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Surface oxidation and chemistry determine the optical properties of indium phosphide (InP) nanocrystals
(NCs). In this study, existing metal ions from the reaction residuals and alcohols normally used in the
washing process are investigated. It is found that existing metal ions and alcohols play key roles in the
surface oxidation and potential surface reactions of aminophosphine-based InP NCs, which significantly
affect their photoluminescence (PL), optical absorption and photo-stability. According to X-ray
photoelectron spectroscopy (XPS) analysis, InP NCs after aging form InPO, oxide which could passivate
the NC surface along with increased PL intensity and blue-shifted spectral peaks. Treating with the
existing metal ions from reaction residuals and intentionally added alcohols (methanol or ethanol), InP
NCs exhibit an enhanced PL quantum yield (QY) (~25 times, from 0.1% to 2.5%), unexpected red-shifted
spectral peaks and improved photo-stability (~9 folds). The phenomenon is ascribed to the passivation
effect of the Zn,In;_, PO, layer formed from coupling of existing Zn?* with the NC surface triggered by
the alcohols. The alcohols are found to facilitate the surface modification of amine-capped NCs and
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1. Introduction

Colloidal nanocrystals (NCs) have attracted considerable attention
owing to their shape- and size-dependent optical and electronic
properties."” The intriguing properties make NCs promising build-
ing blocks in a variety of applications such as light emitting diodes
(LEDs),*” biolabeling,®® lasers'®'" and solar cells.">'* However,
concerns over toxic metals such as Pb- and Cd-based NCs restrict
their practical applications. Indium phosphide (InP) NCs with
nontoxicity, size-tuneable bandgap in the entire visible range and
good optical properties are considered as a promising alternative
material of toxic NCs."*'® Unfortunately, synthesis of high-quality
InP NCs is still challenging because of the covalent nature for III-V
semiconductors, native oxides or surface dangling bonds on InP-
based NCs."” ™

Aminophosphine, including tris-dimethylaminophosphine
(DMA);P) and tris-diethylaminophoshpine ((DEA);P), as an
alternative P precursor to synthesize high-quality InP NCs, is
a safer and more inexpensive choice compared with tris-
(trimethylsilyl)phosphine ((TMS);P).>°>*> However, synthetic
protocols of InP NCs are still complicated since InP NCs are
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may be utilized as agents in NC surface modifications.

extremely susceptible to surface oxidation that may affect
subsequent shell growth or surface modification.* >

Accordingly, a precise control over the NC surface is con-
sidered a crucial factor to prepare high-quality NCs. As well as
water, which is already regarded as a critical factor to
oxidation,?®>® the NC surface with surrounding environments
is another factor that strongly affects the surface chemistry of
NCs and their resulting properties. For example, several studies
have investigated the relation between surface chemistry, oxi-
dation and stability of NCs under varied environments such as
atmospheres, irradiation, temperatures and additives either in
solutions or thin films.***°

The surface chemistry of InP NCs is dependent on their
surface ligands, that may be acid-capped or amine-capped InP
NCs. Surface oxidation study of acid-capped InP NCs prepared
from toxic (TMS);P have been reported.*”*° For eco-friendly
aminophosphine-based InP NCs, the surface chemistry and
oxidation mechanism still remain unclear.?**' In this work,
the roles of existing metal ions and intentionally added alco-
hols on aminophosphine-based InP NC oxidation and surface
chemistry are investigated. In a general aging process without
additives, the aged InP NCs show an increased InPO, oxide
layer with enhanced photoluminescence (PL) intensity and
blue-shifted spectral peaks. However, aging or treating InP
NCs involving reaction residuals (ie., In**, Zn**, CI~ and
oleylamine (OAm)) with intentionally added alcohols results
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in enhanced PL and unexpected redshifted spectral peaks. X-ray
photoelectron spectroscopy (XPS) proves that alcohol induces incor-
poration of Zn>" to form a mixed Zn,In,_,PO, oxide passivation
layer. The Zn,In; PO, renders enhancement not only in PLQY but
also photo-stability of InP NCs against aging. The reaction between
alcohol and Zn*" creates a beneficial effect on aminophosphine-
based InP NCs. This study may provide a new insight to surface
chemistry, following surface modification and overcoating for
aminophosphine-based InP NCs.

2. Experimental
2.1 Chemicals

Indium chloride (InCls, 99.999%) and oleylamine (OAm, technical
grade, 70%) were purchased from Sigma-Aldrich. Zinc chloride
(ZnCl,, anhydrous, 99.95%) and tris-dimethylaminophosphine
((DMA);P, 97%) were purchased from Alfa Aesar. All solvents were
purchased from J. T. Baker.

