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Chapter 1. Reviews

As for mesoporous silica, shown great potential for sensing applications, which has
been widely researched. B.J. Melde! and J.E. Amonette? proposed reviews about
mesoporous silica and silica aerogels materials in sensing. In order to improve the
particular sensing performance of silica, modification of silica such as microstructure
synthesis, surface functionalization and composites were deeply studied, which we
concluded as Table S1.3-2242 Besides, the alkyl decorated silica materials were also
widely researched, which were applied in multiple fields (shown as Table S2).23-38 Z K.
Wang et al. fabricated the hexadecyl decorated silica by chemical co-immobilization
method, which could selectively adsorb bisphenol A from aqueous solution. M.S. Milla
et al.?’ successfully synthesized ammonium alkyl chains decorated silica, which
exhibited excellent antibacterial property. D.N. Huang et al7 prepared
octadecyltriethoxysilane decorated silica by three-steps method, which could
efficiently enrich the phthalates. There were few reports about the
trimethoxyoctadecylsilane (OTMS) alkyl group, which were applied in
superhydrophobic material when decorated with CeO,,*° antiwear ability of liquid
paraffin when decorated with TiO,,* improving extraction efficiency for nonpolar
benzene homologues when decorated with ZnO,*' seldom did the report about

decoration with silica and the application in gas sensing.
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Table S1. Summary of modified silica applied in gas sensing.

Materials Synthesis method Sensor types Properties Ref.
Various microstructures of silica
Ordered silica spheres Sol-gel method QCM Selectively detected alcohol vapors 3
Hollow silica tube - Interferometric gas sensor Applied for gas-concentration analysis 4
. ) ) Chlorinated hydrocarbons can be
Polymer-clad silica Sol-gel method Fiber optic sensor o 5
detected at low limit
. ' ' Applied for the leakage detection of
Silica nanowire - Optical gas sensor 6
propane
Microporous silica Slight alteration Electrochemical sensor Applied for humidity sensor 7
. ) ] Applied for gas-sensing with photonic
Silica photonic crystal Sol-gel method Optical gas sensor ] 42
bandgap shift
Silica aerogel Sol-gel method Electrochemical sensor Applied for humidity sensor 8
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Surface functionalization of silica

Metallo-porphyrin silica - Fiber optic sensor O, sensing for long term use in jet fuel 9
Adjust the dopamine . .
PDA-HMSSs ¢ ) QCM Selectively detected HCHO in food 10
concentration

DAP ’-silica aerogel Co-gelation process Optical gas sensor Applied for O, sensing 11

4-BMC ¢-silica aerogel SCR 4 Optical gas sensor Applied for O, sensing 12

PtOEP ¢-silica aerogel - Optical gas sensor Applied for O, sensing 13

. Kaner’s rapid mixing . ‘ '
PANI-silica aerogel Chemiresistive gas sensor Applied for HCI and NHj; sensing 14
process

MTMS /=silica One-pot method Optical gas sensor Applied for TNT sensing 15
Silica composite materials (includes doping, core-shell structure)

Ce0,/S10, Sol-hydrothermal route Chemiresistive gas sensor Enhanced NHj gas-sensing 16

) Template-carbonization Showed excellent sensing performances
C/Si0, QCM 17

strategy
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Selectively recognized H; in the presence

NiO/Au/Si0, Sol-gel method SAW 18
of CO
, ‘ . Detected O, at room temperature in a dry
Si0, xZrP & Vacuum drying method Solid state sensor ) 19
environment
Si0,/Zn0O core/shell In a triton X-100 system Chemiresistive gas sensor Highly selective to ethanol 20

. ‘ ‘ ‘ Electrochemiluminescent ‘ ‘
Ru(bpy);>" doped silica Slight modification Selective detection for H,S 21
sensor

ZnO/silica foam - Optical gas sensor Applied for ethanol gas sensor 22

¢ PDA-HMSSs: poly-dopamine functionalized hollow mesoporous silica spheres. ? DAP: N-(3-trimethoxysilylpropyl)-2,7-diazapyrenium. € 4-
BMC: 4-Benzoyl-N-methylpyridinium cation. ¢ SCR: sonogashira coupling reaction. ¢ PtOEP: platinum octaethylporphine. / MTMS:

methyltrimethoxysilane. € SiO,-xZrP: silica-zirconium phosphate-phosphoric acid composites.

