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Fig.1 XRD pattern of 3% Ti*" doped Ti-VO,(M)
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Fig.2 SEM morphology (a) and EDS spectrum (a) of 3% Ti*
doped Ti-VO,(M) powder
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Fig.3 XRD patterns (a) and local magnified patterns (b) of
Ti-VO2(M) with different doping amounts of Ti*

2.2 TIR4HIE
Xt T ) 25 A F 3B 22 =1 Ti-VO (M) 44 £ i 3k
1T SEM JESIRAE, 45 R 4 Fiw. da~Af 4y

SR REE TIYB 8N 0%, 1%, 2%. 3%. 4%.
5%I[1) Ti-VO (M) 45 d T2, WEIH ] IR B H,
BEE Tiv"B AR BRI, Ti-VO,(M)H) 4 & E A ok
G 0 BR AR 8 AR N O BRIR FNERIR, 2 TiY B AR B
T 3%HK}, Ti-VO,(M) ) 45 fit T 25 A # PR A0 BROR 3L 47
7 Ti"B BN 3%, Ti-VO(M)IILE & & N
SIERR, 4 TIYBAE KT 3%, Ti-VO,(M)HI4
i T2 O BRIR A BRRIL A7, HEIRBOR R A HES
TR AR, HERYOR, Ti-VO(M)H; & R~ A8 Xt
KRBIRMHBERT L L AMRER, X2HT TIYH
A, T8 VO(M) @i KRS, TiY i & i
%, XA R AR I SO, B3 M T X — A
B Ti-VO (M) 45 i TR S R AR M, B |,
Ti-VO, (M) fi 2 25 & T 345 /N (R U 3R o B e A
B, Y TS REN 3%, Ti-VO,(M)KI 4 &%
BEFE. VOM)EAEH 5l N Ti""G Rl T ok i 4k,
P& I 2 1 B R0 AR AR AR E .
2.3 HETERE

Xt & AR F Tiv B A EE Ti-VO (M) A FE
HEAT AR B2 K, MR 45 SR &l 5 DSC il 2k i
P 5 AT LLE H, Ti-VO(M) A AR I 45 51 W &, HLBE
% TV B BRI, Ti-VO,(M)FIHIAS R 2 H5E T+
i BRI S, (FARXT R BRI VO(M) HIAEAZ I
J£(66.02 ‘C)iRT} 1.26~3.49 'C, X5t FHB A Ti*
SfE VOL(MMIAR R A m e —8, mH, TiY$se

4 AJFE Ti"B AR Ti-VO(M)# & SEM K51
Fig.4 SEM morphologies of Ti-VO2(M) powders with different doping amounts of Ti**: (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%, and (f) 5%



34 TS Ti B4 VOL(M)KG il 2% B M Re it 72 * 1445 -

5% Ti**

68.77 C 4% Ti*

5 67.80 C 3% Ti*"
=
o
e
o
(72
Qo
<
bt
[«5)
T

69.51 C 29% Ti**

67.28 C 1% Ti*"

1 1 67.56 ac 1 1 1
20 40 60 80 100 120
Temperature/C

K5 AR TSR Ti-VO(M)#) & DSC ik
Fig.5 DSC curves of Ti-VO,(M) powders with different doping

amounts of Ti*"

HEAH IR VO(M) A1) ik gt . HE 5 AHER
B, % TiYBREN 3%, Ti-VO,(M) K H A i 5 $2
FrEC1(3.49 C), XFRLFIAHAZ W e AR BE,  AH AR A A
K, U Ti-VO(M)FIAHAR Fa s M fe i, &5 T3 i
5%, M4 TTX—5. NERES. HABIER
i R R AR e (R T ARE AV B, Ti** 9B 2 o 3%H fi
NEIE