2.2 Synthesis of aminophosphine-based InP NCs

Aminophosphine-based InP NCs were prepared by a modified
method reported by Tessier et al.>' Briefly, 100 mg of InCl; and
300 mg of ZnCl, were mixed with 5 mL technical OAm in a three
neck flask inside a N,-filled glovebox then transferred to a
Schelenk line. The mixture was degassed at 120 °C under
vacuum conditions for 1 h and then heated to an elevated
temperature under an inert atmosphere. At the reaction tem-
perature (150-280 °C), 0.45 mL of (DMA),;P was injected into the
reaction mixture, and the InP core growth was lasted for
20 min. After the reaction, the crude solution was cooled to
room temperature, and InP NCs were directly collected from
the reaction mixture for subsequent aging processes. The
washing process was presented as follows. 50 pL of InP NCs
were mixed with 450 pL toluene and were precipitated by
adding 1 mL acetone. The precipitates were re-dispersed in
toluene and quantified to a fixed concentration for subsequent
treatment and analyses.

2.3 Sample preparation for the aging process

InP NCs were quantified by comparing the absorbance of
quantitative aliquots at 413 nm with the intrinsic absorption
coefficient of InP NCs at the same wavelength.”" In the aging
processes, the samples were prepared by diluting InP NCs with
toluene, and the concentration of InP NCs was fixed at 1 mM
with a total amount of 3 mL for all experiments. The washed
InP (W-InP) samples were prepared by a washing process using
acetone to remove reaction residuals. The concentration of
W-InP samples was also quantified to 1 mM. An Ar atmosphere
was achieved by sealing the sample and flooding in Ar for
10 min prior to experiments. An air atmosphere was prepared
by removing the lid of the sample and placing it under air for
10 min followed by sealing the sample. The dark samples were
achieved by filling the sample with the corresponding atmo-
sphere and wrapping the sample with aluminium foil. The light
samples were irradiated by a white light tube with illuminance
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of 500 lux. All additives (ie., amines, thiols, alcohols,
1-octadecene (ODE), acetone, oleic acid (OA) and H,0,) were
added in an amount of 1 mmol in the corresponding samples
prior to the aging process.

2.4 Alcohol treatment

In brief, 50 puL of InP NCs were mixed with 450 pL toluene and
1 mL ethanol or methanol followed by centrifugation. The
precipitates were collected and re-dispersed in toluene for
further analyses. The ethylene glycol (EG) treatment was con-
ducted by replacing methanol with EG. Regarding the immis-
cibility of EG and toluene, rather than centrifugation, the
supernatant of InP NCs in toluene were collected and analysed
after the treatment. A control sample was prepared by replacing
methanol with acetone having no additional effect on InP NCs
while the other procedures were remained the same.

2.5 Characterization

Optical absorption spectra were recorded with a UV-vis spectro-
meter (HITACHI U-3900) in 1 cm path length quartz cuvettes.
The PL spectra of InP NCs dispersed in toluene were recorded
using a PL spectrometer (HORIBA FluoroMax-4). The PL quan-
tum yield (QY) was determined by comparing InP NC fluores-
cence intensities with those of primary standard dye solution
(Rhodamine 6G, QY = 95% in ethanol) with the same optical
density and the excitation wavelength. X-ray photoelectron
spectroscopy (XPS) was employed to determine the chemical
states of elements in InP NCs. The XPS spectra were measured
by Ulvac-PHI, PHI 5000 VersaProbe II. The binding energy of
the XPS spectra was calibrated from a hydrocarbon using the C
1s peak at 284.6 eV. Estimation of the chemical composition
from XPS analysis was calculated based on Scofield’s relative
sensitivity factors (RSF). Thermogravimetric analysis (TGA)
curves were recorded by a Q500 thermogravimetric analyser
under a N, atmosphere using a heating rate of 10 °C min™"
starting from room temperature to 700 °C. During the measure-
ment, the temperature was maintained at 100 °C for 30 min to
ensure evaporation of any trapped solvent. The samples were
prepared by dropping the QD solution into aluminium oxide
crucibles. Time-resolved PL (TRPL) spectra were obtained from
PicoHarp300 with TTTR Mode and PHR 800 router (PicoQuant).

3. Results and discussion
3.1 Evolution of the oxidation of InP NCs in an aging process

Aminophosphine-based InP NCs are prepared from (DMA);P,
InCl;, ZnCl, and OAm at an elevated temperature. The as-
prepared InP NCs directly collected from the reaction mixture
show the first excitonic absorption and band-edge PL emission
at 570 and 628 nm, respectively (Fig. S1, ESIf). The PLQY is
rather low (~0.1%) and has been generally attributed to the
surface defect states of InP NCs.*>** A defect-related PL emis-
sion is also observed at ~750 nm. III-V InP NCs are prone to
oxidation, and the oxidation affects the InP optical properties
to a large extent.** The InP NCs directly collected from the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optical properties of InP NCs during aging under light/air conditions for 168 h. The sample is in a concentration of 1 mM with a total amount of
3 mL in toluene. Evolution of (a) PL and (b) optical absorption spectra of InP NCs during aging. (c) Variation of relative PL intensity, PL peak shift and
absorption peak shift against aging time. (d) A sketch illustrates the evolution of InP NC oxidation in the aging process.

reaction mixture are without a washing process, and the effect
of surface ligands and reaction residuals (i.e., In**, Zn**, Cl~,
P(NHR)," and OAm) may be magnified.

