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Abstract

A new transmetallation approach is described for the synthesis of metal oxide nanocrystals (NCs). 

Typically, the synthesis of metal oxide NCs in oleyl alcohol is driven by metal-based esterification 

catalysis with oleic acid to produce oleyl oleate ester and M-OH monomers, which then condense 

to form MxOy solids. Here we show that the synthesis of Cu2O NCs by this method is limited by 

the catalytic ability of copper to drive esterification and thus produce Cu+-OH monomers. 

However, inclusion of 1-15 mol% of a group 13 cation (Al3+, Ga3+, or In3+) results in efficient 

synthesis of Cu2O NCs and exhibits size/morphology control based on the nature of M3+. Using a 

continuous-injection procedure where the copper precursor (Cu2+-oleate) and catalyst (M3+-oleate) 

are injected into oleyl alcohol at a controlled rate, we are able to monitor the reactivity of the 

precursor and M3+ catalyst using UV-visible and FTIR absorbance spectroscopies. These time-

dependent measurements clearly show that M3+ catalysts drive esterification to produce M3+-OH 

species, which then undergo transmetallation of hydroxide ligands to generate Cu+-OH monomers 

required for Cu2O condensation. Ga3+ is found to be the “goldilocks” catalyst, producing NCs with 

the smallest size and a distinct cubic morphology not observed for any other group 13 metal. This 

is believed to be due to rapid transmetallation kinetics between Ga3+-OH and Cu+-oleate. These 

studies introduce a new mechanism for the synthesis of metal oxides where inherent catalysis by 

the parent metal (i.e. copper) can be circumvented with the use of a secondary catalyst to generate 

hydroxide ligands. 
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Introduction

The colloidal synthesis of nanocrystalline solids is a highly active area of research given that 

many nanocrystalline materials have unique properties for applications in optical, 

photochemical/photocatalytic, and electrochemical/electrocatalytic fields.1,2  The synthetic 

methods developed for these materials often involve a high level of control on the composition, 

morphology, and size of the nanocrystals (NCs) generated.2,3 The most investigated methods have 

been based on heat-up or hot-injection procedures toward the synthesis of metal chalcogenide 

semiconductors.4,5 Each method operates under similar principles where the reaction of precursor 

molecules with a solvent and a surfactant leads to a nucleation event followed by NC growth, as 

described by the LaMer mechanism6, although more recently the theory of NC growth has been 

expanded due to the complexities of the precursors and reaction environments.7

The hot-injection method relies on a fast injection of precursor molecules into the reaction 

solution and requires rapid reactivity of the precursor to ensure a single nucleation event. However, 

the scale-up of the synthesis is challenging because of its reliance on uniform mixing to achieve a 

single nucleation event and homogeneous cooling of the reaction to separate nucleation and 

growth. The heat-up synthesis method does not suffer from these setbacks because all reaction 

components are present upon heating of the reaction, simplifying issues with scale-up. However, 

secondary nucleation events are more likely to occur because of sustained monomer generation, 

which can overlap the growth and nucleation stages of the reaction, broadening nanocrystal size. 

More recently, a continuous-injection method has been developed for metal oxide NCs and has 

shown great promise for controlled generation of a wide variety of materials.8 While both the hot-

injection and continuous-injection methods introduce precursor molecules to a pre-heated reaction 

solution, the continuous-injection is performed with a slower, controlled injection rate such that 

addition of the entire precursor volume can take multiple minutes to achieve. Instead of rapid 

nucleation and growth observed during fast hot-injection, the continuous-injection method allows 

for a layer-by-layer growth of NCs and fine control of size, morphology, and doping.8–12 

For the synthesis of metal oxides, the reaction proceeds via metal-catalyzed esterification of 

long-chain carboxylic acids with long-chain alcohols to produce the corresponding ester and metal 

hydroxide (M-OH) monomers (Scheme 1, top), which then condense to form metal oxide NCs. 

The successful synthesis of nanocrystals using the continuous-injection method relies on the ability 

of the precursor metal to catalyze the esterification reaction to form M-OH in addition to the 
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proclivity of M-OH monomers to undergo condensation to form a metal oxide. A wide variety of 

metal oxide NCs have been synthesized with this method, including In2O3, CoO, Mn3O4, Fe2O3, 

and ZnO.8,13–15 The doping of In2O3 with different metals (e.g. Sn:In2O3) and the generation of 

core-shell NCs have established the versatility of this method.8–10,16 

Scheme 1. Reaction schemes for metal oxide NC synthesis. (top) Metal oleate (M-O2CR) catalyzed 

esterification produces metal hydroxide (M-OH) monomers which undergo condensation to form metal 

oxide NCs. (bottom) Synthesis of Cu2O NCs is achieved through an alternative catalytic route in which 

esterification by a group 13 metal cation results in transmetallation of hydroxide ligands from M3+-OH to 

produce Cu+-OH monomers.

Despite the wide range of accessible materials, Ito et. al. previously found that NCs consisting 

of antimony, copper, and silver could not be produced using the continuous-injection method.8 

This is seemingly due to the inability of these metals to catalyze the necessary esterification 

reaction to form M-OH monomers. This indicates that more research is needed to understand the 

different catalytic rates of metals toward esterification and the types of NCs they generate. 

Here, we report the direct synthesis of Cu2O NCs smaller than 100 nm using the continuous-

injection method. The key to our approach is the presence of catalytic amounts (1-15 mol%) of 

Al3+. Ga3+, or In3+ cations. The introduction of non-incorporative cations and inorganic complexes 

has been explored for the synthesis of metal chalcogenide17–19 and metal oxide11 NCs; however, 
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the addition of these species has been reported to change the resultant NC morphology and not 

necessarily impact the reactivity of metal precursors. We find that addition of group 13 cations to 

our system specifically enhances the reactivity of the copper precursor. This is achieved through 

efficient esterification catalysis by M3+ cations to produce M3+-OH species, which then undergo 

hydroxide ligand transmetallation to form Cu+-OH monomers (Scheme 1, bottom). These Cu+-

OH monomers then quickly condense to form Cu2O NCs.  

