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Fumed silica with a specific area of 295 m2/g was carbonized by successive phenyltrimethoxysilane
treatments followed by annealing in inert atmosphere up to 650  C. Emission, excitation, kinetics, and
photo-induced bleaching effects were investigated by steady state and time-resolved photoluminescence spectroscopies. The local chemistry was also studied by infrared transmission spectroscopy.
Strong ultraviolet and visible photoluminescence was observed in the samples after the chemical treatments/modifications and thermal annealing. It has been shown that ultraviolet photoluminescence in
chemically modified fumed silica is associated with phenyl groups, while near ultraviolet and visible
emission in annealed samples originated from inorganic pyrolytic carbon precipitates dispersed in the
silica host matrix. Two types of emission bands were identified as a function of the annealing temperature: one is in the near UV and the other is in the visible range. Based on the emission/excitation analysis of these two bands, as well as on correlations with the synthesis conditions, a structural-energy
concept of light-emitting centers has been proposed. According to this model, the light-emitting
centers are associated with carbon clusters that can be bonded or adsorbed on the silica surface. This
has been validated by a detailed (S)TEM-electron energy-loss spectroscopy study, confirming the inhomogeneous distribution of nanoscale carbon precipitates at the surface of the silica nanoparticles.
These carbon precipitates are mostly amorphous although they possess some degree of graphitization
and local order. Finally, the fraction of sp2 carbon in these nanoclusters has been estimated to be close
to 80%. Published by AIP Publishing. https://doi.org/10.1063/1.5042671

I. INTRODUCTION

Luminescent materials in a visible spectra range are of
great importance in modern optoelectronics, artificial lighting, and visualization/indication technologies.1 The inorganic segment of such materials is mainly occupied by
multicomponent ceramics doped by optically active rearearth metals. Limited natural resources and high price of
rear-earth metals as well as their undesirable effects on environment and human health stimulate research activity in the
development of efficient alternatives. In the last decade,
great performances have been achieved in the development
of luminescent semiconductor nanoparticles (SNPs). Their
applications have been successively implemented, for
instance, in bioimaging nanolabels2 and multicolour phosphors in the new generation of large screen TVs (QLED
TVs). For nanoparticles, the choice of the materials is also
restricted by human health safety demands. For instance, the
application of nanoparticles (NPs) of Cd- and Pb-containing
a)
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compounds (i.e., CdSe, CdTe, PbS, and PbSe), which can be
relatively easily synthesized with precisely controlled size
and emission spectrum,3 is severely limited due to their toxicity. In fact, since 2006, the application of such NP has been
banned by European regulations.4 Thus, recent R&D efforts
are focusing on In and Zn based luminescent nanoparticles,5
as well as on searching of new effective fluorophores with an
optimal combination of different factors including an easy
production process, good emission properties, and no risk for
human safety. Recently, it has been reported that carbon
incorporated nanostructured silica exhibits strong photoluminescence in the near-UV and visible spectral range.6–12 It
was demonstrated that spectral properties of emission light
can be tuned over the visible range as a function of the preparation conditions of such nanostructures.6,12 The authors of
Refs. 6 and 7 put forward the hypothesis that luminescent
centers are associated with carbon species in the form of subnanometer clusters and/or nanoparticles. This hypothesis
looks quite realistic in the light of recent advances in the synthesis and science of luminescent carbon nanodots.13,14
Nevertheless, other mechanisms, involving optically active
bulk/surface defects in amorphous silica are suggested and
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discussed as emission centers.8–11 The development of physical mechanisms of light emission in such nanostructured
materials needs more detailed investigations. The present
work combines optical, structural, and chemical analyses in
order to extract a wealth of information on the luminescent
properties of carbonized fumed silica and on their chemistry.
II. EXPERIMENT
A. Synthesis of the material

Nanodispersed fumed silica powder with a specific surface area of 295 m2/g was used as a nanostructured silica
matrix. Before chemical modification, the fumed silica was
annealed in air at 600  C for 30 min to remove carbon contamination. Afterwards, it was dispersed in a toluene solution
of phenyltrimethoxysilane (PhTMS, 1.73 ml of PhTMS per
10 ml of toluene) at a temperature of 70 j for 4 h in the
presence of triethylamine as a catalyst. PhTMS reacted with
the silica surface through the reaction of electrophilic substitution of proton in the silanol groups present at the surface.
This resulted in the formation of Si-O-Si bonds and in
the elimination of methanol
 Si–OH þ ðH3 COÞ3 SiC6 H5 !
 Si–O–SiðOCH3 Þ2 C6 H5 þ CH3 OH:
Phenyl containing groups Si(OCH3)2C6H5 appeared to be
covalently bonded to the silica surface through SiOSi
bonding bridge. Obtained products, phenylsilicas, were
washed out with a dissolvent and dried at 80–100  .
Afterwards, the samples were annealed in a pure nitrogen
flow at atmospheric pressure or in vacuum (104 Pa) for
30 min at temperatures of 500, 600, 650, and 700  C, resulting in the pyrolytic destruction of organic and organosilicon
surface groups followed by carbon precipitation.
B. Structural and chemical characterization