2.4 KPAERSER/ETE

HEAMET, MH&EHBREARRE TS 21
VO,(M)TE 200~2500 nm J it H /i i R AT MR, a0
6 Fi~. HFE 6a al%n, TitBA4 B K, R
7£ 200~2500 nm {8 RN, BEE TiY
BARERSE, BN MR REERKN 2 AHE
Gy, WHA B RARER TV, &S
Ti-VO,(M)7E 5 i %64 T 200~2500 nm fz 5F Z& 2 1 A
Ko Hr TiB I BN 1% 2%1) I 5 Faeir, bt
R K, M Ti%B I8N 3% S R /. tF &S
F 1 VO (MK, Ti-VO,(M) S it i, & 6b
fis. HERT, TiYB 2 VO (M)y& A FIFLE b1
VO, (M)XK B S 5 26, 24 Ti* 5 2% 3%H, Ti-VO,(M)
R 2 R B B S o R I R R

B & 6c TN, Tit 45 2 g i ok, BE S 78 200~
2500 nm Iz 2GRN JE IR, BEAE 5 A B R UE,
CATTZ TR I R S KON 2 N E A, UL A 5
BRARFER TiY, Xl %1 Ti-VO(M)7E = 44
F 200~2500 nm iFE R R MR K, Hih TivB R
N 2% 5% HIE R A KKER, TiYBRE
N 1%EHE N R ERK, TiB RN 3% & R/,

22 20
a b
20 r 18 L
o 18 L
S 16}
(&)
g16
3 14}
& 14r 1% T?“*
2%TiV | 15|
- <4+
° L 0, T4+
10 L L L L h% T.i‘“ 10 L L L L - -In-l
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
60 60
¢ d
50+ 50k
S
2
2
£ 40 40t
g
2 1% Ti**
= 30- 2% Ti** | 30f 0% Ti*
3% Ti* 3% Ti**
4% Ti**
20+ 506 Ti** 20F

0 500 1000 1500 2000 2500
Wavelength/nm

0 500 1000 1500 2000 2500
Wavelength/nm

6 A Ti"B 2RI Ti-VO(MY# A S it 5 13 o % it 2%
Fig.6 Reflectance (a, b) and transmittance (c, d) curves of Ti-VO,(M) powders doped with 1%~5% Ti** (a, c) and 0%, 3% Ti*" (b, d)



- 1446 -

W E RS TR

55 51 %

XTHARB IR VOL(MYRr &, #F & i 2 2 M A K,
TATEEAE LN E AN, il 6d B, i,
Ti"B 28 VO(M)EARFFEE LIRF VO(M)XF A BH
BIEE, M TiYB 4 3%H, Ti-VO,(M)RER L & At &
B N FH o AT L I A R

EIRXT Ti-VO, (M)A B & 5 261385 1ok 22 AR 4K, e 34
W TiYHIB AN —E 2 L VOL(MYR A K A dh i
WA, s O R I R AR U

3 & it

1) KH Ti(SOu), B4, &I Ti-VO,(M)AH
TG, 45 REERBR A ERREAR, HER
RS2 KIRBERN, Al T

2) B Ti" B2 20BN, ARARIE ST R e B
ik, HIXF VO,(M)MIAZ i 5 (66.02 “C)#R Tt T 1.26~
3.49 T, X Ti"BAEHHIE 3%, Ti-VO,(M)HIHH
AU BB T e v (3.49 °C), WS R AE AR I A B, AR
ISR K, MR E R, 4aESETE

3) AT EMES A& I kNS IEK, B E
3%, RSB, TiY B NSRS A
W/ . Tiv95 2% 3%, 15223 R A B U .

IE
52

S 3k

[1] Zylbersztejn A, Mott N F. Physical Review B Condensed

References

Matter[J], 1975, 11(11): 4383

[2] Liang Zihui, Zhao Li, Meng Wanfan et al. Journal of Alloys
and Compounds[J], 2017, 694: 124

[3] Li Bin, Tian Shougin, Tao Haizheng et al. Ceramics
International[J], 2018, 45(4): 4342

[4] Chae Ji-Yeon, Lee Donguk, Lee Da Won et al. Applied Surface
Science[J], 2021, 545: 148 937

