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ABSTRACT: The facet-dependent surface chemistry of 

nanocrystals (NCs) provides fundamental insights into chemical 

reactivities, which are critical to obtaining precise control over the 

NC surface. In this study, by obtaining InP NCs with well-defined 

{111} and {110}/{-1-1-1} facets (tetrahedron and tetrapods, 

respectively) capped with chloride-oleylamine ligands, the previ-

ously under-investigated facet-dependent surface chemistry of III-

V materials is explored. Solid-state and solution NMR analyses 

show that InP tetrahedrons, with their single facet composition 

and stronger Lewis acidity, exhibit narrow 31P and 115In resonanc-

es as well as deshielded 13    g      f α-carbon adjacent to the 

NH2 group of oleylamine. As a result, InP tetrahedrons exhibit 

strong ligand binding and a notable presence of less-mobile 

oleylamine ligands on the surface, leading to the efficient blocking 

of access to external species. This is also consistent with the min-

imal blue-shift of 1st excitonic peak in absorption spectra and the 

strong resistance to photo-assisted surface oxidation of InP tetra-

hedrons. Our findings, supported by solid-state/solution NMR, 

FTIR, and XPS analyses, highlight the significance of facet-

dependent reactivities to surface ligands, and thus, atmospheric 

moieties, enhancing the potential of III-V NCs in various optoe-

lectronic applications. 

INTRODUCTION 

Over the last three decades, colloidal semiconductor nanocrystals 

(NCs) have served as new building blocks in a variety of applica-

tions, whose photophysical properties can be modulated by their 

size, shape, and compositions.1-3 The surface of colloidal NCs is 

bound with ligand molecules, which influence the complementary 

properties of NCs by trap state passivation,4-6 surface dipole 

change,7-9 and blocking or accelerating the access of external 

molecules, etc.10,11,31 Alongside advances in synthetic strategies 

for designing the core NCs, large efforts have been made to 

achieve precise control over the surface to enhance the NC proper-

ties.12-17 

 The precise control of the ligand-NC surface interactions poses a 

challenge mainly due to the complex reactivity of the multiple 

binding sites across the entire NC surface.18 Accordingly, recent 

progress has strategically combined well-defined NCs with sur-

face reactions as probing tools to advance the understanding and 

manipulation of surface chemistry.19-21 One crucial strategy in this 

regard is facet-dependent chemistry. By simplifying the surface 

models into well-defined facets, the different reactivities towards 

foreign environments can be conjectured as considering the com-

position and arrangement of cationic/anionic sites on each facet. 

Thus, by scrutinizing the interplay between the NC surface and 

the reaction with external species, developing suitable passivation 

strategies for both polar and nonpolar surfaces and insights into 

the underlying mechanisms can be discerned.22-24 Such insights 

for facet-dependent surface chemistry facilitate the development 

of NC-based devices for various applications.25-30  

While this approach has been successfully extended to a diverse 

range of materials, including II-VI and IV-VI compounds, there 

has been a lack of comprehensive understanding of the true pic-

ture of the NC surface, particularly when III-V NCs are discussed. 

This is largely due to the lack of synthetic strategies to obtain 

well-defined NCs in III-V materials: the limited choice of availa-

ble precursors and their covalent characteristics yielding high 

synthetic temperatures lead to uncontrolled reaction pathways. 

Nevertheless, the distinctive shape preference of InP NCs yielding 

{111}-terminated tetrahedral or {110)/{-1-1-1}-terminated 

tetrapodal geometry have been reported when halide-amine lig-

ands are co-passivated without using the common acid ligands 



 

affecting P elements of high oxophilicity.32, 33 However, the phys-

icochemical nature of their facet is still not straightforward, as 

each study largely relies on the uncontrolled or ill-defined varia-

bles introduced during the synthesis (or surface reactions), which 

leads to the surface structure uncertainty. 

To this extent, herein, we have introduced two NCs with well-

defined facets, being capped with the same surface ligand combi-

nation, and explored their facet-dependent surface chemistry. By 

avoiding the use of oxygen-containing molecules and modifying 

our previous synthetic strategy, two different types of oxide-free 

faceted NCs are obtained: chloride-oleylamine co-passivated NCs 

terminated by {111} facets and those terminated by {110}/{-1-1-

1} facets. Given that In-rich {111} facets are polar and Lewis-  

 

Figure 1. Synthesis and characterization of inorganic core for {111} and {110} InP NCs via MAS NMR spectroscopy. (a) Synthesis 

scheme for faceted InP NCs and their illustrations showing tetrapodal and tetrahedral geometry of {110} and {111} NCs, respectively. The 

side view of bare surface configuration of {110} and {111} facets are shown. Light blue and yellow atoms indicate indium and phospho-

rus, respectively. (b) STEM image (right) and size distribution histograms (left) for {110} NCs and (c) for {111} NCs. (d) 31P{1H} MAS 

NMR spectra for {110} NCs (solid line) and {111} NCs (dash-dotted line). (e) Static 115In NMR spectra for {110} NCs (solid line) and 

{111} NCs (dash-dotted line).

acidic and the nonpolar {110} facets, consisting alternating In and 

P atoms, are less Lewis-acidic, their different reactivities towards 

external molecules are expected. Taking advantage of the nuclear 

magnetic resonance (NMR) studies, which have traditionally been 

used to gain molecular-level information by chemists, inorganic 

NC surface and the organic ligand molecules have been separately 

investigated. Throughout this comprehensive study, we aim to 

demonstrate the facet-dependent reactivities, particularly to sur-

face ligands, for developing more efficient and demanding proper-

ties of semiconductor NCs. By advancing our understanding of 

these reactivities in relation to the photo-assisted oxidation reac-

tion, this work could help to establish the chemical/structural 

strategies to achieve robust NCs, which are crucial for effectively 

manipulating NCs in solid-state optoelectronic devices within 

ambient environments. Although this approach does not entirely 

eliminate the complexity of intrinsic surface inhomogeneity (such 

as edge/vertex contributions and structural defects), it would 

provide complementary insights that contribute to mastering NC 

surface chemistry, an area that remains incompletely understood.  

