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Synthesis and Improved Photoluminescent Properties and
Stability of Bromine-Rich CsPbBr3 Nanocrystals Via using
CTAB as Additive

Shaohua Chi, Shuo Yang, Yansen Sun, Zhenyu Pang, Xiaoxu Sun, Lin Fan, Fengyou Wang,
Xiaoyan Liu, Maobin Wei, Jinghai Yang,* Nannan Yang,* and Lili Yang*

Although CsPbBr3 nanocrystals (NCs) show excellent optoelectronic
properties, their stability greatly limits their potential applications due to the
ionicity. Stable bromine-rich CsPbBr3 nanocrystals (NCs) are achieved by the
thermal injection method, which includes adding cetyltrimethylammonium
bromide (CTAB) to a cesium oleate precursor solution. The CTAB as a ligand
provides strong binding to the NC surface to effectively passivate the surface
defects, and most importantly helps to realize the formation of bromine-rich
CsPbBr3 NCs. The obtained bromine-rich CsPbBr3 NCs show higher
photoluminescence quantum yields (PLQYs) and enhanced moisture and UV
illumination stability. These results provide a simple strategy to synthesize
bromine-rich CsPbBr3 NCs, which can be promising for integrating into the
synthesize technique of perovskite optoelectronic devices.

1. Introduction

All-inorganic cesium halide lead perovskite nanocrystals
(CsPbX3, X = Cl, Br, I) has attracted significant attention
owing to the tunable bandgap, narrow emission band, wide
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absorption band, high tolerance and
high photoluminescence quantum yield,
which becomes the next generation of
potential materials for photoelectric de-
vices. So far, CsPbX3 perovskite has
been widely utilized to fabricate solar
cells and light-emitting diodes, which
exhibits excellent performance. For in-
stance, the power conversion efficiency
(PCE) of optimized CsPbI3−xBrx per-
ovskite solar cells (PSCs) have reached
20.8% and CsPbBr3 NC light emit-
ting diodes (LEDs) have exhibited an
external quantum efficiency (EQE) of
28.1%.[1,2] However, ionic nature, surface
instability, and metastable structure of
CsPbX3 nanocrystals (NCs) lead to their

degradation upon exposure to water, polar solvent, heat, and light
irradiation, making them sensitive to environmental factors.[3,4]

Besides component control, surface modification or packag-
ing has been utilized to enhance the stability of CsPbX3 NCs. For
example, partially or completely covering SiO2 shell on CsPbBr3
NCs can dramatically reduce its sensitivity to air, water, and light
exposure. Although such a thick shell layer could effectively pro-
tect CsPbBr3 NCs from the external environment, it would also
hinder charge transfer within the devices.[5] As for another way
of surface modification, the selection of capping ligands is criti-
cal to the final modification effect. The binding strength between
these capping ligands and CsPbX3 NCs have a great influence on
the stability and optical properties.[6] Although Oleic (OA) and
oleylamine (OLA) are traditionally required for the preparation
process of CsPbX3 NCs, they have a weak binding to the crys-
tal surface, resulting in the easy decomposition of CsPbX3 NCs.
So far, the ligands with strong binding such as trioctylphosphine
(TOP), oxide trioctylphosphine (TOPO), and alkylphosphonate
have been widely adopted to replace the traditional capped lig-
and, which hinders the aggregation and decomposition of per-
ovskite NCs, but cannot passivate the inherent defects within
perovskite NCs.[7–9]According to previous reports, cetyltrimethy-
lammonium bromide (CTAB) can be used as bromine source
to prepare CsPbBr3 perovskite quantum dots (PQDs) by water
bath substitution method (instead of OLA) or room tempera-
ture solvent resistance method. The photoluminescence quan-
tum yield (PLQY) of the synthesized CsPbBr3 PODs was as high
as 71%. Then, in order to improve the stability of PQDs, a pro-
tective layer was introduced into the synthesis of high stability
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Figure 1. TEM images (20 nm scale bar and 10 nm scale bar) and grain size distributions (obtained from TEM images) of a,e,i) CPBN, b,f,j) 0.05-CPBN,
c,g,k) 0.1-CPBN, and d,h,l) 0.15-CPBN.

