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Abstract
NaTaO3/Sn0O; nanomaterials were prepared by hydrothermal method, and their humidity sensing
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properties were studied systematically in this paper. The experimental results show that the specific
surface area of NaTa03/Sn0; composite is larger than that of pure NaTaO3, which makes the surface
of the composite absorb more water molecules and enhances the response of NaTa03/SnO;humidity
sensor. The oxygen vacancies on the surface of NaTa03/Sn0. composite material are significantly in-
creased, which makes it absorb a large amount of water, promote the decomposition of water mole-
cules into conductive ions, and improve the response and recovery speed of NaTa03/Sn0; humid-
ity sensor. The NaTa03/SnO; humidity sensor has a resistance of 3 orders of magnitude, high res-
ponsiveness (303,959%), good linearity, low hysteresis (1.99%), long-term stability and fast response
and recovery time (15 s and 13 s, respectively) in the range of 11%~95% relative humidity. By ana-
lyzing the complex impedance spectrum of NaTa03/SnO; humidity sensor, the sensing mechanism
was explained. The successful preparation of NaTa03/Sn0O; composites also provides a new direction
for the design of high humidity-sensitive NaTaOz-based resistance sensors.
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1. 5|8

R EAREA R F RSN EFr RS TR AT, T HAE H R AR RS e R T TR
AR BRI AR B SRS S T . A SRR R R, ARSI TEZK
BER, 20 T R O B e LK IR R BE A R R M AR M DA B R T U PRV P A R
R, BF T & e P RE AV FE AL IR A% 2 AR A B . NaTaOs AMY B AT A5ART b &l s R bR . K ke
SEMEUF RO A, B S B E R RS A S, B — e A, AT LUK IS 78 VR R A A
. BRI, 4l NaTaO; Wi AL I8 I P e A2 LU R T AR A S 2 BRIG B2, AP (e 2Rt g 22 . MIRRVE A IR . K
TR [ 128

N T H % NaTaO, LR HIVERE, @ RHBRAMEEIT%. SnO, T HAME R &5
A B REEL . BAMRBRSEIC A, W TR B AR B 2E . NaTaOs/SnO, E &M EHIIE AT LA
(k= A TR LL R MAR,  Af DAISCRE 2 17K 737, AT B2 15 NaTaOs/SnO, i AL AR M . 4k,
NaTaOs/SnO, H AWM BRI =4 7 & PR S A6 IE, v AR MEREK ST, FEH KD T il i
T, WEAEMENESREHENRE, M4k T NaTaO0s/SnO, 15 5 15 K 45 1 i oL a] o

AR TR KL T NaTaO0,/SnO, ¥R fE AL B4 . JHId X NaTa0,/SnO, 1 5% 14 1885 1 = PHAT I 43
Mr, X AR BALIREAT T iR

2. SEEG
2.1. #HRlbIE

To/K CIE(CoHS0H) . EEALEA(NaOH) W H R 8L LA R AR . FA A 8 (Ta,05) Tk Y
B (SnCly-5H,0) H Bl b7 TR RAF . R FE AT (AR), LH4ifL; thah, s2i6 4l
T LB K.
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2%, 2K 0.002 mol 17 SnCly-SH,0 H1 TayOs I A 40 ml Jo/K LEEE R I, #E 18T i E
IR Ao E3A 20 ml LB T/KIBH A 0.1 mol ] NaOH, TERGEN] B idW. KA GBI A
BN EZE B B WY 8 C W ¥ C ISR 3] 100 FRe WA AW = k2t 160°C [N 12
ho HARA MBI, 2 PR ES AL HE, JTHEYIAE 80°C R T4 8 h, 93 by K i (I b K AE 350°C
1BK3h, 152544 NaTaO,/Sn0O,.