Interatomic chemical bonds were studied by Fouriertransform infrared spectroscopy (FTIR) in transmission
mode using Nicolet 6700/Nicolet Continuum (Thermo
Fisher Scientific) equipped with an IR/VIS-microscope that
allows measuring IR-transmission within the 50  50 lm
selected area of the powder sample without using dispersion
in a KBr pellet.
The X-ray photoelectron spectroscopy (XPS) analyses
were carried out using a Kratos Axis Supra spectrometer.
The photoelectron spectra were excited by a soft X-ray Al
Ka (1486.6 eV) anode at a power of 225 W (15 mA, 15 kV).
In order to check the influence of surface contamination,
XPS spectra were collected before and after a soft gas cluster
ion beam (GCIB) etching (Ar, 10 keV, 30 s). Calibration of
the spectra was done by setting the position of the C1s peak
at 284.9 eV. XPS analysis has been carried out by using the
Casa XPS software.
Scanning transmission electron microscopy (STEM)
studies, and in particular, spatially resolved electron energyloss spectroscopy (SR-EELS) analyses, were performed by
using a FEI Titan Low-Base microscope operated at 80 kV

J. Appl. Phys. 124, 105108 (2018)

and equipped with a Cs probe corrector, a monochromator,
an ultra-bright field emission gun (X-FEG) as electron
source, and a Gatan Tridiem ESR 865 EELS spectrometer.
STEM imaging was performed by using a high-angle annular
dark-field detector (HAADF). During SR-EELS analyses,
the energy resolution was 0.9 eV with a dispersion of 0.3 eV/
pixel. The convergence and collection angles were 18 and 16
mrad, respectively. STEM-EELS experiments were also performed with the monochromator on. In this case, the energy
resolution was 0.3 eV for a dispersion of 0.03 eV/pixel.
TEM-EELS experiments were also performed to determine
the carbon sp2 ratio by using a FEI Titan Cube microscope
operated at 80 kV and equipped with a Cs image corrector
and a Gatan Tridiem spectrometer. The probe diameter for
EELS acquisition was around 30 nm. Convergence and collection angles were 4.6 and 20 mrad, respectively. The
energy resolution was 0.6 eV for a dispersion of 0.05 eV/
pixel. The complete method to determine the carbon sp2 ratio
has been detailed previously.15,16 To minimize carbon contamination and irradiation beam damages, (S)TEM experiments were performed at liquid nitrogen temperature.
C. PL emission/excitation/kinetics

Photoluminescence emission, excitation as well as decay
kinetics, and bleaching effects were studied by steady state
and time resolved PL spectroscopies. Steady state PL spectra
under vacuum ultraviolet (VUV) excitation were measured
at room temperature by an ACTON single-beam spectrophotometer (model SP150) working in the N2 flux (typically
60 l/min). The excitation light source is given by a 30 W D2
lamp and selected by a first monochromator with 1200
grooves/mm, blazed at 150 nm, and a slit resolution of 3 nm.
The luminescence is dispersed by a second monochromator
(600 grooves/mm, blaze at 500 nm, slit resolution of 5 nm)
and detected by a photomultiplier. The emission spectra
were corrected for the monochromator dispersion, while the
excitation spectra were corrected for the spectral efficiency
of the exciting light, using a sodium salicylate sample as a
reference.
Time-resolved PL spectra were performed at room temperature in front-scattering geometry. Pulsed excitation light
(pulse width 5 ns, repetition rate 10 Hz) was provided by a
VIBRANT OPOTEK optical parametric oscillator laser system, pumped by the third of a Nd:YAG laser harmonic
(354 nm/3.50 eV). The laser emission could be varied from
400 nm (3.1 eV) to 210 nm (5.90 eV); the beam intensity was
monitored by a pyroelectric detector and was kept at 0.15
mJ/pulse. The luminescence emitted by the sample was dispersed by a spectrograph (SpectraPro 2300i, PI/Acton,
300 mm focal length) equipped with a grating with 150
grooves/mm and blazed at 300 nm, and the spectral slit resolution was set to 20 nm. The detector used an intensified
charge coupled device camera driven by a delay generator
(PIMAX Princeton instruments) for acquiring the emitted
light in a time window Delta delayed TD from the laser
pulse. The emission spectra were corrected for the dispersion
of a monochromator.
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Steady state and time-resolved PL measurements were
also performed using an optical system on the base of nitrogen laser for excitation (k ¼ 337.1 nm, pulse duration 9 ns,
pulse repetition frequency f ¼ 80 Hz). A delay time of about
1 ns from the start of laser pulse and a strobe gate of about
0.1 ns were used for time-resolved measurements. Such
method allows examining the relative contribution of emission centers with different optical response times in the
broad-band emission spectrum.
III. RESULTS AND DISCUSSION
A. XPS and (S)TEM analyses