Ex situ PL study results of InP NCs aged under room light in
an atmosphere (light/air) for 168 h are shown in Fig. 1a. The
InP NCs show an increased PL intensity to 213%, 385% and
435% after aging for 24 h, 48 h and 168 h, respectively. It is
noted that the PL peak redshifts to 633 nm in 24 h, and
blueshifts back to 627 nm in 48 h, leading to an overall 9 nm
PL blueshift in 168 h. Unlike the PL spectra, the corresponding
optical absorption peak slightly blueshifts 2 nm in 24 h and
constantly blueshifts for 21 nm after 168 h aging (Fig. 1b).
Variations of PL intensity, PL peak shift and optical absorption
peak shift are shown in Fig. 1c and summarized in Table S1
(ESTH).

In the first 24 h aging, the slight blueshift of the absorption
peak indicates a decrease in the InP NC size, which is ascribed
to oxidation at the InP NC near-surface region.*>*” The thin
oxidation layer could passivate the non-radiative defects such
as surface dangling bonds and thus increase the PL intensity.
Meanwhile, the oxidation layer might also create additional
radiative states, acting as luminescent centres lying within the
bandgap. The photo-excited carriers could delocalize to the

© 2021 The Author(s). Published by the Royal Society of Chemistry

lower energy radiative states, and a slight PL redshift is
observed.®*?

As the aging and oxidation process continue, the further
blue-shifted optical absorption suggests further decrease in InP
NC size and a thicker surface oxidation layer, which might lead
to further increase in PL intensity. A similar result that
described PL enhancement of InP NCs after air exposure was
reported previously.*® Illustration of InP NC oxidation in the
aging process is schematically shown in Fig. 1d.

It has been reported that the effect of NC oxidation may be
either positive or negative on the optical properties of NCs
(e.g., PL intensity).>**° As stated above, formation of a surface
oxide layer over the NC surface could not only passivate the
surface defects but also create structural inconsistency with
additional defects.* Relatively low PLQY (< 1%) of the InP NCs
suggests large amounts of nonradiative defects at the NC
surface.>® Thus, the oxidation layer can improve the defective
InP NC surface with increased PL intensity in the current study.

3.2 Effect of reaction residuals on the InP NC oxidation

To investigate the effect of the reaction residuals on InP NC
oxidation, washed InP (W-InP) NCs are utilized for comparison.
W-InP NCs are prepared by centrifugation with acetone to

Mater. Adv., 2021, 2, 6039-6048 | 6041
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remove more reaction residuals. Typically, InP and W-InP NCs
have identical PL and absorption properties, the only difference
is the amount of reaction residuals. Reaction residuals may
contain In*", Zn**, Cl~, P(NHR)," and OAm, and their deduced
concentrations are listed in Table S2 (ESIt). The InP/reaction
residuals weight ratio of InP and W-InP NCs are approximately
1/70 and 1/1.2, respectively. W-InP NCs possess the cubic
structure and the diameter of 2.6 + 0.4 nm according to XRD
and TEM analyses (Fig. S3, ESIt). A detailed estimation method
and more material properties of InP and W-InP NCs are
provided in the ESL¥

The effects of different aging conditions, including room
light in Ar (light/Ar), room light in the atmosphere (light/air),
dark in Ar (dark/Ar) and dark in the atmosphere (dark/air) with
an aging time of 48 h, on the optical properties of both InP NCs
are investigated. Detailed experimental procedures which
involve the light source, preparation of dark conditions and
different atmospheres are described in the Experimental sec-
tion. As shown in Fig. 2a, aged InP NC samples in light/Ar,
light/air, dark/Ar and dark/air show enhanced PL intensities of
260%, 392%, 191% and 222%, respectively. Meanwhile, the
aged W-InP NC samples in light/Ar, light/air, dark/Ar and dark/
air exhibit the PL intensity of 187%, 40%, 169% and 171%,
respectively. As shown in Fig. 2b, all aged InP and aged W-InP
NC samples show blue-shifted optical absorption spectra, in
which aged W-InP samples exhibit larger blueshifts compared
with the aged InP NC counterparts.