Spectroscopic data (UV-visible and FTIR) collected during and following the injection process 

provide detailed information about the formation of oleyl oleate ester and the consumption of the 

copper oleate (Cu2+-O2CR) precursor over time. These studies point to a new mechanism for metal 

oxide synthesis in which the generation of a metal oxide NC is not limited by the inherent reactivity 

of the parent metal (i.e. Cu) toward esterification to produce M-OH monomers. Instead, the 

monomers can be generated by transmetallation from a secondary M3+-OH species produced from 

esterification catalyzed by a group 13 metal cation. These studies also highlight the competitive 

and independent reactivity of two metal cations in the same solution and are therefore important 

for the synthesis of more complex ternary metal oxide NCs.

Experimental

Materials Oleic acid (HO2CR, R = C17H33, technical grade, 90%), and oleyl alcohol (HOR’, R’ 

= C18H35, technical grade, 80-85%) were purchased from Alfa Aesar and used as received. Copper 

(II) acetate (Cu(OAc)2, 98%), indium (III) acetylacetonate (In(acac)3, 99.99%), aluminum (III) 

acetylacetonate (Al(acac)3, 99.99%), gallium (III) acetylacetonate (Ga(acac)3, 99.99%) were 

purchased from Sigma-Aldrich and used as received. To monitor the nitrogen (99.999%, Airgas) 

flow rate, a Cole-Parmer flow meter (model PMR1-010270) was utilized. A syringe pump from 

New Era Pump Systems, Inc (Model NE-4000) was used to control injection rate.

General Synthesis of Copper(I) Oxide Nanocrystals To synthesize Cu2O NCs, Cu(OAc)2 (2.45 

mmol) and 0, 1, 5, 10, or 15 mol% of Al(acac)3, Ga(acac)3, or In(acac)3 was placed in a 25 mL 3-

neck round bottom flask with 5 mL of oleic acid to result in a 0.49 M [Cu(OAc)2] mixture. This 

flask was then capped with three rubber septa and the mixture was heated to 150 C under nitrogen 

flow with constant stirring for thirty minutes to produce copper oleate precursor (Cu2+-O2CR) and 

the corresponding M3+-O2CR catalyst. This step also facilitates the removal of any acetic acid or 

acetylacetone through evaporation. In a separate 100 mL 3-neck round bottom flask, 25 mL of 
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oleyl alcohol was heated to 200 oC while nitrogen was flowed over the solvent. The precursor 

solution was allowed to cool to 90 oC before 4 mL of the solution (equivalent to 1.96 mmol of 

Cu2+-O2CR) was then drawn into a 10 mL syringe and injected into the oleyl alcohol at a rate of 

0.35 mL min-1 using a syringe pump.  The reaction flask was constantly stirred during and after 

injection and the solution was held at 200 oC for 5 minutes after the injection was completed. The 

flask was then removed from heat and slowly cooled to room temperature. 

The reaction mixture was centrifugated at 7500 rpm for 10 minutes to separate the solid product 

and supernatant. The supernatant was collected for further spectroscopic analysis. The solid was 

washed using 15 mL of hexanes and sonicated using an ultra-sonication horn (Branson 150) for 

resuspension. An equal volume of acetone was added to precipitate particles in solution. This was 

followed by centrifugation at 7500 rpm for 5 minutes. The washing and centrifugation steps were 

repeated 3 times. The resulting solid was dried from acetone in a vacuum oven for characterization. 

Solid isolation and washing were performed under ambient conditions.

Characterization of Copper(I) Oxide Nanocrystals and Post-Reaction Solutions Solid state 

materials resulting from the synthesis were characterized using multiple techniques. Powder X-

ray diffraction (PXRD, Rigaku SmartLab, Cu Kα) was used to assess phase and crystallinity of the 

synthesized materials. Diffractograms were collected and compared to a Cu2O standard (PDF #01-

078-2076). Scanning electron microscopy (SEM, Hitachi S-4700 Field Emission Microscopy) and 

transmission electron microscopy (TEM, Thermofisher Talos F200X, lacey carbon on gold TEM 

grid) were used to assess particle size and morphology. Elemental composition was determined 

using Inductively Coupled Plasma – Mass Spectrometry (ICP-MS, Agilent 7900 Quadrupole) and 

Energy Dispersive Spectroscopy (EDS, Super-X EDS attached to TEM).

The post-reaction solution (i.e. supernatant from initial centrifugation) was characterized to 

understand the extent of reactivity with each M3+ catalyst using attenuated total reflectance Fourier 

transform infrared (ATR-FTIR) spectroscopy (Nicolet iS-50 with built-in ATR) and UV-visible 

absorbance spectroscopy (Agilent Cary 5000, thin path length (0.2 cm) glass cuvette). For ATR-

FTIR measurements, a liquid drop of post-reaction solution was place directly on diamond ATR 

crystal.

Time Dependent Copper(I) Oxide Synthesis For kinetic analysis of the Cu2O synthesis, the 

reaction was performed as described above, but with small aliquots (100-200 μL) removed from 

the reaction approximately every thirty seconds during the injection period, and every minute after 
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the conclusion of the injection period. These aliquots were analyzed via ATR-FTIR by directly 

adding liquid drops of each aliquot on the ATR crystal. UV-visible absorbance measurements for 

the aliquots were collected by diluting 100 μL of aliquot with 900 μL of oleyl alcohol. 

Results and Discussion

Cu2O Synthesis Cu2O nanocrystals were synthesized by a continuous-injection procedure. 

Cu(OAc)2 and the appropriate M(acac)3 salt were first combined in oleic acid (HO2CR, R= C17H33) 

and heated at 150 oC for a minimum of 30 minutes to generate Cu2+-O2CR and M3+-O2CR species. 

The amount of Cu2+-O2CR, also referred to as the precursor, used for each experiment was constant 

at 1.96 mmol. The concentration of M3+-O2CR catalysts, also referred to as M3+, were varied based 

on mol% of the precursor. 4 mL of the prepared precursor/catalyst solution was then injected at a 

controlled rate of 0.35 mL/min into oleyl alcohol at 200 oC. After completion of the injection, the 

temperature was held at 200 oC for 5 minutes to allow for the reaction of any remaining precursor 

before the flask was removed from the hot plate and allowed to slowly cool to room temperature. 

Solid products were isolated from the final solution following multiple washing/extraction steps. 

