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Abstract: A series of Cr’* doped BiVO, (Cr-BiVO,) and palygorskite (PGS)/Cr-BiVO, composite
materials were prepared by hydrothermal method using Bi(NO;);*5H,0, NH4VOs;, Cr,0O5 and PGS as raw
materials, and characterized by XRD, SEM, TEM and UV-Vis for analyses on structure, composition,
morphology and optical performance. The thermochromic behavior of the composite materials was
evaluated, with the color change mechanism speculated. The results indicated that the doping of Cr**and
PGS showed no effect on the monoclinic phase of BiVO,4 but widened the absorption range of the material
in the visible light region. The maximum absorption edge of 30% Cr-BiVO, with a Cr’* doping content
(based on the mass of BiVO,, the same below) redshifted from 536 nm to 634 nm and the absorbance was
enhanced. Both Cr-BiVO, and PGS/Cr-BiVO, displayed reversible thermochromic properties at 20~500 °C.
Compared with that of BiVO, (from bright yellow to red, r.t.~300 °C), the color changing temperature of
30% Cr-BiVO, decreased 100 °C and achieved reversible change between dark orange and red at r.t.~
200 °C. 30% Cr-BiVO, could repeat reversible thermochromic behavior more than 12 times at 20~500 °C.
Meanwhile, the water-based coating from 20% PGS/30% Cr-BiVO, composite materials prepared with
20% mass fraction of PGS exhibited reversible thermochromic between orange yellow to red. The phase
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transition between the monoclinic and tetragonal phases of BiVO, in the composite material was the

fundamental cause for its reversible thermochromic property.

Key words: BiVO,; Cr’" doping; reversible thermochromism; palygorskite; composite materials; functional

materials
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1.1 #E, RFSEE

PGS, HillEEA BT LA H] . Bi(NO;);*5SH,0,
ATal, REETT R NHVO,, Z#r4d,
WA AR50 5 Cr0s, 4382k, SEMAL TS5
HNO;, si#rali, EAERL2EHARAF; 2K
(L 25%~28% ), Zrdrdl, P vapeRl#A
B TKLEE, ardl, T AOLERE A
FRNT]; S /K R ZE IR, Al

D/MAX-2400 A X HF4 A7 (XRD) , HA
Rigaku /Al ; Zeiss Ultra Plus 37 % B £ 4l 7 ik
T (SEM ), fH[E Carl Zeiss /A H); Tecnai G2 F20
1335 5 f, F W f 5 TEM ), 32 [# FEI 23 /] ; UV-3600i
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1.2.1 BiVO,# &

KL K 20 mL A 1.455 ¢ (3.000 mmol )
Bi(NOs);*5H,O0 MJ/KIEW S 20 mL A 0351 g
(3.000 mmol )NH,VO; B/KERIR A HFE 0.5h )5,
R E 100 mL M ZEHF 200 CRAARE 24 he H
SR HIE R =, IR, BEAMZERK. JoK
CFERVES 3R, T 60 CTHE24h, 1550842 g
AL BiVO, MyR!M, 8 Ak BiVO,.

PUHEEE B 1.455 g(3.000 mmol )Bi(NO;);+5H,0
FIIAF] 10 mL #EEN 4 mol/L AY HNO, &, 1F
PP S, A 10 mL %4 0.351 g (3.000 mmol )
NH,VO; ] HNO; ¥, 4kZ:8i+E 30 min, F1i%IR
BV PN A G KA pH=T J5 , R SEAHE 2 h,
Bifk 12 h 5, SRR, BIARHZEMK . oK OB
HUEVE 3R, T 60 CT 24 h, 135 0.865 g H A
BiVO, # A", {8 MULHEH: BiVO,.
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B, B 20 mL %A 1.455 g (3.000 mmol )

Bi(NOs);*5H,0 M/KFMW S 20 mL A 0351 g
(3.000 mmol )NH,VO; B KBRS 0.5h )5,
HIA 0.097 g (0.638 mmol ) Cr,Os 4kZE4i+E 1 h, 4R
S5, FEAWEIA 100 mL %2 T 200 °C N5
Ff 24 h, ARREEEE, MiEE BAMKKHZRE
K. KOS VER 3K, T 60 CTE: 24 h, 15
1 0.863 g L # {4 Cr ' #B44% BiVO, # K ( Cr-BivVO, ),
LA 10% Cr-BivO,, Hif, 10%FER Cripdsh
BiVO, i1 10%.