Exposure to light generally accelerates oxidation of NCs via a
photo-oxidation process. When semiconductor NCs are illuminated
by light, photo-excited carriers could delocalize to the NC surface
and interact with surrounded species such as oxygen and water,
then the surface oxidation process is accelerated.”* As stated
above, a thicker oxidation layer may occur with a largely blue-
shifted absorption curve and increased PL intensity. The InP
samples aged with light illumination exhibit larger spectral blueshift
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and stronger PL enhancement than those aged in the dark. On the
other hand, InP samples aged in the atmosphere possess higher PL
intensities than those aged in Ar, suggesting that components in the
atmosphere might also accelerate surface oxidation.

Compared with the abovementioned InP NCs, W-InP NCs
after aging in various conditions all show lower PL intensities.
Notably, the aged W-InP light/air sample shows a significant
decrease in the PL intensity ~60% along with a large absorp-
tion blueshift ~50 nm, while the other three W-InP samples
aged in relatively “gentle” environments (light/Ar, dark/Ar and
dark/air) still show increased PL intensities. A large absorption
blueshift in the aged W-InP light/air sample implies a large
decrease in the NC size because of more serious surface
oxidation, which could generate more non-radiative defects
attributed to a decrease in PL intensity.

Based on the above results, W-InP NCs with fewer reaction
residuals may be more easily attacked by oxygen and water in
the aging process. Strong oxidation with downgraded optical
properties of aged W-InP NCs are observed. On the contrary,
InP NCs with more reaction residuals, which prevent NCs from
direct contact with oxygen and water, show improved PL
intensity after the aging process.

In previous studies, when Cd-based NCs were continuously
illuminated by light, initially increased PL intensities followed
by constantly decreased PL intensities were observed. The
phenomenon is generally called photo-brightening and photo-
darkening, respectively.”>**'~>3 1t should be noted that the PL
enhancement in the current study is different from the
reported photo-brightening and photo-darkening.

In the current study, the PL enhancement still occurs for InP
NCs in dark conditions, that may be oxidized after aging
because of the highly sensitive nature of III-V semiconductor
materials.’”>* Exposure to light would simply accelerate the NC
oxidation process. A sketch illustrating the effect of aging
condition on InP NC oxidation is shown in Fig. 2c. A summary
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Fig. 2

InP and washed InP (W-InP) NCs aged under different aging conditions for 48 h. The concentration of all samples is fixed at 1 mM with a total

amount of 3 mL in toluene. The W-InP sample is prepared from InP NCs by centrifugation to remove reaction residuals/excess ligands using acetone.
Detailed experimental procedures including the light source, preparation of dark conditions and different atmospheres are described in the Experimental
section. (a) Relative PL intensity of InP and W-InP NCs aged under light/Ar, light/air, dark/Ar and dark/air for 48 h. (b) Optical absorption spectra of the InP
and W-InP NCs after the corresponding aging process. (c) A sketch illustrates the effect of atmosphere and light illumination on InP NC oxidation in the

aging process.

6042 | Mater. Adv., 2021, 2, 6039-6048

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00408e

Open Access Article. Published on 11 August 2021. Downloaded on 6/29/2026 1:46:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

of optical characteristics of both aged InP and aged W-InP NCs
is shown in Table S4 (ESIt).

XPS surface analysis of InP NCs and aged InP NCs is
presented in Fig. 3 and Fig. S4 (ESIt). Fig. 3a shows the XPS
In 3d spectra of the InP NC sample without aging for compar-
ison, and the aged InP NCs in light/air for 48 h and aged W-InP
NCs in light/air for 48 h. The In 3d doublet peaks of the InP NC
sample without aging (top spectrum) show a spin-orbit split-
ting of 7.6 eV with 3ds,, and 3d;,, peaks at 444.2 and 451.8 eV,
respectively. The doublet is deconvoluted into two sub-
doublets. The light-red curve (doublet at 444.1 and 451.7 eV)
is ascribed to the In-P binding, while the dark-red one (doublet
at 444.9 and 452.5 eV) is assigned to In-PO, from the oxidized
InP NCs.*>*® The In-PO,/In-P peak intensity ratio is 0.3. For
the aged InP (middle spectrum) and aged W-InP (bottom
spectrum) NC samples, the In-PO,/In-P peak intensity ratios
increase to 0.9 and 1.7, respectively.