Figure 1a shows PXRD data collected for solid products resulting from 10 mol% Al3+, Ga3+, 

and In3+, compared with 0 mol% catalyst. PXRD data for all catalyst conditions are shown in 

Figure S1. For Ga3+ and In3+ reactions, Cu2O is the exclusive product with no evidence of side 

products such as CuO or M2O3. For some reaction conditions, Cu0 was produced as a minor 

product. Conditions which favored the production of Cu0 included elevated temperatures (>215 
oC, Figure S2), slow injection rates, and extended times following injection at which the reaction 

remained at high temperature. We also note that Cu0 was produced for >5 mol% Al3+ (Figure S1). 

The Cu2O observed when Cu0 metal was present was green in color, as opposed to the 

yellow/orange solid produced when no Cu0 was present. The green colored solid has been 

attributed to a Cu0 core with a Cu2O shell.20

The fact that Cu2O is observed instead of CuO indicates that oleyl alcohol acts as a sufficient 

reductant for the conversion from Cu2+ to Cu+ during the reaction. Evidence for alcohol reduction 

of copper has previously been reported in the literature.21 Given that CuO is not produced in any 

detectable quantity, we also believe that copper reduction occurs prior to nanocrystal formation 

such that Cu2O is formed directly from Cu+-OH monomers. In fact, if the reaction temperature was 

held below 200 oC, no solid formation occurred and the reaction solution stayed green in color, 
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indicating that Cu2+ was never reduced (Figure S3). Attempts to use a Cu+ precursor (i.e. 

Cu(OAc)) as a starting material were unsuccessful, as the exchange of acetate and oleate ligands 

oxidized Cu+ to Cu2+ with the resulting precursor solution having the same absorbance spectrum 

and color as Cu2+-O2CR (Figure S4). 

Figure 1. a) PXRD data collected for Cu2O NCs synthesized by continuous-injection of Cu2+-O2CR as a 

function of 0 mol% and 10 mol% Al3+, Ga3+, or In3+ catalyst loading at 200 oC under N2. A standard 

diffraction pattern for Cu2O (PDF# 01-078-2076) is shown for comparison. b) SEM images of Cu2O NCs 

synthesized in the absence (0 mol%) and presence of 10 mol% M3+ catalysts.

In terms of M3+ oxide side products, we note that the synthesis of In2O3 has been heavily explored 

with the continuous-injection method.8–11,16,22 However, the low concentrations of In3+ used in 

these studies does not yield In2O3 product. For example, control experiments using only M3+-O2CR 

up to 0.30 mmol (equivalent to 15 mol% catalyst loading) showed no solid formation for any of 

the group 13 metal cations. However, injection of In3+-O2CR and Ga3+-O2CR at 2 mmol 

(equivalent to 100 mol% catalysts loading) did yield nanocrystalline In2O3 and γ-Ga2O3 (Figure 

S5). Similar experiments for Al3+ at 100 mol% were unsuccessful, as the precursor solidified in 

the syringe at high concentrations, making it impossible to inject.

SEM images of NCs produced with 0 mol% catalyst and 10 mol% Al3+, Ga3+, or In3+ are shown 

in Figure 1b. SEM images for 1, 5, and 15 mol% catalysts are shown in Figure S6. NC sizes for 

different mol% are given in Table 1 and Figure S7. With no catalysts present, Cu2O NCs were 

found to be roughly spherical with minor faceting and an average size of 129 ± 27 nm. NC 

agglomeration was also observed and believed to be due to weak coordination of oleate ligands to 

a) b)
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the Cu2O surface. This observation was consistent across all reaction conditions. As a function of 

M3+ catalyst, clear differences in the size and morphology of Cu2O NCs were observed. In general, 

the size of NCs was found to increase in the order Ga3+ < In3+ < Al3+. Cu2O produced from Ga3+ 

also exhibited a distinct cubic morphology while NCs resulting from In3+ and Al3+ were more 

spherical in shape, similar to those produced in the absence of M3+ cations. The change in the 

morphology with the addition of Ga3+ specifically points to a unique change in the kinetics of 

Cu2O formation discussed further below. For all M3+ cations, no significant trends were observed 

between NC size and mol% catalyst. TEM images for all reaction conditions are shown in Figure 

S8-S16. ICP-MS analysis (Table S1) showed that the percentage of each catalyst metal with 

respect to copper never rose above 0.8 % even for higher mol% catalyst conditions. We believe 

this is a strong indication that Al3+, Ga3+, and In3+ are not incorporated into the Cu2O solid as 

dopants. Although EDS is less quantifiable, measurements performed in combination with TEM 

also did not indicate the presence of In, Ga, or Al atoms within individual Cu2O NCs (Figure 

S17).The detected quantities of catalyst metals from ICP-MS are therefore likely due to residual 

M3+-O2CR present within the oleate ligand shell. 

Table 1. Cu2O NC sizes (nm)

No Catalyst 0 mol%

Cu2+-O2CR 129 ± 27

With Catalyst 1 mol% 5 mol% 10 mol% 15 mol%

Al3+ 169 ± 30 96 ± 15 191 ± 22 168 ± 43

Ga3+ 62 ± 11 64 ± 13 58 ± 13 72 ± 16

In3+ 111 ± 19 117 ± 17 90 ± 17 85 ± 14

Despite the noted changes in Cu2O NC size and morphology with M3+ cations, it is not apparent 

from PXRD or microscopy data that these metals are acting catalytically for Cu2O formation. 

However, UV-visible absorbance and FTIR spectroscopy provide compelling evidence for this 

assignment and offer new insights into possible mechanisms for metal oxide formation. Figure 2 

shows UV-visible absorbance spectra obtained from post-reaction solutions for each catalyst. 

These spectra show a peak at 695 nm consistent with the Cu2+-O2CR precursor. The 0 mol% 

condition resulted in post-reaction solutions which are deep green in color due to the strong peak 
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at 695 nm. As catalysts were introduced, the intensity of the green color diminished as the peak 

decreased, finally resulting in a yellow amber color as the peak completely disappeared. 

Figure 2. UV-visible absorbance spectra of post-reaction solutions obtained from continuous-injection of 

Cu2+-O2CR with 0 mol% and 5 mol% Al3+, Ga3+, or In3+ at 200 oC under N2. The peak at 695 nm is indicative 

of unreacted Cu2+-O2CR precursor remaining in solution. Absorbance was corrected for oleyl alcohol.

