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2.1 #

AR YR S BT FH 31 ) B A s - SR Ak Al R 2R
99.99%. ¥5-H + FALPIFE 90 °C, 300 rad/min 5k
HFFE TR, Hle s H & e s .
HAR ) AR (0A)-90% . 1/ (ODE)-90% .
FAALEN (NaOH)-98% . AL (NH,F)-98% ., HI
(CH,0)-99% . R Z.—H (PEG)-90% . Z (C,HGO)-
90%. BVt (CHyp)-90%, P (C3Hg0)-99% %5
PRI AR 9, Tty iE—5 alifb B ] B8 .

2.2 1L R R AL A

AR YR SR ] — M I HGE A T NaYFy:
49% Yb, 0.5% Tm@NaYF, UCNPs. & Jc¥ 4
UG+ FAEA S 10 mL OA 1 10 mL ODE
IRAERIZWEFE 30 min, SR IIAR 0.074 g NH,F
F10.05 g NaOH £ 3 mL HFIEAR, THEZE 120 C,
200 rad/min $iEFE 20 min DL ZEGHFEERIK. 32k
W SRNREERRT 3 290 °C, FERSIME F4ERF 60 min,
IS5 H SO Ve A 2 E L, R ) AE 6000 rad /min
TEL 5 min, JEARSEFH L BERN B FOKPER 3 1K,
e Ja S PR

2.3 %7 ZnO MEIBIHIE

HERHEE ] 0.1 mol /LY (CH3COO),Zn HIEE
VWA SR B h 0.2 mol /L Y KOH HESE W45 H.
FERIZIERE T, K KOH LA 101 1% He A7 n 21
(CH5COQ),Zn I, 55 52 °C, FHATRZE L ZH]
TRIRFRIY 40% 5, 35 b 35 FHREo i+ 90 min.
RIEAH B, AR EAHLELAR ZnO NPs.

2.4 PEG &% OA-UCNPs FEWLEEH
1} (CyHyIN,0,) BYZEHE

—EOL T, BRI A THIRECAR) UCNPs
1.0 mL WERAER 54 0.5 mL PEG 9 10 mL
RS IR A B 5 min, & TREIHEHERS | 30 C
JEZU A FE 30 min, 3000 rad/min 8.0, 3% 11
W W B AR B K P Ak S F S B 3 IR, I
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138] PEG &M I 3L 4 K Bk

B 0.5 mL IE T BE 53 BUTE 15 mL (Y 5 i
7 15 min £, 78 1.0 mL AL PRI NaYF :49%
Yb, 0.5%Tm@NaYF, UCNPs 5 il 7 #& 1 jin A
1.0 mL 4387 79 B P A 1 T e i ZUBE R 30 min,
BIA 1.0 mL 3 EAEP B TH Y CoyHy IN, O, AEELTH
F 15 min, W 785HR B 5 IREF 120 °C k2L 51
Ptk 1 h. 5000 rad/min B.0J5, EF LIER, B
FN R CBEEVE 2 WOE /83 10 mL AR,
#35] UCNPs-Cy,Hy,IN,O,.

2.5 % Fl ZnO #FHL A IR B
B 2Z R &1 ZnO TRAHE ) A 5 mL
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= o

Count,
B
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Size/nh} .
3y ,:’ 3

500 nm

P, $ESEBI5IR, H4 UCNPs-Cy oy IN,O, ZEIHAN
S HAENE ) ZnO ¥, Z0 T 300 rad/min
PibE 2 h e HE—M, W LR LA RIS A — 20T
VEY), RS, HH 980 nm B0 BRG To ok
3, UEHZAL ZnO B4 E ZE UCNPs-Cy,Hy IN,O,,
351 UCNPs-Cy,HyyIN,O,/ZnO.

