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ABSTRACT: We have developed a low-temperature atomic layer deposition (ALD) process for depositing crystalline and 
phase pure spinel cobalt oxide (Co3O4) films at 120 °C using [Co(tBu2DAD)2] and ozone as co-reagent. X-ray diffraction, UV-
Vis spectroscopy, atomic force microscopy, field emission scanning electron microscopy, X-ray photoelectron spectroscopy 
and time-of-flight elastic recoil detection analysis were performed to characterize the structure and properties of the films. 
The as-deposited Co3O4 films are crystalline with low amount of impurities (<2 % C and <5 % H) despite low deposition 
temperatures. Deposition of Co3O4 onto thin TiO2 photoanodes (100 nm) for water oxidation resulted in 30 % improvement 
of photocurrent (after 10 ALD cycles yielding small Co3O4 particles) as compared to pristine TiO2 films), and exhibited no 
detrimental effects on photocurrent response up to 300 deposition cycles (approximately 35 nm thick films), demonstrating 
the applicability of the developed ALD process for deposition of effective catalyst particles and layers in photoelectrochem-
ical water-splitting devices. 

INTRODUCTION 

Nanostructured spinel cobalt(II,III) oxide has been re-
ceiving enormous attention due to its various applications 
in electrochemistry, catalysis, gas sensing, and batteries 
and energy storage.1-5 In particular, the use of cobalt oxide 
as an efficient electrocatalyst for water oxidation6-9 is of 
paramount importance as the water oxidation reaction is 
typically the key kinetic bottleneck in most electrocata-
lytic and photoelectrocatalytic water splitting systems, 
which are currently envisaged as highly promising ap-
proaches to secure the future supply of low-cost and sus-
tainable energy.10-17 In general, the activity of electrocata-
lysts and their applicability in solar-driven water splitting 
devices depends on various factors, including their com-
position, morphology, thickness, and optical properties.7, 

9, 12, 18-19 The development of methods allowing for pre-
cisely controlled deposition of cobalt oxide films is there-
fore of crucial importance.  Typical methods for the fabri-
cation of cobalt oxides include sol-gel processes,20-22 spray 
pyrolysis,23-26  electrodeposition7 or physical vapor depo-
sition (PVD)27-30. However, in terms of the precise control 

over the phase and thickness, these methods are outper-
formed by chemical vapor deposition (CVD) and atomic 
layer deposition (ALD).31 Out of these techniques, in par-
ticular  ALD represents a unique and powerful technique 
that is capable of depositing films with exceptional con-
formality, distinct morphology, and phase control on a 
nanometer scale28, 32 including deposition of materials 
over complex-shaped substrates. These features of ALD 
are of strategic importance for a variety of applications,33-

35 including deposition of light absorbers, protective lay-
ers, and catalyst films in photoelectrochemical water 
splitting devices.36-42 

Although ALD processes for many metal oxides are 
known, it is striking that relatively low number of reports 
are found on the ALD of cobalt oxide. The known pro-
cesses include deposition of cobalt oxides using cobalt 
amidinates such as [Co(iPrNCMeNiPr)2] in a water as-
sisted ALD process,32, 43 as well as [CoCp2] (Cp = cyclopen-
tadienyl),15, 44 CCTBA (dicobalthexacarbonyl-tert-butyla-
cetylene),45 [Co(thd)2] (thd = 2,2,6,6-tetramethylheptan-
3,5-dionate)31 and [Co(acac)2] (acac = acetylacetonate)34, 46 
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with either O2 plasma or O3 as the oxygen source. How-
ever, these precursors require a high deposition tempera-
ture and suffer from low growth rates and incorporation 
of impurities in the films.31, 34  Consequently,  efforts have 
been taken to develop cobalt precursors with bidentate 
chelating ligands such as amidinates.47 The bidendate ef-
fect complements the low thermal stability which can be 
observed in monodendate comppunds such as amido/im-
ido compounds. Simultaneously, as all nitrogen coordi-
nated compounds, amidinates maintain the low deposi-
tion temperatures through the lower bond strength of 
M−N compared to M−O cases.48  Notably, Winter et al. 
have synthesized bis(1,4-di-tert-butyl-1,3-diazadiene) co-
balt (II) [Co(tBu2DAD)2] comprising redox non-innocent 
ligands which normally promise higher redox activity un-
der mild conditions.49 Recently they have reported a 
promising low temperature thermal ALD process for the 
deposition of metallic cobalt (Co0) using [Co(tBu2DAD)2] 
and formic acid as a reducing co-reagent.5 