The magnitude of the 695 nm peak in the post-reaction solution can be used to measure reaction 

efficiency with the equation ηrxn = 1 - [Cu2+]unreacted/[Cu2+]total. The concentration of unreacted 

precursor was calculated for these solutions based on the extinction coefficient of the 695 nm peak 

(Figure S18). In the case of 0 mol% catalyst, [Cu2+]unreacted = 17 mM, resulting in ηrxn = 76% based 

on a [Cu2+]total =  68 mM present in the oleyl alcohol/oleic acid solution after injection. Upon 

addition of 5 mol% Al3+, Ga3+, or In3+, [Cu2+]unreacted decreased to 8.2, 4.4, and 5.9 mM, 

corresponding to ηrxn = 86, 99, and 98%, respectively. In the case of Al3+, the 695 nm peak 

remained present for all mol% catalyst conditions, indicating incomplete reactivity. [Cu2+]unreacted 

was never less than 7 mM with the addition of up to 15 mol% Al3+, resulting in a maximum ηrxn = 

90%. (Figure S19) With Ga3+ or In3+, ηrxn achieved >98% for ≥5 mol% catalyst loading. 

Figure 3 shows a summary of FTIR spectra collected for post-reaction solutions as a function 

of mol% catalyst. Previous literature reports have used FTIR to evaluate the esterification reaction 

using peaks consistent with free oleic acid (1710 cm-1), oleyl oleate ester (1738 cm-1) and oleyl 
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alcohol (3300 cm-1).8 Figure 3 clearly shows the presence of these species in addition to Cu2+-

O2CR, identified by the C=O stretch of the bound oleic acid at 1620 cm-1, and an unknown solvent 

peak at 1660 cm-1 likely due to impurity (notably, this peak was constant as a function of reaction 

conditions, indicating no reactivity in the esterification cycle). Based on FTIR data, all M3+ 

catalysts showed greater reactivity than Cu2+-O2CR for the conversion of oleic acid to oleyl oleate 

ester. Consistent with data from UV-visible absorbance, Al3+ showed little variation in ester 

formation as a function of mol% and incomplete consumption of Cu2+-O2CR (Figure S20). Ga3+ 

and In3+ both showed significant consumption of the oleic acid peak and the Cu2+-O2CR precursor 

in addition to formation of the ester peak.

Notably, these data were collected using an ATR-FTIR instrument, and while this is normally 

not a quantitative method, the low vapor pressure and high viscosity of the oleyl alcohol solvent 

allowed for a consistent sample volume to be obtained on top of the ATR crystal. Although we do 

not know the exact path length for the evanescent wave, Beer-Lambert plots of oleic acid (1710 

cm-1) and Cu2+-O2CR (1620 cm-1) (Figure S21-S22) were found to be linear over the absorbance 

range shown in Figure 3 and allowed for apparent extinction coefficients of εapp = 0.16 M-1 and 

0.56 M-1 to be estimated for each peak, respectively. In a separate experiment, the apparent 

extinction coefficient for oleyl oleate ester at 1738 cm-1 was determined to be εapp = 0.20 M-1 by 

converting 100% of oleic acid molecules to oleyl oleate ester by heating to 230 oC in the presence 

of excess oleyl alcohol and no metal catalysts (Figure S23). These values allow for a reliable 

estimation of the concentrations of reactants and products for the esterification reaction which are 

discussed further below with respect to time-dependent FTIR experiments.
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Figure 3. a) FTIR absorbance spectra in the C=O region of post-reaction solutions obtained from 

continuous-injection of Cu2+-O2CR with 0 mol% and 5 mol% Al3+, Ga3+, or In3+ at 200 oC under N2. b) 

Similar data comparing 0-15 mol% Ga3+ catalyst loading conditions. 

Time-Dependent Experiments The decrease in unreacted Cu2+ ions observed by UV-visible 

absorbance spectroscopy coupled with the enhanced production of oleyl oleate ester observed by 

FTIR points to a catalytic mechanism for the formation of Cu2O in the presence of group 13 metals. 

To gain more insight, we performed time dependent experiments where 100-200 μL aliquots were 

removed from the reaction solution over a 17-minute time window.  These aliquots were then 

analyzed by FTIR and UV-visible absorbance spectroscopy to observe the consumption of oleic 

acid and Cu2+-O2CR precursor while watching the evolution of oleyl oleate ester over time. Figure 

4 shows FTIR data for the reaction performed with 5 mol% Ga3+. Similar data are shown in Figure 

S24 for 0 mol% catalyst, 1 mol% Ga3+, 10 mol% Ga3+, 5 mol% Al3+, and 5 mol% In3+ reactions. 

Note that data are plotted as ΔAbs with respect to the initial spectrum at 0 min, which represents 

an aliquot removed from the oleyl alcohol solution just before injection began. Over the course of 

17 min, these data collectively show the consumption of oleyl alcohol (3300 cm-1) concomitant 

with the growth of oleyl oleate ester (1738 cm-1). Peaks associated with free oleic acid (1710 cm-

1) and Cu2+-O2CR precursor (1620 cm-1) were found to increase initially as these species were 

injected into solution, but eventually decayed over time as the esterification reaction and 

consumption of Cu2+-O2CR progressed.  

a) b)
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Figure 4. FTIR ΔAbs spectra collected for aliquots of reaction solution removed as a function of time 

during continuous-injection of Cu2+-O2CR with 5 mol% Ga3+ at 200 oC under N2.

By analyzing changes in these peaks with respect to time we can see several trends that occur 

with each catalyst and mol%. Figure 5a-b show the Cu2+-O2CR precursor peak intensity at 1620 

cm-1 as a function of time for different mol% Ga3+ and comparing 5 mol% for each group 13 metal. 

The rate for the initial buildup of precursor is consistent across all experiments due to the controlled 

injection rate of 0.35 mL/min, which is completed at the 11.5 min mark based on an injection 

volume of 4 mL. A 0 mol% catalyst injection performed at 25 °C is shown for comparison to 

highlight the rate of precursor growth and maximum concentration of precursor obtained in the 

absence of esterification or NC formation. Note that the measured maximum concentration of 75 

mM represents a 10% increase from the expected concentration of 68 mM. This was a result of 

decreased volume from the ~25 aliquots removed from solution during the experiment. Across all 

reaction conditions, buildup of the precursor is shown to reach a critical limit before being 

consumed. The time point where consumption begins is consistent with where product formation 

is observed visually in the experiment as the solution changes from green to yellow. This was also 

confirmed by UV-visible absorbance spectroscopy by the peak observed at 490 nm, consistent 

with Cu2O (Figure S25).23 This time point was found to decrease from 9.2 min for 0 mol% Ga3+ 

to 5.5, 4.6, and 4.3 min for 1, 5, and 10 mol% Ga3+, respectively. Among the group 13 metals, this 
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time point was found to decrease in the order Al3+ (8.9 min) < In3+ (4.9 min) < Ga3+ (4.6 min) for 

the 5 mol% condition. 