3 SRR RAITIS

XoF ) PR i P49 RUST R 35 1 A 1A 56 o 25
I RAE S 5007, B 1(a), (b) 4 ZnO BH T B
s (TEM) MR, n LLWEREA Y ZnO ks
¥i5], BT TEM EMEXT 70 4~ ZnO Bk ki

5 nm

B 1 (a), (b) ZnO K TEM E14; (c), (d) UCNPs/ZnO ) HAADF-STEM & 1% ; (¢) UCNPs/ZnO ) HAADF-STEM & 1% LA J %

TR WS 1]

Fig. 1. (a), (b) TEM images of ZnO nanoparticles; (c), (d) HAADF-STEM images of the UCNPs/ZnO composite; (¢) HAADF-
STEM image of UCNPs/ZnO particle together with the corresponding elemental mapping.
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it 1), Hopi 2 A an &l 1(a) fi I AR, THEAS
#| ZnO (R (8.1641.52) nm. & 1(b) H
T B AR 0.28 nm B AR A% 480, TR T ZnO
(%) (100) #54E & . & 1(c), (d) A UCNPs/ZnO
G FE i Y = AR R G S OB B
(HAADF-STEM) KM%, 15 )5 i 73 B X gk v ]
I 3] 43 51054 0.31 nm AT 0.52 nm 1) f 4% 45 2L,
Xt [T UCNPs f4 (110) Fl (100) 45-14F . T
HAADF-STEM Bfgi R, UG e B
JEF P BT AE b, L& = R TP ot R
Y, Yb 1) UCNPs AH# T Zn, O A ZnO £
SRR Z R, TEENR D B mEXT ,
HF X —FRAE AT LR RE] 1(c), (d) 1, F2Z R
P2y 5—10 nm PYAH/INEURE (K] 3853 XU e 4k
Frith) BEFE UCNPs JE [, iZ4FIES ZnO 9K
B RSHE B —8 kRS A 450 s 5
23] 43 A, %F UCNPs/ZnO & 4454 1) HAADF-
STEM EUR MARRICER /M4 R Y, Yb Ml F o
RI55 FEAE R T PR A XK, 1 Zn A1 O JT
e S EE A T S AN X ek, 6 W4k
WKW, Zn, O, Y, Yb, F S0 & 755 [f] 351 4
fii, UCNPs #l ZnO — e ] FHEAT.

¥ 2 y UCNPs/ZnO, UCNPs Fll ZnO NPs
XRD B4 NaYbF,, ZnO WRiER F 8 K& =%
) JR R R I, B ) UCNPs F1 ZnO BE 5 4% A
() X AT SRRV XA, Ho il 57507 FE Y
NaYbF, fil ZnO #x#E-R R BEVCRC, #F— 254
A FER UCNPs/ZnO 1) XRD &3 nl LLWgE 3],
% UCNPs AR B 477 5 06 2 A1, FF AR M EEH] ZnO
(AT S0, P AT DL SR BH B AR A R FE & A ad R
5 R A ARk, UCNPs 5 ZnO R &
JEAThEs A DREEIEAT AR S5 A . LA, YT E4l UCNPs
F1 UCNPs/ZnO & & HEELEIAE 30°FHE AT 5T
AR R R A — e ARk, 12 T RE 5 At A
UCNPs KA HIENZE (PEG 5 CyHyIN,O,)
K 7ZmO W& F &, (AR A Z )5 IR S F AR+
AR IZ IS X A 5R AR A3 5 N 2o R LB
FeAE A BE ™ A 5 ) 0,

FIH Scherrer A4l ZnO 9K Bk N 5t

K\
Bhii cos O’ )
Hp Dy R SR RS KO w g, BUE N
0.9; AR X PRI Bru FXF AT ST I f
To; O RATHAA. TFEARNE 1R, ZnO 9K
WOk YR A2 290 8.74 nm, 5 TEM th4: 1145 5|
B HRiA% (8.164-1.52) nm $23T, M1 AT LA gk —
UL 1(c), (d) H UCNPs J& Bl 43 #i i 40 /N it
ik ZnO.

” % M UCNPs/ZnO

Dppy =

w0 w0
2 = ﬁ J\ A
a a
=1 =
i ML Jk ﬁ UCNPs| &
~ A A A ~
z 2
g 2
2 |NaYbF,-PDF#36-1451 8
= =
| ‘ I IR I
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Kl 2 UCNPs/ZnO, UCNPs fl ZnO NPs fi{§ XRD [§ 1% 1
NaYbFy, ZnO BYARfER Fr 18 B sy K

Fig. 2. XRD patterns of UCNPs/ZnO, UCNPs, and ZnO
NPs, together with the standard reference cards and local

magnification images of NaYbF, and ZnO.