 

RESULTS AND DISCUSSION 

Characterization of inorganic core of {111} and {110} InP NCs 

To investigate the surface nature of faceted InP NCs, we synthe-

sized and purified two types of InP nanocrystals under an inert 

atmosphere following the method previously reported by Kim et 

al.31: Two types of zinc-blende InP NCs with different shapes and 

thus, with different facets exposed to the ligand were prepared31 

(Figure 1a and S2). Those displaying tetrahedral shape possess 

solely {111}-oriented surface and are referred to as {111} NCs 

(Figure 1a and S1a). The second type, exhibiting a tetrapod geom-

etry predominantly covered with {110} surfaces and the minor 

facets being {-1-1-1} surfaces, is referred to as {110} NCs (Figure 

1b and S1b). The scanning transmission electron microscopy 

(STEM) images show their sizes and size distributions: {110} 

NCs have 6.3 nm of arm length and 2.3 nm of arm width, while 

{111} NCs have 8.3 nm of edge length, respectively (Figure 1b 

and c). 

In order to gain a better understanding and to provide a complete 

overview of the surface environment and chemistry of the {110} 

and {111} NCs, we have undertaken a full characterization of 

these samples using a combination of spectroscopic techniques 

(Fourier transform Infrared (FTIR) spectroscopy, synchrotron X-

ray photoelectron spectroscopy (XPS) and solution and solid-state 
1H, 13C, 31P and 115In NMR). The solvodynamic diameters of the 

{110} and {111} NCs (10.2 nm and 11.9 nm respectively for the 

{110} and {111} NCs) were determined by DOSY experiments 

and are consistent with the sizes estimated by TEM plus that of a 

layer of oleylamine ligands on the surface.22 Magic angle spinning 

(MAS) NMR and XPS are particularly well-suited tools to charac-

terize the inorganic core of InP NCs. 31P{1H} MAS NMR spectra 

of {110} and {111} NCs stored in inert atmosphere without expo-

sure to ambient are presented in Figure 1d: the exclusive presence 

of resonances at -182 ppm and -174 ppm attributed to 31P-In for 

{110} and {111} NCs, respectively, suggests their oxide free 

surfaces.  These data are further supported by the XPS spectra 

(Figure S3 and S4), which show the absence of surface oxidation 

and other impurities for both {110} and {111} InP NC cores. 

Since the oxidation (formation of phosphate and indium oxide at 

the surface of InP NCs) would have resulted, on the one hand, in 

the appearance of resonances between 10 and -10 ppm in 31P 

NMR32 and the peak from 136 eV to 132 eV in P 2p core XPS 

spectrum for the phosphorus features,33 and on the other hand, in 

the broadening of the In 3d XPS, the observed features are charac-

teristics of the non-oxidized chemical environment. Static 115In 

NMR spectra of {110} and {111} NCs stored in an inert atmos-

phere without exposure to air are also presented in Figure 1e 

showing resonances at 800 ppm and 788 ppm for {110} and 

{111} NCs, respectively. 

Interestingly, despite both NCs being composed of identical com-

ponents (e.g., oxide-free InP cores with chlorine and oleylamine 



 

surface ligands), {111} and {110} InP NCs can be distinguished 

in their NMR spectra (Figure 1d and 1e) by the linewidth of their 

resonance line shapes. When comparing 31P and 115In resonances 

of {111} and {110} InP NCs, it can be clearly seen that {110} 

NCs display broader signals. For the 115In nucleus, the full width 

at half maximum (FWHM) of {111} and {110} InP NCs reso-

nances are 19400 Hz and 40600 Hz respectively. For the 31P 

phosphide resonances, the same trend is observed with a 10% 

broadening (from 7000 Hz to 7600 Hz). This difference can be 

explained by the variation in chemical environments of the surface 

In and P atoms in two NCs: The intrinsic surface inhomogeneity, 

such as facet distributions and edge/vertex contributions resulting 

from the NC geometry, distinguishes the two NCs. {110} NCs 

have a wider variety of surface chemical environments due to the 

presence of two different {110} and {-1-1-1} surfaces and the 

higher number of edges/vertices, while {111} NCs mainly consist 

of {111} facets   

 

Figure 2 Characterization of organic ligands on the surface of faceted InP NCs (a) Solution 1H NMR spectra for {110} NCs and 

{111} NCs in the region of the vinyl protons of the oleylamine ligand.  (b) 1H→13C CP-MAS NMR for {110} NCs and {111} NCs. (c) 

The enlarged  p c    f              x    ( )    w  g     α-carbon adjacent to NH2 group of oleylamine ligands.

with fewer edges/vertices. Consequently, this greater distribu-

tion of chemical shifts in {110} NCs compared to {111} NCs, 

despite both having an oleylamine chloride ligand system, is 

clearly observed. Moreover, when comparing the NMR data of 

our anisotropic NCs described herein with those of spherical InP 

NCs, the 31P NMR chemical shift is little changed. However, the 

width of the corresponding resonances of the isotropic NCs 

significantly increases: 8800 Hz for InP NCs prepared from 

tris(diethylamino)phosphine and indium chloride in OLA6 and 

11300 Hz for InP NCs prepared from 

tris(trimethylsilyl)phosphine and indium acetate.34 Only synthe-

sis under mild conditions at 150°C using 

tris(trimethylsilyl)phosphine and indium amidinate35 gives a 

FWHM close to those of our NCs, but without achieving such 

chemical shift homogeneity. 

