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Abstract
Heat treatment is routinely utilized in preparing nanoporousmaterials (including Stöber silica), and
can substantially affect their performance in diverse application fields. However, the effects of heat
treatment at different temperatures on the structure and surface properties of Stöber silica have not
been systematically investigated before. In this work, Stöber silica (washedwithwater or ethanol)was
calcined at different temperatures (from 250 °C to 1000 °C), and the heat-treated samples were
characterized through nitrogen adsorption at 77 K, scanning electronmicroscopy, simultaneous
thermal analysis, elemental analysis, and Fourier-transform infrared spectroscopy. The results show
that there is no significant difference in themorphology and particle size of the calcined samples. The
internalmicropores almost collapse after calcination at 500 °C, and the poreswith a smaller diameter
are the first to shrink during calcination. The variation in the number of the surface hydroxyl groups
and ethoxyl groupswith the calcination temperature is discussed in detail. The carbon content analysis
and differential scanning calorimetry curves reveal that the surface ethoxyl groups (for the samples
washedwith ethanol) are completely removed after calcination at 500 °C.After calcination at
temperatures above 800 °C, the hydroxyl groups almost completely condense into siloxanes. The
specific surface area calculated according to the thermogravimetricmass loss and surface hydroxyl
density is found to be significantly different from themeasured Brunauer–Emmett–Teller specific
surface area. Our resultsmay offer practical guidance for the application of Stöber silica subjected to
similar heat-treatment processes.

1. Introduction

Nanoporous silica has received considerable research interest due to its unique characteristics, such as adjustable
pore size, high specific surface area, large pore volume, controllablemorphology, and flexible surface
modification, and it has been studied for application to various fields, such as biomedicine [1], catalysis [2],
adsorption [3], storage [4], and optics [5]. Stöber silica is one of themost popular nanoporous silicamaterials
due to itsmonodispersed sphericalmorphology and simple synthesis process. It can be used in a broad range of
fields, such as photonic crystals [6], core–shell composite particles [7], dentalfillermaterials [8], and catalyst
supports [9]. In these fields, the simple synthesis route, porous structure, numerous surface groups, and regular
spheres of Stöber silica play an important role. For example, the pore size of the silica shell influences themass
transport properties of Au@SiO2 nanorods, and the simple synthesis route of Stöber silica has been adopted to
fabricate a nonporous (or ultramicroporous) silica shell [10]. The regular spherical particles of Stöber silica have
been utilized to prepare photonic crystals, and themoisture and organic by-products of themicropores inside
and on the surface of Stöber silica have been found to affect the quality of the fabricated photonic crystals [6].
Post-synthesis treatments influence themicroporous structure of Stöber silica. Using Stöber silica after being
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subjected to an appropriate post-synthesis treatment as a support, a highly dispersedNi2+ catalyst has been
prepared by impregnatingNi2+ ions into themicropores [9].

Heating is a common treatmentmethod adopted either before or during the application of silica in order to
achieve specific properties or conditions. For example, Stöber silica was heat treated to remove impurities as well
as adsorbed and structural water for fabricating high-quality photonic crystals [6]. Heat-treated silica has been
reported to exhibit a significant ability to trapO2molecules because a thick region is generated during heating
and themolecules can occupy the silicamatrix interstices [11]. A heat treatment has been utilized to control the
silanol density on the silica surface for investigating the proton conductivity of polymer-coated silica [12]. The
structural changes ofmesoporous silica with the heating temperaturewere studied, and the thermal conductivity
was found to be related to themicrostructure [13]. Aswidely recognized, heat treatment can alter the surface
groups and pore structure of silica. Therefore, it is reasonable to assume that heat treatment will alsomodify the
surface and internal structures of Stöber silica, thus affecting its performance in various applications.