[5] Lv Weizhong, Huang Dezhen, Chen Yanmei et al. Ceramics
International[J], 2014, 40(8): 12 661

[6] Khan G R, Asokan K, Ahmad Bilal. Thin Solid Films[J], 2017,
625: 155

[7] Fan Lele, Zhu Yiyu, Zhao Sihan et al. Solar Energy Materials
and Solar Cells[J], 2020, 212: 110 562

[8] Liu Dongging(Xl % %), Cheng Haifeng(F£##1%), Zheng Wenwei
(32 f%) et al. Rare Metal Materials and Engineering (%5 4
JEM RS TH)[J], 2011, 40(S2): 464

[9] Burkhardt W, Christmann T, Franke S et al. Thin Solid
Films[J], 2002, 402(1): 226

[10] Kiri Pragna, Warwick Michael E A, Ridley lan et al. Thin
Solid Films[J], 2011, 520(4): 1363

[11] Dong Yutong(# & %), Liu Jingxiao(XI#{ %), Shi Fei(* k)
et al. Journal of Dalian Polytechnic University(CK 3% Tk ok
22 247)[3], 2020, 39(5): 386

[12] Okada Masahisa, Takeyama Akihiro, Yamada Yasusei. Nano-
Structures & Nano-Objects[J], 2019, 20: 100 395

[13] Zhang Ruibo, Jin Haibo, Guo Deyu et al. Ceramics
International[J], 2016, 42(16): 18 764

[14] Ji Chunhui, Wu Zhiming, Wu Xuefei et al. Applied Surface
Science[J], 2018, 455: 622

[15] Zou Zhaorui, Zhang Zhenhua, Xu Jing et al. Journal of Alloys
and Compounds[J], 2019, 806: 310

[16] Kahattha C, Pecharapa W. Materials Today: Proceedings[J],
2018, 5(6): 14 116

[17] Ji Chunhui, Wu Zhiming, Wu Xuefei et al. Solar Energy
Materials and Solar Cells[J], 2018, 176: 174

[18] Yanase lkuo, Mori Yasuaki, Kobayashi Hidehiko. Materials
Research Bulletin[J], 2018, 100: 243

[19] Lu Wangwei, Zhao Gaoling, Song Bin et al. Surface and
Coatings Technology[J], 2017, 320: 311

[20] Panagopoulou M, Gagaoudakis E, Boukos N et al. Solar
Energy Materials and Solar Cells[J], 2016, 157: 1004

[21] Wu Xuefei, Wu Zhiming, Zhang Huafu et al. Surface and
Coatings Technology[J], 2015, 276: 248

[22] Zhou Qiaoting(JA{#%&), Zhou Tianzi(JH ki), Huang Chunbo
(3EFW) et al. Rare Metal Materials and Engineering(¥i 5 4=
JEH# RS THE)[J], 2020, 49(4): 1325

[23] Salamati Mohammad, Kamyabjou Ghazal, Mohamadi Mohadese
et al. Construction and Building Materials[J], 2019, 218: 477

[24] Li Dengbing, Li Ming, Pan Jing et al. Applied Materials and
Interfaces[J], 2014, 6(9): 6555

[25] Yang Yang(# ), Lu Yuan(# iz), Yang Hua(# &) et al.
Laser & Infrared(#0't 5 £1.41)[J], 2015, 45(8): 875