As shown in Fig. 3b, similar results are observed in the XPS P 2p
spectra. The InP sample shows a peak at 128.4 eV ascribed to the P-
In (light-blue doublet) and a peak at 132.6 eV assigned to P-O,
(InPO,, dark-blue doublet) with a spin-orbit splitting of 0.87 eV
between 2py/, and 2p;,.*"*® The InPO,/InP intensity ratios are 0.3,
0.9 and 1.6 for the InP, aged InP and aged W-InP samples,
respectively. Calculated InPO,/InP ratios from the P 2p spectra have
a similar trend with that from the In 3d spectra. Fig. 3c gives the
atomic ratio of oxygen/phosphorus (O/P), carbon/phosphorus (C/P)
and zinc/phosphorus (Zn/P) calculated from the XPS spectra. The
aged W-InP sample shows a relatively larger O/P (~4.9) and smaller
C/P (~9.3) ratio compared with the aged InP sample. All samples
present a slight Zn content (ratio of Zn/P ~ 0.1) ascribed to the
surface adsorbed Zn*" of InP NCs originally from the reaction
residuals. The elemental ratios of indium/phosphorus (In/P) and
nitrogen/phosphorus (N/P) are similar in all InP NC samples
(Fig. S5, ESIY).

Based on the above results, it is suggested that InP NCs have
native InPO, that may inevitably form in the crystal growth
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process because of trace water in the synthetic reaction.*® After
the light/air aging process, more InPO, would form at the NC
surface. Considering the above PL properties with the extent of
oxidation, the InPO, oxidation formed in the aging process
would first improve the PL intensity with a blue-shifted absorp-
tion peak (~10 nm), as shown in the aged InP sample. When
the oxidation becomes more serious, the InPO, oxide layer
would cause a decrease in the PL intensity and a large blueshift
in absorption peak (~50 nm), as shown in the aged W-InP
sample. The strong oxidation is also supported by the
decreased C/P ratio indicating ligand desorption on heavily
oxidized NCs. Compared the aged InP with aged W-InP sam-
ples, the reaction residuals in the sample indeed mitigate
surface oxidation in the aging process. It is suggested that
reaction residuals are beneficial to prevent serious oxidation
and render a proper surface passivation of InP NCs. The similar
Zn/P, In/P and N/P ratios of InP, aged InP and aged W-InP NCs
suggest the reaction residuals would not be involved in the
InPO, oxide layer in the aging process.

The passivation effect of the InPO, oxide layer is also
supported by time-resolved PL (TRPL) spectra (Fig. S6 and
Table S5, ESIt). An increase in the PL lifetime of the aged InP
sample indicates better surface passivation by the InPO, oxide
layer along with increased PL intensity. The increased lifetime
of the long-lifetime component related to the surface defect
states of the aged W-InP NC sample suggests serious oxidation
with a rather thick and defective InPO, layer on the aged W-InP
NCs. Attempts have been made to investigate InP NC oxidation
by TEM analysis, however, small size and low Z-contrast of InP
NCs make the observation infeasible.

3.3 Effect of additives on InP NC PL enhancement and an
alcohol-induced passivation

Despite the reaction residuals, the effect of additives on InP NC
oxidation and surface chemistry are investigated. Several additives
(ie., amines, thiols, alcohols, 1-octadecene (ODE), acetone, oleic
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Fig. 3 XPS (a) In 3d, (b) P 2p spectra and (c) calculated relative oxygen/phosphorus (O/P), carbon/phosphorus (C/P) and zinc/phosphorus (Zn/P) atomic
ratio of the InP, aged InP and aged W-InP NC samples. InP NC sample without aging is used for comparison. The concentration of the aged samples is
fixed at 1 mM with a total amount of 3 mL in toluene with an aging process in light/air for 48 h.
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ethanol, 1-propanol, 2-propanol, 1-butanol, 1-pentanol and 1-hexanol), 1-octadecene (ODE) and acetone. (b) A sketch illustrates the effect of amines,

thiols and alcohols on InP NC oxidation in the aging process.

acid (OA) and H,0,,) are intentionally added in the InP NC samples,
and the samples are aged in light/air for 48 h. Variation of PL
intensity and optical absorption peak shift of the samples are shown
in Fig. 4a. Optical absorption spectra of the samples are presented
in Fig. S7 (ESIT). An aged InP NC sample without any additive is
listed for comparison. As mentioned, the aged InP sample shows an
absorption peak blueshift of 11 nm and enhanced PL intensity
~350% caused by InPO, oxide passivation. If amine or thiol is
introduced in the aging process, amine-additive and thiol-additive
samples show no enhancement in PL intensity but a slightly blue-
shifted absorption peak (5-10 nm). Interestingly, alcohol-additive
samples show a substantial increase in PL intensities, especially for
methanol and ethanol-additive samples. The methanol-additive
sample shows the highest PL intensity up to 691% while the other
alcohol-additive samples exhibit PL intensities in a range of 370-
638%. Only small absorption peak-shifts (blueshift for 2-5 nm) are
observed in alcohol-additive samples, and even a redshift of 5 and
2 nm for the methanol-additive and ethanol-additive samples,
respectively. Moreover, when non-coordinating ODE and acetone
are used as the additive, both samples show similar properties
(PL intensity ~350% and absorption blueshift ~10 nm) as the aged
InP NC sample without any additive. In terms of OA- and H,0,-
additive, some significant changes after the aging process can be

6044 | Mater. Adv, 2021, 2, 6039-6048

directly observed by the naked eye. As a photo demonstrating
the samples after aging in Fig. S8 (ESIt), the InP NC sample after
aging still has a light-orange colour while the OA- and H,O,-
additive samples become transparent and white-turbid solu-
tions, respectively.