Since the Stöber synthesis process wasfirst reported in 1968 [14], the particle size variationwith the synthesis
conditions [15, 16], particle nucleation and growth theory [17, 18], andmodification of the synthesismethod
[19–21] have been systematically investigated bymany research groups. The influence of heat treatment on the
variation in the internalmicropore structure and surface groups of Stöber silica has been noticed for a long time.
For example,Motoyoshi et al demonstrated the influence of heat treatment on the charging behavior of Stöber-
type silica and discussed its colloidal stability [22]. Romeis et al reported themechanical properties of Stöber
silica treated at different heating temperatures, whichwere found to be related to the internal structure [23].
Moreover, the densification behavior, evolution of themicrostructure, and sintering of Stöber silica were
investigated [24]. Furthermore, the variation in the number of the surface hydroxyl groupswith the reaction
conditionswas studied, and the density of the surface hydroxyl groupswas calculated [25]. However, up to now,
systematic studies on the variation in the internalmicropore structure and surface groups of Stöber silica with
heat treatment have been limited. There is still a current need to subject Stöber silica to different heat treatment
processes and investigate the changes in its internal and surface properties. The complex internal pore structure
of Stöber silica is thought to be one of themain obstacles to investigating the variation in themicroporous
structure and surface groupswith the heat treatment. For example, pycnometry, acid–base titration, liquid-
phase adsorption, and small-angle x-ray scattering results indicated that Stöber silica exhibits amicroporous
structure [26–31]. However, the Brunauer–Emmett–Teller (BET) specific surface area (SBET)derived from
nitrogen adsorptionmeasurements at 77 K (which is the conventionalmeasurementmethod for porous
materials)was found to vary over awide range of values (from severalm2/g to several hundredm2/g) [32–35].
These discrepant results led to a confused understanding of the Stöber silicamicrostructure and prevented its
application.

In the previous experimental works [36, 37], it was found that the reaction time, washing solvents used, and
drying conditions influence the SBET of Stöber silica asmeasured viaN2 adsorption at 77 K. In these previous
works, Stöber silica was synthesizedwith an SBET ranging from about 11 to 360m2 g−1, and the sample with a
large SBETwas found to possess amicroporous structure with a 0.8 nmpore diameter. Suitable synthesis
conditionswere identified, including a short reaction time, washingwithwater, and drying at a low temperature
without the need of vacuum. The pore-blockingmechanism involving silicamonomers or oligomers, ethoxyl
groups, and the condensation reactions of silanol or ethoxyl groupswere also discussed. In the previous works,
the relationships between the internalmicropore structure, SBET values of Stöber silica, and post-treatment
processes were understood, which provide a foundation for the systematic studies in this paper.

To investigate the influence of heat treatment temperature on themicrostructure and surface groups of
Stöber silica, in this study, Stöber silica was fabricated andwashedwithwater or ethanol, which are two
conventional washing solvents, andwere found to significantly influence themicroporous structure of Stöber
silica [36, 37]. After drying, the samples were calcined at different temperatures (from250 °C to 1000 °C). Then,
the sampleswere characterized byN2 adsorption, attenuated total reflection infrared spectroscopy (ATR-IR) ,
simultaneous thermal analysis (STA), scanning electronmicroscopy (SEM) and elemental analysis, through
which, the variation in the particlemorphology, internal pore structure, and number of surface silanol and
ethoxyl groupswith the heating temperaturewas investigated. The researchfindings suggest that pores of smaller
size aremore susceptible to shrinkage or collapse during the heat treatment process, and allmicropores in the
samples disappear when the calcination temperature exceeds 500 °C. It is also implied that the hydroxyl and
ethoxyl groups of the samples can be regularly controlled via varying heating temperature.Ourwork reveals the
evolution of pore structure and surface groups of Stöber silica during heating, andmay therefore provide
practical guidance on the heat-treatment process of Stöber silica in order to promote its applications in various
fields such as compositematerials, catalysis, optics, and storage.
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2.Materials andmethods

2.1.Materials
Tetraethoxysilane (TEOS, purity> 99%) and ammonia (purity: 25%–28%)were purchased fromAladdin
(Shanghai, China) and usedwithout further treatment. Ethanol (purity> 99.7%)was supplied by Sinopharm
Chemical Reagent, China. Deionizedwater was obtained from aMillipore system and had a resistivity of
18.2MΩ·cm.

2.2. Synthesis of Stöber silica
For the synthesis, 8.5 mLof ammonia, 26.3 ml of deionizedwater, and 191.2 mLof ethanol weremixed in a flask
and stirred at 20 °C. Additionally, 20 ml of TEOS and 2 ml of ethanol weremixed and stirred in the same
conditions. After 45 min, 14 ml of the TEOS and ethanolmixture was added to the ammonia, deionizedwater,
and ethanolmixture, and the obtainedmixture was continuously stirred for 80 min. After reacting, the
suspensionwas centrifuged at 10,000 rpm (9940 g) to collect the precipitate of the silica particles.