8 10% Cr-BiVO, Ml s ik ML B, 4
Cr,0; 7 0.194 g( 1.280 mmol ), 0.292 g( 1.920 mmol ),
Hil 4 cr*' 5 BivO, Jlif 20%. 30%H Cr $£2% BiVO,
¥R, 90N 20% Cr-BivO, (B #i (). 30%
Cr-BiVO, (g ),

1.2.3 PGS/Cr-BiVO, £ &4 ¥4 &

4%, TR 1.455 ¢ 3.000 mmol )Bi(NO;);+5H,0
0.351 g (3.000 mmol ) NH4VO; i 40 mL 7k,
A 0.292 g (1.920 mmol ) Cr,05, $Hiidk 1 h )5, 4ks:
MZIRE W T INA 0.14 g PGS, 4k£:4+E 30 min;
RIG, BIRESWMEA 100 mL RiZEd, T 200 °C
PR¥F 24 ho REEZE, MIEEBAEHZERK. 1
KETER VRS 3K, T 60 CTHE 240,155 1.121 g
P E {0 PGS JFiit 048 10%1) PGS/Cr-BiVO, 541
¥, 104 10% PGS/30% Cr-BiVOy,

T 10% PGS/30% Cr-BiVO, Bl 45 J7 e fii s
%, JE% PGS AN 0316 g, 153 PGS it/
1 20%[%) PGS/Cr-BiVO, Z A4 KE, idh 20% PGS/
30% Cr-BiVOy.
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XRD Mia: #AF Cu, EHHE 50 kV, FHI
200 mA, K, 5148, 1=0.1541 nm, 4% % 2 (°)/min,
HEER 5°~80°, SEM ik ¢ 5 EF 70 4 b 5
TAEH R 5kV., TEM M . 68 75 b BEAFE & o 5 vk B
K1 g/L TR PR, PR T, T4
JE AT, i R 200 KV, UV-Vis Mk kK
JEFE 200~800 nm; ZAFiE UV-Vis MliK: Mk 20~
500 °CH A1 RHE 200~800 nm (WG EfE, FHE HE
5 °C/min,
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Cr-BiVO, %, PGS/Cr-BiVO, FE &l ¥4 51 4 %5 75 [5 1 NI
EFER (HEff 4 cm, JBE 1 mm) £, BEY
1 mm; )5, MERBEEMMAS L, # 20 °C/min
FHER SR ZE NI, NERITE, S5 EEFE 1
A EARIEEE S, 454 15 min BEERES, IR

AVELEE S RE S, SR D65 FRUEGIEAE AT 5OLTR
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TP I, SEOFC SR AR S EEE (LYE ).
I4E (a™H ). WM (p™E), F—RERIF
Fn B 5 ANANTRIGLE, ORI, 45 RBUE AR
B, o, HBHRBEE®E 5 mL &FH 20 mg
PGS/Cr-BiVO, MR G /KW 2 BE W £ B & 7 &
(LTI s R P Ol Wb S ) B AR N
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A A e A
n 30% Cr-BiVO,
A L
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A A PRy
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XRD &