Herein we report on a low temperature ALD process for 
the fabrication of phase pure Co3O4 thin films, employing 
[Co(tBu2DAD)2] and ozone as cobalt and oxygen sources, 
respectively. Moreover, we demonstrate that our low-
temperature Co3O4 ALD process can be utilized for depo-
sition of  effective electrocatalysts onto TiO2 thin films, 
which are often regarded as promising protective layers 
in currently developed photoelectrochemical water split-
ting devices.50-53  

 

 

 

Scheme 1 Synthetic scheme of [Co(tBu2DAD)2]49 

 

EXPERIMENTAL SECTION 

I. Precursor synthesis 

[Co(tBu2DAD)2] was synthesized modifying the literature 
reported procedure (Scheme 1).49 All manipulations were 
carried out in an atmosphere of argon purified by Cu cat-
alysts and molecular sieves using standard Schlenk and 
glove-box techniques. All solvents were dried using an 
MBraun Solvent Purification System. The crude mixture 
after the synthesis was sublimed at 60 °C in vacuo (10-3 
mbar), then the temperature was gradually increased up 
to 90 °C to remove excess amount of free ligands. Deep 
dark- green crystals were collected on a cooling finger by 
slow sublimation (100 °C, 10-3 mbar). The purity and the 
thermal properties were analyzed using elemental analy-
sis, mass spectrometry and thermogravimetric analysis 
(TGA, EXSTAR 6000 TG/DTA 6200, Seiko Instruments 
Inc.). The measurements were performed under inert gas 
atmosphere using nitrogen (99.999 %) at ambient pres-

sure. Approximately 10 mg of samples were filled in alu-
minum crucibles with a circular opening. The heating rate 
was 5 °C/min and a nitrogen flow of 300 ml/min was used. 
For isothermal TG studies, the sample was heated with a 
rate of 10 °C/min until the desired temperature was 
reached, then weight loss was measured for 180 min at 
constant temperature. Electron ionization mass spectra 
(EI-MS, 70 eV) was measured by a Varian MAT spectrom-
eter. 

EI-MS [m/z]: 395.3 [M]+, 380.2 [M]+-CH3, 338.2 [M]+-
C(CH3)3, 227.1 [M]+-L, 212.1 [M]+-L-CH3 

 

II. Film deposition 

Cobalt oxide thin films were deposited using a hot-wall 
flow-type ALD reactor (ASM Microchemistry F-120) oper-
ated under a nitrogen atmosphere of approximately 5 
mbar. Nitrogen (99.999 %) was used as both carrier and 
purging gas. The carrier gas flow rate used in all deposi-
tions was 400 sccm. 

Si (100) and soda lime glass cut to 5 × 5 cm2 pieces were 
used as substrates. [Co(tBuDAD)2] was sublimed from an 
open glass boat held inside the reactor at 95 − 100 °C. 
Ozone was produced from oxygen (99.999 %) using a 
Weeco Ozomatic Modulator 4 HC Lab Ozone generator 
(ozone concentration of approximately 100 g/Nm3) and 
introduced to the reactor using needle and solenoid 
valves. The purge time used in all depositions, except with 
the high aspect ratio (HAR) trench sample, was 2 seconds 
for both the cobalt precursor and ozone. With the HAR 
trench sample, 6 second precursor pulses and 10 second 
purges were used for both the cobalt precursor and ozone. 
The deposition temperature was varied from 100 – 150 °C. 
Thin films for photoelectrochemical studies were pre-
pared as follows: 100 nm TiO2 thin films were deposited 
on 1.5 x 2.0 cm2 FTO substrates (Solems TEC7) by applying 
the Ti(OMe)4 / H2O ALD process at 275 °C.54 The 
TiO2/Co3O4 structures were obtained by applying 10 - 1000 
deposition cycles of the Co3O4 process at a temperature of 
120 °C.  