2.3. Treatment of the synthesized products
The collected silica product was divided into two parts; onewaswashedwith deionizedwater and the other one
waswashedwith ethanol (because deionizedwater and ethanol are the twomost commonly usedwashing
solvents for synthesizing Stöber silica). Eachwashing procedure was performed using a vortexmixer for 2 min
with 30 ml of thewashing solvent; then, the suspensionwas centrifuged and separated. After beingwashed four
times, the samples werefirst dried at 50 °C for 2 h and then dried at 200 °C for 2 h (the samples were placed in an
oven at the target temperature), which is an effectivemethod to obtainmicroporous Stöber silica according to
the previouswork [37]. The samples washedwith deionizedwater and ethanol are denoted asW-200 and E-200,
respectively. Then, samplesW-200 and E-200were calcined at 250 °C, 300 °C, 400 °C, 500 °C, 600 °C, 800 °C,
or 1000 °C for 4 h. The resulting samples are denoted asW-250 (E-250),W-300 (E-300),W-400 (E-400),W-500
(E-500),W-600 (E-600),W-800 (E-800), andW-1000 (E-1000), respectively. The calcination process was
conducted via thermogravimetry (TG), and each sample was heated in a dry atmosphere at a heating rate of
2 °Cmin−1.

2.4. Characterization of the synthesized samples
Scanning electronmicroscopy (SEM, Scios, FEICompany, USA) imagingwas conducted to investigate the
morphology of the samples. Nitrogen adsorption (77 K)was performed using anAutomated gas sorption
analyzer (Autosorb-iQ,Quantachrome,USA), and the samples were outgassed for 12 h at 200 °Cprior to the
measurements. The nonlocal density functional theory (NLDFT) andmulti-point BETmethodwere employed
to analyze the pore size, pore volume, and specific surface area. The thermal properties of the samples were
characterized using a simultaneous thermal analyzer capable of performing TG and differential scanning
calorimetry (DSC) (STA449F3,Netzsch, Germany). During themeasurements, each sample (15–25 mg)was
heated from50 °C to 1200 °C in a dry air atmosphere at a heating rate of 10 °Cmin−1. The Fourier-transform
infrared (FTIR) spectra were acquired via attenuated total reflectance (ATR)-FTIR spectroscopy (Vertex 70,
Bruker, Germany). The spectral rangewas from4000 to 400 cm−1, the resolutionwas 4 cm−1. The carbon
content of each sample (30–50 mg)was determined using an elemental analysis instrument (VarioMACRO
cube, Elementar, Germany).

3. Results and discussion

3.1. Characterization of the Stöber silica particles
The SEMmicrographs of samplesW-200, E-200,W-600, andW-1000 are presented infigure 1. SamplesW-200
and E-200werewashedwithwater and ethanol respectively, and the samplesW-600 andW-1000were obtained
by calcining the sampleW-200 at 600 °C and 1000 °C respectively.

As shown infigure 1, the spherical particlemorphology was not significantly influenced by thewashing
solvents or heat treatment. The average diameter of the particles, whichwasmeasured using the ImageJ software,
is about 350 nm.Although differences of a few nanometers in the average diameter between samplesmay exist,
we believe suchminor discrepancies aremainly due tomeasurement errors and consider themnegligible for
particles with a size of 350 nm. In otherwords, under our experimental conditions, neither thewashing solvents
nor the heating temperatures seem to have a discernible impact on particle size. Although some previous studies
demonstrated that Stöber or Stöber-type samplesmight shrink by 6%–8%when calcinated at temperatures
above 800 °C [22, 23], this generally required calcination durations (12 h or 24 h)much longer than that (4 h) in
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ourwork. Apparently, the duration of calcination plays an important role affecting the sample’s structural
characteristics, whichmay deserve further investigation in the future.