XRD patterns of BiVO,, Cr-BiVO, and PGS/Cr-
BiVO, composite materials

ME ATV H, Kk BivO,. ULIEL BiVO,
YINRARIAE, 7E 26-18.67°, 19.01°, 28.60°, 28.82°,
30.52°, 34.12°, 34.91°, 37.65. 39.54°, 42.26° ., 47.71°,
52.98° b i 5 U6 43l A & TR BivO, #9(110) .
(011),(-130).(121).(040) (200) . (002) . (220) . (-141)
(051). (042)F1(222)/ T ( PDF#14-0688 ) 4131 10%
Cr-BiVOy. 20% Cr-BiVO,. 30% Cr-BiVO, 15>~ BiVO,
BRI, RIRAKPGEBA Cr R BiVO, S
IE . 10% PGS/30% Cr-BiVO, Hl%<4 PGS Hfi
Shig, BB, TTHES BiVO, fiT5T I8 B R A7 ¢,
20% PGS/30% Cr-BiVO,7E 26=26.57°4b B T PGS 1)
i, 8 20% PGS/30% Cr-BivVO, Hl# midl .
2.1.2 SEM. TEM #= EDS 4% #7

Bl 2 MK BiVO,. TTTERE BiVOs. 30%
Cr-BiVO, 1 20% PGS/30% Cr-BiVO, ) SEM. TEM
&1 EDS 3% A .

ME 2 ATLVAE H, TiiEd: BivOo, (1l 2a), K
3k BiVOy (&l 2b) 3 5 A B 44 K J0RL . AR 0]

Fig. 1
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VR EURL, J5 & 641 30% Cr-BiVO, MZE T
BiVO, JF A IS, 2 R R4 H(E 2¢ ).20% PGS/30%
Cr-BiVO, 1, AR Cr-BiVO, 2 I B 25 W 26 41 40 K A
(E 2d. e), HRTEM #— W5 5|52 Ak kL b A
AR Cr-BiVO, a1 f A% [RIHE 40514 0.193. 0.229
0.322.0.303 i1 0.234 nm, KK IHJE T HAHH Bivo,
BY(042), (—141). (-=130). (121)F1(220)f 1 ( F 2f),
5 30% Cr-BiVO, i) XRD 43#fr4f - —2 bk, 20%
PGS/30% Cr-BiVO, 1) EDS 1% & ( ] 2g) & A Al
Si. Cr. Bi. V. OJt&, ullE &R,

£ %5

1. BiV

d=0.193 nm

(L))

| d=0229nm 9=0:322nm
] BiVOs(-141) BiV.

[a
g . bl . .
2 4 6

0 8 10

feE/keV

B2 Pl BiVO a). K #ik BiVO( b ).30% Cr-BiVO,
(¢). 20% PGS/30% Cr-BiVO, (d) ) SEM [l; 20%
PGS/30% Cr-BiVO, [f) TEM [ (e f) Fil EDS i &l

(g)
Fig. 2 SEM images of BiVO, prepared by precipitation
method (a), BiVO, prepared by hydrothermal method
(), 30%/Cr-BiVOy(c), 20% PGS/30% Cr-BiVO,

(d); TEM images (e, f) and EDS spectrum (g) of
20% PGS/30% Cr-BiVO,

2.1.3 UV-Vis ¥
K 3 & BiVO,. Cr-BiVO, #1 PGS/Cr-BiVO, &
SRR UV-Vis I ETE

— JKPIEBIVO,
—— 10% Cr-BiVOs
—— 20% Cr-BiVOs
—— 30% Cr-BiVO,
—— 10% PGS/30% Cr-BiVOs
—— 20% PGS/30% Cr-BiVOs4
—— VIREHEBIVO,

S /a.u.

200 300 400 500 600 700 800
P /nm

Bl 3 BiVO,. Cr-BivO, il PGS/Cr-BiVO, & & #f K
UV-Vis K

UV-Vis spectra of BiVO,, Cr-BiVO, and PGS/
Cr-BiVO, composite materials

Fig. 3

MK 3 ATLLE H, DITE R BiVO, 75 £4h-1] WOt
X B WA T 308 nm, 7E 200~465 nm [XIXHEH
W KCRE R F /K 3435 BiVO,, e KIIGH A 526 nm,
{EZK IR BiVO, 78 1T WG IX A B8 sy, i
KWWIKHZ A ZE 536 nm, [6]BF£E>465 nm 0] LG
XA R W™ B Cr-BivOo, H Crri B v 1)
B, ZAMRHE R WX ISR, 30%
Cr-BiVO, i KW IWih % 2 634 nm, HFE 200~
800 nm X A9 ML B i 5 T oK #A9k BivO,. BT
PGS/Cr-BiVO, H' PGS 521 T ARG 1 WA, Bl &
PGS i/ 8igm, e e lichZ ik,
WM B AT T U5
2.1.4 %IB UV-Vis 5 #7

&l 4 2k 30% Cr-BiVO, 945 i UV-Vis BIOETE

5 Y6EE /a.u.

YGRS /au.