These results suggest that the additives could indeed affect
InP NC oxidation and optical properties in the aging process.
The added amines and thiols may readily interact with InP NCs
since they are common ligands for stabilizing NCs.””"*® Regard-
ing the large increase in PL intensity and redshift in the
absorption spectra of the methanol-additive sample, formation
of the InPO, oxide layer may not be the only cause for this
phenomenon. As stated above, the InP NCs aged without
additives show increased InPO, with enhancement in PL inten-
sity and blueshift in the absorption peak. Therefore, the
alcohols are suggested to bind to InP NCs or react with InP
NCs and/or reaction residuals for such different results. In
addition, the ODE-additive and acetone-additive samples show
similar changes as the InP NC sample without any additives.
The results imply both ODE and acetone have no additional
effect on InP NC oxidation or PL enhancement. In other words,
amines, thiols and alcohols do either bind or react with NCs for
unchanged PL or substantially increased PL after the aging

© 2021 The Author(s). Published by the Royal Society of Chemistry
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process. The visible changes in OA- and H,0,-additive sample
solutions may be associated with the etching effect from OA
and over oxidation from H,0, as the oxidative agent,>*® high-
lighting the vulnerability of InP NCs. The effect of amines,
thiols and alcohols on InP NC oxidation and PL properties in
the aging process is illustrated in Fig. 4b.

3.4 Formation of the Zn,In,_,PO, passivation layer induced
by alcohol

To clarify the effect of alcohols on the InP NC oxidation and PL
properties, the relation of alcohol polarity with the corres-
ponding PL intensity of the aged alcohol-additive sample is
shown in Fig. 5a.>° The higher PL intensity occurs along with
higher polarity alcohol. Thus, methanol and ethanol, exhibiting
the two highest PL intensities after the aging process, are used
to directly treat InP NCs to examine the underlying mechanism.
InP NCs directly collected from the reaction mixture are diluted
with toluene to a fixed concentration (InP/toluene). The InP/
toluene solution is then mixed with methanol or ethanol, and
the mixture undergoes a centrifugation process, which is
denoted as the post alcohol treatment in this study. A control
sample is prepared by treating InP/toluene with acetone exhi-
biting no additional effect on InP NC oxidation in the above
aging process. Optical absorption and PL spectra of the alcohol-
treated samples are shown in Fig. 5b. The control sample shows
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an absorption peak at 570 nm with a low PLQY ~ 0.1%. After
post alcohol treatment, the methanol-treated InP (MeOH-InP)
sample shows an apparently increased PLQY of 2.4% with a
large absorption peak redshift of 12 nm while the ethanol-
treated InP (EtOH-InP) sample exhibits a PLQY of 1.2% and an
absorption peak redshift of 7 nm. Increases in peak-to-valley
ratios in absorption curves (inset in Fig. 5b) are also observed
after the post alcohol treatment. Another alcohol, ethylene
glycol (EG, relative polarity of water = 0.790), with two hydroxyl
groups and also a high polarity,>® is also tested in the alcohol
treatment. Due to the immiscibility of EG with InP/toluene,
rather than centrifugation, the sample is prepared by simply
stirring EG with InP/toluene, and the supernatant InP/toluene
is taken out for analyses. The EG-treated InP NCs similarly
show an increased PLQY of 1.9% with an absorption peak
redshift of 8 nm (Fig. S9, ESIT).

The alcohol-treated InP NC surface chemistry and oxidation are
analysed by XPS. Fig. 5c¢ shows the P 2p spectra while other
elemental spectra are presented in Fig. S10 (ESIf). The P 2p
spectrum of the control sample clearly shows the existence of P-
In and P-O, bonds as mentioned above. Similar P 2p peaks are
observed in EtOH- and MeOH-InP NCs. The InPO,/InP intensity
ratios are 0.3, 2.3 and 2.7 for the control, EEOH- and MeOH-InP NC
samples, respectively. Notably, a peak at ~ 140 eV ascribed to the Zn
3s signal in both the EtOH- and MeOH-InP samples is observed.