TheN2 adsorption isotherms of the Stöber silica samples that werewashedwithwater and ethanol (samples
W-200 and E-200) are shown infigure 2(a). According to the IUPAC classification, the isothermof sample
W-200 is classified as a type I isotherm [38]. The initial adsorption amount ofN2 in a Type I isotherm increases
sharply, indicating the presence of narrowmicropores within the sample. The pore size distribution of sample
W-200 obtained from theNLDFTmodel (figure 2(c)) shows that themain porewidths are∼0.8 nm and
~1.1 nm,which is consistent with the type I isotherm. Themeasurement timewas 55 h, and the samplemasswas
65.8 mg,which are normalmeasurement conditions formicroporous samples. At low relative pressures, the
desorption and adsorption branches of sampleW-200 do notmeet, indicating that themicropores are small or
have a complex shape or channel, so that the desorption/adsorption equilibrium cannot easily be reachedwithin
a short time [39]. The isothermof sample E-200 is classified as a type II isotherm, indicating a nonporous
structure [38]. The SBET values of samplesW-200 and E-200 are 343.5 and 18.0m2 g−1, respectively. As reported
in the previousworks [36, 37], deionizedwater can remove themonomers or oligomers and ethoxyl groups that
block the pore channels, while ethanol converts the surface silanol groups into ethoxyl groups and further blocks
the pore entrances or channels. Therefore, despite the same synthesis conditionswith except of thewashing
solvent, theN2 adsorption curves are very different.

3.2. Influence of the heat treatment on themicrostructure
Similar to that of sampleW-200, the isotherms of samplesW-250 andW-300 can also be classified as type
I isotherms (figure 2(b)) but the amount of the adsorbed nitrogenmolecules in the initial stage is reduced. In
contrast to sampleW-200, the decrease in the adsorption amount suggests a reduction in the volume of the
micropores within the samplesW-250 andW-300, which is consistent with the pore size distribution shown in
figure 2(c) and the specific surface areas presented in Table 1. It can be observed fromfigure 2(c) that after
calcination at 250 °C, the peak corresponding to the pore size of 0.8 nmdecreases to the height similar to that of
1.1 nm. Subsequently, after calcination at 300 °C, the peak for the 0.8 nmpores continues to decrease below that
of the 1.1 nm, indicating a significant reduction in the volume of pores with a size of 0.8 nmduring the
calcination process. On the other hand, with the temperature increased from200 to 300 °C, there is also a
decrease observed in the peak for pores with a size of 1.1 nm.However, the decrease in the peak height value
(from0.15 to 0.13 cm3 nm−1 g−1) for the 1.1 nmpores ismuch smaller than that ( from0.3 to 0.1 cm3 nm−1 g−1)
for the 0.8 nmpores. This observation suggests that the smaller-sized pores aremore susceptible to shrinkage or
collapse during calcination, resulting in a drastic reduction of nitrogenmolecules entering the narrower pores
during the gas adsorptionmeasurement. Table 1 shows that the specific surface area of sampleW-200 decreased
from343.5 to 311.0m2 g−1 after calcination at 250 °C, and further decreased to 246.0m2 g−1 after calcination at

Figure 1. SEM images of representative samples. (a) SampleW-200; (b) sample E-200; (c) sampleW-600; and (d) sampleW-1000.
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300 °C.Themicropore volume of the samples (table 1) decreases from0.1 cc g−1 to 0.08 cc g−1 after calcination
at 250 °C, and further diminishes to 0.07 cc g−1 after calcination at 300 °C.The pore volume of the samples also
exhibits a similar trend. These declining specific surface areas,micropore volume, etc, with increasing
calcination temperature, are indicative of pore shrinkage or collapse during the calcination process.The
divergence of the desorption and adsorption branches is also apparent in the isotherm of samplesW-250 and
W-300, and it can also be attributed to the small pores. TheN2 adsorptionmeasurement for sampleW-400 did
notfinish because it was too slow. After 90 h ofmeasurement, the relative pressure reached only 5.2× 10−3. This
means that the temperature of 400 °Ccauses themicropores to shrink or be blocked further, so that the nitrogen
molecules are hindered from entering or diffusing into themicropores. However, the amount of 47 cc g−1 of the
adsorbed nitrogenmolecules indicates a considerable SBET (the amount of the adsorbedmolecules for sample
W-300 at the same relative pressure is about 51 cc g−1), which suggests the existence of a large number of internal

Figure 2.N2 adsorption isotherms at 77 K and pore size distribution of representative samples. (a)N2 adsorption isotherms of samples
W-200 and E-200; (b)N2 adsorption isotherms of samplesW-200,W-250,W-300,W-500, andW-600; (c) pore size distribution of
samplesW-200,W-250,W-300, andW-500 obtained from theNLDFT.

Table 1.Analysis results of the gas adsorptionmeasurements for the samples
washedwithwater.