 

III. Film characterization 

All characterizations were conducted using films depos-
ited over 300 cycles (film thickness of approximately 30 
nm) on Si (100) substrates unless otherwise noted. All 
thickness measurements related to saturation studies and 
the effect of deposition temperature were done on Si (100) 
with an in situ aluminum oxide layer deposited over 100 
cycles using trimethylaluminum (TMA) and ozone (Al2O3 
film thickness of approximately 10 nm). The purpose of 
the Al2O3 layer was to twofold: I) To produce a reproduc-
ible, hydroxylated starting surface55 for each cobalt oxide 
film deposition and II) to cover and thus passivate cobalt 
oxide that would grow on the ALD reactor walls and even-
tually cause ozone decomposition.56  

 Film thickness was measured with energy dispersive X-
ray spectrometry (EDX). The EDX spectra were collected 



 

using an Oxford INCA 350 microanalysis system con-
nected to a Hitachi S-4800 field emission scanning elec-
tron microscope (FESEM). Film thicknesses were calcu-
lated from the EDX spectra using the GMRfilm software 
and assuming bulk density values of 6.1 g cm-3 for the 
Co3O4 films.57 

All X-ray diffraction (XRD) measurements were per-
formed in the grazing incidence (GI) geometry using an 
incident angle of 1 °. Film crystal structure was identified 
GI-XRD patterns obtained with a PANalytical X’Pert Pro 
MPD diffractometer. The high temperature XRD 
(HTXRD) measurements were done using an Anton-Paar 
HTK1200N oven in both air and nitrogen atmospheres. 
The nitrogen gas (99.999%) was purified in situ prior to 
the experiment in an Entegris 35KF-I-4R gas purification 
system.  

 Film morphology was studied using both FESEM and 
atomic force microscopy (AFM). AFM images were cap-
tured in tapping mode using a Veeco Multimode V tool 
equipped with a Nanoscope V controller. Film roughness 
was calculated as average root mean square (Rq) values 
from 2 x 2 µm2 images obtained using Si probes (RTESP, 
Bruker). 

 X-ray photoelectron spectra (XPS) were obtained using 
an Omicron ARGUS spectrometer operated at a pass en-
ergy of 20 eV. Samples were illuminated with X-rays emit-
ted from a standard Mg source (K alpha line) at a photon 
energy of 1253.6 eV. No sputtering was done on the films 
studied. Binding energies were calibrated using the C 1s 
peak of ambient hydrocarbons (284.8 eV). Peak fitting 
was done using the CasaXPS software package. 

 The time-of-flight elastic recoil detection analysis (ToF-
ERDA) measurements were done on films deposited on Si 
(100) over 1000 cycles using a 50 MeV 127I7+ ion beam in a 
setup described in full elsewhere.58 

UV-Vis transmittance measurements were performed on 
films deposited on soda lime glass substrates using a Hi-
tachi U2000 spectrophotometer. 

 

IV. Photoelectrochemistry 

Photocurrent measurements were carried out using a 
three electrode setup with a platinum counter electrode 
and a Ag/AgCl (3M KCl) reference electrode using a SP-
300 BioLogic potentiostat. The photoelectrodes were 
pressed against an O-ring of the cell leaving an irradiated 
area of 0.5 cm2. The electrodes were irradiated from the 
back side (through the FTO glass). The monochromatic 
wavelength- 

resolved photocurrent measurements were performed us-
ing a tunable monochromatic light source (Instytut 
Fotonowy) provided with a 150 W Xenon lamp and a grat-
ing monochromator with a bandwidth of 10 nm and SP-
300 BioLogic potentiostat. The monochromatic intensi-
ties between 300 nm and 800 nm were in the range of 
0.16–2.48 mW/cm2. Appropriate cut-off filters were used 
in order to eliminate the second-order diffraction radia-

tion. The oxygen evolution was monitored by an Ox-
ySense 325i oxygen analyzer in a two-compartment cell, 
and the electrodes were irradiated by a 150 W Xenon lamp 
(LOT Oriel) equipped with a KG-3 (Schott) heat-absorb-
ing filter and an AM 1.5 filter. Prior to experiments the 
electrolyte solutions were purged with argon for 30 
minutes. 

