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Summary

A truly large scale transition to renewable energy obtained from sunlight and

wind will most likely require significant energy storage capacity into fuels. A

possibly promising technological solution is the direct conversion of sunlight

into fuels in devices based on semiconductor materials. The proposed designs

for such devices fall into two main categories, photoelectrochemical cells and

water dispersed powder cells. The first are in a sense a solar cell and electrolyser

integrated together into a single device. The latter can be envisioned as a device

as simple as a bath of water with a powder dispersed in it.

Among the known materials that split water when dispersed as powder, NaTaO3

stands out by its very high quantum yield. That is, however, when the system is

optimized through doping with La and loading with NiO cocatalyst. Without,

the pure NaTaO3 does split water to some extent, but about a factor 126 less than

the optimized system.

In this project we set out to investigate the NaTaO3 system using Kelvin

probe force microscopy (KPFM) and photoelectrochemistry (PEC) as main tools,

with the aim to learn more of the underlying charge separation mechanisms, one

of the main bottlenecks in general for efficient powder water splitting. However,

several issues with respect to measurement artifacts and data interpretation of the

KPFM technique when applied to rough and semiconducting samples, such as

our samples, were unsolved at the start of this project. As a result, much work

has been put into solving these issues and validating the technique.

The application of KPFM on semiconductor materials is common. Neverthe-

less, in literature two competing interpretations existed for the relation between

the measured signal and the semiconductor properties. One being the historical

interpretation as a surface work function difference between sample and probe,

referred to as the contact potential difference, and the other a newly suggested

interpretation in terms of sample bulk properties only. Through theoretical con-

siderations, experiments and comparison of modeling to experimental work of

others, we find that the newly suggested interpretation is generally not suitable

for the analysis of KPFM on semiconductors and that the interpretation in terms

of the contact potential difference should be used.

While investigating an open loop variation of the KPFM technique that might
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be applicable in aqueous conditions, we encountered electronic crosstalk be-

tween the signal driving the electrostatic modulation of the conductive KPFM

probe and the detection signal of the probe response. This is solved by rewiring

the excitation externally, outside the commercial setup, with a shielded cable,

in such a way that we can literally switch the crosstalk on and off. We study

the effect of crosstalk on open-loop KPFM in detail and compare with a regular

closed-loop KPFM method. These experiments show that, when the influence of

electronic crosstalk is eliminated, the open-loop KPFM results are independent

of the frequency and amplitude of the excitation signal and in accordance with

the closed loop results.

Another problem in KPFM is the origin of spurious distance dependence and

topography correlated artifacts. We demonstrate that one of the main causes for

these issues is probe inhomogeneity. This is done by demonstrating that with

amplitude modulation KPFM we can obtain artifact free results with homoge-

neously metal coated probes, while after an inhomogeneity is induced at the

probe tip through contact with the sample, we obtain clear topography correlated

artifacts under exactly the same experimental conditions. In addition, we show

that the before the tip change the distance dependence is negligible, while after

the tip change there is significant distance dependence. Using simple modeling

we explain why these results should be expected. Also with frequency mod-

ulation KPFM, which is generally considered superior, we find that the probe

induced topography correlated artifacts persist, in agreement with our modeling.

Unfortunately, probe inhomogeneity can be induced easily during measurement

through probe sample contact and can even go unnoticed. We present methodol-

ogy that helps prevent this and suggest to use distance dependence measurements

as a check before and after experiments.

For the KPFM and PEC experiments it is necessary to have NaTaO3 thin

films on conducting substrates with proper electric contact. An existing hy-

drothermal method was at first considered a good candidate method. However,

we obtain rapidly disintegrating films with this method. We ascribe this to the

fact that the used chemical process is actually almost the same as documented

etching recipes for Ta, which is the prescribed substrate. Apparently, due to small

differences in the synthesis details, in our attempts the chemical process tends to

etch the substrate more than to grow the NaTaO3 film. We solve this issue by

fabricating Ta2O5 films on sapphire and use those as precursor in the same chem-

ical process, leading to durable NaTaO3 films. This method also results in a new

type of control over the film morphology with the synthesis temperature. Un-

fortunately, it turns out that in these samples we are not able to make sufficient

electrical contact to the film for reliable KPFM an PEC measurements.

Subsequently, another method was found in literature that does provide good

electric contact. Moreover, we discovered that these samples are powerful pho-
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Summary

toanodes: Connected to a metal counter electrode, they are capable of driving a

water splitting photocurrent under UV illumination without additional bias. The

photoelectrochemical behavior is analyzed in more detail with cyclic voltamme-

try under different types of illumination. We also perform a type of macroscopic

KPFM, which gives the contact potential difference and surface photovoltage av-

eraged over a large area. Photovoltages up to 0.7 V are observed. These voltages

have very long relaxation times, up to several days, which indicates the presence

of trap states.

Through a small variation of the method used to make the NaTaO3 photoan-

odes, we are able to make isolated NaTaO3 nanocrystals on Pt. By performing

frequency modulation KPFM on these samples with and without UV we obtain

clear maps of the photovoltage generated between the two materials.

For NaTaO3 powders several methods have been developed for band gap

narrowing through doping with some apparent success. The aim is, of course,

to achieve activity under sunlight, but still no such doped NaTaO3 powder has

been demonstrated to possess this capability. However, these methods could

prove to be more successful in the photoelectrochemical cell configuration, be-

cause it relaxes some of the material requirements in comparison to powder water

splitting. Hence, we suggest that the developed NaTaO3 photoanodes provide a

useful platform to investigate these doping methods.

Besides the KPFM measurements on the isolated NaTaO3 nanocrystals on

Pt, we also performed detailed KPFM experiments on the NaTaO3 photoanodes,

which have a closed film at their surface. Since NaTaO3 powder splits water

under UV illumination, it could be expected that at its surface it has significant

work function and photovoltage variations. However, with a variety of KPFM

methods we measure only negligible variations. By adapting the model devel-

oped to explain how an inhomogeneous probe can induce distance dependence

and topography correlated artifacts, we are able we calculate upper limits for

the real surface photovoltage differences between crystallite facets by taking the

sensitivity and resolution of the employed methods into account. In the most

stringent case this results in an upper limit of 19 mV. Similarly, using results

from literature, we calculate upper limits from for the real surface photovolt-

age differences between crystal edges and the rest of the sample, which in the

most stringent case is 72 mV. These results imply that there is no significant

charge separation between facets, nor between edges and facets. This support

recent results obtained by others that demonstrate that the exposed crystal facets

of NaTaO3 crystallites with cubic shape are equivalent and that there does not

appear to be spatial charge separation between these equivalent facets.

As mentioned above, the NaTaO3 particles become much more active when

doped with La and loaded with NiO cocatalyst. If indeed the charge separation

efficiency in this optimized systems is much better, the KPFM approach would
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likely show clear lateral photovoltage variations and as such give information on

how and where the charge separation is achieved. Unfortunately project time ran

out before this could be done, hence this investigation is left for future experi-

ments.
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