 

Characterization of the surface-ligand composition of {111} 
and {110} InP NCs 

Solid-state NMR is sensitive and reliable in probing abundant 

information on chemical structure,36, 37 ligand geometry,38 spa-

tial distance39, and bonding environment,38-40 including the acid 

strength and the effect of the Lewis acid and Brønsted acids.41-43 

Solution NMR also provides additional insights into molecular 

dynamics.44  Therefore, we employed both solid-state and solu-

tion NMR to explore the surface-ligand composition. The dif-

ference in the chemical environment of oleylamine ligands 

bound on the two samples is observed by the solution 1H NMR. 

Figure 2a shows an enlarged view of the olefin region of 

oleylamine, with distinctive differences in the olefin feature of 

{110} NCs and {111} NCs (See the entire 1H solution NMR 

spectrum in Figure S18). Based on the previous study by 

Dümbgen et al.,22 this is related to the dynamic differences of 

ligands when coordinated to edges, corners, and facets of the 

surface of NCs. The peak of the less mobile ligand region (red 

area) appears on the downfield side, while the more mobile 

ligand region (blue area) appears on the upfield side. The less 

mobile ligand region is more pronounced in {111} NCs than in 

{110} NCs (See deconvoluted spectra in Figure S5 and Table 

S1). This different contribution of less/more mobile ligands to 

the {111} and {110} NCs can be explained by the facet distribu-

tions and the portion of edges/corners at the surface of each 

NCs. As discussed in Figure 1, the tetrapodal geometry of {110} 

NCs yields relatively complex facet distributions (which is a 

combination of {110}/{-1-1-1} facets) and larger contributions 

of edges/corners when compared to the single-facet-terminated 

tetrahedral geometry of {111} NCs (Figure S1). As a result, the 

increased dynamics of bound ligands at the surface of {110} 

NCs result in the relatively higher portion of more mobile lig-

ands in olefin signals.22  

To further investigate the behavior of coordinated oleylamine 

ligands on the surface of NCs, 1H→13C cross-polarization (CP)-

MAS NMR, where the transfer of polarization between H and C 

atoms is favored by restricted mobility, was performed (Figure 

2b). The 1H→13C CP-MAS NMR spectra show the C=C 

oleylamine resonance at 129 ppm for both {110} NCs and 

{111} NCs. It indicates that the oleylamine ligands are coordi-

nated to the surface of both {110} and {111} NCs,6 which is 

also confirmed by the FT-IR spectra (Figure S6). This was 

further supported by the broadness of carbon resonance in 

both spectra. Notably, a different resonance feature of -carbon 

neighboring to the NH2 at the range from 40 ppm to 50 ppm, 

was observed in {110} NCs and {111} NCs. This demonstrates 

that the C-N chemical environments are strongly influenced by 

the {110} and {111} NCs surfaces, which is possibly the result 

of the two factors; 1) different electronic environments experi-

enced by the oleylamine, which is in particular, the difference in 

Lewis acidity of {110} and {111} facets, and 2) the different 

orientation of ligand at NC surface, influenced by ligand pack-

ing at {110} and {111} facets. The {111} facets have unsaturat-



 

ed indium, which imparts it with stronger Lewis acidic proper-

ties relative to the {110} facets, where the indium are partially 

saturated by neighboring phosphorous atoms. This stronger 

Lewis acidity results in the deshielding of the -carbon of the 

NH2 group highlighted by the red box (Figure 2c).45-46 Secondly, 

another reason may be related with the surface orientation of the 

oleylamine with respect to {110} and {111} surfaces. It has 

indeed been previously shown that molecular tilt may occur in 

order to favor ligand packing and increase their intermolecular 

Van der Waals (VdW) forces which is reflected as an energy 

shift in C-H vibrational stretches observed in FT-IR spectra.37 

Given the different surfaces, it is not surprising that different 

ligand organization takes place. However, FT-IR spectra of both 

{111} and {110} NCs show no difference in asymmetric (2920 

cm-1) and symmetric (2850 cm-1) stretching vibration modes of 

carbon chain in oleylamine ligands (Figure S6 b); this suggests 

that despite their differences in facet distribution, shape geome-

try, and surface-to-volume ratio, both NCs exhibit minimal 

intermolecular VdW interactions. This is probably due to the 

relatively low oleylamine ligand density on both {111} and  

 

Figure 3. Optical properties for {110} NCs and {111} NCs. (a-b) Plot of the optical densities at 413 nm of excitation depicted from the 

absorbance spectra in Figure S8 and S9. (a) {110} NCs dispersions of toluene with saturated argon in the dark (brown diamond), wet-O2 in 

the dark (black square), with dry-O2 under the light (magenta circle), and with wet-O2 under the light (orange triangle) (b) {111} NCs 

dispersions of toluene with saturated-argon in the dark (dark cyan diamond), wet-O2 in the dark (grey square), with dry-O2 under the light 

(violet circle), and with wet-O2 under the light (cyan triangle). (c) The absorbance spectra of {110} NCs and (d) {111} NCs showing the 

peak shift of 1st excitonic transition after 120 min of light exposure depicted from the absorbance spectra in Figure S8 and S9. Inset are the 

pictures of NC dispersions in toluene with wet-O2 under light. The second derivate curves are plotted at the bottom. 

