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Fig. 1. Schematic diagrams of the unit cells and equivalent oxygen vacancy sites for (a) y-WOs3, (b)
WO;3-H20, and (c) WO3-2H20. Gray spheres represent W atoms, red spheres represent O atoms,
and white spheres represent H atoms; (d—i) Schematic diagrams of the Brillouin .zones and band

structures of WO3-nH20 (n =0, 1, 2).
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ZERER T T, TREF WL Oy H AT 1:5:4, FRTESLERAN BT ERAK. 13
FH WO32H:0 J& TR R, Y P2v/n. RALIG B SEON a=7.379 A,
b=7.164 A, c=7.400 A, =90.37°, 55LI{H(a =7.500 A. b=6.930 A, c=7.400
AL B=90.50") 2R ETLE 4% A . W T 5EAK S TR 0 P EK N 2.37
A, HimbrE AN 176 A, SEKRHMES WOs-H20 AL 5 WOs-H.0
FHEE, WO32H,0 &5t rhify b 7 F4E AN T 2K, ZEEE#E— 21, =
6] WOs (H20)/\TH A R EHR 5 Bt — P [ AR, 2 () SR 5 TR IK T WO HL0 44
R, X5 WOs2H0 FEBARM T B A] R A K ) S 30B SAHWI A0 & 1(d-f)
AR Ty-WOs. WO3-H20 Fl WO3-2H,0 55 —#ii LM IX R . =¥ LA
BIG R biv ba b3 AR, FRHIT. Xo Y. Zo T Ry Us V&SRR, HH
LT LR RS TH TR A I s e AR B A2 Bl /K SRR FE RGN, A7 BLIH X P9 a5
PR R GEEAATT HILZE R, W R R S 4 5 AR L

£ 1 ALEH WOs-nH,0 (n=0, 1,2) &35
Table 1. Optimized lattice parameters for WO3-nH>O (n=0, 1, 2) structures.

&t a (A) b (A) c(A) B
3.867 7.700 7.522 90.02 This work
WO3 3.849 7.530 7.302 90.88 Exp.1?!
3.700 6.930 7.500 90.90 Exp.1¢
5.313 10.419 5.133 90.00 This work
WOs-H20 5.249 10.711 5.133 90.00 Exp.[*2
5.251 10.434 5.138 90.00 Exp.l?7)
7.379 7.164 7.400 90.37 This work
WOs-2H0 7.300 7.538 7.689 90.90 Exp.[33!
7.500 6.930 7.400 90.50 Exp.!?"]
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SR )& ) . B 1(g) A MIHETR J9y-WOs I FEE(DOS), 446403k O-p HUiE,
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[FIRE R I B & m) k. A, 3EAE 300 K IEE T X WO3nH20 (n=0, 1, 2)
AT T MK T8I 71232 (AIMD)ERL. 283 10 ps (IS, S5H KRR, HAE
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Fig. 2. Evolution of total energy and structure changes from AIMD simulations within 10 ps, (a)
v-WOs3, (b) WO3-H20, and (c) WO3-2H>0.
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PR y-WOs Y, HeilY a By TA)AH LU T oAt Al 7] S A I RE AR A1, O 4.027 eV,
5OCHREE 4.1 eV HEUFYIAEO. AE— KM —IKEWT, WHEALL RSz
FRAEBUIR, RIS 5 T s . S5 Bt S8R F TR i RE AR B A s o 28 .

& 2 WO3'nH20 (n = 0,1,2)14 5 (58081 [ 7 B AE
Table 2. Formation energy of oxygen defects in WO;-nH2O (n=0, 1, 2).

) Vo (%) Type Es(eV)
6.25 a-axis 4.027
v-WO3 6.25 b-axis 4.281
6.25 c-axis 4.275
] 1.25 bridging 1.928
WOsH0 1.25 terminating 2.432
_ 1.04 bridging 2.036
WOs2H:0 1.04 terminating 2.336
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Fig. 3 Band structure and density of states (DOS) of y-WOj3 under different oxygen vacancy
concentrations: (a) intrinsic; (b) 6.25%; (c) 3.12%; (d) 1.56%; (e) 0.39%; (f) 0.26%. The
horizontal dashed line in each figure represents the Fermi level, which is set to 0 eV; the right

panel shows the orbital contribution distributions of O and W atoms.
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(I AR AR P AR DL . I CBM 5 ErfReEZE, 45 R 6(a)fiR,
B AL S5 T R SRR B IR FE R R 2 (G R, LN BRI A 2. M B ik
FER 0 3252 0.25%0, 1A R AL SR n BB S ILEHES
PLAR FE R LRGN, n BB AP SRR CRFE A . SRR BE M 0.26% 38 %2 1.56%
I}, CBM 5 VBM fig & 22 1% #i ks B 3.12% 0 Z 22 E I KA 2 0.97 eV; 7F 6.25%

