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Abstract — Photocatalytic water splitting (PWS) is the most promising technology to produce H, energy directly from
renewable water and solar light. In spite of the remarkable progress made in the last decade, there are still many tech-
nical challenges remaining particularly in finding new photocatalytic materials with high efficiency and durability. This
article discusses the application of nanocomposite materials in search of new photocatalytic materials for solar hydro-
gen production from water. It has been demonstrated that smart combination and modification of known materials and

functions could be fruitful approach for the purpose.
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2. Z=Eoll 2Bt ==l
(photocatalytic water splitting, PWS)
Yoo el WAl Yt 7 A M oAk

th B 2 elUAE 7= Bk photon)E FE 1] AIAHILE. Fig. 1
oM BolF= A FFuulell S ollvAl= RE=A2] 7Hd
2kl (valence band)*llX] 7 (holesy&, <%=t (conduction band)°l
A F A2} (photoelectron)Z A FTh YA E FAA e} HFe

Sule] woR 77} olFste] ofefe] t'“’“ﬂr o] sl 4t

2E FRA(2:)0F A 98 S s-da) AlslA|7Ic),
Oxidation: H,O+2 h" -2 H" + 1/2 0, Q)
Reduction: 2H"+2¢~ — H, )
Overall reaction: H,O - H, + 1/2 O, 3
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Fig. 1. A model that illustrates the principle of photocatalytic water
splitting. Note that the bottom of the conduction band should
be located more negative than the water reduction potential,
whereas the top of the valence band more positive than the
water oxidation potential.
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Fig. 2. A model that illustrates the principle of photocatalytic hydro-

gen production from H,S. Note that photocatalysts generated
hydrogen and sulfur by the photodecomposition of H,S.
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Fig. 3. Search for the visible light induced Photocatalyst. [1] New sin-
gle phase materials, [2] Decorating UV-active photocatalysts with
a photosensitizer (PS), [3] Modification of UV-active photocat-
alysts and [4] Fabrication of multi-component photocatalyst by
forming composites.
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4-1. Z=0 pn FE LICI0|2= (photocatalytic nanodiode, PCD)

p-n HEE tole = oux] EAS fishs AA-de A4
TS Haskel] flato] A S E8AQ FElF o wHA =
< 5 S A sl 53} 7leolt) st @S 7
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23] F4uE 2710 ECE. HRTEM AFI S Z5E] PbBi,Nb,Ogi=
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Tungsten®] =7} 0] 2]l WY(0.74 nm)2] 9211717} NbY(0.78 nm)
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o] v F719) AT wiela & F719] Mad 549 n-3
PbBi,Nb, (W, 0, T43FgHE2] S 48l gl 3ol
WA CaFe,0, Y212} PbBi,Nb, W, ,0, PI0] A2 ARZ Z-
A, -l o8 E AR FAsklct 1Elar, AlzE
PbBi,Nb, W, ;0,91 "% 42 &9 flof #daiA £x4
CaFe,0, We=SIAFE 71 9l 2 3HdRks-(423 K, 74y] el
A XS a8k Fig. SAT n-38 PbBiNb, ¢W, ;0,2] XS
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Fig. 4. X-ray diffraction pattern and the high-resolution TEM image
of PbBi,Nb,0, sintered at 1473 K for 24 h and its structure model.
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Fig. S. Proposed photocatalytic nanodiode (PCD) consisting of p-type
CaFe,0, and n-type PbBi,Nb, W, 0, base perovskite. (A)
HRTEM of the fabricated PCD showing the nanocrystalline
p-CaFe,0, interfaced on the layers of n-PbBi,Nb, W, ;O base.
(B) Schematic of one PCD working for water oxidation; (C)
Schematic energy band model of a PCD showing the formation
of p-n junction and the process of water oxidation. The band
positions were derived from flat band potential measurements.
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Fig. 6. Optical transitions probed by UV-Vis spectroscopy for WO,/
W/PbBi,Nb, ¢Ti;;0y, CaFe,0,/PbBi,Nb, ¢W, 0y, PbBi,Nb,0,
and nitrogen-doped TiO,.
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A ST ol FAkEE Pk TRkl A
el A7 Barg ofd Atrct 93k Aotk Ay AlAA]
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Aol nlel] o] =9l $55 Bolon, FAaubgs 93k oF
2 ZE&% oF 42%% YERRQITH