XPS spectra of the fumed silica precursor and the sample of phenylsilica treated at 600  C are presented in the supplementary material [Figs. S1(a) and S1(b)]. The results of
elemental quantification are presented in Table I. The effect
of the chemical/thermal treatment on the samples can be
clearly seen as it leads to a strong increase in the carbon concentration. The effect of the gas cluster ion beam (GCIB)
etching on the XPS survey has been examined to extract the
effect of carbon contamination adsorbed on the surface of
fumed silica. The etching leads to a decrease in two percent
of the O atomic concentration followed by a slight increase
in the C atomic concentration. This slight increase in carbon
after etching has been observed for all the samples and could
be related to carbon diffusion from bottom to the top layers
due to the local increase in temperature induced by the ionic
bombardment and low thermal conductivity of the nanopowder. It should be noted that no variation of the Si2p and O1s
spectra has been observed under GCIB etching.
C1s spectrum of fumed silica is composed of a main
peak at 285 eV (C-C/C @ C) and a high energy shoulder that
can be fitted by two bands (Fig. S1). These bands are obviously related to oxygen in the form of carbonyl/carboxyl/alkoxy groups in organic pollutions and adsorbed CO/CO2.
GCIB etching resulted in the weakening of an oxygen related
shoulder [Fig. S1(b)]. Here, we are not focusing on the identification of pollutions in fumed silica but demonstrate that
local chemistry of the carbon-based materials can be modified even after soft gas cluster ion beam etching.
Consequently, only the data acquired before GCIB etching
are considered and discussed.
Si2p, C1s, and O1s spectra of SiO2:C sample annealed at
600  C are illustrated in Fig. S2. Si2p and O1s peaks are symmetrical without evident signs of multicomponent nature indicating that main contribution to these peaks comes from the
TABLE I. XPS quantification obtained of the fumed silica precursor and the
sample treated at 600 C.

Si (at. %)
O (at. %)
C (at. %)
Energy difference
between Si 2p and O 1s lines (eV)

Fumed silica
precursor

600  C

38.3
55.2
6.6
429.4

30.3
41.2
28.4
429.3

SiO2 matrix. The energy difference between the Si2p
(103.6 eV) and O1s (533,1 eV) can also be used as the indicator of the local chemistry of the silica.15 The obtained values
are similar for the precursor and the sample treated at 600 C,
and they are close to the reference values obtained on fumed
silica (429.5 eV).17 Contributions of local Si-C surface bonds,
if present, would be close to 102 eV, i.e., in low energy part of
Si2p spectrum.18 However, no additional contribution can be
distinguished at the low energy Si2p spectrum.
In contrast to Si2p and O1s, the C1s peak is obviously
multicomponent with a dominant contribution from the peak
at 284.9 eV (C-C/C @ C bonds) and a minor, but significant,
high energy component at 286.1 eV, which can be assigned
to carbon-oxygen bonds.19,20 The small peak at 290 eV,
highlighted by a red arrow [Fig. S2(b)], is more likely to correspond to the p!p* shake-up satellite that is inherent to
conjugated systems (“graphite-like” structure). Oxygen
related contribution in C1s is still present after GCIB etching
and then it can be assigned to the specific structure of carbon
precipitates. Identification of O-C contribution in the O1s
spectrum is hampered by the dominant contribution of the
O-Si peak from the SiO2 matrix and overlapping of the O-Si
and O-C/O @ C peaks. In any case, it is hard to associate
carbon-oxygen bonds as C-OH terminating bonds or C-O-Si
interface bridging bonds between carbon precipitates and the
silica surface.
A typical STEM image of the pristine fumed silica is
shown in Fig. 1(a). Two different kinds of nanoparticles can
be highlighted in this image. Minor fraction of the sample is
composed of bigger particles with a diameter of about
30–40 nm, while most of the sample consists of smaller
nanoparticles with a diameter of about 8–10 nm [Fig. 1(b)].
The smallest nanoparticles are sintered and both kinds of
nanoparticles are amorphous. A typical EELS spectrum of
the smallest nanoparticles is displayed in Fig. 1(c). The Si-L
and O-K edges can be clearly highlighted on the spectrum
around 105 and 530 eV, respectively. No signs of carbon (CK around 290 eV) were detected in the spectrum. The Si-L
fine structures [see the inset of Fig. 1(b)] match the fine
structures of SiO2.21–23 In addition, it should be noted that
the EELS response of the smallest and biggest nanoparticles
is similar. Thus, this means that the only differences between
the two kinds of nanoparticles regard their size and morphology and not their composition.
Figure 2(a) shows the STEM micrograph of the samples
annealed at 600  C. Both kinds of nanoparticles are present
in this sample. This means that the morphological features of
the silica host matrix remain unchanged after chemical and
thermal treatments. The C-K edge can now be distinguished
in some areas of the sample [Fig. 2(c)]. The striking difference with the silica precursor is the presence of carbon-rich
areas that are now highlighted in the elemental map and can
be identified as carbon precipitates on the silica surface [Fig.
2(c)]. From the carbon elemental map, the size of the Cprecipitates has been determined and is between 2 and 6 nm.
The atomic concentration of carbon can reach up to 50% in
some regions of the sample. In addition, no evident differences can be highlighted in the Si-L and O-K fine structures
of the carbon-rich and carbon-deficient area of the sample
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FIG. 1. (a) Typical STEM HAADF
micrograph of the fumed silica precursor. The red arrow highlights the minor
fraction corresponding to the biggest
nanoparticles. (b) HR-STEM HAADF
micrograph of the smallest nanoparticles. (c) Typical EELS spectrum
taken on the smallest nanoparticles.
The inset shows an enlarged region
closed to the Si-L edge.

