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❖1-D vertically aligned hetero-epitaxial ZnO NRs/CdS QDs core/shell arrays having very high visible

photoelectrochemical activity are fabricated by low ion-flux nucleation controlled two-step chemical bath deposition

❖Formation of sharp interface between the c-axis oriented ZnO NRs and CdS QDs (thickness ~30 nm) and the epitaxial

correlation of (002)ZnO//(002)CdS

❖The highest visible Jlight = 8.5 mA/cm2 and η = 2.75% with IPCE ~60% is observed for hetero-epitaxial ZC90

core/shell NR arrays, which are ~20 times higher than that of the values for pure ZnO NR arrays

❖This significantly high current density is attributed to the defect-free sharp hetero-epitaxial (002)ZnO//(002)CdS interface,

large surface to volume ratio, high visible light absorption, efficient charge carrier transport with minimum

recombination involving type-II staggered band alignment and good photostability of ZnO/CdS NRs photoanode

❖Such high photocurrent as well as good photostability are immensely important for efficient photoelectrochemical

water splitting performance
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Reaction Machanism:

2hν 2e- + 2h+

At Anode: 2h+ + H2O ½O2(g) + 2H+

At Cathode: 2e- + 2H+ H2 (g)

The overall reaction:

2hν + H2O H2(g) + ½O2 (g)

∆V = 1.23V, ∆G = 238 kJ/mol
Band gap: Eg > 1.23 eV and 1.8 – 2.2 eV

Absorption: High optical absorption

Stability: high corrosion & photo-

corrosion resistance

Energetics: Band edges must straddle H2O

redox potentials

Life Time: Less recombination and long-

life time of charge carriers

Cost: Cost-effective

Environmental Friendly

Fabrication of ZnO/CdS Core/Shell
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Deposition Parameters for fabrication of ZnO/CdS

core/shell NR array by Chemical Bath Deposition 

(CBD)

Zinc Chloride 100 mM

Cadmium Acetate 100 mM

ZnO Bath Temperature 75 ºC

ZnO Bath pH ~10.0

Annealing Temperature 300 ºC

CdS Bath Temperature 75 ºC

CdS Bath pH ~12.0

CdS Deposition Time 0-120 sec

Morphological Properties Structural Properties

Optical Properties

Photoelectrochemical Properties

✓ Prismatic ~5.7µm long ZnO NRs

with typical size of ∼300-400nm

with preferential growth along c-

axis

✓ Low ion-flux of Cd2+ and S2– ions

promotes the topotaxial growth of

CdS QDs followed by controlled

ion-by-ion growth mechanism

✓ For t ≥ 90s, CdS QDs get

uniformly decorated on surface of

ZnO NRs with QDs being

compact and larger in size

✓ Stochiometric deposition of CdS

shell on ZnO core

✓ ZnO NRs are uniformly

decorated with thin layer (~30

nm) of CdS QDs shell

✓ (002)ZnO//(002)CdS hetero-

epitaxial growth of CdS QDs on

ZnO NRs

✓ Preferred (002) orientation of

both ZnO NRs and CdS QDs

may produce an appropriate

ZnO/CdS interface with less

lattice mismatch

➢ Sharp and intense (002) peak confirms the almost single

crystalline ZnO NRs oriented along c-axis normal to the

substrate

➢ Broad (002) diffraction at 26.7o of CdS QDs reveals the

wurtzite structure of CdS shell grown topotaxially with c-

axis preferential orientation

➢ For ZC0 sample, (1LO) and (2LO) modes of wurtzite ZnO are

observed at 575 and 1150 cm-1 respectively

➢ For ZnO/CdS core/shell NRs, one additional peak at ~300 cm-1 is

attributed to the (1LO) phonons of wurtzite CdS

➢ Reduction in intensity of Raman peaks of ZnO may be possibly due

to the enhancement in absorption of exciting and scattered photons

by the CdS shell

➢ An absorption edge at ~380 nm is for direct band gap of

wurtzite ZnO (Eg ~3.3 eV)

➢ In ZnO/CdS NR arrays, a second absorption edge at ~540 nm

is corresponds to the band edge of wurtzite CdS

➢ The increase in CdS absorption from ZC60 to ZC90 indicates

complete coverage of ZnO NRs

➢ Due to high optical absorption along with broad spectral

range, an enhanced photovoltaic or photoelectrochemical

performance is expected from core/shell NRs

➢ Sharp NBE peak reveals the high crystallinity and good optical

response of ZnO NRs

➢ Reduction in luminescence from ZnO/CdS NRs is due to the

absorption of exciting photons and emitted PL radiation from ZnO

NRs cores by CdS shell

➢ A weak and broad visible emission band in the wavelength range

500–750 nm (two shoulder peaks P1 ~570 nm and P2 at ~630 nm)

➢ The decorated CdS QDs can alleviate the carrier recombination at

defect states by passivating the surface states of ZnO through

adsorption of S atoms or CdS QDs, which efficiently reduces the

visible emission of ZnO NRs

➢ The shift in defect peaks P1 and P2 are possibly due to the

involvement of emission of CdS

▪ For ZC90, maximum Jlight = 8.5 mA/cm2

owing to optimal optical absorption of CdS

and obvious suppressed photoinduced charge

carrier recombination

▪ Jlight for ZC90 is more than 20 times that of

ZC0

▪Maximum value of 2.75% for ZC90 is

~17 times larger than that for ZC0

▪ Jlight for ZC90 NRs is slightly improved

from 8.5 mA/cm2 to 9-10 mA/cm2 and η

increases from 2.75% to the maximum of

4.44% on low temperature annealing

▪ The improved junction formation in-situ to

the ion-by-ion deposition process itself by

achieving better epitaxial alignment at

atomistic scale
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➢ More sharper and intense CdS (002) peak

with increase in deposition time reveals

the improvement in size as well as

crystallinity of CdS QDs

▪ Energy offset (∆E ~0.3 eV) is the driving

force for the transfer of photoinduced

electrons from CdS into ZnO

▪Behaviour of J−t curves reveals a fast

photoresponse and good photostability of

ZnO/CdS NR array

▪ Smallest Rct ~430  and maximum IPCE

~60% for ZC90 represents fastest carrier

transport with low recombination rate at

interface and effective visible light

harvesting resulting larger photocurrent &

hence enhanced PEC efficiency
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Schematic of CBD Set-up