{110} NCs, because of the co-passivation with chloride ligands. 

Hence, a deshielded -carbon resonance of oleylamine at {111} 

NCs (dark cyan) compared to {110} NCs (orange) is likely due 

to the strong Lewis acidity, with VdW interactions from ligand 

packing playing a negligible role. This also can lead to stronger 

ligand interactions.  

 

Characterization of the InP inorganic core of {111} and 
{110} InP NCs after exposure to ambient. 

The large portion of the surface in NCs makes their electronic 

and photophysical properties highly sensitive to the environ-

mental species, such as electronic doping through oxygen ad-

sorption or a decrease in photoluminescence due to structural 

degradation in ambient conditions.48-50 Exploring the differences 

in surface reactivities of NCs with well-defined facets could 

provide insights into the chemistry needed to manipulate their 

photophysical properties across various environments.25 In order 

to study their optical behavior according to the exposed facet of 

each NC, we exposed {111} and {110} NCs to air-saturated 

toluene (Tol/Wet-O2). This solution was prepared by bubbling 

air into the toluene, resulting in a solution containing oxygen 

and moisture (water content of 115 ppm, see Table S2 and 

Figure S7). Figures 3a and b show the change of optical densi-

ties in absorbance spectra of {110} NCs and {111} NCs dis-

persed in air-saturated toluene. At the initial time, the absorb-

ance spectra of the {111} and {110} NCs dispersions exhibit the 

same optical density at 413 nm, indicating that they have an 

equal number of In-P units.14 As time goes by, comparing the 

absorbance spectra clearly shows the different behaviors of 

these NCs. The absorption spectra of {110} NCs exhibit a blue 

shift of 1st excitonic peak from 2.06 eV (601 nm) to 2.14 eV 

(579 nm) (0.12 nm decrease in NC size, estimated by Brus 

equation of InP nano wire33), accompanied by an overall degra-

dation of optical density, corresponds to the observed color 

change from brown to orange (Figure 3a and c). In contrast, 

{111} NCs show only a slight change, with 0.02 eV shift (less 

than thermal energy at room temperature) of the 1st excitonic 

peak (sub-angstrom, 0.08 nm decrease in size estimated by Brus 

equation of tetrahedral InP NCs23), indicating that negligible 

etching occurred (Figure 3b and d). The photographs also show 

the color of {111} NCs dispersions at 0 hours and after 2 hours, 

indicating minimal change in color. The blue shift of the 1st 

excitonic peak typically implies a reduction in NC core size49; 

this also correlates with the decrease in optical density of NCs. 

The decrease in optical density at 413 nm excitation can be used 

to derive how many indium atoms are etched out from the core 

NC by using extinction coefficient per mole of NCs (L∙mol-

1∙cm-1). Given that the single {111} and {110} NCs contain 

1771 and 1400 indium atoms, respectively (Table S7), the num-

ber of etched indium atoms per the number of initial indium 

atoms and the number of indium atoms per surface area of each 



 

NC are plotted (Figure S12). It is evident that the {110} NCs are 

significantly more sensitive to photooxidation compared to the 

{111} NCs, with approximately 20 % of indium atoms etched 

out, while less than 2.5 % of indium atoms are detached from 

the {111} NCs (Figure S12 (a)). Additionally, the reactivity per 

unit surface area of {110} NCs is 1.7x10-2    /   ∙  2, an 

order of magnitude higher than 1.9x10-3    /   ∙  2 of {111} 

NCs (Figure S12 (b)). Therefore, we concluded that {110} NCs 

were significantly influenced by air exposure, while {111} NCs 

were rather insensitive to the ambient environment. 

Previous studies have shown that besides exposure to oxygen, 

water reacts with InP NCs and results in the oxidation of the 

surface.51-53 To further investigate the process underlying the 

observed blue shift and to discriminate the relative effects of O2 

and H2O, we used dried oxygen-saturated toluene (Tol/dry-O2). 

Figures 3a and b display the plotted optical density change and 

Figure S10 a and b show the plotted 1st excitonic peak of {110} 

NCs and {111} NCs over time under the different exposure 

conditions. The corresponding absorbance spectra are shown in 

Figures S8  

 

Figure 4 31P MAS NMR characterization for {110} NCs and {111} NCs under various environments. (a) 31P{1H} MAS NMR spectra 

and (b) 1H→31P CP-MAS NMR spectra of {110} NCs (top) and {111} NCs (bottom) under three different conditions: {110} NCs in 

Tol/Wet-O2 under the light (orange), in Tol/Wet-O2 in the dark (black), and Tol/Ar in the dark (brown); {111} NCs in Tol/Wet-O2 under 

the light (cyan), in Tol/Wet-O2 in the dark (light grey), and Tol/Ar (dark cyan). *: spinning side bands. 

