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n EXPERIMENTAL

Chemicals and Materials. All chemical reagents used in this work were obtained commercially. Unless otherwise noted, all the
reagents were of analytical grade and used without further purification. Titanium tetrachloride (TiCls, 99.0%) was purchased from
Shanghai Macklin Biochemical Co., Ltd. (China). Ethylene glycol (CH,OH-CH,OH, EG), ethylenediamine (CH2NH.-CH:NH,, EA),
sodium oxalate (OA-Na), and absolute ethanol (CH3;CH,OH) were obtained from Sinopharm Chemical Reagent Co., Ltd. (China).
Deionized (DI) water used in all experiments was prepared from the Milli-Q water purification system with a resistivity of 18.2 MQ-cm.
Sensor substrates (Al.O3z) with 5 pairs of Ag—Pd interdigitated electrodes with a channel of 200 um were purchased from Beijing Elite
Tech Co. (China). The sensor substrates were rinsed with ethanol and dried with nitrogen before drop-casting.

Synthesis of TiO2-EG Ultra-thin Nanosheets. The TiO,-EG ultra-thin nanosheets were synthesized via a modified solvothermal
method reported by Wang's group.!"! In a typical synthesis of TiO,-EG ultra-thin nanosheets, 1 mL TiCls and 30 mL EG were mixed and
magnetically stirred for 5 min till no HCI yield. Then 1 mL DI water was added into the mixture solution and the resulting light yellow
homogeneous solution was allowed to react at 160 °C for 6 hours in a 50-mL Teflon-lined stainless-steel autoclave before it cooled to
room temperature naturally. The white products were collected after centrifugation and further washed three times with DI water and
absolute ethanol. After being dried in a 60 °C vacuum oven overnight, the collected TiO,-EG powder was used for characterizations,
humidity sensing tests, and further synthesis.

Synthesis of TiO2-EA Ultra-thin Nanosheets. The TiO»-EA ultra-thin nanosheets were synthesized, followed by a facile post-ligand
modification strategy. Briefly, 110 mg TiO-EG and 100 mL DI water were mixed in a 250 mL round-bottom flask, and then 4 mL
ethylenediamine (EA) was introduced into the mixture solution. The 250 mL round-bottom flask was transferred to an oil bath at 50 °C
and magnetically stirred for 6 hours. The sandy beige products were collected after centrifugation and washed three times with DI water
and absolute ethanol. After being dried in a 60 °C vacuum oven overnight, the collected TiO,-EA powder was used for characterizations
and humidity sensing tests.

Synthesis of TiO2-OA Ultra-thin Nanosheets. The synthetic process of TiO2-OA ultra-thin nanosheets was similar to TiO,-EA ultra-
thin nanosheets. 110 mg TiO»-EG and 100 mL DI water were mixed in a 250 mL round-bottom flask, and then 0.4 g sodium oxalate
(OA-Na) was introduced into the mixture solution. The 250 mL round-bottom flask was transferred to an oil bath at 50 °C and
magnetically stirred for 6 hours. The white products were collected after centrifugation and washed three times with DI water and
absolute ethanol. After being dried in a 60 °C vacuum oven overnight, the collected TiO.-OA powder was used for characterizations
and humidity sensing tests.

Sensor Device Fabrication. The gas sensor devices were fabricated by a typical drop-casting method. Initially, a proper amount of
prepared sensing material was mixed with absolute ethanol and ground in an agate mortar to form a slurry. Then the slurry was coated
on pre-cleaned Ag-Pd interdigitated electrodes in which Al,O; ceramic was used as sensor substrate. The coated slurry was dried
naturally to form a uniform thin film sensing layer at room temperature. And two gold wires were attached to each side of the
interdigitated electrodes via a silver conductive paste. Then sensor devices were aged in a vacuum oven at 80 °C for 6 hours before
sensing test. The sensor devices of TiO2-EG, TiO,-EA, and TiO-OA were fabricated with the same method mentioned above.