quantum dots.[10,25] However, the formation of protective layer
requires complex treatment and will reduce solubility or disper-
sion. Therefore, it is necessary to explore novel and simple intro-
duction technique of multifunctional ligands to overcome both
low PLQY and complex protective layer decorating process.
In this work, we combine the water bath heating method and

surface engineering strategy together to develop a simple one-
pot fabrication method to synthesize CsPbBr3 NCs with high-
quality and high PLQY, in which both CTAB and OLA will serve
as passivator and protector to copassivate and protect CsPbBr3
NCs. The reasons for selecting CTAB as additive are listed as
follows: (1) CTA+ has a strong affinity for negative ions and a
shorter branched chain; (2) Since the surface of these NCs is ter-
minated by halide and cesium ions, an ion-pair ligand can be
an effective dual passivating agent; (3) Alkylammonium halide
(mostly bromide) ion-pairs are more effective in surface passi-
vating the inherent defects caused by halide vacancies. To reveal
how CTAB passivate the defects and improve the environmen-
tal stability of CsPbBr3 NCs, we studied the influence of amount
of CTAB addition on the structure, optical properties, and sta-
bility of CsPbBr3 NCs and reveal the corresponding modulation
mechanism of CTAB in detail. As a result, the stability and crystal
quality of CsPbBr3 NCs have been successfully improved without

other protective layer, and the PLQY is also enhanced up to 84%.
We hope that our technology can bring new insights and help
solve the inherent instability of tribromide perovskite materials
and devices.

2. Results and Discussion

To optimize the synthesis procedure, we examined the effect of
CTAB adding amount on the structure of CsPbBr3 NCs. Fig-
ure 1 shows the transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), and
particle size distribution histograms images of as-synthesized
CPBN, 0.05-CPBN, 0.1-CPBN, and 0.15-CPBN. Obviously, the as-
synthesized control CPBN exhibits cubic shape with an average
diameter of 9.6 nm. The corresponding HRTEM image exhibits
a lattice plane distance of 0.3 nm, corresponding to the (200)
plane of the monoclinic-phase CsPbBr3 (Figure 2).

[11–13] Mean-
while, some dark spots appeared on the CsPbBr3 NCs, which are
usually assigned to unreacted PbBr2 particles according to previ-
ous reports.[14] After introducing 0.05 mmol CTAB, the CsPbBr3
NCs tend to self-assemble into “face-to-face” stacking nanosheets
and those dark spots were totally disappeared, indicating the high
crystal quality of 0.05-CPBN had been achieved. Meanwhile, the
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Figure 2. XRD patterns of CPBN, 0.05-CPBN, 0.1-CPBN, and 0.15-CPBN.

average diameter of CsPbBr3 NCs also increased up to 19.2 nm.
One of reason is that the CTAB is a highly active surface ligand,
the surface activity of CsPbBr3 NCs turns higher, which leads to
the acceleration of crystal growth rate and prompt the achieve-
ment of CsPbBr3 NCs with larger size.

[15] In addition, the unre-
acted PbBr2 exists in the solution of oleic acid or ammonium ion
complex. According to the following equation[16]

(C17H33COO)2Pb + 2C18H35NH2Br → PbBr2 ↓

+ 2(C17H33COO)
−(C18H35NH2)

+ (1)

the PbBr2 would precipitate out, while oleate and ammonium
oleate form ion pairs. The disappearance of lead bromide black
spots proves that CTAB can improve the surface activity of
nanocrystals. The addition of appropriate amount of CTAB can
improve the reaction activity of the precursor solution and
then increase the reaction rate and promote the production of
nanocrystals. This is beneficial to the complete crystallization
of CsPbBr3 NCs, which can effectively inhibit the occurrence of
the above reactions and eliminate the black spots. Interestingly,
with further increasing the adding amount of CTAB up to 0.1
and 0.15 mmol, the dark particles appeared and average diam-
eter decreased again. It is attributed to the fact that high ligand
concentration will reduce the reaction activity of the precursor
solution and provide a relatively inert environment, and lead to
the decrease of nanocrystal growth rate.[17] In addition, CTAB
as an Alkyl quaternary ammonium salt (QAHs) is a well-known
cationic surfactant. For these molecules, the high polar nitro-
gen part usually makes them show poor solubility in nonpolar or
weak polar solvents such as toluene and octadecene (ODE). This
is also the reason why only a small amount of CTAB is needed in
the synthesis of CsPbBr3 NCs.
The X-ray diffraction (XRD) patterns were performed to an-

alyze the composition and phase structure of the samples. As
shown in Figure 2, all as-synthesized CsPbBr3 NCs exhibit three
strong diffraction peaks at 15.2o, 30.6o, and 44.1o, which can be
assigned to the (100), (200), and (220) plane according to the
JCPDS #18-0364, confirming the formation of perovskite struc-
ture with monoclinic phase.[18,19] Obviously, the introduction of