Sample SBET(m
2/g)

Pore

width

(nm)

Pore

volume

(cc/g)

Micropore

volume

(cc/g)

W-200 343.5 0.8 0.20 0.1

W-250 311.0 0.8/1.1 0.19 0.08

W-300 246.0 1.1 0.14 0.07

W-500 27.8 2.6 0.05 —

W-600 22.0 3.2 0.04 —

W-800 20.9 3.8 0.04 —

W-1000 18.9 4.9 0.04 —
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micropores. After calcination at 500 °C, themicropores almost collapse, or their entrance is blocked, so the
isotherm is consistent with a type II isotherm, and the SBET drops dramatically to 27.8m2 g−1. The isothermof
sampleW-600 is very close to that of sampleW-500, and the SBET decreases to 22.0m

2 g−1; additionally, the pore
volume also decreases from0.05 to 0.04 cc g−1. The isotherms of the samples calcined at higher temperatures
almost overlapwith that of sampleW-600; this is why the isotherms of samplesW-800 andW-1000 are not
shown in the figure. Above 500 °C, the temperature has little effect on the SBET because themicropores are
already destroyed. The porewidth in table 1 gradually increases with the calcination temperature, which also
illustrates that smaller pores shrink or are blockedmore easily than larger ones.

The isotherms of the samples washedwith ethanol almost overlapwith that of sample E-200. The SBET values
of the ethanol-washed samples are summarized in table 2. Table 2 shows that the SBET values of all samples are
similar and indicate a nonporous structure, which demonstrates that the blocked pore channels could not be
cleared during the heat treatment. Despite the fact that the ethoxyl groups are burned and removed during the
heat treatment (aswill be discussed in section 3.3), themonomers or oligomers, the condensation of the silanol
groups, and the simultaneous shrinkage of themicropores are themain contributors to the blocking of the
pores.

3.3. Influence of the heat treatment on the surface properties
TheTG andDSC curves of samplesW-200 and E-200 are presented infigure 3(a). Themass loss below 200 °C
indicates the removal of the physically adsorbedwater. Themass loss above 200 °C results from the removal of
the surface hydroxyl or ethoxyl groups, which accompany an endothermic process or an exothermic process,
respectively [40]. Infigure 3(a), a clear difference in theDSC curves above 200 °C is observed (see the two
exothermic peaks for sample E-200). During synthesis, the ethoxyl groups originated from the incomplete
hydrolyzed TEOS (Si–OC2H5) remain on the particle surface after reaction.When the sample is washedwith
water, the residual ethoxyl groups on the surface are almost hydrolyzed (the carbon content of sampleW-200 is
negligible); by contrast, when the sample is washedwith ethanol, a proportion of the hydroxyl groups on the
surface is converted into ethoxyl groups [37]. Thus, the exothermic peaks at 369 °C and 493 °C for sample E-200
represent the oxidation of the ethoxyl groups in air. After calcination at 250 °C, the exothermic peak of 369 °C
shifted to 393 °C,while the peak of 493 °C shifted to 496 °C.However, for sample E-300 (figure 3(b)), the
exothermic peak at 369 °Cdisappears, while the exothermic peak at 507 °C remains visible on theDSC curve.

In the previous works [36, 37], it was found that after themonomer concentration caused by the TEOS
hydrolysis reaches a critical supersaturation level, a quick burst of the nucleation process takes place. Then, the
nuclei aggregate and form interparticle pores, and the subsequent addition ofmonomers or oligomersmay
block the pore channels; the extent of cloggingmight become severe after ethanol washing. The burning of the

Figure 3. (a)TGandDSC curves of samplesW-200 and E-200; (b)DSC curves of the samples washedwith ethanol.

Table 2. Specific surface area calculated using the BETmodel and carbon content of the samples washedwith ethanol.