[Fig. 2(c) and inset] although more detailed studies would be
needed to clarify possible contribution from Si-C and C-O
local bonds. Figure 3 shows a monochromated EELS spectrum (centered in the C-K edge) recorded on the sample
annealed at 600  C. The spectrum is the characteristic of an
amorphous carbon although fine structures above 290 eV
(see red arrows in Fig. 3) highlight some degree of graphitization and local order.15 Finally, the carbon sp2 ratio has
been estimated from the TEM-EELS analysis and is found to
be close to 80%.
B. Interatomic bonds

FTIR transmission spectra of pristine fumed silica, phenylsilica, and annealed phenylsilica are presented in Fig. 4.
The silicon oxide structure in pristine fumed silica is represented by the Si-O-Si related band at 800 cm1 and
1000–1200 cm1 with a low-frequency shoulder at 970 cm1
(stretching SiOH) (Fig. 4, spectrum 1). The 1960 cm1 and
1870 cm1 paramount bands, clearly observed in the spectrum of pristine silica, correspond to the overtone/combination of vibration modes inherent to nanosilicas with high
specific surface area.24 The broad absorption band in the
range of 3000–3800 cm1 and relatively narrow band at
1630 cm1 originated from adsorbed water molecules and
correspond to OH stretching and bending vibration modes,
respectively.25 However, it may include strongly disturbed
surface hydroxyls forming strong hydrogen bonds. The high

frequency shoulder of this band at about 3640 cm1 is commonly assigned to inner surface silanols.24
Upon chemical modification, well-defined IR bands associated with C-H bonds in benzene rings at 3000–3100 cm1
[C(sp2)-Hn stretching] as well as at 690 cm1 and 730 cm1
[out-of-plane bending C(sp2)-Hn] are observed, while C(sp3)Hn bonds in methoxy groups are manifested by a set of narrow
bands at 2800–3000 cm1 (Fig. 4, spectrum 2).14 The structural skeleton of benzene rings of phenyl groups give rise to
the narrow bands at 1430 cm1 and 1590 cm1 accompanied
by “benzene fingers” at 1700–2000 cm1 due to overtone/
combination vibrations. The presence of SiOC bonding,
presumably available on the surface of phenylsilica, cannot be
verified as its absorption is expected in the range of
1000–1200 cm1 (Refs. 25 and 26) i.e., in the spectral range
of the strong absorption of the silica host matrix. It is worth
noting that after chemical modification, the relative contribution of adsorbed moisture (3000–3500 cm1 broad band)
decreased strongly in comparison to the 3640 cm1 band,
which corresponds to isolated surface silanol groups (Fig. 4,
spectrum 2). These encapsulated surface groups are inaccessible for liquid reactants and remains undisturbed after chemical
modification. Strong reduction of adsorbed water molecules
may indicate the conversion of the silica surface from hydrophilic to hydrophobic. After annealing at 500  C, silanol
groups are removed from the material (Fig. 4, spectrum 3),
while at higher annealing temperatures, they are well detectable (Fig. 4, spectra 4,5).
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FIG. 2. (a) STEM micrograph of the sample annealed at 600  C. The green square highlights the area used for the SR-EELS analysis; (b) STEM dark field
micrograph recorded at the same time that the SR-EELS data. The red and blue circles correspond to the area in which the red and blue EELS spectra of (c)
have been taken. (d) Map of the atomic concentration of carbon as determined from the EELS quantification.

Detailed spectral features of IR absorption bands, reflecting the reconstruction of C-H and C¼C bonds, are presented
in Figs. S3(a) and S3(b) of the supplementary material,
respectively. The main effect of the annealing at 500  C is a
strong reduction of the C(sp3)-H band (2800–3000 cm1),
indicating a decomposition/desorption of methyl groups.
Phenyl groups are still being intact at such temperature as it
can be seen by the corresponding C(sp2)-H and C¼C absorption bands. Destruction of benzene rings is evident after
annealing at 600  C. This is indicated by a reduction of the
absorption at 3000–3100 cm1 [Fig. S3(a)] as well as by the
vanishing of the narrow 1430/1590 cm1 doublet [Fig. S3(b)].
Destruction of benzene rings is accompanied by the presence
of a broad band at 1600–1610 cm1. This broad band is likely
due to disordered C¼C bonds, which can be interpreted as the
formation of amorphous carbon clusters [Fig. S3(b)]. No FTIR
fingerprints of benzene rings are detected in the samples after

annealing at higher temperature. This indicates their full conversion into amorphous pyrolytic carbon. Our attempts to
identify pyrolytic carbon by Raman scattering using laser
excitations at either 488 nm or 514 nm were not successful
due to the strong background of the PL excited by the laser
probe. As it has been demonstrated previously, carbon
related Raman scattering can be detected in phenylsilica
after annealing at temperature as high as 800  C.27 These
samples are black in colour, not luminescent under UV/VIS
excitation, and well-defined Raman scattering spectra composed of typical D- and G-bands can be detected.
C. PL emission