and S9. Comparing the air exposure and oxygen exposure under 

light, there is no significant difference when {110} NCs are 

exposed to wet or dry oxygen-containing toluene, suggesting 

that the impact of water is negligible in these conditions. Like-

wise, the presence of water does not impact to a marked degree 

the absorption maximum of the {111} NCs. In contrast, avoid-

ing light irradiation has a dramatic effect. As can be seen in 

Figures 3 and S10, when NCs are placed in the dark, there is no 

change in the absorption spectra of the air-saturated solutions of 

{110} NCs and {111} NCs (Tol/wet-O2). It clearly shows that 

the optical change was triggered by the presence of light. Thus, 

we could assume that the size decrease of NCs under the light in 

air-saturated toluene is largely related to the oxidation of the 

surface when the NC absorbs the light as the following reac-

tions:11, 51 

InP + (hv)  e- + h+     (1) 

InP + e-/h+ + O2  (InP + h+) + O2
•-                   (2) 

(InP + 2h+) + 2O2
•- 
 InP + InPO4                       (3) 

Here, still, the curiosity remains about whether the oxidation 

really occurred at the surface of NCs when the 1st excitonic peak 

blue-shifts in the absorption spectra. The 31P MAS NMR can 

provide the first hint (Figure 4a). After exposure to ambient in 

dark conditions (Tol/Wet-O2
 (dark)), no oxidized phosphorus 

was observed in the 31P MAS NMR spectrum for {111} NCs 

(light grey) while a new peak at 5.6 ppm slightly appears for 

{110} NCs (black). By examining the 1H→31P CP-MAS NMR 

spectrum, this new resonance at 5.6 ppm is enhanced and can be 

confirmed as surface PO4 moiety (Figure 4b).4 CP is a key NMR 

technique for investigating the phosphorus species using polari-

zation transfer from H to P atoms by dipolar coupling, which is 

associated with spatial proximity. Considering that this signal is 

hardly detected in the 31P MAS NMR spectrum of {110} NCs, 

we could say that, under the dark conditions, only a very low 

amount (close to the detection limit of ~2%) of oxidized phos-

phorous exists at the surface of {110} and {111} InP NCs even 

with the presence of oxygen and moistures. On the other hand, 

shining light on the samples in ambient conditions (Tol/wet-O2 

(light)) results in changes to different extents. The {110} NCs 

show a significantly higher content of PO4 (23 %, orange), 

while {111} NCs exhibit a low content of 3 % (cyan). This 

trend also aligns with the percentage of etched indium atoms in 

{110} and {111} NCs, as shown in Figure S12 a. In both NCs, 

the increase of the relative area of the PO4 peak vs. the In-P one 

in the 1H→ 31P CP-MAS NMR spectra (Figure 4b) clearly 

shows that oxidation has occurred at the surface of the NCs. 

The different air sensitivity of {110} and {111} NCs is also 

evident in the XPS analysis. We exposed the InP NCs thin films 

to air and observed the oxidation trend over time using lab-XPS 

(Figure S15). Remarkably, phosphate was not observed in the P 

2p core spectrum of {111} InP NCs, suggesting that {111} 

facets have high air resistance even when prepared as a film 

type. Thus, we further analyzed oxidant species present on the 

indium surface using a synchrotron XPS, which is surface-



 

sensitive due to a short inelastic mean free path and has im-

proved the resolution of the final spectra.  We focused on In 3d 

and O 1s to compare the chemical surface states of {110} NCs 

and {111} NCs (See supporting discussion 3 for the detailed 

XPS measurements). According to the reference material, we 

were able to assign the peak component at 532 eV as hydroxide 

in O 1s core levels of {110} NCs, which also matches with the 

previous reports52 (Figure S16 a). These results are also con-

sistent with the In 3d XPS results showing that {110} NCs have 

a broader spectrum with increased contribution of higher bind-

ing energy region; this can be interpreted as increased In-O 

bonding moieties located in higher binding energy than In-P 

moieties (Figure S16 b).  

In summary, these characterizations show that the blue-shift 

observed for the {110} NCs is the consequence of their oxida-

tion with the conversion of surface InP into phosphates and 

hydroxide. Importantly, this phenomenon is triggered by light 

exposure, and the oxidation remains negligible in dark condi-

tions. In contrast, and despite the same ligand species (which are 

oleylamine 

 

Figure 5 Schematic illustration of facet-dependent surface reactivities towards external molecules attributed from the Lewis acidity of 

different facets. As a result, this affects the binding strength of bound oleylamine and their different capping ligand densities. 

and chloride), the behavior of {111} NCs is very different and 

displays high resistance to oxidation. 

Discussions on the origin of facet-dependent reactivities of 
{111} and {110} InP NCs 

The photo-assisted surface reactivity of NCs can be explained 

by two factors: 1) the band edge potentials matched with the 

redox potentials of a target reaction and 2) the active surface 

area where target reactant adsorption/desorption occurs. The 

conduction band minimum (CBM) is determined to be 3.28 eV 

for {111} NCs and 3.32 eV for {110} NC, considering the band 

gap energy of each NC and the valence band maximum meas-

ured by ambient photoemission spectroscopy (APS) (Figure 

S11). The first step in the photooxidation of InP NCs, equation 

(2), involves the transfer of an excited electron from the CBM 

of NCs to a dioxygen molecule. Therefore, we compared the 

oxygen reduction potential (O2/O2
-) with the CBM of each NCs 

(Table S3). The oxygen reduction potential of -0.18 V (vs. 

NHE)54 corresponds to 4.26 eV (vs. vacuum), indicating a large 

potential barrier of approximately 1 eV exists between the 

CBMs of both {111} and {110} NCs. Given this large barrier 

and the room temperature thermal energy of 25 meV, the 40 

meV difference in CBMs between two NCs is not substantial. 