2.2. TRAE

FARLIIE5 & FEATAR G544 7304 P A 25 2 A [ AT 45 7€ D8 Advance X-SF 26 RT5HE  TESE M2 i H A
H 57 SUS010 F=14i HL 1 2 Gl B MRS o (Il e 14T Axis Supra X-S 206 H 7 RENE 0 M i 41 Ak
FITCFARDS . FE IS5 (8 A 55 [E 28 BR K /K Nicolet iS50 8 B AR 2T S A AT 1R

2.3. BEEREMIX AR

T, ¥ 1 ml BRI A R a2 b B BN T it B ORDIR , IRTE Ag-Pd IR HIIRE
M. #RJ5, 4 Ag-Pd XIEHAMRE T 80CHIMA T 6 h, FERUREFERICA:. 18 24°C HITERE {4 FH 18 AL
YA F] Zennium X TAE S FEAT I FE BB BRI, MM R EE N 1 V. i1/ LiCl. MgCl, K,COs-
NaBr. NaCl. KCI 1 KNO; A1 3 5383 11%. 33%- 43%- 59%- 75%- 85%F1 95% I AH X e FE
(RE)M 8. K8 AL AR B T AR RH A 70, W 2w 1 B . % NaTaOs/SnO, W%
FEIRIRIR BB AE 11%~95% RH I 5rh, 78— AN B A 855 — B i) [A] 5 Fa A 21— M REE, )5
MR T — /MBS, HH N T 1so

Ag-PdHE—,

NaTaO,/Sn0O,

A N
\~_—l’
11% RH 33% RH 43% RH 59% RH 75% RH 85% RH 95% RH
LiCl MgCl, K,CO; NaBr NaCl KCl KNO;

Figure 1. Performance test process of NaTaO;/SnO, humidity sensor
B 1. NaTaO,/SnO, }R B R B AR M REMIX T 42

3. ¥Hig
3.1. HRRIES 24T

K 2 Pz /2 NaTaOs. SnO, A NaTaOs/SnO, E&F R X S L ATH 35 KI(XRD),  HAiTw] Ui
XRD K71 RENE 1 45 o B RIAE 4544 « FRATT AT LA 4 1B 21 B+ SnO, £ NaTaO,/SnO, £ 5 [ AT 5 1,
IyRIFE 26.58° 33.87°. 51.77° 65.96°. 83.71°H1 89.77°%F % F-(110)« (101). (211). (301). (222)F1(312)
(ks T 1, X 51E 7440 Sn0O, (JCPDS, No. 71-0652) 41 —%[2] [3]. NaTaOs; Al NaTaO,/SnO, ¥t
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A AT, ) RIFE 22.9°0 32.46°. 46.64°. 58.11°F1 68.25°%F B F(020) (200). (202). (123)F1(242))
IEZZ fi Y NaTaO; (JCPDS, No. 25-0863)¥)4[4]. HIIE 2 TI %1, NaTaO/SnO, ¥ i i i g i &5 142 i Y
NaTaOs; FIE 5 &40 4 % SnO, fiThtié. 455K FH, NaTa0y/SnO, B i FIA ALK A SnO, F1 NaTaOs HIiE A
Y. 12 2 B NaTaOs/SnO, ¥ il NaTaO; iU HHIA K T SnO, 75t AN, i NaTaO; & BEZ .
2 1 NaTaO,/SnO, FEin fiT S IEHAE HARBE, ULRSEdELf . [RINF, 78 XRD F3 B AR 31 H A e 0,
VLB SnO, il NaTaO; H A 22 AH A1

SnO,/NaTaO,
:f\ NaTaO,
&
2
g SnO,
E -A_M._A-—-—A ~ A WEN
NaTaO, PDF#25-0863
‘ | [ I | I
SnO, PDF#71-0652
20 (degree)
Figure 2. XRD spectra of NaTaO;, SnO, and NaTaO;/SnO,
composites