IYEE, pn FEE tole i o] EA4E
A AATE Hasleto] A-AE e a8
shA fho= Qlato] FFmjA Ealel JlolA
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& S aEFoF Feshke Aol Sl PCDE] n-3 3 p-& wE 4-2. WOyW/PbBi,Nb, ,Ti,;0, LI'==2 2=l (nanocomposite
‘}_z}],] UV-Visible 5343 A= el ouUAS photocatalyst, NCPC)
PbB,Nb,0,, TiO, N, E2°] %7} 7 Fig. 67} Table 1] L}E} Sleld Aggh ARl Aol Eskal, p-n A B8t
Uitk 447t £33 Tio= Ashai 5 [24]°0 23l /e 2 & = 7 EEARele] AEe st Ag 38E WEAlE e
Table 1. Band gap energies and photocatalytic activities for H, and O, evolution
Catalysts Band gap energy Hydrogen evolution Oxygen evolution

Eg(eV) Agp(nm) pumol/geat-h Q.Y.(%) pumol/gcat-h Q.Y.(%)

WO,/W/PbBi,Nb, ¢Ti, 0, 2.79 443 493 6.1 741 41
CaFe,0,/PbBi,Nb, W, ;0o 2.75 450 34.8 42 675 38
PbBi,Nb,0, 2.88 431 7.6 0.95 520 29
CaFe,O, 1.99 623 Trace 0 Trace 0
TiO, N, 273 451 Trace 0 221 14

Catalyst loaded with 0.1 wt% Pt, 0.3 g; light source, 450 W W-Arc lamp(Oriel) with UV cut-off filter(A>420 nm). Reaction was performed in aqueous
methanol solution for H, generation (methanol 30 ml + distilled water 170 ml) or in an aqueous AgNOj; solution for O, generation (0.05 mol/l, 200 ml).
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Fig. 7. (A) The Schematic illustrates technique adopted for fabrication of Nanocomposite photocatalyst (NCPC). (B) Typical HRTEM of the fabri-
cated NCPC showing the WO; nano-dimensional entities stacking over the surfaces of PbBi,Nb, (Tij,;0, base material. (C) Cross sec-
tional schematic of a typical single WO;-encapsulated W layer that stacks over base material of p-type PbBi,Nb, ¢Ti;;O0,. (D) Schematic
energy band model diagram of the system shown in Figure 4(C) displaying the formation of W interlayer between p-type and n-type metal

oxide semiconductors.

Uhgo] Aek(defects)S-S B8Rl QIrhs Aol FEsljok g}, o]
3t TAE sdsh] 93 AlEEA 2 AFES Ohmic 3
7= p-n TR1QE FE29] Jd-E TG BR3ET) APde] =
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AAFE2 117dWF-S(solid state reaction, SSR)¥} 3}8H7]1AF F=H
(chemical vapor deposition, CVD)Hl| 213l p-3 WH=A/F45/n-3
HHEA] vldS 7 RS ZHE T WO4/W/ PbBi,Nb, 4Tiy 0,
FEulE p-3 AR SEIEATIE E- Sl cvbell 9
3l BaEl FEAES JAA7] L, oloj BAEl T4 5o SiH
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AT FHH25].
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°| 30~40 nm WO, S¥|AE7} o] Sl AP 7R &
Aol EAsh= ZF RS dRFYE Tk B 73E o
22X (in situ energy dispersive x-ray analysis)ell 2J8l] EQ1% %
ot WOz 23l n-3 WEEA0)11[26], p-8 RE=AIQ! PBNTO
= Azs] F3lAE TiYE PbBi,Nb,Oll =830 24 A=t}
1312191 Az L7 sto] $-2li= Fig. 7Co] A% 71 213 NCPC