Consequently, we concluded that the difference of conduction 

band edge potentials of {111} and {110} NCs is not a critical 

factor in explaining their differences in photooxidation behavior.  

Secondly, the active surface area relative to the volume of the 

NC is determined by the surface-to-volume ratio (S/V) of the 

NCs. The surface-to-volume ratio is 3.10 for {110} NCs, which 

is larger than 1.78 of {111} NCs. To explore whether the higher 

reactivity of {110} NCs comes from the large surface-to-volume 

ratio, further experiments were conducted. Due to the narrow 

size range of tetrahedral {111} NCs that exhibit minimal trunca-

tion, we instead compared tetrapodal {110} NCs with both long 

and short arms, ensuring a similar surface-to-volume ratio but 

with different (110) surface areas (Figure S13 a). We hypothe-

size that, given the comparable surface-to-volume ratios and 

similar shape geometries, this comparison would reveal the (110) 

facet-dependence on reactivity toward photooxidation. The 

optical density and the peak shift of 1st excitonic transition of 

the two NCs were monitored under the light exposure in air-

saturated toluene (Figure S13). The 1st excitonic peak shift and 

optical density decrease are larger for long {110} NCs com-

pared to short {110} NCs. Since the amounts of NCs in the 

cuvette cell differs, the optical density was further converted to 

the percentage of decreased NC concentration and plotted (Fig-

ure S14). The concentration of each NC was estimated using the 

 x   c     c  ff c     p         f     ( ∙   -1∙cm-1) which was 

obtained by ICP-OES measurement as described in the support-

ing discussion 4C. The percentage change in concentration of 

NCs also increases more rapidly for long {110} NCs than for 

short {110} NCs, which is consistent with a larger blue shift of 

1st excitonic transition, indicating that InP core is etched out 

faster in long {110} NCs. Although they have similar surface-

to-volume ratios (slightly smaller S/V for long {110} NCs), 

long {110} NCs possess 1.9 times larger surface area of (110) 

facet compared to short {110} NCs. This suggests that the reac-

tivity difference arises from facet-dependent oxidation behavior 

rather than the surface-to-volume ratio. 

In order to unravel the origin of the facet-dependent reactivities 

and, in particular, why the {111} NCs are resistant to oxidation, 

further studies on the behavior of surface ligands have been 

carried out. Since both {111} and {110} NCs are passivated 

with oleylamine ligands, which are long-chain organic mole-

cules blocking the access of external oxidant species, their 

different reactivities to surface oxidation can be explained in 

two ways: 1) the density of surface ligand to block the access of 

oxidant molecules may be different, and 2) surface ligands 

could be detached from the surface due to the different binding 

strength to each NC surface.  

Before exploring the density and the change of the bound 

oleylamine ligands, one critical fact should be confirmed. It has 

previously been reported that when NC surfaces are oxidized, 

ligand oxidation can also occur; thiol ligands being converted to 

disulfide ligands has been reported in the previous literature of 

CdSe NCs.55 Oleylamine has a double bond which is electron-

rich, and thus it is potentially prone to be oxidized in the pres-

ence of electron acceptor.56, 57 Since the oleylamine ligands are 

quantified by using their olefin protons as a probe in 1H NMR, 

we need to confirm first that the double bonds are not reacting 

to the oxidant species so that we are properly monitoring them 

in the system. Therefore, we compared the observed proton 



 

ratios between olefin and -CH3 protons of oleylamine in solution 
1H NMR under three different conditions (Tol/Ar;dark, 

Tol/Wet-O2;dark, and Tol/Wet-O2;light) (Table S4). The results 

showed that the proton ratios remained the same across all 

conditions, indicating that no ligand oxidation occurred, and 

thus, the number of oleylamine remains identical in the system. 

Therefore, we first calculated the ligand density (nm-2) of sur-

face oleylamine on each {111} and {110} NCs (Table S5; see 

supporting discussion 4 for details), which can influence the 

surface oxidation of NCs by affecting the access of oxidant 

molecules. Along with the multiple washing steps, the ligand 

densities of two NCs are saturated to the specific value (Table 

S6). The resulting values show that fewer oleylamine ligands 

(0.79 nm-2) are present on the surface of {110} NCs when com-

pared to 1.17 nm-2 of oleylamine coverage for {111} NCs; this 

is consistent with the previous surface passivation models from 

DFT calculations.32,33 The most energetically favorable binding 

motifs for the (111) facet is chloride/amine co-passivation,33 

with the estimated amine coverage of 1.65 nm-2 when fully 

passivated (Figure S19). For the (110) facet, InCl3 is the most 

stable motif, with a minor energy difference for InCl2 with 

amine derivative, and InCl for the (-1-1-1) facet terminated by P 

atoms.33 This results in a lower oleylamine density on {110} 

NCs compared to the {111} NCs. Additionally, even when the 

surface adopts the most stable binding motifs that fully passivate 

the surface, the non-polar (110) surface still exhibits 2.03/nm2 of 

uncoordinated P atoms (Figure R19 (b)), whereas the polar (111) 