 

RESULT AND DISCUSSION 

 

I. Thermal properties of [Co(tBu2DAD)2] 

TGA studies of [Co(tBu2DAD)2] at ambient pressure exhib-
ited onset of volatilization at 160 °C and single-step 
weight loss with low residues of approximately 4 % (Fig-
ure 1). The melting point (175 °C) obtained from the DTA 
curve is in good agreement with the previously reported 
value (174 − 175 °C).49 Isothermal studies at ambient pres-
sure show linear weight loss at 100-120 °C and a constant 
evaporation rate which indicates capability of sustainable 
transport of precursor in the ALD reactor conditions over  
180 min (Figure 1 (b)). The evaporation rate was deter-
mined by the average slope of the isothermal studies and 
obtained rates were 2.52 µg/min (100 °C), 5.17 µg/min (110 
°C) and 11.14 µg/min (120 °C). For the deposition experi-
ments, 100 °C was adopted as the [Co(tBu2DAD)2] 

Figure 1 Thermal properties of [Co(tBu2DAD)2], TGA/DTA (a) 
and isothermal TG studies (b) measured at 100 – 120 °C. 

 



 

evaporation temperature. For the depositions performed 
at temperature of 100 °C, an evaporation temperature of 
95 °C was used in order to maintain a thermal gradient 
between precursor source and substrate chamber. 

 

 II. Film deposition  

ALD growth of Co3O4 was verified by varying the deposi-
tion temperature, the precursor pulse lengths of 
[Co(tBu2DAD)2]/O3 and the number of deposition cycles. 
The growth per cycle (GPC) value was investigated as a 
function of the temperature in the range 100 − 150 °C. As 

Figure 3 HTXRD patterns of Co3O4 films deposited over 1000 cycles at 120 °C in a) air b) nitrogen. The measurement temperature 
is shown under each diffractogram. 

Figure 2 Growth per cycle (GPC) as a function of (a) deposition temperature, (b) [Co(tBu2DAD)2] pulse length, (c) ozone pulse 
length. (d, black line) Film thickness as a function of number of applied cycles. The R2 value for a goodness of fit is 0.99967. (d, 
blue line) Average rms roughness (Rq) as a function of number of applied cycles. Films were grown with 300 cycles using 2 s 
pulses and purges for both [Co(tBu2DAD)2] and ozone and deposition temperature 120 °C unless otherwise noted.  

 



 

can be seen from Figure 2(a), the presence of an ALD win-
dow for this process is not obvious. At deposition temper-
atures of of 110 and 120 C° the GPC value is 1.1 Å.and 1.2 Å, 
respectively. As the deposition was increased to further, 
the GPC was found to gradually decrease to 0.5 Å ant 150 
°C. In this particular case, the drop in GPC can be at-
tributed to the fact that the rate of ozone decomposition 
increases rapidly as a function of temperature, especially 
on the surface of redox active transition metal oxides, 
such as Co3O4.56, 59 The adverse effect of accelerated ozone 
decomposition in film growth was also observed when at-
tempting to deposit films on demanding, high aspect ra-
tio (20:1) structures, as completely conformal films in the 
trench structures could not be produced (Figure S6). Ad-
ditionally, above 120 °C the deposition of films with fully 
uniform thickness over entire 5x5 cm2 substrates could 
not be achieved. (Figure S3) Therefore, a deposition tem-
perature of 120 °C which resulted fully uniform film on the 
substrates was adopted for further film growth experi-
ments. (Figure S3 and S4) 

