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Abstract

a-pinene is a natural volatile organic compound secreted by coniferous trees to protect themselves from attacks by insects, micro-
organisms, and viruses. Recently, studies have reported that a-pinene possesses pharmacological effects on various biological reactions
such as anxiolytic, sleep-enhancing, anti-nociceptive, and inflammatory activity. Thus, forest bathing has recently received great atten-
tion as a novel therapy for treating severe diseases as well as psychological issues. However, appropriate places and timings for effective
therapies are still veiled, because on-site monitoring of a-pinene gas in forests is barely possible. Although portable chemosensors could
allow real-time analysis of a-pinene gas in forests, the a-pinene sensing properties of chemosensors have never been reported thus far.
Herein, we report for the first time, the a-pinene sensing properties of an oxide semiconductor gas sensor based on rhombohedral In,O;
(h-In,O;5) nanoparticles prepared by a microwave-assisted hydrothermal reaction. The h-In,O; nanoparticle sensor showed a high
response to a-pinene gas at ppm levels, even under humid conditions (for example, relative humidity of 50 %). The purpose of this
research is to identify the potential of oxide semiconductor gas sensors for implementing portable devices that can detect a-pinene gas

in forests in real-time.
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2.1 h-In,0; L} = X} 8HM

h-In,0; Y=Y A= 26 mLe] SHFF 1.15¢g2 Indium
chloride(InCl;, 98%, Sigma-Aldrich), 1.835 g¢] trisodium citrate
dehydrate(Nascit, Na;C¢Hs0,, 99.0-100.5%, Sigma-Aldrich), 0.32
g9] urea(NH,CONH,, >99.5%, Sigma-Aldrich)S &3l 5}o] A
Z3 g2 nlo] AR o] H FH]|(Mars 5, CEM)E o] &3}
180°CollA 1 h 4 @48, AxE AT1A (e, INOOH)Z
371 291719014 500°C 4 h @A E]sk= WHO = g

2254 "I}

INOOH % h-In,0; W= Ae] AR FxE XA 34847
(X-ray diffractometer, XRD, LAbX XRD-6100, Shimadzu)E ©]
g3lo] #4313, 7 AL AANEY FARIAE ] (Field
Emission-Scanning Electron Spectroscopy, FE-SEM, SU-70,
Hitachi Co., Ltd.y& o|-&3to] #Zgc}.

2.3 h-In,O; MM X|Z}

h-In,O; A E 0.01 g8 h-In,O05 W= AE 0.5 mLe] S7/<F
o] EAAA A xF &2 S Au A=} Ru Plo| 22 3E 7}
HEd ® 1.5mmx 1.5mm 2719 EF w7133 drop

coating(6 uL)ate] A2, AlA o] G4 g stE 3l 54
ol mlo]AR J|HE ©]&ate] 450 °ColA] 2h A=t

2.4 o-pinene 7|2 4N

a-pinene 7+ A4S $I3 gas generation system(GGS)S A
2F o}k, GGSE 3711€] mass flow controllerMFC), Z+ MFC2} 4
A9 3709 712 % line(line 1, line 2 2 line 3), 22 2 A}
7] 370€] line¥} AZAE 7k AlA AW E AT old, line
12 7k Al guish 24 A4 ® v line 29} 3 55 A
25k 2] MEHE FHet] AR Tk Al Ao A
ZA¥ =% 3ot Line 29} 39] WE2lol= 22t 150 mLe] S5+
F(line 2) == 22 2] S75 (H)-a-pinene (98%, Sigma-
Aldrich)°] 34 Eo] & & (line 3)°] ET AT} o-pinene
gobe | Lo Z7F<o) 3 ule (+)-a-pinene> 60 °CollA] 10 min
B o Axgon, ZA A &AS WHE] Q18 4 °CollA

WAEE HAt

2.5 a-pinene 7}A Z+S 5N HI

——

h-In,0; A4 €] a-pinene Z-3-E4S GGSeF AT E 71 Al
A AvjellA 7k, 7k AlA AW quartz 2A1E o8-8t
of w22 FI(1.5 em))ZE A=A MM 25= vlola
2 3Ed ALE Artske oz 2HE01(250-450 °C)
IR 2% AlX| (Metis MP25, Sensortherm GmBH)E- 53f 2215
Atk A #9171 GGS9 7} lineS F3 FHE Sojo= 7t
2=9] E3&S Alofste] =8Pt olw, Zt lined] F FH
200 mL/min®.2 ZAAL, A8 U A SERH)E T
%7} H =5 ot A F917] Wsle] & AAje] A3 WS
= picoammeter(6487, Keithley Co., Ltd)?} J4E ZZI1HS
olg-ste] 1, ol RR,'E 712 TE(S)E AXFSITHR,:
RH 50 % &7l igt AA] A3, R,: RH 50 % o-pinene 7}2=
of thgk AA] A 3h). 90 % WA 7k 3] 5A| 72 o-pinene”}
2 gl 3719 mFo mE Mo A7 W7t 90 %ol =2
< w2 AL