Humidity Sensing Performance Test. The humidity sensing performance of sensor devices was measured through the homemade
sensing test system that we have reported.”! The sensor devices were placed in a dark sealed quartz chamber and dry synthetic air
was used as the carrier gas for humidity. DC circuit method was adopted to evaluate the humidity sensing performance of sensor
devices. The DC changes were recorded using a Keithley 2602B Source meter when sensor devices were exposed to different relative
humidity with an applied bias of 1 V. Humid gas was introduced into the quartz chamber with a flow rate of 12-600 mL min~" via mass
flow controllers. The flow and relative humidity could be controlled by using the mass flow controllers (MFC). All of the humidity sensing
measurements were performed at an ambient condition.

The response time is defined as the time taken by the fabricated sensor to reach 90% of the response value upon exposure to the
target humidity, while the recovery time is defined as that taken by the fabricated sensor to decrease 90% of the response value upon
exposure to the dry air.
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Materials characterization. Powder X-ray diffraction (PXRD) test was performed by using Rigaku SmartLab diffractometers (Japan)
with a CuKa radiation (A = 1.5418 A). The 20 diffraction angle range was from 5 to 80° with a scanning speed of 5 °-min™'. Fourier
transform infrared spectroscopy (FT-IR) measurements were conducted with a Bruker VERTEX 70 FTIR spectrometer (Germany) using
KBr tablets over the wavenumber range from 4000 to 400 cm™. The X-ray photoelectron spectroscopy (XPS) was tested by a Thermo
Scientific ESCALAB 250 Xi XPS system (monochromatic AlIKa X-ray (1486.6 eV) operating at 15 kV; the base pressure: 5.0 x 10-8
Pa). The samples were dried in a vacuum oven for 8 h before XPS tests. The morphology details of TiO.-EG, TiO2-EA, and TiO-OA
were observed by scanning electron microscope (SEM, Zeiss Sigma-300) and field emission transmission electron microscope (FETEM,
Tecnai F20). Atomic force microscope (AFM) images were collected on a Bruker Dimension ICON atomic force microscope. The
scanning was performed under the ScanAsyst in air mode with a scanning force of the tip on the surface. Nitrogen adsorption isotherms
of TiO,-(EG, EA, OA) nanosheets were measured using a Micromertics ASAP 2020 gas adsorption analyzer at 77 K, and samples were
degassed at 100 °C for 8 hours. The BET method was used to calculate the specific surface area (m?-g"). The UV-vis-NIR spectroscopy
was measured by a PerkinElmer Lambda-900 UV-vis-NIR spectrophotometer.
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Figure S1. Optical images of (a) TiO2-EG, (b) TiO2-EA, and (c) TiO2-OA.
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Figure S2. UV-vis-NIR spectroscopy and corresponding optical band gap of (a, d) TiO2-EG, (b, e) TiO2-EA, and (c, f) TiO2-OA.
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Figure S3. (a), (b) UPS spectrum, (c) optical band gap and (d) energy level plot of TiO2-EA.
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Figure S4. (a) Device structure and its fabrication process, (b) device image.
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Figure S5. Nitrogen adsorption-desorption isotherms of TiO2-EG, TiO2-EA and TiO2-OA
The BET surface areas of TiO2-EG, TiO2-EA and TiO2-OA are all about 320 m?-g™.
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Figure S6. FT-IR spectra of (a) EA and TiO2(EA) and (b) OA and TiO2(OA). (b) XPS spectrum of O 1s of TiO2-EG, TiO2-EA, and TiO2-OA

The unmaodified TiO,-EG sample exhibited a strong broad absorption band at around 3408 cm-'. This band could be assigned to the
-OH stretching vibrations of the surface coordinated ethylene glycol and physisorbed water molecules. Another strong adsorption band
located at 1640 cm™ was attributed to the bending vibration of -OH and adsorbed water. The adsorption band regions on 2935 and
2871 cm™" were assigned to -CHj stretching vibration of ethylene glycol ligand. And the obvious adsorption bands at about 1078 and
1116 cm™' were assigned to the stretching vibrations of -C-O.
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Figure S7. (a)—(f) Thickness of TiO2-EG, TiO2-EA, TiO2-OA; (g)—(i) High-resolution SEM images of TiO2-EG, TiO2-EA, and TiO2-OA.
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Figure S8. |-V characteristic curve tests of (a) TiO2-EG, (b) TiO2-EA, and (c) TiO2-OA.