AN 980 nm FILTANEDEICAR UCNPs i,
ML 3(a) W] LABH WS 2], ] BT il 45 1) UCNPs
FHA 345, 361, 451 F1 480 nm KU 4 MERIE
KT, Ay B R Tm i Af f8 F BREE 1g—°F,
D, —3Hg, 'Dy—3F, F1'G,—~*Hg. X b UCNPs-
CyyHy IN,O, Fl UCNPs-Cy Hy, IN,O,/ZnO ) %
SeiER AT LR B, Tm*HE 451 nm A1 480 nm PiAb
14 5 Sk W T IR 8 1 B 2 LI . X2 R
ZAH WA T, Tm37E 451 nm A1 480 nm &b
F14) U PRT oS e A e O ], R L 5 50 A Ak ) '
o B U T B, NS 207 980 nm £LAMGIAE T
FE R SIEL)L 345 nm 1 361 nm A 0B ESNE
) UCNPs, HiZJtGikS ZnO WIS & DLHL.

# 5 ZnO GORPUR R RS

Table 5. Calculation results of ZnO nanoparticle size.
20/(°) 31.86 34.53 36.33 47.63 56.69 62.96 68.06 69.15 72.66
FWHM/(°) 1.2952 0.6847 1.1865 1.0397 1.3241 0.9767 1.0918 1.2073 0.8492
Dyjq/nm 6.38 12.15 7.05 8.35 6.82 9.54 8.78 7.99 11.61
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— UCNPs — UCNPs-CyHyIN2Oy
— UCNPs-CyH51IN;05/ZnO

(a)

(b)

480 nm G4 — 3Hg

Intensity/arb. units
Intensity/arb. units

— 1030 mW (c)
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Wavelength/nm

300 400 500 600 300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
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Wavelength/nm

Slope = 2.7062

—o— UCNPs

FIR/arb. units

Slope = 3.3997

log(intensity /arb. units)

(d) = UCNPs (e) (f)
« UCNPs/ZnO /// ././’
S

—=— UCNPs/ZnO

FIR/arb. units

/ A
./0 —— FIR of the
peak at 361 nm

69 70 71 72 73 74 7.5
log(power/mW)

1000 1200 1400
Power/mW

1600 1800 1000 1200 1400 1600 1800
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& 3  (a) UCNPs, UCNPs-Cy Hy IN,O, Fl UCNPs-CoiHy IN,Oo/ZnO 1857 5 6 1 B K %k B 1 & 56 5241 B (b), (¢) UCNPs/ZnO
H1 UCNPs 7E A Rl D F 1Y 980 nm BOGAS b BYECA OGS B (d) FREHR G ER R B 5 UR R IR RO R (e) MR b4 5 28
S iR HE 55T DL Dl e B AR BE Y LU AHL; (f) UCNPs/ZnO 5 UCNPs $84h & T e i J3 14 LU {6

Fig. 3. (a) Fluorescence spectra of UCNPs, UCNPs-Cy Hy,IN,O,, and UCNPs-Cy,HyIN,O,/Zn0, together with corresponding lu-
minescence photographs; (b), (c) excitation spectra of UCNPs/ZnO and UCNPs under 980 nm laser irradiation at different powers;

(d) logarithmic relationship between upconversion emission intensity and excitation power; (e) ratio of intrinsic ultraviolet to vis-

ible emission peak intensities for the two materials; (f) comparison of ultraviolet emission peak intensities between UCNPs/ZnO and

UCNPs.

& 3(b), (c) 454 UCNPs/ZnO fil UCNPs
TER[F) T 2655 BE Y 980 nm OG890 & b1
P, AT R0 24 2 i B A T A B I AR ZS AT, 18] 3(d)
A R B B X BRI e T R B o R
KRR, FX P E IS R R Y. dt—4
XF L 3(e), (f) 4880 & GHR BE (325—400 nm)
FAT WY & E5RE (425—575 nm) AY HL(E AT LA &
P, TR R 2 1370 mW i}, A8 X & 5t
SR B AR ] UCNPs 7EiZIh 3R R o4 T
SRR AR TR ROk

UCNPs 5 ZnO NPs #6355 U e P 2 pe g H
BAERFE ML ERE M CHER E. UCNPs it £
ST HR R BE BT Z1 46 (980 nm) B4
e RE R SRS A ST, ARG & A Rehs A 20
T ZmO [ AE S IGEHE TT EL425 h RE 1 F1 FH AR