Under thermal treatment, the color of the powder
changed gradually with increasing of the temperature from
white to dark brown. This evolution was accompanied by the
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FIG. 3. (a) STEM EELS spectrum recorded on the sample annealed at
600  C with the monochromator on (resolution ¼ 0.3 eV). The red arrows
highlight some graphitic fine structures.

development of the photoluminescence. Figure S4 shows
pictures of the light emission of the annealed samples under
408 nm LED radiation.
The effects of the chemical modifications and of the
thermal treatments on the luminescence spectral properties
of silica nanoparticles are evidenced by the emission PL
spectra reported in Fig. 5. Figure 5(a) illustrates the PL spectra of fumed silica before (spectrum 1) and after chemical
treatment (spectrum 2) under 260 nm (4.77 eV) excitation.
As shown in the zoom of Fig. 5(a), as-received silica nanoparticles exhibit the well-known blue band centered around
440 nm (2.8 eV) with full width at half maximum (FWHM)
60 nm (0.8 eV). The origin of this emission is still a matter
of debate,28 and the most endorsed hypothesis associates it
with two faced defects, silylene (Si••) and dioxasilirane
(Si(O2)), localized at the surface of a silica nanoparticle.29 A
minor component around 354 nm (3.5 eV) is also evident in
the spectrum, which has been previously attributed to hydrocarbon contamination30 or surface silanols (Si–OH).31
Chemical modifications with PhTMS induce the apparition of an UV band centered around 335 nm (3.7 eV) with a
FWHM 50 nm (0.7 eV). It dominates the whole spectrum
and almost completely hinders the blue band [Fig. 5(b), spectrum 1]. This band might correspond to the excimer transitions
of phenyl groups closely located on the silica surface.32–34 A
similar PL band was also observed in poly(diphenylsilylcarbodiimide)12 and attributed to phenyl excimers.
Thermal treatments of phenylsilica induce remarkable
changes in their PL spectra [Fig. 5(b)]. After 500  C, the
emission is peaked around 370 nm (3.3 eV) and also presents
a component at lower energy. At higher treatment temperature, we observe a red shift and a decrease in the PL intensity: after 600  C, the emission consists of a single band
centered around 450 nm (2.75 eV) with a FWHM close to
0.7 eV, while after 650  C the PL is centered around 490 nm
(2.5 eV) with a FWHM close to 0.8 eV. We note that the PL
is no longer observed in these experiments after thermal
treatments at 700  C and higher when using UV excitation

FIG. 4. FTIR spectra: pristine fumed silica (1); chemically modified fumed
silica (phenylsilica) (2); phenylsilica thermally treated at 500  C (3), 600  C
(4), and 650  C (5).

although it was demonstrated previously27 that noticeable
emission can be detected in the samples after annealing at
700  C when excited by visible and/or infrared laser.
Changes of PL spectra are also evidenced under excitation at 355 nm (3.49 eV), limited to the visible range [Fig.
5(c)]. Silica nanoparticles in pristine fumed silica emit the
blue band centered on 440 nm (2.8 eV). A similar spectral
distribution of emission, but showing significantly larger
intensity, can be observed for the phenylsilica annealed at
500  C. At higher annealing temperature, the PL shifts at
lower energy and its intensity decreases. We note that after
650  C, the emission is peaked around 500 nm (2.5 eV) as
observed under excitation at 260 nm (4.77 eV).
To verify the relation of the light emission with pyrolytic
carbon in the powder, all the carbonized samples were annealed
in a flow of oxygen at 600  C for 1 h. After such treatment, the
color of all samples changed from brown to the initial white of
the pristine silica accompanied by full quenching of PL. This
indicates the removal of the carbon from the samples by oxidation mechanisms and consequently, the photoluminescence
quenched down below the detection limit. This observation
confirms that carbon precipitates, formed during the pyrolytic
decomposition of organic carbon, play a key role in light emission of carbonized silica in the ultraviolet (UV) and visible
(VIS) spectral range.
D. PL excitation

The excitation PL properties of the samples are summarized in Fig. 6. This characterization was limited to the
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annealed at 500  C and higher is significantly broadened,
with a peak being shifted to the low-energy. The maximum
intensity of emission at 380 nm (3.3 eV) is observed under
excitation by 290 nm (4.3 eV) radiation, with a minor highenergy shoulder at 260 nm (4.8 eV). This shoulder is dominated by a high-energy emission part [Fig. 6(b), spectra 3
and 4], which can be interpreted as the domination of the
emission by phenyl-groups that are still present in this sample (see Fig. S3). Further broadening and low frequency shift
of excitation band to 320 nm (3.9 eV) are observed in the
sample annealed at 650  C. A significant shift of the