Sample E-200 E-250 E-300 E-400 E-500 E-600 E-800 E-1000

SBET (m
2/g) 18.0 21.6 19.9 14.2 21.2 17.8 16.9 19.9

Carbon content (%) 1.50 1.45 1.30 0.47 0.06 — — —
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ethoxyl groups located at different sitesmay require different temperatures [40]. According to the discussion in
section 3.2, after calcination at 250 °C, some ethoxy groupswere removed and themicropores also shrunk.
Because of the shrinkage ofmicropores, a higher temperaturemay be required for the remaining ethoxy groups
inside themicropores to be released, and thus the exothermic peak shifts towards higher temperatures. Similarly,
after calcination at 300 °C, the disappearance of the peak at 393 °C suggests that perhaps the ethoxy groups
inside the smallermicropores have been almost completely removed, which is in linewith the continued
reduction in the peak at 0.8 nmpores infigure 2(c). In theDSC curve of sample E-400, the exothermic peak
caused by the residual ethoxyl groups shifts to 527 °C (see figure 3(b)). The gradually increasing temperature of
the exothermic peakmeans that it becomesmore difficult to remove the residual ethoxyl groups in the interior
after calcination. The gradually decreased carbon contents in the samples (derived fromSi–OC2H5), which are
presented in table 2, correspond to the gradually weakened exothermic peaks (for samples E-200, E-250, E-300,
and E-400). The ethoxyl groups are almost removed during calcination at 500 °C, as can be inferred from the
DSC curve of sample E-500. The 0.06% carbon content is consistent with the fact that the exothermic peak has
disappeared. Furthermore, theDSC curves of samples E-600, E-800, and E-1000 exhibit little difference with
respect to that of sample E-500 due to the complete removal of the ethoxyl groups. The negligible carbon
contents in these samples also confirm the occurrence of the exothermic process caused by the ethoxyl groups.
TheDSC curve of sampleW-200 has no clear peak above 200 °Cdue to theweak endothermic process of deprive
of the surface hydroxyl group in awide temperature range (from200 °C to 1200 °C) and the small number of
ethoxyl groups (the carbon content of sampleW-200 is less than 0.06%). TheDSC curves of the calcinedwater-
washed samples are not depicted in the figure as they are similar to that of sampleW-200.

The TG curves of all samples are shown infigure 4, and themass losses at a temperature above 200 °Care
summarized in table 3. The higher TGmass loss of sample E-200 (6.66%)with respect to that of sampleW-200
(4.54%) (see table 3) above 200 °Cdemonstrates the occurrence of a strong exothermic process because the
weight loss of the ethoxyl groups ismuch higher than of the hydroxyl groups. For amorphous silica, after
calcination at 400 °C, the concentration of the surface hydroxyl groups (2.35OHnm−2) is considered about half
of that of the sample dried at 200 °C (4.6OHnm−2) [41]. This indicates that the surface hydroxyl groups of the
samples washedwithwater are gradually removed during heating, and themass loss above 200 °Cdecreases

Figure 4.TG curves of the sampleswashedwith (a)water and (b) ethanol.

Table 3.TGmass loss from200 °C to 1200 °C for all samples.

Sample Mass loss (%) Sample Mass loss (%)