Figure 5. a-b) Precursor peak absorbance at 1620 cm-1 obtained from time-dependent FTIR measurements 

comparing 0-10 mol% Ga3+ and different group 13 cations at 5 mol%. c-d) Ester peak absorbance at 1738 

cm-1 obtained from time-dependent FTIR measurements comparing 0-10 mol% Ga3+ and different group 

13 cations at 5 mol%. Precursor and ester concentrations were calculated from apparent extinction 

coefficients obtained from Figures S21-S23.

In the cases of Ga3+ and In3+, the precursor peak intensity reached steady-state around 7 min 

before rising again around 8-9 min and eventually decaying to lower values after 11 min. We 

believe this observation reflects the balance in rates between addition of the precursor/catalyst via 

injection and consumption via NC formation. Following the first decrease in precursor 

concentration, the rate of NC formation likely decreased with time and was equal to the injection 

rate around the 7 min mark. The rise in precursor around 8-9 min was therefore due to the rate of 

precursor consumption dropping below the rate of the injection, thus a net addition of precursor 

a) b)

c) d)
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was observed. When the injection was completed around 11 min, the precursor concentration 

decreased again because the rate of consumption was uncontested.

Figure 5c-d show time dependent FTIR data for the oleyl oleate ester peak intensity at 1738 

cm-1. Clear changes in the rate of ester formation are observed as a function of mol% Ga3+ and the 

nature of the group 13 metal. In all cases, the linear increase in Abs1738 between 0-4 min was due 

to background esterification as shown for the injection of oleic acid into oleyl alcohol at 200 °C in 

the absence of any metal (Equation 1, R = C17H33, R’ = C18H35). The apparent rate for this 

background process was estimated to be 11 mM min-1 based on the linear slope from 0-11 min. 

The apparent zero-order nature of ester growth is likely due to the excess concentration of oleyl 

alcohol and the constant replenishment of oleic acid due to the slow injection rate. The total 

concentration of ester produced by Equation 1 over the 17 min time window was found to be 

[Ester]final = 94 mM, equivalent to 24% conversion of injected oleic acid. 

1) H-O2CR + R’-OH → R’-O2CR + H-OH

2) M-O2CR + R’-OH → R’-O2CR + M-OH

As the precursor/catalyst solution was injected, metal catalyzed esterification became an 

additional pathway for ester production (Equation 2), as indicated by the changes in rate observed 

at 10, 6, 4, and 4 min for 0, 1, 5, and 10 mol% Ga3+, respectively. These time points were also 

found to coincide with the sharp decrease in the precursor peak, indicating that consumption of the 

precursor was triggered by metal catalysis. Furthermore, control experiments performed with 5 

mol% Ga3+ in the absence of Cu2+-O2CR exhibited the same rate for ester formation and total ester 

produced as when Cu2+-O2CR was present (Figure S26), indicating that esterification is dominated 

by Ga3+ catalysis. The rates for metal catalyzed esterification were also found to be zero-order and 

were estimated to be 24, 20, 28, and 38 mM min-1 for 0, 1, 5, and 10 mol% Ga3+ based on the linear 

portion of ester growth immediately following the onset of metal catalysis. The [Ester]final 

produced also increased with mol% Ga3+ from 125 mM for 0 mol% to 183, 260, and 307 mM for 

1, 5, and 10 mol%, respectively. These data indicate a clear dependence on [Ga3+] for the 

esterification reaction.  

A comparison of group 13 metals at 5 mol% loading revealed that Al3+ catalyzed the 

esterification reaction only slightly better than Cu2+-O2CR on its own, with a rate of 27 mM min-1 
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and [Ester]final = 163 mM (Table 2). The [Ester]final produced for Ga3+ (260 mM) and In3+ (247 

mM) were much larger, but with comparable rates of 28 and 21 mM min-1, respectively. 

Turnover numbers (TON) for each catalyst were estimated by the equation TON = 

[Ester]cat/[Cat], where [Ester]cat (= [Ester]final - [Ester]final(oleic acid)) is the concentration of ester 

produced by each catalyst and [Cat] is the total concentration of each metal ion in the reaction 

solution following injection. For example, at the 5 mol% condition, [Cu2+] = 75 mM and [M3+] = 

3.8 mM. Resulting TON’s showed that Ga3+ was the best group 13 catalyst with 44 ester molecules 

produced for every Ga3+ cation while Cu2+ achieved only 0.4 turnovers. Furthermore, TON was 

found to decrease with higher mol% for the Ga3+ series, showing that while the ester formation 

rate increased with more Ga3+, not all cations were catalytically active. This will be discussed in 

detail further below.

Table 2. Comparison of M3+ Esterification Catalysis
Reaction 

Condition
ηrxn

a

(%)
Ester Rateb

(mM min-1)
[Ester]final

c

(mM)
[Ester]cat

d

(mM) TONe

Oleic acid only - 11 94 - -

Cu2+-O2CR 76 24 125 31 0.4

1 mol% Ga3+ 94 20 183 89 119

5 mol% Ga3+ 99 28 260 166 44

10 mol% Ga3+ 99 38 307 213 28

5 mol% Al3+ 86 27 163 69 18

5 mol% In3+ 98 21 247 153 41
aηrxn = 1 - [Cu2+]unreacted/[Cu2+]total; bEstimated by the linear slope for growth of 1738 cm-1 
FTIR peak; c[Ester]final = (Absfinal(1738 cm-1) – εapp,acid[Acid]total)/(εapp,ester – εapp,acid) where 
εapp,acid = 0.04 M-1, εapp,ester = 0.20 M-1, and [Acid]total = 393 mM; d[Ester]cat = [Ester]final – 
[Ester]final(oleic acid); eTON = [Ester]cat/[Cat].