J T RAIE 3 BDEIEILE R, SR SRR M)
ek AT RIVFEAE, W 4(a) B, LHHL

4 F CyHy IN, O, W5 J5 1) UCNPs 1) % Bt %
T LML) 345 nm 1 361 nm 1Y 4540 K& B g,
MMi&l 4(b) H&li ZnO NPs 7E24MNX (A < 387 nm)
PR 5 2 AR IR e, WRISGH I I, I ZnO
XSG EA BRI S itk — 5 ZnO
AAEM A X XS N 9 584 ETE UCNPs KA AL+
WA T R KB B ETEEA T 08T, WA 4(c) B,
4fi UCNPs 75246 X2 90 H 45 i 13 56 6, AUAE
JE SN B — B (B 5 T %, XFER A
AR M CyyHy IN,O, 7 345—361 nm FRHE 2
IR R AR B RS A T Ry, RIS FE 2 370 nm &b
AR R4 T80 135 B . X F UCNPs-Cy Hy IN,O,
HAWR, HAR S INE BB ST UCNPs
5 Oy Hy IN,Oy Z 18], HAXS ZnO WA AR IR X
HEFT B

[F] 5 UCNPs/ZnO & A 25 44 i W 0O 3%
B 4(d) 5=z X e, o] LS 2 7 G B Y 345—
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(a) —— UCNPs-Cy,Hy IN,O, — ZnO  (b)
2 2
b= g
g 3
=] .
: :
5 <
~ 0
= 3]
- =
E 2
= -
<
300 400 500 200 300 400 500 600 700
Wavelength /nm Wavelength/nm
100
(C) (d) E— UCNPS—CngQIINQOZ/ZHO
. —— UCNPs-Cy; HiIN; O,
. 80 ‘é —— UCNPs
g 3
g <
% 60 5
+ ~
g aof g
: :
& 2
20 — UCNPs =
— Cy1HyIN>O,
0 .| — UCNPs-CiHpIN;0; : : : ‘
200 300 400 500 300 350 400 450 500 550
Wavelength/nm Wavelength/nm

B 4 (a) UCNPs-CoHy IN,O, HY_E 4 TEEERE R (b) ZnO NPs B BOEIE A (c) UCNPs, CyyHy IN,0, K UCNPs-CyyHy, IN,O,
1335 OGS &5 (d) UCNPs, CyyHy IN,Oy B UCNPs-Cy Hy IN,O,/ZnO Y B OG5

Fig. 4. (a) Upconversion photoluminescence spectra of UCNPs-Cy,HyIN,O, under near-infrared excitation; (b) absorption spectra of
ZnO nanoparticles (NPs); (¢) transmittance spectra of UCNPs, Cy;HyIN5Oy, and UCNPs-CyHy IN,Oy; (d) UV-vis absorption spec-

tra of UCNPs, Cy,Hy IN,Oy, and UCNPs-CoyHy INyO,/ZnO.

361 nm EAMEBEN, B A SRR T 540 ZnO
NPs AHT 1) = e, UiBH UCNPs 951 AFEAHI
559 ZnO XM EROIRE 1. 455 %, UCNPs
T Tmd 7= A {0 R AN &5 S ZnO BAAE IR
Wl v BEVLIE, ZnO Refs sl UCNPs /Y %%
e % ;[\, UCNPs-CyHy IN,O, & A 1K R 7E
ZnO AAEMCIR ATE W 627 e, M 1+
SR B L AN ST LT AR P R R

BT FROGIERE, UCNPs 19 b #e4 & 5%
Y55 ZnO MAAE 0 = VAL, UCNPs 7E 980 nm
LLAMGI L R P R AT ZnO mA I,
1M ZnO fb AR EA A 2 AR 4544, Horp i
RIS Z [ AE R — W REBR, AR R B A i
PR AR PR T AR AN R B e A W i B
T ZnO WIAFBRZ A 3.3 eV H NI % 7 42 4h ik
B, DY 2N EIRET R ZnO B, G TRER S
BRE R VAL, ZnO "H A L T32 BIE, BREH
Sty R A A F - SO, X R BRAE (i 15 2241
JERBEE B BORIK.

