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Abstract The design and fabrication of photoelectrochemical (PEC) electrodes for efficient water splitting is
important for developing a sustainable hydrogen evolution system. Among various development approaches for PEC
electrodes, the chemical vapor deposition method of atomic layer deposition (ALD), based on self-limiting surface
reactions, has attracted attention because it allows precise thickness and composition control as well as conformal
coating on various substrates. In this study, recent research progress in improving PEC performance using ALD coating
methods is discussed, including 3D and heterojunction-structured PEC electrodes, ALD coatings of noble metals, and
the use of sulfide materials as co-catalysts. The enhanced long-term stability of PEC cells by ALD-deposited protecting
layers is also reviewed. ALD provides multiple routes to develop improved hydrogen evolution PEC cells.
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Fig. 1. Schematic of the basic principles of water splitting for
a PEC cell with an n-type semiconductor photoanode (where
oxygen is evolved) and cathode (where hydrogen is evolved).
Reproduced with permission [5], Copyright 2014, Royal
Society of Chemistry.
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Fig. 2. Schematic illustration of one ALD reaction cycle,
Reproduced with permission [20], Copyright 2005, AIP
Publishing LLC.
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Fig. 3. (a) SEM images of Fe54C0.4650.9;/CNTs/CC electrodes.
(b) LSV curves and (c) Tafel plots for Fe,Co,_,S, films with
various compositions. The overpotentials (1)) at —10 mA/cm’ in
current density and the values of the Tafel slopes are plotted in
panels (d) and (e), respectively. The Fe,Co,-,S, films were
grown by ALD on flat glassy carbon substrates. Reproduced
with permission [25], Copyright 2017, American Chemical
Society.
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Fig. 4. (a) Schematic illustration of the design principle, which
involves the use of a highly conductive TiSi, nanonet as an
effective charge collector. The electronic band structure is
shown in the enlarged cross-sectional view. Efficient charge
collection is achieved when the hematite thickness is smaller
than the charge-diffusion distance. (b) Low-magnification
transmission electron microscopy (TEM) image showing the
structural complexity of a typical heteronanostructure and its
TiSi, core/hematite shell nature. (c) Characteristic PEC data
of an Fe,05/TiSi, heteronanostructure and a planar hematite
film (d) Comparison of the external quantum efficiencies
(IPCEs) of Fe,O; with and without TiSi, nanonets (measured at

=153V vs RHE). The introduction of a highly conductive
component increases the IPCE significantly. Reproduced with
permission [23], Copyright 2011, American Chemical Society.
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Fig. 5. (a) Schematic band diagram of Fe,O; and Fe,TiOs (pH
= 0) and the flow of charge carriers under illumination. (b)
Schematic of the synthesis process of Fe,03/Fe,TiOs NRs. (c)
Linear-sweep voltammograms of bare Fe,O;, Fe,O;/Fe,TiOs,
and Fe,0:/Fe, TiOs/FeNiO, photoanodes. Reproduced with
permission [26], Copyright 2016, John Wiley and Sons.
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Fig. 6. (a) Photocurrent density vs time of pristine TiO, NTs, impregnation method prepared Co;0,/TiO, NTs and 100 ALD
cycles C03;04/TiO, NTs. Test condition: 100 mW/cm? visible light illumination (A > 420 nm) in 0.1 M Na,SOj solution. (b) SEM
images of TiO, NTs after 200 cycles of ALD cobalt oxide deposition (¢) Schematic illustrating the charge separation and
transfer under visible light for Co;0,/TiO, NTs fabricated by impregnating method and ALD method. Reproduced with

permission [32], Copyright 2015, American Chemical Society.
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Fig. 9. (a) Overview of the energy band positions for the semiconductors of the multilayer photocathode and redox levels of the
involved chemical reactions. (b) Schematic representation of the electrode structure. (c) The photoelectrochemical response for
(c) the bare and (d) surface-protected electrodebare. Reproduced with permission [51], Copyright 2011, Springer Nature.
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Table 1. ALD materials for photoelectrochemical hydrogen evolution reaction.

3-D structure electrode

Fe,O; on TiSi, nanonet [23], TiO, on CNT [22], Fe,Co;,S on CNT [25], TiO, on

FTO opal structure [24] Co;04 on TiO, nanotube [29]

Heterojunction structure £ ke TiOs [26], TiOx/IngSs [34]

Si/TiO; [21], Si/Fe,05 [31], CdS/ZnO [27

1, TiO2/ZnO [28], TiO2/C0304 [32, 33], TiO»/Fe;05 [30],

Co-catalyst

Pt [38, 39, 40, 41], Ru-Pt [42], Ru-Pd [42], Pt-Pd [42], NiS [44, 45], MoS, [43]

Protecting layer

TiO, [48], TiO./ZnO [51], ALO; [49], SiO, [49]
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