The |-V characteristic curve tests of three TiO, samples are performed to confirm the contact type between metal and semiconductor,
as shown in Figure S5. It can be seen from the results that all the |-V curves obtained are straight lines with slope passing through the
origin, indicating that no band bending occurs within the interface between metal and semiconductor, so no Schottky barriers are formed.
There are good ohmic contacts between electrode metal and the TiO, samples instead of Schottky contacts, and the interface

resistances are very small. The current response of the humidity sensor comes from the charge transfer of interaction between the TiO,
sensor layer and water molecules.

1
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Figure S9. (a), (b) Real-time dynamic current response-recovery plots of TiO2-EG and TiO2-OA, (c)—(d) Response-10%RH sensing plots of
TiO2-EG and TiO2-OA, (e—f) Response-recovery cycle plots of TiO2-EG and TiO2-OA at 50%RH.
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Figure S10. Response current plots of TiO2-EG and TiO2-OA at different RH.
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Figure S11. (a)—(c) Hysteresis characteristic of TiO2-EG, TiO2-EA, TiO2-OA,; (d)—(f) Dynamic
sensing plots of hysteresis measurements of TiO2-EA, TiO2-EG, and TiO2-OA.

Hysteresis characteristic of a humidity sensor is another important criterion for humidity sensing performance, which is defined as
the maximum difference during the adsorption-desorption process. It represents the work properties of water molecular adsorption and
desorption during the humidity sensing process and is a common phenomenon for metal oxides-based humidity sensing materials.
Minimizing the hysteresis effect is an important issue to make the humidity sensing materials be practical. As shown in Figure S5, the
TiO2-EA has the narrowest hysteresis range compared with TiO,-EG and TiO»-OA in the whole humidity range of 10—98%, indicating
that the sensors fabricated by TiO,-EA have good reliability and excellent reversibility in humidity sensing application. The excellent
performance of the sensors may be due to the atomically thin morphology and the special chemical environment of TiO.-EA.

14



SUPPORTING INFORMATION ~ Sctinese sourna o

tructural Chemistry

2.5x108 bz.o 107
a2 = 10% RH x = 50% RH
s " ® 20% RH e 60% RH
2.0x10 = 30% RH 1.5x107 A 70% RH
O = 40%RH| E -y s
E X L] 4 - = CPE1
o - O1.0x107 K:I
~=1.0x10°% o CPE1 : nEEm,
H g N .l l.
N mn ) u o
5.0x107{ 2" gum 5.0%10° - "V
0.0‘I 0.0 h
0.0  6.0x107 1.2x10° 1.8x10° 2.4x10° 3.0x10° 0.0 6.0x10%1,2x1071.8x107 2.4x107 3.0x10’
\ Z' (Ohm) 3000 Z' (Ohm)
6x10 d
C & = 80% RH = 90% RH
5x10% 1 e 90% RH 2500 ® 95%RH
A 95% RH
'§4x10“- R2 wi - Ezooo-
< CPE1 : " < "
O 3x10%- - O 1500 0
~— e | |
= mERm || =
N 25104 _,-" ey - N1o00{ o . -
1105 "'V" o) f N
042 : . : 0 , . ' ’ .
0.0 3.0x10*  6.0x10* 9.0x10* 1.2x10° 2000 3000 4000 5000 6000
Z' (Ohm) Z' (Ohm)

Figure S12. The corresponding equivalent circuit and the fitting plots at different humidity levels.

The equivalent fittings were performed by Z-View 2, and the resultant component values of the equivalent circuit at different humidity
levels are listed in Table S2. Compared with the test plots, we can find that the fitting plots match the test plots perfectly, indicating the
validity and correctness of the equivalent circuit.
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Figure S14. AC impedance spectra of TiO2-EG at different RH levels.
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Figure S15. AC impedance spectra of TiO2-OA at different RH levels.