IE A 5(a) ff R, UCNPs/ZnO & 4 45

FELTHM GRS T W i b 54 &G i B, T #i
7 “UCNPs & I6-ZnO WS- FL 0K B 4.
ZHLHIAIL T UCNPs 5 ZnO Z 8] FEm s,
UCNPs #4538, 1 ZnO it i b %
JESLERET IR, I M E A4 ZnO HYEmm N
FEIERSM X Y™ i AT LT AR X, Sl T 20 ARG i) 42
FIH, 5T R BHAEFI FH 2.

itV E G AR M RE, A3
SR JEEE (MB) e bk 7E B 35 ge .
60 mg LA A 100 mL, ¥ J¥ A 40 mg/L 1
MB K#EW T, PR G R R & TR as L,
TEPAWE Z5F P SE i 20 min, {410 7 76 7
THFE G5 o BT 52 5 A i ak 1 I - i R - TR
980 nm ZLAME ST, ] UCNPs/ZnO & 545
R AT CAE AL R S50, TRl 5(b) BT R IE &
S5 F%F MB %W AL 5540 B, 7E 0—70 min 2
R R, AT LB SR MB 5 W (2 B 2 B[]
FARE A T TR0, PR WA A TR W R 1, 2 30T
T, EMERVIZE GWIERIELIMDGHE T X
MB HA RAF A Be

070804-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B Z 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070804
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Valence band &
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e

W i 980 nm infrared

= ¢ 35 laser catalysed
degradation of MB

B 5  (a) UCNPs-CyHyIN,Oo/ZnO B L 7R B &5 (b) 980 nm # & T UCNPs-CyHy IN,O,/ZnO & 4 45 #4 76 AS [l i [i] F X+ MB

VR AL S R

Fig. 5. (a) Schematic illustration of the photocatalytic process of the UCNPs-Cy,Hy,IN,O,/ZnO composite; (b) evolution of absorp-

tion spectra of MB solution at different times for UCNPs-Cy,HyIN,O,/ZnO composite structure and control sample under 980 nm

excitation.

J R GEVEAG AL TERE, 230 7E 365 nm $54b
3t (UV) 1980 nm ILLLAME (NIR) FXF A LA
REBH WD F R A LT AR R R,
Jif SEgeh, NIR WOGE R 2 2070 90 mW /em?,
365 nm $HMTH H TR E B2 50 mW /cm?. 52
B I LRRFAR IR A0 SR AR | TEIRIAE (25+1) C 5
Pidrige, HOCUREE B [, DMRIE BRI Atk S
S AT L, A R BRI X A A 2
[R5 ), A2 BRI A AL 70 5 MB ¥ VR A 1 1
TG I HERE 20 min, LAIA B W BRF- 6 B SE-A8. [R] B
Sitt—H5T UCNPs By _EF4 U RIVE T, %4
1T UV 5 NIR [R] i RS A 5256

IS AT WA E T 8T T MB 1)
REfR R, 1 6(a) FEMXT AL, JE/RAE 365 nm 241
L T AL MBI 504 5 38 it o) 1) 22 Ak ) 2ok
FRINZR B, 0T LG H Rl A AT (] A ZE K, MB Y
WA T REATG,, (H RSO 64.16%. ML
T, 7€ 980 nm L £L4ME (NIR) BT, & 6(b)
IR, R ARG R A BE B BT, AR TR Al Py
R AT 35 93.33%, H. 70 min J5 Wi TF
Fa, RUITE NIR U T MB S23 T A 800 B . %
Lt ELHd ) 365 nm AN T 2 & 45X MB
PEAT A A 1 S B6 AT LA K BR, E A [ B s 1) A 2% 2
T, 980 nm ZLAMGI KL B G AR MB R AL
R EHARZ.

FRHA LT CoHy IN, Oy HISCHEAEH], 4

K 6(d), (e) Fizs, 76 NIR HAEH T, H3% v KR R
fi; £ UV BEFT, TEME520 ZnO M. SXIESEA
HLAF FXF UCNPs K& 60 i alifb & 50 3 i 4%
NIR oL py b 454, e4h, UV 5 NIR [F]H 8
S S286 R, UCNPs-CyyHy IN,O,/Zn0 7EXE
WOR T XTI UV IR R E— 2B 48T, 1
Wz A A5 H AT D AR SR80 a2 A0, HA ML
1B 2 A FRil ZnO XHEAMNERY BRI

Kl 6(c) Fon C/ C, HEmT AR fbryth 4, Hor ©
R MB LR EE, C, 10 MB MRIRHREE. 45
JRRW, 76 NIR BT, B0 ZnO NPs X MB
JUFEAMEER, MABMR UCNPs@ZnO 11
5. 76 UV G, 4 ZnO NPs, UCNPs@ZnO
LI UCNPs-Cy, Hy IN,O, /ZnO #f 36 8 H — & 1Y)
b PEfE, (0 A SCR IR T 7 NIR DL R
UV4NIR ARG F ) UCNPs-Cy,Hy, IN,Oy/ZnO
ITERE.