Catalytic Mechanism Based on the established mechanism of M-OH condensation to yield metal 

oxide NCs, we can reason that every copper ion present within Cu2O must have existed as a Cu+-

OH monomer. The generation of these monomers could arise through copper catalyzed 

esterification like that shown in Equation 2 or, as we propose here, transmetallation with M3+-OH 

species. Unfortunately, we were unable to identify a unique FTIR absorbance resulting from the 

M3+-OH bond, therefore we use the ester peak as an indirect measure of M3+-OH formation. The 
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large [Ester]cat observed for Ga3+ and In3+ indicate that Ga3+-OH and In3+-OH are produced in high 

quantities. Based on Equation 2, the total moles of M3+-OH produced over the lifetime of the 

reaction should be equal to the total moles of ester produced by the catalyst. Many of these M3+-

OH species are converted back to M3+-O2CR by reacting with oleic acid (Equation 3) whereby 

the catalyst is regenerated and may proceed through another cycle. However, in the presence of 

Cu+-O2CR, the transmetallation reaction shown in Equation 4 could equally regenerate the M3+-

O2CR catalyst while also producing Cu+-OH. Here, we indicate Cu+-O2CR because the reaction 

does not proceed unless reduction of Cu2+ to Cu+ occurs. Therefore, we believe that the Cu2+-O2CR 

precursor is first reduced to Cu+-O2CR prior to transmetallation of the -OH ligand.

3) H-O2CR + M3+-OH → M3+-O2CR + H-OH

4) Cu+-O2CR + M3+-OH → M3+-O2CR + Cu+-OH

5) Cu+-O2CR + H-OH → H-O2CR + Cu+-OH

It is important to note that Equations 3-4 are the same reaction with the only difference being 

the nature of the cation bound to the -O2CR ligand, H+ vs Cu+. This comparison highlights the 

competition that exists between protons and metal cations for -OH ligands during the catalytic 

cycle. Control experiments which showed 5 mol% Ga3+ produced the same amount of ester with 

or without copper ions present suggest that their inclusion supplants H-O2CR as a reactant with 

Ga3+-OH.

While M3+-OH species are suitable donors for -OH ligands, H2O (H-OH) produced through 

background esterification or Cu+-OH condensation could also deliver -OH ligands and bypass the 

copper catalyzed esterification route (Equation 5). In fact, it is known that if H2O is not efficiently 

removed from solution during the synthesis of In2O3, then uncontrolled NC growth is observed 

through ligand exchange of In3+-O2CR and H2O to generate In3+-OH species.8 From Table 2, it is 

apparent that a significant amount of Cu+-OH must be generated by ligand exchange between Cu+-

O2CR and H2O. This is evident by the fact that TON = 0.4 but ηrxn = 76% for the 0 mol% condition. 

This means that, on average, only 40% of the copper ions go through one esterification cycle to 

produce Cu+-OH, yet 76% of copper ions are consumed to produce Cu2O. Notably, the reaction is 

designed to sweep H2O from the reaction flask due the elevated temperature (200 oC) and 

continuous flow of N2 over the solution surface. Based on Equation 5, it could even be possible 
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that the copper precursor does not catalyze esterification at all, and instead, the late onset for 

precursor consumption could be related to a slow buildup of H2O in solution until a critical 

concentration is reached.

Scheme 2 provides two catalytic cycles to summarize our proposed reactions, with and without 

M3+ catalysts. In the presence of these catalysts, M3+-O2CR is able to catalyze the formation of 

oleyl oleate ester (R’-O2CR) in the presence of oleyl alcohol (R’-OH) to produce M3+-OH species. 

Likewise, Cu+-O2CR is able to catalyze the esterification reaction to produce Cu+-OH. Given that 

copper catalysis is observed to be less efficient than M3+ catalysis, we believe that most, if not all, 

Cu+-OH species are generated through transmetallation of -OH from M3+-OH to Cu+-O2CR, 

defined by the central path. Once Cu+-OH species are formed, rapid condensation occurs to 

produce Cu2O NCs. Importantly, the condensation of M3+-OH species is in direct competition with 

transmetallation and therefore the low concentration of M3+ catalysts is critical in preventing 

condensation and achieving the -OH transfer step. In the absence of M3+ catalysts, a mirrored 

reaction cycle can be shown in which oleic acid (H-O2CR) replaces the M3+-O2CR species and 

undergoes esterification to yield oleyl oleate ester and water (H-OH) as products. Similar to the 

M3+ cycle, water may transfer the -OH ligand to Cu+-O2CR to generate Cu+-OH and trigger Cu2O 

formation. However, unlike the M3+ cycle, the -OH transfer reaction is in competition with the 

removal of water from the solution by vaporization. 

       
Scheme 2. a) Proposed catalytic cycle for M3+ catalyzed esterification to ultimately produce Cu2O NCs 

through a -OH transmetallation step. b) Proposed catalytic cycle for the synthesis of Cu2O NCs in the 

absence of M3+ catalysts. 

a) b)
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Insights into Group 13 Catalysts Lewis acid catalyzed esterification is a well-studied reaction 

in the field of organic synthesis.24–26 The established mechanism involves activation of the organic 

acid by coordination of the carbonyl group to the Lewis acidic cation, thus making the carbonyl 

carbon more susceptible to nucleophilic attack by an alcohol.27 Therefore, the coordination 

environment around the metal as well its Lewis acidity play key roles in determining reactivity. 

Here, we have exchanged acetylacetonate ligands for oleate ligands with each group 13 metal to 

generate active catalysts. This was performed at elevated temperatures under inert gas; however, 

it is difficult to know the extent to which the ligand exchange reaction has been performed. This 

is especially important in the case of Al3+. Among the group 13 metals, Al3+ is the strongest Lewis 

acid and would be expected to be the best catalysts for esterification.28 However, here we observe 

it as the worst catalyst, barely better than the copper precursor. We believe this is due to incomplete 

exchange of the acetylacetonate ligands during preparation of the catalyst, which would result in 

catalytically inactive Al3+ cations. Indeed, Al3+ is the hardest acid and most oxophilic among the 

group and would therefore be expected to strongly resist ligand exchange from the chelated 

acetylacetonate environment.