 Saturation of cobalt oxide film growth was observed after 
2 second pulses of Co precursor followed by 2 sec of nitro-
gen purge, 2 sec of ozone pulse and 2 sec purge which 
confirmed the self-limiting character at a deposition tem-
perature of 120 °C (Figure 2 (b, c)). Figure 2 (d, black line) 
substantiates the typical ALD features of saturative 

growth mode and the linear relation between film thick-
ness and number of applied deposition cycles.33 The linear 
fit in Figure 2 (d) does not intersect with the origin, which 
can be an indication of a nucleation delay. To further eval-
uate the early stage growth, samples deposited over 10 
and 50 cycles were studied using AFM. 10 deposition cy-
cles were found to produce island-like nanoparticles in-
stead of a closed film. After 50 deposition cycles, a closed 
film formed as evidenced by the homogeneous and 
smooth surface seen in the AFM image (Figure S11). Addi-
tionally, the presence of cobalt oxide after 10 and 50 cycles 
was confirmed using XPS (Figure S12). 

The obtained growth rate of 1.2 Å/cycle at 120 °C is nearly 
five times higher than previous report on Co3O4 ALD (0.25 
Å/cycle, [CoCp2]/O3, ALD window 110 – 300 °C)31 and it is 
comparable to recently published results employing di-
azadienyl cobalt precursor. (1.0 Å/cycle, Co(iPr2DAD)2/O3 
and O2).60  

  

III Film characterization 

Structure and morphology 

Co3O4 films obtained at a deposition temperature of 120 
°C were polycrystalline as evidenced by GI-XRD patterns 
(Figure 3). Diffraction  patterns can be assigned to the 
(111), (220), (311), (222), (400), (511) as well as (440) spinel 
Co3O4 lattice planes,61 and indicate high crystallinity of 

Figure 5 XPS (a) Co 2p and (b) O 1s photoelectron spectra of Co3O4 thin film (thickness 110 nm) deposited at 120 °C. 

Figure 4 (a) Plane-view SEM and (b) representative AFM images of Co3O4 thin film deposited over 1000 cycles at 120 °C. (c) 
AFM topographs of Co3O4 thin films deposited over different cycles at 120 °C and the corresponding Rq values. 
 



 

Co3O4 even in as-deposited film (Figure 3). An increase in 
film crystallinity was observed  while measuring HTXRD 
at both air and nitrogen atmosphere (25 – 700 °C). Upon 
annealing in oxygen free conditions at 700 °C, the reduc-
tion of Co3O4 to CoO was observed (Figure 3). The reflec-
tions at 700 °C fit to the (111), (200) and (220) periclase 
CoO lattice planes.62 

 The surface morphology of as-deposited films was stud-
ied by both FESEM and AFM. Figure 4 (a,b) shows the 
SEM and AFM images of Co3O4 film grown at 120 °C over 

1000 cycles. As can be seen in both figures, homogeneous 
and well defined nanocrystallites are recognized without 
any post annealing process. However, due to the low con-
ductivity of the deposited Co3O4 films, clear view of the 
morphology via FESEM was disturbed by the ‘charging’ 
effect. Complete view SEM images of Co3O4 thin films are 
shown in the supporting information (Figure S5). Rough-
ness study with equal deposition conditions along the in-
crease of number of cycles is shown in Figure 4 (c). Sur-
face average Rq values rises fairly linear according to the 
applied number of cycles. (Figure 2 (d, blue line))  

 

Film composition 

The surface properties and the chemical composition of 
as deposited Co3O4 films at 120 °C over 1000 cycles were 
investigated using XPS and ToF-ERDA. XPS was applied 
to study the chemical states of cobalt and oxygen on the 
surface of films deposited at 120°C.The survey spectrum 
of an as-deposited Co3O4 film on Si(100) is shown in Fig-
ure S7. Core level spectrum of Co 2p in Figure 5 (a) dis-
plays spin-orbit splitting into 2p1/2 and 2p3/2 components 
with plateau shake-up peaks representing mixed oxida-
tion state of Co2+/3+. The satellite line enables to distin-
guish between Co2+ and Co3+ chemical states whereas pure 
Co2+ has a projecting shake-up peak in both area of 786 
and 790 eV  while pure Co3+ shows mainly in the area of 
790 eV.63   Since, both components contain qualitatively 
identical chemical information, the higher intensity peak 
2p3/2 was chosen for curve fitting and used for qualitative 
analysis. Binding energy peaks at  