W-200 4.54 E-200 6.66

W-250 3.59 E-250 5.47

W-300 3.38 E-300 4.63

W-400 2.58 E-400 2.24

W-500 1.92 E-500 0.87

W-600 1.36 E-600 0.17

W-800 0.20 E-800 0.08

W-1000 0.11 E-1000 0.05
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from4.54% (for sampleW-200) to 2.58% (for sampleW-400). However, for the samples washedwith ethanol,
there is a considerable number of ethoxyl groups on the surface,most of which can be removed upon calcination
at 400 °C (the exothermic peak area of sample E-200 (530.3 J g−1) is nearly five times that of sample E-400
(108.6 J g−1)). Themass loss above 200 °Cdecreases drastically from6.66% (for sample E-200) to 2.24% (for
sample E-400), which is consistent with the carbon contents listed in table 2. Therefore, only a few ethoxyl
groups and a certain number of hydroxyl groups remain on the surface of sample E-400, so themass loss above
200 °C (2.24%) is lower than that of sampleW-400 (2.58%). Thismeans that after washingwith ethanol,most
surface sites are occupied by the ethoxyl groups. At the same trend, after calcination of the ethoxyl groups, the
few residual hydroxyl groups result in a lowermass loss for the ethanol-washed samples comparedwith that of
thewater-washed samples. For example, themass loss of sample E-500 is 0.87%, and themass loss of sample
W-500 is 1.92%. Similarly, themass loss of sample E-600 (0.17%) ismuch smaller than that of sampleW-600
(1.36%). From table 2 andfigure 3(b), it can be seen that after calcination at 500 °C, the ethoxyl groups are
completely removed, which is in agreement with the collapse of the internalmicropores thatwas inferred from
the gas adsorptionmeasurements. From tables 1 and 3, it can be seen that the specific surface area of thewater
washed sample decreases to 22.0m2 g−1 after calcination at 600 °C,while its hydroxylmass loss (from200 °C to
1000 °C) obtained fromTGanalysis is 1.36%.According to the calculation based on a surface hydroxyl density
of 4.6OH/nm2 (as described in section 3.4), the hydroxylmass loss on a surface area of 22.0m2 g−1 should be
less than 0.2%. This also indicates that themass loss is not only caused by hydroxyl groups on the outer surface
butmainly due to those on the inner surface. Although nitrogen adsorptionmeasurements show a nearly
complete reduction of pores for sampleW-600, such a result takes into account only the pores that can be
accessed by nitrogenmolecules. It is highly likely that there exist inside the sample smaller-sized or even closed
pores inaccessible to nitrogenmolecules, but their surface hydroxyl groupswill still condense into siloxane
(Si–O–Si) during TGmeasurement. Fromfigure 4(a), it can be observed that the TG curve for sampleW-600
shows a significant weight loss before reaching 800 °Cand then becomes relatively flat afterward. The TG curves
of samples after calcination at 800 °C and 1000 °C exhibit a tendency to plateau infigure 4with smallmass losses
(<0.2%). This suggests that when calcination temperature exceeds 800 °C, hydroxyl groups inside the sample
have essentially condensed into siloxane, resulting in the complete disappearance of internal pore structure,
which is also consistent with the previous research [23, 29]. There have been some applications of Stöber silica
after high temperatures treatment. For example, a nonporous sample was produced at high temperatures
(900 °C–1000 °C) [11]; the surface charges were studied after calcination at 800 °C [22]; the effects of heat
treatment at 700 °Conmaterial thermal conductivity and structural changes were investigated [13]; the pores
and surface properties were researched after calcination at 800 °C [29], etc. Therefore, investigation of heat
treatment at a temperature as high as 1000 °Cnot only facilitates a better comprehension of the structural
evolution, but also provides a reference for relevant applications.

TheATR-FTIR spectra also illustrate the same variation trend of the number of surface groups. The
absorption peaks at 449, 800, and 1068 cm−1 are attributed to the rocking of the oxygen atoms in the SiO2

structure, the bendingmotion of the Si–O–Si bridges, and the asymmetric stretching vibration of the Si–O–Si
bridges, respectively (see figure 5(a)) [42], which do not significantly change during calcination. The peak at
942 cm−1 is assigned to the stretching vibration of the Si–OHgroups [42], which gradually diminishes with
increasing calcination temperature and almost disappears at a calcination temperature of 500 °C (figure 5(b),
(c)). The curves of samples E-300 and E-400 displayed in figure 5(d) exhibit lower absorbance at 942 cm−1 than
those of samplesW-300 andW-400, which indicates the smaller number of hydroxyl groups in the ethanol-
washed samples than in thewater-washed samples, asmentioned above. The absorption peak at 2983 cm−1 is
attributed to the stretching vibration of theC–Hbonds in the ethoxyl groups [42]. Asmentioned above, for the
samples washedwithwater, the residual ethoxyl groups on the surface are converted into hydroxyl groups
duringwashing, so the FTIR curves do not show any pronounced absorption at 2983 cm−1. However, a distinct
absorption peak at 2983 cm−1 is observed for sample E-200 (figure 5(a)), the intensity of which also decreases
with increasing calcination temperature (figure 6(a)). For sample E-500, the absorption peak at 2983 cm−1

disappears completely, which is consistent with the carbon content and the results of theDSCmeasurements.
The broadband region from3200 to 3700 cm−1 corresponds to differentO–Hstretchingmodes in SiO–Hand
H2O [43].With increasing calcination temperature, the surface silanol is gradually removed. By comparing
figures 6(a) and 6(b), it can be observed that the curves of the samples washedwithwater show stronger
absorption in this broadband region than the sampleswashedwith ethanol for the same calcination temperature,
which also confirms the smaller number of hydroxyl groups in the sampleswashedwith ethanol. In the range of
3200–3700 cm−1, there is a distinctive absorption peak at about 3668 cm−1, which is assigned to internal silanol
[44]. The peak at 3668 cm−1 shifts toward a higher wavenumberwith increasing calcination temperature, which
has been reported to be due to the heterogeneity of the internal silanols, and the absorption at a lower
wavenumberwas found to be the first to disappear during calcination [44].
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3.4. Calculation
In the literature, the TGmass loss and SBET values have often been used to estimate the surface hydroxyl density
of Stöber silica, and the results have yielded awide range of values (from about 5.7 to 56OH/nm2) [25, 45]. The
low SBET and the sophisticated internal structure of Stöber silica could be themain reasons behind such
discrepant results. In this work, we calculated the specific surface area of sampleW-200 using the TGmass loss
result (from200 °C to 1200 °C) and the commonly adopted value of the surface hydroxyl density (4.6OH nm−2)
[41]. During the TGmeasurements, the sample wasfirst held at 200 °C for 2 h to remove the adsorbedwater and