and (-1-1-1) surfaces are fully passivated in their most stable 

binding forms (Figure R19 (a)).  This undercoordinated surface 

atom also may contribute to the large surface oxidation of {110} 

NCs. Secondly, the ligands at the surface of each faceted InP 

NC are also monitored to see whether they are detached after 

exposure to air (Tol/wet-O2) under light for both {110} NCs and 

{111} NCs. From the solution 1H NMR spectra, we observed 

that oleylammonium species are formed after {110} NCs are 

exposed to air under light (Figure S18). In contrast, {111} NCs 

show negligible formation of oleylammonium. Oleylammonium 

can be formed when the oleylamine receives a proton from H2O 

in the air, and this may be resulted from the surface oleylamine 

detachment since the whole olefin protons are kept identical in 

the system. Based on the previous discussion, this may be relat-

ed to the differences in ligand bonding strength between the 

{110} and {111} facets. The {111} facet has stronger Lewis 

acidity than the {110} facet, allowing ligands to bind more 

strongly. Consistent with the results in previous discussions 

showing that the {110} NCs have relatively more mobile 

oleylamine ligands due to the large portion of edges and corners 

at the NCs, their ligands are more prone to desorption from the 

surface. The detached ligands further react with H2O in the 

ambient atmosphere, leading to the formation of 

oleylammonium. The difference in binding strength is also 

supported by the DFT calculations from previous literature 

showing that (110) facet has lower ligand binding strength to 

oleylamine/chloride ligands when compared to (111) facet.33  

To sum up, the {111} NCs have stronger Lewis acidity and 

relatively small surface heterogeneity (indium-terminated single 

{111} facets with lower contribution of edges/corners) with 

smaller surface-to-volume ratio and also exhibit higher ligand 

density on the NC surface when compared to {110} NCs. The 

strongly bound ligands preventing desorption from the NC 

surface are confirmed by the absence of oleylammonium for-

mation (Figure 5). On the other hands, the {110} NCs, which 

have predominant (110) facets with lower ligand density, larger 

contribution of edge/vertex on surface, and larger surface-to-

volume ratios due to the tetrapodal shape geometry, also pos-

sesses lower binding strength to surface ligands. Thereby, {111} 

NCs result in greater oxidation resistance. 

 

CONCLUSION  

In this study, we explored the facet-dependent reactivities of InP 

NCs towards the ambient species through a combination of 

spectroscopic analysis. The well-defined InP NCs having {111} 

and {110}/{-1-1-1} facets are synthesized under the same chlo-

ride/oleylamine ligand conditions. More complex facet distribu-

tion, as well as the lower Lewis-acidic surface in {110} NCs, 

when compared to the {111} NCs were confirmed by broad 31P 

and 115In resonances and shielded α-carbon 13C resonances in 

MAS NMR studies. Notably, the resulting {111} NCs exhibit 

lower reactivity towards external ambient molecules under light 

irradiation, showing a minimal blue shift in 1st excitonic peak 

and optical density at 413 nm excitation in absorption spectra.14 

This higher resistance could be explained by stronger ligand 

binding, higher ligand density, and a more distinctive presence 

of less mobile oleylamine ligands on the NC surface; this could 

be attributed to the stronger Lewis acidity of {111} surface as 

well as the lower edge/corner contribution and the single-facet 

termination of {111} NC. Furthermore, by finely tuning the arm 

width and length of well-defined {110} NCs, while ensuring a 

consistent surface-to-volume ratio but varying the (110) surface 

area, we were able to explore the (110) facet-dependent 

photooxidation reactivity. Solid-state/solution NMR and XPS 

analyses also support these findings by showing distinct differ-

ences in the surface phosphate and hydroxyl amount and prob-

ing the presence of displaced oleylammonium species from the 

{110} NCs and {111} NCs.  

 We believe that our findings are crucial for understanding and 

improving the facet-originated reactivity and stability of InP 

NCs in various applications, and in particular, suggesting {111} 

facets as a strategy to enhance the atmospheric stability of InP 

NCs even in the ambient conditions. As the development of 

next-generation colloidal NCs with superior photophysical 

properties and high uniformity depends heavily on mastering 

NC surface characteristics, this approach offers strategic insight 

into surface manipulation to optimize their photophysical behav-

ior. This becomes particularly valuable when compared to less-

defined NCs, where surface properties remain ambiguous for 

targeted applications. Continued efforts in this area will provide 

valuable pathways for enhancing NC performance, even when 

precise facet control is not fully achievable. 

 

EXPERIMENTAL SECTION 

Chemicals 

All chemicals were stored and treated in a N2-filled glove box as 

received unless stated explicitly. Indium chloride (InCl3, 98%), 

tris(dimethylamino)phosphine (DMA3P), 97%), oleylamine 

(70%) were purchased from Sigma-Aldrich. Lithium 

bis(trimethylsilyl)amide (or lithium hexamethyldisilazide, 

LiHMDS, 97%) was purchased from thermo scientific. De-

gassed oleylamine was prepared by degassing under vacuum 

(~0.2 torr) around 140 °C for 60 min. 

Synthesis of {110} InP NCs  

The synthesis followed the procedure reported by Kim et al.33 In 

a 100 mL three-necked round bottom flask, 1.129 g (5 mmol) 

indium (III) chloride and distilled oleylamine (25 mL, 76 mmol) 

were stirred and degassed at 110 °C under vacuum (~0.2 torr) 

for one hour. For the preparation of the P-precursor, 0.937 mL 



 

(5 mmol) DMA3P was loaded into a syringe with mixed 

oleylamine. The mixed oleylamine was prepared by stirring 

0.084 g (0.5 mmol) LiHMDS and 2.5 mL distilled oleylamine at 

60 °C for 20 minutes in a N2-filled glove box. The P-precursor 

was then injected into the indium-oleylamine reaction mixture at 

170 °C and held for one hour. The temperature was then in-

creased from 170 °C to 280 °C for 10 minutes and cooled to 

room temperature. The as-synthesized InP NCs are transferred 

to a N2-filled glove box and precipitated using anhydrous 

butanol, anhydrous acetonitrile, and anhydrous hexane or anhy-

drous toluene. For characterization, this purification step was 

repeated more than twice. The as-synthesized NC dispersions 

are stored in the dark inside an N2-filled glove box until use. 