Further evidence that incomplete preparation of the Al3+ precursor could be responsible for its 

lack of catalysis can be found by comparing the esterification rates for each catalyst with the 

reaction time in which metal catalysis begins. For all metals, including copper, the esterification 

rate was found to be within the range of 20-30 mM min-1. However, Al3+ catalysis did not begin 

until 8.9 min for the 5 mol% condition compared to 4.6 min for Ga3+ and 4.9 min for In3+. The 

slow reaction time onset could be the result of a low concentration of catalytically active Al3+ 

cations in the precursor solution which would need to build up in the reaction solution before the 

metal catalyzed esterification rate could be observed. This hypothesis is also predicated on the idea 

that a small amount of catalyst could maintain a high esterification rate. 

Although we do not have mol% dependent data for Al3+, we do have such data in the case of 

Ga3+. Here, the esterification rate was found to increase with mol% catalyst; however, the TON 

decreased due to the fact that [Ester]final did not increase at the same rate as mol%. This observation 

suggests that only a small fraction of Ga3+ cations are driving the esterification reaction. Control 

experiments performed in which 100 mol% Ga3+ was present in the absence of Cu2+-O2CR, the 

esterification rate was found to be 23 mM min-1 and [Ester]final = 270 mM. This equates to a TON 

of 2.3. The low TON is the result of [Ester]final being roughly equal to that observed for 5-10 mol% 
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Ga3+ while the amount of catalyst was 10-20 times larger. One obvious reason for this is that a 

significant fraction of Ga3+-OH species produced from each esterification cycle may undergo 

condensation with other Ga3+-OH species to produce γ-Ga2O3. The condensation reaction would 

thus remove Ga3+ from the catalytic cycle and result in a lower amount of active catalysts. The 

same analysis can be performed with the 100 mol% In3+ condition in the absence of Cu2+-O2CR, 

resulting in an esterification rate of 19 mM min-1, [Ester]final = 287 mM, and TON = 2.6.

The decrease in TON when going from 1 to 10 mol% Ga3+ may also be explained by competitive 

condensation which does not result in solid formation. Group 13 metals in aqueous solution are 

known to hydrolyze water to form μ-OH clusters.29–31 When carboxylate ligands (e.g. acetate) are 

present, these clusters can also contain bridged carboxylates. In the case of Ga3+ and In3+, oligomer 

chains of acetate ligands and metal cations have even been observed. It is therefore possible that 

μ-OH and μ-O coordinated Ga3+ clusters could result from condensation as the mol% is increased. 

This would thus lower the concentration of active Ga3+ cations for esterification. Notably, 

nucleation theory requires a critical concentration of monomers to be present in solution before 

nucleation may begin.4 Below this threshold, the coalescence of monomers into larger clusters is 

thought to occur but that such structures are unstable and dissolve back into monomer units. Given 

the established literature of group 13 clusters with μ-OH and μ-O ligands, we believe these species 

may be long lived during the catalytic cycle. In fact, the formation of trinuclear μ-O clusters in the 

synthesis of Fe2O3 with the continuous-injection method have been observed and used to explain 

the continuous growth of NCs.12

Based on the metrics presented for esterification catalysis, In3+ appears to be comparable with 

Ga3+, however, a clear distinction is made between the morphology and size of the resulting Cu2O 

NCs. In the case of In3+, NCs with diameters ≥85 nm were produced for all mol% conditions with 

spherical morphologies and a small degree of faceting. In the case of Ga3+, resulting NCs were 

notably smaller (≤ 72 nm) and displayed a distinct cubic morphology across all mol% conditions. 

We believe the origin for this result must be related to the inherent reactivity of each metal towards 

esterification and transmetallation. Figure 6 shows FTIR ΔAbs spectra in the C=O region for 100 

mol% Ga3+ and In3+ injections in the absence of Cu2+-O2CR. While both metals catalyze 

esterification equally well, there is a notable difference in the observed absorbance features in the 

range of 1650 – 1500 cm-1. This region displays peaks associated with the C=O bond of the M3+ 

bound oleate ligand. Interestingly, when the Ga3+-O2CR was injected into oleyl alcohol at 200 oC, 
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the precursor peak at 1563 cm-1 never grew in substantially during the reaction. In contrast, the 

In3+-O2CR peak grew in markedly during the injection period before decaying away upon 

condensation to form In2O3. Despite the Ga3+-O2CR peak not being significantly present during 

the catalytic reaction, nanocrystalline Ga2O3 was still produced (Figure S5).

Figure 6. FTIR ΔAbs spectra for continuous-injection of 100 mol% a) Ga3+-O2CR and b) In3+-O2CR into 

oleyl alcohol at 200 oC under N2. Insets for each figure show the precursor peak absorbance for M3+-O2CR 

and oleyl oleate ester measured over the course of the reaction. The dashed line spectrum shown in (a) is 

that of Ga3+-O2CR in oleyl alcohol at 25 oC for reference.

The absence of a precursor peak in the case of Ga3+ may be related to its ability to undergo 

condensation reactions to form μ-OH clusters. As discussed above, the mol% dependence for Ga3+ 

suggests that only a small fraction of Ga3+ cations are needed to maintain high levels of 

esterification. Indeed, the esterification rate and [Ester]final observed for 100 mol% Ga3+ were on 

par with those observed for 1-5 mol% Ga3+. The propensity to form clusters may also be linked to 

the kinetics for transmetallation between Ga3+ and Cu+, as transmetallation would necessarily 

involve the formation of a bimetallic μ-OH complex to facilitate -OH ligand transfer.

In the case of In3+, the persistence of the In3+-O2CR peak could indicate slower reactivity toward 

condensation than Ga3+. Fortunately, In2O3 synthesis and In3+ reactivity has been studied heavily 

by the Hutchison group8,9,16,22 where one particular study focused on the impact of temperature 

and injection rate on In3+-O2CR precursor reactivity and the resulting morphology of In2O3 

nanocrystals.32 They show that at lower temperatures and/or fast injection rates the In3+-OH 

a) b)
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monomers are slower to react, causing branched nanocrystals to form, as opposed to at high 

temperatures and slower injection rates where spherical particles are observed. Our reaction 

conditions produced branched nanocrystals (Figure S27), which Plummer et al. state is related to 

long-lived In3+-OH monomers in solution. Such long lifetimes would imply slow kinetics for 

condensation and thus transmetallation to Cu+.

