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Facile Electrochemical Synthesis of CeO,@Ag@CdSe Nanotube Arrays with
Enhanced Photoelectrochemical Performance
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Abstract In this work, for the first time, three-component CeO,@Ag@CdSe heterostructured nanotube arrays with
remarkable photoelectrochemical (PEC) properties have been synthesized on the FTO conductive glass substrate by an
electrodeposition method. One-dimensional vertically ordered CeO, nanotube arrays were prepared on the FTO substrate by
electrodeposition method with Ce(NO;),*6H,0 and C,H¢SO as the raw materials. Ag nanoparticles were deposited on the
surface of CeO, nanotube arrays through a successive electrodeposition in a solution of AgNOj;, and a composite system of
CeO,@Ag was obtained. Then a thin CdSe layer was deposited and covered on the CeO,@Ag system to form
three-component CeO,@Ag@CdSe heterostructured nanotube arrays. The as-synthesized products were characterized using
X-ray diffraction (XRD), X-ray energy dispersive spectroscopy (EDS), field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), ultraviolet-visible (UV-Vis) spectroscopy, Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS) and photoluminescence (PL) spectroscopy. The PEC properties of the obtained products
were recorded with electrochemical workstation, and the results showed that the CdSe layer could greatly enhance light har-
vesting and significantly improve charge separation. Moreover, the modification with Ag nanoparticles can significantly
strengthen the light-harvesting ability through the localized surface plasma resonance effect and provide an interior direct
pathway to facilitate the separation and transport of photogenerated carriers. It has been demonstrated that the enhanced PEC
properties of CeO,@Ag@CdSe heterostructures are direct consequence of the synergetic effects of enhanced visible light
absorption and the effective separation and transportation of photogenerated carriers at interface of type-II heterostructure via
the Ag nanoparticles. Therefore, the CeO,@Ag@CdSe heterostructured nanotubes generate a remarkable photocurrent
density of 3.92 mAecm > at a potential of —0.2 V (vs. Ag/AgCl), which is 4.9 and 17.9 times higher than that of
two-component CeO,@CdSe (0.802 mA+cm %) and CeO,@Ag (0.218 mA+cm ) systems, respectively. It also gives an
incident photon to current conversion efficiency (IPCE) as high as 72% at around 360 nm. Moreover, the photoelectrode
shows high photostability during the test period over 16 min.

Keywords photoelectrochemical; electrodeposition; heterostructure; nanotube arrays; photostability
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Figure 1 Schematic diagram of the PEC performance with the
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Figure 4 XPS spectra of (a) Ce 3d of CeO,@Ag, (b) Ag 3d of CeO,@Ag and CeO,@Ag@CdSe, (c, d) Cd 3d and Se 3d of CeO,@CdSe and
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Figure 10 PEC water splitting mechanism of the CeO,@CdSe and
CeO,@Ag@CdSe heterostructured nanotubes
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CeO,@CdSe KR %, iH Ag ki ¥ REWSIRIT A4MHI 6k
BMTWES. ZEHBFFEEHT CeO.@Ag 1 CeO,
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Figure 11 (a) UV-Vis absorption spectra of CeO,, CeO,@Ag,
CeO,@CdSe and CeO,@Ag@CdSe  nanotube  arrays. (b)
Room-temperature PL spectra of CeO,, CeO,@Ag, CeO,@CdSe and
CeO,@Ag@CdSe nanotube arrays with the excitation wavelength of 280
nm

3 g

=Y Y CeO,@Ag@CdSe KB FEHI R H B
U RAG AR RE, X2 T Ag KR TP 5 7E A 2R
e SR S SR A 2, e TR R
WY AT G W s B, TR INE R G AR R T I A
CeO,@Ag@CdSe 44K E FEFEMIE N —02 V (vs.
Ag/AgCHIY, REfEF AR 3.92 mAsem 2,
ZO6 A R B A 7 R4 CeO,@CdSe (0.802
mA-cm %) 4.9 15, %= e EHE 360 nm B R 1)
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HLFE R ik 72%, HAZJ6 AR IE SR 1000 s
(16.7 min)J5 3 RE RFFHOL b ZRe . e BT
1 A5 28315 2 Gk 5 3 0 4 B S AL 2 180 T 1 R iR 4,
ST B RO M B — AN 08 1R

4 SCERERSY

ARS8 BT AR B N ali, 0 A 1 254E [F 10 2
RFVERAE]. FTO T IS B BN K BH RERH%
HIRAHA.