CTAB did not significantly affect the crystal structure of CsPbBr3
NCs. As for all the CsPbBr3 NCs modified by CTAB, the inten-
sity of (200) diffraction peak of 0.05-CPBN turned to be strongest,
indicating high crystal quality has been obtained due to the de-
fect passivation. However, with further increasing the amount
of CTAB, the intensity gradually reduced, indicating the crystal
quality turned poor again.
Here we propose a possible influence mechanism of CTAB on

the growth of CPBN. It is well known that cubic CsPbBr3 con-
sists of periodically arranged Pb–Br octahedrons and isolated ce-
sium ions.[20] It is worth noting that the band edge is formed by
Br 4p and Pb 6p orbitals, while the interaction of Cs ions is very
weak and makes little contribution to the electronic structure of
the band edge.[21] In other words, the recombination of excitons
is limited to PbX64− octahedron, and only the changes of sur-
face Pb and Br states affect the optical properties. Since there are
only dozens of unit cells due to the small size of CsPbBr3 and
the formation energy of interstitial and antilattice defects is very
high, the internal defects are negligible compared with surface
defects.[22,23] This greatly simplifies the problem so that we can
consider that there are only two kinds of vacancy defects (VBr and
VPb) on the surface. As shown in Figure 3, when there is VPb on
the surface, the entire structural unit loses the edge of the Pb–
Br octahedron, but the other structural units remain unchanged.
The bromine ion in halogenated alkylaminewill fill the empty an-
gle of PbX6−y octahedron, and the amine cation will bind to the
hanging bond of Br ion. In addition, when there are VBr defects,
lead ions will be exposed and stabilized by oleate.
To prove above proposal, Fourier-transform infrared (FTIR)

spectroscopy was conducted to analyze the ligand attachment to
the NC surface. As can be seen from Figure 4, for all samples,
the absorption at 1605 and 1406 cm−1 is attributed to an asym-
metric vibration and a symmetrical stretching vibration of the
carboxylic acid group, indicating that oleic acid anions are com-
plexed on the surface of CsPbBr3NCs.[24] In comparisonwith the
spectrum of CPBN, the spectra of CTAB-modified CsPbBr3 NCs
exhibit stronger signal at 2850 and 2920 cm−1, which is respec-
tively corresponding to the CH2 and CH3 symmetric and asym-
metric stretching vibrations of OA and OLA ligands, indicating
the addition of CTAB does not counteract the contribution of OA
and OLA to nanocrystals. Meanwhile, the peak corresponding to
C–N+ tensile vibration can be observed at 907 and 960 cm−1.[26]

These signals are the typical absorption bands for CTAB, further
indicating the both of CTAB and OA/OLA play a double passiva-
tion effect on nanocrystals. In addition, the strong signal at 1635
cm−1 of the CsPbBr3 NCs and CTAB modified CsPbBr3 NCs can
be attributed to the asymmetric NH3

+ deformation.[18,25]

The UV–vis absorption spectra, PL spectra and photolumi-
nescence yields (PLQYs) of CPBN and 0.05-CPBN are shown in
Figure 5. Both CPBN and 0.05-CPBN show a strong emission
band under the excitation of 365 nm, and the maximum emis-
sion intensity at 515 nm. Obviously, the introduction of CTAB did
not significantly change its emission peak position, indicating
the addition of CTAB did not bring great change in the perovskite
structure. Meanwhile, the full width at half maximum (FWHM)
decreased from 20 to 18 nm and the fluorescence intensity at
515 nm were enhanced after introducing CTAB, which further
proved that the surface trap state in 0.05-CPBN had been effec-
tively passivated. In addition, the CsPbBr3 nanocrystalline
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Figure 3. Schematic depiction of surface passivation.