480 500

440 460
Pri/nm
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Fig. 4  Variable-temperature UV-Vis diffuse reflectance 60 T 4 a Ab
spectra of 30% Cr-BiVO, at 200~800 nm (a) and £ Y
locally magnified spectra (b, c) @ 40
= . ° ° . °
I 4 TR, MEE~500 CHFHE i 2 8 5l e
H, 30% Cr-BiVO, 7E 480~800 nm X [H] {1 W Y B i .
TR R (Kl 4a), 7T 482, 616 nm ole °
b K T I B 25 L £ T T (R TSI
Kk m#s) (K 4b, c), XATREZFE N, il T B/ C
BFRALERR, AT ERA Y, HiXM iR Bl 6 ANIEEEE T K BiVo, (a) FIUTHEE: BiVO, (b)
Y TR AR JFE R MO, R AT AR SR A R A A0 J3E AR AR B B

WS I A Bt o TR RS B T R AR LD RS, R IGH
%M 624 nm B E 655 nm,
22 BT EMEESHT
221 #&F ik BiVO, A T &ML HR

Kl 5 kK #gk BiVvO,, ULERE BivO, FI#EUE
B

: ......... FKHAHEBIVO,
EENRNNEREEN e,

0() OC) OCJ 0() OCJ OC) OC) O() O() 0() OCJ UCJ

N} Q D D VO O DN D NN D D
PSSP S S

)

‘b‘b

K5 KL BiVO,, TLEEYR BiVO, EE (L7 I
Fig. 5 Optical photographs of thermochromic BiVO, prepared
by hydrothermal method and precipitation method

M 5 AT LIE 1, 20 °CHE, K#0E BivO,. 1T
TEML BiVO, FA5r A s wifh . B, [ =
HE 500 °C, HiazLhmim (20 °C) 48K
P&, (150 °C ). 2145 (300 °C ). YRI5 (400 °C ),
JaB B @ (20 °C) AR i E (150 °C ),
FELL (300 °C ). WRFELL (450 °C), BHIZE 20 °C,
PN RE i B I TR 2 AR AT 1 SE B e . B (a,
LA AP 7 el 4 1 BiVO, 1E 20~500 °CH.45 1] 3
BB LT, (RSB 225, Xl RE5 ATk
W pH A 1,

& 6 R ERE T BiVO, [ AR bS5k,

Fig. 6 Chromaticity coordinate parameters of BiVO, prepared
by hydrothermal method (a) and precipitation
method (b) at different temperatures

MIE 6 ATLIE H, Kk BivOo, (& 6a). ViTE
£ BivOo, (Kl 6b) B9 L™, a". b {HFEIEE ALY E AR
AL, BITHE L2 TR, RSB
JEARIE s bER/DN, FRPIRE S I o (T
WK, RURER SRS, mRR, FERLILLE
NE L HEFET 450 °CHKIL BiVO, T o (EHIEA T,
WHE AR (AE =VAL +Ad® +Ab* , K. AE N
(2EH; AL NSRS Aa WESRE; Ab NHEZE ),
THE T 7KL BiVO,. UITETE BiVOL INAE, JTF2H T
AE B FEASAL R ZE R, A0 7 B

80
L] 7J(ﬂ¥£B1VO4 .
o UIREEBIVO, . -
60 - "
| ] ° [ ]
a0t ) .0
L ]
L ]
20t "
. [ ]
[ ]
0 1 1 1 1 1
0 100 200 300 400 500
REE/C