FIG. 5. (a) PL spectra of pristine fumed silica before (spectrum 1) and after
chemical treatment by PhTMS (phenylsilica. spectrum 2) under excitation
260 nm; the inset illustrates magnified PL spectrum of pristine silica; (b) PL
spectra of phenylsilica after thermal annealing at 500  C (1), 600  C (2), and
650  C (3) under excitation 200 nm; (c) PL spectra under excitation 355 nm
(3.49 eV): 500  C (1), 600  C (2), and 650  C (3).

samples with the highest PL intensity, i.e., phenylsilica
before annealing [Fig. 6(a)] and annealed at 500  C [Fig.
6(b)] and 600  C [Fig. 6(c)].
The excitation spectra of phenylsilica are independent
of the wavelength within the emission band and contain a
well-defined band between 240 and 280 nm (4.4–5.7 eV),
with a maximum of about 266 nm (4.7 eV). The independence of excitation band parameters on the emission wavelength indicates a well-defined structure and energy states in
corresponding emission sites, which are inherent to
molecular-like centers. The excitation band in the samples

FIG. 6. Excitation PL spectra of phenylsilica before (a) and after annealing
at 500  C (b) and 600  C (c).
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excitation band (from 320 nm to 300 nm, i.e., about 0.3 eV),
with a decrease in the emission wavelength in this sample,
indicates an inhomogeneous nature and a broad energy distribution of corresponding emission centers.
E. PL kinetics

The PL bands have been characterized by their decay
curves from which characteristic lifetimes were estimated.
Figure S5 shows the typical decay curves for characteristic
emission wavelengths excited by 260 nm (4.8 eV). Decay
curves in all samples deviate from a pure exponential function. This behavior is common to defects in amorphous systems.35 Here, we only measure the lifetime (s), which is the
time to reduce the PL intensity to a factor of 1/e. We found s
¼ 4.0 6 0.5 ns for 326 nm (3.8 eV) emission in as-prepared
phenylsilica, and s ¼ 2.0 6 0.5 ns for the band at 376 nm
(3.3 eV) in phenylsilica after treatments at T ¼ 500  C. Based
on the significant difference in decay time, it can be suggested that UV bands in these samples have different structural nature. The blue band at 443 nm (2.8 eV) observed in
pristine fumed silica decays with a lifetime s ¼ 3.5 6 0.3 ns.
Similar decay kinetics was found for 486 nm (2.5 eV) emission in phenylsilica after treatment at 600  C, while the
506 nm (2.45 eV) PL band in phenylsilica after treatment at
650  C decays with s ¼ 3.0 6 0.3 ns.
In order to examine the homogeneity of the emission
spectra with respect to the lifetimes of the radiating centers,
we measured the PL spectra of the samples at a steady-state
and time-resolved conditions under excitation by 337 nm
(3.7 eV) laser with a laser pulse of 9 ns. The stroboscopic
detection system, with 1 ns delay from the beginning of laser
pulse and strobe gate of about 0.1 ns, has been used in timeresolved experiments. This allows extracting the contribution
of emission centers with a shorter response time. The PL
spectra of annealed samples measured in the steady state and
time-resolved regimes are presented in Fig. 7. It can be seen
that the steady-state and time-resolved spectra of the samples
annealed at 500  C and 650  C are almost identical [Figs.
7(a) and 7(c)], which indicates the good homogeneity of the
corresponding radiating centers contributing to the PL band
with respect to emission response time. In contrast, the PL
band of the sample annealed at 600  C exhibits strong inhomogeneity with almost equal contribution from “fast” and
“slow” centers [Fig. 7(b)]. Subtracting the time-resolved
spectrum from the steady-state yields a spectral distribution
similar to the sample annealed at 650  C [Fig. 7(b), spectrum
3]. From such comparison, it can be suggested that emission
band of this sample is composed of at least two components
corresponding to emission centers which have a structural
nature similar to the one present in the samples annealed at
500  C and 650  C (high-energy and low energy spectral
parts, respectively).
It should be noted that minor degree of inhomogeneity
of the PL band with respect to the radiation time can also be
found in the PL bands of the samples after annealing at
500  C and 650  C. In both samples, the low-energy contribution slightly decreases under time-resolved measurements.

FIG. 7. Steady-state (red) and time resolved (blue) PL spectra: (a) 500  C,
(b) 600  C, and (c) 650  C. Spectrum 3 (dotted line) is the result of subtraction of spectrum 2 from spectrum 1. Excitation by 337 nm.

This indicates a slower emission response of the low energy
part of radiating center ensemble.
F. PL bleaching

PL examinations of the samples in atmospheric air
exhibited obvious time-dependent PL extinction and spectral
evolution. In contrast, PL measurements in nitrogen ambient
showed no signs of bleaching of the emission under excitation radiation. Figure 8 shows the normalized PL spectra
measured in nitrogen flow and in air. From comparison of
the spectra, it can be concluded that high-energy PL emission is more sensitive to the bleaching effect. Such conclusion is confirmed by experiments on direct examination of
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FIG. 8. Evolution of normalized emission intensity at 440 nm in the sample
annealed at 600  C (curve 1) and 530 nm emission in the sample annealed at
650  C (curve 2) under UV radiation of an Hg lamp.