41 CeO,R—JitCeO,@Ag MAKEEFIE &M EIHIHI
%

KRE AL PURRE, FIH=8kiE R, SEHEWRN
Ag/AgCl i), XN A S, T/ERCA FTO S
PerE. EHEYIARZ BDE FTO SIS T2 5 7K. O/
K AT FR AR R A T, B e R B KB v e T
. e 0.01 mol/L Ce(NOs);+4H,0 1] 30% DMSO
(30 vol% DMSO: 70 vol% H,O)& BN HLAR T, B 25 mL
AR VA VRN = L gt b, fEVh R PR ¥E 90 °C,
TEfEE BN — 1.1 V I H TR 40 min, 4% CeO, 40K
RS,

4.2 Zjt CeO,@Ag MKEMETIE MK FHIHIZ

i FE IR UTRNE, ¥ BB BIRIRA CeO, 2K
EREHIP) FTO BEHEME N TAE Ak, Mo A S8, 76
FIR R, B 25 mL N 0.5 mmol/L 1) AgNOs 7KV,
FE 35 BES ) 7E — 0.1 mAeem 2, FLALZEVTAE 8 min,
BIROTERE ) CeO,@Ag —TCH GHKI K]

4.3 Zjt CeO,@CdSe HKEMETE AWM RIHIF&F

KFEBRRUTRE, TAEBESCARIA CeO, 44
KBRS FIER FTO T BE TS, X HA A A 88 bR, FCH
0.1 mol/L CdCl,+0.01 mol/L SeO, /KI&E W N HLfR R, HL
25 mL N = gt b, 7R3 AR 30 °C, TEHLIR
BN —6 mAecm IR 16 min, H]45EE 1 (0
CeO,@CdSe LYK A M FHE .

44 =7 CeO,@Ag@CdSe MAKEMFIE &M EIAY
=

fF R E B Ut A, TAE s N R E
CeO,@Ag A KRE YRR FTO S H RS, XN
FaEFE. RN 30 CHY, Bl 0.1 mol/L CdCl,+0.01
mol/L SeO, /KIEMR, B 25 mL I = Ff@nb i, i
BEEHIIE—6 mAscm %, HALFUIA 16 min, HI7EE
Frtt CeO,@Ag@CdSe —JuHKRE G R, K Fris
FES, HEB FKFMIGK ZEEBREBUR, SR)5 1AMt
FerR BT .

4.5 HERFRAE

FE S RAE AT K A #S A X-SHRATHHMU(XRD, DS

ADVANCE), X $fZkgEi{(EDS, INCA-Oxford), ¥k
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3 F T B4 (FE-SEM, Hitachi, S-4800), i% &} Hi 7
BB (TEM, JEM2100-HR), £4M0] W06 iUV,
Shimadzu UV-2450), “ J % i 4% (PL, Varian Cary
Eclipse), X-5f £t HL ¥ BE 151X (XPS, Thermo ESCALAB
250X1), $iZ o1 (Raman, DXR).

4.6 FEFEMEENIR

FIT i) 2 56 b 1A R AR 255 1 R IR F = AR AR R
7E HLAL 2 TAFBE (CHI750D, bR ) BT, Wik
B AL A SO ) = R, AR AR A A A
1 emX 1 cm FIFFIEE S, 122 8% Bfl, Ag/AgCl HLR)
NS R, MRS 300 W GUT AT 6 e iiE S
oE IR IR B M A AR R . o Ak MR
(Photoelectrochemical performance, PEC) lli 7 fT F H,
RN 0.43 mol/L i Na,S F1 0.5 mol/L ) Na,SO;.
MEFE R FEILRCR (the incident photon to electron
conversion efficiency, IPCE) T FH i) HLfif i ¥ A 0.5
mol/L (1] Na,SO,.

F IPCE KAl S AN Rl K GRS Bl ek 2,
EARAERT SR — 2 i T, AL [a] P 41 L
FEAR I LT BT R NS RO B, HH A
A

IPCE= (1240 I..)/(% Jign)

o I NGRS B (mAeem 2); 4 N H G K (nm);
Jright NS E AR 1 B8 6 T (mWeem ).
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