a thanol . R Abs PL ¢ I
700} methano X s control P2p
--- — control
~ @ iethanol N ~ T EtOH-nP InPO,/InP = 0.3 po. Pn
Nes0f & 1-propanol \ -+ — MeOH-InP PO, Gy @)\ B
- ¢ 1-butanol  ° ~ LN ) e @) *
3 600} © 1-pentanol = b o PLQY 2 3
= © 1-hexanol L 24 % — @ |EtOH-InP P-O,
Q 3 1> - (2ps2) P-In, P-Zn
€ 550} © acetone S = >, [InPoInP=23 Pn,P-Zn  (2p,,)
g= O n = P-0, (2pya)
- al ] 5 a2 Zn3s
il * S £ 8| et N
2 < 3 o = [MeOH-InP P0
T 450 <r 1= iSinally s
5 InPO,/InP = 2.7
@ 400t » ratiot -wn
a\"
303 04 05 06 07 08 350 400 450 500 550 600 650 700 750 144 142 140 138 136 134 132 130 128 126
Relative polarity to water Wavelength (nm) Binding energy (eV)
d e
18 N 1 R
~16 — [P
3 NP
st [lznP e ® o \
212 B X / InPO,
1.0
Q ZnT
£ [ Alcohol
08 2
5 ® O
@ 0.6 zn
4
04
x
0.2 \
Zn,In,,PO,
control EtOH-InP MeOH-InP

‘.. reaction residuals M alcohols

Fig. 5 Alcohol treatment of InP NCs. (a) The relation between alcohol polarity and the corresponding PL intensity after the aging process. (b) PL and
optical absorption spectra of the control, ethanol-treated (EtOH-) and methanol-treated (MeOH-) InP NC samples. The control sample is prepared by
treating InP NCs directly with acetone. The inset shows the definition of peak-to-valley ratio in the absorption curves. (c) XPS P 2p spectra of InP NCs. The
oxidized InP leads to complicated P-O, binding (e.g., InPO,4 and P,Os) and thus a broad and ambiguous peak at around 133 eV. (d) XPS In/P, N/P and Zn/P
atomic ratios of the control, EtOH- and MeOH-InP NC samples. The atomic ratio of P is normalized to 1 while other elements are shown in a relative
atomic ratio to P. (e) A sketch illustrates the formation of INnPO, over InP NCs in a general aging process, and the formation of a Zn,In;_, PO, layer either by

adding alcohols during aging or the alcohol treatment.
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Atomiic ratios of Zn/P, In/P and N/P are shown in Fig. 5d. The Zn/P
ratios are approximately 0.1, 0.3 and 0.8 for the control, EtOH- and
MeOH-InP NC samples, respectively. In the Zn 2p;, spectra for
both the EtOH- and MeOH-InP NC samples, increased Zn-P and
Zn-0 bonds are found (Fig. $10, ESIT).°**" In addition, the EtOH-
and MeOH-InP NC samples show decreased In/P ratios (control:
1.6, EtOH: 1.2 and MeOH: 1.2) along with increased N/P ratios
(control: 0.8, EtOH: 1.1 and MeOH: 1.6).

The intentionally added alcohols and the post alcohol treat-
ment would play a similar role in the surface chemistry of the
InP NCs because of their similar PL enhancement and absorp-
tion peak redshift. The higher polarity methanol may have a
stronger interaction with InP NCs or reaction residuals/excess
ligand to induce surface passivation of NCs with higher PL
intensity and larger redshift in spectral peaks. An increase in
peak-to-valley ratio in the absorption curve is an indirect
indication of the better quality or narrower size distribution
of the EtOH- and MeOH-InP NCs.?* Furthermore, the immis-
cibility between EG and InP/toluene indicates that a rapid
reaction between high polarity alcohol and InP NCs occurs,
which only needs a short reaction time by simply stirring to
induce PL enhancement and a spectral peak redshift.

On the basis of increased P-O, oxidation, lifted Zn content
and Zn-O/Zn-P existence in alcohol-treated InP NCs, it is
suggested that a mixed ZnyIn;_,PO, passivation layer should
form at the InP NC surface. When alcohol exists in an OAm-
capped InP NC solution, the InP surface oxidation may occur
because of the interaction of InP NCs with alcohol. The alcohol
may trigger Zn-P/Zn-O reactions and form the mixed
ZnyIn,_,PO, passivation layer. P-Zn binding in the P 2p spectra
may also be observed, but the P-Zn highly overlap with P-In
and thus become indistinguishable.®>®® The slight decrease in
In/P ratio could be a result of partial Zn** substitution for
surface In** on the InP NCs during the formation of
ZnyIn,_,PO,. The redshift in the spectral peaks may be ascribed
to increase of N/P ratio with an additional OAm ligand on the
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NC surface. Formation of ZnjIn,_,PO, with a similar band
alignment as the InP/ZnO type II core/shell structure may also
contribute to redshifted spectral peaks.®* It is concluded that
alcohol induces more incorporation of not only Zn>" but also
OAm ligand on the NC surface. Alcohol itself directly binding to
the InP NC surface is excluded since the binding of alcohols
would lead to decreases in the OAm ligands and N/P ratio. It is
proposed that when protic alcohols are added into aprotic
organic solvents (i.e., toluene and OAm), preferential solvation
may occur to the unfavorable impurities on the NC surface and
thereby be carried off from the NC surface.®® At the time, Zn>*
and OAm in the solution along with trace water and oxygen are
induced by alcohols to react with InP NCs and form a mixed
ZnyIn;_,PO, oxide layer, leading to surface passivation with
improved PL intensity and redshifted spectral peaks. Increase
in PL lifetime of both the EtOH- and MeOH-InP NC samples
also suggests the surface passivation effect from the
ZnyIn, PO, oxide layer (Fig. S11 and Table S6, ESI).

