dynamic equilibrium.

The mild conditions required, combined with the simplicity, scalability and generalizable nature of this
method allow for a smooth transition of fundamental concepts and applications of gas phase ALD to
their colloidal counterpart.
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Figure 1

Probing the reactivity of c-ALD precursors with the oleate ligands of PbS NCs. "H NMR spectra tracking
the alkene resonance of bound oleates through the titration of (a) TM-Ga, (b) DM-Zn, (c) TM-A, (d) TDMA-
Ga and (e) TDMA-TI, at increasing metal precursor: NC ratio. Metal amide precursors result in the
emergence of sharp resonances indicated by an arrow (d, ). (f) "H NMR of the isolated species
compared to oleic acid (OLAC) indicates that dimethyl-oleamide is formed. (g) Representative schematic
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of the surface amidation reaction occurring between metal-amide precursors and the oleate-passivated
NC surface which results in the formation of a Pb-O-M bond on the NC surface and free dimethyl-
oleamide. The scheme uses TDMA-Ga as a representative example. We note that direct anchoring can
also occurs on surface hydroxyls (Supplementary Note 2), which are likely present on the surface along

with oleates.*3
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Schematics of the reactions employed in the c-ALD via reactive and colloidally stabilizing precursors. (a)
A transamidation reaction is used to replace short colloidally destabilizing dimethyl amides with longer
alkyl-amides. (b) Gallium oxide synthesis from the reaction of metal-amide precursors and carboxylic
acids. (c) The addition of transamidated precursors to the NC suspension results in the complete
replacement of the native oleates by Ga-amides. The subsequent addition of oleic acid releases an amine
and forms a Ga-oleate surface mimicking the initial oleate surface. These steps can be repeated
arbitrarily to form a metal oxide shell. The scheme uses TDMA-Ga as a representative example.
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Monitoring the nucleation and growth of gallium oxide on the surface of PbS NCs. 'H NMR of the oleate
alkene (a) and precursor amide region (b), tracking the conversion from bound oleate (black) to bound
Ga-amide and unbound oleiamide (purple) during one and a half c-ALD cycles. Starting with the first half
reaction (0.5 cycle), the transamidated TDMA-Ga converts bound oleates into oleamide (a). Concurrently,
a bound Ga-amide (purple) resonance emerges around 3 ppm (b). Continuing with the second half
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reaction (1.0 cycle) introducing oleic acid restores a bound oleate contribution (a) and results in the
disappearance of bound Ga-amides (b). Starting the next cycle (1.5 cycle), the transamidated TDMA-Ga
once again initiates the conversion of bound oleates to oleiamide (a) and bound Ga-amide (b). These
steps can be repeated as demonstrated in Supplementary Figs. 49-55. (c) Schematic representation of
the surface chemistry throughout each half reaction alternating between a bound oleate and bound Ga-
amide surface. Grey spheres indicate Pb if n<0.5 and Ga otherwise (n represents integers starting with

Distance (nm)

Figure 4
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Observing metal-oxide shells grown on oleate capped nanocrystals. HAADF-STEM and EDXS elemental
maps of PbS nanocubes with (a-c) gallium and (d-f) titanium oxide shells. (g) Superposition of the Ga
and Gd contributions in an EDXS elemental map of gallium oxide shelled NaGdF, NCs. (h) Line scan

through seven NaGdF, NCs shelled by gallium oxide. Scalebars are 30 nm.
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Structural evolution of the oxide shell during the growth. (a) Ga-K edge XANES of PbS nanocubes having
undergone oneg, three and five cycles of c-ALD to grow a gallium oxide shell. The XANES spectra move
towards that of gallium oxide (GaO,) during the growth. This GaOx reference was grown by reacting the
transamidated TDMA-Ga with oleic acid. (b) k? weighted Ga K-edge EXAFS and their fitting for the same
samples with one and five cycles of growth.
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Figure 6

Proposed formation mechanism of the metal oxide coating by c-ALD via ligand modified precursors. A
carboxylate functionalized surface (a) is exposed sequentially to a transamidated metal amide
precursors and to carboxylic acid. Nucleation occurs through the formation of metal-oxide species
arranged in one single layer (b). As more cycles are performed, a linear extension and merging of the
metal oxide species form the amorphous oxide 3D structure (c). For simplicity, these schemes do not
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include the complete coordination network and OR is used to represent bound oleates. Colors indicate
different extensions of the metal oxide network.
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