bleaching dynamics using strong UV-radiation of an
Hg-lamp as the radiation source. Figure S6 illustrates the evolution of normalized emission intensity at 440 nm in the sample annealed at 600  C (curve 1) and 530 nm emission, and in
the sample annealed at 650  C (curve 2) under UV radiation
of the same powder. Exposure of the samples to UV radiation
for 12 min (after saturation of both components) resulted in
the decrease in 440 nm emission intensity by about 48%,
while the 530 nm emission is reduced by 23%.
Bleaching of PL in SiO2:C powders in the presence of
air is quite similar to the bleaching effect in porous SiO2:C
layers reported in Ref. 6. It was also found that there was no
bleaching of PL in porous SiO2:C during PL measurements
in vacuum.36 Moreover, PL intensity in vacuum experiments
demonstrated noticeable growth with time. Based on our
study and by analogy with bleaching effects in porous
SiO2:C layers, it can be concluded that bleaching effects can
be attributed to photo-induced destruction of light emission
centers, namely, photo-oxidation of carbon clusters.
IV. DISCUSSION
A. Nature of the photoluminescence

The analysis of the light-emitting properties of carbonized silica nanopowders should take into account the luminescent properties of the host silica matrix because many
optically active intrinsic defects, including those emitting in
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visible spectrum, are known in silica based structures.37
Therefore, care must be taken to separate the fluorescent
properties of the silica host matrix and the radiation associated with the incorporation of carbon. In our previous work,7
such analysis was carried out and it was well argued that the
nature of photoluminescence in fumed silica carbonized by
pyrolysis of surface methoxy groups is associated with the
introduction of carbon but not with intrinsic defects.
A similar argumentation can be used in the case of phenylsilicas in this present study. In addition to that argumentation, we have shown that the removal of pyrolytic carbon
from carbonized powder by heat treatment in oxygen
completely quenches the corresponding PL. Photo-induced
quenching of PL in the presence of oxygen can be considered
as another evidence of carbon nature of light emission sites.
Thus, the carbon nature of PL is well corroborated, but the
question of the structural identification of light-emitting carbon-based centers remains open.
So far, in this paper, we considered the luminescent
properties of carbonized powders in which phenyl groups
were used as a building material in the pyrolytic carbonization process. However, it turns out that PL of materials on
the base of carbonized fumed silica obtained using other carbon precursors possesses some common spectral features.
In the previous work,7 it was shown that when tetramethoxysilane is used for pyrolytic carbonization, the PL emission of carbonized fumed silica under UV excitation is
composed of two bands, one in the near UV and another in
the visible region. It was suggested that the two bands correspond to two different kind of light-emitting centers: type
1—carbon clusters chemically bonded to the surface and
having molecular-like structure similar to that of subnanometer flakes of graphene oxide; type 2—carbon clusters of
larger size with less chemical bonding to silica surface. In
the case of phenylsilica, we also observe two characteristic
PL bands, depending on the processing temperature: near
UV in the sample after annealing 500 jC and a wider band in
the visible range after annealing at a higher temperature
(Fig. 5). It is obvious that as the temperature of annealing
increases, the size of pyrolytic carbon precipitates on the silica surface grows, starting from molecular-like disordered
clusters containing few carbon atoms and still having covalent bonds with silica surface, towards amorphous carbon
clusters and nanoparticles with tens and hundreds carbon
atoms. Growth of carbon precipitates should be accompanied
by breaking of covalent bonds with the surface because the
silicon oxide is chemically passivated by the carbon in this
temperature range. Thus, the PL properties of annealed phenylsilica are well consistent with hypothesis proposed in
Ref. 7.
For further testing of the hypothesis on the nature of two
PL bands, we have prepared two series of carbonized materials on the base of fumed silica with a specific surface area of
295 m2/g. The first series, propoxysilica, has been fabricated
by the treatment of fumed silica in the vapor of propanol at
temperature 200  C that resulted in “grafting” of propoxy
groups to the silica surface through Si-O-C bridges. Surface
concentration of carbon in this material is several times less
than in phenylsilica. At the same time, the number of
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propoxysilica leads to the appearance of a PL band in the near
UV with the maximum intensity at 375 nm (4.5 eV) [Fig. 9(c)]
that is quite similar to that observed in phenylsilica and
methoxysilica [Figs. 9(a) and 9(b)]. Photoluminescence of
“sweet”-silica is a broad band that covers the entire visible
range with the maximum intensity at about 500 nm (2.5 eV). It
is worth noting that broad band PL emission with intensity
maximum in the range of 450–500 nm is quite typical for carbon nanodots prepared by different methods.14 Nevertheless
light emission of carbon-based nanodots in near UV regions
was also reported and usually attributed to oxygen-rich carbon
dots in the form of graphene oxide nanoparticles.38
B. Structural/energy model

FIG. 9. Comparative illustration of PL spectra of SiO2:C powders prepared
using different carbon precursor and carbonization treatment: (a) phenylsilica after 500  C and 650  C annealing; (b) methoxysilica after annealing at
700  C; (c) propoxysilica before and after annealing at 700  C; (d) “sweet”silica.

