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Abstract In response to the escalating challenges of global climate change and urban heat island effects, the
development of energy-efficient functional materials with high near-infrared (NIR) reflectance and effective thermal
regulation capabilities has become a research focus. Traditional oxide materials, such as Bi,MoO,, still exhibit

certain limitations in NIR reflectance. In recent years, rare-earth-modified molybdate materials have attracted

ek FBT: 2025-03-31. %4415 % H 1 : 2025-06-30.

ERNFEA: ok 36, 9, WL, R0t FONERR L RO6 ) R AAF5T . E-mail : zhangsu@ciac.ac.cn
eI F : FARE R IR S - 20230101051 C)BEH) .

Supported by the Jilin Province Science and Technology Development Plan Project, China(No.20230101051JC).

Chem. J. Chinese Universities, 2025, 46(9), 20250088 20250088(38/49)



Jd B3 s Ky ¥R
Eu CHEMICAL JOURNAL OF CHINESE UNIVERSITIES

significant attention in the field of NIR-reflective coatings due to their excellent optical response characteristics and

structural stability. In this study, Gd**-doped Bi,_ Gd MoO,(x=0, 0.2, 0.4, 0.6, 0.8, 1.0) NIR reflective materials

were synthesized via a solid-state reaction method. The obtained samples were systematically characterized by X-ray
diffraction (XRD) , scanning electron microscopy (SEM) , energy-dispersive spectroscopy (EDS) , Fourier transform
infrared spectroscopy (FTIR) , Raman spectroscopy , near-infrared (NIR ) reflectance spectroscopy , thermogravimetric-
differential scanning calorimetry (TG-DSC) and thermal insulation performance tests. The results indicated that the
synthesized samples exhibited good crystallinity. Gd** doping induced a bandgap narrowing (from 2.87 eV to 2.80
eV), leading to a redshift of the absorption edge and enhanced absorption in the 450—600 nm blue-green region,
resulting in a more pronounced yellow hue and enabling effective color modulation. All Bi,  Gd MoO, samples
exhibited high NIR reflectance, with values exceeding 87.68%, significantly higher than that of TiO,(75.66%). In
particular, the sample with x=0.4 demonstrated the highest NIR reflectance of 90.11% and a NIR solar reflectance of
89.53%, which are 14.45% and 9.24% higher than those of TiO,, respectively. Infrared lamp irradiation experiments
further confirmed the superior energy-saving and thermal insulation performance of the materials. TG-DSC analysis
revealed that Bi, Gd MoO, pigments possess excellent thermal stability, allowing for long-term application in high-
temperature environments. These findings offer a new and promising alternative for high-performance thermal
insulation materials.

Keywords Rare earth; Bi,MoO,; Near-infrared reflectance property; Gd**

e BRI T AL VERR P, kT4 %40 (Urban heat island, UHD)[BJE0 H 2528 . NGETREE L .
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R 1 LaYO, 23 {6 FR R ZURL , Bi 48 4% 19 BURHZE 700~2500 nm 78 i N 35 21 4h K FH Bz 56 4688 1+ 95%.
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Scheme 1 Schematic illustration of the experimental procedure
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Scheme 2 Schematic diagram of the experimental setup for evaluating the thermal insulation performance

of pigment coatings

4 Ti0,, Bi,MoO,F1 Bi, (Gd, MoOAF IR BN A MR 4, Tio,BURHE X BR4L . (TR 2
TN JEEASCAE P A 32 1T B AR TR S BB O A sk i i, B SA (A5 3 R
5 S g B P R R AR AR, AR AME RN R TS AR B ¢ P SR A5 05 -3 R 2% 2 A A T
TR,
Ao (T, - T,*)

T 1
)+ (e )
R ¢ FPGRE R (W/m?) 5 A NEE; o W FHIF-BIRESHE, 0=5.67x10° W/(m*-k*) ; &, e,
TR 2 B0 M % 1T 5 A A P BE Y 2R 1T R SR, £,=6,=0. 925 T T, 43 Wi R AR AR E A 1A 9 3R R
JECC).

2 GRS

2.1 S5 HIEHSH

B 1(A) B8 T 700 “CH L Bi,  ,Gd MoO,(x=0, 0.2, 0.4, 0.6, 0.8, 1.0) R ANFES AT X S AT 5}
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Fig.1 XRD patterns(A), Raman spectra(B) and Fourier transform infrared spectra(C, D) of

Bi,_.Gd,MoOseries samples
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FK A F H—OH FE A R ST R4 iR s RS il ). f#5 G B 24 34N, Mo—O0—Mo £l Mo=0
PR B A T8 55, H 848 em A Mo=0 IR BN [0 IR B 1 F8 5) . X AT RERE KN A I B 1-F
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T LB L SRR . 7E x<0. 41, BORIEWITR 4, RSP K FUBS T AN ; e 54
(220, 6) I, A5 FE LMY AL 42 TC 5 , 00K ] SR BRASENYT , PRI S 0 . (A R I 2, A
Wit B T PR 45 4 T 35 R T BT , 4R TH I RE 7, T 204 P SR ™ R 5 £ PR IR
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BRI, F2H Gd BN IFH ST B 24 HE A Bi,MoO, B v , Tl I B o7 11 5 S A

W

B)ox=02- £}
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Fig.2 SEM images of Bi,_ Gd MoOj series samples(A—F) and corresponding elemental mapping of Bi(H),
Mo(I), Gd(K) and O(J) for the Bi, ;Gd, ,M0O, sample(G)
x:(A)0;(B)0.2;(C)0.4:(D)0. 6;(E)0. 8; (F) 1.