Table S2. Summary of application of alkyl decorated silica.
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Alkyl groups Silica microstructures Synthesis method Fields of application Ref.
C1Q ¢4, C4Q?, C12Q ¢ and . ) ) Selective nitrate removal from aqueous
Mesoporous silica Surface modification ' 23
C18Q¢“ solution
Cobalt(Il) alkyl phosphonate ~ Mesoporous MCM-41 - Selective oxidations of allylic alcohols 24
Vanadyl alkyl phosphonate Silica - Selective oxidation of sulfides to sulfoxides 25
Hydrothermal ' .
Dodecyl MCM-41 ) Molecular selective adsorption from water 26
synthesis
. Chemical co- ) ) )
Hexadecyl Silica ' L Bisphenol A adsorption from aqueous solution 27
immobilization
C18 alkyl Silica gels Surface coverage Research on the conformational order of C18 28
Cle6c¢ Colloidal silica - Research on charging of silica in apolar media 29
Ammonium alkyl chains Silica - Research on the antibacterial properties 30
) N Carbodiimide o
Short alkyl chains Silica NPs . Research on the moderate activation 31
chemistry
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C6, C10 and C16 alkyl Silica Sol-gel method Research on the thermal properties 32

C18/ Silica Surface modification =~ Research on the improved separation effiency 33

C18 cartridges Silica - Research on the adsorption towards pesticides 34

C18 (unknown) Silica - Research on the adsorption of peptide 35

C18 (unknown) Silica - Rapid detecting metal ions by chromatography 36

Cl18¢ Graphene-silica Three-steps method Efficient enrichment of phthalates 37

C18 (OTMS) Monolayer Si0,/Si CVD Research on the synthesis 38
C18 (OTMS) Mesoporous silica Surface modification Selective gas sensing :/I;i

¢ C1Q: trimethy[3-(trimethoxysilyl)propyl] ammonium chloride. * C4Q: dimethylbuty[3-(trimethoxysilyl)propyl] ammonium chloride. ¢
C12Q: dimethyldodecy[3-(trimethoxysilyl)propyl] ammonium chloride. ¢ C18Q: dimethyloctadecy[3-(trimethoxysilyl)propyl] ammonium
chloride. ¢ C16: hexadecyltrimethoxysilane./ C18: chlorodimethyloctadecylsilane. € C18: octadecyltriethoxysilane.
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Chapter 2. Materials and Instrumentation

2.1 Materials.

All chemical reagents and solvents were purchased from Kelong Chemical Reagent Co.,
Ltd. (Chengdu, China) and used as received without further purification. Deionized (DI)
water was obtained from a Milli-Q water purification system. High purity gases
(99.9999%) including oxide, nitrogen, argon and carbon dioxide, were obtained from
Jinnengda Co., Ltd. (Chengdu, China). Premixed gas tank of hydrogen with the
concentration of 5% (95% argon) was purchased from Jinnengda Co., Ltd. (Chengdu,

China).

2.2 Instrumentation.

Scanning electron microscopy (SEM) images were collected from a scanning electron
microscope (Zeiss EVO MAL15) at an acceleration voltage of 10 kV. The size of crystals
was calculated from SEM images of different areas of the same sample by using ImageJ

software.

Mass Flow Controller (MFC) and syringes were provided by Ristron Co., Ltd
(Jiaxing, China). Quartz Crystal Microbalance (QCM) of SRS 200 was purchased from

Deshang Co., Ltd. (Tianjin, China).
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Fourier transform infrared reflection (FTIR) spectrum (WQF520) was provided by

Ruili Co., Ltd (Beijing, China).

Automatic contact angle tester (OCA25) was provided by Dataphysics Instruments

GmbH. Contact Angle (CA) was measured by attached software.