Figure 4. FTIR transmission spectra of the CPBN, 0.05-CPBN, 0.1-
CPBN, and 0.15-CPBN prepared from different adding amount of
CTAB.

solution emits bright green when excited by 365 nm,
and the quantum yield increases from 64% to 84%. Ac-
cording to the literature, PbBr2 particles are other ways
to cause nonradiative attenuation, so the elimination of
PbBr2 particles may be another factor to lead to the PLQY
enhancement.[13,15,29]

Figure 5. UV–vis absorption spectrum and PL emission spectrum of
CPBN and 0.05-CPBN. The insets show photographs of the corresponding
samples under excitation of 365 nm UV light.

Figure 6 presents the time-resolved PL spectra of CPBN
and 0.05-CPBN. The average PL lifetime were estimated using
Equation 2

𝜏av =
∑

iAi𝜏i
2

∑
iAi𝜏i

(2)
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Figure 6. Time-resolved PL for a) CPBN and b) 0.05-CPBN solutions.

Table 1. Lifetimes and associated fraction amplitudes resulting from a
biexponential fit to the PL decay transients for QDs-control and QDs-
passivated samples.

Sample A1 [%] 𝜏1 [ns] A2 [%] 𝜏2 [ns] A3 [%] 𝜏3 [ns] 𝜏ave [ns]

CPBN 10.08 6.46 13.13 14.89 0.052 84.31 8.80

0.05-CPBN 10.80 8.96 13.83 13.73 0.037 85.74 12.9

where Ai and 𝜏 i are used to fit the weight and time components
of the exponential function of the PL decay curve. As shown in
Figure 6, the PL decay of 0.05-CPBN is also slower than that of
CPBN, and the average lifetimes increased from 8.8 to 12.9 ns,
suggesting defect passivation and less nonradiative recombina-
tion via defect states happened in 0.05-CPBN, which is consistent
with the results of Figure 5. The PL decay transients of OA/OLA-
cappedCsPbBr3 NCs andCTAB-cappedCsPbBr3 NCs can be best
described by a triple exponential decay function. The fitted life-
time of 𝜏1, 𝜏2, and 𝜏3 is corresponding to the intrinsic exciton
relaxation, the interaction between excitons and phonons, and
the interaction between excitons and defects, respectively.[27–29,31]

The fitted lifetime of 𝜏1, 𝜏2, and 𝜏3 in CPBN is 6.5, 14.9, and
84.3 ns, respectively (Table 1), respectively. And the fitted life-
time of 𝜏1, 𝜏2, and 𝜏3 in 0.05-CPBN is 9.0, 13.7, and 85.7 ns,
respectively. The average lifetime (𝜏av) is then calculated to be
8.8 and 12.9 ns for CPBN and 0.05-CPBN, respectively. It is
well known that the surface defects on CsPbBr3 nanocrystals
will serve as nonradiative recombination channel in addition to
light emission, which will shorten the attenuation lifetime of PL
and reduce PLQY.[32,33] Compared with the unmodified quantum
dots, CTAB-CQDs shows a longer effective fluorescence lifetime,
which indicates that the nonradiative recombination can be suc-
cessfully suppressed by surface modification.
To further explore the passivated principles of CTAB, we per-

formedX-ray photoelectron spectroscopy (XPS)measurement on
CPBN and 0.05-CPBN samples. Figure 7a presented the survey
XPS spectra of both samples. Obviously, the elements of Cs, Pb,
Br, C, and O existed in both samples. Figure 7b shows that the
binding energy of Cs+ is relatively stable before and after CTAB
passivation, indicating that the interaction between Cs+ and sur-
face ligands in perovskite crystals is not significant. In Figure 7c,

Table 2. Atomic percentages from quantitative XPS analysis.