L

2.6 a-pinene TE SHO| XM= U M EpM

10 mL9] methanol (CH;OH, 99.8%, Duksan Co., Ltd.)ll (+)-
a-pinene2 = 10,000 ppme| a-pinene ¥ NS A2}
7471 84L& methanol® 4] 343514 5, 10, 25, 50, 100 ppm
o | Z3t= o-pinene EF &N S A Zh 7}7Ho] A4S
autosampler (G4513A, Agilent technology Co., Ltd.)E ©]-&-3}<]
20:19] split ratioZ GC-MS(7890B-5977B, Agilent technology
Co., Ltd.)oll At} GC column HP-5(Agilent technology
Co., Ltd)E AH&-3 2, carrier gasZ & He(99.999%, Hankook
special gases Co., Ltd.y& AF8-31t} (flow rate= 2 ml/min). GC inlet
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MSE ©] &% scan mode 41 1Pt AF F4 HI=
20-300 m/zS 27, methanol peak Al A E 9] solvent delay+= 1
min. 2 A7 gt} a-pinene] A
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7+ ZHYHI L). 2HEY 7k2E GO-MS9 A5 E thermal
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ok 7h=e] g2 off o] A 2 XY AT} Tenax TA FE
S 250 °ColA 10 min 7}E8te] F2HE 7kAE 1AFE 233
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9] 7} 44 lineS F3 GC-MS| =Y = At} oW carrier
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Fig. 1. X-ray diffraction patterns for (a) InOOH and (b) h-In,0;
nanoparticles.
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Fig. 2. (a) FE-SEM image and (b) particle size distribution of h-In,O;
nanoparticles.
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Fig. 3. (a) Chromatograms and (b) calibration curve for 5-100 ppm
of a-pinene standard solutions.

AT AN ALy =
area, X: o-pinene &%) L, AFAFRHE
6]— )v]?iﬂk] e] D:]—o]tf A}\?}]’,}

§3to WS

3be] AFAS

1522x + 472.51 (y: peak
0.98% =of ¢

=
T

a-pinene &4 (3 pL/LyS ©] o-pinene 7}229] &

TE 3elsl7] 98] TD/GC-MS #4418 A AT}, o-pinene
Aol =il =ofl gk & =7t v 2o B R [14], GGS

71 Azl F7Fg mE WAk 7
2 f\i‘r‘ﬂ’%‘jr oo & A= GGSollA
Z 67012] Tenax TA FEo| 22t 5 min &
Z} FHol g TD/GC-MS l‘&:ﬁ
TD/GC-MS

7t st A Ao
A8 g-pinene 7t

e o
Z1g 3t} (Fig.
228 B8] 013} peak areaS ¥HFE &
Sl E“Ur Hlwsted, HEH 02 GGS 7}
gl (Fig.
EEE]M—‘— ]EH Q1% o-pinene 7F~9]
A A F2HFEL] A5 1049 + 14.2 ppm, 687
3 + 4.08 ppmeZ GGS 7Fs Al7re] F71e
sh= HA

[e]
=

I

rrc =
o 1-=

o
735
20

x4 &2

(b) 1500
1200 11048
X
B76
T

318

\121
= 51;1 13

123456
Tube number (#)

900
600 -
300

Intensity (a.u.)
Conc. (ppm)

p AN

6 62 64 66 68 7
Time (min)

Fig. 4. (a) Chromatograms and (b) a-pinene concentrations achieved
from GGS.
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Fig. 5. (a) Gas responses (S) of h-In,O; sensor to 1049 + 14.2 ppm
of a-pinene gas at 250-450 °C under RH 50 %. (b) Resistance
change of the sensor to 1055 ppm of a-pinene gas at 350 °C
under RH 50 %.

h-In,0; A4 9] a-pinene 7+ HAZ atgHS SR15t7] 9138 o-
pinene 7}2=29] FEo| W& A9 712 e S HEIY (Fig.

6a). AlAE= 1055, 680, 316, 121, 41, 13 ppme] o-pinene 7}F2=0]]
sl zHzt 14.6, 8.89, 5.9, 4.06, 2.79, 1.97¢] YERA AL
(Fig. 6b), ©]& 7|Hte2 ¢ 719} g-pinene 7k F=9] &
AL y = 310" — 4-10°%% + 0.0281x + 1 (y: 7} =, x:
a-pinene 712~ FE)ATH (R* = 0.98). 7} 7427 = 1.2¢ W)
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Fig. 6. (a) Resistance change of h-In,O; sensor when exposed to 13-
1055 ppm of a-pinene gas under RH 50%. (b) Gas responses
as a function of a-pinene gas at 10-1055 ppm under RH 50%.
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