Volumetric N, sorption measurements were carried out at 77 K by using gas
adsorption system (Quantachrome QuadraSorb-S12000-09). Specific surfaces areas
were calculated from the N, adsorption data according to the Brunauer-Emmett-Teller
(BET) method. Cumulative pore volumes and pore diameters were calculated from the

adsorption isotherms by the Barrett-Joyner-Halenda (BJH) method.

S10



Chapter 3. Characterizations

3.1 BET measurement.

Representative N, sorption isotherm of undecorated silica was shown as Figure S1.
Considering the decoration process would not change the formation of silica,
representative N, sorption isotherm of OTMS decorated silica could also be illustrated
by Figure S1. Because the N, isotherm illustrated typical type III behavior with silica,
capillary condensation of VOC vapors was a major factor of adsorption behavior in the
Replacing model. When silica PCs were exposed to the alcohol vapors, the replacement
of reference-gas molecules with alcohol molecules occurred, forming a saddle-shaped
liquid-vapor interface between two touching silica spheres, where the Replacing model

was employed to explain the sensing mechanism.

S11



N
(e}

—>— Ads. @77K
J—<—Des. @77K

(95)
W

W
(e}
1

N
()]
1

V[Q(Py/P-1)]

— N
wn O
1 1

160.080.100.120.140.160.180.200.220.241
10 | Relative pressure (P/P,)

‘\V\vuik —

it

W
L

U o
N

[e=)
1

Quantity adsorbed @STP (cm®/g)

00 02 04 06 08 10
Relative pressure (P/P)

Figure S1. Representative N, sorption isotherm of undecorated silica.?

Surface area=14.6653+0.1048 m?/g

Slope=0.294622+0.002096 g/cm?

Intercept=0.002173+0.000326

Correlation coefficient, R2=0.9998230

Constant=136.563805

Pore volume=0.054097 cm?/g
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3.2 norms calculation.

The results of norys calculation was shown as Table S3. According to Sauerbrey
equation (shown as Equation (1) in manuscript), Frequency shift can be easily changed

into Mass shift.

Silica weight = (Coated F — Original F)/0.0566

OTMS weight = (Decorated F — Coated F)/0.0566

norms = OTMS weight/(Silica weight + OTMS weight) x 100%

where Original F is the frequency of uncoated QCM chip when exposing to dry nitrogen.
Coated F refers to the frequency of QCM chip coated with undecorated silica and

OTMS decorated silica film when exposing to dry nitrogen.

So far, the content of OTMS when decoration time is 2 h, 4 h, 6 h and 8 h,

respectively can be calculated as 2.62 wt%, 2.74 wt%, 3.00 wt% and 4.37 wt%.
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Table S3. Original F, Coated F, Decorated F, Silica weight, OTMS weight, norys of

undecorated silica and OTMS decorated silica.

Decoration  Original Coated F  Decorated Silica OTMS  norms
time (h) F (Hz) (Hz) F (Hz) weight weight
(Wt%)
(ng/cm?)  (ng/cm?)
03] 5002641 4939500 - 1115565.37 - -

2 5000809 4992532 4992309  146236.75 393993  2.62

4 5000032 4875330 4974634  436431.10 12296.82 2.74

6 4999328 4981790 4981248  309858.66  9575.97  3.00

8 4998079 4987936 4987472  179204.85  8197.88  4.37
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Chapter 4. Sensing performance and

Mechanism

4.1 Sensing performance.

As the experiments ended, the computer recorded real-time Delta F dataes. According
to Sauerbrey equation, Frequency shift can be easily changed into Mass shift. Figure
S2 to Figure S6 illustrated the real-time Delta Mass-response curves of the QCM sensor
coated with undecorated silicaand OTMS decorated silica (norms=2.62 wt%, 2.74 wt%,
3.00 wt% and 4.37 wt%) when exposed to different atmosphere with increasing gas

concentration.
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Figure S2. Real-time Delta Mass-response curves of the QCM sensor coated with

undecorated silica exposed to different atmosphere with increasing gas concentration.
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Figure S3. Real-time Delta Mass-response curves of the QCM sensor coated with