B 7 RIFHEE T KL BiVO,, LTE: BiVO, M2 {1

Fig. 7 Value of chromatism of BiVO, prepared by
hydrothermal method and precipitation method at
difference temperatures
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v 201 .
Bl 8 Rk Mkl &Y Cr-BivO, LK PGS/Cr- ob
. V=N a2 L L L L L
BiVO, A ARHIIL = MU 0 100 200 300 400 500
R BLRE/C
20°C I I N . 801 b - Lfi
60°C | [T [N [ e - . .
too°c | [N M I I B gL,
150°C | N Y Y e - A .
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2s50°c | [N N N I N e &l .0 L e L,
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20 °C --O-O*?* o aff
& ¢ ¢ ¢ o I P
%, \@\ '\»S\ ».,Qe\ r‘)@\o c-.§\° lv‘é 40 A A : n [] . .
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Fig. 8 Optical photographs of samples at different temperatures . . . . .
0 100 200 300 400 500
LR/ °C

MWE 8 FILLER, BA Cr'E, Sk
B 7KL BiVO, B2 AR (30% Cr-BivOy ),
L RESAE 470~800 nm WEOGEERE GRS (] 3 ),
Cr-BiVO, 7E 20~500 °CHIFAEN] W EUE OIS ,
10% Cr-BiVO,. 20% Cr-BiVO,. 30% Cr-BiVO, i %,
Al EAEL A, BRARAREA . BEaE
Rer 254k, H 30% Cr-BiVO, (I AT L1 t5 ) A5
EIRERATE] 200 °C, HK#GE Bivo, (300 °C)
FEAiR T 100 °C, ] Cr' Al 4 BiVO, #EUE (i
o, 5ICHR[12]—2,

&l 9 h 10%~30% Cr-BiVO, BB AL kR (L.
a. bMH) SRENKR,

ME 9 LIFEH,10% Cr-BiV0,.20% Cr-BiVO,
B L. b ﬁ%’ﬁ%&ﬁﬂiﬂ: 55~60 X [H], Ziufiis; K
BERERTE, L bAEHE TREERE 500 °CHY
FESMAY LMEAZAK, bEHFEZ 18~26, B4 iHH
5595 30% Cr-BiVO, ik o (8, FEM LT (3
WeE, FTERENERTABE AT 10%
Cr-BiVOy. 20% Cr-BiVO, KX, {HH b {HMH WAL, £
o HEX P TR

F9 ARREIEET 10% Cr-BiVO,(a).20% Cr-BiVO,(b ),
30% Cr-BiVO, (¢) M€ AR 4L
Fig. 9 Chromaticity coordinate parameters of 10% Cr-BiVO,
(a), 20% Cr-BiVO, (b) and 30% Cr-BiVO, (c) at
different temperatures

& 10 M 30% Cr-BiVO, i 2L T[4 1 it i (6,28 b

4R

500 [

0 III-----I

0123456789 101112
{EE2R7S Th/N

10 30% Cr-BiVO, T TR 1G4 fE
Fig. 10 Heating-cooling cycle performance of 30% Cr-
BiVO,
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M 10 AT A Y, 30% Cr-BiVO, M 20 °CTHZ
500 °CHRE 15 min 5, FREHIZE 20 °C, HEHAE
12 1R, B2 OR R G RNR L AR T 8 A5 1k,
VLI 30% Cr-BiVO, A i BB B 4T M Fa e, B
FIMAFE5 50 s, WL 30% Cr-BiVO, Pk &2 R I
R, HLA N TR IR A% SR 1 T BB
2.2.3 PGS ¥4 % PGS/30% Cr-BiVO, # 5 &

EAT A e %ol

fin# 10% PGS/30% Cr-BiVO,. 20% PGS/30%
Cr-BivVO,, HALEA AT B A PERE, R PGS
HBAREWIZIT R (K 8), ME 8T LIFEH,
AHLIE 30% Cr-BiVOs, [Al—iEEET 10% PGS/30%
Cr-BiVOy. 20% PGS/30% Cr-BiVO, 1y & €251, H
1 20% PGS/30% Cr-BiVO, In#Aa#1ad F v i (6, 48
1k 20% Cr-BiVO,#HIL, #E M (20 °C) A K
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