https://xueshu.baidu.com/usercenter/paper/show?paperid=8c65fe9ae5c22ecbbc552c9432051e9b&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=8c65fe9ae5c22ecbbc552c9432051e9b&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=8c65fe9ae5c22ecbbc552c9432051e9b&site=xueshu_se
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES5EC195004349B470576E6A5A3C8B8EFF
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES5EC195004349B470576E6A5A3C8B8EFF
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES5EC195004349B470576E6A5A3C8B8EFF
https://schlr.cnki.net/zn/Detail/index/SJESLAST/SJESD0B654E034540C47E4704FED7A46DDD7
https://schlr.cnki.net/zn/Detail/index/SJESLAST/SJESD0B654E034540C47E4704FED7A46DDD7
https://schlr.cnki.net/zn/Detail/index/SJESLAST/SJESD0B654E034540C47E4704FED7A46DDD7
https://schlr.cnki.net/zn/Detail/index/SJESLAST/SJES35E25099C87CA2BACEAD6245B6981438
https://schlr.cnki.net/zn/Detail/index/SJESLAST/SJES35E25099C87CA2BACEAD6245B6981438
https://schlr.cnki.net/zn/Detail/index/SJESLAST/SJES35E25099C87CA2BACEAD6245B6981438
https://xueshu.baidu.com/usercenter/paper/show?paperid=5cc737492c625016ca55712273f2d9c7&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=5cc737492c625016ca55712273f2d9c7&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=5cc737492c625016ca55712273f2d9c7&site=xueshu_se&hitarticle=1
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJESE8656967A55658C34A2280C31C584981
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES2235438A1AEB151231CE56B82D3B1526
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES2235438A1AEB151231CE56B82D3B1526
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES2235438A1AEB151231CE56B82D3B1526
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2011&filename=COSE2011S2108&v=xzZiQwgRwUqfut8XbhvDITVZDMJaWyoGF88TI8K6ZgePuSg%25mmd2FueXtg9HbNGFtOhTb
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2011&filename=COSE2011S2108&v=xzZiQwgRwUqfut8XbhvDITVZDMJaWyoGF88TI8K6ZgePuSg%25mmd2FueXtg9HbNGFtOhTb
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2011&filename=COSE2011S2108&v=xzZiQwgRwUqfut8XbhvDITVZDMJaWyoGF88TI8K6ZgePuSg%25mmd2FueXtg9HbNGFtOhTb
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJESCAD5040E69ACA6C83DBE2CD52640F489
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJESCAD5040E69ACA6C83DBE2CD52640F489
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJESCAD5040E69ACA6C83DBE2CD52640F489
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJES1CCC7D93CFE458C113A638D21D62C67A
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJES1CCC7D93CFE458C113A638D21D62C67A
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJES1CCC7D93CFE458C113A638D21D62C67A
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=DLQG202005015&v=gGB9LqriL%25mmd2BA5up%25mmd2BqQv2TpQWO550WKPSdqRhUeihFW%25mmd2BqZSQAXvk5NlpTtuuTL6sas
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=DLQG202005015&v=gGB9LqriL%25mmd2BA5up%25mmd2BqQv2TpQWO550WKPSdqRhUeihFW%25mmd2BqZSQAXvk5NlpTtuuTL6sas
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=DLQG202005015&v=gGB9LqriL%25mmd2BA5up%25mmd2BqQv2TpQWO550WKPSdqRhUeihFW%25mmd2BqZSQAXvk5NlpTtuuTL6sas
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJES625B90D8BF09B8C8262473233BFDA50A
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJES625B90D8BF09B8C8262473233BFDA50A
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES15CB1894179F4D393E7A22B32CF395CC
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES15CB1894179F4D393E7A22B32CF395CC
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES15CB1894179F4D393E7A22B32CF395CC
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES428103EC7458443EFB02F296C5DB910A
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES428103EC7458443EFB02F296C5DB910A
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES428103EC7458443EFB02F296C5DB910A
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES4A43A8E633F0D7CD1939F39209F9F707
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES4A43A8E633F0D7CD1939F39209F9F707
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES4A43A8E633F0D7CD1939F39209F9F707
https://schlr.cnki.net/zn/Detail/index/SJES_03/SJESD4A6D8F0A40A4BD95827311B69F67DFC
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES3A0FC013C9D950900CA86F8117E0F337
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES3A0FC013C9D950900CA86F8117E0F337
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES3A0FC013C9D950900CA86F8117E0F337
https://xueshu.baidu.com/usercenter/paper/show?paperid=54fbaa93bf849a2d89b9a228c3c561ec&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=54fbaa93bf849a2d89b9a228c3c561ec&site=xueshu_se
https://xueshu.baidu.com/usercenter/paper/show?paperid=54fbaa93bf849a2d89b9a228c3c561ec&site=xueshu_se
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES6A1696ACAB56BA19C7181BECAC3B226A
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES6A1696ACAB56BA19C7181BECAC3B226A
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES6A1696ACAB56BA19C7181BECAC3B226A
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES64ACCD7FFCC0915AE047F582E0AD4AC4
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES64ACCD7FFCC0915AE047F582E0AD4AC4
https://schlr.cnki.net/zn/Detail/index/SJES_01/SJES64ACCD7FFCC0915AE047F582E0AD4AC4
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES15122800026628
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES15122800026628
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJES15122800026628
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=COSE202004034&v=DAdtwA4o9ORvAyXbI8zmpLDYpnMtd4GLYvGIpaXdYZEX%25mmd2FXpRIue20%25mmd2BRjAl23nURA
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=COSE202004034&v=DAdtwA4o9ORvAyXbI8zmpLDYpnMtd4GLYvGIpaXdYZEX%25mmd2FXpRIue20%25mmd2BRjAl23nURA
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2020&filename=COSE202004034&v=DAdtwA4o9ORvAyXbI8zmpLDYpnMtd4GLYvGIpaXdYZEX%25mmd2FXpRIue20%25mmd2BRjAl23nURA
https://schlr.cnki.net/zn/Detail/index/SJES_02/SJESC3FD2EB0566CC23B6BFCD19DE704E491
https://schlr.cnki.net/zn/Detail/index/SJPD_01/SJPD265DDBA6E5022C36BD6E359E4E89AF7C
https://schlr.cnki.net/zn/Detail/index/SJPD_01/SJPD265DDBA6E5022C36BD6E359E4E89AF7C
https://schlr.cnki.net/zn/Detail/index/SJPD_01/SJPD265DDBA6E5022C36BD6E359E4E89AF7C
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2015&filename=JGHW201508003&v=5%25mmd2B85ozn2eBwC3CVJ80o50uhDDayKYAemjxBJDK7KWncJbsK5mZOF7k2hWjSIGe%25mmd2Bt