Synthesis of {111} InP NCs  

The experimental processes for synthesizing the {111} InP NCs 

were the same as those for the {110} InP NCs, except for the 

preparation of P-precursor and the reaction conditions. To syn-

thesize of {111} InP NCs, the P-precursor was prepared by 

mixing 0.937 mL (5 mmol) DMA3P with 2.5 mL of distilled 

oleylamine. Subsequently, the P-precursor was injected into the 

indium-oleylamine reaction mixture at 250 °C and kept for 30 

minutes. The as-synthesized NC dispersions are transferred in 

an N2-filled glove box. Purification was performed as same with 

{110} NCs. 

General Characterization 

The UV-vis spectra were recorded using an Agilent Cary 5000 

UV-Vis-NIR spectrophotometer. To obtain the spectra under 

inert-atmosphere, cuvette with the screw cap was used. The 

laboratory atmosphere has 28~38 % humidity at room tempera-

ture (22.4~23.4 °C). The amount of H2O was measured by Karl 

Fischer Moisture Analyzer using the Metrohm 831 KF Coulom-

eter. For transmission electron microscopy (TEM) images, 

spherical aberration-corrected TEM (JEOL, JEM-ARM 200 F) 

was used with an acceleration voltage of 60 kV for {111} NCs 

and 300 kV for {110} NCs, respectively. For TEM sample 

preparation, InP NCs solution dispersed in toluene was drop-

cast onto an ultrathin carbon purchased from Ted Pella. FT IR 

spectra were obtained using an IRTracer-100 (Shimadzu) with 8 

cm-1 resolution and diamond attenuated total reflection (ATR) 

accessory. The FT IR sample was deposited on the Si/Cr/Au 

substrate.  

X-ray Photoelectron Spectroscopy 

XPS spectra were obtained using Prevac ESCA 2000 instru-

ments. The excitation source was a monochromized Al Ka X-

ray source at   1486.7 eV operated at 16.6 mA and 12.0 kV. The 

pressure in the analytical chamber during the spectral acquisi-

tion was <8*10-9 mbar. For the XPS sample preparation, the InP 

NCs solution was loaded into a 1 mL syringe and filtered using 

a 0.25  m pore size PVDF syringe filter. It was then spin-coated 

onto the Si/Cr/Au substrate. All sample preparation was per-

formed in a N2-filled glove box and the sample thickness of 10 

to 20 nm was used to avoid charging effects during XPS meas-

urements. The InP NCs films were transferred using sealed 

containers to the instrument. The air-exposed samples were put 

outside which atmosphere have 25 % humidity at room tempera-

ture (around 23.6 °C). The binding energy calibration was per-

formed using the C 1s binding energy (284.8 eV). The pass 

energy was 50 eV for narrow scan and 100 eV for survey scan. 

The high-resolution XPS spectra were obtained using a synchro-

tron radiation X-ray source at the 10A2 HR-PES II beamline of 

the Pohang Accelerator Laboratory (PAL, Republic of Korea). 

The excitation energy was calibrated to 84 eV gold binding 

energy using Au foil. The pass energy was 20 eV for narrow 

scan. 

 

Solid-State Nuclear Magnetic Resonance Spectroscopy 

The dried, powder type InP NCs sample was taken and trans-

ferred to a 3.2 mm zirconia rotor under argon-filled glove box. 

The rotor was tightly sealed using the cap and no sign of air 

contamination was detected. NMR spectra were recorded on a 

Bruker Avance III HD 400 or Avance NEO 600 spectrometers. 

The rotors were spun between 8 to 18 kHz at room temperature. 

For 1H MAS were performed with the DEPTH pulse sequence 

and a recycle delay of 5 s. 31P{1H} MAS were acquired with a 

Hahn-echo synchronized with the spinning rate and a recycle 

delay of 60 s. 13C CP-MAS and 31P CP-MAS spectra were 

recorded with a recycle delay of 2 s and contact times of 2 ms, 

0.5 ms and 5 ms, respectively. Static 115In Hahn-echo spectra 

were obtained with a recycle delay of 0.1 s. All chemical shifts 

for 1H and 13C are relative to TMS. 31P and 115In chemical shifts 

were referenced with respect to external solutions of 85% 

H3PO4 and 0.1 M In(NO3)3, respectively. 

 

Liquid-state Nuclear Magnetic Resonance Spectroscopy 

The InP NCs were dissolved in 500 uL of toluene-d8 under N2 

atmosphere. The optical density of InP NC solutions used for 

NMR measurement are 1.6 in absorbance spectra when diluted 

(a dilution factor of 151). 1H NMR measurement were recorded 

at T= 298 K using a Bruker at the Chiral Material Core Facility 

Center of Sungkyunkwan University. NMR is operated at 1H 

frequency of 500.13 MHz with 20 s delay of D1 time. The de-

tailed quantitative analysis was shown in Supporting discussion 

4. 
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