2. NaTa03\ SHOZ %H NaTaO3/Sn02 Eé*ﬁﬂﬂ"] XRD i:g

2um

300nm
|

Figure 3. SEM images of NaTaO; (a) and (d), SnO, (b) and (¢) and NaTaOs/SnO, (c) and (f)

composites
3. NaTaOs (a)5(d). SnO, (b)5(e)Fl NaTa0,/Sn0, (c)5(HE &8I SEM

N RRER R ES . X NaTaOs. SnO, 1 NaTaO,/Sn0O, & EHK SEM G H#E4T 0¥, #E—
FAEEFME S . M 3(2)FE 3(d)FATEAF H, NaTaOs LL 300 nm {37 5 AR 2L, I H W%
PRI IR G . = 3(b)FE] 3(e)Ffizs, SnO, EAAKUIN ) EAE Y 500 nm ) i P AEIRBURLIE 20 H BE,
I H ML 2K 5 RIS L 3(c)FE 3(H) s BATAT AE £, NaTaO,/SnO, Ffh A R 47 145 5 & , NaTaO;
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M TE SnO, K fl, JFH NaTaO; & &% T Sn0,, X 5K 2 | XRD 7 #HrHI4E RAH—2. 15 3(c)fEl 3(h)
o' NaTaOs/SnO, H &M BHE FRS (R Tt B 7 ZAMEHE NaTaO; BAAH KM LLRTT; X @R
B =t KR WA 2, B R B AI/K T, AN R 1 A5 B e v

T FRFE SR A SRS AL R, AR g AT 7 XPS 434, 85T 7 NaTaOs. SnO, #1 NaTaO3/SnO,
HAMEA RS R . 7EE 4(a)1) XPS i T LUE i, NaTaO0y/SnO, H &Mk &4 Ta. O
Na fl Sn, #t—BIAE T E AWM B2 RIhE . WE 4b)Fiw, w LA EE F| SnO, fil NaTa05/Sn0, ]
Sn 3d &, 7F SnO, 1, Sn 3ds, KFEIEAL 45 A BEN 486.706 eV, TE Sn 3ds, FFIEIEAL 25 A BE N 495.173
eV, 1 NaTaO3/SnO, &M K, Sn 3ds, FRAEWEAL 11455 REFN Sn 3ds, FEAFUEAL 145 A BE 5> 31l 9 486.209
eV Ml 494.671 eV. 7 SnO, il NaTaO5/SnO, H', Sn 3ds, 55 Sn 3ds, FFAEIE AL 45 G RE 2 2280 N 8.46 eV,
AL R, FEA T Sn J2 L S TR RAFLE[5] [6]. ZE14 4(b)rr, FRATTAT LA 2 #17E I7E NaTa0,/SnO,
BAEME, Sn 3d WERIAL BAINT T SnO, ) Sn 3d EHIALE RSN 1 FF HIG(H M S & BRI s s,
XA B NaTaO0,/Sn0, &4 kL Sn (145 & BeA AT AR

(a) Sn3d3 (b)
NaTaO,/SnO,)
3 Ols n
s Nals )
2 2
§ Ta4 é
k| { C}g =
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Figure 4. (a) The full XPS spectrum of NaTaOs/SnO, composite; (b) The Sn 3d spectrum of
NaTa0;/SnO, composite and SnO, material

[& 4. (2) NaTa0,/Sn0, E &##} XPS HiE£if; (b) NaTaO/Sn0, E & EFN SnO, ##4
9 Sn3d ik

@[ 1, a5 NaTaO, O 1, 45 NaTa0,/SnO,
Ta 4f, Ta 4f ;
25.839¢V 25 49037

3 3
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Figure 5. (a) Ta 4f spectrum of NaTaO; material; (b) Ta 4f spectrum of NaTaOs/SnO, composite
[ 5. (a) NaTaO; #4118 Ta 4f Fi; (b) NaTaO3/SnO, E &KLY Ta 4f Fikk

K 5(a)f7r T NaTaOs [1] Ta 4f5, Il Ta 4fs, B/ NMRFIEIE T 11456 #8058 25.839 eV f1 27.720 eV, H
fie

REFAEZE N 1.88 eV, RIAMRI R FEAE IEH 1 Ta DIRA[7] [8]- K 5(b), NaTa0,/Sn0, [f] Ta 4f, Fll Ta 4fy,
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=

WS, AESEARE A Ta {7548 A2 DL Ta™ I AELE[9].