SR FH i — 2 8 ) 2 5 7 X6) 8 figf 1ok R 330 47 40
&, WA 6(f) PR, SRR E RIFHLERR, £F
B E— Bl 12 FE 980 nm ZLAME IR F
UCNPs-Cy Hy IN,O,/ZnO 2 4 45 #4 2 B HH 5e
SR HHORE B K A F] 34.7x10°% min!; 7E
UV+NIR SOEIRSF, K {H A 33.7x10 3 min *; I
TEH— UV BT H K{E{Uh 16.73%107° min .
* & i) UCNPs@ZnO 7E UV 5 NIR F 11
KE43 54 18.63x107° min' 5 9.59x 1073 min !,
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Fig. 6. Photocatalytic degradation process of methylene blue (MB) solution over the UCNPs-Cy H5IN5O,/ZnO composite: (a) Pho-
tocatalytic performance of UCNPs-CyHyINyO,/ZnO under ultraviolet irradiation (365 nm); (b) photocatalytic performance of

UCNPs-Cy,HyIN,O,/ZnO under near-infrared irradiation (980 nm);

(c) degradation efficiencies of MB solution over different con-

trol samples; (d) photocatalytic performance of the UCNPs@ZnO composite under ultraviolet irradiation (365 nm); (e) photocata-

lytic performance of the UCNPs@ZnO composite under near-infrared irradiation (980-nm); (f) pseudo-first-order kinetic plots for

MB degradation over different samples; (g) cycling photocatalytic
980 nm irradiation; (h) photocatalytic degradation efficiencies of MB

Ml ZnO 7 UV F ) K B K 1.42x10°3 min !,
HELZ TR, BE) ZnO FELLAME T LA =G
PR B, B R H EC 0.213%10°% min!, 1%
B2 E AT — 2 I T A Lo FAE M RO
B X IV R ) S S BTV .

h T BN [R) G U T R 2 R 2 S o R Y 5
Wi, i — 2D TR TR T R L T

degradation curves of MB solution over the composite under

after five consecutive cycles.

g5 HANZE 2 BT . 7E 980 nm i ZLAME IR ST,
UCNPs-CyHy IN,O,/ZnO Y 11— 1k 33 4 5 K7
47.0.386x 10 min "-cm?/mW, 1515 F 365 nm %
SMETFI K7 (0.335% 1073 mint-cm?/mW). X 21
TEARF D CDI R | B M RHELLIM IR S)
TR T 5406 LR A

I Ah, UCNPs-Cy Hy IN,O,/ZnO 26 9L H L H
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HIFERR RS E TE, WK 6(g), (h) iR, H—IEHRss
AR 2 G, RO S B AR, IR
FB TR MIIC K LB LA 25 B R 1 5% B S N ),
BEJST7E 60 C 450 F THEBH T T —R1GH KR
N, 223 5 RAEFR 28 G AT AT R K53 85.95%,
VLRSS AR e H A RIFMEE P, 52 &
GERISEIL T LLAMNOR T m AL PTRESE I AR
N7, £ SRR I ] I

* 2 AREDEEEME T UCNPs-Cy Hy IN,Oy/ZnO&E A5
R G RE S EL

Table 2.  Photocatalytic performance parameters of the
UCNPs-CyHy IN,O,/ZnO composite under different illu-
mination conditions.