Atomic % C Cs Pb Br

CPBN 81.98 0.35 0.28 1.09

0.05-CPBN 74.46 0.25 0.22 0.87

the peaks with binding energies of 143 and 143.3 eV belong to
the Pb 4f 5/2 of CPBN and 0.05-CPBN, respectively, and the
peaks of 138 and 138.3 eV belong to the Pb 4f 7/2 of CPBN and
0.05-CPBN, respectively.[4] Similarly, in Figure 7d the peaks with
binding energies of 69 and 69.3 eV are attributed to Br 3d 3/2
of CPBN and 0.05-CPBN, respectively, and the peaks of binding
energies of 68 and 68.3 eV are attributed to Br 3d 5/2 of CPBN
and 0.05-CPBN, respectively.[34] As for 0.05-CPBN, a shift to the
larger binding energy appears for Pb 4f and Br 3d XPS spectra
in comparison with those of the CPBN. Such shift indicated the
binding between Pb and Br in 0.05-CPBN turned stronger due
to the CTABmodification, which results in the improved PLQYs.
Meanwhile, according to the quantitative XPS results (Table 2),
the composition ratio of CPBN is Cs:Pb:Br = 1:0.8:3 and the cor-
responding ratio of 0.05-CPBN is Cs:Pb:Br = 1:0.8:3.4, indicat-
ing that the addition of CTAB ligands prevents the occurrence
of halide defects in the 0.05-CPBN and leads to the formation of
Br-rich NCs. According to the previous reports, the bromide ion-
enriched surface of CsPbBr3 NCs has a role in self-passivation to
enhance photoluminescence properties, which is also consistent
with our results.[35,36]

The surface defects and weak ligands–NCs interaction are the
key factors to result in the instability and degradation of the
CsPbBr3 NCs in ambient conditions.[3,37–40] In order to verify
whether the surface passivation of CTAB in our case could im-
prove the stability or not, the corresponding time and moisture-
dependent photostability were studied. As shown in Figure 8, the
PL intensity of CPBN dropped to 39% of its initial value under
UV exposure for 6 h, while the PL intensity of 0.05-CPBN re-
mained over 90%. We believed that such better photostability of
0.05-CPBN was originated from the stable ligands anchored by
the CTAB. In detail, as for perovskite NCs, the vacancies defects
dominate their surface properties. After we used CTAB to mod-
ify CPBN, since CTA+ has a strong affinity for negatively charged

Cryst. Res. Technol. 2022, 57, 2200051 © 2022 Wiley-VCH GmbH2200051 (5 of 8)
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Figure 7. The X-ray photoelectron spectroscopy (XPS) of a) CPBN and 0.05-CPBN, b–d) the high-resolution XPS analysis corresponding to Cs+ 3d, Pb2+

4f, and Br− 2p, respectively.

Figure 8. PL emission spectrum of a) 0.05-CPBN and b) CPBN; Normalized PL emission intensity of c) CPBN and 0.05-CPBN: solutions after different
irradiation times with a 28 W (365 nm) UV lamp.

surface sites, the OA/OLA ligands separated from the surface of
quantum dots are replaced by CTA+, which helped to form the
Br-rich CsPbBr3 NCs and finally enhanced the long-term optical
stability.
In addition, all samples showed enhanced luminescence af-

ter being exposed to UV light for 1 h. The increase in fluo-
rescence intensity after exposure to ultraviolet light is often re-
ferred to as “light activation,” also known as light enhancement.
This pathway includes photoinduced rearrangement of surfac-
tant molecules, which stabilize/passivate the holes on the sur-
face of NCs, resulting in enhanced luminescence.[30,41] When
CPBN and 0.05-CPBN were immersed in water with vigorous

stirring, after soaking ultraviolet irradiation for 90 min, the flu-
orescence intensity of CPBN decreased sharply to 31%, while
0.05-CPBN maintained 91% of the original integral emission in-
tensity, suggesting the hydrophobic nature of CsPbBr3 NCs be-
comes stronger due to the passivation with the CTA+ (Figure 9).
These results indicate that the photostability and water stability
of CsPbBr3 NCs after CTAB passivation have been improved.

3. Conclusion

In summary, we developed a simple CTAB additive method
to synthesize bromine-rich CsPbBr3 NCs with enhanced

Cryst. Res. Technol. 2022, 57, 2200051 © 2022 Wiley-VCH GmbH2200051 (6 of 8)
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Figure 9. Time-dependent PL emission spectra under UV light of a) 0.05-CPBN and b) CPBN; Normalized PL emission intensity of c) CPBN and 0.05-
CPBN: solutions with water in a 1:1 volume ratio.

photoluminescent properties and environmental stability (mois-
ture and UV illumination). In comparison with the traditional
OA andOLA cappedNCs, the crystal quality, PLQY and the stabil-
ity of monodispersed CTAB-capped bromine-rich CsPbBr3 NCs
have been enhanced. The PLQY of CsPbBr3 NCs prepared by
adding 0.05 mmol CTAB reached up to 84%, and it retained orig-
inal PL intensity for at least 6 h under the ultraviolet irradiation.
The improved PLQY and stability can be attributed to the CTAB
ligands bound strongly to the surface of NCs, resulting in the ef-
fective passivation of surface defects and even more importantly
the formation of a bromine-rich surface. These results provide a
simple strategy to synthesize CsPbBr3 NCs with environmental
stability and high PLQYs, suggesting a broad prospect in opto-
electronic applications.