NaTaOs;. SnO, fil NaTa0,/Sn0, E &M EHI) O 1s Jei i 6 fiam. O 1s W&, 1434 0,4 O, Fl 05U,
Hor O R, O ARERA AL, Oz B AWM B[ 10] [11] [12] [13]. FEE 6(a)Hr, ATLLIE
HiE ) NaTaO; 1=/ O 1s W[5 A R84 7 N 529.74 eV, 531.18 eV 1 533.74 eV. SnO, 1=/ O s 1§
K454 BE2r N 530.546 eV, 530.755 eV A1 531.729 eV, W1 6(b)Hir. EK 6(c)F, NaTaO4/SnO, ]
=4 0 1s RIS ERES BN 529.603 eV, 530.256 eV 1 531.581 eV. #E# 1 H, NaTaO;. SnO, I
NaTaO+/Sn0, &k O, K& &2 5N 18.4%. 37.8%H1 45.52%. NaTaOs/SnO, & &R O, MHiFA B
ST YZ, i HH O, (AR Hz KT NaTaO; M1 SnO, 1. A E E1 KIS, S AL(0,) UL
R K FRIRM, W EARH KD FRSM[14]. HE, 7& NaTaO3/SnO, & # BRI M KE N H ST
P BRI KB IK 7T, I RAR IR TR 2 T A F B T, B8 I SOHEE, BRAK 7 ma Sk
SLINFA], AT 5 T VR S s 1 I B B

(PR NFEIEVE T 125G RE 20 7R 25.29 eV F1 27.05 eV, HAEHTREZR N 1.76 eV, HBIRAEH 2 KA T 40511

@ o1 NaTaO, (b) SnO,
01
_[529.74eV] _
5 5
& & o 5(3)0.755eV
2 2 2
g 531.18¢V Z 530.546¢V) 531.729eV
2 533.74eV 2 0)
o =]
— \ p O3 —
528 530 532 534 536 528 530 532 534
Binding Energy (eV) Binding Energy (eV)
© |o1s NaTaO,/SnO,

02
530.256eV

3

<

= 0,
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3 0,
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Figure 6. O 1s spectra of NaTaOs; (a) SnO, (b) and NaTaO;/SnO, (c) composites
[ 6. NaTaOj; (), SnO, (b)F1 NaTa03/Sn0, (c)E&# Y O 1s ik

Table 1. The respective peak positions and percentages of O, O, and Oj; in the O 1s spectra
F 1. £ 0 Is KigEH, 0\ 0, 0; HEBMIERIFIR EL

FE O MMk A HEEV) AEXS H 43 3(%)
NaTaOs 0, 531.18 18.4
SnO, 0, 530.755 37.8
NaTa0,/Sn0O, 0, 530.256 45.52
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7 . UM FTIR 7347 7 NaTaOs. SnO, A1 NaTaOy/Sn0, B & BHILAEGE . #E NaTaOs 1, ££
649.35 cm ' F13357.03 cm™ ' AbE AN, 43 BIXS R T Ta-O IH IR S A O-H IR RS R [15] [16].
Kl SnO, 1 =AM, 7 625.87 cm ' 4024 Sn-O FiffPRENERX, 7F 1634.82 cm™ 4b 7K o F 1 il R
X, 7£3390.11 cm ' At O-H MR IR 17] [18] [19]. A1, 1T NaTaO,/SnO, H & EHE 350
TR A FIB KRR, S O-H Wk, Fik, NaTaOy/SnO, &M EHE LG AU & 1, 78
618.64 cm ™' AL/ Ta-O Al Sn-O KIFfHIRBIIER, 7F 3383.74 cm ™' AAIP35R /& NaTa05/SnO, IR RS
. O-H AE/KEE, AWK T, IS 7 IBae s tkGe . EAR S, R RER T
VRO e LA I A 2 AL (O) R AR B

NaTa0O,/Sn0O,
<
=
on
o0
on
= mNaTaO3
NS
N
3 & 8
g 2 =
=4 *® )
g o e« SnO,
5
-
H

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Figure 7. FTIR spectra of NaTaOs;, SnO, and NaTaO,/SnO, compo-
sites
[ 7. NaTaO;. SnO, #1 NaTa0,/SnO, E&# A FTIR J¢iE