91 E=212R1 KElS AQkeSit. PBNTOS] £ 9o WO,%
U= W2 FEE Tl Qlolx Ohmic HEe] L3k
S LERIH, 0] 52] -7 XPS(X-ray photoelectron spectroscopy)
depth-profile ¥4l 2 WO /W Wi¥S U= wosl wo's
Ao zH geld 4= 3lth27]. NCPCY) 2H4-HE]& Fig. 7D 9k
of offf=] WhE R ele] Fejr T4 407 HojA|n, 01714 PBNTO
o] W= 9JX]i= flatband potentials S7JsH= A O ZHE HAAH
QTH28, 29]. BAEl AFSHES 93t =S QX HuE +3
O 2HE] A3UTH26]. NCPC7F MEA o)de] o= & 71zl 3=t
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O
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Fahd, A Axke) o2 Z4zbe] wheA el 3xk-ds)
QoA Elw]a, Absl-gked Whe-S Slel AP A ow -85
SETh Wb, n-g Aot AE, p-3 REEA A
AR & Aol AW olFstal, ZH7te] Atsls} g4l wh
S /MNs] S8 Asli $ oz FHnt. shH 7h7te] vk
A koA A T AT TR WA Alolddl £}
= Ohmic W& &3}o] o]F 3}, H]EA}L A T (nonradiative
recombination)ell 2J3l] AHETE TEA, o]H st FHtelA FA
H Axkel JEe] HA ] 4= p-3 PBNTOOA = SRk, n-3
WO LI = ARsRESo] f-831A shax] RE=A]-8 Aol A
sh-3h W5 £X18 = Qlvk NCPCe] HAAR! &3+ PCDS}
IR 5 2ol 9%t ), Aw e olelelE, T
SR BiAQl At o4l Alsl-ghel RS fla] et o
2 AAAE A= Aolt} o5 avhi= 7IAgslellA Aksl-gked
SolA o =2 FEF &S e

olF NEES] Y3 B oA =2l v AlEET &
7| Fig. 6kl YERNSTE 2t £2 2] UV-visible STt 25
B i A BHES] e ouxE Seela, 1 d9E
Table 13tel] AEjaiaict. =3k, 39 549 FES H7keb]
sl AR AAAZ ARFEE AgNO,2| EASIO E2RE] A
ao] S SAselon, 1 Felld NCPeE Hill Ass o
ERASITE. NCPCRHE] dojrl Abanbyo] o la&-8 oF 41%3
th i JF AAAEA methanotks: 23S 4-8-01 O ZHE A
ZEITE NCPCE 7HA1F 224} Bfellx] o] i goll 7 =8
W5 B3lom, dark condition dtollM= FAE WASHA| Ak
om, FRAPE AL Foll A AIRE QT AR S5
v X0l wi7)eE § A5AR1 Aol ALl skl F41=91
ok 224, NCPC £4-> Fujo] -2l tiste] 98t k973
= WERATE Table 19F]] Hoig= ZIAH, s 919 QY

2> 12
fr X o

oEE =
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= o 619 THE Al2Ela) vlstels
INCPC 5= 714 W=gle] R R A Al ol
W2 918 B e A9 A B, &

AT ATS Axol) BEH AT BB o) Wk

5. &=l SeE=E
(metal sulfide based composite photocatalysts)

51. CASTIO, L= S5F=N (nano-bulk composite, NBC)

CdSE 7R ARt B2 Akl 9 3k Rk FAlell
Al &= gl o]k Ql MiEATE Mie 91X 7B 3 et shAu,
53 CdSE BRHE 49 Abr] dhA S =2ask 9 7}
AzkelA AE Fa-2 CdS A9 vESSted cd?te) U= 2
et Wb, 2 sulfide?) sulfite?} 22 4 AAA S48}k
oA Al AES 523 Fh). cdSel A A7) ¢
sto] 7129 A1 CdSell ZnO, TiO,, LaMnO;2} 72 W=
A X7} v WA 249 53 shAY SdEEe] St
o] ARIsh= ATFE FISITH30-34]. 2 Aol E CdS
Zujjo] FgA RS 93 AR o2 YAt Tio, 7t
o ARANE 7R E EAY odS F9E e e 5
(nano-bulk composite, NBC)*ZZ1|E dAste] 4381510, 53
F=l| AJIAERS 7FA (L = 420 nm) Z2AFSFIA] hole scavenger®
A sulfide®} sulfited ¥3Fe= EZFE] $4F AFsk=dl §lo]
] B3k 5 5 UERIQITHS, 35].

