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Photo—thermochemical Cycle for CO, Reduction based on Effective Ni ion
Substitute—doped TiO,
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Abstract To study the mechanism of the photo-thermochemical cycle (PTC), titanium dioxide (ST) and Ni-doped TiO,
(NT) films were produced using a sol-gel method and applied in the PTC for CO, reduction. And commercial P25 (PT) has
been used as a compared sample. A comparison of CO production shows that Ni-doped TiO, performed better than undoped
TiO, and P25. Average CO production of NT PTCs was 5.30 umol/g-cat and it was nearly 3.13 times of ST PTCs’ CO pro-
duction and 2.28 times of PT PTCs’. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), ener-
gy-dispersive X-ray spectroscopy (EDXS) and X-ray diffraction (XRD) were used to assess the crystal structure and mor-
phology of the films. Ni element could be found in NT by EDXS and inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES), and the mass fraction of Ni was 0.54% and 0.436% which were agreed with experiments. This result of XRD
indicated that Ni>" may have high dispersion without significant change in TiO, and Ni*" ions were doped into the TiO,
lattice so that Ni-O-Ti bonds were formed. Photoluminescence (PL), time-resolved PL, UV-visible diffuse reflectance spectra
(UV-visible DRS) and X-ray photoelectron spectroscopy (XPS) analyses were also conducted to investigate the charge trans-
fer and reaction mechanisms on the sample surface. The incorporation of Ni into TiO, resulted in a weaker PL intensity than
that of bare TiO,, which suggests that the introduction of Ni into TiO, effectively suppressed the undesirable recombination
of electrons and holes. According to UV-visible DRS results, the £, of PT is approximately 3.07 eV, which is smaller than
that of ST (E,=3.23 eV) and PT (£,=3.20 eV). The narrower band gap of NT indicates that NT absorbed light with a wider
wavelength range than that absorbed by ST and PT. By XPS patterns, the increase of Ni*’® and Ti*" indicated that the Vo
may have been produced on the bond of Ni-O-Ti after UV illumination, and oxygen vacancies (Vo) have been consumed
after thermal step in PTC. Density functional theory (DFT) calculations related to the anatase (101) surface of TiO, and Ni
doped TiO, was performed to verify and provide guidance for enhancing the PTC mechanism. Single and second V¢ for-
mation energy have been calculated. The Ni-doped surface exhibits better performance than the undoped surface in the first
step in PTC, because of its lower Vo formation energy which produce more Vj sites. Density of states (DOS) and partial
density of states (PDOS) results indicated that narrow energy gap and impurity energy level of Ni-doped TiO, may lead to a
wider wavelength range of NT. As a result, several key factors of the mechanism have been clarified.
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Figure 1 Schematic of PTC for CO, reduction by utilizing both solar
heat and light
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Figure 2 CO production of five successive PTCs computed by mass:
P25 (PT), sol-gel TiO, (ST) and 0.5 wt% Ni-doped TiO, (NT) samples
were illuminated for 1 h in He and heated at 773 K for 1 h in CO,
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Figure 3 SEM images of P25 (PT: a, b), sol-gel TiO, (ST: ¢, d) and 0.5
wt% Ni-doped TiO, (NT: e, f)
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Figure 4 TEM images of 0.5 wt% Ni-doped TiO, (NT: a, b)
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Figure 6 XRD images: full patterns (a) and the anatase TiO, (101) peak
(b) of P25 (PT), sol-gel TiO, (ST) and 0.5 wt% Ni-doped TiO, (NT)
before and after PTC; the crystal faces are denoted by a black ‘A’ (ana-
tase) and a red ‘R’ (rutile)
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Figure 8 The time-resolved PL decay curve of P25 (PT), sol-gel TiO,

(ST) and 0.5 wt% Ni-doped TiO, (NT)
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Table 1 Values of the calculated decay time constant 7; and 7, through
double exponential decay fitting for the corresponding samples
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Table 3 Calculated single V, formation energies of different configura-
tions on undoped and Ni-doped surfaces

Items Energy on different site/eV

(Single oxygen vacancy) a(0Oyc) b(Osc)) c(0sc?) d(03c)
Ti24045Ti24047 (Vo) +O 480 533 4.96 4.81
Tiz304sNi—Tix304Ni (Vo) +0 —0.05 1.46 241 0.50

Acta Chim. Sinica 2017, 75, 699—707



1 F F ®R

R4 KBRS NSRRI R E RGOS S8R
Table 4 Calculated second V¢ formation energies of different configu-
rations on undoped and Ni-doped surfaces