3.2. NaTaOy/SnO, JZEE 5 REAFHUIE B 1 5E

K] 8(a) NAE ARSI A 100 Hz 121F R, NaTaOs. SnO,. NaTaOs/SnO, i 5 A% B E A [ AH G
THIBESIA AL 2. 7RI, ATLLE Y NaTaO; F1 SnO, i JEAL A IPHIT AL 2 M EHESR, i
NaTaO,/Sn0, i 5 AL A I HPTRIR = B 1 3 MRS . 1Ak, &0 LUK I NaTaO, 1 JEAL AR 1E 11%
FHXRE 2 33%AH XA B2 2 MIBH BT L%, X 38 NaTaOs W8 A& A AE MR AR B, LR AR
#, T SnO, Al NaTaO4/SnO, {i FEA% KA £ P FE 4 .

NaTaOs/Sn0, {8 &AL BB APk, 1w HLZR M Ehf. Rk, NaTaOsy/SnO, ¥ JE & KA T
NaTaO; Al SnO, i AL B3 . Wi B 5 R [20140(1) s :

R, R,

R x100% (D

Hor, Ry AR FEARIRISAE 11 %R LI N IPHPUE, Ry At 95% AR FEREE T BA A «

F i B2 FE A 20(1) 75 NaTaO;. SnO, NaTaO5/SnO, Y A% B85 1 N 43 514 160,201%-17,378%
F1 303,959%. NaTaO,/SnO, ¥ SEAL KA I R e K, FERPFINE A MELRA £ 5 ETA0,), JF
WA TR 7 H o fEK o1, B0 TSR, ARRE T e R I T

S(b)WFFL T A[FMIE T NaTaOs/SnO, Wi &AL B4 B B B AR X B AR A i A8 4k o 6 55 AF AR FE 1
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WK, ALK PAHTLE 40 kHz~100 kHz 8 [l N 22 T P % . NaTaO,/SnO, 1L A 1E 40 Hz A1 100 Hz I i 5
i1, SRTIAE 40 Hz T, fRAE X B PR 55 A o B2 AS B 5t HLZG 1 8 72 . A 1 kHz #1] 100 kHz, NaTa0,/SnO,
VA R A BARAR R B P A B R g R, SRR TR % . XML R E R TRy T
FER N AN G AR B[ 201 [21] [22] K, AT LA H NaTa0+/SnO, 5 5 A% 8% 11 i fE TAEA 3R & 100 Hz.

8(c) A FAHXF IR LK T NaTaOs/SnO, i AL B X K 73 W B Ao B2 . 76 RH A 2%
PR, TR B R AR 1) BELE 5 K 22 1T i SR i

MR 7 A QPR

yH=75¥ﬁ (2

ES
Hor, AH o NPHGTTE R BRI R I BRI B KA, Frs Mol R FE R [23]0
B K R RAETE 43% RH T, FIE AR 2 2 30(2) TH 543 H NaTa0,/SnO, W JE AL B8 J5 1R 22 N 1.99%.
NaTaO3/SnO, 1% &35 W bt A AT it A2 M 2R AL, VEBH Witk 4f . 14] 8(d) NaTaOs/SnO, W& A% I 45 1E 5
FEAZR 100 Hz 2644 T FIZRPETLA i B R 2. LR 20 s 3) B :
Y =1.059x10%¢ /¥ —2.37x10° (3)

Hrh, Xy RH, Y NHFL.
HEHRBCN(RY =0.9817), X368 NaTaO+/SnO, i 5 1% 8% (1) 42 5 38 Je 1R AN 1)

e 4 —=—100 hz
(@) —NaTz0, 100M (b) —40he
—h— VA
LOM ——NaTa0,/Sn0, LoM ] —— 10 ke
g M 2 1My
< <
& a1 00k
E
£ 100k g
10Kk + \\’\0
10k ; . . . ; :
0 20 40 60 80 100 0 20 40 60 80 100
Relative Humidity (%) Relative Humidity (%)
(€) —.—Adsorption 60M+ (d = NaTaO,/SnO]
LM —=—Desorption 50M A Fiting
S ~40M
Y 1M+ = 30M - Y=9.47x107e X202—1.87x10°
= 20m
=] o ) L] .
2. 100k § g R>=0.9817
g 8 10M -
10k ; 0
0 20 40 60 80 100 0 20 40 60 80 100
Relative Humidity (%) Relative Humidity (%)