OTMS decorated silica (norms=2.62 wt%) exposed to different atmosphere with
increasing gas concentration. (a) Hy. (b) O. (¢) CO,. (d) methanol. (e) ethanol and (f)

isopropanol.
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Figure S5. Real-time Delta Mass-response curves of the QCM sensor coated with

OTMS decorated silica (norms=3.00 wt%) exposed to different atmosphere with
increasing gas concentration. (a) Hy. (b) O. (¢) CO,. (d) methanol. (e) ethanol and (f)

isopropanol.
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Figure S6. Real-time Delta Mass-response curves of the QCM sensor coated with
OTMS decorated silica (norms=4.37 wt%) exposed to different atmosphere with
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4.2 Sensing Mechanism.

We have also engaged the sensing performance of other nonpolar molecule (CH,4) and
polar molecules (NO and NHj3), the results were shown as Figure S7 and Figure S8,
furtherly confirmed the enhancement adsorption of nonpolar molecule on modified
silica was ascribed to the nonpolar group of OTMS, while the decline adsorption of

polar molecule on decorated silica was caused by the nonpolar group of OTMS.

Due to the special arrangement, silica synthesized by the vertical deposition method
exhibited fine selectivity among three alcohol vapors. The Replacing models were
employed to explain the sensing mechanism, which had been proposed in our previous
works.3*2 The difference was that as long as the liquid-vapor interface occurred, alcohol
vapors would like to entered into capillary holes of undecorated silica. As for OTMS
decorated silica, alcohol vapors would like to be in connection with methyl and
methylene on the OTMS molecule. Sisopropanolethanol aNd  Sethanolmethanol  Shift with
increasing OTMS content under three states were shown as Figure S9a,b and the
relative g shift among three alcohols were shown as Figure S9c-f, which could furtherly

guide the sensing mechanism of S.
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4.3 Sensing properties of H,O and stability

Importantly, the sensing properties of H,O were also studied, as shown in Figure S10-
Figure S12, indicating that OTMS decorated silica exhibits poor adsorption
performance on H,O. Besides, the repeatability and stability of OTMS decorated silica
under different humidity and CO, were evaluated at room temperature (25°C), as shown

in Figure S13-Figure S15, revealing fine repeatability and stability of this sensor.
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Figure S14. Repeatability of OTMS decorated silica (norms=4.37 wt%) when exposed
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4.4 Fitting and Equations.

Table S4. Equations and R? of CA~norys curve and g~CA curves.

CA (y)~norms (X) curve

Equation

RZ

—X

y =—106301 x e%3%° + 127.19

0.9997

q (y)~CA (x) curves

Gas ]
Species _ Equation R?
concentration
1 ppb y =847 x 10 ~*x — 0.071 0.911
10 ppb y =8.60 x 10 ~*x — 0.070 0.955
100 ppb y=9.31x 10 "*x — 0.076 0.969
H,
1 ppm y=19.10 x 10 ~*x — 0.072 0.976
10 ppm y =9.37 x 10 ~*x — 0.073 0.978
100 ppm y=9.81x 10 "*x — 0.075 0.948
1 ppb y =8.57 x 10 ~*x — 0.070 0.950
10 ppb y =9.90 x 10 ~*x — 0.081 0.994
100 ppb y=1.01 x 10 ~3x — 0.083 0.989
0O,
1 ppm y=9.44 x 10 ~*x — 0.073 0.965
10 ppm y=19.06 x 10 ~*x — 0.067 0.962
100 ppm y=1.01x 10 3x —0.077 0.953
X
CO, 1 ppb 0.999