I S AT &
(@)3

2

Pristin

—

Energy (eV)
- =

0 80 120 *r ZU V80 160 240
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Fig. 4. Band structure and DOS of WO3-H>0 under different oxygen vacancy concentrations: (a)
intrinsic state, (b) 2.50%, (c¢) 1.25%, and (d) 0.62%.
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1.04%, 0.52%) I F LM RS EE. 5INEAZN G, 68w BARTRN KRR 0 %%
5. $RECBM 5 ErfIge&E 2, RN 6(c)fin, HESHKEHR oM EL
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s n BB IR R FF AL
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Fig. 5. Band structure and DOS of WO3-H>O under different oxygen vacancy concentrations: (a)
intrinsic state, (b) 2.08%, (c) 1.04%, and (d) 0.52%.
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Fig. 6. Variation of the relative energy difference (AE) between the conduction band minimum and
Fermi level with the oxygen vacancy concentration in (a) y-WOs, (b) WO3-H2O, and (c)
WO3-2H20.
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Fig. 7. Comparison of projected density of states (PDOS) between the intrinsic system and those
containing oxygen vacancies: (a) and (d) represent intrinsic y-WO3 with 1.56% oxygen vacancies,
respectively; (b) and (e) intrinsic WO3;-H20 and WO3-HO with 1.25% oxygen vacancies,
respectively; (c) and (f) intrinsic WO3-2H,0 and WO3-2H,O with 1.04% oxygen vacancies,

respectively.
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Synergistic modulation of electronic structures and optical absorption properties
by oxygen-vacancy and hydration in WO3-nH20 (n =0, 1, 2): A first-principles
study”

KANG Jiayu HUANG Runjie GE Meng OUYANG Gang?

(Key Laboratory of Low-Dimensional Quantum Structures and Quantum Control of Ministry of

Education, School of Physics and Electronics, Hunan Normal University, Changsha 410006,
China)

Abstract

Tungsten oxide hydrates (WO3-nH20, n = 0, 1, 2) exhibit broad application
prospects in optoelectronics, owing to their rich structural diversity and tunable
optoelectronic properties. Their electronic structures and optical absorption properties
are significantly influenced by intrinsic oxygen vacancies (Vo). However, the role of
hydration in modulating the formation of oxygen vacancies, as well as the synergistic
coupling mechanism between hydration and defect states, remains poorly understood.
In this work, we systematically investigate the electronic structures, defect formation
energies, and optical absorption properties of both pristine and Vo-containing
(WO3-nH20, n = 0, 1, 2) systems using first-principles calculations based on density
functional theory. Our results show that hydration induces a structural transition of
WOs from a three-dimensional network to a two-dimensional layered configuration,
accompanied by a nonmonotonic variation in the bandgap. The bandgaps of y-WOs,
WOs-H20, and WO;2H.O are determined to be 1.36, 098, and 1.18 eV,
respectively. Despite this variation, the band-edge orbital contributions remain
consistently dominated by O-2p and W-5d states, indicating that hydration primarily
modulates crystal-field symmetry without altering the intrinsic nature of the
band-edge electronic states. We further establish the critical oxygen-vacancy
concentration range for the transition from intrinsic semiconducting to n-type doped
behavior across the three systems, which lies between 0.25% and 0.38%. Partial
density of states analysis combined with bond-length characterization, reveals that
oxygen-vacancy-induced local Jahn-Teller distortions differentially modulate orbital
contributions. In the anhydrous phase, oxygen vacancies weaken the O-2p
contribution at the valence band maximum while enhancing the W-5d contribution at
the conduction band minimum. In hydrated systems, however, the inherently distorted
WOs(H20) octahedra give rise to distinct patterns of defect-induced orbital

reconstruction, i.e., a difference fundamentally rooted in the octahedral asymmetry
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caused by water intercalation. Moreover, y-WOs with moderate oxygen-vacancy
concentrations (0.39%—3.12%) exhibits significantly enhanced broadband absorption
across the visible-to-near-infrared region, whereas the absorption enhancement in
hydrated systems is predominantly confined to the near-infrared regime. Our study
provides atomic-scale elucidation of the synergistic modulation of electronic
structures and optical absorption properties by hydration and oxygen vacancies in
WO:s-based materials, offering a theoretical foundation for the functional design of
materials tailored for applications such as photodetection, electrochromic devices, and

photocatalysis.

Keywords: WO; hydrates, oxygen vacancy, electronic structure, first-principles

calculations, Jahn-Teller effect
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