779.6 and 781.1 eV agree with the presence of Co3+ and 
Co2+ species, respectively and their shake-up peaks  ap-
pear at 786.0 and 789.7 eV.63-65 The peak at 782.7 eV sug-
gests that there is Co(OH)2 species present on the sur-
face.63  O 1s peak at 531.3 eV is ascribed to the lattice oxy-
gen in the Co3O4 spinel structure while the peak at 529.6 
eV is mainly related to hydroxyl group from Co(OH)2 spe-
cies. 63 

Figure 7 Photocurrent transients under intermittent irradiation at different wavelengths (a) and the corresponding photoac-
tion spectrum (b) recorded in KOH (0.1 M) at 1.48 V vs. RHE at TiO2 (100 nm) and TiO2/Co3O4 (10 cycles) photoanodes. 

Figure 6 ToF-ERDA depth profile of a Co3O4 film deposited 
over 1000 cycles at 120 °C 

Table 1 Elemental compositions of Co3O4 films de-
posited over 1000 cycles at 120 °C  

atom-% 

Co O H C N Co:O 

38.4 

± 0.4 

54.6 

± 0.6 

4.8 

± 0.5 

1.6 

± 0.1 

0.70 

± 0.1 

0.70 

± 0.2 

 



 

 To further study the film composition, ToF-ERDA was 
used to create a depth profile and to determine the Co:O 
ratio. ToF-ERDA is one of the few methods that can be 
used to quantitatively detect light elements such as hy-
drogen58, 66 and it overcomes the intrinsic limitation of 
Rutherford Backscattering Spectrometry (RBS),67 which is 
why it is an excellent technique to complement XPS 
measurements. The ToF-ERDA measurements revealed 
that the films contain < 5 % hydrogen. Furthermore, the 
amount of hydrogen was found to increase towards the 
surface, which can explain the formation of the surface 
hydroxyls detected by XPS (Figure 6, Table 1). 

 

IV Photoelectrochemical properties  

Cobalt oxides are highly efficient electrocatalysts for the 
oxygen evolution reaction which is a key process in all so-
lar-driven water splitting devices.6 Notably, the most ac-
tive cobalt-based electrocatalysts are known to be struc-
turally equivalent to a disordered form of heterogenite, 
CoO(OH).7, 9, 68-69 The above mentioned concomitant 
presence of partially hydroxylated Co2+ and Co3+ at the 
surface of our films is significant, as it suggests that for-
mation of CoO(OH) is likely to occur under electrocata-
lytic conditions.9 In order to examine the suitability of our 
ALD-grown films for solar water splitting devices, we ap-
plied 10 – 1000 deposition cycles of Co3O4 onto a 100 nm 
thick TiO2 layer deposited by ALD on FTO glass sub-
strates (Figure S11). Obviously, the prospects of using 
TiO2 as a light absorber for water splitting are very lim-
ited since TiO2 is photoactive only under UV light irradi-
ation due to its large bandgap (3.2 eV / 390 nm). However, 
the here investigated well-defined TiO2/Co3O4 thin film 
architectures are highly relevant for future photoelectro-
chemical water splitting systems since TiO2 films are cur-
rently being intensely investigated as effective protection 

layers for low-gap semiconductors like Si, GaAs, GaP or 
CdTe which are normally prone to severe photocorro-
sion.50-53, 70-71 