In a general aging process without any additives, the InP
NCs show the formation of an InPO, passivation layer with an
increased PL intensity and blue-shifted absorption peak. How-
ever, if alcohol is introduced as an additive in the aging process
or InP NCs are directly treated with alcohols, a mixed
ZnyIn;_,PO, would form over the NC surface with increased
PL intensity and redshifted spectral peaks (Fig. 5e).

The material stability of alcohol-treated InP NCs is examined
by their PL intensity and absorption peak shift in the aging
process. The control, EtOH- and MeOH-InP NC samples are
aged in light/air for 168 h. As displayed in Fig. 6a, the control
sample shows a large decrease in PL intensity (>90%) and a
large absorption peak blueshift (~60 nm) after 168 h aging.
The EtOH- and MeOH-InP NC samples show increased PL
intensities (330-370%) and rather small absorption peak blue-
shifts (12-16 nm) after 168 h aging. Feasibility of alcohol
treatment to aminophosphine-based InP NCs is also demon-
strated. By varying synthetic temperatures from 150 to 280 °C,
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(a) Photo-stability examined from PL intensity and absorption peak shift of the control, ethanol- and methanol-treated InP NC samples in a light/

air 168 h aging process. All three samples are in a concentration of 1 mM with a total amount of 3 mL in toluene and aged in light/air for 168 h. (b) Optical
absorption spectra of InP NCs with absorption peaks spanning the green to red spectrum before and after methanol treatment.
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InP NCs with absorption peaks covering the green to red visible
spectrum are prepared. All InP NCs are treated with methanol,
and the resulting optical absorption spectra are shown in
Fig. 6b. After methanol treatment, all InP NCs show redshifted
absorption peaks and increased peak-to-valley ratios.

For the control sample, decreased PL intensity and blue-
shifted absorption peak suggest a sensitive nature and serious
InPO, oxidation of InP NCs after a light/air 168 h aging process.
For the EtOH- and MeOH-InP NC samples, the increased PL
intensity and smaller blueshift in the absorption peak are
attributed to better surface passivation from the Zn,In,_,PO,
oxide layer and ligand rearrangement over the NC surface as
the aging time extends.>®®® The larger PL intensity at 72 h of
aging of the EtOH-InP NCs is due to their lower original PLQY
(1.2%) and thus they have more room for enhancement. It is
suggested that mixed Zn,In;_,PO, has a better surface passiva-
tion effect than InPO, on the InP NCs. The feasibility of surface
passivation by alcohol treatment is supported by the InP NCs
with various absorption peaks. The alcohol treatment with the
formation of a mixed Zn,In;_,PO, layer, more specifically, not
only improves the PL instantly but also enhances the photo-
stability of NCs against aging. It is proposed that adding
methanol into aminophosphine-based InP NCs could prevent InP
NCs from degradation for long-time storage and may be beneficial
for subsequent overcoating and surface modification processes.
These encouraging findings, either aging InP NCs with existing
metal ions and alcohols or directly treating them with alcohols to
trigger the formation of a ZnyIn,_,PO, passivation layer, highlight
the special surface chemistry of aminophosphine-based InP NCs.

4. Conclusions

The effect of existing metal ions and intentionally added
alcohols on aminophosphine-based InP NC oxidation, PL and
photo-stability are investigated. In a general aging process
without any additive, InP NCs show an enhanced InPO, oxide
layer with increased PL intensity and blue-shifted absorption
peak. The existing reaction residuals (ie., In*", Zn**, CI-,
P(NHR)," and OAm) can alleviate InP NC oxidation in the aging
process and are not involved in the InPO, layer. With inten-
tionally added alcohols, InP NCs with reaction residuals result
in increased PL intensity with redshifted spectral peaks. It is
found that alcohol triggers the coupling of Zn>* from reaction
residuals to form a mixed Zn,In,_,PO, oxide passivation layer
on an alcohol-treated InP NC surface. The alcohol-treated InP
NCs demonstrate improved PLQY (~25 folds) and photo-
stability (~9 folds) against aging. This work demonstrates a
new insight to surface chemistry and surface modification for
aminophosphine-based InP NCs.
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