Figure 8. (a) Impedance variation of NaTaOs, SnO, and NaTaO3/SnO, humidity sensors at the optimum frequency
of 100 Hz for different relative humidity environments; (b) Impedance variation of NaTaO3/SnO, humidity sensor
at different frequencies with relative humidity; (c) Wet hysteresis line of NaTaO3/SnO, humidity sensor; (d) Linear
fitted response function of NaTaO;/SnO,

8. (a) NaTaO;v SnO,. NaTaOy/SnO,;REERESERIEIIE 100 Hz FEMEMIEEIME THMEMEN; ()
NaTaO,/SnO, JE B 5 AR TE AN E SR T WP BERRHEE B 1L 5 (¢) NaTaO5/SnO, SR B 1% AR IR B2k ;
(d) NaTaO3/SnO, B £ 100 & Mt R £F 35
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K] 9(a)y NaTaOs/SnO, i FEAL R ARAE 1% AR BEFT 95YeAHXS{ T N ZE S 3 AN J) Ay w2 AP 52 it
M o ) S B ST 8] 8 SR 7K 531 1R W B s e i ot R v BE T AR A B BIRRAS B ARY 90% T 75 (It
[6][24] [25]. A5 NaTaOs/SnO, 1 I8 %% (10 b AT & I 18] 73 5049 15 s A1 13 so NaTaOs/SnO, JE I Hi
fryme S FI VRS, 1X E 22 T NaTaOs/SnO, E &M LR HIAFE K & I E T AL(0,), Ko T Hid 73
fif )y H;O', H;O N FHES T, MR E AL AR M BOF [ 14]. Wl 9b)Frw, M T 30 KRNKI
NaTaOs/SnO, ¥ J¥ A4 A LE A [FAH R BE AT FBBUR I IE L, SRIGIEH AR e M. I 7 A8 [R R AR X
MBEACET, AT UG BZI8 AL B8 P FHPT R AR A B M. I, NaTaOs/SnO, W JE L A A R

G A SE TR, AT AR (] F I R A IR S

(@)
10M 4 : |
S
< 1M
Q [ ]
5
=l
&. 100k ; i
U N\
' 15s 13s
10k NaTa0,/SnO,
0 200 400 600 800 1000
Time (s)

(b) 100M
11%RH
— - «33%R1]
10M -
a — e 43%RH
(]
S 1M
{é — ——59%RH
£
= lOOk-Q—Q—Q——+—Q—¢—475%RH
- 85%RH
— —— 95%RH]
1ok—m——
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Figure 9. (a) Response/recovery characteristic curve; (b) Long-term stability of the NaTaO3,SnO, humidity sensor

at different relative humidity levels

9. (a) MIRL/REHFIERIZE; (b) NaTaOy/SnO, iR B R BB AN EIEAERE K F KRR E M

4. HIIBERE

2oM] @ B
_100M] e
S 8oM- '
2 60M] -~

40M
. CPE X
0- [

0 2M 4M 6M 8M 10M12M14M
ReZ (Q)

3M- (C)
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2M
1M1

ImZ (Q)

500k

0 1M 2M_3M 4M 5M 6M
R (oM M 6

80M (b) .
I".
@ 60M e
T 40M] -
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20M — -
{1
04 . : R :
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Figure 10. Complex impedance spectrum (CIS) and corresponding equivalent circuit (EC) of NaTaO3/SnO,

sensor at 11%~59% RH
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Figure 11. Complex impedance spectrum (CIS) and corresponding equivalent circuit (EC)
of NaTaO;/SnO, sensor at high humidity 75%~95% RH
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G BIER IS A & B BT, R REK S, REKS o RHE T, #25 NaTaOs/SnO, iR
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