Figure 5.ATR-FTIR spectra of (a) samplesW-200 and E-200; (b) the samples washedwithwater (1500–400 cm−1); (c) the samples
washedwith ethanol (1500–400 cm−1); (d) samplesW-300,W-400, E-300, and E-400 (1500–400 cm−1).

Figure 6.ATR-FTIR spectra (4000–2500 cm−1) of the samples washedwith (a) ethanol and (b)water. The dashed lines at over
3600 cm−1 in (a) and (b) represent internal silanol, while the dashed line at 2983 cm−1 in (a) indicates the peak of C–Hbond.
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then heated to 1200 °C. For comparison, sampleW-200wasmixedwith deionizedwater and vibrated for 24 h to
fully hydroxylate the sample surface, while themass loss in the temperature range from200 °C to 1200 °Cwas
very close to that of sampleW-200 (4.60%), whichmeans the number of hydroxyl groups did not increase
during the 24 h of contact withwater.

The specific surface area was estimated according to the following equation:

S m g
N

MW n

2

10
1cal

M
A

H O OH

2 100
18

2

/( ) ( )=
´ ´

´ ´

where MWH O2
is themolecularweight ofwater,NA isAvogadro’s constant,M is themass loss (%) from200 °Cto

1200 °C, and nOH is the surface silanol density (4.6OHnm−2). The calculated specific surface area (Scal) is
669.2m2 g−1,which is nearly twice the SBET (343.5m

2 g−1)obtained fromtheN2adsorptionmeasurements.There
probably exist narrowpores (<0.8 nm) andeven closedpores in the sample,whichhinder themotionofnitrogen
molecules.Nevertheless, the surface silanols located atnarrow (<0.8 nm) andclosedpores canbe removedduring the
TGmeasurements.Thismaybewhat caused the Scal tobe so large.According to equation (1),we canalsouseour
measuredSBET (343.5m

2 g−1) andTGmass loss (4.60%) to calculate the surface silanol density,which ismuchhigher
(8.96OHnm−2) than4.6OHnm−2. InZhuravlev’smeasurements, narrowpores (<1 nm)werenot considered [41];
thus, the average silanoldensity of 4.6OHnm−2maynotbe suitable for sampleswithnarrowporeswhencalculating
the specific surface areausing theTGmass loss andSBET.

4. Conclusion

In order to achieve an improved understanding of the effects of heat treatment on themicroporous structure
and surface properties of Stöber silica, a series of Stöber silica samples calcined at different temperaturewere
prepared and systematically characterized. For thewater-washed sample, the smaller-sizemicropores (0.8 nm)
are thefirst to collapse or be blocked during calcination. After calcination at 400 °C, themicropores shrink so
that the nitrogenmolecules cannot enter or diffuse smoothlywithin the pores. During calcination at 500 °C, the
micropores collapse completely. For the ethanol-washed sample, the ethoxyl groups occupymost of the sample
surface. After calcination at 500 °C, the ethoxyl groups are completely removed, which can be associatedwith the
collapse of themicropores and agrees with themeasured carbon contents.We believe thatmicropores still exist
in the ethanol-washed samples despite the small SBET obtained viaN2 adsorptionmeasurements, but they are
blocked bymonomers or oligomers and ethoxyl groups. Thus, the variation in the number ofmicropores is
consistent with that of the ethoxyl groups during calcination becausemost ethoxyl groups are located on the
internal pore surface. There is a huge discrepancy between the Scal and the SBET obtained from theN2 adsorption
measurements aswell as between the calculated surface silanol density and the commonly adopted value, which
illustrates the complexity and extraordinary properties of Stöber silica. After calcination at 800 °C, the significant
decrease in TGmass loss indicates nearly complete condensation of surface hydroxyl groups to form siloxane.
Ourwork helps gaining a deeper understanding of themicroporous structure and surface groups of Stöber silica
aswell as their evolutionwith heating processes. Consequently, our research findings will also facilitate future
applications of Stöber silica or Stöber process in a variety offields.
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