Items Energy on different site/eV
(Second oxygen vacancy) a(Ox) b(Osc") c(0sc?) d(OscY)
Ti24047 (Vo) Ti24046 (Vo) +O — 5.26 462 440
Tin3047Ni (Vo) = Tiz304Ni (Vo) +O  — 5.03 390 391

ST I NI 3B 4% 51 T NT W BRIk, T
o AT B SO PR R DR A TER AT 9T, AR SCHE Ni 52 K&
KB 2 10 LR B 4T 25 % (DOS) I 43 I & % %
(PDOS) 5, H 5 as Wit Ar s xt b, B e k)
7£ DOS 0 LAk, BJER FHIFEDOS 0 LAF, w13 A
TN, W T RBIN TingOu B, HANH(VB)H Tidd 5
O2p ASRK, LA 8 v AN 3L 57 (CB) B S 2 i Tidd
Mk, THEARAL TIO(10) AT N 2.82 eV, /M
BRI ALEAAT %5 3.2 eV, 1M HIH B lem b & m R s
FER BXRIEA, AFAERERE. XFT TinOusNi f, H
WA 2.56 eV, T HAEEE B AN A TAL 1.40 eV A —A
HBER T RIS, BB E 2 i Nidd M, Ti3d #1 O2p
HERA s, il &% R T LR, — 71
7 B 982D 2 A 45 A4 R 3 T A4 8 1 S RSO K e A 41
B, BOK T AR RE T 06 X sl B () AT RE S 5
—J7TH, W T AT DUE ROk B IR RE R b, SR
JEFERIE R S b, i TR ER T S 5k
LR RE AT,k — SR 5 S RAE Hh UV-vis il 145
AT G

ons-eV")

Density of states/(electr

Density of states/(electrons-eV")

Energy/eV

Bl 13 (a)TiyOus A(b)Tir304sNi ) DFT+U R, 4 ELEr
9K T e 3 A

Figure 13 The DFT+U density of states for (a) TiyOs and (b)
Ti2304sNi. The energy zero is taken as the Fermi level and displayed with
a dashed line
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EDXS K XRD Z5526 £AELE F R NT o Ni 52
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PP A B 22 (A RO T35 SR HEAT PTC 20 CO, [R5
— 5 M. XRD Jz XPS 25 R W, Ni & 15 Ti & 7 K4E
TEAMBA, N NI—O—Ti %, 1 Vo Al ek E T
Ni—O—Ti #Wi %R, KR — PRI, Ni—O
—Ti S8 4b FA AT 68 B RS — A0, PLACEARER
TRBMERE, BREGEA SN AR, Ti—O0—Ti
BT BEWT I R 20 ARIE XPS MIRAELE R, HAA
PATERGE, XU FER, TR EHER T Ni—O0—
Ti &% Ti—O—Ti . BN S NSRRI B 728 7R AL
AT RE R

(Ni)TiO,+hv — e +h"(UV irradiation) 6)
0> +h" -0 (7
O +h"— 0-+V, ®)
0:+0-— 0, Q)
Ti*' +e - Ti*" (10)
Ni*'+e —Ni' (11)
Vo+CO, — C*"'0" 40 (adsorption) (12)
Ti*'— Ti* " +e  (heating) (13)
Ni'— Ni*"+e  (heating) (14)
C*"0"+42e — CO (desorption) (15)

w1 S8 S AL R RE TR 45 SR T, H (@) B —
58 RS E A BEEARAE TiO, 1 O 55 Osc! AL E
E, TN BRI TiO, 15— 558 — AL HE AT HEFE Oxc
5 057 8 03¢ ML B I AL

3 4

TERTHARE AR BE A |, ASCH PTC 73/ CO AT T
FRNMIRESE, RFE T P25(PT). 4 ik 12 32 il 4% 1)
TiOy(ST)LA K Ni B AEER TIOA(NT) = FiFf i 78
PTC ¥R CO Fo3. g5 RET W NT BA & RIF T
fie, Ni 4% TiO, Z 5161 CO =& & AKB4¢ TiO, 1)
3.13 f%, &7 H P25 B TiO, 119 2.28 5. il — R 415246
FAFUFL T Ni @ BN T TiO, dkg ., nIREE
BT Ni—O—Ti 8. Ni (4B 430 % 1 PRI 6 R yE e,
FRAR T NT MR AE T2/ Ot E &%, XPS 1%
817 PTC MIRMHLERFAEAES Vo M= 5IHFE, JE0]
REfEPEE Ni—O—Ti M Ti—O—Ti B 54, i
I — MR BT R A S AL ARE, S5 IRRIL Ni B4
BT Ni—O—Ti 85, KKFRR T PR 23 A0 T8 o
BE, IXATAE R SEUNT ZURE PT A ST 5 4 f) 2 B2 [A].
FAMERE X DOS 5 PDOS [IiH5, KIL Ni B &TE B
FTRE - FEL T NT 284756 B = A AR 4k, T 2s 1 44
R e NP R B SE IS RAE LS A SR — M R E A
PR IRZ R R NALEBER, RENAMRAIR, £
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CO, FALAI I BLBOK 3 I T7 17 b, PTC A2 —Fla 7
TIRCR R, AR SO FOS AR R BALEE o
T+ PTC PERERA —E MRTHE 51 FAEH.