y=3.81x10"8x 8827 + 0.019
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X

10 ppb y =147 x 108 x ¢83% 4 0022  0-998

X
100 ppb y=513x10"10x e84 y 9027 099

X
I'ppm y=3.09x 10710 x ¢6693 y 0029 0999

X
10 ppm y=892x10"10x 892 y 0029 09

X
100 ppm y=323x10"10x 6617 y 0031 0999
1 ppb y=-—3.17 x 10 *x+0.048 0.943
10 ppb y=-—3.32 x 10 ~*x+0.050 0.935
100 ppb y =—4.07 x 10 "*x+0.060 0.997

methanol
1 ppm y=—4.17 x 10 ~*x+0.062 0.984
10 ppm y=—4.20 x 10 ~*x+0.063 0.993
100 ppm y = —4.05 % 10 ~*x+0.062 0.969
1 ppb y =—3.86 x 10 ~*x+0.060 0.970
10 ppb y=—4.12x 10 "*x+0.066 0.973
100 ppb y=—4.77 x 10 "*x+0.073 0.988
ethanol

1 ppm y =—5.00 x 10 ~*x+0.076 0.976
10 ppm y=—5.02x 10 "*x+0.077 0.961
100 ppm y =—5.46 X 10 ~*x+0.083 0.935
1 ppb y=—5.62 x 10 ~*x+0.085 0.916
isopropanol 10 ppb y =—5.74 x 10 ~*x+0.087 0.961
100 ppb y = —5.85 x 10 ~*x+0.090 0.958
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1 ppm y =—6.15 X 10 ~*x+0.094 0.934
10 ppm y =—5.94 x 10 ~*x+0.092 0.921

100 ppm y=—6.30 x 10 ~*x+0.097 0.883

S34



Chapter 5. Measurements

5.1 Gas distribution process.

The high purity nitrogen (99.9999%) was used as diluent to dilute target gases, such as
0,, CO,, and VOCs vapors. Small-molecule gases (O, and CO,) with gas concentration
of 1 ppb to 10° ppm were diluted at 25°C. Especially, the high purity argon (99.9999%)
was employed to dilute hydrogen. The pure alcohol vapors (methanol, ethanol and
isopropanol) were obtained from alcohols evaporation at their boiling points of 65°C,
78°C, and 82°C, respectively. Then, the nitrogen was used to dilute the alcohol vapors
at the same temperature. The target VOCs gases with concentration of 1 ppb to 10° ppm

were cooled to 25°C before sensing measurements.

5.2 Sensing performance measurements.

As reference gas, nitrogen or argon (the target gas was hydrogen) was injected through
the gas inlet and the frequency counter began to work. After the frequency signal was
steady, the target gas (alcohol vapor or small-molecule gas) with concentration range
from 1 ppb to 100 ppm was injected into QCM chamber and began the adsorption
process. After 5 min, the reference gas was injected again. The desorption process also
lasted 5 min and finished the adsorption-desorption measurement. The resonance
frequencies were measured by the frequency counter and the data from QCM were

recorded by computer.
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5.3 Experiment environment and relative humidity test.

We have carried out the humidity response experiments at the relative humidity from
10% RH to 75% RH. According to the results (shown as Figure S16), it could not lead
to large response to the change in relative humidity (from 11% to 75%). So, we thought
the effect of humidity on gas sensing properties could be ignored. Furthermore, in order
to keep the same measurement environment, we used a dehumidifier to maintain the

environment humidity at 10% in the process of measurement.

We also carried out the gas sensing experiments when reference gases were dry
nitrogen and 10 % relative humidity nitrogen. As a result (shown as Figure S17), we
defined adsorption capacity (g) (shown as Equation (2) in manuscript) and relative error
as follows.

‘ q (dry nitrogen) — 4 (10% relative humidity nitrogen) ‘
g, = x 100%
q (dry nitrogen)

When the dry nitrogen was used as reference gas, ¢ is bigger than that of the reference
gas of 10% RH nitrogen. But the relative error is not bigger than 5.8%. It could be
explained that when the 10% RH nitrogen was employed to reference gas, some active
sites on the surface of QCM may be occupied by the water molecules, resulting in
decrease of ¢g. Fortunately, the relative error was small, leading to ignore the effect of

humidity on the gas sensing properties of the silica.
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