Fig. 82 #lz% @447 3§42 XRD patterns H.oJFt,
CdS(A=1)/TiO, NBC FZvllolld Cdse AAAL wdyd cdse
759 & W hexagonal A4S AT} TiO @477}
U3 B3-S uloto A 5 anatase A2 BT BT o
7 AeE CdS/TIOL(E1) Bek2] vl glojx= =3t Tio,
£ 2 229 anatase A2 CdS WA= 425731 cubic A2 &
ek 4= et

CdS-TiO, B¢+ 33F1 2] UV-visible St 2 7€ CdSe}
TiO = PHA] 7 Aol E8]4]Ql £331 Cdss} Tio,2] 7+ 2

| |
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Fig. 8. X-ray diffraction patterns (XRD) of (a) TiO, calcined at 673 K,
(b) CdS(bulk)/TiO,, (¢) CdS/TiO,(bulk), and (d) CdS calcined
at 1,073 K. TEM images of (b) and (c) show morphologies of
the composite samples.
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Fig. 9. Diffuse reflection spectra of (a) TiO, calcined at 673 K, (b) CdS
(bulk)/TiO,, (¢) CdS/TiO, (bulk), and (d) CdS calcined at 1073 K.
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Table 2. Rates of H, evolution from an aqueous electrolyte solution over
CdS and CdS/TiO, composite photocatalysts

Photocatalysts BET area Bandgap encrgy H, evoluﬁon
[m7/g] E (V) Ap(NM) [nmolh™]
CdS-673 K 28.8 2.18 570 6.9
CdS-1073 K <1.0 2.18 570 96.4
CdS(bulk)/TiO, 97.0 225 550 4224
CdS/TiO, (bulk) 26.0 225 550 1.3

Catalyst; 0.1 g, light source; 500 W Hg-Arc lamp (Oriel) with UV cut-off filter
(A>420 nm), 1 wt% of Pt was deposited on photocatalysts by photodeposition
method under visible light (A>420 nm) and reaction was performed in
100 mL electrolyte solution.
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Fig. 10. Photocatalytic hydrogen production over various electrolyte
solutions; (a) 0.1 M Na,S + 0.02 M Na,SO;, (b) H,S dissolved
in H,O, (¢) H,S dissolved in 0.1M NaOH, and (d) H,S dissolved
in 1 M NaOH. Catalyst: CdS(bulk)/TiO, composite (0.1 g loaded
1 wt% Pt), Light source: Hg-arc lamp (500 W) equipped with
UV cut-off filter (A>420 nm).
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Fig. 11. A new configuration model consisting of bulky CdS with high
crystallinity decorated with nanosized TiO, particles. The possi-
ble role of TiO, nanoparticles is to provide sites for collect-

ing the photoelectrons generated from CdS, enabling thereby
an efficient electron-hole separation as depicted.
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Fig. 12. TEM and SEM images of (a) CdS treated hydrothermally at
393 K for 1 day, (b) AGS treated under H,S flow at 1,123 K for
3 h, (c) CdS/AGS PCD treated hydrothermally at 393 K for 1 day,
(d) CdS/AGS PCD treated hydrothermally at 423 K for 1 day,
and (e) 1 wt% Pt deposited on CdS/AGS PCD treated hydro-
thermally at 423 K for 1 day.
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Fig. 13. Photocatalytic hydrogen production at room temperature over
(a) CdS treated hydrothermally at 393 K for 1 day, (b) AGS
treated under H,S flow at 1,123 K for 3 h, (c) CdS/AGS PCD
treated hydrothermally at 393 K for 1 day, and (d) CdS/AGS
PCD treated hydrothermally at 423 K for 1 day. All samples
were heat-treated under H,S/He flow for 3 h before the reac-
tion. Catalysts: 0.1 g loaded with 1 wt% Pt, Electrolyte: 0.1 M
Na,S + 0.02 M Na,SO;.
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that supports this structure model.
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