chemical bonds with the surface per carbon atom of the functional group is 1:3 that is significantly higher than in the case
of phenylsilica (1:8). Pyrolysis was carried out in vacuum at
a temperature of 700  C for 30 min.
In the synthesis of the second series, sucrose was used
as the carbon precursor: fumed silica powder was infiltrated
with a water solution of sucrose and dried, followed by treating in sulfuric acid. As a result of the dehydration, the
sucrose molecules break up with the formation of amorphous
carbon precipitates. Under such synthesis conditions, no
chemical bonds of carbon with the silica surface are
expected.
The PL spectra of propoxysilica before and after annealing, as well as “sweet”-silica after chemical carbonization
procedure, annealed phenylsilicas, and methoxysilica are summarized in Fig. 9. It can be seen that heat treatment of

Figure 10 illustrates a structural/energy model of lightemitting centers, which are formed by the pyrolytic decomposition of hydrocarbon groups and precipitation of carbon
on the surface of fumed silica. At low carbon concentration
and at a relatively low temperature, small carbon clusters are
formed with the presumably significant contribution of covalent bonds with SiO2 surface through C-O and/or C-Si bonds.
The near UV emission band (370–380 nm) could be associated with such centers. Fixed spectral position of the maximum and high sensitivity to photo-induced bleaching effects
may indicate a molecule-like structure of the centers. C-O
and C-Si bridging bonds with the silica surface play likely a
key role in the radiative recombination process. With an
increase in the carbon concentration and/or pyrolysis temperature, the average size of the carbon clusters should increase,
and the bonds with the surface break off, which should result
in the decrease of the transition energy and the radiation efficiency. It is obvious that the energy distributions of the radiating centers of type 1 and type 2 overlap in the blue region
of the spectrum, which makes possible an energy exchange.
Visible PL band exhibits redshift with increasing of the temperature from 600  C to 650  C (Figs. 5 and 7) that can be
attributed in part to a reduction of the concentration of the
centers of type 1 (fading of blue region) as well as to an
increase in the size of the carbon precipitates (Fig. 10).
C. Application

From Fig. S4, one can see that the emission of the
SiO2:C powder under UV excitation looks as white light.
Figure S7 shows a comparison of the spectral distribution of
light emission in the visible range of the black body at
6000 K, and PL of phenylsilica annealed at 600  C

FIG. 10. Suggested structure/energy scheme of carbonized silica surface and
its evolution under thermal treatment.
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(excitation 355 nm) and methoxysilica (excitation 360 nm).
Emission of black-body at 6000 K can be considered as a
rough simulation of solar radiation, i.e., natural day-lighting.
One can see that the spectral distribution of PL is almost
identical to that of black body emission in visible range.
Furthermore, spectral properties of the emission (in terms of
RGB concept—correlated color temperature) can be easily
tuned by the variation of synthesis procedure. Such light
emission properties of an environment-friendly single component phosphor make it a very attractive candidate for artificial white light sources like white LEDs with near-UV
excitation or compact fluorescent lamps.
V. CONCLUSION

In this work, we have detailed the photoluminescent
properties of carbonized fumed silica nanopowders. In particular, we have followed the evolution of PL properties
associated with the carbonization of fumed silica in a broad
temperature range. We have used different surface hydrocarbon precursors, with a gradual transition from organic
molecular-like groups to inorganic amorphous carbon precipitates. We have shown that, independent of the carbon
precursor used for pyrolytic carbonization, two types of PL
bands in the near UV and visible regions can be observed
with their relative contribution depending on sample preparation. Based on the analysis of emission/excitation of these
two bands, as well as on correlations with the synthesis
conditions, a structural-energy model of the light-emitting
centers has been proposed. According to this model, the
light-emitting centers are associated with nanoscale carbon
precipitates. It is assumed that the spectral region of radiation is likely related to the presence or absence of chemical
bonds between the carbon emitters and silica surface, as well
as to the size of carbon emitters: chemical bonding to surface
stimulates near UV emission band while an increase in the
size of carbon clusters and weakening of the bonding to the
surface decrease PL intensity accompanied by red shift of
emission spectrum. Such a mechanism of formation of lightemitting centers makes it possible to control the spectral
properties of broadband luminescence in the ultra-wide
range and further optimization of emission efficiency and
stability. We have clearly highlighted by (S)TEM-EELS
analyses the presence of nanoscale carbon precipitates not
evenly distributed at the surface of the silica nanoparticles.
After thermal treatment at 600  C, the structure of carbon
within these precipitates is mostly amorphous, even if they
possess some degree of graphitization and local order. We
believe that luminescent carbon species are close in nature to
widely reported luminescent C-dots. We suggest that a
proper dispersion of carbon nanoemitters in a nanostructured
wide band gap (optically transparent) matrix like nanosilicas
is one of the methods to avoid aggregation quenching
effects, known for C-dots, and increasing of PL efficiency in
the solid state. Nevertheless, further specification of the
structure of light emitting centers and light absorption/emission mechanisms in nanostructured SiO2:C is necessary to
verify this hypothesis.
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SUPPLEMENTARY MATERIAL

See supplementary material for several figures concerning XPS, FTIR, PL, and emission black body results
obtained on these materials.
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