%49 TS Ti B4 VOL(M)KG il 2% B M Re it 72 * 1447 »

Study on Preparation and Properties of Ti-Doped VO,(M) Powder

Yuan Xingiang*?, Zhang Kun', Wang Dan’, Jiang Peng’?, Deng Zhifeng'?, Liu Jie*?, Bao Weiwei'?
(1. School of Materials Science and Engineering, Shaanxi University of Technology, Hanzhong 723000, China)
(2.National and Local Joint Engineering Laboratory for Slag Comprehensive Utilization and Environmental Technology,

Shaanxi University of Technology, Hanzhong 723000, China)

Abstract: M-phase vanadium dioxide (VO2(M)) is a kind of intelligent heat-insulating window material with special phase change
characteristics. However, the phase change stability of VO2(M) is still poor and its ability to modulate sunlight is not high enough, which
severely limits its industrial application in smart thermal insulation windows. In this study, the powder M-phase titanium (Ti) doped VO,
referred to as Ti-VO, (M) powder, was prepared by hydrothermal reduction method using vanadium pentoxide as vanadium source, oxalic
acid as reducing agent, urea as precipitant, titanium sulfate as dopant. Through X-ray diffractometer (XRD), field emission scanning
electron microscope (SEM), ultraviolet-visible-near infrared spectrophotometer (UV-Vis-NIR), differential scanning calorimeter (DSC) and
X-ray energy spectrometer (EDS), the changes of element/phase composition and structure, crystal form, sunlight reflectance/transmittance
and phase transition temperature of the synthesized powder were analyzed and the Ti* doping amount was optimized. The results show
that when the Ti*" doping amount is controlled at 3%, the overall performance of the prepared Ti-VO,(M) powder is the best, which
provides important data and technical support for the further application of intelligent thermal insulation plexiglass.
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