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Charge carrier dynamics and photoelectrochemical properties
of photocatalyst single crystals for solar-to-hydrogen
energy conversion
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In recent years, hydrogen has been expected as a clean alternative energy source to

fossil fuels in addressing environmental degradation and energy shortage problems.
There are various methods that have been developed to generate hydrogen. Among
them, solar-to-hydrogen (STH) energy conversion has been attracting attention only by
using inexhaustible solar energy and water without CO= production. Using
photocatalysts, hydrogen can be produced by photoelectrochemical (PEC) water
splitting from renewable energy.

Charge carrier dynamics refers to the motion and behavior of excited electrons or
holes in 2 material. Herein, among numerous properties of charge carrier dynamics, the
carrier lifetime (carrier recombination) of photocatalysts is mainly characterized
because it can directly affect the PEC performance of photocatalysts, especially the STH
energy conversion efficiency. Therefore, the carrier lifetime becomes particularly
important for photocatalysts.

There are six chapters in this thesis. In the first chapter, the background on hydrogen

energy and conventional hydrogen production methods are briefly introduced.
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Furthermore, the advantages of solar-to-hydrogen, photocatalyst, the advantage of
single crystal, and charge carrier dynamics are also explained. Afterward, the basic
properties of TiOg, 3C-SiC, BiVO4, SrTiOs, and CeO2 which are utilized in this work, are
also introduced.

In the second chapter, a tandem structure combined with n-type TiOz and p-type
3C-SiC exhibits an efficient and durable solar water-splitting system. It is observed
that the photocurrent from the tandem structure is higher at low pH, as noted by the
pH dependence of the photocurrent at the TiOz2 photoanode. The photocurrent from the
tandem structure has a light intensity dependence similar to the photocurreﬁt from the
TiO2 photoanode. Therefore, the performance of the tandem structure appears to be
limited by the photocurrents from the TiOz photoanode. We obtain a maximum applied
bias photon-to-current (ABPE) conversion efficiency of approximately 0.74% from the
tandem structure with no additional bias applied. We also confirm the presence of a
stable photocurrent from the tandem structure for over ~100 days.

In the third chapter, we characterize the carrier lifetime in BiVOs single crystals on
the (100) and (001) crystal faces using the microwave photoconductivity decay (u-PCD)
method. For the (001) face, the observed u-PCD curves with excitation by a 266 nm
laser have no injected photon density dependence. In contrast, those excited using a 355
nm laser show injected photon density dependence. For the (100) face, the decay curves
at both excitations of 266 and 355 nm are not significantly different, and they depend
on the injected photon density. These results indicate that the carrier lifetime is
dominated by surface recombination only under the 266 nm excitation condition for the
(001) face, whereas under other conditions, this is dominated by the
Schokley-Read-Hall (SRH) recombination. We estimate the surface recombination
velocities and bulk lifetimes of the samples by fitting the experimental results into the
calculations.

In the fourth chapter, we analyze the effect of dislocations on carrier recombination in
TiO2 and SrTiOs using the pPCD method on polished and unpolished faces. The
apparent slow decay in the unpolished face implies that dislocations trap minority
carriers. Based on the different dependences of the injected phofon density and
temperature, the recombination processes in the polished and unpolished faces differ. A
high concentration of oxygen vacancies in the unpolished face of SrTiOs is observed by
X-ray photoelectron spectroscopy (XPS), and dislocations in the unpolished faces of both

materials are observed using transmission electron microscopy (TEM). Additionally, we
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find that the photocurrent duration in the unpolished faces is shorter than that in the
polished faces for both TiO2 and SrTiOs, confirming that dislocations inhibit
photoelectrochemical activity.

In the fifth chapter, we analyze the defects that can directly dominate carrier
recombination for the photocatalytic performance of CeOz. Several photoluminescence
(PL) peaks are observed on the (100) face of an undoped CeOs single crystal, indicating
the presence of defects. Moreover, we characterize its carrier recombination using
time-resolved photoluminescence (TR-PL) and u-PCD methods. The temperature
dependence of the decay curves is the result of carrier trapping and emission at deep
levels. These decay curves are observed separately using a 565 nm band-pass filter
(BPF) based on the PL spectra. The trap energy level % and electron capture
cross-section on of each defect are also analyzed using rate equations to fit the
experimental results.

Finally, in the sixth chapter, the conclusion and future work outlook are presented.
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BHEZRELLLOTHD, UTKRINEDOEE L FEREREIRRD,

BIETHEH, KBV F—OFRLEROKRUEFELBENL TR, BE&EFET HH,
BLOBEWS Y VT HA T I 7ROV THBTREN TS,

FE2E T, nBITIODE S & pTUSC-SiCHIEM A FE AR BT # 57 AEEIC X 5 KB A SR
WTBRHBNTWD, ZOF T LMEEDOMEREI, TiO: YEHEN b DONEBRIZ L - THIBS B2, &
RTEZRNF—EHEHEL 0.74% BELND T ERBRENTND, EHIZX 5 AEEITH 100 H
Bl bt > THE LERBRZRT 2 & bl bR TIN5,

BIETIE, v A 7 nEOREREE(y -PCO)EERHEH L=, BiVOEREROF ¥ U 7 Ha 075
NHNTVD, EOFER, ¥+ U T7HEMIEIBIVOs (001) EOWHFE266 nmEiEEMET TORIEDAHFREH
TERN Lo THXEENEN, OFETTIE, Yarb—- V—F . &— (SRH) BRESICL->TH
BENBZEERUTND, SEERERLFEICS TRDAI LI LY, REEEAHEL Ly H
MOHEM[EBRTND,

FAETII p PCDIEZEA L, BEEATIO L SYTIODMER & RMEEIZBIT 5% ¥ U 7 HEAICH
TOBMOEELFML TV D, &6 00METHRIFEBEILEVEEZRL TRV, BERETFIEM
LV RMBEICESBOECIFET 2 L bR SN, ZNOOMRIZEY ., MTIC L EA
ENTHRMDR, PEF XYV TERELTWDZLEZTRL TS Z L2BRITNDS, EbiZ, AHIZD
WOREBREFRMELTME L. RFEEOMEROXER LV AN EE2FRAL, BB
EHEHETOIZ 2B LE L,

BHETIL, CeO2D ¥+ U 7THFEAEZ X T D2 XMEE ST LT D, CeOBMERIITLTTZ 4+ b3
Ry EVAREEIT, BEOU—7 2BELTWD, b, HESHEZ + M IRy AR I
w-PCDEZMERALT, 74 M IRXvEVAEY -7 L33 UV THBESORS EBEEMTI WS, &5
W%y VT HREDRERFEICHN LT, EEFEREAVWEHEICLLZ 7 v T4 75T TV
Be TRUCED ., FNFND T4 IRV BUVAE—T L ZRAEF NV FXE vy v TINOHER & i
WA A HEE LT 5,

6 ETIH BRESBEORVELOBRENRBRROLNTND,

FROESICMXATRENTIMERFBROER T ¥ VT X A7 R LB BREICE T
DRERBRIL. KB AX—EHRAORMBEORICHEAR LD THDLELD, LER-T, XN
BOUIE LR E LTRDLADIZFHER LWVWSDTH D EE X5,
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