Further evidence for the hypothesis of faster transmetallation kinetics for Ga3+ than In3+ can be 

found in the comparison of the 5 mol% catalyst data shown in Figure 5. In the case of Ga3+, the 

time points at which the Cu2+-O2CR precursor peak decreased, associated with Cu2O NC 

formation, and the onset for M3+ catalyzed esterification occurred were found to be identical at 4.3 

min. In the case of In3+, however, the decrease in the precursor peak (5.5 min) occurred 1.4 min 

after the onset of esterification (4.9 min). This lag in precursor consumption is a clear indication 

of transmetallation limited formation of Cu+-OH monomers needed for Cu2O formation. The rapid 

transmetallation of -OH ligands from Ga3+-OH is therefore believed to be a significant factor in 

producing the cubic morphology observed for Cu2O NCs.

Relevance to Metal Oxide Synthesis Many Cu2O syntheses exist in the literature that give a 

variety of sizes and morphologies.33–45 Early synthesis of small Cu2O nanocrystals was achieved 

by oxidizing Cu0 nanoparticles to Cu2O in air.46 This was characterized by a shift in color from 

metallic red to green. The green color of oxidized Cu0 nanoparticles has been attributed to a Cu0 

core that remains buried beneath a Cu2O shell.20 Interestingly, Cu2O that is synthesized directly 

(i.e. from Cu+-OH monomers) is yellow/orange in color.20,38,47 In most cases, our synthesis 

produced Cu2O exclusively and through a direct route, but in the case of high temperature or with 

> 5 mol% Al3+ we produced Cu0 nanocrystals, a small fraction of which turn green after oxidation 

in air, consistent with the literature.

 Other syntheses which produced Cu2O directly produce particles that are several hundred 

nanometers to microns in size and show impressive control over particle morphology.37,40,45,48–52 

The morphological change observed here with the addition of Ga3+ is consistent with the formation 

of nanocubes. In the literature, fast reactivity of precursors has been attributed with the cubic 

morphology whereas slower reactivity has resulted in octahedral NCs.40 Only a few synthetic 

methods have been shown to produce small colloidal Cu2O NCs.20,23,38,47 These colloidal particles 

are capped with a variety of ligands including phosphate, amines, and carboxylates. The use of 

oleic acid in the continuous-injection method is necessary for the esterification reaction, but we 
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also believe that amines or thiols could better cap the Cu2O NCs, preventing agglomeration and 

resulting in smaller particle size.53,54

We note that a recent report by Kim et al. described the effect of non-incorporative cations such 

as Na+ and K+ on the synthesis of In2O3 NCs where size and shape were effectively tuned.11 These 

results were explained based on the concentration of free and bound oleate ligands, affected by 

[Na+] and [K+], and their influence of surface capping. In the present case, Ga3+ may exhibit similar 

effects to result in the nanocubic morphology of Cu2O; however, we also believe that the rates of 

esterification by Ga3+-O2CR and transmetallation by Ga3+-OH play significant roles to determine 

morphology. 

To the best of our knowledge, this is the first report of a transmetallation mechanism for metal 

oxide synthesis. The observation of this mechanism in the present system relies on the competitive 

nature of metal catalyzed esterification and M-OH condensation reactions. Cu+ appears to catalyze 

esterification slowly but undergo rapid condensation when Cu+-OH monomers are formed. Ga3+ 

and In3+ possess fast catalysis for esterification while their condensation reactions can be inhibited 

through low mol% loadings. This sets up a reaction scheme where Cu+ is able to bypass the 

esterification route and accept -OH ligands from M3+-OH through transmetallation. This type of 

mechanism could unlock the ability to use metal cations which are not prone to catalyzing the 

esterification reaction on their own. Although the esterification method has been shown for a 

number of metals, some have shown resistance to this reactivity, including copper, silver, and 

antimony.8 Furthermore, the inclusion of catalytic amounts of Ga3+ or In3+ into precursor solutions 

with other metals which are able to catalyze the esterification reaction (i.e. Fe, Co, Mn) may 

produce new reactivity through a more rapid production of -OH ligands in solution. 

The possibility of transmetallation between two metal centers during the synthesis of metal 

oxides could also open the door to the preparation of new ternary oxide materials. For this to be 

achieved, the production M1-OH and M2-OH species would need to occur on the same timeframe 

and kinetics for cross condensation (i.e. M1-OH + M2-OH → M1-O-M2 + H2O) would need to be 

faster than the formation of their respective binary oxides. The transmetallation step could even 

serve as a “buffer” to balance the rates of M1-OH and M2-OH production by transferring -OH 

ligands to the metal with a slower esterification rate. Indeed, the synthesis of some ternary oxide 

materials have already been reported in the literature using the continuous-injection method. 

However, these examples have centered on the synthesis of doped In2O3
9,16,22 where the dopant 

Page 22 of 26Nanoscale



23

metal occupies the same coordination environment and atomic position as In3+. It is possible that 

transmetallation between metals plays a role in the synthetic mechanism for these materials but 

has not yet been identified. It remains to be seen if the continuous-injection method can be used to 

produce ternary oxide materials where each metal occupies a unique coordination environment. 

Notably, the formation of ternary oxides does not occur for the present reaction conditions. Even 

in the case of 1:1 Cu1+:M3+ (the ratio for delafossite)55–57 or 1:2 Cu2+:M3+ (the ratio for spinel)58, 

Cu2O is always the major product. This speaks to a kinetic mismatch between the formation of 

Cu+-OH and M3+-OH species during the reaction. 

Conclusion

Here we have shown a unique synthetic route for producing metal oxide NCs by the addition of 

group 13 Lewis acid catalysts to a continuous-injection methodology. Detailed time-dependent 

spectroscopic analysis reveals that the inclusion of these catalysts allow Cu+ to bypass the typical 

esterification route for production of Cu+-OH monomers needed for Cu2O formation. Instead, 

esterification is driven by the group 13 catalyst to form M3+-OH species which then undergo 

transmetallation to form Cu+-OH. Of the group 13 metals, we find that Ga3+ exhibits our 

“goldilocks” reactivity, resulting in the smallest NCs and a distinctive cubic morphology. The use 

of Lewis acids in this reaction scheme could allow for a greater versatility in binary and ternary 

metal oxide formation. Specifically, this strategy could be used to improve and/or modify the 

reactivity of metal precursors to generate unique materials. Further investigation of different metal-

oleates and their reactivity with the continuous-injection method could allow for new syntheses to 

be developed for a wide variety of metal oxides.
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