From the AC impedance spectra of TiO,-EG and TiO»-OA at different RH levels, we can see that the ion diffusion phenomenon in
high humidity at low frequency is not as good as that of TiO,-EA, indicating the more complicated process in high humidity sensing.
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Change in the Response Recovery
Sensing materials Ref.
impedance/resistance time (s) time (s)
TiO2 porous ceramic 10* (11-95) 32 131 Bl
Porous TiO2 10* (11-95) 5 8 “
TiO2 nanotube 102 (11-95) 100 190 1l
TiOy thin film 10° (10-95) 10 180 el
TiO2 nanowire/nafion 10% (12-76) <120 <120 m
KCl-doped TiO2 nanofiber 10* (11-95) 3 3 @
LiCl doped TiOz2 nanofiber 108 (11-95) 3 7 1l
Mg?* and Na* doped TiO2 nanofiber 108 (11-95) 1 2 [10]
Zr02:TiO2 hetero-nanofiber 10* (11-97) 5 20 [
Graphene/TiO2 composite 102 (12-90) 128 68 2]
TiO2 nanosheet 102 (12-90) 3 50 (18]
TiO2/(Ko.sNao.5)NbO3) 102 (12-94) 25 38 [14]
TiO2 nanoflowers 10 (11-98) 143 33 18]
TiO2 slanted nanorods 103 (5-95) 0.145 0.21 (6]
Electro spun TiO2 nanofiber <103 1 4 iy
TiO2/GO <102 (11-97) 0.45 0.89 [18)
ZnO/TiOz2 double-layer nanofibers 10* (11-95) 11 7 [19]
TiO2 nanoparticles <108 (11-98) 2 1.5 [20]
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Table S2. Comparison of Different Type of Ultra-low Humidity Sensors

Response time

Recovery time

Operating range

Materials Sensor type Ref.
(s) (s) (ppm)

Au layer/MEH-PPV 120 600 1-5000 Resistive type [21]
Polyaniline 520 30 211.5 Resistive type 22
FDU-15-COOH / / 55-2952 QCM type (23]
CNT/Nafion composite <5 <5 8.5-15300 QCM type [24]
Nil2 / / 111-3070 Impedance type 125]
H-ZSM-5 type zeolite / / 10-110 Impedance type 126]
PEDOT: PSS / / <278 Impedance type 1271
QC-P4VP/RGO 21 78 50-585 Impedance-type 28]
Al203 modified MCL 2120 160 10-200 MCL type 129
y-Al203 67 121 278-2789 Capacitive type 130]
y-Al203 30 40 4-18 Capacitive type 131]
y-Al203 47 118 2.5-25 Capacitive type 132]
y-Al203 158 216 3.5-800 Capacitive type 133]
y-Al203 12 12 175-625 Capacitive type 34
y-Al203 158 216 3.5-800 Capacitive type 135]
y-Al203 / / 0-100 Capacitive type 36]
Cu-BTC <480 <420 20-100 Capacitive type 1371
Anodic spark Al203 5 5 0-23000 Capacitive type 138]
Ultra-thin TiO2 nanosheet 98.4 93.6 15-28028 Chemiresistive type This work
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Table S3

RH R,(Q) R,(Q) CPE,-T(Q) CPE,-P(Q) W,-R(Q) W,-T(Q) W,-P(Q)
10% 3510 8.6x108 5.1x1072 0.98 ! / /
20% 2418 2.7x108 6.3x1072 0.97 / / /
30% 843 1.1x108 8.8x1072 0.95 / / /
40% / 5.8x107  1.9x10" 0.89 / / /
50% / 2.7x107  3.8x10" 0.86 6.7x10'* 6.1x10™*  0.53
60% / 54x108  4.6x10" 0.85 2.0x10"% 5.2x10'® 0.42
70% / 8.0x10° 8.5x10™M 0.82 4.3x107 1151 0.44
80% / 6.8x104 2.5x1010 0.77 2.9x105 0.06 0.52
90% / 4210 3.4x1010 0.78 5.6x10" 1.5x10%°  0.59
95% / 1416 1.7x10° 0.70 7.9x10"  2.2x10° 0.66
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