23 EBSH

B S AT @ 1F CIE 1976 Lea*b* 4 5 A FrferE 5L RAE . R LIS THEMTE DOS SLIR R I L,
a’, b, CUAShAE. FESLTE A ARG R D6S YEUR T B B 5 &l 3 iR . ARl e B8R T AR 5], 4=0
BRORE Sl S TG 6, AT R (h=105°). B GA™ B 24 M B A1 N, B EB W NI, LB WA FRAR
95, 77 [ 93. 71, (HARMADARFFR S s B, UERHAE ST EEIE (6. o EAE M 2T-2 0 i, -3, 023
JNE]-1. 04, BWE SO F B EIRD, BiE T OmE . o EH- R, A 11458 %) 17. 75,
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Table 1 CIE L*a*b* parameters of Bi,_,Gd MoO(x=0, 0.2, 0.4, 0.6, 0.8, 1.0)
Bi,  MoO,: xGd L a b c h

x=0 95.77 -3.02 11.45 11.84 104.79
x=0.2 95.24 -2.53 14.27 14.49 100.06
x=0.4 94.34 -2.16 14.37 14.53 98.56

x=0.6 94.22 -1.56 15.40 15.48 95.71
x=0.8 94.01 -1.53 15.96 16.03 95.46
x=1.0 93.71 -1.04 17.75 17.78 93.36

(A9 (B9 (@) ()] (E) (F)

Fig. 3 Optical photographs of Bi,_ Gd MoO, series samples under natural light(A—F) and D65
illumination(A'—F")
x:(A,A")0;(B,B")0.2;(C,C")0.4;(D,D") 0. 6; (E,E")0. 8 (F, F') 1.

RO 2 10, BRSO o] 5 (. R AN 104, 79° %52 93. 367, iF— S0 He T
€6, i) ¥ 0, 7 1) A5k (h MR 907, BPAli#s(6). X SeARfb s an &l 4 s . BB Gd 1524 S iy 3
T, A 2 DA R 1 (=0 320 872 8 A I S AR 0590 75 (6=0. 2~0. 6) , T ZAE x=1. O SR PR B (1,
B €6 Fh JEAA 1€ 8 1 1 £ 3R R

120 100
—x=0
00F e Or 02
80 —x=04
80 9 70 - —x=0.6
- < x=0.8
60 - - 3 60 = 1.0
= ——b g 50f '
Q
© 4ot ——h g 4o 70
0k _ 2 30Ff 60|
— - 20k 50 .
N 400 500 600
or wE
1 1 1 1 1 1 0 ! ! ! ! L
0 02 04 06 0% 10 300 400 500 600 700 800
Gd?** Concentration A/mm
Fig. 4 Chromaticity values of Bi,_ Gd MoO, series Fig.5 UV-Vis DRS of Bi,_ Gd MoOj series samples
samples at different doping concentrations Inset: enlarged UV-Vis DRS spectra of Bi,  Gd MoO,

samples from 400 to 600 nm.

24 EIN-RTILEIE ST

J T LSRR B GA™ 5224 Bi,MoO, Bt PERE A 2, ASCIN T4 5 i 18 R 566 . s 23
OFRIA T AR T OCA B RSOR S g, JARARALGI S FREMERAE, Hhan d-d BRAT | HELAT 45 RS
BRI (CT) 25, &5 278 T Bi,_ Gd MoO,FE Fh7E 200~800 nm [X. [ (118 Sz 5 61 . MIEIH Al IE W, 76
AKX (300~390 nm) , AT HE b A0 S ST SR8 LT, 2R I BE Ao ke Al il . SR
£ 400~800 nm [ AT WG EE , At kb B SO R 25 B, FLME R i TARaE . Sl —2K
KT 400~600 nm X35, [ ZE7E 400~500 nm &b i) S5 b T SAGE M o] L. FLBEA B2 5« 3, #
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'ﬁ?lﬁMl] H

[F(R)w] = B(Eg - ) (2)
s h Rl 53 B0 8  5 F BRI . B HUIH A B G2 B (eV) 5 n BT HL FBRAE 926
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Fig. 6 Kubelka-Munk transformed reflectance spectra of Bi,_ Gd MoQ series samples
x: (A)0;(B)0.2;(C)0.4;(D)0. 6; (E) 0. 8 (F) 1. 0.