JGIE DR RO AR R
&M /(mW-cm2) K/(10® min!) /(10°min “cm?mW1)

uv 50 16.73 0.335
NIR 90 34.7 0.386
4 g ‘V@

ARSCHE T —F R g K SR (UCNPs) |
FHHLT (CyyHy IN,O,) FEALEEG KK T (ZnO
NPs) & WA S5, it 525 41 & X Fh 2
A EEMITE 980 nm UL T REME T E S ZnO AMER
TR INTH O] V2 S AR etk )
)54, UCNPs () L3646 &k 6HE ZnO Frg i, A
Bk ZnO 7= A AR B T IR HE FL -2 Ok
15388, JF Bl A7 HLor 4% UCNPs ) &%,
FEUET I 5 ZnO AE IR IS U L 28 40, 6]
BRI RL AR THEL RS, I HiZE S5 WE T
HJLHE (MB) R fif S 00 b R B S A 21 40K )
A fetERE, I BRI R 5L, A
GRS TR B i B AR AR, oo RAFLL AT
St ZEIEME L, R R TR ZRPEFR L 2
Ja, BB AR FEE S AU AL TE . UCNPs
s A RO E SRR, PRS2k
DL i SR N AR\ 24 | I = e
e 9 L SRR ARG P, X R A
AR RIS v A RE A FRER (BT LS. Aok ]
DL i A FEE UCNPs (B 294, | 45 1501145
DAL SIS R AR SCHT GG VRS, MTTRE
8 58 1) 2 T A A T 2 B Sy w3 A 21 4/ i A
. 3T UCNPs M@ 2T SR S & i

LMK SR SO RLA R B B HE IR S %
I K B s R DB A A RHR AL T
BB SR S BB .
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Abstract

Zinc oxide (ZnO) is a typical wide-bandgap semiconductor photocatalyst with a bandgap energy of

approximately 3.3 eV. While ZnO demonstrates high chemical stability and strong oxidation capability, its

photoresponse is intrinsically limited to the ultraviolet (UV) region, which constitutes only a minor portion of

the solar spectrum. This intrinsic limitation severely affects the efficient utilization of solar energy, thereby

motivating the development of physical strategies to extend the optical response of ZnO toward longer

wavelengths, particularly into the near-infrared (NIR) region.

In this work, a near-infrared-responsive photocatalytic .composite system is designed by coupling ZnO

nanoparticles with core-shell structured upconversion mnanoparticles (UCNPs, NaYF,:Yb,Tm@NaYF,). To
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achieve precise spectral regulation, an organic molecule (Cy;HyIN,O,) is introduced to selectively modulate the
upconversion emission profile of the UCNPs. Under 980 nm NIR excitation, this organic molecule effectively
suppresses redundant visible emissions while enhancing ultraviolet upconversion emission. Consequently, the
dominant emission bands of the modified UCNPs are centered at 345 nm and 361 nm, which exhibit strong
spectral overlap with the intrinsic absorption edge of ZnO.

Structural characterization confirms that the UCNPs-Cy HyIN,O5/Zn0O composite is formed without
generating new crystalline phases, with both the UCNPs and ZnO retaining their original crystal structures
after assembly. Optical analyses reveal that the optimized spectral matching significantly reduces the effective
energy transfer distance and enables ZnO to efficiently absorb the upconverted ultraviolet photons generated by
the UCNPs under NIR irradiation. In this composite system, the UCNPs function as nanoscale ultraviolet light
sources, while ZnO absorbs the converted high-energy photons to generate electron-hole pairs. This indirect
excitation pathway effectively extends the photoresponse of ZnO from the UV region into the near-infrared
region.

The photocatalytic performance of the composite is assessed using methylene blue as a model organic
pollutant. Under 980 nm near-infrared irradiation, the UCNPs-CyHyIN,O,/ZnO composite exhibits a
degradation efficiency of 93.33% within 70 min, significantly higher than that achieved under conventional 365
nm ultraviolet excitation (64.16%). Kinetic analysis shows that the degradation process follows a pseudo-first-
order model, with a reaction rate constant of 34.7x103 min ! under NIR excitation. In addition, cycling tests
confirm good structural and photocatalytic stability, with the degradation efficiency remaining above 85.95%
after five consecutive cycles.

These results demonstrate that precise modulation of upconversion emission offers an effective physical
strategy to overcome the spectral constraints of wide-bandgap semiconductors. The proposed UCNP-based
composite system enables the conversion of ZnO into a near-infrared-responsive photocatalyst while preserving
its intrinsic crystal structure. This work provides both experimental evidence and physical insight for near-
infrared-driven photocatalysis, and proposes a feasible approach to extend the photoresponse of semiconductor

toward full-spectrum solar energy utilization.
Keywords: upconversion nanoparticles, near-infrared excitation, semiconductor photocatalysis
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