4 LIERSY
41 RFIS5EE

ERIR T R (Ti(OC,Hy)), i [E 245 5 4k 2 71 45 TR
N, iral); UKEEER (C,.HL0,, kit [E 24 4 [ 1k 23R
FIEBRAF, iral); /K LEE(CHO, b 254 [
WZERFE RA T, 2Hrah); NKEHIRENI(NO;),.
6H,0, ifg [ 25 MR FIH R A A, ohrsh), &
afiZ(He, HMNAS TAMEARAR, 4 >99.999%); i
aii5H(0,, BUNS TARMERAF, 4 >99.999%); =
afi — S AL R (CO,, BLINA TARAKG R A A, 4% >
99.999%); P25 M —AMER(TIO,, FEE ZE, Jii 7>
99.5%, 80%BLERH", 20%4 41 47); S K NEBE TIK
(DIW, T KE).

SIRON-100 Y Hd7) e i F 4 o 1 A B (FSEM, 2%
FEI /A ); Tecnai G2 F20 S-TWIN #4573 94375 5 i 4
Bi(HR-TEM, E[H FEI A #]); D/max 2550/PC %! X 4k
FTHHMY(XRD, HZA Rigaku A 7]); UV-3600 B4284MAT I
43 66 ETH(UV-Vis DRS, HA Shimadzu A #); %
HEAY; Escalab 250Xi 1 X 5 £k H T RE IS (XPS, JE[E
Thermo Fisher Scientific 2\ ).
4.2 EIRGKERSGIE

TR TiO, YK H & WK 14 Fow, ok
10 mL £KFERPU T A8 5 30 mL Jo/K 2B &0 i, Hifk
¥J5), 15320 A (Solution A); K 4 mL FIVKESER S 5
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(Solution B); K& B 1S B N A h, 145
e, BEEWNE TEIREGE, SN DNNFRE IR
(Sol), UAEZIR FHEAL 24 h, 531E W EER(Gel), K
BRSNS R, 7F 483 K NHLT 153 T-4EK (Dry gel),
N IS R B ok R BB AR RN G Fh A, B
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Figure 14 Diagram of ST and NT nano-films production based on
sol-gel method
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WItH. B THEZRIERN VASP 27, Tl
FeoH, Forp R oCHRREIE ) SOBE B I AL (GGA) T 1)
Perdew-Burke-Eznerhof (PBE)iZ i >k ifiid B8] K AH H.
YERL. P AR REEL 400 eV, T 5545 BLIH X )
F, %P8 Monkhorst-Pack P#%7E {3148 I = 8] o 1) 43 A7 i3F
ITHE, BT TIOy(101)R LM KMk R E A 3X3
X 1. FrARIBESEMRETRRER/ANEN, B
HREEUSIBRAE N 107% eV, ZEMIRAL T USRS FE
0.01 eV/A.

XTFBUERHT TiO,(101)R MM 5, EFHF 10.89 AX
7.55 A U =)Z O-Ti-O 45K, HA=XEMEZIHZN
10 A, fEXFRMGEIAT AL R, A EF 2
SR A AL B AT AL, PRIEEE =2 [ E, RIS
2 THT R R P P AR AR AR A T 2. Wi 16 BT, TiO,
KA =FEA O JRT, 272 Wi E AL I AR T
(Oa0), T =HALER T(0sc"), REH =BALER T
(O3 AT P = e 58U F(0s)).

(a) ( T*““fﬁ (b) .

e [l g
[io1]

Bl16 RALJG 1 TiyOus RIH H T, RIMMEA A 10.89 AX7.55A, H—
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Figure 16 Relaxed structure of the TixnOus surface cell with a surface
area of 10.89 AX7.55 A. The first layer is in the blue dashed-line rectan-
gle
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