4. Experimental Section
Materials: Cesium carbonate (Cs2CO3; 99.99%), octadecene (ODE;

90%), oleic acid (OA; 99%), oleylamine (OLA; 90%), hexadecyl trimethyl
ammonium bromide (CTAB; 99%), lead bromide (PbBr2; 99.99%), normal
hexane. During use, all reagents were not further purified.

Synthesis of OA/OLA-CsPbBr3 NCs: First, the Cs2CO3 (0.22 g), OA
(0.65 mL), and 10 mL ODE were mixed and put into a 100 mL three neck
round-bottom flask to prepare the cesium oleate precursor. The mixture
was desiccated under vacuum at 120 °C for 1 h, then heated up to 150 °C
and stirred for 20 min under N2 flow, till all Cs2CO3 was completely dis-
solved. ODE (5 mL), PbBr2 (0.052 g), OA (0.5 mL), and OLA (0.5 ml)
were mixed and stirred under vacuum at 120 °C for 1 h to prepare the
Pb precursor. The Pb precursor was then heated to 170 °C, hot Cesium
oleate solution (0.4 mL) was rapidly injected for 5 s and then the CsPbBr3
perovskites solution was immediately cooled by ice-water bath. Then the
cooled crude solution was centrifuged at 7500 rpm for 4 min. The super-
natant was discarded and the particles were dispersed in normal hexane
after centrifugation.

Synthesis of CTAB-Capped CsPbBr3 NCs: The Cs2CO3 (0.22 g), OA
(0.65 mL), CTAB (X mmol, X = 0.05, 0.1, 0.15) were mixed in 10 mL ODE
in a 100 mL three-neck round bottom flask to prepare the cesium oleate
precursor. The mixture was desiccated under vacuum at 120 °C for 1 h,
then heated up to 150 °C and stirred for 20 min under N2 flow, till a clear
solution was obtained. It is worth noting that Cs-oleate precipitates out
of ODE at room temperature, so preheating over 100 °C is needed to
make it soluble before applying. Second, to prepare Pb-precursor solu-
tion, the PbBr2 (0.052 g) was mixed with ODE (5 mL), OA (0.5 mL), and
OLA (0.5 mL), loaded into 50 mL 3-neck flask, and degassed at 120 °C
for 1 h under vacuum. The mixed solution was heated up to 170 °C. Fi-
nally, to synthesize the CsPbBr3 NCs, the hot Cs-oleate solution (0.4 mL)
was rapidly injected and stirred for 5 s at that temperature. The solution
of CTAB capped CsPbBr3 perovskites was cooled by ice-water bath imme-

diately. Then the cooled crude solution was centrifuged at 7500 rpm for
4 min. The supernatant was discarded and the particles were dispersed
in normal hexane after centrifugation. (CsPbBr3 NCs capped with x mmol
CTAB and OA/OLA-CsPbBr3 NCs are named x-CPBN and CPBN).

Characterization: TEM and HRTEM images were taken on JEM-2100
electron microscope equipped. XRD patterns were obtained by using
a Rigaku D/max-2500 X-ray powder diffractometer with a Cu Ka source.
The step size (2𝜃) is 0.02°. UV–vis absorption spectra were recorded on
a UV-3600 PC UV–vis spectrophotometer. Photoluminescence quantum
yields (PLQYs) were measured using an Otsuka QE-2000 with an integrat-
ing sphere. The PLQYs were measured under the excitation of 365 nm UV
light. Steady-state photoluminescence spectra (PL) were collected from a
FluorologoiHR 320 Horiba Jobin Yvon spectrofluorimeter. Time-resolved
PL measurements (TRPL) measurements were performed on a Horiba
Jobin Yvon Fluorolog-3 fluorescence lifetime spectrometer. XPS measure-
ments were performed by an ESCALab220i-XL electron spectrometer from
VG Scientific. FTIR spectra were recorded using a Bruker Vertex 70 spec-
trophotometer in KBr pellets.
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