[ 7(A) 78 T Bi, Gd MoO ¥ i 7 780~2500 nm P4 [l N I ILLLAM R S, e R th e i
PO Ha=0 I, RIBAKE S HITLLAN S R LY N 88. 18%. FEHELES T LR34 N, dr2rsh
S5t BT I AT s B A R 3 . M =0, 4B, SELTANUSPRIBEI R 5, 20090, 11%, W
5 T ARIB AR . JUHAE 1000~2500 nm 37 B, %K i (935 21 1 52 A 46 (90. 29% ) #H %8¢ T Bi,MoO,
(88.26%) WEIGNN T IT 2. 03%, Y] GA™ AHBZ LB B L A IERE ™ A= TIARAE A .
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Fig.7 NIR reflectance spectra(A) and NIR solar reflectance spectra(B) of Bi,_ Gd,MoOj series samples
Inset of (A): NIR reflectance spectra of the Bi,  Gd MoO, series samples.

K 7(B) 7R T Bi,  ,Gd MoOg AU it & TiO, BYUTZLAMR B S S 61E , i i A 8o 3 1o i

ARIPN IR ST

Table 2 Near-infrared reflectance and NIR solar reflectance of Bi,  ,Gd,MoO, samples

Bi, ,Gd MoO, R R Bi, ,Gd MoO, R R
=0 88.18 88.00 x=0.8 88.58 88.42
x=0.2 88.57 88.33 x=1.0 89.00 88.74
x=0.4 90.11 89.53 TiO, 75.66 80.29
x=0.6 87.68 87.75

HR 2 AT, BB B BRI, A 5 A R BH 2 90

RPN JS N - PR I fa S iErsh 88 -

RS —S. Ir T Bi,_ Gd MoO,FF i i 3T § 86

LTANKBH I 151987, 75%, x=0. 4BFIU KPR G5 £ M7

5125 (89. 53%) . HLTIO, #5409, 24%. BT & zi |

ff0=0. 6 (87.75%) , WAL TiO, B 7. 46%. Hpkas  © [

fbaRanE 8 fran . X KB, G242 Bi,MoO,Ff A

wi PE I £1 A K BH B S T S 2500 T 4% 45 Ti0, Bk} = =02 §Zﬁﬁ1§§2§ ;;g-jnﬁo TG

FAT BRI 1 RERR AR, A0 J1 iU — R LA Fig.8 Trend graph of the near-infrared reflec-

R TOPRAR N ST EAISEN A (R D A
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tance and near-infrared solar reflectance
of the Bi,_ Gd MoO, samples
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2.6 SERRFRBVIERES AT
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Fig. 9 Temperature variations at the bottom of the enclosure(A) and aluminum plate(B) for samples coated
with Bi,MoO,, Bi, ,Gd, ,MoO, and TiO,

FE3TEANH) H T4 78 Bi,MoO, . Bi, (Gd, ,MoO, I TiO, FFE N4 RS | AR MR IS BRI EE | A A N L
R pam i, $am (DR, AR H, AR ZREAE 207~210 um Z (8], Hrp
T KRR 209. 6 wm, fi/NEERE R 207. 3 wm, JEEEZEEAN 2. 3 wm, REFEBIRIZHI 395, HIEEAR
AT B ARG S (R RZ e o] 22 AT . DRI, AT R EOKE R AR VS R FNAR (A PR A Il B AR AL 45 R T 2
i AR B 0 RS AN 8 . R rp IR R A AR A v LU VR AR TR 2 SR /N T
Ti0,, FfEB LU x=0. 4 FES PR BRI, 7 51,5 Wim?, FEARBZE Bi,MoO Ik 1. 3 W/m?, FH Gd*
BRI T 538, M T ReAkEE.

Table 3 Coating thickness, bottom temperature of the aluminum plate, internal temperature of the

enclosure, and heat flux for Bi,  Gd MoO, samples and TiO, coatings

Bi,_ Gd MoOg TiO, x=0 x=0.4
Thickness/pm 209.6 207.8 207.3
Bottom temperature of aluminum plate/°C 39.5 38.6 38.1
Internal temperature of the enclosure/°C 28.2 27.1 26.5
Heat flux/(W+cm™) 52.8 52.1 51.5

R T2 BRI ORI RIS Ah , AW IETE S MR AR AT T 3 A BH G BRGS0 (PR B IRLEE 16~
18 °C, PHmd X4 9%, AHNTREE 34%) , LAVPAR MOBHE SERR MBS AF T IBRIERE . i 10 B, 430ilid
S TR Bi,MoO,, Bi, (Gd, MoO, FI TiO Ff 5 , #AHR R [ 10(A) TR PR a8 LI 10(B) ] i AE
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Fig. 10 Temperature distribution under outdoor sunlight surface of the aluminum plate(A) and interior

of the box(B)
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2efa g e Fig. 11 TG-DSC curve of Bi, (Gd, MoO, powder sample
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