Among the TiO2/Co3O4 structures with different amount 
of Co3O4, the sample after 10 ALD cycles showed the best 
photoelectrocatalytic performance. In both the photoac-
tion spectra (Figure 7) and under polychromatic irradia-
tion by simulated solar light (Figure 8), the presence of 
Co3O4 improved the photocurrent response by approxi-
mately 30% as compared to pristine TiO2. Notably, after 
only 10 ALD cycles, cobalt oxide particles rather than 
closed films are expected to be deposited. Indeed, this has 
been confirmed by AFM and XPS investigations (Figures 
S10 and S11). However, it should be noted that photocur-
rents similar or even slightly enhanced as compared to 
pristine TiO2 photocurrents are observed even after 300 
ALD cycles (Figure S10), corresponding to a closed Co3O4 
layer of a thickness of approximately 35 nm. Importantly, 
this demonstrates that the ALD-grown Co3O4 does not in-
duce any undesirable surface defect states in TiO2 which 
would lead to enhanced surface recombination.  Clearly, 
the holes are  effectively extracted from TiO2 into Co3O4, 
which enhances the charge separation and in turn results 
in the observed increase of photocurrent.72 After 500 ALD 
cycles the photocurrents decrease slightly (Figure S10), 
most probably due to problems with hole diffusion 
through thicker Co3O4 films. This is corroborated by pho-
tocurrent transients after 1000 ALD cycles showing a 
spike-like behavior (Figure S10), which is indicative of fast 
recombination due to hole accumulation in the surface 
Co3O4 layer. 73-74 

It cannot be excluded that cobalt oxide can also act ben-
eficially by passivating surface states in TiO2, as has been 
recently suggested in case of photoanodes based on Fe2O3 
or BiVO4.75-77 In this context, it should be noted that the 

Figure 8 Photoelectrocatalytic properties of TiO2 (100 nm) and TiO2/Co3O4 (10 cycles) photoanodes: (a) photocurrents 
(a) and oxygen evolution (b) during 1 hour irradiation by simulated sunlight (Xenon lamp, AM1.5 filter, 100 mW/cm2) in 
borate buffer solution (0.1 M; pH 9.2) at 1.25 V vs. RHE. 

 



 

photoholes in pristine TiO2 possess a highly positive po-
tential and do not necessarily require the presence of a 
co-catalyst to induce complete water oxidation to dioxy-
gen under photoelectrochemical conditions. Accordingly, 
as expected, the enhancement of the oxygen evolution 
rate (Figure 8 (b)) is comparable to the enhancement of 
photocurrent, without any significant change in the Fara-
daic efficiency of oxygen evolution. We note that the ox-
ygen evolution measurements have been performed in 
borate buffer (pH 9.2) in order to avoid problems with the 
stability of the oxygen sensor. Moreover, recent investiga-
tions have shown a superior stability of cobalt-based co-
catalysts in borate electrolytes.78 At any rate, the fact that, 
under optimized conditions (number of cycles), the ALD-
grown Co3O4 particles and layers on TiO2 do not diminish 
the photocurrents is highly significant. Firstly, it demon-
strates that our low-temperature ALD process can be uti-
lized for deposition of cobalt oxide electrocatalysts onto 
TiO2-based light absorbers in various photocatalytic and 
photoelectrochemical systems.79 Secondly, it suggests 
that the ALD process is applicable also for deposition of 
effective cobalt oxide electrocatalytic films onto TiO2 pro-
tective layers on low-bandgap semiconductors like Si, 
GaAs, GaP or CdTe which play a pivotal role in currently 
developed photoanodes for tandem water-splitting de-
vices.50-53 Obviouly,  in any specific photoelectrocatalytic 
application the thickness of the electrocatalyst layer must 
be optimized depending on the light management 
(frontside vs backside illumination), taking into account 
the transmittance of Co3O4 films of various thickness in 
order to avoid the parasitic light absorption by the elec-
trocatalyst (Figure S10).  

    CONCLUSION  

   To summarize, we have demonstrated the atomic layer 
deposition of spinel cobalt oxide using [Co(tBu2DAD)2] 
with ozone as cobalt and oxygen sources, respectively in 
a low temperature process (120 °C). The obtained Co3O4 
thin films turned out to be uniform, crystalline, phase 
pure and include only low carbon and hydrogen contam-
ination even without a post-annealing treatment.   Finally, 
we demonstrated that our ALD process allows for the 
deposition of effective Co3O4 electrocatalysts onto TiO2 
films, resulting in improved photoconversion efficiency. 
Given the excellent uniformity of ALD-grown layers and 
the prominent role of thin TiO2 films as protective layers 
in photoelectrodes, we expect that our low-temperature 
ALD process will find immediate application in fabrica-
tion of various devices for solar water splitting.   
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